
J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4

ª 2 0 2 4 T H E A U T HO R ( S ) . S O C I E T Y F O R C A R D I O V A S C U L A R A N G I O G R A P H Y & I N T E R V E N T I O N S F O U N D A T I O N , A M E R I C A N C O L L E G E

O F C A R D I O L O G Y , P E D I A T R I C A N D CO NG E N I T A L I N T E R V E N T I O N A L C A R D I O V A S C U L A R S O C I E T Y . P U B L I S H E D B Y E L S E V I E R I N C O N

B E H A L F O F S O C I E T Y F O R C A R D I O V A S C U L A R A N G I O G R A P H Y A N D I N T E R V E N T I O N S F O U N D A T I O N A N D B Y AM E R I C A N C O L L E G E O F

C A R D I O L O G Y . P U B L I S H E D B Y E L S E V I E R . A L L R I G H T S R E S E R V E D P U B L I S H E D B Y E L S E V I E R .

T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .
SCIENTIFIC SOCIETY CO-PUBLICATION
PICS/AEPC/APPCS/CSANZ/SCAI/SOLACI:
Expert Consensus Statement on
Cardiac Catheterization for Pediatric
Patients and Adults With Congenital
Heart Disease
Ralf J. Holzer, MD, MSCayz
Lisa Bergersen, MD, MPHbyz
John Thomson, MBBS, PHDcyz
Jamil Aboulhosn, MDd

Varun Aggarwal, MBBSe

Teiji Akagi, MD, PHDf

Mazeni Alwi, MBBSgx
Aimee K. Armstrong, MDh

Emile Bacha, MDi

Lee Benson, MDj

Regina Bökenkamp, MD, PHDk{
Mario Carminati, MDl{
Bharat Dalvi, MDmx
James DiNardo, MDb||

Thomas Fagan, MDn**
ISSN 1936-8798/$36.00

This paper was jointly developed by Journal of the

jointly published by Elsevier Inc. The articles are id

citation can be used when citing this article.

From the aUC Davis Children’s Hospital, Sacrament

Baltimore, Maryland; dUCLA Adult Congenital Hea

Minneapolis, Minnesota; fOkayama University Hos

Hospital, Columbus, Ohio; iNewYork-Presbyterian

University Medical Center, Leiden, the Netherlan
nChildren’s Hospital of Michigan, Detroit, Michig

dren’s Healthcare of Atlanta, Atlanta, Georgia; rR

adelphia, Pennsylvania; tStarship Children’s Hosp

Levine Children’s, Charlotte, North Carolina; wIns
yRigshospitalet, Copenhagen, Denmark; and the

Address for correspondence: (R. Holzer). E-mail: r

Endorsement: American Association of Physicists i

Abbreviations can be found in Appendix C.
Kenneth Fetterly, PHDoyy
Frank F. Ing, MDa

Damien Kenny, MDp

Dennis Kim, MD, PHDq**
Emily Kish, RN, MSNr

Michael O’Byrne, MD, MSCEs

Clare O’Donnell, MDtzz
Xiangbin Pan, MDu

Joseph Paolillo, MDv

Carlos Pedra, MD, PHDwxx
Alejandro Peirone, MDxxx
Harsimran S. Singh, MDi

Lars Søndergaard, MD, DMSCy

Ziyad M. Hijazi, MDz{{
Society for Cardiovascular Angiography and Interv

entical except for minor stylistic and spelling differe

o, California; bBoston Children’s Hospital, Boston, M

rt Disease Center, Los Angeles, California; eUniver

pital, Okayama, Japan; gInstitut Jantung Negara, K

Hospital, New York, New York; jHospital for Sick

ds; lPoliclinico San Donato Hospital, Milan, Italy

an; oMayo Clinic, Rochester, Minnesota; pOur La

ainbow Babies Children’s Hospital, Cleveland, O

ital, Auckland, New Zealand; uCardiovascular Ins

tituto Dante Pazzanese, São Paulo, Brazil; xChildr

zSidra Medicine, Doha, Qatar.

jholzer@ucdavis.edu.

n Medicine (Sections 7 and 11) and the Congenital C
yPediatric and Congenital Interventional

Cardiovascular Society (PICS) representative.

zWriting committee co-chair. xAsia-Pacific
Pediatric Cardiac Society (APPCS)

representative. {Association for European

Paediatric and Congenital Cardiology (AEPC)

representative. ||Congenital Cardiac Anesthesia

Society (CCAS) representative. **Society for

Cardiovascular Angiography & Interventions

(SCAI) representative. yyAmerican Association

of Physicists in Medicine (AAPM)

representative. zzCardiac Society of Australia

and New Zealand (CSANZ) representative.

xxLatin American Society of Interventional

Cardiology (SOLACI) representative.

{{Pediatric and Congenital Interventional

Cardiovascular Society (PICS) president.
1. TABLE OF CONTENTS
1. TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . 115

2. PREAMBLE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
3. EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . 119

4. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
https://doi.org/10.1016/j.jcin.2023.11.001

entions, JACC: Cardiovascular Interventions and

nces in keeping with each journal’s style. Either

assachusetts; cJohns Hopkins Children’s Center,

sity of Minnesota Masonic Children’s Hospital,

uala Lumpur, Malaysia; hNationwide Children’s

Children, Toronto, Ontario, Canada; kLeiden

; mGlenmark Cardiac Center, Mumbai, India;

dy Children’s Hospital, Dublin, Ireland; qChil-

hio; sChildren’s Hospital of Philadelphia, Phil-

titute, Fu Wai, Beijing, China; vAtrium Health

en’s Hospital of Cordoba, Cordoba, Argentina;

ardiac Anesthesia Society.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jcin.2023.11.001
mailto:rjholzer@ucdavis.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcin.2023.11.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Holzer et al J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4

Standards and Guidelines J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6

116
4.1. Writing committee . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.2. Project timeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.3. Evidence and consensus . . . . . . . . . . . . . . . . . . . . . 132

4.4.Project scope and goals . . . . . . . . . . . . . . . . . . . . . . 132

4.4.1. Resource-limited environments . . . . . . . . . 132
4.4.2. ACHD patients . . . . . . . . . . . . . . . . . . . . . . . 133
5. CATHETERIZATION LABORATORY MANAGEMENT

AND ADMINISTRATION . . . . . . . . . . . . . . . . . . . . . . . 134

5.1. Physician leadership . . . . . . . . . . . . . . . . . . . . . . . . 134
5.1.1. Director of the congenital cardiac
catheterization program . . . . . . . . . . . . . . . . 134

5.1.2. Substantive catheterizing physicians . . . . . 135
5.2. Nonphysician leadership . . . . . . . . . . . . . . . . . . . . . 135
5.2.1. Catheterization laboratory manager . . . . . . 135

5.2.2. Administrative leadership . . . . . . . . . . . . . . 136
5.3. Catheterization laboratory staffing . . . . . . . . . . . . . 137
5.3.1. General staffing considerations . . . . . . . . . . 137

5.3.2. Team members of the congenital cardiac
catheterization laboratory . . . . . . . . . . . . . . 138
5.4. Policies and guidelines . . . . . . . . . . . . . . . . . . . . . 140

5.5. Considerations for ACHD patients . . . . . . . . . . . . 140

5.6. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6. PROCEDURAL TRAINING AND COMPETENCY . . . . 141

6.1. Providing minimum case number requirements . . 141

6.2. Procedural training: General cardiology core and
interventional trainees . . . . . . . . . . . . . . . . . . . . . . 141
6.2.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.2.2. Prerequisites for training . . . . . . . . . . . . . . . 141

6.2.3. Assessment of training progress and
competency . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.2.4. Staged procedural competency: Trainee . . 143
6.3. Procedural competency: Interventional
cardiologists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.3.1. Ongoing procedural training . . . . . . . . . . . . 145

6.3.2. Introducing new procedures . . . . . . . . . . . . 145

6.3.3. Case-specific requirements . . . . . . . . . . . . . 146
6.4.Procedural competency: Nonphysician staff . . . . 146
6.4.1. General competency . . . . . . . . . . . . . . . . . . 146

6.4.2. Case-specific requirements . . . . . . . . . . . . . 146

6.4.3. Continued education and training . . . . . . . 146
6.5. Considerations for ACHD patients . . . . . . . . . . . . . 147
6.5.1. General operator background . . . . . . . . . . . 147
6.5.2. Occasional practice . . . . . . . . . . . . . . . . . . . 148

6.5.3. Requirements for performing ACHD
interventions . . . . . . . . . . . . . . . . . . . . . . . . 148

6.5.4. Dedicated ACHD interventional training . . 148

6.5.5. Cooperation/collaboration with adult

cardiologists experienced in structural heart
disease and coronary artery disease . . . . . . 149
6.6. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

7. THE IDEAL PEDIATRIC AND CONGENITAL

CARDIAC CATHETERIZATION LABORATORY

SUITE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

7.1. General considerations . . . . . . . . . . . . . . . . . . . . . . 150
7.1.1. Layout and size of the pediatric and
congenital cardiac catheterization
laboratory . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

7.1.2. HVAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

7.1.3. Considerations for multiple use . . . . . . . . . 153

7.1.4. The hybrid pediatric and congenital cardiac
catheterization laboratory . . . . . . . . . . . . . . 153
7.2. X-Ray equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
7.2.1. Single plane vs biplane . . . . . . . . . . . . . . . . . 153

7.2.2.Output/storage/analysis . . . . . . . . . . . . . . . . 154

7.2.3.Equipment features . . . . . . . . . . . . . . . . . . . . 154

7.2.4.Maintenance . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.2.5.Longevity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
7.3. Non–x-ray equipment . . . . . . . . . . . . . . . . . . . . . . . 154
7.3.1. Vascular ultrasound . . . . . . . . . . . . . . . . . . . 154

7.3.2. Physiologic and laboratory data . . . . . . . . . 154

7.3.3. Echocardiography . . . . . . . . . . . . . . . . . . . . 155

7.3.4. Radiofrequency generator . . . . . . . . . . . . . . 155

7.3.5. Intravascular ultrasound . . . . . . . . . . . . . . . 155
7.4.Consumable supplies . . . . . . . . . . . . . . . . . . . . . . . . 155
7.4.1. General considerations . . . . . . . . . . . . . . . . 155

7.4.2. Approach to stock inventory . . . . . . . . . . . . 155
7.5. Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
7.5.1. General considerations . . . . . . . . . . . . . . . . . 156

7.5.2. In- and out-of-room storage . . . . . . . . . . . . 156
7.6. Considerations for ACHD patients . . . . . . . . . . . . . 157

7.7. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

8. FACILITY REQUIREMENTS . . . . . . . . . . . . . . . . . . . . 157

8.1. General considerations . . . . . . . . . . . . . . . . . . . . . . 157



J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4 Holzer et al
J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6 Standards and Guidelines

117
8.2. Types of facilities . . . . . . . . . . . . . . . . . . . . . . . . . . 157
8.2.1. Leadership structures . . . . . . . . . . . . . . . . . . 158
8.3. Facility requirements for the pediatric and
congenital cardiac catheterization laboratory . . . . 159
8.3.1. Specific facility requirements to support the
pediatric and congenital cardiac
catheterization laboratory . . . . . . . . . . . . . . 159

8.3.2. Organizational requirements to support the
pediatric and congenital cardiac
catheterization laboratory . . . . . . . . . . . . . . 159
8.4.Considerations for ACHD patients . . . . . . . . . . . . . 159
8.4.1. Facility types and collaboration . . . . . . . . . 159

8.4.2. Multidisciplinary team . . . . . . . . . . . . . . . . 161

8.4.3. Other facility requirements for ACHD
patients . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

8.4.4. ACHD Institutional support . . . . . . . . . . . . 161
8.5. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

9. SURGICAL BACKUP AND CIRCULATORY SUPPORT . . . . 161

9.1. Introduction and background . . . . . . . . . . . . . . . . . 161
9.1.1. Surgical backup vs extracorporeal membrane
oxygenation backup . . . . . . . . . . . . . . . . . . . 162

9.1.2. Surgical backup: Existing
recommendations . . . . . . . . . . . . . . . . . . . . . 162

9.1.3. Extracorporeal membrane oxygenation
backup: Existing recommendations . . . . . . 162
9.2. Backup categories by urgency . . . . . . . . . . . . . . . . 162

9.3. Extracorporeal membrane oxygenation/
circulatory backup recommendations . . . . . . . . . . 163

9.4. Surgical backup . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
9.4.1. General recommendations . . . . . . . . . . . . . 164

9.4.2. Surgical operator . . . . . . . . . . . . . . . . . . . . . 164
9.5. Preparedness, activation and other logistics . . . . . 165
9.5.1. Backup activation . . . . . . . . . . . . . . . . . . . . 165

9.5.2. Backup location . . . . . . . . . . . . . . . . . . . . . . 165

9.5.3. Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . 165

9.5.4. Training . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.6. Considerations for ACHD patients . . . . . . . . . . . . . 165

9.7. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

10. ANESTHESIA AND SEDATION . . . . . . . . . . . . . . . . . 166

10.1. Types of sedation in the congenital
catheterization laboratory . . . . . . . . . . . . . . . . . . 166

10.2. Staffing and training requirements . . . . . . . . . . 167
10.2.1. Operator-managed sedation . . . . . . . . . . 167
10.2.2. Sedation and anesthesia provided by a
trained anesthesiologist . . . . . . . . . . . . . . 168
10.3. Equipment and monitoring requirements . . . . . 168

10.4. Intraprocedural communication . . . . . . . . . . . . . 169
10.5. Considerations for ACHD patients . . . . . . . . . . . 170

10.6. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

11. X-RAY IMAGING AND RADIATION SAFETY . . . . . . 170

11.1. Physics of the catheterization laboratory
equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

11.2. Measures of radiation . . . . . . . . . . . . . . . . . . . . . . 171

11.3. Effects of radiation exposure . . . . . . . . . . . . . . . . 172

11.4. Dose reduction strategies . . . . . . . . . . . . . . . . . . . 172
11.4.1. Equipment quality and calibration . . . . . 172

11.4.2. Equipment operating protocols and
settings . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

11.4.3. Best practices of operator conduct . . . . . 173

11.4.4. Three-dimensional imaging . . . . . . . . . . . 175
11.5. Radiation safety for patients and staff . . . . . . . . 175
11.5.1. Patients . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

11.5.2. Catheterization laboratory personnel . . . 175

11.5.3. Pregnant staff . . . . . . . . . . . . . . . . . . . . . . 176

11.5.4. Pregnant patients . . . . . . . . . . . . . . . . . . . 176
11.6. Oversight and monitoring . . . . . . . . . . . . . . . . . . 176
11.6.1. Oversight . . . . . . . . . . . . . . . . . . . . . . . . . . 176

11.6.2. Patient monitoring . . . . . . . . . . . . . . . . . . 176

11.6.3. Staff monitoring . . . . . . . . . . . . . . . . . . . . 177
11.7. Training and education . . . . . . . . . . . . . . . . . . . . 177

11.8. Regulatory requirements . . . . . . . . . . . . . . . . . . . 178

11.9. Considerations for ACHD patients . . . . . . . . . . . . 178

11.10. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

12. QUALITY AND SAFETY . . . . . . . . . . . . . . . . . . . . . . . 178

12.1. Internal data and records . . . . . . . . . . . . . . . . . . . 178

12.2. Targeting quality assurance and quality
improvement: Adverse events in the pediatric
and congenital cardiac catheterization
laboratory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
12.2.1. Recording patient and procedural
adverse events . . . . . . . . . . . . . . . . . . . . . . 179

12.2.2. Quality assurance, internal analysis and
learning opportunities . . . . . . . . . . . . . . . . 179
12.3. Continuous quality improvement . . . . . . . . . . . . 180

12.4. External performance measurement, risk
adjustment, and comparative reporting . . . . . . 180



Holzer et al J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4

Standards and Guidelines J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6

118
12.5. QI projects and resources . . . . . . . . . . . . . . . . . . . 181
12.6. Regulatory requirements . . . . . . . . . . . . . . . . . . . 181

12.7. Considerations for resource-limited

environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

13. PREPROCEDURAL MANAGEMENT . . . . . . . . . . . . . 181

13.1. Patient selection: Congenital case management
discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

13.2. Procedure-specific case preparation . . . . . . . . . . 181
13.2.1. Imaging and chart review . . . . . . . . . . . . 181

13.2.2. Risk assessment . . . . . . . . . . . . . . . . . . . . 183

13.2.3. Procedural timing . . . . . . . . . . . . . . . . . . . 183

13.2.4. Expected hospital stay . . . . . . . . . . . . . . . 183

13.2.5. Additional preprocedural testing . . . . . . . 183

13.2.6. Equipment, supplies, and support . . . . . 184

13.2.7. Concomitant procedures . . . . . . . . . . . . . 185

13.2.8. Patient-specific considerations . . . . . . . . 185
13.3. Informed consent . . . . . . . . . . . . . . . . . . . . . . . . . 185

13.4. Precase clinical review . . . . . . . . . . . . . . . . . . . . 186

13.5. “Nil by mouth” guidelines . . . . . . . . . . . . . . . . . 186

13.6. When to cancel or postpone a case . . . . . . . . . . 186

13.7. Transportation . . . . . . . . . . . . . . . . . . . . . . . . . . 186
13.7.1. Intubated and ventilated patients . . . . . . 187

13.7.2. Transporting patients on extracorporeal
membrane oxygenation, ventricular assist
device, or with high-frequency oscillatory
ventilation . . . . . . . . . . . . . . . . . . . . . . . . . 187
13.8. Preprocedural team huddle . . . . . . . . . . . . . . . . . 187

13.9. Preparation for adverse events . . . . . . . . . . . . . 188

13.10. Considerations for ACHD patients . . . . . . . . . . 188
13.10.1. Adult comorbidities and ACHD-specific
considerations . . . . . . . . . . . . . . . . . . . . . 188
13.11. Considerations for resource-limited
environments . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

14. INTRAPROCEDURAL MANAGEMENT . . . . . . . . . . . 189

14.1. Time out . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

14.2. Infection prevention . . . . . . . . . . . . . . . . . . . . . 189

14.3. Hemodynamic calibration . . . . . . . . . . . . . . . . . 190

14.4. Patient positioning . . . . . . . . . . . . . . . . . . . . . . . 190

14.5. Vascular access . . . . . . . . . . . . . . . . . . . . . . . . . . 190

14.6. Intraprocedural documentation . . . . . . . . . . . . . 191

14.7. Image acquisition and retention . . . . . . . . . . . . . 191

14.8. Intraprocedural adverse events . . . . . . . . . . . . . . 191
14.9. Intraprocedural drug administration . . . . . . . . . 191

14.10.Vascular hemostasis . . . . . . . . . . . . . . . . . . . . . . . 192

14.11. Considerations for ACHD patients . . . . . . . . . . . 192

15. POSTPROCEDURAL MANAGEMENT . . . . . . . . . . . . 192

15.1. Patient destination . . . . . . . . . . . . . . . . . . . . . . . . . 193

15.2. Patient handoffs/transfer of care . . . . . . . . . . . . . 193

15.3. Postprocedural monitoring . . . . . . . . . . . . . . . . . . 193

15.4.Bedrest guidelines . . . . . . . . . . . . . . . . . . . . . . . . . 195

15.5. Structured procedure reporting . . . . . . . . . . . . . . 195

15.6. Procedure logs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

15.7. Outpatient discharge planning and
instructions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

15.8. Considerations for ACHD patients . . . . . . . . . . . . 196

16. PROCEDURES REQUIRING SPECIFIC

PREPARATIONS AND SETUP . . . . . . . . . . . . . . . . . . . 196

16.1. Hybrid procedures . . . . . . . . . . . . . . . . . . . . . . . . . 196
16.1.1. Types of hybrid procedures . . . . . . . . . . . 196

16.1.2. Environments for hybrid procedures . . . 197

16.1.3. Staffing . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

16.1.4. Equipment and other requirements . . . . 198
16.2. Procedures in premature infants . . . . . . . . . . . . 198
16.2.1. Preprocedure considerations in
premature infants . . . . . . . . . . . . . . . . . . . 199

16.2.2. Transport and catheterization laboratory
preparation for premature infants . . . . . . 199

16.2.3. Intraprocedure consideration for
premature infants . . . . . . . . . . . . . . . . . . . 199
16.3. Procedures done outside the congenital
catheterization laboratory . . . . . . . . . . . . . . . . . . . 199

16.4. Fetal interventional procedures . . . . . . . . . . . . . 200
16.4.1. Starting a fetal program . . . . . . . . . . . . . . 200
17. CORONARY INTERVENTIONS IN

PEDIATRIC PATIENTS . . . . . . . . . . . . . . . . . . . . . . . . 201

17.1. Coronary artery dilation/stent . . . . . . . . . . . . . . . 201

17.2. Coronary artery fistula occlusion . . . . . . . . . . . . . 201

18. OTHER CONSIDERATIONS . . . . . . . . . . . . . . . . . . . . 202

18.1. Privacy, confidentiality and data protection . . . 202

18.2. Participation of industry . . . . . . . . . . . . . . . . . . . 202

18.3. Taped cases and live cases . . . . . . . . . . . . . . . . . 203

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204



J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4 Holzer et al
J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6 Standards and Guidelines

119
APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

APPENDIX A: AUTHOR RELATIONSHIP WITH

INDUSTRY AND OTHER ENTITIES . . . . . . . . . . . . . . . . . 212

APPENDIX B: EXTERNAL REVIEWERS . . . . . . . . . . . . . 213

APPENDIX C: ABBREVIATIONS AND GLOSSARY . . . . 213

SUPPLEMENTARY APPENDIX S1: CORE TRAINEE

CATHETERIZATION ROTATION EVALUATION

SUPPLEMENTARY APPENDIX S2: ASSESSMENT AND

EVALUATION OF THE INTERVENTIONAL TRAINEE
2. PREAMBLE

This document has been developed as an expert
consensus document by the Pediatric and Congenital
Interventional Cardiovascular Society (PICS), the Associ-
ation for European Paediatric and Congenital Cardiology
(AEPC), the Asia-Pacific Pediatric Cardiac Society (APPCS),
the Cardiac Society of Australia and New Zealand
(CSANZ), Society for Cardiovascular Angiography & In-
terventions (SCAI), and the Latin American Society of
Interventional Cardiology (SOLACI), with additional
endorsement from the Congenital Cardiac Anesthesia
Society (CCAS) and the American Association of Physicists
in Medicine (AAPM, Sections 7 and 11).

This expert consensus document is intended to inform
practitioners, payors, hospital administrators, and other
parties as to the opinion of the aforementioned societies
about best practices for cardiac catheterization and
transcatheter management of pediatric and adult patients
with congenital heart disease (CHD), with added accom-
modations for resource-limited environments.

The practice of cardiac catheterization in this patient
population has evolved considerably in recent decades, as
have significant local, regional, national, and interna-
tional variations in practice standards. Many areas of
practice are evolving at a fast pace, and for the most part,
rigorous evidence-based data are not available to guide
clinical practice. In the context of current medicine-based
evidence, an expert consensus document was considered
the most appropriate document format to provide rec-
ommendations specific to cardiac catheterization in this
patient population.

As part of this document’s development process, it has
been important to make a concerted effort to avoid any
actual or potential conflicts of interest. All writing com-
mittee (WC) members provided disclosure statements as
to relationships with industry or other entities (if any)
that may be perceived as relevant to the content of this
document. This was reviewed prior to finalizing the WC
and updated at various stages throughout the writing,
review, and revision processes. All relevant relationships
with industry (RWI), including those without any finan-
cial interest, are listed for all WC members (Appendix A).1

3. EXECUTIVE SUMMARY

Requirements for cardiac catheterization procedures in
pediatric patients and patients with CHD differ greatly
from adult coronary or structural interventions, with
limited existing practice standard recommendations.
Those standards that do exist are often overly broad and
do not account for variations in practices across the globe.
Consequently, this document outlines comprehensive
best practice recommendations including modifications
and adaptations for resource-limited environments and
adult CHD patients.

Catheterization laboratory management and administration

Physician leadership

The director of the congenital cardiac catheterization
program is an essential requirement for laboratories
practicing CHD catheterization and intervention. When
the CHD program is embedded within a larger adult fa-
cility with shared cardiac catheterization laboratories
(cath labs), it becomes important that the director of the
congenital cardiac catheterization program maintains an
associated leadership role.

The director of the congenital cardiac catheterization
program should be a fully trained and certified congenital
interventional cardiologist with significant clinical expe-
rience, ideally >5 years beyond completion of fellowship
or similar training, with verifiable experience of at least
500 congenital cardiac catheterization cases performed as
first operator following completion of training. The di-
rector is responsible for overall clinical performance and
strategic direction of the congenital cardiac catheteriza-
tion program. He/she will require protected time to fulfill
those duties, at minimum the equivalent of 0.1 full-time
equivalent (FTE), but ideally at least 0.2 FTE.

The director is expected to be a role model, must have
demonstrable commitment to standard setting, and be
responsible for maintaining a respectful teamwork envi-
ronment. He/she should encourage best practices and
quality of care through robust quality assurance (QA) and
quality improvement (QI) processes, including data
sharing and outcomes reporting. Other responsibilities
include mentoring junior colleagues and all staff, over-
seeing privileging, training, maintaining current practice
standards, safeguarding 24/7 coverage, and introducing
new clinical procedures. The director also is responsible
for introducing and implementing policies and protocols
involving performance management, counseling, and
grievance procedures.
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Nonphysician leadership

A cath lab manager or equivalent is a desirable ideal
standard for any cath lab. The cath lab manager (usually a
senior staff member) functions as a team leader for the
nursing and technical staff, working in close cooperation
with the medical director and administrative leadership
overseeing the program. The responsibilities of the cath
lab manager overlap with the medical director but with a
more specific focus on the cath lab’s nursing and technical
staff and inventory management.

Catheterization laboratory staffing

Staffing standards ideally should include sufficient
personnel to safely assume the roles of scrub assistant,
circulator, and recorder/monitor. Ideal staffing would
require 2 circulators, as this allows for help during stra-
tegic points in a case and provides coverage for emer-
gencies and complications. Additional assistance may be
needed for complex interventions, hybrid procedures,
and cases with operator-managed sedation (OMS). Cath
lab staff should ideally be cross-trained for multiple roles
within the laboratory.

For some complex congenital cases, having 2 qualified
and fully trained operators may aid patient safety and
good outcomes. The decision to arrange cases with a
second fully qualified operator should be initiated by the
main operating physician. When 2 qualified operators are
performing the interventions together (if and when
deemed necessary), the additional physician should be
reimbursed for the time and/or (where applicable)
recognized in terms of reported work “Relative Value
Units” or similar policies of the country and facility
involved.

Considerations for adult congenital heart disease patients

n Where local regulations dictate that adults must be
treated by adult cardiologists, procedural staffing
models that also include pediatric and/or adult
congenital heart disease (ACHD) cardiologists should
be adopted.

n In facilities where the adult congenital interventional
cardiologist and pediatric cardiac interventional cardi-
ologist report through separate (adult and pediatric)
leadership structures, regular meetings of the entire
congenital interventional team are important.
Considerations for resource-limited environments

n Cross-training is an essential requirement.
n Physician and nonphysician staff may have multiple

roles to fill.
n Operators may have to perform a procedure with

limited assistance during a case.
Procedural training and competency

One of the greatest challenges when it comes to training,
experience, and competency is provision of minimum
case number requirements. In this document, the WC
agreed to an approach where (low) minimum case
numbers are provided. On their own, this does not guar-
antee competence, but below those minimum numbers, it
is extremely unlikely that an operator would have the
necessary competence. This was combined with other
assessment tools and requirements that further supple-
ment the competency requirements.

Procedural training

Trainees pursuing an advanced interventional fellowship
should have acquired core training in the basic principles
of cardiac catheterization, including an introduction to
basic technical skills. A thorough assessment and selec-
tion process should be put into place prior to offering an
opportunity for an advanced fellowship.

The duration of advanced training may vary but should
be a minimum of 1 year. While recommendations for total
case numbers are somewhat subjective, any program un-
der which a trainee wishes to pursue interventional
training should guarantee a high variety of complex
interventional procedures and ideally perform a mini-
mum of 200 congenital cardiac catheterizations per year
(per advanced fellow being trained) in that institution.

It is the responsibility of the training program director
and catheterization program director to monitor core and
dedicated interventional fellows in all aspects of their
training. Curricular competencies include systems-based
practice, practice-based learning and improvement, pro-
fessionalism, and interpersonal and communication
skills. Competency-based training or competence by
design is an assessment format to determine training
progress and competency. It requires the trainee to ach-
ieve an expected level of competency in predefined tasks
rather than simply spending a defined amount of time in
the subspecialty service or performing a certain number
of procedures. Achievement of competency should be
measured, monitored, and documented throughout the
entire training curriculum.

Interventional training can be structured in several
formats. The basic level of training is recommended for all
pediatric cardiology trainees. The goal of such training is
to provide basic knowledge of hemodynamics, angiog-
raphy, radiation safety, indications, risks, and benefits of
interventional procedures in pediatric patients and adults
with CHD. The trainee’s role during the basic level of
training should be as an active participant. It is important
that core training to required levels of competency can be
provided without necessarily scrubbing into every case
during the catheterization rotations.



J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4 Holzer et al
J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6 Standards and Guidelines

121
The intermediate and advanced levels of training will
be acquired through additional year(s) of dedicated
interventional training following core training. The
trainee undergoing advanced training should be afforded
a greater experience and level of independence in the
procedures than attained during the core competencies.
At the conclusion of a trainee’s program, it will be the
(training) program director’s responsibility to confirm the
trainee has acquired the skills to perform basic interven-
tional procedures independently up to the required level
of competency.

Procedural competency: Interventional cardiologists

After completion of an interventional training program,
early-career interventional cardiologists will not be fully
capable of independently performing all types of inter-
ventional procedures. It is essential that the early-career
junior interventional cardiologist has the availability of
a senior operator to help develop and enhance his/her
interventional skills for at least 2 to 5 years after training,
and for many complex procedures even longer.

Introducing new procedures requires that the inter-
ventional cardiologist perform several procedures under
the supervision of a senior operator with adequate expe-
rience in the procedure. The organization should have a
clearly documented process in place that monitors out-
comes of these procedures once the operator performs
these procedures independently.

An adequate procedural volume is important. Main-
taining competency for operators may be challenging if
less than 75 interventional cardiac catheterization pro-
cedures are performed as a first operator per year, or if the
program performs less than 150 cardiac catheterization
procedures in pediatric and adult patients with CHD.

Procedural competency: Nonphysician staff

Every team member participating in a congenital cardiac
catheterization procedure should have the appropriate
skills to perform the role-specific tasks that may be ex-
pected of him or her. Competency is acquired through
experience. In laboratories offering pediatric cardiac
catheterization, a minimum number of cases should be
required for nonphysician staff: at least 75 congenital
cases per year per staff member (50 of which should be in
pediatric patients).

Considerations for ACHD patients

n Primary operators performing ACHD catheterizations
and interventions should possess extensive knowledge
of CHD.

n Recommendations for ACHD interventional training
include participation as a first or second operator in a
total of 150 ACHD procedures (100 interventional), with
at least 10% of cases (but no more than 25%) performed
in children.

n Caring for ACHD patients requires a different skill set
than caring for patients with coronary artery disease
(CAD) or structural heart disease. As such, occasional
practice should be strongly discouraged. As such,
procedures must only be performed by operators who
also have the required training and background in
CHD. This will require either dedicated interventional
pediatric cardiac training, formal ACHD interventional
training, or (for experienced operators coming from a
nonpediatric and non-ACHD background) to have
performed at least 300 ACHD cases of wide variety
and complexity.

n Operators wishing to perform cardiac catheterizations
in adult patients with CHD should maintain an
adequate annual procedural volume. As an ideal stan-
dard, these operators should perform at least 50
ACHD cases, with 30 ACHD being of interventional
nature.

n Procedure-specific minimum case numbers need to be
performed under guidance of an experienced ACHD
operator prior to performing any of these cases
independently.
Considerations for resource-limited environments

n Formal training requirements may be difficult to
implement.

n Specific volume requirements may not be achievable.
n The availability of a senior operator to help develop and

enhance the interventional skills of a junior interven-
tional cardiologist may be limited.
The ideal pediatric and congenital cardiac catheterization
laboratory suite

General considerations

While exact dimensions of a procedure room may vary
based on individual cath lab equipment configurations,
appropriate workflows are rarely achievable with a pro-
cedure room of less than 500 square feet (46 square me-
ters), and ideally at least 1000 square feet (93 square
meters). Beyond the in-room requirements, cath lab have
a myriad of structural requirements, such as the need for
higher ceilings, ceiling reinforcements, and lead lining for
walls and the control room window. Other supporting
rooms should be positioned immediately adjacent to the
main cath lab room. This includes a control room with an
unobstructed line-of-sight to the procedure room, a
fluoroscopy equipment support room, a scrub area, and
sufficient access to extra storage space. Additional
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requirements will need to be met relating to heating,
ventilation, and air conditioning (HVAC).

A hybrid cardiac catheterization suite has several
additional requirements beyond that for a standard cath
lab. Most importantly, a hybrid suite should have an
addition 200 square feet (19 square meters) of procedure
room footprint, plus a dedicated table that can be locked
securely, allowing left/right tilt of ideally 30�, as well as
head up/down to approximately 30�.

Equipment

For pediatric and congenital cardiac catheterization lab-
oratory (PCCL) procedures, biplane imaging is extremely
valuable allowing for imaging complex anatomy in com-
plementary projections, while minimizing exposure to
both ionizing radiation and contrast. As such this is the
ideal standard for most laboratories. Modern angio-
graphic data outputs should ideally be fully digital. An
important element of the x-ray equipment is the size of
the flat panel detector, the choice of which will be
determined by case mix (balance of adult vs infant pa-
tients), resources, and number of rooms. Maintenance
and servicing are necessary to ensure ongoing optimal
performance and to avoid unexpected outages. X-ray
systems should be replaced on at least a 10-year cycle
(ideally an 8-year-long cycle) for the PCCL, where many
pediatric patients have higher longevity (when compared
to older patients) to manifest the secondary effects of
radiation exposure.

Consumables and supplies

To accommodate the range of patients and procedures, a
wide range of consumable supplies are required. While
equipment does not need to be manufacturer-specific, it
is important to accommodate specific equipment charac-
teristics requested by operators, who often by training
differ in the way that procedures are performed. Labora-
tories should maintain a stock of consumable equipment
to keep up with anticipated demand whereby a minimum
number of each consumable product is maintained. The
PCCL laboratory manager should maintain detailed lists of
all inventories and periodic automatic replenishment
(PAR) levels of items that should always be in stock for
congenital cases. It is never acceptable that a specific
intervention cannot be performed because supplies were
not available during a case.

Storage

Storage environments for PCCL equipment are special-
ized spaces, which should be temperature and
humidity-controlled, as many items may deteriorate in
suboptimal conditions. Rapid access to the full range of
available supplies is necessary for safe practice. Inevi-
tably, some combination of in-room, adjacent, and more
distant fixed storage is necessary for almost all labora-
tories. However, the arrangements of these items
should ideally be done in such a way so that staff
leaving the laboratory during a procedure to fetch
equipment is minimized.

Adult congenital patients

n Larger detector sizes are preferable.
n Procedure tables need to accommodate a higher weight

limit.

Resource-limited environments

n Operators may have to utilize single-plane laboratories
due to lack of availability of a biplane laboratory.

n Alternative strategies are necessary to meet the supply
demands for specific cases.

n Resterilization may be required.

Facility requirements

General considerations and types of facilities

Types of facilities that provide congenital cardiac cathe-
terization services include the following:

n A children’s hospital within an adult facility of a larger
tertiary medical center

n A children’s hospital adjacent to an adult facility of a
larger tertiary medical center

n A children’s service line within an adult facility
n A free-standing children’s hospital
n A free-standing (pediatric and adult) cardiac hospital

Furthermore, in nongovernment-funded health care
systems, there are different administrative and financial
models to support congenital cardiac catheterization
programs.

At the ideal end of the spectrum, there is the fully in-
dependent children’s hospital with all service lines fully
supported within the children’s hospital but located
within a larger combined child-and-adult facility in a
larger tertiary academic medical center. In theory, this
offers the best possible arrangement, as it has all the
benefits of a free-standing children’s hospital, while also
having all adult support services in the same building
complex. Beyond this theoretical “ideal” setup, specific
arrangements need to be made at all other facility models,
to accommodate and plan for inherent shortcomings and
limitations.

Facility and organizational requirements for the pediatric and

congenital cardiac catheterization laboratory

Facility requirements to support a congenital cardiac
catheterization program require access to core cardiac
services which include the PCCL, echocardiography
(including transesophageal echocardiography [TEE]),
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electrophysiology, cardiac surgery, cardiac anesthesia,
congenital cardiac critical care (pediatric and adult),
neonatal care, postanesthesia care unit (PACU), and
telemetry beds. Ideally, cardiac services are in close
proximity.

Important noncardiac support services include access
to blood bank and transfusion, laboratory services
(including appropriately sized tubes for pediatric pa-
tients), radiology (computed tomography [CT], and mag-
netic resonance imaging [MRI] with specialists trained in
CHD), 24/7 consulting services for important sub-
specialties, as well as other support services.

Organizational, departmental, and divisional re-
quirements include a formal congenital case management
conference, dedicated policies for surgical and extracor-
poreal membrane oxygenation (ECMO) backup, trans-
portation, a radiation safety program, a QA, and QI
program, as well as specific protocols and multidisci-
plinary support for rare procedures such as fetal
interventions.

Considerations for ACHD patients

n For ACHD procedures, areas within the hospital for
periprocedural admission and postprocedure care need
to be available.

n Hospital mandates such as age restrictions will need to
be accommodated.

n ACHD centers require sufficient resources to properly
care for the ACHD population.
Considerations for resource-limited environments

n Prioritization of resources for the most fundamental
components of the service must be made: operating
room (OR), PCCL, intensive care unit (ICU), and
imaging.

n Given that facilities must often operate with older
equipment, emphasis must be placed on preventive
maintenance of equipment.
Surgical backup and circulatory support/extracorporeal
membrane oxygenation

Backup with ECMO, without also having cardiac surgical
backup availability, is rarely appropriate for any congen-
ital cardiac catheterization procedure. Furthermore, an
established ECMO program is not necessarily a require-
ment for backup, if circulatory support using cardiopul-
monary bypass can be provided. Backup categories
include the following:

Surgical backup categories:

n Standby: The surgical team is present within the cath
lab to render surgical support immediately.
n Rescue: Surgical backup is available on site and can be
rendered rapidly (expectation to be able to make an
incision within <15 minutes).

n Deferred: A surgeon may be off campus or scrubbed in a
different procedure but is available so that a surgical
incision can be made within 1 hour of activation.

n No backup: Surgical backup is not available.

Extracorporeal membrane oxygenation/circulatory support
categories

n Standby: Expectation of establishing circulatory sup-
port/ECMO flow in <10 minutes from activation and/or
ECMO team on standby in the cath lab.

n Rescue: Expectation of establishing circulatory sup-
port/ECMO flow on average in <30 minutes and in no
more than 1 hour from activation.

n Deferred: Expectation of establishing circulatory sup-
port/ECMO flow within 1 to 3 hours from activation.

n No backup: ECMO backup or circulatory support is not
available.

Extracorporeal membrane oxygenation/circulatory/surgical

backup recommendations

A variety of operator, patient, and procedure-related
factors need to be considered for deciding the availabil-
ity of ECMO and surgical backup: age, weight, hemody-
namic vulnerability, preprocedure risk scores, previous
cardiac surgery, single ventricle vs 2-ventricle, presence
of a shunt, associated genetic conditions, and the type of
intervention and the most likely expected adverse events
(AE). In addition, for surgical backup, consideration
should be given to how easily and how effectively an
injury can be temporarily controlled by interventional
methods. Other factors include the presence of high-risk
conditions and anatomic features, salvage procedures,
and situations where a patient may not have any possi-
bility of treatment being offered that includes ECMO or
surgical backup within the geographical area due to
resource limitations.

While many catheter procedures require rescue surgi-
cal backup availability, there are certain procedure types
where deferred surgical backup is acceptable: diagnostic
procedures, biopsies, standard septostomy, noncritical
valvuloplasty, and device or coil occlusions. These con-
siderations apply even more so to the provision of circu-
latory/ECMO backup, where in contrast to surgical
backup, usually patient-specific criteria (rather than pro-
cedure types) dictate the need for more rapid availability
of circulatory support or ECMO backup.

While a dedicated congenital heart surgeon is the ideal
standard for surgical backup, it is acceptable that another
surgeon provides backup for a specific case if there is
documented recent experience (<12 months) in
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performing surgical procedures with all the following
characteristics:

n The same type of surgery
n A similar size of patient
n A similar overall anatomy
n A similar status of previous cardiac surgeries

Preparedness, activation, and other logistics

A formal protocol should describe how surgical and/or
ECMO backup is activated. Given the multiple tasks
required in an emergency, the entire activation process
(including all necessary staff and equipment) should
ideally be initiated in a single step by a designated cath
lab team member. If a patient can be sufficiently stabi-
lized, in most circumstances a transfer to the specialized
cardiothoracic OR is preferable to performing a procedure
in a cath lab environment.

Considerations for resource-limited environments

n In settings devoid of surgical expertise and where
otherwise treatment could not be offered to a patient,
procedures sometimes may need to be performed
without an option for surgical backup.

n Circulatory support using cardiopulmonary bypass can
serve as an alternative backup method when an
established ECMO program is not available.

n Without the availability of ECMOand/or surgical backup,
the presence of experienced operators who understand
the procedure and associated risks is crucial.

Anesthesia and sedation

Types of sedation and staffing requirements

Most pediatric patients may benefit from moderate-to-
deep sedation or general anesthesia (GA) to facilitate
successful performance of cardiac catheterization pro-
cedures. However, for some cases, minimal sedation with
a local anesthetic may be desired for the diagnostic
portion of the procedure, such as the assessment of valvar
gradients. An artificial airway is recommended for other-
wise higher-risk patients and high-risk procedures. Pa-
tient safety should be the primary consideration when
creating a sedation or anesthetic plan, which should be
discussed in advance between the anesthetic and inter-
ventional teams. In most patients, modern anesthetic
regimens can be conducted in such a way that the effects
on hemodynamics can be minimal, even in sick patients.

The most common models for managing anesthesia and
sedation for pediatric cardiac catheterization include:

n OMS
n Pediatric anesthesiologist without dedicated cardiac

training (or equivalent)
n Dedicated pediatric cardiac anesthesiologist
The ideal standard to manage anesthesia and/or seda-
tion in the pediatric cardiac cath lab is to have a dedicated
cardiac anesthesiologist overseeing all congenital cardiac
catheterizations. This may not always be feasible, and as
such, an acceptable standard is a pediatric anesthesiolo-
gist with some experience managing pediatric cardiac
catheterization cases.

On occasions, OMS will be employed for selected cases,
which has several requirements to be performed safely:

n The operator will need the appropriate training and
experience to manage the level of sedation (critical care
experience is recommended).

n The operator will need to have immediate access to
emergency anesthesia backup.

n The operator will need to have support from an expe-
rienced dedicated (nursing) staff member. This indi-
vidual should ideally be in addition to the regular staff.

n The case selection should ideally be limited to lower-
risk cases in hemodynamically stable patients.

Preparation, equipment, and monitoring requirements

In patients receiving GA, standard monitoring, including
electrocardiogram (ECG), noninvasive blood pressure
(BP), pulse oximetry, end-tidal carbon dioxide (CO2), and
temperature should be used for every case. Temperature
monitoring is important in smaller children and infants
who are particularly vulnerable to hypothermia. On
occasion, near-infrared spectroscopy monitoring and/or
transcutaneous CO2 monitoring may be useful. Consid-
eration should be given to placement of a urinary catheter
for potentially long cases. Invasive BP monitoring may be
indicated for selected cases.

Communication

Frequent, open communication between the anesthesia
providers and all cath lab team members is critical. This is
particularly important during the catheterization when
changes in hemodynamics are noted, or changes being
made that can affect the hemodynamics. Changes in
rhythm or hemodynamic status noted by any team
member should be relayed to the anesthesia provider
promptly (and vice versa). Specific procedures require
additional communication, such as prior to and during the
performance of 3-dimensional (3D) rotational angiog-
raphy, and prior to and during any type of intervention, or
placement of stiff wires and other manipulations that
could have bleeding or other hemodynamic
consequences.

Considerations for ACHD patients

n A greater percentage of procedures can be performed
using anxiolysis and/or conscious sedation, or local
anesthesia without sedation.
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n Anesthesia providers managing patients with ACHD
should be competent in handling the entire range of
congenital cardiac patients and possess a strong
knowledge of management strategies to cope with
significant (adult) comorbidities.
Considerations for resource-limited environments

n Access to a dedicated pediatric cardiac anesthesiologist
may not be available.

n A larger number of cases may have to be performed
with OMS.
X-ray imaging and radiation safety

Physics of catheterization laboratory equipment

Several parameters influence image quality and the x-ray
dose to the patient and include the following:

n Dose that reaches the detector for each x-ray pulse
n Number of x-ray pulses per second
n Cross-sectional area of the x-ray beam
n X-ray beam filtration
n Beam on time for cine and fluoroscopy
Effects of radiation exposure

Ionizing radiation causes two different types of health
effects: “tissue reactions” (deterministic effects) and
“stochastic effects.” The relative significance of tissue
reactions and stochastic effects is different when
comparing small children to adults. In children, due to
their smaller body size, adequate tissue penetration to
visualize cardiovascular structures is usually achieved
with much lower skin entry doses than what is required in
adults, and, as such, thresholds for tissue reactions to
occur are rarely exceeded. The opposite holds true for
stochastic effects. Tissue in growing children is more
sensitive to the effects of radiation than adult tissue, due
to children’s overall greater mitotic activity. In addition,
children are more susceptible as they have a longer life
expectancy and with CHD often require repeated cardiac
catheterizations and radiation-based imaging throughout
their lives.

Dose reduction strategies

Since there is no dose threshold below which radiation
exposure is not a risk for radiation-induced cancer, the
“As Low As Reasonably Achievable” (ALARA) principle
was developed to ensure that radiation exposure is al-
ways maintained “As Low As Reasonably Achievable.”
Optimization is the principle of using only the necessary
amount of radiation for the procedure. Radiation dose
delivery is optimized by equipment quality, calibration,
operating protocols, and operator conduct.
While operator conduct forms an integral part of dose
optimization, it is important to emphasize that staff have
an equally important role to play in aiding radiation dose
optimization. Prior to and during each case, the operator
should employ several strategies to decrease the dose to
the patient and medical personnel:

n Select appropriate protocols and settings.
n Assess need for antiscatter grids and table/patient dis-

tance to tube and detector.
n Use the lowest acceptable electronic magnification.
n Collimate the image.
n Dim the room lights.
n Limit excessively oblique imaging angles.
n Remove the long bones from the x-ray beam.
n Limit fluoroscopy time.
n Use saved fluoroscopy, instead of cine acquisition,

when appropriate.
n Alternate beam angulation.
n Setting and responding to reminders.
n Consider using 3D imaging as appropriate for the

intervention.

Radiation safety for patients and staff

Minimizing radiation to patients starts with eliminating
unjustified procedures and/or angiograms and with
obtaining high-quality diagnostic imaging without using
radiation. Protecting pregnant patients is an important
element of radiation safety, and in most jurisdictions, a
pregnancy test should be performed in patients of men-
strual age prior to a fluoroscopic interventional
procedure.

Medical personnel should not be exposed to the pri-
mary x-ray beam. The amount of scattered radiation that
medical personnel are exposed to is determined by dis-
tance from the x-ray source and the effectiveness of
shielding. Equipment to mitigate radiation exposure is
vital and includes lead aprons, thyroid shields, and
eyewear for all staff entering the cath lab. Use of lead
glass shields mounted on adjustable props can further
reduce scatter and radiation exposure for both the patient
and staff.

Oversight and monitoring

It is important that radiation dose is monitored in real-
time during a procedure and to inform the operator
when agreed limits are reached. Electronic and radiolog-
ical service engineers should be responsible for routine
care and maintenance of radiological equipment, and a
qualified medical physicist should ensure optimal image
quality while limiting radiation exposure to staff and
patients.

Exposure to radiation by medical personnel must also
be monitored. A badge must be worn outside of the
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protective garments at the collar level on the left side. It is
the cath lab manager’s responsibility to designate a staff
member to collect, return, and replace the badges on a
regular basis. Specific accommodations apply to pregnant
staff.

Considerations for ACHD patients

n ACHD patients are at higher risk of tissue effects due to
higher skin entry doses being required to penetrate
tissue in larger patients.

n It is important that specific congenital protocols are
used (instead of coronary protocols).

Considerations for resource-limited environments

n Maintaining up-to-date and modern cath lab equipment
is often not possible.

Quality and safety

Internal data and records

QA cannot occur without data; thus all centers performing
congenital cardiac catheterization must maintain an in-
ternal database to track performance and outcomes.

Targeting quality assurance and quality improvement: Adverse

events in the pediatric and congenital cardiac catheterization

laboratory

Full capture of all AE regardless of severity allows a pro-
gram to recognize event patterns and identify opportu-
nities for improvement. AE reporting should include a
detailed narrative, providing opportunities for improve-
ment and facilitating internal review and discussion
among all members of the catheterization team.

Interventional cardiologists should continuously eval-
uate their practices, monitor outcomes, and work with
local multidisciplinary teams to establish rigorous stra-
tegies to ensure that the highest quality of patient care is
provided. Establishing processes to analyze and display
data will allow for close monitoring of progress.

“Key Conferences,” including Morbidity and Mortality
(M&M) and Serious Safety Event Reviews facilitate prac-
tice improvement, continuing medical education (CME),
and professional development.

Continuous quality improvement

Continuous QI (CQI) involves an iterative system of im-
provements in processes, safety, and patient care. One
example of a common methodology for CQI is the US
Institute for Healthcare Improvement’s (IHI) Plan-Do-
Study-Act cycle, which allows process changes to be
made, studied, and refined over time. Improving quality
in the system of care is a team effort and requires in-
dividuals offering differing perspectives on the delivery
of care.
External performance measurement, risk adjustment, and

comparative reporting

Evaluating local results is essential, but it is equally
important to compare outcomes against established
benchmarks. This allows a program or operator to deter-
mine how institutional results compare to peers. Risk-
adjusted outcomes, such as standardized AE ratios, are
imperative for QA as they allow for comparisons between
centers and operators in the heterogeneous population of
congenital cardiac catheterization.

Considerations for resource-limited environments

n The International Quality Improvement Collaborative
(IQIC), dedicated to improving care in low- and middle-
income countries launched a (free) congenital cardiac
catheterization registry in 2019, with streamlined vari-
ables focused on patient risk and procedure outcomes.

Preprocedural management

Patient selection: Congenital case management discussions

All interventional procedures that are either complex,
carry significant risks, have potential alternative treat-
ment options, or where there are questions about the
preprocedural or postprocedural management, or the
most suitable operator(s) performing the procedure,
should be discussed at regular occurring combined case
management conferences. These should include a
congenital heart surgeon, a congenital echocardiography
specialist, a pediatric cardiologist, a congenital axial im-
aging specialist, and ideally a pediatric electrophysiolo-
gist and a representative from pediatric cardiac
anesthesia. Depending on the planned procedure type
and age of the patient, additional presence of other ser-
vices may be required.

Procedure-specific case preparation

While case selection and some case-specific decisions are
often initiated at the time of the case management dis-
cussion, many elements that are important for the specific
planning of a procedure follow afterward and are usually
coordinated and supervised by the interventional cardi-
ologist and the extended team.

The interventional cardiologist needs to be inherently
familiar with all aspects of the patient’s cardiac and past
medical history, medication, as well as comorbidities. All
pre-existing surgical and cardiac catheterization data,
imaging data, as well as laboratory and other testing, need
to be thoroughly reviewed.

A thorough risk assessment should be performed using
preprocedural risk calculators such as the catheterization
risk score in pediatrics (CRISP) and the information used
to plan periprocedural resources, including post-
procedural recovery. The precatheterization review also



J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4 Holzer et al
J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6 Standards and Guidelines

127
needs to include procedural timing/urgency, the antici-
pated hospital stay, and the expected location following
the procedure, so that appropriate resource arrangements
can be made.

Preprocedural consults may be needed on a case-by-
case basis. Additional preprocedural testing may include
nonlaboratory testing such as vascular ultrasounds, pul-
monary function tests, or stress tests. Most laboratory
testing in healthy children can be obtained on the day of
the procedure once vascular access has been obtained. A
pregnancy test is recommended in all females of men-
strual age. Patients with renal impairment, allergies, and
thyroid dysfunction may require additional preprocedural
considerations.

Blood may need to be accessible quickly (either in the
room or close by) for certain types of procedures. These
might include, for example, balloon angioplasty and/or
stenting, transcatheter valve replacement, some proced-
ures in premature infants, hybrid procedures, valvulo-
plasty procedures in critical aortic valve stenosis (AS), and
critical pulmonary valve stenosis, as well as some ven-
tricular septal defect (VSD) closure procedures.

The need and timing for involving other subspecialty
services (such as TEE), consulting services (including in-
dustry support), a second interventional cardiologist, and
surgical backup should be assessed and coordinated in
advance.

Informed consent

Informed consent is crucial and legally required prior to
performing any procedure (except for life-saving emer-
gency interventions). Such consent should always be ob-
tained by direct communication between the operator
and the legal caregivers or the adult patient. A thorough
discussion of the planned procedure, indications, alter-
native treatment options, likely benefits, and risks should
occur. Patients and caregivers should be informed about
the expected intermediate and long-term outcomes and
the need for additional procedures that may be required.

Precase clinical review and “nil-by-mouth” guidelines

All patients planned to undergo cardiac catheterization
should be clinically evaluated with a full history and
physical examination in advance of the procedure (ideally
within 30 days). During the clinical precatheterization
assessment, information on when to stop eating and
drinking must be provided. Generally, the 2-4-6-8 hour
rule for clear liquids, breast milk, formula, and solids
respectively is utilized.

Transportation

Transportation to and from the cath lab will be unique in
every institution. In general, transportation should be
conducted efficiently with adequate staffing and
resuscitation supplies and medications readily available
during the transportation. Intravenous access should be
reviewed prior to transportation.

For children who are transported awake, assessment
should be made regarding their anxiety and fear of sep-
aration from parents, and ideally, considerations be given
to allow parents to accompany the child to the cath lab.
Pretransport sedation may be needed in some patients.

Specific arrangements need to be made for trans-
portation of ventilated patients, as well as patients on
ECMO, ventricular assist device (VAD), or high-frequency
oscillatory ventilation (HFOV) support.

Preprocedural team huddle

In addition to the immediate preprocedure timeout, or
“safety briefing,” a team huddle adds additional safety
elements to a procedure. However, this may not be
practical in many institutions. The team huddle should
ideally be performed with all team members in atten-
dance and prior to the patient being transported to the
cardiac cath lab. With the team present, a brief discussion
of all relevant clinical and procedural information is
provided. Most importantly, a detailed discussion needs
to focus on the most likely and important periprocedural
AE and their mitigation.

Adverse-event preparation

Catheterization laboratories performing congenital inter-
vention should develop clear protocols for management
of common AE that may occur because of a cardiac cath-
eterization procedure. Important elements include the
precase review of potential AE and discussion of mitiga-
tion strategies, delineation of key roles for personnel
during resuscitation and emergencies, a defined activa-
tion process for emergency backup teams, training in
resuscitation by all team members, considerations for
adjuvant imaging, and specific protocols for airway
bleeding and vascular hemorrhage.

Considerations for ACHD patients

n Considerations for conditions more common in ACHD
patients include arrhythmias, failing Fontan physi-
ology, plastic bronchitis, renal disease, diabetes melli-
tus, chronic lung disease (CLD), and hypertension.

n If the procedure is being done in a free-standing pedi-
atric facility, a postprocedure recovery plan should be
coordinated.
Intraprocedural management

Time out

As in other procedural settings, a formal “time out” at the
start of the procedure should be routine with reconfir-
mation of the patient’s identity, procedural plan, and
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confirmation of valid consent. This is different from the
preprocedural huddle and occurs with the patient in the
cath lab. However, the operator should reiterate any un-
usual procedural aspects, specific equipment re-
quirements, and other important crucial elements of the
procedure.

Infection prevention

Infectious complications from cardiac catheterization are
rare; however, careful adherence to sterile technique
should be routine and is especially important for hybrid
and valve implant procedures. Systemic antibiotics are
reserved for procedures where foreign material is
implanted.

Patient positioning

Patient positioning at the commencement of the proced-
ure is important, recognizing vulnerabilities relating to
pressure areas, safety, and risk of hyperextension, plus
the need to maintain a sterile field and preserve patient
body temperature. Special precautions need to be taken
to avoid corneal injuries as well as brachial plexus
injuries.

Vascular access

The use of ultrasound to facilitate access is encouraged
and is considered the ideal standard of practice. While
femoral access remains the most used form of vascular
access, alternative routes such as access via the radial
artery, axillary artery or vein, carotid artery, jugular
veins, or transhepatic access are frequently needed in
patients with CHD. Appropriate positioning is crucial to
success in vascular access.

Intraprocedural documentation

Formal documentation of the procedure by anesthesia,
nursing, medical, and technical staff is mandatory via a
written or computerized record. Documentation should
be sufficiently detailed to accurately describe the hemo-
dynamic condition of the patient throughout the pro-
cedure, the steps undertaken to perform the procedure,
equipment utilized, personnel present, the hemodynamic
and angiographic findings, and outcome of any inter-
vention performed. Any AE must be clearly documented.

Intraprocedural drug administration

All solutions on the table should be labeled and drawn up
in standard and agreed concentrations. Preprinted labels
for common medications are useful. Medications
frequently used during a procedure include contrast
agents, local anesthetic agents, heparin and alternative
anticoagulants, antibiotics, dobutamine, intravenous
fluids, and pulmonary vasodilators.
Vascular hemostasis

In pediatric practice, it is common to obtain hemostasis by
direct pressure once sheaths are removed at the end of the
procedure. In larger patients, closure devices or a “figure-
of-8” suture may be considered. Careful consideration
should be given to reversal of heparin with protamine.

Postprocedural management

Patient destination

The patient destination site post catheterization will vary
from one cardiac center to another depending on the
location of the catheterization suite relative to the pri-
mary recovery area. Direct transfer from the catheteriza-
tion suite to an intensive care setting may be needed in
selected cases.

Overnight observation is usually required for certain
procedure types, such as angioplasty, stent/valve im-
plantation, closure of atrial septal defect (ASD) or VSD,
transseptal puncture, vascular/valvar perforations, and
hybrid procedures. Additional patient characteristics that
may warrant overnight monitoring include age <1 month,
hemodynamic vulnerability score $2, CRISP score $5,
patients with systemic to pulmonary shunts or ductal
stents, pulmonary atresia with intact ventricular septum
with coronary anomalies, William’s syndrome, biven-
tricular outflow tract obstruction, and patients on vaso-
dilator therapy for pulmonary hypertension.

Patient handoffs/transfer of care

Communication to the next care team following a cathe-
terization procedure should be clear, distraction-free,
consistent, and comprehensive. Communication should
summarize the patient’s diagnosis/history and details of
the procedure, including AE and potential issues that may
occur in the recovery period. A written and/or electronic
medical record (EMR)-based brief procedure summary to
direct immediate postprocedure care should be created
prior to transfer to the initial recovery area.

Postprocedural monitoring for adverse events

The patient’s respiratory status must closely be moni-
tored, especially in the early stages of recovery. There
should be continuous monitoring of arterial oxygen
saturation with pulse oximetry. Baseline systemic satu-
ration prior to the procedure should be known for those
patients with continuing cyanotic heart disease. Blood
returned during airway suctioning should merit vigilance.
Large fluid shifts may be encountered in patients over the
course of the procedure. Medications used during seda-
tion/anesthesia may have a myriad of effects on recovery.

Vascular access sites used during the catheterization
procedure should be frequently monitored during recov-
ery. Postcatheterization arterial thrombosis pathways
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should be developed and utilized. Following particularly
long cases, intentional evaluation for pressure injuries
and brachial plexus injuries is important. Acute neuro-
logic changes should be assessed frequently following a
catheterization procedure and if encountered should
result in quick escalation to determine the cause.

Bedrest guidelines

Recommendations for lie flat times post cardiac cathe-
terization vary widely from institution to institution and
can be as short as 2 to 3 hours, even though 6 hours is a
more commonly used time adapted at many centers. The
use of vascular closure devices may allow ambulation
postprocedure in as little as 1 to 2 hours. Prolonged
sedation may be necessary in selected patients.

Structured procedure reporting

A comprehensive structured congenital catheterization
report is needed for all patients and procedures, ideally
completed within 24 hours where feasible. Summary de-
tails should be provided so other health care providers
can easily understand indications, outcomes, and com-
plications encountered.

Outpatient discharge planning and instructions

A significant proportion of patients undergoing congen-
ital cardiac catheterization will be able to be discharged to
home the same day, provided they have fully recovered
from sedation/anesthesia, have returned to baseline ox-
ygen saturation, and have been able to tolerate enteral
fluid intake, without any concerns at the vascular access
sites. One should consider seeing most patients within 4
to 6 weeks of the procedure, while some patients will
require earlier follow-up after 1 or 2 weeks.

Considerations for ACHD patients

n The ACHD team needs to be involved in the peri-
procedural care of the patient.

n The team needs to arrange postprocedure consultation
with internal medicine specialists for any significant
comorbidities.

n ACHD imagers should conduct predischarge cardiac
imaging.

Procedures requiring specific preparations and setup

Hybrid procedures

Hybrid procedures combine surgical and interventional
techniques, such as intraoperative stent placements,
perventricular VSD closure, intraoperative placement of
transcatheter valves, and hybrid palliation of hypoplastic
left heart syndrome (HLHS). Hybrid procedures can be
classified as follows: (1) adjuncts to traditional surgical
interventions, (2) alternative forms of vascular access to
aid transcatheter interventions, and (3) true hybrid pro-
cedures that offer alternative treatment options to tradi-
tional surgical or catheter-based approaches.

Hybrid procedures can be performed in a variety of
environments and settings. The choice of location de-
pends on the type and provided strategy of hybrid pro-
cedure being performed and the specific equipment and
imaging demands of the interventional and surgical
teams. A dedicated hybrid OR is the ideal environment for
adjuncts to surgical interventions (such as intraoperative
stenting), and perventricular VSD closure, while a hybrid
cath lab is the ideal environment when carotid cutdown is
required for procedures such as balloon aortic valvulo-
plasty (BAV) or patent ductus arteriosus (PDA) stent
placement. Hybrid palliation of HLHS should ideally be
performed in a hybrid OR hybrid cath lab if bilateral pul-
monary banding and ductal stenting are performed as a
singular procedure.

Personnel for hybrid procedures should include all
members of the surgical and catheterization teams
necessary to perform their individual procedural tasks.
Hybrid procedures utilize a variety of equipment in
different environments. Thus, staff will need to be trained
to function in those environments and utilize available
equipment.

Additional considerations apply to programs planning
to offer hybrid palliation for patients with HLHS. It is
recommended that only centers that have sufficient pre-
procedure and postprocedure experience with Norwood
and Sano-type palliations should embark on starting such
a hybrid program. Follow-up after hybrid stage I palliation
should ideally be limited to a few cardiologists with
accumulated experience within a center.

Procedures in premature infants

Premature infants, especially those in the very low birth
weight (VLBW) category (<1500 g) represent some of the
most fragile patients undergoing cardiac catheterization
and intervention. To minimize the time in the cardiac
cath lab, some programs arrange for endotracheal intu-
bation and appropriate intravenous access to be obtained
by the neonatal intensive care unit (NICU) staff prior to
transportation to the cardiac cath lab. Elective preproce-
dural transfusion of packed cells may be considered for
those determined to be anemic.

Transportation of VLBW infant is a complex under-
taking due to their fragile physiologic state, particularly
with regard to the ability to maintain core temperature.
Ideally, the neonatologist should accompany the infant
during transportation (in addition to the anesthesia team,
if used). The ambient temperature in the cardiac cath lab
should be increased to at least 23-24 �C (75-76 �F).
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Procedures done outside the catheterization laboratory

Sometimes patients are too unstable to be transported to
the PCCL, and as such, occasionally cardiac catheteriza-
tions and intravascular procedures need to be performed
by pediatric cardiac interventional cardiologists outside
of the PCCL. In those scenarios, workflows for emergen-
cies need to be defined in advance, so that all team
members know how to get support if needed, and to be
sure emergency bailout equipment is readily available.

Fetal interventional procedures

Currently performed fetal cardiac interventions are as
follows:

1. BAV of the aortic valve in severe AS
2. Atrial septal stenting in HLHS with intact or highly

restrictive atrial septum
3. Less commonly, perforation and BAV of the pulmonary

valve in pulmonary atresia with intact ventricular
septum

These procedures require a dedicated multidisciplinary
team including, at a minimum, a maternal-fetal-medicine
specialist, an anesthesiologist to care for the mother (and
the fetus), a fetal echocardiographer to guide the inter-
vention and a pediatric cardiac interventional
cardiologist.

While definitive requirements to start a fetal cardiac
intervention program are lacking, published data suggest
that large volume centers are in the best position to pro-
vide the environment to reach a high rate of technical
success with reasonably acceptable risk to the fetus and
low risk to the mother. Even though a program’s surgical
volume alone is not the sole determinant for predicting
the long-term success of these procedures, initiating such
a program at a center with a low annual surgical volume
can be fraught with risk and such practice should be
discouraged.

Coronary interventions in pediatric patients

There are multiple, rare congenital coronary artery (CA)
lesions that may lead to myocardial insufficiency and
perfusion abnormalities, potentially requiring collabora-
tion with adult coronary specialists.

Coronary artery dilation/stent

Very few pediatric cardiac catheterization laboratories
will have anywhere near comparable training and expe-
rience with interventional treatment of CA obstructive
lesions as their adult CA interventional counterparts.
Therefore, when catheter procedures for CAD are con-
ducted in pediatric patients, pediatric cardiologists are
strongly advised to collaborate with expert CA interven-
tional cardiologists. Whether the procedure is to be per-
formed in a pediatric or adult cath lab will depend on
factors such as operator comfort level, availability of
equipment, catheterization, and recovery staff qualifica-
tions, as well as potential hospital age restrictions.

Coronary artery fistula occlusion

Most significant CA fistulas are diagnosed in children;
thus, pediatric interventional cardiologists have built a
wealth of experience and technical expertise in treating
CA fistulas by intravascular occlusion. CA fistulas that
meet indications for closure are rare, though, conse-
quently, collaboration between pediatric and adult
interventional cardiologists performing these procedures
may aid in increasing their collective experience.

Other considerations

Privacy, confidentiality, and data protection

Internationally agreed standards for protecting patient
data do not exist. In the European Union (EU), the General
Data Protection Regulation (GDPR) has been in place since
2018. In the US, data protection is covered by the Health
Insurance Portability and Accountability Act initiated in
1996. Patients have rights in relation to their own data
and transparency, which is a key principle of the GDPR
and requires that any information about the processing of
a patient’s personal data must be easily accessible and
easy for them to understand.

Occasionally, it may be necessary to share patient data,
particularly when seeking a second opinion or if the pa-
tient’s care is being transferred to another institution.
Data-sharing agreements may be in place. Furthermore,
seeking permission from the patient and ensuring the
patient’s confidentiality are paramount.

Each health care institution under the umbrella of the
respective national regulatory body will have guidelines
for processing and protecting patient data. This should be
overseen by a data protection officer.

Participation of industry

Interaction with representatives from industry, including
clinical specialists, can facilitate an optimal patient
experience and may ultimately improve patient out-
comes. However, clear guidelines should exist in relation
to professional conduct and are usually developed by the
regulatory body within the region. Participation from in-
dustry representatives may vary from ensuring necessary
equipment is available, providing some guidance around
the technical aspects of the equipment, and finally pre-
paring the medical device for the implant.

Introduction of new technologies or devices may also
require proctoring by industry representatives and more
experienced physicians. The scope of practice and case
participation of a proctor is usually agreed to between the
industry representative and the physician being trained;
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local regulations for allowing proctor participation will
need to be followed.

Taped cases and live cases

Live case transmissions (and the presentation of taped
cases) can provide a unique learning opportunity but
require detailed planning and a careful consideration of
many different aspects of those cases.

4. INTRODUCTION

The practice of cardiac catheterization in pediatric pa-
tients and adults with CHD has evolved significantly over
the past 5 decades, from a mainly diagnostic modality to
one with a predominance of transcatheter interventions
that complement, and in some instances, replace the need
for a surgical intervention.

Notably, CHD patients have procedural requirements
very different from those of adult patients who undergo
coronary interventions or interventions for structural
heart disease. They also have different requirements in
almost all areas that affect the working of a PCCL: labo-
ratory layout and equipment, staffing requirements, pro-
cedural competency and training, surgical backup,
anesthesia and sedation, and many other important per-
iprocedural aspects of care.

However, despite these different and often unique
needs, there have been limited practice standards
focusing on cardiac catheterization in this patient popu-
lation. In 2021, an expert consensus update was published
under the umbrella of SCAI,2 without any section dedi-
cated to patients with CHD. In 2012, the SCAI/ACC Expert
Consensus Document on Cardiac Catheterization Labora-
tory Standards dedicated 4 out of 76 pages to “Special
concerns for the pediatric cardiac catheterization labora-
tory.”1 Additionally, existing recommendations are often
broad and nonspecific, and do not address variations in
regional, national and international practices and re-
sources. This problem is further compounded by signifi-
cant local, regional, national, and international variability
in practices for these patients, with no clear guidance on
“best practice” recommendations.

These factors have created practice heterogeneity,
resulting in considerable difficulty when approaching
hospitals and administrators to provide an environment
that allows safe and efficient care for these patients.
Frequently, practice has had to be modified to be in line
with the needs of noncongenital adult patients, rather
than what are the safest and best practices for the
congenital cardiac patient population.

Given these limitations, in October 2020, the PICS So-
ciety Quality Improvement Committee decided to eval-
uate the possibility of developing an expert consensus
document focused on cardiac catheterization in pediatric
patients and adults with CHD, to aim for standards that
can be applied on a global level, with support from mul-
tiple international societies.

4.1. Writing committee

The PICS Society Board of Directors approved the pro-
posal and scope of this project in October 2020. The chair
and cochairs of the PICS Society Quality Improvement
Committee assumed the same positions on this project’s
WC. International societies that oversee the care of
(transcatheter) therapy for patients with CHD in different
global regions were identified. These societies included
other societies beside PICS: AEPC, APPCS, CSANZ, SCAI,
and SOLACI. Subsequently, each society was approached
with a detailed description of the proposed project and its
scope, inviting them to participate and nominate up to 2
representatives for each society. Where needed, specific
requirements for either partnership with or endorsement
by each individual society were solicited. Each society
then followed its own individual process to review the
proposal, often requiring a review by the respective
research and publication committees. Approvals were
received from each society between November 25, 2020,
and February 18, 2021. Representatives from the CCAS
and the AAPM joined the project in January 2022 and
March 2023, respectively.

Once nominations were received from each society, the
chair and cochairs of the WC determined additional po-
tential candidates for participation, based on the need to
cover expertise in a variety of areas, while also repre-
senting different geographical regions and health care
settings around the globe. Additional WC members were
added to include representation for cardiothoracic sur-
gery, cath lab nonphysician staff, ACHD, congenital
interventional cardiology training, radiation physics,
cardiac anesthesia, and critical care.

All initial WC members were asked to provide their
relevant RWI. Subsequent candidates were selected in a
manner to include the necessary expertise while assuring
that less than 50% of the WC members had relevant RWI.
Individual updates to RWI of all WC members were sought
at various stages during the project. The chair of the WC
remained without any relevant RWI throughout the entire
project’s duration. All relevant relationships with in-
dustry (including those without any financial interest) are
listed for the WC members (Appendix A).

4.2. Project timeline

An initiating WC meeting was conducted through 2 zoom
meetings in March 2021. At this meeting the background
and rationale for the project was presented, with the
project scope and projected timeline discussed and
finalized. The WC was split into different groups of 3 to 5
individuals for each section, paying attention to
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preferably having representation from Europe, USA, and
an additional region in each group. In addition, subject
matter experts in areas such as cardiothoracic surgery,
nursing, anesthesia, and ACHD were assigned to the
relevant groups. Each section group then prepared an
initial outline for their specific section. The WC chair and
cochairs then modified outlines to avoid content dupli-
cation. Subsequently, each section group produced the
written content for their individual section, which was
then reviewed by 2 reviewers from the WC who were not
involved in the specific section. All drafts were then
combined into a single document and thoroughly edited
and revised into a publishable format by the WC chair and
distributed among the WC for review, with communica-
tion via email and scheduled zoom meetings. In addition,
external reviewers and content experts that were not part
of the WC reviewed and commented on the document
(Appendix B). After several iterations of this review
process, a final document was approved by all WC mem-
bers and then distributed to all societies for societal
approval.

4.3. Evidence and consensus

Wherever possible, the document included and referred
to existing evidence-based data. However, the WC
recognized that for most recommendations, higher-level
evidence-based data was limited or absent, thereby
requiring expert consensus among the WC. Throughout
the project, consensus was reached through multiple it-
erations of review and group email discussions on topics
where a difference in opinion was identified among WC
members. Where necessary, complex topics were dis-
cussed in detail via live zoom meetings, with all such
differences resolved by consensus.

4.4. Project scope and goals

The project goal has been to provide a comprehensive
cath lab standards document focused on cardiac cathe-
terization in pediatric patients and adults with CHD, a
document that can be applied across a wide range of
geographical regions and health care settings. The need
for individualized and personalized treatment of patients
based on different transcatheter strategies remains unaf-
fected by the recommendations in this document. When it
comes to specific recommendations and standards, 3
different descriptions were used throughout the
document:

Qualified recommendations (based on the consensus of
the WC):

n Acceptable standard/practice recommendations:
considered acceptable standard/practice by (almost) all
operators and in all countries, with no risk of malprac-
tice suits
n Ideal standard/practice recommendations: a step up
from an acceptable standard and considered ideal
standard/practice by (almost) all operators and in all
countries

Other recommendations:

n These include specific guidelines/recommendations
that do not lend themselves to multilevel qualified
recommendations.

The primary consideration for all recommendations
was safety and quality of care. It was emphasized to all
members of the WC that this document would not
automatically endorse all current practices. Recom-
mendations were created in such a way to be applicable
throughout the globe in different health care settings
with an understanding that some national laws and
regulations may not allow practicing according to the
recommended standards in this document. It is believed
that this document will provide additional strength and
support for congenital cardiologists to educate local/
regional/national authorities as to what medical experts
believe to be acceptable, and preferably ideal, care for
these patients. The document will also form the basis
for advocacy efforts urging those authorities to make
the legislative, regulatory and policy changes needed to
achieve this goal.

Throughout the document, all recommendations, spe-
cific accommodations, and modifications from the
described standards were made for 2 specific groups and
circumstances:

1. Resource-limited environments
2. Adult congenital patients
4.4.1. Resource-limited environments

The authors acknowledge that regional, cultural, and
religious practices may influence some aspects of patient
care. Most importantly, ideal practice often requires
substantial financial resources, which may not be avail-
able in resource-limited environments. For example,
resterilization of equipment may not be admissible in
some countries but vital in resource-limited environ-
ments (see Section 7.7). As such, specific subsections were
added where applicable to some sections of the docu-
ment, to highlight the specific perceived limitations for
resource-limited environments. For topics that are clearly
resource-intensive, such as hybrid and fetal in-
terventions, no subsections were added for resource-
limited environments.

Importantly, the listed limitations are solely related to
financial resources and while it is difficult to provide an
exact definition of what one would consider a center
operating in a resource-limited environment, it is clear
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that no center operating in a country that is ranked in the
top 30 of gross domestic product per capita would fall into
this category.

Most recommendations in this document do not
depend on financial resources, but instead, a willing-
ness of the cath lab team and hospital leadership to
adopt what is considered as best practice standards. It is
envisaged that even resource-limited environments,
with time, will work toward adapting some of the more
resource-demanding recommendations. The standards
in this document should provide a good benchmark to
aim for improving their practice in the future. All
practices that need to be employed in resource-limited
environments that may fall short of recommended
standards should be reviewed and regulated at institu-
tional and/or regional/national levels, to ensure
adequate standards are achieved and maintained, and
to identify any breaches of those standards that may
put patients at risk.

4.4.2. ACHD patients

4.4.2.1. The need for a special focus on ACHD patients

Based on improvements in diagnostic tools, treatment,
and follow-up, the life expectancy of patients with CHD
has markedly increased. Most patients born with even
complex CHD are expected to reach adult age.3,4 As of the
year 2000, in the USA, the estimated number of ACHD
patients outnumbered children with CHD, and by 2005,
the estimated total population of ACHD patients had
grown to over 1 million.5 The increasing numbers of this
unique population have spurred development of a medi-
cal discipline devoted specifically to their care.

This was recognized and implemented in different
stages for different countries. As an example, in 2012, the
field of ACHD received accreditation, through the Amer-
ican Board of Internal Medicine and the Accreditation
Council of Graduate Medical Education (ACGME). Conse-
quently, physicians could gain certification after
completing specified training and examinations begin-
ning in 2015. The care of patients with ACHD requires
highly specialized clinical care as well as advanced mul-
timodality cardiac imaging, in which cardiovascular
catheterization and cardiac intervention play an integral
role.

Though the underlying anatomic lesions and most
interventional techniques used are similar, there are
notable differences in needs and requirements encoun-
tered with ACHD patients undergoing invasive proced-
ures compared to procedures for children with CHD. For
example:

n Adult patients may have undergone outdated or now
seldom used surgical procedures such as Potts/
Waterston-Cooley Shunt, Senning/Mustard atrial level
switch, classic Glenn and Fontan, Fontan modifications
including the Bjork or lateral tunnel, etc.

n For nonsyndromic patients, significant comorbidities
are more frequently present in the ACHD population.

n Acquired CAD and acquired cardiac dysfunction
complicate underlying congenital cardiac lesions.

n Age-related heart disease including valvular insuffi-
ciency and/or stenosis may be present.

n Resuscitation methods, techniques, and equipment
vary, including types of mechanical support options.

Concurrent with the development of ACHD medicine,
advancements in minimally invasive technologies to treat
CHD and structural heart disease have increased, and so
has the number of interventional procedures applicable to
ACHD. Historically, these procedures were performed
with pediatric cardiologists as the principal operators. As
more adult cardiologists became involved with ACHD and
as procedures and technologies developed for structural
heart disease (SHD) interventions were applied to ACHD
patients, adult-trained cardiologists became more
involved with ACHD invasive procedures, frequently
without any training or expertise in treating patients with
CHD.

Currently, in many centers ACHD interventions are
performed by both pediatric and adult interventional
cardiologists, most often working independently. Most of
these procedures are performed at major medical centers
where the pediatric and adult facilities are in close prox-
imity.6 Even though invasive procedures for ACHD pa-
tients are expanding and have bridged disciplines,
recognized accreditation for this work does not currently
exist. Significant gaps in standards of practice and
training guidelines have been recognized.6 Subsequently,
there have been efforts by cardiac organizations to bridge
these gaps, providing a framework for ACHD in-
terventions.7,8 Specific issues surrounding training and
expertise needed to perform cardiac catheterization in
patients with ACHD are further discussed in Section 6.4.

4.4.2.2. Scope of ACHD recommendations

The intent of the recommendations made in this docu-
ment is not to be a comprehensive statement on every
aspect of ACHD catheterization but to highlight specific
aspects of these procedures that differ from pediatric
cardiac catheterization. As such, each of the major sec-
tions will include (where applicable) a specific subsection
that comments on important differences between ACHD
and pediatric patients. Unless stated otherwise, all rec-
ommendations and requirements in the general section
will also apply to ACHD patients. Section 17 is further
devoted to coronary interventions in pediatric patients
using a collaborative approach with adult coronary
specialists.
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5. CATHETERIZATION LABORATORY

MANAGEMENT AND ADMINISTRATION

5.1. Physician leadership

5.1.1. Director of the congenital cardiac catheterization program

Leadership and lines of accountability are important ele-
ments of any successful cardiac catheterization program.
The director/head/lead of the congenital cardiac cathe-
terization program is an essential requirement for labo-
ratories practicing CHD catheterization and intervention.
The congenital catheterization director should assume
overall responsibility for all catheter-based procedures in
patients with CHD within the institution, preferably
regardless of patient age.

Being the director of the congenital cardiac catheteri-
zation program though, does not equate to being the di-
rector of the respective cath lab. While a dedicated cath
lab leadership for all patients with CHD is clearly desir-
able, in practice this may not be feasible in all organiza-
tional structures, for example, where the CHD program is
embedded within a larger adult facility with shared car-
diac catheterization laboratories. In these organizational
structures, it is important that the director of the
congenital cardiac catheterization program maintains an
associated cath lab leadership role, with regular shared
leadership meetings with all parties that utilize the cath
lab, to discuss all aspects of cath lab operations. Without
those shared leadership structures, there is a risk of pe-
diatric and congenital requirements not being considered,
and adult-based decisions being made that may have a
potential negative impact on the congenital catheteriza-
tion program.

The director of the congenital cardiac catheterization
program should be a fully trained and certified (where
available) congenital interventional cardiologist (the
exact certification depends on the country of jurisdiction)
with significant clinical experience, ideally >5 years from
completion of fellowship or similar training, with a veri-
fiable experience of at least 500 congenital cardiac cath-
eterization cases performed as a first operator after
training completion. The breadth of skills required in this
role are wide-ranging and the individual should have
strong management and interpersonal skills.

The director should have robust, up-to-date knowledge
of transcatheter congenital cardiac procedures, in partic-
ular, those being performed in his/her laboratory.
Although the director is likely to be the lead operator for
many types of procedures, it is not reasonable to expect
that he/she be the primary “expert” in all interventions.
In certain instances, the director may not perform specific
procedures at all, particularly in large-volume programs,
where there may be several operators with various
interests.
The director is responsible for the overall clinical per-
formance and strategic direction of the congenital cardiac
catheterization program. The director should strive to
create a constructive, supportive, and reflective working
environment across all aspects of clinical care within the
service. There must be a demonstrable commitment to
standard setting and objective QA with a primary focus on
encouraging and supporting safe, high-quality practice
within the unit.

Other responsibilities and skills required of the director
include but are not limited to the following:

1. Role model: The program director is expected to act
with utmost professionalism and as a role model
within the program. Procedural results and technique
need to be excellent and adhere to all required cardiac
catheterization standards.

2. Respectful teamwork: The director is expected to
foster a culture that enables cooperative and
constructive working among all laboratory staff
groups.

3. Mentoring: The director is expected to act as an
approachable mentor to all members of the cath lab, in
particular trainees and junior operators.

4. Privileging: The director is responsible for ensuring
that physicians catheterizing in the laboratory meet
agreed-upon standards and engage in regular perfor-
mance reviews. There should be a cycle of formally
reviewing and renewing privileges for practice within
the laboratory, preferably no less frequently than
every 2 years.

5. Training: A commitment to training and developing
physicians at all stages (consultant/attending level
and trainees) and other laboratory staff is essential.
Most importantly, the director should facilitate and
support the training aims and objectives of the pro-
gram fostering a positive and supportive learning
environment.

6. Keeping practice current: Congenital cardiac inter-
vention is a complex and continuously changing
specialty. It is essential the director acts as the driver
to keep the service current and ensures that his/her
team does the same. This includes, for example,
participation in national and international meetings
where the current “state of the art” relating to pro-
cedures and techniques are openly and objectively
discussed.

7. QA and QI: The program director is ultimately
responsible for establishing and maintaining active
QA and QI efforts (Section 12). This also includes su-
pervision of M&M conferences.

8. Data sharing and outcome reporting: The director is
responsible for maintaining accurate data on all pro-
cedures performed, to be able to satisfy data reporting
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requirements at the hospital, local, regional, and na-
tional levels (Section 12.5).

9. New procedures: The director is responsible for
establishing and following protocols for introduction
of new procedures into the laboratory environment
(Section 6.2.2).

10. On-call/out-of-hours coverage: The director is
responsible for ensuring there is adequate, evenly
distributed, and consistent 24/7 coverage for the lab-
oratory service that provides safe and consistent care
for patients and takes account of institutional and
program characteristics.

11. Protocols: The program director (together with the
cath lab manager) is responsible for supervising and
ensuring adherence to existing protocols and facili-
tating distribution and easy access to all protocols
within the cath lab environment.

12. Performance management: The program director is
expected to participate in managing performance is-
sues for all members of the congenital catheterization
team in accordance with institutional policies and
(where needed) with human resource experts. Where
applicable, this responsibility is shared with the cath
lab manager.

13. Fiscal and strategic responsibility: The program di-
rector is expected to have a thorough understanding
of the financial and operational details of the pro-
gram. In this context, the director will act as a primary
medical link with the administrative and institutional
executive management to ensure laboratory service
resource requirements are understood and addressed
in a timely manner.

14. Grievance and counseling: The director should be
available to all who have contact with or work within
the laboratory about complaints and feedback,
particularly patients and their families.

15. Collaboration: The program director is expected to
foster a working environment that strongly supports
collaboration with other subspecialties and services,
such as vascular surgery, adult cardiology, interven-
tional radiology, pediatric surgery, anesthesia,
neonatal and pediatric intensive care.

5.1.1.1. Reporting and support

Given that experience is a key requirement for the role of
the program director, many will serve in the role for
several years. There should however be a regular “cycle”
of review through the institutional or divisional leader-
ship leading to reappointment or replacement based on
prior agreed-upon metrics, as well as the general re-
sponsibilities outlined for a program director. There
should be clearly defined institutional reporting struc-
tures to support and where necessary guide the congen-
ital cath program director.
5.1.1.2. Protected time

The role of congenital cath program director requires
considerable commitment which in most cases will be in
addition to clinical service provision. As such, a program
director should be given sufficient time to fulfill these
responsibilities, which ideally should be 0.2 FTE or more
of protected time, but at the minimum is expected to be
0.1 FTE of protected time.

5.1.2. Substantive catheterizing physicians

Within a congenital cath lab, there will be a core group of
accredited, substantive physicians (in most regions
termed either consultants or attendings) who are indi-
vidually responsible for procedures conducted on their
patients. This group will have considerable expertise.
While the director is the primary leader of the program;
the individual catheterization physicians are responsible
for those patients under their care. Consultant/attending
level physicians should constructively work with the di-
rector (and vice versa) to ensure smooth, effective, and
safe running of the program. Institutional support must
be available if difficulties are encountered with those
relationships.

Depending on the size and volume of a program, there
may be a need for a deputy or associate program director
role, to share responsibilities where necessary, and to
ensure there is coverage during periods when the primary
program director is away. Regular meetings with all sub-
stantive catheterization physicians should occur to
ensure that important programmatic information is
shared and that there is group responsibility and action
on important issues. In general, these meetings should
occur at least once every 3 months, but for smaller pro-
grams with just 2 substantive catheterizing physicians,
these meetings can usually be conducted informally and
more frequently.

5.2. Nonphysician leadership

5.2.1. Catheterization laboratory manager

A cath lab manager or equivalent is a desirable ideal
standard for any cath lab but may not be a standard
employed in all countries and regions. The cath lab
manager functions as a team leader for the nursing and
technical staff, also working collaboratively with the
medical director of the congenital cardiac catheterization
program. In many institutions, the cath lab manager will
function both as the leader of the clinical team and as a
participant in the cath lab’s participate in administrative
leadership.

Given the variety of roles for nurses and technical staff
within a congenital cardiac cath lab, there can be no ab-
solute “blueprint” for the structure of this leadership
function. In general, the cath lab manager or team leader
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will be a senior staff member (nurse or technical staff)
with considerable experience and understanding of the
congenital cardiac catheterization team and the processes
of the catheterization service and laboratory environ-
ment. Ideally, this individual would also possess an
advanced degree. The cath lab manager/team leader and
medical program director of the congenital catheteriza-
tion program should maintain a strong teamwork
approach to ensure a positive work culture and good pa-
tient outcomes. This relationship is especially important
where the cath lab is embedded into an adult cardiology
service.

Responsibilities of the cath lab manager in many as-
pects overlap with those of the director of the congenital
cardiac catheterization program and include the
following:

1. Safety and compassion: To ensure that patients are
cared for safely and compassionately.

2. Role model: Being a role model for the cath lab team,
acting with utmost professionalism and integrity.

3. Accreditation: Ensure all team members working
within the congenital cardiac catheterization team are
appropriately trained and accredited for the roles they
are expected to perform.

4. Training: Ensures that (new) staff receives adequate
general and procedure-specific training.

5. Maintaining competency: Ensure an individual’s skills
are objectively maintained and that there is a process
of regular competency reviews and professional
development to support this.

6. Sedation and monitoring: Confirm that additional
appropriately qualified staff and protocols are in place
for cases performed under sedation without an anes-
thesia team.

7. QA and improvement: Engage the cath lab team in
quality and safety initiatives.

8. Staffing levels: Maintain nurse and technician staffing
levels in line with agreed-upon standards and/or
jurisdiction regulations. This includes an adequate
out-of-hour (on-call) schedule to provide adequate
coverage to safely deal with (emergent) procedures.

9. Protocols, policies, and procedures: The cath lab
manager (in conjunction with the medical director) is
responsible for supervising and ensuring adherence to
protocols and policies, and facilitating distribution
and easy access to those protocols within the cath lab
environment. The cath lab manager also oversees the
team’s adherence to hospital policies and regulatory
requirements (such as infection control).

10. Communication: Ensures the cath lab team maintains
open and clear communication within the team, and
with patients and families, before, during, and after
catheterization.
11. Inventory and equipment management: Oversees in-
ventory management as well as participates in the
coordination of equipment maintenance.

12. Strategic directive: The cath lab manager collaborates
with the program director and executive management
to develop and support new unit protocols and ob-
jectives for the congenital catheterization program.

13. Grievance procedures: Ensure that a complaints pro-
cedure protocol is in place and that concerns raised
are examined and followed through to an appropriate
conclusion.

5.2.2. Administrative leadership

Very large congenital cardiac catheterization programs
with multiple cardiac catheterization laboratories should
ideally have dedicated administrative and management
support. All modern laboratory services have myriad
needs that, if incompletely addressed, can lead to in-
efficiency or at worse impact patient safety. An effective
administrative management structure ideally includes
effective communication with higher executive leader-
ship. This will ensure that the overall institution un-
derstands the program’s needs, objectives, opportunities,
and challenges.

Management structures may vary among centers, re-
gions, and countries. In some, the cath lab manager will
have part of the higher-level administrative re-
sponsibilities, while in others, certain higher-level tasks
may be handled by administrative leadership that does
not have clinical responsibilities. Irrespective of the
location or facility, for a congenital cardiac cath lab to be
fully effective there should be:

1. Administrative support for the program and specif-
ically for the program director. Lines of accountability
and responsibility should be clear. There should be
regular communication between the administrative
leadership and the program director.

2. The administrative leadership should collaborate with
clinical leadership in closely managing and monitoring
processes for stocking and timely reordering of
consumables.

3. A clear plan and process for timely repair and
replacement of important clinical equipment in the
laboratory setting (eg, fluoroscopy equipment) that has
a relatively predictable lifespan.

4. Cooperative working relationship with the program
director and cath lab manager to provide the latest
technology and medical devices.

5. Management and support of the financial aspects of
the cath lab to ensure the most efficient use of
resources.

6. Ensure an open and responsive system where clinical
staff can rapidly register (or document) errors or
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important problems through the management struc-
ture, to enable the institution to implement improve-
ment strategies.
5.3. Catheterization laboratory staffing

5.3.1. General staffing considerations

5.3.1.1. Congenital catheterization team composition

Minimum standards will vary across jurisdictions and
from case-to-case depending on complexity, but pro-
grams should always include sufficient personnel to
safely assume the roles of a scrub assistant, circulator,
and recorder/monitor. Irrespective of the individual roles,
all staff members have the responsibility to maintain the
renewal of their individual licensure or certification
(which should be confirmed by the cath lab manager).

The specific job titles, qualifications, and training re-
quirements for staff in the cath lab vary from country to
country. What is consistent though, is that the main roles
that need to be covered in a congenital cath lab include a
scrub assistant, a circulator, and a recorder/monitor.

Scrub assistant: This is a staff member who assists the
operator at the table. Having a fellow or second physician
scrubbed in during a case does not necessarily eliminate
the need for a procedural scrub assistant, who is, in
particular, helpful during emergencies. The scrub assis-
tant must possess an understanding of and maintain
sterile technique when setting up a table, draping a
patient, and handling supplies and equipment
throughout the procedure. Additional functions include
the following: preparing and flushing transducers,
sheaths, and catheters; housing wires; assisting in main-
taining wire position; and preparing balloons and devices
under the direction of the interventional cardiologist.

Circulator: The function of the circulator is to assist in
the room during a procedure, obtain needed cath lab
equipment items, understand and maintain sterile tech-
nique when opening items, run point-of-care testing,
blood gases, and saturations. A wide variety of items are
needed for congenital cases, thus it is important for the
circulator to have an awareness of the stages of the pro-
cedure and be knowledgeable as to the laboratory’s in-
ventory, which will allow anticipation and availability of
needed supplies.

Recorder/Monitor: The task of the recorder/monitor is
to perform hemodynamic recordings, complete the pro-
cedure log, and help with x-ray acquisition and storage.
Most importantly, the monitor should alert the physician
of any changes in ECG or other hemodynamic data and
vital signs. It is the recorder’s responsibility to ensure all
necessary documentation is completed in a timely
manner. This includes the technical report, radiation
exposure, and procedural logbooks. The function of the
monitor/recorder is not to obtain cath lab consumables
and items during a case, as this limits the ability to focus
and complete the other tasks listed above.

As such, it is recommended that a minimum of 3
nonphysician staff members are available to support
each case (not including the anesthesia team). Ideal
staffing would require 2 circulators, as this staffing model
allows for help during strategic points in a case and also
provides needed support in case of any emergencies/
complications.

5.3.1.2. Complex cases

Cases identified before the procedure as either high-risk
and/or complex may require additional staff over and
above standard practices, and some may benefit from 2
fully qualified operators (see Section 5.3.1.4). Complex
procedures, such as for example bilateral simultaneous
pulmonary artery stenting, may need more than 1 expe-
rienced assistant. Complex procedures may also require
additional knowledgeable members of staff circulating to
obtain equipment quickly and efficiently and to help with
point-of-care testing, all of which allow the procedure to
be performed with an adequate safety margin. Any hybrid
procedure where a combined surgical and catheter-based
approach to a problem is employed will require larger
teams with competence to manage each element of the
case.

5.3.1.3. Cases with operator managed sedation

This topic is discussed in Section 10.

5.3.1.4. Cases with 2 fully trained and qualified operators

The field of congenital interventional cardiology has
grown considerably in recent decades with many complex
procedures being performed on a regular basis. For some
complex congenital interventions (such as some trans-
catheter pulmonary valve replacement, ductal stents,
interstage interventions on the Sano conduits or modified
Blalock-Taussig-Thomas [m-BTT] shunts in desaturated
patients, etc.), having 2 qualified and fully trained oper-
ators for selected cases can facilitate favorable outcomes
and expedite a case while reducing radiation exposure.

A core fellow or even an advanced interventional
fellow does not necessarily provide the same safety
margin that a fully trained operator does. However, this
does not uniformly apply to all cases at all institutions.
The decision to arrange cases with a second fully qualified
operator should be initiated by the main operating
physician.

Even though some procedures such as pulmonary valve
implantation may often benefit from the presence of 2
qualified operators, for the majority of procedures,
the need for 2 fully qualified operators cannot always
be determined solely by the diagnosis and planned pro-
cedure. One must also consider the hemodynamic
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vulnerability of the patient, the potential need for rapid
action in case of an AE, the urgency of the procedure, past
difficulties performing a procedure in the patient, and/or
unusual anatomy for the specific diagnosis.

When 2 qualified operators perform a procedure
together for clinical reasons, it is important to recognize
the second operator is not simply a procedural assistant,
but rather is a fully trained operator. As such, hospitals
should provide the necessary staffing and FTE support so
that procedures can be performed with 2 qualified oper-
ators if and when deemed necessary. In those circum-
stances, the additional physician should be reimbursed
for his/her time and/or where applicable recognized in
work “Relative Value Units” or other similar measures in
the country and institution involved. Not doing so im-
pedes patient safety as many procedures are then per-
formed without a second qualified operator, when in fact
it would be important to do so.

For any case that benefits from a second fully qualified
operator, appropriate documentation will be required in
the procedure reports (which should also name 1 primary
responsible physician clearly identified in all the records).
An appropriate forum to make decisions about the need
and benefit of a second fully qualified operator could
either be a documented case management discussion, or a
formal (documented) precatheterization review by the
primary interventional cardiologist outlining the need for
a second fully qualified operator.

5.3.1.5. Cross-training and coverage

Ideally, all personnel should either be licensed or certified
and at a minimum, possess an associate degree or its
equivalent. Local or state regulations dictate allowable job
responsibilities based on the discipline’s licensure. How-
ever, many nonphysician catheter laboratory roles are
relatively generic, and many skills are interchangeable
between different professional groups. While some juris-
dictions may have rules or even laws around a particular
professional scope of practice and need (eg, the need for a
radiation technologist [RT] or radiographer for direct su-
pervision of the use of fluoroscopy, the scope for nursing to
administer medication such as for sedation), outside of
these specific requirements, a competence-based system
for assigning roles is appropriate and indeed desirable for
maximum efficiency. As such, unless prohibited by regu-
latory requirements, cath lab staff ideally should be cross-
trained tomanage at least 2, preferably all 3 roles needed in
the cath lab (scrub assist, monitor, circulator). Without
cross-training, it would require many staff to have suffi-
cient support for each of the 3 functions, which as a result
would lead to a dilution of professional expertise, partic-
ularly, in programs with a lower volume of congenital
catheterization procedures. What is of primary importance
is that competencies are demonstrated and maintained.
5.3.2. Team members of the congenital cardiac catheterization

laboratory

5.3.2.1. Primary physician operators

Every procedure performed in the laboratory must be
under the care of a primary substantive catheterizing
physician (consultant or attending level). Training and
competency requirements are discussed in Section 6 of
this document. Primary physicians must be credentialed
by the institution for invasive congenital cardiac
catheterization.

Although primary catheterizing physicians are not ex-
pected to personally undertake every aspect of patient
care, they are ultimately responsible for all aspects of
patient care including the safe preparation, conduct, and
recording of cases conducted under their name. In the
majority of cases, the primary cardiologist will be scrub-
bed at the table for the procedure, but this is not
mandatory for all cases. For example, in cases where there
is a senior trainee with appropriate competencies to
perform selected procedures under supervision, it is
appropriate for the primary physician to observe and if
necessary, advise from within the cath lab, with the
ability to scrub-in whenever difficulties are encountered.
Primary physician operators carry responsibility for
communication with patients, their families, and other
clinicians such as referring colleagues.

5.3.2.2. Procedural assistants

In general, cases should not be conducted without an
assistant. Depending on the complexity of the case, an
assistant may be another substantive catheterizing
physician, a trainee (fellow), or a nonphysician assistant
trained to scrub-in and assist at the table in catheteriza-
tion cases. In many cases, there may be more than 1 as-
sistant. Under those circumstances, it is important that
specific roles and expectations are discussed and agreed
upon prior to the case. Assistants should be recorded in
the procedure log.

It is important to emphasize there is a difference be-
tween cases where a second physician assists due to the
lack of an otherwise qualified (nonphysician) assistant, vs
procedures that require 2 fully qualified physician oper-
ators to perform the procedure safely (Section 5.3.1.4).

5.3.2.3. Trainees

Trainees/fellows occupy important roles in many in-
stitutions (see also Section 6). Even though trainees may
participate in cases, the primary concern must always be
to maintain patient safety.

While there are instances where it is appropriate for a
senior trainee to directly conduct a procedure or elements
of a procedure as the first operator under direct supervi-
sion of the substantive physician operator, for the
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purposes of records, a trainee must always be considered
a secondary and not the primary operator.

5.3.2.4. Nonphysician assistants

In most laboratories, nonphysician assistants will scrub-in
to assist in cases. Different countries have varying re-
quirements for these roles, and in some jurisdictions, a
nonphysician assistant may be mandatory. In many
countries, the assistant will be a trained catheterization
nurse, and in others a trained cardiac technologist or
radiologic technologist. In some countries, there may be a
qualification directed specifically at assisting cardiac
catheterization procedures (such as registered cardiovas-
cular invasive specialists [RCIS]). Increasingly in many
units, physician assistants and nurse practitioners (or
equivalent professional titles) perform scrub assistant
roles. While respecting different local rules and regula-
tions, of primary importance from the perspective of this
expert consensus document is that staff in these roles
have adequate training and experience for the role, and
just as importantly, that competencies are maintained.

5.3.2.5. Noncatheterizing physicians

Successful congenital cardiac catheterization and espe-
cially intervention relies on high-quality and accurate
noninvasive imaging, particularly echocardiography.
Noninvasive cardiologists and echocardiography techni-
cians with expertise in this area are a key part of a cath-
eter laboratory team. Provision is volume-dependent but
in large programs, echocardiography guidance in the
laboratory can be an almost full-time occupation.

Physicians providing noninvasive support in the labo-
ratory should be trained and certified as per their juris-
diction in cardiac imaging including TEE and if
appropriate to the setting, intracardiac echocardiography
(ICE). There is logic, where possible, in concentrating
catheter laboratory image guidance in the hands of a
small number of the overall imaging cardiology team to
ensure the best quality imaging (based on knowledge of
procedural requirements) and communication during
procedures. It is important that high-quality, modern
echocardiography equipment including the necessary
transthoracic echocardiography (TTE), intracardiac echo,
and TEE probes are available in the laboratory.

5.3.2.6. Nursing staff, advanced practice nurses and
physician assistants

Nursing staff have varied skills and can occupy many
different roles in congenital catheterization laboratories,
ie, circulators, monitors, and scrub assistants. Nurses
involved in the care of children should be adequately
trained and credentialed in the care of pediatric patients.
In some countries, there are expectations around the
importance of direct nursing care for a child at every point
in the patient journey such that direct nursing handover
of a child to a designated nursing colleague at various
junctures is a requirement. While for many countries and
centers, it would be unusual for a congenital cardiac
catheter laboratory not to have a requirement for a nurse
in the laboratory when cases are performed; this clearly
depends on regional and institutional requirements and
may not be the case in all jurisdictions.

In the broader congenital catheterization team,
advanced nurse practitioners, physician assistants, or
equivalent professionals frequently manage caseloads or
specific aspects of the patient pathway. This may include
logistic elements of care including preprocedural, proce-
dural, or postprocedural patient management, relating to
smooth and effective running of the service. These roles
are highly skilled and are important aspects of patient
care, safety, education, as well as patient and family
satisfaction.

Given the differences between nursing and practitioner
roles, cath lab services and responsibilities will vary.
What is essential is that: (1) clinical responsibilities and
expectations of the nursing staff, and advanced practice
providers within a service are clear; (2) training is
appropriate to the role expected; (3) there is account-
ability and support for nursing staff and advanced prac-
tice providers through a clear management structure; and
(4) licensure and certification are maintained for the
appropriate practice.

5.3.2.7. Technologists

Broadly, by training, there are 3 types of technologists (or
equivalent), who may be working in the catheterization
environment:

1. Radiologic technologists (or Medical Radiation Tech-
nologists [MRT])

2. Cardiac technicians or cardiac physiologists
3. RCIS or equivalent (with a training background focused

on intraprocedural assistance and hemodynamic
monitoring)

In some instances, these roles may overlap, whereas in
other instances, regulations may stipulate that an appro-
priately qualified nonphysician professional takes full
responsibility for certain tasks, such as for example
operation of x-ray-producing equipment, making this a
specific full-time role in its own right.1 Other examples
may include local regulations where dedicated training as
an RCIS (or equivalent profession) is required to scrub
assist during procedures.

As is the case with nursing, these technical specialists
frequently may perform other clinical roles including but
not limited to procedural assistance, circulator for in-
ventory and point-of-care testing, and procedural moni-
toring and documentation. Some scrub assistants/RCIS
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take on responsibility for setting up and handling
equipment less commonly used in pediatric procedures
including intravascular ultrasound (IVUS), fractional
flow reserve (FFR), embolectomy systems, and others.
Irrespective of role distribution, there must be a reporting
relationship of all those individuals to the cath lab
manager, to ensure best use of available staff and
resources.

5.3.2.8. Anesthesia

Discussed in Section 10.

5.4. Policies and guidelines

Written policies and procedures in a health care organi-
zation serve several important purposes. They facilitate
adherence with recognized professional practices; pro-
mote compliance with regulations, statutes, and accredi-
tation requirements; standardize practices across areas
within the institution; and serve as a resource for staff,
especially new personnel. Policies should be designed to
be applicable (and relevant) across the institution. They
are broadly grouped into those related to providing pa-
tient care and those related to providing a safe and well-
managed organization. The latter covers areas such as
health and safety of the hospital environment, biomedical
equipment management, and administrative and human
resource issues. It is important that the manager of the
congenital cath lab disseminates the knowledge of rele-
vant and important policies and procedures to all mem-
bers of the congenital cath lab team.

The list of policy, procedure, and guideline documents
that are important for the congenital cardiac cath lab
needs to be adapted for each institution, and in consid-
eration of other general institutional requirements.
Selected examples of important documents include:

1. Full-time cover for emergencies
2. Activation of extra support for emergencies in the cath

lab
3. Checklists for equipment that may be required with

urgency
4. Emergency chest open in the cath lab
5. Transfer of patient to OR for emergency surgery post

cardiopulmonary resuscitation (CPR) and stabilization
6. Emergency institution of ECMO or other circulatory

support
7. Introduction of new devices and interventional

procedures
8. Acquisition of new technology
9. Handoff of patients to other units

5.5. Considerations for ACHD patients

In areas where local regulations dictate that adults must
be treated by adult cardiologists, procedural staffing
models that also include pediatric and/or ACHD cardiol-
ogists should be adopted. In those circumstances, close
collaboration between adult and pediatric cardiologists is
essential.

In facilities where the adult congenital interventional
cardiologist and pediatric cardiac interventional cardiol-
ogist report through separate (adult and pediatric) lead-
ership structures, regular meetings of the entire
congenital interventional team are important, to discuss
and align all aspects of the congenital cardiac program.
The decisions made in those meetings can then be
brought forward to the joint cardiac cath lab leadership
team, which will require representation from congenital
team members to advocate for the specific needs of adult
congenital patients.

Some ACHD catheterizations and interventions may
require additional staffing. This is particularly important
for cases performed under sedation without aid from the
anesthesia team, which is a much more frequent occur-
rence in adult patients (see also Section 10).

Currently, most procedures are performed by opera-
tors working independently,6 but complex adult
congenital interventions may need 2 fully trained and
qualified interventional cardiologists for selected cases,
similar to complex pediatric patients (see Section
5.3.1.4). Optimally, having multidisciplinary operators
with pediatric and adult backgrounds collaborating adds
additional perspective and expertise as well as helps to
bridge any deficiencies. ACHD and pediatric operators
need to be credentialed and carry privileges in each
institution where they treat patients, and often require
privileges in different departments within the same
institution.

Nonphysician staff qualifications and training will
often have additional requirements to those of an iso-
lated pediatric program. Staff members may require
additional credentials and certifications to treat adult
patients (such as for example advanced cardiac life
support) and should have a thorough knowledge and
experience with adult congenital cardiac procedures. It
is often beneficial to limit the number of team members
for adult congenital procedures to centralize experi-
ence. Depending on whether procedures are performed
in a children or adult facility, they will require collab-
oration with team members of the adult team (pediatric
facility), or the pediatric team (adult facility), especially
when knowledge and experience with ACHD patients
are not adequate, or when procedures are performed
that are less common for the specific institutional
setting. It may also require specific imaging support
that may not be available at a specific facility (for
example, when overlay is being used), or where the
experience to perform congenital echocardiography is
limited.
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5.6. Considerations for resource-limited environments

n The staffing models and qualifications suggested in this
section will need to be adapted to a resource-limited
environment. While staff may not always have the
formal training and qualifications, the focus instead
lies heavily on cross-training staff adequately to assist
in any specific role during a procedure.

n Physician and nonphysician staff may have multiple
roles to fill within the same institution.

n For many centers in resource-limited environments, a
qualified scrub assistant may not be available, and in
many instances, an operator may have to perform a
procedure with limited assistance during a case.
6. PROCEDURAL TRAINING AND COMPETENCY

6.1. Providing minimum case number requirements

One of the greatest challenges when it comes to training,
experience, and competency is to provide minimum case
number requirements. The main reasons are the
following:

n Meeting specific target numbers does not necessarily
signify competence, for a program or an individual
operator. The definition of target numbers, in fact, may
pose a potential problem in that numbers alone may be
used as a surrogate for competence or quality.

n Some operators may achieve competency more rapidly
than others, and as such may not require the case
experience suggested for an average operator.

n Applying target numbers retroactively to trained oper-
ators who have been successfully performing proced-
ures for many years, may potentially prevent skilled
operators from continuing to undertake work for which
they have established competence and expertise.

n Regional and country-specific constraints may be pro-
hibitive to being able to meet specific minimum case
number requirements.

n Not providing specific minimum case numbers would
make it very difficult to prevent dangerous occasional
practice or practice by nonqualified operators.

Given the above considerations, the WC agreed to use
an approach where low minimum case numbers are pro-
vided, numbers which on their own do not guarantee
competence, but below which, it is extremely unlikely
that an operator would have the required competence.

This was combined with other assessment tools and
requirements that further supplement the competency
requirements. Furthermore, additional comments were
included in this document to highlight any country- or
region-specific aspects that would make these specific
minimum case requirements difficult to achieve.
6.2. Procedural training: General cardiology core and
interventional trainees

6.2.1. Introduction

Training requirements and approaches vary across the
world, and as such, a full description of training methods
and objectives applicable to each country is beyond this
document’s scope. The purpose of this section is to
summarize general training recommendations for both
the core trainee (also called “categorical pediatric cardi-
ology trainee”) and those who wish to pursue a dedicated
career in interventional cardiology for CHD. Several pre-
vious publications form the basis of these recommenda-
tions.6,8,9-13 The recommendations outlined in this
section must be considered in the context of local, na-
tional, and international regulations (as well as clinical
governance structures), and are intended as a guide to-
ward best practice.

While the knowledge base and scope of practice for
pediatric cardiology have grown over the past few de-
cades in all subspecialties, the available time in each
subspecialty during the general (core) training program
has not. As such, and due to the judgmental and technical
sophistication now required in interventional cardiac
catheterization procedures at all ages, it is not appropriate
to expect a graduating core trainee to be qualified to
perform any type of cardiac catheterization procedure at
the completion of a general training program.

While advanced training in interventional cardiac
catheterization is available in many institutions around
the world, there are substantial variations in the total
experience, educational structure, and scope of practice.
Various societies and regulatory authorities have recog-
nized the importance of such advanced training and have
put forth consensus guidelines and assessment tools for
such training.6,8,9-13 It is important for pediatric cardiol-
ogists who wish to perform cardiac catheterizations to
prove proficiency through a minimum of 1 (or more)
additional postcore year(s) of dedicated interventional
training. During this advanced training under the super-
vision of an experienced interventional cardiologist, it is
expected that with increasing case complexity, the
trainee will achieve competency as a sole or primary
operator. Trainees would then be able to advance their
skills independently and progressively with varying and
increasing case complexity through a lifetime learning
model. Most trainees will maintain mentorship links far
beyond their training years (see Section 6.2.1).

6.2.2. Prerequisites for training

The prerequisites for procedural training for the core
trainee in pediatric cardiology are admission to a pediatric
cardiology training program, the exact details of which
may vary between different jurisdictions. Admission
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requirements to general pediatric cardiology training are
therefore not discussed in this section.

Instead, this section will focus on those interested in
pursuing a career in congenital interventional cardiology
including both pediatrics and/or ACHD.

Trainees will come from diverse backgrounds. Most
trainees will have completed a general pediatrics and pe-
diatric cardiology training program as specified by the
country in which they practice. Prior to entering an
advanced interventional training program, trainees should
have acquired a thorough understanding of cardiac anat-
omy, pathophysiology, and various treatment strategies
including an understanding of the natural and unnatural
(modified) history of all congenital heart defects.

During their core training (and preceding the advanced
interventional training), trainees should have acquired
introductory experience in the basic principles of cardiac
catheterization. This should include an understanding of
the basic procedures involved in catheterization: in-
dications for the procedure, basic acquisition and inter-
pretation of hemodynamic and angiographic data, and the
overall place of interventional catheterization in the
treatment algorithm. The early catheterization experience
should have focused on acquisition and interpretation of
hemodynamic and angiographic data while minimizing
use of radiation. It is expected that trainees pursuing an
advanced interventional fellowship will have acquired an
introduction to basic technical skills (vascular access,
catheter manipulation, and limited exposure to device
use), enabling the trainee and mentor to assess whether a
trainee may have the necessary skills to pursue a career in
advanced interventional cardiac catheterization.

It is important that a thorough assessment and selec-
tion process should be put into place prior to offering an
opportunity for an advanced interventional fellowship.
Completing such training does not equate to competency,
and it will need to be emphasized to trainees upfront that
starting an interventional fellowship does not guarantee a
successful sign-off at the end of the training year. The
selection process should be structured to limit the possi-
bility that trainees who are selected do not have the skills
to succeed as interventional cardiologists, an outcome
that would be devastating to the professional career of a
trainee.

The duration of advanced training may vary but should
ideally be a minimum of 1 year, with each program having
the infrastructure and volume to provide trainees expo-
sure to and experience with a wide variety of represen-
tative techniques and procedures, to achieve the
competencies listed below. While recommendations for
total case numbers have their limitations (Section 6.1),
any program that wishes to offer an interventional
training program should include a minimum of 200
congenital catheterizations per year (per advanced fellow
being trained) to be drawn upon (with at least 150 inter-
ventional cases). However, this must be taken in the
context of regional training requirements and center-
specific volumes. A minimum of 200 cases may be diffi-
cult to achieve in some countries where there are a
limited number of very large volume centers. At the
opposite end of the spectrum, in larger programs where a
fellow may be exposed to a very large procedural volume,
a training period of just 6 months may be adequate, if the
fellow meets all volume and other requirements that are
expected from a 1-year training program.

Programs offering interventional training should be
committed to mentoring and supporting junior cardiolo-
gists and should have the ability to measure the outcome
of their training efforts. Competence assessment schemes
are presented below as a guide for trainers and assess-
ment committees to consider.

6.2.3. Assessment of training progress and competency

The following comments apply to in-training core and
interventional fellows whether following a pediatric-
focused pathway, an ACHD pathway, or both. It is the
training programs’ responsibility to monitor core and
dedicated interventional fellows in all aspects of their
training, using clinical competency committees to review
performance and provide feedback on the achieved
milestones. The curricular competencies that require
mastery include systems-based practice, practice-based
learning and improvement, professionalism, and inter-
personal and communication skills.

Several assessment methods have been utilized over
the years to determine training progress and competency.
The traditional framework emphasized a time or case-
number-based approach (Section 6.1). However, this has
been replaced by an educational and assessment frame-
work focused on processes and (more importantly) out-
comes, with specified levels of achievement. All trainees
must have a named training supervisor appropriate to
their training aims and environment. The trainee’s su-
pervisor should set and review the learning objectives for
each training level.

A similar format that has become central in medical
education is the shift to what is called “competency-based
training or competence by design.” This construct requires
the trainee to achieve an expected level of competency in
predefined clinical and academic tasks rather than simply
spending a defined amount of time in the subspecialty
service or performing a certain number of procedures to
be considered fully “trained.”14,15

6.2.3.1. Entrustable professional activities

Several methods exist to assess competency, including
case-based assessments, structured observation, and
assessment of practical skills. On a global scale, several



TABLE 1
Core Curricular Competencies and Evaluation for
Pediatric and Congenital Cardiac Catheterization

Medical knowledge
n Prepare yourself as if you were primarily responsible.
n Know the risks and benefits of catheterization and specific

interventions.
n Know the indications and contraindications for catheterization and

specific interventions.
n Know procedural techniques for catheterization and specific

interventions.
n Know the principles of radiation safety.
Evaluation tools: direct observation, conference participation and presentation,
and in-training examination.

Patient care and procedural skills
n Have a clear pre-cath plan regarding the goal of the procedure and

delineate the procedure step-by-step including the probable supplies
needed, and preparation for possible emergencies.

n Have the skills to interpret waveforms, determination of pressures, and
gradients.

n Have the skills to apply thermodilution and the Fick principle for flows
and resistances and know the methodic limitations.

n Have the skills to recognize normal and abnormal hemodynamics.
n Have the skills to interpret angiographic information.
n Have the skills to assess interventional outcomes, both successful and

unsuccessful.
n Have the skills to assess the limitations of a procedure and to recognize

and manage complications.
Evaluation tools: direct observation. The trainee is encouraged to keep a list of
cases performed (which may include procedural details to document technique,
equipment, and outcomes).

Interpersonal and communication skills
n Always remember the procedure is for the patient and not for an in-

dividual’s training.
n Obtaining procedural consent.
n Counseling patients and families regarding the procedure’s rationale

and results.
n Effectively communicate catheterization data, both orally and in written

form.
Evaluation tools: direct observation, faculty evaluations.

Adapted from Armsby et al.10
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licensing boards and licensing authorities16-18 have
required training programs to utilize these “entrustable
professional activities” (EPA) as the framework to eval-
uate a trainee’s ability to practice. EPA are observable and
measurable, and map the competencies and milestones of
trainees as they move through the stages of acquiring
fundamental interventional skills. Using this assessment
format, the trainee is “entrusted” to move through levels
of learning, demonstrating competencies in both the
technical and academic components of congenital inter-
ventional cardiac catheterization. Achievement of com-
petency as entrustable activities should be measured,
monitored, and documented throughout the entire
training curriculum (logbooks may complement this
process).

Requirements and demands from the core fellow
rotating through the cath lab should be viewed to estab-
lish the critical base of information required by the gen-
eral cardiologist in assessing the diagnostic and
interventional modalities of the cath lab. As such, their
assessment as learners will be different from the dedi-
cated interventional fellow. A suggested template for
assessment of a core fellows’ interventional rotation is
given in Supplementary Appendix S1, and a similar tem-
plate is provided for the advanced interventional trainee
in Supplementary Appendix S2.19,20

6.2.4. Staged procedural competency: Trainee

A program offering training in pediatric and adult
congenital catheter-based interventions must ensure
assessment within the domains of learning: knowledge,
skills, and attitudes. The foundation of a successful career
will depend on the learner’s knowledge and acquisition of
interventional techniques, the evidence base for inter-
vention, the concepts of interventional practice, and the
ethical foundation toward concepts such as informed
consent.

These can be structured in several formats, including as
an example the format outlined by the AEPC. That format
outlines 3 levels of accomplishment, ie, basic (level 1), in-
termediate (level 2), and advanced (level 3) with 3 domains
within each level: medical knowledge, patient and proce-
dural skills, and interpersonal/communications skills.11

The trainee under this construct must demonstrate profi-
ciency in level 1 skills before moving on to dedicated
interventional training in levels 2 and 3. Alternatively,
training can be viewed as a continuum from the core
fellowship (basic concepts) through advanced training in
interventional catheterization as detailed below.

6.2.4.1. Basic (core) level of procedural competency and
training

The basic level is recommended for all pediatric cardiol-
ogy trainees (Table 1). The goal of such training is to
provide basic knowledge of hemodynamics, angiography,
radiation safety, indications, risks, and benefits of inter-
ventional procedures in children and adult congenital
patients. The core trainee should be comfortable in
interpreting basic hemodynamic and angiographic data
including an understanding of disordered hemodynamics
and angiographic findings, an ability to perform basic
hemodynamic calculations (cardiac output calculations,
flows, pressure gradients, and vascular resistances), and
an understanding of how they apply to the clinical status
of the patient.

The trainee should understand the basic techniques in
transcatheter interventions: valvotomy, arterial and
venous dilations, device and stent implantation, and pro-
cedures performed in an emergency. The trainee should be
comfortable with assessing the outcomes of an interven-
tion, including recognizing residual hemodynamic or
anatomic abnormalities, device stability, and assessment
of radiographic and echocardiographic studies related to
the intervention. The trainee should be capable of evalu-
ating children presenting with symptoms of complications
that could be attributable to the intervention.



TABLE 2 Recommended Training and Experience to Perform Adult Congenital Heart Disease Interventional Procedures

Specialty Training and experience Comments

Pediatric
interventional
cardiology

n 12 mo of advanced pediatric cardiac interventional fellowship (or 6
mo in large volume centers)

n Meets proficiency criteria for pediatric interventional
cardiology (Sections 6.1, 6.2, and 6.3)

n Meets at least minimal procedural ACHD experience/volumes
(Sections 6.4.3 and 6.5.4.1)

n ACHD certification or ACHD specialist available for
consultation during case

n ACHD-focused case management discussion recommended
(see Section 13.9)

n Consider discussion with and participation of ACHD
interventional cardiologist in the procedure

n Ability to arrange combined procedures with adult PCI or adult
structural interventional cardiologist on a case-by-case basis

ACHD
interventional
cardiology

n Formal training and/or certification in clinical ACHD
n At least 12 mo of advanced adult congenital cardiac

interventional fellowship
n Meets proficiency criteria for congenital ACHD interventional

cardiology (SCAI position statement8)
n Meets at least minimal procedural ACHD experience/volumes

(Sections 6.4.3 and 6.5.4.1)

n Consider collaboration with pediatric interventional cardiolo-
gist on cases with high complexity

n ACHD-focused case management discussion recommended
(see Section 13.9)

n Ability to arrange combined procedures with adult PCI or adult
structural interventional cardiologist

Adult interventional
cardiology
(non-ACHD)

n Meets proficiency criteria for adult PCI or structural
interventional cardiology

n Experience of having performed at least 300 ACHD procedures of
varying complexity (including Tetralogy of Fallot, Fontan,
and Mustard)

n Meets at least minimal procedure-specific ACHD experience/
volumes (Sections 6.4.3 and 6.5.4.1)

n Participation of pediatric or ACHD interventional cardiologist
in the case is strongly encouraged

n ACHD-focused case management discussion required for all
cases (see Section 13.9)

n Ability to arrange combined procedures with adult PCI or adult
structural interventional cardiologist on a case-by-case basis

ACHD, adult congenital heart disease.
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These competencies should be acquired through clin-
ical exposure and experience but do not require a mini-
mum number of catheterization procedures during the
core fellowship years. Rather, they are demonstrated by
achieving the competencies as outlined in Table 2. The
trainee’s role during the basic level of training should be
as an active participant—being given the opportunity to
scrub into the procedure and to use the equipment in
accordance with the individual’s manual and technical
skills.

It is important to recognize there are times when hav-
ing an unskilled assistant operator at the table can be a
distraction and potential danger to a patient. Thus, it is
important to emphasize that core training to required
levels of competency can be provided without the trainee
necessarily scrubbing into every case during the cathe-
terization rotations.

However, while in general, active hands-on experience
and a minimum case volume are not a requirement for
core pediatric cardiology trainees, there are some impor-
tant national and regional differences. For example, in a
health care system where specialized centers cover large
geographic areas (such as Australia), there is a benefit of
giving even core trainees who have no intention of per-
forming interventional procedures (but the basic skills to
do so), enough hands-on experience to be able to provide
emergency procedures (eg, a balloon septostomy, peri-
cardiocentesis) when an immediate transfer to a larger
regional unit is not possible, or would significantly delay
treatment.

Those core trainees who show an interest in catheter-
ization should be encouraged to participate in more cases
over their core training years, to identify whether the
trainee may possess the skills to pursue advanced inter-
ventional training. The trainee should participate in pre-
procedural preparation and postprocedural care,
including monitoring and managing complications, report
generation, and communication of the findings to the
referring physicians. Core trainees should actively
participate in QI activities, including M&M conferences
specific to the rotation in interventional cardiology.
6.2.4.2. Intermediate and advanced levels of procedural
competency and training

The eventual practice of pediatric and adult congenital
interventional cardiology without supervision requires
the mastering of a set of fundamental technical skills,
which will require additional year(s) of dedicated training
following the standard core fellowship.9,11,21 During these
training year(s), assignment of trainee’s cases should be
of increasing complexity under the supervision of an
attending interventional cardiologist, with an increasing
role in the procedure.9,11 In general, the dedicated trainee
undergoing advanced training should be afforded a
greater experience and level of independence in the
procedures than attained during the core competencies
(Table 1). It should be emphasized that this skill set forms
the foundation for acquisition of further skills that can be
applied to more complex procedures.

While there is a large variety of procedures performed
in patients with CHD, at a minimum, it is expected that
focused instruction should be provided in (but not limited
to) the following procedural categories:
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n Vascular access: use of ultrasound, large bore entry,
and small infants (preemies)

n Aortic and pulmonary valve dilations including in-
dications for rapid pacing

n Aortic (coarctation), pulmonary artery, and systemic
and pulmonary vein dilation

n Use of stents in the pulmonary arteries, aorta, and other
vessels

n Urgent procedures such as balloon atrial septostomy
and left atrial decompression with stents and balloons
(including experience with transseptal puncture)

n Use of closure devices including vascular plugs and
coils, for treatment of septal defects, fenestrations, the
patent arterial duct (including premature infants), and
abnormal vascular communications and fistulas

n Endomyocardial biopsies
n Pericardiocentesis
n Percutaneous pulmonary valve implantation
n Hybrid procedures

In addition to these procedural activities, the trainee
should understand available equipment in use in the
laboratory, and an understanding of complementary im-
aging (3D TEE, CT, MRI, rotational angiography, etc.) used
to support the procedure.

6.2.4.3. Conclusion of an advanced training program

At the conclusion of a trainee’s program, it will be the
program director’s (or training supervisor’s) re-
sponsibility to confirm whether the trainee has acquired
the skills to perform basic interventional procedures with
no guidance up to the required level of competency.
Depending on the size of the training program and
the number of trainees, an interventional fellow might
not achieve exposure to all desired procedure types at
an adequate volume during the year of training. If, as
a result, procedural competency in certain procedural
categories cannot be assessed by the program director
at the end of the advanced training, such cases should
be performed with a senior interventional cardiologist
while working as an independent operator until adequate
competency can be documented. In such instances, it
should be made clear to the trainee and documented that
more training is required in certain procedure types.

If a trainee does not meet the expected skills required
for an interventional cardiologist, thought should be
given to a different area of subspecialization. In this
context, it is the program director’s responsibility to
identify early in-training individuals who are performing
poorly through frequent competency assessments as
outlined, to avoid situations where at the end of training,
performance is suboptimal. This may require working
with educational supervisors or educational program di-
rectors to support both the catheterization director and
trainees with career redirection.
6.3. Procedural competency: Interventional cardiologists

Maintaining competency for the physician operator after
formal training can be divided into 2 general categories:
ongoing procedural training, and ongoing education.
With each passing year, the types of available equipment
and cardiac lesions that can be percutaneously addressed
increase. As such, it is encouraged that the practicing
interventional cardiologist remains abreast of innovative
developments by participating in procedural training
seminars or webinars. As a corollary to in-house learning,
attendance at educational conferences and online re-
sources can be useful to increase knowledge. Documen-
tation of CME is integral in many national licensing
jurisdictions and can be a part of the ongoing competence
assessments.

6.3.1. Ongoing procedural training

After completion of an interventional training program,
early-career interventional cardiologists may not be fully
capable of independently performing all interventional
procedures. While advanced skills have been acquired in
training, maintenance, and enhancement of competency
continue beyond the training years. Improvement in—and
acquisition of—new skill sets is a lifelong process
involving collaboration with interventional cardiologists
at various levels of training. Acceptance of mentorship
and interactions with experienced operators is essential
for continued acquisition of skills. The degree of case-
specific support will vary with the individual, the years
of experience, and the complexity of cases. However, it is
an ongoing process that continues even for senior inter-
ventional cardiologists. It is encouraged that the early-
career junior interventional cardiologist has the avail-
ability of a senior operator to help develop and enhance
his/her interventional skills, for at least 2 to 5 years after
training (and for some even longer). In most cases, the
junior interventional cardiologist should be allowed to
perform independently, with a senior interventional
cardiologist available to guide or participate in the cath-
eterization on a case-by-case basis (which may also
include inviting external interventional cardiologists to
participate in selected procedures).
6.3.2. Introducing new procedures

Introducing new procedures (including participation in
device trials) to an operator requires a clear and trans-
parent process within an organization. It is expected that
the interventional cardiologist will perform several pro-
cedures under the supervision of a senior interventional
cardiologist with adequate experience in the procedure.
The exact number of procedures required to demonstrate
competency varies from operator to operator and should
be guided by the assessment of the senior supervising
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interventional cardiologist. The organization/hospital
should have a clearly documented and transparent pro-
cess in place that monitors outcomes of these procedures
once the operator performs these procedures
independently.

The process of introducing a new procedure type to an
entire organization is even more complex. It will require
the same kind of senior operator supervision listed above
(usually with the aid of a proctor familiar with the new
procedure or device). Additionally, there should be a
written “new procedure” protocol within the congenital
cardiac laboratory specifically focusing on patient safety
and clinical governance. Engagement with wider institu-
tional “new procedure” requirements and transparency
with patients/families should also be demonstrated. Pro-
cedural outputs should be recorded such that relevant
outcomes can be scrutinized where necessary. Often this
process is time-consuming and requires participation
from other specialists who may be involved in the care of
these patients, including in-service training specific to the
role of the staff being trained. Specific procedural simu-
lation is often required to increase team competence and
patient safety.

6.3.3. Case-specific requirements

Recommendations for total case numbers and type-
specific procedural numbers have their limitations
(Section 6.1). However, when providing thresholds for an
acceptable (but not ideal) standard, it is important to
recognize that maintaining competency for operators may
be challenging if less than 75 interventional cardiac
catheterization procedures are performed as a first oper-
ator per year, or if the program has less than 150 cardiac
catheterization procedures in pediatric patients and
adults with CHD. However, in some countries with a
limited number of centers providing interventional ser-
vices, it may be necessary to accept a lower per-operator
volume to avoid an entire service line for a region
relying on a single operator.

6.4. Procedural competency: Nonphysician staff

6.4.1. General competency

Section 5.3 describes the roles of each type of cath lab
staff. In terms of competency, All team members who
participate in a congenital cardiac catheterization pro-
cedure should have the appropriate skills and compe-
tencies to perform all tasks that may be expected of them.
All team members should possess baseline knowledge of
CHD, types of procedures performed, arrhythmias,
normal and abnormal pediatric hemodynamics and
physiology, blood gas analysis, signs of patient decom-
pensation, emergency management and inventory
anticipation, and types of inventories that may be needed
in emergencies.

6.4.2. Case-specific requirements

Overall responsibility for conduct of the case falls on the
fully trained interventional cardiologist performing the
procedure.

Catheterization volume and case complexity influence
the staff’s comfort level with equipment and complex
cases. In laboratories offering pediatric cardiac catheter-
ization, a minimum number of cases is required for the
nonphysician staff, and should be set to at least 75
congenital cases per year per staff member (50 of which
should be in pediatric patients). This requirement does
not apply to staff that is rotating through pediatric and
congenital cases to gain experience, provided there are at
least 3 additional staff members (monitor, circulator,
scrub assistant) present during the case who meet the
experience and volume requirements.

With increased procedural complexity with new case
types and devices, it is imperative that in-service pre-
sentations are incorporated into the laboratory educa-
tional curriculum and that standard guidelines for
introducing new procedures are being followed (see
Section 6.2.2).

6.4.3. Continued education and training

Ongoing education and annual competencies should be
focused on building and maintaining the staff’s knowl-
edge base. There are several opportunities in the cath lab
setting to offer staff education, including participation in
case management conferences, mortality and morbidity
conferences, and quality review discussions. In addition,
preprocedure huddles and/or time-outs can be used as
patient-specific teaching opportunities. Utilizing these
opportunities will allow staff to be better prepared and
engaged in the daily workload, which increases staff
competency. Cath lab staff should be encouraged to
participate in didactic teaching provided to cardiology
trainees. Additional opportunities for staff education
include participation in local and national conferences, as
well as online webinars. Yearly competencies on safety
and quality use (eg, defibrillation, cardioversion, rapid
right ventricle (RV) pacing, or pressure wire setup) should
be part of the ongoing staff educational program. Staff
also should complete yearly competency reviews and as-
sessments for procedures that are high in complexity but
low in utilization. Mock codes for emergency manage-
ment are beneficial for improving effectiveness and
delineating roles during an AE. All laboratory team
members should be certified in both pediatric and adult
CPR (depending on whether ACHD cases are performed in
the laboratory).
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6.5. Considerations for ACHD patients

6.5.1. General operator background

Primary operators performing ACHD catheterizations and
interventions should possess extensive knowledge of
CHD: native and postoperative anatomy, natural history
of the disease in adults, hemodynamics, appropriate di-
agnostics, optimal medical therapy, application and
outcome of invasive therapies, and procedural and peri-
operative expertise and skill sets. Optimal outcomes for
ACHD patients are achieved through teamwork between
trained congenital cardiac specialists including imaging
specialists, interventional cardiologists, and congenital
cardiac surgeons. Practice outside this framework is sub-
optimal and should be discouraged. Currently, physicians
performing interventional procedures in patients with
ACHD have diverse backgrounds, training, and procedural
prospective.

Pediatric interventional cardiologists

n Possess extensive knowledge and experience with CHD
and possess the expertise and skillsets for CHD
interventions.

n May be lacking in knowledge and experience with
adult-acquired heart disease, CAD and coronary in-
terventions, adult comorbidities, pregnancy, and
structural heart interventions.

Adult congenital interventional cardiologists

n Possess extensive knowledge and experience with
ACHD based on training and/or experience and possess
the expertise and skillsets for ACHD interventions.
Also, they have experience with adult comorbidities
and pregnancy.

n Depending on the volume of an ACHD center, the
number of interventions performed in patients with
CHD may be lower than CHD interventions performed
by pediatric interventional cardiologists.

n If not formally trained in CAD and structural in-
terventions, the provider may be lacking in knowledge
and experience with coronary revascularization,
structural heart intervention, and CHD interventions
primarily performed in children.

Structural heart disease interventional cardiologists

n Possess extensive knowledge and expertise with CAD
and coronary interventions, acquired structural heart
disease interventions (transcatheter aortic valve
replacement [TAVR], transcatheter mitral valve repairs,
etc.)

n May have limited exposure to closure of ASD compared
to pediatric cardiologists

n Have experience with adult comorbidities
n May be lacking in knowledge and experience with
ACHD and may not have full expertise and skill sets for
many ACHD interventions

Adult interventional cardiologist (primarily CAD
intervention)

n Possess extensive knowledge and experience with
adult-acquired heart disease, CA revascularization, and
adult comorbidities

n May be lacking in knowledge and experience with
clinical ACHD

n May have limited expertise and skillsets for ACHD in-
terventions and are further hindered by a lack of
expertise in SHD interventions

Many physicians who performed ACHD invasive pro-
cedures trained prior to more structured education in
catheterization for ACHD patients existed, as these types
of programs have only relatively recently been created.
Physicians gained their knowledge and developed
expertise through varying degrees of exposure to these
procedures during their training and then continued
experience and education while caring for these patients
in their practice.

Currently, there are programs offering training in
ACHD catheterization and intervention, with the majority
incorporating these procedures as part of more broad
training in pediatric interventional cardiology or adult
interventional cardiology fellowships. There are a small
number of fellowship programs dedicated to ACHD
interventional training with specific curriculum and pro-
cedural guidelines. Yet, while some societal guidelines
have been published, at this time there is no recognized
accreditation of this discipline.8,22 As a result, the training
in these programs is nonuniform and the experience
gained may be quite varied. This situation has become
recognized, with expert consensus publications attempt-
ing to provide guidance for facility infrastructure, multi-
disciplinary ACHD team composition with patient-centric
mindset, and adequate knowledge and expertise of the
physician mentors.

While newer ACHD interventional training guidelines
recommend 150 procedures during training, this is usually
provided in the context of a formal training program with
an experienced operator and mentor, and with a wide
selection of procedures. This cannot be considered the
same as experience performing a limited selection of
ACHD procedures over a period of 20 or more years
without ever having received any formal guidance. As
such, it was felt that an experience level of at least 300
ACHD interventional procedures was required for non-
congenital trained interventional cardiologists to perform
procedures in patients with CHD.



TABLE 3
Minimum Interventional Procedure-Specific
Experience for Adult Congenital Heart Disease
Interventional Cardiologistsa

Device closures
Atrial septal defect $15

Patent foramen ovale $12

Intracardiac echocardiography to guide septal closure $20 casesb

Ventricular septal defect $5

Patent ductus arteriosus $8

Angioplasty/stenting procedures
Coarctation with stent $8

Pulmonary valve implant $12

Right ventricular outflow tract, conduit, or branch pulmonary artery
stents $10

Aortic valvuloplasty $3

Pulmonary valvuloplasty $5

Stent implantation in venous vessels $5

Stents baffles $5

Pulmonary vein stents >2

Fontan baffle fenestrations >2

Other procedures

Balloon atrial septostomy $2 (can be with other left atrial procedures)

Transseptal catheterization $10

Perivalvular leak closure $5

Ultrasound-guided access $100

Large vessel vascular closure techniques $30

Radial artery access $20

Adapted (with some modification) from Aboulhosn et al.8
aIn addition, operators need to meet the training and experience requirements outlined
in Table 2, as well as the requirements for maintaining competency, Section 6.5.3.2.
bIn facilities and locations where ICE is not available or the cost is prohibitive, TEE can
be used instead.
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6.5.2. Occasional practice

Caring for adult patients with CHD requires a skill set very
different from caring for patients with CAD or structural
heart disease. As such, occasional practice should be
strongly discouraged. Procedures should be performed
only by operators who have the required training and
background in CHD. Just as it is inappropriate for a pedi-
atric cardiologist to perform occasional percutaneous cor-
onary interventions without support of those performing
these procedures regularly, it is inappropriate for an adult
cardiologist without congenital expertise and skill set to
perform ACHD procedures (for example, transcatheter
pulmonary valve implantations), unless very specific
criteria are met, which are outlined in this section. Not
practicing according to these recommendations will ulti-
mately lead to poor procedural outcomes (including longer
procedure times or unsuccessful procedures), which
would be difficult to defend if engaged in such practice
without the necessary skills and qualifications.

6.5.3. Requirements for performing ACHD interventions

Table 2 provides the training and experience re-
quirements for those wishing to perform ACHD inter-
ventional procedures, separated by the specific track and
background (pediatric interventional, ACHD interven-
tional, non-ACHD).

Providing specific requirements for operators without
any formal adult or pediatric congenital training, but who
have been performing these interventions for a consid-
erable amount of time, is challenging. However, to safe-
guard patients, the most important requirement for these
recommendations is to eliminate occasional practice, or
practice by someone not sufficiently experienced in per-
forming these procedures.

6.5.3.1. Procedure-specific volume recommendations

Minimum procedure-specific volume requirements
(experience) prior to performing these procedure types
independently are listed in Table 3.8 When not meeting
individual procedural minimum volume requirements, a
safe practice requires for an experienced adult congenital
interventional specialist to be present and assisting dur-
ing these cases, until the recommended minimum re-
quirements have been achieved and the necessary skills
have been attested. Only then will the operator be able to
independently perform these specific procedure types. It
is important to emphasize that meeting minimum case
volume requirements alone (without attestation by an
experienced operator) does not necessarily guarantee
competency.

6.5.3.2. Maintenance of competency

To maintain competency, further knowledge acquisi-
tion, and eliminate occasional practice, operators
performing cardiac catheterizations in adult patients
with CHD should maintain an adequate annual proce-
dural volume.

As an ideal standard, these operators should perform at
least 50 ACHD cases with 30 ACHD being of interventional
nature, in addition to performing a total of at least 75
interventional procedures of all types per year (pediatric,
ACHD, CAD, structural).8 In addition, it is important to
track procedural volumes and outcomes, specifically
tracking and evaluating all complications and participa-
tion in national and/or international registries (also see
Section 12). Additionally, the ACHD interventional
specialist should participate in major interventional con-
ferences with a focus on ACHD interventions, build col-
laborations with other ACHD interventional cardiologists,
engage in peer-to-peer training, and follow the appro-
priate protocols when introducing new or rarely per-
formed procedures.

6.5.4. Dedicated ACHD interventional training

Competency-based training in ACHD interventional
fellowship follows closely that of pediatric cardiac inter-
ventional training and the concepts discussed in this
section. More details are provided in SCAI consensus
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document by Aboulhosn and colleagues, from which
many recommendations in this section have been adapt-
ed.8 Considering few programs can provide the entirety of
ACHD interventional training, continued strong collabo-
ration between pediatric and ACHD interventional cardi-
ologists is strongly encouraged. The aim of ACHD
interventional training should be acquisition of founda-
tional knowledge and skillsets for safe and effective pro-
cedural implementation and the recognition that ACHD
intervention requires lifelong education, mentorship, and
collaboration.

Given the length of training already required prior to
embarking on dedicated adult congenital interventional
training (which includes general ACHD training as well as
interventional training required to perform cardiac cath-
eterization in adult patients), it seems appropriate to
require no more than 1 year of additional dedicated ACHD
interventional training, which is in keeping with a previ-
ously published consensus document.13

6.5.4.1. Volume recommendations for ACHD training

Volume recommendations are adapted/modified from a
recent SCAI consensus document by Aboulhosn and col-
leagues and include the following8:

n Participation as a first or second operator in a total of
150 ACHD procedures with at least 100 of those being
interventional in nature. This is in addition to non-
congenital case numbers that are required during adult
(noncongenital) invasive training.

n At least 10% of cases (but no more than 25%) should be
performed in children, given that certain interven-
tional procedures are uncommon in the ACHD popula-
tion; based on an overall training volume of 150 cases,
this equates to at least 15 pediatric and 135 ACHD cases.

n Minimum procedure-specific volume requirements are
listed in Table 3.8 It is important though to emphasize
that not meeting these procedure-specific volume re-
quirements does not necessarily prolong the ACHD
interventional training but requires the same addi-
tional mentoring and training for these procedure types
that is required from experienced operators prior to
performing these cases independently.

6.5.5. Cooperation/collaboration with adult cardiologists

experienced in structural heart disease and coronary

artery disease

Technological advancements over the past 25 years have
produced an explosion in the number and scope of
interventional procedures in the fields of CHD, structural
heart disease, and CAD. As these individual disciplines
increased in the required expertise and experience, the
application of these technologies across disciplines has
also continued to increase. Expanding new procedures to
include different patient populations is accomplished
optimally by collaboration between operators with pedi-
atric and adult expertise. This allows an operator who has
experience with the technology to perform the procedure
with operators best suited to manage care for the patients.
Collaborative management of procedures often portends
optimal patient safety and outcomes, allowing each
operator to work to their strengths and obviate de-
ficiencies. It also facilitates collective knowledge acqui-
sition and experience by both operators where each
operator can act as a mentor to the other.

Pediatric and ACHD interventional cardiologists should
collaborate with adult interventional cardiologists when
ACHD patients require SHD procedures such as TAVR,
transcatheter mitral valve repairs, aortic pseudoaneurysm
exclusion, and CA revascularization (especially in older
patients with significant comorbidities). With the aging of
the ACHD population, more patients will also need
treatment for acquired heart diseases.

These attributes of multidisciplinary collaboration hold
true even in complex procedures where all parties have
experience; examples include paravalvular leak occlusion
and especially postmyocardial infarction VSD closure. The
collaborators should work amicably with a common,
patient-centered focus, keeping personal interests and
egos in check to provide best patient outcomes. In centers
of excellence performing these procedures, collaboration
of cath lab professionals involves more than the primary
operators and extends to all staff members involved in
these cases. Additionally, this high level of collaboration
extends to the institutional level and hospital adminis-
trations. The institutions need to facilitate the ability for
all members to work fluidly through (often multiple)
hospital systems; these professionals must be allowed to
carry privileges in each institution.

6.6. Considerations for resource-limited environments

n The recommended training structures for pediatric and
adult congenital interventional cardiologists have a
significant (human) resource requirement that may be
difficult to meet in resource-limited environments.

n Equally, specific volume requirements may not be
achievable and operators may need to perform pro-
cedures sometimes without the type of volume expe-
rience one would expect and demand in more resource-
rich environments, where patients have easy alterna-
tive access to skilled high-volume operators and
centers.

n The availability of a senior operator to help develop and
enhance the interventional skills of a junior interven-
tional cardiologist for at least 2 to 5 years after training
may not be possible in resource-limited environments.
This is even more so the case as there are centers in
poorer countries that have only 1 or 2 cardiologists in
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total, with often only 1 cardiologist who performs car-
diac catheterization procedures. In such cases, it is
recommended to have a senior interventional cardiol-
ogist to be available for at least remote (virtual)
consultation for complex cases. This may however not
always be feasible when a remote proctor/mentor is in
another country.
7. THE IDEAL PEDIATRIC AND CONGENITAL

CARDIAC CATHETERIZATION LABORATORY

SUITE

The PCCL suite consists of the cath lab proper (the pro-
cedure room), a control room, storage space, space to
scrub, as well as ancillary space needed to support tech-
nical equipment. The PCCL is a unique environment
within a hospital, requiring a sterile/semisterile space
with room for a catheterization table, apparatus for x-ray
imaging (fluoroscopy and angiography), hemodynamic
monitoring equipment, and equipment for anesthesia
delivery. Moreover, each piece of equipment ideally must
function in patients ranging in size from premature in-
fants (<1 kg) to large adults. Flexibility is needed to
incorporate a host of other equipment that may be
needed: vascular ultrasound, defibrillator/pacing equip-
ment, echocardiography (transthoracic, transesophageal,
or intracardiac), a radiofrequency generator, and various
forms of mechanical circulatory support. This section
outlines some of the requirements for layout, supply, and
storage of the PCCL (Table 4).

7.1. General considerations

7.1.1. Layout and size of the pediatric and congenital cardiac

catheterization laboratory

7.1.1.1. The pediatric and congenital cardiac catheterization
laboratory procedure room

In his seminal textbook, Dr Charles Mullins states that the
optimal size for a cardiac cath lab procedure room is 32
feet (11 m) in length and 24 feet (7.3 m) in width with 14
feet (4.3 m) high ceilings to accommodate suspension
systems for the x-ray equipment.23 These dimensions are
required to accommodate the 2 fixed pieces of equipment:
the catheterization table and the x-ray equipment (both,
the x-ray generating equipment and the supports to allow
for rotation along both left to right and cephalad to caudal
axes). In current practice, catheterization lab sizes are
highly variable, especially when comparing a PCCL to a
laboratory predominantly used for adult coronary in-
terventions. The 750 to 850 ft2 (w70-80 m2) lab described
in early documents is relatively small for a PCCL,
compared to some modern labs. It is similar though to the
space of 800 ft2 which was suggested for TAVR proced-
ures.24 Ideally, PCCL procedure rooms should have a size
of 1000 ft2 (w93 m2) or even larger, to provide more
flexibility and greater ease when conducting complex
procedures, including those which require ECMO or sup-
port of the surgical team. However, local building limi-
tations in older facilities can constrain the size and
layouts of some laboratories.

An extra-long (6.5 ft or 2 m) table is necessary both to
accommodate taller adult patients and also to provide
enough working space for exchange-length wires,
sheaths, and delivery systems. If necessary, the working
length of the table can be extended with extra supports at
the foot end of the table. The room should be configured
to allow the lateral gantry (of a biplane setup) to be moved
away from the patient to allow for access during transfer.
The required room width must accommodate a table wide
enough for large patients, the lateral x-ray gantry, and the
capacity to rotate both planes, as well as accommodating
rotational angiography, which has been identified to be
helpful to guide many complex interventions in patients
with CHD.25 It also needs to have sufficient space to
accommodate the anesthesia team and its equipment, the
echocardiography team, and potentially the perfusion
team in patients receiving mechanical circulatory support
or for hybrid procedures.

Around these fixed pieces of equipment, there needs to
be sufficient space in the laboratory for pressure
recording equipment (including wires and connections),
an extra equipment table that may be needed for hybrid
or valve procedures, resuscitation cart/defibrillator, ma-
chines to analyze saturation and blood gas data, a power
injector for contrast, adjustable spotlights or OR lights,
and a set of electronic monitors. Important considerations
also include the arrangement of ceiling or floor-mounted
radiation shielding, not just for the operator but also for
other staff members such as anesthesia and echo teams.
To fulfill its purpose, shielding needs to be installed so
that it is not cumbersome to move or utilize. Space should
also be provided to store protective aprons to maximize
their longevity.

Whether composed of a single large panel or an array of
smaller screens, the arrangement of monitors must have
sufficient screen area for fluoroscopy, review of angio-
grams, monitoring of hemodynamic data, and potentially
other imaging (including echocardiography and overlays
from tomographic sources). Additional monitors should
be provided that allow the anesthesia team as well as
echocardiographers to visualize images.

In addition, there must be sufficient clear space around
the patient for circulating staff to operate safely and
efficiently and sufficient room to allow for the patient to
be safely and efficiently transported from the catheteri-
zation table to either a hospital bed or other conveyance
while maintaining a flat supine position. Though not
mandatory, there are several equipment modifications,



TABLE 4
Summary of Recommendations for Physical Layout and Supply of the Pediatric and Congenital Cardiac Catheterization
Laboratorya

Catheterization lab layout

Size Acceptable standard:
n The procedure room should have sufficient space (in all 3 dimensions) to allow for the table, x-ray

equipment, anesthesia equipment, and adjuvant imaging equipment and personnel as well as space for
circulating staff to move unencumbered.

n Exact dimensions may vary based on the bulkiness of the equipment and the flexibility of the table and
x-ray equipment to be moved, but usually require a minimum of 500 square feet (46 square meters).

Ideal standard: Procedure room size being at least 1000 square feet (93 square meters).

Layout Acceptable standard:
n In addition to the main procedure room, space for a control room, x-ray power source, and scrub rooms.

Heating, ventilation, air conditioning Acceptable standard:
n Regardless of resources, the PCCL should be separated from nonprocedural areas with some consid-

eration for air exchange and filtration.
Ideal standard:
n Operating room level ventilation and air filtration.

Considerations for multiple use Acceptable standard:
n When there are multiple disciplines that use the laboratory, at minimum acceptable standards should be

maintained for all disciplines.
n Careful planning is necessary to ensure different operators/services priorities do not impede optimal

performance of all services using the space.
Ideal standard: Ideal standards for all disciplines that will use the laboratory should be maintained.

X-ray equipment

Biplane vs single-plane Acceptable standard: single-plane laboratory with the ability to perform 3D rotational angiography.
Ideal standard: a biplane X-ray setup allows for imaging complex congenital defects and minimization of exposure

to both X-ray and contrast.1 The availability of image overlay is desirable.

Maintenance Acceptable standard: local biomedical technicians supported by vendors with a service contract provide
appropriate routine maintenance and as-needed support for optimal performance.

Ideal standard: as above but with a requirement to limit laboratory downtime to less than 48 h.

Longevity Acceptable standard: x-ray equipment should be replaced at no less than every 10 y to reduce the risk of failure,
minimize radiation, and improve image quality.

Ideal standard: x-ray equipment should be replaced at least every 8 y to reduce the risk of failure, minimize
radiation, and improve image quality.

Non-x-ray equipment

Vascular ultrasound Acceptable standard: ultrasound guidance available for selected patients if needed (with advance notice and
arrangements)

Ideal standard: 2-dimensional (2D) and color vascular ultrasound available and used for all patients, to reduce the
risk of vascular injury and improve speed of vascular access.

Physiologic data Acceptable standard: The following should be available:
n Machines to measure oxygen saturation, blood gas analysis, blood glucose, and activated clotting time.
n Transducers for recording pressures and waveforms.
Ideal standard: digital setup to facilitate recording and presentation of oximetry and pressure data, documen-
tation/storage, and sharing of potentially important data in real-time.

Echocardiography Acceptable standard: timely access to echocardiography is necessary for emergent evaluation as well as
procedural guidance.

Radiofrequency generator or other device(s)
to perform tissue perforations

Acceptable standard: patients who may need this equipment are transferred to a different facility.
Ideal standard: equipment should be available to facilitate perforation of tissue (such as perforation of an atretic valve.

Consumables

Stocking Acceptable standard:
n Stock of consumable supplies should be maintained to match expected demand for a wide variety of

procedures and to allow operators to respond to unexpected findings.
n A complete documented inventory of consumables that may be needed for pediatric and congenital

cases (including equipment shared with adults) is maintained (including PAR numbers) and stock cross-
checked at least once per month.

Storage

Acceptable standard:
n Regardless of the storage arrangement, a clear plan is necessary so that supplies can be accessed in a

timely fashion without the need for operators to descrub during a procedure.
n Consumables may be stored outside the lab in mobile carts dedicated for pediatric/congenital cases

that can be moved in and out of the lab as needed.
Ideal standard:
n All nondevice and nonballoon equipment should be stored in carts that are located within the PCCL

procedure room.
n Most balloons are stored in carts within the PCCL procedure room.
n All equipment and devices that may be needed for bailout are stored in carts within the PCCL procedure

room.

aIdeal standards also include all requirements for acceptable standards that are listed.

PCCL, pediatric and congenital cardiac catheterization laboratory.
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such as rotating tables and fluoroscopy machines that can
make this easier and more efficient.

In many countries, PCCL procedures are commonly
performed in conjunction with an anesthesiologist.26,27 As
such, there must be adequate space at the head of the
table to allow for the anesthesia team and their equip-
ment, including wall attachments for medical air, oxygen,
and suction as necessary, as well as machinery for the
delivery of inhalational anesthetics. In planning the
space, allowances for access to the patient’s neck (jugular
vein access) and/or arm (radial or subclavian) from either
the side or the head of the table are important. In certain
circumstances, repositioning the patient in a foot-first,
supine position allows for easier manipulation of cathe-
ters placed for carotid or subclavian artery access.28-30

Space for additional imaging teams (eg, echocardiogra-
phy or bronchoscopy) on the side opposite the anesthesia
machine is a key consideration.

Beyond the in-room requirements, catheterization
laboratories have a myriad of structural requirements,
such as the need for higher ceilings and special ceiling
reinforcements to accommodate the weight of the ceiling-
mounted imaging equipment. In addition, walls should
have lead lining, as should have the window to the control
room.

7.1.1.2. The pediatric and congenital cardiac catheterization
laboratory supporting rooms and space

The procedure room alone does not provide all that is
needed for the functioning of the PCCL. Thus, other
supporting rooms should be positioned immediately
adjacent to the main cath lab room. The following key
areas need to be included in the design process of any
PCCL:

1. Control room: A control room adjoining the labora-
tory is essential. This room will need to accommo-
date key staff, eg, nurses and technologists who
record data outputs from the case as well as provide
real-time feedback to the operating physician and
staff. The control room must have adequate space
(ideally 200 square feet [19 square meters]) to house
computers for recording hemodynamic data and
storage of angiograms, reviewing the electronic
medical record and a variety of imaging data, as well
as ideally providing space for postprocedural docu-
mentation without having to leave the PCCL to
perform those tasks. Given the variety of tasks that
will need to be performed in the control room, it
should ideally be separate from the cath lab, allowing
the staff to review, document, and record, without
lead or personal protective equipment. Uninterrupted
lines of sight between the recording staff member
and the procedural team at the table is an essential
requirement for any PCCL. Equipment (eg, micro-
phones and personal or room mounted speakers) may
be necessary to ensure clear communication.

2. Fluoroscopy equipment support room: Modern fluo-
roscopy equipment requires a relatively large power
supply within a temperature-controlled space to allow
it to function optimally. This space requirement should
not reduce the footprint required for the procedure
room.

3. Scrub: Ideally, a separate scrub area outside of the cath
lab should be provided for operators to scrub prior to
the case without inadvertently contaminating the field
or other equipment. However, it is acceptable and not
uncommon for scrub sinks to be included in the cath-
eterization lab room when there are space constraints.

4. Storage: Ready access to supplies is vital as is an effi-
cient storage plan to accomplish that (Section 7.5).

5. Other areas: Catheterization laboratories are working
environments. Sufficient space for staff (lavatories,
break and touchdown space) is important if a high-
functioning service and morale are to be maintained.31
7.1.2. HVAC

In general, the risks of PCCL procedure-related blood-
stream and site infections are low,32 especially compared
to those following congenital heart surgery.33 To our
knowledge, no studies to date have evaluated the relative
risk of nosocomial infection based on the ventilation
systems in catheterization laboratories. However, regu-
lations governing HVAC have been incorporated into
modern infection control practice.

Air quality in a confined indoor space is measured by
the following: (1) room pressurization (eg, positive pres-
sure to prevent contamination by air from other areas), (2)
number of air changes per hour (ACH) expressed in total
ACH, and the volume of outside air brought in (outside
ACH), (3) the air distribution, and (4) filtration measured
by the minimum efficiency reporting value rating (MERV)
between 1 and 20.

There is no consensus on the exact air quality re-
quirements in the PCCL. As an example of specific rec-
ommendations, the 2006 US guidelines for adult
catheterization laboratories recommend 15 ACH, of which
at least 3 should be fresh air.34 Current US standards are
set by the Facility Guidelines Institute35 which relies on
HVAC design standards for facilities set by the American
Society of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE), the American Society for Health-
care Engineering (ASHE), and the American National
Standards Institute (ANSI).36 In those standards, pro-
scriptions for “interventional imaging” areas (positive
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pressure ventilation, 15 total ACH, 3 outdoor ACH, and
MERV-14) are set less stringent than those for OR
(positive pressure, 20 total ACH, 4 outdoor ACH, and
MERV-16). While the above provides some guidance,
recommendations will likely vary between countries and
localities (and whether applying to new or existing
equipment).

Historically, standards set for catheterization labora-
tories serving adults were similar to OR, but as cutdowns
have been replaced by less invasive vascular access
techniques, this requirement has gradually been amen-
ded. However, with more frequent implantation of
transcatheter valves in the PCCL, it may be important to
again more closely adapt air quality standards of the OR.37

The room pressurization and air circulation will also be
dictated to some extent by the specific location of the
PCCL: if connected to (cardiac) OR, then a shared OR level
ventilation system is most appropriate. Equally, hybrid
PCCL will require OR standard air circulation that may not
be needed for a standard PCCL. Given the lack of data
supporting a clear “ideal standard,” regulations and re-
quirements will likely differ from country to country.
Importantly, paying close attention to establishing
appropriate air exchange, temperature control, and
filtration for any PCCL is essential. In all settings, the cath
lab space should have appropriate doors, which should be
closed to other less sterile areas to minimize potential
contamination.

7.1.3. Considerations for multiple use

The above recommendations refer to a PCCL suite exclu-
sively used for diagnostic and interventional cardiac
catheterization procedures. There are several scenarios
where sharing of PCCL space with other services is
needed.

A common scenario is a room in which both PCCL
procedures and electrophysiology procedures are per-
formed. A separate set of (potentially bulky) equipment
and computers is necessary for diagnostic electrophysi-
ology studies, 3D mapping, and ablation procedures, each
of which occupies significant space in the procedure room
as well as the control room. Less commonly, particularly
in primary pediatric hospitals, the PCCL team may share a
space with interventional radiology as well as perform
procedures together with the cardiac surgery teams in so-
called hybrid rooms (Section 7.1.4).

In all these cases, additional space and equipment are
necessary. While shared-use laboratories are attractive to
optimize “room utilization” and hospital revenue, it is
important that adequate considerations are given to
additional requirements for space, room layout and er-
gonomics, supporting equipment, and storage, all of
which will need to be significantly up-scaled and go
beyond the basic requirements of a single use PCCL.31
7.1.4. The hybrid pediatric and congenital cardiac catheterization

laboratory

Hybrid procedures are discussed in Section 16.1. When
considering a dedicated hybrid catheterization suite,
there are several important design elements that are
listed in this section.38 To be considered a true hybrid
PCCL, it must meet all requirements of a standard
congenital cardiac cath lab, and several additional
requirements:

n An additional 200 square feet (19 square meters) of
procedure room footprint to that of a standard PCCL, to
accommodate the additional team members and
equipment required for these procedures.

n A dedicated table that can be locked securely, allows
left/right tilt of at least 15� (ideally 30�), as well as head
up/down to approximately 30�.

n Additional ceiling-mounted monitors for viewing fluo-
roscopic and other imaging modalities from all sides of
the table and by all team members.

n Appropriately located gas supply to accommodate the
cardiopulmonary bypass and/or ECMO circuits.

n Sufficient quantity and location of electrical power
outlets to accommodate all surgical and catheter
equipment.

n Easily movable storage cabinets to facilitate cleaning.
n Equipment and other booms/fixtures designed and

placed to facilitate movement of staff and equipment
while providing workable ergonomics for all partici-
pants to assess images promptly.

n Monolithic ceiling design (no fissures or cracks), air
exchanges of OR standards, scrub sink placement
outside the room, and OR-specific temperature and
humidity control.

n Location preferably near cardiac surgical OR and the
ICU.
7.2. X-Ray equipment

7.2.1. Single plane vs biplane

X-ray equipment remains central to the cardiac cath lab
for both procedural guidance and recording of angio-
graphic data. For PCCL procedures, biplane imaging is
extremely valuable,1,39 allowing for imaging complex
anatomy in complementary projections, minimizing
exposure to both ionizing radiation and contrast. Single-
plane systems remain in use in general hospitals, even
those with large structural and congenital programs.
When capable of utilizing 3D rotational angiography,
these systems may work well for many congenital cardiac
catheterization cases. However, biplane imaging is the
ideal standard, and in most settings, a single-plane sys-
tem is usually an inferior alternative to a biplane system.
This is important to consider when the congenital
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catheterization suite consists of just a single laboratory.
Whatever system is used, it must be able to achieve a full
range of projections and coverage of the patient’s entire
body.

7.2.2. Output/storage/analysis

Modern angiographic data outputs should ideally be fully
digital. The near-instantaneous availability of high-
quality images can facilitate rapid communication with
consulting or referring physicians and potentially
improve efficiency. This obligates centers to invest in
information technology infrastructure for data storage.1

Remote access to these data is not available in all areas
but is a potentially useful tool to facilitate communication
and shared decision-making. Digital systems underscore
the importance of in-lab monitors of sufficient quality for
interpretation of angiographic data. Digital systems
include software to facilitate rapid and accurate analysis
of angiographic data (for example, digital calipers to
measure vessel diameter) with many including automated
systems designed to precisely measure diameters of ves-
sels along their entire length using autocalibration
features.

7.2.3. Equipment features

X-ray equipment is 1 of the major capital investments in a
cath lab. Thus, it is important that x-ray equipment be
sufficiently flexible to handle the entire range of patients
and procedures that can be expected. Key to this is the
size of the flat panel detector. Choice of optimal flat panel
size will be determined by case mix (balanced of adult vs
infant patients), resources, and number of rooms. Modern
x-ray systems also facilitate integration of CT and MRI
datasets (as well as rotational angiography) onto which
live x-ray imaging may be overlain. The potential benefits
of using image overlay techniques in a subset of trans-
catheter interventions have been well described.40-44

7.2.4. Maintenance

Maintenance and servicing are necessary to ensure
ongoing optimal performance and to avoid unexpected
outages. Service contracts with the manufacturer are
important as the cost of ownership can be as much as
twice the purchase price over 10 years of use.44 Biomed-
ical technicians or engineers working in conjunction with
vendors can provide routine and additional service as
needed, and ideally, servicing and testing should be
performed at least once every 2 years (or more frequently
if/when required by jurisdictions in states/regions/coun-
tries). However, the quality of vendor support is a key
part of decision-making when purchasing an x-ray sys-
tem. This is particularly true for services with no insti-
tutional support.45
7.2.5. Longevity

X-ray equipment regardless of maintenance has a finite
lifespan. The Canadian Association of Radiologists and
European Society of Radiology have endorsed life-cycles
for cardiac cath lab equipment of between 8 to 12 years
depending on utilization (<1500 to >3000 cases/
year).46,47 However, utilization based on case numbers
alone, may not be sufficient to adequately reflect the us-
age within a PCCL, where case times are longer, and labs
rarely accommodate much more than 500 cases per year
per lab.

There is no evidence to our knowledge that PCCL
procedures are more taxing on x-ray equipment than
fluoroscopy in other settings. However, research and
development of x-ray equipment continue to improve to
provide equivalent image qualities with lower radiation
exposure, which are a critical consideration in growing
patients and to reduce the exposure of cath lab
personnel. Research detailing accumulated radiation in
PCCL patients and estimated risk of related M&M48-52

underscore the importance of mitigating exposure.
Since replacement of x-ray equipment is associated with
significant reductions in radiation exposure,53 x-ray
systems should be replaced on at least a 10-year cycle
(ideally an 8-year-long cycle). This is specifically
important in pediatric patients who have a longer life
span to manifest the secondary effects of radiation
exposure (see Section 11).

7.3. Non–x-ray equipment

7.3.1. Vascular ultrasound

Small portable vascular ultrasound machines are
increasingly common in PCCL suites, allowing for detailed
visualization of target vessels and the ability to inspect
with color flow whether there is upstream occlusion.
While not a substitute for vascular access skills, use of
vascular ultrasound likely improves the speed of obtain-
ing access, improves accuracy, and potentially reduces
the risk of vascular complications. As such, the use of
2-dimensional (2D) ultrasound is considered “ideal prac-
tice” for vascular access in the PCCL.54

7.3.2. Physiologic and laboratory data

Equipment to measure oxygen saturation, blood gas,
lactate, and glucose should be available within the PCCL
procedure room. This is important for the evaluation of
physiology (ie, saturation run for the detection and
quantification of shunts and/or calculating cardiac
output) and for rapid evaluation of hemodynamic stabil-
ity in potentially fragile patients in a cath lab environ-
ment. Regular upkeep of monitoring equipment should be
performed in conjunction with hospital laboratory lead-
ership. To ensure adequate anticoagulation, a machine to
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measure activated clotting time (ACT) should also be
available within the procedure room.

Pressure measurements are generally performed
through external transducers connected to catheters via
an external manifold isolating it from the sterile field.
These systems require calibration prior to each case.
Transduced pressure measurements and captured images
of waveforms are typically recorded using a hemody-
namic monitoring system with purpose-built software.
Ideally, digital recording should be used to facilitate
standardized reporting and calculation. Having the ability
to utilize pressure wires can be beneficial to measure
pressures distal to tight anatomic stenosis. Pressure wires
have also been proven useful to assess the FFR in, for
example, patients with an anomalous origin or course of a
CA.

7.3.3. Echocardiography

Echocardiography provides real-time imaging of the heart
and surrounding structures, which is a useful adjunct to
fluoroscopy and an essential component for the safe
conduct of many interventions. Rapid access to trans-
thoracic echocardiography is necessary for emergent
evaluation of the pericardial space and cardiac function.
For echocardiography-guided procedures, a high-end ul-
trasound machine with an appropriate selection of probes
(transthoracic and transesophageal) is required. ICE is an
alternative imaging modality for some cases but is more
commonly used in adult patients.

Ultimately the choice between transthoracic, intra-
cardiac, and TEE depends on the patient (size and
anatomy), procedure, and operator/institutional prefer-
ence/expertise. Ideally, echocardiographic images are
displayed so that both the imaging and interventional
cardiology teams can see the images in real-time. In the
ideal setting, images can be displayed on the main
display monitor.

7.3.4. Radiofrequency generator

Devices that generate radiofrequency energy are helpful
equipment for perforating tissue in some situations (eg,
the atretic valve plate in pulmonary atresia with intact
ventricular septum). Availability of a system (generator
and accompanying wires and catheters) to deliver radio-
frequency energy and exchange for conventional wires is
important to perform these procedures. Other alterna-
tives can equally be considered, such as for example
dedicated wires used to recanalize chronic total
occlusions.

7.3.5. Intravascular ultrasound

Developed to evaluate accumulated atherosclerotic pla-
ques in coronary disease, IVUS has been used sporadically
in PCCL to evaluate coronary arteries, such as part of
surveillance after orthotopic heart transplant,55 even
though not as part of the recommended standard
screening regimen.56 IVUS has also been used to assess
the vessel wall in some patients with aortic lesions, as
well as a research tool to understand changes in vessel
walls during and after interventions for stenoses.57-60

While ideal to have this available in a PCCL, it is not
established routine practice.

7.4. Consumable supplies

7.4.1. General considerations

To accommodate the range of patients (sizes and anato-
mies) and procedures, a wide range of sheaths, catheters,
wires, and devices are necessary. The frequency with
which each piece of equipment is used is highly variable,
ranging from workhorse catheters to highly specialized
equipment whose use is infrequent but vital in that spe-
cific context. Consumables vary greatly depending on the
spectrum of procedures performed at a specific
institution.

Within a practice, individual operators may also have
preferences for specific equipment. It is important to
recognize that it is not appropriate to mandate that op-
erators use identical equipment without room for varia-
tion, given the vast range of training background
operators may have at any given institution. Mandating
operators to use different techniques and equipment with
characteristics that vary from what they are accustomed
to, may lead to suboptimal results or longer case times,
and should be avoided. While equipment does not need to
be manufacturer-specific, it does require that chosen al-
ternatives have closely matched characteristics to those
requested by an operator.

Given those considerations, the potential volume and
supply of consumables are therefore large and complex,
requiring space for storage and systems for accurate and
timely reordering.

7.4.2. Approach to stock inventory

Laboratories should maintain a stock of consumable
equipment to keep up with anticipated demand while at
the same time limiting expiration and waste of supply as
much as possible. The PAR system should be used
whereby, a minimum number of each consumable prod-
uct is maintained. When the inventory number drops
below the PAR, more are ordered. Ideally, this ensures
that both shortages and waste do not occur. Attention to
changing patterns of use is necessary for this system to be
effective. In addition, PAR numbers should be adjusted
whenever the current level is identified as inadequate, to
accommodate temporary backorder shortages of specific
items. Similarly, if items frequently expire, then PAR
levels will need to be adjusted, an exception being
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emergency equipment that is rarely used but always
needs to be available.

Inventory can be purchased prior to stocking or ob-
tained on consignment. Consignment is especially useful
for high-cost items, enabling systems to stock a larger
number of the item or a greater variety of sizes than they
would if they had to be purchased ahead of time. Ulti-
mately, PCCL staff participation in this process is impor-
tant to both avoid waste and ensure timely access to
desired equipment. As such, in many laboratories, specific
staff members (or in busy labs, dedicated full-time in-
ventory specialists) are necessary for managing PCCL
inventory.

The PCCL lab manager should maintain a detailed list
of all inventories (including PAR numbers) that should
always be in stock for congenital cases. For programs that
share space with coronary or structural heart programs (as
well as interventional radiology programs), crossover in
some types of consumable equipment can, if correctly
managed, reduce on-shelf inventory within an institu-
tion. However, even in those shared laboratories, a dedi-
cated inventory list should be created for all equipment
utilized for pediatric and congenital cases (including
equipment shared with adult cardiology). With such a list,
equipment in carts should ideally be compared to the
inventory list on a regular (1-monthly) basis, to avoid
equipment deficiencies only being identified during a
case.

It is never acceptable that an anticipated intervention
cannot be performed because it is recognized that sup-
plies are not available during a case. Equally, a cath lab
needs to be sufficiently stocked to be able to address
common but unexpected findings. Having a specific in-
ventory list makes it clear to everyone what can be relied
upon to be available for a case, and any variations or
backorder items need to be communicated to interven-
tional cardiologists in advance so that no surprises are
encountered during procedures.

There is some bailout equipment that must always be
kept in the cardiac cath lab, and they include snares,
covered stents of all sizes (and appropriate long sheaths
for delivery), coils and devices for vessel occlusion when
hemorrhage occurs, curved orotracheal tubes for selective
bronchial intubation, chest drains, and equipment packs
for pericardial drainage.

The stock-keeping of consumables is not just depen-
dent on institutional volumes, but also heavily influenced
by geographic variations, such as variable access/approval
of different devices or equipment, national/regional var-
iations in licensing, and local supply chain issues. These
issues are not limited to resource-limited environments;
rather, they can affect health care systems across the
globe. While the best effort should be made to maintain
an inventory that is not susceptible to every supply chain
issue, it is not possible to completely eliminate these
problems.

7.5. Storage

7.5.1. General considerations

Any plan for storage of consumable and durable equip-
ment is inevitably a compromise between the wide range
of supplies necessary for the myriad patient-procedure
combinations that comprise PCCL practice and the
intense competition for “real estate” in even the most
spacious catheterization environments. Storage environ-
ments for PCCL equipment are specialized spaces; they
should be temperature and humidity-controlled, as many
items may deteriorate in suboptimal conditions and
become dangerous to patients. Hanging storage as well as
carton storage for items of different lengths is essential.

Establishing plans for equipment needed for common
procedures in standardized lists and/or preprocedure re-
view and discussion of specific cases can simplify this
process. Unexpected findings or changes in patient con-
dition make rapid access to the full range of available
supplies an absolute necessity for safe practice. The
method for providing ready access to the entire laboratory
inventory will vary by center depending on available
space, number of labs, their arrangement, and their
schedule of use. Regardless of the arrangement, a system
to ensure specific equipment can be located rapidly (and
for identifying when supplies need to be replenished
before they are depleted) is vital for storage to be
effective.

7.5.2. In- and out-of-room storage

Inevitably, some combination of in-room, adjacent, and
more distant fixed storage is necessary for almost all
laboratories. However, the arrangements of these items
should be done in such a way so that staff leaving the
laboratory during a procedure to fetch equipment is
minimized (if not eliminated altogether), in particular for
emergency and bailout equipment items. Ideally, all
nondevice and nonballoon equipment, all emergency
equipment, and most balloons should be stored in carts
located within the PCCL procedure room. In shared adult
(coronary, structural) and pediatric/congenital labora-
tories, all equipment needed predominantly for pediatric
cases should be stored in dedicated (mobile) pediatric/
congenital cabinets that can be moved in and out of the
shared laboratory as much as needed. Some durable
equipment that is not used for all procedures (eg, echo-
cardiography or radiofrequency generator) can be moun-
ted on wheels and stored outside the laboratory to free up
space. Similarly, mobile carts with collections of equip-
ment for specific procedures (eg, coils for occlusion) that
can be moved into a lab for certain procedure types, can
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increase efficiency and avoid unnecessary opening of the
cath lab doors during the procedure.

7.6. Considerations for ACHD patients

n Usually, larger detector sizes are preferable for adult
patients.

n Procedure tables need to accommodate a higher
weight limit than what is needed for pediatric
patients.

n Standard positioning for CHD interventions using
biplane angiography usually requires having arms
raised above the head. Restraints are therefore needed
to support the arms such that the risk of brachial plexus
injury is at a minimum yet allows adequate x-ray
gantry movement for proper image projections.

n Adults may require some rescue equipment more
frequently than pediatric patients, such as the avail-
ability of percutaneous ventricular assist devices (eg,
Impella device).

n In addition to standard equipment and supplies,
nuanced items specific for ACHD interventional de-
livery are to be available.
7.7. Considerations for resource-limited environments

n A PCCL is an extremely expensive area within a hospi-
tal. As such, many of the recommendations made will
be difficult to achieve in resource-limited environ-
ments. This applies in particular to the age of x-ray
equipment, the size of the lab, storage, and available
items such as monitors, extra shielding, and additional
modern equipment.

n Furthermore, operators may have to utilize single-
plane laboratories without access to biplane technol-
ogy and may need to use alternate imaging modalities
more frequently to complement x-ray imaging.

n In resource-limited environments, alternative strate-
gies are necessary to meet the supply demands for
specific cases. It often requires a greater degree of
flexibility by the operator, to be using equipment that
may not be the most suitable for a specific procedure,
but to adapt as much as possible. In those situations,
sometimes procedure times may be longer, and proce-
dural success and outcome can be affected by limited
equipment availability. Maintaining a large stock of
consumables may be impossible. Operators therefore
must review available equipment ahead of a case and
attempt to purchase items for a specific case whenever
possible. Dealing with inevitable unexpected findings
or complications can be considerably more challenging
in this context.

n In resource-rich settings, resterilization and reuse of
catheters, sheaths, and wires are uncommon due
to legislation or concerns about medico-legal
culpability. However, in resource-limited environ-
ments, resterilization is a useful strategy to maintain a
supply and reduce costs (such as for example rest-
erilization of ICE probes, which is common practice in
many parts of the world). In these settings, establishing
protocols for quality control and monitoring is impor-
tant to ensure equipment integrity, reliability, and pa-
tient safety, which also applies to the use of donated
and/or expired equipment. These strategies should be
guided by local experience since there is little guidance
from manufacturers. Frequently, difficult decisions are
necessary, balancing the need for access to certain
equipment, with the need for reliability of such
equipment.

8. FACILITY REQUIREMENTS

8.1. General considerations

Cardiac catheterization, whether diagnostic or interven-
tional, is an important service line in any larger facility
providing comprehensive care for pediatric patients and
adults with CHD. While the pediatric and congenital car-
diac cath lab is at the center of this service line, it cannot
function in isolation. Rather, it requires a variety of
additional core cardiac services, support services, orga-
nizational arrangements, and administrative support to
provide efficient and high-quality care for this patient
population.

While there are several different facility models to
provide care for these patients (with each having different
challenges), in order to succeed there is no single care
model that is by default superior to all others. If facilities
recognize potential shortcomings and make appropriate
arrangements to address those challenges, then care can
successfully be provided in a wide range of different fa-
cility models. Section 8.2 outlines different facility
models with their inherent challenges and opportunities,
while Section 8.3 discusses all requirements facilities
must meet to provide a pediatric and congenital cardiac
catheterization service line.

General recommendations related to facility re-
quirements are also greatly influenced by local, regional,
and national regulations that often have additional facil-
ity requirements to those listed in this section. Those
additional requirements need to be accommodated in
order to perform cardiac catheterization procedures in
pediatric patients and adults with CHD.

8.2. Types of facilities

A variety of facilities are providing cardiac catheterization
services for pediatric patients and adults with CHD:

n A children’s hospital within an adult facility of a larger
tertiary medical center



TABLE 5
Advantages and Challenges of Different Facility Types as They Relate to Care in the Pediatric and Congenital Cardiac
Catheterization Laboratory

Facility type Advantages Challenges

Children’s hospital
within an adult
facility

n All the benefits of a free-standing children’s hospital and a
children’s service line within an adult facility.

n The (administrative) lines between adult and children’s facility are
sometimes not 100% clear.

n If conceptionally not fully implemented and designed from the start,
then some of the challenges of a children’s service line within an adult
facility will remain.

Children’s hospital
adjacent to an
adult facility

n All the benefits of a free-standing children’s hospital.
n Easier access to adult care and support when compared to

a free-standing children’s hospital.

n Sometimes administrative leadership structures may result in less in-
dependence than for a free-standing children’s hospital.

n Transport of patients between facilities may be complicated if not
directly connected.

n Emergency backup and access to adult providers and services not as
easy when compared to a children’s service line within an adult facility.

Children’s service
line within an
adult facility

n All the benefits of a free-standing adult and pediatric
cardiac hospital.

n Pediatric subspecialty support is available.
n Proximity to maternal fetal and delivery services.

n Administrative structure usually combined with adult services.
n Often dominated by adult services.
n Shared leadership of common resources may not be focused on the

needs of pediatric patients.
n Pediatric cardiac services and inpatient locations usually spread out

throughout the facility.

Free-standing
children’s
hospital

n Administrative independence allowing dedicated care for
pediatric patients.

n All pediatric cardiac and support services are available.

n Administrative, legal, and clinical challenges in caring for adult
patients.

n Often less experience of the clinical team caring for adult patients.
n ACHD expertise and adult support services may not be available at all,

and/or may need to be arranged on a case-by-case basis.
n Emergent access to adult support in the cath lab limited.
n Maternal, fetal, and delivery services not on site.

Free-standing adult
and pediatric
cardiac hospital

n All cardiac services are available and dedicated to pediatric
and adult patients.

n Adult patients can be cared for at the most appropriate
unit. Depending on age, the cardiac procedure performed
and associated medical problems were treated.

n Continuity of care for ACHD patients.
n Adult support services are usually available when needed.
n Emergent access to adult support in the cath lab is

available.

n Challenges of providing noncardiac support services
n If adult dominant, the pediatric services may not have the same pe-

diatric independent focus that would be expected in a pure pediatric
facility

n Maternal, fetal, and delivery services not on site.

ACHD, adult congenital heart disease.
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n A children’s hospital adjacent to an adult facility of a
larger tertiary medical center

n A children’s service line within an adult facility
n A free-standing children’s hospital separate from an

adult facility
n A free-standing (pediatric and adult) cardiac hospital

Advantages and challenges of each of these facility
types are summarized in Table 5. Beyond the clinical
scope of these facilities, there is also a considerable
impact based on whether these facilities are associated
with an academic institution or function as pure clinical
service providers. Being associated with an academic
center frequently (but not always) provides a larger
number of faculty caring for these patients, as academic
time is considered in staffing models. Most importantly,
academic centers usually have a well-developed research
infrastructure, important when trying to gain access to
investigational devices. While it is certainly possible to
participate in larger trials even as part of a private for-
profit institution not associated with an academic cen-
ter, hurdles are often higher and nonacademic centers do
not as frequently have the opportunity to participate in
these trials. This can have a considerable impact to the
patient population they serve, especially in countries like
the US, where sometimes important devices remain
inaccessible until device trials at other centers have
been completed. A representative example is availability
of the covered Cheatham-Platinum (CP) stent, which is
well recognized as an important bailout device, yet was
inaccessible to nontrial centers until trials were
completed and the device approved.61 In sum, access to
(investigational) devices differs considerably between
countries.

8.2.1. Leadership structures

The leadership of a facility that provides comprehensive
pediatric cardiac care has an important role in establish-
ing and supporting a PCCL, to allow it to meet evolving
needs to perform highly complex procedures, while at the
same time also being conscious of efficient resource use
and compliance with regulatory requirements.

There are several important differences among facil-
ities in the area of administrative leadership structures.
By default, leadership structures in stand-alone pediatric
facilities focus on pediatric patients and usually have
their own administrative and financial structure.

However, given the increasing complexity of pediatric
cardiac care, a dedicated focus on pediatric cardiac
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patients provides additional benefits. In this context, the
model of a pediatric (and/or congenital) heart center
provides emphasis on a semi-independent leadership
structure and ability to manage resources to the best
possible benefit of patients with CHD. However, pediatric,
and congenital heart centers are more difficult to estab-
lish in combined adult and pediatric facilities. Frequently,
this results in general combined adult and pediatric heart
centers where adult care may receive a larger number of
resources when compared to the care of patients with
CHD.

In general, in nongovernment-funded health care sys-
tems such as in the US, there are different administrative
and financial models to support congenital cardiac cath-
eterization programs that include both an adult and a
pediatric facility:

n Children’s hospital and adult hospital both operate
under a common administrative and financial
structure.

n Children’s hospital and adult hospital have different
administrations but operate under a common owner-
ship umbrella/network.

n The hospitals have different ownership and
administration.

Combined leadership structures that oversee adult
and pediatric patients have an inherent danger of the
needs of the adult population being prioritized over
those of pediatric patients, or inadequate compromises
being made as it relates to the care of pediatric patients.
In facilities with a single overall administrative leader-
ship, it is important that there is adequate pediatric
representation at all levels (including the cath lab,
Sections 5.1 and 5.2), to advocate for the needs of pedi-
atric patients.

8.3. Facility requirements for the pediatric and congenital
cardiac catheterization laboratory

To provide pediatric and adult congenital cardiac cathe-
terization services, a variety of requirements need to be
met. These can be differentiated by specific requirements
(Section 8.3.1), as well as organizational support struc-
tures (Section 8.3.2).

8.3.1. Specific facility requirements to support the pediatric and

congenital cardiac catheterization laboratory

The “Guidelines for Pediatric Cardiovascular Centers”
published by the American Academy of Pediatrics in 2002
stated that apart from the team with special expertise in
the care of cardiac patients,62 there is a need for addi-
tional pediatric specialists for the overall care of patients.
This statement is even more important at a time when
more and more complex transcatheter interventions are
performed in the PCCL, and does not just apply to
subspecialty consultations, but many other facility-
specific requirements important for the care in the
PCCL. This section however is not intended to comment
and expand on general requirements for a pediatric car-
diac program or general pediatric facility requirements.

Table 6 summarizes specific facility requirements
important for the PCCL separated into categories of core
cardiac services, support services, facility structures and
layout. Requirements for fetal interventional services are
discussed in Section 16.4.

8.3.2. Organizational requirements to support the pediatric and

congenital cardiac catheterization laboratory

Important organizational, departmental and divisional
requirements include a formal congenital case manage-
ment conference (Section 13.1), dedicated policies for
surgical and ECMO backup (Section 9) and transporting
premature patients and patients on ECMO support
(Section 16), a radiation safety program and supervision
(Section 11), a QA and QI program (Section 12), other
written cath-specific policies and procedures (Section 5.4)
as well as specific protocols and multidisciplinary support
for rare procedures such as fetal interventions (Section
16.4, if applicable).
8.4. Considerations for ACHD patients

While it is not the purpose of this document to describe all
aspects of an adult congenital cardiac program, there are
important aspects that complement the recommendations
in this section for pediatric patients.

8.4.1. Facility types and collaboration

Adequate infrastructure and facilities are required to
properly perform ACHD interventions. The center,
collectively, should not only have the experience and
expertise to perform these catheterizations but also
handle comorbidities and acquired cardiac disease.

The location of a catheterization suite that treats ACHD
patients can be in 1 of several facility types:

n ACHD catheterization suite located within a free-
standing children’s hospital, collaborating with spe-
cialists from an adult hospital.

n ACHD catheterization suite located within an adult
hospital, collaborating with specialists from a pediatric
hospital.

n ACHD catheterization suite located in a center where
the children’s hospital is incorporated into a larger
adult and pediatric medical facility (“hospital within a
hospital”).

In addition, the way that the ACHD and pediatric teams
collaborate may vary depending on individual facility
arrangements:



TABLE 6
Summary of Specific Facility Requirements that are Important for the Pediatric and Congenital Cardiac Catheterization
Laboratory

Acceptable standard Ideal standard

Core Cardiac
Services

PCCL n See also Section 7
n Shared with adult noncongenital patients
n A team that may also perform general adult procedures but

meets minimum experience requirements (Section 5.5)
n 24/7 coverage for emergency procedures

n See also Section 7
n edicated to treating pediatric patients and adult patients with CHD
n Dedicated congenital team

Echo n Section 7 n Section 7

Electrophysiology n Outside EP attending available for remote consultation n EP attending as a faculty member

Cardiac surgery n Section 9 n Section 9

Anesthesia n Section 10 n Section 10

ECMO n Section 9 n Section 9

Critical care n General PICU
n Faculty and nursing with experience caring for cardiac

patients

n Dedicated cardiac PICU

Neonatal care n General neonatal intensive care unit
n Faculty and nursing with experience caring for cardiac

patients

n Dedicated cardiac nursing and physician team, separate from the
general NICU team

PACU n General PACU where some staff have pediatric experience n Dedicated PACU that cares for pediatric patients
n Staff with experience looking after patients with CHD

Telemetry beds n Available only within PICU n Available outside PICU

Noncardiac support services

Transfusion n Blood can be provided but timely cross-matching may
require obtaining blood samples preprocedure

n Emergency non-X-matched blood availability if/when
requested

n Dedicated blood bank protocol that allows cross-matching of blood
within 1 h of receiving a sample (in a patient without antibodies)

n Emergency non-X-matched blood availability if/when requested

Laboratory
services

n Shared adult and pediatric laboratory
n Appropriately sized sample tubes available for all patient

sizes

n Dedicated pediatric laboratory
n Appropriately sized sample tubes available for all patient sizes

Radiology n On-site availability of cardiac MRI and CT for pediatric
patients

n Imaging reads provided by a radiologist without dedicated
pediatric cardiac training

n Ability to obtain imaging review by a pediatric cardiac
specialist at an outside institution if/when needed

n 24/7 on-site availability of cardiac MRI and CT for pediatric patients
n Imaging reads are provided by a dedicated on-site axial imaging

expert with training and experience in CHD

Consulting
services
available
24/7

On site (24/7):
n General pediatrics
Off-site (available within 24 h):
n Pediatric surgery
n ENT
n Hematology
n (Interventional) radiology
n Neurology and neurosurgery
n Vascular surgery

On site (24/7):
n General pediatrics
n Pediatric surgery
n ENT
n Hematology
n (Interventional) radiology
n Neurology and neurosurgery
Off-site (available within 24 h)
n Vascular surgery

Other services n (Biomedical) engineering
n Facility management and cleaning services
n Information technology
n Pharmacy
n Respiratory therapy

n All services listed under acceptable standard, plus:
n Child life/play specialists
n Social worker
n Physical therapy

Structure and layout

n Cath lab, cardiac OR, PACU, PICU, and NICU, all available but
may be distributed over a larger facility

n Specific workflows and protocols are established on how to
transport patients between units that are not in proximity

n Cath lab, cardiac OR, PACU, PICU, and NICU, all in close proximity
and ideally on the same level

CHD, congenital heart disease; ECMO, extracorporeal membrane oxygenation; ENT, ears, nose, and throat; EP, electrophysiology; NICU, neonatal intensive care unit; OR, operating
room; PACU, postanesthesia care unit; PCCL, pediatric and congenital cardiac catheterization laboratory; PICU, pediatric intensive care unit.
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n ACHD multidisciplinary team housed primarily within a
children’s hospital collaborating with adult cardiolo-
gists and adult consultants.

n ACHD multidisciplinary team housed primarily within
an adult hospital collaborating with pediatric
specialists.

n ACHD multidisciplinary team housed in a single insti-
tution (such as for example a pediatric/adult heart
institute).

8.4.2. Multidisciplinary team

An ACHD team is a diverse multispecialty group of care
providers and administrators devoted to providing high-
quality care to patients with ACHD, including invasive
cardiovascular procedures. This heart team may consist of
ACHD cardiologists, pediatric interventional cardiolo-
gists, ACHD interventional cardiologists, congenital
cardiothoracic surgeons, cath lab nursing, RT and RCIS,
cardiac anesthesiologist, critical care cardiologists, CHD
imaging physicians (TTE, TEE, MRI, CT), ACHD adminis-
trator and ACHD interventional trainees.

The entire ACHD care team should have ACHD exper-
tise in their respective disciplines and be knowledgeable
about native and postprocedural anatomy, pathophysi-
ology, cardiovascular hemodynamics, natural history,
treatment options and techniques as well as possible
complications related to these patients. This group should
work harmoniously with a common focus on patient-
centered care and ACHD program development. This
team should be capable of delivering quality care at both
children’s and adult hospitals if patients require transfer
between the facilities.

Accreditation (or its international equivalent) ensures
that a program provides the highest standard of care for
ACHD patients and is strongly encouraged for centers that
provide ACHD interventional cardiac catheterization care.
As an example, within the US, the Adult Congenital Heart
Association oversees this process, providing specific
criteria that must be met to be accredited as an ACHD
program.

8.4.3. Other facility requirements for ACHD patients

A well-functioning ACHD program requires multiple areas
for clinical work. Important cath-specific areas include
inpatient bed space for those requiring admission, espe-
cially for those requiring critical care. For these proced-
ures, areas within the hospital for periprocedural
admission and postprocedural care need to be structured
to accommodate this patient population, which includes
areas to provide critical care. Whether ACHD patients are
admitted to a pediatric or adult facility depends on factors
such as country and regional specific legal requirements,
as well as a center’s level of expertise, experience with a
specific procedure to be performed, or at times patient
preference. Centers should maintain a minimum of pro-
cedural volumes to maintain overall competency and
level of expertise in ACHD care delivery (Section 6.4).

8.4.4. ACHD institutional support

Institutional support is critical to the success of any ACHD
interventional program and ACHD center. ACHD centers
require sufficient resources to properly care for a patient
population that is relatively small when compared to
other specialties such as adult cardiology. The ACHD care
team is sizable. Members of the team may spend signifi-
cant time devoted to ACHD patient care, time which may
be reimbursed poorly. Even still, their contributions to
management of ACHD patients are necessary for a func-
tioning ACHD interventional program and that work
needs to be properly supported. In this context, it is
important that institutions support ACHD accreditation
(or equivalent) in countries where such a pathway is
available, as it signifies that a program meets all the
staffing and process needs to provide comprehensive
ACHD care, including an ACHD cardiac catheterization
program.

8.5. Considerations for resource-limited environments

n In resource-limited environments, a large general hos-
pital serving a major city or region usually functions
both as a tertiary specialist center and to some degree
as a community hospital. Such hospitals provide both
adult and pediatric inpatient services through a broad
range of specialist and subspecialist services.

n Basic acceptable facility requirements may be difficult
to meet in resource-limited environments. As such,
prioritization for the most fundamental components of
the service must be made (OR, PCCL, ICU, imaging).

n Given that facilities often must operate with older
equipment in all aspects of care, it becomes even more
important that an emphasis is placed on preventive
maintenance of equipment, an aspect that is often
overlooked in such an environment.63
9. SURGICAL BACKUP AND CIRCULATORY

SUPPORT

9.1. Introduction and background

Life-threatening AE occur in about 2% of cardiac cathe-
terization procedures; thus, in some cases, survival of a
patient depends on availability of surgical backup and/or
circulatory support such as ECMO.64

Data on the frequency of urgent ECMO or surgery due
to an AE during cardiac catheterization are scarce and
mostly limited to single-institution data.65 The congen-
ital cardiac catheterization project on outcomes (C3PO)
reported life-threatening AE (level 4/5) occurring at an
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incidence of 2.1%, with 9% of them requiring ECMO
support.64 More recent data from the C3PO registry
evaluated the outcome of 268 cases that underwent
cardiac catheterization and encountered either a trau-
matic AE (vascular/cardiac trauma) or technical AE (de-
vice/stent/coil embolization/migration).66 For vascular/
cardiac trauma, ECMO was required in 9%, surgery in
20%, and death occurred in 10%. For technical AE,
ECMO was required in 2%, surgery in 13%, and death
occurred in 2%. For those that required surgery, almost
40% were performed in the cath lab and survival was
68% for cardiac/vascular trauma and 96% for technical
AE. Catheter-based interventions, when done within 30
days of cardiac surgery, were associated with a signifi-
cantly higher incidence of a need for ECMO, surgery, or
death after cardiac/vascular trauma. No patient died or
required ECMO after coil/device embolization/migration.

9.1.1. Surgical backup vs extracorporeal membrane oxygenation

backup

It is important to recognize that backup with ECMO,
without also having cardiac surgical backup availability, is
rarely appropriate for any procedure. As such, the need
for ECMO backup cannot be looked at in isolation. While
isolated circulatory support/ECMO may be needed for
hemodynamic compromise, many of these same proced-
ures also carry risks of traumatic cardiac or vascular injury
that require surgical backup. Furthermore, where cardiac
surgical backup is provided, by default it also allows
backup with circulatory support if and when needed.
While an active ECMO program may allow the cardiac
team to be more selective in choosing the type of backup
in hemodynamic emergencies, it does not obliviate the
need for surgical backup.

For the purpose of this section though, surgical backup
focuses on cases that may require surgical repair of
trauma and/or device retrieval, while circulatory support/
ECMO focuses on cases that may require hemodynamic or
oxygenation support.

9.1.2. Surgical backup: Existing recommendations

The 2012 Expert Consensus Document on Cardiac Cathe-
terization Laboratory Standards stated that “Certain ther-
apeutic procedures should still be done only in facilities
with cardiovascular surgical backup. These include ther-
apeutic procedures in ACHD and pediatrics.”1 This falls in
line with recommendations that are used for accredita-
tions of congenital cardiac catheterization laboratories.
The Intersocietal Accreditation Commission (IAC) Stan-
dards and Guidelines for Cardiovascular Catheterization
Accreditation recommended that “Cardiovascular cathe-
terization procedures on pediatric patients, as well as pa-
tients of any age with complex congenital heart defects,
should only be performed at centers with experienced
cardiovascular surgical staff” and “Centers performing
pediatric cardiovascular catheterization should have . an
on-site pediatric cardiac surgery program.”67

Limited specific recommendations have been made for
certain procedure types. In 2011, an American Heart
Association (AHA) Scientific Statement on the “In-
dications for Cardiac Catheterization and Intervention in
Pediatric Cardiac Disease” recommended the availability
of surgical backup for septostomy procedures but
emphasized that the standby of an OR was not necessarily
required,68 and in standard practice, most septostomy
procedures are performed without surgical backup
necessarily being present on campus during the proced-
ure. The WC also recommended that device implantations
should only be performed at centers where surgical
backup is available.

9.1.3. Extracorporeal membrane oxygenation backup: Existing

recommendations

Data on the need for circulatory support/ECMO backup is
even more limited. The 2012 expert consensus statement
mentioned only that there “should be access to ECMO,”1

while the IAC standards stated that “The pediatric car-
diovascular cath lab should have access to rescue ECMO,”
without providing a clear definition of what is considered
rescue ECMO in this context.67

It is important to emphasize that an established ECMO
program is not necessarily a requirement for backup if
circulatory support using cardiopulmonary bypass can be
provided within the recommended time period.

9.2. Backup categories by urgency

Depending on the potential urgency to mitigate an AE,
there are different categories of surgical backup and cir-
culatory support that can be provided:

Surgical backup categories (which include circulatory
support):

n Standby: The surgical team is present within the cath
lab to render surgical support immediately.

n Rescue: Surgical backup is available on site and can be
provided rapidly with an expected time to incision
within <15 minutes.

n Deferred: A surgeon may be off campus or scrubbed in a
different procedure but is available so that a surgical
incision can be made within 1 hour of activation.

n No backup: Surgical backup is not available.

Circulatory support categories:

n Standby: Expectation of establishing circulatory sup-
port/ECMO flow in <10 minutes from activation and/or
ECMO team on standby in the cath lab.

n Rescue: Expectation of establishing circulatory sup-
port/ECMO flow on average in <30 minutes and in no
more than 1 hour from activation.



TABLE 8
Patient-Specific Requirements That Impact the Need for
ECMO/Circulatory Support and Override Procedure-
Specific Considerations

Characteristic

Circulatory support availability

Acceptable Ideal

Higher preprocedural risk based on a
composite score (catheterization
risk score in pediatrics
[CRISP]) $ 10, rCRISP $ 10,
C3PO precase cardiac status ¼ 3,
C3PO estimated hemodynamic
vulnerability $ 2, American Society
of Anesthesiology score $ 4)

Rescue Rescue with ability to
prearrange standby
for selected cases

A single physiologic parameter that may
increase procedural risk above and
beyond what is reflected in composite
scoring (such as severe pulmonary
hypertension, very high LVEDP, etc.)

Rescue Rescue with ability to
prearrange standby
for selected cases

Procedural Risk in Congenital Cardiac
Catheterization (PREDIC3T) risk
category 4 or 570

Rescue Rescue with ability to
prearrange standby
for selected cases

Conditions where standard CPR may be
less effective (case-by case decisions
need to be made):

n Pulmonary atresia with intact
ventricular septum with suspected
coronary anomalies

n Williams-Beuren syndrome
n Suspicion for high-risk coronary

lesion
n Biventricular outflow tract

obstruction
n Selected shunt/duct-dependent

pulmonary circulations

Deferred
with ability to
prearrange rescue
for selected
cases

Rescue with ability to
prearrange standby
for selected cases

Salvage procedures (irrespective of
other considerations)

No backup NA

A patient is not expected to have any
possibility of treatment being
offered that includes ECMO backup
within the geographical area due to
resource limitations or transfer
being too risky for the patient
(irrespective of other considerations)

No backup NA
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n Deferred: Expectation of establishing circulatory sup-
port/ECMO flow within 1 to 3 hours from activation.

n No backup: ECMO backup or circulatory support is not
available.

In addition to the above categories for circulatory
support, it is important to consider planned preproce-
dural ECMO or circulatory support prior to any interven-
tion for higher-risk cases.

9.3. Extracorporeal membrane oxygenation/circulatory backup
recommendations

A variety of operator, patient and procedure-related fac-
tors need to be considered for deciding the availability
requirements for circulatory support/ECMO backup, such
as age, weight, hemodynamic vulnerability (as defined in
the Catheterization for Congenital Heart Disease Adjust-
ment for Risk Method [CHARM]69), preprocedure risk
scores, previous cardiac surgery (and the timing thereof),
single ventricle vs 2-ventricle anatomy, presence of a
shunt, associated genetic conditions, and the type of
intervention and the most likely expected AE.

A list of acceptable and ideal ECMO/circulatory support
availability requirements in relation to procedure and
patient-specific characteristics are listed in Tables 7 and
8,70 with rescue ECMO/circulatory support being the ideal
backup for most pediatric and adult congenital cardiac
catheterization procedures.

ECMO standby or extracorporeal cardiopulmonary
resuscitation is usually not required for a successful
outcome after an AE, and decisions about its availability
should be made on a case-by-case basis. Potential exam-
ples where such immediate support may be considered
include cases where the anatomy may prohibit effective
TABLE 7
Procedure-Specific ECMO/Circulatory Support
Backup Availability Requirements

Procedure

Circulatory support
availability

Acceptable Ideal

Diagnostic procedures (elective) Deferred Rescue

Biopsy with coronary angiography Deferred Rescue

Standard septostomy in TGA (not HLHS) Deferred Rescue

Other atrial septal intervention Deferred Rescue

Aortic/pulmonary valvuloplasty (not critical) Deferred Rescue

Aortic/pulmonary valvuloplasty (on PGE) Deferred Rescue

Perforation of the pulmonary valve Deferred Rescue

Stent or balloon: patent arterial duct, shunt Deferred Rescue

Device or coil closure Deferred Rescue

Balloon angioplasty and/or stent Deferred Rescue

Pulmonary valve implantation Deferred Rescue

HLHS, hypoplastic left heart syndrome; PGE, prostaglandin; TGA, transposition of the
great arteries.

Patient weight <1.5 kg No backup NA

C3PO, congenital cardiac catheterization project on outcomes; CPR, cardiopulmonary rescucitation;
ECMO, extracorporeal membrane oxygenation; LVEDP, left ventricular end-diastolic pressure; NA,
not applicable; PA-IVS, pulmonary atresia with intact ventricular septum.
CPR if an AE were to occur. Whenever such a higher-risk
case is identified, then a multidisciplinary discussion
should take place among all relevant teams (cardiology,
critical care, anesthesia, ECMO team including the cardiac
surgeon and cath lab team), to decide whether ECMO
should be initiated prior to the procedure, whether a
prepared circuit and the full team are present during the
critical components of the procedure, or whether a pre-
pared ECMO circuit is to be brought on site once the team
is activated. Examples of higher-risk patient-specific
characteristics that should prompt consideration of ECMO
backup include severely depressed ventricular function,
CA abnormalities, critical AS, biventricular obstructions,
severe pulmonary hypertension, and Williams-Beuren
syndrome, as well as patients with potentially chal-
lenging vascular access for ECMO.



TABLE 9 Surgical Backup Availability Requirements

Procedure

Surgical availability

Acceptable Ideal

Diagnostic procedures No backup Rescue

Biopsy with coronary angiography No backup Rescue

Standard septostomy No backup Rescue

Other atrial septal intervention Rescue Rescue

Aortic/pulmonary valvuloplasty
(not critical)

No backup Rescue

Aortic/pulmonary valvuloplasty
(on prostin)

Rescue Rescue

RF perforation of the pulmonary
valve

Rescue Rescue

Stent or balloon: patent ductus
arteriosus shunt

Rescue Rescue

Device or coil closure Deferred, consider no backup
in selected cases

Rescue

Balloon angioplasty and/or stent

Pulmonary artery/RVOT Rescue Rescue

Aorta Rescue Rescue

Vein Deferred Rescue

Other artery Rescue Rescue

TPVI Rescue Rescue

RF, radiofrequency; RVOT, right ventricular outflow tract; TPVI, transcatheter pulmo-
nary valve implantation.

TABLE 10
Patient-Specific Requirements That Impact the
Need for Surgical Backup and Override
Procedure-Specific Considerations

Characteristic

Surgical availability

Acceptable Ideal

Presence of high-risk lesions: Deferred, with ability to
prearrange rescue for
selected cases

Rescue
Williams-Beuren syndrome

Suspicion for high-risk coronary
lesion

Surgery within the past 30 d Rescue Rescue

Salvage procedures (irrespective of
other considerations)

No backup NA

A patient is not expected to have any
possibility of treatment being
offered that includes surgical backup
within the geographical area due to
resource limitations or transfer being
too risky for the patient (irrespective
of other considerations)

No backup NA

Patient weight <1.5 kg No backup NA

NA, not applicable.
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9.4. Surgical backup

9.4.1. General recommendations

As is the case with ECMO backup, a variety of factors need
to be considered when assessing the need for surgical
backup. Beyond general patient- and procedure-specific
factors, consideration should be given to how easily and
how effectively an injury can be temporarily controlled by
interventional methods while awaiting surgical backup. A
traumatic injury of the aorta is much more difficult to
control due to high aortic pressures, than an injury to a
systemic vein. Management of an injury to the pulmonary
artery is often complicated both by blood loss and gas
exchange abnormalities that accompany pulmonary
hemorrhage. As such, when the ability to control or sta-
bilize a catheter-related complication is limited, then the
availability of immediate surgical backup is strongly rec-
ommended. A specific list of acceptable and ideal surgical
availability requirements in relation to procedure
and patient-specific characteristics are listed in Tables 9
and 10.

While surgical backup is important and potentially life-
saving, it is clearly not feasible for a surgeon and the
surgical team to put all other tasks on hold when cardiac
catheterization procedures are performed. Consequently,
specific arrangements should be made in advance with
the surgical team, to guarantee availability of the required
backup. It also requires that direct communication be-
tween the cath lab team and the surgical team occur
before a patient is called into the cath lab and that the
surgeon’s availability is confirmed prior to performing the
most critical procedural components. Ideally, a procedure
with a higher preprocedure risk should be scheduled
earlier in the day to guarantee in-house surgical backup. It
should be clear which surgeon will provide backup once
availability is affirmed. For surgeons performing surgical
procedures at the same time, this may entail coordinating
the timing of the procedures and potentially assigning
team members that could commence the initial stages of a
required surgical backup.

For some patients, surgical intervention may not be
feasible, despite potentially life-threatening AE. For
example, surgical options are limited if a device embol-
izes or a traumatic rupture occurs during PDA closure
performed in patients <1.5 kg. Patients with previous
surgical interventions pose another challenge due to the
need to enter the chest through the scarred mediastinum,
especially if the injured structure is located posteriorly in
the mediastinum.

Finally, some cardiac catheterization procedures are
performed as a last resort salvage procedure in patients
deemed not to be candidates for any surgical intervention
if AE occur. Obviously, adequate discussion with parents
and documentation thereof is required for those cases.
9.4.2. Surgical operator

It is beyond the scope of this section to specify surgical
training requirements and experience needed to perform
specific congenital cardiac surgical (rescue) procedures.
However, there are some uniform and generalizable
minimum requirements that should be met for a surgeon
to provide surgical backup for a cardiac catheterization
procedure.
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Acceptable standard: The surgeon who provides
backup for a specific case should have documented recent
experience (<12 months) in performing a surgical pro-
cedure with all the following characteristics:

n The same type of surgery that may be needed to aid
with a possible AE in the cath lab

n A similar size of patient
n A similar overall anatomy related to the type of (palli-

ated) congenital heart defect
n A similar status of previous cardiac surgeries (unoper-

ated chest vs previous cardiac surgical procedures)

Ideal standard: The ideal standard for primary surgical
backup for all pediatric and adult congenital cardiac
catheterizations is to have a congenital heart surgeon as
the primary backup for all cases.

9.5. Preparedness, activation, and other logistics

9.5.1. Backup activation

A formal protocol should describe how surgical and/or
ECMO backup is activated. This protocol should be reit-
erated in the preprocedure “time out” and/or the pre-
procedure huddle, for higher-risk cases. Given the
multiple tasks required in an emergency, the entire acti-
vation process should ideally be initiated by a single
designated cath lab team member (and ideally being a 1-
step/1-call process). The contact information for this in-
dividual (such as phone or pager number) should be
posted and clearly visible in the cardiac cath lab. All
potentially necessary staff for an emergent situation
should ideally be able to be contacted through a single
activation method. If that is not possible, an acceptable
minimum requirement is to have a regularly updated list
of all emergency numbers posted and clearly visible in the
control room. This list also needs to be applicable after
hours; alternatively, there needs to be specific numbers
listed for after-hour support activation. A call for emer-
gency backup should never be a surprise to an unprepared
team. Clear communication between the teams is
essential.

9.5.2. Backup location

If a patient can be sufficiently stabilized, in most cir-
cumstances a transfer to the specialized cardiothoracic OR
is preferable to performing a procedure in a cath lab
environment. In some cases, this may require initiation of
ECMO support in the cath lab prior to transfer to the OR.
Other aspects to consider are the availability of a hybrid
cath lab, the availability of a free OR, the potential length
and complexity of the surgical procedure, the feasibility
of running a cardiopulmonary bypass circuit within the
cath lab, and the availability of other items such as heat
exchangers, bed warmers, and cell saver units.
9.5.3. Equipment

Written protocols need to be established by each institu-
tion delineating the type of equipment required and its
storage location in the cath lab for surgical and ECMO
backup. The surgical and ECMO teams need to be aware of
the equipment they are expected to provide when acti-
vated, as opposed to equipment that is readily available
within the cardiac cath lab.

9.5.4. Training

Providing surgical and ECMO backup in a cardiac cath lab
is complicated. The footprint of a standard (nonhybrid)
cath lab is often less than 500 ft2 (46 m2), and there is
limited room for multiple teams to work. Therefore, in-
stitutions should work out the logistics and ergonomics
for their constrained space and team structure. Simula-
tion of the entire process from initiation to completion
and transfer of the patient is the ideal method to identify
and correct workflow problems in advance.

9.6. Considerations for ACHD patients

During ACHD catheterizations and interventions, hemo-
dynamic compromise can occur as a result of multiple
etiologies. Patients who have pre-existing hemodynamic
dysfunction are at particular risk. Resuscitative regimens
should include mechanical circulatory support devices
including percutaneous ventricular assist devices. ECMO
is the most utilized system in this setting. Circulatory
support should be available, with a perfusion team, 24
hours a day, 7 days a week.

Other recommendations made for surgical and ECMO
backup in this section also apply to adult congenital pa-
tients. The femoral vessels are usually the site for can-
nulation in adults. When there has been prior arterial and
venous access, the patency of these vessels should be
confirmed prior to interventions, and appropriate alter-
native sites/plans developed in case circulatory support is
required. Percutaneous ventricular assist devices (eg,
Impella device) may also be used in certain settings.

9.7. Considerations for resource-limited environments

n Surgical and circulatory support/ECMO backup be-
comes even more complicated in resource-limited en-
vironments. In settings devoid of surgical expertise,
interventional procedures may be the only treatment
that can be offered. This may result in the dilemma of
either not performing a procedure at all (without any
other alternative to the patient who then is exposed to
the sequelae of the underlying condition) or perform-
ing a procedure without surgical backup.

n It is important to acknowledge that the cost of creating
and maintaining an ECMO service with the ready
availability of blood and blood products may be pro-
hibitive in most cardiac centers performing pediatric



TABLE 11

Ideal Setup Arrangement for Facilities in
Resource-Limited Environments Performing
Cases Without On-Site ECMO/Circulatory
Support and/or Surgical Backupa

n Appropriate inventory of interventional and rescue equipment

n Meticulous clinical and angiographic selection criteria for procedures
performed without surgical and/or circulatory support/ECMO backup

n Ideally, participation in a multicenter data registry

n Informed consent to include full disclosure that a procedure will be
performed without on-site surgical/circulatory support/ECMO backup

n Experienced anesthesia, nursing, and technical laboratory staff that is
comfortable treating acutely ill patients with hemodynamic and elec-
trical instability

n A critical care unit and team that has experience managing critically ill
cardiac patients

n Interventional procedures should be performed by experienced opera-
tors who understand the procedure and associated risks

aAdapted and modified from the 2012 cath lab standards document.1
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and adult congenital interventions in developing
countries. However, circulatory support as a backup
using standard cardiopulmonary bypass should be
considered for selected cases in centers that have an
active cardiac surgical program.

n Despite these limitations, there are many policies and
procedures that can be put into place to aid the outcome
of cases that are performed without ECMO or surgical
backup in resource-limited environments (Table 11).
While these may not all be feasible in resource-limited
environments, they serve as a guide to which re-
sources should ideally be in place when performing
cases without surgical or circulatory support/ECMO
backup. Particularly important is the presence of
experienced operators (and, where needed, multiple
operators) who understand the procedure, the associ-
ated risks, availability of resuscitation equipment, and
critical care backup. Appropriate tracking and review of
AE in those settings is important.

10. ANESTHESIA AND SEDATION

Just as cardiac catheterizations for CHD have evolved
from diagnostic procedures to primarily interventional
TABLE 12 Continuum of Depth of Sedation: Definition of Genera

Minimal sedation
(Anxiolysis)

Moderate sedation/analgesia
(conscious sedation)

Responsiveness Normal response to
verbal stimulation

Purposefula response to verbal or
tactile stimulation

Airway Unaffected No intervention required

Spontaneous
ventilation

Unaffected Adequate

Cardiovascular
function

Unaffected Usually maintained

aReflex withdrawal from a painful stimulus is not considered a purposeful response.
procedures over the past 50 years, so too has the need for
sedation and analgesia during these procedures. Histori-
cally, many interventional cardiologists were directing
the sedation, which often consisted of an intramuscular
injection of meperidine, chlorpromazine, and prom-
ethazine in the precatheterization area for infants and
children.71 As procedures became longer and more com-
plex, the need for deep sedation and anesthesia
increased, and deep sedation or GA began to be performed
in most cases. Between 2007 and 2010, 69% of congenital
cardiac catheterization cases in select United States cen-
ters began with an artificial airway.72 Consensus guide-
lines for sedation and anesthesia in the congenital cardiac
cath lab, however, were not published until 2016.73

10.1. Types of sedation in the congenital catheterization
laboratory

The American Society of Anesthesiologists defined levels
of sedation and analgesia along a continuum from mini-
mal sedation to GA (Table 12).74

Most neonates, infants, and young children, as well as
anyone with psychological or behavioral limitations, may
benefit from deep sedation or GA to facilitate successful
performance of hemodynamic and interventional cardiac
catheterization procedures. However, when the indica-
tion for intervention relies on catheter-based valvar gra-
dients, Glenn/Fontan evaluation, or duct-dependent
systemic blood flow that is significantly affected by the
level of sedation (such as for balloon aortic valvulo-
plasty), minimal sedation with a local anesthetic may be
desired for the diagnostic portion of the procedure and
can be attempted as tolerated. Minimal (anxiolysis) to
moderate sedation may also be appropriate routinely for
older more cooperative patients, depending on level of
risk of the patient and procedure. The use of spontaneous
respiration as an airway management strategy in low-risk
procedures in low-risk patients has been shown to be safe
and effective with a very low risk of AE.72 GA may be
necessary during long procedures to facilitate patient
comfort when the movement of the patient could inter-
fere with the procedure, such as during accurate stent
placement.
l Anesthesia and Levels of Sedation/Analgesia74

Deep sedation/analgesia General anesthesia

Purposeful response after repeated
or painful stimulation

Unarousable, even with
painful stimulus

Intervention may be required Intervention often required

May be inadequate Frequently inadequate

Usually maintained May be impaired



TABLE 13
Patient- and Procedure-Related Characteristics That Pose a Higher Risk Related to Sedation and/or Anesthesia in
Pediatric Patients

n Neonates undergoing patent ductus arteriosus stent implantationa

n Neonates with single ventricle physiologya

n Neonates with left-sided atrioventricular valve hypoplasia or atresia with a restrictive atrial septum undergoing balloon atrial septostomy or stent
placementa

n Patients with severely calcified and stenotic right ventricular-to-pulmonary artery conduits who are undergoing conduit rehabilitationa

n Patients with severely depressed systemic ventricular function

n Patients with compromised CA perfusion issues

n Patients with severe pulmonary arterial hypertension

aThese patients may benefit from an artificial airway.
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An artificial airway is recommended for selected high-
risk patients and high-risk procedures, as these patients
are more likely to suffer serious AE for which airway
management is often necessary to manage the event.
Patient safety should be the primary consideration when
formulating a sedation or anesthetic plan. However, this
plan should be discussed in advance between the anes-
thetic and interventional teams, particularly for complex
patients. Secondary factors that should be considered and
discussed between teams include the degree of patient
movement that is acceptable, patient comfort, and the
effect of the medications and airway management strat-
egy on hemodynamics and blood gases. Table 13 lists pa-
tients at increased risk of anesthetic complications.
Therefore, the risk associated with GA should be assessed
in the context of the ability to convert a sedation plan to
GA given the ready availability of an anesthesia provider
(standby). Provided that care is rendered by an experi-
enced anesthesiologist (or in some circumstances/juris-
dictions, an intensive care physician), the
pathophysiology of the patient should be the deciding
factor as to whether GA is utilized or is better avoided.
Even in those higher-risk patients, modern anesthetic
regimens can be conducted in such a way, by an experi-
enced practitioner, that the effects on hemodynamics can
be minimal, even in the sickest of infants and children.

10.2. Staffing and training requirements

Staffing and training requirements for anesthesia care
vary throughout the world. As such, it will be difficult to
provide specific training and staffing requirements to
directly manage or supervise sedation and anesthesia
during pediatric cardiac catheterization procedures. As an
example, the American Society of Anesthesiologists states
that a nurse trained and credentialed in procedural
sedation can provide minimal sedation (anxiolysis) to
moderate sedation, under the supervision of an inter-
ventional cardiologist.74 Deep sedation should be
administered or supervised by an anesthesiologist or
intensivist, whereas GA should be administered or
supervised by an anesthesiologist. In addition, intensiv-
ists often administer drugs at dosages that constitute
general anesthesia.

Similarly, the involvement and independence of certi-
fied registered nurse anesthetists (CRNA in the US, or
similar professional titles in other countries) varies
throughout the world. These staff members can play an
important role in managing sedation and anesthesia.
Their scope of practice is usually regulated by national
and regional guidelines.

The most common models for managing anesthesia and
sedation for pediatric cardiac catheterization can be
grossly divided into 3 different categories:

n OMS
n Pediatric anesthesiologist without dedicated cardiac

training (or equivalent)
n Dedicated pediatric cardiac anesthesiologist

An attempt to provide a generalizable (global) guide-
line for staffing requirements to supervise anesthesia and
sedation, without providing job titles and qualifications
that may be country-specific, is listed in Table 14.

10.2.1. Operator-managed sedation

OMS has historically been used for many cardiac cathe-
terization procedures in pediatric patients. It is still used
today, even in larger centers in developed countries, in
part because there is frequently a shortage of dedicated
pediatric cardiac anesthesiologists available for all cases.
There has been some concern that liberal use of OMS
could impact patient safety if not managed and super-
vised appropriately; thus, attempts have been made in
some countries to provide guidelines for this practice.

As one example to address these concerns, consensus
guidelines (written in 2016 by representatives of US car-
diology and anesthesia societies) guide the use of GA and
OMS. They identify qualified individuals to provide
sedation/anesthesia based on risk stratification using
Catheterization Risk Score for Pediatrics (Section 13.2.2).
The guidelines recommend that cases with CRISP scores



TABLE 14
Staffing Requirements for Supervision of
Sedation and/or Anesthesia During Pediatric
Cardiac Catheterization Procedures

Acceptable
standard

Pediatric anesthesiologist without dedicated cardiac training
(or equivalent):

n The anesthesiologist should have some experience in
managing pediatric cardiac catheterization cases.

Operator-managed sedation (OMS):
n The operator will need appropriate training and expe-

rience to supervise the level of sedation and its possible
associated AE.

n Having critical care experience is recommended.
n The operator will need to have immediate access to

emergency anesthesia backup if specific sedation-
related complications or AE or airway management
difficulties are encountered.

n The operator will need to be supported by an experi-
enced nursing staff member or other qualified individ-
ual who can manage the sedation and monitor the
patient, to allow the operator to focus on the inter-
ventional procedure. This individual should ideally be
present in addition to the regular staff in the cath lab.

n The case selection should ideally be limited to lower-
risk cases in hemodynamically stable patients, in
particular, if the operator does not have pediatric and/
or adult critical care experience.

Ideal standard Dedicated pediatric cardiac anesthesiologist:
n Should have either formal training or extensive expe-

rience managing pediatric patients with CHD.
n Spends at least 50% of his/her work on providing

anesthesia care to pediatric cardiac patients.

AE, adverse event; CHD, congenital heart disease.
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$ 2 be staffed, at a minimum, by an anesthesiologist with
special expertise in CHD, and cases with CRISP scores $ 5
involve a pediatric cardiac anesthesiologist.73

However, it is important to emphasize that OMS does
not necessarily mean that sedation is provided with a
lesser safety margin. In many cases, the care may be
provided with equal safety but better efficiency when
compared to care provided by a dedicated pediatric car-
diac anesthesiologist.26,75 Determining whether a patient
is suitable for OMS purely based on a numerical risk score,
may not take into account all nuances of the anatomy,
physiology, and clinical status of a specific patient. Clin-
ical case-by-case judgment is equally (if not more)
important when selecting cases for OMS.

For OMS to be safe, it is crucial that the interventional
cardiologist has adequate experience to supervise OMS,
and ideally an additional intensive care background. In
addition, individual responses to sedative medications
are not predictable; thus, the practitioner supervising the
sedation must be adequately qualified to manage the
airway and hemodynamic issues associated with all levels
of sedation. This includes immediate access to backup
from an anesthesia provider if airway issues are encoun-
tered that cannot be managed by the practitioner. OMS
also requires that the practitioner has support from an
experienced nursing staff member or other qualified in-
dividual who can manage the sedation and monitor the
patient, to allow the operator to focus on the
interventional procedure. This individual will need to be
dedicated to sedation and patient monitoring and should
be present in addition to the regular staff in the cath lab.

10.2.2. Sedation and anesthesia provided by a trained

anesthesiologist

While OMS can be equally safe as sedation or anesthesia
provided by a trained anesthesiologist, there are clearly
specific case characteristics where an anesthesiologist
should be present during catheterizations. This includes
cases in neonates and most infants, particularly those with
low weight (<4 kg), presence of noncardiac comorbidity,
or low mixed venous oxygen saturation (<50% in single
ventricle disease or <60% in biventricular circulation).
These characteristics have been shown to be independent
predictors of high-severity sedation- and airway-related
AE in US pediatric cardiac catheterization centers.72

There are differences in expertise between a regular
pediatric anesthesiologist with some (but limited) expe-
rience providing care for these cases, and a dedicated
pediatric cardiac anesthesiologist. The ideal standard to
manage anesthesia and/or sedation in the pediatric car-
diac cath lab is to have dedicated cardiac anesthesia
providers overseeing all congenital cardiac catheteriza-
tions. This ensures that the anesthesia providers have a
thorough understanding of the patient’s congenital heart
anatomy and physiology, critical to maintaining stable
hemodynamics throughout the case and managing AE. It
is also an ideal standard that a lead cardiac anesthesiol-
ogist coordinates the cardiac anesthesia service.

10.3. Equipment and monitoring requirements

Monitoring of patient ventilation, oxygenation, blood
pressure, and heart rhythm is paramount during cardiac
catheterization. Alterations in any of these lead to
changes in and a false representation of the patient’s
resting hemodynamics, which then can cause incorrect
conclusions about the need for intervention or even
candidacy for heart transplantation. Monitoring these
parameters is the first step toward assuring a steady state
during the catheterization. Due to many CHD patients
having baseline hypoxemia, it is critical to check oxygen
saturation by pulse oximetry at the beginning of the case
(prior to any sedation being administered), to establish
the patient’s baseline. Supplemental oxygen should be
avoided for the diagnostic portion of the catheterization if
the patient can tolerate room air with acceptable satura-
tions. If supplemental oxygen is added, the interventional
cardiologist should be made aware of the fraction of
inspired oxygen (FiO2), as dissolved oxygen may need to
be included in the Fick calculations.

While moderate sedation practice guidelines call for
periodic monitoring of response to verbal commands,73,74

both talking and snoring can alter hemodynamic
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measurements and should be kept to a minimum.
Checking the patient’s ability to give a “thumbs up” or
other indication of consciousness in response to verbal or
light tactile stimulation is a good indication that the pa-
tient can control his airway.74 During moderate and
deeper sedation/anesthesia, ventilation should be moni-
tored continually by observation of qualitative clinical
signs such as chest movement, but continuous capnog-
raphy (end-tidal carbon dioxide [CO2] measurement) and
pulse oximetry are ideal. Continuous ECG monitoring and
continual blood pressure determinations (eg, at 5-minute
intervals) should be made. Once vascular access is ob-
tained, the anesthesia or sedation provider should have
an unobstructed view of a monitor displaying pressure
tracings. As an ideal standard, the anesthesia or sedation
provider should also have access to the live fluoroscopy
images.

In patients receiving GA, standard monitoring
(including ECG, noninvasive blood pressure, pulse oxim-
etry, end-tidal CO2, and temperature) should be used for
every case. Temperature monitoring (and maintenance of
normothermia) is important in smaller children and in-
fants who are particularly vulnerable to hypothermia.
Warming blankets, mattresses, appropriate swaddling,
and increased room temperature can all be useful to assist
in temperature control. On occasion, near-infrared spec-
troscopy monitoring and/or transcutaneous CO2 moni-
toring may be useful, and consideration should be given
to placement of a urinary catheter for potentially long
cases or for cases in which accurate determination of
urine output would be useful. Equally, invasive blood
pressure monitoring may be indicated for selected cases.
Systems should be in place for recording all the clinical
and hemodynamic data, as well as processes to store
these data for review.

Meticulous preparation of the patient allows for proper
monitoring, adequate intravenous access, arm padding,
and no impedance to x-ray arm imaging from equipment.
Patient positioning is discussed in detail in Section 14.5.
Deairing of the intravenous extension tubing should be
performed. The anesthesia provider should monitor for
compression of the airway and/or vascular structures by
the transesophageal probe.76 Furthermore, it can never be
overstated that there needs to be meticulous attention to
avoid any air entry through intravenous lines in patients
with (or having the potential for) right-to-left shunt
physiology (including the use of filters for such lines).
Postprocedural destination and monitoring are discussed
in Sections 15.1 and 15.3.

10.4. Intraprocedural communication

Frequent, open communication among the anesthesia
providers, the interventional cardiologists, and the entire
cath lab team is critical, starting prior to and continuing
throughout the procedure. It is important to create an
environment where all members of the team are encour-
aged to voice any concerns at any point and time. The
precatheterization huddle is discussed in Section 13.8.

What may be clear to the interventional cardiologists
may not necessarily be apparent to other team members.
For example, explicit communication around upcoming
interventions can prepare the team for variations in he-
modynamics, allow technicians to gather any additional
equipment, and provide an opportunity to inform the
operator of any patient instability anesthesiologists have
been managing. Scheduled case pauses also allow pro-
viders to assess case progress and reevaluate the plan of
care.

Open communication between the anesthesia provider
and the other interventional team members is particularly
important when changes in hemodynamics are noted and/
or treated. Oxygen, volume infusion, change in ventila-
tion mode, and vasoactive medications can affect the
hemodynamics, which can alter the catheterization find-
ings, decision-making, and treatment plan. Therefore, the
need for these should be discussed with the interven-
tional cardiologist prior to their use, except in cases of
emergency. Similarly, changes in rhythm or hemody-
namic status noted by any member of the cath lab team
should be relayed to the anesthesia provider promptly.
When heparin administration is requested, a readback by
the anesthesia personnel and confirmation of the dose
and volume being given by the interventional cardiologist
should be done prior to administration. Background noise
and the distances between practitioners often disrupt
clear communication among team members in the angi-
ography suite and control room. Use of headsets with
microphones can improve communication and should be
considered.76

Certain procedures require additional communication,
such as prior to and during performance of 3-dimensional
rotational angiography, as this often requires coordina-
tion of a breath-hold, rapid ventricular pacing to decrease
cardiac output, contrast injection, and a spinning C-arm
during image acquisition. Transcatheter pulmonary valve
replacement in RV-to-pulmonary artery conduits often
involves serial conduit dilation and CA compression
testing, which can produce severe hypotension, followed
by catecholamine release in most patients. These types of
induced hemodynamic perturbations should be discussed
prior to their occurrence, as they usually resolve sponta-
neously and should not be treated.

During cases of branch pulmonary artery rehabilitation
and/or those with stiff wires in the distal branch pulmo-
nary arteries, anesthesia providers should monitor for
blood in the endotracheal tube and quickly communicate
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this complication to the interventional cardiologist to
initiate action. The anesthesia provider should have a
high suspicion for this type of complication, as this may
go unnoticed for a while with patients often covered by
drapes or inability to access the patient when the inter-
ventional cardiologist is accessing the patient from the
neck. In these cases, the first sign of bleeding will be
decreased airway compliance with decreased delivered
tidal volume when the patient is ventilated via pressure-
controlled ventilation mode or increased airway pressures
when volume-controlled ventilation is utilized.

The length of the procedure should also be communi-
cated between teams. In patients with pulmonary hy-
pertension, the risk of AE correlates with greater
procedure times.77 An awareness of the length of the
procedure may help decrease case length. Open commu-
nication during all cases is key to patient safety, accurate
data gathering, and successful interventions.

10.5. Considerations for ACHD patients

Based on the older adolescent’s and adult’s degree of
illness, as well as the potential ability to understand and
cooperate, a greater percentage of procedures can be
performed using anxiolysis and moderate sedation, or
local anesthesia without sedation. These strategies miti-
gate the detrimental hemodynamic effects potentially
caused by deep sedation and GA. They can be used for
diagnostic procedures especially when complex hemo-
dynamics need to be defined and for more straightforward
interventional procedures (PFO/ASD occlusion using ICE,
Fontan fenestration occlusion, etc.).

The staffing requirements for adult congenital patients
are generally the same as those listed in Section 10.2. In
addition, anesthesia providers managing patients with
ACHD should be competent, experienced, and certified
(where required) in handling the entire range of congen-
ital cardiac patients, most importantly adults. They
should possess a strong working knowledge of cardiac
anomalies and hemodynamics, and of management stra-
tegies to cope with significant comorbidities that may be
seen more commonly in the adult population. Those
comorbidities may include, for example, CLD, diabetes,
renal impairment, hepatic disease, thyroid disease, and
other conditions.

There are some subtle differences in additional re-
quirements needed, based on where the anesthesia pro-
vider usually performs the procedures.

Anesthesiology in a children’s facility:

n Knowledge and experience with ACHD patients and
procedures

n Carry necessary credentials needed to treat adult pa-
tients (for example, advanced cardiac life support cer-
tification in the US)
n Experience managing mild-to-moderate comorbidities
n Ability to collaborate with adult cardiac anesthesiolo-

gists for patients with significant comorbidities

Anesthesiology in an adult facility:

n Knowledge and experience with ACHD procedures
n Ability to collaborate with pediatric cardiac anesthesi-

ologists when knowledge and experience with ACHD
patients is not adequate, or for procedures infrequently
performed

10.6. Considerations for resource-limited environments

Human resources are one of many limiting factors in
resource-limited environments. As such, access to a
dedicated pediatric cardiac anesthesiologist may not be
available, and a larger number of cases may have to be
performed with OMS and support by dedicated nursing
staff. It however remains important that a dedicated staff
member be present to provide OMS and monitor the
patient.

11. X-RAY IMAGING AND RADIATION SAFETY

X-ray imaging is integral to cardiac catheterization pro-
cedures. However, the associated radiation dose includes
risk of adverse health effects. Therefore, its beneficial use
for diagnosis and intervention in the congenital cath lab
must be balanced with its incremental risk to both pa-
tients and medical personnel. Even though engineering
advancements over the past several decades have sub-
stantially reduced radiation doses while improving image
quality, adequate physician training (resulting in more
radiation-efficient use of both new and old equipment)
remains the most impactful element of dose reduction
strategies. This is even more important, given that inter-
ventional catheterizations for CHD have become much
more complex, requiring longer fluoroscopy times.78

11.1. Physics of the catheterization laboratory equipment

X-ray fluoroscopy units generate controlled x-rays in a
vacuum tube. The x-rays form images by passing through
the patient and are detected by a flat panel detector (or in
older equipment an image intensifier). X-ray tube output
is modulated by feedback circuitry from the unit’s imag-
ing chain to achieve an image quality that is appropriate
for the patient’s size.78

Several parameters influence image quality and the x-
ray dose to the patient. These include:

n Dose that reaches the detector for each x-ray pulse: This
is set by the x-ray unit calibration and determines the
image clarity and detail.78 It is important to recognize
that increased dose per pulse may not necessarily in-
crease the detail or radiographic contrast, as different
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doses per pulse result in varying amounts of noise
(presence of artifacts not originating from the original
object being imaged) which may affect the visibility of
structures.

n Number of x-ray pulses per second: This is selected by
the operator and determines the temporal resolution.

n Cross-sectional area of the x-ray beam: This is selected
by the operator and determines how much of the pa-
tient is seen in the image.

n X-ray beam filtration: The x-ray tube generates x-ray
photons that have a spectrum of energies. The lower-
energy photons, such as those below 30 kiloelectron
volts (keV) do not have enough power to reach the
detector and can be filtered out of the beam by inter-
posing layers of aluminum and copper in the tube to
prevent them from exposing the patient.78

n Beam on time for cine and fluoroscopy: This is the time
the operator engages the fluoroscopy/cine pedals.

Patient body habitus also affects the dose, because x-
ray systems are calibrated to image with a particular de-
tector dose.78 In order to achieve that dose to the detector
through a large patient, the tube needs to deliver a larger
dose to penetrate the patient. This results in a greater
dose to the patient, as well as more scatter to nearby
health care providers.

Angiography equipment has 3 modes: (1) fluoroscopy:
low dose per frame and often low frame rate protocol used
primarily for catheter manipulation; (2) cine acquisition:
intermediate dose per frame and frame rate used for
diagnostic interpretation; (3) digital subtraction angiog-
raphy: high dose per frame and low frame rate (1-6 frames
per second [fps]) protocol used to image noncardiac,
stationary vessels.78

11.2. Measures of radiation

Radiation exposure and radiation absorbed dose are 2
different metrics used to describe patient radiation
burden associated with x-ray fluoroscopy. When x-rays
interact with matter, they create free electrons, referred
to as ionization. Radiation exposure is the presence of
ionizing radiation in the air. It is typically measured in
milli-grays (mGy) as air kerma, which is the amount of
energy released by the interaction of the radiation with a
unit mass of air.78 Kerma is an acronym for “kinetic en-
ergy released in matter.” For full-size C-arm systems, it is
measured by the x-ray system at the interventional
reference point, which approximates the beam entry into
the skin (15 cm from the isocenter in the direction toward
the x-ray source) and is displayed by the fluoroscopic
system in real-time.78 Procedure total air kerma can be
used as a metric of patient radiation (skin entry) dose
burden. Because patient skin dose can be assumed to in-
crease as a function of total air kerma, air kerma can be
used to establish action levels above which the patient
should be assessed for radiation skin injury.

Much of the energy of the x-ray beam incident on a
patient is absorbed by patient tissue. The energy which
transmits through the patient is used to create the
radiologic image at the image detector. In addition, ra-
diation is scattered within and outside the patient,
exposing tissues outside of the imaging target and
exposing staff.78 Absorbed dose refers to the magnitude
of x-ray energy absorbed in the region of the body being
examined and it decreases rapidly as the x-ray beam
passes through the patient. Absorbed dose is the quan-
tity relevant to the biological effects of radiation and it is
determined by the total exposure, the properties of the
radiation, and the volume of tissue exposed; it is also
expressed in mGy.78

To incorporate the volume of tissue being exposed,
kerma-area product (KAP or PKA) or dose area product
(DAP) is the product of the beam’s air kerma and its cross-
sectional area.78 DAP measures the total amount of radi-
ation delivered to the patient in Gy $ cm2 but may be re-
ported in other units, such as mGy $ cm2 or cGy $ cm2.
Traditionally, it was measured by a DAP meter built into
the fluoroscopy unit near the collimator. However, newer
systems may compute DAP from x-ray and field size
factors.

The magnitude of radiation dose to tissues is highly
variable, and different tissues and organs have variable
sensitivity to radiation effects. Given this variability in
tissue dose and sensitivity, the concept of effective dose
was developed to correlate partial-body dose with cancer
risk. Effective dose uses a tissue-weighting factor, which
reflects the tissue’s sensitivity to stochastic risk. Effective
dose estimates the potential for a biological effect on the
entire body (caused by a particular absorbed dose) in
milli-sieverts (mSv).78

To estimate effective dose, each organ’s actual absor-
bed dose is estimated (in mGy) and multiplied by an
organ-specific weighting factor. Then, the sum of the
weighted organ doses is calculated to estimate effective
dose in mSv.78 In practice, effective dose is a calculated
quantity using standard anatomical models and is not
patient-specific. Therefore, it is not an indicator of an
individual patient’s specific risk. Effective dose allows
comparisons between exposure or radiation dose from
different x-ray imaging modalities. However, the adult
organ weighting factors do not include the increased
sensitivity of pediatric tissue to radiation.79

Patient-specific estimates of effective dose are not
routinely used in clinical practice. Effective dose is used
to estimate dose to patients enrolled in research protocols
that use x-ray imaging. If effective dose is calculated and
reported, it should be accompanied by the actual expo-
sure measurements and the conversion factor used for
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estimation, given that it is an estimate involving multiple
assumptions.78

11.3. Effects of radiation exposure

Ionizing radiation may be associated with 2 very different
types of health effects. The first is called “tissue re-
actions” (formerly called deterministic effects), caused by
injury to structural and functional molecules in cells that
can lead to cell necrosis.79,80 If this occurs in enough cells,
tissue injury will result. This is typically dose-dependent,
requiring a threshold dose to be exceeded. Though un-
common, skin injury following x-ray-guided procedures is
possible. Following exposure to a very high skin dose, this
may occur with a time delay, as time is required for mo-
lecular damage to evolve and cause macroscopic injury.79

If damage occurs, it often manifests itself 4 to 8 weeks
after the exposure and occurs at the beam entry site,
which is usually on the patient’s back or side.79 However,
for very high doses, late effects often occur well beyond
that time period. The second type of health effects is
called “stochastic effects” and results from radiation-
induced damage to a cell’s DNA, which can transform a
normal gene into an oncogene. These effects do not have
a known dose threshold or dose-related severity. The
probability of cancer developing, however, is assumed to
increase linearly with dose.1,78

The relative significance of tissue reactions and sto-
chastic effects is different when comparing small children
to adults. In children, due to their smaller body size,
adequate tissue penetration to visualize cardiovascular
structures is usually achieved with much lower skin entry
doses than what is required in adults. Therefore, thresh-
olds for tissue reactions to occur are rarely exceeded in
children.

The opposite holds true for stochastic effects; tissue in
growing children is more sensitive to the detrimental ef-
fects of radiation than adult tissue, due to children’s
overall greater mitotic activity. This puts children at
increased stochastic effect risk resulting from radiation
exposure.79 In addition, children are more susceptible to
radiation-induced illness, as they have a longer life ex-
pectancy than adults and more time for the effects to
appear. Furthermore, many patients with CHD need
repeated cardiac catheterizations and radiation-based
imaging throughout their lives. Some patients receive
lifetime doses that are associated with a detectable
increased risk of cancer.48-50,52,78,81

For high radiation dose, cancer risk has been shown to
follow a “linear no threshold” model, which states that
cancer incidence increases with dose in a linear fashion
with no lower threshold.82 This linear no threshold model
is used as a foundation of radiation safety for typical low-
dose exposures of patients and staff. Even low doses are
assumed to include a small risk of cancer. Females are at
increased risk for radiation-induced cancer due in large
part to their increased risk of breast cancer.82 While
collectively these factors increase the long-term cancer
risk, without these procedures, long-term survival would
not be possible for many of these patients.

Interventional cardiologists are exposed to radiation
due to x-ray scatter from the patient and the x-ray tube
assembly. They are among the health care providers with
the highest radiation exposure, with known associated
risks such as cataract development.78 Time spent in the
procedure room, the proximity to the patient and x-ray
equipment, and the often-seen nonutilization of radiation
barriers all contribute to the exposure to staff members.
Even though contemporary studies have failed to
demonstrate a causal relationship between occupational
radiation dose and increased cancer risk, it remains
important that safe radiation practices are followed to
help minimize risk.78

11.4. Dose reduction strategies

Dose management centers around the principles of justi-
fication and optimization.79 The procedure should be
justified for each patient, determining that the procedure
is indicated and that the anticipated benefit outweighs
the risks. Due to the linear no threshold model of cancer
risk from radiation dose, it is assumed that there is no
dose threshold below which cancer risk from radiation is
zero. Therefore, the ALARA principle was developed to
ensure that radiation exposure is always maintained “As
Low As Reasonably Achievable.”78,83 Optimization is the
principle of using only the necessary amount of radiation
for the procedure and keeping to the ALARA principle.
Radiation dose delivery is optimized by: (1) equipment
quality and calibration, (2) equipment operating pro-
tocols, and (3) operator conduct.78 Total dose delivered to
the patient is proportional to the product of the dose per
frame and the total number of frames during the study.
The dose per frame is determined by the equipment
quality, calibration, settings, and the size of the patient,
while the total number of frames is dependent on the
frame rate and total time for which the x-ray beam is on.

11.4.1. Equipment quality and calibration

Since increased radiation dose produces better image
quality, a fine balance between image quality and dose
must be achieved such that the lowest acceptable image
quality is used that will not compromise diagnosis and/or
treatment.78 Acceptability of low frame rates and/or noise
varies among operators; thus, it is important that image
quality does not adversely impact an operator’s ability to
perform a procedure safely and efficiently. A procedure
that is prolonged due to poor image quality because of a
low radiation dose does not result in overall dose reduc-
tion to the patient.
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Over the past 2 decades, dose reduction and image
quality have improved significantly, due to advancements
such as flat panel detectors, high-heat capacity x-ray
tubes, continuous radiation monitoring and display, vir-
tual collimation, last-image-hold, and retrospective stor-
age of fluoroscopy data.1 Thus, keeping up-to-date
fluoroscopy equipment in congenital catheterization lab-
oratories is critical (Section 7.1).78

Dose reduction strategies start with aspects of the im-
aging equipment’s hardware and configuration that must
be selected at the time the system is installed, and/or
configured.79 “Out of the box” new fluoroscopy systems
are typically configured for adult use, which can result in
radiation doses that are not optimized for infants or
children.79 Optimization and configuration of the hard-
ware and software are crucial and should involve close
collaboration among interventional cardiologists, cath lab
staff, the vendor’s design engineers, and qualified medi-
cal physicists.79 A qualified medical physicist should
check the equipment calibration periodically. The dose
and image quality should be verified, with physics QA
staff periodically confirming that the x-ray system is
working as expected.

11.4.2. Equipment operating protocols and settings

Preset default programs for several different pediatric
weight categories from 1 to 125 kg should be programmed
with the lowest dose settings that provide satisfactory
image quality. If image quality is unacceptable, the
operator can make adjustments to improve image quality.
If the default settings provide better image quality than is
necessary, however, there is no prompt for the operator to
adjust the settings to decrease the patient dose. There-
fore, it is preferable to default to a low dose and adjust
upward as needed. In addition to selecting the appro-
priate default settings based on patient size, most x-ray
angiography systems provide several different dose rates
that are selectable via the table-side-controls for imme-
diate access.

Multiple parameters should be configured for the
weight categories. The smallest focal spot should be
selected that provides adequate penetration for a given
patient size. A small focal spot is required to support the
use of geometric magnification without significant focal
spot blur.79 The x-ray pulse width should be short (5 ms)
for small children, as this improves image sharpness of
rapidly moving objects. Pulse width may be longer (up to
10 ms) for adolescents and adults.79 The use of low volt-
ages unnecessarily increases patient dose and does not
improve image quality. Therefore, algorithms should be
used for small children to reduce tube current or pulse
width to prevent reduction of voltage <60 kV.79 Voltage
and added filter thickness should be selected automati-
cally as a function of patient weight.79
For patients with a lower weight (below 10-20 kg), it is
recommended that the antiscatter grids be removed to
decrease dose to the patient. In addition to attenuating
scatter, antiscatter grids attenuate some of the unscat-
tered x-rays leading the auto exposure controls to in-
crease radiation output.79 With the exception of newer
fluoroscopy systems, when other parameters are left un-
changed, removal of the grid will always reduce patient
dose. Furthermore, if geometric magnification is clinically
needed and used, removing the grid can be important. In
children over approximately 20 kg, however, the scat-
tered radiation decreases image quality. The operator
must define the body habitus limits at which the image
quality is degraded to the point that warrants the use of
the antiscatter grid, with approximately a 20 kg upper
limit.79 In selected patients who are slightly larger than
this, a nongrid long air gap technique can be considered,
provided a small focal spot is used for cine recordings.

Use of the air gap technique, however, can limit the
effects of scattered radiation on image quality without the
increased dose from the grids.79 With the image receptor
moved approximately 15 cm from the patient, most of the
scattered x-rays emitted from the patient bypass the re-
ceptor and, do not degrade image quality.79 All the
unscattered x-rays reach the receptor when the grids are
removed; this increased dose to the receptor allows the
automatic exposure control system to decrease the dose
rate delivered. The air gap technique has the added
benefit of creating geometric magnification of the image
without increase in dose. Fifteen centimeters of air gap
approximates a 1-step increase in electronic magnifica-
tion. It is important to recognize though that the air gap
technique can increase patient entrance dose if it is ach-
ieved by bringing the patient closer to the x-ray tube.
Also, the air gap technique should not be used with the
antiscatter grids in place, as this redundancy increases
the overall dose.79

11.4.3. Best practices of operator conduct

Even though operator conduct forms a crucial pillar of
radiation dose optimization, it is important to emphasize
that staff plays an equally vital role in radiation dose
optimization, and in alerting the operator when subopti-
mal settings and practices are being used for a procedure.

Prior to and during each case, the operator should
employ the following strategies to decrease dose to the
patient and medical personnel:

Selecting protocols and settings:

n The operator should select the proper patient size and
type of exam to bring forth the configured parameters
for dose and image quality optimization that include
frame rates for fluoroscopy and cine acquisition, as well
as fluoroscopy mode.
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n Lower frame rates for both fluoroscopy and cine
acquisition translate into lower doses at the expense of
temporal resolution. Because the eye has fewer frames
to integrate temporally, the noise level appears to in-
crease at lower frame rates. Some systems automati-
cally adjust for this by increasing the dose per frame
slightly to maintain a constant level of perceived noise.
Therefore, the dose rate reduction may not be directly
proportional to the frame rate reduction on all systems.

n Pulsed fluoroscopy should not exceed 15 pulses/second,
and acquisition frame rates should not exceed 30
frames/second.79 Lower frame rates can be used for
patients with slower heart rates or when imaging slow-
moving structures, such as during venography or
balloon inflation.79

n Modern x-ray systems also allow the operator to select
from a number of fluoroscopy dose rate modes (usually
3-4 modes, such as low/medium/high). The mode de-
termines the radiation dose rate at the image receptor
and affects the amount of noise in the image.

n A lower detector dose translates into a lower patient
dose but with greater image noise. Using a lower dose
mode can potentially reduce radiation exposure by as
much as 50% or even more, and, as such, it is recom-
mended to start in the low dose mode and only increase
if needed for image quality.

Assess need for antiscatter grids and table/patient
distance to tube and detector:

n Remove the antiscatter grids during procedures on
small patients (<20 kg) or when the image receptor
cannot be placed close to the patient (geometric
magnification technique).

n Position the patient at the imaging isocenter and raise
the table to increase the distance from the tube to the
patient. Table height may be limited by the lateral de-
tector positioning, but increasing the distance between
the x-ray tube and the patient decreases dose to the
patient’s skin by the inverse square law.79

n Unless an air gap is being used to mitigate scatter,
decrease the distance between the patient and the im-
age receptor.

Use the lowest acceptable electronic magnification:

n The field of view (FOV) is the area of the x-ray field at
the entrance plane of the detector. When not using
magnification, the x-ray beam irradiates the entire
surface of the detector. In electronic magnification
modes, there are successively smaller areas of beams to
the receptor, which magnifies the image anatomy on
the monitor and therefore may improve perceived im-
age resolution. For image intensifiers, the dose rate to
the patient increases with a smaller FOV proportionally
to the inverse of the FOV change. For example, when
the FOV is halved, the patient dose is doubled. While
this may not have a significant impact on DAP in pedi-
atric patients, it is an important consideration for tissue
effects in larger patients.

Collimate the image:

n Collimation reduces the volume of tissue exposed to
the primary beam, thereby sparing the surrounding
tissue and organs from direct irradiation (and reducing
the DAP in the process), and it also reduces scatter. The
reduction in scatter at the detector leads to improved
image contrast, which helps to visualize small stents,
for instance. Exclusion of radiolucent lung tissue also
improves image contrast, due to the automatic bright-
ness control feature of the fluoroscopy unit.84 Colli-
mators should always be visible within the field.

Dim the room lights:

n Dimmer ambient lighting improves contrast perception
and makes the monitors appear brighter.

Limit excessively oblique imaging angles:

n These angles require the beam to pass through more
tissue, degrading the image quality and increasing the
dose to the patient.79

Ensure that the patient’s arms are not in the x-ray
beam:

n Arms in the beam increase the x-ray path length
through the patient, resulting in an increase in patient
dose rate. Also, the arms of adult patients can be very
close to the lateral plane X-ray tube, resulting in an
unnecessary risk of skin injury to the arm.

Limit fluoroscopy time:

n Radiation dose increases with longer fluoroscopy times,
and, therefore, the beam should only be on when the
operator is looking at the image.

Use saved fluoroscopy, instead of cine acquisition,
when appropriate:

n Stored fluoroscopy significantly decreases dose, as the
dose rate per frame during acquisition is 6 to 10 times
greater than during fluoroscopy.79

Alternating beam angulation:

n During long procedures, consider altering the beam
angulation to change the area on the patient’s skin that is
in the direct x-ray field. This is particularly important in
larger patients who are at increased risk of tissue effects.

Reminders:

n Where feasible, operators and staff should adapt gen-
eral and procedure-specific reminders when certain
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radiation doses or fluoroscopy times are reached during
a case.

Use alternate non–x-ray imaging modalities (such as
echocardiography) where feasible.

11.4.4. Three-dimensional imaging

Three-dimensional imaging allows improved under-
standing of complex anatomical relationships, including
vessel-vessel and vessel-airway interactions. 3D rota-
tional angiography (3DRA) has been widely used over the
past decade in congenital cardiac catheterization labora-
tories to rapidly acquire high-resolution volumetric
datasets by rotation of the C-arm mounted flat panel de-
tector. This results in a CT-like image or angiographic CT
that can be viewed as a 3D volume or in a 2D multiplanar
reformation (MPR) with slice thickness <0.5 mm. The 3D
reconstruction can be rotated into any angle and allows
the interventional cardiologist to find the ideal gantry
angles for 2D imaging. The 3DRA can also be fused with
live fluoroscopy to provide a 3D roadmap, as the images
are automatically registered to or are in geometric corre-
spondence with the C-arm coordinates.44 Use of 3DRA
should be considered during the preprocedural planning
to avoid duplication of imaging in both 2D and 3D. Nearly
all studies related to this topic have shown comparable or
lower radiation exposure rates in cases using 3DRA
compared to cases using standard biplane angiographic
acquisitions.44 It is important to work with the vendor
and a medical physicist to configure x-ray tube voltage
(kV), tube current (mA), pulse width (ms), filtration (ma-
terial and thickness), and detector dose for 3DRA to
ensure sufficient image quality at the lowest achievable
radiation dose for various patient weights.44 Dose pro-
tocols based on patient weight should be created and
programmed into the system.

The 3D rotational imaging modality is undergoing
continued optimization by vendors to reduce the need for
contrast while maintaining adequate imaging capability.
While newer systems can perform 3DRA with both biplane
C-arms spinning together, at this time, no vendor offers
biplane acquisition during the rotation. Whether biplane
rotational angiography can reduce the spin-time and
contrast load remains to be seen. Equally important, op-
erators can improve image quality of rotational angiog-
raphy by carefully selecting parameters such as a preset x-
ray delay following the start of contrast injection, injec-
tion site, and the use of rapid ventricular pacing.

3D reconstructions from precatheterization CT and MRI
can also be fused with live fluoroscopy. However, this
requires registration of a segmented 3D volume with the
x-ray system and can be limited by a lack of visible bones
for registration and by differences in arm position,
respiration, and interval growth of the patient between
procedures.44 Fiducial markers can be placed at the time
of the CT or MRI, which aid in registration to the C-arm.
3D image fusion with live fluoroscopy has been shown in
multiple studies to improve procedural efficacy and
safety, shorten fluoroscopy times, and reduce overall ra-
diation dose and contrast administration.44,85

11.5. Radiation safety for patients and staff

11.5.1. Patients

Minimizing radiation to patients starts with eliminating
unjustified procedures and/or angiograms and obtaining
high-quality diagnostic imaging without using radiation.
Diagnostic imaging in the cath lab should be limited to
diagnoses that cannot be made by alternative modalities
such as echocardiography and MRI. Physicians are
responsible for understanding the determinants of pa-
tient dose and for keeping to the ALARA principle
throughout the procedure, as described in Section 11.4.
Fluoroscopy time in minutes, air kerma at the interven-
tional reference point, and DAP should all be reported for
each cardiac catheterization.78 While fluoroscopy time is
not a good measure of radiation dose, it is helpful as a
surrogate for case complexity and operator and/or trainee
efficiency. In addition, when air kerma and DAP decrease
with no change in fluoroscopy time, it is clear that an
effort to decrease dose by changing equipment, protocols,
settings, and/or best practices has been successful.

Air kerma and DAP for every case should be reviewed
for internal comparison, as well as compared to national
benchmarks.1,86 Participation in a multicenter QI radia-
tion reduction project has been shown to improve mutual
accountability and create a culture of respect for the
hazards of radiation (Section 12).53

11.5.2. Catheterization laboratory personnel

Medical personnel should not be exposed to the primary
x-ray beam and should take great care to keep their hands
and extremities out of this primary beam. Therefore, their
exposure to radiation comes from scattered radiation
emanating from the patient and the x-ray tube collimator
assembly.87 The amount of scattered radiation they are
exposed to is determined by the following: (1) x-ray tube
output, (2) distance from the x-ray source (x-ray intensity
decreases proportionally to the square of the distance
from the source), (3) duration of x-ray beam on time, and
(4) the effectiveness of accessory shielding.78 While it is
unlikely that occupational exposure for nonoperators is
high enough to justify routine use of a heavy 0.5 mm
apron, most countries still require protective garments to
have 0.50 mm of lead-equivalent coverage.88 However,
this needs to be balanced against weight and orthopedic
strain, and as such 0.35 mm lead-equivalent coverage may
be more appropriate for many operators and almost all
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staff working in the PCCL (where regulations allow). Ra-
diation exposure to the operator is generally greater for
internal jugular, subclavian, axillary, and hepatic access
than with femoral access.

Lightweight, reusable, or disposable lead-free drapes
and pads can be placed on the patient (eg, patient’s right
thigh) to reduce scattered radiation levels from the pa-
tient to the operator. This protection should be consid-
ered when the operator needs to be very close to the
irradiated volume of the patient.89 These drapes can
substantially reduce the radiation dose to personnel with
minimal or no additional radiation exposure to the pa-
tient. Their use should be considered in clinical prac-
tice.90 Care should be taken to avoid placing drapes
within the primary beam, however, as this can increase
both patient and operator exposure.89,90

Equipment to mitigate radiation exposure is vital to
minimize radiation dose to staff. These include lead aprons
and ideally thyroid shields for all staff entering the cath lab
where x-ray systems are active. Lead glasses are important
for personnel working close to the radiation source and are
recommended for any staff having to “scrub-in” for a pro-
cedure. Space should be provided to store protective gear
to maximize longevity. Protective equipment should un-
dergo regular formal assessment (at least every 6-12
months) for integrity. Lead gloves, radiopaque hand gels,
and shielded hats are not in widespread use and generally
do not provide any significant additional protection.

The use of lead glass shields mounted on adjustable
props reduces scatter and can reduce radiation exposure
to staff protected by the x-ray shadow that they cast.

11.5.3. Pregnant staff

The complex cellular processes occurring in the human
embryo and fetus are particularly sensitive to radiation
effects. In rare circumstances, this can cause fetal malfor-
mations, growth retardation, impaired neurological
development, and even intrauterine death and may in-
crease the fetus’s future risk of developing cancer.78

However, these effects are known to occur at doses much
higher than realized by a performing physician. The
shielding provided by a standard protective lead apron is
usually sufficient to protect the embryo and fetus from
typical exposure to radiation.88 Women who desire addi-
tional protection can wear an additional lead apron or a
maternity apron with double-lead inserts over the pelvis.
Providing 1.0 mm lead-equivalent over the abdomen could
decrease the conceptus’s dose by an additional factor of
approximately 10 compared with a standard lead apron,
even though the absolute dose reduction is minimal.88

11.5.4. Pregnant patients

The American College of Radiology (ACR) recommends a
pregnancy test be performed in patients of menstrual age
(usually 12-50 years) within 72 hours prior to a fluoro-
scopic interventional procedure.91 However, this is not
required in all countries and jurisdictions. In the very rare
event that a pregnant patient must undergo a cardiac
catheterization, the abdominal and groin areas should be
shielded to avoid the uterus from being in the direct
beam, understanding that most of the fetal exposure is
from scatter radiation within the body.1 It is important
though to recognize that placing additional shielding on
the wrong patient surface could result in increased pa-
tient dose (due to automatic exposure control) if the
shield is in the primary beam. Efforts to minimize expo-
sure should include using fluoroscopy and echocardiog-
raphy rather than cineangiography.1

11.6. Oversight and monitoring

11.6.1. Oversight

Electronic and radiological service engineers should be
responsible for routine, periodical care, and maintenance
of the radiological equipment (including verifying equip-
ment performance and calibration). A qualified medical
physicist should ensure optimal image quality while
limiting radiation exposure to staff and patients and
monitoring radiation safety techniques.1 Oversight also
includes a radiation safety officer and engaged physician
leaders. However, the exact specifics of the required
oversight vary among countries and geographical regions.
11.6.2. Patient monitoring

Although technology exists to create a comprehensive
patient dose tracking system, knowing a patient’s lifetime
accumulated radiation exposure is not thought to provide
valuable information for clinical decision-making.78 The
principal value would be in clinical research to define the
dose-stochastic risk relationship more precisely.78

However, it is important that radiation dose is moni-
tored in real-time during a procedure and to inform the
operator when set limits are reached.

While radiation-induced skin injury is rarely a concern
in pediatric patients, it remains an important consider-
ation in adult-sized patients undergoing complex inter-
ventional procedures. Knowledge of recent prior
exposure can aid in predicting the risk of tissue reaction.
Single doses of 2 to 5 Gy may cause transient erythema
and possible epilation but usually result in complete
healing. Doses of $5 Gy may result in permanent hair loss
and dermal atrophy or induration.78

Early recognition of radiation-induced skin injury is
important for proper treatment. Making the patient, fam-
ily, and primary care physician aware of the potential for
skin injury is the best strategy for prompt recognition.78 It
is recommended in the ACC/AHA/SCAI 2011 PCI guidelines
that all patients who receive an air kerma at the
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interventional reference point >5 Gy should be counseled
about the possibility of a skin injury and instructed on how
to respond to the earliest signs should they occur.92 It is
ideal practice to arrange a follow-up visit 4 to 6 weeks after
the procedure for all patients, which allows the physician
to examine the patient and identify any tissue reactions
that may be attributable to the radiation exposure. Follow-
up of patients receiving excessive radiation exposure
should be addressed with the assistance of fluoroscopy
radiation dose monitoring programs, as those patients
require a longer period of surveillance. As an example,
when a patient receives either “one shot” or “an accumu-
lation” of a very high dose such as 8 Gy or higher, the pa-
tient’s skin condition should be monitored and evaluated
every 3 months for a period of 6 months.
11.6.3. Staff monitoring

Exposure to radiation by medical personnel must be
monitored. Phantoms have been used to create models
from which doses are estimated, using personal radiation
badges. A badge must be worn outside of the protective
garments at the collar level on the left side. This provides
an estimation of the dose to the lens of the eye. Another
badge may be worn under protective garments at waist
level. Effective dose can be estimated roughly from the
collar badge reading but can be more accurately estimated
by using the readings fromboth badges.78Whether a 1- or 2-
badge system is utilized usually depends on local regula-
tions and hospital practice. In addition, some newer sys-
tems allow real-time radiation monitoring of staff, which
may be a beneficial tool in encouraging best practices.

When a staff member works for more than 1 employer,
cooperation among the employers is essential to sum all
the doses acquired at each of the facilities into a complete
dose record.89 It is the responsibility of the cath lab man-
ager to designate a staff member to collect, return, and
replace the badges on a regular basis. Given that in many
laboratories, compliance with wearing radiation badges is
suboptimal, a designated staff member should track
whether badges have in fact been exchanged and worn.
Evidence of nonreturned badges, unworn/sealed new
badges, or badges that do not have any dose recording
should be documented for eachmonitoring period, and the
relevant staff member should be contacted if there is
concern about badges not being worn. Equally important,
clear protocols need to be in place if a staffmember exceeds
defined radiation dose limits. A regular annual medical
check-up for the personnel working in an area of radiation
is standard in some countries and jurisdictions.

11.6.3.1. Staff monitoring during pregnancy

Regulatory requirements vary between counties and ju-
risdictions regarding monitoring of staff during
pregnancy. In the US, declaration of pregnancy is a per-
sonal issue that needs to be decided by the affected in-
dividual. In other countries, however, it may be
mandatory for the pregnant worker to declare her preg-
nancy to her employer as soon as the pregnancy is
confirmed and staff may not be allowed to work in a ra-
diation area for the duration of pregnancy.88

In countries where staff is allowed to continue working
in an x-ray environment during pregnancy, the pregnant
worker should be provided with an abdominal dosimeter
for the fetus and monthly dose reports. The reports
should arrive promptly to allow the worker to make
changes to her exposure if needed. A worker who is
contemplating pregnancy should also be given an
abdominal badge if desired, as the fetus is most sensitive
to radiation effects between 8 and 15 weeks of
gestation.88

Data suggest that fetal doses <50 mGy are not associ-
ated with a detectable increase in frequency of any
adverse fetal outcomes.78 Phantom studies have shown
that an accumulated collar badge dose of 2500 mGy would
be required for an exposed worker to receive a uterine
dose of 50 mGy.78 Different national regulatory agencies
provide different limits for uterine exposure (eg, The US
National Council on Radiation Protection [NCRP] limit is
0.5 mSv/month once pregnancy is known).88 The preg-
nant worker should not be discriminated against and,
where jurisdictions allow, should not be excluded from
working in fluoroscopic environments.89
11.7. Training and education

Expert consensus guidelines for safety and effectiveness
in cardiovascular imaging stress the “need to augment
and standardize the level of knowledge and competence
that cardiovascular specialists should hold in radiation
safety and management,” and that “this knowledge
base should be incorporated into training curricula and
in physician board certification procedures.”78 Physi-
cians and staff must be knowledgeable in matters of
radiation physics, radiation biology, technological de-
velopments in x-ray imaging systems, x-ray dose man-
agement, radiation protection, and monitoring metrics
of patient and personnel exposure.84 A curriculum
covering these topics should be an integral part of every
congenital interventional cardiologist’s and staff mem-
ber’s training.1

All catheterization laboratories should maintain and
enforce training and policies regarding monitoring and
radiation reduction procedures for pregnant operators and
staff.78 The policies should cover declaration of pregnancy,
occupational exposure, dosimeter use and readings,
duties, and risk/benefit of additional shielding.88

QA for the PCCL is discussed in Section 12.
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11.8. Regulatory requirements

Regulatory requirements for radiation-generating equip-
ment vary widely among states, countries, and regions. As
an example, the International Commission on Radiolog-
ical Protection (ICRP) is an independent international
organization that advances the science of radiological
protection. ICRP does this by providing recommendations
and guidance on all aspects of protection against ionizing
radiation. The ICRP standards (which are followed in
Europe) are more stringent than the NCRP standards in
the US.78 In Europe, limits for occupational exposures are
also included in the European Directive 2013/59/Eura-
tom.93 This directive modifies the occupational dose limit
for the lens of the eye to an equivalent dose of 20 mSv/
year or 100 mSv in any 5 consecutive years from the
previous value of 150 mSv/year. The limit on the equiva-
lent dose for the skin and extremities is 500 mSv in a
year.93 Congenital catheterization laboratories should
comply with all local, state, and national regulatory re-
quirements, while always following the ALARA principle.

11.9. Considerations for ACHD patients

Adult patients are at higher risk of tissue effects, due to
larger patient sizes and often long procedure times. It is
important that specific “congenital” protocols and set-
tings are utilized for these patients, rather than the
standard adult coronary protocols/settings since the latter
are intended for shorter procedure times and have
significantly higher exposure settings than what is desir-
able for adult congenital procedures. It is also important
to emphasize that ACHD patients often have multiple
diagnostic and therapeutic procedures involving radia-
tion exposure and have been shown to be at much higher
risk for cancers than controls.82

11.10. Considerations for resource-limited environments

n The largest limiting factor in reducing staff and patient
radiation dose is the difficulty in obtaining up-to-date
FIGURE 1 Building a Quality Culture
cath lab equipment, since this is a major cost element
in these environments and laboratories may frequently
be older than 10 to 15 years.

n Dedicated staff support specialized solely in radiation
protection and supervision is usually not available.

n Adequate availability of qualified medical physicists for
QA, training, configuration settings, and problem-
solving may not be feasible.

n Despite all these limitations, significant dose reduction
can be achieved by utilizing best operator and staff
practices.94
12. QUALITY AND SAFETY

Quality improvement methodology in the congenital
cardiac cath lab is essential to providing high-quality care
to this complex patient population. It is important that a
cath lab develops and sustains a culture centered on
providing optimal patient care with a focus on quality,
outcomes, and analyses of important safety events.
Creating a quality culture does not require significant
financial resources but does require a concerted team
effort to anticipate vulnerabilities, record outcomes, and
review performance.

This section outlines minimum requirements for
maintaining a quality program and describes activities
that promote a culture of quality and improved patient
safety. Procedural preparation, risk assessment, and risk
management are discussed in detail in Section 13.

Teams can improve performance by adding quality
activity and measurement components as they evolve
(Figure 1).

12.1. Internal data and records

Quality assessment and quality assurance cannot occur
without data; thus, all centers performing congenital
cardiac catheterization must maintain an internal data-
base to track performance and outcomes. Metric



J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4 Holzer et al
J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6 Standards and Guidelines

179
generation and outcome assessment over time requires a
system to record both process and outcome measures.
The most basic metrics are the types and numbers of
procedures. While accrediting bodies require hospital
performance tracking, recording more granular patient
and procedural characteristics specific to cardiac cathe-
terization is necessary to understand case mix complexity
and adjust for risk factors when assessing outcomes.
These outcomes may be procedure-related (such as pro-
cedural success, case duration, and radiation usage) or
patient-related (such as the occurrence of an AE).
12.2. Targeting quality assurance and quality improvement:
Adverse events in the pediatric and congenital cardiac
catheterization laboratory

There are many domains to target QI. However, this sec-
tion focuses largely on AE recording, documentation, and
analysis (AE preparation is discussed in Section 13.9) due
to the potential to improve practice by learning from ex-
periences through internal review activities.

12.2.1. Recording patient and procedural adverse events

Pediatric cardiac catheterization is an essential component
of diagnosis and treatment of CHD. A wide variety of
inherently technically complex procedures are performed
in patients with concurrent noncardiac comorbidities in
addition to the physiologically vulnerable hemodynamic
state related to their underlying CHD. Consequently, it is
classified as a high-risk specialty.32,69,95 Depending on risk
factors such as patient age, acuity, and case type, the
incidence of complications during a catheterization pro-
cedure can be as high as 1 in 4.69 Some events can result in
downstream patient harm, such as unplanned surgery,
permanent disability, or death.

To record AE and categorize them by severity, many
centers have adopted the International Pediatric and
Congenital Cardiac Code (IPCCC)96,97 definitions and
classification. According to these definitions, AE are
defined as any anticipated or unanticipated event, for
which patient harm could have or did occur, potentially
or definitely due to the catheterization procedure per-
formed. Full capture of all events regardless of severity
allows a program to recognize event patterns and
identify opportunities for improvement. In addition, the
most robust databases will include patient and proce-
dural factors to understand the associated risk of the
procedure and allow adjustment if comparisons are
reported.

AE reporting should include a detailed narrative,
providing opportunities for improvement and facilitating
internal review and discussion among all members of the
catheterization team. Narrative summaries should
address the following to maximize their utility:
n What was the overall health status of the patient prior
to, during, and after the event?

n When did the event occur?
n When and how was the event identified?
n What procedural actions/steps were being done/taken

at the time of the event?
n What interventions were necessary?
n Were additional diagnostic studies required to assess or

monitor the patient?
n What was the outcome of the event?
n Did the patient require unexpected or additional care?
n Was there any permanent patient injury?
12.2.2. Quality assurance, internal analysis, and learning

opportunities

Interventional cardiologists should continuously evaluate
their practices, monitor outcomes, and work with local
multidisciplinary teams to establish rigorous strategies to
ensure that the highest quality of patient care is provided.
Establishing processes to analyze and display data will
allow for close monitoring of progress. Some common
methods of graphically displaying QA and QI data include
histograms, run charts, control charts, and scatter dia-
grams. It may be helpful to review data by subgroups,
such as by procedure type, patient volume, or operator
experience wherein identification of potential outliers
can reveal areas to target for improvement.

“Key Conferences,” including M&M and Serious Safety
Event Reviews, facilitate practice improvement, CME,
and professional development. To be successful, "key
conferences" should be regular, inclusive, nonpunitive,
and focused on practice improvement. Ideally, these
meetings should be multidisciplinary and serve as a tool
to link current practices with best practices, fostering
process improvement. They should be recognized for CME
credit acquisition. Conferences may also be required by
the ACGME if an institution operates a fellowship training
program in the United States.

12.2.2.1. Morbidity and mortality conferences

Invasive cardiology/cath lab M&M conferences include an
open review and evaluation of all cath lab complications
and in-hospital events following any invasive cardiovas-
cular procedure. Cath lab M&M conferences are essential
to achieving meaningful practice improvement in the lab.
This review is conducted between peers in a collegial
setting with engagement from multiple key stakeholders
(physicians, allied health professionals, and other disci-
plines). Focusing on opportunities for improvement at the
systems level, as compared to focusing on individuals,
allows these conferences to serve as a vehicle for process
improvement via collaboration, feedback, and education.
These educational opportunities are especially important
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with new techniques and interventions and for newer
team members or trainees.

To maximize the benefit of cath lab M&M conferences,
it may be useful for a quality officer (physician, physi-
cian’s assistant, or designated cath lab staff member) to
compile all cases with AE that occurred during the review
period. Case identification should be unbiased and
comprehensive. At a minimum, all cases resulting in
death within 30 days of the procedure should be
reviewed. Additionally, all major AE require review. Other
AE (or unexpected length of stay) may also be prospec-
tively selected for review as aligned with specific process
and QI initiatives or learning opportunities.

These meetings should occur at least quarterly with
mandatory cath lab staff attendance. The meeting envi-
ronment should be psychologically safe and transparent
to allow for a critical review of events as a means for
performance improvement. Consideration should be
given to include other multidisciplinary staff such as
noninterventional physicians, nurses, and/or other allied
health personnel. This is especially warranted for events
involving other departments such as, for example,
anesthesia-related AE or ICU management challenges.
The responsible attending physician for each presented
case must be in attendance when the case is reviewed,
and a sign-in sheet for participating staff is encouraged. A
Case Review Form, which includes an action plan and/or
response to the AE, should be tailored to each institution
and should be completed during the cath lab M&M con-
ference. Ideally, a database or spreadsheet should be
created and maintained to track AE and to archive the
completed Case Review Forms.

12.2.2.2. Special safety event reviews

Serious unexpected AE and rare events that resulted in
permanent patient harm require additional review. These
reviews involve a formal Root Cause Analysis of an AE, to
understand the chain of events leading to the AE, and to
document what has been learned to be applied to future
procedures. Major AE reviews often involve external ex-
perts on patient safety and are often performed in an
expedited manner in anticipation of requirements for
reporting to and review by external regulatory bodies.

12.2.2.3. Device-related events

AE involving medical devices should be reported to the
Manufacturer and User Facility Device Experience
(MAUDE). These reports are submitted to the regulatory
body by both mandatory and voluntary reporters,
including manufacturers, importers, health care pro-
fessionals, patients, and consumers.98 The past 10 years of
device reports are searchable, providing information about
device-related AE. The database can be queried for a spe-
cific complication, which offers valuable insights. For
example, researchers used the MAUDE database to search
and summarize major complications related to ASD
occluder devices. Their query of the MAUDE database
suggested that device-related complications were more
common than had been previously reported in the
literature.99

12.3. Continuous quality improvement

CQI involves an iterative system of improvements in pro-
cesses, safety, and patient care. An example of a common
methodology for CQI is the IHI’s Plan-Do-Study-Act cycle,
which allows process changes to be made, studied, and
refined over time.100 CQI cannot occur without a culture of
QI in the cardiac cath lab, based on engagement of all staff
in the environment. Through a team-based approach,
active members of the team empower others, focusing on
methods of improvement rather than an emphasis on QA.
Simply providing data relevant to current practice trends
can be helpful to engage staff.

Improving quality in the system of care is a team effort
and requires individuals offering differing perspectives
on the delivery of care, such as technical staff, anesthe-
siologists, nursing, and cardiologists.101

12.4. External performance measurement, risk adjustment, and
comparative reporting

Evaluating local results is essential, but it is equally
important to compare outcomes against established
benchmarks. This allows a program or operator to deter-
mine how institutional results compare to peers. In some
countries, national registries can be a good source of
reference information. However, many large-scale clinical
databases are designed specifically to compare results of a
specific treatment or condition or to provide data for
ongoing and future research. Cardiac catheterization in
CHD is characterized by complex heterogeneous proced-
ures performed infrequently, making it difficult for indi-
vidual care centers to achieve an appropriate sample size
and generalizable methodology alone. To counter this
problem, key variables have been created to group pro-
cedures according to similar risk, which provides for risk
adjustment and meaningful assessment when comparing
outcomes among individuals or centers.

Over the past decade, registry participation and/or
comparative outcomes reporting has become common
utilizing collaborative structures such as:

n The Congenital Cardiac Interventional Study Con-
sortium (CCISC)

n C3PO
n The IMproving Pediatric and Adult Congenital Treat-

ments Registry in the US
n The National Institute of Cardiovascular Outcomes

Research central cardiac audit database in the UK
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n The IQIC in low- and middle-income countries
n External organizations such as (for example) the United

States News and World Report

These have enabled large-scale data collection and
implementation of important multi-institutional efforts
to develop risk prediction and adjustment methodology,
as well as identifying best practices and areas requiring
improvement.69,102-104 In areas with centralized patient
data repositories, such as Belgium and Quebec, Canada,
data may be collected longitudinally without third-party
registries.105,106

Risk-adjusted outcomes are imperative for QA as they
allow for comparisons between centers and operators in
the heterogeneous population of congenital cardiac
catheterization. The role of outcome comparison in
driving QI has been shown in the reduction of radiation
use in congenital cardiac catheterization labs.53 The
IMproving Pediatric and Adult Congenital Treatments risk
adjustment methodology and the standardized AE ratios
from CHARM can both fulfill this requirement. CHARM
was the first pediatric catheterization outcome metric
recognized by the US-based National Quality Forum in the
Core Quality Metric Collaborative endorsed measure set.
However, these measures are based on experiences in the
United States and may not necessarily apply to other
countries and health care settings.

12.5. Quality improvement projects and resources

The IHI toolkit is available online and provides useful
training, worksheets, and project planning documents for
general QI projects.107 SCAI website includes a Pediatric
QI Toolkit, which provides a centralized resource with
information on QI within the field of congenital cardiac
catheterization.108 Modules include Quality in Health-
care, Conferences, QI Tools, and QI Examples. These
modules provide training, links, and resources for users
seeking to expand their knowledge and skills related to
QI. In addition, SCAI website houses a library of QI pro-
jects submitted as examples for adaptation by SCAI
members in local QI initiatives. These frameworks and
initiatives may also meet requirements by national boards
relating to QI, such as those required by the American
Board of Pediatrics when submitting a local QI project for
credit consideration.

12.6. Regulatory requirements

QA and QI efforts are no longer just a desirable “surplus”
activity but are mandated by many national regulatory
bodies. As an example, in the United States, the Federal
government has mandated adoption of the continuous QI
process in the health care industry. Governmental and
accreditation bodies, such as the National Integrated
Accreditation for Healthcare Organizations (NIAHO), the
Joint Commission on Accreditation of Healthcare Orga-
nizations, and the IAC, now require CQI programs as part
of accreditation.109,110 Risk-adjusted outcomes are
required by the Joint Commission to assess operator
performance for Ongoing Professional Performance
Evaluations.

In addition, as per the ACGME, physicians in training in
the United States are required to complete QI projects
during residency. Similar requirements exist in other
training authorities, such as the need to participate in a
clinical audit for junior doctors during training in the UK.
While required quality monitoring in the cardiac cath lab
can vary between countries and even regionally in the
United States, professional organizations, such as the
ACC, the AHA, and SCAI have produced guidelines and
expert consensus documents recommending CQI pro-
grams for enhancing cardiovascular care.101,111

12.7. Considerations for resource-limited environments

Many of the measures in larger registries such as The
IMproving Pediatric and Adult Congenital Treatments are
based on experiences in the United States. Further
research and metric development must be conducted to
validate the utility of these methodologies in other
countries, particularly in low-resource settings. As such,
after an initial pilot phase, the IQIC, dedicated to
improving care in low- and middle-income countries,
launched a free congenital cardiac catheterization registry
in 2019 with streamlined variables focused on patient risk
and procedure outcomes.112,113

13. PREPROCEDURAL MANAGEMENT

Optimal outcomes are dependent on appropriate pre-
procedural planning, intraprocedural decision-making
and execution, and postcatheterization management.114

This section focuses on the precatheterization planning
phase and includes all processes that need to be in place
up to the point of the patient entering the cardiac cath lab.
These processes include patient selection, procedure-
specific case preparation, informed consent, pre-
procedure huddle, as well as transportation of the patient
to the cardiac cath lab.

13.1. Patient selection: Congenital case management
discussions

All interventional procedures that are either complex,
carry significant risks, have potential alternative treat-
ment options, or where there are questions about the pre-
or postprocedural management, or the most suitable op-
erator(s) to perform the procedure, should be discussed at
regularly occurring combined case management confer-
ences. These ideally should include a congenital heart
surgeon, a congenital echocardiography specialist, a
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pediatric cardiologist, a congenital axial imaging
specialist, and ideally also a pediatric electrophysiologist
and a representative from pediatric cardiac anesthesia. In
addition, and depending on the planned procedure type,
additional presence of other involved services, such as for
example PICU, NICU, and pulmonary hypertension may
be required. These conferences are the appropriate forum
to make transparent case management decisions,
including the type of procedural specialist(s) that should
be performing the procedure, and the type of backup that
may be required. All cath lab staff should be encouraged
to attend those meetings.

While there will be institutional variation in format and
the extended personnel involved, the discussion needs to
include a thorough review of the indications (and poten-
tial contraindications) for the cardiac catheterization
procedure, the data to be obtained, and any interventions
planned. The discussion also needs to include any po-
tential impact a procedure may have for future surgical or
catheterization procedures and evaluation of any poten-
tial alternative treatment strategies. The discussions
should be as comprehensive as needed for each specific
case but may be more limited for more straightforward
cases. During these discussions, the multidisciplinary
team should comment on additional requirements for
specific vulnerable patients, such as those with high-risk
coronary lesions, cardiomyopathies, and pulmonary hy-
pertension, as additional preparation may be required to
minimize complications and optimize results. Decisions
about the urgency of a specific case are usually made at
the time of the case management conference.

13.2. Procedure-specific case preparation

Pediatric cardiac catheterization involves performance of
many complex procedures. Successful performance is
highly dependent on a sophisticated organizational sys-
tem and coordinated efforts of multiple individuals
working as a team with a high level of technical
proficiency.

Before a procedure begins, there are multiple key
points-in-time to communicate about optimizing care,
allocating resources, and anticipating potential risks.
These points-in-time are in addition to the case manage-
ment discussion and the mandated immediate pre-
procedure “time out,” such as the week before the
procedure, the day prior, or the team “huddle” the day of
the case. Such advance planning and communication can
improve capacity management, allow schedule balancing
based on procedure risk and anticipated case duration,
inventory anticipated equipment, and plan for potential
surgical backup (Section 9), or vendor support. While
usually not feasible for smaller centers with limited
personnel, daily multidisciplinary meetings can provide
opportunities to review emergency resources, allow
technicians to prepare equipment, and for other providers
such as anesthesiologists to plan for complex cases.

While case selection and some case-specific decisions
are often initiated at the time of the case management
discussion, many elements important for the specific
planning of a procedure follow afterward and are usually
coordinated and supervised by the interventional cardi-
ologist and the extended team. Examples include risk
assessment, determination of a sedation or anesthesia
plan, need for laboratory testing and blood bank re-
quirements, anticipated vascular access, need for addi-
tional imaging, anticipated supplies and devices,
coordination of surgical backup, review of comorbidities
that might require the involvement of other sub-
specialties, as well as the anticipated case duration and
intended length of hospital stay.

13.2.1. Imaging and chart review

Interventional cardiologists need to be inherently familiar
with all aspects of the patient’s cardiac and past medical
history, as well as comorbidities. Important consider-
ations that might impact the procedural planning include
baseline cardiac function, especially those with known
cardiomyopathies, CAD or anomalous coronary connec-
tions, pulmonary hypertension, and a history of
arrhythmias.

A detailed review of cardiovascular data should include
a review of all previous surgical and cardiac catheteriza-
tion reports, as well as review of previous cardiac cathe-
terization imaging. It should also include review of the
recent echocardiogram, ECG, and in some cases, a chest x-
ray (CXR). Two-dimensional and 3D chest/cardiac imaging
(CT or MRI) and 3D printed models should also be
reviewed, ideally with the aid of an axial imaging
specialist. Important missing reports should be obtained
in advance of the procedure.

The preprocedural review of these data is crucial, in
particular in patients with a complex past cardiac history,
to fully understand the development of the vasculature,
illustrate limitations to vascular access, and allow the
operator to anticipate how previous interventions may
impact current procedural plans. Reports of imaging
studies and preferably the images themselves should be
easily accessible during the cardiac catheterization for
reference if needed.

13.2.1.1. Medications

Prior to the procedure, all medications should be thor-
oughly reviewed. Commonly encountered medications
are cardiac medications, including those specific for sys-
temic and pulmonary hypertension, arrhythmia, or heart
failure. Common noncardiac drugs include steroids, in-
sulin, anticoagulants, antiplatelet medication, and bron-
chodilators. The timing of administration of each
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medication needs to be considered individually. In some
instances, medications may need to be held. Adjustments
of antiarrhythmic medications should be made in
consultation with the electrophysiologists as well as the
anesthesiologists. The same applies to pulmonary vaso-
dilators, which should be discussed with the pulmonary
hypertension specialist. If patients are at risk of a pul-
monary hypertensive crisis, inhaled nitric oxide (iNO) or
alternatively iloprost for inhalation should be readily
available during the procedure.

Aspirin is usually not discontinued prior to a cathe-
terization procedure (but may need to be stopped for
hybrid procedures), and in some instances such as ASD
closure, it may be initiated a few days before a procedure.
Depending on the planned procedure, full oral anti-
coagulation such as coumadin may need to be withheld
and some patients, in particular those with mechanical
valves, may need to be transitioned to either intravenous
heparinization or low molecular weight heparin. Heparin
can usually be discontinued just before the procedure,
and in some patients on circulatory support, it may need
to be continued throughout the case. Published data on
cardiac catheterization while on ECMO suggests that even
with full anticoagulation, these procedures can be per-
formed safely.115

13.2.2. Risk assessment

In the past decade, much work has been done on risk
prediction and risk-adjustment models, which have pro-
vided a better understanding of procedural risks and
complications.102,116,117 Advancements in risk prediction
include development of the CRISP score102 by the CCISC
in 2007, which included participation of many centers
around the world.73,118 This prediction tool provides a
precatheterization risk scoring system that can be applied
to individual pediatric patients to determine risk of an AE
based on anticipated procedure type and patient charac-
teristics. The CRISP calculator has been made freely
available online and serves as an easily applicable and
widely utilized tool to predict procedural risk.117 It is also
used by operators for patient counseling and consent.

The CHARM model has undergone improvements to
anticipate potential risk including summarization of in-
dividual procedures performed into a single case type,
incorporation of new interventions performed in the
catheterization lab, and an updated hemodynamic
vulnerability scoring system based on a better under-
standing of hemodynamic risk.70 Regular incorporation of
risk prediction tools into procedure communications can
allow teams to anticipate and prepare for emergencies.
This can be done through detailed review during the pre-
cath workup and the precase huddle and/or through a
simple red-yellow-green coding for anticipated patient
risk in the scheduling system. Case-specific risk
prediction is also a helpful element to include in the
informed consent.

13.2.3. Procedural timing

The specific planned procedure and procedural risk, the
urgency and duration of the procedure, and the hemo-
dynamic stability of the patient will dictate procedural
timing.102,116,119 When possible, young infants and chil-
dren along with complex cases should be scheduled early
in the day to reduce nil-by-mouth time and to allow for
postprocedural recovery and disposition during regular
operational hours. Equally, higher-risk patients should be
scheduled early in the day, to avoid procedures
continuing beyond regular hours when there is less
staffing support. Comorbidities such as insulin-
dependent diabetes may also impact patient scheduling.

13.2.4. Expected hospital stay

For every patient and procedure, the precatheterization
review needs to include the anticipated hospital stay and
the expected location following the procedure. Where
feasible and where resources allow, the respective units
should ideally be notified in advance and beds booked, so
that there are no surprises on the day of the procedure.
Support and nursing staff are crucial to ensure beds and
staffing are available for the post-cath patient, whether it
is an inpatient, a same-day discharge, overnight admis-
sion, or prolonged hospitalization for further
management.

13.2.5. Additional preprocedural testing

13.2.5.1. Consults

The most common consults that may be required prior to
cardiac catheterization include anesthesia and surgical
consults. Other subspecialty consultations may be needed
on a case-by-case basis to address specific patient
comorbidities. This may include consults with gastroen-
terology/hepatology for single ventricle patients with
impaired liver function, nephrology consults for those
with abnormal renal function, or hepatology consulta-
tions for those with a hyper-or-hypercoagulable state.
Assessment and evaluation for any dental issues should
be performed in any patient with an anticipated device or
stent implantation. This includes consideration for a
referral for formal dental clearance on a case-by-case ba-
sis. In some patients, preadmission consultations by pe-
diatric specialists (or internal medicine specialists for
adults) may aid in identifying other significant
comorbidities.

13.2.5.2. Preprocedural nonlaboratory testing

Some additional preprocedural imaging and testing may
be needed for specific cases to support the indication to
intervene in a patient (such as an abnormal stress test



Holzer et al J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4

Standards and Guidelines J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6

184
response in coarctation of the aorta, or an abnormal
perfusion scan when planning to intervene on a branch
pulmonary artery), or to aid assessing the potential de-
gree of symptoms prior to a procedure as a pre-
intervention baseline (through for example exercise
testing) to serve as a reference for postprocedural
testing.120-128 Examples of frequently used preprocedural
testing include cardiopulmonary exercise testing (CPET),
6-minute walk test, pulmonary function testing, MRI with
differential pulmonary flows, pulmonary perfusion scan,
or Holter monitoring.129,130 In patients who have under-
gone previous cardiac catheterization procedures,
vascular ultrasound may be needed for the assessment of
vascular patency for procedural access. The need for this
additional preprocedural testing should be identified
through the preprocedural case review performed by the
interventional cardiologist. For cases of potential right
ventricular outflow tract (RVOT) stenting, preprocedural
exclusion of the need for electrophysiologic treatment
should be considered.

13.2.5.3. Laboratory testing

Laboratory testing and review should be case- and
patient-specific, and may include electrolytes, renal,
thyroid, and hepatic function, complete blood count, and
a coagulation profile. In otherwise healthy infants and
young children undergoing routine procedures, this
testing can usually be obtained on the day of the pro-
cedure after sedation or anesthesia is initiated to elimi-
nate the discomfort and anxiety of a blood draw and to
preserve vascular access sites for anesthesia. Some pre-
procedure testing is mandatory though and includes
pregnancy testing in postmenarche (in most countries), as
well as an international normalized ratio for patients who
were taken off coumadin prior to the procedure. In the
presence of comorbidities, specific tests to assess end-
organ function or metabolic profiles should be per-
formed prior to taking a patient to the cardiac cath lab. In
children with suspected genetic syndromes, genetic
screening should be performed prior to any potential
need for blood transfusion. Preprocedural lab-draws
should also be considered in older compliant patients,
as it can avoid waiting during the procedure for cross-
match to be completed.

13.2.5.3.1. Blood bank requirements

Blood may need to be accessible quickly (either in the
room or close by) for certain procedure types which might
include among others:

n Balloon angioplasty and/or stenting
n Transcatheter valve replacement
n Some procedures in premature infants
n Hybrid procedures
n Valvuloplasty procedures in critical AS and critical
pulmonary valve stenosis (PS)

n Some VSD closure procedures

In such cases, cross-matched blood should be made
available in the room either at the start of the procedure
or prior to performing the interventional component of
the procedure. When to obtain blood samples for cross-
matching depends on the expected laboratory turn-
around times which varies between institutions and
should influence decisions on whether to obtain the
needed samples in advance of a case, or after sheaths
have been placed.

Depending on institutional workflows and re-
quirements, obtaining the sample after hemostatic
sheaths are placed may allow cross-matching to be per-
formed and blood to be available, often prior to the
operator being ready for the interventional component of
the procedure (depending on procedure type). This re-
quires that a specific workflow be outlined in advance
between the cath lab and the blood bank so that this
process can be expedited. This may not be feasible in
every institution.

While this avoids patient discomfort and preserves
access sites, there will however be situations when anti-
bodies are identified, such as in patients who have un-
dergone multiple past surgeries with multiple blood
transfusions. In those situations, cross-matching can last
significantly longer. Such situations require either waiting
until the crossmatch is completed while a patient is under
anesthesia or using emergency (O-negative) blood for
backup (for interventions where the perceived risk of
requiring a transfusion is extremely low or the status of
the patient is so unstable that waiting would add signifi-
cant risk).

13.2.6. Equipment, supplies, and support

Review of needed equipment and supplies should be
performed well in advance of each case and should
include rarely used bailout equipment that may be
needed if an AE were to occur. This is especially impor-
tant for smaller facilities that may not stock large par
numbers for individual items (Section 7.4). In low-volume
centers or for uncommon procedures, special devices or
equipment not routinely stocked may need to be ac-
quired. Antiarrhythmic medications, temporary pacing
systems, and cardioversion/defibrillators should be
immediately available for all patients. Bailout equipment
is discussed in Section 7.4.

The need and timing for involving other subspecialty
services (such as TEE or electrophysiology) or consulting
services during the case needs to be coordinated in
advance. This also includes availability of industry sup-
port if needed for procedures such as for example
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transcatheter pulmonary valve replacement or device
implants. The need for a second interventional cardiolo-
gist, other subspecialty operators, and surgical backup
should be assessed and coordinated.

13.2.7. Concomitant procedures

Complex patients with multisystem diseases sometimes
may benefit from additional subspecialty evaluations (ie,
pulmonology, ophthalmology, and urology) or additional
procedures (including sedated echocardiograms, liver bi-
opsies, or permanent central line placement) at the time
of the cardiac catheterization procedure. Consideration
should also be given to planning for adjuvant imaging
when there is a high potential risk for potential AE, such
as intraprocedural bronchoscopy when bronchial
compression during left pulmonary artery stent place-
ment is a concern in selected patients.131

If additional surgical procedures are considered, a de-
cision on whether to perform these procedures before or
after heparin administration should be discussed with the
operators. It is important to avoid concomitant proced-
ures that can be associated with temporary bacteremia,
especially if device or stent implantation is being
considered.

13.2.8. Patient-specific considerations

13.2.8.1. Patients with renal impairment

Angiography with exposure to contrast media is a risk
factor for acute renal failure, although this is a rare
occurrence in pediatric patients with normal renal func-
tion. Adult patients with baseline renal dysfunction
(estimated glomerular filtration rate [GFR] <60 mL/min/
1.73 m2), diabetes mellitus, hypotension, and chronic
heart failure are at increased risk of contrast-induced
nephropathy.

Renal disease is a major risk factor for ACHD patients
undergoing cardiac catheterization.132-134 Renal dysfunc-
tion is particularly common in patients with ACHD with
50% of young adults (65% with cyanosis) having at least
mild disease and an 18-fold to 35-fold higher incidence of
significant renal dysfunction compared to the general
population. In patients with renal dysfunction, pre-
procedural discussion with the nephrology service is
essential.

In patients deemed at risk for contrast-associated acute
kidney injury (AKI) smaller volumes of contrast relative to
GFR, and prehydration can be considered. Multiple agents
(N-acetylcysteine, ascorbic acid, etc.) have been used for
additional prophylaxis with varying results with initiation
or continued use of statins seeming to be most consis-
tently beneficial,135 although the data on the protective
effect of these interventions is inconclusive.92,136,137 In
addition, it is recommended to withhold angiotensin
converting enzyme inhibitor or angiotensin II receptor
blocker if eGFR <60 mL/min/1.73 m2. Judicious use of
contrast is required in all these patients, which needs to
be included in the preprocedural planning.138-141

13.2.8.2. Patients with allergies

The history of patient allergies should be discussed at the
time of the consent. The most important consideration is
an allergy to contrast, even though contrast reactions are
rare, in particular in patients less than 5 years of age. In
patients with a prior reaction to contrast media, protocols
are available for oral pretreatment with steroids.142 It is
not necessary to use premedication in patients with an
allergy to shellfish but not contrast. Likewise, a protocol
for treating severe anaphylactic contrast reactions should
be in place. Other allergies to consider include latex,
betadine, chlorhexidine, and tape. Communication with
the anesthesiologist and the cath staff for potential al-
lergies can mitigate these complications with advanced
planning and the use of alternative options.

13.2.8.3. Considerations for thyroid dysfunction

Although exposure to iodinated contrast agents may alter
thyroid function, the limited data available suggest that,
in young children who have been exposed to contrast
agents, hypothyroidism is rare and usually tran-
sient.143,144 Patients who require repeated cardiac in-
terventions (particularly in the context of medications
that may affect thyroid function) may be more at risk. In
neonates and preterm infants, evaluation of preproce-
dural and postprocedural thyroid function should be
considered case-by-case.

13.2.8.4. Considerations for pulmonary hypertension

Patients with severe pulmonary hypertension on vasodi-
lator therapy, are at increased risk of procedure-related
AE. This includes angiography-induced pulmonary hy-
pertensive crisis, and potential risk related to prophylac-
tic intubation, where subsequently needed extubation
can induce a pulmonary hypertensive crisis. As such,
performing procedures under sedation should be consid-
ered on a case-by-case basis in these patients (Section 10).

13.3. Informed consent

Informed consent is crucial and legally required prior to
performing any procedure (except for life-saving emer-
gency interventions). The consent should always be ob-
tained by direct communication between the operator
and the legal caregivers or the adult patient. While
obtaining consent on the day of the procedure is accept-
able practice, it is ideal practice for the operator to meet
with family and caregivers prior to the procedure date.
This allows for the family to be less distracted by concerns
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of an imminently happening procedure, or an upset child
who has not eaten for several hours.

It is recommended that a licensed medical interpreter
be utilized if the discussion is not in the patient’s or
family’s native language. A thorough discussion of the
planned procedure, indications, alternative treatment
options, likely benefits, and risks should occur. This may
be supplemented with data from preprocedural risk cal-
culators such as rCRISP. Potential major and minor AE
should be outlined. This should include a review of spe-
cific cardiac catheterization-related AE such as death,
infection, bleeding, arrhythmia/heart block, thromboem-
bolic events including stroke, vascular injury or compro-
mise, and cardiovascular injury requiring emergent
procedures or surgical repair. Additional AE should be
included depending on the specific intervention planned
such as valvular regurgitation or residual stenosis in valve
dilations, or potential device malposition/embolization
requiring additional repositioning or (surgical/cath)
retrieval.145

Patients and caregivers should be informed about the
expected intermediate and long-term outcomes and the
need for additional procedures that may be required,
especially in growing children with complex heart
disease.

The discussion and consent should be age-
appropriate for children and adolescents. Ideally, in-
formation should be provided at a 6th-grade education
level. Consent is usually taken from the legal caregiver
in pediatric patients, which also applies to older pa-
tients if the patient does not have the capacity to un-
derstand a basic consent/assent discussion. All parental
and patient concerns and questions should be fully
addressed, recognizing there will be substantial varia-
tion in the breadth and depth of the necessary discus-
sion. It is often helpful to have the parents and/or
patient articulate what they understand to avoid any
misunderstanding. The family should be given a clear
understanding of the expectations for procedural suc-
cess. Questions regarding the operator’s experience and
previously encountered complications should be
answered openly and transparently.

Permission to transfuse blood products may need to be
included in the consent (with specific accommodations
for Jehovah’s Witnesses patients).

13.4. Precase clinical review

All patients planned to undergo cardiac catheterization
should be clinically evaluated with a full history and
physical examination in advance of the procedure (ideally
within 30 days), with a final check-up immediately pre-
procedure, to make sure there are no infectious or other
clinical contraindications to proceed with the procedure.
This should ideally be supplemented by a phone call a day
or 2 before the procedure, to identify any new problems
and avoid last-minute cancelations.

13.5. “Nil-by-mouth” guidelines

During the clinical precatheterization assessment, infor-
mation on when to stop eating and drinking must be
provided to avoid procedural cancelations or inadvertent
pulmonary aspiration. Generally, the 2-4-6-8 hour rule for
clear liquids, breast milk, formula, and solids, respec-
tively is utilized but there may be institutional varia-
tions.146 Clear communication as to what constitutes each
of the liquids is essential to avoid confusion on the pa-
tient’s/parent’s part. Ideally, patients/caregivers should
be provided with written instructions. In neonates and
infants, commencing glucose infusion after the last oral
food administration should be considered in selected
cases.147 In addition, volume depletion should be avoided
in very cyanosed patients with high hemoglobin. Pre-
procedure administration of intravenous fluids should be
considered in such cases.

13.6. When to cancel or postpone a case

Unfortunately, certain situations or a change in condition
may warrant a case being postponed or canceled. Reasons
for cancelation may vary in severity from an acute change
in patient status for in-house patients or signs of a res-
piratory and/or other infection to less severe reasons such
as unknown poor dental hygiene, not following pre-cath
nil-by-mouth instructions, or arriving late to the hospi-
tal on the procedure day. A thorough discussion between
the interventional cardiologist, anesthesiologist, primary
cardiologist, and/or possibly ICU physicians should occur.
This discussion should include the risks and benefits of
moving forward with performing the procedure on the
scheduled day vs postponing the procedure. Other items
to take into consideration are the length of the procedure,
availability of the cath lab and support staff, and bed
availability, particularly if ICU or high-dependency unit
care is required. Note that a high-dependency unit may
only exist in a limited number of institutions. Patient
safety should always be at the forefront of this discussion.

13.7. Transportation

Transportation to the cath lab from various inpatient
units and holding areas as well as from the cath lab to the
recovery room and ICU will be unique in every institution
depending on the distance between these units. In gen-
eral, transportation should be conducted efficiently with
adequate staffing and resuscitation supplies and medi-
cations readily available during transportation. Potential
AE during transportation of critically ill children and ne-
onates should be discussed. It is recommended to develop
a checklist to reduce AE during transportation.148,149

Intravenous access should be reviewed prior to
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transportation, especially for patients who are potentially
unstable, or on continuous intravenous medications
including inotropic agents and prostaglandins.

For children who are transported awake, an assessment
should be made regarding their anxiety and fear of sep-
aration from their parents. Ideally, consideration should
be given to allow parents to accompany the child to the
cath lab. Pretransport (and preprocedure), sedation may
be needed in some patients and premedication should be
ordered accordingly. Each institution should have a clear
protocol for such transportations.

Additional transportation considerations for premature
infants are discussed in Section 16.2.1.

13.7.1. Intubated and ventilated patients

In patients with an endotracheal tube in situ, tube posi-
tion should be verified and optimized via auscultation or
radiograph prior to transportation. Endotracheal suc-
tioning, if necessary, should occur prior to transport in
selected patients. A transport monitor should be utilized,
and, at a minimum, should be capable of displaying
continuous ECG, pulse oximetry, capnography, and
intermittent blood pressure measurement. The transport
team should travel with the full complement of resusci-
tation medications and equipment to manage the airway.
In some circumstances, it may be necessary to transport a
patient with a dedicated ICU ventilator, which often re-
quires additional careful planning for transportation.

13.7.2. Transporting patients on extracorporeal membrane

oxygenation, ventricular assist device, or with high-

frequency oscillatory ventilation

Pediatric cardiac patients requiring circulatory support
such as ECMO or VAD include those with low cardiac
output, unexpected cardiac arrest, failure to wean from
cardiopulmonary bypass postoperatively, severe
cyanosis, and refractory arrhythmias.150 Indications for
catheterization in this patient population include hemo-
dynamic and anatomic assessment of a surgical repair
(and treatment of pathology amenable to transcatheter
intervention), left heart decompression in patients with
left heart dysfunction, and others. Published data suggest
these procedures can be carried out safely and yield
crucial information enabling therapeutic interventions or
changes to the medical management strategy.150

These patients require additional preparation prior to
going to the cardiac cath lab. A pretransportation huddle
should be performed by all team members involved in the
transport of the patient, essential for optimal planning
and smooth transportation all the way to the table in the
cardiac cath lab.

Because tubing for oscillation ventilators, ECMO, and
VAD is significantly stiffer than routine ventilator tubing,
extra precautions are required to avoid accidental
separation. Nevertheless, transportation on HFOV has
been shown to be safe with good planning.151,152 It is not
uncommon for transportation of these mechanically
supported patients to be performed by 6 or more staff
members. The route between the ICU and the PCCL
should be well planned to include how to cross entry and
exit doorways, how to enter elevators, and pre-emptive
removal of movable impediments along the way to the
PCCL. Important details include consideration of whether
the head or the foot of the bed should enter the lab first,
and on which side of the table the bed should be posi-
tioned to facilitate transfer of the patient.

Positioning of the patient may have additional chal-
lenges depending on the purpose of the cardiac cathe-
terization. Use of the lateral camera or specific angulation
for angiography or intervention may not be possible due
to space constraints. It should be recognized that addi-
tional TEE imaging may be needed at the time of the
catheterization, adding additional ergonomic challenges.
Every cath lab has a unique space configuration; thus,
careful consideration should be made in advance
regarding how to transport the patient into the lab as well
as placement of the patient onto the table safely.

13.8. Preprocedural team huddle

In addition to the immediate preprocedure timeout, or
“safety briefing” as mandated by the World Health Orga-
nization, a team huddle adds additional (ideal) safety el-
ements to a procedure.153 However, this may not be
practical in many institutions. The team huddle should
ideally be performed with all team members in atten-
dance and prior to the patient being transported to the
cardiac cath lab (which is different from the preprocedure
time out). This facilitates all team members being non-
distracted by other commitments or patient needs.
Checklists are recommended to complement those team
huddles, and meant to improve periprocedural manage-
ment and communication.27 In fact, the use of a team
huddle and World Health Organization-derived safe pro-
cedure checklists in the cardiac cath lab (before cases,
immediately prior to access, and after cases) has led to
decreased radiation exposure, fewer procedural compli-
cations, faster turnover time between cases, and
improved staff experience.154

With the team present, a brief discussion of all relevant
clinical information is provided which includes but is not
limited to the following: diagnosis and previous proced-
ures/treatments, planned procedure and indication,
comorbidities, cardiac/renal/pulmonary function, recent
laboratory testing (including pregnancy testing), baseline
oxygen saturation, current medications and allergies, in
situ lines and devices, laboratory and imaging results,
previous access difficulties and planned access sites, type
of sedation or anesthesia, potential medications to be
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administered (heparin and potential alternative anti-
coagulation, antibiotics), expected amount of oxygen to
be used, need for nitric oxide or inotropic support, po-
tential need for blood, potential AE and their mitigation,
known arrhythmias, and need for pacing pads and
defibrillation.

If an ICU bed has been requested for postprocedure
care, availability should be confirmed at this stage.
Some patients, particularly from the adult congenital
group, may occasionally have documented advance di-
rectives about resuscitation, and if so, this must be
clearly noted.

13.9. Preparation for adverse events

The preprocedure team huddle is the ideal environment
to discuss the potential AE of a specific procedure. A
detailed discussion needs to focus on most likely and
important periprocedural risks, potentially needed
bailout procedures and equipment, as well as emergency
backup activation (extra staff support, code teams, sur-
gical backup, ECMO [Section 9]). Delineation of key roles
for personnel during resuscitation and emergencies
should be agreed prior to starting a case.

Beyond case-specific preparations, possible AE should
also be discussed in team training and/or simulation set-
tings to allow an opportunity for staff to practice pro-
tocols and review and discuss any prior events. This
includes AE that have significant potential implications,
such as cardiac perforation, vessel tear/rupture, stent or
device embolization or migration, as well as hemody-
namic complications. Preparation for the occurrence of AE
and their mitigation may include checklists of equipment
that will be rapidly required. All staff members and phy-
sicians involved in cardiac catheterization procedures
should have formal training in pediatric and preferably
adult resuscitation.

13.10. Considerations for ACHD patients

As is the case for pediatric patients, all ACHD interven-
tional procedures should be discussed at regular case
management conferences. In addition to the pediatric
team as outlined in Section 13.1, it requires participation
of ACHD specialists, and depending on the planned pro-
cedure type, additional presence of adult cardiologists
specializing in structural heart disease or percutaneous
coronary interventions. Support from the ACHD team is
essential for optimal outcomes in ACHD interventional
procedures.
13.10.1. Adult comorbidities and ACHD-specific considerations

A variety of conditions are seen more frequently in ACHD
patients and are listed below. However, the same con-
siderations equally apply to affected pediatric patients:
13.10.1.1. Arrhythmia

Adult patients with native and postoperative CHD are at
increased risk of both tachyarrhythmias and bradyar-
rhythmias, which constitutes significant M&M in ACHD
patients.155-158 The ACHD interventional team should
have a clear understanding of the potential arrhythmias
each patient may have. ACHD patients with arrhythmias
should be referred to an electrophysiologist for consul-
tation prior to or at the time of catheterization for
appropriate therapeutic strategies. For patients with atrial
tachyarrhythmias, consideration of catheter ablation
prior to device closure of an ASD is especially important,
as access to the left atrium may be more difficult after
closure. Appropriate antithrombotic therapy is necessary
prior to catheterization and may continue after the
procedure.

13.10.1.2. Failing Fontan (single ventricle) physiology

Patients with poor Fontan circulation often rely on a state
of high adrenergic tone to maintain adequate cardiovas-
cular hemodynamics. Thus, it is not unusual for these
patients to become hemodynamically unstable with
minimal sedation and especially inhaled anesthetic
agents. Therefore, intravascular volume depletion needs
to be avoided, in particular any diuretic overtreatment.
However, the highest risk is related to inadequate posi-
tive pressure ventilation during the procedure, and mean
airway pressure above 7 to 9 cmH2O needs to be avoided.
Low-frequency ventilation with as low a positive end-
expiratory pressure as possible for passive lung perfu-
sion is important. A sedation/anesthetic regimen to
minimize this occurrence and appropriate resuscitation
strategies should be well thought out and put in place
prior to starting the case.

13.10.1.3. Plastic bronchitis

Hyaline casts produced with plastic bronchitis can cause
significant airway obstruction. Even if the patient has
minimal respiratory symptoms, airway manipulation
including intubation can mobilize casts producing respi-
ratory distress. Consultation with adult bronchoscopy
specialists should occur prior to the procedure to discuss
the potential need for and timing of bronchoscopy with
potential cast removal. These services should also be
available throughout the catheterization.

13.10.1.4. Diabetes mellitus

Studies suggest that there is an increased risk of diabetes
mellitus in ACHD patients with nearly 40% having
impaired glucose tolerance and prediabetes.159 Strategies
to maintain proper blood sugar levels throughout the
admission for cardiac catheterization for patients with
diabetes should be created in consultation with adult
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endocrinologists. Diabetes mellitus predisposes to early
vascular and renal disease and patients with diabetes
mellitus are at increased risk for contrast-mediated AKI.
At least basic strategies for AKI prophylaxis should be
instituted during ACHD catheterizations.

13.10.1.5. Chronic lung disease

CLD including restrictive lung disease and chronic
obstructive pulmonary disease occurs frequently in pa-
tients with ACHD with as many as 45% having abnormal
spirometry.160,161 Abnormal spirometry should be fol-
lowed by confirmatory formal pulmonary function
testing. CLD poses significant risk during complex cardiac
catheterizations.162 A clear respiratory/ventilatory strat-
egy should be created in advance of the procedure and
participation by adult anesthesiologists is strongly
encouraged. CLD may also potentiate the risk of pulmo-
nary artery hypertension. In patients with severe CLD,
intubation during the procedure may lead to prolonged
mechanical ventilation postprocedure; hence, maintain-
ing a natural airway with spontaneous respiration, when
possible, may be advantageous. Adult pulmonology/crit-
ical care should be involved in the patient’s post-
procedure care.

13.10.1.6. Hypertension

There may be an increased risk of systemic hypertension
in patients with ACHD compared with the general popu-
lation. ACHD patients with renal abnormalities, cyanosis,
heart failure, and coarctation of the aorta (unrepaired or
repaired) are a particularly at-risk population.163 Strate-
gies to control blood pressure throughout the admission
for cardiac catheterization need to be individualized and
should be created with input from the appropriate inter-
nal medicine consultant. Systemic hypertension can lead
to early vascular and renal disease, thus patients with
hypertension are at increased risk for contrast-mediated
AKI. At least basic strategies for AKI prophylaxis should
be instituted during ACHD catheterizations.

13.10.1.7. Hypercoagulability and anticoagulation

Thrombosis is a common complication in adults with
CHD; however, there are limited data on its prevalence.
Cyanotic forms of ACHD are a particular risk. Patients
with Eisenmenger syndrome and Fontan physiology have
up to 33% occurrence of thrombosis; asymptomatic
thrombosis is common.163-166 Management of antith-
rombotic agents in patients referred for cardiac catheter-
ization needs to be individualized based on patient-
specific thrombosis risk and the risks of the planned
procedure. In some instances, initiation or continuation
of antiplatelet agents will suffice while in the highest risk
situations (mechanical valve prosthesis, Fontan physi-
ology, Eisenmenger syndrome, history of thrombosis,
etc.), patients may require admission for heparin bridge
after discontinuation of oral anticoagulants. Hemorrhage/
bleeding occurrences constitute a relatively frequent
intraprocedural and postprocedural major complication in
CAD and SHD interventions. Thus, there needs to be
meticulous attention to clinical and laboratory assess-
ment of bleeding and/or thrombotic complications post-
procedure as the patient is returned to an outpatient
medical regimen.

13.11. Considerations for resource-limited environments

n Preprocedural planning will usually require detailed
case-specific staffing, equipment, and supply arrange-
ments, given that standard resources available often
may be insufficient to support a specific planned
procedure.

n Such planning also will need to include a detailed dis-
cussion with families about the costs of devices and
whether in some cases, surgical options may be more
affordable.
14. INTRAPROCEDURAL MANAGEMENT

14.1. Time out

As in other procedural settings, a formal “time out” or
safety briefing as mandated by the World Health Organi-
zation should be performed at the start of the proced-
ure.153 It should include reconfirmation of the patient’s
identity, procedural plan, and confirmation of valid con-
sent. This is different from the preprocedural huddle
(Section 13.8), and in fact, occurs with the patient being in
the cath lab. The preprocedural time out is also a useful
opportunity to reconfirm the names and roles of all
personnel present. The operator should reiterate any
unusual procedural aspects, specific equipment re-
quirements, and other important aspects relating to the
procedure. The patient’s weight and any existing allergies
should also be confirmed.

14.2. Infection prevention

Infectious complications from cardiac catheterization are
rare; however, careful sterile technique should be
routine.34 The access site should be appropriately cleaned
with an antiseptic solution and sterile draping under-
taken. In older patients, the skin may require depilation
with clippers or a razor prior to application of antiseptic
solution. Operators should undertake careful handwash-
ing and don a sterile gown and gloves. A generally sterile
environment should be maintained throughout the pro-
cedure with particular attention paid to maintenance of a
sterile field for equipment. For hybrid or valve implant
procedures, in particular, air quality and sterility are
important. As such, special attention should be given to
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operator and procedural preparation with a full surgical
scrub technique per institutional policy. Wedding rings
should be removed for any open chest hybrid procedure.
Observers inside the cath lab should be limited in cases
with biological implants and a potentially higher risk of
infection.

Systemic antibiotics are not administered routinely but
reserved for procedures where stents, coils, valves, or
other foreign material is implanted, with the most com-
mon protocol being cefazolin in 2 divided doses, except in
patients who have demonstrated allergy/sensitivity to
penicillin/cephalosporin type agents.167 However, the
specific antibiotic administered may vary by institution.
Transcatheter valve replacement warrants caution, and
considerations should be given to providing 24 hours of
antibiotic cover for this group of patients.

Hats, masks, and eye protection protect the operator
and assistants from contact with blood splashes and
should be worn in the interest of infection control. Care
should be taken with equipment to minimize the risk of
blood-borne infection. Protocols should be available for
testing patients and staff and appropriate follow-up in the
event of inadvertent needle stick injury or relevant body
fluid exposure. Disposal of all equipment, particularly any
equipment exposed to blood/body fluids, should follow
local infection control and safety guidelines.

14.3. Hemodynamic calibration

General patient monitoring is discussed in Section 10.3.
Hemodynamic data for pediatric patients requires accu-
rate calibration of the transducer; inaccurate calibration
can make the difference between a patient being consid-
ered a good vs a high-risk candidate for procedures such
as Fontan completion. There are multiple methods to
assure that the zero level is measured appropriately for
each patient, which vary between institutions. It is
important to emphasize that repeat calibrations may need
to be performed at different times during a procedure,
and when any of the obtained parameters are unexpected
or do not make sense in the context of a patient’s anatomy
and physiology.

14.4. Patient positioning

Patient positioning at the commencement of the proced-
ure is important, recognizing vulnerabilities relating to
pressure areas, safety, risk of hyperextension (particu-
larly at the shoulders), the need to maintain a sterile field,
and preservation of patient body temperature. High-risk
pressure areas such as sacrum/coccyx, head, heels, and
shoulder blades may require additional protective
padding. Intravenous lines and other patient monitoring
equipment that will not be easily visible after draping
should be carefully checked and secured.
If the patient is under GA, then risks of corneal expo-
sure need to be minimized (for example through eyelid
taping), and the risk of nerve compromise or compression
due to pressure or position recognized and minimized.
While a supine position with arms above the head is the
most common positioning of patients in the PCCL, one
must be mindful of the risk of brachial plexus injury. Thus
regular (every 30-45 min) repositioning and resting of the
arms is a worthwhile consideration, in particular in larger
adult-sized patients. Arm abduction to $90�, particularly
when also extended, and concurrent contralateral head
rotation and abduction should be avoided.168 Procedure
length and the use of GA are established risk factors for
these positional complications.169
14.5. Vascular access

A minimum of 1 working peripheral intravenous cannula
should be in place at the start of the procedure for
administration of fluids and medication as required.
Procedural vascular access, particularly in smaller pa-
tients and those requiring repeated intervention, can be
very challenging. Occasionally, offering a side port of a
venous sheath for use by anesthesia providers can be
helpful when intravenous access is limited. Where
feasible, the use of ultrasound to facilitate access is
encouraged and is considered the ideal standard of prac-
tice. Local anesthesia when indicated should be admin-
istered cautiously through a small needle to minimize
vascular distortion.170 All operators should develop and
maintain competency in obtaining vascular access.

Procedural planning should consider minimizing
sheath size wherever feasible. Arterial access may be
required for monitoring, hemodynamics, or intervention
but risks of arterial thrombosis in smaller vessels can be
significant. On occasion, vascular access other than
femoral should be considered.30,171-173 Alternative routes
such as access via the axillary artery or vein, radial artery,
carotid artery, jugular veins, or transhepatic access are
frequently needed in patients with CHD. While proce-
dural constraints may necessitate a femoral arterial
approach in adult congenital patients, there is evidence
supporting the benefit of a radial arterial approach in
reducing bleeding and vascular complications in older
patients; thus, this approach should be considered where
feasible and indicated.174-177 For some less frequently
used forms of vascular access, expertise from interven-
tional radiologists, adult cardiologists, or anesthesiolo-
gists may be beneficial.

Many congenital patients have had prior procedures or
monitoring via a femoral approach, thus the possibility of
vascular occlusion should be kept in mind when consid-
ering vascular access. A vascular sheath should be used to
minimize vascular trauma in all patients. Coated sheaths,
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such as those used to achieve radial access in adult
practice, may be valuable in selected cases.178

As a general principle, appropriate positioning is
crucial to success in vascular access. Tailored approaches
to patient positioning may be needed, particularly with
nonfemoral access (such as flipping neonates and small
infants in the table when neck access is utilized).29 For
femoral access it helps to elevate the pelvis and hips of
the child with a small roll and mildly abduct the hips.
Having suitable supplies assembled and close at hand is
also crucial including suitable wires known to pass
through the access needle.178 A close fit between dilator
and sheath is important to minimize vascular trauma.

14.6. Intraprocedural documentation

Formal documentation of the procedure by anesthesia,
nursing, medical, and technical staff is mandatory via a
written or computerized record (or a combination
thereof). All medications administered should be clearly
prescribed and signed off by an appropriately qualified
prescriber. Documentation will follow local procedural
norms but should be sufficiently detailed to accurately
describe the hemodynamic condition of the patient
throughout the procedure, steps undertaken to perform
the procedure, equipment utilized, personnel present,
hemodynamic and angiographic findings, and outcome of
any intervention performed. Any AE must be clearly
documented. Documentation including the formal report
of the procedure should be in a format to promote easy
access to procedural notes for all relevant health care
professionals during the patient’s admission and be easily
accessible for later review (Section 15.5).179

14.7. Image acquisition and retention

The use of radiation is discussed in Section 11. The key
images obtained must be available for prompt review and
durably stored both for diagnostic purposes and to suffi-
ciently document the procedure. Images must be avail-
able postprocedure for review by other professionals
involved in the patient’s ongoing care and for audit pur-
poses. Long-term storage is important for congenital pa-
tients, who may be treated decades later by different
providers or facilities, who then may need access to pre-
vious cardiac catheterization data. Storage requirements
vary between health care settings, but the ideal standard
is for images to be stored and available to access for the
lifetime of a patient.

14.8. Intraprocedural adverse events

General preparation for AE is discussed in Section 13.9
and the availability of bailout equipment is discussed in
Section 7.4. When AE occur, the priority in the manage-
ment of any AE should be an assessment of patient sta-
bility which will dictate what additional resources may be
needed. While it is beyond the scope of this document to
discuss the technical details of the management of all
possible AE, some recommendations can be made:

n Prevention of stroke: The overall risk of stroke
(thrombotic or occasionally hemorrhagic) during left
heart catheterization/percutaneous coronary interven-
tion in adults is very low (0.2%-0.4%) and in pediatric
catheterization, it is even rarer (0.09%-0.16%).102,180-184

The most important measures to minimize stroke risk
and thromboembolism include heparinization (Section
14.10), and the avoidance of air embolism.

n Airway bleeding: With pulmonary artery interventions,
the possibility of acute airway compromise that may
result from pulmonary artery hemorrhage or high-flow
pulmonary edema, necessitating airway evacuation,
techniques for hemostasis, thrombolysis, and selective
bronchial intubation. Urgent consultation may be
needed with interventional pulmonologists and/or
otolaryngologists for the comanagement of airway
compromise in acute settings.

n Vascular hemorrhage: Congenital interventions
frequently involve expanding stenotic vessels and
surgical grafts to adult size (coarctation dilation/stent,
pulmonary artery dilation/stent, conduit stent place-
ment, etc.). Rarely these procedures may result in
vascular injury with extravasation of blood, which can
be devastating, and survival may depend on temporary
balloon occlusion followed by rapid implantation of
covered stent/grafts to control the hemorrhage.
14.9. Intraprocedural drug administration

All solutions on the table should be labeled and drawn up
in standard and agreed concentrations. Preprinted labels
for common medications are useful in drape kits.

n Contrast agents: AE related to contrast administration
(such as allergic reaction, fever, contrast-induced ne-
phropathy or seizures, thyroid dysfunction) are well
documented in adults although the use of newer, more
soluble iodinated contrast agents has greatly reduced
their incidence. Congenital catheter intervention may
however require multiple angiograms. Contrast load
per kilogram of patient weight can rise quickly, partic-
ularly in infants and small children. Larger contrast
doses are however usually administered over longer
procedure times. A review study found that, even with
doses greater or equal to 6 ml/kg, AE related to contrast
administration were extremely rare.141

n Local anesthetic agents: Local anesthetic agents are
frequently used to decrease pain at vascular puncture
sites. The agent most frequently used has been lido-
caine/lignocaine but on occasion, other agents are used
such as lidocaine-prilocaine cream, bupivacaine, or
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prilocaine.185,186 The risk of inadvertent intravenous or
intra-arterial injection should be recognized and dose
limits adhered to in order to avoid inadvertent
toxicity.187 In selected patients, consideration should
be given to use of long lasting local anesthetics in the
groin after the procedure.

n Heparin: Marked reduction in the incidence of throm-
bosis and thromboembolism can be achieved with
heparinization which should be standard practice dur-
ing almost all cardiac catheterization.178 It is usual to
commence pediatric procedures with a 50 to 100 U/kg
bolus although solid data are limited to determine the
exact effects of different dosing regimens for unfrac-
tionated heparin in this setting.188-191 Hemodilution
with fluid administration and premedication with
aspirin may reduce the ACT achieved.192 For procedures
that are anticipated to be brief, particularly those
confined to the right side or subpulmonic circulation,
this dose may be reduced or not necessary. The risk of
arterial thrombosis is increased in small children and
infants, with use of larger or longer sheaths and pro-
longed procedure times.193 Heparin dosing should be
carefully monitored via ACT, the target ACT usually
being 200 to 250 but determined more specifically with
knowledge of the procedure planned (in left heart
catheterization in adults usual target ACT is >250, but
vascular closure devices are much more frequently
used in adult patients). In situations of heparin-
induced thrombocytopenia, there are limited data that
can guide substitution with bivalirudin or arga-
troban.194-197

n Antibiotics: See Section 14.2.
n Dobutamine testing: Reference protocols are available

which outline standard indications for dobutamine
testing which may include assessment for possible
ischemia and evaluation of contractile reserve. A com-
mon use of dobutamine testing in the pediatric popu-
lation also includes the assessment of aortic valve or
aortic arch gradients in patients under anesthesia, in
whom baseline hemodynamic measurements do not
support transcatheter intervention. Monitoring of car-
diac rate, rhythm, and hemodynamic stability should be
continuous, with staff present able to respond promptly
and appropriately to any concerns as they arise.198,199

n Fluid challenge: Fluid challenge is most commonly
undertaken in the setting of pulmonary hypertension or
heart failure evaluation to assess the degree of diastolic
dysfunction. In adults, the most common protocol is
the rapid infusion of 500 ml of isotonic solution (0.9%
saline).200

n Pulmonary vasodilator testing: Pulmonary vasodilator
testing may be undertaken in the setting of pulmonary
arterial hypertension meeting the standard definition,
ie, mean PAP >20 mm Hg or pulmonary vascular
resistance >3 Wood Units*m2, confirmed at invasive
catheterization201 or on occasions in the setting of sin-
gle ventricle complex CHD. The risks associated with
catheterization should be recognized particularly in the
pediatric setting where sedation/GA is likely to be
required. Risk factors for AE include GA and patients in
higher functional class.77,202 Inhaled nitric oxide at 10
to 80 ppm is the preferred agent, even though intra-
venous sildenafil has been used in some settings.203

The Sitbon criteria for positive acute response are
defined by a decrease in mean pulmonary artery pres-
sure by at least 10 mm Hg to a value of <40 mm Hg with
maintained or increased cardiac output.204 However,
PAP should always be interpreted in relation to the
corresponding systemic blood pressure.
14.10. Vascular hemostasis

In pediatric practice, it is common to obtain hemostasis by
direct pressure once sheaths are removed at the end of the
procedure. In larger patients, with larger sheaths, closure
devices or a “figure-of-8” suture may be considered,
although the need for repeated access to the vessel and
size of the vessel may limit their use in smaller pediatric
patients. With larger sheaths, careful consideration
should be given to the reversal of heparin with protamine.
In adult practice, studies generally show that the use of
closure devices is noninferior with respect to access site
complications. The infection rate may be higher but time
to hemostasis and earlier ambulation may offer
advantages.205

14.11. Considerations for ACHD patients

Vascular access and hemostasis in ACHD patients are
often complicated by a greater risk of vascular calcifica-
tion and arterial vascular occlusion, which will need to be
taken into consideration for preprocedural planning as
well as decisions about postprocedural hemostasis.

15. POSTPROCEDURAL MANAGEMENT

The removal of vascular sheaths may represent the
conclusion of the cardiac catheterization procedure, but
additional care pathways are necessary to ensure a safe
transition to full patient recovery. Different recovery
pathways postprocedure are necessary for patients who
receive procedural sedation as compared to GA. The 2001
joint ACC/SCAI Expert Consensus Document on cardiac
cath lab standards as well as the 2012 update are sparse in
their recommendations for the congenital cath lab and do
not address postprocedural issues.1,111 While the 2021
SCAI expert consensus update on best practices in the
cardiac cath lab does not contain specific recommenda-
tions regarding congenital cardiac catheterization,
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postprocedural best practices are discussed which are
generalizable to the congenital cath lab.2

15.1. Patient destination

After sedation/analgesia, patients should be observed and
monitored in an appropriately staffed and equipped re-
covery unit until they are near their baseline level of
consciousness.74 The exact patient destination site post-
catheterization will vary from 1 cardiac center to another
depending on the location of the catheterization suite
relative to the primary recovery area. Generally, in the
pediatric hospital, the recovery area is specialized for the
care of pediatric patients although at some centers,
shared resource utilization may result in a more general
recovery area for patients of all ages. Some catheteriza-
tion laboratories may have a dedicated and staffed re-
covery area while others may rely on transfer to a
common PACU. Phase 1 postanesthesia recovery allows
for close monitoring as the patient fully recovers from
anesthesia and vital signs return to baseline. The cathe-
terization vascular access sites require monitoring for
rebleeding and assessment of distal perfusion.

After all phase 1 priorities are met, phase 2 recovery
proceeds during which preparations are made for hospital
discharge or transfer to an inpatient unit. Any inpatient
units accepting postcatheterization patients should
ideally have cardiac telemetry capabilities. If a patient is
transferred to an ICU after the procedure, this is usually
done directly without PACU recovery, although in some
settings the anesthesiologist may prefer to undertake
phase 1 recovery closer to the procedural area prior to
transfer to the ICU.

Direct transfer from the catheterization suite to an
intensive care setting may occur if the procedure time and
exposure to anesthesia are prolonged, large volumes of
blood products are given during the procedure, vascular
injury/disruption/hemoptysis is encountered, significant
arrhythmia occurs during the procedure, or if it is felt that
delayed extubation would be in the patient’s best
interest.

Infants with systemic to pulmonary shunts or ductal
stents are ideally best served with postcatheterization
recovery in the ICU, even if the cardiac catheterization
procedure was completely uneventful. The same applies
to patients with a higher hemodynamic vulnerability
score, coronary abnormalities, or specific underlying
higher-risk genetic conditions such as Williams-Beuren
syndrome. If there is uncertainty as to the proper area
for postcatheterization recovery, it would be prudent to
select the care area which allows a higher level of care
should escalation be required. A list of those patients and
procedures that should be considered for overnight
observation is listed in Table 15.
15.2. Patient handoffs/transfer of care

Communication to the next care team following a cathe-
terization procedure should be clear, distraction-free,
consistent, and comprehensive. Such communication
should summarize the patient’s diagnosis/history and
details of the procedure, including complications and
potential issues that may occur in the recovery period.
Communication should be 2-way with all involved in the
handoff expected to contribute openly and actively.

The benefits of a structured patient handoff/transfer of
care process from the procedural suite to the next care
area have proven to be significant. EMR-based, checklist,
electronic, and family-assisted methods have been
described with improved communication and patient
safety results delivered. Processes such as I-PASS, Six
Sigma, and “Situation-Background-Assessment-Recom-
mendation” have been developed to standardize the pa-
tient handoff process.206-209 Ideally those physically
present at the initial patient handoff from the catheteri-
zation suite should include the proceduralist, anesthesi-
ologist or nonanesthesiologist responsible for overseeing
procedural sedation, procedural nursing staff, respiratory
support staff, and receiving physicians and nurses. In-
clusion of trainees in this process is encouraged to
develop these habits for patient safety. A written/EMR-
based brief procedure summary to direct immediate
postprocedure care should be created prior to transfer to
the initial recovery area. Information should include the
vascular access sites used, procedures performed, a brief
summary of findings/interventions, complications
encountered, necessary postprocedure imaging or blood
tests, anticoagulation plan following the procedure, new
indwelling lines placed to be used postprocedure, and any
new medications to be started. Also included should be
information regarding difficulties encountered during
endotracheal intubation or with maintaining a patent
airway during sedation. A full accounting of all anes-
thesia/sedation drugs should be given with emphasis
placed on the potential for residual effects such as pro-
longed sedation or residual neuromuscular blockade. If
prophylactic treatment for nausea/vomiting was admin-
istered, these medications should be reported to the
receiving team.

15.3. Postprocedural monitoring

Patients with CHD who require cardiac catheterization
generally have higher Anesthesiologists Physical Status
which may influence their risk both intraprocedurally as
well as during procedural recovery. Young age and pre-
existing pulmonary hypertension are among those risk
factors for severe AE associated with cardiac catheteri-
zation.69,77,208,210 In 2016, SCAI, the Congenital Cardiac
Anesthesia Society, and the Society for Pediatric



TABLE 15
Procedure Types and Patient Characteristics That May Benefit From Overnight Admission and Monitoring
Postprocedure

Procedure types Patient characteristics

n Angioplasty
n Stent implantation
n Valve implantation
n Closure of atrial septal defect or ventricular septal defect
n Vascular or valvar perforation procedure
n Transseptal puncture
n Hybrid procedures

n Age <1 mo
n Hemodynamic vulnerability score $2
n Catheterization risk score in pediatrics $5
n Patients with systemic to pulmonary shunts or ductal stents
n Pulmonary atresia with intact ventricular septum with coronary anomalies
n William-Beuren syndrome
n Biventricular outflow tract obstruction
n Patients on vasodilator therapy for pulmonary hypertension
n AE that require monitoring

AE, adverse event(s); PA-IVS, pulmonary atresia with intact ventricular septum.
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Anesthesia (SPA) published a joint expert consensus
statement for anesthesia and sedation practice for pa-
tients undergoing congenital catheterization procedures,
and several recommendations in this document are
adapted from this.27

Postprocedural monitoring should include ECG,
continuous pulse oximetry, and periodic blood pressure
checks. The patient’s respiratory status must be closely
monitored during phase 1 recovery. The transition from
positive pressure ventilation to spontaneous breathing in
the sedated patient requires monitoring for subsequent
airway obstruction or hypoventilation. There should be
continuous monitoring of arterial oxygen saturation with
pulse oximetry during phase 1 recovery. The baseline
systemic saturation prior to the procedure should be
known for those patients with cyanotic heart disease.

Large fluid shiftsmay be encountered in patients presenting
with fluid deficits due to preprocedural nil-by-mouth status. In
infants, attention should be paid to fluids administered as both
infusions and catheter flushes. Infants undergoing vascular
interventions within the peripheral pulmonary arterial and
venous trees may experience hemorrhage into the airways.
Blood returned during airway suctioning should merit vigi-
lance, especially in an anticoagulated patient. Additionally,
dilation of the pulmonary arterial vasculature may induce
pulmonary reperfusion injury and pulmonary edema which
may become apparent in the postcatheterization recovery
period. Furthermore, certain medications used during seda-
tion/anesthesia such as ketaminemay increase oral secretions.

Vascular access sites used during the catheterization
procedure should be monitored frequently during recov-
ery regardless of the sizes of hemostatic sheaths used.
Distal limb perfusion and vascular congestion should be
monitored diligently and consistently. If elastic
compression bandages are used, it may be more difficult
to evaluate the access sites due to the opacity of the ad-
hesive dressings. Ideally, deep compression of vessels for
long lengths of time should be avoided to prevent
thrombotic consequences of cessation of blood flow.
Postcatheterization arterial thrombosis pathways should
be developed to allow early detection and initiation of
antithrombotic therapies. Organized postprocedure
vascular thrombosis therapeutic pathways have proven to
be successful at maintaining vascular patency.211

Access to vascular ultrasound can be helpful in selected
cases to determine the presence of any acute intravas-
cular thrombus and to determine the next steps should
intravenous anticoagulation measures need to be initi-
ated. However, caution needs to be applied in interpret-
ing the ultrasound images of a vessel where recent
manual hemostasis was applied, as findings are never
completely normal immediately after a procedure.
Equally important is to involve an imaging specialist
experienced in interpreting pediatric vasculature after
cardiac catheterization procedures, to avoid misinter-
preting the images, which could result in unnecessary
commitment to longer courses of anticoagulation. Even
more important than vascular ultrasound is a clinical
comparison of the limb perfusion and pulses between
both sides. The possibility of compartmental or intraper-
itoneal hemorrhage must be considered if hypotension or
instability occurs following cardiac catheterization. In
adult patients, the use of vascular compression and
closure devices is common. Regardless of age, if there is
concern for distal limb perfusion (with a side difference
on clinical examination) or pseudoaneurysm formation,
vascular ultrasound can be helpful in diagnosis. If critical
limb ischemia is encountered, vascular surgery or inter-
ventional radiology consultation should be considered.

Following particularly long cases, intentional evalua-
tion for pressure injuries and brachial plexus injuries is
important. For those patients receiving implantable oc-
clusion devices or stents, a CXR prior to discharge may be
considered to document device position, as it then allows
a comparison when a patient receives a subsequent CXR
at an outside institution without echo services (a saved
fluoroscopy image in straight anterior-posterior [AP] and
lateral position can serve a similar purpose). For those
interventional procedures involving device placement
and an overnight in-hospital stay, a predischarge echo-
cardiogram should be performed to verify the appropriate
device position.
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Although less common than in adults, intravenous
contrast exposure may lead to allergic reactions or acute
renal injury. Monitoring renal function and instituting
postprocedural hydration strategies may be needed for
those patients who received larger doses of contrast.
Administration of 6 mL/kg of contrast would be consid-
ered a large dose for short procedures, while larger doses
of up to 10 mL/kg could be administered for long proce-
dural durations. For these patients, a formal evaluation of
renal function following the procedure may be needed.

Acute neurologic changes should be assessed frequently
following a catheterization procedure. If encountered, this
should result in quick escalation to determine the cause.
While some findings may be related to residual effects of
agents used to provide sedation or anesthesia, the possi-
bility of an acute embolic event resulting in stroke should
always be considered. Quick access to emergent CT scan-
ning and MRI capabilities should be available. Ideally,
availability of subspecialties in neurology, neuroradiology,
neurosurgery, and intensive care should be organized to
function as a formal “stroke team.”

15.4. Bedrest guidelines

The medical literature is sparse with respect to ideal bed-
rest times, although previously held beliefs have been
challenged suggesting that vascular rebleeding complica-
tions may not be increased with shorter bedrest times.212

Recommendations for lie flat times post cardiac catheter-
ization vary widely from institution to institution and can
be as short as 2 to 3 hours, even though 6 hours is a more
commonly used time adopted at many centers. Factors
influencing bedrest guidelines include variable use of
intraprocedural anticoagulants with a variety of thera-
peutic targets, intravascular sheath sizes used, as well as
the expectation of unwanted physical activity in the re-
covery area depending on patient age or developmental
disabilities. Awide variety of vascular closure devices have
been developed to reduce postprocedural rebleeding
events at sheath insertion sites and to accelerate the time
to ambulation postprocedure to as little as 1 to 2 hours.
Discussion of the merits and potential disadvantages of
each device is beyond the scope of this section, but un-
doubtedly the use of these devices continues to gain favor,
particularly for those procedures in larger patients using
large bore sheaths such as aortic coarctation stenting and
transcatheter pulmonary valve implantation. However,
there may be situations such as with patients who cannot
cooperate due to significant developmental disabilities or
anxiety where prolonged sedation may be necessary to
prevent access site rebleeding events.

15.5. Structured procedure reporting

With the emergence and establishment of the EMR as the
major repository of patient medical information, a health
policy statement for structured reporting in the cath lab
was created as a cooperative effort of the ACC, AHA, SCAI,
and a broad range of additional medical societies in
2014.179 Ideally, the final catheterization report should be
“clear, concise, organized, consistent, reproducible, un-
derstandable, and in a format that is flexible to accom-
modate evolutionary procedural changes and
documentation requirements.”179 The wide breadth of
procedures performed in the congenital cath lab makes
information capture as discrete data elements rather than
free text prose more difficult compared to reports gener-
ated for procedures such as coronary interventions.

There have been efforts to standardize the nomencla-
ture into a controlled vocabulary to be used in CHD.96,97

Fundamentally, the structured congenital catheterization
report should reflect the indications for pursuing the pro-
cedure, the entire scope of the procedure performed from
patient room entry to exit, the condition of the patient at
the beginning and end of the procedure, the tools used to
achieve completion of the procedure, salient interpreta-
tion of hemodynamic and angiographic findings, and
include a record of specifics of implanted devices for
tracking. Summary details should be provided so other
health care providers can easily understand indications,
outcomes, and complications encountered. The full pro-
cedure report should ideally be completed and verified
within 24 hours of the procedure, although 48 hours can be
considered an acceptable standard. In some EMR systems,
embedded links can be created to access the final cathe-
terization report as well as the radiographic images.

15.6. Procedure logs

It is important to maintain an up-to-date log of all cases
occurring in the cardiac catheterization labs. Whether the
data are maintained through written logbooks, electroni-
cally through hospital databases, as a component of the
hemodynamic monitoring software system, or through
internal and external registries, the activities of the cath
lab, individual physician information, and documentation
of AE (Section 12) should be registered.

15.7. Outpatient discharge planning and instructions

A significant proportion of patients undergoing congenital
cardiac catheterization will be able to be discharged to
home the same day, including some patients undergoing
interventional procedures. The timing of outpatient
discharge to home will vary depending on the procedure
performed, level and type of anticoagulation at the
conclusion of the procedure, the type of vascular access
used, and any postprocedural tests that need to be per-
formed prior to discharge. The patient should have
completely recovered from sedation/anesthesia, have
returned to baseline respiratory status including baseline
oxygen saturation, and have been able to tolerate enteral
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fluid intake. The vascular access sites should be free of
expanding hematoma and the perfusion of those structures
associated with the access sites should not be compro-
mised. If there is any doubt as to the stability of the patient,
inpatient overnight observation should be the default.

Patient and family education is a major component of
the discharge process. Communication should be in the
language of the patient’s/family’s preference and medical
interpretation services should be readily available.
Medication reconciliation should be performed, and any
new medications prescribed should be thoroughly
reviewed with the patient/family. Verbal and written in-
structions after catheterization should be provided. These
should include age-appropriate instructions for vascular
access site monitoring, expectations after GA/sedation,
appropriate medications for pain control, specific in-
structions after implanted devices including registration
cards, MRI-compatibility of implanted devices, and the
need for subacute bacterial endocarditis antibiotic pro-
phylaxis measures. Should concerns arise from the pa-
tient or family after discharge, instructions on how to
alert the catheterization team should be provided along
with follow-up instructions with the primary care pro-
vider and referring cardiologist. Communication with the
referring cardiologist can be by direct communication,
secure electronic methods, or preferably a combination of
both. One should consider seeing most patients within 4
to 6 weeks of the procedure (in particular, larger patients
who received a cumulative air kerma of >2 Gy), while
some patients will require earlier follow-up after 1 to 2
weeks. This includes for example patients with large ASD
devices, patients where large sheaths were used, or pa-
tients who had an AE in the cardiac cath lab or during
postprocedural recovery that requires closer follow-up.

15.8. Considerations for ACHD patients

n For all ACHD patients undergoing cardiac catheteriza-
tion, the ACHD team needs to be involved in the peri-
procedural care of the patient.

n Postprocedure consultation by internal medicine spe-
cialists regarding the management of any significant
comorbidities should be considered.

n Predischarge cardiac imaging should be performed by
ACHD imagers.

n Follow-up with ACHD team providers should be
arranged.

16. PROCEDURES REQUIRING SPECIFIC

PREPARATIONS AND SETUP

16.1. Hybrid procedures

16.1.1. Types of hybrid procedures

Hybrid procedures combine surgical and interventional
techniques, specifically intraoperative stent placements,213
perventricular VSD closure,214,215 balloon valvuloplasty,216,217

intraoperative placement of transcatheter valves,218,219

and hybrid palliation of HLHS.220-222 Broadly speaking,
hybrid procedures can be classified as follows: (1) adjuncts
to traditional surgical interventions, (2) alternative forms
of vascular access to aid transcatheter interventions,
and (3) true hybrid procedures that offer alternative treat-
ment options to traditional surgical or catheter-based
approaches.

Adjunct to surgical interventions

For some surgical procedures, adding a transcatheter
intervention can simplify the surgical course. Examples
include intraoperative stenting and/or balloon angio-
plasty/valvuloplasty during surgery to repair Tetralogy of
Fallot.223-225 Other examples include hybrid or “exit”
angiography performed after any type of surgical repair
followed (or not) by directed interventional therapy as
needed, or intraoperative stent placement performed at
the time of pulmonary valve replacement.

Alternative forms of vascular access

For some transcatheter interventions, vascular access
with help from a surgeon can be advantageous due to
patient size, anatomy, or lack of standard access points.
Historically, this includes, for example, a direct carotid
artery cutdown226 and a limited sternotomy to directly
access a cardiac structure or great vessel.224,226 In-
terventions that can be performed using such forms of
alternative vascular access include aortic valvuloplasty,
coarctation stenting in neonates and infants, and PDA
stenting through carotid cutdown,171,227,228 as well as
pulmonary valve perforation and/or pulmonary valvulo-
plasty, stenting of the RVOT, and VSD closure through
direct (per)ventricular cardiac access.224,229-232

More recently, carotid cutdown has been less
frequently used and some centers are now preferring
direct percutaneous access of the carotid artery, which
has been shown to have excellent success rates.172 How-
ever, whether the risk of carotid artery thrombosis with
potential thromboembolism and stroke is the same as
surgical carotid cutdown and subsequent repair of the
vessel is difficult to determine given the low incidence of
stroke following cardiac catheterization. Many operators
for this reason may still prefer carotid cutdown as
opposed to direct puncture, or an axillary artery
approach.

Unique hybrid treatments

These hybrid procedures change the management strat-
egy of a patient by combining surgical and transcatheter
techniques to achieve an outcome that would not be
feasible using either technique alone. An example is the
hybrid palliation for HLHS, which consists of bilateral



TABLE 16
Recommended Environments For Specific Hybrid
Procedures

Procedure

Environment

Acceptable Ideal

Adjunct to surgical intervention OR Hybrid OR

Alternative form of vascular access

Carotid cutdown for
BAV or PDA stent,
coarctation stenting,
VSD closure

Cath lab Hybrid cath lab

Perventricular VSD closure OR
Hybrid Cath lab

Hybrid OR

Perventricular BPV/stenting
of RVOT

Cath lab
Hybrid OR

Hybrid cath lab

Unique hybrid treatments

Hybrid stage I palliation OR Hybrid OR
Hybrid cath lab

TPVI with PA plication OR
Hybrid Cath Lab

Hybrid OR

Intraoperative open
placement of a
balloon-expandable
transcatheter valve

OR Hybrid OR

BAV, balloon aortic valvuloplasty; BPV, balloon pulmonary valvuloplasty; PA, pulmo-
nary artery; PDA, patent ductus arteriosus; OR, operating room; RVOT, right ventricular
outflow tract; TPVI, transcatheter pulmonary valve implantation; VSD, ventricular
septal defect.
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pulmonary artery banding (or placement of flow restric-
tors) and ductal stenting through either direct access of
the main pulmonary artery or percutaneously when flow
restrictors are being used.221,222,233 Another example is
intraoperative implantation of a balloon expandable
transcatheter valve in mitral position in small chil-
dren,218,219 as well as banding or plication of a dilated
main pulmonary artery to facilitate catheter-based pul-
monary valve implantation.234-236

16.1.2. Environments for hybrid procedures

Hybrid procedures can be performed in a variety of en-
vironments and settings. The choice of location depends
on the type of hybrid procedure being performed, and the
specific equipment and imaging demands of the inter-
ventional and surgical teams (Table 16). Decisions about
location must be informed by the availability of staff,
equipment, and optimal fluoroscopic imaging (single vs
biplane). Regardless of location, careful planning is
needed in advance for each hybrid procedure, to ascertain
that all potentially needed equipment and staff is
available.

Intensive care unit setting with the use of a portable C-arm

This is the least desirable location for hybrid procedures
and should be reserved for truly emergent procedures
without other alternative options. Limitations relate to
the ability to use a C-arm without the interference of beds
and other structures, the nonsterile ICU environment, and
staff generally being unfamiliar with the performance of
complex procedures. However, for some very unstable
patients who require immediate treatments this setting
may be the only viable option in which to perform a
procedure, in particular when an ICU has a dedicated
procedure room.

Standard surgical operating room

While this location is ideal for completion of the surgical
components of a hybrid procedure, its utility is limited for
procedures where fluoroscopy needs are anticipated.
Room size is often limited, and surgical tables often
interfere with portable C-arm positioning and are usually
not radiolucent. In addition, circumnavigating the car-
diopulmonary bypass circuit, anesthesia equipment, and
surgical trays can be challenging. Nonetheless, for hybrid
procedures that do not rely on fluoroscopy such as some
forms of open intraoperative stent placement under
direct vision or many perventricular VSD closure pro-
cedures, this location may be adequate.226,229,235-238

However, even for these procedures, it is not ideal since
there is no capacity for postintervention imaging (exit
angiography), which has been shown to be an invaluable
tool to immediately assess surgical repair to allow treat-
ment of residual pathology in a hybrid fashion if
needed.239

Standard congenital cardiac catheterization laboratory

A standard congenital cardiac cath lab does offer the
advantage of biplane fluoroscopy. However, the space in
many cardiac catheterization laboratories is extremely
limited, often just a little over 400 square feet (37 square
meters) for the procedure room itself. This severely limits
the ability to accommodate a bypass circuit or additional
surgical trays and teams. Gas supply for a bypass circuit
may be limited, and the setup of monitors is often not
adequate to allow operators at different sides of the table
to see the fluoroscopic images. A standard cardiac cathe-
terization table does not offer the same right/left tilt and
head up/down positioning of a surgical table and is also
often more difficult (if not impossible) to lock securely.
Furthermore, a standard cardiac cath lab may not offer
the same level of sterility and room gas exchanges that are
provided in a surgical OR.

Hybrid operating room

A dedicated hybrid OR is generally a good location for
performing hybrid procedures.240,241 When compared to a
hybrid cath lab, disadvantages are the single plane setup,
as well as the lack of a dedicated monitoring room and
hemodynamic monitoring system. Furthermore, the table
in a hybrid OR is designed primarily to accommodate
surgical procedures and often has less radiolucency in
some areas than a dedicated cardiac catheterization table.
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However, it does offer the advantage of easily facilitating
conversion to a regular cardiothoracic surgical procedure
in cases where the hybrid procedures fail (such as failed
attempts at perventricular VSD closure), which would be
more cumbersome in a hybrid cardiac cath lab. It is
beyond the scope of this section to provide the specific
requirements for a hybrid cardiothoracic OR.

Hybrid cardiac catheterization laboratory

A hybrid cardiac cath lab is the ideal environment for
most hybrid procedures, except those where the hybrid
procedure is an adjunct to a more complex surgical
intervention (and where a standard or hybrid OR would
be more suitable). It usually offers a monitoring room, a
hemodynamic monitoring system, and biplane imaging.
Although a biplane system is ideal, it is important to
emphasize that many hybrid catheterization laboratories
utilize a single-plane x-ray source with rotational angi-
ography capabilities that facilitates tomographic recon-
struction of acquired images. The exact specifications for
a hybrid PCCL are further discussed in Section 7.1.4.

16.1.3. Staffing

Personnel for hybrid procedures should include all
members of the surgical and catheterization teams
necessary to perform their individual procedural tasks.
Additional staff may be needed to obtain equipment
during a procedure that is not available in the specific
hybrid environment. In addition, staff should be trained
on how to work in a confined space as part of a larger
team. Simulations using all equipment and staff members
are recommended to familiarize everyone with the loca-
tion and positioning of equipment, and with anticipated
movement patterns of staff.

Teamwork is of utmost importance. What may be
obvious standard practice for a surgical team, such as
direct cardiac defibrillation, may not be the case for the
interventional team and vice versa. Consequently, plan-
ning for these procedures and “dry runs” or simulations
are necessary to allow identification of areas where team
assumptions may not be aligned with reality.

16.1.3.1. Hybrid palliation of hypoplastic left heart syndrome

Beyond the general requirements for hybrid procedures,
additional considerations apply to programs planning to
offer hybrid palliation for patients with HLHS and similar
anomalies. While there exist many technical variations of
this treatment paradigm (including a fully percutaneous
approach240), the one element most of these approaches
have in common is that the ultimate outcome is deter-
mined to a large extent by the management and outcome
of the interstage period.241 It is recommended that only
larger tertiary centers that have sufficient preprocedure
and postprocedure experience with Norwood and Sano-
type palliations, should embark on starting such a
hybrid program. Exceptions include high-risk patients for
whom no other surgical option can be offered and pa-
tients where the hybrid palliation is considered a last
resort or rescue procedure. Given the potential problems
after hybrid Stage I palliation, such as retrograde arch
obstruction, atrial level restrictions, and PDA in-stent
stenosis, follow-up after hybrid Stage I palliation should
ideally be limited to a few cardiologists with accumulated
experience within a center.

16.1.4. Equipment and other requirements

Hybrid procedures utilize a variety of equipment in
different environments. When a C-arm is utilized, staff
needs to be trained in using the C-arm, including cali-
bration options, playback, and image storage. Because
other specialties may require use of a C-arm for their
procedures, a clear workflow needs to be established to
ensure availability of the C-arm for a scheduled hybrid
procedure. When hybrid procedures are performed in the
OR, contingencies for in-room storage of lead shields and
aprons and frequently used basic catheter equipment
must be made. Workflows to obtain equipment that is
needed during a procedure, but not routinely kept in the
hybrid environment, must be established.

Conversely, hybrid procedures performed in a cardiac
cath lab environment will require storage of some basic
surgical trays and other equipment in that location. To
support procedures such as perventricular VSD closure, a
variety of transesophageal echo probes should be avail-
able to be employed in patients of different sizes and
ages. In addition, where applicable, echocardiography
machines should be equipped with the transducers
necessary to obtain epicardial imaging.

16.2. Procedures in premature infants

Premature infants, especially those in the VLBW category
(<1500 g) represent some of the most fragile patients
undergoing cardiac catheterization and intervention.
Procedures include but are not limited to the following:

n Closure of a hemodynamically significant patent ductus
arteriosus in premature neonates (accounting for more
than 95% of cardiac catheterization procedures per-
formed in this patient category)

n Balloon valvuloplasty or angioplasty for obstructive
lesions such as critical AS or PS

n Critical coarctation of the aorta requiring palliative
dilation due to severely depressed left ventricle (LV)
function or patient size deemed too small for surgical
repair

n Atrial septal interventions for heart lesions requiring
unrestricted atrial level communication to promote
mixing (transposition of the great arteries) or
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decompression of the atrium (HLHS with a restrictive
atrial septum)

n Ductal or RVOT stenting to augment pulmonary flow
(such as in patients with Tetralogy of Fallot)

n Ductal stenting to augment systemic output for single
ventricle lesions (such as hybrid palliation of HLHS)

n Vascular access for any medical condition when um-
bilical and other vascular access sites are unavailable

n Retrieval of broken and embolized central venous and
other lines
16.2.1. Preprocedure considerations in premature infants

A thorough preprocedure discussion involving at a mini-
mum the teams of anesthesia, neonatology, cath lab, and
cardiology should be standard to review all the specific
needs of the infant prior to going to the cardiac cath lab.
To minimize the time in the cardiac cath lab, some pro-
grams arrange for endotracheal intubation and appro-
priate intravenous access to be obtained by the NICU staff
prior to transportation to the cardiac cath lab. This also
has the advantage of avoiding unnecessary fluctuations of
the oxygen level secondary to preoxygenation prior to
intubation, which often can significantly change the size
of the duct at least temporarily, and can complicate pro-
cedures such as PDA closure or PDA stent placement.
Equally important is to educate the neonatal team that
right femoral venous access is preferred for many of these
procedures in premature infants, and peripherally inser-
ted central catheter lines that are needed should prefer-
entially be placed on the left side (ideally upper limb).
Elective preprocedural transfusion of packed cells may be
considered for those determined to be anemic.

16.2.2. Transport and catheterization laboratory preparation for

premature infants

Transportation of the VLBW infant is a complex under-
taking due to their fragile physiologic state, particularly
with regard to the ability to maintain core temperature.242

Institutions performing catheterizations on premature
infants should develop a protocol and checklist to ensure
comprehensive pre-cath preparation and safe trans-
portation to and from the cardiac cath lab.243 Ideally, the
neonatologist should accompany the infant during
transportation (in addition to the anesthesia team) and
help manage the respiratory system, especially for more
fragile infants and those on high-frequency oscillatory
ventilation. Furthermore, to optimize care inside the
cardiac cath lab, some centers may ask for a neonatologist
and neonatal nurse to be present throughout the case, in
addition to the dedicated pediatric cardiac anesthesia
team.

The transporting isolette should have warming fea-
tures and a full power supply for roundtrip
transportation. Additional backup warmers for trans-
portation might include chemical warmers. The ambient
temperature in the cardiac cath lab should be increased to
at least 23-24 �C (75-76 �F). Forced air warmers, heat
lamps, warmed blankets, and IV fluid warmers should all
be utilized as the patient is settled onto the cardiac cath
lab table. Plastic wraps can be used to cover the head and
body of the infant to further maintain core temperature as
well as to minimize insensible fluid losses. Plastic wraps
also allow for continuous visual monitoring of the infant.

16.2.3. Intraprocedural consideration for premature infants

Diluting contrast with saline may help minimize nephro-
toxicity for those with renal dysfunction, as well as
reduce the risk of contrast-induced hypothyroidism, and
the performance of PDA occlusion procedures with
echocardiographic guidance only should be consid-
ered.244,245 Heparin should be avoided in selected cases
with higher risks of intracranial hemorrhage. Mainte-
nance of homeostasis in this high-risk group requires
detailed assessment and constant monitoring. A vigilant
multidisciplinary approach utilizing a standard protocol
and checklist can mitigate AE. Guidelines to prevent and
manage complications in premature infants for selected
procedures such as PDA occlusion have been pub-
lished.246-250

16.3. Procedures done outside the congenital catheterization
laboratory

When patients are too unstable to be transported to the
PCCL, cardiac catheterizations and intravascular proced-
ures may need to be performed by pediatric interven-
tional cardiologists outside of the PCCL, most commonly
in the pediatric and neonatal ICU. These procedures may
include diagnostic cardiac catheterization including
placement of a catheter for pulmonary artery pressure
monitoring, aid with ECMO cannulation, and peri-
cardiocentesis or pleurocentesis with or without drain
placement. Other procedures include balloon atrial sep-
tostomy under echocardiography guidance,247,251-254 as
well as transcatheter PDA closure in selected premature
infants.244,245 Requirements vary greatly between cases
and improvisation in these non-PCCL environments is
usually needed. Ideally, procedures performed in these
vulnerable patient populations using echo guidance
should have immediate availability of a fluoroscopy unit
in case of any complication arising.

Other procedures that occasionally require perfor-
mance outside the congenital cardiac cath lab include
procedures in interventional radiology, electrophysi-
ology, or neuroradiology environment. Whenever coop-
eration with a discipline beyond interventional congenital
cardiology is required, careful advance planning with all
team members involved is needed, to decide the best
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location for a procedure. These decisions and procedural
planning need to consider the required imaging equip-
ment, software applications, need for hemodynamic
monitoring, and staff experience as well as the equipment
that may be needed during the procedure. Most impor-
tantly, workflows for emergencies need to be defined in
advance, so that all team members know how to get
support if needed, and to ensure emergency bailout
equipment is readily available when operating in a non-
familiar environment.

16.4. Fetal interventional procedures

While fetal cardiac interventions were first reported in
1991,255 it was not until the 2000s, due to work at Boston
Children’s Hospital and later at the Hospital for Sick Kids
in Toronto and centers in Brazil, that this approach
became more commonplace.256-260 Currently, performed
fetal cardiac interventions are:

n Balloon valvuloplasty of the aortic valve in severe AS
n Atrial septal stenting in HLHS with intact or highly

restrictive atrial septum
n Less commonly, perforation and balloon valvuloplasty

of the pulmonary valve in pulmonary atresia with intact
ventricular septum

Because the mother is considered the primary patient,
these procedures are typically performed in the obstetric
suite or an OR. The procedure requires a dedicated
multidisciplinary team including at a minimum a
maternal-fetal-medicine specialist, an anesthesiologist to
care for the mother (and the fetus), a fetal echocardiog-
rapher to guide the intervention, and a pediatric cardiac
interventional cardiologist. In general, performance of
fetal cardiac interventions is beyond the capabilities of
most CHD programs. There are ongoing studies of me-
dium- and long-term outcomes following these in-
terventions and the field will continue to evolve as new
data are generated.261-263 It should be emphasized that the
degree of technical difficulty and goals of the currently
available fetal cardiac interventions vary greatly.

n The goal of fetal aortic valvuloplasty is to achieve a
postnatal biventricular circulation (and to recom-
pensate the LV in critical AS) recognizing that these
children will require multiple additional surgeries and
interventions over many years. This prenatal procedure
is only the beginning of a long and often difficult
pathway of prenatal and postnatal decision-making
which requires the commitment of the cardiac surgi-
cal, critical care, and anesthesia teams to follow stan-
dardized postnatal management plans in order to truly
reach clinical success in the long term.264

n For fetal atrial septal stenting, the goal is to decompress
the pulmonary venous atrium and relieve pulmonary
venous hypertension to optimize lung function prena-
tally with the intent to optimize survival following a
postnatal Norwood operation. Technically, this is the
most difficult among the fetal cardiac interventions due
to the need for precise placement of a stent in a moving
septum. Embolization of the stent can result in fetal
death.258,265

n While the goal of fetal pulmonary valve perforation and
valvuloplasty is also to achieve postnatal biventricular
circulation, predicting a successful outcome is more
challenging due to other factors including size of the
tricuspid valve, presence of RV-dependent coronary
circulation and the greater likelihood that a small RV
can support the postnatal circulation as compared to a
small LV.266,267 Additional need for postnatal surgery as
well as the option of one and a half ventricle repair add
more complexity to the risk-benefit assessment for the
procedure.267 It is also the least performed among the
fetal cardiac interventions and consequently outcome
data are very limited.268
16.4.1. Starting a fetal program

While definitive requirements to start a fetal cardiac
intervention program are lacking, published data suggest
that large volume centers are in the best position to pro-
vide the environment to reach a high rate of technical
success with reasonably acceptable risk to the fetus and
low risk to the mother. However, not the institution per
se, but rather the experience and skill of the entire team is
the most important component for performing these
procedures.

While a program’s surgical volume alone is not the sole
determinant for predicting the long-term success of these
procedures, initiating such a program at a center with a
low annual surgical volume can be fraught with risk; thus
such practice should be discouraged.264 This is particu-
larly true if a low-volume center does not provide the full
spectrum of surgical palliations that may be needed after
delivery of the infant.

It is important to recognize that the learning curve for
fetal interventions is steep. It is crucial that the team gain
some experience with in vitro as well as animal models,
visit other programs with established fetal cardiac inter-
vention programs, and invite proctors to assist in their
first few cases. In light of these factors, it is very impor-
tant to keep in mind that fetal cardiac procedures carry a
risk to the fetus and to the mother, albeit the latter being
very small.

When a program has developed the infrastructure and
made the long-term commitment to institute a fetal car-
diac intervention program, it is further recommended
that the team works out in advance the OR spatial con-
siderations. This includes where to place the
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echocardiography machine and table holding the inter-
ventional supplies along with where each member of the
team is positioned around the OR table.

The technical details of these procedures including the
best methods for fetal positioning are beyond the scope of
this section. It is not uncommon though for 3 pairs of
hands to be placed on a small area on the mother’s
abdomen. Hence, the setup for the echocardiography
machine and monitor, surgical table, and interventional
table will require advanced planning to avoid delays once
the needle is in place. Maternal and fetal resuscitation
medications and appropriate needles and syringes should
be readily available. Emergent performance of pericardial
drainage for fetal hemopericardium � tamponade can
effectively restore normal fetal hemodynamics.

17. CORONARY INTERVENTIONS IN PEDIATRIC

PATIENTS

There are multiple, rare congenital CA lesions that may
lead to myocardial insufficiency and perfusion abnor-
malities. These lesions include anomalous CA origins with
interarterial or intramural course, hooded CA, an anom-
alous CA arising from the pulmonary artery, CA fistula,
congenital CA ostial stenosis or atresia, etc. They may
occur as isolated lesions; however, CA obstructive lesions
may be frequently found with other congenital abnor-
malities (pulmonary atresia with intact ventricular
septum, Williams-Beuren Syndrome, etc.). Surgical
correction is required for some of these lesions.

CA stenoses in children may also develop from ac-
quired forms of heart disease which includes Kawasaki
disease associated with giant CA aneurysms and post-
cardiac transplant CA vasculopathy. The latter entity
typically involves small vessels and the microvasculature;
however, occasionally larger CA may have discrete areas
of stenosis. These acquired forms of coronary disease may
be amenable to transcatheter intervention.269-271

Lastly, CA lesions may have iatrogenic etiologies
resulting after surgical CA manipulation, acute injury
during CA catheterization, or external compression with
transcatheter interventions involving adjacent cardiac
structures. While most postsurgical CA lesions involve the
ostia with limited utility from transcatheter therapies,
acute CA injury or compression may necessitate emergent
transcatheter intervention.272-276

17.1. Coronary artery dilation/stent

Except for centers treating high rates of Kawasaki disease,
the need to consider balloon dilation or stent implanta-
tion within the CA in children occurs only rarely. Thus,
few pediatric cardiac catheterization laboratories will
have anywhere near comparable training and experience
with interventional treatment of CA obstructive lesions as
do their adult CA interventional counterparts. The pedi-
atric interventional cardiologist should maintain a high
index of suspicion for CA obstructive lesions in patients
referred for cardiac catheterization who are at risk, and
CA adult interventional cardiologists should be consulted
early prior to the procedure. Additional preprocedural
assessment including tests and imaging should be deter-
mined. Preprocedural medical management including use
of antiplatelet/anticoagulation agents should be consid-
ered and instituted where appropriate. A collaborative
procedural strategy should be created including the po-
tential use of adjunct CA assessments such as IVUS im-
aging and FFR functional assessment. Additionally,
emergency and “bailout” measures should be in place.

Therefore, when catheter procedures for CAD are con-
ducted in pediatric or congenital heart patients, it is
strongly recommended that pediatric cardiologists
collaborate with expert adult CA interventional cardiolo-
gists rather than performing the procedure alone. In
addition, there are few catheter devices suitable for pe-
diatric and congenital CAD; so it may be necessary to
modify devices designed for adult ischemic heart disease.

Whether the procedure is to be performed in a pediatric
or adult cath lab will depend on multiple factors including
operator comfort level, availability of equipment, cathe-
terization, and recovery staff qualifications and comfort
level, as well as potential hospital age restrictions. The
catheterization should be carried out collaboratively,
where both pediatric and adult interventional cardiolo-
gists can perform to their strengths; the pediatric inter-
ventional cardiologist is responsible for overall care and
catheterization while the adult interventional cardiologist
is responsible for the CA intervention, thus optimally
providing patient safety and procedural efficacy. Post-
procedure care, follow-up testing, and imaging as well as
location of recovery (potential hospital transfer) should
be well planned with the appropriate providers. Though
formal collaboration with adult interventional cardiolo-
gists is strongly recommended in controlled settings,
their involvement in emergent settings of CA obstruction
may not be immediately feasible. It is imperative that
pediatric catheterization laboratories performing proced-
ures that selectively engage or manipulate within the CA,
as well as interventions with the potential for CA
compression have immediate access to CA interventional
wires, balloon catheters, and stents. It is also imperative
that the pediatric interventional cardiologist be techni-
cally sufficiently competent with this equipment to suc-
cessfully use it in acute CA obstruction.

17.2. Coronary artery fistula occlusion

The majority of significant CA fistulas are diagnosed in
children; consequently, pediatric interventional cardiol-
ogists have built a wealth of experience and technical
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expertise in treating CA fistulas by intravascular occlusion
utilizing a plethora of different devices.277,278 Though
pediatric interventional cardiologists are often consulted
to perform CA fistula occlusion found in adults, more
adult interventional cardiologists are gaining experience
with these procedures.279 CA fistulas that meet in-
dications for closure are rare and collaboration between
pediatric and adult interventional cardiologists perform-
ing these procedures may aid in increasing their collective
experience. Additionally, CA fistula occlusion carries a
risk profile that includes thrombosis within the CA system
especially in the presence of aneurysmal dilated CA seg-
ments. Collaboration of these interventional cardiologists
may facilitate emergent therapy including CA thrombec-
tomy and CA thrombolysis.

18. OTHER CONSIDERATIONS

18.1. Privacy, confidentiality, and data protection

Guidance regarding intraprocedural documentation and
structured procedural reporting have been covered in
Sections 14.6 and 15.5, respectively. Internationally
agreed standards for protecting patient data do not exist.
In the EU, the GDPR has been in place since 2018 and is
perceived as the preeminent regulation around the world.
In the US, data protection is covered by the Health In-
surance Portability and Accountability Act which came
into existence in 1996. The differences between these 2
privacy frameworks are covered in Table 17. It is worth
noting that if the personal data of EU residents is used
outside of the EU (including the US), GDPR compliance is
still required.

The historical platform for the collection of health data
has been guided by both the Council of Europe’s 1981
Convention for the Protection of Individuals with Regard
to the Automatic Processing of Data, which considered
health data as “special,” and the Organization for Eco-
nomic Cooperation and Development 1989 Guidelines for
the Protection of Privacy and Transborder Flows, that
established the modern parameters for the principled
regulation and security of medical data. The 8 Organiza-
tion for Economic Cooperation and Development princi-
ples are: (1) collection limitation; (2) data quality; (3)
purpose specification; (4) use limitation; (5) security
safeguards; (6) openness; (7) individual participation; and
(8) accountability.

It is noteworthy that the GDPR clearly allows health
care professionals to use personal health data for medical
diagnosis, provision of health care, management of health
care, ensuring quality of health care, protecting some-
one’s life where they cannot give consent and for public
health purposes, provided that certain conditions are
met. This should not be confused with Health Research
Regulation which pertains to research and audit and not
to normal clinical practice. Patients also have rights in
relation to their own data and transparency, a key prin-
ciple of the GDPR requiring that any information about
the processing of a patient’s personal data must be easily
accessible and easy for them to understand.

Ultimately the legislation surrounding patient data is
complex and not specific to the cath lab. Each health care
institution under the umbrella of the national regulatory
body will have guidelines for processing and protecting
patient data. This should be overseen by a data protection
officer who should have the appropriate skills, expert
knowledge of data protection law, and due regard to the
level of risk associated with processing activities that
utilize patient data. However, the obligations of GDPR
rest with the “data controller,” which is the individual
physician if in private practice or the hospital if employed
by an organization. In the event of a data breach, the data
controller should be informed.

Occasionally, it may be necessary to share patient data,
particularly when seeking a second opinion or if the pa-
tient’s care is being transferred to another institution. It is
important there is clarity on:

n The purpose of the disclosure, which is of utmost
importance as it determines the rules that apply.

n The legal basis for the disclosure.
n The patient’s right to transparency.
n The duty of confidentiality to the patient

When seeking guidance from another physician or
institution, data-sharing agreements may be in place but
seeking permission from the patient and ensuring the
patient’s confidentiality are paramount.

18.2. Participation of industry

Interaction with representatives from industry, including
clinical specialists, can facilitate an optimal patient
experience and ultimately may improve patient out-
comes. However, clear guidelines should exist in relation
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to professional conduct. These vary by country and by
individual hospitals and are usually developed by the
regulatory body within the region. Participation from in-
dustry representatives may vary from ensuring necessary
equipment is available, providing some guidance around
the technical aspects of the equipment, and finally pre-
paring the medical device for the implant. Conflicts of
interest may happen where doctors, or their close family
members, have financial interests with medical in-
dustries. Catheter laboratory staff should identify and try
to avoid conflicts of interest that may affect clinical
judgment. If a conflict of interest is unavoidable, it will
require transparent and full disclosure to everyone,
including the patient.

When clinical specialists are attending the hospital for
the first time, it is important to ensure all the necessary
required institutional documentation is completed. It is
recommended to have a member of the catheter labora-
tory staff meet with the industry representative on arrival
at the institution and subsequently introduce the in-
dustry representative to the team. Good communication
lines are essential to ensure the necessary equipment is
available for the intervention, often requiring preproce-
dural planning among the physician, the catheter labo-
ratory manager, and the clinical specialist from industry.
Occasionally and more recently, clinical support may be
provided through virtual or remote communication.
Ensuring patient confidentiality is not breached is para-
mount and forms of communication should be discussed
with the data protection officer prior to engaging in this
activity. This approach may be less suitable when tech-
nical skills are required for device preparation.

Introduction of new technologies or devices may also
require proctoring by industry representatives and more
experienced physicians. The scope of practice and case
participation of a proctor is usually agreed between the
industry representative, and the physician being trained,
and local regulations for allowing proctor participation
will need to be followed. The input and expectations of
the proctor are often outlined in agreements between the
proctor and the respective medical device company.

18.3. Taped cases and live cases

Live case transmissions (and the presentation of taped
cases) for a technically focused specialty can provide a
unique learning opportunity. However, there has been
concern raised about the impact on patient care. For a
detailed discussion on live case considerations, we like to
refer to the “SCAI/ACCF/HRS/ESC/SOLACI/APSIC state-
ment on the use of live case demonstrations at cardiology
meetings: assessments of the past and standards for the
future.”280
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APPENDIX C Abbreviations and Glossary

2D two-dimensional

3D three-dimensional

3DRA three-dimensional rotational angiography

ACC American College of Cardiology

ACE angiotensin converting enzyme

ACGME Accreditation Council for Graduate Medical Education

ACH air changes per hour

ACHD adult congenital heart disease

ACLS advanced cardiac life support

ACR American College of Radiology

ACT activated clotting time

AE adverse event

AEPC Association for European Paediatric and Congenital Cardiology

AAPM American Association of Physicists in Medicine

AHA American Heart Association

AKI acute kidney injury

ALARA as low as reasonably achievable

ANSI American National Standards Institute

AP anterior–posterior

APPCS Asia Pacific Pediatric Cardiac Society

AS aortic valve stenosis
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ASA American Society of Anesthesiology

ASD atrial septal defect

ASHE American Society for Healthcare Engineering

ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning

BAV balloon aortic valvuloplasty

BPV balloon pulmonary valvuloplasty

C3PO Congenital Cardiac Catheterization Project on Outcomes

CA coronary artery

CAD coronary artery disease

Cath lab catheterization laboratory

CBD competence by design

CCAS Congenital Cardiac Anesthesia Society

CCISC Congenital Cardiac Interventional Study Consortium

CHARM Congenital Heart Disease Adjustment for Risk Method

CHD congenital heart disease

CLD chronic lung disease

CO2 carbon dioxide

CME continuing medical education

CP cheatham–platinum

CPET cardiopulmonary exercise testing

CPR cardiopulmonary resuscitation

CQI continuous quality improvement

CQMC Core Quality Metric Collaborative

CRNA certified registered nurse anesthetists

CRISP Catheterization RISK Score for Pediatrics

CSANZ Cardiac Society of Australia and New Zealand

CT computerized tomography

CTO chronic total occlusion

CTS cardiothoracic surgery

CXR chest X-Ray

DAP dose area product

DSA digital subtraction angiography

ECG electrocardiogram

ECMO extracorporeal membrane oxygenation

ECPR extracorporeal cardiopulmonary resuscitation

ENT ear nose throat

EMR electronic medical record

EPA entrustable professional activities

EU European Union

FFR fractional flow reserve

FiO2 fraction of inspired oxygen

FOV field of view

FPS frames per second

FTE full-time equivalent

GA general anesthesia

GDPR European Union General Data Protection Regulation

GFR glomerular filtration rate
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Gy gray

HDU high dependency unit

HFOV high frequency oscillatory ventilation

HIPAA Health Insurance Portability and Accountability Act

HLHS hypoplastic left heart syndrome

HVAC heating, ventilation, and air conditioning

IAC Intersocietal Accreditation Commission

ICE intra-cardiac echocardiography

ICRP International Commission on Radiological Protection

ICU intensive care unit

IHI Institute for Healthcare Improvement

IMPACT IMproving Pediatric and Adult Congenital Treatments

iNO inhaled nitric oxide

IPCCC International Pediatric and Congenital Cardiac Code

IQIC International Quality Improvement Collaborative

IVUS intravascular ultrasound

JCAHO Joint Commission on Accreditation of Healthcare Organizations

KAP kerma area product

KeV kilo-electron-volt

LV left ventricle

MAUDE Manufacturer and User Facility Device Experience

m-BTT modified Blalock-Taussig-Thomas

M&M morbidity and mortality

MERV minimum efficiency reporting value rating

MFM maternal fetal medicine

MPR multiplanar reformation

MRI magnetic resonance imaging

MRT medical radiation technologists

NCRP National Council on Radiation Protection and Measurements

NIAHO National Integrated Accreditation for Healthcare Organizations

NICOR National Institute of Cardiovascular Outcomes

NICU neonatal intensive care unit

NIRS near-infrared spectroscopy

NPO nil by mouth

NQF National Quality Forum

OECD Organization for Economic Cooperation and Development

OMS operator managed sedation

OPPE ongoing professional performance evaluation

OR operating room

PACU post-anesthesia care unit

PAR periodic automatic replenishment level

PCCL pediatric and congenital cardiac catheterization laboratory

PDA patent ductus arteriosus

PDSA Plan-do-study-act

PFO patent foramen ovale

PFT pulmonary function test

PICC peripherally inserted central catheter
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PICS Pediatric and Congenital Interventional Cardiovascular Society

PICU pediatric intensive care unit

PS pulmonary valve stenosis

QA quality assurance

QI quality improvement

RCA root cause analysis

RCIS registered cardiovascular invasive specialist

RT radiation technologist

RV right ventricle

RVOT right ventricular outflow tract

RVU relative value unit

RWI relationship with industry

SAER standardized adverse events ratio

SBAR situation-background-assessment-recommendation

SBE subacute bacterial endocarditis

SCAI Society for Cardiovascular Angiography & Interventions

SHD structural heart disease

SOLACI Latin American Society of Interventional Cardiology

SPA Society for Pediatric Anesthesia

Sv sievert

TAVI transcatheter aortic valve implantation

TEE trans-esophageal echocardiography

TPVR transcatheter pulmonary valve replacement

TTE transthoracic echocardiography

USS ultrasound scan

U.S. United States

USA United States of America

USNWR U.S. News & World Report

VAD ventricular assist device

VLBW very low birth weight

VO2 oxygen consumption

VSD ventricular septal defect

WC writing committee

Holzer et al J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 1 7 , N O . 2 , 2 0 2 4

Standards and Guidelines J A N U A R Y 2 2 , 2 0 2 4 : 1 1 5 – 2 1 6

216


	PICS/AEPC/APPCS/CSANZ/SCAI/SOLACI: Expert Consensus Statement on Cardiac Catheterization for Pediatric Patients and Adults  ...
	1. Table of contents
	2. Preamble
	3. Executive summary
	Catheterization laboratory management and administration
	Physician leadership
	Nonphysician leadership
	Catheterization laboratory staffing
	Considerations for adult congenital heart disease patients
	Considerations for resource-limited environments

	Procedural training and competency
	Procedural training
	Procedural competency: Interventional cardiologists
	Procedural competency: Nonphysician staff
	Considerations for ACHD patients
	Considerations for resource-limited environments

	The ideal pediatric and congenital cardiac catheterization laboratory suite
	General considerations
	Equipment
	Consumables and supplies
	Storage
	Adult congenital patients
	Resource-limited environments

	Facility requirements
	General considerations and types of facilities
	Facility and organizational requirements for the pediatric and congenital cardiac catheterization laboratory
	Considerations for ACHD patients
	Considerations for resource-limited environments

	Surgical backup and circulatory support/extracorporeal membrane oxygenation
	Surgical backup categories:
	Extracorporeal membrane oxygenation/circulatory support categories
	Extracorporeal membrane oxygenation/circulatory/surgical backup recommendations
	Preparedness, activation, and other logistics
	Considerations for resource-limited environments

	Anesthesia and sedation
	Types of sedation and staffing requirements
	Preparation, equipment, and monitoring requirements
	Communication
	Considerations for ACHD patients
	Considerations for resource-limited environments

	X-ray imaging and radiation safety
	Physics of catheterization laboratory equipment
	Effects of radiation exposure
	Dose reduction strategies
	Radiation safety for patients and staff
	Oversight and monitoring
	Considerations for ACHD patients
	Considerations for resource-limited environments

	Quality and safety
	Internal data and records
	Targeting quality assurance and quality improvement: Adverse events in the pediatric and congenital cardiac catheterization ...
	Continuous quality improvement
	External performance measurement, risk adjustment, and comparative reporting
	Considerations for resource-limited environments

	Preprocedural management
	Patient selection: Congenital case management discussions
	Procedure-specific case preparation
	Informed consent
	Precase clinical review and “nil-by-mouth” guidelines
	Transportation
	Preprocedural team huddle
	Adverse-event preparation
	Considerations for ACHD patients

	Intraprocedural management
	Time out
	Infection prevention
	Patient positioning
	Vascular access
	Intraprocedural documentation
	Intraprocedural drug administration
	Vascular hemostasis

	Postprocedural management
	Patient destination
	Patient handoffs/transfer of care
	Postprocedural monitoring for adverse events
	Bedrest guidelines
	Structured procedure reporting
	Outpatient discharge planning and instructions
	Considerations for ACHD patients

	Procedures requiring specific preparations and setup
	Hybrid procedures
	Procedures in premature infants
	Procedures done outside the catheterization laboratory
	Fetal interventional procedures

	Coronary interventions in pediatric patients
	Coronary artery dilation/stent
	Coronary artery fistula occlusion

	Other considerations
	Privacy, confidentiality, and data protection
	Participation of industry
	Taped cases and live cases


	4. Introduction
	4.1. Writing committee
	4.2. Project timeline
	4.3. Evidence and consensus
	4.4. Project scope and goals
	4.4.1. Resource-limited environments
	4.4.2. ACHD patients
	4.4.2.1. The need for a special focus on ACHD patients
	4.4.2.2. Scope of ACHD recommendations


	5. Catheterization laboratory management and administration
	5.1. Physician leadership
	5.1.1. Director of the congenital cardiac catheterization program
	5.1.1.1. Reporting and support
	5.1.1.2. Protected time
	5.1.2. Substantive catheterizing physicians

	5.2. Nonphysician leadership
	5.2.1. Catheterization laboratory manager
	5.2.2. Administrative leadership

	5.3. Catheterization laboratory staffing
	5.3.1. General staffing considerations
	5.3.1.1. Congenital catheterization team composition
	5.3.1.2. Complex cases
	5.3.1.3. Cases with operator managed sedation
	5.3.1.4. Cases with 2 fully trained and qualified operators
	5.3.1.5. Cross-training and coverage
	5.3.2. Team members of the congenital cardiac catheterization laboratory
	5.3.2.1. Primary physician operators
	5.3.2.2. Procedural assistants
	5.3.2.3. Trainees
	5.3.2.4. Nonphysician assistants
	5.3.2.5. Noncatheterizing physicians
	5.3.2.6. Nursing staff, advanced practice nurses and physician assistants
	5.3.2.7. Technologists
	5.3.2.8. Anesthesia

	5.4. Policies and guidelines
	5.5. Considerations for ACHD patients
	5.6. Considerations for resource-limited environments

	6. Procedural training and competency
	6.1. Providing minimum case number requirements
	6.2. Procedural training: General cardiology core and interventional trainees
	6.2.1. Introduction
	6.2.2. Prerequisites for training
	6.2.3. Assessment of training progress and competency
	6.2.3.1. Entrustable professional activities
	6.2.4. Staged procedural competency: Trainee
	6.2.4.1. Basic (core) level of procedural competency and training
	6.2.4.2. Intermediate and advanced levels of procedural competency and training
	6.2.4.3. Conclusion of an advanced training program

	6.3. Procedural competency: Interventional cardiologists
	6.3.1. Ongoing procedural training
	6.3.2. Introducing new procedures
	6.3.3. Case-specific requirements

	6.4. Procedural competency: Nonphysician staff
	6.4.1. General competency
	6.4.2. Case-specific requirements
	6.4.3. Continued education and training

	6.5. Considerations for ACHD patients
	6.5.1. General operator background
	6.5.2. Occasional practice
	6.5.3. Requirements for performing ACHD interventions
	6.5.3.1. Procedure-specific volume recommendations
	6.5.3.2. Maintenance of competency
	6.5.4. Dedicated ACHD interventional training
	6.5.4.1. Volume recommendations for ACHD training
	6.5.5. Cooperation/collaboration with adult cardiologists experienced in structural heart disease and coronary artery disease

	6.6. Considerations for resource-limited environments

	7. The ideal pediatric and congenital cardiac catheterization laboratory suite
	7.1. General considerations
	7.1.1. Layout and size of the pediatric and congenital cardiac catheterization laboratory
	7.1.1.1. The pediatric and congenital cardiac catheterization laboratory procedure room
	7.1.1.2. The pediatric and congenital cardiac catheterization laboratory supporting rooms and space
	7.1.2. HVAC
	7.1.3. Considerations for multiple use
	7.1.4. The hybrid pediatric and congenital cardiac catheterization laboratory

	7.2. X-Ray equipment
	7.2.1. Single plane vs biplane
	7.2.2. Output/storage/analysis
	7.2.3. Equipment features
	7.2.4. Maintenance
	7.2.5. Longevity

	7.3. Non–x-ray equipment
	7.3.1. Vascular ultrasound
	7.3.2. Physiologic and laboratory data
	7.3.3. Echocardiography
	7.3.4. Radiofrequency generator
	7.3.5. Intravascular ultrasound

	7.4. Consumable supplies
	7.4.1. General considerations
	7.4.2. Approach to stock inventory

	7.5. Storage
	7.5.1. General considerations
	7.5.2. In- and out-of-room storage

	7.6. Considerations for ACHD patients
	7.7. Considerations for resource-limited environments

	8. Facility requirements
	8.1. General considerations
	8.2. Types of facilities
	8.2.1. Leadership structures

	8.3. Facility requirements for the pediatric and congenital cardiac catheterization laboratory
	8.3.1. Specific facility requirements to support the pediatric and congenital cardiac catheterization laboratory
	8.3.2. Organizational requirements to support the pediatric and congenital cardiac catheterization laboratory

	8.4. Considerations for ACHD patients
	8.4.1. Facility types and collaboration
	8.4.2. Multidisciplinary team
	8.4.3. Other facility requirements for ACHD patients
	8.4.4. ACHD institutional support

	8.5. Considerations for resource-limited environments

	9. Surgical backup and circulatory support
	9.1. Introduction and background
	9.1.1. Surgical backup vs extracorporeal membrane oxygenation backup
	9.1.2. Surgical backup: Existing recommendations
	9.1.3. Extracorporeal membrane oxygenation backup: Existing recommendations

	9.2. Backup categories by urgency
	9.3. Extracorporeal membrane oxygenation/circulatory backup recommendations
	9.4. Surgical backup
	9.4.1. General recommendations
	9.4.2. Surgical operator

	9.5. Preparedness, activation, and other logistics
	9.5.1. Backup activation
	9.5.2. Backup location
	9.5.3. Equipment
	9.5.4. Training

	9.6. Considerations for ACHD patients
	9.7. Considerations for resource-limited environments

	10. Anesthesia and sedation
	10.1. Types of sedation in the congenital catheterization laboratory
	10.2. Staffing and training requirements
	10.2.1. Operator-managed sedation
	10.2.2. Sedation and anesthesia provided by a trained anesthesiologist

	10.3. Equipment and monitoring requirements
	10.4. Intraprocedural communication
	10.5. Considerations for ACHD patients
	10.6. Considerations for resource-limited environments

	11. X-ray imaging and radiation safety
	11.1. Physics of the catheterization laboratory equipment
	11.2. Measures of radiation
	11.3. Effects of radiation exposure
	11.4. Dose reduction strategies
	11.4.1. Equipment quality and calibration
	11.4.2. Equipment operating protocols and settings
	11.4.3. Best practices of operator conduct
	11.4.4. Three-dimensional imaging

	11.5. Radiation safety for patients and staff
	11.5.1. Patients
	11.5.2. Catheterization laboratory personnel
	11.5.3. Pregnant staff
	11.5.4. Pregnant patients

	11.6. Oversight and monitoring
	11.6.1. Oversight
	11.6.2. Patient monitoring
	11.6.3. Staff monitoring
	11.6.3.1. Staff monitoring during pregnancy

	11.7. Training and education
	11.8. Regulatory requirements
	11.9. Considerations for ACHD patients
	11.10. Considerations for resource-limited environments

	12. Quality and safety
	12.1. Internal data and records
	12.2. Targeting quality assurance and quality improvement: Adverse events in the pediatric and congenital cardiac catheterization ...
	12.2.1. Recording patient and procedural adverse events
	12.2.2. Quality assurance, internal analysis, and learning opportunities
	12.2.2.1. Morbidity and mortality conferences
	12.2.2.2. Special safety event reviews
	12.2.2.3. Device-related events

	12.3. Continuous quality improvement
	12.4. External performance measurement, risk adjustment, and comparative reporting
	12.5. Quality improvement projects and resources
	12.6. Regulatory requirements
	12.7. Considerations for resource-limited environments

	13. Preprocedural management
	13.1. Patient selection: Congenital case management discussions
	13.2. Procedure-specific case preparation
	13.2.1. Imaging and chart review
	13.2.1.1. Medications
	13.2.2. Risk assessment
	13.2.3. Procedural timing
	13.2.4. Expected hospital stay
	13.2.5. Additional preprocedural testing
	13.2.5.1. Consults
	13.2.5.2. Preprocedural nonlaboratory testing
	13.2.5.3. Laboratory testing
	13.2.5.3.1. Blood bank requirements
	13.2.6. Equipment, supplies, and support
	13.2.7. Concomitant procedures
	13.2.8. Patient-specific considerations
	13.2.8.1. Patients with renal impairment
	13.2.8.2. Patients with allergies
	13.2.8.3. Considerations for thyroid dysfunction
	13.2.8.4. Considerations for pulmonary hypertension

	13.3. Informed consent
	13.4. Precase clinical review
	13.5. “Nil-by-mouth” guidelines
	13.6. When to cancel or postpone a case
	13.7. Transportation
	13.7.1. Intubated and ventilated patients
	13.7.2. Transporting patients on extracorporeal membrane oxygenation, ventricular assist device, or with high-frequency oscillatory ...

	13.8. Preprocedural team huddle
	13.9. Preparation for adverse events
	13.10. Considerations for ACHD patients
	13.10.1. Adult comorbidities and ACHD-specific considerations
	13.10.1.1. Arrhythmia
	13.10.1.2. Failing Fontan (single ventricle) physiology
	13.10.1.3. Plastic bronchitis
	13.10.1.4. Diabetes mellitus
	13.10.1.5. Chronic lung disease
	13.10.1.6. Hypertension
	13.10.1.7. Hypercoagulability and anticoagulation

	13.11. Considerations for resource-limited environments

	14. Intraprocedural management
	14.1. Time out
	14.2. Infection prevention
	14.3. Hemodynamic calibration
	14.4. Patient positioning
	14.5. Vascular access
	14.6. Intraprocedural documentation
	14.7. Image acquisition and retention
	14.8. Intraprocedural adverse events
	14.9. Intraprocedural drug administration
	14.10. Vascular hemostasis
	14.11. Considerations for ACHD patients

	15. Postprocedural management
	15.1. Patient destination
	15.2. Patient handoffs/transfer of care
	15.3. Postprocedural monitoring
	15.4. Bedrest guidelines
	15.5. Structured procedure reporting
	15.6. Procedure logs
	15.7. Outpatient discharge planning and instructions
	15.8. Considerations for ACHD patients

	16. Procedures requiring specific preparations and setup
	16.1. Hybrid procedures
	16.1.1. Types of hybrid procedures
	Adjunct to surgical interventions
	Alternative forms of vascular access
	Unique hybrid treatments
	16.1.2. Environments for hybrid procedures
	Intensive care unit setting with the use of a portable C-arm
	Standard surgical operating room
	Standard congenital cardiac catheterization laboratory
	Hybrid operating room
	Hybrid cardiac catheterization laboratory
	16.1.3. Staffing
	16.1.3.1. Hybrid palliation of hypoplastic left heart syndrome
	16.1.4. Equipment and other requirements

	16.2. Procedures in premature infants
	16.2.1. Preprocedure considerations in premature infants
	16.2.2. Transport and catheterization laboratory preparation for premature infants
	16.2.3. Intraprocedural consideration for premature infants

	16.3. Procedures done outside the congenital catheterization laboratory
	16.4. Fetal interventional procedures
	16.4.1. Starting a fetal program


	17. Coronary interventions in pediatric patients
	17.1. Coronary artery dilation/stent
	17.2. Coronary artery fistula occlusion

	18. Other considerations
	18.1. Privacy, confidentiality, and data protection
	18.2. Participation of industry
	18.3. Taped cases and live cases

	Acknowledgments
	Peer review statement
	Declaration of competing interest
	Funding sources
	References
	Appendix


