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Abstract The risks associated with cardiac catheteriza-

tion in children with pulmonary hypertension (PH) are

increased compared with adults. We reviewed retrospec-

tively all clinical data in children with PH [mean pul-

monary artery pressure (mean PAp) C25 mmHg and

pulmonary vascular resistance index (PVRI) C3 Wood

units m2] undergoing cardiac catheterization between 2009

and 2014. Our strategy included a team approach, minimal

catheter manipulation and sildenafil administration prior to

extubation. Adverse events occurring within 48 h were

noted. Seventy-five patients (36 males), median age

4 years (0.3–17) and median weight 14.6 kg (2.6–77 kg),

underwent 97 cardiac catheterizations. Diagnoses included

idiopathic or heritable pulmonary arterial hypertension

(PAH) (29 %), PAH associated with congenital heart dis-

ease (52 %), left heart disease (5 %) and lung disease

(14 %). Mean PAp was 43 ± 19 mmHg; mean PVRI was

9.7 ± 6 Wood units m2. There were no deaths or serious

arrhythmias. No patient required cardiac massage. Three

patients who suffered adverse events had suprasystemic

PAp (3/3), heritable PAH (2/3), decreased right ventricular

function (3/3), and pulmonary artery capacitance index

\1 ml/mmHg/m2 (3/3) and were treatment naı̈ve (3/3). No

patient undergoing follow-up cardiac catheterization suf-

fered a complication. In 45 % of cases, the data acquired

from the follow-up cardiac catheterization resulted in an

alteration of therapy. Three percent of children with PH

undergoing cardiac catheterization suffered adverse events.

However, there were no intra or post procedural deaths and

no one required cardiac massage or cardioversion. Follow-

up cardiac catheterization in patients receiving pulmonary

hypertensive targeted therapy is safe and provides useful

information.
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Introduction

Pulmonary hypertensive vascular disease (PHVD) in

childhood is a serious, heterogeneous condition that may

require cardiac catheterization for diagnostic precision,

initiation of therapy and evaluation of therapeutic strategies

[6, 20]. Hemodynamic measurements obtained at cardiac

catheterization predict outcome and, in some circum-

stances, may be a pre-requisite for approval of drug pre-

scription and reimbursement of drug costs [2]. Acute

vasoreactivity testing with inhaled nitric oxide predicts the

responsiveness to calcium channel blocker therapy, and

prognosis and, in patients with congenital heart disease or

left heart dysfunction, may indicate operability [1, 10, 11,

17]. Indeed absence of a positive response to a short-acting

pulmonary vasodilator in the cardiac catheterization labo-

ratory is a contraindication to the use of nifedipine,

amlodipine or diltiazem to treat idiopathic or heritable

pulmonary arterial hypertension (IPAH) [10]. Accurate

assessment of drug effectiveness and prediction of
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deterioration is difficult in children because there are no

tests of functional capacity that are readily applicable

across all patient sizes and neurodevelopmental stages.

Children unlike adults may have advanced disease with a

paucity of symptoms [2, 13, 20]. Hemodynamic data cor-

relates well with functional assessment and outcomes in

clinical trials. It is a useful indicator of disease severity and

treatment effect that may be compared across all ages and

developmental stages [2, 7, 16]. However, there is a rea-

sonable reluctance to recommend repeated cardiac cathe-

terization in children with pulmonary hypertension (PH)

because of a 4–6 % risk of serious adverse outcomes [3, 4,

19, 22]. In 2008, we established a pediatric pulmonary

hypertension service, which included a standardized

approach to cardiac catheterization in children with pul-

monary hypertensive vascular disease. Therefore, we

undertook an evaluation of the risks and benefits of cardiac

catheterization in children with pulmonary hypertensive

vascular disease.

Methods

The study was approved by the institutional ethics review

board at the University of Alberta (approval number

Pro00038633). The need for individual consent was waived.

We reviewed all available clinical records of children

with PHVD defined as mean pulmonary artery pressure

(mean PAp) C25 mmHg and pulmonary vascular resistance

index (PVRI) C3 Wood units m2 undergoing cardiac cath-

eterization from January 2009 to April 2014.

We reviewed in detail using a standard data collection

form the demographics, clinical history, physical exami-

nation findings, drug therapy, echocardiogram performed

within 1 month of the cardiac catheterization and the

hemodynamic measurements obtained during cardiac

catheterization.

We divided the patients into three groups based on

simultaneously measured mean PAp to mean systemic

arterial pressure (mSAp) ratio as follows: Group 1 mean

PAp/mean SAp \ 0.7, Group 2 mean PAP/mean

SAp C 0.7 B 1 and Group 3 mean PAp/mean SAp [ 1.

All children undergoing cardiac catheterization for PH

were evaluated and discussed by a pediatric pulmonary

hypertension and pediatric anesthesia specialist. A protocol

was established with the following key components:

1. Patients receiving targeted pulmonary hypertension

therapy continued their medications according to their

usual home schedule both before and during the

procedure.

2. A dose of sildenafil (1 mg/kg, max 40 mg) was

administered to all the patients through a nasogastric

tube before the end of the case and 20 min prior to

tracheal extubation. Exceptions were children already

receiving sildenafil or tadalafil as part of their home

drug regimen who did not, in general, receive an

additional dose.

3. Anesthesia was provided using a regime that generally

included ketamine (±midazolam) with rocuronium for

induction and low-dose desflurane or sevoflurane and

remifentanil for maintenance. Local anesthesia was

administered to sites of proposed vascular access.

4. Anesthetic management included intubation with a

cuffed endotracheal tube and mechanical ventilation in

all but one patient.

5. End-tidal CO2 was monitored continuously and main-

tained between 35 and 45 mmHg.

6. Oxygen consumption was measured by mass spec-

trometry or the breath-by-breath method (Innocor)

(Innovision, Denmark) [8].

The cardiac catheterization protocol varied according to

anatomy. We used a modified Seldinger technique to

insert percutaneously femoral or radial arterial and fem-

oral or internal jugular venous lines. In patients without

intracardiac shunting, a single venous sheath was used

through which a thermodilution catheter was positioned

with the distal port in the main pulmonary artery. The

proximal port was confirmed to be in the right atrium by

pressure measurement and used for saline injection to

measure cardiac output by thermodilution. To avoid fre-

quent catheter manipulation in subjects with intracardiac

or systemic to pulmonary artery shunts, we used an

internal jugular vein sheath (one French size larger than

the catheter inserted) to measure pre-tricuspid venous

saturations and pressures. If there was a shunt at atrial

level, then a second catheter was placed via the femoral

vein to sample blood and measure pressures in the left

atrium or pulmonary veins. Oxygen consumption was

measured by mass spectrometry or the breath-by-breath

method in all patients [8]. All calculated parameters were

indexed to body surface area. Systemic and pulmonary

blood flows (L/min/m2) were calculated from the direct

Fick’s principle in subjects with cardiac shunts or the

indirect Fick’s principle by thermodilution in patients

without shunts. Systemic and pulmonary vascular resis-

tances (Wood units m2) were calculated using standard

formulas. Pulmonary artery capacitance index (PACI) was

calculated from the equation: stroke volume/pulmonary

artery pulse pressure (ml/mmHg/m2). Measurements were

recorded at baseline (usually room air) following arterial

blood gas analysis demonstrating normal pH and pCO2.

Pulmonary vasoreactivity testing was performed with

inhaled nitric oxide in all patients undergoing a first car-

diac catheterization. We performed additional pulmonary
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vasoreactivity testing included hyperoxia, inhaled prosta-

cyclin or sildenafil administered via nasogastric tube

depending on the clinical circumstance. Adverse events

occurring up to 48 h after the cardiac catheterization were

noted. Minor complications were defined as transient

events including loss of distal pulse with recovery post-

procedure, arrhythmia not requiring medication or elec-

trical cardioversion and post-extubation stridor. We

defined major complications as arrhythmias requiring

electrical or chemical cardioversion, hypotension (defined

as a decrease in systolic blood pressure by 20–30 % [14,

18]) requiring ionotropic support or fluid administration at

the discretion of the anesthesiologist, failure to extubate at

the end of the cardiac catheterization, need for cardiac

massage or cardiopulmonary resuscitation, institution of

extracorporeal life support (ECLS) and death.

Statistical analyses were performed with IBM SPSS

version 21. We used the ANOVA test to compare means of

continuous variables and the Chi-square test to compare the

nominal variables between the three groups. Multiple

Fischer’s exact t tests were used to compare variables

between patients with and without major adverse events.

p \ 0.05 was considered significant.

Results

During the study period, 75 patients (36 males), median

age 4 years (3 months to 17 years) and median weight

14.6 kg (2.6–77 kg), underwent 97 cardiac catheterization

procedures. Diagnostic groups included IPAH (n = 22,

28 %), PAH associated with repaired or unrepaired con-

genital heart disease (n = 39, 52 %), acquired left heart

disease (n = 4, 5 %) and lung disease (n = 10, 14 %).

Arterial access was through the femoral artery (n = 86)

and radial artery (n = 11). Venous access was right and

left femoral vein (n = 23), right internal jugular vein and

femoral vein (n = 28) and femoral vein only (n = 46). The

mean PAp overall was 43 ± 19 mmHg, mean PVRI

was 9.7 ± 6 Wood units m2, and mean PACI was

2.1 ± 0.8 ml/mmHg/m2.

Table 1 describes the clinical characteristics of the

patients subdivided into three groups by severity of pul-

monary hypertension. All three groups were comparable in

height weight, body surface area and World Health Orga-

nization (WHO) functional class. Mean PAp was 38 ± 7,

48 ± 11 and 76 ± 14 mmHg in groups 1, 2 and 3, respec-

tively (p \ 0.001). The mean PVRI was 5.6 ± 2.4 Wood

units m2, 11.4 ± 5.1 and 19.6 ± 7.9 in groups 1, 2 and 3,

respectively (p \ 0.001). The mean PACI in Group 1 was

1.5 ± 0.6 ml/mmHg/m2, in Group 2 was 1 ± 0.5 ml/

mmHg/m2 and in Group 3 was 0.8 ± 0.2 ml/mmHg/m2

(p = 0.06).

Complications occurred in 6/97 (6.2 %) cardiac cathe-

terization procedures. Major complications occurred in

3/97 (3.1 %). All three children had suprasystemic pul-

monary artery pressures and moderate-to-severe right

ventricular dysfunction and were undergoing a first diag-

nostic cardiac catheterization before initiation of specific

therapy. 2/3 patients had heritable PAH and carried

mutations of BMPR2 and Alk 1. In 2/3 of these children,

systemic hypotension during the procedure required treat-

ment. One patient received a fluid bolus in response to a

20 % decrease in systolic blood pressure. The other patient

had a 50 % decrease in systolic blood pressure and

required inotropic support transiently during the case. Both

patients were observed overnight on the pediatric cardiac

intensive care unit. A third patient was re-admitted 36 h

after cardiac catheterization with progressive right heart

failure. Hemodynamic instability persisted despite treat-

ment with intravenous prostacyclin, milrinone, epinephrine

and tracheal intubation. She was resuscitated with ECLS

and underwent lung transplantation 7 weeks later. There

were no deaths.

Minor complications occurred in 3/97 (3.1 %). All three

patients suffered transient loss of the foot pulses on the side

used for arterial access. The clinical characteristics of the

patients who suffered minor or no adverse events versus

those who suffered major adverse events are summarized

in Table 2. Risk factors for a major adverse event were

WHO functional class 3–4, moderate or severe right ven-

tricular dysfunction, suprasystemic pulmonary artery

pressure and decreased PACI (Table 3).

Follow-up catheterization was performed in 22 children.

In 10/22 (45 %) cases, the data acquired from the follow-

up cardiac catheterization resulted in a decision to alter

therapy. In 3/22 children, an additional oral agent was

added. In 2/22, sildenafil was replaced by long-acting

tadalafil because breakthrough pulmonary hypertension

was documented during the cardiac catheterization. In 5/22

children continuously infused, subcutaneously adminis-

tered treprostinil was added to therapy. In the remaining

12/22 cases, the results of cardiac catheterization confirmed

treatment efficacy. None of the patients undergoing a fol-

low-up cardiac catheterization while receiving specific

pulmonary hypertension targeted therapies suffered a

complication.

Discussion

Our programmatic approach to the cardiac catheterization

of children with pulmonary hypertension resulted in a 2 %

risk of transient inotrope use with overnight observation in

the cardiac intensive care unit, but no intraprocedural

deaths, cardioversion or need for cardiac massage.
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Furthermore, follow-up cardiac catheterization to assess

the effects of treatment was accomplished safely, without

any adverse events, and yielded information resulting in

therapeutic changes in 45 % of cases. Our results compare

favorably with other reports in children [3, 4, 9, 12, 19, 22].

The three patients who suffered adverse events during or

after cardiac catheterization had suprasystemic pulmonary

artery pressures (3/3), heritable PAH (2/3), decreased right

ventricular function (3/3), and pulmonary capacitance index

\1 ml/mmHg/m2 (3/3) and were treatment naı̈ve (2/3).

This suggests that children with some or all of these

characteristics may be served better by delaying cardiac

catheterization until therapy has been started providing that

they have diagnostic echocardiograms and chest CT scans

Table 1 Clinical and echocardiographic characteristics of patients grouped according to severity of pulmonary artery hypertension

Groups Group 1 (n = 48) (mPAp/

mSAp \ 0.7)

Group 2 (n = 35) (mPAp/

mSAp C 0.7 B 1.0)

Group 3 (n = 14) (mPAp/

mSAp [ 1.0)

Age in years [median (range)] 3.9 (0.3–14) 4.1 (0.7–16) 4 (0.8–17)

Gender (M/F) 20:28 22:13 5:8

Height (cm) 96 ± 42 101 ± 33 115 ± 36

Weight (kg) 21 ± 6 21.9 ± 7.2 24.8 ± 6.8

Body surface area (m2) 0.7 ± 0.5 0.7 ± 0.4 1 ± 0.5

WHO functional class

Class I/II 46 34 7

Class III/IV 2 1 7

Septal position

Normal/flat 47 32 3

Concave into the left ventricle 0 3 11

Right ventricular function

Normal/mild RV dysfunction 38 18 4

Moderate-to-severe RV dysfunction 8 17 10

Right ventricular dysfunction; mild = Tricuspid annular plane systolic excursion distance (TAPSE) Z score \-2 and C-2.5, Moderate-to-

severe right ventricular dysfunction = TAPSE Z score \2.5. All values are in mean ± 2 SD unless specified otherwise

mPAp mean pulmonary artery pressure, mSAp mean systemic artery pressure

Table 2 Comparison of clinical, ECG and echocardiographic findings of children with major adverse events within 48 h of the procedure and

those without significant adverse events

Variable No major adverse event (n = 94) Major adverse event (n = 3) p value

WHO functional class

Class I/II 86 1

Class III/IV 8 2 0.05

Genetic syndrome

No identifiable genetic syndrome 70 2

Genetic syndrome present 24 1 0.48

Septal position

Normal/flat 83 0

Concave into the left ventricle 11 3 0.05

Right ventricular function

Normal/mild RV dysfunction 79 0

Moderate-to-severe RV dysfunction 15 3 0.04

Right ventricular dysfunction; mild = Tricuspid annular plane systolic excursion distance (TAPSE) Z score \-2 and C-2.5, Moderate-to-

severe right ventricular dysfunction = TAPSE Z score \2.5
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sufficient to exclude pulmonary veno-occlusive disease

[15]. We agree that a full diagnostic evaluation including

cardiac catheterization is important before starting targeted

or specific pulmonary hypertensive therapy in most cases

[10]. However, we would defer cardiac catheterization in

patients who present in overt right heart failure and/or

requiring mechanical ventilation and inotropic support

until a measure of stability is achieved which may include

the use of specific pulmonary hypertensive drugs. Ensuring

the availability of rapidly deployed ECLS to salvage

deteriorating patients with pulmonary hypertension during

or after cardiac catheterization seems prudent. We do start

oral therapy with sildenafil without cardiac catheterization

in children who are weaning from inhaled nitric oxide on

the intensive care unit and in ex-premature infants without

cardiac shunts, pulmonary vein stenosis or aortopulmonary

collaterals who have been recently extubated. In the latter

patients, before starting therapy, we obtain a complete

echocardiogram, CT scan, and pulmonology consult and

optimize non-invasive ventilation strategies, oxygen ther-

apy and treatment for aspiration. However, if they require

prolonged pulmonary hypertensive therapy, then cardiac

catheterization is performed later in their course.

We suggest that follow-up cardiac catheterizations yield

important information particularly about treatment efficacy

and may be performed without adverse events. Cardiac

catheterization is one of the few tests that can be applied

uniformly across all ages and neurodevelopmental stages to

provide prognostic information or to asses the effect of ther-

apy [2]. Hemodynamic data obtained at cardiac catheteriza-

tion particularly pulmonary artery pressure, capacitance and

pulmonary vascular resistance correlate well with functional

class, exercise capacity and the effect of therapy [2, 7, 16, 20].

We have chosen to perform cardiac catheterizations using

general anesthesia and endotracheal intubation to reduce

inadvertent hypercarbia, acidosis, hypoxia and agitation that

may precipitate acute, and potentially, lethal increases in

pulmonary artery pressure, as well as, confound the baseline

hemodynamics and the effects of pulmonary vascular reac-

tivity testing. Nevertheless, we are cognizant that cardiac

catheterization may be performed safely using local anes-

thesia and sedation without tracheal intubation depending on

local expertise and resource availability [22]. Certainly,

general anesthesia could be avoided in adolescent patients

who are cooperative and willing to undergo cardiac cathe-

terization with local anesthesia with or without mild sedation

(as in one of our patients). The median age of our patients

with PH undergoing cardiac catheterization was 4 years and

so few patients in our cohort were in this category. There

remains an on-going discussion whether the hemodynamics

obtained during cardiac catheterization with general anes-

thesia or sedation are reflective of the awake hemodynamics

outside of the cardiac catheterization laboratory. Our review

cannot answer this question, and while our approach has

been to favor general anesthesia to avoid the confounding

effects of hypercarbia and agitation on the hemodynamics

and the interpretation, as stated above we are cognizant that

cardiac catheterization can be undertaken safely with a more

permissive use of local anesthesia and sedation without tra-

cheal intubation. However, whichever approach is taken, we

suggest that a key component of ensuring the safety of

children with pulmonary hypertension during cardiac cath-

eterization is discussion with the anesthesiologist before,

during and after the procedure. The development of a stan-

dardized anesthetic approach encourages safety and reduces

the confounding effects of different anesthetic regimens on

the hemodynamics and their interpretation. In treatment

naı̈ve patients, a dose of sildenafil before the end of the

procedure may reduce the pulmonary vascular lability sur-

rounding tracheal extubation and the early recovery period.

Ketamine with or without inhalation agents has been shown

by others to be safe in pediatric patients with pulmonary

hypertension undergoing general anesthesia [21, 22]. We

routinely use ketamine with or without inhalation anesthetic

for induction and maintenance of anesthesia. In addition, we

have found an infusion of remifentanil helpful to maintain

anesthesia with minimal hemodynamic change and rapid

recovery, once the infusion is ended.

We prefer to secure additional central venous access to

minimize catheter manipulation with each new testing

Table 3 Cardiac

catheterization data in patients

with and without a major

adverse event

PVRI pulmonary vascular

resistance index, PACI

pulmonary artery capacitance

index, SVRI systemic vascular

resistance index

Cardiac catheterization findings No major adverse events Patient 1 Patient 2 Patient 3

Systolic pulmonary artery pressure (mmHg) 61 ± 25 78 106 58

Mean pulmonary artery pressure (mmHg) 42.4 ± 19.5 56 89 45

Systolic systemic artery pressure (mmHg) 83 ± 16 69 90 56

Mean systemic artery pressure (mmHg) 61 ± 12 49 64 43

Cardiac index (L/min/m2) 3.5 ± 1.6 3.9 2.8 2.7

PVRI (Wood units m2) 9.7 ± 6.3 12.3 29.5 9.5

SVRI (Wood units m2) 18.5 ± 7.3 18.1 9.4 12

PACI (ml/mmHg/m2) 2.1 ± 0.8 0.8 0.8 0.7

Mean PAp [ mean SAp (n) 11 Yes Yes Yes
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condition. We suggest that this approach reduces the risk of

provoking an arrhythmia and shortens the study time. In

contrast to previous reports, none of the patients in our

series developed an arrhythmia or required cardioversion

during the procedure [3, 9, 19, 22]. We monitor arterial

pressure and blood gases throughout the procedure.

Two of the three patients who suffered important

adverse events had heritable PAH but in the setting of

advanced disease. Although heritable forms of PAH may

carry a poorer prognosis and may be less responsive to

therapy than IPAH [5], our numbers are too small to sug-

gest that they have an increased risk during cardiac cath-

eterization. It seems more likely that the baseline

suprasystemic pulmonary artery pressures, right ventricular

dysfunction and degree of tricuspid valve regurgitation are

more indicative of the probability of a complication.

We limit the use of angiography in patients with PH to

those in whom CT scan, MRI or echocardiography has

failed to image important structures adequately. We do not

perform routinely pulmonary artery wedge angiography to

assess operability in children with congenital heart disease.

We perform pulmonary artery wedge angiograms in

patients with suspected pulmonary vein stenosis and

selective pulmonary artery angiograms if chronic throm-

boembolic pulmonary hypertension is suspected from CT

scan or nuclear ventilation and perfusion scans.

Study Limitations

The limitations of a retrospective analysis are present in our

review. However, the data are collected concurrently with

the diagnosis of pulmonary hypertension and provide useful

information to caregivers and families about the risks and

benefits of cardiac catheterization in this group of patients.

Conclusion

Cardiac catheterization in children with pulmonary

hypertensive vascular disease was performed with a 3 %

risk of important adverse events. There was no intrapro-

cedural death and no one required cardiac massage. We

found that the three patients who suffered adverse events

during or after cardiac catheterization had suprasystemic

pulmonary artery pressures (3/3), heritable PAH (2/3),

decreased right ventricular function (3/3), and PACI

\1 ml/mmHg/m2 (3/3) and were treatment naı̈ve (3/3).

Close collaboration with pediatric anesthesia, a standard-

ized approach with minimal catheter manipulation and the

use of sildenafil before the end of the procedure may have

contributed to the decreased frequency of arrhythmias

and pulmonary hypertensive events. Follow-up cardiac

catheterization in patients receiving specific pulmonary

hypertensive targeted therapy is safe, often results in a

change in management, and can be accomplished without

adverse events.
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