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Magnetic Resonance 
Imaging in Pediatric 
Pulmonary Hypertension
The present study aims to determine the efficacy and reliability of cardiovascular magnetic 
resonance imaging in establishing the diagnosis and prognosis of pulmonary hypertension 
in children.

This is a retrospective comparison of 25 children with pulmonary hypertension and a 
control group comprising 19 healthy children. The diagnosis of pulmonary hypertension 
was made when the mean pulmonary artery pressure was ≥25 mmHg by catheter angi-
ography.

The children with pulmonary hypertension had significantly lower body mass indices 
than did the healthy children (P=0.048). In addition, the children with pulmonary hyper-
tension had significantly larger main pulmonary artery diameters and ascending aortic 
diameters (both P=0.001) but statistically similar ratios of main pulmonary artery diameter-
to-ascending aortic diameter. If the main pulmonary artery diameter was ≥25 mm, pedi-
atric pulmonary hypertension was diagnosed with 72% sensitivity and 84% specificity. In 
the event that the ratio of main pulmonary artery diameter-to-ascending aorta diameter 
was ≥1, pediatric pulmonary hypertension was diagnosed with 60% sensitivity and 53% 
specificity. When compared with children who had New York Heart Association functional 
class II pulmonary hypertension, the children with functional class III pulmonary hyperten-
sion had significantly larger main (P=0.046), right (P=0.036), and left (P=0.003) pulmo-
nary arteries.

Cardiovascular magnetic resonance imaging is useful in the diagnosis of children with 
pulmonary hypertension. Pediatric pulmonary hypertension can be diagnosed with high 
sensitivity and specificity when the main pulmonary artery diameter measures ≥25 mm. 
(Tex Heart Inst J 2015;42(3):209-15)

Pulmonary hypertension (PH) is diagnosed when the resting mean pulmonary 
artery (PA) pressure is ≥25 mmHg. It has been hypothesized that abnormal 
hemodynamic effects of various stimuli cause PH, which in turn progressively 

leads to heart failure and eventually to death. This clinical entity can be either idio-
pathic or secondary to various clinical conditions.1-3

	 Childhood PH is especially associated with congenital heart disease in children. Al-
though childhood PH is usually related to acyanotic heart disease, it can also occur in 
children with cyanotic heart defects. Angiography is the gold standard for the diagno-
sis and follow-up of PH. This diagnostic tool, in experienced hands, has substantially 
lowered the morbidity and mortality rates associated with childhood PH. However, 
angiography is an invasive procedure that can give rise to severe complications. There-
fore, easily available and noninvasive imaging methods such as echocardiography, 
computed tomography, and magnetic resonance imaging (MRI) have been adopted 
for the clinical consideration of this disease.1-5

	 Among these noninvasive techniques, MRI is of pronounced importance, because 
it enables the visual evaluation of accompanying heart defects, pulmonary paren-
chyma, and the pulmonary vasculature in the clinical study of PH patients. Combin-
ing contiguous bright-blood cine MRI slices (8 mm thick), acquired in short-axis 
orientation, makes possible the calculation of end-systolic and end-diastolic ventricular 
volumes, ejection fractions, and myocardial mass. The high degree of accuracy and re-
producibility of these derived measures facilitates the evaluation of disease severity and 
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early-stage changes in cardiac structure and function.6-8 
Moreover, it has been proposed that the enlargement of 
main PA diameter and the subsequent increase in the 
ratio of main PA diameter-to-ascending aorta diameter 
might indicate the pathologic increment in PA pressure.
	 The present study aims to determine the efficacy and 
reliability of MRI in the establishment of PH diagnosis 
and prognosis in children.

Patients and Methods

The present study was approved by our local ethics 
committee (decision no: 125/21.03.2012). All MRI 
measurements were made by 2 experienced radiologists 
(AYO and EK). Intra- and interobserver variations were 
evaluated by means of the Bland-Altman method.9

	 This is a retrospective review of 44 children who were 
consecutively evaluated at the department of pediatric 
cardiology at Gazi University Medical Faculty Hospital 
from January 2001 through March 2012. The study 
group consisted of 25 children with PH and 19 healthy 
children. The diagnosis of PH was made when mean 
PA pressure was ≥25 mmHg by catheter angiography. 
In order to determine the severity of the disease for each 
child diagnosed with PH, the New York Heart Associa-
tion (NYHA) functional classification system was used. 
Data related to demographic features, clinical charac-
teristics, catheter angiographic results, MRI findings, 
and serum concentrations of brain natriuretic peptide 
(BNP) were evaluated. Body mass index was calculated 
in accordance with the following formula:

Body mass index (kg/m2) = body weight (kg) / 
height2 (m2).

	 Angiography. In accordance with the standard tech-
niques, angiography was performed by using a Swan-
Ganz catheter. Right atrial pressure, PA pressures 
(systolic, diastolic, and mean), pulmonary f low rate 
(Q p), systemic flow rate (Qs), the Q p/Qs, pulmonary 
vascular resistance (PVR), systemic vascular resistances 
(SVR), and the PVR/SVR ratio were recorded. Pulmo-
nary and systemic f low rates were both computed by 
application of the Fick principle, on the basis of oxygen 
consumption in accordance with age, sex, and heart 
rate. The value of PVR in Wood units was calculated 
according to the following equation:

Pulmonary vascular resistance = [mean PA pressure 
– PA occlusion pressure (mmHg)] × 80 / cardiac 
output.

	 Magnetic Resonance Imaging. Each child with PH 
underwent MRI within 3 months of the angiographic 
procedure. For image acquisition, a 32-channel 1.5-
Tesla whole-body Magnetom® Avanto magnetic reso-

nance scanner (Siemens Medical Solutions USA, Inc.; 
Mountain View, Calif ) was used: maximum gradient 
45 mT/m amplitude; slew rate, 200 (mTm-1) / ms; 
17-element matrix coil (8 anterior and 9 posterior) acti-
vated for data collection, and 3-electrode electrocardio-
graphic (ECG) leads applied for ECG gating. Before 
the examination, the patients were laid supine on the 
imaging table and were entered head-first into the mag-
netic field. The typical scan time of the 2-dimensional 
steady-state free-precession was 4 to 6 s per slice, and 
30 to 40 slices of 8 mm were obtained without gaps, 
to cover the thorax. Operators sampled data in a linear 
fashion by using a navigator-gating technique with a 
6- to 8-mm window; right diaphragmatic movement 
was tracked via motion-adapted tracking, or a respira-
tory gating technique (using a belt sensor) suppressed 
respiratory motion artifacts. Noncontrast-enhanced 
3-dimensional (3D) magnetic resonance aortograms of 
the thorax were obtained with use of a cardiac-gated, 
respiratory-compensated, 3D k-space segmented, T1-
weighted, gradient-echo imaging sequence. Zero-filling 
interpolation was used to reduce the partial volume ef-
fect in the slice direction. Spectrally selective fat-sup-
pression and T2-preparation pulses, which consisted 
of 2 radiofrequency pulses in a preparation time of 50 
ms, suppressed the background signals from medias-
tinum and myocardium. Typically, acquisitions used 
1- to 2-mm in-plane resolution (8-mm section thick-
ness) with tricuspid regurgitation values of 2 ms to 3.2 
ms, tricuspid valve E velocity values of 1.3 ms (opposed 
phase) to 2.5 ms (in phase), and a flip angle of 8°. The 
images covered a 256 × 256-mm 2° field of view, with 
a base resolution of 128 to 256 data samples.
	 A 3D model of the aorta and the PA was constructed 
by combining the diameters measured
	 • �at the level of the diaphragm (corresponding to the 

diameter of the descending aorta),
	 • �at the level of the right PA within the axial plane 

(corresponding to the diameter of the ascending 
aorta),

	 • �at the level of the pulmonary bifurcation (cor-
responding to the diameter of the main PA),

	 • �at the point between the left common carotid and 
left subclavian arteries (corresponding to the diam-
eter of the mid-aortic arch), and

	 • �at the point between the pulmonary bifurcation and 
the offspring of the lobe branches (corresponding to 
the diameters of the right and left PAs).

Statistical Analysis
Collected data were analyzed by use of SPSS version 
18.0 (IBM Corporation; Armonk, NY) on computer-
ized media. The Shapiro-Wilk test was used to test the 
distribution of continuous variables. Continuous vari-
ables were expressed as either mean ± SD or as median 
(range, 25th–75th percentile), and categorical variables 
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were denoted as numbers or percentages where appro-
priate. The Student t test and the Mann-Whitney U test 
were used to compare, retrospectively, the continuous 
and categorical variables of 2 independent groups. The 
Pearson correlation test was used to specify the relation-
ships among variables. Receiver operating characteristic 
(ROC) curves were drawn to manifest the predictive 
power of radiologic values for the diagnosis of PH at 
pediatric age. Two-tailed P values of less than 0.05 were 
considered statistically significant.

Results

Demographic Characteristics,  
Clinical Features, and Radiologic Findings
In Table I, the demographic characteristics of the 25 
children diagnosed with PH are compared with those 
of the 19 healthy children. The children with PH had 
significantly shorter body height (P=0.013), as well as 
signif icantly lower body weight (P=0.022) and body 
mass index (P=0.048).
	 Table II summarizes the broad clinical features of the 
25 children with PH. More specifically, ventricular sep-
tal defect was present in 8 children (32%), transposition 
of the great arteries in 3 (12%), double-outlet right ven-
tricle in 3 (12%), atrial septal defect in 2 (8%), truncus 
arteriosus in 2 (8%), dilated cardiomyopathy in 2 (8%), 
and aortopulmonary window in 1 child (4%) with PH. 
Meanwhile, 3 children (12%) had idiopathic PH and 1 
child (4%) had thromboembolic PH.
	 Table III compares the radiologic findings for the 25 
children with PH with those for the 19 healthy control 
subjects. When compared with the healthy children, the 
children with PH had significantly larger diameters of 
the main PA diameter and the ascending aorta (both 
P=0.001) but statistically similar ratios of main PA 
diameter-to-ascending aorta diameter.
	 Figure 1 illustrates the ROC curves of 2 radiologic 
values for the prediction of PH in children. The area 
under the ROC curve for main PA diameter (see 1A) 
is computed as 0.883 ± 0.052, whereas the area under 
ROC curve for the ratio of main PA diameter-to-ascend-
ing aorta diameter (see 1B) is calculated as 0.642 ± 0.03.

	 Table IV lists the results of ROC analysis. If the main 
PA diameter was ≥25 mm, pediatric PH was diagnosed 
with 72% sensitivity and 84% specificity. In the event 
that the main PA diameter was ≥35 mm, the sensitivity 
was reduced to 36% and the specificity was increased 
to 95%. If the ratio of the main PA diameter-to-ascend-
ing aorta diameter was ≥1, pediatric PH was diagnosed 
with 60% sensitivity and 53% specif icity. When the 
ratio of main PA diameter-to-ascending aorta diameter 
was ≥1.45, the sensitivity was reduced to 44% and the 
specificity was increased to 90%.
	 For the first radiologist (AYO), the mean difference 
between the 2 measurements corresponded to –0.029 
(95% conf idence interval [CI], –0.035 to –0.020), 
whereas for the 2nd radiologist (EK), the mean differ-
ence between the 2 measurements was computed to 
be –0.038 (95% CI, –0.056 to –0.011). The limits of 
agreement were from –0.16 to 0.28 for AYO and from 
–0.24 to 0.33 for EK. When the interobserver varia-
tion was evaluated in 34 cases, the mean difference be-
tween the 2 observers was –0.034 (95% CI, –0.049 to 
–0.018). The limits of agreement were from –0.22 to 
0.30.

Correlation between Biochemical 
and Hemodynamic Values
There was a significant and positive correlation between 
serum BNP concentration and the diameter of the right 
PA (r =0.472, P=0.023). Moreover, a signif icant and 
positive correlation was detected between serum BNP 
levels and PVR values (r =0.59, P=0.026). When com-
pared with children who were in NYHA functional 
class II PH, the class III children had significantly larger 
diameters of the main PA (28.6 ± 9.6 vs 36.8 ± 8.8 mm; 
P=0.046), the right PA (14.7 ± 4.5 vs 20.1 ± 6.9 mm; 
P=0.036), and the left PA (12.8 ± 5.6 vs 20.8 ± 5.9 
mm; P=0.003).

Discussion

As a noninvasive technique, MRI is useful in the clini-
cal evaluation of the patients whose clinical signs and 
symptoms create a high degree of suspicion for PH. This 

TABLE I. Demographic Characteristics of the Study Cohort

     Variable	 Pulmonary Hypertension Pts. (n=25)	 Healthy Control Subjects (n=19)	 P Value

Age (yr)	 12.6 ± 4.6	 13.3 ± 1.7	 0.532

Male	 14 (56)	 9 (47.4)	 0.761

Body height (m)	 1.42 ± 0.22	 1.56 ± 0.1	 0.013

Body weight (kg)	 38.8 ± 14.8	 51 ± 9.3	 0.022

Body mass index (kg/m2)	 18.49 ± 4	 20.73 ± 2.33	 0.048
 
Data are expressed as mean ± SD or as number and percentage. P <0.05 was considered statistically significant.
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imaging technique enables the study not only of cardiac 
morphology (such as ventricular dimension, volume, 
and wall thickness), but of the morphology and disten-
sibility of the PA.10,11

	 Investigators in previously published studies have 
shown the ability of cardiovascular MRI to distinguish 
PH patients from healthy subjects. These studies have 
indicated that PA pressure correlates with radiologic 
values in such a manner that patients with PH can be 
identif ied on the basis of PA dilation. However, these 
f indings arise from contradictory data obtained from 
small-scale studies that recruit adult patients exclusively. 
To the best of our knowledge, ours is the f irst study 
to evaluate the efficacy and reliability of cardiovascular 
MRI findings in pediatric PH patients.
	 Nikolaou and colleagues12 used both fast-perfusion 
MRI and high-resolution MRI angiography to evaluate 
patients with idiopathic PH and chronic thromboem-
bolic PH. Dynamic perfusion images and reconstructed 
3D magnetic resonance angiograms were examined for 
occlusive and nonocclusive alterations in the PAs, such 
as perfusion defects, caliber irregularities, and intravas-
cular thrombi. These 2 MRI-derived techniques were 
not only compatible with each other but had, in com-
bination, a sensitivity of 90%.
	 Velocity-encoded phase-contrast MRI has been used 
in the study of hemodynamic changes associated with 
PH. When patients with PH were compared with 
healthy control subjects,13 PA mean peak flow velocity, 

TABLE II. Clinical Features of the 25 Children with Pulmo-
nary Hypertension 

     Variable	 Value

PA pressure (mmHg)	 71.8 ± 18.4

Systolic PA pressure (mmHg)	 100 ± 22.1

Diastolic PA pressure (mmHg)	 48.8 ± 20.3

Pulmonary vascular resistance	 20.4 ± 16.2 
(Wood units)

Brain natriuretic peptide (pg/mL)	 1,896.6 ± 1,212.6

NYHA functional class 
      II	 12 (48) 
     III	 13 (52)
 
NYHA = New York Heart Association; PA = pulmonary artery 
 

Data are presented as mean ± SD or as number and 
percentage.

TABLE III. Radiologic Findings in the Study Cohort 

	 Pulmonary	 Healthy	  
    Vessel Diameter	 Hypertension Pts. (n=25)	 Control Subjects (n=19)	 P Value

Main PA diameter (mm)	 32.4 ± 9.6	 19.5 ± 7.7	 0.001

Right PA diameter (mm)	 17.3 ± 6.3	 14.6 ± 1.6	 0.065

Left PA diameter (mm)	 17 ± 7	 15.2 ± 1.6	 0.231

Ascending aortic diameter (mm)	 25.5 ± 8.7	 17.8 ± 5	 0.001

Descending aortic diameter (mm)	 16.4 ± 5.7	 15.2 ± 1.1	 0.425

Main PA-to-ascending aorta diameter (mm)	 1.4 ± 0.9	 1.1 ± 0.2	 0.08
 
PA = pulmonary artery; Pts. = patients 
 

Data are expressed as mean ± SD. P <0.05 was considered statistically significant.

TABLE IV. Results of Receiver Operating Characteristic Analysis

        			   Positive 	 Negative  
  Vessel Diameter	 Sensitivity (%)	 Specificity (%)	 Predictive Value (%)	 Predictive Value (%)

Main PA diameter ≥25 mm	 72.0	 84.2	 85.7	 69.6

Main PA diameter ≥29 mm	 64.0	 89.5	 88.9	 65.4

Main PA diameter ≥35 mm	 36.0	 94.7	 90.0	 75.0

Main PA-to-ascending	 60.0	 52.6	 62.5	 50.0 
aortic diameter ≥1

Main PA-to-ascending	 44.0	 89.5	 84.6	 54.8 
aortic diameter ≥1.45
 
PA = pulmonary artery
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blood flow, and distensibility were significantly lower 
in the PH patients (P=0.002, P=0.002, and P=0.008, 
respectively). That study also documented that, among 
PH patients, the time to achieve peak PA velocity was 
reduced and the velocity increase gradient was steeper.13

	 Laffon and associates14 developed a computerized al-
gorithm for estimating mean PA pressure on the basis of 
an MRI evaluation of such physical values as PA cross-
sectional area and blood-flow velocity. This algorithm 
was also adjusted for patient-specific biophysical values, 
including height, weight, and heart rate. When the re-
sultant algorithm was applied to a series of 31 patients 

undergoing right-sided heart catheterization, catheter-
ization-derived values correlated strongly with the mean 
PA pressure (which had been calculated on the basis of 
the MRI-derived values) (r =0.92).
	 Investigators in a 2007 study15 examined 59 PH 
patients who underwent both right-sided heart cath-
eterization and phase-contrast MRI. The average PA 
velocity had the best correlation with mean PA pres-
sure, systolic PA pressure, and PVR index. It was then 
suggested that this strong correlation might enable the 
noninvasive diagnosis of PH.
	 In contrast with these generally positive results, Roe‑ 
leveld and colleagues16 found poor correlation between 
catheter-derived mean PA pressure and 5 different MRI-
derived measures, including pulmonary vascular index, 
acceleration time (def ined as time from onset of PA 
forward flow to maximum velocity), the ratio between 
acceleration time and ejection time, and the Laffon 
algorithm discussed previously. The only signif icant 
correlation between catheter-derived mean PA pressure 
and MRI-derived values was for ventricular mass index  
(r =0.56, P=0.001). However, there was a false-negative 
rate of 20% if a cutoff value of >0.6 was adopted for 
ventricular mass index. It was concluded, therefore, that 
MRI-derived measures—although possibly sufficient 
for screening and differential diagnosis—could not re-
place right-sided heart catheterization in confirming a 
PH diagnosis.
	 Another study, which compared fast-gradient echo-
cardiographic phase-contrast MRI with radionuclide 
lung perfusion in 12 pediatric cases of suspected unilat-
eral PA branch stenosis, concluded that these 2 methods 
were equally effective in evaluating differential blood 
flow in the pulmonary branches.17

	 A conclusion of our present study is that childhood 
PH can be diagnosed with 72% sensitivity and 84% 
specificity in the event that the PA diameter is ≥25 mm. 
Few studies have focused on the MRI measurement of 
major-vessel diameters. In one such study, by Kutty and 
co-authors,18 the mean diameter of the main PA was 
given as 23 mm and the mean body surface area as 1.4 
m2, in healthy adolescents with a mean age of approxi-
mately 14 years. Investigators in another study found 
the mean diameter of the main PA to be 24 ± 2.8 mm 
in 26 adults (age range, 19–46 yr) who had normal 
thoracic computed tomographic results and normal PA 
pressures.19 It would then be rational to accept 25 mm as 
the cutoff value for main PA diameters in the diagnosis 
of PH in children.
	 In this study, we were unable to detect a significant 
difference between the PA-to-ascending aorta ratios of 
the healthy and PH-affected children. Moreover, the 
sensitivity and specif icity were reduced to 60% and 
53%, respectively, if the ratio of main PA diameter-to-
ascending aorta diameter was ≥1. These findings might 
arise from the possibility that the PA and ascending 
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Fig. 1  Receiver operating characteristic curves for A) main 
pulmonary artery diameter (area under the curve, 0.883 
± 0.052) and B) the ratio of pulmonary artery diameter to 
ascending aorta diameter (area under the curve, 0.642 ± 
0.03).
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aorta diameters broaden simultaneously—in parallel 
both with advancing age and with underlying disease.
	 On the other hand, there were no strong correlations 
between hemodynamic values and radiologic measure-
ments in pediatric PH patients. This discrepancy might 
be due to the variations in diagnostic criteria for PH, to 
the clinical characteristics of reviewed patients (espe-
cially in regard to age and underlying congenital heart 
disease), and to cohort size. An advantage of the present 
study is the enrollment of radiologic data by means of 
ECG-triggered MRI. In the event that ECG-triggered 
MRI is not performed, heartbeat cycle and respiratory 
movements can interfere with the radiologic measure-
ments.8 In order to minimize the curative effects of 
medical treatment upon the pulmonary vascular bed, 
each child with PH had MRI within 3 months of the 
catheter angiographic procedure.
	 A case-control cohort study of 3,171 adults revealed 
a positive correlation between mean PA diameter and 
body height.20 Similarly, a signif icant linear correla-
tion was found between the diameter of the orifice of 
the pulmonary trunk and body height or weight in 35 
healthy children.21 Like correlations were found for the 
measurements of the aortic orifice and body height or 
weight in the same cohort. Moreover, Akay and asso-
ciates22 evaluated 133 pediatric patients and indicated 
a positive correlation between patient age and the di-
ameters of the ascending aorta, descending aorta, and 
PAs. Our findings show that the diameters of the main 
PA and the ascending aorta were signif icantly larger, 
despite significantly lower body weights and heights of 
the pediatric PH patients. In other words, the detection 
of significantly large PA and aorta diameters in children 
of small constitution would suggest a diagnosis of PH.
	 The power of the present study is limited by several 
factors. First, this study reviews a relatively small cohort. 
Second, the study cohort generally includes children 
who were diagnosed with PH secondary to congenital 
heart diseases. Both factors might impair the application 
of the acquired data to all children with PH, whether 
the underlying mechanism for PH is idiopathic, throm-
boembolic, or a congenital heart defect. The 3rd factor 
is the lack of subgroup analysis with respect to the di-
ameter of the ascending aorta. In fact, the width of the 
ascending aorta might be increased in the presence of 
aortic valve disease. The 4th factor is the relatively low 
predictive power of ROC analysis. In addition, MRI 
use in children is limited by such factors as variations 
in spatial resolution, difficulty in breath-holding, and 
the need for anesthesia. In general, the paucity of data 
about confounding factors could have damaged the 
trustworthiness of calculations that relied on ascending 
aorta diameter.
	 In conclusion, the diagnosis of childhood PH can be 
made with relatively higher sensitivity and specificity 
when the PA diameter is ≥25 mm. Alterations in MRI 

findings can be used as well, to form a prognosis of PH 
in children. However, further research is warranted to 
determine the efficacy and reliability of MRI in pedi-
atric PH patients.
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