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Abstract
Accurate pulmonary artery (PA) imaging is necessary for management of patients with complex congenital heart disease 
(CHD). The ability of newer imaging modalities such as 3D rotational angiography (3DRA) or phase-contrast magnetic 
resonance angiography (PC-MRA) to measure PA diameters has not been compared to established angiography techniques. 
Measurements of PA diameters (including PA stenosis and PA stents) from 3DRA and non-contrast-enhanced PC-MRA were 
compared to 2D catheter angiography (CA) and multi-slice computed tomography (MSCT) in a swine CHD model (n = 18). 
For all PA segments 3DRA had excellent agreement with CA and MSCT (ICC = 0.94[0.91–0.95] and 0.92[0.89–0.94]). 
3DRA PA stenosis measures were similar to CA and MSCT and 3DRA was on average within 5% of 10.8 ± 1.3 mm PA 
stent diameters from CA and MSCT. For compliant PA segments, 3DRA was on average 3–12% less than CA (p < 0.05) and 
MSCT (p < 0.01) for 6–14 mm vessels. PC-MRA could not reliably visualize stents and distal PA vessels and only identi-
fied 34% of all assigned measurement sites. For measured PA segments, PC-MRA had good agreement to CA and MSCT 
(ICC = 0.87[0.77–0.92] and 0.83[0.72–0.90]) but PC-MRA overestimated stenosis diameters and underestimated compli-
ant PA diameters. Excellent CA-MSCT PA diameter agreement (ICC = 0.95[0.93–0.96]) confirmed previous data in CHD 
patients. There was little bias in PA measurements between 3DRA, CA and MSCT in stenotic and stented PAs but 3DRA 
underestimates measurements of compliant PA regions. Accurate PC-MRA imaging was limited to unstented proximal PA 
anatomy.
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Introduction

Precise imaging of the pulmonary arteries (PA) is essential 
for management of patients with complex congenital heart 
disease (CHD) [1–3]. Conventional, invasive 2D catheter 
angiography (CA) remains the gold standard for morpho-
logical and quantitative assessment of PA anatomy. Previous 
studies have demonstrated strong correlations of measured 
PA diameters between CA and multi-slice computed tomog-
raphy (MSCT) [4]. 3D rotational angiography (3DRA) has 
similar imaging capabilities to MSCT [5] and has been used 
to guide PA interventions in CHD [6, 7]. Multiple magnetic 
resonance angiography (MRA) techniques have been devel-
oped and are frequently used in CHD patients as they do not 
expose patients to radiation [8]. Phase-contrast (PC)-MRA 
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is a MRA technique that can provide a contrast free non-
invasive angiogram [9] while simultaneously assessing 
cardiovascular function in patients with CHD. The perfor-
mance of 3DRA and PC-MRA for the measurement of PA 
anatomy has not yet been fully assessed. Furthermore, it 
is unclear how PA stenosis and PA stents influence 3DRA 
and PC-MRA measurements. Therefore, the purpose of this 
study was to investigate the diagnostic reliability of 3DRA 
and non-contrast PC-MRA compared to CA and MSCT for 
anatomic measurement of the PAs in a swine model of PA 
stenosis with or without PA stent interventions [10].

Methods

Swine CHD model

The Institutional Animal Care and Use Committee of the 
University of Wisconsin reviewed and approved this proto-
col. Eighteen anesthetized, mechanically ventilated 20-week 
old male swine (55 ± 9 kg—4 sham controls, 4 untreated 
proximal LPA stenosis and 10 stented proximal LPA) had 
CA, MSCT, 3DRA and PC-MRA on the same date. In this 
swine CHD model, isolated left pulmonary artery stenosis 
(PAS) was created in infancy in the stenosis and stent inter-
vention groups by suturing a short segment of 4.0 mm diam-
eter Gore-Tex graft around the proximal LPA. The imaging 
protocol occurred as part of a larger PAS study on the impact 
of stent intervention timing on lung vascular growth and 
cardiac function. These results will be described in a future 
publication.

Imaging protocols

MSCT was performed using a 64-slice CT scanner (GE 750 
CT, GE Healthcare, Waukesha, WI) using retrospective car-
diac gating. Scan variables included: collimation 40 mm, 
slice thickness 0.625 mm, 140 kV (peak), tube current 
570 mA, acquisition diameter 29 cm and a 512 × 512 recon-
struction matrix. From retrospective cardiac gating MSCT 
is centered during systole.

CA and 3DRA was performed on a single plane Artis 
Z system (Siemens Healthcare. Forchheim, Germany). CA 
was performed with caudal and LAO angulation to profile 
the proximal LPA. CA was acquired at 15 frames-per-sec-
ond and frames from peak systole were chosen for analysis. 
3DRA utilized a 200° rotational acquisition over 5 s at 60 
frames/sec with a 50% diluted contrast injection directly into 
the main PA (0.8–1 cc/kg, Omnipaque 350) preceding image 
acquisition by 1 s with simultaneous IVC balloon occlusion.

Contrast free PC-MRA was performed with a three-
dimensional radial undersampled isotropic projection 
reconstruction sequence (PC-VIPR) [11, 12] on a 3.0 T MRI 

scanner (Discovery MR750, GE Healthcare, Waukesha, WI). 
PC-MRA data was averaged over the entire cardiac cycle. 
Imaging modality spatial resolutions are reported in Table 1.

PA diameter measurements

PA lumen diameter measurements were performed indepen-
dently by two investigators (RP—1 year experience men-
tored by LL—15 years CHD imaging experience) in the 
following locations: proximal LPA, LPA and RPA adjacent 
to two first order branch origins and two proximal RPA and 
LPA first order branches (Fig. 1). The proximal RPA was 

Table 1   Imaging modality spatial resolution

Imaging modality Pixel/voxel 
size (mm)

Slice incre-
ment (mm)

Slice thick-
ness (mm)

CA 0.15 – –
MSCT 0.70 1.0 1.25
3DRA 0.47 0.47 0.47
PC-MRA 1.25 1.25 1.25

Fig. 1   Representative angiograms showing the locations of 2D and 
3D measurements from a swine with normal PA anatomy (sham con-
trol). a CA RPA and LPA, b MSCT RPA, c MSCT LPA, d 3DRA 
RPA, e 3DRA LPA, f PC-MRA RPA, g PC-MRA LPA
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not measured because in swine the first RPA branch occurs 
almost immediately after the PA bifurcation (Fig. 1) so the 
proximal RPA and RPA adjacent to the first branch are the 
same location. Maximal systolic PA dimensional measures 
were performed from single plane CA on the Siemens Syngo 
workstation. Orthogonal planes at the vessel segments of 
interest were generated from post processing multi-planer 
reformatting tools for 3DRA, PC-MRA (Mimics Materialise 
Medical. Plymouth, MI) and MSCT (McKesson Technol-
ogy Solutions. Alpharetta, GA) from which maximum PA 
dimensions were recorded. A training dataset of nine sub-
jects (2 sham control, 2 untreated proximal LPA stenosis, 5 
stented proximal LPA) was initially used to quantify inter-
observer and intra-observer variability for MSCT. Addi-
tional observer variability studies for 3DRA, PC-MRA, and 
CA were requested during manuscript revisions that were 
hampered by COVID-19 restrictions. Only intra-observer 
variability was quantified for 3DRA and PC-MRA due to 
limited non-essential access to medical imaging worksta-
tions. Observer variability studies could not be completed 
for CA due to restricted access to our experimental cath-
eterization facility where the Siemens Syngo workstation 
is located.

Statistics

The degree of absolute agreement of vessel diameters 
between modalities and observers was assessed by intra-
class correlation (ICC). Inter-modality and inter-observer 
ICC estimates and their 95% confidence intervals were cal-
culated using MATLAB based on an individual measure-
ment, absolute-agreement model. ICC estimates and 95% 
confidence intervals are interpreted as recommended by Koo 
and Li [13]: less than 0.5 is poor agreement, between 0.5 and 
0.75 is moderate agreement, between 0.75 and 0.9 is good 
agreement and greater than 0.9 is excellent agreement. For 
example, an ICC estimate of 0.92 with a 95% confidence 
interval 0.84–0.96 would be interpreted as good to excellent 
agreement.

Differences in vessel diameters between modalities and 
observers were assessed using a Bland–Altman difference 
analysis and presented as mean ± standard deviation. To 
determine if the bias from Bland–Altman analysis is statis-
tically significant, the biases for each modality comparison 
were first tested for normality with a Shapiro-Wilkes test. 
For normally distributed comparisons a one sample t-test 
was performed while for comparisons that were not normally 
distributed a non-parametric one-sample Wilcoxon signed 
rank test was performed. Multiple comparisons were cor-
rected for using a Benjamini and Hochberg procedure [14] 
and p-values of less than 0.05 were considered statistically 
significant.

Results

Representative PA images from the four modalities for a 
normal sham control are shown in Fig. 1. Representative 
PA images for a stenosis control and stented animal are 
shown in Figs. 2 and 3 respectively. For one stent inter-
vention swine a MRI dataset was not obtained. For two 
stenosis swine, the LPA vasculature distal to the steno-
sis could not be visualized with CA due to near-complete 
LPA occlusion at the level of stenosis. For one stenosis 
swine the distal LPA vasculature could not be visual-
ized with 3DRA. For one stenosis and two intervention 
swine the distal LPA vasculature could not be visualized 

Fig. 2   Representative angiograms from swine with PA stenosis. 
Arrows indicate stenosis location. a MSCT, b CA, c 3DRA, and d 
PC-MRA. In the MSCT angiogram the gore-tex graft used to surgi-
cally create the stenosis appears at a similar intensity to the vessel 
lumen giving the appearance that the stenosis is not as severe as the 
other three modalities

Fig. 3   Representative angiograms from swine with stented left PA. 
Arrows indicate stent location. A box on the MRA indicates where 
the signal is void due to susceptibility artifact from the stent. a 
MSCT, b CA, c 3DRA, and d PC-MRA



746	 The International Journal of Cardiovascular Imaging (2021) 37:743–753

1 3

with PC-MRA. From PC-MRA only the first RPA branch 
could be identified consistently (17/17–100%) while the 
second RPA branch (4/17–24%) and the two LPA branches 
(1/17–6% and 0/17–0%) were rarely identified. As some 
RPA and LPA measurement locations were defined by the 
branch artery origins, these measurements were only made 
when the branch artery could be identified even though the 
RPA and LPA were visible. For all measurement locations, 
152/162 (94%) were identified from CA, 162/162 (100%) 
from MSCT, 149/153 (97%) from 3DRA and 52/153 (34%) 
from PC-MRA. For modality comparisons, the PA seg-
ments that could not be identified from a given modality 
were excluded from analysis.

Results of inter-observer and intra-observer comparisons 
are shown in Table 2. ICC confidence intervals for inter-
observer and intra-observer error indicate excellent agree-
ment. The mean bias was 1.0 mm or less for all measurement 
sites for inter-observer and intra-observer error.

Results for comparisons of PA diameters between imag-
ing modalities are shown in Table  3. Excellent agree-
ment was found between CA and MSCT by the ICC 

confidence interval for all measured PA segments com-
bined. MSCT measured smaller PA stent diameters than 
CA (− 1.1 ± 1.0 mm, p < 0.05). Bland–Altman and agree-
ment plots for MSCT versus CA are shown in Supplemen-
tal Fig. 1. There was excellent agreement between 3DRA 
to both CA and MSCT by ICC confidence intervals for 
all measured PA segments combined. Bland–Altman and 
agreement plots for 3DRA versus CA and for 3DRA versus 
MSCT are shown in Figs. 4 and 5. Like MSCT, 3DRA also 
measured smaller stent diameters than CA (− 0.6 ± 0.7 mm, 
p < 0.05). Stenosis diameters measured by 3DRA, CA and 
MSCT were similar. For pulmonary vasculature not fixed in 
diameter by stenosis or stents, 3DRA near uniformly meas-
ured smaller PA diameters in comparison to CA and MSCT. 
To emphasize differences, when comparing LPA and RPA 
diameters measured by 3DRA to CA, 3DRA measures were 
on average 6% (0.8 mm) smaller than the 14.4 mm RPA 
and 12% (1.3 mm) smaller than the 11.2 mm LPA. With the 
exception of 3DRA vs. CA for 1st order branch PA diam-
eters, all other pulsatile PA segments measured statistically 
smaller by 3DRA compared to CA and MSCT.

Table 2   Inter-observer and intra-observer variability from MSCT, 3DRA, and PC-MRA

Data are presented mean ± standard deviation (number of measurement sites included). ICC is presented as the ICC estimate [95% confidence 
interval]

Stent Stenosis Main RPA Main LPA 1st order branch PAs ICC All PA segments

MSCT inter-observer (mm) − 0.8 ± 1.4 (5) − 0.6 ± 0.7 (2) 0.0 ± 1.2 (18) − 0.6 ± 1.4 (20) − 0.6 ± 0.9 (36) 0.96 [0.93 0.97] (81)
MSCT intra-observer (mm) − 0.6 ± 1.1 (5) 0.3 ± 0.4 (2) − 0.2 ± 1.3 (18) − 1.0 ± 1.2 (20) − 0.5 ± 0.6 (36) 0.96 [0.94 0.98] (81)
3DRA intra-observer (mm) 0.6 ± 0.8 (5) 0.2 ± 0.1 (2) 0.4 ± 0.5 (18) 0.5 ± 1.2 (20) 0.3 ± 0.6 (35) 0.98 [0.96 0.98] (80)
PC-MRA intra-observer (mm) N/A 0.2 ± 0.6 (2) 0.3 ± 0.7 (11) − 0.1 ± 1.0 (8) 0.1 ± 0.8 (9) 0.99 [0.97 0.99] (30)

Table 3   Summary of PA imaging modality comparisons

Absolute differences are reported in millimeters (mm) and percent differences are also reported. Data is presented as mean ± standard deviation 
(number of measurement sites included). ICC is presented as the ICC estimate [95% confidence interval]
*p < 0.05

Stent Stenosis Main RPA Main LPA 1st order branch PAs ICC All PA segments

Mean diameter from CA 
(mm)

10.8 ± 1.3 (10) 1.6 ± 0.8 (3) 14.4 ± 2.7 (34) 11.2 ± 2.5 (34) 6.0 ± 7.7 (63)

Modality differences (mm)
 MSCT-CA − 1.1 ± 1.0* (10) − 0.1 ± 0.5 (3) 0.4 ± 1.7 (36) − 0.2 ± 1.1 (36) 0.2 ± 1.3 (66) 0.95 [0.93–0.96] (151)

− 10.2 ± 10.1% − 4.6 ± 36.2% 2.4 ± 11.5% − 2.4 ± 9.9% − 4.1 ± 21.1%
 3DRA-CA − 0.6 ± 0.7 (10) − 0.2 ± 1.0 (3) − 0.8 ± 1.9* (34) − 1.3 ± 1.4* (34) − 0.2 ± 1.1 (63) 0.93 [0.91–0.95] (144)

− 5.4 ± 7.0% − 8.3 ± 26.4% − 6.1 ± 14.2% − 11.7 ± 11.6% − 3.2 ± 18.2%
 3DRA-MSCT 0.5 ± 1.1 (10) 0.0 ± 0.2 (4) − 0.7 ± 2.3* (34) − 1.7 ± 3.9* (36) − 1.5 ± 1.5* (63) 0.92 [0.89–0.94] (147)

4.8 ± 11.3% 0.3 ± 12.0% − 8.4 ± 16.0% − 9.3 ± 13.9% − 8.8 ± 19.6%
 PC-MRA-CA N/A 1.5 ± 0.3* (3) − 0.7 ± 2.3 (17) − 3.1 ± 1.7 (18) − 1.5 ± 1.5* (14) 0.87 [0.77–0.92] (52)

65.0 ± 16.5% − 4.0 ± 14.8% − 31.8 ± 23.8% − 23.6 ± 22.0%
 PC-MRA-MSCT N/A 1.6 ± 0.5* (4) − 0.8 ± 2.0 (17) − 2.8 ± 2.8* (14) − 2.5 ± 2.4* (17) 0.83 [0.72–0.90] (52)

70.2 ± 14.2% − 4.8 ± 13.1% − 26.7 ± 40.8% − 35.8 ± 20.8%
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Good agreement was found between PC-MRA to both 
CA and MSCT by ICC confidence intervals for iden-
tifiable PA segments. Bland–Altman and agreement 
plots for PC-MRA versus CA and for PC-MRA versus 
MSCT are shown in Figs. 6 and 7. PC-MRA measured 
larger PA stenosis diameters than CA (1.5 ± 0.3  mm, 

p < 0.05) and MSCT (1.6 ± 0.5 mm, p < 0.05). PC-MRA 
measured smaller 1st order PA branch diameters than 
CA (− 1.5 ± 1.5 mm, p < 0.05), and smaller main LPA 
(− 2.8 ± 2.8 mm, p < 0.05) and 1st order PA branch diam-
eters (− 2.5 ± 2.4 mm, p < 0.05) than MSCT.

Fig. 4   Bland–Altman plots of PA diameter measurements compar-
ing 3DRA vs CA. Solid line is mean difference and dashed lines 
are ± 2 standard deviations. a Main RPA, b main LPA, c 1st order 

branch PAs, d PA stenosis and e PA stent. f PA diameter agreement 
plot where the solid black line represents 1:1 agreement. The different 
measurement locations each have a unique marker
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Discussion

This study systematically compared the capabilities of 
3DRA and PC-MRA for assessing diameters of healthy, 
stenotic and stented PAs in a swine CHD model. Strong 

agreement was seen between 3DRA, CA and MSCT, 
particularly in stenotic and stented PA regions. 3DRA 
systematically underestimates PA dimensions in the nor-
mal pulmonary vasculature by up to 15% compared to 
CA and MSCT. This is attributed to 3DRA techniques 

Fig. 5   Bland–Altman plots of PA diameter measurements compar-
ing 3DRA vs MSCT. Solid line is mean difference and dashed lines 
are ± 2 standard deviations. a Main RPA, b main LPA, c 1st order 

branch PAs, d PA stenosis and e PA stent. f PA diameter agreement 
plot where the solid black line represents 1:1 agreement. The different 
measurement locations each have a unique marker
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that intentionally decrease cardiac output and blood ves-
sel pulsatility during image acquisition and needs to be 
taken into account when making PA measures to guide 

interventions. Non-contrast-enhanced PC-MRA was only 
able to reliably image the unstented proximal PA meas-
urement sites and showed moderate agreement compared 
to CA and MSCT for these PA segments.

Fig. 6   Bland–Altman plots of PA diameter measurements compar-
ing PC-MRA vs CA. Solid line is mean difference and dashed lines 
are ± 2 standard deviations. a Main RPA, b main LPA, c 1st order 

branch PAs and d PA stenosis. e PA diameter agreement plot where 
the solid black line represents 1:1 agreement. The different measure-
ment locations each have a unique marker
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3DRA

The ability of MSCT, 3DRA and PC-MRA to create multi-
planar datasets that can be visualized from multiple angles 
is key for comprehensive assessment of the branching pul-
monary arteries [8, 15, 16]. Similar to 3DRA with rapid 

ventricular pacing, 3DRA with IVC occlusion only opaci-
fies the PAs as contrast is intentionally localized to the PAs 
to better define anatomy. In contrast, the entire vasculature 
(PAs, pulmonary veins, aorta) can be visualized with CA in 
the levophase and with MSCT and PC-MRA.

Fig. 7   Bland–Altman plots of PA diameter measurements comparing 
PC-MRA vs MSCT. Solid line is mean difference and dashed lines 
are ± 2 standard deviations. a Main RPA, b main LPA, c 1st order 

branch PAs and d PA stenosis. e PA diameter agreement plot where 
the solid black line represents 1:1 agreement. The different measure-
ment locations each have a unique marker
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3DRA measurements of stenosis diameter showed negligi-
ble bias compared to CA and MSCT. 3DRA also had negligi-
ble variability versus MSCT for stenosis diameter suggesting 
that 3D imaging capabilities allow more consistent quantifica-
tion of stenosis diameter than CA that had greater variability 
versus MSCT and 3DRA. Strong agreement was also found 
between CA, MSCT and 3DRA for stented PA segments. The 
agreement of these imaging modalities for measuring PA stent 
diameters had not previously been reported in PA stenosis 
imaging studies [4] and is an important metric. A stented PA 
segment has no somatic growth potential like the normal pul-
monary vasculature and depending on growth of the adjacent 
vessels; a stent may eventually cause restenosis that requires 
re-intervention [17–20]. Based on this study data, noninvasive 
MSCT is a very accurate modality for imaging PA growth in 
relation to stent diameters that along with other testing (ultra-
sound, lung perfusion imaging) can be used to determine the 
need for re-intervention. In this animal model, no in-stent ste-
nosis was visualized with any of the imaging modalities.

An important finding of this study is that at measurement 
locations besides the stenosis and stent, 3DRA systemati-
cally underestimated the dimensions of the main RPA, main 
LPA and first order branch PA vessels compared to CA and 
MSCT. Outside of the stenotic and stented regions, the PAs 
are highly compliant which is a likely source of error. CA 
was performed at peak systolic dimensions and MSCT was 
gated to use systolic phases. For this study, 3DRA was per-
formed with IVC balloon occlusion to decrease cardiac out-
put and increases contrast residence time in the PAs. As car-
diac output is decreased PA pulsatility is diminished and as 
such 3DRA should measure smaller diameters in compliant 
vessels. RPA and LPA diameters from 3DRA were approxi-
mately 0.8–1.7 mm less than the maximum systolic dimen-
sions of 11–14 mm measured from CA and MSCT in this 
swine model. Inappropriately under sizing stent implant diam-
eters by 1–2 mm would likely result in stent instability and 
based on this information choosing PA intervention diameters 
solely from 3DRA should be undertaken with caution when 
using imaging techniques that alter cardiac output. Also, it is 
assumed there would be increased under estimation of maxi-
mum PA diameters measured by 3DRA in CHD lesions with 
increased PA pulsatility like chronic pulmonary valve regur-
gitation or large volume left to right shunts when imaging 
techniques that intentionally decrease cardiac output (rapid 
ventricular pacing, IVC balloon occlusion) are used. MSCT is 
often used to provide a road map for interventions but it is still 
necessary to confirm intervention location and dimensions at 
the time of catheterization. Similarly, 3DRA provides an accu-
rate anatomic road map for PA interventions, but our results 
show that measurements to determine optimal stent implant 
or balloon diameters should be confirmed with conventional 
2D angiography.

PC‑MRA

PC-MRA was unable to visualize stented PA segments 
due to local metal artifact, an inherent limitation of MRI 
based angiography. PC-MRA was also not able to consist-
ently identify distal branch arteries with only 34% of all 
measurement locations identifiable from PC-MRA. For PA 
vessel segments that could be visualized, the agreement of 
PC-MRA with CA and MSCT was moderate. Due to lower 
spatial resolution, PC-MRA consistently measured stenosis 
diameters approximately one voxel size (1.25 mm) larger 
than CA and MSCT. Similar to 3DRA, in compliant PA 
segments PC-MRA systematically underestimated vessel 
dimensions compared to CA and MSCT. PC-MRA angio-
grams are obtained by averaging data over the entire cardiac 
cycle and as diastole is longer than systole, the PC-MRA 
angiograms should measure smaller PA diameters than the 
systolic CA and MSCT measurements. All of these factors 
underscore the limitations of PC-MRA for detailed assess-
ment of pulmonary vasculature manipulated by surgery or 
interventional techniques.

In addition to PC-MRA, other MRA techniques are in 
clinical use that can improve PA image definition [21]. Mul-
tiple sequences are typically used in a single cardiac MR 
exam for comprehensive assessment. The advantages and 
limitations of other MR techniques are discussed elsewhere 
[8, 21–23]. We do note that PC-MRA angiograms can be 
obtained without a contrast agent and measure key func-
tional information such as cardiac output, differential lung 
perfusion, pulmonary-systemic blood flow ratios (Qp:Qs) [8, 
11, 12, 22, 24, 25] and can also estimate stenosis pressure 
drops [26].

Radiation exposure

While PA imaging is necessary for management of CHD 
patients, the radiation dose to children and young adults 
must be considered given the long-term risk of cancer induc-
tion [8, 16]. It has previously been reported in adult CHD 
patients that 42% and 39% of the total radiation dose is from 
CA and MSCT respectively with the remainder being from 
chest x-rays and nuclear scans [27]. The relative radiation 
doses of CA, 3DRA and MSCT are not reported in this 
study as imaging protocols optimized for pediatrics were 
not used. MRA does not involve radiation exposure making 
it an attractive choice for CHD patients.

Limitations

In this swine CHD model, PA stenosis was created by sutur-
ing a short segment Gore-Tex graft around the proximal LPA 
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resulting in discrete proximal stenosis while in patients PA 
stenosis is often caused by kinking or scarring of surgical 
anastomosis or patches with or without associated diffuse 
PA hypoplasia. It is unclear how this difference would affect 
angiography accuracy and as such is a limitation of animal 
models of complex CHD. This study also only included a 
small number of untreated PA stenosis (n = 4) so results 
regarding stenosis diameter assessment may not be gener-
alizable. The bodyweight of swine in this study (55 ± 9 kg) 
would be comparable to an older child to small adult with 
CHD but the analysis did include stenotic vessel sizes down 
to 1 mm. CA for this study was performed in a single plane 
imaging suite. Most PA rehabilitation in humans is done 
with biplane imaging which increases the accuracy of CA 
measurements. The chosen measurement locations were 
well visualized with single plane angiography and excellent 
agreement with CT measurements showed that single plane 
angiography was appropriate for measurements. The MSCT 
protocol used had a greater radiation dose than an optimized 
clinical protocol and the PC-MRA protocol could have used 
higher spatial resolution at the expense of longer scan times. 
PC-MRA angiograms are also susceptible to dephasing and 
aliasing errors due to recirculating flow distal to the ste-
nosis (Fig. 2). Contrast-enhanced MRA was not included 
in this study but is typically used in human clinical proto-
cols. Given the uncertainty regarding gadolinium deposition 
[28–31] we chose to investigate the PA imaging capabilities 
of a non-contrast-enhanced MRA technique. 3DRA can also 
be operator dependent with a number of variables neces-
sary for high-quality imaging such as rapid pacing, location 
of contrast injection, contrast concentration, and contrast 
volume.

Conclusion

These findings show little bias in PA diameter measurements 
between 3DRA, CA and MSCT in stenotic and stented PAs 
but 3DRA underestimates PA diameter measurements in 
compliant PA regions compared to CA and MSCT. These 
results also demonstrate the limitations of PC-MRA for 
detailed measurement of the distal pulmonary vasculature 
and stented PAs yet for visualized proximal PA segments; 
the agreement of PC-MRA with CA and MSCT was good.
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