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Abstract

Purpose—To determine whether pulmonary arterial and venous transit times measured by time-
resolved MRA can be used as a diagnostic tool for pulmonary arterial hypertension (PAH).

Materials and Methods—12 patients with confirmed PAH and 10 healthy volunteers were
scanned with IRB approval. Time-resolved MRA and 2D phase contrast flow images of the
pulmonary vasculature were acquired. Pulmonary arterial and venous transit times (PaTT and
PvTT) and pulmonary valve flow (PVF) were obtained. Pulmonary arterial and pulmonary venous
blood volumes (PaBV and PvBV) were calculated as the product of flow and transit time.

Results—Patients with PAH showed statistically significant increases in PaTT and PvTT
(p<0.0004, p<0.05 respectively) compared to controls. PaBV (165.2 + 92.0ml) was significantly
higher in PAH subjects than controls (97.0 = 47.1 ml) (p<0.04), whereas PvBV (127.9 £+ 148.9ml)
of PAH subjects had no significant increase from those of healthy controls (142.5 £ 104.1 ml)
(p<0.38).

Conclusion—Pulmonary arterial transit times measured using time-resolved MRA can be used
as a simple, non-invasive metric for detection of altered hemodynamics in PAH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a disease of the pulmonary arteries that is
characterized by vascular proliferation and remodeling (1-2). It results in restricted flow
through the pulmonary arterial circulation with a progressive increase in pulmonary vascular
resistance and ultimately right ventricular failure and death. The imbalance in the
vasoconstrictor/vasodilator milieu has served as the basis for current medical therapies,
although increasingly it is recognized that PAH also involvesan imbalance of proliferation
and apoptosis. There are a large number of causes for PAH, and they can be broadly divided
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into primary (idiopathic) and secondary causes. The current diagnostic classification of PAH
was established during the 2008 World Symposium on Pulmonary Hypertension (3).

Diagnosis of PAH is based on right heart catheterization (RHC) and is defined by a mean
pulmonary artery pressure (MPAP) > 25 mmHg at rest in the setting of a normal or reduced
cardiac output (CO) and a normal pulmonary capillary wedge pressure (4). RHC, however,
is an invasive test with a small but well-defined morbidity and mortality. Therefore, the
availability of a non-invasive surrogate for evaluating PAH would be highly desirable.

Contrast-enhanced MR angiography (CEMRA) has been used successfully to evaluate the
pulmonary arterial system for indications such as pulmonary thromboembolic disease and
congenital heart disease (5-7). However, conventional CEMRA has long acquisition times
when compared to the typical pulmonary arteriovenous transit time leading to venous signal
overlaying arteries, which may potentially obscure pathology. Additionally, conventional
CEMRA produces no dynamic information about the pulmonary circulation. Time-resolved
MRA (TRMRA) has been shown to produce dynamic information in the pulmonary
circulation(8-9) and has been utilized for depicting both vascular pathology and measuring
pulmonary transit times (5,9-10). Currently utilized TRMRA techniques can demonstrate
large differences in transit between the pulmonary trunk and aorta but lack the dynamic
information to show differences between different portions of the pulmonary circulation.
Other high frame rate TRMRA techniques have improved temporal resolution but have
sacrificed SNR (SENSE and CENTRA-Keyhole) (9) or spatial resolution (10), which could
compromise anatomical depiction. A TRMRA technique which maintains adequate spatial
resolution to visualize small branch vessels and temporal resolution to demonstrate small
differences in transit between the pulmonary arteries and veins may be a strong clinical tool
in the setting of pulmonary hypertension.

The purpose of our study was to test the hypothesis that pulmonary arterial and venous
blood volumes and transit times measured by a new high frame rate, time-resolved MRA
sequence effect the physiological changes resulting from PAH.

MATERIALS AND METHODS

With IRB approval, we conducted a retrospective review of 12 patients (1 male, 11 female,
mean age 51.9 + 14.5, range 3079 years, weight 71.5 +/— 20.4 kg) with RHC-confirmed,
PAH (mPAP > 25 mmHg, range 26-60 mmHg) who underwent TRMRA within 13 months
of their RHC exam. All 12 patients were among Group | type pulmonary arterial
hypertension (PAH) (3). Left-sided causes were ruled out based on right and left heart
catheterization. The patient group consisted of one subject with idiopathic PAH (IPAH) and
11 subjects with PAH secondary to collagen vascular diseases (8 systemic sclerosis, 2 mixed
connective tissue disease, 1 systemic lupus erythematosus). Six patients were identified to
have RV dysfunction based on RV ejection fraction <35% (11). The control group consisted
of 10 healthy (asymptomatic) volunteers (3 male, 7 female, mean age 32.7+11.8, range 25—
65 years, weight 64.3 +/— 26.8 kg), recruited with IRB approval and informed consent, to
undergo an identical TRMRA protocol. All studies were carried out on a 1.5T scanner (21
on Avanto, 1 on Espree; Siemens Medical Systems, Erlangen, Germany) using a phased
array body coil for signal reception.

Time- Resolved MRA

All MRA images were acquired using a time-resolved MRA technique that was proven
useful in intracranial MRA applications (12-15). The technique is based on 3D radial
(“stack of stars”) k-space with sliding window reconstruction (16) and sliding mask
subtraction (12). Sliding window reconstruction produces intermediate images between
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measurements to increase the apparent frame rate of time-resolved MRA, and it is well
suited for radial k-space in particular since the center of k-space is acquired in each radial
projection (Figure 1a, b). Sliding mask-mode subtraction in which the subtraction mask
follows a fixed time interval behind the reconstructed frame improves the separation of
signal from arteries and veins. This is advantageous when trying to distinguish the distal
branches of arteries from veins for accurate transit time measurements.

Figure 1c illustrates the acquisition scheme for time-resolved MRA. The scan protocol
includes a set of three consecutive scans with breath holds. For the first scan, the first pre-
contrast mask, one measurement (a complete set of 3D k-space lines) was acquired with a
breath hold, which lasts roughly 15 seconds. After a 15-second break and normal breathing,
another measurement was acquired with breath hold. After another 15 second break, 6mL of
contrast agent (Magnevist, Berlex, Wayne, NJ; Multihance, Bracco, Princeton, NJ) is
injected at 4mL/s, and 4 measurements are acquired, lasting about a minute, while the
subject holds his breath for as long as possible. Magnevist was the primary contrast agent
utilized except for subjects with low-GFR, in which case, Multihance was used as stipulated
by our institution’s clinical protocol as well as IRB mandates.

Patient images were acquired in the LAO projection in accordance with our institutions
cardiopulmonary, TRMRA dose-timing run protocol. Healthy volunteers were scanned
using the same view to maintain continuity. Each TRMRA acquisition utilized the same
sequence parameters as listed: Number of projection (Np) =192, readout points (Nro=192,
75% fractional echo), FOV=280mm x 280mm, slices = 30 (23 acquired with 75% partial
Fourier), slice thickness = 3.0 mm, pixel size = 1.5 x 1.5 x 3.0 mm, Tip angle =30°, TR/
TE=2.8/1.4 ms. Sixteen intermediate images were reconstructed with sliding window
reconstruction, resulting in a frame rate of approximately 0.7 second/frame.

Phase contrast flow quantification

Through-plane 2D phase contrast flow quantification was performed perpendicular to the
main pulmonary artery (PVF) with the following parameters: TR=49 ms, TE=3.1 ms, flip
angle=25°, cardiac phases 20, sequence acquisition time = ~13 s, bandwidth 355.0 Hz/pixel,
FOV= 244x340 mm, matrix size 103x192 mm, pixel size=2.3x1.7 mm, slice thickness=6.0
mm. A velocity limit of 100 cm/sec was used and it was increased if aliasing was observed.

Image Analysis

Intrapulmonary transit times (PaTT = Pulmonary arterial transit time, PvTT = Pulmonary
venous transit time) were determined from subtracted maximum intensity projections from
the time resolved MRA images from the LAO projection using an offline workstation
(Leonardo, Siemens Medical Solutions, Malvern, PA, USA). For transit time calculations
ROIls were placed to cover the proximal and distal pulmonary arteries and proximal and
distal pulmonary veins, for the determination of arterial and venous transit times,
respectively (Figure 2). The time difference between peak signal enhancements at two ROIls
served as a measure of the bolus transit time through the pulmonary arteries and veins
(Figure 2). In order to standardize the effect of image quality on the visualization of the most
distal arterial segment, ROIs were placed on the distal left pulmonary artery at the level of
the right ventricle apex. PaTT was calculated as time between peaks at ROIs 1 and 2. PvTT
was calculated as time between peaks at ROIs 3 and 4.

Pulmonary arterial blood volume (PaBV) and pulmonary venous blood volume (PvBV) was
calculated by multiplying the average blood flow (PC flow imaging) through the pulmonary
valve (PVF, mL/s) by the bolus transit time from the proximal to the distal pulmonary artery
and from the proximal to the distal pulmonary vein respectively (TRMRA) (17).
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Statistical Analysis

Statistical analyses were performed using commercially available software (SPSS, version
13.0; SPSS, Chicago, Ill). Transit times and ventricular volumetric values for the PAH group
were compared with those for the control subjects by using two-tailed Students t-tests.
Sensitivity and specificity for detecting PAH were calculated for various transit time cutoffs.
To determine the ability of MR-derived parameters to depict the presence of PH, receiver
operating characteristic (ROC) curve analysis was performed, and sensitivity and specificity
were calculated. However, due to the small sample size, confidence interval coverage
allowed only relative comparisons of areas under the curve (AUCSs) for different MR-
derived parameters (18). A p-value of less than 0.05 was considered to indicate a significant
difference in all tests.

RESULTS

All examinations were successful and there were no adverse events reported. Figure 3a
shows representative maximum intensity project (MIP) images reconstructed at 714 ms time
intervals. Clear depiction of the distal pulmonary branches is demonstrated in Figure 3b
which shows conventional mask mode subtraction and the sliding mask. The sliding mask
subtracts out the trailing edge of the bolus, suppressing arterial signal in the venous phase.

In assessing PAH, LV disease was excluded from both patients and controls due to
physiologically normal cardiac output in both groups. Furthermore, differences in CO
between patient and control groups were found to be statistically insignificant (p=0.44). A
comparison between arterial and venous transit times and blood volumes, as well as
pulmonary valve flow rates are reported in Table 1. We found statistically significant
(p<0.05) prolongation between the transit time compared to controls. The degree to which
the transit time was lengthened was greater for the arteries, PaTT, (1.92 times) when
compared to the veins, PvTT (1.4 times greater). This observation is consistent with the
differential diagnosis of arterial and venous hypertension. Statistically greater PaBV values
were also seen in PAH patients (p<0.04).

Only PaTT and total transit time (TT = PaTT + PvTT) had a statistically significant areas
under the curve (AUC) (Figure 4). PaTT and TT had AUC values of 0.938 (p=0.001) and
0.925 (p=0.001) respectively, while PvBV and PaBV had AUC values of 0.467(p=0.792)
and 0.733 (p=0.065), respectively. For a cutoff value of 2 seconds PaTT had a sensitivity of
92% and specificity of 90% for detection of PAH. The cutoff value of 2.25 seconds resulted
in a sensitivity of 83% and a specificity of 100%.

DISCUSSION

Our radial sliding window time-resolved MRA technique provides high frame rate depiction
of pulmonary hemodynamics allowing successful calculation of transit times within the
pulmonary circulation, which can be used to detect pulmonary arterial hypertension.
Furthermore, the use of sliding mask subtraction provides greater separation of arterial and
venous signal improving the accuracy of our calculations. Ultimately, TRMRA may prove
to be a strong non-invasive adjunct to right heart catheterization in the diagnosis and therapy
of PAH patients.

PaTT, as measured by radial sliding window TRMRA, were significantly prolonged in
patients with PAH. PvTT values were also prolonged, but this had less significance. The
greater prolongation of PaTT may be indicative of arterial pathology in a PAH group;
however further study is required in separate PAH and PVH settings for further validation.
ROC curves showed PaTT in particular had a higher sensitivity and specificity for detecting
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PAH than other parameters. This may be a useful method for diagnosis of PAH patients;
however a larger sample size is necessary for a more conclusive ROC analysis of PaTT
sensitivity to PAH. PaBV was also increased in PAH patients; however it was not as
sensitive to detecting PAH as PaTT or TT. It has been suggested that an increase in
pulmonary blood volume is the main reason for vascular remodeling and resultant
pulmonary hypertension during chronic hypoxia (19). Such increases have also been found
to be correlated with measures of RV dysfunction such as lower ejection fraction and
ventricular dilation (17). The result of our study shows the arterial blood volume in patients
with PAH is significantly higher than controls. This might suggest the main pathophysiology
of PAH and can be further used to follow up treatment in this group.

There was a moderate linear correlation between PaTT and mPAP (r = 0.3), PvTT and
mMPAP (r=0.2), PaTT and PVR (r = 0.4), and PvTT and PVR (r = 0.5), making nonlinear
relationships more likely, which is to be expected. However, further interpretation of these
results is limited as the patient recruitment criteria eliminated subjects with low mPAP, and
mPAP and PVR values could not be gathered for controls due to the invasive nature of the
procedure. Without a full range of mPAP values, the full strength of this correlation cannot
be determined. Therefore, we must rely on the results of a paired two sample t-test, which
determined a significant difference between PvTT and PaTT among PAH cases and
controls. These suggest PaTT and PvTT may be used as a diagnostic tool in the setting of
PAH.

In fact, prolonged PaTT may be a direct indicator of elevated pressure in the pulmonary
arterial system and right heart failure. The results are consistent with what Shors et al.
reported on the left heart where transit times were used to predict left heart failure. They
showed prolongation of transit times in patients with left ventricle (LV) dysfunction and
their direct correlation with LV volumes and inverse correlation with LV ejection fraction
(EF) (5). It has been shown that patients with a history of LV diseases showed prolonged
arm-to-aorta transit times (20). In our study however, the patients were confirmed with
normal physiological parameters. Therefore, left ventricular conditions can be excluded as
causes of prolonged transit times in the pulmonary arteries.

With previous TRMRA studies, it was necessary to significantly trade off spatial resolution
(8) (10) or SNR (9) to achieve near-subsecond temporal resolution, thus compromising
depiction of vascular anatomy. However, with the radial sliding window MRA, it is possible
to measure transit times between different parts of the pulmonary circulation while
preserving adequate spatial resolution for a truer representation of pulmonary vasculature
and hemodynamics. This, in addition to the transit times and total blood volume
measurements, could be a useful parameter for determination of pulmonary hypertension.

Time-resolved MRA has not been yet used often as a quantification tool, mainly due to the
fact that the fidelity of the dynamic information is affected by the temporal footprint, the
length of the time to acquire a single frame, and the k-space acquisition scheme (21). Sliding
window reconstruction uses view sharing to increase the frame rate, but not necessarily the
temporal resolution, since the temporal footprint is unchanged. It has been shown that a long
temporal footprint blurs the temporal profile of the dynamic MRA (15,22-23). Therefore,
full-width at half maximum of the contrast curves which is sometimes used to quantify
functional parameters (5) must be carefully used, since it is strongly dependent on the MR
sequence parameters such as k-space ordering scheme and acquisition durations. For this
study, transit times were obtained by measuring the time between the peak contrast signals,
which should be independent of the temporal footprint.

J Magn Reson Imaging. Author manuscript; available in PMC 2012 January 1.
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A subject undergoes 3 separate breath holds during the 4D MRA scan, and misregistrations
of the post-contrast images and the pre-contrast images are possible. This has not been a
problem in our scans. The position of the chest during each breath hold has been consistent.
In addition, sliding mask subtraction is less susceptible to this problem since the mask is
continuously updated. The purpose of the first set is for the initial subtraction mask, and the
purpose of the second set is to provide a contrast-free phase so that the very beginning of the
contrast passage can be captured. The use of the multiple breath hold protocol also has
improved the length and stability of the breath hold used for the contrast injection. The
injection needs to occur after two measurements to provide enough pre-contrast data after
the subtraction mask since the transit time from antecubital vein to the heart is relatively
short compared to the head or the extremities.

There were some limitations in this study due mainly to its retrospective nature. As a result,
some variables could not be controlled. SNR may have varied for cases where a different
MRI scanner was utilized or different contrast agent was applied; however, the temporal
resolution and dynamic information remained unaffected as identical pulse sequence
protocols were used. Only patients with confirmed PAH were studied. Therefore, it is not
yet known how the measured parameters differ in patients with pulmonary venous
hypertension. PAH could not be excluded in volunteers due to the invasive nature of RHC;
however due to the low prevalence of PH in the young population(< 35 years) and a young
control group (mean age 32 years) consisting of asymptomatic individuals with no
cardiopulmonary disease risk factors(normal CO and EF), the existence of undiagnosed PH
is unlikely (24).

Patients and controls were not age matched; however mPAP at rest has been shown to be
“virtually independent of age,” therefore no significant bias is expected (25). Furthermore,
heart rate can be excluded as a confounding factor as studies have shown no correlation with
contrast bolus kinetics in CEMRA (26) unless in the case of compromised cardiac output
(20). No conclusions can be drawn on the reproducibility of TT determination by TRMRA
since measurements were only taken once for each subject; however derived values in our
control group closely correspond to published literature (5).

In conclusion, pulmonary arterial transit times measured using time-resolved MRA can be
used as a simple, non-invasive metric for detection of altered hemodynamics in PAH. If
validated in future studies, time-resolved MRA may offer an important non-invasive adjunct
to RHC for the diagnosis of patients with PAH.
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Figure 1.

(a) The Time resolved MRA pulse sequence employs a radial “stack of stars” acquisition
scheme, with radial in-plane and Cartesian through-plane sampling. All slice encodings are
looped inside each projection angle. (b) Radial in-plane k-space sampling with partial echo.
(c) Intermediate image from each 3D volume are reconstructed using a sliding window
view-sharing and sliding subtraction mask scheme to provide improved separation of the
signal form arteries and veins.
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Figure 2. MRA signal curves were obtained by placing ROIs on proximal artery (1), distal artery
(2), proximal vein (3), and distal vein (4)

Transit times were determined by measuring the time between the peaks of proximal and
distal ROIs
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Figure 3. A representative time resolved MRA exam
(a) Consecutive intermediate time frames reconstructed at 714 ms time intervals are shown.

(b) Comparison of conventional (left) and sliding (right) subtraction mask. The subtraction
mask suppresses arterial signal (arrows) for better depiction of pulmonary veins.
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Figure 4. (a) ROC curve for PaTT and TT; (b) ROC curve for PaBV, and PvBV
Transit time is a better indicator of PAH than blood volume. PaTT and TT had statistically
significant AUC.
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