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Abstract
Purpose—To obtain a simultaneous 3D MR Angiography and Perfusion (MRAP) using a single
acquisition, and to demonstrate MRAP in the lower extremities. A time-resolved contrast-
enhanced exam is utilized in MRAP to simultaneously acquire a contrast-enhanced MR
angiography (MRA) and dynamic contrast-enhanced (DCE) perfusion, which currently requires
separate acquisitions and thus two contrast doses. MRAP can be used to assess large and small
vessels in vascular pathologies such as peripheral arterial disease.

Materials and Methods—MRAP was performed on ten volunteers following unilateral plantar
flexion exercise (one leg exercised and one rested) on two separate days. Data were acquired after
administration of a single dose of contrast agent using an optimized sampling strategy, parallel
imaging, and partial-Fourier acquisition to obtain a high spatial resolution, 3D-MRAP frame every
four seconds. Two radiologists assessed MRAs for image quality, a signal-to-noise ratio (SNR)
analysis was performed, and pharmacokinetic modeling yielded perfusion (Ktrans).

Results—MRA images had high SNR and radiologist-assessed diagnostic quality. Mean
Ktrans±standard error were 0.136±0.009, 0.146±0.012, and 0.191±0.012 min−1 in the resting
tibialis anterior, gastrocnemius, and soleus, respectively, which significantly increased with
exercise to 0.291±0.018, 0.270±0.019, and 0.338±0.022 min−1. Bland-Altman analysis showed
good repeatability.

Conclusion—MRAP provides simultaneous high-resolution MRA and quantitative DCE exams
to assess large and small vessels with a single contrast dose. Application in skeletal muscle shows
quantitative, repeatable perfusion measurements, and the ability to measure physiological
differences.
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INTRODUCTION
Vascular pathologies can affect large and small vessels, and can manifest as perfusion
deficits from downstream effects of large vessel disease or directly from small vessel
disease. Thus, for comprehensive vascular evaluation, both large and small vessels should be
assessed. Magnetic Resonance Angiography (MRA) depicts large arteries and has been
widely used to assess arterial pathology (1–4). However, the microvasculature cannot be
assessed on MRA images, as the spatial resolution is insufficient to depict sub-millimeter
vessels. Instead, quantitative perfusion measurements provide evaluation of the
microvasculature as an aggregate over the voxel volume. MR perfusion measurements are
most commonly performed using dynamic contrast-enhanced (DCE) techniques (5–7), in
which pharmacokinetic analysis of the administered contrast agent is used to quantify
perfusion. With these techniques, noninvasive vascular MR imaging, specifically MRA and
DCE MRI perfusion, can be used to separately assess the macro-and microvasculature. For
example, perfusion has been used along with renal MR angiography to grade the effect of
renal artery stenosis on parenchymal perfusion using two gadolinium injections (8). Since
most MRA and perfusion exams each use a separate, full-dose contrast bolus, the two
studies may need to be performed on different days to avoid contamination of the second
exam and contrast double-dosing. These factors effectively preclude the use of MRI to
evaluate both microvascular and macrovascular components of disease simultaneously.
Thus, the multifactorial etiologies of vascular pathologies such as peripheral arterial disease
(PAD) have been incompletely explored.

Time-resolved magnetic resonance angiography (trMRA) techniques are performed by
acquiring 3D images at several time points to dynamically visualize arterial anatomy at
different phases of contrast arrival. These images also contain high spatial resolution data on
tissue enhancement. In this study, it was hypothesized that this tissue enhancement can be
used for direct, quantitative, DCE perfusion analysis. However, trMRA image acquisitions
are optimized for visualizing vascular anatomy and not DCE analysis. The challenge in a
simultaneous approach is maintaining high spatial resolution needed to visualize the
vasculature while also achieving high temporal resolution and sufficient tissue signal-to-
noise ratio (SNR) to accurately capture changes in contrast agent concentration needed to
estimate perfusion. In this study, a technique is introduced (MR Angiography and Perfusion,
MRAP), which attempts to meet the stringent needs of both exams. By simultaneously
acquiring angiography images and calculating a quantitative perfusion parameter, MRAP
accomplishes both small and large vessel assessment in a single exam and contrast dose.
MRAP is applied in the legs, and the feasibility of robustly acquiring both an MRA and
measuring quantitative physiological perfusion differences are demonstrated in
asymptomatic volunteers.

MATERIALS AND METHODS
Study Participants

In this IRB-approved, HIPAA compliant study, experiments were performed on
asymptomatic, non-smoking volunteers after written informed consent. Ten volunteers
participated (male/female 5/5, age 26.3±10.4 years, and weight 77.9±17.2 kg).

Study Protocol
Each subject performed unilateral plantar flexion exercise using a resistance band for three
minutes while in the MR scanner, creating a physiological perfusion difference between
legs. The contralateral leg remained at rest to serve as a baseline comparison. An underlying
assumption was that resting perfusion in both legs without exercise would be similar, and
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therefore differences in perfusion between legs after unilateral exercise would be due to the
stimulus. This can be expected to be true in asymptomatic volunteers. Imaging was initiated
immediately after exercise. The experiment was performed on each subject on two separate
days at least one week apart to study repeatability of the MRAP perfusion measurement. The
leg that was exercised was randomly selected, and the volunteer exercised the same leg on
both days.

Image Acquisition
Imaging was performed at 3.0T (Magnetom Verio, Siemens Healthcare, Erlangen,
Germany) with a peripheral angiography matrix coil and spinal array coil. Prior to exercise
and the MRAP exam, a baseline T1 measurement was performed using an inversion
recovery experiment (9) with the following parameters: TurboFLASH; TR/TE 5s/1.33–
1.39ms; flip angle 8°; inversion times 150–2000 ms.

To maintain high spatial resolution and 3D coverage while achieving high temporal
resolution, a view-sharing method known as Time-resolved angiography With Interleaved
Stochastic Trajectories (TWIST) was employed (2). TWIST utilizes differential sampling of
central and outer regions of k-space (referred to as “A” and “B” regions, respectively) with a
sliding window reconstruction, and can be combined with partial Fourier acquisition and
parallel imaging to generate time-resolved angiographic images with high spatial and
temporal resolution. These parameters were optimized via simulation and experiment to
make the acquisition more sensitive to perfusion changes in the muscle while preserving
MRA quality. The obtained settings were: A region 20%, B region 33%, GRAPPA factor 2
in the phase encoding and partition directions, and partial Fourier 6/8 along the phase
encoding direction (10). The flip angle of 10° was chosen for MRAP to balance the optimal
flip angle for tissue signal for the perfusion measurement and contrast-enhanced blood
signal for the MRA. The TWIST sampling parameters (A and B region) were chosen based
on a simulation-based exploration of these parameters and their effects on image quality
(11). Optimized parameters were used for all MRAP experiments.

Contrast-enhanced MRAP exams were performed on volunteers after administration of 0.1
mmol/kg Gd-DTPA (Magnevist; Bayer, Berlin, Germany) followed by 25 ml saline at 3 ml/
s. The injection of contrast was initiated approximately 2 min after cessation of exercise,
following collection of pre-injection baseline images. Other MRAP imaging parameters
were: TR/TE 2.97/1.48ms; resolution: 1.34×1.6×1.5 mm3; 90 temporal repetitions; and FOV
430×403×96 mm3. The acquisition time for each frame was 3.99 s, which is within the
suggested range for analyzing muscle tissue enhancement curves in the lower extremities
(12) and also sufficiently fast for diagnostic MRA in the legs (13).

Evaluation of Angiography Images
Because a combined method such as MRAP may result in two suboptimal exams, both the
angiographic and perfusion exams were analyzed to ensure that the technique could provide
high quality MRA images while also providing perfusion information. To analyze MRA
images, SNR measurements were made. As SNR values in images processed using
techniques such as parallel imaging are not uniform across the image, SNR calculations
cannot be made using spatially-varying regions-of-interest (ROIs) (14). Instead, the SNR at
baseline was measured by taking the ratio of signal in the popliteal artery averaged over the
pre-contrast images and the averaged noise over the same ROI obtained from serial baseline
subtraction images. An SNR in the maximally enhanced popliteal artery was also obtained
as a ratio of the signal at maximal enhancement in the same ROI to the noise as obtained
from baseline measurements. Additionally, two MR-trained attending radiologists were
asked to rate their confidence level for assessing lumen patency (0–100%) in the MRAP
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exam in the right and left legs for the popliteal, anterior tibial, posterior tibial, and peroneal
arteries.

Perfusion Measurement
Perfusion calculations were performed offline using MATLAB (The MathWorks, Natick,
Massachusetts). Time courses of signal intensity in the muscle were generated over 13.4×16
mm2 (10 voxels2) ROIs in three muscle groups: the tibialis anterior, soleus, and
gastrocnemius. ROIs were placed centrally within the muscle group in a single axial slice.

As mentioned previously, the intrinsic T1 of the tissue was measured using an inversion
recovery experiment, allowing for the calculation of concentration of contrast agent (9). To
convert signal intensity values from the MRAP exam to concentration, the following
equation was used (9):

[1]

where T1,o is the intrinsic T1 of the tissue, T1 is its shortened value in the presence of
contrast agent, r is the relaxivity of the contrast agent, and C is the concentration of the
contrast agent. T1,o was measured prior to the MRAP exam, and T1 was computed using
MRAP signal values and the FLASH signal intensity relationship (9).

Gadolinium-based contrast agents are known to passively diffuse between the vascular space
and the extravascular, extracellular space (EES) and are excluded from the intracellular
space. The pharmacokinetics of Gd-DTPA can be described by a one compartment model
with the following equation (5):

[2]

where cp is the concentration of contrast agent in the plasma, ct is the concentration of
contrast agent in the tissue, and Ktrans and kep are rate constants. The time-varying
concentration cp was obtained by measuring the arterial input function (AIF) in a region of
interest selected within the popliteal artery. The AIF signal time-course was then fit to a
gamma variate function (15,16). For both exercise and rested muscle, this study assumes
flow-limited conditions, i.e., high permeability and low flow. In this case (5), the transfer
constant is a function of perfusion (F), density (ρ), and hematocrit (Hct):

[3]

assuming a ρ of 1.05 kg/l and Hct of 0.4.

Using these equations, the tissue compartment signal can be converted to contrast agent
concentration (Eq 1) and can then be modeled using Equation 2 to yield fitted parameters
kep and Ktrans (and by extension, F). As established in prior studies, Ktrans is a direct
quantitative measure of perfusion (5). A nonlinear least squares fit was used to estimate kep
and Ktrans.

In addition to the ROI perfusion analysis, pixelwise perfusion maps were also generated.
Due to SNR considerations, this was performed at a lower spatial resolution by down-
sampling to double the voxel size (to 2.7×3.2×3 mm3), and spatial and temporal averaging
filters were applied (using 2×2 spatial and a three-point temporal convolution kernel with
uniform weighting, respectively).

Wright et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The accuracy of the measured Ktrans is dependent on the SNR of the DCE and T1
quantification acquisitions. Simulations were performed to estimate the propagated error in
measured Ktrans caused by noise in the image acquisition. The noise in the T1 mapping was
quantified by measuring the standard deviation of T1 over 10 repetitions. Noise in the DCE-
MRI acquisition was quantified from the first 30 frames acquired prior to contrast injection.
After quantification of the SNR for both acquisitions, Monte Carlo simulations were
performed by adding normally distributed random noise to an ‘ideal’ enhancement curve
and the resulting data were fit using the modeling process described above. The ideal arterial
enhancement data were generated using a fitted AIF from a volunteer scan, and the ideal
muscle enhancement data were generated using known kep and Ktrans values. These
simulations estimate the propagated error in measured Ktrans caused by noise from image
acquisition. Physiological variation in measured Ktrans was estimated as the standard
deviation in the measured Ktrans in each muscle over the 10 subjects.

Statistical Analysis
The significance of the effect of exercise on Ktrans was evaluated using a paired t-test
(α=0.05, two-tailed). The Bland-Altman method was used to compare intrasubject
variability between the two imaging sessions (17). Good agreement between measurements
on separate days indicates repeatability across the two days. Bland Altman analysis was
performed for each muscle group (ROI measurements) at rest and after exercise across the
two scanning sessions.

RESULTS
3D MRAP images were acquired for all volunteers. Maximum Intensity Projection (MIPs)
images generated after baseline subtraction are displayed in Figure 1 from three
representative datasets. MRA images yielded an SNR values of 38±8 at baseline and 110±28
at peak enhancement. A summary of the results of the radiologists’ assessments of the
angiographic images is presented in Table 1. These results showed a high confidence in the
evaluation of the angiographic images, i.e., a score approaching 100 for the confidence level
of assessing lumen patency.

Figure 2 shows a representative ROI signal intensity time series and model fits for both the
AIF (Figure 2a) and the gastrocnemius (Figure 2b) of exercising and resting legs in a single
volunteer. Note the exercised muscle shows both a higher rate of signal change during
contrast arrival, and an increased difference in signal intensity between baseline and plateau.

In Table 2, perfusion measurements are summarized for each muscle at rest and after
exercise. The paired t-test results show a strong effect of exercise on Ktrans with p=0.008,
<0.0001, and <0.0001 in the tibialis anterior, gastrocnemius, and soleus, respectively.

Bland-Altman plots are shown in Figure 3. No point falls outside two standard deviations of
mean measured differences in Ktrans for soleus (Figure 3c and 3f), and one point for each of
the rested and exercised muscles analyzed falls outside the limits of agreement in the Bland-
Altman plots for gastrocnemius and tibialis anterior (Figure 3a,b,d,e).

Coronal and axial slices from a 3D Ktrans perfusion map are shown in Figure 4 for a
volunteer whose right leg was exercised. For ease of viewing, pixels outside of the body and
those in fat and solid bone structures have been removed by thresholding and manual
segmentation. The resulting higher perfusion in the exercised leg is clearly seen as higher
Ktrans values in the right leg compared to the rested left leg. For reference, the source images
for both slices are shown in Figure 4. These images also demonstrate typical image quality
and resolution.

Wright et al. Page 5

J Magn Reson Imaging. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
This study demonstrates the feasibility of the MRAP technique, which allows for the
simultaneous acquisition of three-dimensional trMRA images and DCE perfusion
measurements with a single gadolinium dose. While non-contrast techniques are available
for both MRA and for perfusion (18–23), these are less robust than contrast-enhanced
techniques, and in the case of perfusion, these are often performed on single, thick slices,
limiting the clinical applicability. It follows that currently contrast-enhanced MRA and
perfusion methods have found much more widespread clinical use in many applications (7).

The MRA images from MRAP maintain high SNR and were rated highly for lumen
assessment by both radiologists, indicating that MRA examination quality was high for the
MRAP experiments. The measurement standard error in Ktrans (perfusion) due to image
noise was in the range of 6–8% of the measured Ktrans, and is much smaller than the
physiological variation in perfusion at rest and with exercise. The large physiological
variation in perfusion across the volunteer population is likely due to factors such as the
subject’s effort during exercise, activity level prior to imaging, caffeine intake, and fitness
level, which were not controlled in this study. The temporal resolution of approximately 4 s/
volume was sufficient for accurate characterization of the tissue enhancement curves as
previously described by Lutz et al. (12). While a better temporal resolution may be desirable
for AIF characterization, Monte Carlo simulations (not included for brevity) showed that
when modeling the AIF with a gamma variate function, the temporal resolution used here
provided sufficient accuracy for estimating Ktrans given both the physiology of the lower
extremities and the injection protocol used here. Model fits also showed low residual errors
between the model and the obtained data for both the AIF and the time course in the muscle.

Previous MR perfusion studies have been performed in skeletal muscle using contrast-
enhanced and non-contrast methods (12,24–27). The resting perfusion measurements
reported here (22 – 30 ml/(100 g·min)) are in close agreement with those reported when
using arterial spin labeling (24,25), which show a range between 20 and 30 ml/(100 g·min)).
Lutz et al. reported DCE perfusion measurement in human skeletal muscle in resting and
post-ischemic hyperemic conditions (12). The resting perfusion values in that study (median
values of 4.7–5.6 ml/100 g·min) were much smaller than the measurements reported here
and elsewhere (24,25), while the measurements in post-ischemic reactive hyperemia (25.4–
26.7 ml/100 g·min) were similar to those after exercise in this study. The discrepancy in
measurements at rest between Lutz et al. and the current study may relate to differences in
the two study designs (contralateral legs being exercised versus post ischemic hyperemic),
and uncontrolled effects such as exercise and caffeine intake. Measurements during near
maximal post-ischemic hyperemic conditions have also been reported by Thompson et al.
(102–208 ml/100 g*min) (27), which are larger than those by Lutz et al., or the exercise
conditions reported here. The reason for these differences is not clear.

Perfusion in the exercised leg was significantly greater than in the non-exercised leg,
demonstrating the ability of MRAP to quantify physiological perfusion differences. The
perfusion in normal volunteers increased by a factor of 2.1–2.5 between rest and exercise,
which is lower than the 20 to 1 maximal flow reserve measured with ultrasound (28). This is
likely due to the volunteers in the present study performing a relatively modest exercise (not
exercise to exhaustion) and the two minute delay between exercise and contrast injection
(during baseline data collection). The resting leg could also have slightly elevated perfusion
in comparison to true rest due to cardiovascular effects from the exercise. The main
limitation of this study is that the level of rest prior to performing the exercise was
uncontrolled, and the effort during the exercise was not quantified. Nevertheless, the
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measured perfusion of 43–53 ml/100 g·min post-exercise were similar to the post-exercise
perfusion values in human skeletal muscle previously reported by several groups (24,29,30).

Assuming that the perfusion in the same volunteers is similar on two separate days, Bland-
Altman analysis should show good agreement between the perfusion measurements on those
two days. This was observed in each muscle group both at rest and after exercise, with at
most one volunteer falling outside the 95% confidence interval commonly used to
demonstrate agreement between two measurements. Thus, these data indicate a good
repeatability for the MRAP method.

MRAP represents a significant improvement in DCE perfusion of muscle. The double use of
the MRAP data means that a single gadolinium injection makes both small and large vessel
evaluation possible in a single exam. This may prove to be a clinical a74nd/or
investigational advantage. Even in these asymptomatic subjects, the MRAP experiments are
exemplars of the possibilities opened up by this technique, in settings where 3D perfusion
measurement may be of interest. For example, although MRA exams are often performed to
evaluate PAD, perfusion is not routinely measured. This is also in part due to the non-robust,
thick, single-slice perfusion measurements available by both non-contrast and contrast-
enhanced measurements, which reduce their diagnostic utility for assessing small or
spatially varying abnormalities. The data on normal volunteers are suggestive of the
usefulness of a higher resolution approach. For example, the resting perfusion in the soleus
muscle is higher than in tibialis anterior or gastrocnemius, and the perfusion difference due
to exercise is higher in the tibialis anterior than in the gastrocnemius and soleus muscles
(214% versus 185% and 178%, respectively).

In some studies, a semi-quantitative approach has been reported in which the rapid increase
of the signal intensity curves in an artery (slice 1) and in muscle (slice 2) following contrast
agent injection is fit to a line, and the ratio of slopes is termed the perfusion index (31,32).
Using this semi-quantitative perfusion index, significant differences were seen between
normal subjects and patients with PAD, showing that perfusion mapping (and thus MRAP)
could be an important diagnostic tool in PAD (31,32).

The currently used contrast-enhanced, perfusion methods would require a second contrast
dose and a second scanning session if both MRA and perfusion acquisitions were to be
performed, adding time, cost, inconvenience, and risk of nephrogenic systemic fibrosis (33–
35). Thus, although symptoms of PAD, i.e. leg weakness and claudication, result from a
constellation of physiological changes secondary to reduced tissue perfusion, the clinical
benefits of measuring perfusion in the setting of PAD are still relatively poorly explored. An
important recent study which investigated the semi-quantitative perfusion index correlated
to a 6-minute walk distance in PAD patients, indicated a relationship between disease status
and perfusion (32). The results strongly suggest that high-quality perfusion measurements
could be useful in the setting of PAD. As MRAP is based on a high resolution, 3D
acquisition, rather than on a single, thick slice exam, regional alterations in perfusion, or
changes in various muscle groups due to intervention/treatment can be better assessed based
on such an acquisition. Systematic studies are needed to explore MRAP in the setting of
PAD. In addition to a MRAP examination of the distal lower extremities, a MRA exam in
the proximal stations may be necessary to evaluate large vessels in the proximal station.
Non-contrast methods could be considered for these proximal stations. Future studies could
also investigate the use of MRAP with a lower dose of contrast agent, which may allow for a
proximal station MRA and a distal lower extremity MRAP exam without an increase in total
contrast agent dose.
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In conclusion, MRAP provides simultaneous high-resolution MRA and quantitative DCE
exams to assess large and small vessels with a single contrast dose. Application in skeletal
muscle shows quantitative, repeatable perfusion measurements, and the ability to measure
physiological differences. While a first application of MRAP is demonstrated in skeletal
muscle, the method is general and can be applied to other organs/tissues to obtain
simultaneous perfusion and MRA measurements in, for example, brain or kidney. Tissue-
specific factors such as necessary temporal resolution, motion correction or image
registration would need to be considered and the acquisition adjusted accordingly.
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Figure 1.
MIPs of a single time frame from three representative trMRA exams of the distal lower
extremities. The subject in Figure 1c has bilateral hypoplastic posterior tibial arteries, and
peroneal continuation into the hindfoot. For this subject, note also the higher signal in left,
exercised leg musculature (arrow) in this frame than in the rested leg.
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Figure 2.
Representative signal intensity curves and model fits for the AIF (A) and the muscle
enhancement (B) in a single volunteer. Signal intensity curves were adjusted so that the
mean baseline signal intensities for exercised and rested curves were equivalent for direct
comparison. Red ‘x’ - Exercise data. Red line - Exercise model fit. Blue points - Rest data.
Blue line - Rest model fit.
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Figure 3.
Bland Altman plots of Ktrans in resting tibialis anterior, gastrocnemius, and soleus muscle
(A, B, and C respectively) and exercised tibialis anterior, gastrocnemius, and soleus muscle
(D, E, and F respectively). The solid lines represent the mean difference between sessions in
all volunteers. Dashed lines represent ± 2 standard deviations from the mean.
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Figure 4.
Left column: Original axial and coronal source images corresponding to the parameter map.
Right column: Pixel-wise Ktrans (min−1) axial and coronal parameter map. The right leg was
exercised while the left leg remained at rest. Note the perfusion was higher in the exercised
muscle than in the rested muscle.
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