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ORIGINAL ARTICLE
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Objectives: The aim of the current study was to test the reproducibility of
different quantitative magnetic resonance imaging (MRI) methods to assess
the morphologic and functional peripheral vascular status and vascular
adaptations over time in patients with peripheral arterial disease (PAD).
Materials and methods: Ten patients with proven PAD (intermittent claudication) and arterial collateral formation within the upper leg and 10 healthy
volunteers were included. All subjects underwent 2 identical MR examinations of the lower extremities on a clinical 1.5-T MR system, with a time
interval of at least 3 days. The MR protocol consisted of 3D contrastenhanced MR angiography to quantify the number of arteries and artery
diameters of the upper leg, 2D cine MR phase contrast angiography flow
measurements in the popliteal artery, dynamic contrast-enhanced (DCE)
perfusion imaging to determine the influx constant and area under the curve,
and dynamic blood oxygen level-dependent (BOLD) imaging in calf muscle
to measure maximal relative T2* changes and time-to-peak. Data were
analyzed by 2 independent MRI readers. Interscan and inter-reader reproducibility were determined as outcome measures and expressed as the
coefficient of variation (CV).
Results: Quantification of the number of arteries, artery diameter, and blood
flow proved highly reproducible in patients (CV ⫽ 2.6%, 4.5%, and 15.8%
at interscan level and 9.0%, 8.2%, and 7.0% at interreader level, respectively). Reproducibility of DCE and BOLD MRI was poor in patients with a
CV up to 50.9%.
Conclusions: Quantification of the morphologic vascular status by contrastenhanced MR angiography, as well as phase contrast angiography MRI to
assess macrovascular blood flow proved highly reproducible in both PAD
patients and healthy volunteers and might therefore be helpful in studying the
development of collateral arteries in PAD patients and in unraveling the
mechanisms underlying this process. Functional assessment of the microvascular status using DCE and BOLD, MRI did not prove reproducible at 1.5
T and is therefore currently not suitable for (clinical) application in PAD.
Key Words: peripheral arterial disease, contrast-enhanced MRA, phasecontrast angiography, dynamic contrast-enhanced MRI, blood oxygen
level-dependent
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eripheral arterial disease (PAD), characterized by atherosclerotic
stenosis or occlusion of pelvic and/or lower extremity arteries, may
manifest clinically as intermittent claudication or critical limb ischemia.1 The primary treatment for patients with intermittent claudication
is supervised exercise therapy, which may stimulate collateral blood
artery formation to increase muscle perfusion.1–3 Stimulation of collateral blood vessel growth is also the main target of angiogenic growth
factor or stem cell administration to improve tissue oxygenation in
patients with critical limb ischemia.4 – 6 The exact mechanisms underlying this process are presently unknown, but are thought to involve
both adaptation of existing arteries and the formation of new collateral
arteries over time.7 Furthermore, it is presently unknown to what extent
different therapeutic options contribute to these vascular adaptive responses, and to what extent functional improvement of patients is
related to such vascular adaptations.1,8
Uncertainties concerning the exact type and extent of vascular
adaptations in humans are partly because of the lack of noninvasive
diagnostic methods to visualize and quantify these processes. Quantitative noninvasive imaging tools that can be used to study the process
of vascular adaptation and to monitor the effectiveness of vesselstimulating therapies are therefore highly desirable. Magnetic resonance
imaging (MRI) techniques are attractive for this purpose, as they
provide high spatial resolution to visualize the entire peripheral vascular
tree, including small collateral arteries. Furthermore, MRI techniques
are suitable to obtain information on vascular morphology and function
and allow repeated measurements without ionizing radiation exposure.9 –15 However, for evaluation of vascular responses over time, it is
crucial that MRI provides reproducible quantitative measures.
The aim of the current study was to test the reproducibility of
different MRI methods to assess the morphologic and functional vascular status and adaptations of the peripheral vasculature over time.
Morphologically, the reproducibility was determined of a method to
quantify the number of arteries in the upper leg, visualized by contrastenhanced MR angiography (CE-MRA). Development of collateral
arteries might result in an increased blood supply to and subsequent
enlargement of the collateral re-entrance zone. This collateral re-entrance zone represents the level at which collaterals re-enter the large
native conduit artery distal to an occluded segment of the arterial tree
(distal superficial femoral or popliteal artery in our study), For this, the
reproducibility of diameter measurements of the distal conduit artery
was also assessed. Functional vascular status was determined both at
macro- and microvascular level. Reproducibility of macrovascular
function was studied by measuring peak arterial blood flow in the
popliteal artery (PA) with quantitative 2D cine MR phase contrast
angiography (PCA).10,16 –19 Reproducibility of microvascular function
was determined in the calf musculature by perfusion measurements
using dynamic contrast-enhanced (DCE) MRI9,20,21 as well as the
blood oxygenation measurements using dynamic blood oxygen leveldependent (BOLD) MRI.13,22–27 All measurements were performed in
a group of PAD patients with proven extensive collateral artery formation and a group of healthy volunteers.
www.investigativeradiology.com | 11
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MATERIALS AND METHODS
Phantom Study
A vessel phantom was used to determine the diameter of the
smallest arteries that can be detected with our clinically used CE-MRA
protocol. This phantom consisted of 10 tubes with varying inner
diameters as follows: 6.00, 2.03, 1.57, 1.40, 1.01, 0.76, 0.51, 0.25, 0.18,
and 0.13 mm. These tubes were filled with the same gadolinium-based
contrast agent as used in the patient study (gadopentetate dimeglumine
关Magnevist兴, Bayer HealthCare Pharmaceuticals, Berlin, Germany),
with a concentration of 11 mmol/L, which is representative of the peak
arterial concentration in our human study. Tubes were immersed in a
muscle tissue mimicking fluid (T1 ⫽ 800 milliseconds, 0.2 mmol/L
gadopentetate dimeglumine solution).
MRI was performed using the same acquisition protocol as
used in the human studies detailed later in the text. Scan parameters
are given in Table 1. Acquired voxel sizes were 1.22 ⫻ 1.52 ⫻ 2.4
mm. Subsequently, voxels were interpolated to 0.92 ⫻ 0.92 ⫻ 1.2
mm during reconstruction by zero-filling. The phantom was positioned slightly angulated with respect to the z-axis of the MRI
scanner to average the signal over many subvoxel positions.
For image analysis, a line segment perpendicularly intersecting the depicted tubes was manually drawn. The intensity profile
along this line was analyzed to determine the smallest detectable
tube diameter by counting the number of peaks in the signal
intensity profile.

Human Study

Over a period of 6 months, 10 patients (mean age, 64.7 ⫾ 6.1
years; range, 57–73 years; 9 men and 1 woman) with proven PAD
(intermittent claudication, Fontaine stage II, Rutherford stage 1–3)
and arterial collateral vessel formation within the upper leg and 10
healthy volunteers without signs and symptoms of PAD (mean age,
26.7 ⫻ 11.5 years; range, 18 –50 years; 2 men and 8 women) were
included. PAD patients were eligible for the study if peripheral
CE-MRA examinations as part of routine diagnostic work-up confirmed the presence of superficial femoral artery (SFA) occlusion
with a collateral arterial network in the upper leg. Patients with
contraindications to MRA, including claustrophobia, known gado-

linium-based contrast-agent allergy, and low estimated glomerular
filtration rate (⬍30 mL/kg/1.73 m2) were excluded from participation. The study was approved by the institutional medical ethics
committee and all patients and healthy controls gave written informed consent before inclusion.

Magnetic Resonance Imaging
All subjects underwent 2 MRI examinations on different days
(mean interval, 14.6 days; range, 3– 68 days). An overview of the
imaging protocol is given in Figure 1. The entire examination lasted
1 hour. Patients received no treatment between both examinations.
All examinations were performed on a 1.5-T commercially available
system (Intera, Philips Medical Systems, Best, The Netherlands).
For signal reception, we used a dedicated 12-element phased-array
peripheral vascular coil with craniocaudal coverage of 128 cm
(Philips Medical Systems, Best, The Netherlands). Subjects were
imaged in the supine position and care was taken not to deform calf
muscle by calf-bed contact. All subjects were lying in this position
for at least 15 minutes before the first measurement was started.
Scan parameters for all acquisitions are given in Table 1.

Contrast
For CE-MRA and DCE MRI, a dose of gadopentetate dimeglumine respectively 30 and 15 mL (Magnevist, Bayer HealthCare
Pharmaceuticals, Berlin, Germany) was injected intravenously as a
single biphasic bolus in the cubital vein, using a remote-controlled
injection system (Medrad Spectris, Indianola, PA). Although CEMRA for this study comprised only 1 station (upper leg), an
injection of 30 mL of contrast agent was chosen for best comparison
of image quality with common clinical 3-station peripheral CEMRA, for which we normally administer a single bolus of 30 mL.
After contrast medium administration, 20 mL of saline was injected.
Real-time bolus monitoring software (BolusTrak, Philips Medical
Systems, Best, The Netherlands) was used to visualize the arrival of
the bolus in the proximal SFA with a refresh rate of proximally 1
frame/s. Upon first sight of contrast arrival in the proximal SFA,
image acquisition for the CE-MRA sequence was started. For DCE
MRI, cuff inflation (mentioned later in the text) was immediately

TABLE 1. Acquisition Parameters for All MRI Measurements
MR Measurement
Parameter

TOF

CE-MRA

PCA

DCE

BOLD

Scan mode
Multi2D
3D
2D
3D
MS
Technique
TFE
FFE
FFE
FFE
FFE
TR (ms)
11.0
4.8
7.9
8.0
1000
TE (ms)
6.9
1.45
4.7
0.91
30
Flip angle (deg)
50
40
30
30
90
FOV (mm)
450
470
320
400
300
Voxel dimensions (acquired) (mm)
1.76 ⫻ 1.76 ⫻ 3.3 1.22 ⫻ 1.52 ⫻ 2.4 1.25 ⫻ 1.67 ⫻ 6.00 3.13 ⫻ 3.13 ⫻ 12.0 3.13 ⫻ 3.26 ⫻ 2.5
Voxel dimensions (reconstructed) (mm)
1.76 ⫻ 1.76 ⫻ 3.3 0.92 ⫻ 0.92 ⫻ 1.2 1.25 ⫻ 1.25 ⫻ 6.00 3.13 ⫻ 3.13 ⫻ 6.0 3.13 ⫻ 3.13 ⫻ 2.5
No. slices
31
100–160*
1
12
4
Scan direction
Transversal
Coronal
Transversal
Transversal
Transversal
Parallel imaging acceleration (Factor/direction)
No
Yes (2/R-L)
No
Yes (2/R-L)
No
Dynamic scans
—
—
—
80
400
Dynamic scan time (s)
—
—
—
2.6
2.0
Total scan duration(min:s)
1:34
0:25–0:43*
2:16†
3:31
13:23
*For CE-MRA the number of slices, and therefore scan duration, varied from subject to subject, depending on the dimensions of the upper leg.
†
Nominal scan duration at a heart rate of 60 beats per minute.
MR indicates magnetic resonance; CE-MRA, contrast-enhanced MR angiography; PCA, phase contrast angiography; DCE, dynamic contrast-enhanced; BOLD, blood oxygen
level-dependent; MS, multislice; TFE, turbo field echo; FFE, fast field echo (gradient echo); FOV, field of view.
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FIGURE 1. Overview of imaging protocol, approximate duration of each scan, and the obtained quantitative measures. Contrast-enhanced MR angiography (CE-MRA) was combined with phase-contrast angiography (PCA) flow MRI, dynamic contrastenhanced (DCE) MRI, and blood oxygen level dependent (BOLD) MRI. The BOLD measurement was performed prior to contrast agent administration, as needed for the CE-MRA and DCE perfusion measurement. Total MRI examination, including
patient positioning, table movements, and MRI scans, took 1 hour.

followed by a single bolus of 15 mL contrast agent, allowing
systemic contrast equilibration in the arterial blood pool proximal to
the occlusion during cuff compression.

Cuff Paradigm

acquired with 3.3-mm slice thickness and 11-mm interslice gap, and
an inferiorly concatenated saturation band. The standard quadrature
body coil was used for signal transmission and reception. For
positioning of the 3D CE-MRA volumes, maximum intensity projections were generated in 3 orthogonal directions.

For DCE and BOLD MRI, postischemic reactive hyperemia was
provoked in both lower legs using inflatable cuffs (Medrad, Indianola,
PA). Reactive hyperemia was provoked to ensure measurable signal
alterations in DCE and BOLD MRI and to ensure a most reproducible
state of vasodilatation for both examinations for each patient.13 A cuff
paradigm was chosen, as this method was believed to be more reproducible and suitable for MRI in comparison with muscle exercise and
less invasive in comparison with drug-induced vasodilation. Besides, a
cuff paradigm ensures a vascular step-input function of contrast agent,
as preferred for DCE MRI.9 The cuffs were placed at midthigh level
and manually inflated to suprasystolic values (⬎50 mm Hg above
brachial systolic blood pressure) during 6 minutes prior to BOLD and
DCE MRI, ensuring total arterial occlusion.13

An 1-station, 3D CE-MRA was performed with voxel sizes
identical of the phantom study. Although clinical CE-MRA
examinations are usually limited to visualization of a thin anteroposterior imaging volume only including the large conduit arteries in the upper leg (ie, SFA and PA), for this study, the entire
muscular volume of the upper leg was imaged to visualize all the
arteries including any collateral branches within the upper leg.
Prior to contrast medium administration, a nonenhanced “mask”
image data set was acquired with exactly the same acquisition
parameters as the CE-MRA, enabling background tissue suppression by image subtraction.

Survey

Phase Contrast Angiography MRI

A nonenhanced time-of-flight (TOF) scan of the pelvic, upper
and lower leg station was acquired to prescribe the imaging volumes
of interest for morphologic and functional imaging. A turbo field
echo pulse sequence was used with a 180° inversion prepulse to
suppress stationary tissues. Thirty-one axial slices per station were

Blood flow data were obtained in the PA (distal to the
vascular lesion in the SFA in patients). A single slice was positioned
perpendicular to the course of the PA. In all, 20 cardiac phases were
acquired over the R-R interval with an encoding velocity (venc) of
100 cm/s in the craniocaudal direction. Vector CardioGraphy tracing

© 2010 Lippincott Williams & Wilkins
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was used for retrospective cardiac synchronization. The nominal
duration of this acquisition was 136 seconds at a heart rate of 60
beats per minute.

Dynamic Contrast-Enhanced MRI
DCE-MRI was preceded by T1 mapping to determine precontrast T1 relaxation times before contrast enhancement, using a
scan sequence with identical contrast parameters and geometry as
for the subsequent DCE acquisitions, but with variable flip angles
(2°, 5°, 10°, 15°, 25°, and 35°).9,28 A dynamic 3D T1-weighted
gradient echo sequence was used for DCE MRI (Table 1). Slices
were positioned at the maximum diameter of the calf. Five dummy
scans were acquired before the actual measurement to avoid varying
T1 saturation effects. The acquisition started 330 seconds after cuff
inflation. The cuff was then rapidly deflated (within 2 seconds)
together with the start of the sixth dynamic scan.

Blood Oxygen Level-Dependent MRI
For BOLD imaging, a multishot single-echo echo planar
imaging sequence with fat suppression (spectral presaturation with
inversion recovery) was used to detect the T2* responses to oxyhemoglobin changes. Slices were also positioned at the maximum
diameter of the calf. The first 1:30 minutes of the measurement were
used to obtain baseline values. The cuff was then inflated for 6
minutes, while the measurement continued (data not used for analysis) and after cuff deflation, the measurement continued for approximately 6 minutes. The dynamic study was preceded by a series
of echo planar imaging sequences to determine the T2* relaxation
time of muscle tissue, using the same parameters and geometry but
increasing echo times of 10, 15, 20, 30, 40, and 50 milliseconds.

Image Analysis
In patients the most symptomatic leg was analyzed for all
measurements. In healthy volunteers, reproducibility measures were
determined for both legs separately and these measures were subsequently averaged. Two independent MRI readers (M.E. and B.V.)
analyzed all data sets, blinded for each other’s results and the order
of the examinations.

Vascular Morphology
Contrast-Enhanced MR Angiography
Image analysis was performed on a dedicated image postprocessing workstation (MacPro, running OS X, version 10.5.4, Apple
Inc., Cupertino, CA). Both source images and subtracted images
were analyzed to ensure that no collateral arteries were missed due
to misregistration artifacts between the source and mask images.
The MRI readers manually quantified the number of collaterals by counting the total number of arteries crossing transverse
planes in the upper leg at 5 different levels. In patients, arteries were
counted at the following levels: 5 cm below, exactly at, and 5, 10,
and 15 cm above the location where the SFA was reconstituted distal
to the occlusion (Fig. 2). In volunteers, these planes were located at
10, 15, 20, 25, and 30 cm above the distal margin of the femoral
condyles, as this corresponded best to the levels used in patients. In
volunteers, both legs were analyzed, whereas in patients only the
most symptomatic leg (ie, with clinically significant vascular pathology) was analyzed.
Arteries were counted using the open source DICOM
viewer OsiriX (OsiriX, Geneva, Switzerland, version 3.5.1,
http://www.osirix-viewer.com/), using the original source images as
well as coronal and sagittal multiplanar reconstructions. Identification of the correct counting plane was ensured by placing a crosshair
at the anatomic landmarks as described earlier in the text. Subsequently, the total number of arteries intersecting the 5 planes was
14 | www.investigativeradiology.com

FIGURE 2. Maximum intensity projection (MIP) after background subtraction of a CE-MRA in a PAD patient with segmental occlusion of the superficial femoral artery with extensive collateral blood vessel formation. The image shows the
location of the 5 transverse planes, represented by the 5
horizontal lines, at which quantification of the number of
arteries was manually performed. This MIP image is used to
demonstrate the locations of the measurements; the actual
measurements were performed using the 3D image data set.

determined, including conduit arteries (SFA or PA), terminal muscle
branches, and any collateral arteries. Arteries were distinguished
from veins by scrolling through source images and multiplanar
reconstructions stacks when it was necessary to find an upstream
connection to a named artery.
Diameter of the collateral re-entrance zone and image
quality, in terms of contrast-to-noise ratio (CNR), was assessed
on source images. Artery diameter and CNR were determined
below the vascular lesion at the level of the collateral re-entrance
zone (distal SFA or proximal PA in PAD patients or at the level
of the PA in healthy volunteers). Artery diameter was measured
at the coronal source images by manually drawing a line segment
perpendicular to the artery at the same location as the most
inferior transverse plane, used for counting the arteries. Next, the
intensity profile along this line was obtained to determine the full
width at half maximum of the arterial lumen, which represented
the arterial diameter. Image quality of vascular depiction was
expressed as the CNR, which was defined as the difference
between signal intensity within the vessel and a similarly sized
region of interest (ROI) directly adjacent to the vessel.
© 2010 Lippincott Williams & Wilkins
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Vascular Function
Phase Contrast Angiography MRI
Modulus and phase images were reconstructed from the
PCA data. The image software application MRIcro (MRIcro,
http://www.mricro.com/) was used to manually draw a ROI covering the entire visible surface of the PA on each of the 20 reconstructed modulus images spanning the R-R interval. These ROI’s
were analyzed, using self-written software code (Matlab, The
Mathworks Inc., Natick, MA) to obtain velocity and flow waveforms from the phase images. Reproducibility was determined for
the peak flow (unit: mL/s), as flow has been shown to be a more
reliable parameter compared with velocity and peak values have
shown larger differences between patients and healthy volunteers
and proven to be more reliable compared with mean values for
small arteries like the PA.10

Dynamic Contrast-Enhanced MRI
MRIcro was used to manually draw large ROI’s covering the
entire cross-section of the calf muscle (including vessels) in 4
successive slices. Special attention was given to draw ROI’s of both
scans for every subject at the same location.
Self-written Matlab software code was used for the analysis
of T1-weighted signal intensity time courses for each ROI. Individual signal time courses were normalized with respect to resting
values, measured prior to contrast agent arrival, and converted to
contrast agent concentration, using the relation between T1 relaxation time and the signal intensity for a spoiled gradient echo pulse
sequence. Signal to contrast agent concentration conversion was
applied to correct for the presence of residual contrast agent from the
CE-MRA, which may vary between patients and healthy volunteers.
In addition, contrast concentration is less scan technique dependent
compared with signal intensity.
A vascular input function (VIF) could not be obtained in
every patient. Therefore, a predefined step-wise VIF with a maximum (ie, step size) concentration of 0.45 mM was used for data
analysis.9 The influx constant (Ki, unit: min⫺1) and area under the
curve (AUC, unit: mMs) up to 90 seconds after contrast arrival were

MRI in Peripheral Arterial Disease

calculated as surrogate markers of microvascular blood flow.9 Reproducibility was determined for both Ki and AUC.

Blood Oxygen Level-Dependent MRI
Analogous to DCE MRI, a large ROI, covering the entire
cross-section of the calf muscle was drawn in the 4 acquired slices
to assess skeletal muscle oxygenation. Self-developed Matlab software code was used for analysis of the T2* signal intensity time
courses for each of the ROI’s. Individual T2* time courses were
divided by the average T2* values measured prior to cuff inflation.
The maximum relative T2* change after cuff deflation relative to the
resting condition value (rT2max, unit: %) and time-to-peak (TTP)
(unit: s) were determined.13 rT2max and TTP were both used to
determine the reproducibility of the BOLD technique.

Statistical Analysis
To determine reproducibility, 2 agreement measures, being the
coefficient of variation (CV in %) and the repeatability coefficient (RC),
and a measure for reliability, the intraclass correlation coefficient (ICC)
were determined. The CV was derived by dividing the overall mean
within-subject standard deviation (SDws) by the mean measurement
value over all subjects. The RC gives the smallest noticeable difference
that can be detected beyond measurement error and is defined as
1.96 䡠 公2 䡠 SDws.29,30 The difference between 2 measurements in the
same subject is expected to be less than the RC in 95% of the
observations in cases where the measured quantity remains unchanged
over time. A value of RC (or CV) lower than absolute (or relative)
difference between mean values in patients and controls indicates good
agreement. The ICC was calculated using a 1-way random model,
according to ICC ⫽ SDbs2/(SDbs2 ⫹ SDws2), where SDbs represents the
SD between subjects. The ICC is the fraction of total variance because
of variation between subjects, rather than measurement error, and
ranges between 0 and 1. If the measurement error is small compared
with the variation between subjects, the ICC approaches 1, ie, reliability
is very high.
Figure 3 schematically illustrates how interscan and interreader reproducibility were defined. Interscan reproducibility is
influenced by contrast injection, vascular opacification, positioning

FIGURE 3. Schematic overview to define the interscan and interreader reproducibility.
© 2010 Lippincott Williams & Wilkins
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of the patient within the coil or magnet, preparation of the patient,
physiological variances within the patient, and reader errors. Interscan reproducibility is mainly influenced by scan-related inconsistencies and was calculated by averaging the results of both MRI
readers for each scan (mean of MRI 1 for reader A and B vs. the
mean of MRI 2 for reader A and B in Fig. 3). Inter-reader reproducibility is an indicator of image reading error and is primarily
influenced by reader experience. Inter-reader reproducibility was
calculated by averaging the results of both scans for each MRI
reader (mean of reader A for MRI 1 and MRI 2 vs. the mean of
reader B for MRI 1 and MRI 2 in Fig. 3).
Secondary to the reproducibility, an independent samples t
test was performed to test the significance of differences in parameters between patients and healthy volunteers. P ⬍ 0.05 was considered statistically significant. All statistical analyses were performed with commercially available statistical software (SPSS 16.0,
SPSS Inc., Chicago, IL).

diameter of 0.51 mm. The smallest peak visible in the signal
intensity profile matched the smallest tube visible on the MR
angiogram.

RESULTS

Table 2 lists the number of arteries and reproducibility measures for source and subtracted images in patients and volunteers.
Interscan and interreader reproducibility were better for source
images compared with subtracted images for both groups. Furthermore, RC at interscan level was roughly 4 times lower than the RC
at interreader level, indicating better agreement at interscan level.
There were no relevant differences in reproducibility measures
between patients and volunteers, both at interscan and interreader
levels. In Figure 5, Bland-Altman plots are shown for artery count
on CE-MRA source images for interscan and interreader variations.31 Both for patients and volunteers, the range between the 95%
limits of agreement is much narrower, and therefore better, at
interscan level compared with inter-reader level.
No significant differences were found in mean number of
arteries per plane between the source and subtracted images in
both patients and volunteers. The number of arteries per plane
was significantly higher in patients compared with volunteers for
CE-MRA (P ⬍ 0.05).

Vessel Phantom
Figure 4 displays a thin-slab maximum intensity projection
image of the vessel phantom. The smallest tube visualized had a

Subjects
All patients and healthy volunteers underwent both MRI
examinations without experiencing side effects or adverse events. In
1 patient, there were severe subtraction misregistration artifacts in
CE-MRA due to the patient movement between acquisition of the
mask and the contrast-enhanced data sets. For this patient, only the
original contrast-enhanced images were analyzed. Reactive hyperemia could not be provoked in 2 out of 10 patients as the cuff broke
during cuff inflation. There were no side effects or adverse events in
any of the study subjects. Severe discomfort due to cuff inflation was
reported in 3 out of the 8 patients and 3 out of the 10 volunteers.

Vascular Morphology
Artery Count

Artery Diameter
In Table 3, results of the arterial diameters of the collateral
re-entrance zone in patients and PA in volunteers are listed. Analogous to the artery count, the interscan RC in patients was better
than inter-reader RC, whereas in volunteers the reverse was found.
This was the case true for the CV in patients and volunteers. ICC
was low in volunteers with respect to interscan level reproducibility.
In Figure 6, Bland-Altman plots are shown for the collateral reentrance zone on source images at interscan and interreader level for
both patients and healthy volunteers.31 The 95% limits of agreement
show no large differences between interscan and interreader diameters for both patients as well as volunteers.
No significant differences were found in artery diameters
between patients and volunteers (P ⫽ 0.43).

Image Quality
CNR values of the CE-MRA images are also listed in Table
3. Patients showed a significantly lower CNR compared with volunteers (P ⬍ 0.05).
FIGURE 4. Thin slab (5 slices) maximum intensity projection (MIP) image showing the tubes with various diameters. Of 10 tubes, 7 can be distinguished. Graph shows
the signal intensity profile measured at the level of the
dotted line in the MIP image. The 6-mm tube with the
highest signal intensity has been removed from the image
to improve contrast.
16 | www.investigativeradiology.com

Vascular Function
Phase Contrast Angiography MRI
Examples of measured waveforms are shown in Figure 7. In
Table 4, the results of the reproducibility of the flow assessment are
listed. In general, reproducibility of peak flow was good according
to all different measures of agreement and reliability, with an
interscan CV in patients up to 15.8%. Interreader reproducibility
© 2010 Lippincott Williams & Wilkins
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TABLE 2. No. Arteries per Plane and Reproducibility of Artery Count
Patients
Source Images
(n ⴝ 10)
Arteries per plane
15.7 ⫾ 3.5
Interscan reproducibility
CV (%)
2.6
RC
1.1
ICC (95% CI)
0.99 (0.95–0.99)
Interreader reproducibility
CV (%)
9.0
RC
3.9
ICC (95% CI)
0.85 (0.56–0.96)

Volunteers

Subtracted Images
(n ⴝ 9)

Source Images
(n ⴝ 10)

Subtracted Images
(n ⴝ 10)

14.5 ⫾ 3.2*

12.9 ⫾ 2.5

13.1 ⫾ 2.3†

6.1
2.5
0.92 (0.75–0.98)

2.8
1.0
0.98 (0.90–0.99)

3.1
1.1
0.97 (0.89–0.99)

10.1
4.1
0.81 (0.44–0.95)

11.1
3.9
0.73 (0.12–0.95)

10.0
4.5
0.74 (0.18–0.94)

Number of arteries is expressed as mean ⫾ SD.
*P ⫽ 0.19.
†
P ⫽ 0.43.
CV indicates coefficient of variance; RC, repeatability coefficient; ICC, intraclass correlation coefficient; 95% CI, 95%
confidence interval; SD, standard deviation.

was better than the interscan reproducibility, especially for the
patient group.
Flow waveforms in patients were either bi- (n ⫽ 3) or monophasic (n ⫽ 7), whereas triphasic flow waveforms were obtained in all
volunteers (Fig. 7). The peak flow in the PA of patients was less than
1/3 compared with peak flow of healthy volunteers (P ⬍ 0.01). For
PCA MRI, there was no relevant difference in any of the reproducibility
measures between patients and healthy volunteers.

Dynamic Contrast-Enhanced MRI
Examples of DCE MRI-derived time courses are shown in
Figure 8. DCE-MRI interscan reproducibility was poor in patients
for both Ki and AUC with interscan CV values up to 51% (Table 5).
Interreader reproducibility, on the contrary, was good with a low CV
and RC, indicating a strong agreement between the readers, and a
high ICC, indicating good interreader reliability. Interreader reproducibility was comparable between patients and healthy volunteers.
Ki of the entire cross-section muscular volume showed a
trend of lower perfusion values in the calf of patients compared with
healthy volunteers (P ⫽ 0.07), whereas the AUC showed a trend of
higher values in patients (P ⫽ 0.09).

Blood Oxygen Level-Dependent MRI
Examples of BOLD time courses are shown in Figure 9. In
patients, BOLD-derived parameters had interscan CV values in
rT2max and TTP of up to 27% and 11% respectively and these results
were comparable with those found in healthy volunteers (Table 6).
The interreader reproducibility was better in patients for both BOLD
parameters and had CV values of up to 1.5% for rT2max and 11.3%
for TTP (Table 6).
TTP was delayed (P ⬍ 0.01) in the patient group compared with
the volunteers, whereas the rT2max was nearly equal (P ⫽ 0.97).

DISCUSSION
The reproducibility of morphologic and functional MRI techniques able to assess the vascular status in patients with PAD and
healthy volunteers was evaluated. At morphologic level, we presented an easy and reproducible method to quantify the number of
arteries with a detection limit of 0.5 mm and a method to assess the
diameter of the collateral re-entrance zone in the upper leg. For
vascular function, we investigated the reproducibility of 3 different
MRI techniques to assess macrovascular PA blood flow and micro© 2010 Lippincott Williams & Wilkins

vascular calf muscle perfusion and blood oxygenation. Measurement
of peak arterial flow in the PA proved reproducible, whereas all
DCE MRI-derived parameters and the rT2max parameter for BOLD
MRI in the lower leg are poorly reproducible in PAD patients. TTP
in BOLD MRI was identified as a fairly reproducible microvascular
parameter.
Objective assessment of the hemodynamic consequences
of stenoses and occlusions in the peripheral arterial tree remains
an area of high interest in the diagnostic workup and treatment of
patients with PAD. A simple and cost-effective way to assess the
functional severity of PAD is the ankle-brachial index, which is
the ratio of the systolic blood pressures measured at the level of
the ankle and the upper arm.32 However, the ankle-brachial index
is a relatively crude parameter as it is not able to pinpoint the
exact location of a stenosis, is unreliable in patients with an
uncompressible vessel wall due to arterial calcifications, and
shows a large interobserver variability.33
Other known techniques to determine vascular function are
Doppler-based flow measurements, plethysmography, skin perfusion
pressure measurements, positron emission tomography (PET), contrastenhanced ultrasound (CEUS), and intra-arterial pressure and/or flow
measurements.34 – 43 Unfortunately, these methods either lack the spatial resolution or coverage to directly measure the effect of vascular
adaptations (eg, collateral vessel formation or changes in microcirculation), or are unfavorable for repeated measurements for instance in the
context of therapy monitoring due to invasiveness, use of ionizing
radiation, or large interobserver variability.33 MRI has the potential to
overcome these limitations and can facilitate a variety of functional
measurements at both the macro- and microvascular level. In
particular, MRI may enable comprehensive diagnostic imaging of
both the anatomy of the peripheral vascular tree as well as
vascular function in terms of macrovascular flow and surrogate
parameters of tissue perfusion and oxygenation.9,10,13,21,25,44,45
MRI-based functional measurements have the advantage that
they can be applied repeatedly without detrimental side effects
and are easy to add to clinical routine CE-MRA examinations.
We sought to investigate whether MRI can be used to combine its well-known high-quality depiction of peripheral vascular
anatomy with noninvasive assessment of macrovascular and microvascular hemodynamics.12 Combined assessment of vascular morphology and function using 1 noninvasive accurate MRI examination is of high clinical interest for the diagnostic workup as well as
www.investigativeradiology.com | 17
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FIGURE 5. Interscan and interreader reproducibility of number of arteries per plane in PAD patients and volunteers. BlandAltman plots showing difference in number of arteries between scans (interscan) or readers (interreader) (y-axis) against mean
number of arteries (x-axis). Absolute mean difference is represented by the solid line and 95% confidence interval is given by
the 2 dashed lines.
for monitoring the effects of novel therapeutic strategies in patients
with PAD. Although all of the MRI techniques as applied in this
study have been described previously,9 –11,13 little is known about
the reproducibility of flow, perfusion, and oxygenation-sensitive
MRI in the lower extremity. To our knowledge, this is the first study
on interscan and interreader reproducibility of quantitative MRIderived morphologic and functional measures in the context of PAD.

Vascular Morphology
Artery Count
Interscan reproducibility for the artery count, as expressed by
various measures of agreement and reliability, was high in both
patients and healthy volunteers. The RC indicates the smallest
noticeable increase in the number of visualized arteries that can be
18 | www.investigativeradiology.com

confidently determined by the current combination of image acquisition and analysis methods. Lower RC values signify the capability
to detect smaller differences in (longitudinal) follow-up studies. In
both patients and volunteers, the interscan RC was approximately 1
artery per plane, meaning that a mean increase of 1 or more artery
per plane obtained at 2 different time points can be detected beyond
measurement error. In other words, any additionally formed or
sufficiently matured artery, exceeding a diameter of 0.5 mm, will be
detectable during treatment monitoring in PAD patients, using the
sequence parameters as described earlier in the text.
The RC at interreader level was roughly 4 times as high as the
RC at interscan level. This indicates that when different readers are
used and an increase in less than 4 collateral arteries is detected, it
cannot be concluded with certainty that this increase represents a
© 2010 Lippincott Williams & Wilkins
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TABLE 3. Artery Diameter, Reproducibility, and Contrastto-Noise Ratio

Arterial diameter (mm)
Interscan reproducibility
CV (%)
RC (mm)
ICC (95% CI)
Interreader reproducibility
CV (%)
RC (mm)
ICC (95% CI)
CNR

Patients
(n ⴝ 10)

Volunteers
(n ⴝ 10)

6.9 ⫾ 1.2

7.0 ⫾ 0.7*

4.5
0.8
0.94 (0.79–0.98)

5.6
1.1
0.71 (0.39–0.88)

8.2
1.5
0.79 (0.44–0.94)
64 ⫾ 31

4.0
0.8
0.84 (0.63–0.94)
84 ⫾ 31†

Arterial diameter is expressed as mean ⫾ SD.
*P ⫽ 0.43.
†
P ⬍ 0.05.
CV indicates coefficient of variance; RC, repeatability coefficient; ICC, intraclass
correlation coefficient; 95% CI, 95% confidence interval; CNR, contrast-to-noise ratio;
SD, standard deviation.

real change. This larger RC at interreader level is probably the result
of differences in experience of the MRI readers and in reading
conditions. Given the larger RC at interreader level, it would be
advisable to use the same observer at different points in time. This
is not a surprising finding as advanced postprocessing techniques are
often dependent on the experience of the observer performing the
measurements, as has also been demonstrated for abdominal aortic
neck volumetry and diameter assessment, which shows good intraobserver, but poor interobserver reliability.46
The interreader ICC was evidently lower in healthy volunteers compared with patients. A low ICC is unfavorable, as it
compromises reproducibility. However, the lower ICC for healthy
volunteers can be explained by the fact that these volunteers represent a more homogenous group of subjects, with lower SDbs (Table
2), as opposed to patients harboring a wider range of vascular
pathology. Because of this lower SDbs and comparable SDws for
patients and volunteers, the SDws has more influence on the ICC and
the proportion of total variance that is explained by SDbs is smaller.
A significantly higher number of arteries per plane were found in
patients with PAD compared with healthy volunteers. This was to be
expected, as patients were selected for this study based on the
presence of collateral arteries. Volunteers did not suffer from PAD
and did not have an extensive collateral network. Instead, only the
terminal muscular branches of the deep femoral artery were counted.
In this study, we therefore studied the 2 extremes of the possible
spectrum of disease that may be encountered in clinical practice: a
pathologic vascular system with diseased conduit arteries, muscular
branches and extensive collateralization versus a healthy vascular
tree with patent conduit arteries and muscular branches but lacking
collateral arteries. For determination of reproducibility of artery
count, which was the primary aim of this study, these differences
appeared to be of only minimal influence, indicating the robustness
of this method.

Artery Diameter
Interscan reproducibility was reasonable for diameter assessment in patients and volunteers, with an average RC of approximately 1 mm. A better RC would not have been realistic given the
voxel sizes used in the imaging protocol. Interreader reproducibility
in patients was less favorable than interscan reproducibility, as was
the case for the artery count. Therefore, in patients, for follow-up
© 2010 Lippincott Williams & Wilkins
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studies the same image reader for 1 patient is advised. Nevertheless,
in absolute terms, the differences between interscan and interreader
reproducibility were very small. In patients, the RC at both interscan
and interreader levels differed only by 0.7 mm, which is actually lower
than the resolution of the images. In volunteers, interreader reproducibility was equal to or slightly better than interscan reproducibility. This
can be explained by the fact that the physiological variance in volunteers with healthy arteries (which influences interscan reproducibility) is
somewhat higher than the interreader variance.
Given the good reproducibility and especially the low RC
values, diameter assessment of the collateral re-entrance zone may
help to study morphologic changes due to collateral formation, as we
expect an increase in diameter over time of this re-entrance zone
when collateral arteries are developing and blood supply distal to a
high-grade stenosis or occlusion improves.
In this study, we did not find a significant difference in artery
diameter between patients and volunteers, although a smaller diameter in patients might have been expected. This finding may be
explained by a difference in location at which the diameter was
assessed between subjects. In volunteers, the measurement was
always performed 10 cm above the distal margin of the femoral
condyles, whereas in patients, the assessment was performed 5 cm
distal to the vascular lesion (in most cases the PA), resulting in a
large variance. More importantly, however, is the fact that we only
included patients with already well-developed collateral arteries,
which reconstituted the main conduit artery distal to the occlusion to
a near-normal diameter.

Image Quality
All examinations were of sufficient quality for analysis, with the
exception of 1 subtracted image stack in a PAD patient. A lower CNR
in patients is most likely inherent to the presence of PAD, as impaired
flow because of vascular lesions will result in lower signal intensity in
the vessels distal to vascular lesions. In addition, for patients it is often
harder to lie perfectly still during the examination, which results in
increased noise levels due to subtraction misregistration.

Source Versus Subtracted Images
An important insight from this study is the finding that image
subtraction leads to a deterioration of the reproducibility of the
artery count compared with the detection of small arteries on source
images. This is surprising because image subtraction leads to better
background suppression and better visualization of small vascular
structures,47 and is therefore widely applied in clinical practice. A
possible explanation for this finding is that small subtraction misregistration errors as well as the well-known 公2 increase in image
noise after subtraction apparently do not disturb qualitative evaluation of peripheral MR angiograms for purposes of stenosis detection,
but do influence quantitative assessment of the number of arteries as
well as arterial diameter.

Vascular Function
Phase Contrast Angiography MRI
We found favorable values for the interscan and interreader
reproducibility measures for the peak arterial flow in the PA in both
patients and healthy volunteers, indicating good reproducibility of
PCA MRI over a broad range of flow conditions. Although the
interscan CV in patients run up to 15.8%, both CV and RC were
clearly lower than the relative and absolute differences in peak flow
between PAD patients and healthy volunteers, making the PCA
derived peak flow perfectly suitable for a reliable, objective gauge of
PAD severity and therapy monitoring. Minor variations in interscan
results are probably the result of biologic variation in PA flow over
www.investigativeradiology.com | 19
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FIGURE 6. Interscan and interreader reproducibility of diameters of the conduit artery near the collateral re-entrance zone in
PAD patients and of the popliteal artery in volunteers. Bland-Altman plots showing difference in diameter between scans (interscan) or readers (interreader) (y-axis) against mean vessel diameter (x-axis). Absolute mean difference is represented by the
solid line and 95% confidence interval is given by the 2 dashed lines.
time and small differences in scan geometry between the 2 examinations in the subjects.

Dynamic Contrast-Enhanced MRI
In contrast to PCA MRI, the interscan reproducibility of DCE
MRI was poor in patients, with a CV and RC evidently larger than
the relative and absolute differences between patients and healthy
volunteers. This implies that repeated measurements over time
cannot provide reliable information on small changes in DCE MRI
derived calf muscle perfusion using the imaging protocol described
in this study. Reproducibility studies in skeletal muscle are unfortunately scarce. Previous DCE MRI studies in various tumor types
and skeletal muscle performed under resting conditions also reported unfavorable reproducibility measures, particularly for muscle
tissue.9,21 In agreement with our study, the AUC parameter appeared
to be more reproducible than the corresponding Ki (proportional to
20 | www.investigativeradiology.com

Ktrans in Ref19). In the study by Galbraith et al the flow level of
resting state muscle was low and likely prone to large day-to-day
variations in the endothelial function (ie, endothelial permeability
and bioavailability of nitric oxide).21,48 Indeed, T1 values, as determined during the precontrast T1 mapping, showed high interscan
reproducibility in both patients (mean, T1 578 ⫾ 148 milliseconds;
CV, 2.7%; RC, 43 milliseconds; and ICC, 0.99) and healthy volunteers (mean, T1 480 ⫾ 28 milliseconds; CV, 3.1%; RC, 42 milliseconds; and ICC, 0.71), indicating that the technique itself was
reproducible. However, the physiologic process we studied was not.
To obtain a higher flow level, which better represented physical
activity, we used a cuff inflation-deflation protocol to measure
muscle perfusion under reactive hyperemia conditions. Application
of such a cuff-compression technique is likely to be more reproducible than exercise paradigms, because this paradigm is independent
of the patient’s compliance, can be standardized, is less hampered by
© 2010 Lippincott Williams & Wilkins
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FIGURE 7. PCA modulus image (left panel) of the knee in a 68-year-old patient suffering from Fontaine stage II PAD with a
black square marking the popliteal artery. Typical flow waveforms of the popliteal artery are shown in a patient (center panel)
and 24-year-old healthy volunteer (right panel) at 2 different time points show excellent reproducibility over time. Note loss
of tri-phasic flow waveform and a decrease in peak flow in the patient with PAD compared with the healthy volunteer.
TABLE 4.
Artery

Reproducibility of PCA MRI in the Popliteal

Peak flow (mL/s)
Interscan reproducibility
CV (%)
RC (mL/s)
ICC (95% CI)
Interreader reproducibility
CV (%)
RC (mL/s)
ICC (95% CI)

Patients
(n ⴝ 10)

Volunteers
(n ⴝ 10)

3.15 ⫾ 1.40

9.77 ⫾ 2.06*

15.8
1.4
0.94 (0.76–0.98)

6.8
1.9
0.89 (0.77–0.97)

7.0
0.6
0.98 (0.95–0.99)

5.9
1.6
0.92 (0.51–0.93)

Values are presented as mean ⫾ SD.
*P ⬍ 0.01.
CV indicates coefficient of variance; RC, repeatability coefficient; ICC, intraclass
correlation coefficient; 95% CI, 95% confidence interval; SD, standard deviation.

motion artifacts of the leg, and induces a general reactive hyperemia
in all calf muscles in contrast to exercise paradigms, which activate
specific calf muscles.13 Despite these advantages, the interscan
reproducibility revealed large day-to-day variations.
Interreader reproducibility proved high, indicating a low
reader dependency of the measurement, which is desirable for
application in therapy monitoring and follow-up studies.

Blood Oxygen Level-Dependent MRI
Although better than the interscan reproducibility of DCE
MRI, the interscan reproducibility for rT2max in BOLD MRI was
also found to be poor. TTP, however, was fairly reproducible in both
patients and healthy volunteers. Analogous to DCE MRI, the BOLD
technique showed good interscan reproducibility, as proven by the
interscan reproducibility of T2* relaxation times, prior to the actual
BOLD MRI (mean T2*, 24.5 ⫾ 1.2 milliseconds; CV, 3.7%; RC,
2.5 milliseconds; and ICC 0.47 in patients and 23.1 ⫾ 3.5 milliseconds; CV, 12.3%; RC, 8 milliseconds; and ICC, 0.31 in healthy
volunteers, respectively), indicating large biologic day-to-day variation in muscle tissue oxygenation, resulting in poor interscan
reproducibility for rT2max in the dynamic BOLD measurement. This
means that small changes in muscle tissue oxygenation, as reflected
by changes in rT2max cannot be measured reliably with BOLD MRI.
© 2010 Lippincott Williams & Wilkins

Macrovascular Versus Microvascular Reproducibility
In this study, we found that macrovascular flow can be
reliably determined by PCA MRI, whereas methods used to measure
microvascular function were subject to large interscan variations,
with the exception of the TTP in BOLD MRI. These results
corroborate to the findings of Wu et al showing variations in the
perfusion of the soleus muscle of healthy volunteers of up to 20%
within 1 hour using a similar cuff compression method and arterial
spin labeling at 3 Tesla.34
Our observation of poor microvascular interscan reproducibility is remarkable given the reproducible PA flow, and thus blood
supply to calf muscle. There might be 2 underlying reasons for this
apparent discrepancy. First, the microcirculation of the calf muscle
itself is likely more prone to day-to-day variations than macrovascular flow as the microcirculation and endothelial function are
influenced by many intrinsic (ie, hormonal and circadian cycles,
insulin supply, shunting and rerouting of blood) and extrinsic (ie,
outside temperature, season, time of the day, food, pharmacologic)
factors.49 Many of these factors are susceptible to day-to-day variations and will therefore inevitably negatively impact reproducibility of microvascular function. A second factor that might partly
explain our findings is that microvascular function was assessed
under reactive hyperemic conditions, whereas the PA flow was
measured under resting conditions.
The better interscan reproducibility of BOLD MRI over DCE
MRI might be explained by the fact that DCE MRI parameters (Ki
and AUC) are determined by processes that occur within a very
short period of time (less than 20 seconds) and depend on endothelial function to a large extent (ie, extravasation of contrast agent),
whereas TTP for BOLD MRI is a much slower process (taking up to
2 minutes) not depending on endothelial leakage, indicating that the
endothelial function has less influence on the results.

Clinical Perspective
Reproducible noninvasive imaging tools are needed for
studying the processes of vascular adaptations and collateral development in patients with PAD. Our method can be used to visualize
and reproducibly quantify collateral vessel formation over time for
monitoring vascular adaptive responses to various treatments in
patients with PAD. As interscan reproducibility was evidently better
compared with the interreader reproducibility for both artery count
and diameter assessment in most cases, it would be advisable to use
the same image reader in follow-up studies. Under these conditions,
www.investigativeradiology.com | 21
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FIGURE 8. Example of DCE image (left panel) in a 68-year-old patient suffering from Fontaine stage II PAD. Reproducibility was
determined for a ROI covering the entire muscular volume (area between the black dotted contours). Graphics show the signal intensity converted to contrast agent concentration over time directly after cuff deflation in a PAD patient (center panel) and healthy
volunteer (right panel) for both sessions. Note the interscan variability in PAD patients and healthy volunteers.
TABLE 5. Reproducibility of DCE MRI in the Calf

Ki (min⫺1)
Interscan reproducibility
CV (%)
RC (min⫺1)
ICC (95% CI)
Interreader reproducibility
CV (%)
RC (min⫺1)
ICC (95% CI)
AUC (mMs)
Interscan reproducibility
CV (%)
RC (mMs)
ICC (95% CI)
Interreader reproducibility
CV (%)
RC (mMs)
ICC (95% CI)

Patients
(n ⴝ 8)

Volunteers
(n ⴝ 10)

0.64 ⫾ 0.22

0.84 ⫾ 0.26*

50.9
0.9
0.00 (0.00–0.65)

17.7
0.4
0.71 (0.22–0.92)

6.3
0.1
0.97 (0.86–0.99)
4.18 ⫾ 1.26

3.5
0.1
0.99 (0.95–0.99)
3.53 ⫾ 1.24†

26.1
3.0
0.45 (0.00–0.86)

10.7
1.0
0.69 (0.17–0.91)

4.2
0.5
0.98 (0.92–0.99)

6.2
0.6
0.97 (0.89–0.99)

Values are presented as mean ⫾ SD.
*P ⫽ 0.07.
†
P ⫽ 0.09.
Ki indicates influx constant; CV, coefficient of variance; RC, repeatability coefficient; ICC, intraclass correlation coefficient; 95% CI, 95% confidence interval; AUC,
area under the curve; SD, standard deviation.

the sensitivity of CE-MRA for the detection of new collateral
arteries is very high and allows the detection of an increase of more
than 1 vessel per plane or an increase of more than 1 mm in diameter
of the collateral re-entrance zone beyond measurement error.
At functional level, we demonstrated that PCA MRI can
reproducibly determine peak blood flow in the PA and can reliably
detect changes in macrovascular blood flow over time. Although our
data are not directly comparable to those of previous studies, who
mainly focused on mean flow,16,18 we confirmed the findings of
Mohajer et al, by detecting a decrease in blood flow distal to
vascular lesions in the SFA in patients.10 The high interreader
22 | www.investigativeradiology.com

reproducibility, indicating a low observer dependency of the measurements, and short acquisition duration, allow easy implementation of flow measurements combined with routine CE-MRA examinations in clinical practice. Further studies are needed to determine
the potential of this technique to discriminate between normal and
clinically relevant low flow levels in relation to functional parameters such as walking distance and quality of life.
Taken together, the results of the DCE and BOLD MRI
indicate that the perfusion responses in the calf muscles of patients
with PAD were slower compared with healthy volunteers. However,
detecting perfusion differences between patients and healthy volunteers was not the primary goal of this study. Such observable
differences will strongly depend on the type of patients and controls
included. Anyhow, this finding demonstrates the potential of these
MRI techniques to distinguish between different perfusion levels
and supports the findings of previous studies comparing patients and
controls. Despite the discriminative ability of microvascular functional MRI, DCE MRI does not appear to be a reliable method to
quantify changes in the functional status of the microcirculation over
time. Additional studies are required to investigate whether better
standardization of patient conditions and/or protocols will improve
the reproducibility of functional MRI techniques and to determine
the clinical applicability of microvascular MRI to assess skeletal
muscle perfusion.

Study Limitations
The presented method for the artery count allows quantification of the total number of arteries in the upper leg, although it
cannot differentiate between pre-existing large conduit arteries,
muscular branches, and collateral arteries. This method may well be
used for follow-up studies evaluating the effectiveness of therapies
that stimulate collateral vessel formation, because even a very small
increase in the number of collateral arteries, with a caliber exceeding
0.5 mm, will be detectable. Furthermore, review of the source
images allows easy identification of the large named arteries in the
upper leg.
A comparison between conventional digital subtraction angiography (DSA) and CE-MRA to quantify the number of collaterals would have been useful. Unfortunately, for most patients, no
DSA images were available. Previous results of our research group
in animal models show that DSA consistently identifies more and
smaller collateral arteries.50 However, in the study by de Lussanet et
© 2010 Lippincott Williams & Wilkins
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FIGURE 9. Example of BOLD image (left panel) in a 68-year-old patient with Fontaine stage II PAD. Reproducibility was determined for an ROI covering the entire muscular volume (area between the black dotted contours). Graphics show the normalized T2* over time directly after cuff deflation in a PAD patient (center panel) and healthy volunteer (right panel) for both sessions. Note the large interscan variability in PAD patients (center panel) and healthy volunteers (right panel).
TABLE 6. Reproducibility of BOLD MRI in the Calf

rT2max (%)
Interscan reproducibility
CV (%)
RC (%)
ICC (95% CI)
Interreader reproducibility
CV (%)
RC (%)
ICC (95% CI)
TTP(s)
Interscan reproducibility
CV (%)
RC (s)
ICC (95% CI)
Interreader reproducibility
CV (%)
RC (s)
ICC (95% CI)

Patients
(n ⴝ 8)

Volunteers
(n ⴝ 10)

13.2 ⫾ 6.4

13.3 ⫾ 5.9*

26.7
9.7
0.71 (0.13–0.93)

21.5
7.9
0.79 (0.38–0.94)

1.5
0.5
0.99 (0.95–0.99)
116 ⫾ 26.8

4.3
1.6
0.99 (0.97–0.99)
60.7 ⫾ 15.9†

10.6
33.8
0.80 (0.35–0.96)

15.9
26.7
0.69 (0.18–0.91)

as this would allow a first-pass CE-MRA of the upper leg using our
extended field of view for artery quantification, followed by highresolution steady-state images of the total peripheral arterial tree for
clinical assessment of the peripheral vasculature.52,53 A disadvantage of this approach is the venous enhancement during the steady
state; however, due to the high resolution, easy differentiation
between arteries and veins is possible.52,53
For analysis of DCE MRI data, we used a standardized VIF.
Although an individual VIF could potentially be more accurate, we
were not able to identify suitable arteries in the majority of the
patients (5 out of 8) and in 2 healthy volunteers. Low spatial
resolution most likely explains the failure to identify a suitable
artery in these subjects. Although increased spatial resolution might
improve the determination of an individual VIF, it would directly
worsen the signal-to-noise ratio and the temporal sampling conditions of the rapidly increasing MRI signal. Furthermore, reproducibility measures were even worse in selected cases where an individual VIF could be determined (data not shown).

CONCLUSIONS

Values are presented as mean ⫾ SD.
*P ⫽ 0.97.
†
P ⬍ 0.01.
rT2max indicates relative change in T2*; CV, coefficient of variance; RC, repeatability coefficient; ICC, intraclass correlation coefficient; 95% CI, 95% confidence
interval; TTP, time-to-peak; Sd, standard deviations.

In conclusion, quantification of the morphologic vascular
status by CE-MRA, as well as PCA MRI to assess macrovascular
blood flow proved highly reproducible in both PAD patients and
healthy volunteers and might therefore be helpful in studying the
development of collateral arteries in PAD patients and in unraveling
the mechanisms underlying this process.
Functional assessment of the microvascular status using DCE
and BOLD MRI did not prove reproducible and is therefore currently not suitable for clinical monitoring in PAD.

al, it is argued that these small collateral arteries do not add
substantially to the blood supply.50
In clinical practice, MRA examinations of PAD patients are
used to visualize the entire peripheral arterial tree from the infrarenal
aorta down to the feet. Although most collaterals of the upper leg are
located near the adductor canal as previously found by Wecksell et
al,51 we imaged the entire volume of the thigh for maximal axial
coverage. This resulted in increased acquisition duration of the
upper leg station (on average, 40 –50 seconds instead of the usual
10 –15 seconds). Also, we did not assess reproducibility of the
measurement in the pelvic and lower leg stations in this study. A
future improvement could be the use of a blood pool contrast agent
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