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Abstract

Background: The aim of this study was to develop and evaluate an integrated CMR method incorporating
dynamic oximetry, blood flow and pulse-wave velocimetry to assess vascular reactivity in patients with peripheral
artery disease (PAD) and healthy controls.

Methods and results: The study population consisted of young healthy subjects (YH, 30 ± 7 yrs, N = 19),PAD (71 ±
9 yrs, N = 38), and older healthy controls (OHC, 68 ± 9 yrs, N = 43). Peripheral vascular reactivity was evaluated with
two methods, time-resolved quantification of blood flow velocity and oxygenation level in the femoral artery and
vein, respectively, performed simultaneously both at rest and hyperemia. Aortic stiffness was assessed via pulse-
wave velocity. Oximetric data showed that compared to OHC, the time-course of the hemoglobin oxygen
saturation in PAD patients had longer washout time (28.6 ± 1.2 vs 16.9 ± 1.1 s, p < 0.0001), reduced upslope (0.60 ±
0.1 vs 1.3 ± 0.08 HbO2/sec, p < 0.0001) and lower overshoot (8 ± 1.4 vs 14 ± 1.2 HbO2, p = 0.0064). PAD patients also
had longer-lasting antegrade femoral artery flow during hyperemia (51 ± 2.1 vs 24 ± 1.8 s, p < 0.0001), and reduced
peak-to-baseline flow rate (3.1 ± 0.5 vs 7.4 ± 0.4, p < 0.0001). Further, the pulsatility at rest was reduced (0.75 ±
0.32 vs 5.2 ± 0.3, p < 0.0001), and aortic PWV was elevated (10.2 ± 0.4 vs 8.1 ± 0.4 m/s, p = 0.0048).

Conclusion: The proposed CMR protocol quantifies multiple aspects of vascular reactivity and represents an initial
step toward development of a potential tool for evaluating interventions, extrapolating clinical outcomes and
predicting functional endpoints based on quantitative parameters.

Keywords: Peripheral arterial disease, Atherosclerosis, Microvascular function, Pulse-wave velocity, Blood oxygen
saturation, Phase image, Magnetic resonance oximetry
Background
Peripheral artery disease (PAD) is most commonly due
to atherosclerosis. Currently, it is estimated that approxi-
mately ten million people in the United States are
affected by PAD and the number is expected to grow as
the population ages [1]. In spite of its high prevalence
the disease often goes unnoticed because the vast ma-
jority of PAD patients have no classic claudication
symptoms, which typically occur at an advanced stage.
The initial test for diagnosing patients with clinical
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symptoms is measurement of the ankle-brachial index
(ABI). A low ABI is a strong indicator of the presence of
PAD but a normal ABI does not rule out risk due to the
false negative rates [2], which can be understood based
on the fact that the pressure decrease in the ankle can
only be detected when lesions reduce the lumen’s diam-
eter by ≥ 70%.
Some of the manifestations of structural and functional

alterations that associated with PAD involve increases in
intimal-medial vessel wall thickness (IMT) [3], decreased
vascular compliance [4], and impaired vascular reactivity
[5]. Flow-mediated dilation (FMD) of the brachial artery
following cuff-induced ischemia [6] is a widely used
research technique for quantifying vascular reactivity.
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Table 1 Subject characteristics; means and standard
deviations (in parenthesis)

OHC PAD YH

N 43 38 19

Age, yrs 61 (7.6) 64.6 (7.7) 34.3* (7.5)

ABI 1.12 (0.09) 0.69* (0.15) 1.1 (0.12)

BMI, kg/m2 23 (3.0) 28* (5) 24 (4)

Systolic BP, mmHg 122 (16) 139* (26) 114 (15)

Diastolic BP, mmHg 76 (10) 80 (11) 75 (10)

MAP, mmHg 91 (10) 100* (15) 88 (11)

Heart rate, beats/min 67 (10) 73 (16) 71 (7)

HDL, mg/dL 58* (19) 46 (11) 44 (11)

Tot. Cholesterol, mg/dL 204* (36) 169 (46) 173 (26)

Asterisk indicates significant different (p < 0.0167) compared to other groups.
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B-mode ultrasound measures intimal-medial thickness
(IMT), typically performed in the common carotid artery,
a procedure practiced clinically for cardiovascular disease
(CVD) risk assessment [7,8]. Major limitations of ultra-
sound are poor reproducibility due to high inter- and
intra-observer variability [9,10]. Further, the above US
measures do not target vascular territories (brachial and
carotid arteries) that are most commonly affected by PAD
(lower peripheral arteries). Increased arterial stiffness is
also associated with atherosclerosis [11-13] and may con-
tribute to microvascular dysfunction [14]. Aortic stiffness
can be estimated by quantifying PWV, typically by meas-
uring the time delay of the systolic pressure wave at some
downstream location, using pressure transducers [15,16]
placed at the two locations, e.g. carotid and common fe-
moral arteries. However, carotid-femoral PWV is merely a
surrogate [17] for aortic arch PWV because by the time
the pressure wave is detected at the carotid artery it has
already propagated through the ascending aorta.
Other non-invasive imaging techniques for quantifying

reactive hyperemia in peripheral arteries include near-
infrared spectroscopy (NIRS) [18-21], single photon
emission computed tomography [22] and CMR [23-25].
The NIRS is also a widely used research tool due to
portability and low cost. It has excellent temporal reso-
lution, is less prone to artifacts from subject motion, and
allows simultaneous monitoring of relative changes in
tissue blood flow and oxygenation. However, the spatial
resolution of NIRS is limited and it can only target the
capillary bed in relatively superficial tissues. Further, the
modality is susceptible to large inter-subject variations
in the tissue response to light, which depends on skin
color, body fat and muscle layers. CMR flow velocimetry
[23,24] has been shown to provide high spatial and tem-
poral resolution during post-occlusion hyperemia in the
femoral artery of PAD patients and healthy subjects at
1.5T. The method requires spatially-selective RF pulses
which are not widely available and migration to systems
with higher field strength may be challenging due to
increased field in homogeneity. Alternatively, micro-
vascular function can be assessed by quantifying post-
occlusive perfusion with arterial spin labeling (ASL) in
calf muscle [26]. The ASL-approach is model-dependent,
and the temporal and spatial resolutions are limited.
Here, we designed, implemented and evaluated an

integrated CMR protocol that captures quantitative
markers of vascular reactivity in the lower extremity and
the aortic arch in a single examination. The markers in-
clude parameters derived from post-occlusive blood flow
velocity and oxygenation levels (HbO2) in the femoral
vessels at high temporal resolution, and pulse-wave ve-
locity for assessing the stiffness of the aortic arch. The
method represents a significant improvement from the
authors’ pilot study [27] where only HbO2 was moni-
tored during reactive hyperemia to assess peripheral vas-
cular reactivity. The present work also represents an ini-
tial step toward development of a tool for extrapolating
clinical outcomes and predicting functional endpoints
based on quantitative parameters.

Methods
Study participants
Three groups of subjects were studied: patients with PAD
(PAD; N = 38, mean ABI 0.69±0.15, mean age 64.6±7.7 yrs,
14 females), older healthy controls (OHC; N = 43, mean
ABI 1.12±0.09, mean age 61± 7.6 yrs, 25 females) and
young healthy subjects (YH; N = 19, mean ABI 1.1±0.12,
mean age 34.3±7.5 yrs, 8 females). Additional patient infor-
mation is summarized in Table 1. YH and OHC were
recruited based on their ABI (>0.90 in either leg) and me-
dical history (normotensive and without prior cardiovascu-
lar events). Patients included men and women with a
history of PAD, defined as having ABI < 0.90. Patients with
a history of myocardial infarction or stroke within three
months prior to study enrollment, or vascular surgery on
the leg selected for scanning were excluded. Written
informed consent was obtained prior to all examinations
following an institutional review board-approved protocol.

Integrated CMR assessment of vascular reactivity
The inclusion of aortic PWV quantification is motivated
by the fact that abnormal aortic stiffness can lead to
increased transmission of pressure pulsatility to peri-
pheral vessels that can affect microvascular reactivity
leading to ischemic stress [14]. However, regional PWV
of the thoraco-abdominal aorta and from iliac to femoral
arteries would be more relevant since the gradient of
PWV at the aorto-iliac bifurcation affects impedance
matching which, in turn, determines the degree of trans-
mission of pressure waves to peripheral vessels. All
CMR studies were performed at 3T field strength
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(Siemens TIM Trio, Siemens Medical Solutions). The
femoral artery and vein were imaged with an eight-
channel phased-array knee coil (In vivo Inc., Pewaukee,
WI) and the manufacturer’s body matrix coil (with chest
elements activated) was used to image the aorta.
Quantification of reactive hyperemia in response to
cuff-induced ischemia
Post-occlusive reactive hyperemia was measured from
the time-course of blood oxygen saturation (HbO2) in
the femoral vein [27] and femoral artery flow velocity
[28]. Lower-leg ischemia was induced with a blood-
pressure cuff (Aspen Labs A.T.S. 1500 Tourniquet Sys-
tem, Littleton, CO) applied to the upper thigh at 75 mm
Hg above the subject’s systolic blood pressure but not
exceeding 250 mmHg. The cuff paradigm consisted of 2
mins baseline, 5 mins of occlusion and 6 mins of recov-
ery. During baseline (i.e. before cuff inflation) blood flow
velocity in the femoral artery and HbO2 in the femoral
vein were measured. Blood flow velocity was measured
for eight to ten cardiac cycles at a temporal resolution of
20 ms, followed by three measurements of HbO2. Data
collection was suspended during cuff occlusion and
resumed ten seconds prior to cuff deflation. Both quan-
tities were then measured simultaneously in an
interleaved fashion for 80 s while for the remaining re-
covery period (four minutes and fifty seconds) only
HbO2 was monitored.
Measurement of arterial blood flow velocity
Blood flow velocity in the femoral artery was time-
resolved without cardiac gating during baseline and
hyperemia by collecting velocity-encoded projections
[28] resulting in 40-50 time points sampled within each
cardiac cycle. Imaging parameters for baseline blood flow
velocity quantification: TE/TR = 5.23/10 ms, flip angle =
15°, bandwidth = 520 Hz/pix, voxel size = 1 × 5 mm2,
matrix size = 128 and VENC = 60 cm/s (user defined
Figure 1 Scout images for quantifying aortic arch PWV. a) Oblique sag
difference signal intensity plotted as a function of time showing approxima
estimated by computing the average “width” of the black parallelogram (fi
was prescribed using a graphical user interface written in C++.
parameter that defines the maximum measurable
velocity).
Measurement of HbO2
HbO2 in the femoral vein was estimated by field mapping,
which yields the susceptibility difference Δχ between
intravascular blood and surrounding tissue [29], where
the Δχ is proportional to (1-HbO2) and hematocrit
(determined from a blood sample). Imaging parameters
used for baseline HbO2 quantification were: TE/TR =4.3/
156.25 ms, flip angle = 25°, bandwidth = 520 Hz/pix, voxel
size = 1 × 1 × 5 mm3, matrix size = 128 × 128, yielding a
temporal resolution of 20 s during baseline.

Simultaneous quantification of HbO2 and blood flow
velocity during hyperemia
Ten seconds prior to the cuff deflation an interleaved
multi-echo GRE pulse sequence [30] was launched to col-
lect velocity-encoded projections (for velocity measure-
ment) in addition to full images (for venous HbO2
measurement). Imaging parameters during hyperemia were:
TE/TR = 5.0/39.1 ms, flip angle = 15°, bandwidth = 520 Hz/
pix voxel size = 1 × 1 × 5 mm3, matrix size = 128 × 128. Ve-
locity encoding (VENC) parameters were 125cm/s (YH and
OHC) and 80 cm/s for PADs, the rationale being that flow
in the patients would be lower than in healthy subjects.
The interleaved pulse sequence HbO2 and blood flow ve-
locity simultaneously during reactive hyperemia with tem-
poral resolution of 5 s and 120 ms, respectively.

Aortic arch pulse-wave velocity
Following the extremity protocol the patient was
prepared for aortic arch PWV quantification. The manu-
facturer’s standard body matrix coil was positioned on
the chest and multiple axial slices below the pulmonary
trunk were obtained from an oblique sagittal image of
the aorta (Figure 1a) to select an axial slice for simultan-
eously visualizing ascending and proximal descending
ittal image of the aorta for prescribing an axial image; b) Complex
tely three cardiac cycles. The transit time of the pressure pulse wave is
rst full cardiac cycle around t = 2 s). The height of the parallelogram
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aorta. Analogous to the measurement of arterial blood
flow velocity, velocity-encoded projections were ob-
tained. The time-course of the complex difference (CD)
signal intensity (Figure 1b) of velocity-encoded projec-
tion signals is approximately proportional to the velocity
for large velocity encoding. The time-point of onset of
rise in systolic arterial velocity is delayed downstream,
yielding the wave-front propagation time [31]. Imaging
was performed with the following parameters: FOV =
448 mm, voxel size = 2 × 10 mm2, TE/TR = 2.6/5.0 ms,
bandwidth = 893 Hz/pixel, flip angle = 15° and VENC =
175 cm/s. After collecting a reference image (for the
purpose of identifying the vessels in CD images) 1024
pairs of velocity-encoded projections were acquired in
free-breathing mode, covering about 10–12 heart-beats at
a temporal resolution of 10 ms. The data acquisition time
was approximately 12 s. A summary of the integrated
MRI protocol is shown in Figure 2 highlighting the a-
natomic locations of the three procedures and the
parameters derived.

Data analysis
Time-resolved blood flow velocity
The phase differences between velocity-encoded pro-
jections (after removal of tissue signal) were converted
to velocity using the well-known relation between phase
’ and velocity v yielded average peak-systolic velocity vs,
peak-retrograde velocity vr and peak late-ante grade vel-
ocity va. From these parameters a measure of pulsatility,
defined as (vs - vr)/vavg, was computed. The time-course
of the hyperemic blood flow velocity (Figure 3a) was
expressed in terms of the duration of ante grade flow, Ta,
and peak-to-baseline flow rate (rQmax) (Figure 3b),
defined as the ratio, vpeak,avg/vbase,avg. The parameter
Figure 2 The anatomical locations and the measured
parameters of the integrated MRI protocol for evaluating
vascular reactivity. See Data Analysis for the definition of
the parameters.
vbase,avg was computed by averaging the time-resolved ve-
locity during baseline over 6–8 cardiac cycles and vpeak,avg
is the peak of the temporally averaged velocity via a
2-second sliding window during the course of hyperemia.
Time-resolved HbO2 quantification
After appropriate preprocessing of the phase images
[32], HbO2 was computed from phase difference
between intra- and extravascular compartments as
described in [29,33]. Figure 4 shows representative mag-
nitude and phase difference images containing femoral
artery and vein, and the magnified phase difference
images of the vessels during hyperemia.
The time-course of HbO2 (Figure 5) characterizes vascu-

lar reactivity expressed in terms of three parameters wash-
out time, upslope and overshoot, as described previously
[27]. The washout time is the time elapsed to observe the
oxygen-depleted capillary blood at the imaging slice after
cuff deflation that occurs at t = 0. Upslope and overshoot are
defined as the mean resaturation rate during hyperemia
and the subsequent above-baseline HbO2 level, respectively.
Pulse-wave velocity
The CD signals from ascending and proximal de-
scending aorta were spatially averaged along the readout
direction within the vessel boundary for each time point
and are plotted jointly to estimate the propagation time
of the wave-front (commonly known as the “foot-to-foot”
method) [31] (Figure 1b). The estimation of the wave-
front propagation time illustrated in Figure 1b is equiva-
lent to the foot-to-foot technique commonly utilized
in tonometric studies [34]. This measurement was
performed for each heart beat and averaged over the 8 to
10 cardiac cycles. The path length L of the wave-front was
then estimated from a center-line of the aorta between the
two aortic sites manually drawn on an oblique sagittal
image of the aortic arch and PWV is calculated as, L= �Δt ,
where �Δt is the propagation time averaged over multiple
heart-beats.

Statistical analysis
Non-parametric multiple comparisons (JMP 9.0 SAS Insti-
tute Inc.) were performed for each of the seven parameters
using a Wilcoxon test. An association was considered
significant when p < 0.0167, determined by applying a
Bonferroni correction to account for multiple comparisons.

Results
In Figure 6 baseline blood flow velocity wave form and
time-courses of post-occlusion HbO2, blood flow ve-
locity and flow rate are shown of a patient with PAD



Figure 3 a) Time-resolved post-occlusive blood flow velocity in the femoral artery of a healthy young subject. The cuff was released at
t = 0 and each vertical “spike” represents a systolic peak. The time Ta (arrow) represents the duration of the forward flow during hyperemia due to
reduction in the vascular resistance. b) Flow rate computed from the velocity data averaged over a 2-second sliding window. The dashed line
represents the baseline flow rate.
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and compared with the corresponding data from two
healthy subjects (OHC and YH). The data illustrate the
differences in peripheral vascular reactivity between
three cohorts. Specifically, the velocity components of
retrograde and late-ante grade flow are better defined in
OHC compared to the patient (Figure 6a and b). The
HbO2 time-course indicates a prolonged washout time
and reduced upslope in the PAD patient compared to
the OHC (Figure 6d and e). In the post-occlusion ve-
locity time-course (Figure 6g, h), the peak average ve-
locity of the PAD patient is significantly attenuated
(resulting smaller peak flow rate as shown in Figure 6j,
k) compared to the OHC, an effect that appears to be
compensated by a prolonged recovery period [35]. In
Figure 6, the age difference between the OHC and YH is
about 45 yrs and the difference in “vascular age” is
characterized by a reduction in pulsatility (Figure 6b, c),
upslope, overshoot (Figure 6e, f ) and maximum relative
increase in the flow rate (Figure 6k, l).
Results for the seven parameters are shown in Figure 7

for each group and average values and standard errors
for each parameter and groups are summarized in
Table 2. In accordance with the data from three repre-
sentative subjects in Figure 6 the HbO2 time-courses of
PAD patients indicated longer washout time (28.6 ± 1.2
vs 16.9 ± 1.1 s, p < 0.0001), lower upslope (0.60 ± 0.1 vs
1.3 ± 0.08 HbO2/sec, p < 0.0001) and overshoot (8 ± 1.4
Figure 4 Representative magnitude (a) and phase difference image (b
vein blood captured with dynamic oximetry. Image frames are displayed f
of 5 s. Note, the sixth frame corresponds to the minimum venous saturation.
vs. 14 ± 1.2HbO2, p < 0.0064) compared to OHC
(Figure 7a-c). The low pulsatility index (Figure 7d, 0.75 ±
0.32 vs 5.2 ± 0.3, p < 0.0001) of PAD compared to
OHC results from reduced peak systolic velocity and at-
tenuation of retrograde flow, as illustrated in Figure 6a.
Further, the reduced average velocity during hyperemia in
PAD patients translates into smaller peak-to-baseline
flow rate (Figure 7e, 3.1 ± 0.5 vs 7.4 ± 0.4, p < 0.0001)
while increasing the duration of the post-occlusion
antegrade flow (Figure 7f, 51 ± 2.1 vs 24 ± 1.8 s,
p < 0.0001). The aortic arch PWV was elevated (Figure 7g,
10.2 ± 0.4 vs 8.1 ± 0.4 m/s, p = 0.0048) in patients
compared to OHC. Among the healthy subjects (YH and
OHC) greater upslope (Figure 7b, 1.88 ± 0.13 vs. 1.3 ±
0.08HbO2/s, p = 0.0019), overshoot (Figure 7c, 19 ± 1.9 vs.
14 ± 1.3 HbO2, p = 0.016), and as expected, smaller PWV
(Figure 7g, 5.6 ± 0.5 vs. 8.1 ± 0.4 m/s, p < 0.001) were
observed in YH compared to OHC. The correlation be-
tween stiffening of central artery and decline in peripheral
vascular reactivity is demonstrated by the inverse relation-
ship between PWV and both upslope and rQmax (Figure 8a
and b, respectively).
Discussion and conclusion
In this work we have presented an integrated CMR
protocol that is able to quantify multiple physiological
). c) Magnified views of the dynamic changes in the phase of femoral
or a period ranging from t = −7.5 to 67.5 s, at a temporal resolution
Note rapid change in HbO2 during passage of desaturated blood.



Figure 5 Temporal changes in HbO2 and parameters quantified
from dynamic oximetry. Cuff deflation occurs at t = 0 (vertical axis).

Figure 6 Each column of panels shows time-courses of baseline blood
and flow rate (j – l) in a patient with PAD without intermittent claudicatio
h, k) and YH (ABI = 1.04, age 26 yrs, c, f, i, l), respectively. The dashed line

Langham et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:17 Page 6 of 10
http://www.jcmr-online.com/content/15/1/17
parameters associated with vascular reactivity and sys-
temic compliance in patients with established PAD and
healthy control subjects. The data indicate that highly
significant differences in the measured parameters bet-
ween PAD patients and OHC, as well as between the lat-
ter and the YH (Figure 7 and Table 2). Longer washout
time and increased duration of antegrade flow, Ta,
reduced upslope, overshoot, pulsatility and rQmax, as
well as elevated aortic arch PWV, are suggestive of
impaired vascular reactivity in the PAD patients relative
to age-matched control subjects. The underlying ration-
ale is that during cuff occlusion the arterial supply is
disrupted in the lower extremities, thereby leading to
gradual depletion of tissue oxygen stores. Thus, the
washout time and upslope characterize the rate at which
flow velocity (a – c), HbO2 (d – f) hyperemic arterial velocity (d – f)
n (ABI = 0.72, age 74 yrs, a, d, g, j), OHC (ABI = 1.02, age 72 yrs, b, e,
s in d-f and j-l represent upslope and baseline flow rate, respectively.



Figure 7 Average values of the parameters of (a-c) oximetry, (d-f) velocimetry and g) aortic PWV. Error bars represent standard error:
single asterisks refer to the mean difference in parameters between OHC and YH: upslope (p < 0.005), OS (p = 0.016) and PWV (p < 0.001).
Similarly, double asterisks refer to the mean difference in parameters between OHC and PAD: all p < 0.0001 except for OS (p < 0.001) and
PWV (p < 0.005).
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blood in hypoxic tissue is replaced, which is a function
of the reactivity of the microvasculature since the latter
is the primary source of vascular resistance. The transi-
ent increase in arterial blood flow during hyperemia
provides further insight into vascular system’s ability to
respond to an ischemic stimulus. The brief absence of
flow reversal in healthy subjects during hyperemia
(Figure 6h, i) is likely the result of the reduction in
Table 2 Average (standard error) of parameters of vascular re

Groups Washout (s) Upslope (HbO2/s) Overshoot (H

OHC 16.9 (1.1) 1.3 (0.08) 14 (1.2)

PAD 28.6 (1.2) 0.60 (0.1) 8 (1.4)

YH 15 (1.7) 1.88 (0.13) 19 (1.9)
microvascular resistance, which can accommodate seven-
to nine-fold transitory increase in the flow rate [36].
Our results of aortic PWV (PAD vs. OHC) support

previous studies that have shown a correlation between
elevated aortic PWV and atherosclerosis [37,38] as well
as microvascular dysfunction [14], as shown in Figure 8.
Mitchell et al. [14] also observed that the correlation
persisted even in models that adjusted for shared risk
activity

bO2) Pulsatility Ta (s) rQmax PWV (m/s)

5.2 (0.3) 24 (1.8) 7.4 (0.4) 8.1 (0.4)

0.75 (0.32) 51 (2.1) 3.1 (0.5) 10.2 (0.4)

5.76 (0.42) 25 (2.6) 9.0 (0.6) 5.6 (0.5)
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factors. Approximately 50% of the PAD patients were on
beta-blocker therapy (most on metoprolol) and the aver-
age systolic blood pressure (SBP) of the patient cohort
indicated pre-hypertension (139 ± 26 mmHg), but the
SBP was higher than that of the OHC subjects (122 ± 16
mmHg, p = 0.02). Thus, it could be argued that the in-
crease in the aortic PWV among PAD patients may be
the result of elevated SBP, which is common [39,40]
among PAD patients. However, we did not find a corre-
lation between elevated SBP and aortic PWV in PAD
patients and OHC subjects as a whole. Further, all PAD
patients were on some class of anti-hypertensive medica-
tion (ACE inhibitor, beta blocker, diuretics and calcium
channel blocker) that are, in general, known to be bene-
ficial in reducing arterial stiffness [41]. The known beta
blockers that increase PWV are propanolol, bisoprolol
and possibly atenolol. In our patient cohort, only four
subjects were on atenolol and one on propanolol. Thus,
we think the medications had minimal impact on the
observed difference in the PWV between PAD and
OHC. Nevertheless, our data suggest that aortic PWV
has the potential to complement the parameters of re-
active hyperemia for assessing PAD, which is in agree-
ment with the notion that excessive transmission of
pulse pressure can have deleterious effect on micro-
vascular reactivity [14]. Lastly, MRI-based PWV quanti-
fication, which had been validated against invasive
pressure measurements [42], is more versatile as it is
able to provide regional PWV [43] with higher accuracy
[25,42] compared to the transducer-based method [44],
which is merely a surrogate marker of aortic PWV [17].
From the results of the oximetric parameters we fur-

ther observed an age-related decline in vascular reacti-
vity. Among healthy subjects the upslope and overshoot
were significantly greater in YH compared to OHC
subjects (Figure 7a, c).
There are some limitations of the techniques utilized

in the present study. The application of the cuff resulted
in exclusion of patients with stent implants in the fe-
moral or popliteal artery. Thus, it was not be possible to
evaluate vascular reactivity following stent intervention.
Further, the quantification of blood flow and oxygen sa-
turation in the conduit artery and vein provides only a
global assessment (i.e. yielding no information on spe-
cific vascular territories affected in advanced disease, as
opposed to magnetic resonance angiography, for example).
The method therefore does not provide information on
tissue perfusion of specific muscle groups where an
oxygen deficit may be present. In general, the reduced
blood flow velocity and increased duration of antegrade
flow also depend on the effects of upstream stenosis (espe-
cially PAD patients) and not just on the downstream
microvascular dysfunction. Thus the velocity data of PAD
may represent the combined effects of macro- and micro-
vascular deficits. Also, it should be noted that our method
may underestimate rQmax values by 3 to 5% since we
ignored the very small change in lumen area that is not
detectable at the resolution of 1mm. PWV was quantified
from velocity-encoded projections that resolve only one
spatial dimension, which requires judicious choice of slice
and the readout direction. Also, it is not always possible to
avoid smaller overlapping vessels that are present in the
lung but, from our observations using PC-MRI, through-
plane blood flow in these vessels is negligible compared to
the ascending and descending aorta in the CD intensity
images. Lastly, we reason that 10 ms temporal resolution
is sufficient because we can extract 6–8 data points along
the upslope of the systole which lasts about 60–80 ms.
Because the upslope during this period is approximately
linear, estimation of the separation of the wave-fronts has
been shown to be robust even at the considerably lower
temporal resolution of 25–30 ms [43].
Further studies are needed to assess the reliability of

the method but the work represents an initial step to-
ward establishment of quantitative surrogate metrics for
assessing vascular reactivity in the central and peripheral
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vasculature. Thus, the new technique has potential to
provide quantitative information for clinical follow-up of
individuals with PAD after drug or exercise intervention.

Competing interests
The authors’ declare that they have no competing interests.

Authors’ contributions
ML, EM, TF and FW conceived the study. ML, EE, and ZR analyzed and
interpreted data. ML and CL worked on the development of the MRI
protocol. ML drafted the manuscript. All authors revised the manuscript
critically for important intellectual content, read and approved the final
manuscript.

Acknowledgements
NIH RC 1HL099861 and NIH K25 HL111422.

Author details
1Department of Radiology, University of Pennsylvania Medical Center, 3400
Spruce Street, Philadelphia, PA 19104, USA. 2Department of Medicine,
University of Pennsylvania School of Medicine, Philadelphia, PA 19104, USA.
3Department of Anesthesiology, Stony Brook University Medical Center,
Stony Brook, NY 11794, USA.

Received: 9 November 2012 Accepted: 14 January 2013
Published: 13 February 2013

References
1. Selvin E, Erlinger TP: Prevalence of and risk factors for peripheral arterial

disease in the United States: results from the National Health and
Nutrition Examination Survey, 1999–2000. Circulation. 2004, 110:738–43.

2. Doobay AV, Anand SS: Sensitivity and specificity of the ankle-brachial
index to predict future cardiovascular outcomes: a systematic review.
Arterioscler Thromb Vasc Biol. 2005, 25:1463–9.

3. Bots ML, Hofman A, Grobbee DE: Common carotid intima-media thickness
and lower extremity arterial atherosclerosis. The Rotterdam Study.
Arterioscler Thromb. 1994, 14:1885–91.

4. Cohen J: A coefficient of agreement for nominal scales. Educ Psychol
Meas. 1960, 20:37–46.

5. Harris LM, Faggioli GL, Shah R, Koerner N, Lillis L, Dandona P, Izzo JL, Snyder
B, Ricotta JJ: Vascular reactivity in patients with peripheral vascular
disease. Am J Cardiol. 1995, 76:207–12.

6. Celermajer DS, Sorensen KE, Gooch VM, Spiegelhalter DJ, Miller OI, Sullivan
ID, Lloyd JK, Deanfield JE: Non-invasive detection of endothelial
dysfunction in children and adults at risk of atherosclerosis. Lancet. 1992,
340:1111–5.

7. Gepner AD, Keevil JG, Wyman RA, Korcarz CE, Aeschlimann SE, Busse KL,
Stein JH: Use of carotid intima-media thickness and vascular age to
modify cardiovascular risk prediction. J Am Soc Echocardiogr. 2006,
19:1170–4.

8. Bard RL, Kalsi H, Rubenfire M, Wakefield T, Fex B, Rajagopalan S, Brook RD:
Effect of carotid atherosclerosis screening on risk stratification during
primary cardiovascular disease prevention. Am J Cardiol. 2004, 93:1030–2.

9. De Roos NM, Bots ML, Schouten EG, Katan MB: Within-subject variability of
flow-mediated vasodilation of the brachial artery in healthy men and
women: implications for experimental studies. Ultrasound Med Biol. 2003,
29:401–6.

10. Potter K, Reed CJ, Green DJ, Hankey GJ, Arnolda LF: Ultrasound settings
significantly alter arterial lumen and wall thickness measurements.
Cardiovasc Ultrasound. 2008, 6:6.

11. Barenbrock M, Hausberg M, Kosch M, Golubev SA, Kisters K, Rahn KH: Flow-
mediated vasodilation and distensibility in relation to intima-media
thickness of large arteries in mild essential hypertension. Am J Hypertens.
1999, 12:973–9.

12. Wilkinson IB, Franklin SS, Cockcroft JR: Nitric oxide and the regulation of
large artery stiffness: from physiology to pharmacology. Hypertension.
2004, 44:112–6.

13. McEniery CM, Wallace S, Mackenzie IS, McDonnell B, Yasmin, Newby DE,
Cockcroft JR, Wilkinson IB: Endothelial function is associated with pulse
pressure, pulse wave velocity, and augmentation index in healthy
humans. Hypertension. 2006, 48:602–8.
14. Mitchell GF, Vita JA, Larson MG, Parise H, Keyes MJ, Warner E, Vasan RS, Levy
D, Benjamin EJ: Cross-sectional relations of peripheral microvascular
function, cardiovascular disease risk factors, and aortic stiffness: the
Framingham Heart Study. Circulation. 2005, 112:3722–8.

15. Asmar R, Benetos A, Topouchian J, Laurent P, Pannier B, Brisac AM, Target R,
Levy BI: Assessment of arterial distensibility by automatic pulse wave
velocity measurement. Validation and clinical application studies.
Hypertension. 1995, 26:485–90.

16. Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD, Cockcroft JR, Webb
DJ: Reproducibility of pulse wave velocity and augmentation index
measured by pulse wave analysis. J Hypertens. 1998, 16:2079–84.

17. Mitchell GF: Arterial stiffness and wave reflection: biomarkers of
cardiovascular risk. Artery Res. 2009, 3:56–64.

18. Boushel R, Piantadosi CA: Near-infrared spectroscopy for monitoring
muscle oxygenation. Acta Physiol Scand. 2000, 168:615–22.

19. Kragelj R, Jarm T, Erjavec T, Presern-Strukelj M, Miklavcic D: Parameters of
postocclusive reactive hyperemia measured by near infrared
spectroscopy in patients with peripheral vascular disease and in healthy
volunteers. Ann Biomed En. 2001, 29:311–20.

20. Yu G, Durduran T, Lech G, Zhou C, Chance B, Mohler ER 3rd, Yodh AG:
Time-dependent blood flow and oxygenation in human skeletal muscles
measured with noninvasive near-infrared diffuse optical spectroscopies.
J Biomed Opt. 2005, 10:024027.

21. Franceschini M, Fantini S, Palumbo R, Pasqualini L, Vaudo G, Franceschini E,
Gratton E, Palumbo B, Innocente S, Mannarino E: Quantitative near-infrared
spectroscopy on patients with peripheral vascular disease. In: Benaron
DA, Chance B, Ferrari M, editors. Proc SPIE. San Diego: SPIE; 1997: p. 112–5.

22. Dupuis J, Arsenault A, Meloche B, Harel F, Staniloae C, Gregoire J:
Quantitative hyperemic reactivity in opposed limbs during myocardial
perfusion imaging: a new marker of coronary artery disease. J Am Coll
Cardiol. 2004, 44:1473–7.

23. Mohiaddin RH, Gatehouse D, Moon JC, Youssuffidin M, Yang GZ, Firmin DN,
Pennell DJ: Assessment of reactive hyperaemia using real time zonal
echo-planar flow imaging. J Cardiovasc Magn Reson. 2002, 4:283–7.

24. Schwitter J, Oelhafen M, Wyss BM, Kozerke S, Amann-Vesti B, Luscher TF,
Boesiger P: 2D-spatially-selective real-time magnetic resonance imaging
for the assessment of microvascular function and its relation to the
cardiovascular risk profile. J Cardiovasc Magn Reson. 2006, 8:759–69.

25. Westenberg JJ, De Roos A, Grotenhuis HB, Steendijk P, Hendriksen D, Van
den Boogaard PJ, van der Geest RJ, Bax JJ, Jukema JW, Reiber JH: Improved
aortic pulse wave velocity assessment from multislice two-directional in-
plane velocity-encoded magnetic resonance imaging. J Magn Reson
Imaging. 2010, 32:1086–94.

26. Wu W-C, Mohler E 3rd, Ratcliffe SJ, Wehrli FW, Detre JA, Floyd TF: Skeletal
muscle microvascular flow in progressive peripheral artery disease:
assessment with continuous arterial spin-labeling perfusion magnetic
resonance imaging. JACC. 2009, in press.

27. Langham MC, Floyd TF, Mohler ER 3rd, Magland JF, Wehrli FW: Evaluation
of cuff-induced ischemia in the lower extremity by magnetic resonance
oximetry. J Am Coll Cardiol. 2010, 55:598–606.

28. Langham MC, Jain V, Magland JF, Wehrli FW: Time-resolved absolute
velocity quantification with projections. Magn Reson Med. 2010, 64:1599–
606.

29. Fernández-Seara M, Detre JA, Techawiboonwong A, Wehrli FW: MR
susceptometry for measuring global brain oxygen extraction. Magn
Reson Med. 2006, 55:967–73.

30. Langham MC, Wehrli FW: Simultaneous mapping of temporally-resolved
blood flow velocity and oxygenation in femoral artery and vein during
reactive hyperemia. J Cardiovasc Magn Reson. 2011, 13:66.

31. Langham MC, Li C, Magland JF, Wehrli FW: Nontriggered MRI
quantification of aortic pulse-wave velocity. Magn Reson Med. 2011,
65:750–5.

32. Langham MC, Magland JF, Floyd TF, Wehrli FW: Retrospective correction
for induced magnetic field inhomogeneity in measurements of large-
vessel hemoglobin oxygen saturation by MR susceptometry. Magn Reson
Med. 2009, 61:626–33.

33. Haacke EM, Lai S, Reichenbach JR, Kuppusamy K, Hoogenraad FGC, Takeichi
H, Lin W: In vivo measurement of blood oxygen saturation using
magnetic resonance imaging: a direct validation of the blood oxygen
level-dependent concept in functional brain imaging. Hum Brain Mapp.
1997, 5:341–6.



Langham et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:17 Page 10 of 10
http://www.jcmr-online.com/content/15/1/17
34. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H: Expert
consensus document on arterial stiffness: methodological issues and
clinical applications. Eur Heart J. 2006, 27:2588–605.

35. Strandness DE Jr: Flow dynamics in circulatory pathophysiology. In:
Hwang N, Normann NA, editors. Cardiovascular Flow Dynamics and
Measurements. Balitmore: University Park Press; 1977.

36. Philpott A, Anderson TJ: Reactive hyperemia and cardiovascular risk.
Arterioscler Thromb Vasc Biol. 2007, 27:2065–7.

37. Witteman JCM, Van Popele NM, Grobbee DE, Bots ML, Asman R,
Topouchian J, Reneman RS, Hoeks APG, Van der Kuip DAM, Hofman A:
Association between arterial stiffness and atherosclerosis - The
Rotterdam study. Stroke. 2001, 32:454–60.

38. Oliver JJ, Webb DJ: Noninvasive assessment of arterial stiffness and risk
of atherosclerotic events. Arterioscler Thromb Vasc Biol. 2003, 23:554–66.

39. Makin A, Lip GY, Silverman S, Beevers DG: Peripheral vascular disease and
hypertension: a forgotten association? J Hum Hypertens. 2001, 15:447–54.

40. Murabito JM, D’Agostino RB, Silbershatz H, Wilson WF: Intermittent
claudication. A risk profile from The Framingham Heart Study. Circulation.
1997, 96:44–9.

41. Dudenbostel T, Glasser SP: Effects of antihypertensive drugs on arterial
stiffness. Cardiol Rev. 2012, 20:259–63.

42. Grotenhuis HB, Westenberg JJ, Steendijk P, Van der Geest RJ, Ottenkamp J,
Bax JJ, Jukema JW, De Roos A: Validation and reproducibility of aortic
pulse wave velocity as assessed with velocity-encoded MRI. J Magn
Reson Imaging. 2009, 30:521–6.

43. Rogers WJ, Hu YL, Coast D, Vido DA, Kramer CM, Pyeritz RE, Reichek N: Age-
associated changes in regional aortic pulse wave velocity. J Am Coll
Cardiol. 2001, 38:1123–9.

44. O’Rourke MF, Staessen JA, Vlachopoulos C, Duprez D, Plante GE: Clinical
applications of arterial stiffness; definitions and reference values. Am J
Hypertens. 2002, 15:426–44.

doi:10.1186/1532-429X-15-17
Cite this article as: Langham et al.: Quantitative CMR markers of
impaired vascular reactivity associated with age and peripheral artery
disease. Journal of Cardiovascular Magnetic Resonance 2013 15:17.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods and results
	Conclusion

	Background
	Methods
	Study participants
	Integrated CMR assessment of vascular reactivity
	Quantification of reactive hyperemia in response to cuff-induced ischemia
	Measurement of arterial blood flow velocity
	Measurement of HbO2
	Simultaneous quantification of HbO2 and blood flow velocity during hyperemia
	Aortic arch pulse-wave velocity

	Data analysis
	Time-resolved blood flow velocity
	Time-resolved HbO2 quantification
	Pulse-wave velocity

	Statistical analysis

	Results
	Discussion and conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

