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We investigated whether endothelial-dependent arterial constriction during reduced shear can be measured using phase contrast magnetic
resonance imaging (PCMRI). A cross-section of the femoral artery was acquired during a 5-minute distal occlusion in 33 subjects. Systolic
shear rate and radius were measured from the velocity profile via a best-fit parabola. Systolic shear rate decreased immediately after cuff
inflation (404 ± 78 to 233 ± 75 sec�1 p < .0001). Radius decreased at 2 min into inflation (3.52 ± .41 to 3.43 ± .42 mm, p < .0001). In
conclusion, arterial constriction during reduced flow can be measured using PCMRI. This new method may add important information
toward a comprehensive evaluation of endothelial function.
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1. Introduction

Vascular endothelium, the inner lining of blood vessels, is
crucially important to maintaining vascular health. Endothelial
cells regulate thrombosis, inflammation, vasomotion, and cell
proliferation through the synthesis and release of substances
including nitric oxide and endothelin-1 (1). Cardiovascular
risk factors are associated with endothelial dysfunction (2–4),
and agents that reduce cardiovascular risk also improve endo-
thelial function (5). Hence, endothelial dysfunction is con-
sidered to be an important common pathway by which risk
factors promote atherosclerosis (6). Furthermore, endothelial
dysfunction is associated with coronary events (7). Conse-
quently, there is much interest in assessing endothelial func-
tion noninvasively (6, 8, 9).

The most common method of assessing endothelial function
noninvasively uses ultrasound to measure a change in arterial
size after the induction of transient hyperemia (2, 10, 11).
This method exploits the fact that shear stress is the primary
hemodynamic stimulus of endothelial function (12) and that

increased shear stress induces dilation in human peripheral
arteries (2, 10, 11) due primarily to nitric oxide release (13).
Conversely, with hyperemia-induced dilation, decreased flow
induces constriction of peripheral arteries (2, 11, 14). Low-
flow mediated constriction is also endothelial-dependent and
is mediated by endothelin-1 via endothelin A receptors (15).
The actions of endothelin-1 generally oppose the vasopro-
tective effects of nitric oxide, which is the predominant
endothelially released substance responsible for hyperemia-
induced dilation (16). Therefore, studying low-flow mediated
constriction in addition to hyperemia-induced dilation may
allow a more comprehensive assessment of endothelial func-
tion. However, low-flow mediated constriction has been
studied much less extensively than flow mediated dilation.
Furthermore, the relationship between the stimulus of shear
reduction and the response of vasoconstriction has not been
determined. This relationship may add further useful infor-
mation in the noninvasive evaluation of endothelial function.
We have previously used phase contrast magnetic resonance
imaging (PCMRI) to determine the relationship between
flow mediated dilation and the hyperemic shear stimulus for
flow mediated dilation (17, 18). Magnetic resonance imaging
(MRI) offers important advantages over ultrasound in as-
sessing endothelial function: MRI is not as critically operator-
dependent, it obtains a cross-sectional image, and it allows the
simultaneous measurement of shear rate, the stimulus for flow-
mediated vasoactivity. In this study, we hypothesized that
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PCMRI could also be used to measure shear rate changes and
resulting constriction during reduced flow in the peripheral
arteries. Further, we investigated the relationship between the
acute shear rate reduction at the onset of low-flow and the
resulting degree of arterial constriction.

2. Methods

2.1. Subjects

Thirty-three healthy subjects (16 men and 17 women), ages
20–41, with no cardiovascular risk factors, including
hypertension, diabetes, hyperlipidemia, smoking, obesity or
cardiac disease in a first-degree relative, were studied. No
subject was acutely ill or was on any vasoactive medication.
The study protocol was approved by the Institutional Review
Board at the Johns Hopkins School of Medicine. All subjects
gave written informed consent.

2.2. Study protocol

Subjects abstained from eating or drinking anything except
water for at least 6 hours before the study. Baseline blood
pressure was recorded. PCMRI was performed using a 1.5T
scanner (CV/i, General Electric Medical Systems, Milwaukee,
WI) equippedwith cardiac gradient coils (40mT/m, 120 T/m/s).
Electrocardiographic leads were placed on the thorax. A dual
cardiac phased array receiving coil was placed anterior and
posterior to the upper thigh. A sphygmomanometer cuff was
placed on the lower thigh. Phase-contrast images were
obtained at baseline. The cuff was then inflated at least 20
mmHg above the subject’s measured systolic blood pressure
for 5 minutes, which is the standard cuff inflation time in flow
mediated dilation studies. This standard duration was used to
maximize the scanning time during cuff inflation and thus
maximize signal-to-noise ratio during reduced flow. The
inflated cuff totally occludes blood flow through the distal
femoral artery, but some flow remains in the proximal femoral
artery being imaged. This is due to branches originating from
the femoral artery between the proximal cross-section being
imaged and the distal section being occluded. These branches
supply muscle and skin to the proximal thigh. Images using the
same fixed cross-sectional axial prescription as at the baseline
were obtained immediately after onset of cuff inflation and at
two minutes into cuff inflation. Scanning during low flow was
begun at 2 minutes into cuff inflation because of a previous
study suggesting that the arterial dimension reaches steady
state at approximately 2 minutes into distal occlusion (19).
Serum values of glucose, hematocrit, and fasting lipid panel
were obtained after the scanning portion of the study. To assess
the reproducibility of measurements, the study was repeated in
each of eight subjects during a second session.

2.3. Imaging protocol

Coronal and axial scout images were obtained to locate the
superficial femoral artery and to verify that the artery was

parallel to the magnet bore. Axial scout images were used to
locate a plane approximately 3 to 5 mm distal to where the
common femoral artery bifurcates into the superficial and
deep femoral arteries. Phase contrast scans were gated to the
electrocardiogram signal. A single axial imaging plane was
prescribed in order to image the arterial cross-section. The
imaging parameters were: Matrix size 256 � 128, field-of-
view 10 by 10 cm, slice thickness 3 mm, flip angle 25 de-
grees, bandwidth 31.2 kHz, repetition time (TR) 11.43 msec,
echo time (TE) 5.25 msec, 8 views per segment, first order
flow compensation, no phase-wrap, and no magnitude
weighting. Also, settings of 16 number of excitations (NEX)
and maximum encoded velocity value (VENC) 60 cm/sec 2
NEX and VENC 50 cm/sec immediately after onset of cuff
inflation, and 8 NEX and VENC 50 cm/sec at two minutes into
cuff inflation were used at baseline. The use of 8 NEX during
cuff inflation increased scan time to approximately 2 min-
utes but resulted in an increased signal-to-noise ratio. Re-
sulting temporal resolution for all scans was about 180 msec.

2.4. Data analysis

Image data was imported via Scion Image (Scion Corpora-
tion, Frederick, MD) into a spreadsheet-based (Excel,
Microsoft Corporation, Mountain View, CA) program
created in our laboratory. The cardiac phase closest to peak
systole was used for measuring radius, shear, and flow. Peak
systole was identified by choosing the image with the
greatest peak velocity. An approach modified from one by
Oyre et al. (20) was used to calculate shear and radius. In
our approach, the limits of the arterial diameter were
estimated in two orthogonal axes. An initial estimate of the
center of the cross-section was calculated from those limits.
The cross-section was divided into 12 sectors around the
estimated center. For each sector, outer radius of the velocity
profile was estimated. A ring segment of datapoints with
radius ranging from slightly less than the initially estimated
outer radius to about 1 mm inward toward the estimated
center was used. The velocity pixels in the ring segment of
the sector were fit by least-squares method to a parabola
with the assumption that blood flow velocity at the lumen
wall is zero. Shear rate was calculated as the slope of the
velocity profile at the lumen-wall interface. Radius was
calculated as the distance from the center of the velocity
parabola to the point where the parabola crosses zero
velocity. The calculated lumen radius and shear values were
averaged over the 12 sectors in the arterial cross-section.
This approach provides sub-pixel precision in calculating
lumen radius and was shown to be accurate when compared
to glass tubes of known manufactured diameter (20).
Furthermore, the approach is not constrained by the
geometry of the lumen perimeter, i.e. the arterial cross-
section does not have to be perfectly circular. Systolic flow
was measured directly by summing all of the velocity pixels
in the arterial cross-section. Shear rate immediately after cuff
inflation was calculated using flow measured at two minutes
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into cuff inflation and using radius measured at baseline,
using the Poiseuille equation:

shear rate ¼ 4kðflowÞ=ðpÞðradius3Þ ð1Þ

The constant k is necessary because the velocity profile
during systole is slightly blunted rather than being a fully
developed parabola (17–22). Consequently, the true shear
rate is greater than what would be calculated using a fully
developed parabolic velocity profile. Thus k describes how
many times greater the shear rate is than would be predicted
by a fully developed paraboloid given the same radius and
flow. The value of k was determined for each subject by
directly measuring radius, flow, and shear rate at baseline
and at 2-minutes into cuff inflation. The value of the k was
solved for:

k ¼ ðshear rateÞðpÞðradius3Þ=ð½4�½flow�Þ ð2Þ

The value of k at 2 minutes into cuff inflation was used
in the calculation of shear rate immediately after cuff
inflation. Degree of vasoconstriction was expressed as the
percent change in radius from baseline to two minutes into
cuff inflation.

2.5. Statistical analysis

Results are expressed as mean value ± SD. A paired t-test
was used to compare measured parameters before and during
cuff inflation. Linear regression analysis was used to assess
the relationships between variables. A P value less than 0.05
was considered significant. To assess reproducibility of
radius, shear rate, and percent constriction measurements in

the eight subjects who underwent repeat scans within-subject
standard deviation was calculated.

3. Results

Subject characteristics andmeasurements are shown in Table 1.
Figure 1 shows phase contrast images of a typical femoral
artery at baseline and at two minutes into cuff inflation.
Following each image is a surface plot of the velocity profile
and a plot of velocity versus radius for one of 12 sectors around
the arterial circumference. Shear rate decreased from 404 ± 78
sec�1 at baseline to 233 ± 75 sec�1 immediately after cuff
inflation (p < .0001), then recovered partially to 252 ± 75
sec�1 at two minutes into cuff inflation (p < .0001, Fig. 2).
Arterial radius decreased from 3.52 ± .41 mm at baseline to
3.43 ± .42 mm at two minutes into cuff inflation (p < .0001).
The average percent change in radius from baseline to two
minutes into cuff inflation was �2.8 ± 2.5%. The percent
change in radius from baseline to two minutes into cuff
inflation was proportional to the percent change in shear rate
from baseline to immediately after cuff inflation (r = 0.36,
p = .028, Fig. 3). Also, the absolute change in radius from
baseline to two minutes into cuff inflation was proportional to
the percent change in shear rate from baseline to immediately
after cuff inflation (r = 0.44, p = 0.0097). The percent change

Figure 1. For a typical femoral artery, a velocity-encoded phase
contrast magnetic resonance image of the cross-section during sys-
tole is shown at baseline and at two minutes into cuff inflation (low
flow). Superimposed on each image are the 12 sectors into which the
data points are divided for analysis. Each phase image is followed by
a plot of systolic velocity versus radius for one of 12 sectors.

Table 1. Subject characteristics and measurements

Characteristic Value

n 33 (17F/16M)
Age [years] 27 ± 5
BMI [kg/m2] 23 ± 3
TChol [mg/dL] 172 ± 31
HDL [mg/dL] 61 ± 13
Trig [mg/dL] 83 ± 32
LDL [mg/dL] 94 ± 27
Glucose [mg/dL] 81 ± 9
Hematocrit [%] 42 ± 3
Shear rate, baseline [sec�1] 404 ± 78
Shear rate at 0’ into CI [sec�1] 233 ± 75*

Shear rate at 2’ into CI [sec�1] 252 ± 75*,y

Radius, baseline [mm] 3.52 ± .41
Radius at 2’ into CI [mm] 3.43 ± .42*

Percent change in radius �2.8 ± 2.5

Values represent mean ± SD. F = females; M = males; BMI = body mass

index; Tchol = total cholesterol; HDL = high-density lipoprotein; Trig =

triglycerides; LDL = low-density lipoprotein; C.I. = cuff inflation.
*p < .0001 vs. baseline.
yp < .0001 vs. 0’ into cuff inflation.
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in shear rate from baseline to immediately after cuff inflation
was inversely related to baseline arterial size (r = 0.42,
p = 0.015). The ratio of percent change in radius divided by
the percent change in shear rate was greater for women than for
men (.091 ± .072 vs. .054 ± .054, p = .049). However, this
ratio was inversely related to baseline radius (p = .040,
r = 0.39, Fig. 4), and baseline radius was smaller in women
than in men (3.29 ± .33 mm vs. 3.78 ± .34 mm, p = .0001).
The constant k in the Poiseuille relationship was slightly
greater at two minutes into cuff inflation than at baseline,
1.14 ± 0.08 vs. 1.18 ± 0.12 (p = .035), suggesting that the
velocity profile was slightly more blunted during cuff

inflation. For scans repeated on a second occasion, the average
time between sessions was 125 ± 66 days (range 48–255
days). The repeated measurement, within-subject standard
deviation of baseline radius was 0.13 mm; radius at 2 minutes
into cuff inflation, 0.14 mm; baseline shear rate, 35 sec�1;
shear rate immediately after onset of cuff inflation, 35 sec�1.
The repeated measurement, within-subject standard deviation
of percent change in radius was 1.6%.

4. Discussion

The major findings of this study are: 1) The reduction in shear
rate during low-flow in peripheral arteries and the resulting
decrease in radius can be measured using PCMRI and 2) The
percent decrease in radius is proportional to the percent
reduction in shear rate. The stimulus-response relationship in
low-flow mediated vasoconstriction may add useful informa-
tion to the assessment of endothelial function.

Low-flow mediated vasoconstriction in peripheral arteries
has been measured using ultrasound but has been studied
much less extensively than hyperemia-induced dilation.
Vasoconstriction was seen in response to reduced flow in
hypercholesterolemic subjects but not in normocholesterole-
mic controls (23). In fact, the degree of reduction was closely
related to the degree of elevation of blood cholesterol and of its
low density lipoprotein fraction. Cholesterol lowering therapy
reduced the degree of vasoconstriction in hypercholesterol-
emic subjects (24). Vasoconstriction during reduced flow was
detected in smokers but not nonsmokers (25). The stimulus-
response relationship in low-flow mediated vasoconstriction
may add useful information when assessing whether two
different populations may be at different levels of cardiovas-
cular risk. Levenson et al. (19) detected no difference in
brachial artery diameter reduction between men and women
but did detect a difference when the percent change in

Figure 2. Steps taken to determine radius and shear rate in one of
the sectors at baseline for a typical femoral artery. The method of
analysis is adapted from Oyre et al. (20). A. Radial plot of velocity
datapoints. B. The datapoints in a 1-mm wide range (darkened
circles) near the arterial wall are used to find the best-fit parabola. C.
Best fit parabola: The equation for velocity (V) as a function of r, the
distance from the center, is V(r) = Vmax (1 � [r2/R2]). Radius (R) of
the artery is where the value of the best-fit parabola V(r) equals 0,
which is at the vessel wall. D. Shear rate = absolute value of the
slope of the parabola at the arterial wall where r = R: ABS (dV[r]/
dr) = 2Vmax/R.

Figure 3. Time-course of systolic shear rate in the femoral artery at
baseline immediately after cuff inflation and at two minutes into cuff
inflation. *P < .0001 vs. baseline, yP < .0001 vs. immediately after
cuff inflation.

Figure 4. Percent reduction in radius at two minutes into cuff
inflation is proportional to the percent reduction in shear rate at the
onset of cuff inflation.
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diameter was normalized to the percent change in shear rate.
We also found that the normalized ratio was greater in women.
However, this may be explained by the smaller arterial size in
women, since we also found an inverse correlation between
the normalized ratio and arterial size (Fig. 4).

In all, four groups of investigators besides ours have
analyzed vasoconstriction during distal occlusion in studies
that included subjects without risk factors. All four groups
imaged the brachial artery before and during wrist or forearm
occlusion. Three of the groups detected a decrease in arterial
size (10, 11, 19). One of the three groups detected no con-
striction in subjects without risk factors in their first study
(23), but the same group did detect constriction in such a
group in a later paper (19). It is possible that technical
advances allowed them to detect the change in the later study.
The group that did not detect constriction (25) had differences
from our study that may account for the different findings.
Besides the different measuring technique (i.e. ultrasound
versus MRI), another difference is that the average age of their
group was 12 years older than the average age of our group.
The effect of age on low-shear mediated vasoconstriction
remains to be explored. If low-flow mediated constriction is
decreased with age, it may be more difficult to detect.

Hyperemia-induced dilation is predominantly dependent on
endothelial nitric oxide release, whereas low-flow mediated
constriction is dependent on endothelin-1 release. The anti-
atherosclerotic actions of endothelial-derived nitric oxide on
promoting vasodilation, inhibiting inflammation, inhibiting
platelet aggregation, and inhibiting smooth muscle prolifer-
ation are generally opposed by the actions of endothelin-1
(16). Therefore, measuring the stimulus-response relationship
in low-flow mediated vasoconstriction may provide addition-
al useful information on the balance between these two
mediators of atherosclerosis development. Although low-flow
mediated vasoconstriction has been shown to be dependent on
endothelin-1, it would also be important to assess its de-
pendence on nitric oxide. This could be tested invasively by
infusing arterially a nitric oxide antagonist before occluding
the distal limb.

Magnetic resonance imaging has recently been employed
to assess arterial endothelial function by measuring flow me-
diated dilation (17, 18, 26–29) or reactive hyperemia (30). A
fixed cross-section can be imaged repeatedly, reducing opera-
tor dependence. An additional advantage of using velocity-
encoded MRI is that flow velocity information across the
entire cross-section is obtained simultaneously with dimension
information, enabling calculation of the shear stimulus for
vasoactivity (17, 18).

An advantage of evaluating endothelial function during
cuff inflation is that a steady state is reached, as opposed to
the post-release period when the hyperemia and subsequent
dilation are more transient. This allows the scan duration to be
longer, which enables an increased signal-to-noise ratio of the
image. A recent study suggested that flow and radius do not
change significantly between two and five minutes into cuff

inflation (19). Consequently, we designed our scanning pro-
tocol to allow for a scan duration of about 2 minutes, starting
at two minutes into cuff inflation, thus optimizing signal to
noise ratio during the cuff inflation period.

The fact that the constant k in the Poiseuille relationship
was slightly greater at two minutes into cuff inflation than at
baseline suggests that the velocity profile was slightly more
blunted during cuff inflation. This likely reflects the fact that
flow decreased to a greater extent than radius did from
baseline to two minutes into cuff inflation. A velocity profile
is more blunted when arterial radius is large relative to blood
flow velocity (31). In this case, the effect, though statistically
significant, was very slight in practical terms.

We used the cardiac phase with peak flow to calculate shear
rate and radius. In other cardiac phases, the signal-to-noise
ratio is much lower and the flow is more complex with regard
to spatial distribution in the arterial cross-section. The fact that
radius was measured during systole may help to explain why
an increase in radius was seen during reduced flow in some
cases. Since the occlusion was distal to the imaged cross-
section, there may sometimes have been increased systolic
distension of the artery proximal to the occlusion. More con-
sistent and pronounced constriction may be measured in future
studies if diastolic cardiac phases are used for radius measure-
ments, perhaps based on the magnitude images.

We could not directly measure the shear rate stimulus for
constriction instantaneously after distal occlusion because the
artery would have accomplished most of its constriction by the
end of a 35-second scan. A more rapid scan would have
sacrificed signal-to-noise ratio. Instead, we calculated shear
rate at onset of occlusion based on the steady state
measurement of radius before occlusion, and on the steady
state measurement of flow at 2 minutes into occlusion. To
validate our approach, we directly measured flow and radius
immediately after cuff inflation in a subset of 12 subjects to
evaluate whether it differed consistently from flow measured
at 2 minutes into cuff occlusion. The duration of the scans
started immediately after cuff inflation were approximately 35
seconds. Flow measured during the scans started immediately
after cuff inflation was not different from flow measured
starting at 2 minutes into cuff inflation [p = nonsignificant
(NS)]. However, the radius measured during the scan
immediately following cuff inflation was also not different
from that measured at 2 minutes into distal occlusion
(p = NS). This means that, during the 35 seconds into distal
occlusion that it took to image the artery, the radius was
already close to its final value. This is important because
radius is a very strong determinant of shear rate. Thus, the
instantaneous shear rate immediately after cuff inflation
cannot be accurately measured using a 35-second scan.
These findings justify our approachof calculating instantaneous
shear rate at onset of cuff inflation using baseline radius and
using flow at 2 minutes into occlusion.

The percent change in shear rate from baseline to
immediately after cuff inflation was inversely related to
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baseline arterial size. Therefore, the large range of changes in
shear rate was due in part the range of arterial sizes studied.
Figure 5 suggests that normalizing the percent change in
radius to percent change in shear rate may improve the
assessment of endothelial-dependent low-flow mediated
constriction. However, this approach needs to be tested in
future studies comparing groups with and without endo-
thelial dysfunction.

Although shear-mediated vasoactivity is a mechanism by
which the endothelium autoregulates shear stress (1), the
degree of constriction during distal occlusion did not restore
the shear rate to its baseline value. This likely reflects that the
degree of acute shear reduction was well beyond that which
might be expected to occur in non-experimental circumstances.

The change in shear rate from immediately after cuff
inflation to 2 minutes into cuff inflation was highly significant
despite the small change, the large standard deviation, and the
small sample size. This is due to the use of a paired t-test and to
the highly significant change in radius. Since flow is assumed
to be the same at 2 minutes into inflation as it is immediately
after onset of cuff inflation, it is the decrease in radius that
drives the significant increase in shear rate. Since shear rate is
proportional to 1/radius3, a small but significant decrease in
radius will produce a significant increse in shear rate.

4.1. Limitations

There were several limitations to this study. Accuracy of
measurement is limited by the need to optimize the MRI
scanning parameters that determine spatial resolution, tem-
poral resolution, signal-to-noise ratio, and duration of image
acquisition. For example, increasing temporal resolution
typically compromises signal-to-noise ratio and therefore
accuracy of radius measurement. We chose parameters to
prioritize accurate radius measurement; therefore, the image is
not necessarily obtained at the exact point of maximal

instantaneous flow in the cardiac cycle. Another limitation is
the small percent change in radius during distal occlusion,
especially considering the relatively large within-subject
variability. It remains to be determined whether and how
low-flow mediated constriction of the femoral artery is
different in an older group or a group with cardiovascular risk
factors. Such a study will be necessary to determine if this test
will be useful in discriminating between groups of people
with and without known endothelial dysfunction.

5. Conclusion

During a low-flow state induced in the femoral artery, the
reduction in shear rate and the resulting endothelial-
dependent arterial constriction can be measured using
PCMRI. The arterial constriction response is proportional to
the acute reduction in shear rate. The constriction response
per shear reduction stimulus is higher in women but may be
due to their smaller arterial size. Measuring the stimulus-
response relationship in low-flow mediated vasoconstriction
using PCMRI may add important information toward a more
comprehensive evaluation of endothelial function.
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