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Abstract

Background/Aims: Although normalization of brachial ar-
tery flow-mediated dilation (FMD) to individual shear stress
(FMD:shear stress ratio) has been proposed to improve this
measure of endothelial function, the clinical utility of FMD
normalization has not yet been demonstrated. We tested (1)
whether following conventional 5-min forearm occlusion,
the FMD:shear stress ratio would discriminate a population
with moderate cardiovascular risk (MR) from a low-risk (LR)
population, and (2) whether the dose-response profile relat-
ing shear stress to FMD would be different between the 2
populations. Methods: Five different magnitudes of reactive
hyperemia-induced shear stress were applied to 20 MR and
20 LR subjects by manipulating forearm cuff occlusion dura-
tion. Brachial artery diameters and velocities were measured
via high-resolution ultrasound. To quantify the hyperemic
stimulus, shear stress area under the curve was individually
calculated for the duration of time-to-peak dilation. Results:
Following 5-min of forearm occlusion, FMD:shear stress ratio

(p = 0.041), but not FMD (p = 0.286), discriminated MR from
LR. The slope of the shear stress-FMD regression line was
lower in MR compared to the LR (p <0.001). Conclusion: The
FMD:shear stress ratio distinguished reduced endothelial
function in a population with MR. The dose-response profile
of the shear stress-FMD relationship appears to differ be-
tween populations of distinct cardiovascular risk.

Copyright © 2009 S. Karger AG, Basel

Introduction

An acute increase in blood flow exerts an amplified
tangential force or shear stress on the endothelial surface
causing the vessel to dilate. This dilation response to el-
evated flow is abolished after removal of the endothelial
lining [1]. On the basis of this physiological phenomenon,
in 1992 Celermajer et al. [2] developed a noninvasive
technique to assess brachial artery endothelial function.
This technique employs a temporary (5-min) supra-sys-
tolic forearm occlusion to generate reactive hyperemia-
induced brachial artery shear stress that in turn results in
endothelium-dependent vasodilation. The peak increase
in arterial diameter is calculated (%FMD) and used as an
index of systemic endothelial function [2, 3]. Impairment
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of endothelial function is central to the pathogenesis of
atherosclerotic cardiovascular disease [4] and presence of
cardiovascular risk factors is associated with attenuated
brachial artery FMD [5-7] as well as coronary artery
FMD [8].

Because the hyperemic shear stress is the stimulus for
FMD, adjustment of FMD for the applied stimulus (FMD:
shear stress ratio) has recently been proposed [9]; how-
ever, the clinical utility of this modified approach has not
been demonstrated to date. We rationalized that if this
approach does improve sensitivity of the FMD technique,
we may be able to demonstrate impairments in endothe-
lial function in a population where traditional FMD is
unable to detect impaired function. We further hypoth-
esized that if in fact, it is this relationship between shear
stress and FMD that represents vascular function, the
dose-response profile of the shear stress-FMD regression
line (slope and/or y-intercept) should also be altered in a
population with impaired endothelial function. This ob-
servation would corroborate the utility of FMD:shear
stress ratio as an index of vascular function.

Unpublished data from our laboratory and reports
from others [10, 11] have demonstrated that manipulat-
ing the duration of forearm occlusion is an effective strat-
egy to induce a wide range of hyperemic stimuli, thus
setting the stage to comprehensively evaluate the rela-
tionship between shear stress and FMD. Accordingly, the
purpose of the present study was 2-fold. First, to test the
hypothesis that, following the conventional 5-min fore-
arm occlusion, the FMD:shear stress ratio (normaliza-
tion approach) would discriminate a population with
moderate risk for cardiovascular disease (MR) from a
low-risk (LR) population. Second, to test the hypothesis
that the dose-response profile relating shear stress to
FMD (slope and/or y-intercept of shear stress-FMD re-
gression line) would be different between the MR and LR
populations.

Subjects and Methods

Subjects

Twenty subjects with MR and 20 subjects with LR were re-
cruited from the university community (students and employees)
to participate in this study. MR and LR were defined according to
the American College of Sports Medicine (ACSM) Risk Stratifica-
tion [12]. ACSM considers MR as men >45 years of age and wom-
en >55 years of age or those who have 2 or more of the following
cardiovascular risk factors: family history of heart disease, ciga-
rette smoking, hypertension, dyslipidemia, impaired fasting glu-
cose, obesity and sedentary lifestyle. ACSM considers LR as men
<45 years of age and women <55 years of age who are asymptom-
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atic and have 1 or no risk factors. In the present study, all MR
subjects were older than 45 years (men) or 55 years (women) and
physically inactive (according to the US Surgeon General’s guide-
lines). All LR subjects were between 20 and 31 years of age, phys-
ically active, non-hypertensive (resting blood pressure <140/80
mm Hg), non-obese (body mass index <30), non-smokers, and
had no family history of heart disease. All subjects (MR and LR
groups) were free of recognized cardiovascular, pulmonary and
metabolic diseases. No subjects were taking medications with
vaso-active effects, including contraceptives, hormone replace-
ment therapy, anti-hypertension, lipid-lowering and/or anti-dia-
betes drugs. All procedures were approved by the Indiana Univer-
sity committee for the protection of human subjects. Written in-
formed consent was obtained from each subject prior to
participation in the study.

Study Procedures

The study consisted of a screening session and a vascular test-
ing session. The screening session included completion of a med-
ical history/health habits questionnaire, measurements of height,
weight, resting blood pressure, and a fasting venous blood draw
to obtain total cholesterol, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol, triglycerides, blood glucose
and high-sensitivity C-reactive protein [13]. In addition, all sub-
jects were familiarized with the equipment/testing room to be
used during the vascular session.

On the vascular session day, FMD responses to 5 hyperemic
bouts of shear stress were assessed. Subjects were instructed to
report to the laboratory between 6.00 and 10.00 a.m. having (1)
fasted for 12 h, (2) abstained from caffeine, tobacco products, and
vitamin supplements for 12 h, and (3) abstained from strenuous
physical activity for 12 h [3]. Premenopausal women were studied
during days 1-7 of their menstrual cycle to minimize the influ-
ence of cyclical changes in female hormones. Subjects were posi-
tioned comfortably in supine position in a dark, climate-con-
trolled (22-24°C) quiet room, with their right arm extended later-
ally. A venous blood sample was drawn from the antecubital vein.
Samples were collected into 6-ml heparin vacutainer tubes for
determination of whole blood viscosity and hematocrit. Each sub-
ject underwent an acclimation phase (20 min) to obtain a hemo-
dynamic steady state. Heart rate was continuously monitored us-
ing a 3-lead ECG. Blood pressures were taken in the left arm with
a mercury sphygmomanometer to confirm a steady state. A5 X
84-cm automatic cuff (E-20 rapid cuff inflator; D.E. Hokanson,
Bellevue, Wash., USA) was placed around the forearm immedi-
ately distal to the olecranon process following established guide-
lines for assessing FMD [3]. The ultrasound image of the brachial
artery was obtained longitudinally 2-10 cm above the antecubital
fossa by 2D high resolution (Terason T3000; Teratech Corp., Bur-
lington, Mass., USA) ultrasound system, using a 5- to 12-MHz
multifrequency linear-array transducer. Once a satisfactory im-
age was obtained, the right arm was secured using a custom-de-
signed arm immobilizer and the transducer was stabilized using
a clamp. Minor corrections of transducer placement were made
to maintain optimal imaging. Doppler velocity was also mea-
sured via ultrasound. Doppler flow signals were corrected at an
insonation angle of 60° and measurements were performed with
the sample volume placed in mid-artery. Ultrasound parameters
were not changed during the study. Simultaneous Doppler mea-
surements for blood velocity and 2D ultrasound imaging for di-
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ameter were continuously recorded for 30 s at baseline. The auto-
matic forearm cuff was then inflated to 250 mm Hg and main-
tained for 1, 2, 3, 4 or 5 min, in a random order. Diameter and
velocity recordings resumed before cuff deflation and contin-
ued for 2 min thereafter. Ultrasound images were recorded at 5
frames/s using Camtasia (TechSmith, Okemos, Mich., USA) and
converted into an AVI file. R-wave gated frames were not cap-
tured exclusively because internal data in our laboratory shows
that continuous assessment of diameter at 5 frames/s yields the
same FMD results (n = 10, FMD = 7.58 * 0.9 vs. 7.62 * 0.9%,
p = 0.655; intraclass correlation coefficient = 0.998, p < 0.0001).
This approach of employing continuous assessment of diameters
has been incorporated by other well-established laboratories [14].
The occlusion conditions were applied 10 min apart from each
other and baseline measurements were re-established prior to
each condition. The order of conditions was randomized to avoid
carry-over confounding effects on the measurements.

Data Analysis

Brachial Artery Diameter and Blood Velocity. Off-line analyses
of diameters and velocities were performed using edge-detection
Brachial Analyzer software (Medical Imaging Applications LLC,
Coralville, Iowa, USA). Briefly, the software allows the user to
identify a region of interest on the portion of the image where the
vessel walls are most clear. The arterial wall borders were detect-
ed by an optimal graph search-based segmentation that uses a
combination of pixel density and image gradient as an objective
function. Each sequence of images was reviewed by the technician
and interactively edited when needed to ensure that diameter
measurements were always calculated from the intima-lumen in-
terface at the far and near vessel wall. Similarly, for determination
of blood velocity, the region of interest was selected around the
Doppler waveform and the trace of the velocity-time integral was
used to calculate mean velocity for each cardiac cycle [13]. All
measurements were performed by a single technician who was
blinded to the trial condition for each image sequence. Reproduc-
ibility of our measurements has been reported previously [15].
The time course of diameters and velocities were determined us-
ing a 3-sec moving average. The peak dilation after occlusion was
determined as the highest 3-sec average and was presented as a
percent change from baseline diameter (FMD, %).

Whole Blood Viscosity. With the use of a pipette, 1 ml of blood
sample was removed from the vacutainer tube, the mass of the
sample was determined, and the density calculated. An addition-
al blood sample was removed and transferred to a glass capillary
viscometer (Cannon-Manning Semi-Micro Viscometer; Cannon
Instruments, Philadelphia, Pa., USA) [16] and placed in a con-
stant-temperature water bath (37°C). The viscosity of the sample
was determined by measuring the time required for the sample to
pass between 2 fixed points on the viscometer. Kinematic viscos-
ity (mm? - s7!) was obtained by multiplying a viscometer constant
(0.007927 mm? - s72) by the efflux time in seconds. To obtain vis-
cosity in mPa - s, kinematic viscosity was multiplied by the den-
sity in grams per milliliter. Measures were performed in dupli-
cate.

Brachial Artery Shear Stress. Brachial artery shear stress (dyn -
cm™) was calculated using the following formula: (4MVm) - D7},
where m is blood viscosity (mPa - s), Vm is mean blood velocity
(cm « s7!) and D is mean arterial diameter (cm) [17]. To quantify
the hyperemic stimulus used for FMD normalization, the shear
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stress area under the curve above baseline was individually cal-
culated for the duration of time-to-peak dilation [9]. Briefly, the
area under the curve was calculated by summing the areas of suc-
cessive post-occlusion trapezoids (each with a base of 3 s) until
peak dilation. Normalization of FMD to shear stress was ex-
pressed as FMD:shear stress ratio (a.u.).

Hematocrit. A 50-75-p1 blood sample was removed from the
vacutainer tube, transferred into a capillary tube and centrifuged
for 5 min using a micro-hematocrit centrifuge (Clay-Adams, New
York, N.Y., USA). Hematocrit (%) was determined using a micro-
capillary reader (International Equipment Company, Needham
Heights, Mass., USA). Measures were performed in duplicate.

Statistical Analysis

Descriptive statistics were used to characterize the MR and LR
groups of subjects. A2 X 5 (group X occlusion duration) mixed
design repeated measures ANOVA was employed for baseline
variables including brachial artery diameter, blood velocity, shear
stress and heart rate. For the conventional 5-min forearm occlu-
sion, independent-sample t tests were used to compare FMD and
FMD:shear stress ratio between the MR and LR groups. In addi-
tion,a2 X 5 (group X occlusion duration) ANOVA was used to
evaluate the effects of group and occlusion duration on FMD and
FMD:shear stress ratio. Tukey’s HSD procedure was used when a
significant F-ratio with more than 1 degree of freedom was found.
Linear regression equations were developed for each group (using
data points from all forearm occlusion durations) and the slope
and y-intercept of the shear stress-FMD regression lines were
compared using Student’s t test as described by Zar [18]. To deter-
mine the impact of potential outliers, comparison of slopes and
y-intercepts were performed before and after the removal of ex-
treme cases based on Cook’s Distance. The complete data set was
maintained if the removal of outliers did not affect the outcome.
Furthermore, slopes and y-intercepts were calculated for each
subject (individual dose response) and comparison was made be-
tween MR and LR groups using independent t test. All data are
presented as mean * standard error of the mean (SEM). For all
statistical tests, the alpha level was set at 0.05. Statistical analyses
were performed with SPSS v.15.0. (SPSS Inc., Chicago, Ill., USA).

Results

Demographic information of the MR and LR groups
issummarizedin table 1.Significantdifferencesinknown
cardiovascular risk factors (age, BMI, systolic blood pres-
sure, total cholesterol, low-density lipoprotein cholester-
ol, triglycerides, C-reactive protein, physical activity par-
ticipation) were observed between MR and LR groups.
No effect of sex was found in FMD (p = 0.492) or FMD:
shear stress ratio (p = 0.375), thus data were pooled across
sex. Table 2 shows mean baseline values for brachial ar-
tery diameter, blood velocity, shear stress and heart rate.
A main effect of group was found for baseline blood ve-
locity [Fy 35 = 6.28, p = 0.017 (F = F ratio; 1 = degrees of
freedom of numerator or treatment term; 38 = degrees of
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Table 1. Demographic information

Variable Low risk Moderate risk p value
Patients, n 20 20

Sex (male/female), n 10/10 9/11 -

Age, years 253%0.6 559%1.3 <0.0001*
Height, cm 175.0%2.1 1722%13 0.354
Weight, kg 68.6 2.5 85.1%£52 0.007*
Body mass index 223%04 285%15 <0.0001*
Resting systolic blood pressure, mm Hg 112.0£2.6 123.8+34 0.009*
Resting diastolic blood pressure, mm Hg 71.4+22 772124 0.076
Total cholesterol, mg/dl 159.3%£7.2 209.3%7.5 <0.0001*
High-density lipoprotein cholesterol, mg/dl 572%24 543+%338 0.530
Low-density lipoprotein cholesterol, mg/dl 89.1%6.2 128.6+6.1 <0.0001*
Triglycerides, mg/dl 649%54 131.7£14.7 <0.0001*
Fasting glucose, mg/dl 90.3*1.5 97.4%7.1 0.331
High-sensitivity C-reactive protein, mg/l 0.50%0.1 1.64+0.5 0.035*
Reported physical activity, days/week® 43%0.2 0.3%0.2 <0.0001*
Cigarette smoking (yes/no), n 0/20 3/17 -
Family history of heart diseases (yes/no), n 0/20 5/15 -
Whole blood viscosity, mPa - s 3.74%0.1 391%0.1 0.237
Hematocrit, % 429%0.8 41.5%0.8 0.199

Values are mean = SEM. * p < 0.05.

2 Aerobic physical activity of moderate intensity for 30 min or more.

Table 2. Baseline hemodynamic information across forearm occlusion durations and between moderate- and low-risk groups

Variable Forearm occlusion duration
1 min 2 min 3 min 4 min 5 min
Baseline arterial diameter, cm Low risk 0.352+0.01 0.349%+0.01 0.349+0.01 0.350+0.01 0.350%0.01
Moderate risk 0.379£0.02 0.378+0.02 0.376%£0.02 0.377x0.01 0.377£0.02
Baseline blood velocity, cm - s! Low risk 8.48+1.9 8.99+2.0 8.18%t1.8 8.81+£2.0 9.00£2.0
Moderate risk* 11.17%£0.7 1191*1.1 11.73x1.1 11.58*1.1 11.01*1.1
Baseline shear stress, dyn * cm™2 Low risk 367.0+32 392.4+42 359.9+32 385.1+42 393.7+40
Moderate risk* 469.6 £ 30 4957143 506.2 £ 60 476.7 £ 38 461.4%44
Baseline heart rate, bpm Low risk 51.5%2 51.1%2 525%2 526%2 524%2
Moderate risk* 65.5%t2 65.2%2 64.2+2 6522 649*2

Values are means £ SEM. * Significant main effect of group (p < 0.05).

freedom of denominator or error term)|, shear stress
(Fy, 33 = 4.32, p = 0.044) and heart rate (F; 3; =22.6, p<
0.0001). As illustrated in figure 1, following the conven-
tional 5-min forearm occlusion, there was no detectable
difference in FMD between the MR and LR groups (t =
1.082, p = 0.286). After normalization of FMD to shear
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stress, the MR group demonstrated a lower FMD:shear
stress ratio than the LR group (t =2.119, p = 0.041). When
examining all forearm occlusion durations, for FMD, a
2 X 5 (group X occlusion duration) ANOVA revealed a
main effect of occlusion duration (Fy 15, = 60.74, p <
0.0001) but no main effect of group (F, 33=2.82,p =0.101)
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or group by occlusion duration interaction (F4 15, = 0.83,
p = 0.511; fig. 1a). Conversely, for FMD:shear stress ratio,
a main effect of group (F, 33 = 10.17, p = 0.003) but no
main effect of occlusion duration (F4, 15, = 0.66, p = 0.618)
or group by occlusion duration interaction (Fy, ;5, = 0.30,
p = 0.876; fig. 1b) was observed. This suggests that cor-
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rection of FMD for shear stress is sufficient to account for
the observed effect of occlusion duration on FMD re-
sponse, and the adjustment for this source of measure-
ment variability allowed the group difference in response
to be demonstrated. Linear regression equations for the
shear stress-FMD lines are presented in figure 2. The
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slope of the MR group was lower than that of the LR Discussion

group (0.100 vs. 0.155, t = 6.22, p < 0.001). The y-intercept
was the same between groups (-0.061 vs. 0.044, t = 0.33,
p > 0.05). The outcome of these comparisons was not al-
tered after removal of detected outliers (6 cases for LR, 4
cases for MR) based on Cook’s Distance. Figure 3 illus-
trates the apparent overlap of individual slopes (fig. 3b)
and y-intercepts (fig. 3c) between groups. As observed,
the MR group exhibited a trend (t = 1.875, p = 0.069) to-
wards a lower mean individual slope compared to the LR
group, while y-intercepts were similar between the 2
groups (t = 0.553, p = 0.584). Taken together, the diver-
gence in slopes suggests that the observed differences fol-
lowing the conventional 5-min forearm occlusion reflect
an overall impairment in response to shear stress, and
confirm the relevance of shear stress as a determinant of
the FMD response.

Normalization of Flow-Mediated
Dilation to Shear Stress

Normalization of FMD to shear stress has recently
been proposed as an approach to control for the large
inter-subject variability in reactive hyperemia-induced
shear stress and to provide a more accurate index of con-
duit artery endothelial function [6, 9]; however, the adop-
tion of this approach has been slow. Further research is
warranted to confirm that normalization of FMD has in
fact a useful application to clinical research. In the pres-
ent investigation, following the conventional 5-min fore-
arm occlusion, FMD:shear stress ratio, but not FMD, dis-
criminated a population with MR from a LR population.
To further examine the significance of the relationship
between shear stress and FMD, we manipulated the dura-
tion of forearm occlusion to induce a wide range of hy-
peremic stimuli for each subject, explicitly determining
the shear stress-FMD dose-response. Our results suggest
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that the slope of the shear stress-FMD regression line is
different between the 2 populations of distinct cardiovas-
cular risk, thus further validating the utility of FMD:
shear stress ratio as an index of endothelial function. To
our knowledge, this is the first study to compare the pro-
files of shear stress-FMD regression lines between 2 dif-
ferent populations.

The concept of FMD normalization to shear stress has
largely been promoted by Pyke and Tschakovsky [6]. In
2007, the same authors [9] provided experimental evi-
dence leading to the conclusion that the shear stress area
under the curve, but not the peak shear, was the critical
determinant of the FMD response, and recommended it
to be used for normalization purposes. Since the time of
this publication, 2 studies [14, 19] have employed FMD
normalization to shear stress area under the curve as an
outcome variable of endothelial function. First, Nishiya-
ma et al. [19] compared brachial versus popliteal artery
FMD in a group of young, healthy subjects (n = 12). No
difference in FMD was found between the 2 limbs; how-
ever, a lower FMD in the brachial compared to the pop-
liteal was observed after normalization to shear stress.
Second, Black et al. [14] compared brachial artery FMD
among 3 groups (trained young, trained old and seden-
tary old; n = 12 per group). A difference in FMD was
found between the young and sedentary old groups; how-
ever, this difference was abolished after normalization to
shear stress. These findings are in contrast to our results
in that we found no statistical difference in FMD between
MR and LR groups, but differences were found when nor-
malizing FMD to shear stress. The discrepancy between
the 2 investigations is difficult to rationalize. Possible ex-
planations include differences in subject populations and
incorporation of measured viscosity into our shear stress
calculations. Animportant connection among the 3 stud-
ies is that different presentation of FMD data (traditional
vs. normalization FMD approach) clearly resulted in di-
vergent observations. Because we recognize the potential
of committing a type I error, future studies should deter-
mine the repeatability of the currently demonstrated sen-
sitivity of FMD normalization.

The lack of a significant difference in FMD between
the MR and LR groups (fig. 1) was unexpected. Although
there was an obvious trend, even after pooling across
forearm occlusion durations, a statistical difference be-
tween groups was not reached (p = 0.101). Our data sug-
gest that unadjusted FMD is less sensitive to modest dif-
ferences in cardiovascular risk, which may account for
unanticipated negative studies [20-25]. However, nor-
malization of FMD to shear stress appeared to reduce the
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Fig. 4. Individual plot of time-to-peak dilation including means
+ SEM following the conventional 5-min forearm occlusion in
MR and LR groups.

signal noise and allowed for differences between groups
to be detected. Because shear stress is individually calcu-
lated for the duration of time-to-peak dilation after cuff
release, utilization of FMD normalization may be advan-
tageous in that the time-to-peak dilation is indirectly
considered. Individuals with longer time-to-peak dila-
tion accumulate greater shear stress area under the curve,
making the FMD:shear stress ratio lower. Because longer
time-to-peaks may be associated with reduced vascular
function [14, 26], the indirect integration of this time-
course factor into the final outcome variable may im-
prove the sensitivity of the FMD measurement. In fact,
one could argue that the improvement in measurement
sensitivity when normalizing FMD to shear stress area
under the curve could be merely explained by discrepan-
cies in time-to-peak dilation. In agreement with recent
data from Black et al. [14] and Irace et al. [26], we found
that, following the conventional 5-min forearm occlu-
sion, the MR group had a longer time-to-peak dilation
compared to the LR group (53.7 * 5.0 vs. 40.6 * 345,
p = 0.038; fig. 4). Clearly, experiments should be designed
to dissect the impact of delayed responsiveness from re-
duced responsiveness to shear stress.

A physiological foundation for this improvement in
measurement sensitivity when normalizing FMD to
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shear stress is provided in figure 2. As illustrated, the
slope of the shear stress-FMD regression line was lower
in a population with MR for cardiovascular disease com-
pared to a LR population. The significance of this differ-
ential shear stress-FMD relationship is crucial. While
both groups were able to generate the same magnitude of
hyperemic shear stress (p > 0.05), the MR group exhib-
ited a blunted dilation response to graded shear. Contrary
to the belief that impaired brachial artery FMD is due to
structural/functional abnormalities in the microcircula-
tion resulting in reduced upstream hyperemic shear forc-
es [27, 28], our data support the conception that the ath-
erosclerotic disease process indeed occurs at the level of
the conduit artery. Possible explanations to this attenu-
ated dilation at increasing doses of shear may include: (1)
decreased production of endothelial nitric oxide or other
endothelium-derived vasodilatory substances; (2) greater
utilization of nitric oxide to combat the oxidative stress
caused by cardiovascular risk factors, both leading to de-
pressed nitric oxide bioavailability [29], and (3) compro-
mised smooth muscle sensitivity [30]. Further research
needs to be conducted to delineate the mechanisms con-
tributing to this differential dilation response to graded
shear stress associated with cardiovascular risk.

This study has certain limitations. First, the interpre-
tation of the results is based on the assumption that the
(actual) endothelial function of the MR group is lower
than that of the LR group. Although this was not con-
firmed by any alternative measure of endothelial func-
tion, we believe that this supposition can be reasonably
accepted. Subjects were recruited from 2 populations
with distinct cardiovascular risk as confirmed by differ-
ences in known risk factors (table 1) including C-reactive
protein. In addition, to minimize potential confounding
effects, by design, all MR subjects were physically inac-
tive and were not taking any medications with vaso-ac-
tive effects, such as hormone replacement therapy, anti-
hypertensive, lipid-lowering and anti-diabetes drugs. We
did not target patients with diagnosed cardiovascular
disease because in this population vaso-active drugs are
needed, and this would have confounded the results.

Second, it is possible that repeated episodes of isch-
emia-induced hyperemia influenced the conventional
outcome measure of endothelial function following the
5-min occlusion; however, evidence suggests that serial
FMD measurements do not affect subsequent FMD out-
comes [15]. We chose to include the 5-min period into the
series of occlusions to allow for proper evaluation of the
shear stress-FMD regression line when combining all
data points. All trials were performed in 1 day in order to

Normalization of Flow-Mediated
Dilation to Shear Stress

avoid day-to-day endothelial function variability [31] and
to allow for consistent placement of the ultrasound probe
across trials, hence minimizing these recognized sources
of variability in FMD measurements. Sufficient time was
allowed between trials for diameters and velocities to
reach baseline values (table 2). Most importantly, the or-
der of trials was randomized to minimize any confound-
ing influence from these potential carry-over effects.

Third, although the dilation following the conven-
tional 5-min forearm occlusion is largely attributed to
NO [32, 33], it remains unknown if dilation following
shorter periods of occlusion (1, 2, 3 and 4 min) is NO de-
pendent as well. In addition, the effects of reduced shear
and/or metabolites released during the ischemic period
on the FMD response are not well understood, so it is
possible that the responses measured with short dura-
tions reflect different underlying biology than those mea-
sured with long durations. Further experiments are re-
quired to evaluate this question. Fourth, our measure-
ments of whole blood viscosity were performed using a
glass capillary viscometer, thus we were unable to assess
viscosity at varying shear rates. It is reasonable to pre-
sume that measurements of viscosity using this method
provide more accurate shear stress information than us-
ing a constant (assumed) viscosity of 4 mPa - s for all sub-
jects [34]. The validity of our viscosity measures may be
demonstrated by the small coefficient of variation (5.3 *
0.6%) and strong correlation between hematocrit and vis-
cosity (r = 0.761, p < 0.001).

In conclusion, the findings of the present study are
novel in that they provide clinical evidence supporting
the utility of FMD:shear stress ratio as an index of endo-
thelial function. This evidence is based on 2 main obser-
vations. First, FMD:shear stress ratio, but not FMD (tra-
ditional approach), discriminated a population with MR
for cardiovascular disease from a LR population. Second,
the actual (measured) slope of the shear stress-FMD re-
gression line differed between the 2 populations; how-
ever, when data were analyzed on individual slopes, there
was a lack of statistical difference between groups. The
apparent overlap of individual slopes between groups
suggests that the individual dose-response regression line
may not be a robust outcome measure for clinical pur-
poses. Alternatively, these data may suggest that the use
of occlusion times shorter than the traditional 5-min
could be employed to simplify FMD studies. Evidently,
further research is needed to determine the diagnostic
accuracy and prognostic value of FMD normalization to
shear stress.
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