
Abstract

Aims/hypothesis. Dysfunction of the vascular endothe-
lium is commonly observed in Type 2 diabetes, and
endothelial function may be an important outcome for
clinical trials in diabetic samples. However, the most
commonly used non-invasive test of endothelial func-
tion (flow-mediated dilation [FMD]) is technically
challenging to perform, and no previous studies have
carefully examined the reproducibility of FMD mea-
surements in individuals with Type 2 diabetes. In this
study, we tested the hypothesis that larger day-to-day
changes in insulin and glucose are associated with
larger fluctuations in FMD.
Methods. Ultrasound was used to measure the FMD
(% change from baseline diameter) of the brachial ar-
tery in 18 healthy adults with Type 2 diabetes on three
separate occasions, in the absence of changes to diet,
activity level or medications. The CV and mean devi-
ations between pairs of FMD scores in the same indi-
vidual were used as the primary outcome variables.

Results. The CV for FMD (29.7%) was higher than
the level traditionally accepted for biochemical as-
says. However, this CV estimate is within the low
range of published values for FMD in healthy individ-
uals. FMD scores were not significantly correlated
with glucose or insulin levels. However, subjects with
the largest variability in FMD also showed the largest
fluctuations in glucose (r=0.52), insulin (r=0.47) and
heart rate (r=0.48) (p≤0.05).
Conclusions/interpretation. FMD can be reliably mea-
sured in individuals with Type 2 diabetes, and popula-
tion-specific data on reliability is critical for the de-
sign of adequately powered studies of endothelial
function.
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Introduction

Dysfunction of the vascular endothelium is considered
to be a precursor of atherosclerosis [1], and Type 2 
diabetes is associated with both endothelial dysfunc-
tion [2] and increased risk of cardiovascular disease
[3]. However, dietary [4] and pharmacological [5] in-
terventions significantly improve endothelial function,
even in this high-risk group. One non-invasive tech-
nique for assessing endothelial health uses ultrasound
to examine the magnitude of the increase in diameter
in the brachial artery after an increase in blood flow
[6, 7], a phenomenon called flow-mediated dilation
(FMD) [8]. Impaired FMD may be an independent



predictor of coronary events [9], and FMD scores are
inversely correlated with a number of coronary risk
markers [6], including insulin resistance [10], high
WHR [11] and dyslipidaemia [6].

FMD can be measured using ultrasound equipment
found in most medical centres and involves little dis-
comfort or risk for patients. However, given the small
diameter of the brachial artery (2–5 mm) and the large
number of extraneous variables that can affect FMD
[12, 13], it is challenging to measure it reliably. Pub-
lished estimates of within-subject variability in FMD
differ substantially (Table 1), and no studies to date
have measured reliability in patients with diabetes.
Variability is often attributed to sonographer technique
and measurement error; however, it is also possible
that day-to-day variations are caused by fluctuations
in biological parameters such as glucose, insulin and
triglycerides. In the present study, we examined the
stability of FMD estimates in healthy adults with dia-
betes and examined the implications of any variability
for future intervention studies in this population.

Subjects and methods

Subjects. We recruited 18 adults (aged 41–73 years) with 
Type 2 diabetes for a study of the acute effects of unsaturated
fatty acids on vascular reactivity [14]. Patients were not insulin
dependent and were otherwise reasonably healthy. Only the
fasting data from the study are reported here. The sample in-
cluded two postmenopausal women, one premenopausal wom-
an and 15 men. Because hormone fluctuations across the men-
strual cycle affect endothelial function, the premenopausal

woman was examined during the early follicular phase of three
consecutive menstrual cycles and women using oral contracep-
tives or hormone replacement therapy were excluded. Table 2
shows the cardiovascular risk characteristics of the sub-
jects. The average BMI of the subjects in this sample was
29.3 kg/m2.

Study design. Each participant was tested after a 12-h fast on
three occasions, separated by at least 1 week (with the excep-
tion of the premenopausal female participant, all three tests
were completed within 60 days). Participants were asked to
avoid alcohol for 48 h, to discontinue medications the night
before each test and to maintain similar exercise and diet
habits throughout the study. The study was approved by the
Office of Regulatory Compliance at the Pennsylvania State
University and written informed consent was obtained from
each participant.

Ultrasound assessments. An Acuson 128XP duplex ultrasound
imaging system (Siemens Medical Solutions, Malvern, Pa.,
USA) with a 10-MHz linear array transducer was used to mea-
sure brachial artery diameter at baseline during reactive hyper-
aemia according to published guidelines [7]. Ischaemia was in-
duced by inflating a BP cuff on the forearm (distal to the target
artery) to 50 mm Hg above systolic BP using an automated de-
vice (D. E. Hokanson, Bellevue, Wash., USA). Continuous,
longitudinal, two-dimensional images of the brachial artery at
5 to 10 cm above the elbow of the right arm were obtained and
stored on SVHS tape during quiet rest (1 min), cuff occlusion
(5 min) and reactive hyperaemia (2 min). The ultrasound ex-
aminations were performed by a single registered vascular
technologist (P. Wagner). Flow velocity was measured using
duplex pulsed Doppler with the ultrasound beam at two time
points: at the beginning of baseline and immediately after cuff
release. Flow (ml/min) was calculated using the following
equation: velocity time integral × cross-sectional area of the
vessel (πr2)×heart rate.
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Table 1. Studies reporting the CV for FMD and artery diameters in healthy adults

Author, year, journal name Sample Number of CVa

size measurements
FMD Baseline Peak Equation used 
(%) diameter diameter for CVb

(%) (%)

de Roos et al., 2002, Eur J Clin Nutr [23] 21 4 84 7 7 (SD / mean) × 100
de Roos et al., 2001, Br J Nutr [24] 32 4 65 7 - - - (SD / mean) × 100
de Roos et al., 2003, Ultrasound Med Biol [20] 13 2–6 50 5 5 (SD / mean) × 100
de Roos et al., 2001, 29 4 49 8 8 (SD / mean) × 100

Arterioscler Thromb Vasc Biol [25]
Herrington et al., 2001, J Cardiovasc Risk [12] 127 2 45 7 7 (SD / mean) × 100
Herrington et al., 2001, J Cardiovasc Risk [12] 30 2 26 13 11 (SD / mean) × 100
Liang et al., 1998, Clin Sci (Lond) [26] 30 2, 2.5 weeks apart 11 - - - - - - (SD / mean) × 100
Sorenson et al., 1995, Br Heart J [27] 40 4 2 - - - - -  - (SD / mean) 

expressed as a %
of baseline

Hale et al., 2002, Clin Endocrinol [28] 13 2, 2 weeks apart 4–5 1 - - - SD (∆) / √2
Berry et al., 2000, Clin Sci (Lond) [29] 16 4 - - - 3 - - - - - -
Hashimoto et al., 1995, Circulation [22] 8 5 in 1 month 10 - - - 1 - - -
Kanani et al., 1999, Circulation [30] 3 ≥4 14 - - - - - - - - -
Lind et al., 2002, Clin Sci (Lond) [31] 24 - - - - - - 3–4 - - - - - -
Uehata et al., 1997, Vasc Med [32] 5 2, 2 weeks apart 1 - - - - - - - - -

Dashed line (- - -) indicates that information was not reported in the manuscript. a Results were rounded to allow comparison
across studies; b if reported in the text



Analysis of arterial diameters. Images for analysis were sam-
pled at end diastole using Brachial Imager software (Medical
Imaging Applications, Iowa City, Iowa, USA). This yielded
approximately 50 to 60 frames at baseline and 100 to 140
frames during the post-deflation sequence. Within each frame,
diameters were repeatedly measured along a segment of vessel
2 to 8 mm long using automated edge-detection software 
(Brachial Analyzer; MIA, Iowa City, Iowa, USA) [15]. Each
sequence of ultrasound images was reviewed by a single tech-
nician and scores were confirmed by a second observer (S. L.
Schoemer). If FMD estimates differed by more than 1.5%,
consensus was reached by a third scorer (S. G. West). The
same arterial landmark [16] was used for all scans collected
from a single patient.

The average value of all interpretable images over the 
1-min baseline period was used for resting arterial diameter.
Peak FMD (FMDpeak) was calculated by identifying the post-
deflation image with the largest average diameter and using
this value to calculate percentage change from baseline. We
examined whether increasing the number of frames used to 
estimate the peak diameter would produce more consistent 
estimates. FMDpeak±5 was calculated using the average of the
peak diameter, the five frames preceding the peak and the five
frames following the peak. Similar calculations were per-
formed using the average of two, four, six or eight additional
frames surrounding the peak. Unless otherwise specified,
FMDpeak±5 was reported here.

Lipids, lipoproteins, glucose and insulin were measured 
using conventional methods as described previously [14]. 
The homeostasis model assessment for insulin resistance
(HOMAIR) was calculated using the following formula: fasting
plasma glucose (mmol/l) × fasting insulin (µU/ml) / 22.5 [17].

We also calculated the quantitative insulin sensitivity check 
index (QUICKI), a recently proposed indicator of insulin sen-
sitivity using the following equation: 1 / (log insulin × log glu-
cose), where glucose is measured in mg/dl and insulin is mea-
sured in µU/ml [18].

An oscillometric monitor (Dinamap Pro 100, Critikon,
Tampa, Fla., USA) was used to measure BP. Stroke volume,
cardiac output and total peripheral vascular resistance were es-
timated every other minute during resting periods via imped-
ance cardiography as described previously [19].

Statistical analyses. We conducted a series of repeated-mea-
sures ANOVA using mixed models (SAS Version 8.2, SAS In-
stitute, Cary, N.C., USA) to examine within-subject change in
the outcome variables over repeated visits. Pearson correla-
tions, adjusting for basal artery diameter, were used to test
whether average fasting FMD was correlated with any of the
demographic or cardiac-risk parameters.

The CV was calculated for each subject from the mean 
and SD for the three measurements as follows: CV =
(100 × SD) / mean. Herrington et al. [12] noted that many pub-
lished studies have used an alternative method of calculating
CV, which they termed CV’ : CV’ = (100 × SD) / 100 + mean.
The CV was calculated for all variables, whereas CV’ was
only reported for FMD. Additional variability measures in-
cluded: (i) correlations across successive visits; and (ii) mean
variability (the difference between pairs of measurements, ex-
pressed as the absolute value, averaged across all three pairs of
measurements from an individual). We examined whether the
mean variability in FMD was correlated with the mean vari-
ability in haemodynamic measures (blood flow, BP, heart rate
and total peripheral vascular resistance) or with variations in
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Table 2. Vascular and metabolic parameters measured under fasting conditions across the three testing sessions

Visit one Visit two Visit three Average CV (%)a

FMD (% change) 5.57±0.54 5.72±0.54 5.51±0.54 29.7
CV’ for FMD (%)b - - - - - - - - - 1.2

Resting values
Blood flow (ml/min) 105.4±6.6 98.8±6.6 101.8±6.6 17.7
Blood velocity (cm/s) 0.968±0.054 0.932±0.053 0.965±0.053 10.8
Artery diameter (mm) 4.01±0.14 4.01±0.14 4.04±0.14 2.7

Peak (hyperaemic) response
Blood flow (ml/min) 709.2±52.4 673.9±52.7 647.05±52.6 21.9
Blood velocity (cm/s)d 1.78±0.09 1.66±0.09 1.60±0.09c 16.6
Artery diameter (mm) 4.23±0.14 4.23±0.14 4.25±0.14 2.5
Systolic BP (mm Hg) 120.7±2.4 119.6±2.4 119.9±2.4 4.2
Diastolic BP (mm Hg)d 68.1±1.1 68.3±1.1 66.7±1.1 4.2
Heart rate (beats/min) 65.4±1.7 64.5±1.7 64.2±1.7 3.8
Cardiac output (l/min) 6.45±0.38 6.40±0.38 6.50±0.38 7.9
Stroke volume (ml/beat) 100.1±6.7 101.1±6.7 103.4±6.7 7.2
Total peripheral resistance (dyne-sec/cm5) 1126.3±66.3 1129.1±66.1 1128.8±66.2 8.4
Total cholesterol (mmol/l) 195.2±5.0 191.8±5.0 190.1±5.0 6.2
Triglycerides (mmol/l)d 208.4±15.7 174.0±15.7c 182.0±5.7c 18.0
HDL cholesterol (mmol/l) 42.8±1.9 43.1±1.9 42.7±1.9 6.6
LDL cholesterol (mmol/l) 111.9±5.1 113.9±5.0 111.0±5.0 9.1
Glucose (mmol/l)d 6.87±0.36 7.04±0.36 7.24±0.36c 7.8
Insulin (pmol/l) 107.0±11.8 115.3±11.8 112.5±11.8 22.8
QUICKI 0.13±0.00 0.13±0.00 0.13±0.00 3.0
HOMAIR 5.14±0.60 5.62±0.60 5.42±0.60 22.5

Values are means ± SEM unless otherwise indicated. All measures were collected after a 12-h fast. a CV = (100 × SD) / mean; 
b CV’ = (100 × SD) / (mean + 100); c p≤0.04 vs visit one using the Tukey post hoc test; d main effect of time, p≤0.04



glucose, insulin or lipids/lipoproteins. Multivariable regression
analysis was used to estimate how much of the variance in
FMD over the three visits could be explained by the biological
predictors. A p value less than or equal to 0.05 was considered
statistically significant.

Finally, we estimated the sample sizes for crossover and
parallel-arm designs using two-sided tests, power = 0.80 – 0.90
and alpha = 0.05. The within-subject SD was estimated using
the equation SDwithin = √MSE (where the MSE is the mean
square error from ANOVA with subject as a main effect) [20].

Results

There were few systematic changes in the outcome
variables across the three measurements (Table 2).
There were no significant changes in FMD or hyper-
aemic-flow volume across the three visits. Diastolic
BP (−1.4 mm Hg), triglycerides (−16 mmol/l) and hy-
peraemic-flow velocity (−22%) decreased significant-
ly (p≤0.02) from the first to the third visit. In contrast,
fasting glucose was 0.39 mmol/l higher at the third
visit (p = 0.04).

Predictors of fasting FMD. Lower FMD was associat-
ed with increasing age (r = −0.72, p = 0.001) and
higher systolic BP (r = −0.50, p = 0.04). Subjects with
high fasting triglycerides (≥1.69 mmol/l) had lower
FMD scores than subjects with low or normal fast-
ing levels (mean FMD = 3.76±0.74 vs 6.31±0.66,
p = 0.03). None of the other demographic, metabolic
or cardiovascular-risk variables were significant pre-
dictors of fasting FMD, and fasting glucose was not
related to fasting FMD in individuals either across 
visits or in the sample as a whole (Fig. 1).

Reliability of vascular ultrasound measures. Reliabili-
ty statistics for FMD, artery diameter, arterial-blood-
flow volume and blood-flow velocity are shown in 
Tables 3 and 4. The CV for FMD was 29.7%, while
the mean value for CV’ was 1.2%. The absolute diam-
eters at baseline and peak dilation were measured
more reliably than FMD itself was, and FMD variabil-

ity was similar to that reported by Herrington et al.
[12].

The primary measure of variability was the mean
difference between three pairs of measurements, ex-
pressed as an absolute value (Table 3). Variability in
FMD was positively correlated with variability in glu-
cose (r=0.52, p=0.03), insulin (r=0.47, p=0.05) and
heart rate (r=0.48, p=0.04), despite the fact that FMD
was not related to absolute levels of these parameters.
In multivariate analysis, only mean variability in glu-
cose remained an independent predictor, accounting
for 35% of the variance in FMD variability. FMD
variability was unrelated to fasting glucose or any of
the other health-related variables examined (HbA1c,
age, BMI, BP and lipids). Results were unchanged
when adjusted for the number of days between visits.

Effects of peak selection on the stability of FMD. As
expected, FMD scores were higher when a single
frame was used to calculate the peak diameter (Ta-
ble 5). However, the SD of the repetitions remained
stable irrespective of the number of adjacent frames
used to define the peak. The lowest CV (indicating
higher reliability) was observed when the mean diam-
eter of a single frame was used.
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Table 3. Test–retest reliability of FMD-related variables

Resting arterial diameter Peak arterial diameter FMD FMD comparison
(mm) (mm) (% change in diameter) dataa

Mean ± SD 4.01±0.57 4.21±0.58 5.18±2.26 7.87±3.98
CVb (CV’)c 2.7% 2.5% 29.7% (1.2%) 26.3% (1.9%)
Variability |t1−t2| 0.11±0.12 0.13±0.14 1.63±1.15 1.89
Variability |t2−t3| 0.16±0.14 0.13±0.14 1.49±1.01 - - -
Variability |t1−t3| 0.16±0.22 0.16±0.21 1.87±1.51 - - -
Mean variability 0.14±0.14 0.14±0.14 1.67±0.85 - - -
r value, t1 vs t2 0.96 0.95 0.71 0.86
r value, t2 vs t3 0.94 0.96 0.72 - - -
r value, t1 vs t3 0.91 0.92 0.58 - - -

a FMD comparison data are taken from a paper by Herrington et al. [12] who measured FMD twice in healthy adults using a simi-
lar protocol; b CV = (100 × SD) / mean; b CV’ = (100 × SD) / (mean + 100)

Fig. 1. Fasting glucose concentrations and brachial artery
FMD values in individuals with Type 2 diabetes (n=18, three
visits per subject). Open circles, visit one; open squares, visit
two; filled triangles, visit three



Sample size. Table 6 shows sample size requirements
for crossover and parallel-arm designs when the 
magnitude of the treatment effect on FMD can be esti-
mated. If an intervention is expected to increase fast-
ing FMD by 25% (power = 0.90), 30 subjects would
be needed to find significance in a crossover design,
while a parallel-arm design would require 65 subjects.

Discussion

Experts in the measurement of FMD suggest that indi-
vidual laboratories document test–retest reliability of

their measurement protocols by repeatedly testing the
same individuals in the absence of changes in medica-
tion status, diet or exercise regimen. We have shown
that FMD can be reliably measured in healthy individ-
uals with diabetes, and that fasting glucose and insulin
concentrations are not correlated with FMD scores
measured simultaneously. In the present study, fasting
glucose varied by more than 5.56 mmol/l between in-
dividuals and by up to 2.78 mmol/l within individuals.
Thus, we cannot comment on whether or not glucose
variations over a broader range would impact FMD
scores. Our estimates of test–retest reliability in pa-
tients with Type 2 diabetes are in keeping with those
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Table 4. Test–retest reliability of blood flow and blood-flow velocity measurements

Resting blood flow Peak hyperaemic flow Resting flow velocity Peak hyperaemic 
(ml/min) (ml/min) (cm/s) flow velocity (cm/s)

Mean ± SD 109.4±31.9 740.2±272.5 0.96±0.22 1.75±0.43
CV (%)a 17.7 21.9 10.8 16.6
Variability |t1−t2| 17.4±13.3 167.4±105.2 0.09±0.13 0.31±0.23
Variability |t2−t3| 28.2±20.0 230.7±143.8 0.14±0.10 0.37±0.24
Variability |t1−t3| 26.7±18.1 196.2±156.6 0.16±0.14 0.45±0.31
Mean variability 24.1±10.9 193.4±98.1 0.13±0.08 0.37±0.20
r value, t1 vs t2 0.81 0.78 0.75 0.72
r value, t2 vs t3 0.53 0.67 0.82 0.73
r value t1 vs t3 0.59 0.68 0.69 0.40

a CV = (100 × SD) / mean

Table 5. Effect of increasing the number of frames used to calculate the peak diameter after cuff deflation on the stability of FMD
estimates

Mean FMD (%) SDa Mean CV (%)b Mean CV’ (%)c

Peak only 5.89 1.30 23.9 1.23
Peak ± 1 5.42 1.30 27.8 1.23
Peak ± 2 5.36 1.32 28.5 1.25
Peak ± 3 5.27 1.31 28.7 1.24
Peak ± 4 5.21 1.32 29.8 1.26
Peak ± 5 5.18 1.32 29.9 1.25

a Group average for the SD of the three repeated measurements; b CV = (100 × SD) / mean; c CV’ = (100 × SD) / (mean + 100)

Table 6. Sample sizes required to determine significant effects on FMD in crossover and parallel-arm studies

Magnitude of the Number of subjects in crossover Number of subjects per group when 
treatment effect (%) study when comparing end valuesa comparing responsesb

Power Power

0.80 0.90 0.80 0.90

5 522 698 1188 1589
10 132 176 298 398
15 60 80 133 178
20 35 46 76 101
25 23 30 49 65
30 17 22 35 46
35 13 17 26 34
40 11 14 20 27

a Calculated using mean = 5.18 and SD = √2 × SDwithin= 2.12; b calculated using mean ± SD = 5.18 ± 2.26



in samples of healthy adults [12], and our estimates of
the CV for FMD are considerably lower than in sever-
al other studies.

The variability estimates reported here may be con-
sidered conservative given the controlled conditions
under which the measurements were collected. Partic-
ipants were instructed to avoid changes in exercise,
diet or medication regimen during the study. Before
each test, subjects fasted for 12 h (confirmed by glu-
cose measurement). Ultrasound studies were conduct-
ed after a 45-min habituation period and 20 min of
quiet rest. A single sonographer performed all FMD
assessments, and arterial diameters were measured 
using automated scoring software that had been vali-
dated for this purpose [15]. Our design controlled for
diurnal variability in FMD [21] and hormone fluctua-
tions caused by the menstrual cycle [22], and there
were only minimal changes in heart rate and BP over
the three visits.

Nevertheless, the reported CVs for FMD (in this
study, and in many others) are higher than those con-
ventionally accepted for biochemical assays. As noted
previously, variability in FMD is likely to result from
the combined effects of measurement error, real bio-
logical variability and subtle differences in the appli-
cation of the technique over repeated testing sessions
[20]. We found that subjects with more variable values
for glucose, insulin and heart rate also showed the
greatest variation in FMD across testing days. Vari-
ability in glucose was the only independent predictor
of variability in FMD.

These results suggest that true biological variability
is a significant source of variation in FMD scores.
However, the lack of a correlation between fasting
glucose concentrations and fasting FMD scores indi-
cates that the relationship between glucose and FMD
is complex. It is possible that larger day-to-day fluctu-
ations in glucose are a marker of more advanced dis-
ease, and that FMD variability may be even greater in
individuals with poorly controlled diabetes. In as far
as heart rate, glucose and insulin levels can be con-
trolled by careful subject selection and instruction, 
researchers are advised to account for these variables
in their study design and analyses.

In this study, measurements of hyperaemic flow
were also highly variable from one testing session to
the next. However, neither FMD nor the volume of
blood flow during reactive hyperaemia were signifi-
cantly altered with repeated testing. Our results
showed an unexpected decrease in peak flow velocity
during hyperaemia over time. These results highlight
the importance of careful study design, including
counterbalanced presentation of treatments in cross-
over studies.

There appears to be no additional benefit (in terms
of lower variability) from including diameters from
multiple adjacent frames in the calculation of FMD
scores. In fact, CV estimates actually increased when

more diameters were used to determine peak diameter.
The use of automated edge-detection software in this
study meant that the value for average diameter within
each frame was actually based on dozens of measure-
ments across the segment of vessel in the region of in-
terest. This method substantially reduces the influence
of a single aberrant diameter on FMD estimates, and
FMD estimates determined using this software may 
be more reliable than those obtained by traditional
methods for measuring arterial boundaries [15].

Although nutritional interventions have been shown
to improve FMD in smokers and subjects with elevated
cholesterol [13], relatively few of these studies have
included patients with diabetes. Using the same study
population, we recently reported that individuals with
both diabetes and hypertriglyceridaemia showed sub-
stantial FMD improvements 4 h after a meal contain-
ing omega-3 fatty acids [14]. The success of future in-
tervention studies is dependent on accurate estimates
of within-subject variability and control of extraneous
variables that are known to influence FMD. In this
study, we have demonstrated that FMD can be mea-
sured as reproducibly in patients with diabetes as in
persons without diabetes, even in the presence of glu-
cose and insulin fluctuations across testing days.
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