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Objective: To evaluate clinically a new on line, automated technique to measure flow mediated dila-
tation (FMD) as a marker of endothelial function.
Design: Prospective study.
Patients: 12 healthy volunteers and 12 patients with significant, angiographically documented coron-
ary artery disease.
Interventions: Brachial arteries were imaged using a standard vascular ultrasound system with a
5–12 MHz linear transducer. Arterial diameter was measured on line (in real time) by connecting the
ultrasound system to a personal computer equipped with a frame grabber and artery wall detection
software (VIA) specially developed by the authors’ group. By using this new technique, FMD was
measured following 4.5 minutes of ischaemia of the proximal forearm in all subjects on two separate
days.
Results: The mean (SD) day to day variability in FMD measurements was 0.90 (0.48)%,which
compares very favourably with current methods. The FMD measurement was available within seconds
of completing the scan.
Conclusions: Personal computer based automated techniques to assess FMD involve image
acquisition and recording after which a second (off line) image interpretation session is required. The
need for off line analysis makes current methods time consuming and increases the variability of
measurement. This on line, automated analysis technique for FMD assessment reduces the variability
and greatly increases the speed of measurement. Using this system may mean that fewer patients will
be required in clinical trials assessing the effects of interventions on endothelial function. Adopting this
method may also facilitate the screening of larger numbers of subjects for endothelial dysfunction.

Endothelial dysfunction has an important role in athero-
genesis and in the pathophysiology of coronary
atherosclerosis.1 2 Prospective studies have also shown

that coronary endothelial dysfunction can predict cardiovas-
cular events.3 4 One of the functional consequences of
endothelial dysfunction is reduced release of endothelial nitric
oxide, which is known to have important antiatherogenic
properties.5 Endothelial function can be assessed indirectly by
measuring nitric oxide induced vasodilatation in either coron-
ary or peripheral arteries.6 Coronary endothelial function has
been shown to correlate with endothelial function in accessi-
ble peripheral arteries, such as the brachial artery.7 Hence,
measurement of flow mediated dilatation (FMD) of the
brachial artery provides a convenient and useful surrogate
index of coronary endothelial function and has been applied
in many research settings.8

Personal computer based techniques to assess FMD entail
image acquisition and recording, after which a separate (off
line) image interpretation session is required.9 The need for off
line analysis makes current methods time consuming,
increases the variability of measurement, and requires an
image storage system. These factors limit the widespread use
of the technique. We have developed an automated, on line
analysis technique whereby images are acquired and arterial
diameter is measured simultaneously. The accuracy of this
new technique in determining vessel diameter has been
shown by using a phantom artery model.10 The aim of this
study was to assess the technique’s reproducibility and
performance in a clinical setting. We have shown that this new
method minimises variability and increases the speed of
analysis of FMD.

METHODS
Subjects
Twelve healthy volunteers (seven men, five women) and 12
subjects with documented, significant coronary artery disease
(CAD) (10 men, two women) participated in the study. All the
healthy volunteers had no history of cardiovascular disease or
known cardiovascular risk factors and were taking no regular
medication. Significant CAD was defined as the presence of
> 50% lumen diameter reduction of at least one major coron-
ary artery on angiography. Exclusion criteria in the CAD group
were as follows:

• recent (within three months) myocardial infarction as
defined by standard World Health Organization criteria

• recent (within three months) unstable angina (Braunwald
IIIB classification)

• any revascularisation procedure within the previous three
months.

The local research ethics committee approved the study and
all subjects gave written informed consent before enrolment
in the study.

The subjects were investigated in our vascular laboratory,
maintained at a constant temperature of 24°C. All measure-
ments were performed in the morning before 1100 and all
subjects fasted for at least 12 hours. Subjects were also asked
to stop taking any medication for at least 12 hours before test-
ing.

Measurement of endothelial function
Brachial arteries were imaged with a standard HDI 3000
ultrasound system (ATL, Bothell, Washington, USA) with a
5–12 MHz linear transducer. The ultrasound system was con-
nected to a personal computer equipped with a frame grabber
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and artificial neural network wall detection software (vessel
image analysis (VIA)) specially developed by our group. The
VIA software automatically detects and tracks the anterior
and posterior walls within a user defined region of interest (fig
1). The vessel diameter is determined by averaging a large
number of local vessel diameters. The software can also
accommodate angulation of the artery (up to 20°) relative to
the perpendicular. The B mode images are processed at 25
frames/s and the vessel diameter, including diameter changes
over the cardiac cycle, is displayed in real time (fig 2). This
allows ultrasound imaging parameters to be optimised at the
start of the scan and the transducer position to be adjusted
immediately for optimum tracking performance during the
entire test.

The brachial artery was scanned longitudinally 2–10 cm
above the elbow until the clearest possible image of the ante-
rior and posterior wall media was obtained. Depth and gain
settings were kept constant during the rest of the study. A
stereotactic clamp was used to hold the transducer and a
screw gauge was used to make small compensatory move-
ments of the transducer to accommodate subject movement
during the test. The distance of the transducer from the
antecubital fossa was noted and a two dimensional image of
the brachial artery was saved on the computer’s hard drive for
reference in repeat studies.

Brachial artery FMD was determined according to a
conventional protocol. The right brachial artery was scanned
continually throughout the test. Pulsed Doppler was used to
assess arterial flow at rest and immediately after tourniquet
deflation. Firstly, a baseline scan was performed for 2 minutes.
Then a tourniquet located at the right proximal forearm was
inflated to a pressure of 300 mm Hg for 4.5 minutes. Brachial
artery dilatation following reactive hyperaemia was recorded
for 5 minutes after tourniquet release. In the subjects with
CAD sublingual glyceryl trinitrate (50 µg) was then adminis-
tered and imaging performed for another 5 minutes to deter-
mine endothelium independent vasodilatation.11 At the end of
the study a graph of diameter against time was immediately
displayed. The FMD (defined by the percentage increase in
mean diameter over a 10 second period, 55 seconds after tour-
niquet deflation) was automatically calculated by VIA from
diastolic vessel diameters (fig 3). The endothelium independ-
ent dilatation was calculated similarly to the percentage
increase in mean diameter 5 minutes after glyceryl trinitrate
administration.

To assess the reproducibility of our technique, the same
operator repeated brachial artery studies in all 24 subjects on
two days. The operator was blinded to the initial FMD result
and medications remained unchanged between the initial and
repeated scans.

Statistical analysis
All data are expressed as mean (1 SD) unless otherwise indi-
cated. Independent variables were compared using the Mann-
Whitney test to avoid assumptions about the distribution of
data. Significance was inferred at a p < 0.05. The day to day
variation of FMD and endothelium independent dilatation in
patients with CAD was calculated by the mean (SD) of the
difference between both scans of the same subject performed
by the same operator. Data were processed using SPSS
(version 10, SPSS Inc, Chicago, Illinois, USA).

RESULTS
FMD was measured satisfactorily in all 24 subjects (12 healthy
control and 12 CAD subjects). Mean age in the healthy control
group was 36 (7) years in the CAD group 62 (10). In each case
the FMD and endothelium independent dilatation were com-
puted and displayed within seconds of completing the
brachial artery scan.

The mean resting brachial artery diameter was 4.3
(0.93) mm (range 2.23–5.90 mm). Analysis of resting brachial
artery diameter measurements showed a day to day variability
of 0.18 (0.15) mm. The mean FMD from repeated studies in
the healthy controls was significantly higher than in CAD
subjects (5.38 (2.60)% v 1.80 (0.79)%, p < 0.001) (fig 4).

The overall mean day to day variability in FMD was 0.90
(0.48)% (range 0.21–2%). In subgroup analysis, the mean day
to day variability did not differ significantly between healthy
controls (0.83 (0.52)%) and subjects with CAD (0.96 (0.46)%).

In the 12 patients with CAD, the endothelium independent
dilatation after sublingual glyceryl trinitrate was 8.0 (2.3)%
with a mean day to day difference of 1.7 (1.5)%.

Figure 1 (A) The brachial artery is imaged such that the
media–lumen interface is clearly seen. (B) The arterial media–lumen
interface is automatically located and tracked within the region of
interest.

Figure 2 The mean vessel diameter within the region of interest is
displayed in real time at 25 frames/s. This allows the operator to
optimise image quality continually.
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DISCUSSION
Our study shows the advantages of an on line technique to
determine endothelial function as compared with current
methods. On line image analysis and continuous display of
vessel diameter allow wall tracking to be optimised through-
out the study, avoiding loss of data because of poor image
quality. Other techniques require vessel images to be stored in
a storage media, such as videotape or computer disk, for later
off line analysis. Image degradation can result from video
recording and during the image processing steps undertaken
to normalise images in retrospective analysis. No image
storage or processing is necessary using the new method. Off
line analysis also increases the total analysis time. Using VIA
software, the FMD is calculated and displayed within seconds
of completing the study. In contrast, current personal compu-
ter based techniques require at least 10 minutes of data analy-
sis time after vessel imaging is completed to ascertain FMD in
one subject.9 This time saving may be particularly important in
relation to studies involving screening of large numbers of
patients for endothelial dysfunction.

We have shown that this new technique minimises
variability of measurement. The mean day to day variability of
FMD measurements was 0.9 (0.5)% in subjects with a wide
range of measured FMD and baseline arterial diameters. This
compares favourably with the lowest reported variability
using current methods.9 A major source of variation for stud-
ies measuring vascular function is the postscanning analysis
of images, which requires further operator intervention. Using
VIA completely abolishes the need for off line analysis, which
results in reduced variability. The role of the operator is solely
to maintain image quality within a defined region of interest.
Real time wall detection may also help reduce variability. VIA
allows wall tracking to be optimised during the test, unlike

other retrospective methods where the study must be
completed before wall tracking quality can be assessed. Using
a reference two dimensional image of the artery for compari-
son in repeat studies also assists the operator in ensuring that
the same section of artery is being scanned. Minimising
measurement variability means that fewer patients will be
required in clinical trials examining the effects of interven-
tions on endothelial function. Our data suggest that the new
method will probably be able to detect an improvement in
FMD of only 1.8% (twice the day to day variability) with sta-
tistical confidence. In our study there was slightly greater
variability in measured endothelium independent dilatation
than in FMD (0.90 (0.48)% v 1.70 (1.5)%). This may reflect
increased day to day subject variability in bioavailability and
vascular smooth muscle responses to sublingual glyceryl
trinitrate compared with flow mediated, nitric oxide induced
dilatation. As expected our data show that patients with CAD
have reduced FMD compared with healthy subjects, albeit the
healthy subjects were younger.

Our important preliminary data, obtained from 24 subjects,
need to be confirmed in a larger number of subjects.

In summary, we have shown that this new system for
measuring endothelial function has several advantages over
current methods. Using this method may have important
implications for the number of patients required in clinical
trials to assess the effects of interventions on endothelial
function. The technique will facilitate the screening of larger
numbers of subjects for endothelial dysfunction.
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(whiskers) are shown.
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IMAGES IN CARDIOLOGY.............................................................................
Pulmonary arteriovenous malformation and aortopulmonary collateral imaged by time resolved
contrast enhanced magnetic resonance angiography

A12 year old boy was referred to our department for magnetic
resonance imaging (MRI) of a known pulmonary arteriovenous
malformation. The pulmonary malformation had been previ-

ously diagnosed by catheter angiography at the age of 1 year after a
murmur had been noted over the left lung during a routine examina-
tion. So far the boy had always been asymptomatic and healthy. Regu-
lar follow up examinations, including two angiographies, showed a
stable condition.

Imaging was performed on a 1.5 T whole body scanner (Magnetom
Vision, Siemens, Erlangen, Germany). The imaging protocol included
a time resolved, contrast enhanced magnetic resonance angiography
(MRA) after injection of 0.2 mmol/kg bodyweight Gd-DTPA (Magne-

Frontal (A) and lateral (C) view of conventional angiography with the
catheter in the pulmonary artery (PA). Corresponding (B and D) three
dimensional volume renderings of a time resolved MRA during an
early arterial phase. Similar to conventional catheter angiography,
MRA depicts two aberrant dilated pulmonary veins (PV, arrowheads)
draining from a posterior lung segment of the left lower lobe.

Three dimensional volume rendering of a time resolved MRA (frontal
view). MRA depicts an aortopulmonary collateral (APC) to the
anterior segment of the left lower lobe and venous congestion. PV,
pulmonary vein.

vist, Schering, Berlin, Germany). For this purpose an ultrafast three
dimensional gradient echo pulse sequence (3D-FLASH, TR/TE = 2.3/
0.9 ms, flip angle 40°, FOV 263 × 350 mm2, matrix 135 × 265, slab
thickness 78 mm, number of partitions 39, reconstructed slice thick-
ness 2.0 mm) with a scan time of 6.2 s was performed. In total five
data sets were acquired in a single breath hold showing the transit of
the contrast agent bolus through the pulmonary vasculature.

Similar to conventional catheter angiography, MRI demonstrated
two aberrant dilated pulmonary veins draining from a posterior lung
segment of the left lower lobe (below left, panels A–D). In addition an
aortopulmonary collateral to the anterior segment of the left lower
lobe was clearly depicted. This lung segment showed venous conges-
tion (below right).
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