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Aims The endothelium plays a role in regulating vascular tone. Acute and dynamic changes in low-flow-mediated constric-
tion (L-FMC) and how it changes with regard to traditional flow-mediated dilatation (FMD) have not been described.
We aimed to investigate the changes in brachial artery L-FMC following percutaneous coronary intervention (PCI)
and during recovery from non-ST-segment elevation myocardial infarction (NSTEMI).

Methods
and results

FMD was performed in accordance with a previously described technique in patients before and after PCI and in the
recovery phase of NSTEMI, but in addition, L-FMC data were acquired from the last 30 s of cuff inflation. About 135
scans were performed in 96 participants (10 healthy volunteers and 86 patients). Measurement of brachial L-FMC was
reproducible over hours. L-FMC was greater among patients with unstable vs. stable coronary atherosclerosis
(21.33 +1.09% vs. 20.03+1.26%, P , 0.01). Following PCI, FMD reduced (4.43+2.93% vs. 1.66+ 2.16%,
P , 0.01) and L-FMC increased (20.33+ 0.76% vs. 21.63+1.15%, P ¼ 0.02). Furthermore, during convalescence
from NSTEMI, L-FMC reduced (21.37+ 1.19% vs. 0.01+0.82%, P ¼ 0.02) in parallel with improvements in FMD
(2.54+2.19% vs. 5.15+3.07%, P , 0.01).

Conclusion Brachial L-FMC can be measured reliably. Differences were observed between patients with stable and unstable cor-
onary disease. L-FMC was acutely increased following PCI associated with reduced FMD and, in the recovery from
NSTEMI, L-FMC reduced associated with increased FMD. These novel findings characterize acute and subacute vari-
ations in brachial L-FMC. The pathophysiological and clinical implications of these observations require further study.
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Introduction
Disturbed vascular function is important in the pathophysiology of
atherosclerosis and cardiovascular disease.1 Endothelial-dependent

vasodilatation can be quantified non-invasively using flow-mediated
vasodilation (FMD).2 FMD is reproducible, is easily performed,
correlates closely to coronary endothelial function,3 and has
consequently been used extensively in order to explore the
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interaction between endothelial dysfunction among subjects at risk
of cardiovascular disease and those with established disease.4

Although FMD allows for quantification of the endothelial
response to increases in vascular shear stress and is a measure
of nitric oxide bioactivity, in most studies there is no information
reported about basal tone or response to low flow present
prior to the measurement of FMD.5

However, with the advent of FMD techniques that include con-
tinuous imaging during both cuff occlusion (low flow) and release
(hyperaemic flow) phases, a more detailed vascular profile is avail-
able. Gori et al.5 have described a novel index for assessing the
response of the radial artery to low flow, which utilizes data
obtained from the cuff occlusion period of an FMD scan. Synon-
ymous to FMD, the vasoconstriction observed under conditions
of reduced flow has been named low-flow-mediated vasoconstric-
tion (L-FMC). Inclusion of L-FMC data to traditional measurement
of FMD provides additional and complementary information,
which, they propose, may improve the detection of patients with
cardiovascular disease and profile the vascular response to exer-
cise among healthy volunteers.6 Whether the integration of
L-FMC into traditional FMD studies will provide additional infor-
mation among patients with advanced symptomatic cardiovascular
disease is unknown.

Furthermore, FMD can also be influenced by a number of sys-
temic influences, including coronary angioplasty and in the early
phase of acute coronary syndrome, and how L-FMC is influenced
in these situations is unknown but has implications for understand-
ing the measure. L-FMC has not been assessed within the brachial
artery, which remains the site where the majority of FMD data
exist.

Therefore, in this study, we aimed to primarily investigate acute
changes in brachial L-FMC in patients before and after percuta-
neous coronary intervention (PCI) and to characterize longitudinal
changes in L-FMC among a cohort of patients with
non-ST-segment elevation myocardial infarction (NSTEMI) in
relation to FMD. Secondarily, we aimed to investigate its relation-
ship to changes in circulating levels of endothelin-1 (ET-1), inflam-
matory cytokines, and pro-inflammatory markers.

Methods
The study was approved by our local research and Ethics Committee,
and all subjects provided written informed consent.

Population
Eighty-six patients attending Harefield Hospital, Royal Brompton &
Harefield NHS Trust, for investigation or interventional management
of symptomatic coronary artery disease were invited to participate.
Study inclusion criteria included age between 25 and 80 years, stable
or unstable angina pectoris, including NSTEMI, and the ability to
provide written informed consent. Patients were not eligible if they
presented with acute ST-segment elevation myocardial infarction,
were suffering from concurrent illness, were taking immunosuppres-
sive or immunomodulatory pharmacotherapy, or were known to
have severe left ventricular systolic dysfunction (left ventricular ejec-
tion fraction ,35%). Patients were removed from the study if they
experienced complications during PCI. Ten healthy volunteers were
recruited for the validation studies.

Measurement of flow-mediated dilatation and
low-flow-mediated constriction
Participants fasted for at least 6 h prior to their initial vascular scan and
continued to fast until the second scan had been performed 2 h later.
Participants refrained from ingesting caffeine or smoking cigarettes for
12 h prior to the initial vascular scan and until after the second scan
had been performed. Vasoactive pharmacotherapy was continued in
accordance with clinical necessity. Previously published data have
demonstrated that the majority of these drugs do not significantly
affect peripheral endothelial function.7

In brief, the brachial artery was imaged longitudinally using high-
resolution ultrasound (Acuson 128XP/10) and followed a previously
described and validated FMD technique.4 End-diastolic images were
acquired continuously throughout the study (Brachial ImagerTM).
Vessel diameters were calculated using commercially available auto-
matic B-mode edge detection software (Brachial AnalyserTM). FMD
was calculated as maximum percentage change in the vessel diameter
from baseline following cuff release, which has recently been shown to
be the most reproducible method of calculating FMD when compared
with alternative techniques.8 L-FMC was calculated from the mean
arterial diameter during the last 30 s before cuff release and expressed
as percentage change from baseline, as reported recently5 (Figure 1).
Data were expressed as both the mean of these values and also
over the whole 30 s. FMD and L-FMC were summated in order to gen-
erate a composite score. Brachial artery blood flow was measured
continuously during the scan.

Measurement of endothelin-1, cytokines, and
pro-inflammatory markers
Blood tests were performed using a conventional Vacutainerw

technique via the antecubital vein and a 21-gauge needle. Fresh vene-
puncture was performed each time a sample was required, and blood
was collected directly into an EDTA-containing tube (Becton Dickin-
son, Franklin Lakes, NJ, USA). Samples were then immediately centri-
fuged, and the resulting plasma supernatant was removed and frozen in
2 mL aliquots at 2808C for later analysis. Once collected, all samples
were analysed at the same time. Levels of ET-1 were measured using a
commercially available enzyme immunoassay technique (QuantiGloTM

Human Endothelin-1 Immunoassay, R&D Systems, Abingdon, UK). The
detection range for ET-1 using this assay was 0.8–28 pg/mL. Levels of
cytokines and pro-inflammatory markers, including high-sensitivity
C-reactive protein (hs-CRP), interleukin-6 (IL-6), monocyte chemotac-
tic protein-1 (MCP-1), CD40L, tumour necrosis factor-a (TNFa),
plasminogen activator inhibitor-1 (PAI-1), matrix metalloproteinase-9
(MMP-9), myeloperoxidase (MPO), and soluble vascular cell adhesion
molecule-1 (sVCAM-1), were measured using a commercially available
multiplexed bead-based immunoassay (LUMINEXTM, LINCO
Research, MO, USA).

Percutaneous coronary intervention protocol
PCI was performed by an experienced operator. Vascular access was
via the right femoral artery. Following intravenous administration of
heparin, conventional monorail stent systems were used. Wherever
possible, a single stent strategy was adopted; however, multiple
stents were used where necessary. The arterial sheath was removed
at the end of the procedure, and a vascular closure device (Angio-
sealTM) was deployed.

Statistical analysis
Statistical analysis of the data was performed using SPSS version 17 and
Graph Pad Prism version 4. Distribution of L-FMC data was assessed
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using a Shapiro–Wilk test of normality and a Q–Q plot, which
suggested a normal distribution. Data are expressed as mean (+SD)
or n (%). Baseline clinical characteristics between groups were
assessed using an unpaired Student’s t-test, x2, or Fisher’s exact test
when appropriate. Two-way analysis of variance (ANOVA) was used
to assess for a difference in individual data points, during the last
30 s of cuff inflation, between serial scans. A paired Student’s t-test
was used to assess for differences in the calculated mean L-FMC. Cor-
relation between values of L-FMC and FMD was assessed using
regression analysis. Serial changes in the levels of ET-1 and cytokines
measured in the same subject were assessed using a paired Student’s
t-test. A P-value of less than 0.05 was considered significant.

Study design

Validation of brachial measures
Validation of FMD and L-FMC measurements in our laboratory
over time was investigated in 8 patients before and after diagnostic
angiography alone and after a similar time interval in 10 healthy vol-
unteers who did not undergo any procedure.

Brachial measures in a cohort of patients
with coronary atherosclerosis
Eighty-six patients admitted for diagnostic or invasive management
of symptomatic coronary disease were invited to participate and
underwent a measurement of FMD and L-FMC on admission to
hospital.

Acute effects of percutaneous coronary
intervention
The acute effects of PCI were measured in 10 patients undergoing
elective procedures. Measurement of brachial FMD and L-FMC,
together with circulating plasma levels of ET-1, inflammatory cyto-
kines, and pro-inflammatory markers, was repeated 2 h post-stent
deployment and compared with baseline levels.

Recovery from non-ST-segment elevation
myocardial infarction
A cohort of 11 patients with NSTEMI (defined as troponin-
positive) was studied in the acute phase and in the convalescent
period, following either percutaneous or surgical revascularization.
Measurements of brachial FMD and L-FMC were compared with
circulating plasma levels of ET-1, inflammatory cytokines, and
pro-inflammatory markers.

Results

Brachial flow-mediated dilatation and
low-flow-mediated constriction in healthy
volunteers and patients
The mean age of healthy volunteers was 28 (+4) years, two were
female, and no subjects were taking any regular medication. No
significant changes in FMD or L-FMC were observed between the
baseline and the repeated scan 2 h later (FMD, 7.53 + 6.37% vs.
7.63 + 4.35%, P ¼ 0.92; L-FMC, 21.20 + 2.52% vs. 21.34 +
2.16%, P ¼ 0.86, ANOVA P ¼ 0.97) (Table 1 and Figure 2). Eight

Figure 1 Raw data from a representative scan illustrating the measurement of low-flow-mediated constriction and flow-mediated dilatation;
the brachial artery was continuously imaged for 11 min (1 min rest, 5 min cuff inflation, and 5 min cuff deflation). Low-flow-mediated constric-
tion was calculated from data acquired during the last 30 s of cuff inflation. Flow-mediated dilatation was calculated as maximum percentage
change in the vessel diameter from baseline following cuff release.

J.R. Spiro et al.858



patients (four with stable atherosclerosis and four with NSTEMI)
were investigated before and 2 h after angiography alone. Mean
age was 58 (+5) years. All patients undergoing angiography were
pre-treated with aspirin and statin medication, but did not receive
clopidogrel or heparin at the time of angiography. No significant
changes in FMD (3.82 + 3.68% vs. 3.79 + 2.15%, P ¼ 0.98) or
L-FMC (20.18 + 1.04% vs. 20.11 + 0.56%, P ¼ 0.86, ANOVA
P ¼ 0.89) were observed following angiography (Table 2 and
Figure 3).

Population from which study patients
were drawn
A total of 115 vascular scans were performed in 86 patients with
symptomatic coronary artery disease. Eighty-six scans were per-
formed at baseline from which brachial FMD data were obtained
in 65 (76%) of the studies. From these 65 baseline scans, brachial
L-FMC data were available in 42 patients (65%). Reasons for study
failure included difficulty in acquiring high-quality images, due to
vessel tortuosity and calcification, and patient movement, which
led to incomplete image acquisition and consequently exclusion
of the scan. Of the 42 studies with image data that allowed for
the calculation of L-FMC, 24 patients were with stable disease,

whereas 18 patients were investigated 6.6 (+3.4) days following
presentation to hospital with NSTEMI (peak troponin I: 2.1+
2.7 mg/L) (Table 3).

Impact of non-ST-segment elevation
myocardial infarction
Compared with subjects with stable coronary disease, patients
with NSTEMI were of similar age [57 (+10) vs. 61 (+10) years,
P ¼ 0.24], had been exposed to a similar number of conventional
cardiovascular risk factors [current smoker, treated hypertension,
hypercholesterolaemia, diabetes, or a family history of premature
coronary artery disease; 2.5 (+1.1) vs. 2.8 (+1.0), P ¼ 0.27],
were more likely to be current smokers [7 (39%) vs. 2 (8%),
P ¼ 0.04], had a higher total cholesterol: high-density lipoprotein
cholesterol ratio (5.5+ 1.6 vs. 4.1+1.0, P ¼ 0.01), and were
less likely to be taking a calcium channel blocker. All patients
were prescribed oral dual antiplatelet pharmacotherapy (aspirin
75 mg and clopidogrel 75 mg per day). Only one patient received
pre-treatment with a long-acting nitrate, which was stopped fol-
lowing coronary angioplasty. All other pharmacotherapy remained
unchanged following PCI. Baseline brachial artery diameter, base-
line flow, hyperaemic response (HR), and peak FMD were the
same between patient groups; however, L-FMC was significantly
greater among subjects with unstable disease (21.33+ 1.09%
vs. 20.03+1.26%, P , 0.01) (Table 4).

Relationship of flow-mediated dilatation
to low-flow-mediated constriction
When individual baseline values of FMD were directly compared
with values of L-FMC, a significant correlation of increasing FMD
with increasing L-FMC was seen among healthy volunteers (r ¼
0.596, P ¼ 0.009), which was not present in subjects with clinically
symptomatic atherosclerosis (Figure 4).

Relationship of flow-mediated dilatation
and low-flow-mediated constriction to
burden of coronary atherosclerosis
Using a previously described technique,9,10 a coronary score index
(CSI) was calculated for each patient who had complete coronary

Figure 2 Mean percentage change in the vessel diameter com-
pared with baseline for each individual measurement during the
last 30 s before cuff deflation (at time ¼ 0) during repeated
healthy volunteer studies, P ¼ 0.97 (n ¼ 10).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Effects of angiography alone on
low-flow-mediated constriction, n 5 8

Before
angiography

After
angiography

P-value

Baseline vessel
diameter (mm)

4.38 (+0.94) 4.41 (+0.76) 0.79

Baseline flow
(mL/min)

33.2 (+16.0) 29.1 (+14.8) 0.49

Hyperaemic
response (%)

678 (+320) 752 (+258) 0.38

FMD (%) 3.82 (+3.68) 3.79 (+2.15) 0.98

L-FMC (%) 20.18 (+1.04) 20.11 (+0.56) 0.86

GTN (%) 8.56 (+5.34) 7.54 (+3.47) 0.25

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Reproducibility of low-flow-mediated
constriction among healthy volunteers, n 5 10

Baseline 2 h P-value

Baseline vessel
diameter (mm)

3.61 (+0.67) 3.64 (+0.68) 0.49

Baseline flow
(mL/min)

16.5 (+8.4) 23.2 (+15.4) 0.25

Hyperaemic
response (%)

1641 (+1301) 1113 (+621) 0.15

FMD (%) 7.53 (+6.37) 7.63 (+4.35) 0.92

L-FMC (%) 21.20 (+2.52) 21.34 (+2.16) 0.86

Time to peak (min) 6.92 (+0.39) 6.93 (+0.25) 0.94
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Table 3 Patient characteristics

Stable atherosclerosis (n 5 24) NSTEMI (n 5 18) P-value

Age (years) 61 (+10) 57 (+10) 0.24

Male (n, %) 21 (88) 14 (78) 0.68

Treated with PCI (n, %) 20 (83) 9 (50) 0.04

Use of DES (n, %) 16 (80) 7 (78) 0.90

Angiography alone (n, %) 4 (17) 9 (50) 0.05

BMI 29.0 (+3.8) 29.3 (+4.8) 0.84

Number of risk factors per subject 2.8 (+1.0) 2.5 (+1.1) 0.27

Current smoker (n, %) 2 (8) 7 (39) 0.04

Hypertension (n, %) 15 (63) 10 (56) 0.89

Diabetes mellitus (n, %) 6 (25) 2 (11) 0.50

Hypercholesterolaemia (n, %) 18 (75) 10 (56) 0.32

Family history of IHD (n, %) 12 (50) 11 (61) 0.69

Other known vascular disease (n, %) 7 (29) 2 (11) 0.34

Prescribed statin therapy (n, %) 21 (88) 17 (94) 0.82

ACEI/ARB (n, %) 18 (75) 14 (78) 0.88

Long-acting nitrate (n, %) 3 (13) 1 (6) 0.77

Calcium channel blocker (n, %) 10 (42) 0 0.01

Aspirin and clopidogrel (n, %) 1 (4) 18 (100) ,0.01

Haemoglobin (g/dL) 14.5 (+1.2) 14.5 (+1.5) 0.92

White cell count (×109/L) 7.6 (+1.3) 8.6 (+3.5) 0.23

Platelet count (×109/L) 261 (+80) 277 (+53) 0.50

Serum creatinine (mmol/L) 92.8 (+15.0) 90.8 (+16.1) 0.68

Total cholesterol (mmol/L) 4.4 (+0.8) 4.6 (+1.0) 0.46

HDL-C (mmol/L) 1.1 (+0.3) 0.9 (+0.2) 0.10

TC:HDL-C ratio 4.1 (+1.0) 5.5 (+1.6) 0.01

TNI (mg/L) N/A 2.1 (+2.7) N/A

BMI, body mass index; RF, risk factor; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor antagonist; HDL-C, high-density lipoprotein cholesterol;
TC:HDL-C, total cholesterol: high-density lipoprotein cholesterol; TNI, troponin-I.

Figure 3 Separate (A) and composite (B) brachial flow-mediated dilatation and low-flow-mediated constriction before and after diagnostic
angiography (n ¼ 8).
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angiographic data available (n ¼ 36). FMD and the composite sum
of FMD and L-FMC were observed to demonstrate a statistically
significant linear relationship, with increasing CSI being related to
a reduction in FMD and composite score. However, no such
association was observed for L-FMC alone (Figure 5).

Acute effects of coronary angioplasty
(percutaneous coronary intervention)
In the 10 patients studied before and after elective PCI, mean age
was 58 (+12) years, one patient was female, and all patients were
taking statin therapy. Mean number of stents used per patient was
1.7 (+0.8), with a mean length of 19.2 mm (+4.9 mm) and a
diameter of 3.1 mm (+0.5 mm). Five patients received
drug-eluting stents and five received bare metal stents. All patients
were placed on dual antiplatelet therapy (aspirin 75 mg and clopi-
dogrel 75 mg per day) at least 7 days prior to admission, with one
patient receiving intravenous glycoprotein IIb/IIIa inhibition
immediately following PCI. No other acute changes in medication
were made at the 2 h time point following PCI.

Baseline vessel diameter, baseline flow, flow during cuff inflation,
and HR did not change 2 h after angioplasty (Table 5). However,
there was a significant reduction in FMD (4.43+ 2.93% vs.
1.66+2.16%, P , 0.01) and a marked increase in L-FMC

Figure 5 Association of extent and severity of coronary ather-
osclerosis (coronary score index, CSI) with (A) flow-mediated
dilatation, (B) low-flow-mediated constriction, and (C ) composite
score of flow-mediated dilatation plus low-flow-mediated con-
striction (n ¼ 36).

Figure 4 Correlation of brachial flow-mediated dilatation to low-flow-mediated constriction among (A) healthy volunteers (n ¼ 10) and
(B) patients with coronary atherosclerosis (n ¼ 42).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Baseline flow-mediated dilatation and
low-flow-mediated constriction in patients with stable
and unstable coronary atherosclerosis

Stable
atherosclerosis
(n 5 24)

Unstable
atherosclerosis
(n 5 18)

P-value

Baseline vessel
diameter (mm)

4.43 (+1.04) 4.35 (+1.29) 0.83

Baseline flow
(mL/min)

26.8 (+15.9) 26.2 (+9.8) 0.89

Hyperaemic
response (%)

846 (+425) 862 (+300) 0.90

Peak FMD (%) 3.51 (+3.80) 3.44 (+3.33) 0.95

L-FMC (%) 20.03 (+1.26) 21.33 (+1.09) ,0.01
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(20.33+ 0.76% vs. 21.63+1.15%, P ¼ 0.02, ANOVA ,0.001)
2 h after PCI (Figure 6). Response to glyceryl trinitrate (GTN)
was not altered (8.51 + 5.21% vs. 7.38 + 4.34%, P ¼ 0.15).

Longitudinal changes in
low-flow-mediated constriction
Eleven patients with NSTEMI were investigated at presentation
(baseline) and after a mean of 2.5 (+1.7) months follow-up. All
patients had received either percutaneous (PCI, n ¼ 7) or surgical
revascularization [coronary artery bypass graft (CABG), n ¼ 4].
There were no changes in the baseline vessel diameter, baseline
flow, flow during cuff inflation, or HR (Table 6) between initial
(baseline) and repeated (follow-up) vascular studies. Clopidogrel
prescription was stopped among patients who received CABG;
however, all other pharmacotherapy remained unchanged
between baseline and follow-up vascular studies. FMD improved
significantly (from 2.54 + 2.19% to 5.15 + 3.07%, P , 0.01).
Associated with this increase in FMD, L-FMC decreased signifi-
cantly (from 21.37+1.19% to 0.01+0.82%, P ¼ 0.02, ANOVA
,0.001) (Figure 7).

Endothelin-1
Circulating plasma levels of ET-1 did not change following PCI
[baseline 1.51 pg/mL (+0.53) vs. 2 h post-PCI 1.57 pg/mL
(+0.38), P ¼ 0.75] nor after a period of recovery from NSTEMI

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 5 Effects of percutaneous coronary
intervention on flow-mediated dilatation and
low-flow-mediated constriction, n 5 10

Before PCI After PCI P-value

Baseline vessel
diameter (mm)

4.73 (+1.03) 5.14 (+0.90) 0.06

Baseline flow
(mL/min)

18.7 (+7.0) 26.1 (+9.2) 0.09

Flow during cuff up
(mL/min)

2.6 (+1.8) 2.9+ (1.5) 0.30

Hyperaemic
response (%)

1111 (+424) 1012 (+293) 0.53

FMD (%) 4.43 (+2.93) 1.66 (+2.16) ,0.01

L-FMC (%) 20.33 (+0.76) 21.63 (+1.15) 0.02

GTN (%) 8.51 (+5.21) 7.38 (+4.34) 0.15

Figure 6 Flow-mediated dilatation and low-flow-mediated constriction before and 2 h after percutaneous coronary intervention (n ¼ 10).
Upper graphs: separate (A) and composite (B) brachial flow-mediated dilatation and low-flow-mediated constriction (*P ¼ 0.02 and
**P , 0.01). Lower graph: mean percentage change in the vessel diameter compared with baseline for each individual measurement during
the last 30 s before cuff deflation (at time ¼ 0), analysis of variance, P , 0.001.
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[baseline 1.47 pg/mL (+0.36) vs. follow-up 1.39 pg/mL (+0.36),
P ¼ 0.42].

Cytokines and pro-inflammatory markers
Circulating levels of inflammatory markers were measured in the
same 10 patients who had vascular function assessed before and
after PCI. Compared with baseline measurements, circulating
levels of CD40L, sVCAM-1, PAI-1, and TNFa reduced 2 h after
PCI, whereas levels of MPO increased significantly (Tables 7 and 8).
No statistically significant changes in the levels of circulating
inflammatory markers were observed among patients investigated
at the time of NSTEMI and again following a period of convalescence
(Tables 7 and 8).

Discussion
The novel findings from this study are that there is an acute and
dynamic increase in systemic brachial artery L-FMC following cor-
onary intervention, which is associated with systemic endothelial
dysfunction characterized by a reduction in FMD. Also, that in
the natural longitudinal phase of recovery from acute coronary
syndrome, L-FMC reduces from that measured at the index scan
and is associated with an improvement in systemic FMD. Further-
more, we demonstrate that brachial L-FMC can be reproducibly
measured over a short (2 h) time interval in healthy volunteers
and patients, and that in a cohort of ‘real-world’ patients with
symptomatic coronary artery disease, it is technically possible to
measure this parameter in two-thirds of the individuals; these
changes did not appear to relate to measurable changes in the cir-
culating levels of ET-1 or pro-inflammatory markers.

Since its conception by Celermajer et al.,2 brachial FMD has
been adopted by research groups throughout the world and
used as a tool with which to measure endothelial-dependent vas-
cular function. Subsequently, endothelial dysfunction, as deter-
mined by reduced FMD, has been shown to predict
cardiovascular adversity among asymptomatic subjects exposed
to cardiovascular risk factors,11 individuals presenting to hospital

with chest pain,12 patients with peripheral vascular disease,13 and
elderly populations.14 It also changes acutely in response to vascu-
lar insults such as systemic inflammation,15 fatty meal,16 or mental
stress,17 for example. FMD describes the endothelium’s ability to
respond to a hyperaemic stimulus, but does not provide infor-
mation regarding basal tone, which may affect the ability to
respond to hyperaemia. This may be important given the obser-
vation that resting vessel diameter tends to be greater among
patients than among healthy subjects,12 and as FMD is measured
as a relative change from baseline, small changes in the baseline
diameter may significantly affect values of FMD.

Gori et al.5 have now described the measurement of radial L-FMC
in a cohort of mainly healthy volunteers or those exposed to cardi-
ovascular risk factors. In their studies, they demonstrated that L-FMC
was reproducible and may be mediated via the inhibition of vasodila-
tor pathways, involving P450-derived endothelial-derived hyper-
polarizing factor and cyclooxygenase products, such as
prostaglandins. L-FMC provided data that were additional and comp-
lementary to those obtained with traditional FMD.

More recently, Gori et al.6 reported that the inclusion of L-FMC
data with that obtained from traditional measurements of FMD
improves the sensitivity and specificity of detecting subjects with
cardiovascular disease when compared with FMD alone. There-
fore, among their cohort, radial L-FMC appeared to be an
easy-to-perform and reproducible technique and provided
further characterizing of vascular function. However, most FMD
studies use the brachial artery. Our data are therefore relevant
in this context and demonstrate that it is possible to measure
this novel parameter in a larger vessel. However, in our study,
we excluded a third of patients due to technical difficulties. This
perhaps reflected our consecutive cohort of more elderly patients
with advanced symptomatic stable or unstable cardiovascular
disease who often found it difficult to remain still during the
scan or the differences in scanning the brachial artery. Neverthe-
less, in the present study, we found that brachial L-FMC was
stable and could be reproducibly measured.

In our cohort, we observed a weak but significant association of
FMD with L-FMC in healthy volunteers. Indeed, although Gori
et al.5 could not demonstrate this relationship, their data did
show a linear trend of reducing L-FMC with reducing FMD.
These observations suggest that the vasoconstriction is an
‘active’ process. However, the association of FMD with L-FMC
was lost among patients with atherosclerosis and, furthermore,
L-FMC was significantly different between patients with stable
and unstable coronary disease: with greater vasoconstriction
seen in patients with NSTEMI. Added to this is the finding that
in a cohort of patients studied 2 months after NSTEMI, there
was an improvement in FMD and a reduction in L-FMC. Further-
more, following PCI, L-FMC was observed to increase at a time
when FMD reduced. These observations suggest an enhanced
L-FMC response among patients in the acute phase of NSTEMI
and early after PCI and dissociation between the mechanisms
that are active in health and disease. The relationship between
L-FMC and FMD appears to be complex and non-linear among
the setting of disease, and although impaired vasodilator function
(FMD) correlates with the extent and severity of coronary ather-
osclerosis (CSI), this does not appear to be true for L-FMC.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 6 Change in flow-mediated dilatation and
low-flow-mediated constriction following
convalescence from non-ST-segment elevation
myocardial infarction, n 5 11

Baseline Follow-up P-value

Baseline vessel
diameter (mm)

4.83 (+0.45) 4.62 (+0.40) 0.07

Baseline flow
(mL/min)

29.2 (+8.5) 35.9 (+20.3) 0.17

Flow during cuff up
(mL/min)

3.9 (+3.3) 3.5 (+2.7) 0.26

Hyperaemic
response (%)

865 (+327) 810 (+326) 0.58

FMD (%) 2.54 (+2.19) 5.15 (+3.07) ,0.01

L-FMC (%) 21.37 (+1.19) 0.01 (+0.82) 0.02

GTN (%) 7.93 (+3.09) 8.78 (+3.47) 0.23
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The underlying mechanism of these observations is unclear. At
the time of NSTEMI, phenotypic characteristics include elevated
markers of inflammation and impaired endothelial function.18,19

Following the acute event, recovery of endothelial function is par-
alleled by a reduction in the levels of circulating inflammatory
markers and predicts a favourable long-term outcome.20 It is inter-
esting that despite significant changes in the vascular function, we
were unable to demonstrate a significant early pro-inflammatory
response 2 h following PCI. A temporal disconnect between sys-
temic inflammation and endothelial dysfunction has been well
described using models of acute inflammation.21 It is possible
that in the present study, blood sampling times may have been
too early to detect the recognized systemic inflammatory response
to PCI, which peaks between 24 and 48 h,22 but this suggests that
the changes in the vascular function are not related directly to
these cytokines. However, activation of leukocytes does occur
early following PCI,23 with activated neutrophils releasing various
vasoactive mediators including MPO. Indeed, in the present

study, circulating levels of MPO increased significantly 2 h after
PCI. MPO may negatively impact on vasomotor function via oxi-
dation of endothelium-derived NO, which may reduce NO bioa-
vailability and impair the endothelial-dependent vasodilator
response.24 Additionally, increased circulating levels of MPO fol-
lowing PCI were also associated with an increased vasoconstrictor
(L-FMC) response. The mechanistic explanation for this effect
remains unclear; however, given the data described earlier, it is
possible that increased levels of MPO may help manipulate the
vasomotor balance within the vascular endothelium in favour of
a more pronounced vasoconstrictor response to conditions of
low flow. However, no such association was demonstrated
among patients recovering from NSTEMI.

ET-1 is a potent vasoconstrictor,27 and increased levels of ET-1
have been reported following PCI, possibly via a mechanism invol-
ving increased oxidative stress.25 –28 Indeed, direct inhibition of the
ET-A receptor by administration of the antagonists BQ-123,
among healthy volunteers, reduces L-FMC of the radial artery.29

Figure 7 Flow-mediated dilatation and low-flow-mediated constriction at the time of non-ST-segment elevation myocardial infarction (base-
line) and after a period of convalescence (follow-up), n ¼ 11. Upper graphs: separate (A) and composite (B) brachial flow-mediated dilatation
and low-flow-mediated constriction (*P ¼ 0.02 and **P , 0.01). Lower graph: mean percentage change in the vessel diameter compared with
baseline for each individual measurement during the last 30 s before cuff deflation (at time ¼ 0), analysis of variance, P , 0.001.
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Consequently, circulating levels of ET-1 were measured in the
present study. Despite an inability to demonstrate a change in
ET-1 levels following PCI or convalescence from NSTEMI, we
observed significant alterations in L-FMC. The endothelial function
represents the expression of a final common pathway influenced
by several vasoactive mediators, of which ET-1 is just one. Conse-
quently, our data are hypothesis-generating and further studies are
required in order to better understand the mechanistic process
responsible for enhanced low-flow vasoconstriction.

In addition to leukocyte activation, PCI itself has also been
shown to induce acute systemic endothelial dysfunction.30

However, it remains unclear whether the reduction in FMD
observed at the time of NSTEMI or following PCI reflects
enhanced basal tone, which may impair the vessel’s ability to

respond to further vasodilator stimulation such as hyperaemia
during an FMD study.

Following elective PCI, although baseline vessel diameter did not
change significantly, a profound reduction in FMD was observed,
which occurred in conjunction with an increase in L-FMC. Gori
et al.6 reported that when measuring L-FMC following isovolu-
metric exercise in healthy volunteers, baseline diameter was signifi-
cantly greater than before exercise, which may be due to enhanced
endothelial activation and may explain the observed blunting of
FMD, as L-FMC was observed to increase in a compensatory
fashion. In our study, although there was no statistically significant
difference in the baseline diameter before and after PCI our
numbers were, however, small and consequently the 9% increase
in baseline diameter 2 h following PCI may have been important.
This trend towards increased baseline diameter in our study may
have reflected enhanced basal endothelial activation and therefore
may lead to a potentially larger L-FMC. However, the measured
vasodilator response to sublingual GTN was the same both
before and after PCI, so changes in vessel dilatation were not
fully explained by basal diameter alone. Previous observations of
L-FMC have involved studies of the radial artery. Following cuff
inflation, reduction in blood flow may be less in the brachial
when compared with the radial artery, which may help explain
the low measurements of L-FMC described in the present study.
However, our findings are similar to those made among subjects
with established heart disease investigated by Gori et al. It would
be interesting in future studies to directly compare the brachial
and radial responses among healthy volunteers and subjects with
disease states.

Among patients studied 2 months following NSTEMI recovery of
FMD was associated with reduced L-FMC. Importantly, in both the
PCI and NSTEMI studies, there were no differences in the compo-
site endpoint (sum of FMD and L-FMC), which questions the use-
fulness of the composite analysis. However, when FMD and L-FMC
data are analysed separately, our observations further support the
hypothesis that processes may have actively influenced the
response to low flow and hyperaemic flow with reduced FMD
and, importantly, enhanced L-FMC after PCI and the reverse find-
ings after recovery from NSTEMI.

Enhanced vasoconstriction in response to reduced flow may
have important pathophysiological implications in the setting of
vessel occlusion. Systemic vasomotor function closely reflects cor-
onary arterial function,3 and if an analogous response occurs in the
heart, then under conditions of slow flow associated with NSTEMI,
the exaggerated constriction could be detrimental, for example,
contributing to the no-reflow phenomenon. It is premature to
speculate that this occurs in the coronary vasculature at this
stage, and further studies are required to define the coronary
physiology and clinical importance of this recently described
index. Furthermore, the relationship between radial and brachial
L-FMC remains unclear, and it is unknown how these relate to
any coronary L-FMC responses.

Limitations of our study include the small number of patients
investigated. However, we did perform matched ‘before and
after studies’ and have been able to demonstrate significant dis-
turbance in the vasomotor function as measured by FMD. Further-
more, our numbers are of a magnitude similar to those of other
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Table 7 Levels of circulating inflammatory markers:
before and 2 h after percutaneous coronary
intervention, n 5 10

Before PCI 2 h after PCI P-value

hs-CRP 16 590 7915 0.30

IL-6 69 (143) 32 (64) 0.21

MCP-1 223 (74) 205 (87) 0.24

CD40L 1060 (6832) 645 (503) 0.01

TNFa 4.7 (0.7) 4.2 (0.6) 0.02

PAI-1 23 349 (13 195) 11 595 (3458) 0.02

MMP-9 76 945 (31 611) 62 298 (23 917) 0.18

MPO 4851 (4931) 164 249 (110 009) ,0.01

sVCAM-1 928 (187) 826 (113) 0.02

hs-CRP, high sensitivity C-reactive protein; IL-6, interleukin-6; MCP-1, monocyte
chemotactic protein-1; PAI-1, plasminogen activator inhibitor-1; MMP-9, matrix
metalloproteinase-9; MPO, myeloperoxidase; sVCAM-1, soluble vascular cell
adhesion molecule-1.
All data pg/mL, expressed as mean (+standard deviation).
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Table 8 Levels of circulating inflammatory markers:
at the time of non-ST-segment elevation myocardial
infarction and after a period of convalescence
(follow-up), n 5 11

NSTEMI Follow-up P-value

IL-6 110 (135) 91 (104) 0.18

MCP-1 181 (38) 197 (32) 0.07

CD40L 1209 (1735) 1630 (2082) 0.30

TNFa 4.3 (1.1) 4.7 (1.3) 0.18

PAI-1 14 506 (11 714) 16 845 (13 218) 0.65

MMP-9 116 422 (40 116) 83 266 (40 825) 0.06

MPO 8100 (6198) 32 892 (56 781) 0.16

sVCAM-1 742 (175) 827 (224) 0.19

IL-6, interleukin-6; MCP-1, monocyte chemotactic protein-1; PAI-1, plasminogen
activator inhibitor-1; MMP-9, matrix metalloproteinase-9; MPO, myeloperoxidase;
sVCAM-1, soluble vascular cell adhesion molecule-1.
All data are in pg/mL, and are expressed as mean (+SD).
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mechanistic studies. Nevertheless, due to the small number of
patients studied, we are unable to dissect out the mechanism
responsible for the dynamic variation in L-FMC observed in the
present study. It would be interesting among larger cohorts of
patients to characterize the effect of potential influencing factors,
such as the use of antiplatelet medication or drugs eluted from
stents and the impact of inflammation, on this novel measure of
endothelial function.

Conclusion
In conclusion, the present study demonstrates that measuring
brachial artery L-FMC is easily possible in healthy volunteers and
outlines the practical difficulties encountered when using this tech-
nique among patients with advanced vascular disease. Neverthe-
less, we demonstrate differences in L-FMC between patient
groups and show that L-FMC undergoes a dynamic change follow-
ing PCI and recovery from NSTEMI, which appears to be indepen-
dent of circulating levels of ET-1 and pro-inflammatory markers.
Further studies involving larger cohorts are required in order to
clarify the clinical significance of this observation and to better
define its role in risk stratification. However, understanding
mechanisms thought to be important in the maintenance of
basal vascular tone, and investigating these conditions where the
vasoconstrictor/vasodilator balance is disturbed, may have impor-
tant clinical implications.
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