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                        ORIGINAL ARTICLE    

 Exercise-induced vasodilation in healthy males: A marker 
of reduced endothelial function      

    TORGEIR     WETHAL  1,2  ,       RAGNHILD     R Ø YSLAND  1  ,       TORBJ Ø RN     OMLAND  1,3   
  &         JOHN     KJEKSHUS  1    

  1 Institute of Clinical Medicine, University of Oslo, Norway,  2 Department of Medicine, St. Olavs Hospital, Trondheim, 
Norway, and  3  Division of Medicine, Akershus University Hospital, L ø renskog, Norway                             

  Abstract 
  Objectives.  Reduced arterial vasodilatatory capacity is a marker of coronary heart disease. The aim was to investigate if the 
difference between the vasodilatory response before and after exercise, as assessed by non-invasive methodology, is related 
to endothelial and infl ammatory biomarkers.  Design.  Post-ischemic hyperemia after 5 min of arterial occlusion was exam-
ined before and after a bicycle test with strain-gauge plethysmography (measuring peak reactive hyperemia in the forearm) 
and peripheral arterial tonometry (PAT hyperemia ratio: measuring pulse waves in the index fi nger relative to the contra-
lateral index fi nger) in 30 healthy males. A low PAT hyperemia ratio or a low peak reactive hyperemia refl ects endothelial 
dysfunction. Infl ammatory and endothelial biomarkers were assessed.  Results.  A low peak reactive hyperemia and a low 
PAT hyperemia ratio before the bicycle test was associated with a high percentage increase in peak reactive hyperemia after 
exercise ( r     �     �    0.68,  p     �    0.001;  r     �     �    0.35,  p     �    0.06, respectively). Asymmetric dimethylarginine and interleukin-10 were 
associated with the percentage increase in peak reactive hyperemia in multiple linear regression analyses ( β : 165 (confi dence 
interval [CI], 34 – 296),  p     �    0.02;  β : 19 (CI,  �    0.5 – 39),  p     �    0.06, respectively).  Conclusions . The difference in the vasodilatory 
response before and after exercise, as assessed by non-invasive methodology, is related to endothelial and infl ammatory 
biomarkers in healthy males.  

  Key words:    endothelial   function  ,   infl ammatory markers  ,   peripheral arterial tonometry  ,   strain-gauge plethysmography   

  Introduction 

 Endothelial dysfunction is regarded as the initial step 
in the atherosclerotic process (1). A considerable 
amount of factors is associated with endothelial dys-
function including hypertension, high cholesterol, 
smoking, and infections. These factors transform the 
endothelium into a pro-coagulative and pro-infl am-
matory state. Asymmetric dimethylarginine (ADMA) 
inhibits the enzyme endothelial nitric oxide synthase 
(eNOS) and decreases the production of NO and is 
an important marker of endothelial dysfunction (2). 
ADMA is related to both cardiovascular risk factors 
and is a predictor for cardiovascular disease (2,3). 
von Willebrand factor (vWF) is released during 
endothelial injury and is a risk factor for cardiovascular 
disease and stroke (4,5). Pro-infl ammatory markers 
like C-reactive protein (CRP), osteoprotegerin 

(OPG), soluble tumor necrosis factor receptor inhib-
itor (sTNFRI), P-selectin, and interleukin-8 (IL-8) 
indicate a higher risk for adverse cardiovascular 
events even if all these markers are not suffi ciently 
documented (6 – 10). Estimation of fl ow-mediated 
dilatation (FMD) with brachial ultrasound is regarded 
as gold standard for diagnosing endothelial function 
but requires an experienced operator. Invasive 
methods with the use of vasodilatatory substances 
like NG-monomethyl L-arginine (L-NMMA), ace-
tylcholine, and sodium nitroprusside are unpractical 
in order to diagnose endothelial dysfunction. 

 Strain-gauge plethysmography and peripheral 
arterial tonometry (PAT) are non-invasive and easy 
to use. They measure volume changes in response to 
ischemic stimuli in the forearm and index fi nger, 
respectively. However, most studies performed with 
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strain-gauge plethysmography have included invasive 
administration of endothelium-dependent vasodi-
latatory agents to detect endothelial dysfunction. 
The use of exercise may be an alternative to invasive 
agents to reveal endothelial dysfunction. While exer-
cise training has improved the endothelial function 
both in healthy males and in patients with coronary 
artery disease or heart failure, there are few studies 
addressing the use of an exercise test to reveal 
endothelial dysfunction (11 – 13). 

 Our hypothesis was that a moderate exercise 
effort used in combination with strain-gauge plethys-
mography or PAT could identify individuals with a 
reduced endothelial function and that these individ-
uals were likely to have higher levels of endothelial 
and infl ammatory markers.   

 Methods 

 We included 30 apparently healthy males aged 21 – 72 
years. The study was conducted in a quiet clinical 
laboratory with stable temperature (20 – 24 ° C) and 
with the individual in the supine position according 
to the recommendations made by the International 
Task Force studying the clinical application of arte-
rial stiffness (14). The subjects refrained from food 
and smoking for at least 3 h. Only two men declared 
health issues or were on some form of medications. 
The protocol was approved by the Regional Ethical 
Committee South East (S-04194) and all partici-
pants gave their informed consent. Blood pressure 
was measured with a sphygmomanometer (Colin 
Electronics Co., Ltd, Japan).  

 Strain-gauge plethysmography 

 We used mercury-in-silastic strain-gauge plethys-
mography (Hokanson EC6, Bellevue, WA, USA) to 
measure forearm blood fl ow (mL/min/100 mL tis-
sue) in the left arm. The left arm was elevated above 
the heart level. A cuff was placed around the upper 
arm. Mercury-in-silastic strain gauge was applied 
around the widest and most muscular part of the 
forearm. First, the baseline forearm blood fl ow was 
measured. A venous occlusion pressure of 50 mmHg 
was used to measure the baseline forearm blood 
fl ow, and fi ve consecutive measurements were per-
formed to calculate the baseline forearm blood fl ow. 
The coeffi cient of variation was 14.3%. Second, the 
cuff around the upper arm was infl ated to suprasys-
tolic pressures in 5 min to induce ischemia. Imme-
diately after defl ation, the peak reactive hyperemia 
was measured and forearm blood fl ow was recorded 
for 3 min thereafter. Ten minutes after a bicycle test 
was performed at a moderate intensity (15 min at 

150 watt), we repeated the measurement of baseline 
forearm blood fl ow and thereafter peak reactive 
hyperemia.   

 Peripheral arterial tonometry 

 Blood fl ow in the index fi ngers was measured with 
PAT (Itamar Medical Ltd, Caesarea, Israel) concom-
itantly with peak reactive hyperemia both before and 
after the bicycle test. PAT consists of pneumatic 
probes with a thimble-shaped sensor cap applied at 
both index fi ngers. The constant pressure added to 
the cap was 10 mmHg below the diastolic blood 
pressure to maintain a negative venous transmural 
pressure to prevent venous pooling and blood stasis. 
Pulsatile volume changes in the distal index fi nger 
were measured. The fi nger probe on the person ’ s 
right index fi nger functioned as a reference for the 
hyperemia testing done on the left index fi nger, which 
was performed at the same time as the measurement 
of peak reactive hypermemia in the left arm with 
strain-gauge plethysmography. The PAT hyperemia 
ratio was defi ned as  “ the average pulse wave ampli-
tude in the left index fi nger as compared with the 
right index fi nger during the fi rst 5 min after cuff 
defl ation. ”  PAT measurements were analyzed with 
a computerized, automated algorithm eliminating 
intra- or interobserver variability.   

 Biochemical analyses 

 Non-fasting blood was sampled into pyrogen-free, 
pre-cooled vials without additives (serum) or with 
ethylenediamine tetraacetic acid as anticoagulant 
(plasma) prior to the measurement of endothelial 
function. The tubes were centrifuged at 1,000 g for 
10 min within 30 min after sampling (plasma) or 
allowed to clot before centrifugation (serum). All 
samples were stored at  �    70 ° C and thawed less than 
three times. Plasma levels of total cholesterol, low-
density lipoprotein (LDL) cholesterol, high-density 
lipoprotein (HDL) cholesterol, and triglycerides 
were measured enzymatically on a Roche/Hitachi 
917 analyzer (Roche Diagnostics). High-sensitivity 
(hs)-CRP in plasma was determined by a high-
sensitive particle-enhanced immunoturbidimetric 
assay (Roche Diagnostica). Plasma levels of vWF 
were determined by enzyme immunoassay (EIA). 
Serum levels of OPG, P-selectin, IL-8, IL-10, and 
TNFRI were quantifi ed by EIA using commercially 
available matched antibodies (R & D Systems, 
Minneapolis, MN, USA). ADMA was assayed by an 
enzyme-linked immunosorbent assay using high-
pressure liquid chromatography with precolumn 
derivatization and fl uorescence detection (DLD 
Diagnostika, Hamburg, Germany).   
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 Statistics 

 Data were analyzed using SPSS 21 • 0 (SPSS Inc). 
Baseline forearm blood fl ow was calculated as the 
mean of fi ve consecutive measurements in each male 
both before and after cycling. Peak hyperemia values 
before and after cycling were corrected for baseline 
forearm blood fl ow by subtracting the baseline fore-
arm blood fl ow before and after cycling from 
the corresponding peak reactive hyperemia value. 
Then, the percent change in peak reactive hyperemia 
was calculated for each male. Differences between 
peak and baseline forearm blood fl ow, PAT hypere-
mia ratio, and blood pressure were analyzed with 
non-parametric tests. Univariate linear regression 

analyses and Pearson correlation analyses were per-
formed between age, traditional cardiovascular risk 
factors, and infl ammatory indices, and each of the 
following parameters: peak reactive hyperemia before 
and after cycling, the percent change in peak reactive 
hyperemia, and PAT hyperemia ratio. Covariates 
with  p     �    0.10 were included in multiple linear regres-
sion analyses. The sample size allowed us to have 
only three parameters in the multiple linear regres-
sion analyses. Due to covariance between systolic 
and diastolic blood pressure and glucose and HbA 1c  
these parameters were entered separately in the 
multiple linear regression analyses.    

 Results 

 We examined 30 men with a median age of 47 (range, 
21 – 72) years with strain-gauge plethysmography and 
PAT (Tables I and II). There were four current smok-
ers and three men had smoked earlier. Snuffi ng was 
documented in two men; one of them had smoked 
earlier. Two men had hypertension during the test 
( �    140/90) but did not have a previous diagnosis of 
hypertension. Additionally, one had borderline 
hypertension and was later diagnosed as hypertensive 
and to have a diabetes mellitus type II (cost regu-
lated). Another used a beta-2 agonist for asthma 
on occasion (last dose was taken 12 h before the 
test) and one had been electroconverted for atrial 
fi brillation three times. 

 A low peak reactive hyperemia or a low PAT 
hyperemia ratio indicates endothelial dysfunction 
even though there are no established pathological 
values for strain-gauge plethysmography and PAT 
hyperemia ratio. Before the bicycle test, the median 
baseline forearm blood fl ow was 4.2 (range, 1.5 – 7.5) 
mL/min/100 mL tissue, while the median peak 
reactive hyperemia was 27.4 (range, 13.9 – 42.7) mL/
min/100 mL tissue. After the bicycle test the median 
baseline forearm blood fl ow increased to 7.3 (range, 

  Table I. Patient characteristics and blood indices including 
infl ammatory and endothelial markers (median and range).  

Patient characteristic

Patients ( n ) 30
Age (median and range) 47 (21 – 72)
Previous/current smoker (n, %) 3/4 (10/13.3)
Snuff ( n , %) 2 (6.7)
 Blood indices 
Hemoglobin (g/100 mL) 14.6 (13.2 – 16.8)
Trombocytes (10 9 /L) 235 (149 – 323)
Leukocytes (10 9 /L) 5.7 (3.7 – 8.4)
HbA 1c  (%) 5.4 (4.8 – 6.7)
Glucose (mmol/L) 5.2 (2.6 – 8.7)
Cholesterol (mmol/L) 4.9 (3.1 – 7.0)
Triglycerides (mmol/L) 1.0 (0.3 – 3.4)
HDL cholesterol (mmol/L) 1.5 (0.8 – 1.9)
LDL cholesterol (mmol/L) 3.3 (1.1 – 5.3)
 Infl ammatory and endothelial markers 
hs-CRP (mg/L) 0.69 (0.20 – 10.0)
P-selectin (ng/mL) 21000 (8116 – 42700)
OPG (pg/mL) 1.93 (0.80 – 3.14)
IL-8 (pg/mL) 3 (1 – 113)
IL-10 (pg/mL) 0.35 (0.03 – 3.05)
TNFRI (pg/mL) 903 (709 – 1157)
vWF (10     �    3 %) 3.32 (1.09 – 94.4)
ADMA ( μ mol/L) 0.43 (0.20 – 0.62)

  Table II. Methodological parameters and blood pressure before and after exercise (median and range).  

Before exercise After exercise  P  value

 Strain-gauge plethysmography 
Resting values arm 

  (mL/min/100 mL tissue)
4.2 (1.5 – 7.5) 7.3 (3.8 – 13.4)  �    0.01

Peak reactive hyperemia arm 
(mL/min/100 mL tissue)

27.4 (13.9 – 42.7) 29.1 (20.0 – 44.6)  �    0.01

Peak reactive hyperemia arm corrected for 
resting values   (mL/min/100 mL tissue)

23.3 (10.0 – 37.8) 24.0 (10.6 – 34.8) 0.27

Percent change in peak reactive hyperemia 10 ( �    47 – 160)
 Peripheral arterial tonometry 
PAT hyperemia ratio 2.4 (1.6 – 3.0) 1.8 (1.4 – 2.5)  �    0.01
 Blood pressure 
Systolic blood pressure (mmHg) 126 (103 – 155) 133 (107 – 173) 0.03
Diastolic blood pressure (mmHg) 69 (51 – 95) 69 (44 – 100) 0.06
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3.8 – 13.4) mL/min/100 mL tissue while the median 
peak reactive hyperemia was 29.1 (range, 20.0 – 44.6) 
mL/min/100 mL tissue. 

 After correction for the baseline forearm blood 
fl ow there were no overall differences between peak 
reactive hyperemia before and after exercise ( p     �    0.27; 
Table II), but for each individual there was a large 
variation in the percent change in peak reactive hype-
remia which varied from  – 47 to 160% (Table II). 
Both a low peak reactive hyperemia and a low PAT 
hyperemia ratio before the bicycle test were associ-
ated with a high percentage change in peak reactive 
hyperemia [ r     �     �    0.68,  p     �    0.001 (Figure 1a); 
 r     �     �    0.35,  p     �    0.06, respectively]. Furthermore, the 
percentage change in peak reactive hyperemia was 
associated with OPG ( r     �    0.41,  p     �    0.03), IL-10 

( r     �    0.43,  p     �    0.02), TNFRI ( r     �    0.37,  p     �    0.05), 
and ADMA ( r     �    0.53,  p     �    0.003; Figure 1b and 
Table III). In multiple linear regression analyses, 
ADMA was a signifi cant determinator of the per-
centage change in peak reactive hyperemia after 
correction for blood pressure and glucose parameters 
( β : 165 (confi dence interval [CI], 34 – 296),  p     �    0.02). 
Additionally, IL-10 seemed to be associated with the 
percentage change in peak reactive hyperemia [ β : 
19.4 (CI,  �    0.5 – 39),  p     �    0.06] together with both 
systolic blood pressure and glucose (Table III). 

 PAT hyperemia ratio was 2.4 (range, 1.6 – 3.0) before 
bicycling and decreased to 1.8 (range, 1.4 – 2.5) after 
bicycling refl ecting that the basal blood fl ow increased 
in both index fi ngers after exercise which consequently 
attenuated the PAT hyperemia ratio. 

 No association was revealed between peak reac-
tive hyperemia and PAT hyperemia ratio before exer-
cise with any of the endothelial or infl ammatory 
markers except from a correlation between ADMA 
and peak reactive hyperemia ( r     �     �    0.45,  p     �    0.02).   

 Discussion 

 The present study demonstrates that a sub-maximal 
exercise effort in combination with strain-gauge 
plethysmography identifi es those with decreased 
endothelial function in a population consisting of 
apparently healthy males. PAT recording combined 
with electrocardiogram may enhance the diagnostic 
sensitivity and specifi city of coronary atherosclerosis 
compared with electrocardiogram alone (15). Fur-
thermore, endothelial dysfunction measured with 
PAT predicted cardiac events in high-risk patients 
within 5 years (16). Strain-gauge plethysmography 
has been effective in revealing endothelial dysfunc-
tion measured indirectly by forearm blood fl ow. A 
decreased forearm blood fl ow has been demonstrated 
in patients with high cholesterol, hypertension, smok-
ing, diabetes mellitus, and coronary artery disease 
(17 – 21). Most of these studies are performed with 
the use of invasive agents like acetylcholine, but there 
is evidence of a correlation between reactive hyper-
emia and acetylcholine-induced vasodilatation (22). 
The exercise test will stimulate NO release through 
increased shear stress. Individuals with endothelial 
dysfunction will probably have low basal level of NO 
as refl ected by a low peak reactive hyperemia and a 
low PAT hyperemia before exercise. These individu-
als will perhaps achieve a substantial higher release 
of NO or metabolic products during exercise result-
ing in a higher percentage increase in peak reactive 
hyperemia. Males with a high peak reactive hypere-
mia ratio before exercise had a suffi cient response to 
an ischemic stimulus and did not obtain a higher 
peak reactive hyperemia after exercise. Peak reactive 

  Figure 1. (a) Correlation between peak reactive hyperemia 
corrected for basal blood fl ow (resting values) and the percent 
change in peak reactive hyperemia after bicycling ( r     �     �    0.68, 
 p     �    0.001). (b) Correlation between ADMA and the percent 
change in peak reactive hyperemia ( r     �    0.53,  p     �    0.003).  
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hyperemia is caused by instant relaxation of periph-
eral resistance arteries mediated by local vasoactive 
ischemic metabolites like adenosine where contribut-
ing factors are NO, prostacyclin, endothelium-
derived hyperpolarizing factor, and activation of K �  
channels (23,24). In a meta-analysis, NO explained 
about half of the FMD in studies using L-NMMA 
(23). During physical activity other metabolites are 
essential for arterial vasodilatation and will have an 
impact on peak reactive hyperemia measured after 
exercise. For instance, ATP is metabolized by ecto-
nucleotidases to adenosine, which dilates arterioles 
in a NO-independent mechanism while prostaglan-
dins like PGE 2  and PGI 2  accumulate in the intersti-
tium during exercise and contribute to exercise 
hyperemia (24). We believe that in individuals with 
reduced endothelial function, contributing factors 
other than NO will be of increased importance to 
achieve suffi cient hyperemia during exercise and 
serve as compensating factors for the lack of NO. 
This may explain the inverse correlation between 
peak reactive hyperemia before exercise and the per-
centage increase in peak reactive hyperemia after 
exercise. 

 ADMA inhibits endothelium-dependent vasodi-
latation and causes increased arterial tone. ADMA 
is a marker of cardiovascular risk and mortality both 
in patients with cardiovascular disease and in healthy 
populations (2). In the present study, ADMA cor-
related negatively with peak reactive hyperemia 
before exercise, but the association between ADMA 
and the percent change in peak reactive hyperemia 
was even stronger. Additionally, unlike peak reactive 
hyperemia before exercise, the percentage increase 
in peak reactive hyperemia after exercise related to 
blood pressure, glucose, and IL-10. Thus, even if the 
measurement of peak reactive hyperemia before 
exercise may be suffi cient to reveal a reduced 
endothelial function, strain-gauge plethysmography 
in combination with exercise seems to be a better 
method to identify patients with a reduced endothe-
lial function. ADMA is an inhibitor of eNOS and it 
is not unexpected that a higher level of ADMA in 
part explains the low peak reactive hyperemia mea-
sured in some healthy males before exercise. This is 
in accordance with previous studies where intrave-
nous administration of ADMA decreased forearm 
blood fl ow (25). 

  Table III. Determinants of the percentage change in peak reactive hyperemia.  

Percentage change in peak reactive hyperemia

Univariate linear regression Multiple linear regression a 

 β CI  P  β CI  P 

Age 0.6  �    0.7 – 1.8 0.36
Systolic BP b 1.7 0.5 – 3.0 0.008 1.2 0.2 – 2.3 0.02
Diastolic BP c 1.7 0.1 – 3.3 0.04 1.4  �    0.2 – 3.0 0.08
Cholesterol 8.2  �    8.8 – 25 0.33
LDL cholesterol 1.5  �    17.0 – 20 0.87
HDL cholesterol 36  �    10 – 82 0.12
Triglycerides 15  �    9.4 – 40 0.22
Glucose b 20 9.2 – 31.1 0.001 14.1 3.9 – 24 0.01
HbA 1c  

c 58 14 – 102 0.01 29.7  �    15 – 74 0.18
ADMA ( μ mol/L) d 246 91 – 402 0.003 165 34 – 296 0.02
IL-8 (pg/mL) 0.11  �    0.7 – 1.0 0.80
IL-10 (pg/mL) d 28 4.9 – 50.2 0.02 19.4  �    0.5 – 39 0.06
OPG (pg/mL) d 33 4.0 – 59.5 0.03 7.2  �    21 – 35 0.60
P-selectin (ng/mL) 0.001  �    0.001 – 0.003 0.25
TNFRI (pg/mL) d 0.1 0.002 – 0.2 0.05 0.03  �    0.08 – 0.13 0.61
vWF (10 – 3%) 0.1  �    0.7 – 0.8 0.85
PAT hyperemia ratio before bicycling  �    42  �    85 – 1.2 0.06
PAT hyperemia ratio after bicycling  �    3.1  �    66 – 60 0.92

    ADMA, asymmetric dimethylarginine; BP, blood pressure; HbA 1c , glycated hemoglobin A 1c ; IL, 
interleukin; OPG, osteoprotegerin; PAT, peripheral arterial tonometry; TNFRI, tumor necrosis factor 
receptor inhibitor; vWF, von Willebrand factor.   
  a Covariates with a  p     �    0.10 in univariate regression analyses were included in multiple regression analyses. 
Each of the following markers: ADMA, IL-10, OPG, and TNFRI were tested together with systolic BP 
and glucose and then with diastolic BP and HbA1c. The analyses yielded similar results for both 
infl ammatory markers, blood pressure and glucose variables. Systolic and diastolic blood pressure as well 
as glucose and HbA1c were not included in the same analyses due to covariance.   
  b The multiple linear regression analysis included systolic BP, glucose, and ADMA   
  c The multiple linear regression analysis included diastolic BP, HbA1c, and ADMA   
  d The multiple linear regression analysis included systolic BP and glucose   
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 Hyperglycemia decreases endothelium-derived 
NO availability by mechanisms involving phosphoki-
nase C activity and reactive oxygen species (26). 
Most of our patients had normal values for glucose 
and HbA 1c . One might speculate if there is linearity 
between glucose and its effect on NO release also in 
the normal range of glucose levels since the percent 
change in peak reactive hyperemia was associated 
with both non-fasting glucose and HbA 1c . 

 High blood pressure may disfavor an additional 
effect of exercise because further mobilization of NO 
through increased shear stress is impaired. This 
mechanism may be important for men with blood 
pressure within the normal range. In our study, there 
was a strong correlation between systolic and dia-
stolic blood pressure and the percentage increase 
post exercise in peak reactive hyperemia. 

 OPG and sTNFRI are pro-infl ammatory markers 
and members of the TNF-family elevated in patients 
with heart failure and regarded as a risk factor for 
cardiovascular disease (8). OPG has been coupled to 
diabetes and endothelial dysfunction (27). This is in 
accordance with the present study showing a correla-
tion between OPG and the percent change in peak 
reactive hyperemia. IL-10 is an anti-infl ammatory 
marker and is considered to have a protective effect. 
Those males with a high percentage change in peak 
reactive hyperemia and a high ADMA were more 
likely to have increased levels of IL-10. This may be 
due to general upregulation of the immune system 
in patients with endothelial dysfunction including 
protective mechanisms. 

 The sample size is small, which made it diffi cult 
to analyze the impact of possible confounders. 
Another limitation is that we did not compare strain-
gauge plethysmography and PAT with FMD mea-
sured with brachial ultrasound. Furthermore, there 
is no established pathological value for strain-gauge 
plethysmography and PAT hyperemia ratio, which 
makes it diffi cult to decide whether some of the 
males truly have endothelial dysfunction. However, 
it is likely that males with a high increase in peak 
reactive hyperemia after exercise have endothelial 
dysfunction. A maximal exercise test would probably 
have caused increased forearm blood fl ow with more 
shear stress and a higher release of NO resulting in 
more uniform testing conditions among our partici-
pants. Nevertheless, a sub-maximal exercise effort 
was suffi cient to reveal a signifi cant association 
between ADMA and the percentage change in peak 
reactive hyperemia, but the association with OPG 
and sTNFRI may have been stronger with a maximal 
exercise test. A submaximal exercise test was easy to 
conduct and differentiated well between those who 
had a high percentage increase in peak reactive hype-
remia from those with minimal or no increase. 

 The PAT signal amplitude during exercise has 
been shown to decrease in both patients with coro-
nary artery disease and endothelial dysfunction 
(15,16). It might be that the use of PAT during rather 
than after exercise would have revealed an associa-
tion with the endothelial and infl ammatory markers, 
especially ADMA, and a stronger association with 
strain-gauge plethysmography. 

 In conclusion, strain-gauge plethysmography per-
formed before and after a sub-maximal exercise 
effort is able to identify those with a decreased 
endothelial function, who may be at a higher risk for 
developing cardiovascular disease. Prospective stud-
ies are needed in order to confi rm these results and 
show that the identifi cation of high-risk individuals 
by this method is followed by cardiovascular disease.            
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