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Summary

Background: Thediagnostic and prognostic importance of
exaggerated blood pressure response to exerciseiscontrover-
sa. Endothdid dysfunction has been demonstrated in pa-
tientswith atherosclerosisand risk factorsfor coronary artery
disease, but thereisapaucity of information on patientswith
exercise-induced hypertension.

Hypothesis. We designed the study to eva uate endothelial
functionin patientswith exaggerated blood pressureresponse
during exercise.

Methods: Exercise-induced hypertension was defined as
systalicblood pressure= 210 mmHginmenand =190 mmHg
inwomen during thetreadmill test. Using ahigh-resolution ul-
trasound technique, endothelial function of thebrachid artery
in patients with exercise-induced hypertension (n = 25) and
control subjects (n=25) wasinvestigated.

Results: Endothelium-dependent vasodilation wasimpaired
in patientswith exercise-induced hypertension compared with
controls(7.77+5.14vs. 2.81 + 2.29%, p< 0.05). Onunivariate
analysis, the extent of vasodilation correl ated negatively with
age (r = —0.43, p<0.05) and A systolic blood pressure (r =
—0.39, p<0.05). Even &fter adjustment for factorsknown to
affect endothelid function, endothdlium-dependent vasodila-
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tionwasdecreased in patientswith exercise-induced hyperten-
sion(B =5.375, p=0.02).

Conclusion:; Patientswith exercise-induced hypertension
have impaired endothelium-dependent vasodilation. This
study also supports the concept that endothelia dysfunction
may play animportant rolein exercise-induced hypertension.
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Introduction

Although an exaggerated increase of systolic blood pres-
sure (SBP) in response to exercise has been observed often
during treadmill stress testing, the exact mechanism and
prognosticimplication have been unclear sofar. In many epi-
demiologic studies, exaggerated blood pressure response to
exercise has been implicated to predict future cardiovascular
events such as systemic hypertension, congestive heart fail-
ure, andischemic heart diseases. 13

During exercisetests, diastolic blood pressure (DBP) may
not increase or may often decrease, but SBP hasbeenincreas-
ing at asteady rate asafunction of anincreasein cardiac out-
put againgt periphera adaptation during exercise4 Nitric oxide
rel eased by the vascular endothelium hasbeen knownto relax
vascular smooth muscle, thereby decreasing vascular resis
tance and blood pressure.> 8 Endothelid dysfunction was
known to be associated with atherosclerosis, systemic hyper-
tension, and congestive heart failure.™

Sincethenoninvasive measurement of endotheliad function
with ultrasound was established by Celermgjer et al., 1% en-
dothelial function has been evaluated for prognosis and re-
sponseto treatment asan independent predictor of future car-
diovascular events 1112

Thus, we designed the study to evaluate endothelial func-
tionin patientswith exaggerated blood pressure response dur-
ing treadmill tests.
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Materialsand Methods
Patient Population

Starting July 2000, the study enrolled 25 consecutive
patients who visited Ajou University Hospital for health
screening and were documented to have normal blood pres-
sure at rest but exercise-induced SBP =210 mmHg in men
and =190 mmHg in women, along with age- and gender-
matched control subjectswho showed normal SBPresponse
during exercise.13

Exclusion criteria were: (1) hypertension, defined as the
current use of antihypertensive medication or aresting SBP of
=140 mmHg or resting DBP 90 mmHg at physical examina-
tion; (2) history or clinica evidence of coronary heart disease,
congestive heart failure, or valvular or congenital heart dis-
ease; (3) useof cardiac medication; (4) age> 60 years, (5) any
chronic disease of the liver, lungs, or kidneys, aswell asdia-
betesmdlitus.

We measured cardiac function and left ventricular (LV)
massindex by echocardiography according to the method de-
fined by Devereux et al.14

All patientstook amultistage exercisetreadmill test accord-
ingto the Bruce protocol. Blood pressure, heart rate, and a12-
lead el ectrocardiogram (ECG) wererecorded prior toexercise,
during the last min of each 3-min exercise stage, and after 5
min during the recovery phase. All subjects gave informed
consent, and the study protocol was approved by the ingtitu-
tiona committee of medica ethics.

M easurement of Endothelial Function by Ultrasound10-12

Thediameter of the brachia artery wasmeasured within 1
week of the treadmill exercise test by B mode ultrasound,
10.0 MHz trapezoidal linear array transducer (axial resolu-
tion 0.12 mm, penetration depth 2—16 cm) with HP SONOS
5500 imaging system (Hewlett-Packard, Andover, Mass,,
USA). All procedureswere recorded with super-VHS video-
cassette recorder (AG-M D830, Panasonic, Nakoya, Japan),
and the images of the brachial artery were magnified eight
times and printed out by a videographic printer (Sony UP
5600M DU, Toyko, Japan). All patients fasted overnight for
12 h before measurementsweretaken.

Every vessd diameter was measured by two observers
blinded to the clinical detailsand the stage of the experiment.
An arterial diameter was measured with ultrasonic calipersat
afixed distancefromthehbifurcation. Measurementsweretak-
enfromtheanterior to theposterior “m” ling, theinterface be-
tween media and adventitia, at end diastole gated on the R
wave of the ECG. For areactive hyperemiascan, another di-
ameter measurement was taken 45-60 s after cuff deflation.
Four cardiac cycleswereandyzed for each scan and the mea-
surementswere averaged.

Sequenceof measurement: In each patient scansweretaken
at rest, during reactive hyperemia, again at rest, and after ad-
ministration of sublingual nitroglycerin. Thesubjectsrestedin
supinepositionfor at least 10 min beforethefirst resting scan

wasrecorded. Increased flow wastheninduced by inflation of
apneumatic tourniquet above the elbow to a pressure of 300
mmHg for 5 min. The second scan was taken 45-60 s after
cuff deflation. A period of 15 minwasallowed for vascular re-
covery, and consecutive resting scansweretaken. Sublingual
nitroglycerin (0.3 mg) wasadministered, and thelast scanwas
recorded 3 min later. Each vessdl diameter (VD) inscans after
reactive hyperemia, 15 min a rest, and with nitroglycerinwas
caculated in percentagesof thefirst control scan, that s, % di-
ameter changes= VD (during reactive hyperemiaor after ni-
troglycerin) —VD (resting) / VD (resting). Themean VD and
percent dil atation for each patient were obtained by averaging
the measurementstaken during the procedures.

Reproducibility: Blood pressure was recorded in the oppo-
stearm before measurement in every patient. Resting VD in
the controls was measured repeatedly four timesto find the
intraobserver variability with a coefficient variation of 2.1%.
Two other researchers evaluated the same VD separately to
obtain interobserver variability with acorrelation coefficient
of 0.901, whichwassimilar tothat in other studies10

Statigtical Analysis

Setigtica analysiswasperformed using Statistical Package
for Socia Sciences/PC software (SPSSfor Windows, release
8.0.0—SPSS Inc., Chicago, Ill., USA) and dl data are ex-
pressed as mean + standard deviation (SD). Comparison be-
tween the two groups was performed by chi-square-test for
discrete variablesand by Student’st-test or Mann-Whitney U
test for continuous variables. Correlation analysis was aso
performed to determine the statistical significance between
two variables. Statistical significancewasaccepted at p< 0.05.

Resaults
Patient Characteristics

Twenty-five patients with exercise-induced hypertension
(Group 1) were compared with 25 age- and gender-matched
subjects as controls (Group 2). Subjects consisted of 46 men
and 4 women aged 33 to 60 years (mean 45.7 + 8.7). There
wasno differenceinthe prevalence of cardiovascular risk fac-
tors, that is, smoking history, dydipidemia, and family history
of premature cardiovascular disease in the two groups. The
presenceof LV hypertrophy onthe ECG wasobservedinnine
patients (36%) in Group 1 and in three subjects (12%) in
Group2(p<0.05) (Tablel).

There was also no statistical difference between the two
groupsin thefasting glucose and lipid profile known to affect
endothelia function (Table I1). No LV systolic dysfunction
and sgnificant heart disease were noted on echocardiography
ineither group. However, LV massindex of 134.5+ 14.2 g/m?2
was sgnificantly higher in Group 1 than in Group 2, with
126.5+ 11.3 g/m? (p< 0.05), despitethefact that therewasno
significant differencein LV wall thicknessby M-mode echo-
cardiography (Tablell).
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TaBLE | Characterigticsof subjectsaccordingtoblood pressurere-
sponseduring exercise

TaBLE Il Characterigticsof subjectsaccording to blood pressure
responseduring exercise

Exercise Exercise
hypertension Control hypertension Control
(Group 1) (Group?2) (Group1) (Group?2)
N (%) N (%) Age(years) 44.7+88 46.7+8.7
Sex (M/F) (%) 23(92)/2(8) 23(9)2(8) cva.gﬁ(‘l’(m) oroxal  1BIeT8
Smoker (%) 10(40) 9(39) F . |g) d 1035+ 136 98.6+62
Dyslipidemia(%) 3(12) 14 asting glucose (mg/dl) DTS =D
Family history of premeture Total cholesterol (mg/dl) 1987+ 337 196.6+24.0
CAD (%) 1(4) 2(8) Triglyceride(mg/dl) 168.1+84.8 130.6+ 685
LVH onECG (%) 9(36)2 3(12) HDL cholesterol (mg/dl) 441+130 498+140
LV massy/BSA (g/m?) 1345+1422  1265+113
ap<0.05. Amount of exercise (mets) 99+19 97+13
Abbreviations: N = number of patients, M = mae, F = female, Amount of exercise(s) 522.0+104.8 5145+ 72.0

CAD = coronary artery disease, LVH =eft ventricular hypertrophy,
ECG =dectrocardiogram.

Blood PressureResponseduring Exercise

Systolic blood pressureduring exerciseranging from 210to
238 mmHg (220.2 £ 9.8) in Group 1 was significantly higher
than that in Group 2, ranging from 122 to 195 mmHg (176 +
13.5) (p<0.01) (Fig. 1). No statitical differencewasnoticed
in DBP during exercise (88.6 = 13.8 mmHg in Group 1 vs.
86.5 £ 14.0 mmHg in Group 2) and resting blood pressure
(Fig. 1). Therewereno differencesin exerciseduration (522.0
+104.8sinGroup 1vs. 514.5+ 72.0 sin Group 2) and exer-
ciseloadinmets(9.9+ 1.9 metsin Group 1 vs. 9.7 + 1.3 mets
inGroup 2) (Tablell).

No subject complained of angina, pal pitation, or dizziness.
No ST-ssgment change on ECG during exercisewasobserved.

Endothelium-Dependent Vasodilation Assessed
by Ultrasound

Therewere no significant differencesin brachial artery di-
ameter at rest between the two groups (5.00 = 0.48 mmin
Group 1vs. 4.96 + 0.53 mmin Group 2), but asignificant dif-
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Fic.1 Blood pressureresponseduring exercise. Dataare expressed
asthemean + standard deviation. *p<0.01. - - o - - Exercisehyper-
tension, —e— control.

Dataare expressed asthe mean + standard deviation.

ap<0.05

Abbreviations: HDL = high-density lipoprotein, LV =|&ft ventricular,
BSA =body surfacearea.

ferencein endothelium-dependent vasodilation was noted by
reactive hyperemia (2.81 + 2.29 vs. 7.77 £ 5.14%, p<0.05).
Endothelium-independent vasodilation by sublingual nitro-
glycerinin Group 1 waslower than that in Group 2 but had no
datigtical sgnificance (8.11 £ 3.99 vs. 10.58 + 5.08%, p =
0.12) (Fig. 2).

A univariate andysisrevea ed that endothelium-dependent
vasodilation had a negative correlation with age (r = —0.43,
p<0.01) and SBP increment during exercise (A SBP) (r =
—0.39, p<0.01), but not with weight, fasting serum glucose,
lipid profile, or cardiac hypertrophy on echocardiography.

Multivariate analysis showed that endothelium-dependent
vasodilation was sgnificantly decreased in the patients with
exercise-induced hypertension compared with those in the
control group even after adjustment for factorssuch asgender,
age, lipidemia, and LV massindex, known to affect endothe-
lid function (B =5.375, p=0.02).
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Fic.2 Endothelium-dependent and -independent vasodilation.
Data are expressed as the mean + standard error of the mean.
*p<0.05.0 Exercisehypertension, & control.
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Discussion

Our study showsthat endothelium-dependent vasodilation
isimpaired in patients with exercise-induced hypertension.
Thecorreationisstatistically significantand clinically consis-
tent even after adjustment for established risk factorsfor en-
dothelia damage.

Exercise-induced hypertension is not an uncommon phe-
nomenoninmany exerciselaboratories. Lauer et al 13 reported
that 9% of the normotensive healthy popul ation has exercise-
induced hypertension by thecriteriaof the Framingham Heart
Study, that is, men =220 mmHg, women = 190 mmHg.

Clinical Significanceof Exercise-lnduced Hypertension

Sofar, the clinical significance of exercise-induced hyper-
tensioniscontroversia and the pathophysiologic mechanism
isunclear.®> Mundd et al .18 reported that an early riseof SBP
during exercise added prognostic information on cardiovas-
cular mortality. Gosse et al .7 found that blood pressure mes-
sured at maximal exercise was a better prognostic indicator
than resting clinic blood pressure. Recently, Filipovsky et
al 18 reported asimilar finding in 4,907 male patients after 17
yearsof follow-up, indicating that peak exercise blood pres-
sureisan independent cardiovascul ar risk factor among oth-
erwise healthy middle-aged menwith mildly elevated casual
blood pressure.

Levy et al.1? reported that an increased LV mass as a
harbinger of cardiac morbidity and mortality isassociated with
increased SBP rather than resting blood pressure during exer-
cise. Our resultsa so showed that LV massincreased and that
the prevalence of LV hypertrophy on ECG was higher in the
patients with exercise-induced hypertension. In our study,
68% in that group, but 16% in the control group showed LV
hypertrophy when using an LV massindex > 134 g/m2, which
wasafinding similar to that reported by Lauer et al.13 Thefre-
quent loading of high pressure on theleft ventricle during ex-
ercissmay have caused the positive correl ationin petientswith
exercise-induced systolic hypertension and LV massindex.

Onthebasisof the current study, we suggest that exercise-
induced hypertension should not be considered as a benign
process but asacardiovascular risk factor. Allison et al.2 also
observed that exercise-induced hypertension, including rest-
ing hypertension, wasas gnificant predictor of future cardio-
vascular events after a7-year follow-up. A “ hyperactive-neu-
rogenic” state prior to established hypertensionwassuggested
asamechanismfor exercise-induced hypertension.2 Our study
isdigtinctiveinthat endothelial dysfunctionis proven techni-
caly in patientswith exercise-induced hypertension.

Hemodynamic Control during Exerciseand
Endothelial Dysfunction

Wilson et al.2° suggested that normotensive individuals at
risk for the devel opment of hypertension showed an exagger-
ated blood pressure responseto physica stimuli such asexer-
cise because of poor compliance of periphera adaptation in
proportion to theincrement of cardiac output.

It has been estimated that the proportion of cardiac out-
put distributed in skeletal muscleincreasesfrom 15to 20% of
blood volume at rest to approximately 85% during dynam-
ic exercise performed at or near maximal oxygen uptake
(VO2max) in humans, which stresses the importance of vascu-
lar bedsin skeletal muscle asregulators of the cardiovascular
systemduring exercise. 2

A recent hypothesis for hyperemia during exerciseis that
thelocus of blood flow control moves upstream from the mi-
crovessalsto larger feed arteriesasmetabolic demandincreas-
es. Thisisthe so-called “ ascending vasodilation,” which satis-
fiesexperimental observetionsthat adelay existsbetweenthe
dilation of microvesselsand large arterioles at the onset of ex-
ercise. Furthermore, asaconsegquence of increased blood flow
veocity through arteria vessals, hydrodynamic drag forceson
the endotheliumincrease, and such increasesin“ shear” stress
gimulatenitric oxidere easefrom the endothelium.2

Endothelial cells are responsible for the continuous basal
production of nitric oxide, which servesto counteract neura
vasocongtrictor tone and to regulate blood flow and pres-
sure. 2324 Considering the acuteincrease of blood flow intothe
skeletal muscle during exercise, avasodilatory defect dueto
endothelia dysfunction might be an important pathophysio-
logic mechanism of exercise-induced hypertension.

Gomez-Cerezo e al.® observed that flow-medicated
brachial artery dilation wassimilarly deficient in both groups
of patientswith essential hypertension and white-coat hyper-
tension, which suggested that patientswith white-coat hyper-
tensionand sustained essentia hypertenson might haveasm-
ilar level of cardiovascular risk. Furthermore, Mule et al. %
reported asignificant correlation between “white-coat effect”
and LV massin an analysis of 296 hypertensive patients. We
postul atethat apathophysiologic processcommonly involved
in endothelia dysfunction may be associated with both exer-
cise-induced hypertension and white-coat hypertension, and
that the process may be a precedent to established cardiovas-
cular events.

Conclusions

Our study showsthat endothelium-dependent vasodilation
isimpaired in patients with exercise-induced hypertension
and that the exaggerated increase of SBPin responseto exer-
cise has anegative correlation with endothelium-dependent
vasodilation. It suggeststhat endothelial dysfunctionandim-
paired vasodilatory capacity of peripheral vasculaturemay be
responsiblefor inadequate accommaodeation for increased car-
diac output during exercise, thusincreasing blood pressure.

We propose to consider exercise-induced hypertension as
an independent cardiovascular risk factor when we evaduate
patientswith cardiac disease.
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