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hyperreactors had a significantly higher RHI than normal 
reactors (2.1 ± 0.4 vs. 1.6 ± 0.4, P = 0.003). After exhaus-
tive cycling exercise, the differences in RHI were abol-
ished. No differences between these two groups existed in 
physical activity levels, exercise capacity and indices of 
autonomic tone.
Conclusions Our data suggest that normotensive hyper-
reactors have a markedly higher RHI compared to normal 
reactors. Future studies using PAT to assess microvascular 
endothelial function should bare in mind the large effect of 
vascular hyperreactivity.

Keywords Cardiovascular hyperreactivity · Peripheral 
arterial tonometry · Hypertension · Endothelial function · 
Physical activity

Introduction

There is growing interest in assessing microvascular 
endothelial function as part of the cardiovascular risk assess-
ment in adults (Hamburg et al. 2011), and also in the pediat-
ric population (Bruyndonckx et al. 2013; Haller et al. 2007; 
Mahmud et al. 2009; Radtke et al. 2012, 2013b). Peripheral 
arterial tonometry (PAT) is a non-invasive and operator-
independent technique, used to assess the nitric oxide (NO) 
bioavailability as a measure of human endothelial function 
(Nohria et al. 2006). Recently, Hamburg et al. (2011) have 
investigated the prevalence and risk factors associated with 
impaired microvascular endothelial function using PAT in 
a large healthy cohort. Unexpectedly, a high BP was asso-
ciated with a lower prevalence of abnormal microvascular 
endothelial function. It was speculated that a high blood 
pressure (BP) may affect tone and structure of the micro-
vascular bed, thus leading to higher hyperemic pulse wave 

Abstract 
Purpose The use of peripheral arterial tonometry (PAT) 
to assess microvascular endothelial function is getting 
increasingly popular in the pediatric population. The aim 
of the present study was to examine the impact of blood 
pressure (BP) hyperreactivity on microvascular hyperemic 
reaction in healthy, normotensive adolescents.
Methods Fifty-two adolescents with a mean age of 
14.5 ± 0.7 years were investigated. Microvascular endothe-
lial function was assessed at rest and after exhaustive 
cycling exercise using PAT to determine the reactive hyper-
emic index (RHI, primary endpoint). Hyperreactors were 
identified according to their cardiovascular response to a 
cold pressor test. Indices of autonomic tone were assessed 
with an ambulatory electrocardiograph and cardiopulmo-
nary exercise testing was performed on a cycle ergom-
eter. Physical activity was measured using accelerometry. 
ANOVA with repeated measures and Tukey HSD post hoc 
tests were applied to determine differences between BP 
hyperreactors and controls (normal reactors).
Results Sixteen adolescents were identified as hyper-
reactors and matched with regard to age, sex, puber-
tal status, and height with 16 normal reactors. At rest, 
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amplitudes (PWA) in the digit and consequently enhanced 
microvascular hyperemic reaction (Hamburg et al. 2011). 
This indicates that the morphological and functional factors 
influencing the microvascular hyperemic response are not at 
all clear yet.

Increased cardiovascular reactivity to stress, such as the 
cold pressor test (CPT), has been suggested to be a predic-
tor of the development of hypertension (Hines and Brown 
1936). The cardiovascular response to the CPT in school 
children has first been described by Hines (1937). Later, 
several longitudinal studies have observed that BP hyper-
reactivity to the CPT increases the risk for future hyper-
tension (Barnett et al. 1963; Flaa et al. 2008; Kasagi et al. 
1995; Menkes et al. 1989; Wood et al. 1984), suggesting 
that an altered physiology is already present at a young age 
(Menkes et al. 1989). The autonomic nervous system plays 
a central role in the pathogenesis of hypertension (Abboud 
et al. 2012; Gamboa et al. 2012). Multiple pathways are 
involved, and NO, synthesized by the vascular endothe-
lium, is thought to play a pivotal role in the regulation of 
vascular tone and the development of hypertension (Forte 
et al. 1997).

The aim of this study was: (1) To identify hyperreactors 
among a random group of healthy adolescents and (2) to 
determine the impact of BP hyperreactivity as assessed by 
a CPT on microvascular endothelial function at rest and (3) 
to assess the contribution of sympathetic activity on micro-
vascular reactivity by means of a maximal exercise bout. 
We hypothesized that BP hyperreactors have increased 
microvascular reactivity at rest, expressed as a higher 
reactive hyperemic index (RHI, primary endpoint) and 
PAT ratio compared to normal reactors. Moreover, it was 
hypothesized that the increased microvascular reactivity in 
BP hyperreactors at rest would be mitigated after a single 
bout of exhaustive exercise.

Materials and methods

Participant characteristics

Healthy adolescents (aged 14–16 years) were recruited 
from an elementary school in Olten, Switzerland. We 
excluded subjects with juvenile rheumatoid arthritis or vas-
cular diseases (Reynaud’s or Kawasaki’s disease), hyper-
tension (National High Blood Pressure Education Program 
Working Group on High Blood Pressure in Children and 
Adolescents 2004), obesity (Fernandez et al. 2004), dia-
betes, depression, smoking and intake of any vasoactive 
medication. Written informed consent was obtained from 
all participating subjects and parents/caregivers. Ethical 
approval was obtained from the cantonal ethical committee 
of Bern, Switzerland.

Experimental design

Subjects visited a temporary laboratory at school, once to 
complete a number of physiological examinations. Micro-
vascular endothelial function and the CPT were performed 
twice: at rest after an overnight fast between 8 a.m. and 
10 a.m. (session I) and again after an exhaustive cardio-
pulmonary exercise test (session II). The two test sessions 
were separated by a 1 h break during which participants 
received a standardized snack containing a chocolate milk 
drink and a granola bar.

Anthropometric and hemodynamic measurements

Body mass was measured with light clothing to the near-
est 0.1 kg using a digital-balanced scale and stature to the 
nearest 0.5 cm using a wall-mounted stadiometer. Body 
mass index (BMI) was calculated as body mass divided by 
stature squared (kg m−2). Waist circumference was meas-
ured twice in standing position at the midpoint between 
the last rib and the iliac crest using an anthropometric 
tape. Skinfold thickness was measured in triplicate on the 
right side of the body and to the nearest 0.2 mm with a 
Harpenden caliper. The sum of four sites (triceps, biceps, 
subscapular and suprailiacal) was calculated and the aver-
age of three measurements was used for analysis. Puber-
tal stage (Tanner 1–5) was assessed by use of a validated 
self-assessment tool (Morris and Udry 1980). Resting BP 
was measured in the sitting position 3 times at 2 min inter-
vals at the right arm with an adequately sized cuff [Philips 
Small Adult (20.5–28.5 cm)] using an oscillometric device 
(Dinamap XL; Criticon Inc., Tampa, FL, USA). The mean 
of the three measurements was used for data analysis and 
z-transformed (National High Blood Pressure Education 
Program Working Group on High Blood Pressure in Chil-
dren and Adolescents 2004). A 12-lead resting electro-
cardiograph (ECG) was performed to exclude those with 
increased risk for exercise-induced arrhythmias such as 
long Q-T syndrome.

Adapted cold pressor test

The CPT was performed to identify hyperreactors 
according to the method described by Hines and Brown 
(1936), e.g. subjects who responded with an increase of 
≥15 mmHg in systolic and/or diastolic BP at the end of 
cold-water immersion (CWI) (Kasagi et al. 1995; Menkes 
et al. 1989). The CPT tests were performed at rest (session 
I) and again 30 min after completion of an exhaustive car-
diopulmonary exercise test on a cycle ergometer (session 
II). Figure 1 shows the detailed experimental protocol. In 
preparation for the CPT, subjects rested for 3 min in sitting 
position and then immersed their right hand in 37 ± 1 °C 
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temperature controlled water for 2 min. This procedure 
was chosen to guarantee identical pre-test conditions for all 
subjects. Subsequently, subjects placed their right hand up 
to and including the wrist into a custom made and tempera-
ture controlled box, containing 5 ± 1 °C cold water for a 
period of 1 min. A water pump (JBL ProFlow Maxi 750) 
produced a continuous flow around the immersed hand. 
After CWI subjects rested for 4 min. BP was measured in 
the arm, which hand was not immersed, one minute after 
warm water immersion, immediately after CWI and again 2 
and 4 min after CWI.

Assessment of microvascular endothelial function

Microvascular endothelial function was measured at rest 
and immediately after exhaustive cycling exercise using 
PAT (Endo-PAT2000®, Itamar Medical Ltd., Israel) in a 
quiet, temperature controlled and light dimmed room (22–
24 °C). Participants were in a supine position with pneu-
matic fingertip probes placed on both index fingers and 
pulse wave amplitudes (PWA) were continuously recorded. 
Pulsatile arterial volume changes at rest and after induction 
of reactive hyperemia are recorded digitally as PWA over 
time. The PWA is defined as the difference between the 
highest and lowest point of the pulse wave (arbitrary unit). 
After a 5 min baseline measurement, an ischemic stimulus 
was induced over 5 min by cuff inflation (≥220 mmHg) 
of the non-dominant upper arm which was maintained for 
5 min. The BP cuff was then rapidly deflated and bilateral 
PWA’s were recorded for 5 min. The reactive hyperemic 
index (RHI) was generated by the PAT software program 

as the ratio of the average PWA over 60 s starting 90 s after 
cuff deflation to the average PWA measured at baseline, and 
then divided by the same ratio in the contra-lateral finger. 
Reproducibility and feasibility of this device has recently 
been demonstrated in healthy adolescents (Selamet Tierney 
et al. 2009). Ratios of post-occlusion amplitudes divided 
by baseline amplitudes were calculated for both sides and 
then the response of the occluded side was divided by the 
response of the non-occluded side (control finger), result-
ing in the PAT ratio. Recent work using PAT revealed that 
the time to peak response after cuff deflation occurred later 
in children and adolescents than in adults, suggesting that 
the peak response may not be optimally detected by the 
automated algorithm provided by the manufacturer that 
uses a fixed time interval (Chen et al. 2012). Therefore, 
we also visually analyzed the overall 5 min post-occlusion 
response curve using averages of each 30 s amplitude inter-
val to determine the peak response as well as the time to 
peak. We defined the time to peak using the ‘midpoint’ of 
the corresponding 30 s average amplitude interval (e.g. 
including 15 s of this interval).

Assessment of physical activity

Physical activity (PA) measurements were obtained using 
a three axial accelerometer (GT3X, ActiGraph®, Shalimar, 
FL, USA). The monitor was attached at the right hip with a 
belt and worn for eight consecutive days, except for water 
activities, contact sports and sleeping. The accelerometer 
was programmed to record PA data every 2 s. Data from the 
accelerometers were downloaded and checked for spurious 

Fig. 1  Experimental study design. Peripheral arterial tonometry 
(PAT) and the cold pressor test (CPT) were performed twice, at rest 
(session I) and 30 min after a maximal cardiopulmonary exercise test 

(CPXT, session II, post-exercise). The boxes indicate the time seg-
ments during which the heart rate variability (HRV) and PAT data 
were analyzed
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counts. Excessively high counts (≥20,000) were removed 
from the analysis (Masse et al. 2005). Sustained periods 
of ≥20 min of continuous zero values were interpreted as 
missing. A minimum of 5 days including one weekend day 
with ≥9 h daily wear time were required for inclusion in 
the data analysis. Data were expressed as daily time spent 
at moderate-to-vigorous physical activity according to pub-
lished cut-offs (Treuth et al. 2004).

Assessment of cardiorespiratory fitness

Cardiopulmonary exercise testing (CPXT) was performed 
on an electromagnetically braked cycle ergometer (Schil-
ler 911 S, Schiller-Reomed AG, Dietikon, Switzerland) 
with online gas analysis until exhaustion. A progressive 
incremental cycle protocol was chosen to assure subjects 
achieved their limit of tolerance within 10 ± 2 min. Respir-
atory parameters were measured continuously in an open 
circuit system (CS 200, Schiller-Reomed AG, Dietikon, 
Switzerland). Heart rate and cardiac rhythm were continu-
ously analyzed using a 12-lead ECG. All subjects received 
verbal encouragement to reach their maximal performance. 
Clinical signs of exhaustion and further objective criteria 
were used to confirm peak oxygen uptake (V̇O2 peak), i.e.: a 
peak heart rate approaching 200 beats min−1, a respiratory 
exchange ratio >1.10, or oxygen plateau <2 mL kg−1 min−1 
increase in V̇O2 with increasing work rate (Armstrong et al. 
1991; Paridon et al. 2006). The highest 15 s averaged V̇O2 
achieved during the test was considered as V̇O2 peak.

Assessment of autonomic nervous system activity

Heart rate and HRV as markers of autonomic nervous sys-
tem activity were assessed with an ambulatory electrocar-
diogram (Lifecard CF, Del Mar Reynolds Medical Inc, 
Irvine, CA, USA). This system provides ECG data with 
high accuracy at a sampling frequency of 1,024 Hz (12-bit 
resolution). Recordings were performed during experimen-
tal conditions and during 24 h. All ECG recordings were 
beat-by-beat analyzed and interpreted using the Pathfinder 
Software (Spacelabs Healthcare, Nuremberg, Germany) 
and manually re-evaluated by an experienced cardiologist 
(M.W.).

During the 10 min CPTs heart rate was continuously 
monitored and 15 s averages were used to provide an accu-
rate heart rate response. R–R intervals were downloaded to 
Kubios software® and power spectral density was assessed 
(Niskanen et al. 2004). An advanced smoothness prior 
approach was applied for detrending R–R intervals using a 
smoothing parameter of λ = 500, which equals a cut-off 
frequency of 0.035 Hz (Tarvainen et al. 2002). During the 
CPT, 3 min segments of R–R data were recorded prior to 
and post CWI, and a 1 min segment during CWI (Fig. 1.) 

High frequency (HF) power as a marker of vagal activity 
was analyzed (Task Force 1996; Berntson et al. 1997) and 
presented in absolute units (ms2).In addition, to account 
for the problem of non-stationarity of R–R data, we used a 
non-linear method of HRV analysis (detrended fluctuation 
analysis, DFA) and analyzed the fractal scaling exponent 
(α1). α1 describes the fractal correlation properties of R–R 
interval data (Peng et al. 1995; Tulppo et al. 2005). It is of 
note that α1 has a strong inverse correlation to HF power 
(Hautala et al. 2003) and we have previously shown that 
α1 follows the same inverse pattern in children during HRV 
nighttime recordings (Radtke et al. 2013a).

With respect to 24 h ambulatory electrocardiography, 
time domain parameters of HRV were analyzed according 
to current recommendations (Task Force 1996). The device 
and the electrodes were attached to the chest on a normal 
school day between 10 a.m. to 12 a.m. and recording was 
terminated after 24 h. The standard deviation of normal-to-
normal intervals (SDNN) and the square root of the mean 
squared differences of successive normal-to-normal inter-
vals (rMSSD) over 24 h were calculated (Task Force 1996).

Statistical analysis

Statistical analyses were performed with SPSS for Win-
dows (Version 17.0, SPSS Inc., Chicago, USA). Shapiro–
Wilk tests were used to check data for normal distribution. 
χ2, Mann–Whitney U or t tests were performed to compare 
baseline variables between groups. Normally distributed 
data are presented as mean ± standard deviation (SD), and 
variables with skewed distribution were shown as median 
(inter-quartile range, IQR). Relations between microvas-
cular endothelial function variables were determined using 
Spearman’s rank correlation. ANCOVAs adjusting for vari-
ables differing at baseline were also performed. If the sphe-
ricity assumption was violated (P < 0.05), the Huynh–Feldt 
correction was used. A Tukey HSD test was performed to 
determine significant differences at particular time points 
in heart rate and BP during the CPT and the hyperemic 
response during PAT testing between normal reactors and 
hyperreactors. With respect to HRV analysis, the spectral 
powers were log transformed (ln). The level of significance 
was set at α = 0.05.

Results

Identification of hyperreactors

Of 378 adolescents in the age group 14–16 years enrolled 
at the Olten secondary school, of selected classes 68 stu-
dents volunteered. Fourteen declined study participa-
tion and two had to be excluded due to smoking. Finally, 
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fifty-two subjects (mean age 14.5 ± 0.7 years, 28 females) 
were included and completed all examinations. Of those, 
16 hyperreactors (31 % of the study population) were 
identified and matched with 16 controls based on age, 
sex, height and pubertal status, all of which are known 
predictors for the RHI during maturation (Radtke et al. 
2012). During the CPT at rest, systolic and diastolic 
BP significantly rose in hyperreactors by 22.6 ± 7.5 and 
6.3 ± 5.9 mmHg (P < 0.01, see Fig. 2a, b). No differences 
existed in any anthropometric characteristic, moderate-to-
vigorous physical activity, exercise capacity, resting short-
term and 24-h indices of autonomic nervous system activity 
and BP z-scores between normal reactors and hyperreactors 
(Table 1).

Characterization of hyperreactors

During CWI at rest (session I) significant changes over 
time were observed for heart rate (all P < 0.05). In hyper-
reactors, the heart rate increased from the control resting 

value by 15.2 ± 8.5 beats min−1 to the peak response at 
30 s during CWI (P < 0.001), while in normal reactors heart 
rate increased non-significantly by 3.0 ± 11.8 beats min−1 
(P = 0.326, Fig. 2c). A group × time interaction was 
observed for systolic and diastolic BP, and for heart rate 
(all P < 0.05, Fig. 2a–c), indicating a different time course 
between the two groups. No changes were found in indi-
ces of autonomic tone (Fig. 3a, b). During the CPT after 
exhaustive exercise (session II) significant changes over 
time were observed for systolic and diastolic BP and heart 
rate (all P < 0.01) but no group × time interaction was 
found (Fig. 2d–f). No between-group differences were 
observed in markers of HRV (Fig. 3c, d), except higher val-
ues for α1 in normal reactors prior to CWI (P = 0.042).

Impact of BP hyperreactivity on microvascular endothelial 
function

At rest, median (IQR) baseline PWA in the finger in 
which the occlusion was performed was significantly 

Fig. 2  Cardiovascular response to the cold pressor test at rest (upper 
graphs) and 30 min after exhaustive cycling exercise (lower graphs) 
in hyperreactors and normal reactors. Open circles represent normal 
reactors and solid circles hyperreactors. The frame indicates the time 
of cold water immersion (1 min). Please note that the measuring time 

points between blood pressure (BP) and heart rate differ. CWI cold-
water immersion. Data are mean ± SEM. *P < 0.001, and †P < 0.05 
indicate differences between normal reactors and hyperreactors at this 
particular measurement time point
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Table 1  Description of the study population according to groups of blood pressure reactivity

Data are presented as mean ± SD or median (IQR) or N (%)

BP blood pressure, MVPA moderate-to-vigorous physical activity, rMSSD root of the mean squared differences of normal-to-normal intervals, 
SDNN standard deviation of normal-to-normal intervals

A P value <0.05 indicates statistical significance

All (N = 32) Hyperreactors (N = 16) Normal reactors (N = 16) P value

Age (years) 14.0 (1.0) 14.0 (1.0) 14.0 (1.0) 0.402

Female sex, n (%) 20 (63 %) 10 (63 %) 10 (63 %) 0.642

Tanner stage 0.673

 4/5 32 (100 %) 16 (100 %) 16 (100 %)

Stature (m), mean ± SD 1.68 ± 0.05 1.67 ± 0.5 1.69 ± 0.5 0.684

Weight (kg), mean ± SD 57.7 ± 6.2 57.4 ± 7.0 58.0 ± 5.6 0.557

Body mass index (kg m−2), mean ± SD 20.5 ± 2.1 20.7 ± 2.4 20.5 ± 1.9 0.761

Sum of four skinfolds (mm), mean ± SD 46.0 ± 16.6 47.9 ± 18.7 44.3 ± 14.9 0.907

Resting heart rate (beats min−1), mean ± SD 69.4 ± 10.6 69.7 ± 10.1 69.7 ± 10.1 0.418

Systolic BP (z-score), mean ± SD −0.43 ± 0.9 −0.63 ± 0.81 −0.25 ± 0.9 0.211

Diastolic BP (z-score), mean ± SD −0.02 ± 0.7 0.20 ± 0.6 −0.53 ± 0.7 0.854

V̇O2 peak (mL kg−1 min−1), mean ± SD 41.5 ± 10.0 45.9 ± 11.2 43.8 ± 8.5 0.370

Power output (watt kg−1), mean ± SD 3.5 ± 0.5 3.3 ± 0.6 3.6 ± 0.5 0.643

Peak heart rate (beats min−1), mean ± SD 189.0 ± 6.7 188.2 ± 5.1 189.8 ± 8.0 0.613

SDNN (ms), mean ± SD 186.1 ± 40.6 181.7 ± 47.3 190.6 ± 33.6 0.546

rMSSD (ms), mean ± SD 44.2 ± 12.8 45.4 ± 13.9 42.9 ± 11.8 0.597

MVPA (min day−1), median (IQR) 36.3 (16.7) 36.0 (19.2) 36.8 (15.8) 0.928

Fig. 3  Comparison of log 
transformed (ln) high frequency 
(HF) power (in ms2) and the 
fractal scaling exponent α1 
during the cold pressor test at 
rest (upper graphs) and 30 min 
after exhaustive cycling exercise 
(lower graphs). Open circles 
represent normal reactors and 
solid circles hyperreactors. The 
frame indicates the time of cold 
water immersion (1 min). CWI 
cold-water immersion. Values 
are mean ± SEM. *P < 0.05
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lower in hyperreactors compared with normal reactors 
[(475.5 (527.9) vs. 192.7 (363.5), P = 0.026] with a non-
significant trend towards lower PWA in the control finger 
[(503.3 (530.6) vs. 281.05 (369.5), P = 0.077)]. Base-
line PWA were inversely correlated with peak response 
(R = −0.696, P < 0.001). No relationship existed 
between baseline PWA and neither heart rate nor indi-
ces of autonomic tone. Hyperreactors had a significantly 
higher RHI, peak response and a shorter time to peak 
in response to ischemia in comparison to normal reac-
tors (see Table 2). Within the ANCOVA model including 
baseline PWA as a covariate, being a hyperreactor still 
had a significant impact on PAT ratios (P = 0.041). As 
shown in Fig. 4, the overall hyperemic response curves 
indicate a higher PAT ratio at all time points in hyper-
reactors compared to their counterparts. After the acute 
exercise bout (session II), PWA were significantly higher 
compared to rest in both groups (P < 0.001). No dif-
ference was observed between hyperreactors and nor-
mal reactors in the occluded finger (747.4 ± 213.7 
vs. 786.7 ± 215.3, P = 0.608) and the control finger 

(809.2 ± 245.5 vs. 823.9 ± 203.9, P = 0.856). RHI and 
peak response were significantly lower in both groups 
compared to resting values (all P < 0.05, Table 2). After 
exercise, there was no difference between hyperreactors 
and normal reactors with regard to RHI, peak response, 
and the PAT ratio (Fig. 4). Figure 5 displays representa-
tive PAT recordings performed at rest and post-exercise 
in a hyperreactive and a normal reactive girl, matched for 
known predictors of microvascular endothelial function 
(Radtke et al. 2012).  

Discussion

Results of the present study provide novel insight into BP 
hyperreactivity and microvascular endothelial function 
in healthy adolescents. Hyperreactors showed a greater 
reactivity of the cardiovascular system with a higher RHI, 
peak response, PAT ratio and time to peak response at rest. 
Importantly, these differences were abolished after a short 
bout of maximal exercise.

Table 2  Comparison of microvascular endothelial function data measured by peripheral arterial tonometry between hyperreactors and normal 
reactors

Data are presented as mean ± SD or median (IQR). Data were analyzed using Student’s t test or Mann–Whitney U test, as indicated. The RHI 
was generated by the software program and the peak response and time to peak were individually determined

RHI reactive hyperemic index

A P value <0.05 indicates statistical significance

Variable Hyperreactor (N = 16) Normal reactor (N = 16) P value

RHI rest, mean ± SD 2.1 ± 0.4 1.6 ± 0.4 0.003

Peak response rest, mean ± SD 2.3 ± 0.6 1.6 ± 0.5 0.001

RHI post-exercise, median (IQR) 1.39 (0.16) 1.36 (0.13) 0.119

Peak response post-exercise, median (IQR) 1.20 (0.29) 1.12 (0.28) 0.491

Time to peak (s), mean ± SD 100.3 ± 44.3 202.5 ± 90.7 <0.001

Time to peak post-exercise (s), median (IQR) 130.0 (150.0) 225.0 (155.0) 0.119

Fig. 4  Comparison of micro-
vascular endothelial function 
assessed by peripheral arterial 
tonometry (PAT) between 
hyperreactors and normal reac-
tors at rest and after exhaustive 
cycling exercise. Open circles 
represent normal reactors and 
solid circles hyperreactors. Val-
ues are mean ± SEM. *P < 0.05
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In our random sample of healthy adolescents, 31 % of 
adolescents were identified as hyperreactors, consistent 
with previous reports documenting 18–34 % (Hines 1937; 
Wood et al. 1984). Hyperreactors showed no differences 
in anthropometric characteristics, physical activity levels, 
exercise capacity and indices of autonomic tone compared 
with normal reactors, supporting the assumption of a strong 
genetic predisposition for this behavior (Hines 1937; Wood 
et al. 1984).

In the present study, hyperreactors had a markedly 
higher RHI at the fingertip compared to normal reactors. It 
has been shown that adolescent and normotensive hyper-
reactors are at increased risk of developing hypertension 
(Wood et al. 1984). In a large cohort of healthy adults, 
Hamburg et al. (2011) recently observed a positive asso-
ciation between higher BP and RHI using PAT. This group 
speculated that a higher BP is likely to result in higher 
hyperemic PWA in the digit and lead to increased micro-
vascular hyperemic reaction. Our data clearly support this 
assumption in that hyperreactors produce higher PWA in 
the digits after the application of an ischemic stimulus. 
These findings appear to be partly driven by lower base-
line PWA in hyperreactors and may reflect higher adren-
ergic activation and as a consequence thereof peripheral 
vasoconstriction in the fingertips. During data analysis we 
observed a high inverse Spearman rank correlation coeffi-
cient between baseline PWA and RHI, as recently described 
by others (Lee et al. 2012). We consequently performed an 
ANCOVA with baseline PWA as a covariate and normal 
reactors and hyperreactors still significantly differed with 
regard to PAT ratios, though less significantly (P = 0.041).

Peripheral arterial tonometry is an accepted measure 
of endothelial function and NO dependent (Nohria et al. 
2006). The infusion of NG-nitro-l arginine methyl ester 

(l-NAME), a NO inhibitor, blunted the PWA response by 
46 % (Nohria et al. 2006), indicating that other vasoactive 
substances contribute to hyperemic PWA changes in the 
fingertip. Similar to these findings, Coffman (1994) dem-
onstrated that the regulation of finger blood flow is mainly 
controlled by the autonomic nervous system and to a lesser 
extent by NO. It is therefore unlikely that the increased 
hyperemic response during PAT testing at rest is the result 
of a higher NO bioavailability in the microvasculature of 
hyperreactors.

The increased vasoreactivity in hyperreactors was merely 
abolished after a short bout of maximal exercise (session 
II). Higher PWA were observed in both groups, indicative 
of post-exercise vasodilation and increased fingertip blood 
flow. Exercise-induced shear stress and concomitant NO 
release is likely to contribute to this vasodilation. A possible 
contribution of the provided snack on post-exercise PWA 
is unlikely but cannot be excluded. Since there were no 
between-group differences in baseline PWA post-exercise, 
we postulate that the increased NO release may have com-
pensated the effect of adrenergic mediated vasoconstriction 
in hyperreactors observed at rest.

Hyperreactors showed a more pronounced heart rate 
response during CWI at rest (session I). The increase in 
heart rate was not accompanied with substantial changes in 
HF power (ms2) as a marker of vagal activity. This suggests 
that the increase in heart rate was due to adrenergic acti-
vation rather than vagal withdrawal, consistent with pre-
vious reports in healthy subjects, showing that adrenergic 
blockade abolishes the increase in heart rate (Victor et al. 
1987). After exhaustive cycling exercise, the elevated car-
diovascular response to the CPT in hyperreactors was no 
longer evident. Post-exercise CWI significantly augmented 
vagal activity. This observation can partially be explained 

Fig. 5  Comparison of periph-
eral arterial tonometry (PAT) 
recordings between a hyper-
reactive and normal reactive 
girl (both 14 years of age) at 
rest and after cardiopulmonary 
exercise testing. Subjects were 
matched for age, sex, height and 
Tanner stage. Raw pulse wave 
amplitudes are displayed at a 
gain of 200 (Endo-PAT2000®, 
Itamar Medical Ltd., Israel)
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by exercise-induced changes in overall sympathetic nerv-
ous system activity.

Altogether, cause-effect relationships between hyperre-
activity and microvascular endothelial function cannot be 
explained with the present study. Importantly, α adrenore-
ceptors in resistance vessels play an important role in the 
regulation of vascular tone (Van Zwieten et al. 1984), but 
we can only speculate that receptor responsiveness and/or 
receptor sensitivity may be altered in hyperreactive sub-
jects. The contribution of NO and the autonomic nervous 
system in the fingertip hyperemic response of hyperreac-
tors could be a focus of future studies.

Several limitations of this study need to be discussed. 
Under optimal experimental conditions, spectral power 
analysis of HRV requires stationary data for periods of 
4–5 min. In our setting, shorter time periods were analyzed 
(1 min segments during CWI) and non-stationarity was 
likely due to changes in heart rate. Consequently, these data 
should be interpreted with caution. Nevertheless, spectral 
power analysis of HF power, as a marker of vagal activ-
ity, can be performed with 1 min segments (Berntson et al. 
1997; Task Force 1996). Moreover, we used a non-linear 
method of HRV (DFA), that is not affected by non-station-
arity and which revealed comparable results to HF power 
during the CPT.

Hormonal changes during the female menstrual cycle 
are known to affect the elastic properties of central arteries 
(Hayashi et al. 2006). Our experiments were not conducted 
at a particular time point during the female menstrual cycle, 
and potential effects of menstrual cycle phase on elastic 
properties of peripheral arteries in the fingertips using PAT 
cannot completely be excluded.

Conclusion

The present study demonstrates that normotensive BP 
hyperreactors have a higher RHI at the fingertip. PAT is 
an emerging, easily applicable and operator-independent 
technique used to assess microvascular endothelial func-
tion. However, the operator should be aware of methodo-
logical caveats, such as the impact of vascular hyperreac-
tivity on the RHI. Otherwise, vascular hyperreactivity may 
mimic good vascular endothelial health and therefore bias 
the interpretation of individual cardiovascular risk using 
RHI. Especially in studies with small sample sizes and 
those assessing individual cardiovascular risk, identifica-
tion of hyperreactors prior to the application of PAT should 
be considered. Future studies are warranted to elucidate the 
physiological mechanism linking BP hyperreactivity and 
microvascular endothelial function preferably in longitudi-
nal designs and in response to repetitive exercise.
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