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Does overnight duty affect vascular 
endothelial function?
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Abstract 

Background:  The reactive hyperemia index (RHI), which is obtained from the measurement of peripheral arterial 
tonometry (PAT), is highly associated with the percentage change in the end-diastolic arterial diameter (%flow-medi-
ated dilatation) at reactive hyperemia. Low RHI is reported to be a mortality risk in patients with a high risk of cardio-
vascular (CV) disease. CV events are thought to be induced by physical and mental stress, including long-term fatigue 
and lack of sleep. However, the relationship between fatigue, lack of sleep, and endothelial function has not yet been 
established.

Methods:  Healthy hospital workers (n = 13, 6 men and 7 women) with an average age of 31.6 years were assigned to 
this study after they provided written informed consent. During the study period, we conducted 72 measurements of 
reactive hyperemia-peripheral arterial tonometry (RH-PAT) in the morning before or after their duty. At each measure-
ment of the RH-PAT, we recorded the participants’ hours of sleep and evaluated their degree of fatigue using a visual 
analog scale (VAS).

Results:  Although the VAS was significantly less (36 ± 16% and 64 ± 12%, p < 0.001) and the hours of sleep were 
longer (6.0 ± 1.1 h and 2.3 ± 1.0 h, p < 0.001) before duty compared to those after duty, the RHI was comparable 
between them (2.12 ± 0.53 vs. 1.97 ± 0.50, p = 0.21). The VAS score was significantly higher in participants with low 
RHI (< 1.67) than in those with normal RHI (≥ 2.07) (59 ± 13% and 46 ± 21%, respectively, p < 0.05). However, binary 
logistic regression showed no significant association between low RHI and the VAS when adjusted for systemic blood 
pressure (SBP) and heart rate variability (HRV). In a simple regression analysis, the RHI was significantly correlated with 
the VAS score but not with sleep duration. A multiple linear regression analysis also showed no significant association 
between the RHI and VAS scores after adjustment for SBP and HRV.

Conclusions:  Vascular endothelial function was not associated with overnight duty, hours of sleep, or degree of 
fatigue in healthy young adults. Since the RHI may be decreased in severe fatigue conditions through autonomic 
nerve activity, one should consider the physical and mental conditions of the examinee when evaluating the RH-PAT 
results.

Keywords:  Reactive hyperemia index (RHI), Peripheral arterial tonometry (PAT), Vascular endothelial function, Fatigue, 
Sleep
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Background
In recent years, the role of the endothelium in the 
development of clinical cardiovascular disease (CVD) 
has been well established [1]. Endothelial dysfunction, 
characterized by reduced availability of nitric oxide 
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(NO), has been recognized as a clear pathophysiolog-
ical state that is involved in the development of ath-
erosclerosis and CVD. Endothelial dysfunction is the 
hallmark of the early stage of coronary artery disease 
[2]. If present in coronary arteries or peripheral ves-
sels, it is an independent predictor of cardiovascular 
events. Given that endothelial dysfunction is revers-
ible, early detection of this disorder may have thera-
peutic and prognostic implications [3]. Therefore, 
early detection of vascular damage before clinical CVD 
development has become the goal of prevention [4, 5].

Vascular dysfunction, which may progress to vascu-
lar failure, has been evaluated using several methods. 
Assessment of coronary artery endothelial function, 
which is regarded as the "gold standard" for endothe-
lial function testing, is invasive because vasodila-
tion and increases in the coronary blood flow should 
be measured by intravascular infusion of vasoactive 
agents [6]. In contrast to such invasive procedures, 
non-invasive techniques have been commonly used, 
such as flow-mediated dilation (FMD) of the brachial 
artery and peripheral arterial tonometry (PAT) [7–9]. 
FMD reflects conduit artery reactivity [10], while PAT 
represents microvascular status [11]. FMD is tech-
nically demanding as it requires specific training, 
depends on the operator, and the methodology varies 
across different laboratories [12–14]. Compared with 
traditional FMD, the advantages of PAT include non-
operator-related standardized measurements. Because 
its analysis is carried out using computer automatic 
algorithms, there is no difference between observers.

The reactive hyperemia index (RHI), which is 
obtained from the measurement of PAT, is highly asso-
ciated with the percentage change in the end-diastolic 
arterial diameter (%flow-mediated dilatation, %FMD) 
at reactive hyperemia [11]. A low RHI is reported to be 
a mortality risk in patients at a high risk of CVD [15]. 
It has been reported that long-term fatigue or exhaus-
tion is related to CVD [16, 17]. In addition to exhaus-
tion, CVD is also related to a lack of sleep, anxiety, 
and lack of social support [18–20]. Therefore, fatigue 
is most likely involved in the pathogenesis of endothe-
lial dysfunction and CVD. However, the relationship 
between the degree of fatigue after long duration of 
work and changes in endothelial function has not yet 
been established. Because fatigue is sometimes asso-
ciated with lack of sleep, we conducted this study to 
measure the endothelial function of on-duty workers 
using RH-PAT and to evaluate the effect of overnight 
duty, fatigue, or lack of sleep on vascular endothelial 
function.

Methods
Experimental design
The study protocol was conducted in accordance with the 
Declaration of Helsinki and approved by the ethical com-
mittee of the Shimane University Faculty of Medicine 
(#20191106-1). Written informed consent was obtained 
from all the participants in this study.

The primary endpoint in this study was the changes in 
endothelial function after overnight duty. The secondary 
endpoint was the relationship between endothelial func-
tion and fatigue or sleep. The intervention was duty work, 
where the participants may sleep for some time depend-
ing on the work. A total of six RH-PAT examinations 
of vascular endothelial function for each subject, three 
inspections before daytime work, and three inspections 
after nighttime work, were independently performed in 
the morning before breakfast. To measure the degree of 
fatigue, the Chalder Fatigue Question (CFQ) scale and 
the Visual Analog Scale (VAS) were used, and the par-
ticipants’ sleep duration on the night before the RH-PAT 
examination was recorded each time.

Subjects
We recruited healthy volunteers over the age of 20 years 
who had nighttime duty from Shimane University Hos-
pital as experimental subjects. Thirteen healthy hospital 
workers (6 men and 7 women) with an average age of 
31.6 ± 8.6  years and BMI of 20.8 ± 1.7  kg/m2, free from 
medication and without any former history of CVD, 
hypertension, or diabetes mellitus were registered to this 
study.

Assessment of vascular endothelial function using 
Endo‑PAT
Endothelial function and HRV were estimated using the 
Endo-PAT device (Itamar Medical Ltd., Caesarea, Israel), 
which is a non-invasive technology that can record 
the pulse wave amplitude of the finger arteries with a 
pneumatic probe to capture pulsatile plethysmograph 
and detect peripheral arterial tone. Peripheral arterial 
tonometry (PAT) was performed in response to reactive 
hyperemia. In the 12 h before the PAT, subjects refrained 
from smoking, drinking caffeinated beverages, and eat-
ing food. In the examination, the subject was in a quiet 
room with a constant temperature of 20–24 °C and in a 
comfortable sitting position with their hands at the heart 
level. A finger probe was placed on the index finger of 
each hand, and the pressure cuff was placed on the upper 
arm. The RH protocol included a 7-min baseline meas-
urement, and then the blood pressure cuff on the test 
arm was inflated to 60 mmHg above the baseline systolic 
pressure or at least 200 mmHg for 5 min. The occlusion 
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of pulsatile arterial flow was confirmed by the reduc-
tion of the PAT tracing to zero. After 5 min, the cuff was 
deflated, and the PAT tracing was recorded for an addi-
tional 5  min. A computer algorithm that automatically 
normalizes the baseline signal was used to calculate the 
ratio of the PAT signal to the baseline after the cuff was 
released and to the contralateral arm. The PAT data were 
analyzed using a computer in a manner independent of 
the operator. PAT was also configured to reduce arte-
rial wall tension and increase the range of arterial wall 
motion without causing potentially confusing vasomo-
tor changes. A value of < 1.67 was considered to indicate 
endothelial dysfunction, which was determined in other 
literature in the population at risk of ischemic heart dis-
ease [21, 22]. Therefore, in this study, we assigned sub-
jects with RHI < 1.67 to the abnormal group, and those 
with 1.67 ≤ RHI > 2.07 to the critical value group, and 
those with RHI ≥ 2.07 to the normal group. The repro-
ducibility of the PAT measurements was verified using 
statistical procedures reported previously [23]. Endo-
PAT provides the augmentation index (AI) and the base-
line pulse amplitude. AI (%) adjusted at a heart rate of 
75 bpm (AI@75 bpm) was also assessed in this study.

HRV results were available in the time domain and fre-
quency domain formats. The time domain assessed the 
R-R interval, the standard deviation of normal-to-normal 
intervals (SDNN), the square root of the mean squared 
differences of successive normal-to-normal intervals 
(rMSSD), the number of N–N intervals differing by more 
than 50 ms (NN50), the NN50 divided by the total num-
ber of N–N intervals (pNN50), and the HRV triangular 
index. The rMSSD reflects short-term heart rate vari-
ability, whereas SDNN is attributed to long-term changes 
in heart rate variability. The SDNN represents the sym-
pathetic and parasympathetic nerve activity, but it does 
not allow us to distinguish when changes in HRV are due 
to an increase in sympathetic tone or the withdrawal of 
vagal tone. The rMSSD and pNN50 indices represent 
parasympathetic nerve activity. In the frequency domain, 
data were analyzed for low frequency (LF), high fre-
quency (HF), and the ratio between low-frequency and 
high-frequency (LF/HF). HF (0.15–0.4  Hz) is related to 
parasympathetic nerve activity, and LF (0.04–0.15 Hz) is 
related to sympathetic and parasympathetic nerve activi-
ties. The LF/HF ratio represents the sympathetic-vagal 
balance [24].

Assessment of the degree of fatigue using CFQ and VAS 
scale
The CFQ scale was used to assess fatigue. The scale was 
developed as a brief assessment tool for primary and sec-
ondary care. The version we used includes 11 items that 
consist of questions about fatigue symptoms, such as 

tiredness, sleepiness, lack of energy, insufficient muscle 
strength, difficulty in concentration, and memory. Each 
item required participants to rate the frequency of symp-
toms by choosing among four options: “less than usual,” 
“no more than usual,” “more than usual,” and “much more 
than usual.” A score ranging from 0 to 3 was given with 
the use of the Likert scale. The total score of the scale was 
obtained by adding the rating for each item, ranging from 
0 to 33. Alternatively, a bimodal score ranging from 0 to 
11 can be used where response options “less than usual” 
and “no more than usual” are given scores of 0, and “more 
than usual” and “much more than usual” are given scores 
of 1. Our study defined 0–11 points as less fatigue, 12–22 
as moderate fatigue, and ≥ 23 as severe fatigue. The VAS 
scale was recorded for each examination based on the 
degree of subjective fatigue.

Statistical analysis
All data were presented as the mean ± standard deviation 
(SD), or frequency and percentage. For parametric data 
with a normal distribution, Student’s t-tests for paired 
observations were used as appropriate. Categorical data 
were evaluated using ANOVA and Fisher’s least signifi-
cant difference test. Associations between RHI, sleep, 
and fatigue were examined using simple linear regres-
sion. The association between RHI and VAS scores was 
examined by multiple linear regression analysis to adjust 
for SBP, SDNP, rMSSD, and HR. Binary logistic regres-
sion models were used to explore the association between 
the RHI (dependent variable) and variates (independent 
variables) and expressed as odds ratios (ORs) and 95% 
confidence intervals (CIs). Statistical significance was set 
at p < 0.05. All statistical analyses were conducted using 
SPSS (version 25.0; IBM Corp., Armonk, NY, USA).

Results
RHI distribution before and after duty
This study was conducted with 13 healthy participants, 
and the data were collected for statistical analysis. A total 
of 72 RH-PAT examinations were completed except for 
six other examinations. The RHI, CFQ, VAS scale, sleep 
duration, heart rate (HR), and HRV of the study par-
ticipants were evaluated to analyze the changes in vas-
cular endothelial function before and after duty. The 
results showed that the RHI was not significantly dif-
ferent between before and after duty (2.12 ± 0.53 and 
1.97 ± 0.50, p = 0.21) (Table 1).

The CFQ scale significantly increased after duty com-
pared with before duty. A similar change in the VAS 
scores was also observed (Table  1). A significant reduc-
tion in sleep duration and HR was found after duty, 
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while the values of rMSSD and NN50 were significantly 
increased (Table 1).

These results suggest that duty affects the subjective 
feeling of fatigue and the autonomic nervous system, but 
not vascular endothelial function. Since some partici-
pants felt fatigued even before duty for unknown reasons, 
we focused on the relationship between the degree of 
fatigue and vascular endothelial function.

Association between fatigue, sleep duration, HRV, 
and endothelial function
To investigate whether fatigue or sleep deprivation may 
affect vascular endothelial function, we performed fur-
ther analyses. Participants were divided into three groups 
according to RHI: normal, critical value, and abnormal 
group. Although ANOVA and posthoc analysis indi-
cated no significant difference in sleep duration or CFQ 
scale among them, the VAS was significantly higher in 
the abnormal RHI group than in the normal RHI group 
(59 ± 13% and 46 ± 21%, respectively, p < 0.05) (Table  2). 
This suggests that a high degree of fatigue monitored by 

Table 1  Comparison between before duty and after duty

Comparison of PAT data of healthy people before and after duty are shown in 
Table 1. Data are presented here as mean ± standard deviation

AI, augmentation index; AI@75 bpm, augmentation index adjusted at heart 
rate 75 bpm; CFQ, Chalder Fatigue Question; DBP, diastolic blood pressure; 
HF, high frequency; HR, heart rate; LF, low frequency; LF/HF, the ratio between 
low-frequency and high-frequency; N, number; VAS, visual analog scale; NN50, 
number of N–N differing by more than 50 ms; pNN50, NN50 divided by the total 
number of N–N intervals; RHI, Reactive hyperemia index; rMSSD, root mean 
squared standard deviation; SBP, systolic blood pressure; SD, standard deviation; 
SDNN, standard deviation of normal-to-normal intervals

Statistical analysis was done with paired t test, where p < 0.05 was considered as 
significant

Variables Before duty After duty p value
Mean ± SD Mean ± SD

CFQ scale 9 ± 4 17 ± 4  < 0.05

Sleep duration (h) 6.0 ± 1.2 2.3 ± 1.0  < 0.05

VAS scale (%) 36 ± 16 64 ± 12  < 0.05

RHI 2.12 ± 0.53 1.97 ± 0.50 0.21

HR (bpm) 69 ± 9 64 ± 7 0.01

SBP (mmHg) 110 ± 9 112 ± 11 0.35

DBP (mmHg) 64 ± 7 64 ± 7 0.98

SDNN (ms) 46.59 ± 17.27 53.52 ± 15.28 0.08

rMSSD (ms) 40.27 ± 22.37 51.63 ± 23.33 0.04

NN50 (ms) 23.32 ± 22.89 35.06 ± 22.83 0.03

pNN50 (ms) 0.96 ± 3.80 0.12 ± 0.08 0.18

LF (ms2) 12.49 ± 4.51 14.16 ± 4.12 0.72

HF (ms2) 116.09 ± 59.44 120.92 ± 52.75 0.62

LF/HF 177.97 ± 68.65 186.20 ± 70.11 0.47

AI (%) 0.77 ± 0.54 0.90 ± 0.91 0.33

AI@75 bpm (%) − 2.54 ± 11.06 0.29 ± 13.18 0.97

Table 2  Comparison of sleep, fatigue HRV and AI among RHI 
three groups

Table shows the correlation between different RHI groups and HRV, sleep, and 
fatigue. Participants were divided into 3 groups by RHI: normal (< 1.67), critical 
value (1.67–2.07), and abnormal (≥ 2.07) groups. Data are presented here as 
mean ± standard deviation

Variables RHI N Mean SD p value

Sleep duration (h) Normal 34 4.4 2.2 –

Critical value 20 4.2 2.4 0.84

Abnormal 18 4.0 1.9 0.61

VAS scale (%) Normal 34 46 21 –

Critical value 20 48 21 0.65

Abnormal 18 59 13 0.02

CFQ scale Normal 34 13 6 –

Critical value 20 12 7 0.35

Abnormal 18 14 5 0.74

SBP Normal 34 108 9 –

Critical value 20 112 10 0.19

Abnormal 18 114 11 0.07

DBP Normal 34 64 8 –

Critical value 20 66 7 0.23

Abnormal 18 63 5 0.85

HR Normal 34 68 9 –

Critical value 20 65 8 0.17

Abnormal 18 64 6 0.09

SDNN (ms) Normal 34 46.05 16.14 –

Critical value 20 52.39 12.41 0.18

Abnormal 18 54.22 20.41 0.09

rMSSD (ms) Normal 34 40.84 19.82 –

Critical value 20 46.49 16.74 0.39

Abnormal 18 53.77 32.91 0.06

NN50 (ms) Normal 34 24.74 23.26 –

Critical value 20 33.00 23.76 0.22

Abnormal 18 32.72 23.39 0.25

pNN50 (ms) Normal 34 55.71 280.91 –

Critical value 20 10.84 8.17 0.57

Abnormal 18 103.60 395.24 0.55

LF (ms2) Normal 34 109.69 64.08 –

Critical value 20 138.01 52.48 0.07

Abnormal 18 113.23 37.31 0.83

HF (ms2) Normal 34 180.30 77.14 –

Critical value 20 187.03 72.97 0.73

Abnormal 18 179.49 48.35 0.97

LF/HF Normal 34 0.76 0.62 –

Critical value 20 1.03 0.94 0.20

Abnormal 18 0.76 0.70 0.99

AI (%) Mild 33 − 3.00 11.53 –

moderate 35 0.68 11.83 0.22

Severe 5 − 1.60 18.43 0.81

AI@75 bpm (%) Normal 34 − 5.32 10.24 − 

Critical value 20 − 5.20 14.20 0.97

Abnormal 18 − 10.83 9.19 0.10
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the VAS scale, but not the CFQ scale, may be associated 
with vascular endothelial dysfunction.

Compared with the normal RHI group, SBP, SDNN, 
and rMSSD tended to increase in the abnormal group, 
and the LF of the critical value group tended to increase, 
whereas the HR of the abnormal group tended to 
decrease (Table  2). Thus, we performed a binary logis-
tic regression analysis for low RHI to adjust for SBP, 
SDNN, and rMSSD (Table  3). The results showed that 
the VAS score was independently associated with RHI 
in model 1 (OR 1.04 [95%CI 1.00–1.07]; p = 0.026) and 
remained independently associated with RHI when SBP 
was adjusted in model 2 (OR 1.03 [95%CI 1.00–1.07]; 
p = 0.044); however, no statistical significance was 
observed when SBP and HRV were adjusted in model 3 
(OR 1.03 [95%CI 1.00–1.07]; p = 0.056) (Table 3).

In a simple regression analysis, an inverse associa-
tion between sleep duration, CFQ scale (r = − 0.761, 
p < 0.05), and VAS (r = − 0.579, p < 0.05) were observed 
(Fig.  1), suggesting that the degree of fatigue is rela-
tively parallel with lack of sleep. As for endothelial 
function, no significant correlation was found between 
the RHI and sleep duration (r = 0.045, p = 0.71) (Fig. 2a) 
or the CFQ scale (r = 0.002, p = 0.89) (Fig. 2b). In con-
trast, the RHI was significantly correlated with the VAS 
score (r = − 0.287, p < 0.05) (Fig.  2c). Furthermore, no 
association was found between AI@75  bpm and sleep 
or fatigue (Additional file 1: Supplementary Figure S1). 
In a multiple linear regression analysis, although the 
RHI was significantly correlated with the VAS even 
after adjusting for SBP, no significant association was 
found when SDNN, rMSSD, and HR were added for 

AI, augmentation index; AI@75 bpm, augmentation index adjusted at heart rate 
75 bpm; CFQ, Chalder Fatigue Question; DBP, diastolic blood pressure; HF, high 
frequency; HR, heart rate; HRV, heart rate variability; LF, low frequency; LF/HF, 
the ratio between low-frequency and high-frequency; N, number; VAS, visual 
analog scale; NN50, number of N–N differing by more than 50 ms; pNN50, NN50 
divided by the total number of N–N intervals; RHI, Reactive hyperemia index; 
rMSSD, root mean squared standard deviation; SBP, systolic blood pressure; SD, 
standard deviation; SDNN, standard deviation of normal-to-normal intervals

Statistical analysis was done with ANOVA test and Fisher’s LSD test, where 
p < 0.05 was considered as significant

Table 2  (continued)

Table 3  Odds ratios in three models of binary logistic regression 
analysis for low RHI

Table shows the participants were divided into 2 groups by RHI: normal (< 1.67), 
and abnormal (≥ 1.67) groups

CI, confidence interval; HR, heart rate; OR, odds ratio; RHI, Reactive hyperemia 
index; rMSSD, root mean squared standard deviation; SBP, systolic blood 
pressure; SDNN, standard deviation of normal-to-normal intervals; VAS, visual 
analog scale

Statistical analysis was done with binary logistic regression analysis where 
p < 0.05 was considered as significant

Variables OR (95%CI) p value

Model 1

 VAS scale (%) 1.04 (1.00–1.07) 0.026

Model 2

 VAS scale (%) 1.03 (1.00–1.07) 0.044

 SBP (mmHg) 1.03 (0.97–1.09) 0.303

Model 3

 VAS scale (%) 1.03 (1.00–1.07) 0.056

 SBP (mmHg) 1.04 (0.97–1.10) 0.267

 rMSSD (ms) 1.02 (0.97–1.06) 0.431

 SDNN (ms) 0.99 (0.93–1.06) 0.785

 HR (bpm) 0.97 (0.89–1.06) 0.501

Fig. 1  Relationship between the degree of fatigue and sleep duration in 72 RH-PAT examinations. There was a significant association between 
sleep and the CFQ scale (a) or VAS scale (b). Statistical significance was set at p < 0.05
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the adjustment (Table  4). RHI was negatively corre-
lated with SBP and positively correlated with HR. These 
results are consistent with those from binary logistic 
regression analyses.

Discussion
Endothelial dysfunction is considered an initial step in 
the pathophysiology of atherosclerosis and cardiovascu-
lar complications [25]. However, whether overnight duty 
affects vascular endothelial function, and if so, what is 
the mechanism remain unclear. In this study, we focused 
on the relation to fatigue and found that compared with 
before duty, both CFQ and VAS scores increased after 
duty without significant differences in RHI, suggesting 
that overnight duty induced the subjective feeling fatigue 
and not endothelial dysfunction. We also found that the 
RHI was significantly correlated with the VAS score after 
adjusting for SBP but not after adjusting for HRV. This 
suggests that low RHI results may be associated with 
severe fatigue conditions, most likely through sympa-
thetic and/or parasympathetic nerve activity.

The present study showed that HR after duty was sig-
nificantly reduced compared to that before duty. In con-
trast, rMSSD and NN50 were significantly increased, 
which is consistent with previous findings [26]. The 
interaction can occur intensively through the influence 
of endothelial mediator, mainly NO, on the function of 
the autonomic nervous system. Nitric oxide synthases, 
including endothelial and neuronal isoforms, are distrib-
uted in the central nervous system and are responsible 
for autonomous regulation [27, 28]. Human studies have 

Fig. 2  Relationship between RHI and sleep duration or the degree of fatigue in 72 RH-PAT examinations. No significant association was observed 
between the reactive hyperemia index (RHI) and sleep duration (a) or CFQ scale (b) in 13 healthy subjects. However, a significant correlation was 
observed between the RHI and VAS scale (c). A linear regression line is shown (p < 0.05, considered significant)

Table 4  A multiple linear regression analysis for RHI

Table shows the participants were divided into 2 groups by RHI: normal (< 1.67), 
and abnormal (≥ 1.67) groups

HR, heart rate; RHI, Reactive hyperemia index; rMSSD, root mean squared 
standard deviation; SBP, systolic blood pressure; SDNN, standard deviation of 
normal-to-normal intervals; SE, standard error; VAS, visual analog scale; VIF, 
variance inflation factor

Statistical analysis was done with multiple linear regression analysis where 
p < 0.05 was considered as significant

Variables Beta SE Standard beta p value VIF

Model 1

 SBP (mmHg) − 0.01 0.01 − 0.21 0.071 1.04

 VAS scale (%) − 0.01 0.00 − 0.25 0.034 1.04

Model 2

 SBP (mmHg) − 0.01 0.01 − 0.26 0.026 1.07

 SDNN (ms) − 0.01 0.01 − 0.16 0.371 2.63

 rMSSD (ms) 0.00 0.00 0.07 0.703 2.80

 HR (bpm) 0.02 0.01 0.30 0.017 1.19

 VAS scale (%) − 0.01 0.00 − 0.19 0.100 1.10
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also shown that NO may enhance cardiac vagal nerve 
control and inhibit sympathetic nerve activity [29, 30]. 
In Tables 3 and 4, we found that the correction by HRV 
diminished the statistical significance of the association 
between RHI and VAS, suggesting that severe fatigue 
conditions may lead to low RHI results through auto-
nomic nerve activity.

We conducted multiple linear regression analyses 
and found that SBP was negatively correlated with RHI, 
which is the same as in previous studies [31]. Endothelial 
dysfunction promotes apoptosis of vascular endothelial 
cells [32], leading to arteriosclerosis [33], thereby reduc-
ing the ability of the vascular system to buffer the rise in 
SBP caused by left ventricular ejection [34]. Endothelial 
dysfunction is characterized by decreased bioavailability 
of vasodilators, especially NO, and/or increased vasocon-
strictors such as endothelin [35]. The resulting imbalance 
between vasodilation and vasoconstriction may cause 
damage to endothelium-dependent vasodilation [36].

In simple linear regression, we clearly showed an 
inverse association between the degree of fatigue and 
sleep duration. Although we did not find a significant 
relationship between sleep duration and endothelial 
function in healthy young workers, previous short-term 
physiological studies have shown that insufficient and/
or inadequate sleep is associated with slowed glucose 
metabolism and an increase in inflammatory media-
tors, suggesting that lack of sleep is sufficient to trigger 
the development of endothelial dysfunction [37]. Takase 
et  al. observed that a combination of 4-week stress and 
sleep deprivation attenuated endothelial function meas-
ured by FMD in the brachial artery in 30 healthy col-
lege students [38]. It is reasonable to hypothesize that 
long-term lack of sleep may contribute to stress-induced 
sympathetic or parasympathetic nerve activity changes, 
hormonal changes, and increase in basal levels of inflam-
matory mediators and coagulation factors, thereby trig-
gering CVD development even in healthy people. This is 
an important issue in public health and health risk man-
agement and deserves further attention.

Endothelial function may be a functional expression of 
the overall burden of cardiovascular risk factors, which 
reflects the sum of all vascular protective factors and 
becomes a parameter of disease activity [39]. Accord-
ing to epidemiological evidence, fatigue and/or men-
tal stress are related to CVD development [16, 17, 40, 
41], and the physiological process of fatigue must affect 
vascular function. We showed that subjectively severe 
fatigue was related to low RHI without HRV correction, 
which is consistent of previous studies [42]. However, 
they measured the RHI before work in the morning and 
after work in the evening. Another study showed that the 
FMD at 8:00 and 12:00 was significantly lower than that 

at 17:00, indicating that morning attenuation of endothe-
lial function should be considered in clinical research 
and may play an important role in the circadian variation 
in the occurrence of cardiovascular events [43]. Thus, a 
morning fasting examination is desirable for measuring 
endothelial function. Therefore, for all examinations, we 
measured the RHI in the morning before duty as well as 
after overnight duty.

Endo-PAT provides AI, baseline pulse amplitude, and 
RHI, which correlate with endothelial function and car-
diovascular risk factors [8, 44]. The AI is derived from 
the arterial pulse waveform, which is determined by the 
ratio between the augmentation pressure and pulse pres-
sure, which is a measure of peripheral arterial stiffness 
and macrovascular disease. Studies have found that AI is 
a predictor of adverse cardiovascular events in different 
patient populations, with higher AI indicating increased 
end-organ damage [45]. In the present study, however, 
the participants were all healthy, and the AI was not 
related to duty, fatigue, or sleep.

Our study has some limitations. First, we had a small 
number of subjects, which is a major weakness of this 
study and may result in the inconsistent findings with 
the majority of other previous works [46–50]; Second, in 
the present study, we did not consider the quality of sleep 
and insomnia, which affect vascular endothelial function, 
respectively [51, 52], where noise-induced impairment of 
sleep quality has been shown to cause endothelial dys-
function as measured by FMD [53, 54]; and third, fatigue 
assessment is subjective but not objective. Regarding 
the discrepancy of our results and other previous works 
showing overnight duty-associated endothelial dysfunc-
tion, small number of our participants and their young 
and healthy characteristics might be involved. Because 
sleep disturbance, poor quality of sleep, and insom-
nia probably induces fatigue feeling, extensive future 
study is necessary to clarify the mechanism of vascular 
endothelial dysfunction. Nonetheless, we evaluated the 
risks other than the non-traditional risk factors, includ-
ing fatigue and lack of sleep, thus laying a foundation for 
rational work arrangements and self-health management 
in our daily lives.

Conclusions
Vascular endothelial function was not associated with 
overnight duty, hours of sleep, or degree of fatigue in 
healthy young adults. Since the RHI may be decreased 
in severe fatigue conditions through autonomic nerve 
activity, one should consider the physical and mental 
conditions of the examinee when evaluating the RH-PAT 
results.
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