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Shiftwork has been associated with elevated blood pressure (BP) and decreased heart-
rate variability (HRV), factors that may increase the long-term risk of cardiovascular-
related mortality and morbidity. This study explored the effect of shiftwork on
dynamic changes in autonomic control of HRV (cardiac stress), systolic BP and dias-
tolic BP, i.e., SBP and DBP (vascular stress), and recovery in the same subjects
working different shifts. By studying the same subjects, the authors could reduce the
effect of possible contribution of between-subject variation from genetic predisposi-
tion and environmental factors. The authors recruited 16 young female nurses
working rotating shifts—day (08:00-16:00 h), evening (16:00-00:00 h), and night
(00:00-08:00 h)—and 6 others working the regular day shift. Each nurse received
simultaneous and repeated 48-h ambulatory electrocardiography and BP monitoring
during their work day and the following off-duty day. Using a linear mixed-effect
model to adjust for day shift, the results of the repeated-measurements and self-
comparisons found significant shift differences in vascular stress. While working the
night shift, the nurses showed significant increases in vascular stress, with increased
SBP of 9.7 mm Hg. The changes of SBP and DBP seemed to peak during waking
time at the same time on the day off as they did on the working day. Whereas' HRV
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profiles usually returned to baseline level after each shift, the SBP and DBP of night-
shift workers did not completely return to baseline levels the following off-duty day
(p <.001). The authors concluded that although the nurses may recover from
cardiac stress the first day off following a night shift, they do not completely recover
from increases in vascular stress on that day. (Author correspondence:
jdwang@ntu.edu.tw)

Keywords Ambulatory electrocardiographic monitoring; Blood pressure; Heart rate
variability; Night shift; Shiftwork

INTRODUCTION

Shiftwork has been associated with elevated blood pressure (BP) and
decreased heart-rate variability (HRV), two factors that may increase the
long-term risk of cardiovascular disease mortality and morbidity (Furlan
et al.,, 2000; Harrington, 1994; Knutsson et al., 1986; Taylor & Pocock,
1972; Tenkanen et al., 1997; Vrijkotte et al., 2000). The interference of
circadian rhythm by shiftwork may also increase psychosomatic, psycho-
neurotic, and gastrointestinal disorders (Axelsson et al., 2006; Moreno
et al., 2006; Reinberg et al., 2007).

Both HRV and BP are controlled by autonomic nervous system
activity, which oscillates over the 24 h (Quan et al., 1997). The mismatch
and desynchronization between circadian rhythms and shiftwork may
influence the fluctuations of autonomic activity, as shown in studies of
plasma and urine catecholamines (Fujiwara et al., 1992; Rutenfranz et al.,
1988; Yamasaki, 1998) and HRV monitoring (Freitas et al., 1997).
However, the aforementioned studies have not taken into consideration
the contribution of between-subject variation from genetic predisposition
and environmental factors. Many studies of twins have found individual
differences in HRV and BP variation to be influenced by genetic predis-
position. Between 13% and 39% of twins are reported to have similar
HRVs, but the percentage increases to 51% in times of stress. These
studies suggest that people have their own basic patterns of HRV and BP
(Boomsma et al., 1990; Busjahn et al., 1998; Degaute et al., 1994; Fava
et al., 2005; Kupper et al., 2004; Singh et al., 1999; Sinnreich et al.,
1999; Snieder et al., 1997).

In the present study, we performed simultaneous 48-h ambulatory
electrocardiography (ECG) and BP monitoring of the same group of
female nurses as they rotated through different shifts to explore the
effects of shiftwork on the subjects’ circadian patterns of HRV and BP
and their recovery after different shifts. The repeated-measurements of
these variables in the same subjects may help reduce contributions of
between-subject variation and environment.
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METHODS
Subjects

Subjects were recruited from a municipal hospital in Taipei, Taiwan,
with 600 beds and 330 nurses. We recruited eight nurses from the
Intensive Care Unit (ICU) and eight from the Internal Medicine Ward
(IMW) who worked rotating shifts. Eight additional nurses from the same
hospital’s outpatient clinic (OPC), who worked only the regular day shift,
were also recruited to serve as a comparison group. To prevent potential
confounding effects from housework and childcare at home, we enrolled
only nurses who were unmarried and not caring for children. The study
was conducted during a single season, from March to June 2005 when the
average temperature in Taipei ranged between 18°C and 24°C and the
duration of daylight ranged between 12 and 13 h, to control for potential
seasonal variations of BP and tolerance of shiftwork (McLaughlin et al.,
2008; Perez-Lloret et al., 2006; Tsuchihashi et al., 1995).

Subjects were invited to participate voluntarily. They were excluded if
they had thyroid dysfunction, diabetes mellitus, hypertension, a history
of cardiovascular disease (stroke, coronary arterial disease, or myocardial
infraction), body mass index (BMI) >25 kg/ m?, or were pregnant,
current smokers, or taking contraceptive or sleeping pills. Their eligibility
was confirmed by reviewing their medical records. All subjects were
female between 25 and 35 yrs of age. The mean age of nurses on the
regular day shift and rotating shifts were both 27 yrs, with mean heights,
mean body weights, and BMIs for the two groups being, respectively,
162.5 cm and 160 cm, 49.5 kg and 54 kg, and 19 kg/m?* and 21 kg/m>.
The characteristics of the regular day shift group and rotating shift group
did not differ (rank sum test). One of the eight OPC nurses resigned and
another withdrew due to a skin allergy to the electrode paste, leaving six
in that group who completed the study. Our protocol followed the
ethical guidelines recommended by the journal (Portaluppi et al., 2008)
and was approved by the Institutional Review Board of the hospital
before the research began. Written informed consent was obtained from
all subjects.

Study Design

Most nurses at the hospital worked three different shifts: day
(08:00-16:00 h), evening (16:00-00:00 h), and night (00:00-08:00 h)
shifts. Every nurse was required to work one shift for a full month before
rotating to a different shift. According to hospital policy, each nurse
worked for 4 consecutive days and took the following day off (off-duty
day). Cardiac testing took place at least 2 wk after a subject had begun a
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new shift. Each shiftworking nurse underwent simultaneous and continu-
ous ambulatory blood pressure monitoring (ABPM) and electrocardio-
gram (ECG) monitoring during the fourth day of a work cycle as well as
the following off-duty day. They underwent ABPM and ECG monitoring
every month for 3 consecutive months to cover each nurse as she worked
the three different shifts. Because not all of the subjects began the study
while on the same shift, the order in which each subject worked the day,
evening, and night shifts over the 3-month study period was not uniform.
However, this quasirandom distribution or order effect was not expected
to affect physiological findings. All of the OPC nurses worked the regular
day shift and underwent one session of 48-h ABPM and ECG monitoring
only, covering the work day and the next off-day. The ABPM and ECG
devices were tested 30 min before the monitoring of each participant
began; each participant also recorded the actual waking and sleeping
durations during the 48-h monitoring period.

Twenty-Four-Hour Monitoring of Arterial Blood Pressure

The ABPM was accomplished using a noninvasive, automated oscillo-
metric device, Dynapulse 5000A (Pulse Metric, San Diego, CA). An
appropriate cuff, 51.5x 14.3 cm in size, was placed on the participant’s
left arm (all participants were right-hand dominant). The investigator
calibrated the device every month and took five calibrated readings
simultaneously using a standard mercury sphygmomanometer when the
subjects were fitted with the device. Subjects were requested to hold
their left arm in a natural position at heart level whenever a reading was
being taken wherever they were and whatever they were doing. The usual
default daytime setting extended from 08:00 to 23:00 h and nighttime
from 23:00 to 08:00 h the next day. During the daytime, BP measure-
ments were taken every 15 min, and during the nighttime every 30 min.

Forty-Eight-Hour Ambulatory ECG Monitoring

Continuous 48-h ambulatory ECG monitoring was performed using a
three-channel DR180 recorder and analyzed by Holter LX analysis soft-
ware (NorthEast Monitoring Inc., Maynard, MA, USA). Each device was
pretested twice before actual use for continuous 48-h functional recording
at a sampling rate of 1000 Hz (1 ms/cycle).

The ECG wave complex (QRS) was classified as normal sinus rhythm,
noise, or atrial and ventricular premature beats by comparing the adja-
cent QRS morphologic features. The normal-to-normal (NN) intervals
were deduced from the adjacent normal sinus beats. The NN interval
time series were then transferred to a personal computer and
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postprocessed by a program written in Matlab language (version 5.2;
MathWorks Inc., Natick, MA, USA). The missing intervals of the raw NN
data were linearly interpolated and resampled at 4 Hz by the Ron-Berger
method (Bigger et al., 1992). The HRV analysis was based on each 5-min
segment of the NN intervals. Power spectral density was calculated by
Welch’s averaged periodogram (Welch, 1967). The frequency domain
measurements of HRV included the low frequency (LF) band (0.04-0.15
Hz), which is related to both sympathetic and parasympathetic modu-
lation, and the high frequency (HF) band (0.15-0.40 Hz), which is gov-
erned almost exclusively by parasympathetic modulation. The ratio of LF
to HF power is often used as a metric of sympathetic-parasympathetic
balance (Malliani et al., 1991; Rajendra et al., 2006).

Statistical Analysis

The hourly means of each HRV variable and BP during the off-duty
day were considered baseline values for each subject to yield a total of 24
baseline hourly means per variable. These baseline values were sub-
tracted from each 5-min measurement for HRV (and 15-30 measure-
ments for BP) taken within the same hour of any day to obtain the
circadian pattern-adjusted measurements for each subject. The circadian
pattern—adjusted measurements obtained during the work day were
further divided into three time periods: the 8-h working period, the
sleeping period, and the wake-time of the nonworking period. The oft-
duty day was also divided into three corresponding periods: a sleeping
period, which is the actual sleeping time for each nurse, and the remain-
ing hours were divided into two periods corresponding to working and
nonworking periods of the previous day; the hypothetical “working
period” of the off-duty day was the time period corresponding to the
working period of the previous work day, had the nurse continued
working on that day. Namely, it was 16 h after the end of the working
period of the work day and lasted for 8 h if the nurse was awake.

For each HRV or BP variable, we let Y, be the average of the ith
subject’s circadian pattern-adjusted measurements during the hours in
the jth period of the kth day for the /th shift, where j=1, 2, and 3
represented working, nonworking, and sleeping periods, k=1 and 2
represented work day and off-duty day, and [ =1, 2, 3, and 4 represented
day, evening, night shifts, and OPC, respectively. To study the dynamic
shift changes in simultaneous HRV and BP recordings on the work day
and the following oft-duty day, we applied a linear mixed-effect model
to the measurement averages of the 16 shiftwork nurses. Specifically, to
examine the HRV and BP changes in the same period from day shift to
evening shift as well as from day shift to night shift, we used the following
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model:

3
Yig =ai+ Y 1=1)x[Bj+pull=3)+ Pyl =2)]
j=1

3
+ Z[(k =2) X[y +y; I = 3) +y,l(l = 2)] + &,
J=1

where a; is a random component normally distributed with mean 0 and
1(-) 1s an indicator function and a constant variance. The random error
term was correlated among the repeated measurements within each
subject. In this model, the fixed parameters By, B;;, and fj; are the
overall mean measurement taken on the jth period of the work day,
mean response difference between night and day shifts, and mean differ-
ence between evening and day shifts, respectively. The corresponding
three fixed parameters y;o, y;1, and y;o represent the same values for the
off-duty day.

To explore recovery from the effect of working the shifts, we simply
examined the deviations of the three periods on the work day and off-duty
day of each shift and the outpatient department from the baseline using the
following model, which is based on the off-duty day following a day shift:

4
Yip = ai + Z[(k = DX[Bd(G =1+ Pl (j = 2) + Bl (j = 3)]
=1

+

4
Ik =2) %[y I(j = D)+ ypl(j = 2) + y5I (G = 3)] + €iju,

I=1
Where B, B2, and fj3 represent the baseline-adjusted mean measurement
of working, nonworking, and sleeping periods on the work day for the /th
shift, respectively. Meanwhile, y;1, y0, and y;3 are the corresponding three
parameters on the off-duty day and are used to measure recovery in 1 day
after a [th shiftwork. The estimates, standard errors, and p values of the
model parameters are calculated by the free and popular statistical software

R version 2.10.1 (R Development Core Team, 2009) using the function Ime
for linear mixed-effect model. A p value of .05 was considered significant.

RESULTS

The dynamic changes of simultaneous HRV and BP recordings for
work days and consecutive off-duty days categorized by shift are summar-
ized in Figure 1, which in the top panel presents the values for the OPC
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nurses working the regular shift. We found no significant on-duty/off-
day or shift differences in sleep duration.

HRV and Blood Pressure Changes across Each Period of the
Work Day and Consecutive Off-Duty Day of Each Shift (Day Shift
as a Baseline)

Using a linear mixed-effect model, we found work-time systolic blood
pressure (SBP) of the nurses when working the night shift to be signifi-
cantly higher (9.7 mm Hg) than when working the day shift (p < .001).
We found the sleep-time DBP of the night shift nurses to be significantly
lower than when they were working the day shift. We found no signifi-
cant differences in LHR and Log HF in the same subjects working night
and evening shifts during the three measurement periods on the work
compared to their own day-shift values.

The LHRs were significantly lower and the SBPs and DBPs signifi-
cantly higher on the off-day following night shifts than those following day
shifts for the wake-time corresponding to the working period (Table 1).
The Log LF and Log HF were significantly higher on the off-day following
a night shift than they were following a day shift for the wake-time corre-
sponding to the nonwork period of the previous work day.

Recovery of HRV and Blood Pressure across Each Period of the
Work Day and Consecutive Off-Duty Day Per Shift

We found that a subject whose HRV profile changed on the off-duty
day after each shift usually returned to the baseline level, but we found
that the SBP and DBP of women working the night shift did not comple-
tely return to baseline, suggesting incomplete recovery (p < .001)
(Figure 2). The recovery changes for nurses on a regular day shift (OPC)
are also shown in Figure 2 for comparison.

DISCUSSION

We assessed the repeated-measurements of HRV and BP in the same
subject within the same period of time to compare the effects of rotating
shifts on HRV and BP and recovery. All participants were of the same
race/ethnicity and age range, were normotensive and healthy, did similar
work in the same hospital, had the same amount of time to adapt to each
shift, and had similar sleeping and respiratory patterns. We subtracted
the baseline hourly means for both HRV and BP to obtain the circadian
pattern—adjusted measurements for each subject. By conducting a mixed-
effect model on these adjusted measurements, we were able to control
for individual characteristics to reduce the potential contribution from



TABLE 1 Regression coefficients and standard errors (SE) resulting from construction of the linear mixed-effect model for circadian rhythm-adjusted
parameters of HRV and BP changes across each period of the work and consecutive off-duty day of each shift (day shift as a baseline)

Period Shift MRR Log LF Log HF LHR SBP DBP

Work day

Working period Average —128.92 (31.7)**  —0.143 (0.034)**  —0.190 (0.043)** 0.419 (0.103)**  11.3 (2.9)** 9.8 (2.0)**
Night vs. Day —45.30 (33.3) —0.034 (0.037) —0.041 (0.045) —0.003 (0.103) 9.7 (3.4)** 3.9 (2.2)
Evening vs. Day  13.25 (32.6) 0.008 (0.036) 0.020 (0.044)  —0.098 (0.100) 47 (3.4) 0.3 (2.2)

Nonworking period Average 16.06 (31.7) 0.016 (0.034) 0.017 (0.043) —0.018 (0.103) 7.7 (2.9)** 4.4 (1.9
Night vs. Day ~13.30 (33.3)  —0.014 (0.037)  —0.017 (0.045) 0.002 (0.103) 2.9 (3.4) 0.9 (2.2)
Evening vs. Day ~ —4.17 (32.6) 0.002 (0.036)  —0.004 (0.044) 0.065 (0.100)  —2.1(3.4)  —1.1(2.2)

Sleeping period Average 42.97 (31.7) 0.042 (0.034) 0.044 (0.043)  —0.047 (0.103) 4.0 (2.9) 1.0 (1.9)
Night vs. Day 98.94 (33.3) 0.032 (0.037) 0.046 (0.045)  —0.085 (0.103) 5.2 (3.4)  —5.3 (2.2)"
Evening vs. Day  49.73 (32.6) 0.061 (0.036)*  0.075 (0.044)  —0.117 (0.100)  —2.5 (3.4) 1.4 (2.2)

Off-duty day

Wake-time = working period Average 0.4 (29.6) 0.000 (0.035) 0.000 (0.040) 0.000 (0.078) 0.3 (2.3) 0.1 (1.7)
Night vs. Day 10.7 41.1)  —0.003 (0.049) 0.024 (0.057)  —0.231 (0.113)  13.3 (3.3)" 6.4 (2.4)"
Evening vs. Day 10.2 (38.3) 0.014 (0.046) 0.004 (0.053) 0.089 (0.105) -0.6 (3.0) -1.4(2.2)

Wake-time = nonworking period ~ Average ~0.6 (29.6) 0.000 (0.035)  —0.001 (0.040) 0.002 (0.078)  —0.0(2.3)  —0.0 (1.7)
Night vs. Day 93.6 (39.2)" 0.103 (0.047)*  0.124 (0.054)  —0.163 (0.106)  —0.3 (3.0) 0.2 (2.2)
Evening vs. Day  79.3 (38.3)" 0.032 (0.046) 0.049 (0.053)  —0.149 (0.105)  —1.8(3.0) —1.2(2.2)

Sleeping period Average 9.7 (31.2) 0.007 (0.037) 0.011 (0.042)  —0.015 (0.081)  —0.3(23)  —0.1 (1.7)
Night vs. Day 41.9 (40.5) 0.043 (0.049) 0.062 (0.056)  —0.225 (0.108) 0.5 (3.1)  —0.6(2.2)
Evening vs. Day  71.6 (39.6) 0.075 (0.048) 0.094 (0.054)  —0.176 (0.107) 1.2 (3.0) 1.8 (2.2)

* *k

p <.05; **p < .01,

MRR = mean of R-R intervals; Log LF = log transformation of low frequency; Log HF = log transformation of high frequency; LHR = ratio of LF/HF; LF,
HF, in absolute values, SBP = systolic blood pressure; DBP = diastolic blood pressure.
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between-subject variations from genetic predisposition and environmental
factors and to explore the effects of shiftwork on the subjects’ circadian
patterns of HRV, BP, and recovery after different shifts.

In the general population, autonomic activity exhibits a circadian
rhythm with predominant sympathetic dominance during the day and
relative increase in vagal control during the night. The circadian rhythm

(a) 25— P<0.001
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FIGURE 2 Recovery of HRV and BP across each period of work day and consecutive off-duty day in
each shift. The recovery of HRV and BP from different shifts was defined as the BP return to the base-
line, which is the hourly mean of the off-duty day after a day shift for each subject. Each HRV and BP
measurement was subtracted from the corresponding hourly time-of-day mean to obtain the differences
or deviations from baseline. The distributions of all such differences were collected for each period
under the three shifts and plotted as the mean and 95% confidence interval. (a) Mean difference of
SBP; (b) mean difference of DBP; (c) mean difference of Log HF; (d) mean difference of LHR. W =
working period; N =nonworking period; S =sleeping period; W"=time corresponds to working
period; N" = time corresponds to nonworking period; S" = sleeping period on the off-duty day.
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FIGURE 2 Continued

in autonomic activity seems to be oscillated by an endogenous clock and
synchronized over 24 h by changes in daylight and cyclic changes in daily
routine (Turek, 1985). Shiftwork causes a mismatch between the circa-
dian timekeeping system and the work-sleep schedule. As apparent in
Table 1, we analyzed HRV (cardiac stress) and BP (vascular stress)
changes across each period on a work and off-duty day of each shift by
adjusting (or subtracting) the circadian rhythm effect of the day shift. In
the present study, the results showed no significant difference in cardiac
stress measurements taken during a work day of each shift. The vascular
stress of the work-time, in terms of the SBP, when the nurses worked the
night shift was 9.7 mm Hg (Table 1), which was higher than when they
worked the day shift. The average change of the sleep-period DBP of
those working the night shift on a work day was significantly lower (5.3
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mm Hg lower) than when they worked the day shift. Previous studies
have related night and rotating shiftwork to higher sleep-time SBP com-
pared to day workers (Kario et al., 2002; Yamasaki et al., 1998). These
studies, however, did not perform self-comparisons and the data were not
adjusted for individual circadian rhythm characteristics. If adjusted for
the circadian rhythm effect of day shift for each individual, the DBP of
the night shift showed a lower value during the sleeping period of the
work day than the day shift.

The changes of SBP and DBP seemed to spike during the waking
time, at the same time on the off-day as they did on the work day
(Table 1), which indicates a delayed recovery in vascular stress after the
night shift. Vascular stress of the night shift appeared to be carried over
to the first part of the off-day, namely, the wake-time corresponding to
the working period of the previous work day on the off-duty day. But, it
did not carry over to the later periods, i.e., the wake-time corresponding
to the nonwork period of the previous work day and sleeping periods.
The recording of sleeping periods for the night shift found that the
average interval between two sleeping periods (those of the work day and
consecutive off-duty day) was shorter than those of day and evening
shifts, suggesting that the effect of delayed recovery after the night shift
could be partially attributed to an interference of the circadian system at
the end of such a shift. The above carryover effect might be an early sign
of poor circadian adjustment reported by studies of melatonin changes in
permanent night-shift workers (Folkard, 2008). In addition, compared
with day workers of the outpatient clinic (OPC), shiftworkers showed a
significantly higher SBP and LHR and lower Log HF during all shifts
(Figure 2), which might suggest increased overall cardiac and vascular
stresses in rotating shiftwork nurses than in regular day-work nurses.
These results support the association between a greater fluctuation of
autonomic modulation over a short period of time and increased
frequency of cardiovascular disease in shiftworkers (Akerstedt et al., 1984;
Knutsson et al.,1986), and they may also imply that long-term shiftwork
might increase the risk of cardiovascular events (Kristensen, 1989).

There was a delay in the recovery of SBP and DBP on the following
off-duty day after the night shift (Figure 2). These findings suggest the
residual effect of vascular stress of night-shiftwork may carry over to the
next off-duty day; this corroborates the findings of previous studies
showing such poor recovery as evidenced by hand-ear neuromotor
response, reaction time, and cognitive performance (Axelsson et al., 2008;
Ishii et al., 2004; Matsumoto et al., 1996; Sallinen et al., 2008; Totterdell
et al., 1995). In contrast, the differences of LHR and Log HF significantly
improved during the off-duty day for the three corresponding periods
(p < .001), suggesting recovery from cardiac stress (Figure 2). In an
informal interview with participants in this study, almost all complained
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of fatigue after a night shift and described a better quality of sleep the
following off-duty day, as was reflected by significant reduction of LHR
on the off-duty day (Table 1). However, we did not collect information on
cardiac stress and vascular stress for the second off-duty day. Further
research may be needed to determine exactly how many off-duty days in
total are needed for complete recovery from the night-shift work.

This study has some limitations. First, we could only recruit a small
sample size of subjects to complete the study because of the discomfort
related to using the equipment of both ABPM and Holter for 48 h. We also
did not record breathing frequency during the 48-h Holter test. However,
because we analyzed circadian rhythm-adjusted measurements for each
participant and then based our analysis upon repeated-measurements
taken from the same person, we assume that the breathing frequency and
disturbance of wearing the equipment would be about the same for each
individual person. Second, we were unable to conduct more questionnaire
investigations to assess the subjective feelings and self-ratings of sleep
quality, fatigue, and alertness in quantitative terms during and after each
shift, which would have provided a more informative connection with our
objective study on autonomic system activity. Third, we only recorded
HRYV and BP for a single 48-h period because of the inconvenience of
wearing two types of monitoring equipment; therefore, we were unable to
further study how many days would be needed to achieve complete recov-
ery after the night shift.

In conclusion, night shifts may cause more vascular stress than evening
and day shifts, and this stress extends to the following off-duty day.

ACKNOWLEDGMENTS

This study was partially supported by a grant from the Health
Bureau of Taipei City, Taipei, Taiwan, and another grant from the
National Health Research Institutes (NHRI-EX96-9204PP) and the
National Science Council (NSC 96-2628-B-002-071-MY3). We would like
to thank all of the nurses who participated in this study for their enthu-
siasm and devotion.

Declaration of interest: The authors report no conflicts of interest. The
authors alone are responsible for the content and writing of the paper.

REFERENCES

Akerstedt T, Knutsson A, Alfredsson L, Theorell T. (1984). Shift work and cardiovascular disease.
Scand. J. Work Environ. Health 10:409-414.

Axelsson J, Lowden A, Kecklund G. (2006). Recovery after shift work: relation to coronary risk
factors. Chronobiol. Int. 23:1115-1124.



Night Shift, Vascular Stress, Delayed Recovery 1467

Axelsson J, Kecklund G, Akerstedt T, Donofrio P, Lekander M, Ingre M. (2008). Sleepiness and
performance in response to repeated sleep restriction and subsequent recovery during semi-
laboratory conditions. Chronobiol. Int. 25:297-308.

Bigger JT Jr, Fleiss JL, Steinman RC, Rolnitzky LM, Kleiger RE, Rottman JN. (1992). Frequency
domain measures of heart period variability and mortality after myocardial infarction. Circulation
85:164-171.

Boomsma DI, van Baal GC, Orlebeke JF. (1990). Genetic influences on respiratory sinus arrhythmia
across different task conditions. Acta Genet. Med. Gemelloll. 39:181-191.

Busjahn A, Voss A, Knoblauch H, Knoblauch M, Jeschke E, Wessel N, Bohlender J, McCarron ],
Faulhaber HD, Schuster H, Dietz R, Luft FC. (1998). Angiotensin-converting enzyme and angio-
tensinogen gene polymorphisms and heart rate variability in twins. Am. J. Cardiol. 81:755-760.

Degaute JP, Van Cauter E, van de Borne P, Linkowski P. (1994). Twenty-four-hour blood pressure
and heart rate profiles in humans. A twin study. Hypertension 23:244-253.

Fava C, Burri P, Almgren P, Arcaro G, Groop L, Lennart Hulthen U, Melander O. (2005). Dipping
and variability of blood pressure and heart rate at night are heritable traits. Am. J. Hypertens.
18:1402-1407.

Folkard S. (2008). Do permanent night workers show circadian adjustment? A review based on the
endogenous melatonin rhythm. Chronobiol. Int. 25:215-224.

Freitas J, Lago P, Puig J, Carvalho M]J, Costa O, Falcao de Freitas A. (1997). Circadian heart rate
variability rhythm in shift workers. J. Electrocardiol. 30:39—44.

Fujiwara S, Shinkai S, Kurokawa Y, Watanabe T. (1992). The acute effects of experimental short-term
evening and night shifts on human circadian rhythm: the oral temperature, heart rate, serum
cortisol and urinary catecholamines levels. Int. Arch. Occup. Environ. Health 63:409-418.

Furlan R, Barbic F, Piazza S, Tinelli M, Seghizzi P, Malliani A.(2000). Modifications of cardiac auto-
nomic profile associated with a shift schedule of work. Circulation 102:1912-1916.

Gariou M, Galy E, Melan C. (2008). Differential 24-hour variation of alertness and subjective tension
in process controllers: investigation of the relationship with body temperature and heart rate.
Chronobiol. Int. 25:597-609.

Harrington JM. (1994). Shift work and health—a critical review of the literature on working hours.
Ann. Acad. Med. Singapore 3:699-705.

Ishii N, Iwata T, Dakeishi M, Murata K. (2004). Effects of shift work on autonomic and neuromotor
functions in female nurses. /. Occup. Health 46:352-358.

Kario K, Schwartz JE, Gerin W, Robayo N, Maceo E, Pickering TG. (2002). Psychological and phys-
ical stress-induced cardiovascular reactivity and diurnal blood pressure variation in women with
different work shifts. Hypertens. Res. 25:543-551.

Knutsson A, Akerstedt T, Jonsson BG, Orth-Gomer K. (1986). Increased risk of ischaemic heart
disease in shift workers. Lancet 2:89-92.

Kristensen TS. (1989). Cardiovascular diseases and the work environment. A critical review of the
epidemiologic literature on nonchemical factors. Scand. J. Work Environ. Health 15:165-179.
Kupper NH, Willemsen G, van den Berg M, de Boer D, Posthuma D, Boomsma DI, de Geus EJ.

(2004). Heritability of ambulatory heart rate variability. Circulation 110:2792-2796.

Malliani A, Pagani M, Lombardi F, Cerutti S. (1991). Cardiovascular neural regulation explored in
the frequency domain. Circulation 84:482-492.

Matsumoto M, Kamata S, Naoe H, Mutoh F, Chiba S. (1996). Investigation of the actual conditions of
hospital nurses working on three rotating shifts: questionnaire results of shift work schedules,
feelings of sleep and fatigue, and depression. Seishin Shinkeigaku Zasshi 98:11-26.

McLaughlin C, Bowman ML, Bradley CL, Mistlberger RE. (2008). A prospective study of seasonal
variation in shift-work tolerance. Chronobiol. Int. 25:455-470.

Moreno CRC, Louzada FM, Teixeira LR, Borges F, Lorenzi-Filho G. (2006). Short sleep is associated
with obesity among truck drivers. Chronobiol. Int. 23:1295-1303.

Perez-Lloret S, Toblli JE, Vigo DE, Cardinali DP, Milei J. (2006). Infradian awake and asleep systolic
and diastolic blood pressure rhythms in humans. J. Hypertens. 24:1273-1279.

Portaluppi F, Touitou Y, Smolensky MH. (2008). Ethical and methodological standards for laboratory
and medical biological rhythm research. Chronobiol. Int. 25:999-1016.

Quan KJ, Carlson MD, Thames MD. (1997). Mechanism of heart rate and arterial blood pressure
control: implications for the pathophysiology of neurocardiogenic syncope. PACE 20:764-774.



1468 S.-H. Lo et al.

R Development Core Team. (2009). R: a language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. http://www.R-project.org.

Rajendra AU, Paul JK, Kannathal N, Min LC, Suri JS. (2006). Heart rate variability: a review. Med.
Bio. Eng. Comput. 44:1031-1051.

Reinberg A, Ashkenazi I, Smolensky MH. (2007). Euchronism, allochronism, and dyschronism. Is
internal desynchronization of human circadian rhythms a sign of illness? Chronobiol. Int.
24:553-588.

Rutenfranz J, Ottmann W, Neidhart B, Brockmann W. (1988) Comparison of two analytical
procedures for the determination of free urinary catecholamines under the demands of shift-
work experiments. Int. Arch. Occup. Environ. Health 61:89-93.

Singh JP, Larson MG, O’Donnell CJ, Tsuji H, Evans JC, Levy D. (1999). Heritability of heart rate
variability: the Framingham Heart Study. Circulation 99:2251-2254.

Sallinen M, Holm A, Hiltunen J, Hirvonen K, Hirmid M, Koskelo J, Letonsaari M, Luukkonen R,
Virkkala J, Miiller K. (2008). Recovery of cognitive performance from sleep debt: do a short rest
pause and a single recovery night help? Chronobiol. Int. 25:279-296.

Sinnreich R, Friedlander Y, Luria MH, Sapoznikov D, Kark JD. (1999). Inheritance of heart rate
variability: the kibbutzim family study. Hum. Genet. 105:654-661.

Snieder H, Boomsma DI, Van Doornen L], De Geus EJ. (1997). Heritability of respiratory sinus
arrhythmia: dependency on task and respiration rate. Psychophysiology 34:317-328.

Taylor PJ, Pocock SJ. (1972). Mortality of shift and day workers 1956-68. Br. J. Ind. Med. 29:201-207.

Tenkanen L, Sjoblom T, Kalimo R, Alikoski T, Harma M. (1997). Shift work, occupation and coron-
ary heart disease over 6 years of follow-up in the Helsinki Heart Study. Scand. J. Work Environ.
Health 23:257-265.

Totterdell P, Spelten E, Smith L, Barton J, Folkard S. (1995). Recovery from work shifts: how long
does it take? J. Appl. Psychol. 80:43-57.

Tsuchihashi T, Uezono K, Abe I, Matsuoka M, Kawasaki T. (1995). Seasonal variation in 24-h blood
pressure pattern of young normotensive women. Hypertens. Res. 18:209-214.

Turek FW. (1985). Circadian neural rhythms in mammals. Annu. Rev. Physiol. 47:49-64.

Verbeke G, Molenberghs G. (1997). Linear mixed models in practice: a SAS-oriented approach. New York:
Springer-Verlag.

Vrijkotte TG, van Doornen LJ, de Geus EJ. (2000). Effects of work stress on ambulatory blood
pressure, heart rate, and heart rate variability. Hypertension 35:880-886.

Welch PD. (1967). The use of fast Fourier transform for the estimation of power spectra: a method
based on time averaging over short, modified periodograms. IEEE Trans. Audio Electroacoust.
15:70-73.

Yamasaki F, Schwartz JE, Gerber LM, Warren K, Pickering TG. (1998). Impact of shift work and
race/ethnicity on the diurnal rhythm of blood pressure and catecholamines. Hypertension
32:417-423.



