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Abstract

Poor sleep quality is associated with autonomic dysfunctions and altered pain perception and tolerance. To investigate whether
autonomic dysregulations related to insomnia would still exist under general anesthesia, we adopt heart rate variability (HRV)
analysis to evaluate ANS activity and surgical pleth index (SPI) to compare nociceptive/anti-nociceptive balance. We enrolled
61 adult females scheduled for gynecological surgeries under general anesthesia. All the subjects were ASA Class I to III
without using medicines affecting HRV. We used the Insomnia Severity Index to evaluate sleep qualities. ECG data were
recorded and signals which denote four different surgical stages were extracted (baseline, incision, mid-surgery, and end of
surgery). We analyzed the HRV changes across the whole surgical period and differences among good and poor sleepers. We
also compared the SPI differences among groups. For baseline HRV analysis, we found significant differences in the RMSSD
(p=0.043), pNN50 (p=0.029), VLF power (p=0.035), LF power (p=0.004), and HF power (p=0.037) between the good
and poor sleeper groups. However, all intergroup differences disappeared after anesthesia induction. Temporal HRV changes
significantly among different perioperative stages (RMSSD, p <0.001; pNN50, p=0.004; LF, p<0.001; and HF, p<0.001).
Patients with different sleep qualities did not exhibit different SPI levels in all four periods. Poor sleepers exhibited attenu-
ated parasympathetic activities at the baseline but no differences after the induction. Nociceptive/anti-nociceptive balance
seems not be altered by poor sleep condition under general anesthesia.
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1 Introduction

Insomnia is a prevalent disease which affects 20-30% of
the general population in the developed countries [1-3] It
has been reported that insomnia is associated with auto-
nomic dysfunctions and altered pain perception and toler-
ance [4-7]. Even in healthy subjects, partial sleep depriva-
tion may lead to hyperalgesia, deleterious pain inhibitory
functions and changes in the activity of the autonomic
nervous system (ANS) [8, 9]. However, we don’t know
much about how insomnia and poor sleep quality affect
ANS system when patients are under anesthesia in the sur-
gery, neither do we know whether these insomnia patients
have altered nociceptive/anti-nociceptive balance under
surgical stresses.

To get a further understanding of the influence of sleep
quality on the ANS activity and nociceptive/anti-nocicep-
tive balance under general anesthesia, we adopt heart rate
variability (HRV) analyses and surgical pleth index (SPI)
as our targets of study. Among methodologies for ANS
studies, HRV analysis of electrocardiogram (ECG) is one
of the widely-used and well-known methods to evaluate
the activity and modulation of the different components
in ANS [10, 11]. As for the SPI, which was originally
called “surgical stress index”, is an index derived from
normalized heart beat interval and pulse wave amplitude
of plethysmography [12, 13]. So far, there is no gold stand-
ard test or measure for “adequacy of analgesia” under gen-
eral anesthesia, however, SPI has been proposed to be an
indicator of nociceptive/anti-nociceptive balance under
general anesthesia, and it is associated with the intensity
of surgical stress and the analgesic effects of remifentanil
[13-15]. In a prior study comparing SPI and ANS modu-
lation of cardiac activity, changes in sympathetic activity
were associated with SPI scores [16].

In our study, we hypothesized that the ANS activity and
pain perception in patients with poor sleep quality may be
dysregulated not only during awake but also under gen-
eral anesthesia, compared with normal sleepers. Therefore
our aim is to apply HRV analyses and SPI as quantitative
measures to investigate the change in ANS activity and
the nociceptive/anti-nociceptive balance during different
stages of surgery in patients with different sleep quality.

2 Methods

The study protocol was approved by the Institutional
Review Boards of the Chi Mei Medical Center on March
26, 2018 (IRB serial number: 10703-005). This observa-
tional study was conducted at Chi-Mei Medical Center in
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Tainan, Taiwan, with a data collecting period from March
30, 2018 to December 5, 2018. Written informed consents
were obtained from all patients enrolled the study. This
manuscript adheres to the applicable STROBE guidelines
[17].

2.1 Participants and study design

Adult female patients (aged 20 years or more) scheduled
for gynecological surgeries under general anesthesia
were enrolled in this study. All the subjects were classi-
fied as American Society of Anesthesiologists Classifi-
cation (ASA) L, II, or III without hypertension, arrhyth-
mia, severe peripheral, or cardiac neuropathy as well as
without any history of consuming prescription medicine
that interfere with cardiac rhythm or autonomic nervous
system activity. Long-term opioid users (Oral morphine
equivalent > 30 mg for more than 6 weeks) were excluded.

The recording of electrocardiogram (ECG) and plethys-
mography signals started right after all standard monitors
were deployed on patients in the operation rooms. After
acquiring the baseline signal for a minimum of 5 min, gen-
eral anesthesia was induced by administering intravenous
anesthetics (propofol or thiopental), fentanyl, and mus-
cle relaxant. Anesthesia was maintained by administering
inhalation anesthetics (desflurane or sevoflurane), anal-
gesics (fentanyl or morphine), and muscle relaxants. All
patients who received anticholinergics, ketamine, or any
other drugs that affect heart rate before the emergence of
anesthesia were excluded. Patients who suffered from mas-
sive blood loss or who were hemodynamically unstable
were also excluded.

2.2 Sleep quality assessment

We used the Insomnia Severity Index (ISI) to evaluate
patients’ sleep qualities. The ISI is a seven-item self-
reporting instrument that subjectively targets the symp-
toms, consequences, and concerns of insomnia. Accord-
ing to the literature, the ISI exhibits adequate internal
consistency and validity in detecting insomnia cases [18].
Total scores of less than or equal to 7, 8—14, 15-21, and
greater than 22 are interpreted clinically as absence of
insomnia, sub-threshold insomnia, moderate insomnia, and
severe insomnia, respectively. However, in this study, we
divided the patients into two groups (good sleeper if the
score was equal to or less than 7 and poor sleeper if the
score was equal to or greater than 8). Subsequently, our
study sample could be grouped into good sleepers (N=31;
mean age =42.9 + 10) and poor sleepers (N =30; mean
age=44.8+12.7).
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2.3 ECG acquisition and analysis

We collected data by using a personal computer (PC) with
the S/5 iCollect data acquisition software (GE Healthcare
Finland Oy, Helsinki, Finland). The PC was connected to a
GE Datex-Ohmeda S/5 Anesthesia Monitor, and it acquired
data simultaneously as the signals were displayed on a
screen. The sampling rate of the ECG signal was 300 Hz.
All the signals were processed offline. From the raw data
file, 5-min baseline data and 10-min data from three other
periods (incision, mid-surgery, and end) were analyzed. We
partly adopted the open-source mhrv matlab package pro-
vided by the PhysioZoo platform for computing the inter-
beat (RR) interval and HRV indices [19].

Time-domain analysis of the HRV involves determining
the average of the normal interbeat intervals (AVNN), stand-
ard deviation of the normal interbeat intervals (SDNN), root-
mean-square successive difference between adjacent normal
interbeat intervals (RMSSD), and percentage of adjacent
intervals that varied by greater than 50 ms (pNN50). Fre-
quency-domain measures of the HRV include the high-
frequency (HF) power (0.15-0.40 Hz), low-frequency (LF)
power (0.04-0.15 Hz), very-low-frequency (VLF) power
(0.003-0.04 Hz), and LF/HF ratio. HF power is generally
interpreted as a marker of vagal modulation and is respira-
tory-related, whereas LF power is modulated by the sympa-
thetic and parasympathetic systems. LF power indicates the
baroreflex in response to spontaneous changes in blood pres-
sure modulated either by the sympathetic or parasympathetic
systems. The LF/HF ratio refers to the global sympatho-
vagal balance, and it normally ranges between 1 and 2 in
resting adults. VLF power is a major determinant of physical
activity; however, its origin is controversial. The RMSSD
and pNN50 in time-domain measures correlate with the HF
power in frequency-domain measures, which is related to
parasympathetic modulation [10, 11].

2.4 SPl analysis and of numeric rating scale (NRS)

SPI values are automatically calculated from plethysmog-
raphy waveforms by a built-in software in GE monitors. We
calculated the mean value of SPI in the four distinct peri-
ods (baseline, incision, mid-surgery, end) and compared the
results between groups. We also recorded the NRS of each
patient for pain perception after they were sent to POR once
he/she were able to communicate.

2.5 Statistical analysis

The pilot sample size was 12 for each group, and this data
was used to estimate power and sample size by the sample
size calculator (https://www.stat.ubc.ca/~rollin/stats/ssize/
n2.html) based on the HF power during baseline period with

an alpha of 0.05 and the value of power of 0.8. The power
analysis showed that at least 28 subjects required for each
group and our final sample consists of 31 good sleepers and
30 poor sleepers.

Spectral HRV indices were log-transformed to produce
a normal distribution. SPSS Statistics software version 23
(IBM Corp. Released 2015. Version 23.0. Armonk, NY) was
used for statistical analyses. The Student’s t test was used to
compare numerical demographic data, and the chi-square
test was used to compare nominal items between good and
poor sleepers. Next, multiple linear regression with the step-
wise method was used to identify demographic predictors
of the SPI index. We used repeated measures analysis of
variance (ANOVA) with the Greenhouse—Geisser correc-
tion to analyze the effects of anesthesia and surgery on HRV
perioperatively. Furthermore, we used the Student’s t test to
examine the differences in the HRV and SPI indices between
good and poor sleepers. We performed partial correlation
analysis to evaluate the association of the total scores on the
ISI questionnaire with the HRV indices by controlling for
age. A p value of less than 0.05 (two-tailed) was considered
significant for all the statistical comparisons.

3 Results
3.1 Demographic data

87 women were enrolled in this study initially. Of these
patients, 17 were excluded as atropine was administrated
perioperatively, six were excluded because remifentanil
was chosen for analgesia under general anesthesia. Of the
remaining subjects, three were excluded due to too much
artificial interferences in the acquiring data at data preproc-
essing stage. There were total 61 patients included in our
final analysis, in which 31 were good sleepers and 30 were
poor sleepers.

The demographic data of patients with different sleep
qualities are provided in Table 1. No differences were
observed in the age, body mass index, total blood loss,
mean end-tidal minimum alveolar concentration (MAC) of
inhalation anesthetics, surgical time, and ASA classifica-
tion between the “good sleeper” and “poor sleeper” groups.
The ratio of laparoscopic surgery versus open surgery exhib-
ited no significant intergroup differences. Because we only
enrolled patients scheduled for gynecological surgery, all
the recruited participants were female. The only two opi-
oids used during the intraoperative periods were fentanyl
and morphine. The amounts of fentanyl and morphine con-
sumption were the same for both the groups. The SPI index
was not correlated with the ISI score or sleep quality status
in all the four analysis periods. Age was the only demo-
graphic variable that correlated with the SPI (r= —0.433,
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p<0.001), and this correlation was valid only before anes-
thesia induction. NRS scores collected upon arrival to the
post-operative recovery (POR) unit were also not correlated
with sleep quality.

3.2 Temporal changes in the HRV within subjects
during perioperative periods

All the HRV measures differed significantly among differ-
ent perioperative periods. Posthoc tests conducted using the
Bonferroni correction indicated substantial reductions in the
RMSSD, pNN50, LF, and HF measures from the baseline
to the incision period (p <0.001, p=0.004, p<0.001, and
p<0.001, respectively). The spectral power values of the
RMSSD, pNN50, and HF indices remained low and stable
in the following periods, and they differed significantly from
the values in the baseline period but not from the values
in the incision period. After remaining stable in the inci-
sion and mid-surgery periods, another reduction occurred
in the LF measure from the mid-surgery period toward the
endpoint (p=0.001). (Fig. 1) With regard to the AVNN
and SDNN, the stimuli of incision elicited an increase from
the baseline level to a peak value in the incision period
(p<0.001 and p=0.024, respectively), followed by a
decrease toward the endpoint. The LF/HF ratio exhibited a

similar trend to the SDNN; however, it did not differ signifi-
cantly across perioperative periods.

3.3 HRV in the perioperative periods
between the good and poor sleeper groups

In the baseline (awake) HRV analysis, we found significant
differences in the RMSSD (p=0.043), pNN50 (p=0.029),
VLF power (p=0.035), LF power (p=0.004), and HF power
(p=0.037) measures between the good and poor sleeper
groups (Tables 2 and 3). Good sleepers were inclined to
have stronger parasympathetic activities than poor sleepers
did before anesthesia induction. However, all the differences
between groups disappeared after anesthesia induction. We
observed depression in sympathetic and parasympathetic
activity for both the groups; however, we could not detect
between-group differences.

3.4 Correlation between the ISI score and HRV
variables

There existed some correlations between the ISI scores
and HRV variables at the baseline. The RMSSD and ISI
scores were negatively correlated (r= —0.26, p=0.049).
A negative correlation was also observed between pNN50
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Table2 Time domain heart rate
variability characteristics during

Time domain

the perioperative period AVNN (ms) SDNN (ms) RMSSD (ms) pNNS50 (%)
Baseline
Good sleeper (n=30) 848.2+128.7 60.3+27.3 36.0+25.2 15.6+19.6
Poor sleeper (n=30) 819.6+167.9 46.7+27.5 25.1+13.8 6.6+9.6
P 0.462 0.059 0.043* 0.029*
Incision
Good sleeper (n=28) 924.6+134.7 75.8+48.9 17.7+13.2 32+6.2
Poor sleeper (n=27) 901.1+148.5 72.7+35.7 15.3+7.5 1.7+3.3
p 0.537 0.789 0.392 0.273
Mid-surgery
Good sleeper (n=28) 913.3+£119.2 48.2+25.3 19.7+15.3 44+8.4
Poor sleeper (n=28) 893.8+134.9 48.9+26.3 16.4+7.7 1.8+3.0
p 0.568 0.917 0.307 0.133
End
Good sleeper (n=28) 882.1+111.8 39.7+37.0 153+11.5 1.9+43
Poor sleeper (n=26) 885.6+144.0 46.3+39.0 18.8+9.6 29+4.6
P 0.920 0.526 0.230 0.425

* indicates that p value < 0.05

Table 3 Frequency domain heart rate variability characteristics dur-
ing the perioperative period

Frequency domain

Measure VLF power, LF power, HF power, LF/HF ratio
In(ms*/Hz) In(ms%/ In(ms%/
Hz) Hz)
Baseline
Good sleeper  6.8+0.8 58+09 55+14 2.0+2.1
(n=30)
Poor sleeper 6.3+1.3 5.1+0.8 48=+1.1 2.1+2.1
(n=30)
p 0.035* 0.004* 0.037* 0.873
Incision
Good sleeper  6.5+1.8 42+15 37x13  2.6+27
(n=28)
Poor sleeper 6.8+1.0 40+1.0 34+14 3.0+3.1
(n=27)
p 0.420 0.666 0418 0.628
Mid-surgery
Good sleeper  6.4+1.4 43+17 42+14 1.9+1.8
(n=28)
Poor sleeper 6.1+1.5 40+1.1 36+1.0 21+1.7
(n=28)
P 0.462 0.460 0.234 0.777
End
Good sleeper  5.4=+1.5 35+12 34x14 1.4+1.0
(n=28)
Poor sleeper 53+1.2 37+¢12 41+14 1.2+19
(n=26)
p 0.845 0.540 0.100 0.565

* indicates that p value < 0.05
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and the ISI scores (r= —0.29, p=0.024). In the frequency
domain, both HF power (r= —0.27, p=0.038) and LF power
(r=—-0.37, p=0.004) were negatively correlated with the
ISI scores. No correlation was found among the data col-
lected in the “incision,” “mid-surgery,” and “end” periods.

3.5 The correlation between SPI and HRV variables

At the baseline, the AVNN and SPI were negatively corre-
lated after adjusting for age (r= —0.38, p=0.004). Moreo-
ver, the VLF power was positively correlated with the SPI
after incision (r=0.29, p=0.033). Toward the end of the
surgery, the SDNN was positively correlated with the SPI
score (r=0.27, p=0.048).

4 Discussion

Three key findings were obtained in the present study. First,
baseline HRV analysis indicated a decrease in the para-
sympathetic activity of poor sleepers. The ISI scores were
negatively correlated with the RMSSD, pNN50, HF power,
and LF power at the baseline. However, no differences were
observed between the groups after anesthesia induction. Sec-
ond, the baseline SPI was negatively correlated with age;
however, the age effect disappeared after anesthesia induc-
tion. Third, the sleep quality was not correlated with the SPI
levels, opioid consumption, and average end-tidal inhalation
anesthetic concentrations.



Journal of Clinical Monitoring and Computing (2020) 34:1311-1319

1317

4.1 Effect of sleep disturbance on anesthesia

Although anesthesia is usually described by patients as
being in sleep, it behaviorally and physiologically differs
from sleep. Anesthesia and sleep share a few common traits;
however, the interactions of anesthesia and sleep have not
been completely understood yet [20]. Until recently, studies
pertaining to the effects of sleep disturbance on anesthe-
sia were rare. A popular notion in the general population is
that a patient with insomnia may require a high anesthesia
dose. Erden et al. found an increased end-tidal concentra-
tion of sevoflurane during the maintenance phase of anes-
thesia in insomnia patients [21]. By contrast, our results did
not exhibit any significant difference in entropy monitoring
(Datex-Ohmeda) or the mean end-tidal concentration of
inhalation anesthetics across different stages of anesthesia.
Therefore, the present study does not support the general
notion that insomnia patients would require a higher dose
of anesthesia than people with normal sleep would. How-
ever, the insomnia patients in this study and Erden’s study
did not take any hypnotics, and we cannot rule the possibil-
ity that severe insomnia patients who use hypnotics may
require high anesthesia. Notably, the current general practice
of anesthesia does not require discontinuation of hypnotics
before anesthesia, and the risk of anesthesia in relation to
the use of hypnotics is yet to be determined.

4.2 Pain tolerance during anesthesia

Sleep disturbance may reduce pain tolerance [5, 6]. Our
results do not support our hypothesis that sleep quality
affects HRV parameters under general anesthesia. Moreo-
ver, neither SPI values nor opioid dosages were statistically
different between groups. These findings may imply that
decreased pain tolerance or pain modulation in the central
nervous system is associated with poor sleep quality only
during the awake status. Furthermore, our findings may pro-
vide objective evidence to refute the assertion that insomnia
patients require considerably higher doses of anesthetic or
analgesic agents compared with normal sleepers.

The results of our study indicate decreased parasympa-
thetic activity among poor sleepers before general anesthe-
sia, which is compatible with studies suggesting an asso-
ciation between altered cardiac autonomic control and poor
sleep [22, 23]. However, the between-group differences
disappeared after anesthesia induction. The hypnotic effect
of general anesthesia could suppress HRV in the time- and
frequency-domain measures [24—26]. There has been known
suppression effect of anesthesia on HRV [11, 25]. However,
we speculate that the substantial ANS depressant effects of
anesthesia agents may outweigh the HRV differences among
patients with poor sleep quality and normal sleepers.

A study indicated that in cases of light anesthesia, the HF
power decreased in response to nociceptive stimuli in a sen-
sitive and reproducible manner [27]. However, in the present
study, the HF power, LF power, and LF/HF ratio in the four
surgical periods did not correlate with the SPI index, which
is an indicator of the surgical stress level. Even in certain
periods when the SPI indicated inadequate analgesia (e.g.,
SPI>50), the HF power was not correlated with the SPI
index. This finding is in contrast to the research of Colombo
et al., who showed a significant correlation between the SPI
and changes in all ANS indices [16]. Furthermore, the num-
bers and trends of the SPI under general anesthesia should
be carefully interpreted because some confounding factors,
such as fluid challenge [28] or posture change [29] could
interfere with SPI responses.

5 Limitations

Our study has certain limitations. First, the proportions of
moderate or severe insomnia patients in our participants
were not sufficiently large. Therefore, in our study, we used
a lower ISI score to define insomnia than that used in clinical
settings (8 vs. 15). Therefore, the changes in HRV measures
that can only be observed in moderate or severe insomnia
patients may be masked by the mild insomnia patients in
our analysis. Second, because our study was observational
in nature, neither the SPI levels nor anesthesia agent usage
could be controlled. The baseline data were limited to
5-min intervals to avoid interference with clinical anesthe-
sia practice.

6 Conclusions

In summary, poor sleepers exhibited attenuated parasym-
pathetic activity at the baseline; however, such a difference
disappeared after general anesthesia induction. Overall,
the trends of the ANS activity perioperatively exhibited a
peak sympathetic tone at the incision period, followed by a
decline to below-baseline levels. By contrast, the parasym-
pathetic activity dropped rapidly after anesthesia induction
and remained low in the following course. No significant
differences were observed in the SPI levels between good
and poor sleepers in all the four periods. Our results sug-
gest that compared with normal sleepers, patients with
poor sleep quality do not require higher opioid dosage or
higher concentration of inhalation anesthetics during general
anesthesia.
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