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Background: Circadian rhythm disturbance is common postoperatively in older patients with hip fractures,
which may contribute to the development of postoperative delirium (POD). As a reliable biomarker of endog-
enous circadian rhythms, melatonin regulates the sleep-wake cycle and environmental adaptation, and its
secretory rhythm may be modified by anaesthesia and surgery. This study compared the impact of subarach-
noid anaesthesia (SA) and general anaesthesia (GA), on the peak of melatonin secretion (primary outcome),
the circadian rhythm of melatonin, cortisol and sleep, and the POD incidence (secondary outcome).
Methods: In this prospective cohort observational study, hip fracture surgery patients were enrolled and
assigned to receive either SA or GA. Postoperative plasma melatonin and cortisol levels were dynamically
measured every six hours on seven time-points, and the circadian rhythm parameters including mesor,
amplitude, and acrophase were calculated. Subjective and objective sleep assessments were performed by
sleep diaries and sleep trackers, respectively. The Confusion Assessment Method was used twice daily by a
specific geriatrician to screen for POD occurrence.
Findings: In a cohort of 138 patients who underwent hip fracture surgery, the circadian rhythm disruption of
the patients in the GA group (n1=69) was greater than the SA group (n=69). Compared with SA, GA provided
the lower peak concentration, mesor, and amplitude of melatonin secretion on postoperative day 1 (p <
0.05). Patients in the GA group experienced higher awakenings, more sleep deprivation, and poor sleep qual-
ity on surgery day (p < 0.05). A proportion of 12 patients in the SA group (17.4%) and 24 patients in the GA
group (34.8%) experienced POD (p = 0.020).
Interpretation: These results suggest that SA may be superior to GA in elderly patients undergoing hip frac-
ture surgery as SA is associated with less impairment of the melatonin rhythm and sleep patterns, and fewer
POD occurrences.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hip fractures are a serious injury among the elderly [1]. The num-
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2016 with a worldwide hip fracture rate being expected to 4.5 million

2 Zhenggian Li and Xiangyang Guo should be considered joint senior author.

https://doi.org/10.1016/j.ebiom.2021.103490

2352-3964/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2021.103490&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:puthmzk@bjmu.edu.cn
mailto:zhengqianli@bjmu.edu.cn
https://doi.org/10.1016/j.ebiom.2021.103490
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2021.103490
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom

Y. Song et al. / EBioMedicine 70 (2021) 103490

Research in context

Evidence before this study

Anaesthesia contributes to circadian rhythm disruption in
elderly patients, resulting in disturbed sleep and postoperative
delirium (POD). We searched PubMed, MEDLINE, Embase and
Cochrane Library for relevant articles with the terms “circadian
rhythm” in combination with “melatonin”, “anaesthesia meth-
ods”, “postoperative delirium”, or “hip fractures”. Few studies
have evaluated the effects of different anaesthesia methods
(subarachnoid and general anaesthesia) on the circadian
rhythm of melatonin, and explored their associations with POD
occurrence in elderly patients. In this study, we explore the
effects of subarachnoid and general anaesthesia on the circa-
dian rhythm of melatonin in elderly patients undergoing hip

surgery.

Added value of this study

We observed less disruption of melatonin secretion and sleep,
and a lower POD incidence in elderly patients undergoing hip
fracture when subarachnoid rather than general anaesthesia
was used.

Implications of all the available evidence

Anaesthesia may modify the melatonin circadian secretion and
disturb postoperative sleep, which may relate to POD, espe-
cially in elderly patients. Subarachnoid anaesthesia may be
superior to general anaesthesia in elderly patients after hip
fracture surgery as it was associated with less melatonin and
sleep disturbances and POD occurrence. This hypothesis should
be tested in randomised controlled trials. Our findings support
to explore the hypothesis that melatonin administration could
be beneficial in the postoperative period in the elderly patients.

by 2050 [1,2]. Hip fractures are associated with an increased risk of
morbidity, mortality, as well as postoperative delirium (POD), with a
prevalence rate up to 53% [3,4]. Elderly patients undergoing hip frac-
ture surgery usually coexist with multiple conditions, such as pain,
inflammation, sleep disturbance, which serve as precipitating factors
to accelerate the development of POD [4—6].

A possible mechanism underlying POD is circadian rhythm dis-
ruption [6]. The sleep-wake cycle, hormones (melatonin and cortisol)
secretion, core body temperature, and cardiometabolic function rep-
resent the apparent circadian rhythms, that are generated by the
internal clock at the suprachiasmatic nucleus (SCN) [7]. Among all
indicators, plasma melatonin is reliable biomarker of endogenous cir-
cadian rhythms and is governed by the light and dark cycle [7—10]. It
produces a hypnotic effect by accelerating sleep initiation and
improving sleep maintenance and efficiency [11]. The circadian mela-
tonin rhythm has been shown to be altered after surgery, and the
lowest concentration of night melatonin was observed on the first
night postoperatively, which may lead to an abnormal sleeping pat-
tern [9,12,13]. In addition, previous studies revealed a potential link-
age of abnormal plasma melatonin secretion pattern to POD [14—-16].
The occurrence of perioperative circadian rhythm disorder is likely to
be multifactorial, including anaesthetic drugs, surgery, and environ-
mental factors [5,17]. The disruption of the circadian rhythm caused
by anaesthesia is poorly understood [17,18].

A clinical trial found that patients undergoing subarachnoid
anaesthesia (SA) experienced less sleep disturbance after surgery
than those receiving general anaesthesia (GA) [19]. This may be
because patients receiving SA remain awake during the operation,
while GA induces a state of depressed consciousness through anaes-
thetics. Besides, patients may remember the strange state of disorien-
tation for a long time after waking up from GA. Patients often feel
that time stands still and experience an anaesthetic-induced jet-lag,
probably because loosing endogenous time perception cues [18,20].
Meanwhile, many studies showed that GA modifies the internal clock
and disrupts circadian rhythms [17,18]. Few studies have been
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Fig. 1. Study flow chart.

73 assigned to GA 78 assigned to SA
4 Excluded 9 Excluded
1 Unexpected discharge 4 Unexpected discharge
3 withdrew 5 withdrew
69 Data analyzed 69 Data analyzed

MMSE, Mini-Mental State Examination; ICU, intensive care unit; GA, general anaesthesia; SA, subarachnoid anaesthesia.
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Table 1
Patients' demographics and baseline characteristics.

Variable SA (n=69) GA (n=69) p-value

Baseline demographics

Age, yr 79.0+7.1 77.7+6.8 0.260

Sex, female 46 (66.7%) 56 (81.2%) 0.081

BMI, kg/m? 234435 234+34 0.987

Medical history

ASA physical status class 0.239

-1 45 (65.2%) 52 (75.4%)

111 24 (34.8%) 17 (24.6%)

ACCI 43+14 40+15 0.334

Ischemic heart disease 15(21.7%) 13 (18.8%) 0.672

Chronic obstructive pul- 9 (13.0%) 7(10.1%) 0.595
monary disease

Hypertension 40 (58.0%) 45 (65.2%) 0.382

Diabetes 20 (29.0%) 26 (37.7%) 0.279

Stroke 16 (23.2%) 9(13.0%) 0.122

Smoking status, yes 18(26.1%) 10 (14.5%) 0.138

ADL, points 14.0 (14.0, 14.0) 14.0 (14.0, 14.0) 0.613

Education, yr 9.0 (4.0,13.0) 9.0 (6.0, 12.0) 0.953

MMSE, points 253436 26.7+2.8 0.020

Preoperative medication
use

B-blockers 8(11.6%) 9(13.0%) 0.796

Calcium channel 23(33.3%) 23(33.3%) 1.000
blockers

ACEI or ARB 10 (14.5%) 12 (17.4%) 0.642

Insulin or oral hypogly- 17 (24.6%) 18 (26.1%) 0.845
cemic drugs

Baseline laboratory

Leukocyte, x 10"° /L 10.0 £2.9 9.8+27 0.670

Platelet, x 10" JL 2045+614 201.1+£76.2 0.774

Hemoglobin, g/L 120.8 £ 16.7 117.1+£20.1 0.247

ALT, IU/L 155+83 158 £5.6 0.857

AST, IU/L 206+74 203449 0.751

Creatinine, umol/L 65.0 +26.0 59.1+£17.6 0.123

Albumin, g/L 411+24 403 +£3.2 0.098

TSH, mIU/L 1.6(1.0,2.8) 1.6(1.0,2.9) 0.968

Blood glucose, mmol/L 78+1.7 88+25 0.753

Pa0,, mmHg 75.0 +10.6 75.0+114 0.307

Sa0,, % 949 +23 9554+ 1.8 0.137

Surgical fracture

Time from injury to hos-  18.0 (4.6, 47.7) 9.0(3.0,29.8) 0.069
pital, hours

Time from injury to 91.0(71.0,118.0) 73.5(51.7,126.3) 0.057
operation, hours

Type of fracture 0.703

Femoral neck 36(52.2%) 33 (47.8%)

Inter/subtrochanteric 33 (47.8%) 36 (52.2%)

Intraoperative

Duration of anaesthesia,  86.0 (64.5, 106.5) 93.0(68.0,110.5) 0.247
min

Duration of surgery, min  62.0 (44.5, 79.5) 71.0 (48.0,92.0) 0.157

Start time of surgery 20/49 26/43 0.279
(morning/afternoon)

Blood loss, mL 200.0 (100.0,200.0) 150.0(150.0,250.0) 0.138

Postoperative

POD 12 (17.4%) 24 (34.8%) 0.020

Pneumonia 3(4.3%) 4 (5.8%) 1.000

Deep venous thrombosis 8 (11.6%) 5(7.2%) 0.562

Hospital stay, days 44+1.6 42+13 0.056

The categorical variables are expressed as n (%). Normal data are given as mean =+ SD,
whereas non-normaldata are expressed as median (25th percentile, 75th percen-
tile). ADL, activities of daily living; ACCI, age-adjusted Charlson comorbidity index;
ACEI, angiotensin-converting enzyme inhibitor; ALT, alanine aminotransferase; ARB,
Angiotensin receptor blocker; ASA, American Society of Anesthesiologists; AST,
aspartate aminotransferase; BMI, body mass index; GA, general anaesthesia; MMSE,
Mini-Mental State Examination; PaO,, partial arterial oxygen concentration; SA, sub-
arachnoid anaesthesia; Sa0,, arterial blood saturation values; TSH, thyroid stimulat-
ing hormone.

conducted to explore the exact impact of different anaesthesia meth-
ods on the circadian rhythm and the choice of anaesthesia methods
(SA versus GA) remains ambiguous for elderly patients undergoing
hip fracture surgery [21]. We hypothesised that SA is superior to GA

as SA may have a higher peak melatonin level measured at 04:00,
and thus SA causing less disruption of the melatonin circadian
rhythm, sleep, and POD occurrence than the GA group.

2. Methods

A prospective single-center, cohort observational clinical study
was conducted at Beijing Jishuitan Hospital of geriatric orthopaedics
unit from November 2019. The primary aim of this study was to com-
pare the impact of different anaesthesia methods (SA or GA) on the
peak of melatonin (the melatonin level measured at 04:00). A sec-
ondary objective was to compare the circadian rhythm of melatonin,
cortisol, sleep, and the POD incidence, and determine the potential
relationship between circadian rhythm disturbance and the POD inci-
dence in elderly patients undergoing hip fracture surgery.

2.1. Ethics statement

This trial was in agreement with the Declaration of Helsinki
(2013), and approved by the Medical Science Research Ethics Com-
mittees of Beijing Jishuitan Hospital (JLKS201901-04), and registered
at the Chinese Clinical Trial Registry (ChiCTR1900027393). Written
consent was obtained prior to the study from each participant.

2.2. Patients

The inclusion criteria were: age of >65 years, hospital admission
for surgical treatment of hip fracture, and American Society of Anes-
thesiologists (ASA) physical status classification of I to III. The exclu-
sion criteria were: preoperative delirium, Parkinson’s disease,
dementia, a stroke within a period of prior 6 months, multiple trau-
mas, communication difficulties, severe hearing or vision
impairment, taking medications related to melatonin, night shift
duty, and unwillingness to participate in the study or unexpected dis-
charge.

2.3. Preoperative interview

The research protocol has been published elsewhere [22].

All participants were interviewed the day before surgery and the
baseline data were collected, including demographic information,
laboratory results, ASA physical status, age-adjusted Charlson comor-
bidity index (ACCI) [23], Mini-Mental State Exam (MMSE) [24], Activ-
ities of Daily Living (ADL) [25] and Pittsburgh Sleep Quality Index
(PSQI) [26]. The sleep quality and pain intensity were assessed by a
numerical rating scale (NRS) [27]. Other information including
comorbidities, past medical history, and fracture classification was
collected according to the medical records of patients. History collec-
tion, physical evaluation, and cognitive assessment were conducted
by trained investigators.

2.4. Perioperative management

Each participant was placed in a standard room (e.g., light, tem-
perature), and free from noise, television, mobile phone, and com-
puter. The nurses kept quiet during the blood drawing to avoid
disturbing the patients' sleep. Their diet was refrained from alcohol,
nicotine, and beverages or foods containing caffeine, and their activi-
ties were restricted throughout the observation period. The lights-on
(06:00) and lights-off (20:00) times were determined following the
hospital discharge policy. Light exposure (controlled to be < 10 lux)
was measured during a night-time sleep period [28]. To avoid light
exposure and minimize disruption of participant sleep, a penlight
was used for taking blood sample and nursing interventions at night
instead of turning on the light. A digital light meter was used for light
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Fig. 2. Postoperative plasma concentrations of melatonin and cortisol.

Melatonin (A) and cortisol (B) concentration profiles from 69 SA patients (solid curve) and 69 GA patients (broken curve). Data were shown as the mean and SEM. Patients in the
GA group displayed significantly lower concentrations of plasma melatonin than the SA group as measured at 22:00 (surgery day), 04:00 (postoperative day 1), 10:00 (postoperative
day 1), 22:00 (postoperative day 1), and 10:00 (postoperative day 2) (A). The melatonin level at 04:00 (postoperative day 2) was significantly higher in GA patients than SA patients
(A). The plasma cortisol concentration in the GA group was significantly lower at 22:00 on the surgery day (B). Compared to SA group, *p < 0.05, **p < 0.01 and *** p < 0.001 (Benja-

mini-Hochberg correction). GA, general anaesthesia; SA, subarachnoid anaesthesia.

intensity readings to ensure that light levels were maintained at 10
lux or less at the patient's eye level during sleep period [7,28].

2.5. Anaesthesia and analgesia

Patients were assigned to the GA group or SA group based on their
wishes, individual situations, as well as the experience of anaesthesi-
ologists and surgeons. Participants in the SA group received a single-
dose subarachnoid spinal anaesthesia, and no epidural catheter was
placed. Ropivacaine was used at the L2-3 or L3-4 levels, and no addi-
tional anaesthetic agents were administered. In the GA group, anaes-
thesia was induced and maintained with a combination of
intravenous propofol, sevoflurane, etomidate, sufentanil. Muscle
relaxation was maintained with cisatracurium.

All patients received standard perioperative pain management
[29]. To reduce acute postoperative pain, each participant received a
standardized ultrasound-guided fascia iliac block (a single injection

of 30 mL of 0.33% ropivacaine) before anaesthesia [29]. All patients
received intravenous patient-controlled analgesia (100 g sufentanil
and 8 mg ondansetron in 100 ml saline). Furthermore, intramuscular
injection of pethidine (50 mg) or oral use of oxycodone (5 mg)/acet-
aminophen (325 mg) was made as remedy analgesia as needed.

2.6. Postoperative assessment

Each participant was followed up twice daily by a trained geriatri-
cian (XPL). Delirium was diagnosed with the Confusion Assessment
Method (CAM) as previously described [29]. NRS and sleep diaries
were used to assess subjective sleep (total time of night sleep, time of
sleep onset, number of awakenings during the night, and fatigue).
Objective sleep [total sleep time, rapid-eye-movement (REM) sleep,
and “light sleep” and “deep sleep” time] was assessed with the sleep
tracker (Fitbit Charge; Fitbit, Inc., San Francisco, CA, USA) [30]. NRS
was used to assess the intensity of postoperative pain.
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Fig. 3. Circadian rhythm of plasma melatonin secretion in SA (n=69) and GA (n=69) group.

Data were shown as mean and SEM. Different colours ((1),(2),(3,(®) represented different rhythm curves based on four starting time points which successively were at 22:00
(on the surgery day), 4:00, 10:00, and 16:00 (on postoperative day 1). The upper part (Fig. A, B, C, and D) was a cosine curve, and the lower part (Fig. E, F, G, and H) was a continuous
clock face from 0:00 to 24:00, as computed by the cosinor method. The last point in each clock was a duplicate of the start point, which was for visualizing periodically. And the
data was subsequently smoothed with the cosinor method curve-fitting procedure (GraphPad Prism 8; GraphPad Software, Inc). The acrophase was the phase of the maximal value
assumed by the curve, and horizontal and vertical lines represented mesor and amplitude, respectively in figures (A, B, C, and D). The goodness of rhythmicity (R? and p-value) was
shown on the top, and the black bar indicated the night or light-off period (20:00-06:00), and grey bars represented the day or light-on period (06:00-20:00) at the bottom of the
lower figures (A, B, C, and D). The amplitude and acrophase of a rhythm were plotted on a continuous clock face from 0:00 to 24:00, and the acrophase indicated by the angle of a
vector whose length corresponds to the amplitude (E, F, G, and H). Compared to SA group, *p < 0.05, **p < 0.01 and *** p < 0.001. GA, general anaesthesia; SA, subarachnoid

anaesthesia.

2.7. Blood specimen processing

Blood samples (2 ml) were sampled every 6 hours from 22:00 on
the surgery day to 10:00 on postoperative day 2 for assays of melato-
nin and cortisol levels. Plasma melatonin and cortisol concentrations
were measured by an enzyme immunoassay method (IBL Interna-
tional GmbH, Germany) with a limit of detection of 1.6 pg/mL, and an
electrochemiluminescence immunoassay method (Roche Diagnostics
GmbH, Germany), respectively [31,32]. We measured plasma C-reac-
tive protein (CRP) and interleukin-6 (IL-6) before anaesthesia and 24
h after surgery using an immunoturbidimetry (Beckman Coulter, Inc.,
USA) and electrochemiluminescence immunoassay method (Roche,
Germany), respectively.

2.8. Circadian rhythm parameters

To minimize disruption of participant sleep by multiple blood
drawings, plasma melatonin and cortisol levels were dynamically
measured every six hours during the postoperative follow-up period
for seven times (22:00 on the surgery day, 4:00, 10:00, 16:00, and
22:00 on postoperative day 1, and 4:00 and 10:00 on postoperative
day 2, respectively) [9,15]. Circadian rhythm parameters were ana-
lyzed using Origin (OriginLab Corp, USA), and subsequently
smoothed with GraphPad Prism 8 (GraphPad Software, Inc) based on

cosinor regression y =a + b x cos(X x m/12-c x w[12), in which a, b,
and ¢ represent mesor, amplitude, and acrophase, respectively
[33,34]. The regression was considered significant at p < 0.05, and R?
indicated the goodness of regression [34]. Mesor is the average level
of values among 24 h [33]. Amplitude corresponds to the distance
between the mesor and the peak of the wave [33]. Acrophase is the
phase of the maximal value assumed by the curve [33]. To observe
the effect of different postoperative periods on the circadian rhythm,
postoperative rhythm markers were calculated four times with cosi-
nor method based on four different starting time points which suc-
cessively were at 22:00 (on the surgery day), 4:00, 10:00, and 16:00
(on the postoperative day 1).

2.9. Sample-size estimation

The melatonin shows a clear circadian rhythm, presenting a low
level during the daytime, rising between 20:00 and 22:00 and reach-
ing a peak between 02:00 and 04:00 [8,35]. The nocturnal levels of
melatonin were significantly lower on the first night postoperatively
than on the second or third nights [9]. The finding implies that the
peak of melatonin is significantly suppressed on the first night post-
operatively, which may contribute to a melatonin rhythm distur-
bance. As such, in this study, we defined the sample size based on the
melatonin level measured at 04:00, which reflects the peak value
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Table 2
Postoperative rhythm markers of melatonin and cortisol based on different starting
points.

Variable SA (n=69) GA (n=69) p-value

Melatonin

Mesor (pg/mL) 1 9.5(8.9,10.8) 8.7(6.9,104) 0.004
2 9.7(8.9,13.8) 9.0(74,114) 0.009
3 10.5(9.1,14.7) 9.0(7.7,13.3) 0.012
4 11.0(9.0,15.3) 9.0(7.8,14.6) 0.008

Amplitude (pg/mL) 1 2.5(1.2,6.0) 1.5(0.9,5.8) 0.230
2 3.2(1.4,9.8) 24(1.6,6.9) 0.536
3 43(1.8,13.1) 24(13,11.6) 0.245
4 3.9(2.0,12.1) 2.3(1.2,10.0) 0.024

Acrophase (h) 1 4.1(1.8,4.9) 42(0.1,5.8) 0.646
2 3.2(0.1,4.3) 2.8(23.0,4.0) 0.201
3 3.4(2.0,4.0) 2.7(23.3,3.5) 0.176
4 3.6(1.6,4.1) 25(23.1,4.2) 0.208

Cortisol

Mesor (nmol/L) 1 490.0 (401.1,595.0) 437.8(352.6,514.1) 0.008
2 459.3(376.4,569.6) 455.3(359.8,536.7) 0.840
3 448.8 (340.4,534.9) 452.9(369.5,523.9) 0.882
4 443.2(335.9,489.7) 451.3(357.4,525.0) 1.000

Amplitude (nmol/L) 1 120.9(89.2,190.7) 121.5(78.2,194.4) 0.983
2 128.6(85.9,183.0) 131.3(76.7,164.9) 0.512
3 117.6(76.0,172.1)  105.7(70.5,143.3)  0.904
4 94.2 (65.0,132.4) 87.3(65.8,133.4) 0.603

Acrophase (h) 1 5.1(1.8,9.5) 8.1(4.0,10.7) 0.104
2 7.1(5.1,9.9) 6.8 (4.01,10.2) 0.748
3 7.6(4.1,11.7) 7.2(2.9,10.1) 0.254
4 7.5(3.9,14.2) 8.0(49,12.2) 0.967

Normal data are given as mean + SD, whereas non-normal data are expressed as
median (25th percentile,

75th percentile). GA, general anaesthesia; SA, subarachnoid anaesthesia. Postopera-
tive rhythm markers were calculated four times with cosinor method based on four
different starting time points which successively were at 22:00 (on the surgery day),
4:00, 10:00, and 16:00 (on the postoperative day 1). To be specific, the term “mesor
1 and 2" refers to the early postoperative period rhythm mesor marker which ana-
lyzed starting form 22:00 on the surgery day and 4:00 on the postoperative day 1.
And the term “mesor 3 and 4” refers to the late postoperative period rhythm mesor
marker which analyzed starting form 10:00 and 16:00 on the postoperative day 1.

observed on the first postoperative day between two groups. In our
preliminary study, the plasma melatonin levels probed at 04:00 on
postoperative day 1 were 13.40 + 6.85 and 10.48 + 4.04 pg/mL in the
SA and GA groups, respectively (n = 15 each). It was estimated that
group sample sizes of 60 and 60 would achieve 80.386% power to
reject the null hypothesis of equal means with a significance level
(alpha) of 0.050 using a two-sided two-sample unequal-variance t-
test. Assuming a dropout rate of 15%, we set a target of 69 partici-
pants per group for a total of 138 participants.

2.10. Statistics

All normality variables were tested with the Kolmogorov-Smirnov
method. The between-group differences were compared with a chi-
square test for categorical variables, an independent-samples t-test
for continuous variables, or a Mann-Whitney U-test for the non-nor-
mal variables. The association between melatonin parameters and
sleep quality was validated by Pearson or Spearman analysis. The
superior effect of anaesthesia method (GA vs. SA) over time was ana-
lyzed using a repeated-measures analysis of variance (RM-ANOVA),
taking into consideration time, the effect of the anaesthesia method,
and their interaction. We used the Benjamini-Hochberg procedure
for multiple testing. In this method, the p-values are ranked in
ascending order, with the smallest p-value getting the rank of 1. Each
p-value is then multiplied by the number of tests and divided by its

rank [36,37]. Although the Benjamini-Hochberg procedure may pro-
vide less stringent control of Type I errors compared to familywise
error rate controlling procedures, it was applied to the multiple anal-
ysis of cortisol data in another study, in which the sampling protocol
was similar to that used in the present study, and the cortisol levels
were dynamically measured at five equally spaced time points [38].
All analyses were performed using SPSS software, version 25.0 (SPSS
Inc., USA) or Prism 8 software (GraphPad, USA). p values < 0.05 were
considered significant.

2.11. Blinding

Investigators responsible for the preoperative interview including
history collection, physical evaluation, and cognitive assessment
were blinded to anaesthesia allocation. And the trained geriatrician
responsible for postoperative delirium evaluation was blinded to the
study group assignment.

2.12. Role of the funding source

The study was supported by the National Natural Science Founda-
tion of China, Key Clinical Projects of Peking University Third Hospi-
tal, and Peking University “Clinical Medicine plus X” Youth Project.
All funders had no role in study design, data collection, data analysis,
result interpretation, or writing of the report. All the data and the
content in the study are the responsibility of the authors.

3. Results
3.1. Baseline Characteristics

345 patients that had hip fractures were screened from November
2019 to July 2020, 138 participants received either GA or SA were eli-
gible for inclusion (Fig. 1). The mean age was 79.0 (7.1) years and
77.7 (6.8) years respectively for group SA and GA. There were 46
male patients (66.7%) in the SA group and 56 male patients (81.2%) in
the GA group (p > 0.05). 52.2% (36/69) of patients in the SA group
and 47.8% (33/69) of patients in the GA group were diagnosed with a
femoral neck fracture. Patients in the GA group had higher MMSE
scores (p = 0.020). There was no significant difference in baseline
demographics between the two groups except MMSE (Table 1).

3.2. Postoperative plasma melatonin concentration and circadian
rhythm parameters

Patients in the GA group displayed lower concentrations of
plasma melatonin than the SA group as measured at 22:00 on surgery
day (p < 0.001), 04:00 on postoperative day 1 (p = 0.030), 10:00 on
postoperative day 1 (p < 0.001), 22:00 on postoperative day 1
(p = 0.018), and 10:00 on postoperative day 2 (p < 0.001) (Fig. 2A,
Supplementary Table 1). The melatonin level at 04:00 on postopera-
tive day 2 was significantly higher in GA patients than SA patients
(p = 0.014, Fig. 2A, Supplementary Table 1). We performed linear
regression models to assess the effect of anaesthesia method on mel-
atonin level at 4:00 on postoperative day 1. In the adjusted models,
analyses were adjusted for a range of confounder including gender,
age, MMSE, ASA, ACCI, hypertension, diabetes, ischemic heart disease,
chronic obstructive pulmonary disease, Pa0O,, Sa0O,, albumin, time
from injury to hospital, time from injury to operation and the start
time of surgery. The results indicated that SA tended to have higher
melatonin secretion after adjusting for confounders (p = 0.044, Sup-
plementary Table 2). Circadian variations of melatonin secretion are
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Fig. 4. Circadian rhythm of plasma cortisol secretion in SA (n=69) and GA (n=69) group.
See above legend shown in Fig. 3.

presented in Fig. 3 and Table 2. Compared with the SA group, four
mesor values and the amplitude (4) were all diminished significantly
in the GA group (all p < 0.05).

RM-ANOVA demonstrated that there was a significant interaction
between group and time in melatonin levels (F = 2.422, p = 0.030),
and acrophase of melatonin (F = 3.000, p = 0.033). Additionally, RM-
ANOVA showed a significant effect for time in melatonin levels
(F=13.699, p < 0.001), mesor of melatonin (F = 10.289, p < 0.001),
amplitude of melatonin (F = 9.783, p < 0.001), and acrophase of mela-
tonin (F = 1100.149, p < 0.001). RM-ANOVA showed a significant
effect for time in melatonin concentrations and circadian rhythm
parameters. Additionally, there was a significant interaction between
group and time in melatonin levels and acrophase of melatonin (Sup-
plementary Table 3).

3.3. Postoperative plasma cortisol concentration and circadian rhythm
parameters

The plasma cortisol concentration in the GA group was signifi-
cantly lower at 22:00 on the surgery day (p < 0.001, Fig. 2B, Supple-
mentary Table 1). The difference gradually dismissed thereafter. At
16:00 on postoperative day 1, the cortisol concentrations in both
groups were not different from each other. The cortisol concentration
in the GA group was gradually elevated afterward to a level higher
than that in the SA group (Fig. 2B, Supplementary Table 1). Circadian
variations of cortisol levels were depicted in Fig. 4 and Table 2. Com-
pared with SA, the mesor (1) value was decreased significantly
(p=0.008, Table 2) in the GA group.

RM-ANOVA demonstrated that there was a significant interaction
between group and time in cortisol levels (F = 3.934, p < 0.001),
mesor of cortisol (F = 6.081, p < 0.001). Additionally, RM-ANOVA
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showed a significant effect for time in cortisol (F = 17.808, p < 0.001),
mesor of cortisol (F = 4492, p < 0.001), amplitude of cortisol
(F = 6.489, p < 0.001), and acrophase of cortisol (F = 371.753, p <
0.001, Supplementary Table 3). RM-ANOVA showed a significant
effect for time in all variables of cortisol concentrations and circadian
rhythm parameters. Additionally, there was a significant interaction
between group and time in cortisol levels, mesor of cortisol (Supple-
mentary Table 3).

3.4. Perioperative subjective and objective sleep data

An insignificant difference in the preoperative PSQI and sleep
quality was found between the two groups (Table 3). There was a
higher number of patients in the GA group that suffered from sleep
deprivation (p = 0.040). The sleep quality of patients in the GA group
was inferior to that in the SA group as evaluated by the number of
awakenings, sleep quality score, and feeling after waking up (all p <
0.05) at the night on the surgery day. At the night on postoperative
day 1, there was no significant difference between the two groups in
all measurements of subjective sleep and objective sleep.

3.5. Correlation analysis of melatonin with sleep quality

We validated the association between the melatonin concentra-
tion at 4:00 and the sleep quality by Pearson or Spearman analysis in
the SA group, GA group and all patients, respectively. On postopera-
tive day 1 and 2, the melatonin concentration at 4:00 showed a posi-
tive correlation with the sleep quality in SA group (r = 0.360,
p =0.002; r = 0.288, p = 0.016; respectively), in GA group (r = 0.274,
p = 0.023; r = 0.269, p = 0.025; respectively), and in all patients
(r=0.454, p = 0.029; r = 0.593, p = 0.003; respectively).
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Table 3

Perioperative sleep data.
Variable SA (n=69) GA (n=69) p-value
Preoperative
PSQI score 5.0(3.0,11.0) 5.0(2.0,8.5) 0.322
Sleep quality 5.0(3.0,6.0) 4.0(3.0,6.0) 0.409
Postoperative
Surgery day
Sleep deprivation 6(8.6%) 16 (22.95%) 0.040
Subjective sleep
Night sleep time, min 253.0 £135.2 212.2 £160.5 0.090
Sleep onset time, h 224422 21.7+£24 0.242
Sleep offset time, h 55+1.0 54+12 1.000
Number of awakenings 2.9 +1.1 64+1.2 <0.001
Sleep quality 5.0(3.0,6.0) 3.0(1.0,6.0) 0.032
Feeling after waking up 0.032
Refreshed 8(11.6%) 1(1.4%)
Somewhat refreshed 33 (47.8%) 28 (40.6%)
Fatigued 28 (40.6%) 40 (58.0%)
Objective sleep
Total sleep time, min 309.0 (184, 410.0) 250.0 (3.0, 376.0) 0.220
REM time, min 36.0(15.0,57.0) 25.5(9.0, 54.0) 0.300
Light sleep time, min 231.0(139.0,281.0) 178.0(114.0, 297.0) 0.250
Deep sleep time, min 39.0 (8.0, 62.0) 14.0 (6.0, 45.0) 0.072
Day 1
Sleep deprivation, % 2(2.8%) 6(8.5%) 0.275
Subjective sleep
Night sleep time, min 303.2 +£130.1 269.5 +116.5 0.122
Sleep onset time, h 222420 21.7+£1.6 0.154
Sleep offset time, h 53+09 50+1.1 0.209
Number of awakenings 3.0 + 0.6 2.7+09 0.068
Sleep quality 6.0 (4.0,7.0) 5.0(3.0,7.0) 0.568
Feeling after waking up 0.357
Refreshed 20 (29.0%) 28 (40.6%)
Somewhat refreshed 33 (47.8%) 27 (39.1%)
Fatigued 16 (23.2%) 14 (20.3%)
Objective sleep
Total sleep time, min 337.0(280.0,439.0)  306.0(181.0, 420.0) 0.229
REM time, min 44.0(30.0, 70.0) 43.0(13.0, 75.0) 0.652
Light sleep time, min 250.0(194.0,316.0)  235.0(128.0,342.0) 0.369
Deep sleep time, min 41.0(23.0, 63.0) 31.0(11.0,51.0) 0.153

Sleep quality was assessed with numeric rating scale (NRS, 0 = worst and 10 = best);
Sleep diaries were used to assess other subjective sleep data. Objective sleep data was
calculated with sleep tracker (Fitbit Charge). Stage N1 and N2 sleep (polysomnogra-
phy) were categorized as “light sleep” and stage N3 (polysomnography) as “deep
sleep” (according to Fitbit Inc.). GA, general anaesthesia; PSQI, Pittsburgh Sleep Quality
Index; REM, rapid-eye-movement; SA, subarachnoid anaesthesia; TST, total sleep
time.

3.6. POD and circadian rhythm parameters

36 patients (26.1%) developed POD, with 12 patients (17.4%) in the
SA group and 24 (34.8%) in the GA group (p = 0.020). There was no
significant difference in baseline demographics and perioperative
characteristics between POD and non-POD groups (Supplementary
Table 4). The hypertension incidence (77.8%) and the pneumonia inci-
dence (13.9%) were higher in the POD group (all p < 0.05). For sec-
ondary outcome (POD occurrence), we used binary logistic
regression analysis to adjust for confounding (hypertension, platelet,
ALT, Albumin, TSH, ACEI or ARB and MMSE). The results showed that
anaesthesia method was an independent influencing factor of POD
occurrence (OR = 0.287, 95% CI: 0.115 - 0.718, p = 0.008, Supplemen-
tary Table 5).

Comparisons of circadian variations of melatonin and cortisol
secretion between POD and non-POD groups are presented in Figs. 5
and 6 and Supplementary Table 6. Mesor, amplitude, and acrophase
(1, 2, 3, and 4) of melatonin were similar between the two groups
(Fig. 5 and Supplementary Table 6). The POD group tended to have a
higher cortisol mesor (1, 2, 3, and 4), as well as a more delayed acrop-
hase (1) than the non-POD group (all p < 0.05, Fig. 6 and Supplemen-
tary Table 6).

3.7. Perioperative pain data

There was no difference in the preoperative pain score between
the two groups (Table 4). Patients in the GA group required more res-
cue analgesia than those in the SA group on surgery day (p = 0.038).
Besides, a higher pain score on activity in the GA group was observed
on postoperative day 1 (p < 0.001).

3.8. Perioperative plasma inflammatory cytokines concentration

There was no significant difference in plasma IL-6 and CRP con-
centrations at preoperative and 24h after surgery (Fig. 7). Besides, the
changes in CRP and IL-6 between preoperatively and postoperatively
were comparable between the two groups (Fig. 7).

4. Discussion

The results of this study show that both GA and SA could affect
postoperative circadian melatonin secretion and sleep, but SA was
associated with less impairment of the melatonin rhythm and sleep,
and fewer POD.

In GA patients, we observed a significant decrease in the peak
level of melatonin at 04:00, as well as a considerable decrease in the
mesor and amplitude of melatonin was observed on postoperative
day 1. This was followed by an increase in the melatonin peak level
at 04:00 and an advanced phase on postoperative day 2, indicating a
fluctuating trend in the circadian melatonin secretion. It is worth
mentioning that the difference in melatonin level at 04:00 on postop-
erative day 1 (the primary aim) between the two groups [10.1 (7.3,
15.4) vs. 11.6 (9.4, 18.0) pg/mL], seemed small. Melatonin, an impor-
tant neuroendocrine hormone, like other hormones, has the charac-
teristics of tiny amounts and high efficiency, and acts on the
biological clock and regulates the sleep-wake cycle [7,8,39]. It may be
this slight melatonin fluctuation that causes clinical outcomes.
Gogenur et al. found that the difference of melatonin concentration
[36 (5-110) vs. 36 (8-196) pg/mL] led to the change of melatonin
rhythm, as well as the change of cortisol and body temperature [40].
Shenshen et al. also reported a small difference between preoperative
and postoperative melatonin concentrations (3.79 + 0.68 vs. 5.51 +
0.82 pg/mL) in aging cataract surgery patients, with the differences in
PSQI and Epworth Sleepiness Scale scores [41]. Another study dem-
onstrated that A melatonin concentration at 1 hour after the opera-
tion was significantly lower in patients with delirium than in those
without delirium (- 1.1 vs. 0 pg/mL, p = 0.036) [42]. The magnitude of
the difference between the groups in the current study was in accor-
dance with the above-mentioned findings [40-42].

In this study, we controlled external factors (light, meal, activity,
temperature, the start time of surgery, and preoperative medication
use) known to influence melatonin secretion [17,43,44]. Our results
support that GA influences postoperative melatonin secretion as
reported by others [17,18]. A study by Karkela et al. [13] reported
that there was no significant difference in the melatonin level
between SA and GA groups, they however studied a younger group
of patients (20 orthopaedic patients, 29 + 11 years of age), and they
measured melatonin at only five time points (21:00, 22:00, 23:00,
and 24:00 and 08:00) and might have missed the highest level of
melatonin [13]. Our findings are supported by observations in an ani-
mal study that showed a decrease in the melatonin level immediately
after propofol anaesthesia (without surgery), followed by an increase
20h after anaesthesia and a phase advance of the circadian melatonin
rhythm [45].

It is thought that both surgery and anaesthesia may inhibit mela-
tonin secretion after an operation. Many clinical studies have demon-
strated that the surgical procedure causes trauma and thus increased
inflammatory cytokine that affects the circadian clock [17]. As shown
in a large number of reports, GA anaesthetics strongly affects the
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Fig. 5. Circadian rhythm of plasma melatonin secretion in non-POD (n=102) and POD (n=36) group.

See above legend shown in Fig. 3.

circadian clock [18]. In our report, the surgical trauma and inflamma-
tory cytokine levels in the two groups of patients were similar, except
for the pain score. We therefore suggest that the difference in melato-
nin secretion between the two groups may be attributed to the
anaesthetic method and associated pain management.

Sevoflurane or propofol anaesthesia may decrease the expression
of clock genes in the SCN, resulting in a decrease in melatonin secre-
tion and a phase advance of the circadian rhythms [46-49]. The rea-
son for an increased melatonin peak on postoperative day 2 in the GA
group is unclear. It is possible that, on the second day after surgery,
GA anaesthetics are metabolized and a rebound is observed after the
anaesthetic-induced inhibition of melatonin secretion stops.

Another finding in this study was that the plasma cortisol level
was significantly decreased at 22:00 on the surgery day in the GA
group compared to the SA group. This decrease had recovered at
16:00 on postoperative day 1. Afterwards, the plasma cortisol was
higher in the GA than the SA group. A prospective study conducted
by Jansen et al. [50] found that a group of patients receiving local
anaesthesia exhibited a higher level of cortisol at the beginning of
surgery and 20 min after incision compared to the GA group.

Many clinical studies have shown that the cortisol was disturbed
by surgical aggression, stress, inflammatory biomarkers, and general
anaesthetics [51-53]. One possible reason for the higher cortisol
level in the SA group is that patients are awake, and the perioperative
anxiety may lead to a significant increase in cortisol levels [50].
Besides, GA anaesthetics i.e. opioids and etomidate that are known to
abolish cortisol secretion [53]. The anaesthetic etomidate interfered

with the production of cortisol in the adrenal cortex, and a single
induction dose of etomidate suppressed cortisol production for 6 -12
h [53,54].

Our study shows that the peak concentration of melatonin (04:00)
was positively correlated with sleep quality. Patients in the GA group
experienced significant sleep disturbance in the first postoperative.
These findings are consistent with what has been previously reported
by Kjolhede et al. [19] and Su et al. [5]. This might be explained by
more intense postoperative pain in the GA group. Reciprocally, poor
sleep quality might lead to increased sensitivity to pain and more
analgesics [5,55]. A lower melatonin concentration (especially the
peak concentration of melatonin at 4:00) serves as a major element
in mechanisms underlying the sleep disturbance in the GA group.

Circadian rhythm disturbance may account for POD [56]. Several
previous studies have demonstrated the link between a disturbed cir-
cadian pattern of melatonin secretion and delirium [12,57,58]. In this
study, the POD incidence in the GA group was significantly higher
than that in the SA group, which is consistent with previous studies
[59]. As perioperative inflammatory markers were not different
between the two groups, we suggest that the different incidence of
POD mainly derives from pain and rhythm disturbance.

To further explore the relationship between circadian rhythm dis-
turbance and POD, we divided the patients into POD versus non-POD
groups for comparison (this should be considered as exploratory as
the sample size calculation was not based on POD incidence). The
results indicated that the POD group experienced more severe circa-
dian rhythm disturbance. Future studies will need to explore whether
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See above legend shown in Fig. 3.
exogenous treatment with melatonin to re-establish the rhythms
could be beneficial for the mitigation of POD [60]. Table 4
The major strength of our study is that we shed light on the effect Perioperative pain data.
of.GA and SA on the c1r§adlan rhythm and explore their assoc1at10n§ Variable SA (n=60) GA (n=69) p-value
with POD in elderly patients. However, the current study has multi- ; -
P . . reoperative
ple llmltgtlons. First, Fhe results may only show a general trer}d of Pain at rest score 30(20,50)  3.0(3.0,40) 0795
changes in postoperative melfitonm secretion and rplghF have mlssed Pain on activity score  8.0(8.0,9.0)  8.0(7.0,9.0) 0.140
the highest level due to a limited number of sampling time points. In Postoperative
general, sampling at higher frequencies may contribute to the accu- Surgeryday
rate analysis of rhythm parameters. Nevertheless, too dense meas- gemfdy analgesia, % 11(15.9%)  24(348%) 0.038
. i . . ay
urements are redundant and do not bring addlltlonal 1nformat10.n.. It Remedy analgesia, % 15 (21.7%) 17 (24.6%) 1,000
also has been recommended to choose At<6h in the case of equidis- Pain at rest score 2.0(20,30) 2.0(2.0,3.0) 0.120
tant data obtained at At intervals [33,61]. In order to protect the wel- Pain on activity score  6.0(5.0,7.0)  7.0(6.0,80)  <0.001
fare of our participants and ensure the sleep was not disrupted by Day2 )
multiple blood drawings, we, therefore, took blood samples every Remedy analgesia, % 13(18.8%) 13 (18.8%) 1.000
. Pain at rest score 2.0(1.0,2.0) 2.0(1.0,2.0) 0.502
6 hours. Second, we only collected data for two days according to the Pain on activity score 5.0 (3.0,6.0)  5.0(5.0,6.0) 0.454

hospital discharge policy, and both the melatonin and sleep distur-
bance might have lasted for a longer period. Third, considering geri-
atric hip fracture patients with at least one significant comorbidity
and often experience frailty, the method of anaesthesia (GA or SA)
depends on patient wishes, individual situations, as well as the expe-
rience of anaesthesiologists and surgeons [62]. Therefore, this study
was a non-randomized exploratory and observational cohort study.
We cannot therefore exclude the possibility of unmeasured con-
founders between groups. Fourth, we herein excluded patients with

Pain intensity was measured using the numeric rating scale. The cate-
gorical variables are expressed as n (%). Normal data are given as
mean =+ SD, whereas non-normal data are expressed as median (25th
percentile, 75th percentile). GA, general anaesthesia; SA, subarachnoid
anaesthesia.

dementia who were at a higher risk for delirium development
[63,64]. Lastly, we conduced explorative analysis that require valida-
tion in prospective patient cohorts.
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Fig. 7. Perioperative plasma levels of inflammatory cytokines.

Data were presented as mean and SEM. There was no significant difference between the two groups (n=69, each) in CRP and IL-6 concentration at baseline and on postoperative

day 1, and changes of CRP and IL-6 (A—F).

5. Conclusion

In summary, the current study provides evidence supporting that
SA is superior to GA in elderly patients after hip fracture surgery as
SA was associated with less impairment of the melatonin rhythm and
sleep, and fewer POD. Our results suggests that melatonin adminis-
tration provides potential therapeutic benefits for the elderly hip
fracture population, by improving sleep and reducing the POD inci-
dence.
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