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A B S T R A C T   

Objective: To describe the prevalence of various circadian blood pressure patterns in adults recovering from 
abdominal surgery, and to evaluate the association between loss of normal circadian variation in blood pressure 
and hypotension during the initial 2 postoperative days. 
Design: A post-hoc analysis of data obtained from two randomized trials. 
Setting: Operating rooms of the Cleveland Clinic. 
Patients: Adults having abdominal surgery from 2015 to 2019 with at least one overnight stay. Participants were 
continuously monitored by wearable vital signs monitors starting in the post-anesthesia care unit and for the first 
48 postoperative hours. 
Interventions: None. The exposure of interest was the degree of nocturnal decrease in blood pressure - normal 
nocturnal decrease in blood pressure (“normal dipping”, more than 10% decrease compared to day-time), no 
nocturnal decrease (“non-dipping”, less than 10% nocturnal decrease), or nocturnal increase in blood pressure 
(“rising”). 
Measurements: Postoperative hypotension, defined by the time weighted average (TWA) area under a mean 
arterial pressure (MAP) threshold of 70 mmHg. 
Results: In total, 590 patients were eligible for analysis (mean(SD) age 50(15) years, 56% females, median [IQR] 
surgery duration 4.0 [2.7, 5.8] hours). Median TWA area under a MAP threshold of 70 mmHg was 0.96 (95%CI 
0.59, 1.33) mmHg*minute per monitoring hour lower in patients with either no nocturnal blood pressure 
decrease (N = 317, 54%), or an increase in nocturnal blood pressure (N = 211, 36%), than in the reference group 
of patients with normal nocturnal decrease (N = 62, 11%), P < 0.001 for both. 
Conclusions: Abnormal diurnal blood pressure patterns are common in adults during the initial 2 days after 
abdominal surgery. Lack of normal night-time decrease in blood pressure is associated with less postoperative 
hypotension. Future studies should evaluate whether abnormal postoperative diurnal blood pressure patterns are 
associated with worse outcomes.   

1. Introduction 

Mortality during the 30 days after non-cardiac surgery is about 2% 
among inpatients ≥45 years [1]. If considered an illness, it would be the 
third leading cause of death worldwide [2]. Cardiovascular risk factors, 

including pre-existing cardiovascular disease, intraoperative and post-
operative hypotension, and postoperative anemia are commonly asso-
ciated with higher postoperative mortality [3–9]. Postoperative 
hypotension is especially important because it is associated with a 3-fold 
increase in the risk of myocardial infarction and death [7]. Additionally, 
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blood pressure does vary widely in surgical patients, and according to a 
recent retrospective analysis, postoperative blood pressure perturba-
tions were common, severe, and largely undetected by routine nurse 
assessments [10]. 

Together with vasomotor tone and fluid status, circadian variation 
can explain changes in postoperative blood pressure. Circadian variation 
along the day has been well-described in many physiological processes 
including sleep and arousal, temperature regulation, autonomic nervous 
system tone, and others. The cycle originates from circadian pacemaker 
neurons in the suprachiasmatic nucleus that have an important day–-
night variation in the spontaneous firing rate and resting membrane 
potential [11]. The loss of such circadian variation is associated with 
increased risk of obesity and diabetes, delirium, cancer, and cardiovas-
cular events [11]. Continuous blood pressure monitoring among the 
general population demonstrated that variations from the normal 
pattern of nocturnal decrease in blood pressure are associated with 
cardiovascular events and mortality [12–16]. 

Although circadian blood pressure patterns are well described in 
ambulatory and medical patients [12–15], blood pressure variation has 
not been previously described in surgical patients. The perioperative 
period is characterized by stress, pain, increased sympathetic activity, 
increased metabolic demands, and disruption of the normal sleep cycle. 
Anesthesia and surgery have been shown to interfere with several 
circadian processes, such as sleep and cognitive function [17]. However, 
the incidence of abnormal circadian blood pressure changes after 
anesthesia and surgery remains unknown. Nonetheless, it is plausible 
that the lack of normal circadian blood pressure variation is associated 
with cardiovascular complications. 

We therefore aimed to evaluate circadian blood pressure variation 
during the initial two postoperative days among adult inpatients 
recovering from abdominal surgery. We also hypothesized that dimin-
ished diurnal blood pressure variation during the initial two post-
operative days (<10% decrease in night-time MAP) is associated with 
postoperative hypotension, defined as mean arterial pressure (MAP) 
<70 mmHg during the same period. 

2. Methods 

We conducted a single-center observational post-hoc analysis of data 
from 2 previous randomized trials. The FACTOR trial evaluated the ef-
fect of perioperative administration of intravenous acetaminophen on 
postoperative blood oxygen saturation in patients having abdominal 
surgery (NCT02156154) [18]. The EXPLANE trial compared bilateral 
transversus abdominis plane blocks to epidural analgesia in patients 
having abdominal surgeries (NCT02996227, accepted for publication). 
Both trials were approved by the ethical boards of participating sites. 
The current post-hoc analysis was approved by Cleveland Clinic’s 
Institutional Review Board which waived need for further patient 
consent. 

Participants in both trials were adults (>18 years of age) having 
abdominal surgery between 2015 and 2019 with at least one overnight 
stay. The current analysis only included participants from sites where 
patients were continuously monitored by a noninvasive wearable vital 
signs monitoring system (ViSi mobile, Sotera Wireless LTD, San Diego, 
California) during the first 48 postoperative hours, starting in the post- 
anesthesia care unit. The monitoring system captures several vital signs, 
among them is continuous non-invasive blood pressure on a 1-min in-
terval, using a Food and Drug Administration approved pulse wave 
progression based algorithm [19]. We excluded patients with missing 
baseline variables or large gaps in blood pressure monitoring (total 
monitoring time < 24 h or day- or night-time monitoring time < 5 h). 

The exposure was SBP night-time to day-time change in percent 
(Night SBP− Day SBP

Day SBP × 100%). The primary outcomes were time weighted 
average blood pressures (systolic, mean, and diastolic) at day-time 
(defined as 6 am to midnight), and night-time (midnight to 6 am). The 

secondary outcome was postoperative hypotension (defined as area 
under a MAP threshold of 70 mmHg per monitoring hour). 

2.1. Statistical analysis 

The primary analysis was descriptive. First, we summarized the 
changes in time weighted average (TWA) systolic blood pressure from 
day-time to night-time during the initial 2 postoperative days in the 
entire cohort. We then summarized the 3 components of blood pressure 
(systolic, diastolic, and mean) at day-time, night-time and overall across 
the 3 different degrees of nocturnal “dipping” – a decrease in night-time 
versus day-time TWA SBP of >10% (“normal dipping”), between 10% 
and 0% (“non-dipping”), and an increase compared to day-time values 
(“rising”). Based on the results, we conducted two post-hoc analyses: (1) 
we compared the night-time SBP between the groups, using the “normal 
dipping” group as a reference, to test whether blood pressure is truly 
different between the groups, and (2) we tested whether there was a 
difference in the incidence of preoperative hypertension across the three 
groups through chi-square test. 

For the secondary analysis, due to non-normality of postoperative 
hypotension, we used a quantile regression which estimates the median 
rather than the mean of outcome to explore the association between the 
degree of nocturnal decrease in blood pressure and postoperative hy-
potension, measured as time weighted average area under a MAP 
threshold of 70 mmHg per monitoring hour. 

All regression models were adjusted for baseline, preoperative, and 
intraoperative variables that were judged to be potential confounders 
(Table 1). Since only two patients had missing data on confounding 
variables, we assumed data were missing at random and conducted a 
complete case analysis. We used a convenience sample including all 
available patients fulfilling the enrollment criteria, and our study could 
therefore be considered a pilot, not necessarily sufficiently powered to 
evaluate associations with clinically-important outcomes. 

3. Results 

In total, 928 patients from the two trials had continuous non-invasive 
blood pressure monitoring. After exclusion of 338 ineligible patients, 
590 patients were available for the current analysis (reasons for exclu-
sion were all related to missing or scarce monitoring data, Fig. 1). The 
final study population had an average (SD) age of 50 (15) years and most 
had colorectal surgery. Other baseline and intraoperative variables are 
reported in Table 1. Median [interquartile range] postoperative moni-
toring duration was 47 [44, 47] hours. 

3.1. Primary outcome –patterns of diurnal variation in blood pressure 

The pooled difference (SD) in SBP between night-time and day-time 
was − 2.5 (7.3) mmHg, ranging from − 25 to +25 mmHg. While 11% of 
patients showed a normal decrease in blood pressure during night-time 
of >10% compared to day-time blood pressure (range 10%–19% 
decrease), 54% showed diminished nocturnal decrease (less than 10% 
decrease compared to day-time), and 36% (N = 211) actually showed an 
average night-time increase of blood pressure, with average MAP be-
tween 0% and 19% higher than day-time values (Table 2). 

Time-weighted average blood pressure values are presented in 
Table 2 according to the three ranges of diurnal response (>10% 
decrease in blood pressure, “normal dipping”; <10%, “non-dipping”; 
and night-time increase compared to day-time, “rising”). The TWA MAP 
(SD) of patients with normal nocturnal decrease in blood pressure was 
93 (12) mmHg during the day and 82 (11) mmHg at night. In contrast, 
The TWA MAP (SD) of patients with disturbed nocturnal pattern (“ris-
ing”, night-time MAP higher than day-time values) was 96 (11) mmHg 
during the day and 99 (12) mmHg during the night (Fig. 2). SBP and DBP 
values during the day and night are also presented in Supplemental 
Figs. 1 and 2, respectively, according to nocturnal response groups. 
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Importantly, day-time blood pressure values were similar among the 3 
groups, emphasizing that the groups only differed in the night-time 
blood pressure. The post-hoc analysis showed that both the “non-dip-
ping” and the “rising” groups truly had significantly higher night blood 
pressures compared to the reference group, Table 3. The independent 
association of each potential confounding variable to the change in 
night-time BP is reported in Supplemental Table 1. The night-time MAP 
of patients in the “non-dipping” group was 9 mmHg (95% CI: 5, 12; P <
0.001) higher than that of patients in the reference group. Similarly, the 
night-time MAP of patients in the “rising” group was 17 mmHg (95% CI: 
13, 21; P < 0.001) higher than that of patients in the reference group. 
We did not find differences in the incidence of preoperative hyperten-
sion across the three groups (P = 0.11). 

3.2. Secondary outcome – postoperative hypotension 

For the secondary analysis, we found postoperative hypotension to 
be statistically different across the three nocturnal pattern groups, 
although to an extent of no clinical importance. Compared to the 
reference “normal dipping” group, the median TWA AUC below a mean 
pressure of 70 mmHg was 0.96 (95% CI: 0.59, 1.33) mmHg*minute per 
monitoring hour lower in the “non-dipping” group (P < 0.001). This 
means that the “amount” of hypotension below the pre-defined MAP 
threshold of 70 mmHg was somewhat lower than in the control group, 
by a median of 0.96 mmHg lasting 1 min in each monitoring hour. 
Similarly, the median TWA AUC in the “rising” group was 0.96 (95% CI: 
0.59, 1.33) mmHg*minute/monitoring hour lower than that of the 
reference group (P < 0.001). The independent association of each po-
tential confounding variable to postoperative hypotension is reported in 
Supplemental Table 2. 

4. Discussion 

In this retrospective analysis, we found a high incidence of patho-
logical diurnal patterns, as about 90% of our surgical patients lacked the 
normal night-time decrease in blood pressure. Moreover, more than a 
third of the patients demonstrated a paradoxical increase in blood 
pressure during the night (also known as blood pressure “rising”). 

In contrast to our preliminary hypothesis, we also found a negative 
association between the abnormal diurnal patterns and postoperative 
hypotension, as patients with “non-dipping” or “rising” patterns (lacking 
the normal night-time decrease in blood pressure) experienced signifi-
cantly less hypotension during the first 48 postoperative hours. How-
ever, despite reaching statistical significance, this finding has probably 
no clinical importance, as the median difference in the “amount” of 
hypotension is of very small magnitude - less than 1 mmHg*min per 
each monitoring hour. Interestingly, the extent of diurnal variation in 
blood pressure (or the lack of which) was irrespective of baseline blood 
pressure, as all 3 groups differing on diurnal response had very similar 
day-time pressures. 

Internal biological clock mechanisms are being investigated in recent 
years, and their role in various physiological processes is gradually being 
described. Diurnal blood pressure variation is one of the increasingly 
explored phenomena, with both physiological and pathological impli-
cations. To our knowledge, this is the first description of diurnal blood 
pressure variation in a surgical patient population. 

The vital signs monitoring system we used evaluates blood pressure 
continuously and non-invasively using a pulse-wave progression tech-
nology and is approved by the United States Food and Drug Adminis-
tration for that purpose. The manufacturer reports its error margin to be 
less than 5 mmHg. We used this monitoring system in a blinded setup as 
part of two clinical trials, so that caregivers were unaware of monitoring 
values and had to rely on intermittent blood pressure measurements 
obtained by routine nursing practice. This setup allows us to report the 
“natural” course of blood pressure alterations with minimal interference 
by caregivers, and therefore minimal measurement bias. The caveat is 

Table 1 
Baseline characteristics of study population by magnitude of diurnal change in 
systolic blood pressure.  

Factor Total 
(N =
590) 

“normal 
dipping” 
− 19% to 
10% (N =
62) 

“non- 
dipping” 
− 10% to 
0% (N =
317) 

“rising” 
0% to 
19% (N 
= 211) 

ASD 

Baseline characteristics 
Age, years 50 ± 15 48 ± 18 49 ± 15 53 ± 14 0.36 

Sex, female 
328 
(56) 32 (52) 171 (54) 125 (59) 0.15 

Race, White 
545 

(93) 1 57 (92) 290 (92) 1 198 (94) 0.08 

BMI, kg/m2 27 ± 5 26 ± 5 27 ± 5 28 ± 5 0.37 
ASA physical 

status     
0.19 

I-II 
222 
(38) 24 (39) 126 (40) 72 (34)  

III-IV 
368 
(62) 

38 (61) 191 (60) 139 (66)  

Current smoker 1 68 (12) 4 (7) 42 (13) 1 22 (10) 0.23  

Medical History 

Asthma 67 (11) 
1 4 (7) 33 (10) 1 30 (14) 0.26 

Chronic 
Pulmonary 
Disease 

27 (5) 1 3 (5) 14 (4) 1 10 (5) 0.02 

Myocardial 
Infarction 

14 (2) 1 1 (2) 9 (3) 1 4 (2) 0.08 

Ischemic Heart 
Disease 

17 (3) 1 2 (3) 8 (3) 1 7 (3) 0.05  

Intraoperative variables 

Colloids, L 0 [0, 
0.5] 

0 [0, 0.5] 0 [0, 0.5] 0 [0, 0.5] 0.17 

Crystalloids, L 
2.5 

[1.9, 
3.4] 

2.9 [2.0, 
3.5] 

2.4 [1.8, 
3.3] 

2.8 [2.0, 
3.5] 

0.29 

RBC, cc 0 [0,0] 0 [0, 0] 0 [0, 0] 0 [0, 0] 0.06 

Surgery duration, 
hours 

4.0 
[2.7, 
5.8] 

4.1 [3.0, 
6.0] 

4.0 [2.5, 
5.3] 

4.0 [3.0, 
6.1] 0.20 

Anesthesia type     0.08 

General 
502 
(85) 52 (84) 274 (86) 176 (83)  

General +
epidural 

88 (15) 10 (16) 43 (14) 35 (17)  

Type of Surgery     0.20 
Bariatric 1 (0.2) 0 (0) 0 (0) 1 (1)  

Colorectal 
525 
(89) 57 (92) 280 (88) 188 (89)  

Gynecological 
28 

(4.7) 2 (3.2) 18 (6) 8 (4)  

Urological 6 (1.0) 0 (0.0) 3 (1) 3 (1)  

Other 30 
(5.1) 

3 (4.8) 16 (5.0) 11 (5)  

Postoperative 
monitoring 
duration 
excluding gaps, 
hours 

47 [44, 
47] 

47 [45, 47] 47 [43, 47] 47 [45, 
47] 

0.23 

ASA, American society of anesthesiologists; BMI, body mass index; RBC, red 
blood cells; ASD, absolute standardized difference. 
Data was summarized as mean ± SD, N (%), or median [Q1, Q3]. Superscripts 
represent the number of missing of corresponding variable. 

SBP night-time to day-time change was defined as 
Night SBP − Day SBP

Day SBP
×

100%. 
All variables in Table 1 (excluding monitoring time) were considered potential 
confounding factors and entered into the regression models. 
ASD demonstrates how different a variable could be across groups. ASD > 0.17 
(the smallest result from pairwise calculation based on the form 1.96×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n1

+
1
n2

√

, where n is the sample size in each corresponding group) was 

considered imbalance across groups. 
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that since nurses were not engaged in device management (as they 
would be in a normal clinical setup), maintenance was only performed 
once or twice a day by research team members. This explains the rela-
tively high incidence of disconnections and monitoring gaps and 
therefore the exclusion of about a third of potential participants. 
Nonetheless, we believe that missing monitoring data occurred mostly 
randomly, and aside of decreasing the study’s power, did not introduce 
significant bias. 

As common in studies involving circadian processes and internal 
clocks, night-time was somewhat arbitrarily defined (midnight to 6 am). 
We did not control for anesthesia end time, so while some patients 
emerged from anesthesia as early as at 10 or 11 am, others only finished 
surgery in late afternoon. This is one potential explanation for the 
prevalent disruption of normal diurnal patterns found in our cohort, but 

we were not sufficiently powered to analyze circadian variation ac-
cording to surgery end-time. Nonetheless, previous reports found sig-
nificant associations between circadian patterns of blood pressure 
variations and cardiovascular events using similar arbitrary definitions 
of day- and night-time [20]. 

Another obvious limitation is that with the available sample size we 
could not expect to find significant differences in hard outcomes be-
tween patients with various circadian patterns. Although postoperative 
hypotension has previously been shown to be strongly associated with 
postoperative morbidity and mortality, we found very small and clini-
cally insignificant differences in postoperative hypotension between the 
circadian patterns. If the abnormal patterns were truly associated with 
worse outcomes, many more participants would be needed to evaluate 
such differential effects. The fact that data originate from a single center 
also limits the generalizability of our results, and future studies from 
other sites are necessary to further establish external validity. Further-
more, 15% of the patients included in the current analysis received 
postoperative epidural analgesia, which might have influenced their 
postoperative blood pressure patterns, although it seems these patients 
were equally distributed between the various diurnal pattern groups. 

In conclusion, we found a very high incidence of disturbed diurnal 
blood pressure variation among adults recovering from abdominal sur-
gery under general anesthesia. We also found that pathological circadian 
patterns are associated with less postoperative hypotension, but this 
finding presumably carries little clinical relevance considering the small 
effect size. Future studies should further evaluate the clinical implica-
tions of disturbed postoperative diurnal variation in blood pressure, and 
its association with deleterious outcomes. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jclinane.2021.110633. 
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Fig. 1. Study flowchart.  

Table 2 
Time weighted average blood pressure values, by the diurnal change in systolic 
blood pressure.   

“normal 
dipping” − 19% 
to 10% (N = 62) 

“non-dipping” 
− 10% to 0% 
(N = 317) 

“rising” 0% 
to 19% (N =

211) 

Primary outcomes 
MAP, mmHg 
Overall 90 ± 12 94 ± 11 97 ± 11 
Daytime 93 ± 12 95 ± 12 96 ± 11 
Night-time 82 ± 11 91 ± 11 99 ± 12  

Diastolic BP, mmHg 
Overall 71 ± 9 74 ± 9 76 ± 8 
Daytime 73 ± 9 74 ± 9 75 ± 8 
Night-time 65 ± 9 71 ± 9 77 ± 9  

Systolic BP, mmHg 
Overall 113 ± 15 119 ± 15 122 ± 15 
Daytime 117 ± 15 120 ± 15 121 ± 15 
Night-time 102 ± 13 115 ± 15 126 ± 16 

Preoperative hypertension, 
binary 

18 (29) 112 (35) 42 (37) 

Secondary outcome 
Postoperative hypotension, 

mmHg*minutes, per 
monitoring hour 

1.1 [0, 26] 0 [0, 1.4] 0.03 [0, 
1.01] 

MAP: mean arterial pressure; BP: blood pressure. Data were represented as N 
(%), mean ± SD, or median [Q1, Q3]. 
The percent change was the difference between TWA night-time SBP and TWA 
day-time SBP divided by TWA day-time SBP, multiplied by 100%. 
Postoperative hypotension was defined as the area under the threshold MAP 
<70 mmHg during the initial postoperative 48 h. 
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Fig. 2. Mean arterial pressure during day- and night- 
time, by diurnal change patterns. 
Time weighted average mean arterial pressure (MAP) 
during the day (6 am to 10 pm) and night (10 pm to 
6 am), divided to groups according to percent change 
in SBP from day-time to night-time. Boxes represent 
the interquartile range, central bars – medians, cen-
tral symbols – averages, whiskers extend to the most 
extreme value within 1.5 times the IQR above the 3rd 
quartile or below the 1st quartile. External symbols 
represent values outside those ranges (“outliers”). 
Day-time pressures were similar between the three 
groups, which only differed on night-time patterns.   

Table 3 
Post-hoc analysis of differences in components of blood pressure between groups 
of various diurnal patterns.  

Component of 
blood pressure 

Diurnal 
pattern 
group 

Night-time 
blood 
pressure 

Estimated 
difference (95% 
CI)a 

P value 

SBP, mmHg Normal 
dipping 

102 ± 13 Ref   

Non-dipping 115 ± 15 11 (6, 16) <0.001  
Rising 126 ± 16 21 (16, 26) <0.001 

MAP, mmHg Normal 
dipping 

82 ± 11 Ref   

Non-dipping 91 ± 11 9 (5, 12) <0.001  
Rising 99 ± 12 17 (13,21) <0.001 

DBP, mmHg Normal 
dipping 

65 ± 9 Ref   

Non-dipping 71 ± 9 6 (3, 9) <0.001  
Rising 77 ± 9 12 (9, 15) <0.001 

BP: blood pressure; SBP: systolic blood pressure; MAP: mean arterial pressure; 
DBP: diastolic blood pressure; CI: confidence interval. 

a The estimated difference of night blood pressure between the different 
groups of SBP change from night-time to day-time versus the reference group 
(“normal dipping”, 10%–19% decrease in SBP between day and night) was ob-
tained from a generalized linear model, adjusting for potential confounding 

variables. SBP change was defined as 
Night SBP − Day SBP

Day SBP
x100. 
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