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Surgical site infection (SSI) and pneumonia are the 
most common hospital-acquired infections, with SSIs 
accounting for 19% to 22% of the total.1,2 Among surgical 

specialties, colorectal surgery has the highest incidence of 
SSI, ranging from 3% to 30%.3,4 Patients who experience SSIs 
stay in the hospital longer, are more likely to require critical 
care, and are more likely to die.5 Because SSIs are potentially 
preventable, they have become a quality-of-care indicator.

Surgical factors, patient-related risk factors, and anes-
thetic factors affect wound healing and increase SSIs.6 
Known risk factors for SSI include high body mass index,7 
tobacco use,8 poor nutritional status,9 hyperglycemia,10 
improper antimicrobial prophylaxis,9 surgery type and 
duration,11 and intraoperative hypothermia.12 Wound per-
fusion is also critical, both for oxygenating injured tissue 
and for transporting key immune cells.13–17

Adequate blood pressure is required for suitable wound 
perfusion. There is little evidence to suggest an important 
association between intraoperative hypotension and SSI.3,18–21  
However, the duration of intraoperative hypotension is 
usually short because anesthesiologists intervene as nec-
essary. In contrast, hypotension on surgical wards, while 
usually less severe than intraoperative hypotension, is com-
mon, noticed late, and thus often prolonged.22 Hours of 

KEY POINTS
• Question: Is postoperative hypotension associated with surgical site infections after colorec-

tal surgery?
• Finding: Postoperative time-weighted average mean arterial pressure was not associated with 

surgical site infections, but lowest postoperative mean arterial pressure was.
• Meaning: The association between postoperative hypotension and surgical site infection is 

weak, and whether it is causal remains unknown.

BACKGROUND: Hypotension compromises local tissue perfusion, thereby reducing tissue oxy-
genation. Hypotension might thus be expected to promote infection. Hypotension on surgical 
wards, while usually less severe than intraoperative hypotension, is common and often pro-
longed. In this retrospective cohort study, we tested the hypotheses that there is an association 
between surgical site infections and low postoperative time-weighted average mean arterial 
pressure and/or postoperative minimum mean arterial pressure.
METHODS: We considered patients who had colorectal surgery lasting ≥1 hour at the Cleveland 
Clinic between 2009 and 2013. We defined blood pressure exposures as time-weighted aver-
age (primary) and minimum mean arterial pressure (secondary) within 72 hours after surgery. 
We assessed associations between continuous blood pressure exposures with a composite of 
deep and superficial surgical site infection using separate severity-weighted average relative 
effect generalized estimating equations models, each using an unstructured correlation struc-
ture and adjusting for potentially confounding variables.
RESULTS: A total of 5896 patients were eligible for analysis. Time-weighted mean arterial pres-
sure and surgical site infection were not significantly associated, with an estimated odds ratio 
(95% CI) of 1.03 (0.99–1.08) for a 5-mm Hg decrease (P = .16). However, there was a signifi-
cant inverse association between minimum postoperative mean arterial pressure and infection, 
with an estimated odds ratio of 1.08 (1.03–1.12) per 5-mm Hg decrease (P = .001).
CONCLUSIONS: Postoperative time-weighted mean arterial pressure was not associated with 
surgical site infection, but lowest postoperative mean arterial pressure was. Whether the rela-
tionship is causal remains to be determined.  (Anesth Analg 2018;127:1129–36)
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hypotension on surgical wards seem more likely to facilitate 
infection than a few minutes during surgery. Curiously, the 
potential association between postoperative blood pressure 
and SSI has yet to be evaluated in any detail.

We therefore assessed the association between postop-
erative hypotension and SSI using 2 different characteriza-
tions of blood pressure. Specifically, we tested the primary 
hypothesis that there is an association between postopera-
tive time-weighted average (TWA) mean arterial pressure 
(MAP) and SSIs. Secondarily, we hypothesized that lower 
minimum postoperative MAP is associated with SSI.

METHODS
Our study was conducted with Cleveland Clinic Institutional 
Review Board approval (IRB# 15–240; October 2, 2015) and 
waived consent. Patients who had colorectal surgery at the 
Cleveland Clinic Main Campus who had general anesthesia 
lasting at least 1 hour between 2009 and 2013 were included 
in our analyses. Patients given neuraxial anesthesia or regional 
blocks were included, as long as they also had general anesthe-
sia. Only the first surgery per patient was included in the analy-
sis (eg, reoperations and subsequent colorectal surgeries were 
excluded). Patients were excluded from the analysis if they had 
a preoperative infection, had a primary procedure that was not 
colorectal, or had missing baseline or outcome data.

Mechanical bowel preparation was used selectively and 
was usually accompanied by oral antibiotics taken the day 
before surgery. Oral antibiotic prophylaxis, when used, 
typically consisted of neomycin 1000 mg and metronida-
zole 500 mg at 9 pm repeated at 11 pm the night before sur-
gery. Prophylactic antibiotics were also given intravenously 
within an hour before incision according to the Surgical 
Care Improvement Project guidelines.23

Potentially confounding baseline and surgical charac-
teristics, hemodynamic and other perioperative data were 
obtained from the Cleveland Clinic Perioperative Health 
Documentation System and electronic medical records. 
Surgery type was collapsed into 4 groups for analysis based 
on Healthcare Cost and Utilization Project, Clinical Classifi-
cations Software (HCUP, CCS) categories:24 (1) colostomy 
or colorectal resection; (2) ileostomy, small bowel resection, 
and other enterostomy; (3) lysis of adhesions; and (4) other 
procedures. Both analyses were adjusted for all potentially 
confounding variables listed in Tables  1 and 2 including 
demographics, body mass index, smoking status, American 
Society of Anesthesiologists physical status, Charlson 
comorbidity index, numerous baseline comorbidities, pre-
operative medications, and surgical and intraoperative 
characteristics.

Blood pressures were assessed at 15-minute intervals in 
the postanesthesia care unit, usually for 1–2 hours. Thereafter, 
blood pressures were generally obtained at 4-hour intervals 
on surgical wards, although additional measurements were 
occasionally obtained as clinically indicated. Given the lim-
ited amount of postoperative blood pressure monitoring, we 
were unable to determine the exact duration of postoperative 
hypotension (eg, minutes of MAP <65 mm Hg). Instead, we 
defined the primary exposure as postoperative TWA-MAP 
within 72 hours after surgery. TWA-MAP was calculated for 
each patient as the sum of all time periods between blood 
pressures measurements multiplied by the average of adja-
cent blood pressures, all divided by the total reading time:

TWA-MAP = =∑ + …+

+ + …+
( ) ( ) ( )i

k
t t k tk

t t tk
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MAP MAP MAP* * *
,

where (k + 1) is number of times the postoperative blood 
pressure was measured within 72 hours, 
t t tk1 2, …  is the duration of time between 2 adjacent postop-
erative blood pressures measurements, and 
MAP MAP MAP1 2 k, …  is the average of 2 adjacent blood 
pressures.

TWA is similar to ordinary arithmetic mean, except that 
instead of each of the MAP measures contributing equally 
to the final average, some MAP measures contributed more 
than others. Two MAP measures with a longer time inter-
val in-between those contributed more into the TWA then 
2 MAP measures with shorter time interval in-between. 
Although it does not replace the exact duration of postoper-
ative hypotension, TWA-MAP integrates the duration and 
severity of postoperative hypotension into the equation. We 
defined the secondary exposure as the minimum recorded 
MAP within 72 hours after surgery, assuming the minimum 
recorded MAP is the most sensitive way to catch any post-
operative hypotensive episode.

Nine distinct 30-day deep and superficial SSI complica-
tions were prospectively collected into a dedicated outcome 
database and classified as per Centers For Disease Control and 
Prevention (CDC) guidelines (Table 3).25 We used a severity-
weighted analysis to account for the varying incidence and 
severity of deep and superficial SSI. Ten anesthesiologists 
and 10 colorectal surgeons rated each individual infectious 
complication listed in Table 3 on the severity of complications 
on a scale of 0–100 (with 0 defined as least severe and 100 as 
most severe) for the average colorectal surgical patient. Then, 
the median severity rating was calculated for each individual 
infection (Table 3). Superficial and deep SSI weights were 
determined as average of their individual components rat-
ings divided by the sum of superficial and deep SSI aver-
ages (normalized). The relative severity weights were 37 for 
superficial infections and 63 for deep infections.

Statistical Analyses
Patients were summarized across observed quintiles of 
TWA-MAP on potentially confounding baseline character-
istics and P values were calculated using the appropriate 
statistical tests across quintiles. Similarly, the incidence of 
overall, deep, and superficial SSIs was reported by observed 
quintiles of both TWA-MAP and minimum MAP. Quintiles 
of exposures are provided for illustrative purposes only; all 
analyses were actually based on continuous TWA-MAP and 
minimum MAP exposures.

The primary association between TWA-MAP and the 2 
binary composites of deep and superficial SSI were assessed 
using a severity-weighted average relative effect general-
ized estimating equations model, using an unstructured cor-
relation structure and adjusting for potentially confounding 
variables.26 This approach estimates the average treatment 
effect across 2 components (ie, estimate effect for deep and 
superficial SSI components separately first) per 5 mm Hg 
change (scaled based on the observed range of TWA-MAP) in 
TWA-MAP and thus is not driven by components with higher 
incidence. It also accounts for correlation among components 
and allows us to assess heterogeneity of the association of 
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the exposure with each component. The heterogeneity TWA-
MAP with the composite was assessed by testing for the 
TWA-MAP-by-component interaction using a significance 
criterion of 0.10. Secondarily, we assessed the association 
between minimum MAP and our composites of SSI using the 
same methods as the primary analysis. The linearity between 
2 MAP exposures and the probability of the SSI outcome was 
confirmed graphically. Postoperative intensive care unit (ICU) 
length of stay, postoperative vasopressor use, and transfusion 
were summarized and are presented descriptively.

With an overall α of .05, we used a significance criterion 
of 0.05 for both the primary and secondary analyses. SAS 
version 9.4 (SAS Institute, Cary, NC) and R version 3.2.4 
(R Project for Statistical Computing, Vienna, Austria) were 
used to complete all analyses.

Sample Size and Power
A priori, we estimated power based on an expected sam-
ple size of about 6000 patients, 14% incidence of SSI, and 
an observed mean ± standard deviation (SD) TWA-MAP 
of 87 ± 10 mm Hg based on a database query, and previ-
ous studies from our institution.21 We expected to have over 
90% empirical power at the .05 significance level to detect 
an odds ratio of 0.94 or smaller per 5-mm Hg increase in 
TWA-MAP.

RESULTS
A total of 5896 of the 12,357 patients who had colorectal sur-
gery at the Cleveland Clinic Main Campus between 2009 
and 2013 were eligible for these analyses (Figure 1). Patients 
were summarized on potentially confounding baseline 

Table 1.  Baseline and Demographic and Preoperative Medication Data for the Study Population (n = 5896), 
Reported by Quintiles of TWA-MAP and the Total Study Population
 TWA-MAP Quintile (mm Hg)  

 
59 ≤ MAP <78

(N = 1179)
78 ≤ MAP <84

(N = 1179)
84 ≤ MAP <89

(N = 1180)
89 ≤ MAP <95

(N = 1179)
95 ≤ MAP <124

(N = 1179) P Valuea

Demographics       
 Age (y) 50 ± 17 51 ± 18 53 ± 17 55 ± 17 55 ± 16 <.001
 Female (%) 942 (80) 714 (61) 565 (48) 427 (36) 322 (27) <.001
 Body mass index (kg/m2) 26 ± 7 27 ± 7 27 ± 6 27 ± 6 28 ± 6 <.001
 Smoker (%)      <.001
  Nonsmoker 643 (54) 602 (51) 580 (49) 538 (46) 481 (41) …
  Former smoker 369 (31) 401 (34) 432 (37) 447 (38) 486 (41) …
  Current smoker 167 (14) 176 (15) 168 (14) 194 (16) 212 (18) …
 ASA physical status      <.001
  I–II 629 (53) 578 (49) 581 (49) 524 (44) 515 (43) …
  III 483 (41) 549 (47) 553 (47) 607 (52) 589 (50) …
  IV 67 (6) 52 (4) 46 (4) 48 (4) 75 (6) …
 Charlson comorbidity index      <.001
  0 652 (55) 631 (53) 577 (49) 508 (43) 497 (42) …
  1 177 (15) 147 (13) 167 (14) 163 (14) 133 (11) …
  2 154 (13) 172 (15) 191 (16) 214 (18) 239 (20) …
  3 70 (6) 85 (7) 78 (7) 85 (7) 89 (8) …
  4 25 (2) 34 (3) 42 (4) 46 (4) 47 (4) …
  5 19 (2) 17 (1) 16 (1) 19 (2) 32 (3) …
  6 + 82 (7) 93 (8) 109 (9) 144 (12) 142 (12) …
Baseline comorbidities       
 COPD (%) 169 (14) 144 (12) 150 (13) 139 (12) 128 (11) .13
 Cardiovascular disease (%) 194 (17) 200 (17) 223 (19) 253 (22) 240 (20) .01
 Congestive heart failure (%) 51 (4) 35 (3) 42 (4) 44 (4) 38 (3) .45
 Pulmonary circulation disease (%) 24 (2) 13 (1) 8 (0.7) 5 (0.4) 15 (1) .002
 Peripheral vascular disease (%) 55 (5) 52 (4) 61 (5) 61 (5) 60 (5) .88
 Hypertension (%) 255 (22) 371 (32) 425 (36) 528 (45) 601 (51) <.001
 Other neurological disorders (%) 33 (3) 39 (3) 32 (3) 34 (3) 47 (4) .37
 Diabetes mellitus (%) 108 (9) 125 (11) 151 (13) 168 (14) 160 (14) .001
 Hypothyroidism (%) 161 (14) 141 (12) 110 (9) 97 (8) 89 (8) <.001
 Renal failure (%) 44 (4) 46 (4) 38 (3) 57 (5) 65 (6) .04
 Liver disease (%) 37 (3) 29 (3) 32 (3) 29 (3) 24 (2) .54
 Lymphoma (%) 6 (0.5) 6 (0.5) 10 (0.8) 12 (1) 14 (1) .25
 Metastatic cancer (%) 55 (5) 77 (7) 91 (8) 118 (10) 122 (10) <.001
 Solid tumor without metastasis (%) 194 (17) 224 (19) 261 (22) 304 (26) 321 (27) <.001
 Coagulopathy (%) 62 (5) 63 (5) 44 (4) 67 (6) 54 (5) .19
 Alcohol abuse (%) 11 (1) 16 (1) 20 (2) 22 (2) 36 (3) .002
 Drug abuse (%) 13 (1) 17 (1) 17 (1) 9 (1) 24 (2) .10
 Anemia (%) 55 (5) 55 (5) 55 (5) 67 (6) 68 (6) .51
Preoperative medications       
 Steroid (%) 3 (0.3) 9 (1) 9 (1) 14 (1) 18 (2) .02
 Immunosuppressive drugs (%) 3 (0.3) 3 (0.3) 6 (0.5) 13 (1) 17 (1) <.001

Statistics are presented as “mean ± standard deviation,” “median [first quartile, third quartile],” or “N (%),” as appropriate.
Abbreviations: ASA, American Society of Anesthesiologists physical status; COPD, chronic obstructive pulmonary disease; MAP, mean arterial pressure; TWA, 
time-weighted average.
aP values were calculated using the appropriate statistical tests (eg, t test) across categories.
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characteristics by quintiles of TWA-MAP in Tables 1 and 2. 
Eligible patients had a mean ± SD postoperative TWA-MAP 
of 87 ± 10 mm Hg. Patients had a median [Q1, Q3] of 17 [14, 
20] postoperative blood pressure measurements within the 
first 72 hours after surgery, with a mean ± SD of 3.7 ± 1.0 
hours between measurements.

Primarily, there was no significant association between 
TWA-MAP and SSI, with an adjusted estimated odds 
ratio (95% CI) of 1.03 (0.99–1.08) for a 5-mm Hg decrease 
in TWA-MAP (P = .16); Table  4 and Figure  2. However, 
minimum postoperative MAP was inversely associated 
with increased risk of SSI, with an adjusted estimated odds 
ratio (95% CI) of 1.08 (1.03–1.12) for a 5-mm Hg decrease 
in minimum MAP (P = .001). For example, the decrease of 
minimum MAP from 70 to 65 mm Hg (or any other 5-mm 
Hg decrease) resulted in an 8% (95% CI, 3%–12%) increase 
in odds of SSI. There was no significant TWA-MAP-by-SSI 
component interaction for TWA-MAP (P = .47) or minimum 
MAP (P = .19), suggesting that the associations between the 
MAP exposures and SSI were consistent across superficial 
and deep infections. The incidence of any SSI, deep SSIs, 
and superficial SSIs are reported by quintiles of postopera-
tive TWA-MAP and minimum MAP in Table 4.

Few patients received postoperative vasopressors, and 
15.1% of the patients received postoperative red blood cell 
transfusion (Table  5). A total of 808 patients (14%) were 
admitted to the ICU for at least some portion of their admis-
sion. Among these patients, the median [Q1, Q3] of total 
ICU length of stay for the study population was 4 [2, 7] days.

DISCUSSION
The overall SSI rate after colorectal surgery in our study 
was 14% which is consistent with reports from other institu-
tions27 and suggests that we reliably captured SSI. In con-
trast to our expectations, there was no association between 
postoperative TWA-MAP and SSI in our large cohort. But 
as expected, minimum postoperative MAP was inversely 
associated with SSI.

Table 2.  Surgical and Intraoperative Characteristics of the Study Population (n = 5896), Reported by 
Quintiles of TWA-MAP and the Total Study Population
 TWA-MAP Quintile (mm Hg)  

 
59 ≤ MAP <78

(N = 1179)
78 ≤ MAP <84

(N = 1179)
84 ≤ MAP <89

(N = 1180)
89 ≤ MAP <95

(N = 1179)
95 ≤ MAP <124

(N = 1179) P Valuea

Surgery characteristics       
 Open (versus laparoscopic; %) 967 (82) 969 (82) 965 (82) 979 (83) 980 (83) .88
 Emergency surgery (%) 29 (3) 30 (3) 39 (3) 37 (3) 52 (4) .05
 Minutes of intraoperative MAP <55 mm Hg 2.3 ± 7.8 1.9 ± 5.8 1.4 ± 4.0 1.1 ± 3.2 1.2 ± 4.1 <.001
 Procedure type (%)      <.001
  Colostomy or colorectal resection 628 (53) 669 (57) 687 (58) 771 (65) 744 (63) …
  Ileostomy, small bowel resection, and other 

enterostomy
89 (8) 107 (9) 118 (10) 95 (8) 108 (9) …

  Excision; lysis peritoneal adhesions 35 (3) 30 (3) 13 (1) 22 (2) 21 (2) …
  Other procedures 427 (36) 373 (32) 362 (31) 291 (25) 306 (26) …
 Duration of surgery (min) 195 [132, 264] 200 [134, 275] 196 [139, 264] 195 [143, 259] 183 [135, 244] .01
Intraoperative characteristics       
 Vasopressor use (%) 727 (61.7) 646 (54.8) 615 (52.1) 580 (49.2) 558 (47.3) <.001
  Phenylephrine 725 (61.5) 646 (54.8) 614 (52.0) 578 (49.0) 556 (47.2) …
  Epinephrine 13 (1.1) 7 (0.6) 8 (0.7) 4 (0.3) 5 (0.4) …
  Norepinephrine 12 (1.0) 7 (0.6) 3 (0.3) 3 (0.3) 4 (0.3) …
  Vasopressin 7 (0.6) 2 (0.2) 4 (0.3) 1 (0.1) 0 (0.0) …
  Dopamine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) …
  Dobutamine 1 (0.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) …
 Blood loss (mL) 100 [50, 250] 150 [50, 300] 150 [50, 300] 150 [75, 300] 150 [75, 300] <.001
 RBC use (%) 105 (8.9) 135 (11.5) 113 (9.6) 99 (8.4) 122 (10.3) .10
 Last recorded perioperative core temperature 

(°C)
36.3 ± 0.7 36.3 ± 0.6 36.4 ± 0.6 36.3 ± 0.6 36.3 ± 0.7 <.001

Statistics are presented as “mean ± standard deviation,” “median [first quartile, third quartile],” or “N (%),” as appropriate.
Abbreviations: TWA, time-weighted average; MAP, mean arterial pressure; RBC, red blood cell.
aP values were calculated using the appropriate statistical tests (eg, t test) across categories.

Table 3.  Definition of Superficial SSI and Deep SSI 
Complications and Their Severity Weights Used in 
the Analysis

Infectious Complication

Median (Mean ± 
Standard Deviation) 

Severity Rating
Severity 
Weightsa

Any SSI   
 Any superficial SSI … 36.8
  Fascial dehiscence 60 (65 ± 23) …
  Perineal wound problems— 

delayed healing
47.5 (50.3 ± 19) …

  Perineal wound problems— 
infection

50 (53 ± 15) …

  SSI—superficial (skin) 25 (29.8 ± 15) …
  Wound infection 30 (32.3 ± 15) …
 Any deep SSI … 63.2
  Intraabdominal abscess 85 (79 ± 18) …
  Pelvic abscess 80 (79 ± 17) …
  SSI—deep (Fascia) 52.5 (53 ± 15) …
  SSI—organ space 75 (68 ± 21) …

Abbreviation: SSI, surgical site infection.
aEach individual infection complication was rated by 10 anesthesiologists 
and 10 colorectal surgeons a priori on a scale of 0–100, with 0 being least 
severe and 100 most being most severe. The median severity rating was 
calculated for each individual infection. Superficial and deep SSI weights were 
determined as average of their individual components ratings divided by sum 
of superficial and deep SSI averages (normalized). Weights correspond to the 
average patient having each complication.
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Blood pressure on our surgical wards was typically 
evaluated at 4-hour intervals (mean ± SD: 3.7 ± 1.0 hours) 
and we considered up to 72 hours. TWA is a reasonable 
estimate of overall blood pressure. But relatively short 
periods of even severe hypotension may not much reduce 
the average calculated over days, even though short expo-
sures might be harmful. It is therefore perhaps unsur-
prising that there was no association between overall 
time-weighted mean and SSI.

In contrast, minimum MAP was inversely related to 
infection risk, suggesting that even relatively brief periods 
of moderate-to-severe hypotension may reduce wound per-
fusion sufficiently to promote infection. Patients may well 
have experienced unrecorded lower pressures and that the 
duration could have been anywhere from minutes to hours. 
This conclusion is consistent with Abdelmalak et al28 who 
reported that minimum tissue oxygen saturation rather than 
TWA oxygenation was associated with a composite of serious 

Figure 1. Study flow diagram. ASA 
status indicates American Society of 
Anesthesiologists physical status.

Table 4.  Study Results: The Association Between Decrease in TWA-MAP and Minimum MAP and SSI  
Among the Colorectal Surgical Patients (n = 5896)

 
Primary Analysis 

Exposure: Postoperative TWA-MAP Quintile (mm Hg)

 
59 ≤ MAP <78

(N = 1179)
78 ≤ MAP <84

(N = 1179)
84 ≤ MAP <89

(N = 1180)
89 ≤ MAP <95

(N = 1179)
95 ≤ MAP <124

(N = 1179)
Odds Ratioa  
(95% CI)b P Valueb

Any SSI 168 (14) 168 (14) 167 (14) 171 (15) 173 (15) 1.03 (0.99–1.08) .16
 Deep SSI 89 (8) 78 (7) 72 (6) 84 (7) 81 (7) … …
 Superficial SSI 108 (9) 113 (10) 123 (10) 111 (9) 118 (10) … …

 
Secondary Analysis 

Exposure: Minimum Postoperative MAP (mm Hg)

 
33 ≤ MAP <64

(N = 1187)
64 ≤ MAP <70

(N = 1160)
70 ≤ MAP <74

(N = 1163)
74 ≤ MAP <80

(N = 1229)
80 ≤ MAP <118

(N = 1157)
Odds Ratioa  
(95% CI)b P Valueb

Any SSI 186 (16) 179 (15) 164 (14) 168 (14) 150 (13) 1.08 (1.03–1.12) .001
 Deep SSI 93 (8) 89 (8) 82 (7) 74 (6) 66 (6) … …
 Superficial SSI 123 (10) 121 (10) 113 (10) 116 (9) 100 (9) … …

Abbreviations: CI, confidence interval; MAP, mean arterial pressure; SSI, surgical site infection; TWA, time-weighted average.
aOdds ratio for a 5-mm Hg decrease in TWA-MAP or minimum MAP estimated using separate severity-weighted average relative effect generalized estimating 
equation models using an unstructured covariance matrix and adjusting for potential confounders in Tables 1 and 2.
bSignificance criterion of 0.05 was used for each analysis.
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complications. It is also consistent with recent studies show-
ing that even brief periods of intraoperative hypotension 
are associated with myocardial injury, acute kidney injury, 
and death.29–34 Two previous reports have also suggested an 
association between postoperative hypotension and SSI.35,36 
Possible associations between severity/duration of hypoten-
sion and outcome probably demonstrate inflection points.32,37 
However, more frequent postoperative blood pressure mea-
surements is necessary to demonstrate this. Future studies 
are required to determine which measures of ward hypoten-
sion (ie, duration, severity) are most associated with surgical 
site infections—and with any other organ injury.

Our analysis was based on absolute MAPs rather than 
changes from baseline such as the conventional 20% reduc-
tion.38 One can argue that reduction from baseline blood 
pressure is a better predictor for low blood pressure–related 
outcomes. But at least for associations between hypotension 
and myocardial and kidney injury, changes from baseline 
and absolute thresholds are equally predictive37—suggest-
ing that results would not much differ had the analysis been 
based on change-from-baseline.

As in any observational analysis, residual confound-
ing may have degraded our results. However, we were able 
to adjust for most infection-related risk factors, along with 
patient- and procedure-specific characteristics (ie, open 

versus laparoscopic surgery, elective versus emergent sur-
gery, duration of surgery, type of surgery, etc). For example, 
hypoxemia is common in surgical wards,39 but we did not 
adjust for perioperative supplemental oxygen administration 
due to insufficient data. However, emerging evidence does 
not support an association between intraoperative and early 
perioperative supplemental oxygen therapy (ie, fraction of 
inspired oxygen [Fio2] 30% vs 80%) and SSIs.40,41 Additionally, 
in this single-center study, we assume that practice of care is 
homogenous across patients and confounding would be min-
imal. We did not adjust for postoperative patient status such 
as pneumonia. However, the mean interval between surgery 
and onset of pneumonia is 4 days,42 which exceeds our mea-
surement period, thus it is unlikely to be a confounder. We 
also did not adjust for postoperative interventions. Fourteen 
percent of our patients were admitted to the ICU for at least 
some portion of their admission, 3.2% of our patients were 
given postoperative vasopressors, and 15.1% of our patients 
had postoperative red blood cell transfusion. However, these 
interventions are possible corrective measures to treat hypo-
tension, instead of being confounders.

Patients who become hypotensive during surgery are 
the ones most likely to become hypotensive postopera-
tively.43 However, we have previously demonstrated lack of 
association between intraoperative hypotension and SSI.21 

Figure 2. Odds ratios (CI) for a 5-mm Hg decrease 
in postoperative time-weighted average mean 
arterial pressure (TWA-MAP) and minimum MAP 
on postoperative surgical site infections (SSI). 
Odds ratios were estimated from 2 separate 
multivariable average relative effect generalized 
estimating equations models that each used 
an unstructured correlation matrix and adjusted 
for all potentially confounding variables listed in 
Table 1. Each association was assessed using a 
significance criterion of 0.05.

Table 5.  Postoperative Information: Vasopressor Use and Transfusion (n = 5896)
 TWA-MAP Quintile (mm Hg)

 
59 ≤ MAP <78

(N = 1179)
78 ≤ MAP <84

(N = 1179)
84 ≤ MAP <89

(N = 1180)
89 ≤ MAP <95

(N = 1179)
95 ≤ MAP <124

(N = 1179)
Postoperative vasopressor use (%) 66 (5.6%) 34 (2.9%) 35 (3.0%) 24 (2.0%) 26 (2.2%)
 Phenylephrine 54 (4.6) 32 (2.7) 29 (2.5) 17 (1.4) 22 (1.9)
 Epinephrine 6 (0.5) 2 (0.2) 1 (0.1) 1 (0.1) 3 (0.3)
 Norepinephrine 30 (2.5) 5 (0.4) 13 (1.1) 7 (0.6) 5 (0.4)
 Vasopressin 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
 Dopamine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
 Dobutamine 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Postoperative RBC use (%) 191 (16.2) 200 (17.0) 176 (14.9) 172 (14.6) 151 (12.8)

Abbreviations: MAP, mean arterial pressure; RBC, red blood cell; TWA, time-weighted average.
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Furthermore, our current analysis is adjusted for intraoper-
ative hypotension. The observed relationship between post-
operative minimum pressure and infection was not driven 
by intraoperative hypotension.

It is also possible that some hypotension was a physi-
ological response to infection, rather than itself promoting 
infection. However, we have already excluded patients who 
had any infections before surgery. Additionally, we included 
the blood pressure measurements recorded only in the first 
72 postoperative hours. Few SSIs are diagnosed within 72 
hours and the median time to SSI diagnosis is 7–10 days.44,45 
A reverse causation error thus seems unlikely.

Our study has several strengths related to its large sam-
ple size and methodology. Primarily, because our sample 
size was large, we had 90% power at the 0.05 significance 
level to detect an odds ratio as small as 0.94 per 5-mm Hg 
increase in TWA-MAP. Our ability to adjust for many poten-
tial confounding variables and inclusion of various subtypes 
of colorectal surgeries enhances internal validity. External 
validity is enhanced by inclusion of a broad population of 
colorectal patients and procedures. While only colorectal 
surgery was considered, the pathogenesis and risk factors 
for SSIs are shared across a variety of surgical subspecialties.

Enhanced recovery after surgery (ERAS) and fast track 
surgery protocols are designed to improve patient out-
comes.46 ERAS protocols are suggested as powerful tools to 
prevent health care–associated infections, including SSIs.47 
Postoperative goal-directed fluid therapy48 and use vaso-
pressors to treat hypotension in normovolemic patients49 
were previously mentioned weakly in ERAS50 and World 
Health Organization51 guidelines. Considering our find-
ings, prevention and correction of postoperative hypoten-
sion may well be applicable to ERAS protocols.

In summary, there are compelling mechanistic reasons to 
believe that postoperative hypotension might promote SSI. 
Although postoperative TWA-MAP was not associated with 
SSI, minimum postoperative MAP was inversely associated 
with SSIs. However, the relationship is relatively weak and 
whether it is causal remains unknown. E
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