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Abstract

Background: Despite the significant healthcare impact of acute kidney injury, little is known 

regarding prevention. Single-center data have implicated hypotension in developing postoperative 

acute kidney injury. The generalizability of this finding and the interaction between hypotension 

and baseline patient disease burden remain unknown. The authors sought to determine whether the 

association between intraoperative hypotension and acute kidney injury varies by preoperative 

risk.

Methods: Major noncardiac surgical procedures performed on adult patients across eight 

hospitals between 2008 and 2015 were reviewed. Derivation and validation cohorts were used, and 

cases were stratified into preoperative risk quartiles based upon comorbidities and surgical 

procedure. After preoperative risk stratification, associations between intraoperative hypotension 

and acute kidney injury were analyzed. Hypotension was defined as the lowest mean arterial 
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pressure range achieved for more than 10 min; ranges were defined as absolute (mmHg) or relative 

(percentage of decrease from baseline).

Results: Among 138,021 cases reviewed, 12,431 (9.0%) developed postoperative acute kidney 

injury. Major risk factors included anemia, estimated glomerular filtration rate, surgery type, 

American Society of Anesthesiologists Physical Status, and expected anesthesia duration. Using 

such factors and others for risk stratification, patients with low baseline risk demonstrated no 

associations between intraoperative hypotension and acute kidney injury. Patients with medium 

risk demonstrated associations between severe-range intraoperative hypotension (mean arterial 

pressure less than 50 mmHg) and acute kidney injury (adjusted odds ratio, 2.62; 95% CI, 1.65 to 

4.16 in validation cohort). In patients with the highest risk, mild hypotension ranges (mean arterial 

pressure 55 to 59 mmHg) were associated with acute kidney injury (adjusted odds ratio, 1.34; 95% 

CI, 1.16 to 1.56). Compared with absolute hypotension, relative hypotension demonstrated weak 

associations with acute kidney injury not replicable in the validation cohort.

Conclusions: Adult patients undergoing noncardiac surgery demonstrate varying associations 

with distinct levels of hypotension when stratified by preoperative risk factors. Specific levels of 

absolute hypotension, but not relative hypotension, are an important independent risk factor for 

acute kidney injury.

Worldwide, over 300 million surgeries requiring anesthesia care are performed annually.1 

Despite focused efforts to improve perioperative care, postoperative complications continue 

to pose a substantial threat to public health. Among general surgery patients, over 30% 

experience a complication.2 Acute kidney injury (AKI) constitutes a large burden of these 

complications: international data demonstrate that AKI occurs in 13% of patients 

undergoing major surgery and is associated with a six-fold increased risk of mortality.3–5 

AKI increases hospital length of stay, cost, and mortality.5,6 As a result, the development of 

AKI has been studied through predictive modeling in both the cardiac7–9 and noncardiac 

surgery literature.3,4,10–16

Treatment of AKI remains largely supportive,17 making AKI prevention a critical focus of 

investigation. Nearly all pharmacologic attempts to prevent development of AKI have been 

unsuccessful.3,18 However, single-center studies have demonstrated an association between 

intraoperative hypotension and AKI.14,19,20 The frequency of hypotension revealed by these 

studies is striking; among patients undergoing noncardiac surgery, up to 40% of cases 

demonstrate a mean arterial pressure (MAP) of less than 65 mmHg for at least 10 to 12 min.
13,14,19,21 In these cases, it is proposed that the risk-adjusted association between 

hypotension and AKI may be explained by a hypotension-induced disruption in renal 

perfusion leading to injury.21 Consequently, optimizing blood pressure management during 

the intraoperative period has emerged as a promising nascent area of investigation.22,23 

Current single-center studies of postoperative AKI and hypotension propose nonspecific 

blood pressure targets across a broad range of patients that largely ignore the clinical 

realities of variable underlying patient risk. An individualized solution to blood pressure 

management has been recently explored by one small prospective trial targeting relative 

hypotension thresholds in a high-risk patient population.24 However, no study has analyzed 

the association between hypotension and AKI in the context of underlying patient risk, 
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across a broadly representative surgical population to bring clinical relevance to findings of 

previous underpowered studies.

We performed a multicenter study examining risk factors for postoperative AKI after 

noncardiac surgery among a generalizable cohort of adult patients from private and 

academic medical centers nationally. We hypothesized that measures of intraoperative 

hypotension were independently associated with postoperative AKI, when adjusted for all 

available preoperative factors comprising a multicenter AKI prediction model. Additionally, 

we hypothesized that by using preoperative characteristics to risk-stratify patients 

undergoing noncardiac surgical procedures, hypotension ranges independently associated 

with AKI—and varying by preoperative risk—could be derived and validated. These data 

could inform the design of future prospective interventional trials targeting AKI prevention.

Materials and Methods

Study Design

Institutional review board approval for this multicenter, retrospective observational study 

(HUM24166, Ann Arbor, Michigan) was obtained. Similar approval was obtained at 

participating institutions (appendix 2). Because no care interventions were involved and all 

protected health information except date of service and extremes of age (more than 89 yr) 

were removed before analysis, patient consent was waived. Study outcomes, data collection, 

and statistical methods were established a priori and presented and approved at a multicenter 

peer-review forum before data analyses.25 The Strengthening the Reporting of Observational 

Studies in Epidemiology (STROBE) guidelines and the Transparent Reporting of a 

multivariable Prediction model for Individual prognosis or diagnosis (TRIPOD) guidelines 

were followed throughout this study (Supplemental Digital Content, STROBE checklist, 

http://links.lww.com/ALN/C131; and TRIPOD checklist, http://links.lww.com/ALN/C132).
26

Study Population

Surgical procedures performed at eight academic and private centers nationally between July 

1, 2008, and December 1, 2015 (appendix 2), were reviewed. Institutions and dates chosen 

were based upon availability of complete data as relevant to this study. Adult (at least 18 yr 

old) patients with a creatinine level collected within 30 days before surgery were included. A 

baseline creatinine level was defined as the preoperative serum creatinine level collected 

closest to the start of surgery. Cases with extremely low baseline risk (outpatient and 

nonoperative procedures), unique operative physiology (liver transplantation, cardiac 

surgery), and urologic surgeries directly affecting renal function were excluded (fig. 1). 

Patients without a postoperative creatinine within 7 days, as well as patients with chronic 

kidney disease stage 5 (preoperative estimated glomerular filtration rate less than 15 ml · 

min−1 · 1.73 m−2), were excluded from primary analysis. The Chronic Kidney Disease 

Epidemiology Collaboration creatinine equation was used for estimated glomerular filtration 

rate calculation.27
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Study Outcomes

Our primary outcome was AKI (any stage), defined by the Kidney Disease: Improving 

Global Outcomes guidelines as a serum creatinine increase of at least 0.3 mg/dl within 48 h 

after surgery or an increase of at least 50% from baseline within 7 postoperative days.28 In 

the case of multiple surgical procedures within a 7-day period, postoperative creatinine 

values were censored at the start of the subsequent surgical procedure. Secondary outcomes 

included stage 2 or higher AKI and stage 3 AKI, defined as at least 100% and 200% 

increases from baseline, respectively. Renal replacement therapy data were not available for 

outcome definition.

Data Source

A limited data set from the Multicenter Perioperative Outcomes Group database was 

extracted as applicable to this study. Within this research consortium, data from enterprise 

and departmental electronic health record systems are routinely uploaded to a secure, 

centralized database. Methods used for data input, storage, quality assurance, and extraction 

within the Multicenter Perioperative Outcomes Group consortium have been described 

elsewhere and utilized in prior studies.29,30 In summary, each center uses a standardized set 

of data diagnostics to evaluate and address data quality on a monthly basis. In addition, 

random subsets of cases are manually audited by a clinician at each center to assess and 

attest to the accuracy of data extraction and source data.

Patient and Procedural Characteristics

A priori selected preoperative variables included an array of patient, procedural, and 

institution characteristics (Supplemental Digital Content 1, http://links.lww.com/ALN/

C116). Patient medical history data was collected as classified by the Elixhauser 

Comorbidity Enhanced International Classification of Diseases, Ninth and Tenth Revisions, 

Clinical Modification algorithm.31 Additional study variables have been previously assessed, 

including age,4,16 preoperative renal function,11,14,16,32 preoperative medications,13,14,16 

preoperative hemoglobin,33 preinduction blood pressure,13,14,16 American Society of 

Anesthesiologists (ASA) Physical Status classification,4,5,14,32 procedure urgency,5,10,14 and 

surgical procedure type,5,10,14,16 characterized by body region on the basis of primary 

anesthesiology current procedural terminology code.

Intraoperative Hypotension Exposure

A priori ranges for intraoperative hypotension were selected based upon previous literature,
13,14 including absolute MAP values less than 50 mmHg, 50 to 54 mmHg, 55 to 59 mmHg, 

and 60 to 64 mmHg, as well as relative MAP values greater than 40%, 30 to 40%, and 20 to 

30% below preinduction baseline. As similarly defined in previous studies,14,34 preinduction 

MAP was determined as the MAP measured in the preoperative holding room on the date of 

surgery; if unavailable, preinduction MAP was defined as the first valid (e.g., nonartifact) 

value obtained upon arrival to the operating room. In cases where MAP values were not 

directly measured, MAP was approximated as (⅓ · systolic blood pressure + ⅔ · diastolic 

blood pressure).
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The number of minutes of hypotension during each case was tabulated. Based upon recent 

primary and systematic review literature, prolonged, clinically relevant hypotension was 

defined as the lowest range for which more than 10 cumulative minutes were recorded.13,21 

Methods for intraoperative blood pressure measurement, signal processing, and artifact 

reduction have been previously published and are described in appendix 3 in greater detail.35

Statistical Analyses

Statistical analyses were performed using STATA/MP version 14 (StataCorp, USA) and 

SPSS version 24 (IBM, USA). Patients meeting selection criteria were randomly partitioned 

into derivation (two thirds) and validation (one third) cohorts. No statistical power 

calculation was conducted before the study; the sample size was based on the available data 

and our previous experience with this design.10,36 Univariate analyses were completed for 

all covariates described in Supplemental Digital Content 1 (http://links.lww.com/ALN/

C116). All continuous data that were normally distributed are reported as means and SD and 

analyzed using a two-tailed independent samples t test; all nonnormally distributed data 

were reported as medians and interquartile ranges and analyzed using a Mann–Whitney U 

test. Continuous covariates were assessed for normality using the Kolmogorov–Smirnov test; 

if the test indicated a P value less than 0.05, covariates were transformed according to the 

direction of the skew before modeling. Categorical data were analyzed using a Pearson chi-

square or Fisher’s exact test. Before all predictive modeling, collinearity among covariates 

was assessed using the variance inflation factor: if greater than 4, a Pearson correlation 

matrix was used to assess correlations. Covariates with a correlation of more than 0.70 were 

either reduced to a collapsed composite or selectively excluded from the model. Model 

discrimination was assessed using and c-statistics and net reclassification improvement.

Two separate multivariable logistic regression models were performed to develop risk 

quartiles for postoperative AKI (dependent variable). First, a mixed-effects multivariable 

logistic regression model for the derivation cohort was developed, using all covariates with 

less than 15% missing data as described in Supplemental Digital Content 1 (http://

links.lww.com/ALN/C116). The remaining missing data were handled via a complete case 

analysis. Anonymized institution was included as a random effect; all other variables were 

included as fixed effects. Among cases with complete data, an AKI probability score was 

generated from the multivariable logistic regression model β-coefficients. The probability 

score incorporated both fixed and random effects, ranged from 0 to 1 per patient, and was 

used to stratify patients into four equal-sized preoperative risk quartiles: low, medium, high, 

and highest risk for developing AKI. Next, a clinically usable weighted risk score fixed 

effects model was developed by first grouping continuous covariates into prespecified 

physiologic and laboratory ranges and then normalizing model β-coefficients to 

approximated integer multiples.

Internal and external validation were performed to assess reproducibility of the preoperative 

risk model. Internal validation was performed using Somers’ D on the original derivation 

data set with bootstrapping set to 1,000 repetitions. The Somers’ D from the original 

derivation data set and the bootstrapped data set were then compared. External validation 
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was performed by comparing the c-statistic, as well as the incidence of quartile-stratified 

AKI between the derivation and validation cohorts.

Using the derivation cohort, any incremental improvement in model discrimination with 

measures of intraoperative hypotension added to the preoperative risk model was next 

assessed. An assessment of whether intraoperative hypotension exposures were independent 

predictors of AKI was also performed in the derivation cohort.

After these analyses, the risk quartile-stratified relationship between the intraoperative 

hypotension nadir and AKI was assessed. Within each risk quartile, a subsequent 

multivariable logistic regression investigating AKI as the dependent variable was developed, 

with hypotension ranges—adjusted for anesthesia duration included as a separate covariate

—as the independent variable. A P value less than 0.05 was considered statistically 

significant. Measures of effect size were represented using adjusted odds ratios and 95% CI. 

The same techniques were used to analyze intraoperative hypotension alternatively defined 

by MAP ranges relative to preinduction baseline in a separate model. To assess the 

reproducibility of intraoperative hypotension associations, multivariable analyses of risk 

quartile-stratified hypotension and AKI were repeated for the validation cohort.

Preplanned Sensitivity Analyses

A preplanned sensitivity analysis was conducted, adjusting for estimated blood loss within 

each risk quartile for absolute and relative intraoperative hypotension definitions. Additional 

preplanned sensitivity analyses were performed, including: (1) cases with no postoperative 

creatinine available assumed to have no AKI, (2) cases restricted to 30-day index cases 

(defined as the first operation within a 30-day period for a given patient), and (3) missing 

data handled via multiple imputation (methods and results described in Supplemental Digital 

Content 2, http://links.lww.com/ALN/C117).

Post Hoc Secondary Subgroup Analyses

Several post hoc secondary subgroup analyses were performed in response to peer review. 

These included examining cases among patients receiving general anesthetics, cases with 

more than 20 min of invasive arterial line blood pressure monitoring, and cases among 

patients who underwent major high-risk surgeries. Primary anesthesiology current 

procedural terminology codes were used to identify surgical type; major high-risk surgeries 

were defined based upon the Revised Cardiac Risk Index,37 including intraperitoneal, 

intrathoracic, and suprainguinal vascular procedures.

Results

Of the 499,658 surgical cases reviewed across eight institutions, 138,021 met the study 

inclusion criteria (fig. 1). Among these cases, 12,431 (9.0%) experienced postoperative AKI 

within 7 days. Among cases with complete data, 44% developed more than 10 min of 

absolute intraoperative hypotension of any severity, and 68% developed more than 10 min of 

relative intraoperative hypotension of any severity. Across eight institutions, crude AKI 

incidence ranged from 6.8 to 12.3%. Postoperative AKI remained evenly distributed 

between the derivation cohort (9.1%) and validation cohort (8.9%, P = 0.182).
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Patient Population: Baseline Characteristics

We describe preoperative characteristics for the 138,021 cases in the entire cohort and the 

91,314 cases in the derivation cohort (Supplemental Digital Content 1, http://

links.lww.com/ALN/C116). Our study population had a median age of 58 yr, and 50% were 

men. Cases spanned a wide variety of surgical procedures, among which 13% were 

emergent and 87% required general anesthesia. A wide range of medical comorbidities were 

observed, commonly including uncomplicated hypertension (37%), chronic pulmonary 

disease (17%), uncomplicated diabetes (16%), and cardiac arrhythmias (16%). A majority of 

patients (83%) had normal or mildly decreased preoperative renal function (preoperative 

estimated glomerular filtration rate of at least 60 ml · min−1 · 1.73 m−2).

Preoperative Risk Model Derivation and Validation: Multivariable Analyses

Of the 91,314 cases within the derivation cohort, more than 95% completeness rates were 

observed for all but three risk adjustment variables: ASA Physical Status (93%), body mass 

index (87%), and preoperative serum albumin level (45%; Supplemental Digital Content 1, 

http://links.lww.com/ALN/C116). Excluding consideration of preoperative serum albumin 

levels, a total of 70,929 (78%) cases had complete data available for multivariable analysis 

and preoperative risk quartile derivation (Supplemental Digital Content 3, http://

links.lww.com/ALN/C118). All continuous data elements demonstrated a P value of less 

than 0.001 for the Kolmogorov–Smirnov test and were transformed according to the 

direction of the skew (table 1). The variance inflation factor was less than 2 for all 

multivariable models; thus, no covariates were removed on the basis of collinearity.

We summarize preoperative predictors, preoperative risk quartiles, and model discrimination 

for the reduced, clinically usable weighted risk score model (table 1) and the full model 

(Supplemental Digital Content 4, http://links.lww.com/ALN/C119) here. The strongest 

perioperative predictors included chronic kidney disease (adjusted odds ratio [95% CI] for 

stage 4 = 3.89 [3.47 to 4.38], stage 3b = 2.03 [1.82 to 2.26], stage 3a = 1.45 [1.31 to 1.60]), 

ASA physical status 3 or greater (ASA 5 = 4.76 [3.22 to 7.05], ASA 4 = 2.52 [1.96 to 3.23], 

ASA 3 = 1.80 [1.41 to 2.29]), elevated risk surgery (2.31 [2.10 to 2.55]), and moderate to 

severe anemia (2.08 [1.92 to 2.25]). Our reduced, clinically usable weighted risk score 

model demonstrated good discrimination within the derivation cohort (c-statistic 0.76 [95% 

CI, 0.75 to 0.76]) and validation cohort (0.73 [0.72 to 0.73]). The weighted risk score model 

demonstrated good calibration for both the derivation and validation cohorts (Supplemental 

Digital Content 5A, 5B, 5C, http://links.lww.com/ALN/C120), with similar AKI incidence 

per quartile. Internal validation for the original derivation data set indicated good agreement 

among covariates: the Somers’ D was 0.500 for the original derivation data set and 0.500 for 

the bootstrapped data set.

Among cases with complete data, AKI of at least stage 1 occurred in 8.6% of cases, at least 

stage 2 in 1.7% of cases, and AKI stage 3 occurred in 0.5% of cases (table 2). In the 

derivation cohort, the occurrence of AKI ranged from 2.0 to 20% across low baseline risk to 

highest baseline risk quartiles and similarly from 2.1 to 20% in the validation cohort. In both 

cohorts, rates of AKI of at least stage 2 and AKI stage 3 also increased with increasing 

preoperative risk (P < 0.001).
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Impact of Intraoperative Hypotension as Incremental AKI Risk Modifier

In the derivation cohort, median preinduction MAP was observed to be 90 mmHg 

(interquartile range, 80 to 101 mmHg; Supplemental Digital Content 6, http://

links.lww.com/ALN/C121). Of these cases, 43% demonstrated absolute intraoperative 

hypotension (any severity) for more than 10 min, and 68% demonstrated relative 

intraoperative hypotension (any severity) for more than 10 min. Among derivation cohort 

patients with severe-range absolute hypotension (MAP of less than 50 mmHg) for more than 

10 min (n = 2,188, 3.1% of derivation cohort), 38.7% of such cases (n = 628) demonstrated 

persistent hypotension for more than 10 consecutive minutes; among such cases, 15.9% (n = 

100) were ASA class 4 or 5 physical status, 8.3% (n = 52) were emergent; and 8.3% (n = 52) 

involved more than 1,000 ml of estimated blood loss.

In figure 2, the incidence of AKI versus severity of hypotension observed for each case is 

compared. In the derivation cohort, among patients with low preoperative risk (quartile 1), 

AKI incidence varied from 1.6 to 2.6% for absolute intraoperative hypotension ranges, and 

severity of hypotension demonstrated no significant association with AKI risk (P = 0.20). 

Conversely, among patients with the highest preoperative risk (quartile 4), AKI incidence 

ranged from 19.1 to 31.4%, and the severity of absolute intraoperative hypotension 

demonstrated a significant association with AKI risk for absolute intraoperative hypotension 

(P < 0.001). Similar findings were observed for the validation cohort. In contrast to absolute 

intraoperative hypotension, no associations between relative intraoperative hypotension 

severity and AKI incidence were replicable across derivation and validation cohorts among 

any risk quartile. When intraoperative hypotension measures were added to the full 

preoperative risk models, all ranges of absolute intraoperative hypotension for more than 10 

min independently predicted AKI, whereas only severe ranges of relative intraoperative 

hypotension for more than 10 min were independent predictors in both the derivation and 

validation cohorts (Supplemental Digital Content 7, http://links.lww.com/ALN/C122). 

Additionally, when absolute or relative intraoperative hypotension was added to the 

preoperative risk models, performance was not observed to have significant improvement as 

assessed by c-statistic but was observed to have significant improvement as assessed by net 

reclassification improvement in both the derivation and validation cohorts. When examining 

the incidence of AKI versus risk quartile for each absolute and relative MAP range, AKI 

incidence was significantly different across risk quartiles (Supplemental Digital Content 8, 

http://links.lww.com/ALN/C123, P < 0.001 for all comparisons).

In figure 3, the association between more than 10 min of intraoperative hypotension and 

AKI when stratified by preoperative risk is analyzed. Among patients with low preoperative 

risk (quartile 1), multivariable analysis of the derivation cohort demonstrated no 

intraoperative hypotension ranges were associated with additional AKI risk. Among patients 

with medium preoperative risk (quartile 2), only severe intraoperative hypotension with a 

MAP range of less than 50 mmHg was independently associated with an additional AKI risk 

(adjusted odds ratio, 1.77; 95% CI, 1.20 to 2.61; P = 0.004). Finally, among patients with 

high and highest preoperative risk (quartiles 3 and 4), even milder intraoperative 

hypotension with MAP ranges of 55 to 59 mmHg (both quartiles 3 and 4) and 60 to 64 

mmHg (quartile 3) were independently associated with additional AKI risk. These findings 
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were replicated in the validation cohort: no intraoperative hypotension range was 

independently associated with AKI among patients with low preoperative risk, whereas 

hypotension across multiple ranges of severity was independently associated with AKI 

among patients with the highest preoperative risk. Although weak associations between 

relative intraoperative hypotension (percentage of decrease from baseline) and AKI were 

observed in several instances, no clear pattern of relative intraoperative hypotension severity 

and AKI risk was observed across preoperative risk quartiles, and findings were not 

reproducible within the validation cohort.

Preplanned Sensitivity Analyses

Among a priori planned sensitivity analyses performed, an analysis of AKI and more than 

10 min of intraoperative hypotension adjusted for estimated blood loss yielded similar 

results (Supplemental Digital Content 9, http://links.lww.com/ALN/C124). Preoperative risk 

models and subsequent risk quartile-stratified intraoperative hypotension models yielded 

similar model discrimination, independent risk factors, and intraoperative hypotension 

ranges among sensitivity analyses with modified AKI definitions or missing data handled 

via multiple imputation (Supplemental Digital Content 10, http://links.lww.com/ALN/C125; 

Supplemental Digital Content 11, http://links.lww.com/ALN/C126; Supplemental Digital 

Content 12, http://links.lww.com/ALN/C127).

Secondary Subgroup Analyses Performed in Response to Peer Review

Among post hoc secondary subgroup analyses performed in response to peer review, the 

incidence of AKI was determined to be 9.3% among patients receiving a general anesthetic, 

13.1% among patients with more than 20 min of invasive arterial line blood pressure 

monitoring data, and 10.7% among patients undergoing major high-risk surgeries 

(intraperitoneal, intrathoracic, or suprainguinal vascular). Preoperative risk models and 

subsequent risk quartile-stratified intraoperative hypotension models yielded similar model 

discrimination, independent risk factors, and intraoperative hypotension ranges among all 

secondary subgroup analyses (Supplemental Digital Content 13, http://links.lww.com/ALN/

C128; Supplemental Digital Content 14, http://links.lww.com/ALN/C129; Supplemental 

Digital Content 15, http://links.lww.com/ALN/C130).

Discussion

In this multicenter study of AKI, we report an overall AKI incidence of 9.0% among a 

generalizable population of major noncardiac procedures spanning U.S. academic medical 

centers and private hospitals. Our study builds on existing literature by providing a robust 

multicenter analysis of a modifiable risk factor for postoperative AKI: intraoperative 

hypotension.

The data presented establish the intuitive concept that the relationship between hypotension 

and AKI varies by underlying patient and procedural risk. Patients with low risk 

demonstrated no associated increased risk of AKI across all blood pressure ranges including 

severe (MAP of less than 50 mmHg). Conversely, patients with the highest baseline risk 

demonstrated (1) an association between even mild absolute intraoperative hypotension 
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ranges and AKI, including a 25 to 54% associated increase in AKI for a hypotension range 

of 55 to 59 mmHg, and (2) an amplified association between severe absolute hypotension 

and AKI, including a 79 to 150% associated increase in AKI for more than 10 min of 

hypotension of less than 50 mmHg. In addition, these data demonstrate the common nature 

of intraoperative hypotension, with 44% of patients experiencing at least one absolute 

hypotension episode of more than 10 min. Finally, we provide a multicenter analysis 

establishing absolute hypotension, but not relative hypotension, as a risk factor for AKI. 

Given the historical lack of data defining intraoperative blood pressure targets in relation to 

underlying patient risk, we provide evidence to support a risk-stratified approach to AKI risk 

reduction and prediction. These data may enable prospective clinical trials of interventions 

aimed to decrease hypotension-mediated AKI.

The observed AKI incidence of 9.0%, with institution-specific AKI incidences ranging from 

6.8 to 12.3%, is similar to recent studies.3,13,16,19 Variation among institutions may be 

attributable to institution-specific patient populations, practice variation, and postoperative 

surveillance differences. In contrast to previous studies, the current data describe a more 

generalizable and understudied noncardiac surgery population for whom therapies to prevent 

AKI may still be of significant benefit.

The AKI probability score developed for preoperative risk stratification yielded a predictive 

performance comparable with previously reported postoperative multicenter AKI prediction 

models.10,15,16 Independent preoperative risk factors consistent with previous multicenter 

studies included gender, body mass index, estimated glomerular filtration rate, liver disease, 

hypertension, diabetes mellitus, anemia, preoperative renin–angiotensin–aldosterone system 

blockade, surgery type, and expected anesthesia duration.10,15,16 In contrast to previous 

studies, we observed patient age to lack an independent association with postoperative AKI. 

Two possible explanations for such findings include (1) differences in patient populations 

and practice patterns existed across studies, and/or (2) preoperative variables correlated to 

age and newly evaluated in our study, including ASA physical status classification, weight 

loss, and coagulopathy, demonstrated stronger independent associations with postoperative 

AKI. Assuming the latter to be true, our findings suggest that age serves as a useful marker 

for the burden of preoperative comorbidities, when more granular data are not available for 

AKI risk prediction.

The risk-adjusted association of absolute intraoperative hypotension on AKI was 

reproducible in the derivation and validation cohorts (Supplemental Digital Content 7A, 7C, 

http://links.lww.com/ALN/C122). Our study provides validated blood pressure targets for 

prospective trials investigating individualized hypotension management for AKI risk 

reduction, a promising potential practice standard.24 Just as importantly, without these data 

presented, the clinician has little to guide management of the majority of patients undergoing 

surgical procedures on a daily basis. These data establish that among low-risk patients, there 

are no associations with hypotension as low as MAP of 50 mmHg for 10 or more minutes 

(fig. 3). These data should not be interpreted that hypotension at this threshold is innocuous 

for low risk patients; an association was not observed for the studied AKI outcome and 

specific population. Prudent observation and management of mild hypotension (MAP of less 
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than 60 mmHg) for high-risk patients is supported by our data in the primary and multiple 

sensitivity analyses.

Although our data demonstrate the risk-adjusted relationship between hypotension and AKI, 

the optimal treatment of hypotension remains controversial. As shown in our study, the 

association between hypotension and AKI varies by clinical context; however, it remains 

understudied whether specific interventions to treat hypotension can reduce AKI risk and 

whether the effectiveness of such interventions vary by clinical context as well. In a 

randomized trial of 292 high-risk, elderly patients, Futier et al.24 demonstrated that 

maintaining systolic blood pressure within 10% of preoperative baseline using 

norepinephrine versus allowing patients to experience systolic intraoperative hypotension of 

80 mmHg (or within 40% of preoperative baseline) and treatment using ephedrine boluses 

decreased a composite morbidity outcome, including AKI, from 63 to 46%. The study 

included a controversial definition of “standard care,” observed a remarkably high primary 

event rate, did not observe a mortality difference, was focused on very high-risk patients and 

only evaluated one aspect of hypotension management. In addition to treatment via 
vasoconstrictors, anesthesiologists may also treat the hypotensive patient using fluid 

resuscitation, inotropic support, or a decrease in cardiovascular depressant sedative, 

analgesic, or anesthetic agents. In each case, the putative mechanism for reducing AKI risk 

is a restoration of renal blood flow; indeed, prior studies have shown that alterations in renal 

blood flow are associated with AKI.38,39 However, given these varied mechanisms by which 

normotension can be achieved, the relationship between restoration of normotension and 

restored renal blood flow is not straightforward. Although our data cannot establish the 

value of restoring normotension, it demonstrates that in low-risk patients, maneuvers to 

increase blood pressure may offer little benefit, given the lack of relationship observed 

between intraoperative hypotension and AKI.

In addition to correction of hypotension, studies investigating other hemodynamic goals to 

direct therapies are well established; they include measurements of fluid responsiveness 

using dynamic waveform indices,40–42 stroke volume,43 cardiac index,41,42 and central 

venous oxygen saturation.41 Additionally, in two recent prospective interventional trials, 

implementation of a care bundle, which included goal-directed advanced hemodynamic 

monitoring, successfully reduced postoperative AKI incidence in high-risk patients.44,45 

However, these studies are limited by dependence upon infrequently used and heterogeneous 

surrogate measures for perfusion. Measurement of blood pressure remains a universal 

standard of perioperative care as set forth by professional guidelines.46

Study Limitations

The data and analysis must be viewed in the context of several limitations. The AKI 

outcome definition did not include postoperative renal replacement therapy or urine output 

per complete guidelines because these data were unavailable; creatinine values alone were 

relied upon.28 For uncomplicated surgical procedures, postoperative creatinine values were 

occasionally not measured, and the exclusion of such cases likely led to an overestimation of 

AKI. Although measures were taken to maximize data quality, including careful 

participating site selection and artifact reduction algorithms, our analysis and results 
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remained subject to a level of data quality derived from routine clinical care rather than a 

controlled experimental setting. Specifically, a lack of minute-to-minute MAP recordings 

among patients monitored solely with intermittent noninvasive blood pressure measurements 

or monitored via invasive arterial blood pressure measurements that were periodically 

interrupted (e.g., arterial blood gas sampling) may have limited an ability to provide precise 

risk estimates. Additionally, it is possible that preinduction MAP values obtained on the date 

of surgery were not truly reflective of “baseline” MAP; other MAP values such as those 

obtained during preoperative clinic or primary care visits were not available for study. 

However, such blood pressure measurements obtained on the date of surgery have been 

previously demonstrated as similar to preoperative and primary care blood pressure values, 

with a mean bias of only 2 to 5 mmHg greater than preoperative clinic values.47 

Furthermore, the pragmatic nature of this observational study, limited to health data 

routinely available to providers, including intermittent MAP recordings and lack of a 

computed average baseline MAP, favors results generalizable to real-world settings.

Additionally, associations between intraoperative hypotension and AKI within preoperative 

risk strata were conditional on the accuracy of risk model; although good preoperative risk 

model discrimination was observed, the true preoperative risk of AKI remains not fully 

elucidated. Given these findings, we recommend further study to elucidate the complex 

relationships between preoperative risk, hypotension severity, and AKI. Despite these 

limitations, we present a robust multicenter study— across academic and nonacademic 

hospitals—assessing the association between potentially modifiable intraoperative 

hypotension and AKI via a nuanced approach accounting for preoperative risk derived from 

a wide array of risk factors.

Conclusions

In summary, we describe a 9.0% incidence of AKI for patients undergoing inpatient 

noncardiac surgical procedures across eight institutions. Major factors identifying patients at 

risk for AKI included anemia, estimated glomerular filtration rate, elevated risk surgery, 

ASA Physical Status, and expected anesthesia duration. Such factors and others can be used 

to stratify patients by preoperative risk of AKI. We observed that high-risk patients are 

sensitive to hypotension as mild as MAP of less than 65 mmHg, levels routinely tolerated in 

perioperative or critical care settings. Given the lack of effective therapies for AKI, 

prevention of hypotension in high-risk patients may be a modifiable process of care. Our 

study informs further investigations targeting a risk-stratified approach to intraoperative 

hypotension monitoring (e.g., decision to use arterial line) and management (e.g., treatment 

interventions), potentially impacting clinical decisions made for the millions of patients 

undergoing major noncardiac surgery each year. Our findings represent a call to action for 

more routine assessment of preoperative AKI risk and preoperative risk-stratified 

intraoperative hypotension vigilance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix 2.: Multicenter Perioperative Outcomes Group: Study Institutions

Beaumont Hospital of Dearborn, Michigan, Dearborn, Michigan
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Appendix 3.: Intraoperative Blood Pressure Monitoring, Signal Processing, 

and Arterial Blood Pressure Artifact Reduction Algorithm

We used arterial line waveform data and noninvasive blood pressure–monitoring data for the 

study; when simultaneous values were recorded, the higher of the two MAP values was 

used. When blood pressure monitoring was noncontinuous during a case (e.g., noninvasive 

blood pressure measurements or arterial line disconnected), blood pressure was assumed to 

be constant and equal to the previous measurement if within 5 min from the most recent 

measurement; if 5 min or greater from any blood pressure measurement value, blood 

pressure was presumed to be unknown and treated as missing data for analysis purposes. To 

minimize the impact of blood pressure–monitoring artifact, we used an artifact reduction 

algorithm, which is shown in the following table.

Artifact Elimination Strategy Rules/Logic

Provider marked artifacts Marked as artifact in real time by the provider

Artifact from arterial line SBP > 200 and PP < 50

clamping, damping, or flushing; or cuff under external pressure SBP > 150 and SBP ≤200 and PP < 30

SBP ≥ 100 and SBP ≤ 150 and PP < 15

SBP < 100 and PP < 10

Artifact from arterial line or cuff transducing signal but disconnected 
from patient

SBP ≤ 10 or DBP ≤ 10

SBP = DBP = MAP

MAP < 0

MAP ≥ 140

If any BP is marked as artifact, then all BP

measurements for that time will be marked
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Artifact Elimination Strategy Rules/Logic

as artifact

If artifact other than provider-marked, is detected for SBP, DBP, or MAP for a specific reading, then all three blood 
pressure values are marked as an artifact. BP, blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; 
PP, pulse pressure (SBP – DBP); SBP, systolic blood pressure.
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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

• Acute kidney injury occurs in 13% of patients undergoing major surgery and 

is associated with a six-fold increased risk of mortality.

• Single-center studies have demonstrated an association between intraoperative 

hypotension and acute kidney injury.

What This Article Tells Us That Is New

• In a large cohort of noncardiac surgical patients, the incidence of acute kidney 

injury was 9%.

• Major factors identifying patients at risk for acute kidney injury included 

anemia, estimated glomerular filtration rate, elevated risk surgery, American 

Society of Anesthesiologists Physical Status, and expected anesthesia 

duration.

• The relationship between hypotension and acute kidney injury varied by 

underlying patient and procedural risk. Patients with low risk demonstrated no 

associated increased risk of acute kidney injury across all blood pressure 

ranges, whereas patients with the highest baseline risk demonstrated an 

association between even mild absolute intraoperative hypotension ranges and 

acute kidney injury.

Mathis et al. Page 20

Anesthesiology. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Study inclusion/exclusion criteria.
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Fig. 2. 
Relationship between acute kidney injury (AKI) incidence and intraoperative hypotension 

(IOH), stratified by preoperative risk quartile. Quartiles with asterisks indicate statistically 

significant within-quartile differences among mean arterial pressure (MAP) ranges (P < 

0.05). (A) and (B) represent compare absolute IOH ranges for each quartile in the derivation 

and validation cohorts, respectively; (C) and (D) compare relative IOH ranges for each 

quartile in the derivation and validation cohorts, respectively.
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Fig. 3. 
Adjusted risk of acute kidney injury (AKI) associated with intraoperative hypotension nadir 

greater than 10 min, by preoperative risk quartile. Regression within each quartile included 

all four blood pressure ranges and operative duration log transformed. Values presented as 

adjusted odds ratio and 95% confidence interval. *Patients were stratified by risk of 

postoperative AKI using the full-fit multivariable model. †Color scale used only for adjusted 

odds ratios demonstrating statistically significant associations. MAP, mean arterial pressure.
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