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BACKGROUND: Intraoperative hypotension is common and associated with organ injury and 
death, although randomized data showing a causal relationship remain sparse. A risk-adjusted 
measure of intraoperative hypotension may therefore contribute to quality improvement efforts.
METHODS: The measure we developed defines hypotension as a mean arterial pressure <65 
mm Hg sustained for at least 15 cumulative minutes. Comparisons are based on whether 
clinicians have more or fewer cases of hypotension than expected over 12 months, given their 
patient mix. The measure was developed and evaluated with data from 225,389 surgeries in 5 
hospitals. We assessed discrimination and calibration of the risk adjustment model, then calcu-
lated the distribution of clinician-level measure scores, and finally estimated the signal-to-noise 
reliability and predictive validity of the measure.
RESULTS: The risk adjustment model showed acceptable calibration and discrimination (area 
under the curve was 0.72 and 0.73 in different validation samples). Clinician-level, risk-adjusted 
scores varied widely, and 36% of clinicians had significantly more cases of intraoperative hypo-
tension than predicted. Clinician-level score distributions differed across hospitals, indicat-
ing substantial hospital-level variation. The mean signal-to-noise reliability estimate was 0.87 
among all clinicians and 0.94 among clinicians with >30 cases during the 12-month measure-
ment period. Kidney injury and in-hospital mortality were most common in patients whose anes-
thesia providers had worse scores. However, a sensitivity analysis in 1 hospital showed that 
score distributions differed markedly between anesthesiology fellows and attending anesthesi-
ologists or certified registered nurse anesthetists; score distributions also varied as a function 
of the fraction of cases that were inpatients.
CONCLUSIONS: Intraoperative hypotension was common and was associated with acute kidney 
injury and in-hospital mortality. There were substantial variations in clinician-level scores, and the 
measure score distribution suggests that there may be opportunity to reduce hypotension which 
may improve patient safety and outcomes. However, sensitivity analyses suggest that some portion 
of the variation results from limitations of risk adjustment. Future versions of the measure should 
risk adjust for important patient and procedural factors including comorbidities and surgical com-
plexity, although this will require more consistent structured data capture in anesthesia information 
management systems. Including structured data on additional risk factors may improve hypoten-
sion risk prediction which is integral to the measure’s validity. (Anesth Analg 2021;133:445–54)

KEY POINTS
• Question: Does a risk-adjusted measure of intraoperative hypotension vary across provid-

ers and have good reliability and validity, allowing anesthesia providers to use it for quality 
improvement?

• Findings: The risk-adjusted measure of intraoperative hypotension has high provider-level 
variation and evidence of reliability and validity, but risk adjustment remains suboptimal.

• Meaning: The measure may be a useful tool for anesthesia providers involved in quality 
improvement efforts.
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GLOSSARY
AKI = acute kidney injury; ASA = American Society of Anesthesiologists; AUC = area under the 
receiver operating characteristic curve; BMI = body mass index; CI = confidence interval; CRNA = 
certified registered nurse anesthetist; DBP = diastolic blood pressure; IRB = institutional review 
board; MAP = mean arterial pressure; O:E = observed to expected; RCT = randomized controlled 
trial; SBP = systolic blood pressure; SD = standard deviation

Intraoperative hypotension is associated with poor 
perioperative outcomes. A 2018 systematic review 
of 40 observational studies and 2 small random-

ized controlled trials (RCTs) found an association 
between low mean arterial pressure (MAP) and organ 
injury, with greater risk at lower pressures and pro-
longed exposures.1 MAP <65 mm Hg for ≥5 minutes 
was considered moderate risk, and MAP <65 mm Hg 
for ≥20 minutes was considered high risk.1 A 2019 
meta-analysis of 15 observational studies2–16 reported 
an association between intraoperative hypotension 
(MAP < 60 mm Hg) and acute kidney injury (AKI), 
myocardial injury after noncardiac surgery, and 
30-day mortality.17 While there is no standardized 
definition of intraoperative hypotension,18 a recent 
observational study considered multiple definitions 
and found that patients’ risk of myocardial and kid-
ney injury increased substantially after 13 minutes at 
an MAP <65 mm Hg.11 The investigators also found 
that absolute intraoperative blood pressure predicted 
myocardial injury and kidney injury as well as reduc-
tions from clinic baseline pressures did.11 Currently, 
there are sparse randomized data suggesting a causal 
relationship between intraoperative hypotension and 
organ injury and death.

Clinician-level assessment of process and outcome 
measures is a common strategy for improving qual-
ity of care. A measure for intraoperative hypoten-
sion is plausible because blood pressure is routinely 
recorded and modifiable.18 While patient characteris-
tics affect presurgical risk of hypotension, anesthesia 
providers regularly monitor blood pressure and miti-
gate the risk of hypotension. The association between 
hypotension and adverse outcomes remains even 
after controlling for patient risk factors, including 
diagnoses, cardiac medication history, surgical pro-
cedure, American Society of Anesthesiologists (ASA) 
physical status, and age.11 Also, hypotension can be 
objectively measured in a low-burden way by extract-
ing intraoperative blood pressure readings directly 
from anesthesia information management systems. 
The Multicenter Perioperative Outcomes Group’s 
Anesthesia Performance Improvement and Reporting 
Exchange includes non–risk-adjusted hypotension as 
a quality measure for noncardiac surgery19; however, 
risk adjustment is important to account for some of 
the observable characteristics of patients and proce-
dures that affect blood pressure.

We describe development and evaluation of a 
risk-adjusted measure of intraoperative hypotension, 
defined as an MAP <65 mm Hg for at least 15 cumu-
lative minutes. The measure assesses whether clini-
cians had more or fewer cases with hypotension than 
expected over a 12-month period, given their patient 
mix. We tested the hypothesis that our risk adjust-
ment model has sufficient discrimination and calibra-
tion and that the measure has sufficient provider-level 
variation, reliability, and validity to support its use for 
quality improvement.

METHODS
Data Sources
The measure was developed and evaluated using 
data from 5 hospitals in 3 health systems that pro-
vided deidentified, patient-level data extracts from 
their electronic records. The data set included all 
nonemergent, noncardiac surgical cases from 2016 to 
2017. One hospital also provided data from cases in 
2015 and 2018. The institutional review boards (IRBs) 
from each of the 3 institutions assessed the work 
and determined that IRB review and approval was 
not required (2 determined that it did not constitute 
human subjects research; 1 determined that the insti-
tution was not engaged in the work, as defined by 
federal regulation); therefore, the IRBs did not require 
written informed consent from patients for this work.

Measure Development Process
We defined the measure population and numerator 
and then developed and validated a risk adjustment 
model. The development process was informed by 
a literature review, site visits to 4 hospitals to assess 
data systems and feasibility of reporting, a technical 
panel consisting of anesthesia providers and clinical 
researchers who are experts in hypotension, a second 
panel consisting of typical clinicians who might use 
the measure, a patient and caregiver advisory panel, 
and a 30-day public comment period.

Measure Specifications
We defined the denominator for the proposed mea-
sure as cases in which adults ≥18 years of age had 
nonemergency (including elective and urgent) non-
cardiac surgery that required general anesthesia or 
monitored anesthesia care. The following patients 
and surgeries were excluded from the denominator: 
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patients with ASA physical status V or VI; patients 
with a preinduction MAP <65 mm Hg; and patients 
having obstetric nonoperative procedures, liver 
transplants, lung transplants, and cataract surgeries. 
Supplemental Digital Content 1, Appendix 1, http://
links.lww.com/AA/D254, contains detailed measure 
specifications and instructions for calculating.

Outcome
We defined the measure numerator—intraoperative 
hypotension—as MAP <65 mm Hg for a cumulative 
duration of at least 15 minutes, based on research 
from Salmasi et al.11 To calculate cumulative dura-
tion, each MAP value <65 mm Hg was counted for 
the number of minutes between the index reading 
and the next reading (typically 1–5 minutes later), 
capped at a maximum of 5 minutes. If blood pressure 
was monitored using both invasive and noninvasive 
means, direct measurements were used to determine 
the outcome. Artifactual blood pressure values were 
removed from the data set before calculating the out-
come. Values presumed to be artifacts included those 
documented as an artifact by the clinician, systolic 
blood pressure (SBP) ≤20 mm Hg or ≥300 mm Hg, dia-
stolic blood pressure (DBP) ≤5 mm Hg or ≥225 mm 
Hg, readings with SBP and DBP within 5 mm Hg, or 
MAP ≤30 mm Hg or ≥250 mm Hg.

Covariates for Risk Adjustment
Risk adjustment variables included patient age (mod-
eled as a continuous variable), ASA physical status 
(modeled categorically), body mass index (BMI; mod-
eled as a continuous variable), duration of surgery 
(modeled categorically in 60-minute increments), and 
patient sex. Risk adjustment was limited to variables 
that are regularly recorded in structured data fields in 
the anesthesia information management system and 
can be automatically extracted to increase the feasibil-
ity and lower the burden of future use of the measure. 
The ASA physical status categories have standard defi-
nitions and are universally used for clinical care and 
billing. While ASA physical status assignments are sub-
ject to clinical interpretation of the physician or nurse 
assigning the status,20 they nonetheless have acceptable 
interrater reliability and are statistically significantly 
correlated with patient age, Charlson comorbidity 
index, revised cardiac risk index, and length of stay.21 
Also, ASA physical status is consistently recorded in 
the anesthesia record in a structured field that makes 
reporting the measure feasible and low burden.

Duration of surgery was included because longer 
surgeries are often complex and provide more oppor-
tunity for hypotension to accrue. Risk adjustment 
models typically control for risk factors that are pres-
ent before the start of the surgery and are not affected 
by the clinician; while the length of the procedure can 

be roughly estimated before the procedure begins, it is 
also affected by intraoperative events. To minimize the 
possibility that an episode of hypotension would affect 
the surgery length variable, our risk adjustment model 
considered time as a categorical variable, with each 
category representing 60-minute increments. It would 
be rare for an episode of hypotension to cause a case 
to move from one surgery length category to another. 
Therefore, even if hypotension lengthens the surgery 
slightly, it would rarely influence risk adjustment.

Risk Adjustment Model Development  
and Validation
We developed and validated the risk adjustment 
model using data from 4 hospitals in 2 health systems 
(systems 1 and 2; initial data set; 178,343 cases after 
exclusions). We then further validated the model in 
1 hospital in a third health system that provided data 
after measure development was complete (system 3; 
novel data set; 37,866 cases after exclusions). We ran-
domly split the initial data set in half (development 
half and validation half) and estimated a logistic 
regression model in the development half. We tested 
different functional forms (categorical versus continu-
ous) of each risk adjustment variable and tested inter-
action terms (including but not limited to interactions 
between ASA physical status and surgery length and 
between age and surgery length). Risk adjustment 
model coefficients are given in Supplemental Digital 
Content 2, Appendix, Table A, http://links.lww.com/
AA/D255.

In the validation half, the model calibration was 
assessed using A/B testing and decile plots, and 
model discrimination was assessed by the area under 
the receiver operating characteristic curve (AUC) and 
its 95% confidence interval. Model calibration and 
discrimination were then similarly assessed in the 
novel data set.

Provider Attribution and Measure Calculation
Clinician-level unadjusted and risk-adjusted measure 
scores were calculated for anesthesiologists, anesthe-
sia fellows, and certified registered nurse anesthetists 
(CRNAs). Unadjusted scores were the percentage of 
a clinician’s cases during a 12-month measurement 
period that had hypotension (at least 15 minutes with 
an MAP <65 mm Hg). When multiple clinicians work 
on a case, either as a team or sequentially, the full case 
was attributed to each of the clinicians who signed 
into the case for at least 1 minute. Therefore, full cases 
could be attributed to multiple anesthesia providers.

Risk-adjusted scores were calculated as the observed 
to expected (O:E) ratio of the clinician’s cases that 
had hypotension during the 12-month measurement 
period. To estimate the expected number of hypoten-
sion cases, the risk adjustment model calculated the 
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log odds that a given case would develop hypoten-
sion; log odds were then transformed into predicted 
probabilities. For each clinician, we then summed 
the predicted probabilities of all cases that met the 
measure inclusion criteria, resulting in an expected 
number of hypotension cases during the 12-month 
assessment period. The risk-adjusted score (O:E ratio) 
was calculated as the number of each clinician’s cases 
that developed hypotension divided by the number 
of cases the risk adjustment model predicted that the 
clinician would have in the 12-month period.

We assessed the distribution of clinician-level O:E 
ratios overall and by hospital. For 1 large hospital that 
provided extra information on staff type, we did a 
sensitivity analysis to show the distribution of scores 
by staff type and percent of their cases during the year 
that are inpatient surgeries.

Statistical Analysis: Measure Reliability  
and Validity
We conducted reliability testing of the clinician-level, 
risk-adjusted scores to assess whether the scores were 
reflections of differences between clinicians rather 
than measurement error. Reliability was assessed 
using a signal-to-noise ratio analysis, similar to the 
beta-binomial method described by Adams,22 but 
adapted for the outcome being a ratio rather than a 
percentage. To calculate the signal-to-noise ratio of 
the risk-adjusted score (O:E ratio) for each clinician, 
we followed a multilevel hierarchical regression 
approach to estimate the signal and noise.

Specifically, we first estimated the within-clinician 
variability (“noise”) by calculating the variance of the 
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is contributed by the observed outcome (ie, MAP <65 
mm Hg for cumulative total of at least 15 minutes) 
of each case within the clinician. In the context of the 
logistic regression of the risk adjustment model, the 
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where pi is the estimated probability of surgery i with 
an event and nk  is the number of surgeries for clinician 
k. We next estimated the between-clinician variance 
(“signal”) iteratively, using a maximum likelihood 
estimation approach described by Morris.23 We com-
puted the signal-to-noise ratio statistic, R, as the ratio 
of the signal variance (which is common across all 
entities) to the sum of the signal variance and the noise 

variance (which varies by entity): R =
+
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A signal-to-noise ratio of ≥0.7 is considered accept-
able for drawing conclusions about clinicians as a 

group; a signal-to-noise ratio of ≥0.9 is considered 
acceptable for drawing conclusions about individual 
clinicians.22 We assessed reliability distributions for 
clinicians stratified by the number of surgical cases 
they had in the measurement period, because reli-
ability estimates decrease with smaller denomina-
tor sizes. We present reliability for clinicians with  
1–30 cases versus those with >30 cases during the 
measurement year.

We tested the predictive validity of the clinician-
level, risk-adjusted measure (O:E ratio) to assess 
whether the measure was associated with adverse sur-
gical outcomes that have been shown to be related to 
intraoperative hypotension in previous research. First, 
we classified clinicians by whether their risk-adjusted 
measure scores were significantly <1.0 (fewer cases of 
hypotension than expected), not statistically different 
from 1.0, and significantly >1.0 (more cases of hypoten-
sion than expected). To do so, we estimated each cli-
nician’s individual confidence interval based on his or 
her unadjusted measure rate and number of cases, and 
we determined whether his or her confidence interval 
included 1.0. Next, within each clinician group, we cal-
culated the incidence of AKI and in-hospital mortality 
among their patients during the measurement period. 
To align with the AKI measure from the Multicenter 
Perioperative Outcomes Group, AKI was defined as an 
increase of 1.5 times the baseline serum creatinine level 
within 7 days after surgery or an increase in serum cre-
atinine of >0.3 mg/dL with 48 hours after the end of 
anesthesia.19 AKI incidence was calculated only for the 
41% of patients who had creatinine recorded.

RESULTS
The study cohort included 225,389 unique opera-
tions in 167,125 patients who met the criteria for the 
measure’s initial population, presided over by 922 
anesthesia clinicians (including anesthesiologists, 
anesthesiology fellows, and CRNAs) in 5 hospitals 
within 3 health systems (Table 1). Each case was fully 
attributed to every clinician who was signed into the 
case for at least 1 minute. Thirty-five percent of sur-
geries were in patients ≥65 years of age. Nearly half of 
surgical cases were classified as ASA physical status 
III, and another 13% were classified as physical status 
IV; only 4.4% were designated as physical status I.

Risk Adjustment Model Validation
Table  2 shows calibration and discrimination of the 
measure’s risk adjustment model in the development 
and validation half-samples and in the novel vali-
dation sample. The AUC was 0.72 in the validation 
half-sample and 0.73 in the novel validation sample. 
Supplemental Digital Content 3, Appendix 2, Figure 
A.1, http://links.lww.com/AA/D256, shows the cal-
ibration plot.
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Measure Calculation
Table  3 shows the distribution of the clinician-level 
unadjusted and risk-adjusted measure scores. The 
mean clinician-level unadjusted measure score was 
39% (standard deviation [SD] = 19%). The mean clini-
cian-level, risk-adjusted score (O:E ratio) was 1.1. The 
mean value exceeds 1.0 because the expected amount 
of hypotension was estimated from 2 of the 3 health 
systems, including one with less hypotension than the 
others. In 2017, 42% of clinicians had a risk-adjusted 
score that was statistically significantly <1.0, meaning 
that they had fewer cases of hypotension than pre-
dicted; 22% of clinicians had scores not significantly 
different from 1.0, and 36% of clinicians had scores 

that were statistically significantly >1.0, meaning that 
they had more cases of hypotension than predicted. 
Figure 1 shows a histogram of the distribution of O:E 
ratios; the distribution is bimodal with a peak <1.0 
and a peak >1.0.

Supplemental Digital Content 3, Appendix 2, 
Figure A.2, http://links.lww.com/AA/D256, shows 

Table 1. Study Population Overall and by Health System
 System 1  System 2  System 3  Total  

 N Column % N Column % N Column % n Column %
No. of surgeriesa 125,206  60,713  39,470  225,389  
No. of providers 629  205  88  922  
No. of hospitals 3  1  1  5  
Age
 18–39 y 19,834 16.2 13,108 22.0 8870 22.9 41,812 18.9
 40–64 y 54,642 44.6 28,184 47.3 18,735 48.3 101,561 46.0
 ≥65 y 47,930 39.2 18,326 30.7 11,154 28.8 77,410 35.1
Sex: Female 64,874 53.0 32,998 55.3 20,529 53.0 118,401 53.6
BMIb (mean) 29.6 … 30.3 … 29.3 … 29.7 …
Race
 White 100,185 81.8 43,531 73.0 32,051 82.7 175,767 79.6
 Black 15,081 12.3 13,348 22.4 2097 5.4 30,526 13.8
 Asian 1136 0.9 316 0.5 2503 6.5 3955 1.8
 Other 5981 4.9 2338 3.9 2108 5.4 10,427 4.7
 Missing 23 0.0 85 0.1 0 0.0 108 0.0
ASA physical status
 I 4025 3.3 2320 3.9 3371 8.7 9716 4.4
 II 31,935 26.1 25,309 42.5 15,699 40.5 72,943 33.0
 III 62,942 51.4 28,831 48.4 17,027 43.9 108,800 49.3
 IV 23,504 19.2 3158 5.3 2662 6.9 29,324 13.3
Surgery length
 <60 min 32,650 26.7 5988 10.0 7087 18.3 45,725 20.7
 60–119 min 32,752 26.8 22,214 37.3 10,582 27.3 65,548 29.7
 120–179 min 19,350 15.8 14,447 24.2 7788 20.1 41,585 18.8
 180–239 min 12,915 10.6 7455 12.5 5167 13.3 25,537 11.6
 240–299 min 9134 7.5 3917 6.6 3215 8.3 16,266 7.4
 300+ min 15,605 12.7 5597 9.4 4920 12.7 26,122 11.8
Intraoperative hypotension
 MAP <65 mm Hg for 15+ minutes 30,436 24.9 28,061 47.1 17,446 45.0 75,943 34.4

Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; MAP, mean arterial pressure.
aCases among adults ≥18 y of age who had noncardiac, nonemergency surgery under general anesthesia or monitored anesthesia care, before removing exclusions.
bBMI values of <10 and >200 were considered implausible and were removed before measure calculation (n = 37).

Table 2. Calibration and Discrimination of the Hypo-
tension Risk Adjustment Model in Different Samples

 
Calibration 

(ϒ0, ϒ1)
Discrimination  
AUC (95% CI)

Development sample  
(1st half; n = 89,172 cases)

(0, 1) 0.714  
(0.711-0.718)

Validation sample  
(2nd half; n = 89,171 cases)

(−0.006, 1.009) 0.719  
(0.715-0.722)

Novel validation sample  
(n = 37,866 cases)

(0.048, 1.179) 0.727  
(0.722-0.732)

Abbreviations: AUC, area under receiver operating characteristic curve; CI, 
confidence interval.

Table 3. Distribution of Clinician-Level Unadjusted 
and Risk-Adjusted Measure Scores for Intraopera-
tive Hypotension (n = 216,210 Cases; N = 921 
Clinician-Level Scores)

 
Unadjusted  
measurea

Risk-adjusted  
measureb (O:E ratio)

Mean (SD) 39% (19%) 1.1 (0.5)
Interquartile range 29% 0.7
Min 0% 0.0
10th percentile 16% 0.5
30th percentile 25% 0.7
50th percentile 40% 1.2
70th percentile 50% 1.3
90th percentile 65% 1.5
Max 100% 6.1

Abbreviations: O:E ratio, observed to expected ratio; SD, standard deviation.
aPercent of clinician’s cases in the 12-mo measurement period that have 
intraoperative hypotension, defined as MAP <65 mm Hg for at least 15 cumu-
lative minutes.
bNumber of cases of hypotension in the 12-mo measurement period divided 
by expected number of cases, as determined by the risk adjustment model.
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the distribution of O:E ratios by hospital and report-
ing year; the bimodal distribution in Figure  1 is 
only present in 1 hospital. The hospital-level distri-
butions varied, with some centered below an O:E 
ratio of 1.0 and some centered above an O:E ratio 
of 1.0. Supplemental Digital Content 3, Appendix 2,  
Figures A.3 and A.4, http://links.lww.com/AA/D256,  
presents sensitivity analyses in the hospital with a 
bimodal distribution (which is the largest hospital 
and provided additional information on staff type, 
not available from the others). Supplemental Digital 
Content 3, Appendix 2, Figure A.2, http://links.lww.
com/AA/D256 shows that this hospital’s score distri-
butions were bimodal for both staff anesthesiologists 
and CRNAs, while score distributions for anesthesiol-
ogy fellows, who anecdotally are assigned to longer, 
more complex cases, had O:E ratios predominantly 
>1.0. Supplemental Digital Content 3, Appendix 2, 
Figure A.3, http://links.lww.com/AA/D256 shows 
the distribution of provider-level O:E ratios in hos-
pital 1, stratified by the percent of their cases that 
were inpatient surgeries (the median is 76% inpa-
tient). Providers who had the lowest percent inpatient 
(60% or lower) had a wide, flat distribution of O:E 
ratios spread predominantly between 0.25 and 1.75. 
Providers near the median percent inpatient (61%–
80% inpatient) had O:E ratios primarily <1.0, with a 
long tail >1.0. Providers who nearly always worked 
on inpatient surgeries (over 80% inpatient) had O:E 
ratios primarily >1.0, with a long tail <1.0.

Measure Reliability and Validity
Table  4 shows the signal-to-noise reliability test-
ing results for the risk-adjusted measure scores in 
2017. The mean signal-to-noise ratio among all clini-
cians was 0.87. When stratified by denominator size, 

clinicians with 1–30 cases during the measurement 
period (12% of the clinician sample) had a median 
signal-to-noise ratio of 0.41, while clinicians with >30 
cases had a median signal-to-noise ratio of 0.96. The 
median number of surgical cases per clinician dur-
ing the measurement year was 288, and the reliabil-
ity results were similar in 2016. Figure 2 shows that 
incidence rates of AKI and in-patient mortality were 
highest among patients whose anesthesia provid-
ers had significantly more cases of hypotension than 
expected over the 12-month period.

We conducted a sensitivity analysis in 1 health sys-
tem to understand how the measure would change 
if cases were only attributed to providers signed in 
for at least 80% of the case. The median clinician-level 
denominator size decreased by over 250 cases in the 
year (about 65%), and the median surgery length of 
the remaining cases was around 70 minutes shorter 
than in the original sample because clinicians are less 
likely to be in signed in for 80% of a long operation 
than a short one. The unadjusted percent of cases 
with intraoperative hypotension was approximately 

Figure 1. Distribution of clini-
cian-level, risk-adjusted mea-
sure results (O:E ratios) for 
intraoperative hypotension. 
O:E ratio indicates observed to 
expected ratio.

Table 4. Distribution of Reliability Coefficients for 
Risk-Adjusted Hypotension Measure (O:E Ratio) in 
2017, by Number of Denominator Anesthesia Cases
 Signal-to-noise reliability ratio

 
All  

clinicians

Clinician subgroups,  
by number of cases

Clinicians  
with 1–30  

cases

Clinicians  
with >30  

cases
No. of clinicians 774 94 680
Mean 0.87 0.38 0.94
25th percentile 0.89 0.15 0.93
50th percentile 0.96 0.41 0.96
75th percentile 0.98 0.57 0.98

Abbreviation: O:E ratio, observed to expected ratio.
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8% lower under this restricted attribution approach 
compared to the original attribution approach (27% 
vs 35% in 2016 and 24% vs 32% in 2017), suggesting 
that higher-risk cases were not included under the 
stricter attribution rule.

DISCUSSION
Risk-adjusted intraoperative hypotension may help 
anesthesia providers to assess hemodynamic control 
in patients having nonemergent, noncardiac surgery. 
The simple risk adjustment we propose improves on 
previous unadjusted measures.19 Across 5 hospitals, 
there was substantial variation in the clinician-level 
measure scores, and a third of anesthesia providers in 
this analysis had significantly more cases with hypo-
tension than predicted. The results suggest that there 
may be room for improvement via patient safety ini-
tiatives. Because the measure is new, there are not yet 
benchmarks for the score; broader use in diverse set-
tings could guide future benchmarks overall, and for 
specific subpopulations of providers or patients.

The measure had sound scientific properties includ-
ing high signal-to-noise reliability, indicating that the 
difference between clinicians’ scores was to some extent 
driven by differences in performance rather than statis-
tical noise. However, reliability was low in the small 
group of anesthesia providers with 30 or fewer cases 
in the calendar year; consequently, the measure should 
not be used by clinicians with so few cases per year. 
Our analysis also suggests that the measure has predic-
tive validity. High risk-adjusted measure scores (indi-
cating more cases of hypotension than predicted) were 
associated with increased AKI and in-hospital mortal-
ity which is consistent with observational analyses.

The measure is not intended to substitute for the 
clinician’s judgment about managing hypotension 

for individual patients because clinicians may have 
sound reasons to allow or target lower pressures in 
specific patients.24 For example, surgeons may request 
that the anesthesia clinicians deliberately induce 
hypotension during certain procedures to lower the 
risk of bleeding. Nevertheless, in most patients, an 
MAP <65 mm Hg represents a ≥25% reduction from 
clinic baseline pressure, and clinicians routinely try to 
avoid such low blood pressures. The risk adjustment 
model gauges whether clinicians have more or fewer 
cases of hypotension than expected over a 12-month 
period, given their patient case mix. We assume that 
some cases will meet the numerator criteria for the 
measure for sound clinical reasons or because hypo-
tension developed and persisted despite a clinician’s 
best efforts. The measure does not prescribe specific 
interventions for stabilizing blood pressure, which is 
left to clinician judgment.

Our risk adjustment model was intentionally 
restricted to risk factors that affect hypotension, are 
outside clinician control, and—most importantly—
are consistently recorded in electronic anesthesia 
records in structured data fields. Restricting required 
data minimizes the reporting burden of the measure 
(eg, no manual chart review is required) and facilitates 
calculating the score for routine use. Uncontrolled sur-
gical and patient factors may nonetheless contribute 
to variation in clinician’s measure scores. For exam-
ple, our sensitivity analyses in hospital 1 show that 
anesthesiology fellows and clinicians with the high-
est fraction of inpatient surgeries generally have risk-
adjusted hypotension scores on the higher end of the 
distribution, suggesting that additional risk adjust-
ment for surgical complexity is needed. Specifically, 
ASA physical status and duration of surgery appear 
to be insufficient proxies for complexity. Presumably, 

Figure 2. Clinician-level mea-
sure score validity: incidence 
of AKI and in-hospital mortality, 
by clinician-level, risk-adjusted 
measure score (N = 717 clini-
cians for AKI outcome; N = 921  
clinicians for mortality out-
come). AKI indicates acute kid-
ney injury; O:E ratio, observed to 
expected ratio.
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inclusion of additional variables, such as type of surgi-
cal procedure, patient history of comorbid conditions, 
Revised Cardiac Risk Index, cardiac medication his-
tory, preoperative renal function, use of arterial cath-
eter, and intraoperative blood loss would improve 
the measure’s risk adjustment. However, those vari-
ables are not routinely available in structured data 
for all patients. With improved, consistent capture of 
comorbidities and procedure details in structured/
hard-coded fields in anesthesia information manage-
ment systems, future versions of the model could and 
should risk adjust for other important confounders.

The measure’s attribution approach implies team-
based responsibility by assigning a case to each cli-
nician who was signed in for any amount of time, 
an approach similar to other anesthesia and surgery 
measures. This approach oversimplifies attribution 
in favor of increasing the feasibility of calculating 
the measure, and it also allows attending anesthesi-
ologists who are responsible for multiple simultane-
ous cases to use this measure. A sensitivity analysis 
of an alternative attribution approach, attributing 
cases to clinicians only if they were signed in for 80% 
of the surgery, resulted in fewer qualifying cases per 
clinician, and the remaining cases were shorter. The 
unadjusted percent of cases that met the measure’s 
definition of hypotension decreased with the restric-
tive definition, suggesting that the risker cases were 
less likely to meet the restrictive attribution threshold.

The evidence linking hypotension to adverse 
patient outcomes that provides the rationale for the 
proposed measure is primarily based on observational 
studies that cannot determine causality. In the absence 
of robust RCTs, the associations between hypotension 
and AKI, myocardial injury, and mortality nonethe-
less satisfy at least 4 of the Bradford Hill criteria for 
causality, common in epidemiology: consistency, tem-
porality, dose-response relationship, and biological 
plausibility of the association. While it is not ethical 
to randomly induce hypotension to assess its causal 
effects, it is possible to randomize treatment protocols 
that may result in different amounts of hypotension 
and lead to different outcomes. A recent small trial 
compared individualized perioperative blood pres-
sure management versus standard blood pressure 
management in high-risk patients having abdomi-
nal surgery.25 This study found that individualized 
blood pressure management using norepinephrine to 
raise blood pressure reduced the incidence of a com-
posite outcome consisting of systemic inflammatory 
response syndrome and at least 1 organ system dys-
function, compared to the standard care. The average 
difference in blood pressure between the trial groups 
was only 6 mm Hg, and amount of hypotension (eg, 
minutes below a mean pressure of 65 mm Hg) have 
yet to be reported. Large, robust trials are needed 

to demonstrate that avoiding hypotension actually 
improves perioperative patient outcomes.

Although our data set includes many surgeries and 
clinicians (over 225,000 surgeries and 922 clinicians), it is 
not nationally representative. The risk adjustment model 
was developed and validated using data from 4 hospi-
tals and further validated using data from 1 additional 
hospital; all were teaching hospitals. It will be important 
to update the risk adjustment model and its coefficients 
when more data are available from a variety of clinical 
settings, including nonacademic community hospitals.

In summary, we developed and evaluated a risk-
adjusted quality measure for intraoperative hypoten-
sion that assesses whether clinicians have more or fewer 
cases of hypotension than expected over a 12-month 
period, given their patient mix. Hypotension, defined 
by at least 15 minutes of MAP <65 mm Hg, was com-
mon during noncardiac surgical cases and was asso-
ciated with AKI and in-hospital mortality. There were 
substantial variations in clinician-level scores, and the 
measure score distribution suggests that there may be 
opportunity to reduce hypotension which may improve 
patient safety and outcomes. The measure is predi-
cated on a causal relationship between hypotension 
and adverse outcomes; we therefore caution that there 
is currently limited evidence for a causal relationship 
between intraoperative hypotension and organ injury. 
The measure is also predicated on accurately predict-
ing amounts of hypotension over a 12-month period. 
While the model calibration statistics were acceptable, 
sensitivity analyses in 1 hospital showed that score dis-
tributions differed by type of provider and the fraction 
of cases that were inpatient. With improved data cap-
ture in electronic anesthesia records, future versions 
of the measure should risk adjust for other important 
patient and procedural factors. E
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