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GLOSSARY
ASA = American Society of Anesthesiologists; CI = confidence interval; CRNA = certified registered 
nurse anesthetist; ICC = intraclass correlation; IRB = institutional review board; MAP = mean arte-
rial pressure; OR = odds ratio; SD = standard deviation

KEY POINTS
• Question: Is intraoperative hypotension a useful measure of clinician skill?
• Findings: Hypotension, defined as minutes or excess minutes <65 mm Hg, was associated 

with a composite of serious complications; the amounts of hypotension differed only slightly 
over 99 nurse anesthetists, and not by enough to account for differences in complications.

• Meaning: Intraoperative hypotension does not appear to be a useful measure of clinician skill, 
at least among nurse anesthetists in 1 tertiary center.

BACKGROUND: Avoiding intraoperative hypotension might serve as a measure of clinician 
skill. We, therefore, estimated the range of hypotension in patients of nurse anesthetists, and 
whether observed differences were associated with a composite of serious complications.
METHODS: First, we developed a multivariable model to predict the amount of hypotension, 
defined as minutes of mean arterial pressure (MAP) <65 mm Hg, for noncardiac surgical cases 
from baseline characteristics excluding nurse anesthetist. Second, we compared observed and 
predicted amounts of hypotension for each case and summarized “excess” amounts across 
providers. Third, we estimated the extent to which hypotension on an individual case level was 
independently associated with a composite of serious complications. Finally, we assessed the 
range of actual and excess minutes of MAP <65 mm Hg on a provider level, and the extent to 
which these pressure exposures were associated with complications.
RESULTS: We considered 110,391 hours of anesthesia by 99 nurse anesthetists. A total of 69% 
of 25,702 included cases had at least 1 minute of MAP <65 mm Hg, with a median (quartiles) of 
4 (0–15) minutes on the case level. We were unable to explain much variance of intraoperative 
hypotension from baseline patient characteristics. However, cases in the highest 2 quartiles (>10 
and >24 min/case more than predicted) were an estimated 27% (95% confidence interval [CI], 
1.1–1.4) and 31% (95% CI, 1.2–1.5) more likely to experience complications compared to those 
with 0 excess minutes (both P < .001). There was little variation of the average excess minutes <65 
mm Hg across the nurse anesthetists, with median (quartiles) of 1.6 (1.2–1.9) min/h. There was no 
association in confounder-adjusted models on the nurse anesthetist level between average excess 
hypotension and complications, either for continuous exposure (P = .09) or as quintiles (P = .30).
CONCLUSIONS: Hypotension is associated with complications on a case basis. But the aver-
age amount of hypotension for nurse anesthetists over hundreds of cases differed only slightly 
and was insufficient to explain meaningful differences in complications. Avoiding hypotension 
is a worthy clinical goal, but does not appear to be a useful metric of performance because the 
range of average amounts per clinician is not meaningfully associated with patient outcomes, at 
least among nurse anesthetists in 1 tertiary center.  (Anesth Analg 2021;132:946–56)
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Benefits of automated anesthesia information 
management systems include improved accu-
racy and legibility of clinical documentation, 

access to previously unsearchable perioperative data 
for clinical research, generation of statistical bench-
marks for quality improvement programs, and audit-
able evidence of compliance with the documentation 
requirements of regulatory authorities and third-
party payers. Many record-keeping systems, includ-
ing the Cleveland Clinic’s, provide an unmodifiable 
record of vital signs.

To the extent that anesthesia care matters,1 critical 
decisions and actions should be reflected in electronic 
anesthesia records. After all, if it is impossible to quan-
tify anesthesia performance from records then either 
(1) our records are deficient, which seems unlikely 
given their breadth and density or (2) intraoperative 
decisions and actions do not influence substantive 
outcomes—which also seems unlikely. Almost surely 
anesthetic decisions do matter and are well reflected 
in our electronic records. The question, then, is which 
aspects of the anesthetic record reliably reflect clinical 
performance?

Anesthetics, surgical stress, and fluid shifts each 
promote hemodynamic instability. Intraoperative 
hypotension is a modifiable factor that is associated 
with acute kidney injury, myocardial injury, and 
death.2–5 Blood pressure management is thus among 
the most important goals for anesthesia providers.6 
Possibly blood pressure is effectively not under the 
anesthesia care team’s control and entirely random 
or a function of underlying patient physiology and 
surgical factors. However, this is an unattractive con-
clusion since maintaining hemodynamic control is 
generally considered an important anesthetic func-
tion. Furthermore, at least 1 randomized trial reports 
that tight blood pressure control reduces a composite 
of systemic inflammatory response and organ failure 
by about 25%.7 And, finally, it also seems inconsistent 
with clinical experience which strongly suggests that 
skilled anesthesiologists both prevent hemodynamic 
extremes and respond quickly and effectively when 
they occur. Instead, prevention, immediate detection, 
and prompt treatment of severe hemodynamic insta-
bility is probably a key element of anesthesia practice 
that requires both cognitive and technical skill from 
anesthesia providers. It, therefore, seems likely that 
blood pressure control, averaged over hundreds of 
hours of care and adjusted for case severity, reflects 
clinician skill.

At the Cleveland Clinic, as in much of the United 
States, anesthesia is usually delivered by a care 
team in which certified registered nurse anesthetists 
(CRNAs) are directed by physician anesthesiolo-
gists. We conducted a 4-step analysis of blood pres-
sure management by CRNAs at the Cleveland Clinic 

Main Campus. Hypotension exposure was defined by 
minutes of mean arterial pressure (MAP) <65 mm Hg. 
Our first goal was to develop a multivariable model 
to predict the amount of hypotension for a surgical 
case from baseline characteristics, including medical 
history but excluding the provider. Our second goal 
was to compare the observed and predicted amounts 
of hypotension for each case and summarize the aver-
age “excess” amount (ie, more than predicted) across 
each CRNA’s cases. Our third goal was to determine 
the amount of hypotension on an individual case 
level that was associated with a composite of seri-
ous complications. Our final goal was to assess the 
range of actual and excess minutes of MAP <65 mm 
Hg on a CNRA level, and whether differences across 
the observed range of pressures were associated with 
complications.

METHODS
Our analysis was conducted with institutional review 
board (IRB) approval, and the Board waived patient 
consent. Consent from CRNAs was also waived 
because the analysis was based on deidentified pro-
vider identification numbers in our intraoperative 
electronic record system. The risk of identifying indi-
viduals was mitigated by completely blinding the 
results so that neither the investigators nor any mem-
bers of the Anesthesiology Institute were able to iden-
tify individual providers.

We included 25,702 adults who had noncardiac 
surgery between January 4, 2005 and September 29, 
2015. All had general or neuraxial anesthesia lasting 
at least 1 hour. We excluded cardiac and pediatric 
patients because hemodynamic management differs 
from adult general surgical cases, and the acceptable 
range of pressures also differs. Patients having delib-
erate hypotension (as identified by billing codes) were 
also excluded from the analysis.

We restricted analysis to cases in which a par-
ticular CRNA was assigned throughout anesthesia 
(ignoring meals and short breaks). We also required 
that a single CRNA was logged in for at least 80% of 
the total anesthesia time. We only considered CRNAs 
who provided at least 200 anesthetics over the study 
period. CRNAs at the Cleveland Clinic operate under 
the medical direction of an attending anesthesiologist. 
We selected CRNAs for our analysis because they are 
“hands-on” providers, and because their skill level 
over time is relatively stable compared to residents. 
However, our explicit a priori assumption was that 
any skill assessment method we developed would 
likely apply to any anesthesia provider.

We selected a MAP threshold of 65 mm Hg because 
we have previously shown that exposure below this 
degree of hypotension is associated with myocar-
dial and kidney injury compared to patients whose 
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pressure never went below MAP of 65 mm Hg.8 We 
thus considered the duration of MAP <65 mm Hg to 
be our primary exposure variable.

Blood pressure was available at 1-minute inter-
vals (recorded as the median of 30 values at 2 Hz) in 
patients who had an arterial catheter; values from the 
arterial catheter were used for analysis when both 
direct and oscillometric measurements were avail-
able. Oscillometric measurements were available at 
1- to 5-minute intervals in the remaining patients. For 
analysis, we assumed that a given pressure was main-
tained until a new one was registered. Demographic 
and morphometric characteristics were recorded 
including age, sex, body mass index, American 
Society of Anesthesiologists (ASA) physical status, 
and medical history.

Intraoperative MAP recorded in the Perioperative 
Health Documentation System cannot be modified by 
clinicians but can be identified as artifacts. As in pre-
vious studies, we removed artifacts using the follow-
ing rules, in order: (1) blood pressures documented 
as artifacts; (2) pressures out-of-range defined by sys-
tolic ≥300 or ≤20 mm Hg, systolic less than or equal to 
diastolic plus 5 mm Hg, or diastolic ≤5 mm Hg or dia-
stolic ≥225 mm Hg; and (3) abrupt changes defined by 
systolic change ≥40 mm Hg within 1 minute in either 
direction or ≥80 mm Hg within 2 minutes in either 
direction.

Our clinical outcome was a 30-day composite of 
serious complications plausibly related to hypoten-
sion, namely, a collapsed composite of any of cardio-
vascular or renal complications, readmission, and/or 
in-hospital mortality (Supplemental Digital Content, 
Table 1, http://links.lww.com/AA/D194).

Statistical Methods
The statistical plan, approved by our IRB, was devel-
oped before data were accessed. The original analysis 
plan, dating to 2016, was based on a mean pressure 
threshold of 80 mm Hg. But we since learned that the 
population threshold for intraoperative mean pres-
sure is about 65 mm Hg. Before accessing data, we 
therefore, redefined hypotension as a MAP <65 mm 
Hg for this analysis. The original protocol also speci-
fied that we would continue the planned 4-step analy-
sis only if we were able to reliably predict the amount 
of hypotension expected, and therefore, reasonably 
accurately estimate excess minutes of hypotension. 
After analysis, we removed that restriction and chose 
to report results in terms of both excess and actual 
minutes. Our models for predicting the amount of 
hypotension included patient factors such as age, sex, 
race, admission source (urgent, emergency, elective), 
body mass index, ASA physical status, and present-
on-admission comorbidities. We also included the 
present-on-admission Risk Stratification Index for 

30-day mortality.9 And, finally, we included the type 
of procedure, duration of surgery, and attending 
and CRNA case times. Summary statistics for these 
and other included predictor variables are given in 
Supplemental Digital Content, Table 2, http://links.
lww.com/AA/D194.

The significance level was 0.05 for each main effect 
of exposure. We used Bonferroni correction when 
comparing categories within an exposure variable. 
SAS statistical software version 9.4, Cary, NC, was 
used for all analyses.

Aim 1: Predicting Hypotension. Model 1: The goal of model 
1 was to predict hypotension from baseline variables 
and then (in Aim 2) assess “excess hypotension” for 
each case and provider by comparing observed versus 
predicted. We modeled the number of minutes of MAP 
<65 mm Hg for each case as a function of the covariables 
in Supplemental Digital Content, Table 2, http://
links.lww.com/AA/D194, using negative binomial 
regression, but ignoring the indicator for CRNA 
provider. Negative binomial regression is suitable for 
count data (ie, number of minutes), and is more flexible 
than Poisson regression which assumes that the mean 
equals the variance. We constructed linear and Poisson 
regression models for comparison and assessed the 
relative model fits using Akaike information criterion 
and Bayesian information criterion. Since it is not 
possible to calculate the traditional R2 for negative 
binomial regression, we calculated a pseudo r2 value 
using the method of McFadden10 as 1 − the ratio of the 
log-likelihood of the full model to the null model.

While intentionally not adjusting for CRNA as a 
fixed effect in this model, we did attempt to include 
it as a random effect to account for possible or likely 
within-provider correlation on the outcome variable. 
However, there were convergence issues when consid-
ering CRNA as a random effect. Since the goal of this 
model is a prediction that uses parameter estimates 
rather than standard errors, the inability to include 
CRNA as a random effect is unlikely to degrade our 
conclusions, and the negative binomial model fit the 
data much better than other models.

Model 2: The goal of model 2 was to estimate the 
random effect for each CRNA and  the intraclass cor-
relation (ICC), which is the proportion of total vari-
ance in the outcome due to variance among CRNAs. 
In Aim 4, we then assessed the association between 
CRNA random effects and clinical outcomes, with the 
hypothesis that providers who deviated markedly 
from the typical CRNA, after adjusting for patient 
characteristics, would be more likely to have poor 
patient outcomes.

Specifically, we used linear regression on the 
log-transformed number of minutes MAP <65 mm 
Hg (technically, log[1+ minutes <65 mm Hg]) as a 

http://links.lww.com/AA/D194
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function of baseline variables while including pro-
vider (CRNA) as a random effect. We used linear 
regression instead of negative binomial regression 
because there were convergence issues fitting a ran-
dom-effects negative binomial model, as explained in 
the section Model 1.

Aim 2: Quantifying “Excess Hypotension”. Raw residuals 
(ie, observed minus predicted outcomes) from the 
negative binomial regression model were used to 
calculate “excess minutes” for each case as the number 
of minutes of MAP <65 mm Hg greater than predicted 
by the model, with “0” excess minutes assigned to 
cases in which the observed duration of hypotension 
was less than or equal to the predicted duration. We 
then calculated the sum of excess minutes <65 mm Hg 
across the cases for each CRNA, as well as the total 
number of actual minutes <65 mm Hg. Finally, we 
reported the actual and excess minutes of hypotension 
per hour of surgery per CRNA, as well as quintiles of 
CRNAs based on the exposures.

Aim 3: Case-Level Relationships Between Hypotension 
and Complications. We then fitted case-level logistic 
regression models to assess the association between 
case-level hypotension exposures and the composite 
of complications after adjusting for all of the potential 
baseline and surgical confounding variables in 
Supplemental Digital Content, Table 2, http://links.
lww.com/AA/D194. The hypotension exposures 
we considered were (1) excess minutes <65 mm Hg; 
(2) absolute minutes of MAP <65 mm Hg; and (3) a 
binary variable indicating whether there were any 
excess minutes (ie, whether the negative binomial 
model residual was >0).

Models were fit with and without the CRNA iden-
tifier (as a fixed effect) to assess whether specific 
CRNAs were associated with complications after 
adjusting for blood pressure exposure (using each 
of the 3 blood pressure metrics defined in the previ-
ous paragraph) and all baseline variables. We thus 
isolated blood pressure control from other possibly 
unobserved characteristics of the CRNA that might 
affect outcomes.

Aim 4: Clinician-Level Relationships Between Hypotension 
and Complications. We assessed the association 
between both excess and actual minutes of MAP <65 
mm Hg/h, averaged over each CRNA’s cases, and 
our predefined composite of serious complications. 
We used logistic regression to assess the association 
between complications and each exposure variable 
(excess and actual minutes <65 mm Hg/h) while 
adjusting for potential confounding variables. The 
outcome was modeled as the number of cases with 
complications divided by the total number of cases 

for a CNRA. Confounding variables were included 
as the mean across all cases for a particular CRNA, 
excluding surgical procedure. We used a conservative 
stepwise variable selection procedure with P value of 
.30 to enter the model and .40 to stay in the model. 
Results are given as the estimated odds ratio of the 
composite outcome for an increase of 1 min/h of 
actual or excess MAP <65 mm Hg, and as odds ratios 
compared to the lowest (best) quintile of exposure.

As a sensitivity analysis on the definition of our 
primary exposure of excess minutes MAP <65 mm 
Hg, we created 3 CRNA groups based on the raw dif-
ferences between observed and predicted number of 
minutes MAP <65 from the negative binomial model, 
then averaging across the cases for a CRNA: (1) aver-
age was less than predicted by at least 1 minute (bet-
ter than expected); (2) average was within ±1 minute 
of predicted (close to expected); and (3) average was 
more than predicted by at least a minute (worse than 
expected). We then assessed the association between 
these groups and percent of cases for a CRNA with 
any complications.

Finally, we assessed the association between the 
CRNA random effects from model 2 above and the 
proportion of a CRNA’s cases that incurred the out-
comes of any major complication using logistic 
regression—considering the CRNA random effect 
both as a continuous exposure and as a binary 
“outlier,” defined as being a statistically significant  
(P < .05) positive random effect.

Sample Size Considerations
We considered all available patients in the 
Perioperative Health Documentation System and 
expected to have at least 20,000 qualifying cases over 
about 100 CRNAs. We thus had sufficient data to (1) 
fit a model predicting number of minutes <65 mm 
Hg for a case while adjusting for a host of baseline 
variables; and (2) assess the association between both 
actual and excess number of minutes <65 mm Hg and 
the binary composite of serious complications on both 
the CRNA and case level.

RESULTS
We identified 99 Cleveland Clinic Main Campus 
CRNAs, each of whom performed at least 200 noncar-
diac adult anesthetics lasting at least an hour. A total 
of 110,391 hours of anesthesia were included in our 
analysis, representing an average ± standard devia-
tion (SD) across the 99 included CRNAs of 260 ± 124 
cases, lasting an average of 4.3 ± 1.8 hours.

Intraoperative MAP was recorded from a radial arte-
rial catheter in 35% of patients at 1-minute intervals, 
and oscillometrically in 65% at 1- to 5-minute inter-
vals. Sixty-nine percent of the 25,702 included cases 
had at least 1 minute of MAP <65 mm Hg. On the case 
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level, the mean ± SD of minutes MAP <65 mm Hg was  
13 ± 23, with median (quartiles) of 4 (0–15) minutes. On 
the CNRA level, averaged across hundreds of cases per 
CRNA, the mean ± SD of min/h of MAP <65 mm Hg  
was 3.2 ± 0.80, with median (quartiles) of 3.1 (2.6–3.7) 
and range of 1.3–5.1 min/h (Figure 1).

Aim 1: Predicting Hypotension
When modeling the number of minutes of MAP <65 
mm Hg per case as a function of baseline and surgi-
cal variables using negative binomial regression, a 
pseudo r2 value of 2% was obtained, indicating rel-
atively poor prediction. However, the value of 2% 
should not be taken as representing only 2% of the 
variance explained, because 20% in this context would 
be considered highly predictive. The full model is 
reported in the Supplemental Digital Content, Table 3, 
http://links.lww.com/AA/D194. In linear regression 
in model 2, the baseline factors were able to explain 
about 13% of the variability in the log (1+ minutes of 
MAP <65 mm Hg). Finally, there was strong discor-
dance between observed and predicted values for the 
negative binomial model, as shown in Supplemental 
Digital Content, Figure 1, http://links.lww.com/
AA/D194. We were thus unable to predict hypoten-
sion with much accuracy.

From model 2, considering CRNA as a random 
effect, we estimated an ICC equal to about 2% of 
the total variance in minutes MAP <65 mm Hg. 
Variance components were 0.027 for between-CRNA 
and 1.72 total, for an ICC of 0.027/1.72 = 0.016. This 

suggests that the between-CRNA variance in minutes  
MAP <65 mm Hg is only a small fraction of the total 
variance in the outcome, making it unlikely that using 
minutes of MAP <65 mm Hg would be a strong per-
formance indicator, even if the exposure were strongly 
related to clinical outcomes.

Aim 2: Quantifying Excess Hypotension and 
Random Effects
There was an average of 6.2 ± 18.0 (median [quartiles] 
of 0 [0–3.1]) minutes of excess hypotension per case, 
with the excess being defined as positive observed 
minus predicted minutes. This corresponded to 
a mean amount of excess hypotension across the 
CRNAs of 1.6 ± 0.6 min/h, with median (quartiles) of 
1.6 (1.2–1.9) and range of 0.30–2.9 (Figure 2). All expo-
sure variables for case-level and CNRA-level analyses 
are reported in Supplemental Digital Content, Table 4, 
http://links.lww.com/AA/D194.

Figure  3 displays the CRNA random effects from 
model 2 from best to worst, that is, from most negative 
(indicating fewer minutes MAP <65 mm Hg compared 
to the average CNRA) to most positive (more minutes 
<65 mm Hg compared to the average). CRNAs with 
confidence interval (CI) for the random effect greater 
than the confounder-adjusted mean (horizontal line) 
would be expected to have worse outcomes for their 

Figure 1. Distribution of actual number of minutes MAP <65 mm 
Hg/h for each CRNA. We calculated the number of minutes per hour 
of surgery with MAP <65 mm Hg for each of N = 99 CRNAs. The 
numerator is the total number of minutes <65 mm Hg across all 
cases for a CRNA; the denominator is total surgical time across 
all cases for that CRNA. CRNAs indicate certified registered nurse 
anesthetist; MAP, mean arterial pressure. 

Figure 2. Distribution of “excess minutes <65 mm Hg/h.” We 
defined excess minutes <65 mm Hg/h as number of minutes per 
hour of surgery with MAP <65 mm Hg more than predicted for each 
of 99 CRNAs. The numerator is total number of minutes exceeding 
predicted for all cases for a CRNA; the denominator is total surgical 
time across all cases for that CRNA. Predicted number of minutes for 
a case was based on the negative binomial regression model adjust-
ing for the baseline and surgical variables listed in Supplemental 
Digital Content, Table 2, http://links.lww.com/AA/D194 (model is 
given in Supplemental Digital Content, Table 3, http://links.lww.
com/AA/D194). CRNAs indicate certified registered nurse anesthe-
tist; MAP, mean arterial pressure.
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patients if minutes of MAP <65 mm Hg were, in fact, a 
good indicator of CRNA performance. A total of 30% 
(30/99) of CRNAs had a random effect statistically dif-
ferent from the mean (P < .05) and 15% (15/99) had 
a significant positive random effect (ie, more min-
utes MAP <65 mm Hg than average); 4% (4/99) had  
a t statistic >3, indicating even a stronger (worse) ran-
dom effect.

Aim 3: Case-Level Relationships Between 
Hypotension and Complications
Both actual and excess (ie, beyond that predicted by 
the negative binomial regression model) minutes of 
MAP <65 mm Hg were associated with the primary 
composite of any major complication in our logis-
tic regression models after adjusting for potentially 
confounding baseline variables. Using a continuous 
exposure, the estimated odds of any major complica-
tion was 3.8% higher (95% CI, 2.1–5.6) for a 10-minute 
increase in excess minutes of MAP <65 mm Hg per 
case (P < .0001). The estimated association was similar 
for actual minutes MAP <65 mm Hg, with the same c 
statistic of 0.74 and odds of any complication an esti-
mated 2.8% higher (95% CI, 1.3–4.2) (P < .0001), imply-
ing little to no prediction benefit from focusing on 
excess minutes compared to actual minutes (Table 1).

When we categorized each of excess and actual 
minutes <65 mm Hg into 0 minutes as a reference 
group and quartiles of those with any excess or actual 
minutes <65 mm Hg, overall associations with the 
composite outcome were observed as well. For excess 
minutes <65 mm Hg, each of exposure quartiles 3 and 4 
were different from those with no excess minutes (after 
Bonferroni correction for 4 tests). Cases in the highest 
quartile of excess minutes (>24 minutes more than 
predicted) had an estimated 31% increased odds of the 
primary outcome compared to those with no excess 
minutes, with odds ratio (95% CI) of 1.31 (1.16–1.47),  
P < .0001, and those with 10–24 minutes <65 mm Hg 
(third quartile) had odds ratio of 1.27 (1.12–1.44),  
P = .0002. For actual minutes <65 mm Hg, patients 
in the fourth quartile of exposure (>21 minutes) had 
higher odds of complications compared to 0 minutes, 
with an odds ratio of 1.23 (1.10–1.36); Table 1.

The estimated odds ratio (95% CI) for those cases 
with a positive residual, where the observed number 
of minutes of MAP <65 mm Hg was larger than pre-
dicted, was 1.20 (1.12–1.30), or a roughly 20% increase 
in odds of any complications compared to cases with 
a 0 or negative residual (P < .0001); 19% of the 8035 
cases with positive residuals had at least 1 complica-
tion versus 16.6% of the 17,677 cases without a posi-
tive residual.

All of the above models included a CRNA indica-
tor, with borderline significance (P ≈ .05). A model 
including CRNA indicator and confounding variables 
but none of the hypotension exposures yielded a  
P value of .11 for CRNA, with χ2 statistic of 116 and 98 
degrees of freedom. Including or excluding the CRNA 
indicator did not result in any noticeable change in 
the estimated odds ratios or P values between hypo-
tension exposures and outcome (data not shown).

Aim 4: Clinician-Level Relationships Between 
Hypotension and Complications
In multivariable logistic regression modeling the 
number of patients with the outcome over the number 
of cases for each CRNA, adjusting for confounding 
variables by averaging across cases for each CRNA, 
excess minutes per hour of MAP <65 mm Hg was not 
associated with the composite outcome of any postop-
erative complication for a case (Figure 4). Specifically, 
the estimated odds ratio (95% CI) of the occurrence of 
any complication for an increase of 10 min/h of excess 
minutes <65 mm Hg was 1.75 (0.91–3.37), P = .09.  
Nor did we find an association when analyzing 
excess minutes per hour as quintiles of the exposure  
(P = .30); Table 2.

We also did not find an association between actual 
minutes <65 mm Hg/h and complications in an anal-
ogous multivariable logistic regression model, with 
odds ratio (CI) for an increase of 10 min/h <65 mm 

Figure 3. Random effects for CRNA. Using the case-level data, we 
fitted a linear mixed-effects model on the log-transformed minutes 
MAP <65 mm Hg as a function of all baseline and surgical variables 
in Table 2, and with CRNA indicator as random effect. The random 
effect and 95% confidence interval for each of the 99 CRNAs are 
plotted in order from smallest (lowest minutes <65 compared to the 
average) to largest (highest compared to average). Confidence inter-
vals that do not include the horizontal line at the “mean” indicate 
CRNAs with a statistically significant random effect (ie, P < .05). 
Significant random effects on the right side correspond to CRNAs 
with above-average minutes MAP <65 mm Hg after controlling for 
confounding variables. CRNAs indicate certified registered nurse 
anesthetist; MAP, mean arterial pressure.
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Hg of 1.52 (0.98–2.37), P = .06 (Table 2; Supplemental 
Digital Content, Figure 2, http://links.lww.com/
AA/D194). Furthermore, no association was found 
when categorizing the exposure into quintiles and 
analyzing as a nominal variable (P = .15).

In the sensitivity analysis assessing the association 
between the 3 CRNA categories of negative binomial 
residuals, the percentage of cases with any complica-
tions were as follows: 18% for the 35% of providers 
in the best group who averaged at least 1 minute less 
hypotension than predicted; 17% for the 31% of pro-
viders in the middle group who averaged within a 
minute of the predicted amount of hypotension; and 
17% for the 33% of providers in the worst group who 
averaged at least 1 minute more hypotension than pre-
dicted. The association was not significant univariably 
(P = .45 with Wilcoxon rank-sum test) or after adjust-
ing for confounding in logistic regression (P = .15).

CRNAs who had a significant positive random 
effect, indicating higher than average minutes MAP 
<65 mm Hg (N = 15), did not differ from the others 
(N = 84) on the fraction of their cases having any 
complication, with median (quartiles) of 18 (15–20) 
% vs 17 (15, 19) % (P = 0.65 Wilcoxon rank-sum 
test). CRNAs with either positive or negative sig-
nificant random effects (N = 30) also did not differ 

Table 1.  Case-Level Data: Adjusted Association Between MAP Exposures and Primary Outcome (Any 
Complications)

Exposure
Sample Size  

(%) % Comps
Units for Odds Ratio  
or Levels Compared

Odds Ratio  
(95% CI)a Pb

Excess minutes MAP <65c

 A. Continuous
25,702 (100) 17.4 1 min 1.004 (1.002–1.005) <.0001e

5 min 1.019 (1.010–1.028)
10 min 1.038 (1.021–1.056)

 B. Categories 17,667 (68.7)  16.6 Ref: 0 min 1.0 Overall: P < .001e

  Quartiles for cases with any 
excess minutes

2011 (7.8) 15.3 Q1: <4.0 min 1.05 (0.92–1.21)  .47
2009 (7.8) 17.5 Q2: 4.0–10.5 min 1.17 (1.03–1.33) .019
2006 (7.8) 19.7 Q3: 10.5–24.2 min 1.27 (1.12–1.44) .0002e

2009 (7.8) 24.2 Q4: >24.2 min 1.31 (1.16–1.47) <.0001e

Actual minutes MAP <65
 A. Continuous

25,702 (100) 17.4 1 min 1.003 (1.001–1.004) .0001e

5 min 1.014 (1.007–1.021)
10 min 1.028 (1.013–1.042)

 B. Categories 7920 (31) 14.9 Ref: 0 min 1.0 Overall: P < .001e

  Quartiles for cases with any 
minutes <65

5035 (20) 15.0 Q1: 0–4 min 0.96 (0.86–1.07) .44
4367 (17) 17.0 Q2: 4–10 min 1.02 (0.91–1.13) .76
3957 (15) 18.4 Q3: 10–21 min 1.05 (0.945–1.18) .37
4423 (17) 24.4 Q4: >21 min 1.23 (1.10–1.36) .0001e

Any excess minutesd Yes: 8035 (31); 
no: 17,667 (69)

19.2 16.6 Yes versus no 1.20 (1.12–1.30) <.0001e

%Comps = percent of cases with the primary outcome of any major complication (Table 1). Residuals (observed–predicted values) are from negative binomial 
model in Supplemental Digital Content, Table 1, http://links.lww.com/AA/D194, predicting number of minutes of MAP <65 mm Hg for a specific case as a 
function of baseline and surgical variables without CRNA indicator. When the categorical exposures were analyzed as continuous [not shown], P < .001 for both 
excess and actual minutes <65 mmHg, with OR (95% CI) of 1.07 (1.05, 1.10), and OR: 1.05 (1.02, 1.08), respectively, for an increase in 1 level. c-statistic: all 
models had c-statistic rounding to 0.74 with or without CRNA indicator. CRNA P values range from .045 to .047 when included in above models; reported odds 
ratios and P values are for models without the CRNA indicator. 
Abbreviations: CI, confidence interval; CRNAs, certified registered nurse anesthetist; MAP, mean arterial pressure; OR, odds ratio.
aOdds ratios are from logistic regression models adjusting for all potentially confounding variables in Supplemental Digital Content, Table 2, http://links.lww.com/
AA/D194. c-statistic for all models was 0.56 (rounded to two decimal places). 
bSignificance criterion is P < .05 for overall effects and .05/4 = .0125 comparing 4 categories for reference.
cExcess minutes: equals raw model residual if raw residual >0, and 0 otherwise. 
dAny excess minutes: equals 1 if raw model residual > zero, and 0 otherwise.
eStatistically significant.

Figure 4. Relationship between CRNA excess minutes MAP <65 
mm Hg/h and any complication. The line represents the estimated 
univariable (unadjusted) intercept and slope for the exposure 
versus outcome from the logistic regression model (P = .005). 
However, after adjusting for confounding in a multivariable model 
the estimated odds ratio (95% CI) for the occurrence of any compli-
cation was estimated at 1.75 (0.91–3.4), P = 0.09 for an increase 
of 10 min/h of excess hypotension for a CRNA (Table 2). CRNAs 
indicate certified registered nurse anesthetist; MAP, mean arterial 
pressure.

http://links.lww.com/AA/D194
http://links.lww.com/AA/D194
http://links.lww.com/AA/D194
http://links.lww.com/AA/D194
http://links.lww.com/AA/D194
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significantly from the others (P =.58). Furthermore, in 
a confounder-adjusted logistic regression model on 
the CRNA level as above, the magnitude of the ran-
dom effect (P = .40; Supplemental Digital Content,  
Figure 3, http://links.lww.com/AA/D194) or whether 
the CRNA had a significant positive random effect  
(P =.07) was not associated with having a complica-
tion. These nonsignificant results for the association 
between CRNA random effects and clinical outcomes 
are unsurprising since only about 2% of the variance 
of minutes MAP <65 mm Hg was explained by CRNA 
(ie, ICC of 0.019).

DISCUSSION
Surprisingly, baseline characteristics including medi-
cal history and type of surgery explained only a mod-
est fraction of the observed variance in minutes of 
MAP <65 mm Hg across several different statistical 
models. Several factors were strongly associated with 
the amount of hypotension <65 mm Hg including 
duration and type of surgery, hypertension history, 
and the Risk Stratification Index.9 However, we were 
unable to accurately predict hypotension in individ-
ual patients from baseline variables. A corollary is 
that clinicians cannot reliably predict which patients 
might most benefit from invasive or noninvasive 
continuous blood pressure monitoring, guided fluid 
management, or a priori vasopressor infusions.

A consequence of unreliable prediction of hypo-
tension is that our key exposure measure—positive 
observed − predicted minutes of MAP ≤65 mm Hg 

(excess minutes)—was not as helpful as we had antic-
ipated for assessing associations with outcome. As a 
result, estimated associations were similar in sensitiv-
ity analysis when absolute amounts of hypotension 
were used. Poor prediction of hypotension therefore 
did not preclude our remaining analyses.

About 30% of the included cases did not have any 
MAP <65 mm Hg, and the median amount per case 
was 4 minutes (quartiles 0–15). There are undoubt-
edly situations when the type of surgery contributes 
to hypotension. For example, blood loss, vena caval 
pressure, abdominal insufflation, and patient posi-
tioning all contribute to hypotension. And in some 
cases, surgeons may request hypotension to reduce 
bleeding. But it is nonetheless likely that anesthetic 
drugs, possibly combined with inadequate vascu-
lar volume, cause most intraoperative hypotension. 
Thus while hypotension cannot be reliably predicted, 
much of it can probably be prevented or minimized 
by skilled anesthetic management—making it reason-
able to consider hypotension as a performance metric.

On a case level, both excess and actual minutes  
<65 mm Hg were associated with outcome when ana-
lyzed as continuous variables. But because 31% of 
cases had no minutes <65 mm Hg, we also compared 
various levels of hypotension versus none. Cases with 
at least 11 excess minutes (the highest 2 quartiles) had 
an estimated 27%–31% higher odds of outcome com-
pared to those with none. Similarly, cases in the fourth 
quartile of actual hypotension minutes (>21 min-
utes) were even more likely to have complications. 

Table 2.  CRNA-Level Data: Associationa Between Any Complication and MAP Exposures <65 mm Hg/h

Exposure
Number  

of CRNAs Percent Comps
Units for Odds Ratio  
or Categorical Levels

Odds Ratio  
(95% CI) Pb

Excess minutes <65/hc  99  17.4 1 min 1.06 (0.99–1.13) .09
 A. Continuous 5 min 1.32 (0.95–1.84)

10 min 1.75 (0.91–3.37)
 B. Quintiles (min/h) 19  16.8 Q1: 0–1.15 Ref: 1.0  Overall P = .30

21 17.8 Q2: 1.15–1.39 1.11 (0.99–1.23) .06
20 16.9 Q3: 1.39–1.72 1.03 (0.92–1.15) .64
19 16.9 Q4: 1.72–2.02 1.09 (0.96–1.23) .20
20 18.6 Q5: 2.02–2.88 1.10 (0.98–1.23) .12

Minutes MAP <65 mm Hg/h  99 17.4 1 min 1.04 (0.99–1.09) .06
 A. Continuous   5 min 1.23 (0.99–1.54)  

10 min 1.52 (0.98–2.37)
 B. Quintiles (min/h) 19  16.7 Q1: 0–2.45 1.0 Overall P = .15

20 17.2 Q2: 2.45–2.89 1.04 (0.94–1.15) .46
21 17.2 Q3: 2.89–3.35 0.97 (0.87–1.08) .59
19 16.6 Q4: 3.35–3.88 0.98 (0.88–1.10) .76
20 19.2 Q5: 3.88–5.1 1.10 (0.98–1.23) .09

All cases for each CRNA were included in the analyses. There were a total of 4482 outcome events (any complications) across the 25,702 cases. “Percent 
comps” refers to the average percent of all cases in each CRNA quintile (or overall) that had any complications.
Abbreviations: CI, confidence interval; CRNAs, certified registered nurse anesthetist; MAP, mean arterial pressure.
aOn the CRNA level, we modeled the outcome any complications as a function of hypotension exposure (excess or actual min/h—both continuous and categorical) 
using logistic regression with the events/trials format and adjusting for baseline variables chosen using a stepwise selection procedure with P = .30 to enter 
and P = .40 to stay in the model. Baseline variables were included as the mean for each CRNA’s cases. See legend for details on which variables were included.
bSignificance criterion is 0.05 for overall effects and .05/4 = .0125 comparing each of 4 categories to reference. 
c“Excess min/h” calculated for each CRNA as the sum of the positive residuals across their cases divided by total surgical time. Residuals were first estimated 
from a negative binomial case-level model predicting minutes < 65 mm Hg as function of baseline variables. c--statistic rounds to 0.56 for all models in Table 2.

http://links.lww.com/AA/D194
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Hypotension was thus associated with a composite of 
serious complications, consistent with previous obser-
vational analyses3–5 and 1 small randomized trial.7

We note, though, that the required amount of 
actual minutes of hypotension was substantial, being 
about 20 minutes of MAP <65 mm Hg. These observa-
tions are consistent with previous analyses, also from 
the Cleveland Clinic. For example, we previously 
reported that 13–28 minutes at a MAP <65 mm Hg 
increases the odds of acute kidney injury by 20% and 
myocardial injury by 34%, and that >28 minutes of 
hypotension increases the odds of acute kidney injury 
by 35% and myocardial injury by 60%.8

Excess minutes of MAP <65 mm Hg/h across 
CRNAs ranged from an average of 0.7 min/h in the 
best tenth of the CRNAs to 2.6 min/h in the worst 
tenth—a difference of <2 minutes, which is far less 
than the 11 excess minutes required to be associated 
with worsened outcome in our case-based analysis 
(Table 1). Results were similar when based on abso-
lute minutes of hypotension. Consistent with the 
small differences in hypotension among CRNAs, no 
quintile of excess or absolute amounts of hypotension 
among CRNAs had significantly more complications 
than the best quintile. Sixteen CRNA had substantially 
more hypotension than the group as a whole, but not 
by enough to increase complications in their patients. 
Therefore, while patients cared for by some CRNAs 
experienced more hypotension, the difference was 
insufficient to alter outcomes when averaged over 
their patients. Avoiding hypotension remains a wor-
thy clinical goal, but hypotension avoidance does not 
appear to be a useful metric of performance because 
the observed range of average amounts per clinician 
is not meaningfully associated with patient outcome.

However, we caution that our CRNA-level analy-
ses might have been underpowered to detect clinically 
important associations, and the negative conclusions 
from Table 2 should be interpreted with caution. For 
example, the CIs for an increase of 10 excess minutes 
per hour ranges from 0.9 to 3.4 (a 10% decrease to 
more than a 3-fold increase in odds of complications). 
Having considerably more providers in future analy-
ses would increase precision.

In a previous study, we evaluated blood pressure 
management in 70 CA1 and CA2 anesthesia residents.11 
There was no correlation between blood pressure con-
trol, defined 5 ways, and either faculty evaluations of 
competence or yearly in-training examination results. 
The underlying assumption for the study was that the 
faculty evaluations and in-training examinations are 
reliable estimates of residents’ clinical performance. 
But in practice, faculty evaluations might largely have 
been an indication of professionalism12 rather than 
hands-on skill; similarly, their in-training examina-
tions presumably evaluated knowledge rather than 

clinical performance. We concluded that while cor-
relation of evaluations and examination scores with 
blood pressure control was essentially nonexistent, 
that blood pressure control might nonetheless be a 
valid indicator of a different dimension of resident 
performance. Our results with CRNAs extend our 
previous results with residents, with both analyses 
indicating that the amount of hypotension is not a 
reliable measure of clinician performance. A further 
difficulty is that, depending on the blood pressure 
threshold, relatively few cases may qualify for analy-
sis, which limits the general approach.13

An arterial catheter was inserted in about a third 
of our cases. Blood pressure was recorded at 1-min-
ute intervals in patients who had arterial catheters. 
Blood pressure was measured oscillometrically in the 
remaining patients. Although there can be potentially 
important differences in systolic or diastolic pressures 
with the 2 techniques,14,15 MAP on average is similar 
to each. But for our key analyses, it was provider abil-
ity to prevent and respond to apparent hypotension 
that is important, rather than absolute blood pressure. 
Furthermore, the use of an arterial catheter is largely 
determined by the type of case and underlying patient 
comorbidity, factors that were included in our predic-
tions of expected hypotension duration.

A more important difference between direct and 
oscillometric measurements is that oscillometric pres-
sures were usually obtained at 5-minute intervals. 
Continuous monitoring helps clinicians avoid hypoten-
sion.16 However, CRNAs could trigger a “stat” blood 
pressure at any time—and normally would request fre-
quent readings during periods of critical hypotension. 
In fact, requesting additional pressure measurements 
is part of the appropriate response to hypotension and 
thus included in skilled hemodynamic management. 
We thus assume that both an adequate number and fre-
quency of blood pressure readings were available for 
analysis during relevant periods, even in patients who 
had oscillometric measurements.

CRNAs at Cleveland Clinic are always medically 
directed by attending anesthesiologists, and there were 
typically 2–3 CRNAs per attending during the study 
period. Attending anesthesiologist’s decisions, plans, 
and preferences presumably influence anesthetic care. 
But over hundreds of cases, the distribution of attend-
ings is presumably at least roughly homogeneous, 
leaving CRNA skill as the primary overall determinant 
of blood pressure control. Blood pressure is a complex 
signal and there are dozens of ways to characterize it. 
The specifics of our results would surely differ had we 
chosen other components (systolic or diastolic17) or 
metrics (time-weighted average, area under a thresh-
old, etc), or pressures relative to baseline rather than 
absolute thresholds, but it seems unlikely that chang-
ing the definition of hypotension would substantively 
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change our conclusions that CRNAs differ little in their 
abilities to prevent hypotension.

We were unable to determine when attending anes-
thesiologists were actually in a specific room. It thus 
remains possible that some CRNAs may have been bet-
ter supervised, and that blood pressure control in such 
cases may reflect attending more than CRNA skill. It is 
also possible that CRNAs thought to be less experienced 
or weaker were assigned to easier cases. We note though, 
that case difficulty is largely determined by baseline 
medical condition, rather than the operation per se, and 
that baseline medical condition was unknown by the 
anesthesiologist who assigned cases. In any case, neither 
baseline characteristics nor type of surgery was a use-
ful predictor of hypotension. Assignment bias is thus 
unlikely to have influenced our conclusions.

One limitation of our analysis is that we assumed 
that patients without documented troponin elevations 
did not have a myocardial injury, and similarly that 
patients without documented creatinine elevations did 
not have a renal injury. Surely some did, so the observed 
incidence of myocardial and renal injury is an underesti-
mate. Our case-based analyses were well powered, with 
over 25,000 cases. However, another limitation of our 
study is that the CRNA-based analyses had only mod-
est power since the sample size for those analyses was 
effectively 99 providers, even though individual out-
comes for all 25,702 cases were analyzed. It is, therefore, 
possible that an association might have been detected 
with a larger pool of providers, but the estimated odds 
ratios from our study (Table 2) are quite small and do 
not appear to be clinically important in any case.

Our results directly apply to the Cleveland Clinic 
Main Campus where (naturally) we believe that our 
clinical skills are excellent. It remains possible—and 
perhaps even likely—that amounts of hypotension 
may serve as a skill metric in other environments, or 
across environments.

In summary, only 70% of cases had any minutes of 
MAP <65 mm Hg. Baseline and intraoperative vari-
ables were unable to reliably predict the number of 
minutes MAP <65 mm Hg for a case, even though 
our negative binomial regression models were spe-
cifically chosen to handle such data. On a case basis, 
both absolute and excess hypotensions were associ-
ated with a composite of serious complications, but 
only in the worst 16%–17% of cases, which is con-
sistent with previous reports. However, the range of 
average hypotensive minutes across CRNAs differed 
only slightly, and by amounts that were not associated 
with complications. Blood pressure management may 
not be a useful measure of individual clinician perfor-
mance, at least given our definition of exposure and 
outcome, because the observed range for a CRNA’s 
average case was small and it would be unreasonable 
to hold clinicians to a metric that varies over a range 

that is not associated with improved patient outcome. 
At least within a single high-performing center, hypo-
tension avoidance as defined herein was not a useful 
measure of clinician performance. E
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