NESTHESIA & ANALGESIA Infographic

Of Confidence and Consequence:

Outcomes and Knowledge of Postoperative Residual Neuromuscular BIOCKESEs

What is the effect of postoperative residual neuromuscular
_ blockade (PRNB) beyond respiratory. complications?

A refrospective cohort study analyzed 2,233 patients.'
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1,629 anesthesiologists from
80 countries completed a
9-question assessment of
their knowledge of
neuromuscular
recovery.?

of questions

were

answered
correctly’on
average

Ironically, the
mean confidence
exhibited by the
respondents was
84%, far greater than
their accuracy.

Postoperative residual neuromuscular blockade (PRNB) continues to place patients at risk for
adverse respiratory events. More than 2000 patients were analyzed in a retrospective cohort study
by Grabitz et al' for the presence of PRNB in the postoperative recovery unit. One-fifth of these
patients demonstrated PRNB as defined by a train of four (TOF) ratio of <0.9. These patients
sustained a 3-fold higher risk of intensive care unit (ICU) admission compared to those without
PRNB. The investigation did not clearly show an increase in hospital costs associated with PRNB;
however, this parameter was particularly challenging to ascertain as a direct effect of PRNB. Despite
the continued presence of measurable PRNB in the postoperative care unit, anesthesiologists are
seemingly overconfident in their knowledge of the problem and the fundamental management of
reversal intraoperatively. Using a 9-question multinational survey, Naguib et al* present only a 57%
accuracy rate of respondents on this topic, while their solicited confidence level was far in excess of
this value. For further depth of understanding on this important component of anesthetic practice,
readers are strongly encouraged to review these articles and their accompanying editorials.
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ICU indicates intensive care unit; PRNB, postoperative residual neuromuscular blockade; TOF, train
of four.

The Infographic is composed by Naveen Nathan, MD, Northwestern University Feinberg School of
Medicine (n-nathan@northwestern.edu). Illustration by Naveen Nathan, MD.
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Anesthesiologists’ Overconfidence in Their Perceived
Knowledge of Neuromuscular Monitoring and Its
Relevance to All Aspects of Medical Practice:

An International Survey
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See Editorial, p 1057

BACKGROUND: In patients who receive a nondepolarizing neuromuscular blocking drug (NMBD)
during anesthesia, undetected postoperative residual neuromuscular block is a common occurrence

that carries a risk of potentially serious adverse events, particularly postoperative pulmonary compli-
cations. There is

with measurement of the train-of-four ratio is used to guide NMBD

Our hypothesis was

administration and reversal. Nevertheless, a
or peripheral nerve stimulators
that a contributing factor to the nonutilization of heuromuscular monitoring was anesthesiologists’

in their

and ability to manage the use of NMBDs without such guidance.
METHODS: We conducted an Internet-based multilingual survey among anesthesiologists
We asked respondents to answer 9 true/false questions related to the use of neuromus-
cular blocking drugs. Participants were also asked to rate their confidence in the accuracy of

each of their answers on a scale of 50% (pure guess) to 100% (certain of answer).
RESULTS: Two thousand five hundred sixty persons accessed the website; of these, 1629 anes-

thesiologists from 80 countries completed the 9-question survey. The respondents
of the questions. In contrast, the mean‘
which was significantly greater than their accuracy. Of the 1629 respondents,

tice or seek further guidance on its use.

KEY POINTS

exhibited by the respon-

CONCLUSIONS: The anesthesiologists surveyed expressed overconfidence in their knowledge
and ability to manage the use of NMBDs. This

When clinicians are highly

confident in their knowledge about a procedure, they are less likely to modify their clinical prac-
(Anesth Analg 2019;128:1118-26)

- Question: What is the confidence level among anesthesiologists in their personal knowledge
of how to manage the administration of neuromuscular blocking drugs and reversal agents?

- Findings: Anesthesiologists surveyed are overconfident in their knowledge of how to monitor

neuromuscular blockade.

- Meaning: Anesthesiologists’ overconfidence may contribute to thelr bellef that they can intui-

—Samuel Langhorne Clemens
(known asﬂ (1835-1910)

tively manage neuromuscular blockade without neuromusc
— 201 hat almos
and n anesthes 1sts
eu tors of any M
B dents repo convention rip
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stimulators (PNSs
should be part of
neuromuscular blockers and their antagonists are often
administered without proper guidance.1‘3g. incidence of
in the immediate postoperative period
as a train-of-four ratio, ﬁ) remains around
A6 It is estimated that as many as 112,000 patients
annually in the United States are at risk of critical respira-
tory events associated with undetected residual neuromus-
cular blockade.” Residual neuromuscular weakness may
result in tracheal reintubation in the postanesthesia care
unit (PACU), postoperative pulmonary complications, and
delays in hospital discharge.®® The incidence of tracheal
reintubation in the PACU directly attributed to inadequate
recovery of neuromuscular function is not known. However,
different studies from large medical centers report
in this context.!-1
that stress the need for
routine neuromuscular monitoring,'>® many anesthesiolo-
gists feel sufficiently about their medical knowl-
edge and clinical expertise to believe that they can safel
manage neuromuscular blockade
the use of a

train-of-four monitors
1 Thus,

The aim of our study was to explore anesthesiologists’
confidence in their knowledge of the core concepts in neuro-
muscular monitoring. Overconfidence in this clinical domain
may contribute to the persistence of inadequate detection of
residual neuromuscular blockade by well-trained anesthe-
siologists. In the presence of overconfidence, the perceived
need to confirm clinical assessments with quantitative moni-
toring tools is probably considered superfluous.*

We hypothesized that many anesthesiologists are over-
confident in their knowledge of the intraoperative man-
agement of neuromuscular monitoring. To explore this
hypothesis, we conducted a survey of anesthesiologists that
consisted of 9 questions relevant to the clinical management
of neuromuscular blockade and assessed their confidence in
their response to each question. Inappropriately high confi-
dence in their (incorrect) answers would be consistent with
our hypothesis.

Confidence

The _ of - has a long history in psy-
chology and decision sciences. Such assessment is usu-
ally couched in terms of * ” To the extent that
one’s confidence is appropriate for one’s level of accuracy,
the person is said to be well calibrated. Assume that you
have been presented with one hundred 2-option forced-
choice questions such as “What is the capital of Arizona? A.
Tucson. B. Phoenix.” If you have assigned a confidence level
of 70% to 10 of your 100 answers to such questions, you
should correctly answer exactly 7 of those 10 questions to be
perfectly calibrated; your accuracy and confidence level for
that subset of questions would be identical, 70%. If you have
assigned a confidence level of 100% to 27 of the 100 ques-
tions, every one of those 27 questions must be answered
correctly for you to be perfectly calibrated for that subset
of questions. Figure 1 contains 3 curves. The 45° line repre-
sents perfect calibration of confidence; each confidence level

June 2019 e Volume 128 ¢ Number 6

is appropriate for each level of accuracy. Over- and under-
confidence are also indicated. Note that the abscissa can-
not go <50% for the confidence one has in one’s answers to
2-option questions because if one were <50% confident that
the correct answer was chosen, she /he would have selected
the other answer. Also note that under- and overconfidence
are both examples of poor calibration; both diverge from the
perfect calibration, 45° line in Figure 1.

It is important to understand what the
_ it is

People who answer a small number of questions correctly
can be very well calibrated if they assign appropriately low
confidence levels to their answers. Our hypothesis is that
anesthesiologists answering questions about neuromuscu-
lar monitoring will provide data similar to the curve labeled
“overconfident” in Figure 1. We offer no hypothesis as to
what their accuracy data will be.

Calibration in the Medical Decision-Making
Literature

Calibration is an important aspect of judgment perfor-
mance, but the medical decision-making literature suggests
that calibration is often deficient. For example, Dawson et
al® asked 198 physicians to estimate values of pulmonary
capillary wedge pressure, cardiac index, and systemic vas-
cular resistance before right heart catheterization in 846
patients. The physicians also provided confidence in each
of their estimates. The estimates’ deviation from the actual
measurements was unrelated to physician confidence in the
estimates. The lack of relationship between accuracy and
confidence signifies extremely poor calibration. Similarly,
Stiegler et al** noted the presence of overconfidence among
over half of resident physicians’ management of a simu-
lated anesthesia emergency.

Arkes et al*! asked baseball experts and nonexperts to exam-
ine the batting statistics for each of 3 players who might have
won the National League Most Valuable Player Award for
each of 19 years. The participants were given the following
helpful decision rule: “If you choose the player whose team
finished highest in the standings that year, you will choose

100
g 90
§ 80
5 70 - Underconfidence
§ 60 © Perfect Calibration
50 - Overconfidence
50 60 70 80 90 1
Confidence (%)

Figure 1. The black line with open circles represents perfect calibra-
tion of confidence; each confidence level is appropriate for each
level of accuracy. The red and blue lines with filled circles represent
over- and underconfidence, respectively. For 2-option questions (eg,
true/false), the abscissa starts at 50%. Respondents would not
indicate that their confidence was <50%, because to do so would
indicate that they preferred the other answer. Under- and overconfi-
dence are both examples of poor calibration; both diverge from the
perfect calibration, 45° line.

www.anesthesia-analgesia.org 1119

Copyright © 2018 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1


JohnVogel1



Implications of Clinician Overconfidence

correctly 75% of the time.” The experts were seriously over-
confident in their selection of the most valuable player for
each of the 19 years.

We propose that an

this hypothesis is consistent
with a conjecture by Stiegler and Tung? that

Slope As an Additional Dependent Variable

Not only does the assessment of accuracy and confidence
allow us to measure calibration, it also allows us to examine
an index called “ 26 which is defined as the

Slope is not a
measure of under- or overconfidence. It is a measure of dis-
crimination; can the respondent discriminate between cor-
rect and incorrect answers by assigning different confidence
levels to these 2 categories of answers? People can be over-
confident, underconfident, or perfectly calibrated and yet
manifest the exact same slope. Whereas calibration pertains
to the overall relationship between confidence and accu-
racy, slope is an important index of “meta-knowledge”—
knowledge about what one knows and what one does not
know. True experts can have good slope even if they are not
well calibrated. Slope and calibration are not controversial
concepts: no one would accept weak calibration and poor
slope. We sought to address these issues by administering
a 9-item test on neuromuscular monitoring to anesthesiolo-
gists and assessing the calibration and slope of the confi-
dence ratings of their answers.

METHODS

After obtaining institutional approvals from Cleveland
Clinic (Cleveland, OH) and Mayo Clinic (Jacksonville, FL),
we conducted an Internet-based survey among anesthesi-
ologists worldwide. Respondents gave their informed con-
sent online before completing the survey. The International
Anesthesia Research Society (United States), the Royal
College of Anaesthetists ﬁ , The European
Society of Anaesthesiology, the Sao Paulo State Society
of Anesthesiologists (Brazil), the Hungarian Society of
Anesthesiology and Intensive Therapy, the Swiss Society of
Anesthesiology, and the Society of Anaesthetists of Hong
Kong e-mailed all of their active members on the authors’
behalf, inviting them to complete a 9-question survey
anonymously (Supplemental Digital Content, Document,
http:/ /links.lww.com/AA /C535).

The survey questions were developed and critiqued by all
investigators and were validated in a pilot study. The surveys
were piloted twice. Our aim was to select 8-9 questions (with
indisputable answers) and to omit any question that was not
answered correctly (or any question that was answered cor-
rectly) by a large majority of respondents. Three questions were
deleted after the first pilot, and 1 was deleted after the second
pilot. We aimed to exclude nondiscriminatory questions in the
pilot study. A question was deemed to be nondiscriminatory

1120 www.anesthesia-analgesia.org

if it did not discriminate well between anesthesiologists who
answered most of the questions correctly and those who did
not. For instance, if there were a question for which almost
no pilot subject knew the answer, the question would have
been removed from the questionnaire. Also, if 99% of respon-
dents had answered correctly, the question would have been
removed from the questionnaire. Survey face validity was
deemed adequate. Each survey question was developed based
on previously published findings related to neuromuscu-
lar blockade monitoring. (See References Supporting Survey
Questions in the Supplemental Digital Content, Document,
http:/ /links.lww.com/AA /C535.)

We provided additional separate unique links to the
survey in different languages (German, French, Spanish,
Portuguese, and Hungarian). To ensure accurate transla-
tion of the survey from English to other languages, a 2-step
process was used. First, anesthesiologists who were native
speakers of these languages translated the survey from
English into their native language. Second, different anes-
thesiologists who were native speakers of these languages
back-translated the surveys into English. The original and the
back-translated versions were compared independently by 2
investigators (M.N. and S.J.B.) to assess translation accuracy.

The survey was stored on a dedicated website (https://
www.surveymonkey.com/r/neuromuscularsurvey) accessed
via computer. The survey was designed to be completed in <10
minutes, and all questions were formatted into a Hypertext
Markup Language interface. Responses were stored electroni-
cally in separate customized databases. The survey was avail-
able online for 90 days (August 1, 2017 to October 31, 2017).
An electronic link to the survey was provided within the body
of the e-mail invitation and was also published on the Royal
College of Anaesthetists (United Kingdom) website. Reminder
e-mails were sent 30 days after the initial invitations.

All questions were in a true/false format. After each
question, we asked the respondent to indicate his/her level
of confidence in the answer using a scale from 50% to 100%
in 5% increments using a drop-down menu. Participants
were orientated to the confidence scale using the following
definition: 50% indicated complete uncertainty; and 100%
indicated complete certainty.”*

This combination of 2-option questions and a 50%—-100%
confidence rating scale is extremely common in the judg-
ment/decision-making literature.”” As the scales of the
2 factors—accuracy and confidence—align perfectly, no
respondent would ever give a confidence rating <50%
because if a person were <50% confident in 1 of the 2 pos-
sible answers, he or she would choose the other answer,
whose confidence level would therefore be >50%. If a person
were totally ignorant about the 2 possible options for any
question, then respondent would answer correctly with a
probability of 50%. Thus, a perfectly calibrated but ignorant
person would assign a confidence level of 50% to a question
that had an accuracy probability of 50%. Confidence and
accuracy would align perfectly. Analogously, a perfectly
calibrated person who was fully informed about a domain
would assign confidence levels of 100% to answers that
were 100% likely to be accurate. Thus, the use of 2-option
questions with a 50%-100% confidence scale describes a
straightforward interaction between accuracy and confi-
dence, which is the definition of calibration.

ANESTHESIA & ANALGESIA
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Respondents were also asked the number of years in
practice (0-5, 6-10, 11-15, 16-20, >20), their degree, and the
country in which they practiced.

The raw data (excluding the country of each respondent)
are deposited in the Open Science Framework (https:/ /osf.
io/rn2mv).

STATISTICAL CONSIDERATIONS

Calibration is a measure of the correspondence between
accuracy and confidence. To calculate calibration, we sub-
tracted the average proportion of the questions answered
correctly from the average confidence assigned to the
answers to the questions. For example, if a person answered
5 of the 9 questions correctly, the proportion of correct
answers is 0.556. If the average confidence one assigns to the
answers to these 9 questions is 95%, then overconfidence is
0.950-0.556 = 0.394 or 39.4%. We estimated that a total sam-
ple size of 272 respondents will be needed for a f test to have
a 95% power to detect an effect size (Cohen’s d) of 0.2 to test
whether the mean overall calibration is >0 (1-tailed test).*
Although both over- and underconfidence signify poor
calibration, we use overconfidence in this example because
underconfidence is extraordinarily rare and therefore was
unanticipated in our data.

We performed two 1-way analyses of variance to ascer-
tain whether the number of years of professional experience
was related either to the magnitude of overconfidence or to
the percentage of questions answered correctly.

Slope was indexed by subtracting the confidence assigned
to the incorrect answers from the confidence assigned to the
correct answers. We calculated overall slope, and because
of the heterogeneity of the questions, we also calculated the
slope separately for each question using a Bonferroni cor-
rection thereby making a = .0056 (.05/9). A P value <.05 was
considered statistically significant for all other analyses.

RESULTS

A total of 2560 persons accessed the website and provided
demographic information; of these, 1629 anesthesiologists
from 80 different countries completed the 9-question survey.
Supplemental Digital Content, Table 1, http://links.lww.
com/AA/C535, contains the number of respondents from
each country who completed the survey. It is impossible to
determine the number of society members who received
or viewed the survey. This number would be needed to
calculate the response rate. Lacking that number, we only
can assert that the number of respondents who completed
the survey was large (1629) and geographically diverse.
Supplemental Digital Content, Table 2, http://links.lww.
com/AA/C535, contains information about the number of
respondents at each level of experience.

The 1629 respondents correctly answered an average of
57.1% of the 9 questions. The mean confidence assigned by
the respondents was 83.5% (95% confidence interval [CI],
83%—84%), which was greater than their accuracy of 57.1%
(95% CI, 56.2%—-58.0%) (t 628 = 55.48, P < .001). The magni-
tude of overconfidence was thus 26.4% (95% CI, 25.48%—
27.34%) (Figure 2). Of the 1629 respondents, 1496 (91.8%)
were overconfident, 119 (7.3%) were underconfident, and
14 (0.9%) were perfectly calibrated. Supplemental Digital
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Figure 2. The level of accuracy and the level of confidence among
the surveyed anesthesiologists. The mean confidence assigned by
the respondents was 83.5% (95% Cl, 83%—84%), which was greater
than their accuracy of 57.1% (95% Cl, 56.2%-58.0%) (t162¢) = 55.48,
P < .001). The magnitude of overconfidence was thus 26.4% (95%
Cl, 25.48%—27.34%). Data represent mean and 95% Cl. Cl indicates
confidence interval.

Content, Table 3, http://links.lww.com/AA/C535, pres-
ents the proportion of correct responses for each question
at each level of confidence and overall accuracy at each
level of confidence. Figure 3 presents the calibration curves
for each question and an overall calibration curve for all
questions combined. For the purpose of constructing the
graphs, we noted the accuracy of each individual answer
which was assigned a confidence level within each of the
5 deciles (50%-59%, 60%—69%, 70%~79%, 80%-89%, 90%-
99%) and 100% and plotted the mean accuracy of those
answers in the middle of the appropriate decile and for
100% on the x-axis.”

Survey respondents manifested overconfidence on every
question. When survey respondents were certain that they
answered the question correctly (100% confidence), their
accuracy was only 66.2%. When the respondents expressed
a confidence of 50%, they were correct 46.4% of the time.

We also calculated the slope for the respondents’ confi-
dence ratings. Slope is indexed by the difference between
the confidence assigned to the correct and incorrect
answers. The average confidence for the correct answers
was 85.6, and the average confidence for the incorrect
answers was 79.7, yielding a slope of 5.8 (note the rounding
error; 95% CI, 5.18-6.40) (t 1) = 18.53, P < .001). The lower
degrees of freedom are due to the fact that for respondents
who answered all of the questions correctly (n = 14) or all
of the questions incorrectly (n = 3), the slope was not calcu-
lable. In terms of each question, for all but questions 7 and
8, the slope was positive and significant (each of 7 ts 4
> 4.3, each P < .001). The slope for question 8 was signif-
icant and negative (-13.8), tey; = 12.79, P < .001, which
means that when anesthesiologists answered incorrectly
they were more confident of the correctness of their answer
than when they responded correctly. The slope for question
7 was not significantly different from zero. Experience was
not significantly related to either calibration or slope (both
Fs <1.0).

“Because the graphs have 6 decile subdivisions for confidence, a large number
of respondents did not use all of the deciles in his or her answers. The accu-
racy level for such deciles is therefore undefined for many respondents. Many
other respondents used a decile (eg, 70%) only once. The accuracy level for
such deciles must be either 0% or 100%. These complications render error bars
inappropriate. This is the reason that calibration graphs contain no error bars.
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Figure 3. Calibration curves for each of
the 9 questions and for the overall results
summed over 9 questions. The black lines
with open circles represent perfect calibra-
tion of confidence; each confidence level
is appropriate for each level of accuracy.
The red lines with filled circles represent
Q6 overconfidence.
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DISCUSSION
The results

regarding their knowledge of intra-
operative neuromuscular blockade management and
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Confidence (%)

monitoring. The most important results of this inves-
tigation were that the respondents were
in their knowledge , while their slope was only
5.8%. The mean overconfidence of 26.4% is than

that generalli found in the current judgment/decision-

making 28,29
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We attempted to characterize the magnitude of over-
confidence and slope by considering previous research
on these 2 factors. There are no prior studies using anes-
thesia professionals as respondents to 2-option, half-scale
(50%-100%) true-false questions. Given this lack of prior
comparable data, what level of calibration might we have
expected from our respondents?

Juslin et al*” summarized the data from numerous studies
involving 29 samples of 2-option half-scale questions. They
reported a mean proportion correct of 0.65. This is slightly
above the accuracy level observed in our respondents. The
mean magnitude of overconfidence in these studies was
10% (95% CI, +2%). By comparison, our observed level of
overconfidence in surveyed anesthesiologists (26.4%) is
much greater than we might have expected.’

There are numerous studies in which physicians and
medical students of various specialties plus other health
professionals were asked to assign confidence ratings to
their performance on factual questions, various clinical
skills, and diagnoses. (These studies do not utilize 2-option
half-scale response scales.) Such studies regularly document
poor calibration between confidence and the level of perfor-
mance with overconfidence being the usual finding.231-"
The results of these studies support the conclusion that our
result of significant overconfidence is representative and
that our findings are not anomalous. In addition, we used
vastly more participants (from many different countries)
than these earlier studies, thus increasing our confidence in
the results.

A second consideration that might have guided our
expectations concerning the calibration of our respondents
is known as the h”” Figure 1 presents an
idealized depiction of this effect. For hard questions with a
low probability of being answered correctly, they are often
found to be associated with overconfidence. As the ques-
tions become easier, the curve rises, even to the level that
on extremely easy questions, underconfidence is occasion-
ally observed.?® The anesthesiologists” relatively modest
accuracy on the true/false test pertaining to perioperative
neuromuscular monitoring was 1 factor contributing to
their acute overconfidence. The “hard-easy” effect is the
reason why question 8 manifested the most overconfi-
dence; it was the question with the lowest proportion of
correct answers.

A third consideration pertains to the feedback envi-

3 groups obtain prompt, incontrovertible feedback after
they make an estimate. A weather forecaster who estimates
100% chance of rain might need to seek alternative employ-
ment if such estimates occur frequently for days without

and so their calibration will be deficient

!Different levels of overconfidence occur depending on the type of task and
dependent variable.? Those summarized by Juslin et al*® on their page 390
are the studies most comparable to ours.

June 2019 e Volume 128 ¢ Number 6

compared to the excellent calibration of those professionals
who do receive such feedback.

A fourth factor to consider is the role of -
Expertise should certainly help the test taker to answer
more questions correctly, but would it confer some advan-
tage in calibration? Lichtenstein and Fischhoff*! attempted
to answer this question by asking graduate students in
psychology to answer questions both on that topic and
general-knowledge questions pertaining to a wide variety
of other domains. The 2 sets of questions were matched in
proportion answered correctly. The investigators found no
difference in the calibration of the 2 sets of questions even
though 1 was in the participants’ field of expertise. Thus,

Might medical expertise foster better—that is, larger—
slope on questions of a medical context? Prior research has
examined the ability of medical personnel to assign higher
confidence levels to correct answers than incorrect ones.?04?
Unfortunately, these studies involve predicting the occur-
rence of an external event. Such studies therefore involve
a task that is not analogous to the prediction of the correct-
ness of one’s own answers, which was the task in our study.
Nevertheless, such studies might guide our expectations
to some extent. Physicians predicting the 6-month survival
of seriously ill patients had a mean slope of 26%.° The
patients themselves, possessing more subjective knowledge
but much less medical knowledge than their physicians,
had a mean slope of only 13%. In a separate study of phy-
sicians’ predictions of the 6-month survival of lung cancer
patients, the most accurate physician had a slope of 13%; the
least accurate physician had a slope of 2%.% The slope we
obtained was 5.8%, which does not compare favorably with
prior data. Slope reflects the judge’s ability to discriminate
correct answers from incorrect ones; not surprisingly, such
discrimination ability fosters better calibration.*

We suggest that 1 reason why anesthesiologists might
eschew the use of perioperative neuromuscular monitoring
and especially the use of quantitative/objective monitorin
of neuromuscular function is that those

22 Closely related to this reason is th
3 For example, Svenson* reported

% placed themselves in the

Thus, many anesthesiologists might
agree that the average anesthesiologist should use quan-
titative monitoring, but as above-average clinicians, they
may think, “I certainly don’t need to use it.” Those who are
grossly overconfident would seem to be particularly vulner-
able to the “better-than-average effect.”

Psychologists*® and operations researchers* have long
been frustrated by the fact that practitioners are highly
reluctant to use quantitative actuarial formulae and deci-
sion aids that are more accurate than subjective intuitive
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estimates. This has been documented previously in medical
contexts. ¥4

The reasons for the low adoption rate of quantitative
neuromuscular monitoring are no doubt multifactorial.
Overconfidence is likely to be only 1 cause of this reality®;
other possible causes include overperception by practitio-
ners of reasons why the quantitative technique might not be
appropriate in a particular instance.*’ In addition, reticence
to use monitors to guide management of neuromuscular
block may be compounded by the relative paucity of easy-to-
use, reliable objective monitors. One of the most frequently
used such monitors (IOE-Watch; Organon, Cork, Ireland)
is mo longer manufactured or available commercially.
However, new and improved free-standing objective moni-
tors have recently been introduced into clinical use in the
United States (StimPod NMS450; Xavant Technology Ltd,
Pretoria, South Africa, and the TOFscan; IDMed, Marseilles,
France), while others (TOFcuff;, RGB Medical, Madrid,
Spain, and TetraGraph; Senzime, Uppsala, Sweden) have
been Conformité Européene (CE) Mark certified and are
available for clinical use outside the United States. Despite
this availability, however, their use in the routine clinical
setting remains limited. Clinicians who have never used
quantitative monitors (erroneously) believe that clinically
significant postoperative residual neuromuscular block is a
rare event! and that such adverse outcomes do not occur in
their own practice. Psychologists have long been investigat-
ing the reluctance of people to take precautions to protect
against low-probability, high-impact negative events.””'
For example, until the advent of mandatory iseat belts in
American automobiles, many people refused to wear such
belts due to the low probability of a serious accident in any
individual trip. Only when the lifetime risk of not wearing
a seat belt was made prominent were people more likely
to “buckle up.”*® Analogously, anesthesiologists might be
reluctant to use objective monitoring due to the low per-
ceived probability of residual block in any 1 patient. In fact,
the majority of clinicians feel that the incidence of residual
block is <1%. However, 15% of clinicians admit that they
have seen a patient who had inadequately recovered from
neuromuscular block in the PACU.!

Other factors contributing to the nonuse of neuromuscu-
lar monitoring might include the cost of providing monitors
in every operating room, their maintenance, and practitio-
ner resistance to change.

Our observations regarding overconfidence are per-
haps even more applicable to the use of conventional PNS
devices. There may be mitigating circumstances (eg, avail-
ability) for not using an objective monitor. But there are no
reasonable excuses for not routinely using a PNS device
when managing intraoperative neuromuscular block.

LIMITATIONS

As we are unable to provide a precise response rate, the
question may arise as to whether our respondents comprise
a representative sample of anesthesiologists. Perhaps only
those who were confident in the accuracy of their answers
or interested in neuromuscular monitoring would attempt
the survey. Would this “self-selection” foster the large mag-
nitude of overconfidence we found? We think not, for a cou-
ple of reasons. A calibration analysis does not in any way

1124 www.anesthesia-analgesia.org

penalize respondents who are highly confident if their con-
fidence is warranted by a high level of accuracy. What we
do know from our analysis is that the confidence expressed
by this large group of anesthesiologists was not warranted.
We also know that their amount of clinical experience had
no influence on calibration, which suggests that if either
novice or highly experienced anesthesiologists selectively
refrained from participating in our survey the results would
likely not have been different.

A similar argument pertains to slope. An analysis of
slope will not necessarily be unfavorable if that person had
a high overall confidence level. One can still manifest a
large difference between confidence levels assigned to cor-
rect versus incorrect answers despite being overconfident.
We suggest that even if our survey had been differentially
attractive to confident respondents, this would not explain
their very poor calibration and slope.

This survey could also be criticized by the low response
rate. Perhaps the biggest surveys of anesthesiologists are
the annual surveys on salary and related issues (www.
LocumTenens.com; www.medscape.com). Although these
2 surveys are not research experiments and do not ask the
respondents to take a quiz in which their knowledge and
confidence are being assessed, the 2017 response rate of
these 2 surveys among American anesthesiologists was only
2% and 6%, respectively. We suspect that anesthesiologists
are reticent about volunteering to have their professional
knowledge assessed; we were gratified that 1629 anesthesi-
ologists graciously did so. In fact, our study had a sample
size far in excess of the number of participants (n = 24-144) in
other studies that assessed confidence.?-3%=7 Furthermore,
Dawson et al® and Arkes et al* found very poor calibra-
tion among physicians in a range of specialties. Therefore,
we think that the overconfidence we documented is not an
anomalous finding caused by a nonrepresentative sampling
procedure.

However, we do acknowledge that the number of
our respondents from each country represents only a
very small fraction of anesthesiologists practicing in that
country. Although our sample size greatly exceeded that
employed in other studies of calibration of medical knowl-
edge, we have not tested the vast majority of anesthesiolo-
gists in any 1 country, and the survey results may not be
an accurate representation of practicing anesthesiologists
worldwide.

Another limitation of the current survey may be consid-
ered to be that many of the survey questions did not ask
specifically how to monitor neuromuscular function or how
to dose the reversal agents based on the results of monitor-
ing. While this may seem a relevant limitation, it would be
insufficient to simply ask clinicians about monitoring. For
without knowledge of the neuromuscular blocking drugs
and antagonists whose effects they are monitoring, would
one expect the clinician to monitor appropriately, or even
monitor at all? We think not. We therefore suggest that our
questions were all appropriate.

Finally, another criticism might be that our survey did
not specifically ask the respondents whether they were
using neuromuscular (objective) monitoring in their prac-
tice, and perhaps those who do use such monitoring would
have provided different data than those who do not. Thus,
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the more users of neuromuscular monitoring there were
among our survey participants, the more surprising would
be the substantial overconfidence we did find among our
respondents. However, our survey design does not allow
us to ascertain if users and nonusers would have provided
different data.

IMPLICATIONS

The respondents to our survey answered an average of only
57% of the questions correctly. This was only slightly better
than that might be achieved by pure guesswork. Even when
respondents were absolutely certain of the correctness of
their answer (100% confidence), they were correct only
66% of the time. Only 14 respondents (0.9%) were perfectly
calibrated. Thus, the clinicians surveyed were considerably
less knowledgeable regarding perioperative neuromuscu-
lar monitoring than they believed. Almost 2 decades ago,
2 social scientists described a similar phenomenon, which
has subsequently become known as the Kruger-Dunning
Effect.5 This is a cognitive bias wherein unskilled individu-
als suffer from illusory superiority, mistakenly rating their
ability much higher than warranted; this was attributed to
a metacognitive inability of the unskilled to recognize defi-
cits in their competence or knowledge. Our results are more
remarkable than those of Kruger and Dunning® in that our
subjects were, in contrast, very highly skilled profession-
als answering questions in their domain of expertise, not
undergraduates rating such domains as the funniness of
jokes and the grammatical quality of sentences. We suggest
that the anesthesiologists” overconfidence and the inability
to discriminate correct from incorrect answers are at least
partially responsible for the widespread failure to adopt
quantitative perioperative neuromuscular monitoring. In
addition, the findings could have more general clinical rel-
evance. When clinicians are highly confident that they are
knowledgeable about a procedure, they are less likely to
modify their clinical practice or seek further guidance or
knowledge. It is hoped that the results of this survey and
the discussion generated by the discrepancy between cli-
nicians” knowledge and confidence will serve as an impe-
tus for a new evaluation of the role of neuromuscular and
specifically quantitative monitoring in routine anesthetic
practice. §&
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continues to be a frequent

BACKGROUND: Postoperative
occurrence with a reported However, the effect of postoperative

residual neuromuscular blockade on health care utilization remains unclear. We conducted a
retrospective cohort study to investigate the effects of postoperative residual neuromuscular
blockade on hospital costs (primary outcome), intensive care unit admission rate, and hospital
length of stay (secondary outcomes).

METHODS: We performed a prespecified secondary analysis of data obtained in 2233 adult
under

patients undergoing surger eneral anesthesia. Postoperative neuromuscular
blockade was in the postanesthesia care unit (PACU). Our
confounder model adjusted for a variety of patient, surgical, and anesthesia-related factors. We
fitted truncated negative binomial regression models for hospital cost and hospital length of

stay analyses and a logistic regression model for our intensive care unit admission analysis.
RESULTS: Overall, 457 patients in our cohort—a on
admission to the PACU. Postoperative residual neuromuscular blockade was not independently
associated with increased hospital costs (adjusted incidence rate ratio, 1.04, Cl, 0.98-1.11; P
= .22). There were significantly odds of in those with post-
operative residual neuromuscular blockade compared to those without (adjusted odds ratio,
3.03,Cl, 1.33-6.87; P < .01). Further, we found a trend toward increased hospital length of stay
in patients with postoperative residual neuromuscular blockade (adjusted incidence rate ratio,
1.09; P = .06). Sensitivity analysis using the same model in the day of surgery admissions and
ambulatory surgery confirmed our findings.

CONCLUSIONS: Postoperative residual neuromuscular blockade at PACU admission was not
significantly associated with increased hospital costs, but was associated with higher rates of
intensive care unit admission. These findings support the view that clinicians should continue
to work to reduce the rate of postoperative residual neuromuscular blockade. (Anesth Analg
2019;128:1129-36)

KEY POINTS

Question: Is there an association between postoperative residual neuromuscular blockade in
postanesthesia care unit and hospital costs?

- Findings: Postoperative residual neuromuscular blockade in postanesthesia care unit was not
associated with increased hospital costs but there was a significant increase in the odds of
intensive care unit admission.

- Meaning: Postoperative residual neuromuscular blockade is and its association with
an odds of unit should alert clinicians to screen for its

presence.
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Postoperative Residual Neuromuscular Blockade in PACU Is Not Associated With Increased Direct Hospital Costs

cular blocking agents are associated with increased

rates of postoperative respiratory complications.! In
addition, nondepolarizing neuromuscular blocking agent
dose dependability increases the odds of hospital readmis-
sion and the hospital length of stay.? However, it is unclear
whether the observed association between nondepolar-
izing neuromuscular blocking agent and adverse patient
outcomes in these studies was related to impaired neuro-
muscular transmission, given that objective evidence of
postoperative residual neuromuscular blockade by train-
of-four ratio was not evaluated. Postoperative residual neu-
romuscular blockade continues to be a frequent occurrence
with reported incidences ranging from 4% to 64%.3%

Recent data suggest that nondepolarizing neuromus-

Rationale

The effect of residual neuromuscular blockade on health
care utilization and cost remains unclear. We hypothesized
that postoperative residual neuromuscular blockade at
admission to the postanesthesia care unit (PACU) is asso-
ciated with increased hospital costs. We also hypothesized
that postoperative residual neuromuscular blockade would
be associated with increased odds of intensive care unit
admission and hospital length of stay.

Study Objectives

The aim of this retrospective observational study was to
evaluate the effects of postoperative residual neuromus-
cular blockade on our primary outcome, hospital costs.
Secondary analyses were conducted to evaluate the effects
of postoperative residual neuromuscular blockade on
potential cost-influencing factors such as unplanned post-
operative intensive care unit admission and hospital length
of stay. Postoperative residual neuromuscular blockade was
defined as the presence of a train-of-four ratio measured by
acceleromyography of the adductor pollicis muscle of <0.9.°

METHODS

Setting and Data

This study is a secondary analysis of a previously pub-
lished study using data collected between 2008 and 2013 at
Massachusetts General Hospital, a tertiary care facility in
Boston, MA.!% The study was approved by the institutional
review board and the need for written informed consent was
waived by the institutional review board. The study was reg-
istered at clinicaltrials.gov (NCT01718860, principal inves-
tigator: Matthias Eikermann; date of registration October
29, 2012) and adheres to the applicable STrengthening the
Reporting of OBservational studies in Epidemiology guide-
lines. Train-of-four measurements in the PACU, age, sex, body
mass index, postoperative intensive care unit admission, hos-
pital length of stay, as well as principal surgical procedures
were recorded. We performed chart review of all postopera-
tive intensive care unit admissions to retrieve information
on the principal medical indication for intensive care unit
admission and to ensure that only unplanned, rather than
scheduled intensive care unit admissions, independent of
patient’s preoperative clinical status, were recorded. Hospital
costs and hospital admission type (inpatient or ambulatory)
were retrieved from the Enterprise Performance Systems Inc

1130 www.anesthesia-analgesia.org

(Chesterfield, MO) database, a performance improvement
and financial planning system, which are outcomes that have
been previously validated by our research group.'1?

Enterprise Performance Systems Inc separately tracks
direct and indirect expenses. Direct costs include expenses
that are directly related to patient care, whereas indirect costs
are not linked to patient care (eg, financial service depart-
ment costs). Direct costs can further be subdivided into
direct fixed and direct variable costs. Direct variable costs
vary with the patient’s specific care (performed procedures,
required monitoring, medications, etc), whereas direct fixed
costs are linked to patient care but are nonvariable (equip-
ment, buildings, etc). The total costs represent the sum of
direct and indirect expenses incurred by the institution.

Data on patient characteristics such as the Charlson comor-
bidity index were obtained from the Research Patient Data
Registry (Partners Healthcare, Boston, MA), a centralized reg-
istry that retrieves clinical information for research purposes.
We retrieved information about perioperative surgical and
anesthesia-related parameters, as well as medication admin-
istration and physiologic data from patient monitors from
the Anesthesia Information Management System. We per-
formed a chart review of body mass index, American Society
of Anesthesiologists (ASA) physical status score, and duration
of surgery in 300 patients to confirm data validity. Diagnoses
were coded based on the International Statistical Classification
of Diseases and Related Health Problems, ninth revision.'

Population

The study cohort consisted of a consecutive cohort of
patients undergoing surgery under general anesthesia and
given nondepolarizing neuromuscular blocking agents (ie,
atracurium, cisatracurium, vecuronium, or rocuronium)
between 2008 and 2013 at Massachusetts General Hospital.
Patients were excluded if not extubated directly after the
procedure, if <18 years of age, or if they were transferred
directly to the intensive care unit after surgery. Further,
patients were excluded if they had procedures or conditions
that did not allow for T4/T1 to be measured by ulnar nerve
stimulation (ie, dual upper extremity bandages or external
fixations). Adductor pollicis muscle acceloromyography
was recorded on 96% of all screened patients in the original
study during the study period, minimizing selection bias.

Exposure

The primary independent variable was postoperative resid-
ual neuromuscular blockade. We defined postoperative
residual neuromuscular blockade as the presence of a train-
of-four ratio of <0.9,° measured by acceleromyography of
the adductor pollicis muscle using a quantitative train-of-
four monitor (TOF-watch SX; Schering-Plough, Kenilworth,
NJ). Postoperative residual neuromuscular blockade was
a dichotomous variable, the presence of which defined
exposure and the absence of which defined nonexposure.
Train-of-four monitoring was performed on each patient
within 10 minutes of PACU admission. The mean values of
2 consecutive train-of-four ratios were used to generate this
variable and postoperative residual neuromuscular block-
ade was predefined as a train-of-four ratio <0.9. Additional
methodological details on postoperative data collection and
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train-of-four measurements can be found in Supplemental
Digital Content, Document, http://linkslww.com/AA/
C698.

Outcomes

The primary outcome was hospital costs. This continuous
variable was defined as the sum of total direct patient-ser-
vice costs and total indirect costs allocated to departments
in a step-down structure. In addition, we have performed a
sensitivity analyses using the previously described break-
downs of total costs as the dependent variable. Direct
variables costs vary with individual patient care (eg, proce-
dures, monitoring, medications). Additional parameters of
health care utilization such as postoperative intensive care
unit admission within 7 days after surgery and hospital
length of stay were defined as secondary outcomes. Due to
the sensitivity of internal financial figures, and to provide
more generalizable cost estimates in the analysis, we did not
report specific dollar amounts, but rather the incident rate
ratio, as a relative estimate.

Covariates

To control for the numerous patient, surgical, and anesthesia-
related variances, a robust confounder control model was
created for the adjusted analysis of the primary outcome,
hospital costs. The covariates included in this model were
age, gender, ASA physical status, emergency status, Charlson
comorbidity index, work relative value units, admission
type, night surgery, duration of surgery, intraoperative fluids,
intraoperative long-acting opioid (morphine) dose equiva-
lents, hypotensive minutes with mean arterial pressure <55
mm Hg, protective ventilation, intraoperative vasopressor
dose, age-adjusted minimum alveolar concentration, median
inspired oxygen fraction, preoperative beta-blocker use
within 28 days, preexisting respiratory failure (within 7 pre-
operative days), use of neuraxial anesthesia, use of regional
anesthesia, admission from a nursing home or skilled nurs-
ing facility, and home oxygen dependence. Pre- and postop-
erative opioid prescription were included as covariates in
sensitivity analyses in the secondary analysis evaluating the
association of postoperative residual neuromuscular block-
ade and intensive care unit admission. Furthermore, we
included the time of surgery completion into this regression
model in an additional sensitivity analysis.

Power Analysis

An a priori power analysis was not conducted due to the
retrospective nature of this study. Based on our included
observed data, we estimated that we had 80% power to
detect an effect size of 0.1, from a 2 independent samples
t test. This effect size equates to a difference in hospital
costs of approximately 19.3% of mean costs, assuming the
observed between group mean difference of $3270, a SD of
$32,700 for our primary outcome and a mean cost of $16,920
in the group that did not have postoperative residual neu-
romuscular blockade in PACU.

Statistical Analysis

The analysis for the primary outcome, hospital costs, was
performed using adjusted truncated negative binomial
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regression, to present costs as a ratio and keep institute-
specific costs sensitive. The cost data in our dataset was
recorded as only positive integers (no zeros, no decimal
places), which might also be viewed as the accumulated
counts of each 1 dollar. Descriptives of the outcome indicated
overdispersion. For this reason, we elected to use truncated
negative binomial regression. Further information regarding
model selection including a calibration curve is presented in
Supplemental Digital Content, Document, Section 6, http://
links.Iww.com/AA /C698. To enhance the robustness of our
model, we performed sensitivity analyses using components
of total costs as the dependent variable. In addition, we per-
formed further sensitivity analysis in the subgroup, day of
surgery admissions and ambulatory surgery to exclude indi-
rect costs of prior hospital admission up to that point.

We used logistic regression analyses to test the associa-
tion between postoperative residual neuromuscular block-
ade in PACU and intensive care unit admission adjusting
for the previously listed covariates. Results are presented as
odds ratios or incidence rate ratios with 95% Cls.

Missing Data

The primary analysis was performed using the complete
case method. In a sensitivity analysis, values for missing
covariates were imputed using multiple imputation by
chained equations. More specifically, variables with missing
data were imputed using all covariates and the outcome of
the primary model utilizing 10 burn-in rounds followed by
a total of 10 final imputations using the Stata command “mi
impute.” The model estimates were combined using vari-
ance estimates that combine imprecision both within and
across imputations.

Adult study subjects in the post-anesthesia
care unit:

n =3,000

Excluded cases:

No valid train-of-four measurement (e.g. immediate
postoperative ICU admission) [n=107]

Missing core data elements [n= 660]
- Total Costs [n=48]
- Postoperative ICU Admission [n=95]
- Body mass index [n=2
- American Society of Anesthesiologists physical
status classification [n=1]
- Emergency Status [n=18)
- Charlson Comorbidity Index [n=1]
- Work Relative Value Units [n=125)
- Surgical Service [n=27]
- Admission Type [n=8]
- Duration of Surgery [n=1]
- Intraoperative Opioids [n=307)]
- Ventilatory Settings [n=14]
- Admission Source [n=15]

Final study cohort
n=2333

Figure. Study flow: cases excluded from original cohort and cases
included for final analysis. ASA indicates American Society of
Anesthesiologists; BMI, body mass index; ICU, intensive care unit;
TOF, train-of-four.
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Data analysis was performed using STATA 13 (StataCorp
LP, College Station, TX). A 2-tailed P value <.05 was consid-
ered statistically significant.

RESULTS

Among the 3000 patients in the database who underwent
general anesthesia and who had train-of-four ratio assess-
ment in the PACU, 2233 met inclusion criteria for our pri-
mary analysis (Figure). There were 457 (20.5%) patients
diagnosed with postoperative residual neuromuscular

blockade in the PACU. Proportion of males and mean
Charlson comorbidity index were higher in patients expe-
riencing postoperative residual neuromuscular blockade
(Table 1). The majority of the study patients were admitted
on the day of surgery (n = 1930).

Hospital Costs (Primary Analysis)

On initial unadjusted truncated negative binomial regres-
sion analysis, postoperative residual neuromuscular block-
ade was associated with an increase in total hospital costs

Table 1. Clinical Characteristics of Study Population by Postoperative Residual Paralysis

Characteristics
Age (y), mean £ SD
Gender (female)?
Body mass index (kg/m?), median (interquartile range)
ASA physical status
|
Il
1]
vV
Vv
Charlson comorbidity index, median (interquartile range)?
Duration of surgery (min), mean + SD
Work relative value units, median (interquartile range)

Admission type
Ambulatory
Inpatient
Night surgery
Emergency procedure
Intraoperative fluids (mL), median (interquartile range)
Long-acting opioids (mg IV morphine eq), median (interquartile range)
Duration of intraoperative hypotension (min), median (interquartile range)
Protective ventilation
Vasopressor dose (mg norepinephrine eq), median (interquartile range)

Age-adjusted minimum alveolar concentration, median (interquartile range)

Inspired oxygen fraction (%), median (interquartile range)?
Preoperative beta-blocker use
Respiratory failure within 7 preoperative days
Neuraxial anesthesia use
Peripheral block placed
Adverse admission disposition
Oxygen dependence at home
Surgical service?

Radiology

General surgery

Emergency surgery

Gynecology

Laryngeal surgery

Neurosurgery

Oral/maxillofacial surgery

Orthopedic surgery

Plastic surgery

Surgical oncology

Thoracic surgery

Transplant

Urology

Vascular surgery

Burn

Postoperative
Residual
Neuromuscular
Blockade (n = 457)
54.92 + 15.96

290 (63.5%)
27.80 (24.20-32.90)

No Postoperative Residual
Neuromuscular Blockade
(n=1776)

55.31 + 15.82

961 (54.2%)
27.60 (24.26-32.10)

170 (9.6%) 3 (11.6%)
1160 (65.3%) 278 (60.8%)
443 (24.9%) 123 (26.9%)
3 (0.2%) 2 (0.4%)
0 (0.0%) 1(0.2%)
( 2) ( 3)
140 £+ 82 140 £ 81
17.31 (11.48-23.25) 17.63

(12.15-23.50)

409 (23.0%) 7 (21.2%)
1367 (77.0%) 360 (78.8%)
3 (0.2%) 1 (0.2%)
32 (1.8%) 5 (1.1%)

1500 (900-2000)

4.53 (2.27-8.50)
0 (0-1)

1018 (57.4%)

0.00 (0.00-0.02)

0.92 (0.78-1.05)

1350 (1000-2100)
4.53 (2.00-8.33)
0 (0-1)
248 (54.4%)
0.00 (0.00-0.02)
0.92 (0.79-1.06)

50 (38-58) 52 (41-58)

461 (26.0%) 103 (22.5%)
7 (0.4%) 1 (0.2%)
121 (6.8%) 0 (4.8%)
105 (5.9%) 8 (6.1%)
70 (3.9%) 13 (2.8%)
5 (0.3%) 1 (0.2%)
4 (1.4%) 10 (2.2%)

283 (16.0%) 94 (20.6%)
5 (3.1%) 24 (5.3%)

188 (10.6%) 1 (11.2%)
2 (0.7%) 6 (1.3%)
107 (6.0%) 9 (4.2%)
8 (2.7%) 6 (1.3%)

439 (24.7%) 97 (21.2%)
107 (6.0%) 34 (7.4%)
78 (4.4%) 21 (4.6%)
82 (4.6%) 26 (5.7%)
42 (2.4%) 6 (1.3%)

241 (13.6%) 52 (11.4%)
49 (2.8%) 5 (1.1%)
21 (1.2%) 6 (1.3%)

Postoperative residual neuromuscular blockade is defined as train-of-four ratio <0.9 at admission to the postanesthesia care unit. Values are percentages unless

otherwise stated.
Abbreviation: ASA, American Society of Anesthesiologists.
aStatistical significance (P < .05) between groups.
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Table 2. Association of Postoperative Residual Neuromuscular Blockade and Primary and Secondary

Outcomes

Primary outcome
Total costs, incidence rate ratio (95% Cl)
Direct variable costs, incidence rate ratio (95% ClI)
Direct fixed costs, incidence rate ratio (95% Cl)
Indirect costs, incidence rate ratio (95% Cl)
Secondary outcomes
Postoperative intensive care unit admission, odds ratio (95% Cl)
Postoperative hospital length of stay, incidence rate ratio (95% Cl)
Sensitivity analyses
Imputed database
Total costs, incidence rate ratio (95% Cl)
Subgroup same-day admission and ambulatory surgery
Total costs, incidence rate ratio (95% Cl)
Adjustment for preoperative opioid prescription
Postoperative intensive care unit admission, odds ratio (95% Cl)
Adjustment for postoperative opioid prescription
Postoperative intensive care unit admission, odds ratio (95% Cl)
Adjustment for surgery completion time
Postoperative intensive care unit admission, odds ratio (95% Cl)

Unadjusted Analysis

a

1.14 (1.06-1.22)
1.15 (1.07-1.25)
1.09 (1.02-1.16)
1.15 (1.07-1.24)

2.20 (1.16-4.16)*
1.13 (1.02-1.26)?

Adjusted Analysis

1.04 (0.98-1.11)
1.03 (0.96-1.11)
1.06 (0.99-1.12)
1.04 (0.98-1.12)

3.03 (1.33-6.87)2
1.09 (1.00-1.19)

1.05 (0.99-1.12)
1.04 (0.99-1.09)
3.40 (1.46-7.91)7
2.93 (1.28-6.70)2

2.92 (1.27-6.70)2

Adjusted regression analyses were performed using covariate adjustment for patient characteristics, intraoperative management, and procedural severity as

described in the methods section unless otherwise stated.
aStatistical significance (P < .05).

(incidence rate ratio, 1.14, 95% CI, 1.06-1.22; P < .001).
Following adjustment for our a priori defined confounders,
there was no longer a significant difference in hospital costs
between patients experiencing postoperative residual neu-
romuscular blockade and those without residual paralysis
(adjusted incidence rate ratio, 1.04, CI, 0.98-1.11; P = .22).
The findings from the primary regression analysis remained
robust using the imputed database (adjusted incidence rate
ratio, 1.05, CI, 0.99-1.12; Table 2). Further assessment of
effect modification as suggested by the editor and reviewers
is provided in Supplemental Digital Content, Document,
Section 4, http:/ /links.lww.com/AA /C698.

Intensive Care Unit Admission and Hospital
Length of Stay (Secondary Analysis)

A total of 42 patients of n = 2233 were postoperatively
admitted to the intensive care unit, giving an incidence rate
of 1.8%. The incidence rates in the postoperative residual
neuromuscular blockade and no postoperative residual
neuromuscular blockade group were 3.3% (n = 15) and
1.5% (n = 27), respectively. There were no fatalities in this
cohort. The adjusted odds of intensive care unit admis-
sion in the postoperative residual neuromuscular blockade
group compared to the unexposeed group was 3.03, (CI,
1.33-6.87; P = .008). The adjusted incidence rate ratio of
hospital length of stay was 1.09 (CI, 1.00-1.19; P = .058) in
the postoperative residual neuromuscular blockade group
(Table 2).

Exploratory Analyses

Although postoperative residual neuromuscular blockade
was defined as a train-of-four ratio <0.9 in this study and in
other similar studies,*” we further explored the connection
between postoperative residual neuromuscular blockade
and our primary outcome, total hospital costs, in patients
with postoperative train-of-four ratio <0.8 and train-of-
four ratio <0.7, which indicate a deeper level of residual
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neuromuscular blockade.” The adjusted analyses showed
no significant differences between the exposure and con-
trol groups: train-of-four <0.8 (adjusted incidence rate ratio,
1.05, CI, 0.94-1.17; P = .35) and train-of-four <0.7 (adjusted
incidence rate ratio, 1.08, CI, 0.86-1.36; P = .49). Thus, in our
cohort, a correlation between postoperative residual neu-
romuscular blockade and costs of the index hospitalization
was not observed even at increased levels of postoperative
residual neuromuscular blockade.

Sensitivity Analyses

We repeated our costs analysis using the components of total
costs as the dependent variables. As highlighted in Table 2,
the unadjusted incidence rate ratio for variable direct costs
was 1.15 (CI, 1.07-1.12) and the adjusted incident rate ratio
was 1.03 (CI, 0.96-1.11). We performed sensitivity analysis
using the subgroup day of surgery admissions and ambu-
latory surgery to exclude indirect costs of prior hospital
admission up to the event “postoperative residual neuro-
muscular blockade in PACU.” In the day of surgery admis-
sion subgroup, the adjusted incident rate ratio for increased
costs was 1.04 (CI, 0.99-1.09).

When additionally adjusting the secondary regression
model for preoperative opioid use, we found a significant
association between postoperative residual neuromuscular
blockade and higher odds of postoperative intensive care
unit admission. Including the opioid prescription on the
day of discharge as a covariate in this regression analysis
again confirmed robustness of the association between post-
operative residual neuromuscular blockade and postopera-
tive intensive care unit admission.

A variable indicating if the surgical case was completed
in the morning (7 AM—11:59 AM), in the afternoon (noon —
4:59 pm), or at night (5 PM—6:59 AM) was included as covari-
ate in an additional sensitivity analysis, which confirmed
the independent association of postoperative residual
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neuromuscular blockade and postoperative admission to
the intensive care unit (Table 2).

DISCUSSION

In this retrospective study of 2233 patients who underwent
general anesthesia, 457 (20.5%) demonstrated postoperative
residual neuromuscular blockade on admission to the PACU.
Our analyses revealed that postoperative residual neuromus-
cular blockade was not associated with a significant increase
in estimated total or direct variable health care costs. However,
we found that postoperative residual neuromuscular block-
ade in the PACU was associated with a 3-fold increase in the
odds of being admitted to the intensive care unit.

Consistent with a previously published incidence rate
of 22% of postoperative residual neuromuscular blockade
at our institution,* we observed an incidence rate of 20.5%
of postoperative residual neuromuscular blockade in this
cohort. Based on the original protocol, patients within the
original study were consecutively screened for recruit-
ment if they received general anesthesia with nondepolar-
izing neuromuscular blocking agent. The short, predefined
time frame of the train-of-four assessment (10 minutes
after PACU admission) and the high rate of consecutively
enrolled patients (96%) minimized selection bias.

Rates of postoperative residual neuromuscular block-
ade in other studies vary from 4% to 64%.>® However,
these studies did not report reintubations or admissions to
the intensive care unit. We previously reported an associ-
ated increase in the mean PACU length of stay of 80 min-
utes with postoperative residual neuromuscular blockade
(P =.03).* In 2012, Thilen et al’® studied postoperative resid-
ual neuromuscular blockade in 150 patients and reported
postoperative residual neuromuscular blockade incidence
rate of 52% in their group via adductor pollicis muscle mon-
itoring. Although some patients (n = 13) in that cohort were
electively ventilated in the PACU to facilitate regional anes-
thesia, there were no reported respiratory complications or
intensive care unit admissions. The Residual Curarization
and its Incidence at Tracheal Extubation study reported
one of the highest incidences of postoperative residual
neuromuscular blockade across all studies (63.5%), when
the phenomenon was screened for in 302 postabdominal
surgery patients across 8 Canadian hospitals, with only 1
patient requiring reintubation. This study did not report
intensive care unit admission data or costs.’ Despite these
high incidence rates, routine monitoring to evaluate the
reversal of postoperative residual neuromuscular blockade
is not considered part of minimum monitoring standards in
most clinical settings. A large international survey in 2010
revealed that 19.3% of European and 9.4% of US clinicians
do not use neuromuscular monitors in postoperative evalu-
ations and that pharmacological reversal was routinely
administered by only 18% of European and 34.2% of US cli-
nicians surveyed.”

Our secondary analysis demonstrated a 3-fold increase
in the odds of intensive care unit admission from the PACU
in those determined to have postoperative residual neuro-
muscular blockade. This finding has not been previously
reported. Previous studies have shown an association
between postoperative residual neuromuscular blockade
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and both increased respiratory complications and delayed
discharge from the PACU,'* but few have reported unan-
ticipated intensive care unit admission rates. For instance,
in 2015, McLean et al' demonstrated a dose-dependent asso-
ciation between intermediate-acting neuromuscular block-
ing agents and postoperative respiratory complications.
Over 48,000 cases were included for analysis of the asso-
ciation between dosing of nondepolarizing neuromuscu-
lar blocking agent and a composite outcome of respiratory
complications within 3 postoperative days. In this study, the
reintubation rate was 0.3% and they did not report intensive
care unit admission or hospital costs.

Much debate exists within the literature as to whether
intensive care unit admission universally translates into bet-
ter outcomes, despite presumed increased hospital costs.!41°
Our group has postulated that an acuity threshold may exist
below which the risks of intensive care unit admission out-
weigh the benefits.!¢ In this study, we found a trend toward
increased hospital length of stay in patients with postopera-
tive residual neuromuscular blockade, which in part may be
explained by admission of patients with lower acuity except
for residual neuromuscular blockade. In contrast to a pre-
vious study,'” we found differential effects of residual neu-
romuscular blockade on intensive care unit admission rate.
This may be in part explained by low intensive care unit bed
occupancy in our study center. Lower occupancy facilitates
early intensive care unit admission, as opposed to keeping
patients who need extended postoperative care longer in
the PACU. The PACU is a very cost-intensive location in
the hospital with a nurse-to-patient ratio equivalent to the
intensive care unit. Effects of residual neuromuscular block-
ade on costs of care may be different in a clinical scenario
where procedures would need to be canceled as a result of
lack of availability of intensive care unit beds. Therefore,
based on the results of our analyses, it would be advisable
for clinicians to screen for residual neuromuscular blockade
in the perioperative setting before transfer to the PACU,
and to take appropriate measures ensuring complete recov-
ery of normal neuromuscular physiology to offset the risk
of unnecessary intensive care unit admission or increased
PACU length of stay. As our study was conducted in a well-
resourced academic center with critical care bed elasticity,
further studies to validate our findings using large hetero-
geneous datasets may provide more insight into the prob-
lem of postoperative residual neuromuscular blockade in
the PACU and its burden on a variety of intensive care unit
structures. Our group recently studied the effect of incentiv-
ized protocols for checking adequate reversal of nondepo-
larizing neuromuscular blocking agent in the perioperative
setting and found lower odds of postoperative pulmonary
complications, lower costs, and shorter duration of hospi-
tal stay after implementation of the quality improvement
initiative.'®

Strengths

A major strength of this study is that we measured train-
of-four ratio at PACU admission prospectively in a large
sample size using industry standard TOFwatch technology
(TOF-Watch, Organon, Finland). Our hypothesis was further
tested with exploratory analyses using lower train-of-four
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thresholds for our exposure variable of postoperative resid-
ual neuromuscular blockade and still failed to show signifi-
cantly increased hospital costs. Several sensitivity analyses
confirmed the robustness of our findings. We believe our
study has face validity, as characterized by (1) the good
coverage of surgical patients from Massachusetts General
Hospital without preselection of patients causing selec-
tion bias; (2) a confounder model that addresses the wide
range of comorbidities and procedures; and (3) the absence
of cost differences and the minimal beta error observed in
our analysis.'*® The model results are a good representa-
tion of the actual cost. For example, the model predicted
increase cost of 27% for patients with a high ASA physical
status classification (III) compared to patients with a lower
ASA physical status (I or II). Similarly, the model predicted
a cost increase of 87% moving from lowest to highest costly
surgical service. Finally, the incidence rate of postoperative
residual neuromuscular blockade in the entire cohort was
20.5%, which we believe to be accurate based on the fact
that 96% of consecutively recruited patients in the original
study had valid train-of-four values at PACU admission.

Limitations

Our single center, large tertiary referral hospital may
not allow generalizability to smaller, less well-resourced
health care settings. In addition, despite a robust con-
founder model, we present observational data where
unknown factors may confound the results. Our institu-
tion is not able to separate costs before and after PACU
admission, so our analysis is limited by data points col-
lected before the exposure, postoperative residual neuro-
muscular blockade in PACU, which may affect the direct
association of postoperative residual neuromuscular
blockade on hospital costs.

Perioperative cost data are often dominated by a few
outlier patients, which make it hard to identify associations
between preventable complications, such as postoperative
residual neuromuscular blockade, and costs. One such out-
lier in our cohort was dependent on home oxygen therapy.
Given the highly skewed distribution of costs in our cohort,
we conducted a sensitivity analysis excluding this 1 true
outlier patient. The main findings did not change when
excluding this patient from the analysis; we again found no
association of postoperative residual neuromuscular block-
ade and costs in the adjusted analysis (adjusted incidence
rate ratio, 1.03, CI, 0.97-1.10), whereas postoperative resid-
ual neuromuscular blockade was significantly associated
with postoperative intensive care unit admission. Finally,
information about some outcomes (hospital length of stay
and costs) was retrieved from administrative data where
misclassification is possible.

CONCLUSIONS

We found that postoperative residual neuromuscular block-
ade in the PACU was not associated with increased health
care costs, but with a significant increase in the odds of inten-
sive care unit admission. Residual neuromuscular blockade is
prevalent and underdiagnosed, and adequate prevention may
decrease rates of unplanned intensive care unit admission asso-
ciated with residual neuromuscular blockade. g5
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