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ABSTRACT

Introduction To balance adequate pain management
while minimizing opioid-related harms after surgery,
opioid prescribing guidelines rely on patient-reported use
after surgery. However, it is unclear how many patients
are required to develop precise guidelines. We aimed to
compare patterns of use, required sample size, and the
precision for patient-reported opioid consumption after
common surgical procedures.

Methods We analyzed procedure-specific 30-day
opioid consumption data reported after discharge from
15 common surgical procedures between January 2018
and May 2019 across 65 hospitals in the Michigan
Surgical Quality Collaborative. We calculated proportions
of patients using no pills and the estimated number

of pills meeting most patients’ needs, defined as the
75th percentile of consumption. We compared several
methods to model consumption patterns. Using the best
method (Tweedie), we calculated sample sizes required
to identify opioid consumption within a 5-pill interval
and estimates of pills to meet most patients’ needs by
calculating the width of 95% Cls.

Results In a cohort of 10,688 patients, many patients
did not consume any opioids after all types of procedures
(range 20%—40%). Most patients’ needs were met

with 4 pills (thyroidectomy) to 13 pills (abdominal
hysterectomy). Sample sizes required to estimate opioid
consumption within a 5-pill wide 95% Cl ranged from
438 for laparoscopic appendectomy to 188 for open
colectomy. The 95% Cl width for estimates ranged from
0.7 pills for laparoscopic cholecystectomy to 7.0 pills for
ileostomy/colostomy.

Conclusions This study demonstrates that profiles

of opioid consumption share more similarities than
differences for certain surgical procedures. Future
investigations on patient-reported consumption

are required for procedures not currently included

in prescribing guidelines to ensure surgeons and
perioperative providers can appropriately tailor
recommendations to the postoperative needs of patients.

INTRODUCTION

A critical challenge in improving the safety of surgical
procedures is minimizing the risk of opioid-related
harms after discharge from surgery. Morbidity
and mortality linked to prescription opioids has
been identified as one of the most common major
concerns encountered by patients in the perioper-
ative period. Rates of opioid dependence, abuse,
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Opioid prescribing guidelines for patients who
have surgery often rely on patient-reported
measures for how many pills patients consumed
after discharge from surgery, but patterns of
opioid consumption and the number of patients
required to generate precise guidelines are not
clear.

WHAT THIS STUDY ADDS

= Among 10,688 patients undergoing common
surgical procedures, most used no opioids, and
the number of pills meeting most patients’
needs ranged from 4 to 13 (95% Cl 0.7 to
7.0). Sample sizes required to estimate opioid
consumption within a 5-pill wide 95% Cl
ranged from 48 (laparoscopic appendectomy)
to 188 (open colectomy).

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Similar patterns of opioid prescribing suggest
that some types of surgical procedures may
be combined into the same category of
recommendations, while sample sizes required
to generate precise estimates appear small
enough to encourage the development of
precise guidelines for procedures not currently
included in guidelines.

or overdose after surgery, sometimes classified as
‘opioid never events,” are estimated to occur with
10 times greater frequency than retention of foreign
objects.! The goal of optimizing pain treatment,
both in the perioperative setting and others, involves
a delicate balancing act between minimizing these
harms and maximizing pain relief.>® In recognition
of the challenges faced by physicians, patients, and
other key groups, the National Academies of Medi-
cine convened a committee in 2019 on the topic of
generating evidence for opioid prescribing for acute
pain.* The ensuing report identified several general
surgical procedures and other types of surgery as
priorities to address key gaps and the need for more
robust and rigorous evidence.

Guidelines for postdischarge opioid prescribing,
which list a recommended quantity of pills to
prescribe to patients after surgery, build on the
principle of meeting the needs of most patients who
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undergo surgery.’ For example, researchers providing recom-
mendations from a multihospital consortium advocate for a
benchmark at the 75% percentile of consumption where most
patients’ needs would be met.® Similarly, Thiels et al reported
guidelines from the Mayo Clinic that rely on categories to
account for the needs of most patients while adjusting for clinical
and patient characteristics.” While some may assume that thresh-
olds perform as intended in meeting the needs of most patients,
the sample sizes required and precision of estimates needed for
guidelines is not clear. A wide range of patient factors poten-
tially influence opioid use and increase the variation around
estimates.® *  Surgeons, perioperative providers, and patients
undergoing surgery deserve to know the extent to which data-
driven guidelines will adequately meet their needs. However, a
critical gap in knowledge is understanding how many patients
who report opioid consumption are needed, without which it
is not possible to adequately power quality improvement initia-
tives, precisely calculate of consumption, and generate robust
clinical guidelines.

To address this gap, we sought to compare different surgical
procedures based on estimates of patient-reported consumption
of opioid pills as collected from 65 hospitals participating in
the Michigan Surgical Quality Collaborative (MSQC) to eval-
uate the sample sizes required to calculate precise estimates for
opioid consumption. The secondary objective was to compare
the precision of measures used in existing recommendations
intended to guide postdischarge opioid prescribing. In both
cases, analysis specific to the type of surgery provides the most
clinically informative results while sharing additional insight on
the extent that various types of surgical procedures differ in the
patterns of consumption and levels of precision for opioid use
after surgery. The results may inform the reproducibility of the
results and facilitate the making of future data-driven guidelines.

METHODS

Data source and cohort selection

This study used data from the clinical registry maintained by
the MSQC. MSQC is a statewide quality improvement program
that includes 65 major hospitals in Michigan with standard
procedures for the collection of perioperative data including
outcomes for patients undergoing surgery at these hospitals. The
registry provides a pragmatic perspective on real-world evidence
about care in surgical settings through convenience sampling of
patients. The study cohort included adult patients aged 18 years
and older who underwent 1 of 15 surgical procedures between
January 1, 2018 and May 31, 2019 across the state of Mich-
igan. Surgical procedures included laparoscopic appendectomy,
laparoscopic cholecystectomy, inguinal/femoral hernia repair,
ventral/incisional hernia repair, laparoscopic colectomy, laparo-
scopic antireflux surgery, open cholecystectomy, open appendec-
tomy, open colectomy, open small bowel procedures, colostomy
procedures, laparoscopic hysterectomy, vaginal hysterectomy,
total abdominal hysterectomy, and thyroidectomy.”™" Patients
reported data by completing postoperative surveys that were
administered via a combination of telephone, email, or mail
between postoperative days 30-90."2

Outcome

The primary outcome was the number of pills of opioids
consumed after discharge from surgery as reported by patients.
Patient-reported opioid consumed was calculated for each
included procedure. The amount of opioids was standardized by
calculating the standardized doses of oral morphine equivalents

based on the type of opioid and number of pills consumed by the
patient."® For convenience of analysis and reporting in this inves-
tigation, this amount of opioids was converted into the number
of pills of oxycodone 5mg, which is equivalent to 7.5 mg of
oral morphine. The main focus for this investigation was the
pattern of opioid consumption, which included the propor-
tion of patients who reported consuming no opioids, as well as
the amount of opioids that would satisfy the needs for 75% of
patients (ie, the 75th percentile). We also had an additional focus
on additional clinically relevant percentiles (ie, the 50th percen-
tile, the 90th percentile).

Patterns of consumption and estimating their distribution
One shortcoming of the field is that no models have tradition-
ally been used in the past to estimate opioid consumption after
surgery. Conventional methods to calculate estimates and preci-
sion in medical fields rely on central measures of tendency (ie,
50th percentile), but recommendations for opioid consumption
after surgery typically anchor to the 75th percentile to accom-
modate the needs of most patients, which requires a different
statistical approach. To address this gap, estimates of the distri-
bution of opioid consumption were calculated for each surgical
procedure after examining descriptive statistics. We visualized
opioid consumption data specific to each procedure, which
revealed positively skewed patterns and a significant proportion
of patients reporting no opioid use.

To account for the characteristics of the data, we considered
both parametric and non-parametric methods to approximate
the pattern of consumption.'* The parametric approach used two
predefined approaches: (1) the Tweedie model, which has been
previously described as a special case of an exponential distribu-
tion model with flexibility to adapt to various commonly used
continuous distributions (eg, normal, Poisson, Gamma)®® '® and
(2) the zero-inflated Poisson model, which allows for frequent
observations for values of zero, which happens when many
patients report consuming zero opioids.'” '® For a non-parametric
(or distribution-free) approach, we employed the kernel density
estimation. "’

We then compared distribution density plots, quantile-
quantile plots and Kolmogorov-Smirov test statistics to identify
the best model.”” We found that the Tweedie model performed
better than the zero-inflated Poisson model across all types of
surgical procedures, and the values from the Tweedie model
were also close to the values from the non-parametric estima-
tion (see online supplemental materials eTable 1 and eTable 2 for
comparison data). For further comparison of the Tweedie and
non-parametric estimation, we computed variations of sample
size estimates using resampling (bootstrap) approach (see online
supplemental materials eMethods for additional explanation).

Sample size determination

We calculated the sample size required to yield a desired preci-
sion of opioid consumption that would meet the need of most
patients across a range of precisions, in which the width of the
95% Cls was specified. We considered several fixed interval
lengths to calculate sample sizes, including a 5-pill interval as
the most clinically relevant 95% CI width. Calculations used the
Tweedie model and were procedure specific. Sample sizes were
then compared by procedure type for various percentiles.

Estimates of precision
The width of the 95% CI for percentile was used to represent
the main measure of precision. We calculated 95% CIs for
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Table 1 Characteristics of opioid consumption by type of surgical procedure

Descriptive statistics Zero values Range and percentiles
Procedure type N Mean SD N (%) Min p25 p50 p75 Max
Laparoscopic appendectomy 957 4.7 5.2 261 (27) 0 0 3 7 59
Open small bowel resection or enterolysis 90 5.9 6.8 34 (38) 0 0 3 10 28
Open appendectomy 65 49 5.7 21 (32) 0 0 3 8 24
Creation, resiting, or closure of ileostomy or 85 71 8.4 29 (34) 0 0 5 12 36
colostomy
Open cholecystectomy 64 6.9 7.2 17 (27) 0 0 5.5 10 30
Laparoscopic cholecystectomy 2792 45 5.5 773 (28) 0 0 3 7 75
Abdominal hysterectomy 371 8.6 8.8 73 (20) 0 2 6 13 53
Minor hernia 3308 5.1 6.3 911 (28) 0 0 3 8 73
Major hernia 465 5.9 7.1 129 (28) 0 0 4 9 40
Open colectomy 351 7.7 10.2 105 (30) 0 0 5 1" 80
Laparoscopic hysterectomy 1008 6.0 73 248 (25) 0 1 4 10 100
Vaginal hysterectomy 476 6.1 6.7 120 (25) 0 0 4 10 37
Laparoscopic antireflux 87 4.0 5.6 31 (36) 0 0 1 6 30
Thyroidectomy 155 33 5.9 62 (40) 0 0 1 4 40
Laparoscopic colectomy 414 5.8 8.9 162 (39) 0 0 2 8 60

Opioid consumption measured as oxycodone 5mg pills, equivalent to 7.5 oral morphine equivalents.

patient-reported opioid consumption that would satisfy the
needs of most patients (ie, the 75th percentile), as well as other
relevant percentiles, using the Tweedie model. We considered a
significance level of 0.05. All analyses were performed using R
statistical software (R core team, 2020).

RESULTS

A total of 10,688 patients from 15 types of surgery contrib-
uted data included in this analysis. Sample sizes specific to each
procedure ranged from 64 for open cholecystectomy to 3308 for
inguinal/femoral hernia (table 1). The median number of pills
of opioids reported as consumed by patients in the first 30 days
after discharge from surgery was lowest for two types of surgery,
laparoscopic antireflux surgery and thyroidectomy, at 1 pill
and was highest for abdominal hysterectomy at 6 pills. Opioid
consumption to satisfy the needs for most patients (ie, the 75th
percentile) ranged from 4 pills for thyroidectomy to 13 pills for
total abdominal hysterectomy.

Patterns of patient-reported opioid consumption after
surgery

The pattern of patient-reported opioid consumption included
a high proportion of patients who consumed no pills, which
ranged from 20% for abdominal hysterectomy to 40% for
thyroidectomy. This feature, combined with overall low quanti-
ties of pills consumed after surgery, resulted in positively skewed
distributions for all fifteen surgical procedures. For example,
laparoscopic cholecystectomy had a larger sample size and more
compact distribution when compared with open cholecystec-
tomy, resulting in greater estimates of precision for the former
surgical procedure (figure 1).

Sample sizes required for patient-reported opioid
consumption after surgery

Sample sizes for opioid consumption to meet the needs of most
patients within a 5-pill 95% CI identified laparoscopic appen-
dectomy and laparoscopic cholecystectomy as the surgical
procedures with the need for the smallest number of patients,
with samples of 48 and 62, respectively (table 2). In contrast, a

sample of 188 was required to achieve a similar 5-pill 95% CI
for open colectomy. Compared with laparoscopic cholecystec-
tomy, approximately threefold more patients would be required
for the sample size for open cholecystectomy to be sufficient to
estimate opioid consumption within a 5-pill 95% CI for most
patients, and the difference increased when considering meeting
the needs at the 90th percentile (figure 2). Overall, these rela-
tionships appeared similar for sample sizes required to estimate
opioid consumption within precise intervals at the 50th and
90th percentiles for other surgeries (online supplemental mate-
rials eTables 3-5). Examination of sample sizes for 50th, 75th,
and 90th percentiles revealed that the Tweedie model generally
performed to a better degree than the non-parametric model (see
online supplemental materials eTables 6-8).

Estimates of precision for patient-reported opioid
consumption after surgery

The width of 95% Cls for opioid consumption to meet the needs
of most patients (ie, at 75th percentile) ranged from 0.7 pills for
laparoscopic cholecystectomy to 7.0 pills for creation, resiting,
or closure of ileostomy or colostomy (figure 3). Estimates for
the width of 95% CIs were less than or equal to § pills for 73%
(11/15) of procedures, including laparoscopic hysterectomy,
laparoscopic appendectomy, minor hernia, and laparoscopic
cholecystectomy. These relationships were generally consis-
tent when estimating the number of pills required to meet the
consumption needs of patients at the 50th and 90th percentiles
(online supplemental materials eTable 9).

DISCUSSION

This analysis of patient-reported opioid consumption from
a large sample of patients undergoing 15 common surgical
procedures suggests that only small to moderate sample sizes
are required to generate evidence to inform opioid prescribing
guidelines. For example, sample sizes needed to inform opioid
prescribing guidelines to satisfy most patients after surgery were
under 200 at 5-pill intervals for all procedures. Further, many
patients reported not consuming opioids after different types of
procedures. Several estimates have robust precision for opioid
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Figure 1 Comparing the patterns of consumption and Cls for laparoscopic cholecystectomy (N=2792) and open cholecystectomy (N=64) the

patterns of consumption (ie, density) of laparoscopic cholecystectomy samples estimated through the Tweedie model, the ZIP model, and the non-
parametric method are plotted, respectively (A, B, C). The pattern of consumption for open cholecystectomy was also estimated and plotted through
the above three methods (D, E, F). Finally, estimates length for 95% Cls at the 50th, 75th, and 90th percentiles differ for laparoscopic cholecystectomy
and open cholecystectomy (G). ZIP, zero-inflated Poisson.

consumption to satisfy the needs of most patients after surgery
(ie, the 75th percentile). The pattern of how many opioids
patients consumed after each type of surgery aligned the best
with the same distribution model. This suggests that while many
aspects of recovery after surgery may differ based on the type
of procedure, characteristics associated with opioid consump-
tion likely share more similarities than differences among the
group of surgical procedures included in this analysis. Moving
forward, combining certain types of surgical procedures into the

same category of recommendations, such as laparoscopic appen-
dectomy and laparoscopic cholecystectomy, may be appropriate
given such overlap in distributions without compromising the
validity of the prescribing thresholds.

Quality and safety initiatives to better align opioid use with
patient needs after surgery have shown significant promise
in reducing prescriptions given by surgeons while preserving
the ability of patients to obtain sufficient relief after several
types of procedures.”’ Prior to these efforts, patients reported

Table 2 Sample sizes for opioid consumption at the 75th percentile by type of surgical procedure

Width of 95% CI

Procedure type 15 pills 10 pills 5 pills 4 pills 3 pills 2 pills 1 pill
Laparoscopic appendectomy 6 12 48 75 132 297 1186
Laparoscopic cholecystectomy 7 16 62 9 170 382 1527
Laparoscopic antireflux 8 18 7 110 195 438 1751
Open appendectomy 8 18 n m 197 442 1765
Minor hernia 10 21 83 129 229 515 2058
Open cholecystectomy 10 22 87 136 241 542 2166
Thyroidectomy " 24 93 146 258 581 2322
Major hernia 1" 25 98 153 272 612 2445
Vaginal hysterectomy 12 26 101 158 280 629 2516
Open small bowel resection or enterolysis 13 28 m 173 307 689 2755
Laparoscopic hysterectomy 14 32 125 195 346 778 3110
Abdominal hysterectomy 16 36 144 225 399 898 3590
Laparoscopic colectomy 19 42 166 260 461 1037 4145
Creation, resiting, or closure of ileostomy or 19 42 168 263 467 1050 4197
colostomy

Open colectomy 21 47 188 293 521 1172 4685
Estimates use the Tweedie model.

4 Song J, et al. Reg Anesth Pain Med 2023;0:1-7. doi:10.1136/rapm-2023-104581
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Procedure -®- Laparoscopic Cholecystectomy -#- Open Cholecystectomy

Figure 2 Comparing required sample size and Cls for laparoscopic cholecystectomy and open cholecystectomy the graph depicts the sample size
required to obtain a Cl at or below the estimated width for laparoscopic cholecystectomy (red line) and open cholecystectomy (blue line) at both the
75th percentile and 90th percentile. Estimates of sample size were computed using the Tweedie distribution. The y-axis is set to the log10 scale.

significant amounts of leftover opioid pills after surgery, with
estimates ranging from two-thirds to three-fourths of all opioid
pills.?? % Prescribing guidelines created by surgeons and other
perioperative team members serve as one of the most promi-
nent tools to tackle this problem within the surgical commu-
nity. Prescribing guidelines have evolved over time, from relying
on the consensus of caregivers to tracking actual consumption

of patients.'’ 2*2° Improving the base of evidence for these
recommendations has led to a reduction in the recommended
number of pills to prescribe after some of the most commonly
performed surgical procedures. For example, the number of
pills recommended to prescribe after laparoscopic colectomy in
2016 was 25 pills in October 2017, 20 pills in March 2018,
0-15 pills in January 2019, and more recently 0-10 pills in

12.54

10.01

7.54

5.0

Width of Confidence Interval

2.5

Procedure

‘Open Cholecystectomy

‘Open Small Bowel Resection or Enterolysis

Creation, Re-siting, or Closure of lleostomy or Colostomy
Laparoscopic Anti-Reflux

Abdominal Hysterectomy

‘Open Appendectomy

‘Open Colectomy

Laparoscopic Colectomy

Thyroidectomy

Vaginal Hysterectomy

bettt bttt

Major Hernia

]

- Laparoscopic Hysterectomy

t

Laparoscopic Appendectomy

t

Minor Hernia

t

Laparoscopic Cholecystectomy

0.0

!
75th
Percentile

50th

T
90th

Figure 3 Width of Cls in pills of opioids consumed at the 50th, 75th, and 90th percentiles by type of surgical procedure lines display widths of 95%
Cls for opioid consumption at the 50th, 75th and 90th percentiles specific to each type of surgical procedure based on study data. For example, the
95% Cl width for opioid consumption to meet the needs of most patients (ie, at the 75th percentile) for laparoscopic cholecystectomy was 0.7 pills,
while the same estimate for creation, resiting, or closure of ileostomy or colostomy was 7.0 pills. Estimates of Cl widths were computed using the

Tweedie distribution.
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January 2020." ?! This evolution in recommendations builds
on continued efforts to engage with surgical stakeholders, track
consumption, and monitor patient-reported outcomes after
surgery, a feedback loop essential to monitor for the poten-
tial for such reductions to result in increases in uncontrolled
pain. Advances in the approach to measuring consumption and
providing accurate recommendations in guidelines represent
the next step in enhancing the quality and safety of patient
recovery after surgery.

Prescription opioids have historically been emphasized as
the gold standard for pain relief, despite evidence that other
types of medications may confer superior pain relief for acute
pain.”” For example, taking a combination of non-steroidal
anti-inflammatory drugs (NSAIDs) and acetaminophen results
in better acute pain relief than certain doses of opioids like
oxycodone. The ability to maximize the use of NSAIDs
and acetaminophen may also impact how much opioids are
consumed by patients after surgery, though such non-opioid
alternatives remain underused despite recommendations for
their use as first-line analgesics in the postoperative period.
Opioid prescribing guidelines represent a key tool among
many others in efforts to optimize pain control while maxi-
mizing patient safety after discharge from surgery. Utilization
of minimally invasive surgical techniques, peripheral nerve
blocks and catheters, and non-pharmacological treatments
such as cold and cryo-based therapies all have the potential to
spare opioids and improve pain-related outcomes for patients
after surgery.

Estimating how many pills of opioids are consumed by patients
after surgery, and the pattern of consumption, is critical to deter-
mine an optimal number of sample sizes for each procedure. The
three methods to estimate the distribution of opioid consump-
tion after surgery have different strengths. Parametric techniques
rely on certain assumptions about the pattern of consumption
that may not always be met. This method is useful when the
model approximates the data well, which was the case in this
analysis. However, if the pattern of consumption does not align
well, this method can lead to improper estimates of precision and
sample size. The gold standard is a non-parametric approach,
but it has the downside of increasing the required sample size
when compared with parametric methods that fit the data well.
Findings in this study support the use of a specific parametric
approach (ie, Tweedie), which may be applied in future inves-
tigations to determine the precision of estimates and adequate
sample sizes to analyze patient-reported opioid consumption
after surgery.

This analysis should also be considered in light of certain
limitations. First, data on consumption reflects the characteristics
of surgical procedures performed across several different hospi-
tals that all reside within the state of Michigan. While common
to one state, these surgical settings vary by rurality, practice
environment, and payor type, and some of these characteristics
may differ from other states, though the multicenter recruitment
and large sample size allow for more reliable estimates across
more than a dozen types of procedures. Second, data on opioid
consumption, which is derived from patient reports, may be
subject to recall bias, though clinical initiatives using these data
sources have yielded improvements in clinical outcomes without
adversely affecting pain outcomes. Third, this work did not
focus on creating postoperative prescribing guidelines, and our
methodology is not a traditional power analysis to determine
the sample size based on a desired CI, given many initiatives to
improve opioid prescribing include quality improvement initia-
tives that may include small sample sizes.

CONCLUSIONS

Estimates of sample size and precision for postdischarge opioid
prescribing using the models described above provide important
information to complement thresholds in prescribing guidelines.
These estimates may directly inform patients about the range
of needs that they experience when recovering at home after
surgery, surgeons about the confidence of their recommenda-
tions, and other key stakeholders working to improve the safety
and quality of surgical care. This knowledge also sharpens our
understanding of the trade-off between sample sizes and preci-
sion essential to conducting more rigorous studies to improve
quality and safety outcomes for patients undergoing general
surgery and other types of surgical procedures.
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eMethods. Additional methods explanation with equations

We determined the necessary sample size of the desired percentile by utilizing the
asymptotic normality method. Let &, be the unique p-th quantile and E; be its sample
counterpart. Denote f to be the density function. Then, we can derive the asymptotic
distribution:

— (1-p)
( p p) f(fp )2

and therefore, the 95% confidence interval of &, is written as

= (1-p)
+1.96 /”A—A
S(p nxf (fp)z
By specifying the interval length d such that 1.96 /% = d /2, the formula for the sample
nx P

size is given as follows:
r(1-p)

> p — >

[rx1oe < /&N |

In practice, it is essential to estimate appropriate density f for the sample size

determination. Our sample, in particular, had a significantly right-skewed distribution with excess
zeros, making it critical to choose a suitable approach to account for these features. As a result,
we looked at both parametric and nonparametric approaches: Tweedie and zero-inflated
Poisson model for parametric fitting candidates, and a kernel density method for nonparametric
fitting method.

n

Tweedie Model

The Tweedie model is used to model data with highly right-skewed distribution, which
has probability mass at zero and nonnegative support and it is also known to be a special case
of exponential dispersion models. The density of the Tweedie model is defined by

1 (yu'™P  p?F
foimo?) = a(y,0?) exp [;(

1-p 2-p
where the normalizing functions a is known, u is a mean parameter, 62 > 0 is a dispersion
parameter, and p is an additional shape parameter called a Tweedie power parameter. The
mean and variance of the family of distributions are characterized by E(y) = u4 and Var(y) =
a2uP. Note that the Tweedie family includes numerous familiar distributions by assigning
different values of p.

p (Tweedie Power Parameter) Distribution
0 Normal Distribution
1 Poisson Distribution
1<p<2 Compound Poisson/gamma distribution,
2 Gamma distribution
3 Inverse Gaussian distribution
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In modeling opioid consumption, we particularly consider the case where the Tweedie
power is between 1 and 2, which is the primary interest of this article and hence f in Equation

(1) is replaced with f}(g; 4,62 ) where p, i and 62 are estimated by maximum likelihood
estimator.

Zero-inflated Poisson Model

A ZIP distribution is also commonly used for count variables to accommodate many
zeroes and extreme outliers. The ZIP distribution consists of two parts: Poisson count model
and the (zero) logit model for predicting excess zeros. This is designed to account for zeroes on
the assumption that zero and nonzero counts are modeled separately. Under the zero-inflated

Poisson model assumptions, the density can be written as
ye_)'
f; Am)={mn+(1 —n)e"l,ify =0,(1—-m ) Jify=1,2,..

where the outcome variable y; has non-negative integer values, A is the expected Poisson count
for theithe individual, and  is the probability of extra zeros. We derived the maximum likelihood
estimates of the two parameters, 1 and 7, and obtained the sample size using the substitution
of £(%,; 4, &) for f in Equation (1). The result of parameter estimations is presented in eTable
1.

Kernel Density Estimation
The kernel density estimation (KDE) is one of the most popular nonparametric methods

for density estimation. To calculate the final density estimate, the KDE smooths each data point
X; into little density bumps and then adds all of these small bumps together. The estimated
probability density function is calculated by

N 1 X —x

fo () = —ZK(—5—)
where K(+) is a kernel function which is commonly chosen from a symmetric function such as
Gaussian function, and b is a bandwidth that controls the level of smoothness, and we chose
the bandwidth through a biased cross validation. To cope with mass zeros, we estimated the
spike using the proportion of zeros, and the density of the others is estimated via log
transformation.

Examination of distributions

We employed both testing and illustrative approaches to determine the model
assumptions. For testing, the Kolmogorov-Smirnov test is used to decide if a sample comes
from a population with estimated Tweedie or ZIP distributions. The test statistics are reported in
eTable 1 and we see that the test statistic for Tweedie is smaller than the ZIP, implying that the
Tweedie is more appropriate for each procedure.

For an illustrative approach, we employed density plots and Q-Q plots to illustrate the
model assumption determination (eTable 2). We plotted the densities of sample distributions
overlaid with the estimated distributions, with the latter plotted in the red line. For all surgical
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procedures, the Tweedie model's estimated distribution much more closely aligns with the
sample data compared to the zero-inflated Poisson model. This result is also consistent with Q-
Q plots, which is created by plotting two sets of quantiles against one another. If both sets of
quantiles came from the same distribution, we should see the points forming a roughly straight
line. The QQ plot for the Tweedie model has straighter lines than the zero-inflated Poisson
model.

Moreover, in comparison to parametric and nonparametric methods, we evaluate the
variability using the bootstrap resampling method. We first drew 100 bootstrap samples with
replacement with the original sample size. Here we added noise generated from the uniform
distribution within a range between 0 and 1 to the bootstrap sample because the data is
discrete; therefore, employing generic bootstrap samples results in little change in sample
quantiles. Then, we calculate a sample size for each bootstrap applying both parametric and
nonparametric approaches. Lastly, we determined the standard deviation of the calculated
sample sizes. In our experiment, the Tweedie model has a smaller variability for the sample
sizes of smaller percentiles (50% and 75%) while the kernel density estimation method shows a
smaller variability for large percentile (90%) sample sizes. However, the gap is small and thus
we can conclude that they are comparable.
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eTable 1. Parameter estimates for distribution models

Procedure type Distribution model
Tweedie Zero-inflated Poisson
Parameter estimates Kolmogorov- Parameter estimates Kolmogorov
Tweedie mu phi Smirov lambda phi -Smirov
power statistic statistics

Laparoscopic Appendectomy 1.324 4714 3.505 0.082 6.471 0.272 0.171
Open Small Bowel Resection or Enterolysis 1.349 5.922 4.245 0.100 9.517 0.378 0.144
Open Appendectomy 1.355 4.892 3.741 0.108 7.222 0.323 0.169
Creation, Re-siting, or Closure of lleostomy 1.361 7.082 4.882 0.059 10.750 0.341 0.165
or Colostomy

Open Cholecystectomy 1.361 6.906 3.737 0.078 9.403 0.266 0.172
Laparoscopic Cholecystectomy 1.367 4.497 3.887 0.111 6.206 0.275 0.188
Abdominal Hysterectomy 1.380 8.642 3.989 0.075 10.758 0.197 0.243
Minor Hernia 1.386 5.132 4.165 0.106 7.077 0.275 0.210
Major Hernia 1.392 5.905 4.242 0.075 8.170 0.277 0.224
Open Colectomy 1.392 7.741 6.003 0.105 11.045 0.299 0.219
Laparoscopic Hysterectomy 1.398 6.021 4.297 0.109 7.983 0.246 0.218
Vaginal Hysterectomy 1.398 6.120 3.538 0.078 8.180 0.252 0.210
Laparoscopic Anti-Reflux 1.435 3.954 4.397 0.115 6.129 0.355 0.184
Thyroidectomy 1.435 3.252 6.346 0.213 5.395 0.397 0.206
Laparoscopic Colectomy 1.441 5.792 6.235 0.104 9.515 0.391 0.203
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eTable 2. Comparison of density distributions and quantile-quantile plots for surgical procedures

Procedure Tweedie Model Zero-inflated Poisson Model
Laparoscopic Density Distributions
Appendectomy
Laparoscopic Appendectomy Laparoscopic Appendectomy
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Procedure Tweedie Model Zero-inflated Poisson Model
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eTable 3. Sample sizes for opioid consumption at the 50th percentile by type of surgical procedure

Procedure type Width of 95% confidence interval
Tweedie Nonparametric
15 10 5 4 3 2 1 pill 15 10 5 4 3 2 1 pill
pills pills pills pills pills pills pills  pills  pills pills  pills  pills
Laparoscopic Appendectomy 3 7 27 41 73 164 653 3 7 27 42 75 168 669
Open Appendectomy 4 8 32 50 88 198 792 6 13 52 81 144 323 1290
Laparoscopic 4 9 34 52 93 208 832 3 6 22 34 61 136 544

Cholecystectomy

Laparoscopic Anti-Reflux 5 10 38 60 106 237 948 1 2 7 11 19 41 164
Vaginal Hysterectomy 5 10 40 63 111 249 993 6 14 54 83 148 332 1328
Minor Hernia 5 11 42 66 117 262 1045 3 7 26 41 72 162 647
Open Small Bowel 6 12 46 72 127 285 1140 13 28 111 173 308 691 2764
Resection or Enterolysis

Open Cholecystectomy 6 13 52 80 142 319 1276 8 18 70 110 194 437 1745
Major Hernia 6 13 52 81 144 324 1295 5 11 43 68 120 269 1073
Laparoscopic Hysterectomy 7 14 55 85 151 339 1354 5 11 44 69 122 275 1097
Abdominal Hysterectomy 8 18 69 108 192 432 1725 12 26 101 157 278 626 2502
Creation, Re-siting, or 9 19 75 116 207 464 1855 13 28 112 174 309 695 2779
Closure of lleostomy or

Colostomy

Thyroidectomy 11 25 98 153 271 609 2433 1 2 7 11 19 42 167
Laparoscopic Colectomy 13 28 109 171 303 681 2724 6 12 47 73 129 289 1154
Open Colectomy 14 32 125 196 347 781 3121 10 22 87 135 240 538 2152
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eTable 4. Sample sizes for opioid consumption at the 75th percentile by type of surgical procedure

Procedure type Width of 95% confidence interval

15 pills 10 pills 5pills 4 pills 3 pills 2 pills 1 pill
Laparoscopic Appendectomy 5 10 40 62 111 248 991
Laparoscopic Cholecystectomy 7 14 55 85 152 340 1360
Laparoscopic Anti-Reflux 11 23 91 142 251 565 2257
Open Appendectomy 10 22 85 133 235 529 2115
Minor Hernia 8 17 67 105 186 418 1672
Open Cholecystectomy 14 32 126 196 349 784 3134
Thyroidectomy 4 9 34 53 94 212 845
Major Hernia 14 31 121 188 334 751 3002
Vaginal Hysterectomy 15 33 131 205 364 818 3271
Open Small Bowel Resection or 15 34 135 211 374 841 3361
Enterolysis
Laparoscopic Hysterectomy 14 30 119 186 330 742 2967
Abdominal Hysterectomy 20 44 174 272 484 1087 4348
Laparoscopic Colectomy 16 35 138 215 381 857 3426
Creation, Re-siting, or Closure 22 49 193 302 536 1205 4817
of lleostomy or Colostomy
Open Colectomy 15 33 130 203 360 810 3239

Note: Sample sizes estimates use the nonparametric model.
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eTable 5. Sample sizes for opioid consumption at the 90th percentile by type of surgical procedure

Procedure type Width of 95% confidence interval
Tweedie Nonparametric

15 pills 10 pills 5 pills 4 pills 3 pills 2 pills 1 pill 15 pills 10 pills 5 pills 4 pills 3 pills 2 pills 1 pill
Laparoscopic Appendectomy 7 16 61 95 169 379 1515 6 13 50 77 137 308 1230
Laparoscopic Cholecystectomy 9 19 75 116 206 463 1851 8 16 64 99 176 396 1584
Thyroidectomy 13 29 115 179 319 716 2863 16 36 142 222 394 885 3538
Open Appendectomy 14 30 120 187 331 745 2977 15 34 134 210 372 837 3346
Minor Hernia 18 40 157 246 436 981 3922 20 44 173 270 479 1077 4308
Laparoscopic Anti-Reflux 20 44 173 270 480 1080 4318 28 62 245 383 680 1529 6115
Laparoscopic Hysterectomy 23 51 203 317 563 1265 5059 25 55 217 339 602 1355 5418
Creation, Re-siting, or Closure of 28 61 244 380 676 1520 6078 34 75 298 466 828 1862 7446
lleostomy or Colostomy
Open Small Bowel Resection or 30 67 265 413 735 1652 6607 28 61 244 380 676 1519 6076
Enterolysis
Major Hernia 31 69 274 428 760 1710 6838 39 86 344 538 955 2149 8594
Vaginal Hysterectomy 33 75 297 464 825 1856 7422 31 68 272 424 754 1696 6784
Open Colectomy 38 84 336 525 934 2100 8399 52 117 466 728 1294 2911 11643
Laparoscopic Colectomy 39 87 347 543 964 2169 8674 51 115 457 714 1269 2855 11418
Open Cholecystectomy 44 98 391 611 1086 2442 9768 45 102 405 632 1123 2526 10102
Abdominal Hysterectomy 81 183 729 1139 2025 4555 18217 79 177 705 1102 1959 4406 17623
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eTable 6. Standard deviations of sample size at the 50th percentile by type of surgical procedure

Procedure type Standard deviation of sample sizes of 50% percentile
Tweedie Nonparametric
15 10 5 4 3  2pils 1 pil 15 10 5 4pils 3pils 2pills 1 pil
pills pills  pills  pills  pills pills  pills  pills

Abdominal Hysterectomy 07 14 54 84 149 336 1345 15 34 137 215 382 859 3436
fferﬁit"oc’m”’yﬁ?'égigiioﬁﬁf losure of 13 28 109 170 302 68.0 2720 59 133 532 833 1480 333.0 13321
Laparoscopic Anti-Reflux 04 10 38 58 103 231 927 09 20 80 125 222 499 1997
Laparoscopic Appendectomy 00 05 08 12 23 50 198 06 12 47 73 131 294 1177
Laparoscopic Cholecystectomy 01 01 05 08 13 29 118 03 05 20 32 55 125 499
Laparoscopic Colectomy 05 09 34 52 92 208 831 16 35 139 216 384 865 346.1
Laparoscopic Hysterectomy 04 06 18 28 50 112 448 07 14 57 89 157 354 1416
Major Hernia 04 07 24 37 67 150 60.1 08 17 67 106 187 421  168.1
Minor Hernia 02 05 06 09 15 34 136 05 08 27 41 73 165  66.1
Open Appendectomy 08 19 73 114 203 458 1831 21 46 185 289 514 1156 4623
Open Cholecystectomy 12 27 105 164 293 659 2635 26 60 237 370 659 1483  593.1
Open Colectomy 09 19 77 119 212 478 1912 16 34 137 214 380 855 3419
Open Small Bowel Resection or

Enterolysis 09 23 91 143 254 570 228.1 74 168 671 1048 1864 4195 1677.8
Thyroidectomy 03 07 23 34 62 139 555 06 10 39 62 110 246 986
Vaginal Hysterectomy 04 08 28 43 77 173  69.0 11 24 94 147 261 588 2352

Note: Standard deviations derived from bootstrap samples. Estimates expressed in units of pills of oxycodone 5 mg.
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eTable 7. Standard deviations of sample size at the 75th percentile by type of surgical procedure

Procedure type Standard deviation of 75% percentile
Tweedie Nonparametric

15 10 5 4 3 2 1pil 15 10 5 4 3 2 1 pil

pills  pills  pills pills pills pills pills  pills  pills pills pills pills
Abdominal Hysterectomy 13 28 113 177 316 710 2839 37 83 331 517 919 2068 827.1
Creation, Re-siting, or Closure
of lleostomy or Colostomy 43 97 386 603 107.1 241.0 964.1 121 272 109.0 1703 302.7 681.1 27245
Laparoscopic Anti-Reflux 30 68 272 424 755 1698 679.4 47 104 418 654 1161 2614 10456
Laparoscopic Appendectomy 06 10 38 59 105 235 939 09 22 86 135 239 538 2152
Laparoscopic Cholecystectomy 54 o7 23 3§ 64 143 572 07 14 55 87 156 350 139.8
Laparoscopic Colectomy 31 69 278 435 774 1741 696.3 46 103 412 644 1145 2576 1030.6
Laparoscopic Hysterectomy 14 31 125 195 346 779 3115 15 33 133 208 370 832 3329
Major Hernia 21 46 186 291 517 1163 465.1 24 54 214 335 596 1341  536.3
Minor Hernia 05 10 40 62 111 249 998 09 18 75 116 206 465 1857
Open Appendectomy 26 59 234 366 651 1465 586.2 50 11.3 448 700 1245 2802 1120.7
Open Cholecystectomy 13.1 295 118.0 1845 327.9 737.9 2951é 109 245 981 153.3 272.6 613.3 2453.3
Open Colectomy 23 53 212 330 587 1320 5282 29 66 266 416 739 1664 6659
Open Small Bowel Resection or
Enterolysis 38 87 346 541 961 2163 8652 99 222 886 1386 246.3 5541 2216.2
Thyroidectomy 17 38 152 238 422 950 380.1 19 42 166 260 461 1037 4149
Vaginal Hysterectomy 17 39 152 238 424 954 3817 21 46 186 292 518 1166  466.2

Note: Standard deviation derived from bootstrap samples. Estimates expressed in units of pills of oxycodone 5 mg.
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eTable 8. Standard deviations of sample size at the 90th percentile by type of surgical procedure

Procedure type Standard deviation of 90% percentile
Tweedie Nonparametric

15 10 5 4pills 3 2pils 1 pil 15 10 5 4 3 2 1pil

pills pills pills pills pills pills pills pills  pills  pills
Abdominal Hysterectomy 239 539 2155 336.6 5985 13465 53859 164 37.0 148.2 231.6 411.7 926.3 3705.3
Creation, Re-siting, or Closure
of lleostomy or Colostomy 83.8 188.7 754.7 1179.3 2096.6 4717.2 18868.6 32.8 73.8 295.1 461.3 820.0 1845.0 7380.0
Laparoscopic Anti-Reflux 19.4 437 174.8 2732 4856 1092.6 4370.4 10.0 22,5 89.9 140.5 249.8 561.9 2247.6
Laparoscopic Appendectomy 26 59 235 368 655 147.3 589.0 25 55 218 340 60.4 136.0 544.0
Laparoscopic 1.0 24 94 147 261 589 2353 15 32 130 204 362 814 3257
Cholecystectomy
Laparoscopic Colectomy 149 335 133.7 208.8 371.3 8354 33415 19.2 432 172.6 269.8 479.6 1079.1 4316.5
Laparoscopic Hysterectomy 58 13.0 51.9 812 1443 3247 12989 51 11.6 46.4 72.4 128.7 289.7 1159.0
Major Hernia 215 485 193.8 302.8 538.2 1210.9 48438 141 317 126.6 197.7 351.5 791.0 3163.8
Minor Hernia 12 27 108 168 300 674 2695 18 40 158 245 438 983 3933
Open Appendectomy 123.4 277.6 1110.3 1734.8 3084.1 6939.4 27757.7 175 39.4 157.6 246.2 437.6 984.8 3939.1
Open Cholecystectomy 174 391 1565 2444 4346 977.8 39112  17.8 40.1 160.3 250.5 445.3 1002.0 4007.9
Open Colectomy 64 144 576 90.1 160.2 360.4 14417 124 27.9 111.6 174.3 309.9 697.3 2789.2
Open Small Bowel Resection
or Enterolysis 151 340 1359 2124 3777 849.9 33996 12.8 289 1158 181.0 321.8 724.0 2896.0
Thyroidectomy 71 160 638 998 177.4 399.2 15967 104 235 93.7 146.4 260.2 585.5 2342.2
Vaginal Hysterectomy 13.0 293 117.2 1832 3256 732.7 2930.8 58 129 51.8 81.0 1440 324.0 1295.7

Note: Standard deviation derived from bootstrap samples. Estimates expressed in units of pills of oxycodone 5 mg.
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eTable 9. Estimated 95% confidence intervals by type of surgical procedure

Procedure 95% confidence intervals

50th percentile 75th percentile 90th percentile

Creation, Re-siting, or Closure of lleostomy or Colostomy 4.694 6.996 8.416
Open Cholecystectomy 4.467 5.800 12.312
Open Small Bowel Resection or Enterolysis 3.553 5.535 8.571

Open Appendectomy 3.502 5.200 6.753
Laparoscopic Anti-Reflux 3.369 4.481 7.027
Thyroidectomy 4.074 3.885 4.288
Open Colectomy 2.988 3.651 4.887
Laparoscopic Colectomy 2.482 3.164 4.602
Abdominal Hysterectomy 2.160 3.103 6.989
Vaginal Hysterectomy 1.448 2.293 3.938
Major Hernia 1.670 2.291 3.832
Laparoscopic Hysterectomy 1.164 1.751 2.232
Laparoscopic Appendectomy 0.824 1.115 1.261

Minor Hernia 0.559 0.790 1.091

Laparoscopic Cholecystectomy 0.545 0.740 0.815

Note: Estimates expressed in units of pills of oxycodone 5 mg.
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