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Abstract: Objectives: To develop and internally validate a clinically interpretable preoperative model for predicting
medium-to-high opioid consumption within 72 h after unilateral total knee arthroplasty (TKA). Methods: We retro-
spectively analyzed 806 patients who underwent primary unilateral TKA between October 2017 and September
2021. Patients were randomly divided into a training cohort (70%) and a validation cohort (30%). The primary
outcome was total opioid consumption within the first 72 postoperative hours, categorized as low versus medium-
to-high consumption. Baseline and perioperative variables were first compared using appropriate univariable statis-
tical tests, and variables showing potential associations, together with clinically relevant factors, were entered into
a multivariable logistic regression model with bidirectional stepwise selection. The final model was presented as a
nomogram. Discrimination, calibration, and clinical utility were assessed using the area under the receiver operat-
ing characteristic curve (AUC), calibration plots with intercepts and slopes, Hosmer-Lemeshow testing, and decision
curve analysis. Results: Female sex, diabetes mellitus, higher body mass index, and higher preoperative day-1
serum interleukin-6 (IL-6) levels were independent predictors of medium-to-high postoperative opioid consumption.
The model showed acceptable discrimination in the training cohort (AUC 0.727) and modest discrimination in the
validation cohort (AUC 0.665). Calibration was acceptable in both cohorts (training: intercept 0.012, slope 0.953;
validation: intercept 0.009, slope 0.941). Decision curve analysis supported potential clinical utility across relevant
threshold probabilities. Conclusions: A simple preoperative model based on routinely available demographic, clini-
cal, and inflammatory variables may help identify patients at increased risk of higher opioid requirements after
unilateral TKA and may support individualized multimodal analgesic planning.

Keywords: Total knee arthroplasty, opioid consumption, risk prediction, interleukin-6, body mass index, postopera-
tive pain

Introduction

Total knee arthroplasty (TKA) is a widely per-
formed intervention for end-stage knee osteo-
arthritis, and its use continues to increase
as populations age [1]. Although TKA reliably
improves pain and function, a substantial pro-
portion of patients still experience consider-
able acute pain, particularly during the first 72
hours after surgery [2]. Inadequate analgesia
may delay mobilization and rehabilitation, pro-
long hospitalization, and increase the risk of
persistent postsurgical pain [3]. Conversely,
excessive opioid exposure is associated with
adverse effects such as nausea, respiratory

depression, delirium, and prolonged postoper-
ative opioid use [4-6]. These considerations
support a multimodal, opioid-sparing analgesic
approach; however, considerable interindividu-
al variability in postoperative opioid require-
ments remains even under standardized peri-
operative care [7].

A wide-ranging literature describes demograp-
hic, psychosocial, and clinical factors associ-
ated with postoperative opioid use following
orthopedic procedures, including younger age,
female sex, prior opioid exposure, anxiety,
depression, and several comorbidities [8-10].
Mechanistic studies additionally implicate sys-
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temic inflammation as a major driver of post-
operative pain with interleukin-6 (IL.-6) most
prominently correlating with tissue injury and
pain sensitivity [11]. Peri-operative glucocorti-
coids, including dexamethasone, decrease in-
flammation and are associated with lower pain
scores and opioid consumption in TKA and
other surgeries [12-15]. However, most such
prior studies examined average treatment eff-
ects or long term trajectories of opioid usage,
not who will require a higher opioid dose in the
early postoperative setting [16].

More recently, non-deep learning statistical
and machine-learning approaches have evalu-
ated whether opioid consumption or prolonged
use after surgery can be predicted [17-19]. Only
a handful of groups have investigated opioid
requirements out to 72 hours after TKA - just
when pain and opioid requirements peak and
rehabilitation begins [20, 21]. Existing predic-
tive models are often based on complex algo-
rithms or perioperative variables that are not
readily obtainable or interpretable for common
preoperative decisions, limiting their viability in
routine clinical practice [22]. These gaps in pre-
dictive modeling highlight the need for a simple
and clinically interpretable preoperative tool
to stratify patients based on their medium-
to-high likelihood of postoperative opioid con-
sumption.

Recognizing this gap, we sought to develop
and validate a preoperative risk model for
medium-to-high postoperative opioid consump-
tion following unilateral TKA. Using only vari-
ables available before surgery, including de-
mographic factors, comorbidities such as dia-
betes mellitus, body mass index, and preoper-
ative day-1 serum IL-6 level [23], we construct-
ed a multivariable prediction model and trans-
lated it into a bedside nomogram. The model
demonstrated acceptable discrimination, cali-
bration, and potential clinical utility for individu-
alized perioperative analgesic planning [24].

Methods
Patients and study design

We did a retrospective observational study on
an original cohort of patients who underwent
TKA at our hospital between October 2017
and September 2021. In view of the retrospec-
tive nature of this study, the necessary patient
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information was retrieved from the medical
records database of Liaocheng People’s Hos-
pital. This allowed us to extract demographic
data (e.g., age, sex), procedures, prescriptions,
inpatient or outpatient status, and laboratory
data.

Inclusion criteria were male and female patients
over the age of 18 years who underwent prima-
ry TKA during the study period for knee OA, and
were classified as ASA I-lll. Exclusion criteria
were: 1) joint re-replacement surgery during the
study period; 2) rheumatoid arthritis; 3) malig-
nancy/chronic heart failure/renal disorder diag-
nosed prior to TKA; 4) diagnosis of infection
during hospitalization; 5) incomplete serum
IL-6 measurements; 6) missing BPI scores or
unknown details of opioid consumption. On this
basis, 62 patients were excluded from further
analysis.

All TKAs were performed unilaterally under gen-
eral anesthesia by a single group of board-cer-
tified orthopedic surgeons using consistent
institutional protocols. Anesthesia was admin-
istered based on weight guidelines, and local
anesthesia was not used in any cases. This
study received special approval from the Ins-
titutional Review Board of Liaocheng People’s
Hospital (Approval No. 2018063). As this study
is retrospective, the requirement for informed
consent was waived.

For prediction model development, patients
were randomly assigned to a training cohort
(70%) and a validation cohort (30%) using a
computer-generated random sequence with
simple randomization. Baseline characteris-
tics, including age, sex, BMI, comorbidities, ASA
class, psychological status, and IL-6 levels,
were well balanced between the two cohorts,
providing a robust basis for model development
and validation.

Data collection

Data were obtained from the electronic patient
record, anesthesia information system, and
inpatient medical record system. Candidate
preoperative or perioperative variables consid-
ered during model development included age,
sex, BMI, ASA class, smoking history, alcohol
history, years of education, hypertension, dia-
betes mellitus, preoperative serum IL-6, preop-
erative pain-related information, preoperative
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analgesic use, intraoperative NSAID use, oper-
ative duration, and tourniquet duration. Beca-
use preoperative serum IL-6 showed a skewed
distribution, it was summarized as median
(interquartile range) and analyzed using non-
parametric methods where appropriate.

Venous blood samples were collected between
08:00 and 10:00 on the day before surgery
and processed according to standard institu-
tional procedures. Serum IL-6 concentration
was measured in the central laboratory of
Liaocheng People’s Hospital, and the results
were expressed in pg/mL. Routine internal
quality-control procedures were performed
throughout the study period to ensure analyti-
cal reliability.

For each patient, demographic data, medical
history, anesthesia and surgery details, and
follow-up information were obtained from clini-
cal databases and medical records. Demograp-
hic data included age, sex, BMI, and ASA physi-
cal status. Medical history included hyperten-
sion, diabetes mellitus, smoking history, alco-
hol history, and years of education. Candidate
perioperative variables also included preopera-
tive analgesic use, intraoperative NSAID use,
operative duration, and tourniquet duration;
these variables were considered during model
development but were not retained in the final
model because they did not meet the prespe-
cified selection criteria or did not materially
improve model performance. Prior long-term
opioid exposure was not consistently available
in structured records and therefore could not
be analyzed directly.

In accordance with our multimodal postoper-
ative pain regimen, patients received an ul-
trasound-guided adductor canal (subsartorial
saphenous nerve) block and patient-controlled
intravenous analgesia (PCIA) until the after-
noon of postoperative day 3. Pain scores were
recorded using the Brief Pain Inventory (BPI) on
postoperative days 1, 2, and 3.

Primary outcome

The primary outcome was total opioid con-
sumption in the postoperative period for the
first 72-hours after unilateral TKA. Total opioid
use (sufentanil equivalents), derived from elec-
tronically monitored doses of a patient-con-
trolled analgesia infusion of sufentanil, was
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interpreted according to distributional informa-
tion and clinical relevance as low versus medi-
um-to-high consumption and used as binary
outcome in models developed. The secondary
outcome was pain intensity (BPI on post-op
days 1-3); pain scores were not included in
the final model as a predictor, since they are
unavailable pre-operatively. Postoperative BPI
scores on postoperative days 1-3 were collect-
ed for descriptive purposes only and were not
analyzed using a repeated-measures inferen-
tial model, because pain intensity was not part
of the primary preoperative prediction analy-
sis.

Sample size

Sample size adequacy was determined using
the “events per variable” (EPV) rule for predic-
tion modeling. With four final multivariable pre-
dictors and > 400 medium-to-high-consump-
tion events in the full cohort, the minimum
required (= 10 per variable) EPV was exceeded,
which allows reliable estimation of coefficients
and stable model performance.

Data management and statistical analysis

All analyses adhered to the TRIPOD (Transpar-
ent Reporting of a Multivariable Prediction
Model for Individual Prognosis or Diagnosis)
guidelines. Continuous variables were summa-
rized as mean * standard deviation or median
(IQR) and compared using Student’s t test or
Wilcoxon rank-sum test according to distri-
butional characteristics; categorical variables
were compared using the chi-square test or
Fisher’s exact test, as appropriate.

Baseline and perioperative variables were first
compared between groups using appropriate
univariable statistical tests. Variables showing
potential associations in univariable compari-
sons, together with clinically relevant factors,
were then entered into a multivariable logistic
regression model to identify independent pre-
dictors of medium-to-high postoperative opioid
consumption. Bidirectional stepwise selection
was applied during multivariable model devel-
opment, with P < 0.05 for entry and P > 0.10 for
removal.

The final model identified sex, diabetes melli-
tus, body mass index, and preoperative day-1
serum IL-6 level as independent predictors of
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(0=868)

Patients who underwent unilateral Total Knee Arthroplasty (TKA) at
Liaocheng People's Hospital between October 2017 and September 2021

Digital Medical record system

Data were retrieved from the new electronic medical record system, the
DoCare Anesthesia Clinical information system V5.0, and the United

Patients excluded (n=62)

+
+

+
+
+
+

Record of joint re-replacement surgery identified during the study period (n=9)
Renal disorder identified before the month of TKA (n=2)

Diagnosis record of rtheumatoid arthritis (n=12)

Diagnosis record of infection identified after TKA (n=6)

Incomplete serum IL-6 measurement (n=10)

Missing Brief Pain Inventory (BPI) scores and insufficient information

divided into a training set (n=
565) and a validation set (n=
241) (Figure 1).

Baseline characteristics

Baseline demographic and cli-
nical characteristics were com-
parable between the training
and validation cohorts. There
were no significant between-
cohort differences in age, sex,
American Society of Anesthes-
iologists (ASA) class, body ma-

regarding opioid consumption (n=20)

4 Severe postoperative complications (n=3)

ss index (BMI), smoking his-
tory, alcohol history, years

Patients in analysis (n=806)

Figure 1. The flowchart of patient selection.

medium-to-high opioid use. A nomogram was
then constructed on the basis of the regression
coefficients to facilitate bedside application.

Predictive performance was evaluated in both
cohorts using receiver operating characteristic
(ROC) curves and areas under the curve (AUCs).
Calibration was assessed using calibration
plots, the Hosmer-Lemeshow test, and calibra-
tion intercepts and slopes. Well-calibrated mo-
dels have an intercept close to 0 and a slope
close to 1. Decision curve analysis was used to
quantify the net clinical benefit of model-guid-
ed decision-making across threshold probabili-
ties.

Results
Patient selection and cohort derivation

A total of 868 patients who underwent pri-
mary unilateral total knee arthroplasty (TKA)
between October 2017 and September 2021
were screened. After exclusion of 62 patients
because of prior joint revision during the study
period (n=9), recent renal impairment (n=2),
rheumatoid arthritis (n=12), postoperative in-
fection (n=6), incomplete serum IL-6 measure-
ments (n=10), missing Brief Pain Inventory
(BPI) scores or undocumented opioid consump-
tion (n=20), and severe postoperative compli-
cations (n=3), 806 patients were included in
the final analysis. The cohort was randomly
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of education, Hospital Anxiety

and Depression Scale-anxiety

(HADS-A) score, Hospital An-

xiety and Depression Scale-

depression (HADS-D) score,
coronary heart disease, hypertension, diabetes
mellitus, or preoperative day-1 serum IL-6 level
(all P > 0.05). These findings indicated good
baseline comparability between the 2 cohorts
(Table 1).

Univariable analysis in the training cohort

In the training cohort, patients were strati-
fied into low- and medium-to-high-consumption
groups based on postoperative opioid use.
Univariable analyses showed that the medium-
to-high-consumption group was younger and
had a higher proportion of female patients than
the low-to-medium-consumption group. In addi-
tion, smoking status, alcohol use, diabetes mel-
litus, and preoperative IL-6 level differed signifi-
cantly between groups (all P < 0.05). Although
the median IL-6 value was 6.0 pg/ml in both
groups, the distribution of IL-6 differed between
groups, with a higher interquartile range in
the medium-to-high-consumption group (6.0-
8.0 pg/ml vs 5.0-7.0 pg/ml), and the rank-sum
test showed a significant difference (Z=-4.710,
P < 0.001). By contrast, ASA class, BMI, years
of education, HADS-A score, HADS-D score,
coronary heart disease, hypertension, preoper-
ative WOMAC score, preoperative pain score,
preoperative analgesic use, intraoperative NS-
AID use, operative duration, and tourniquet
duration were not significantly associated with
opioid-consumption grouping (all P > 0.05). Va-
riables showing potential associations in uni-
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Table 1. Characteristics of Patients in the Training and Validation Cohorts

Characteristics Total Training Set Validation Set Te_st- P
statistic
Age, (mean + SD), years 66.5+6.6 66.5+6.6 66.4+6.9 t=0.252  0.801t
Sex, n (%) Xx=0.018  0.892
Male 385 (47.77) 269 (47.61) 116 (48.13)
Female 421 (52.23) 296 (52.39) 125 (51.87)
ASA (%) X?=0.114  0.945
| 56 (6.95) 40 (7.08) 16 (6.64)
1] 683 (84.74) 479 (84.78) 204 (84.65)
1T 67 (8.31) 46 (8.14) 21(8.71)
BMI, (mean + SD) 26.9+3.1 26.8+3.0 26.9+3.2 t=0.373  0.710t
Smoking (%) X’=0.426  0.514
yes 237 (29.4) 170 (30.09) 67 (27.80)
no 569 (70.6) 395 (69.91) 174 (72.2)
Drinking (%) Xx’=3.268 0.071
yes 333 (41.32) 245 (43.36) 88 (36.51)
no 473 (58.68) 320 (56.64) 153 (63.49)
Education years, Median (IQR), years 9.00 (6.00, 12.00) 9.00 (6.00, 13.00) 9.00 (5.00, 12.00) Z=-1.832 0.067#
HADS-A, Median (IQR) 1.00 (0.00, 2.00)  1.00 (0.00, 2.00) 1.00 (0.00, 2.00) Z=-0.681 0.495#
HADS-D, Median (IQR) 1.00 (0.00, 3.00)  1.00 (0.00, 3.00) 1.00 (0.00, 3.00) Z=-0.362 0.717#
Coronary heart disease (%) x?=0.118 0.731
yes 78 (9.68) 56 (9.91) 22(9.13)
no 728 (90.32) 509 (90.09) 219 (90.87)
Hypertension (%) x?=0.028 0.868
yes 381 (47.27) 266 (47.08) 115 (47.72)
no 425 (52.73) 299 (52.92) 126 (52.28)
Diabetes mellitus (%) x?=0.498 0.480
yes 180 (22.33) 130 (23.01) 50 (20.75)
no 626 (77.67) 435 (76.99) 191 (79.25)
preoperative day-1 serum IL-6 level, Median (IQR), (pg/ml)  6.00 (5.00, 8.00) 6.00 (5.00, 8.0) 6.00 (5.00,8.00) Z=-0.357 0.721#

Data are presented as mean + standard deviation for continuous variables and n (%) for categorical variables. ASA, American Society of Anesthesiologists; BMI, body

mass index. “#” means rank sum test; “t” means t-test.

variable comparisons were carried forward
for multivariable model development, together
with clinically relevant factors (Table 2).

Multivariable model development

Variables identified in the univariable analysis
were entered into the multivariable logistic
regression model. Four variables remained
independently associated with medium-to-high
opioid consumption within 72 h after TKA.
Female sex was associated with higher odds
of the outcome than male sex (OR 3.296, 95%
Cl 2.159-5.032; P < 0.001). Diabetes mellitus
was also independently associated with the
outcome (OR 2.096, 95% ClI 1.214-3.621;
P=0.008). Higher serum IL-6 level on the day
before surgery was positively associated with
the outcome, with an OR of 1.296 per pg/mL
increase (95% Cl 1.155-1.454; P < 0.001).
Higher BMI was likewise independently associ-
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ated with the outcome, with an OR of 1.083 per
kg/m?increase (95% Cl 1.013-1.159; P=0.020)
(Table 3).

Nomogram construction

A nomogram was constructed based on the
final multivariable logistic regression model
to estimate the probability of medium-to-high
opioid consumption within 72 h after TKA. The
nomogram incorporated sex, diabetes mellitus,
preoperative day-1 serum IL-6 level, and BMI.
For score assignment, each predictor was weig-
hted according to its standardized regression
coefficient in the final model, and the predictor
with the largest absolute coefficient was scaled
to 100 points. The scores assigned to the re-
maining predictors were calculated proportion-
ally. The total score, obtained by summing the
points for all predictors, was then mapped to
the corresponding predicted probability of the
outcome (Figure 2).
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Table 2. Baseline and perioperative variables in patients with low-to-medium versus medium-to-high
postoperative opioid consumption

Variables Total Low ) Medium—to—high Te.st‘
consumption consumption statistic
Age, (mean + SD), years 66.516.6 67.716.1 66.216.7 t=2.484  0.013%1
Sex, n (%) X?=34.020 < 0.001
Male 269 (47.61) 96 (69.06) 173 (40.61)
Female 296 (52.39) 43 (30.94) 253 (59.39)
ASA (%) Xx>=0.977 0.613
| 40 (7.08) 9 (6.47) 31(7.28)
Il 479 (84.78) 116 (83.45) 363 (85.21)
1] 46 (8.14) 14 (10.07) 32(7.51)
BMI, (mean + SD) 26.8+3.0 26.41+2.9 27.0+3.1 t=1.937 0.053t1
Smoking (%) X?=4.698 0.030
yes 170 (30.09) 52 (37.41) 118 (27.70)
no 395 (69.91) 87 (62.59) 308 (72.30)
Drinking (%) X?=6.292  0.012
yes 245 (43.36) 73 (52.52) 172 (40.38)
no 320 (56.64) 66 (47.48) 254 (59.62)
Coronary heart disease (%) x?=0.005 0.942
yes 56 (9.91) 14 (10.07) 42 (9.86)
no 509 (90.09) 125 (89.93) 384 (90.14)
Hypertension (%) Xx?=3.500 0.061
yes 266 (47.08) 75 (53.96) 191 (44.84)
no 299 (52.92) 64 (46.04) 235 (55.16)
Diabetes mellitus (%) X?=7.733  0.005
yes 130 (23.01) 20 (14.39) 110 (25.82)
no 435 (76.99) 119 (85.61) 316 (74.18)
Education years, Median (IQR), years 9.0 (6.0, 13.0) 9.0 (5.0, 12.0) 9.0 (6.0, 13.0) 7=-0.484 0.628#
HADS-A, Median (IQR) 1.0 (0.0, 2.0) 2.0 (0.0, 3.0) 1.0 (0.0, 2.0) 7=1.085 0.277#
HADS-D, Median (IQR) 1.0 (0.0, 3.0) 1.0 (0.0, 3.0) 1.0 (0.0, 3.0) Z=-0.950 0.342#
preoperative day-1 serum IL-6 level, Median (IQR), (pg/ml) 6.0 (5.0, 8.0) 6.0 (5.0, 7.0) 6.0 (6.0, 8.0) 7=-4.710 <0.001#
Preoperative WOMAC score, (mean + SD) 43.7+16.8 41.8+17.6 44.3+16.5 t=1.528 0.127t
Preoperative pain score, Median (IQR) 3.0(2.0,5.0) 3.0(2.0,5.0) 3.0(2.0,5.0) 7=-1.114 0.265#
Preoperative analgesic use (%) Xx?=2.642 0.104
yes 182 (32.21) 37 (26.62) 145 (34.04)
no 383 (67.79) 102 (73.38) 281 (65.96)
Surgery time, Median (IQR), min 112.0(104.0, 119.0) 112.0(104.0,118.0) 112.0(103.0,120.0) Z=-0.780 0.435#
Tourniquet time, (mean + SD), min 68.4+11.4 69.5+11.9 68.0+11.3 t=1.371 0.171¢%

Data are presented as mean + standard deviation for continuous variables and n (%) for categorical variables. ASA, American Society of Anesthesiologists; BMI, body mass
index; Non-Steroidal Anti-Inflammatory Drugs. “#” means rank sum test; “t” means t-test.

Model discrimination, calibration, and clinical
utility

The model showed acceptable discrimination
in the training cohort, with an area under the
receiver operating characteristic curve (AUC)
of 0.727 (95% CI 0.680-0.775), and modest
discrimination in the validation cohort, with an
AUC of 0.665 (95% Cl 0.585-0.744) (Figure 3).
Calibration analysis demonstrated acceptable
agreement between predicted and observed
probabilities. In the training cohort, the calibra-
tion intercept and slope were 0.012 and 0.953,

3365

respectively; in the validation cohort, they were
0.009 and 0.941, indicating adequate calibra-
tion in both cohorts. Hosmer-Lemeshow testing
did not indicate significant miscalibration in
either cohort (training cohort: P=0.3512; vali-
dation cohort: P=0.6040) (Figure 4). Decision
curve analysis supported the clinical utility
of the model (Figure 5). In both cohorts, the
nomogram provided a greater net benefit than
the treat-all and treat-none strategies across
a broad range of clinically relevant threshold
probabilities, with the advantage being more
evident at relatively higher thresholds.
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Table 3. Multivariate Analysis of the Training Cohort

Variables Estimate Standard error Wald P OR (95% CI)
Intercept -3.372 1.028 10.751  0.001
Sex, n (%)

Male Ref (1.000)

Female 1.193 0.216 30.541 <0.001 3.296(2.159, 5.032)
Diabetes mellitus (%)

no Ref (1.000)

yes 0.740 0.279 7.047 0.008 2.096 (1.214, 3.621)
Preoperative day-1 serum IL-6 level (per 1 pg/mL) 0.259 0.059 19.367 <0.001 1.296(1.155, 1.454)
BMI 0.080 0.034 5.411 0.020 1.083(1.013, 1.159)

Abbreviations: OR, odds ratio; Cl, confidence interval; BMI, body mass index; IL-6, interleukin-6. Male sex and no diabetes were the reference

categories. IL-6 was analyzed per 1 pg/mL increase.

80 %0 100 This study provides a clinically

Points

Femal
s

Sex

BMI

relevant framework for under-
standing interindividual vari-
ability in postoperative opioid
requirements following TKA.
Our results identified female
sex as an independent predic-
tor of higher postoperative opi-
oid consumption after TKA.
This finding is consistent with

previous studies reporting sex-
related differences in pain sen-
sitivity, central sensitization,

Diabetes mellitus o U

No
Preoperative day-1 serum
IL-6 level(pg/ml) 3 4 5 6 7 8 9 10 1 12 13 14 15 16
Total Points T T

0 20 40 60 80 100 120 140 160 180
Risk r T T T T T T )

03 04 05 06 07 08 0.9 0.95

Figure 2. Nomogram predicting medium-to-high opioid consumption within
72 hours after Total Knee Arthroplasty (TKA). Nomogram estimating me-
diumtohigh opioid use within 72 h after TKA. Points are allocated for sex,
diabetes status, BMI and preoperative dayl IL6 concentration; their sum
yields a total score, which maps to the predicted risk on the “Risk” axis.

Discussion

The present study demonstrates that several
preoperative demographic, clinical, and inflam-
matory features can help identify patients who
are likely to require medium-to-high opioid
doses during the first 72 hours after unilateral
TKA. We developed a multivariable logistic
model incorporating sex, diabetes status, BMI,
and preoperative day-1 serum IL-6 level, and
translated it into a clinically interpretable no-
mogram capable of estimating individualized
postoperative opioid requirements. The perfor-
mance of this model suggests that meaningful
early risk stratification is possible using vari-
ables routinely available in standard periopera-
tive care.
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and opioid pharmacodynam-
ics, which may partly explain
the greater postoperative opi-
oid requirements observed in
female patients [25, 26]. The-
se findings have also been doc-
umented in orthopedic, and
general surgical experimental
environments; thus it is clear
that the impact of gender on
analgesic therapies needs to be considered
when developing personalized analgesic proto-
cols. Additionally, the association between dia-
betes and opioid use supports previous res-
earch that indicates that diabetic individuals
have altered mechanisms for transmitting pain
signals, increased levels of systemic inflamma-
tion, and a decreased ability to return to normal
function shortly after joint arthroplasty [27, 28].
By identifying diabetes as a definitive risk fac-
tor for the use of opioids within the first few
weeks after surgery, this study reinforces the
importance of considering diabetes in preoper-
ative planning and education for all patients
undergoing TKA.

Notably, preoperative day-1 serum IL-6 level
concentration also emerged as a risk factor for
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Figure 3. Receiver operating characteristic curves of the prediction model in the training and validation cohorts.
ROC curves demonstrated moderate discrimination (AUC 0.727 and 0.665).
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Figure 4. Calibration plots of the prediction model in the training and validation cohorts. Calibration curves showed
good alignment between predicted and observed risks, with nonsignificant Hosmer-Lemeshow tests.

postoperative opioid requirement. IL-6 is one of mechanistic association. The operationaliza-
the key cytokines signaling inflammatory pain, tion of biological allostatic load factors (such as
and elevated IL-6 levels are associated with inflammatory biomarkers) contributing to pain
increased postoperative pain severity, slower and opioid use represents an advance over pre-
rehabilitation, and increased opioid use [14-16, vious models based on mainly psychosocial
29]. Including IL-6 in our model provides a bio- or demographic factors, without incorporating
logically meaningful operationalization of this inflammatory markers [12, 30]. The reported
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Figure 5. Decision curve analysis of the prediction model in the training and validation cohorts. Decision curve anal-
ysis indicated greater net clinical benefit than treat-all or treat-none strategies at threshold probabilities above 0.60.

odds ratio reflects the effect of each 1-unit
increase in IL-6 level, suggesting that even
modest elevations may indicate clinically mean-
ingful inflammatory activity, particularly when
considered together with demographic and cli-
nical risk factors. Usage of IL-6 as a continuous
biomarker for risk stratification rather than a
dichotomous variable appears to be justified.
Although our model used only preoperative
day-1 IL-6, accumulating mechanistic eviden-
ce supports a causal role of IL-6 signaling in
amplifying nociceptive processing [31-35]. IL-6
binds IL-6R and the signal-transducing subunit
gp130, activating downstream JAK2/STAT3 sig-
naling in the spinal cord and glial cells, which
can promote neuroinflammation, synaptic plas-
ticity, and central sensitization - processes that
plausibly increase acute postoperative pain
burden and opioid demand [32-35]. Experiment-
al work has shown that spinal JAK/STAT3 acti-
vation contributes to pain hypersensitivity and
that blockade of this pathway can attenuate
allodynia/hyperalgesia, supporting biological
plausibility for incorporating IL-6 as a risk mark-
er in perioperative prediction [35, 36]. However,
postoperative IL-6 kinetics may better reflect
the inflammatory response to surgical injury.
Because serial postoperative IL.-6 measure-
ments were not routinely available in this re-
trospective cohort, we were unable to directly
examine the association between postopera-
tive IL-6 dynamics and 72-hour opioid con-
sumption. This should be addressed in future
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prospective studies with standardized periop-
erative cytokine monitoring.

Although the present model demonstrated
acceptable discrimination and calibration, we
did not perform a formal head-to-head compar-
ison with previously published models for pre-
dicting opioid consumption or prolonged opioid
use after TKA, including machine-learning-ba-
sed approaches [36-38]. Existing studies have
reported higher discrimination in some set-
tings; for example, machine-learning or penal-
ized regression models for extended, persis-
tent, or long-term opioid use after TKA or lower-
extremity arthroplasty have reported AUCs
ranging from approximately 0.79 to 0.96 [36,
37]. However, these studies differed substan-
tially from ours in target outcomes, prediction
windows, predictor sets, and study populations,
which limits direct comparison of AUC, sensitiv-
ity, and specificity [38]. In particular, some prior
models incorporated postoperative variables,
such as postoperative day-1 opioid use, dis-
charge prescriptions, or early post-discharge
information, whereas our nomogram was inten-
tionally designed as a clinically interpretable
preoperative tool based on routinely available
variables [37]. Importantly, we also did not
quantify the incremental predictive value of this
model over conventional clinical assessment.
Therefore, the extent to which the nomogram
improves risk identification beyond routine cli-
nician judgment remains uncertain. Future stu-
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dies should directly compare this model with
existing regression- and machine-learning-ba-
sed tools in external datasets and evaluate
added value using reclassification and deci-
sion-curve methods in addition to conventional
discrimination metrics [38, 39].

Several factors previously reported to influence
postoperative opioid consumption, such as pre-
operative pain scores, preoperative opioid use,
surgical duration, and tourniquet time, did not
emerge as independent predictors in our final
model. This may be explained by several rea-
sons. First, in our cohort, preoperative pain
scores and preoperative analgesic use were
relatively homogeneous due to standardized
preoperative management, potentially limiting
their discriminative ability. Second, the lack of
consistent documentation of preoperative opi-
oid use in our retrospective database prevent-
ed its reliable assessment, which may have led
to residual confounding. Third, operative and
tourniquet durations were largely uniform under
the standardized surgical protocols at our insti-
tution, reducing their variability and thus their
predictive value. These factors underscore the
importance of context-specific model develop-
ment and highlight that predictors may differ
across populations and practice settings.
Future studies should explore these variables
in more heterogeneous cohorts or with pro-
spective data collection.

This study has several limitations. First, alth-
ough internal validation was performed by ran-
domly splitting the cohort, the model was not
externally validated in independent datasets
from other institutions or time periods, which
limits generalizability. Second, the study was
retrospective and based on a single center, so
residual confounding cannot be fully excluded.
Third, opioid consumption during the first 72
postoperative hours was used as the primary
endpoint; therefore, the model does not add-
ress longer-term opioid use or persistent post-
surgical pain. Fourth, although IL-6 provided
biologically relevant inflammatory information,
postoperative pain is influenced by multiple
biological, psychological, and social factors
that were not fully captured in the present data-
set. Finally, stepwise regression may introduce
model instability, and future studies should
consider external validation and penalized re-
gression approaches. The impact of this model
on real-world clinical decision-making should
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be evaluated prospectively in pragmatic or ran-
domized trials.

Future work should include multicenter exter-
nal validation to assess generalizability to dif-
ferent clinical settings, as well as an extension
of this model to additional measures of biologi-
cal and patient-reported pain phenotyping for
improved prediction. Embedding the risk model
into electronic health records could facilitate
automated risk stratification and decision sup-
port at the point of care. Ultimately, prospective
interventional trials using risk stratified analge-
sic protocols based on preoperative predicted
risk will be needed to determine if we can use
these strategies to reduce postoperative opioid
exposure and improve pain control and recov-
ery after TKA.

Conclusion

In the present study, we found that female sex,
diabetes mellitus, higher BMI, and elevated
serum IL-6 levels on preoperative day 1 were
independent predictors of early postoperative
opioid requirements following unilateral TKA.
Using these four factors, we created and vali-
dated a streamlined and clinically useful nomo-
gram to estimate individualized postoperative
opioid consumption risk. By allowing for early
identification of patients at high risk for opioid
use, the nomogram may help facilitate more
refined multimodal analgesic approaches and
reduced exposure to opioids. Additional multi-
center studies are needed to confirm the gener-
alizability of the nomogram as well as its clini-
cal utility and relevance.
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