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Abstract

Background: Total knee arthroplasty (TKA) is the primary treatment for advanced knee osteoarthritis. Despite its clinical
success and favorable patient-reported outcome measures (PROMs), approximately 20% to 30% of patients continue to experience
persistent functional limitations and muscle weakness. This highlights the need for a comprehensive evaluation of recovery
parameters beyond pain and range of motion. Given the wide range of methods available for assessing TKA outcomes, clinicians
often select tools based on personal preference and understanding, which may affect accuracy and consistency; for example, the
Knee Injury and Osteoarthritis Outcome Score may overestimate function compared to gait analysis studies.

Objective: The aim of this study was to conduct a narrative review focusing on the use, strengths, and limitations of different
outcome measures used in routine orthopedic practice to optimize post-TKA evaluation.

Methods: A literature search was conducted in February 2025 across 2 databases (PubMed and Web of Science). Eligible studies
included original research articles, systematic reviews, and meta-analyses that focused on validated measures used to evaluate
TKA. Case reports, conference abstracts, and studies focused exclusively on surgical techniques were excluded. Themes were
identified across studies to structure the results according to types of assessments and clinical applicability.

Results: A total of 6831 studies were retrieved and screened in this review, with 4 themes emerging around muscle mass,
strength, performance, and PROMs. The Oxford Knee Score is favored for its ease of use and minimal ceiling effects. Broader
tools like the Knee Injury and Osteoarthritis Outcome Score and Western Ontario and McMaster Universities Osteoarthritis Index
provide detailed insights but are less practical clinically. For muscle strength, the portable fixed dynamometer showed high
reliability and comparability to isokinetic dynamometry. Dual-energy X-ray absorptiometry remains the gold standard for assessing
muscle mass, while bioelectrical impedance analysis offers a practical alternative. The 5-Repetition Sit-to-Stand test effectively
evaluates lower limb power and speed.

Conclusions: Clinicians should integrate both objective (muscle mass, strength, and performance) and subjective (PROMs)
measures to improve TKA recovery assessment. This multidimensional approach has the potential to enhance the accuracy of
patient evaluation and supports the development of tailored rehabilitation strategies that address individual deficits and optimize
functional outcomes.

(JMIR Perioper Med 2026;9:e84011)   doi:10.2196/84011
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Introduction

Osteoarthritis is a leading cause of pain and disability
worldwide, affecting 528 million people as of 2019 [1,2].
Among various treatment options for osteoarthritis, total knee
arthroplasty (TKA) stands out for its substantial impact on
alleviating chronic knee pain [3]. With advancements in

prosthetic design and surgical techniques, TKA has
demonstrated high survival rates and relatively low complication
risks, making it one of the most successful orthopedic
procedures. However, despite these clinical successes,
postoperative functional outcomes can vary among patients [4],
with approximately 20% to 30% experiencing persistent
functional limitations and muscle weakness [5].
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Several factors influence recovery following TKA, including
surgeon-related aspects such as surgical volume and technique,
as well as patient-related variables like preoperative physical
conditioning and psychological status. Among these,
preoperative quadriceps strength has been identified as a key
predictor of postoperative function, directly impacting mobility
and the ability to perform daily activities [6]. Nonetheless,
frequently used tools to evaluate TKA in orthopedics often rely
on measures such as pain assessment and range of motion
(ROM) [7], which, while valuable, may not fully capture
postoperative recovery or functional capacity.

Evidence suggests that these metrics correlate poorly with
objective measures of physical function and do not adequately
reflect muscle weakness or biomechanical impairments that
persist post-TKA [8]. While patient-related outcome measures
(PROMs) provide subjective insights into perceived recovery,
they may overestimate functional improvements compared to
more objective assessments, such as gait analysis and
performance-based tests [9]. This discrepancy underscores the
need for a more comprehensive evaluation framework that
integrates multiple dimensions of recovery, including muscle
mass, muscle strength, and physical performance.

This review aims to critically examine the use, strengths, and
limitations of different outcome measures used in routine
practice when assessing recovery post-TKA, emphasizing the
importance of incorporating objective physical performance
metrics alongside PROMs. We hypothesize that a
multidimensional approach, combining assessments of muscle
mass, strength, physical performance, and PROMs, will provide
a more accurate and clinically meaningful evaluation of TKA
recovery, ultimately guiding more effective rehabilitation
strategies.

Methods

A literature search of studies focusing on methods assessing
TKA outcomes was performed using PubMed and Web of
Science databases in February 2025. No limits were applied to
publication dates. Inclusion criteria comprised original research,
systematic reviews, and meta-analyses. After the removal of
duplicates and cross-referencing of articles, we screened titles
and abstracts for relevance. Studies were excluded if they were
case reports, conference abstracts, or focused exclusively on
surgical techniques. Only studies using standardized and
validated assessment tools were included to ensure clinical
relevance. The methodological quality of included studies was
evaluated based on study design, sample size, and clarity of
outcome measures.

One author conducted the initial screening of all retrieved
abstracts against the inclusion criteria. Full texts of potentially
relevant studies were then independently reviewed for eligibility
and data extraction. Discrepancies between reviewers were
resolved through discussion until consensus was achieved.
Extracted data were thematically organized (muscle mass,
muscle strength, physical performance, and PROMs), allowing
patterns across assessment domains to be identified and
synthesized into a structured narrative aligned with the review’s
objectives.

Given the narrative nature of this review, our selection was not
strictly systematic; instead, we documented the total number of
retrieved and screened articles (n=6831).

Results

Patient Reported Outcome Measures
There are numerous PROMs available to assess the outcomes
of TKA, including: Knee Society Clinical Rating System (KSS),
Western Ontario and McMaster Universities Osteoarthritis
(WOMAC), Knee Injury and Osteoarthritis Outcome Score
(KOOS), and the Oxford Knee Score (OKS) [10-13]. In clinical
practice and research, it is essential to prioritize the use of sound
PROMs over frequently used ones. The ultimate goal herein is
to find a balance between standardized measures and specific
contextually relevant PROMs in the field of TKA.

The KSS and OKS PROMs are shorter than the KOOS and
WOMAC, with 10 and 12 items, respectively. The OKS uses
a 4-week recall period, while the patient-reported component
of the KSS is designed to reflect current knee status without a
fixed recall window, which may reduce recall bias but limit
comparability across time points. The OKS is solely derived
from patient input, while the KSS comprises a PROM section
completed by the patient and an informational-clinical section
for the surgeon. Only the PROM section of the KSS is used to
produce a psychometrically valid knee score. This separation
sought to allow the functional PROM section to be
independently assessed from the clinical section and
confounding factors such as age or comorbidities. Notably,
Martimbianco et al [14] reported considerable inter- and
intraexaminer variability in the clinical-reported section of the
KSS, which raises concerns about its reliability and consistency
in clinical use. In contrast, the KOOS and WOMAC are larger
instruments, with 42 and 33 items, respectively. They assess
symptoms, stiffness, pain, and activities of daily living (ADL),
but also include additional domains such as sports or recreation
and quality of life. Like the OKS, these instruments are totally
focused on the patient and their self-reported experiences. The
WOMAC uses a 48-hour recall period, which minimizes recall
bias and improves measurement precision; however, this narrow
timeframe may fail to reflect symptom variability and functional
fluctuation over longer recovery periods following TKA. In
contrast, the KOOS uses a 1-week recall period, providing a
broader representation of knee symptoms and functional
limitations. Nevertheless, this longer recall window may increase
susceptibility to recall bias and potentially reduce sensitivity to
short-term clinical change.

All 4 PROMs assess pain and activity function, but they differ
in how they capture pain information. The OKS and KSS both
include a single item that captures the patient’s general level of
pain. However, the OKS asks further pain information in the
context of general activities, such as work interference and
walking. This is particularly important to assess as movement
is associated with changes in pain, from subtle changes in
muscle coordination to complete avoidance of joint function
[15]. In contrast, the KOOS and WOMAC both include a section
dedicated to assessing pain experienced during specific
activities, with nine identical items. This encourages the patient
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to recall and report on the pain experience during knee
maneuvers such as knee twisting and straightening. The KOOS
is an extension of the WOMAC, which justifies the similarities
in the items. It is used in younger and/or more active patients
who typically perform demanding twisting movements in their
ADL. By assessing knee pain during movements like twisting
and straightening, changes in functional outcomes over time
can be tracked. This is especially relevant post-TKA, where
pain during specific activities is directly linked to the
functionality of the joint and the surrounding muscles [16].

The only resemblance when assessing function across the 4
PROMs is the patient’s comfort level when handling stair ascent
and descent. This likely reflects the universal importance of
these activities in daily life and the significant impact that knee
function has on an individual’s mobility and well-being.
However, each PROM also has unique items that assess different
aspects of knee function and quality of life.

The OKS, KOOS, and WOMAC all assess the knee concerning
various ADL, such as kneeling, transportation, domestic work,
and bathroom activities. The OKS and KSS share only the item
related to the distance the patient can walk. The KSS and items
within the symptoms section of both KOOS and WOMAC ask
about the patient’s ability to fully bend and extend the knee, as
well as objective measures of flexion contracture and extension
lag. The use of similar items and domains across these scores
can lead to greater consistency in assessing knee function and
symptoms. Furthermore, consistency is important for tracking
changes over time and comparing outcomes across different
patients and studies. The KOOS is unique in that it assesses
ADL related to sports and recreation and includes items that
ask about quality of life. While similarities can provide
consistency, differences between PROMs may capture important
nuances specific to each condition.

The KSS evaluates 4 distinct domains: clinical, functional,
satisfaction, and fulfillment of expectation. A notable feature
is the inclusion of both high-demand tasks and 3 patient-selected
priority activities from a predefined list, aiming to tailor the
assessment to individual goals and enhance the relevance of
functional evaluation. This patient-led component is designed
to offer a more individualized perspective on recovery and may
help inform more targeted postoperative rehabilitation. However,
despite these strengths, the validity of the KSS has been
questioned, particularly in the context of TKA outcome
measurement. Several studies have noted limitations, including
Ghanem et al [17], who highlighted concerns in revision TKA
scenarios, and Vogel et al [18], who found the system less
responsive than broader tools like the 36-Item Short Form
Survey and WOMAC. One key criticism lies in the
item-selection process: patients were not involved in the
development of the tool, which may result in content that does
not fully reflect patient priorities or lived experiences. Bach et
al [19] further noted that the relatively limited item pool may
constrain the scale’s ability to capture the full spectrum of
functional outcomes. This lack of patient input and limited item
scope could contribute to a misalignment between what the tool
measures and what matters most to patients, ultimately
impacting its content validity and clinical use [17,18,20].

Ghanem et al [17] highlight that 2 very different patients could
receive the same clinical score on the KSS. For instance, a
patient with a stiff, pain-free, well-aligned knee and a patient
with mild pain, excellent knee motion, and normal alignment
may both receive a similar score, even though they have very
different levels of function in their daily lives. To address these
concerns, a revised Knee Society Scoring System (2011 Knee
Society Score) was developed and validated as a more reliable
measure for assessing outcomes in TKA procedures [21,22].
Albeit, a revised outcome measure, PROMs have inherent
limitations in that they rely primarily on self-reported data,
which may not always align perfectly with objective measures
of physical function. This is where muscle function analysis
could come into play. It offers an objective assessment of a
patient’s physical capabilities, including muscle strength, range
of motion, and muscle activation patterns. By quantifying these
aspects, health care providers can validate and complement the
patient’s self-reported symptoms and limitations with tangible
data. This objective information not only supports the patient’s
reported experiences but also provides a more complete picture
of their health status.

Despite its validity issues, the KSS is still popular among clinical
researchers [23], perhaps for including alignment and ROM
measurement. Proper coronal alignment of the components in
TKA has been shown in the literature to be critical for implant
survival rate. Additionally, knee ROM is a crucial indicator of
successful TKA and is necessary for many ADLs [24]. While
ROM is commonly measured and reported, the significance of
isolated muscle function has been overlooked here. Capin et al
[25] found quadriceps strength in particular to be a critical factor
in TKA recovery and considered a rate-limiting step. This
limited quantification of isolated muscle function is an area that
warrants attention and improvement in the care of patients who
underwent TKA.

The OKS was developed specifically for evaluating the
outcomes of TKA. The simplicity and shortness of the
questionnaire make it an attractive option for clinicians, and
this may in part have contributed to its broad use in cohort
studies and joint replacement registers [26,27]. This intentional
oversimplification of the questionnaire highlights a lack of scope
and sophistication to adequately capture the complex,
interrelated issues experienced by many patients, such as joint
stiffness, muscle weakness, and instability. To address these
limitations, the use of a combination of assessment tools and
methods has been suggested [28]. This could include
performance-based functional tests, isolated muscle function
tests, muscle mass measurement, and imaging studies.

Another consideration is that OKS has a high response rate
when compared to other PROMs [10]. Analysis of the National
Health Service PROMs dataset of 72,154 OKS concluded that
OKS does not exhibit a ceiling or a floor effect at 6 months
[29]. Marx et al [30] reported a ceiling effect of 22% at 12
months following surgery, but this could be attributed to patients
achieving an optimal outcome rather than a limitation of the
OKS. Nevertheless, this could indicate that the OKS may be
more appropriate for short-term outcomes and might
inadequately reflect the long-term burden. Although it has been

JMIR Perioper Med 2026 | vol. 9 | e84011 | p.4https://periop.jmir.org/2026/1/e84011
(page number not for citation purposes)

Boukabache et alJMIR PERIOPERATIVE MEDICINE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


used in randomized controlled trials to assess knee arthroplasty
long-term outcomes [31].

The WOMAC, developed in 1982, has undergone multiple
revisions since and has been validated for TKA clinical trials
[32-34], with ceiling effects at 6 months and 12 months for
patients who underwent TKA [35]. The KOOS was an upgrade
to the WOMAC to effectively capture the requirements of
younger and more active individuals with knee injury or
osteoarthritis. Several studies have shown that the KOOS is
more sensitive and responsive than the WOMAC in younger or
more active patients with knee injury or knee osteoarthritis [36].
Roos and Toksvig-Larsen [35] evaluated the outcome of 105
patients (mean age of 71) after TKA and found 74% of all
Sport/Recreation items were considered to be “not applicable.”
The floor effects of approximately 48% likely reflect the
high-demand activities, such as sports and recreation, which
may be more relevant for younger, more active adults
undergoing TKA.

A systematic review of the literature performed by Collins et
al [37] found, as it was intended, the KOOS’s ADL subscale
has better content validity for older patients, and
Sport/Recreation has better content validity for younger patients.
Increasing ceiling effects from 6 to 12 months, particularly in
the pain domain, may suggest that some patients have reached
a plateau in their recovery, but also raises questions about the
sensitivity of the measurement tool.

According to the Consensus-Based Standards for the Selection
of Health Measurement Instruments (COSMIN), which define
internationally accepted criteria for evaluating the validity,
reliability, and responsiveness of PROMs, the OKS meets
COSMIN requirements and is recommended for use as a TKA
outcome measure. Pain and function subscales of WOMAC and
KOOS also demonstrate adequate measurement properties when

evaluated as standalone subscales. However, the KSS does not
consistently fulfill all COSMIN criteria and is not classified
among the instruments meeting minimum standards for
psychometric validation [38]. Several studies have evaluated
the performance of different PROMs in measuring outcomes
following lower extremity joint replacement surgery. Harris et
al [39] identified the OKS and WOMAC as the best-performing
PROMs specific to the lower extremity. The study assessed the
validity, reproducibility, and acceptability of the scoring
systems. Similarly, Alviar et al [40] in their review found OKS
and WOMAC to be the best PROMs after assessing the quality
of patient-reported outcome scoring systems. Collins and Roos
[41] analyzed attributes of the 11 most frequently used PROMs
for total hip replacement and TKA and considered KOOS,
WOMAC, and OKS to be good PROMs. These PROMs aid in
monitoring progress, guiding interventions, and facilitating
shared decision-making. Nevertheless, there are limitations,
such as the risk of subjective bias and variability in
interpretation. Patient responses may be influenced by personal
perceptions, mood, cognitive state, or cultural differences.
Obtaining consistent and accurate data can be challenging,
especially if patients struggle to recall specific details over time.
To gain a more thorough understanding of the impact of TKA,
it is crucial to integrate objective measures of muscle strength
and functional assessments, particularly in addressing muscle
weakness.

Strength Measurements
The indirect assessment of muscle function in any of the PROMs
may not provide sufficient indication of dysfunction,
necessitating a comprehensive analysis of objective assessment
tools in TKA (Table 1)(Multimedia Appendix 1). To this end,
this section will focus on the types of muscle strength
assessments that are feasible in a TKA clinical setting.
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Table . Comparative analysis of outcome measures used in total knee arthroplasty (TKA), including patient-reported outcomes, muscle strength, muscle
mass, and physical performance tools. Comparison criteria include measurement type, reliability, validity, ease of use, clinical relevance, limitations,
and best use case.

Physical performance tests

(TUGm, 6MWTn, 5R-STSo,

and SCTp)

Muscle mass tests (CTi,

MRIj, DXAk, and BIAl)

Muscle strength tests (IKDf,

PFDg, and HHDh)

PROMsa (KSSb, WOMACc,

KOOSd, and OKS)e

Comparison

Objective (functional move-
ment performance)

Objective (muscle cross-
sectional area or mass)

Objective (muscle force
output)

Subjective (patient-reported
pain, function)

Measurement type

High for TUG, 6MWT, and
5R-STS

High for CT, MRI, and
DXA; moderate for BIA
(affected by hydration)

High reliability but depen-
dent on test consistency and
patient effort

High test-retest reliability
but can be influenced by pa-
tient perception

Reliability

Strong correlation with mo-
bility and functional indepen-
dence

Highly valid for assessing
atrophy or hypertrophy

IKD, highest validity. PFD,
good validity with proper
fixation. HHD, lower validi-
ty

Valid for subjective function
but may not correlate with
actual muscle strength or
mobility

Validity

Quick, requires minimal
equipment (eg, chair and
stopwatch)

CT or MRI is expensive;
DXA is more accessible;
BIA is easiest

Requires equipment;
portable dynamometers are
easier than isokinetic ones

Simple, noninvasive, and
patient-friendly

Ease of use

Strong predictor of fall risk,
mobility, and independence

Helps detect muscle loss
post-TKA, which can affect
long-term function

Directly assesses quadriceps
and hamstring strength, crit-
ical for TKA recovery

Useful for tracking patient-
perceived recovery

Clinical relevance

Can be influenced by patient
motivation, fatigue, or co-
morbidities

Expensive (CT and MRI),
radiation exposure (CT and
DXA), less precise (BIA)

Requires patient coopera-
tion; costly for isokinetic
dynamometers

Subjective, may not reflect
real functional capacity

Limitations

Assessing mobility and real-
world function

Evaluating long-term muscle
loss and sarcopenia

Measuring post-TKA
quadriceps or hamstring re-
covery

Tracking patient-perceived
progress

Best use case

aPROM: patient-reported outcome measure.
bKSS: Knee Society Score.
cWOMAC: Western Ontario and McMaster Universities Osteoarthritis Index.
dKOOS: Knee Injury and Osteoarthritis Outcome Score.
eOKS: Oxford Knee Score.
fIKD: isokinetic dynamometer.
gPFD: portable fixed dynamometer.
hHHD: handheld dynamometry.
iCT: computed tomography.
jMRI: magnetic resonance imaging.
kDXA: dual-energy X-ray absorptiometry.
liBIA: bioelectrical impedance analysis.
mTUG: Time Up and Go.
n6MWT: 6-Minute Walk Test.
o5R-STS: 5-Repetition Sit-to-Stand.
pSCT: Stair Climb Test.

When evaluating muscle function, the measured outcomes
commonly include muscle strength and power [42]. Various
methodologies assess these parameters, ranging from manual
muscle testing to more complex and expensive isokinetic
assessments. However, no general consensus exists regarding
the preferred method of assessing muscle function in orthopedic
practice, as each approach has distinct advantages and
limitations [43].

Isometric strength assessment measures the maximum force
generated during a contraction in which the muscle length
remains constant (Figure 1A). Although isometric contractions
are relatively uncommon in daily activities, their clinical
relevance lies in their ability to predict functional capacity,

particularly in older individuals and those with significant
functional impairments [44]. Furthermore, isometric strength
assessments have demonstrated high reliability across different
orthopedic populations [45,46]. Isometric strength assessments
can be easily performed using a dynamometer or force plate,
and the individual is instructed to push or pull against an
immovable object. Portable fixed dynamometer (PFD) has
demonstrated high reliability (intraclass correlation coefficient
[ICC] >0.90) and validity in measuring strong muscle
contractions such as knee extension [47-49]. Importantly, studies
have shown that knee muscle strength measurements using a
PFD highly correlate with those obtained from an IKD, making
PFD a viable alternative for clinical assessment [50].
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Figure 1. Illustration of 3 common muscle strength assessment methods used in total knee arthroplasty (TKA) recovery: (A) isometric contraction—muscle
generates force without joint movement; (B) one-repetition maximum (1-RM)—maximal weight lifted once with proper form; and (C) isokinetic
contraction—muscle contracts at a constant speed throughout the range of motion using a dynamometer.

Toonstra and Mattacola [51] compared the reliability of IKD,
PFD, and handheld dynamometry for isometric knee strength
assessment. Their findings revealed high test-retest reliability
for both IKD and PFD, while handheld dynamometry showed
fair to poor reliability.

The strength of IKD lies in its ability to provide stabilization
during testing and standardized protocols, making it the gold
standard. However, PFD demonstrated comparable reliability
while offering greater portability, ease of use, and
cost-effectiveness. This makes PFD an attractive option for
routine clinical evaluations, particularly in settings where IKD
is not feasible.

Another key advantage of isometric assessments is their safety.
Unlike dynamic strength tests, which involve movement and
may place stress on healing tissues, isometric assessments
minimize joint strain. This makes them particularly suitable for
early postoperative assessments, where patient safety is a
priority. Given these benefits, isometric strength measurements
serve as a practical and reliable method for monitoring recovery
following TKA.

One-repetition maximum (1-RM): Muscle strength can also be
assessed through the one–repetition maximum (1-RM) test,
which determines the maximum load that can be lifted in a
single attempt, such as during a squat or leg extension (Figure
1B). This method evaluates muscle strength in a more functional
and dynamic context, offering insight into the ability to generate
force during real-world movements.

Despite its functional relevance, 1-RM testing has limitations.
The requirement for specialized equipment (eg, weights and
resistance machines) and the time-intensive nature of testing
make it less practical for large patient cohorts. Additionally,
1-RM testing carries a risk of injury, particularly in
postoperative populations where patients may not yet be able

to safely perform maximal-effort movements. To mitigate this
risk, researchers often use submaximal testing protocols to
estimate 1-RM values [52].

Isokinetic testing measures muscle strength as the peak torque
generated during a contraction performed at a constant angular
velocity (Figure 1C). This method provides resistance that
matches the individual’s effort throughout the ROM, allowing
for maximal force production at different joint angles. Isokinetic
assessments are particularly valuable for evaluating muscle
imbalances, monitoring rehabilitation progress, and
understanding strength deficits following TKA.

Despite these advantages, isokinetic testing has notable
limitations. The high cost and lack of portability make it less
accessible in many clinical settings [53,54]. Additionally,
isokinetic assessments require specialized equipment and trained
personnel, making them impractical for routine postoperative
evaluations. The potential for joint irritation and discomfort
during testing further limits its suitability for early rehabilitation
stages.

A key consideration when choosing between isometric and
isokinetic testing is clinical feasibility. While isokinetic
assessments provide detailed torque-angle relationships, they
are not always necessary for functional recovery monitoring.
In contrast, isometric testing provides a simple, reliable, and
cost-effective means of assessing muscle strength, making it
better suited for routine evaluations.

Lauermann et al [55] compared quadriceps strength assessments
using isometric, isokinetic, and 1-RM methods in patients who
underwent TKA. All 3 methods showed similar validity in
detecting strength deficits, suggesting that isometric testing is
an effective alternative to more complex assessments. Similarly,
Lienhard et al [45] found comparable test-retest reliability across
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these methods in patients who underwent TKA, reinforcing the
viability of isometric assessments in clinical practice.

Muscle Mass Measurements
Studies have shown a significant correlation between skeletal
muscle mass and cross-sectional skeletal muscle area in the
extremities with muscle strength or power [56,57]. Hence,
assessing these morphological features could be a good way to
gauge muscle function. Furthermore, with certain imaging
modalities, it may also be possible to determine the extent of
sarcopenia, muscle wasting, and the level of fibrosis and fat
infiltration—all factors that play a significant role in muscle
function.

Computed tomography (CT) is an imaging modality that was
introduced over 50 years ago, as the first clinically accepted
tool for body composition measurement and served as a gold
standard [58]. This method uses X-ray beams to create
cross-sectional images of the body, allowing estimation of total
body fat, visceral fat, and skeletal muscle mass [59,60]. Despite
its early acceptance and high validity for assessing limb muscle
cross-sectional area, with excellent test–retest and inter-observer
reliability (ICC 0.98‐1.00 for thigh muscle measurements),
CT has general limitations such as high costs, the need for
skilled technicians, and radiation exposure [61,62]. However,
in current practice, CT is rarely used for measuring muscle
mass, likely due to its associated limitations and the emergence
of alternative, more practical techniques such as magnetic
resonance imaging (MRI).

The introduction of MRI in the 1980s replaced the CT scan as
the gold standard [63]. Its 3D images of skeletal muscle, fat
tissue, and other organs are created by emitting radiofrequency
energy from hydrogen atom nuclei in magnetic fields, with
signal variations indicating different tissue types [63,64]. This
development brought about high-resolution images without
radiation exposure, making it suitable for tracking small changes
over time, which is beneficial for intervention and observational
studies. Advancements in MRI techniques have notably reduced
image acquisition times, and modern scanners can accommodate
obese individuals. Validated against direct anatomical
measurements (r=0.97), MRI exhibits high test-retest and
inter-observer reliability (2.9%, r=0.99% and 2.6%, r=0.99) in
healthy populations [63,64]. However, limitations in clinical
and research settings include high costs, the need for technical
expertise, space requirements, infeasibility for patients with
claustrophobia or those with MRI-incompatible implanted
devices (eg, cardiac pacemakers), and standardization is
hampered by the existence of various data acquisition protocols
[61,65].

Dual-energy X-ray absorptiometry (DXA) has emerged as a
strong alternative to the gold standard for assessing body
composition, being relatively cheap compared with CT scan
and MRI, and easy to perform. Initially designed for measuring
bone mineral density, DXA is now widely used for examining
overall body composition and muscle mass [63]. DXA operates
by using 2 X-ray beams to differentiate between fat, bone, and
lean tissue based on their X-ray absorption properties [66]. This
technique has shown a high correlation with both MRI and CT
in estimating skeletal muscle mass, indicating its reliability

(r=0.88 and r=0.77‐0.95, respectively) [67-69]. Additionally,
DXA test-retest reliability for measures of fat-free mass
demonstrated a high correlation (r=0.99), with low precision
errors ranging from below 1% to 3% [70].

However, DXA does present some limitations. First, it does not
directly quantify muscle mass; instead, it calculates lean soft
tissue mass or fat-free mass based on the different gray tones
observed in the DXA scan. Assumptions are made during this
calculation, and factors like dehydration and edema, which can
be common in populations with obesity, may interfere with the
accuracy of the measurements. Additionally, the lack of
standardization across devices, software packages, and versions
can yield different results, affecting the reliability and
comparability of measurements. Moreover, while DXA involves
less radiation exposure compared to CT, there is still some
exposure [71,72].

Bioelectrical impedance analysis (BIA) has become widely used
for assessing body composition in both clinical and nonclinical
settings [73]. BIA operates on the principle that tissues with
higher water and electrolyte content, like skeletal muscle, offer
less resistance to the passage of a low-voltage electrical current
compared to lipid-rich adipose tissue, such as bone. This
conductivity difference is exploited by BIA systems to quantify
different body compartments. Measurements obtained along
with parameters like sex, age, and body weight are then
integrated into the population-specific body composition
prediction equations [64,72]. The advantages of BIA stem from
its noninvasive nature, cost-effectiveness, and ease of use, but
limitations include sensitivity to factors like body position,
physical exercise, food intake, hydration status, and the need
for population-specific equations [74]. A study by Buckinx et
al [75] attempted to gauge the reliability of BIA in assessing
appendicular lean mass. The results showed high intraoperator
reliability, indicated by an ICC of 0.89 when performed by the
same operator, and interoperator reliability was also relatively
high with an ICC of 0.77 when performed by different operators.
However, the study revealed a notable discrepancy when
comparing appendicular lean mass assessed by DXA and
predicted by BIA, as evidenced by a low ICC of 0.37.
Importantly, there exists a potential for a significant prediction
error at the individual level with BIA, coupled with a systematic
positive bias leading to an overall underestimation of lean body
mass measurements [76]. Additionally, hydration status is a
frequent confounder in clinical settings, as BIA relies on
electrical conductivity that is highly sensitive to fluctuations in
body water content, potentially compromising accuracy and
limiting its reliability in certain patient populations. Despite
these limitations, BIA remains a viable alternative in situations
where more precise methods are not feasible.

Performance Measurements
While measurements of muscle mass and function are important
for understanding physiological dysfunction and pathology,
assessing physical performance is essential. In this context,
functional performance-based tests use an individual’s body
weight as resistance, quantifying performance by the time taken
or the number of repetitions completed. Several authoritative
groups, including The Osteoarthritis Research Society
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International, Rehabilitative Care Alliance, and the American
Physical Therapy Association, recommend performance-based
measures for individuals with osteoarthritis and arthroplasty
[77-79]. These measures typically include assessments of gait
speed tests, Stair Climb Tests (SCT), and Sit-to-Stand (STS)
tests, each with distinct yet overlapping focuses.

Gait speed tests primarily assess mobility, endurance, and
functional independence by measuring the time required to walk
a set distance. They are simple, reliable, and highly predictive
of overall recovery, fall risk, and mortality [80]. SCTs focus on
functional strength, coordination, and balance, as stair
negotiation requires greater knee flexion and quadriceps
activation than level walking [81]. SCTs are more sensitive to
persistent functional deficits than gait speed tests, as stair
climbing is often more challenging postoperatively. STS tests,
on the other hand, primarily evaluate lower limb strength and
endurance by measuring the ability to transition from sitting to
standing multiple times within a set duration or repetition count.
STS tests strongly correlate with quadriceps strength and are
useful for monitoring functional recovery [82].

While all 3 measures provide valuable insights into TKA
recovery, they differ in their primary focus and clinical
applicability. Gait speed and SCTs assess mobility in dynamic
movement tasks, while STS focuses on lower limb muscle
strength in a controlled, stationary task. Gait speed tests are
most effective for evaluating overall mobility and endurance,
whereas SCTs are ideal for assessing functional strength and
dynamic balance [83]. In contrast, STS tests specifically target
muscle power and endurance without assessing walking ability
or balance [84]. Despite these differences, all three tests share
a common goal of evaluating lower limb function and have been
shown to be reliable, valid, and responsive to post-TKA
functional improvements [78]. However, it is worth noting that
both gait speed and SCTs may present logistical challenges in
smaller clinical settings due to space constraints and increased
time requirements for setup and execution, potentially limiting
their routine use in busy outpatient environments.

Dobson et al [78] put forth a set of recommended
performance-based measures for individuals diagnosed with
hip and knee osteoarthritis or following joint replacement. This
selection was based on expert surveys and systematic reviews,
considering the evidence supporting the measurement properties
of the tests, their feasibility, scoring methods, and expert
consensus. The resulting recommended measures included the
30-Second Chair Stand Test (30CST), 40 m Fast-paced Walk
Test, SCT, Time Up and Go (TUG), and 6-Minute Walk Test
(6MWT). In a subsequent update by Dobson et al [85], the 10
Meter Fast-paced Walk Test and 20-second stair climb test were
suggested as alternatives due to complexities in administering
the 40-meter Fast-paced Walk and scoring the 11 Step Stair
Climb Test.

A task force led by Westby et al [86] created the Total Joint
Arthroplasty and Outcome Measures toolkit to be used before
and after arthroplasty, which included: 30-second STS, gait
speed, stair climb test, single leg stance test, 6MWT, TUG, and
functional reach. Prior to the creation of this toolkit, Zeni et al
[87] developed the Delaware Osteoarthritis Profile, a

comprehensive set of tests that have been effectively used to
measure functional performance pre and post knee arthroplasty,
which include: TUG, SCT, and 6MWT.

While the literature contains numerous tests, the focus here will
be on muscle strength performance tests. STS with its versions
has been identified by Bergquist et al [88] in their systematic
literature review to be the most appropriate performance-based
clinical muscle strength test.

The 30CST is a component of the Senior Fitness Test and
involves counting the number of sit-to-stand repetitions
completed within a 30-second timeframe. Individuals who are
more than halfway through a repetition at the 30-second mark
are credited with completing the final repetition. This test has
shown good to excellent reliability, with ICCs of approximately
0.84 to 0.92 in clinical populations, and its validity is supported
by moderate to strong correlations with leg press strength
measures [89].

The 5-Repetition Sit-to-Stand (5R-STS) test has gained
widespread use as either a component of the short physical
performance battery or as a standalone assessment tool in
numerous studies. This test involves performing 5 sit-to-stand
repetitions from a standard chair (44‐48 cm height), with
timing commencing upon a specific command or the initiation
of the first movement and ending when the fifth stand-up is
accomplished or when the patient sits down following the fifth
stand-up [90]. The reliability of the 5R-STS test has been
estimated across 10 studies, yielding a coefficient of 0.81, as
reported by Bohannon (2011) [84]. The validity of this test as
a measure of lower limb functional muscle strength is supported
by its strong correlation with knee extension strength, as
demonstrated by Lord et al [82]. Furthermore, the correlation
between performance on the 5R-STS test and the TUG test, as
well as gait speed tests, adds further support for its validity, as
highlighted by Schaubert and Bohannon [91].

Although the 5R-STS and 30CST tests involve identical
movements, they are not interchangeable. The 5R-STS indicates
lower limb speed and power for those with lower physical
function post-TKA, while the 30CST measures lower limb
endurance for those with higher physical function [92].

While outcome measures are often viewed as purely
psychometric, their clinical relevance is established through
their role as important drivers of long-term surgical success.
For instance, a recent systematic review and meta-analysis by
Sumbal et al [93] demonstrated that loss of muscle mass, or
sarcopenia, is a significant risk factor for prosthetic loosening,
which remains a primary indication for revision surgery.
Furthermore, physical performance levels and quadriceps
strength have been shown to be strongly associated with patient
satisfaction and restoration of functional ability after TKA [94].
More recently, Akatsuka et al [95] reinforced this clinical
relevance by reporting significant correlations between
quadriceps muscle mass and postoperative satisfaction,
suggesting that these objective measures are predictive of how
a patient perceives their surgical result.
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Discussion

Principal findings
A range of assessment tools is available to evaluate recovery
following TKA, each with distinct advantages and limitations.
This review highlights the use, strengths, and constraints of
these measures and recommends a comprehensive,
multidimensional evaluation framework. Such an approach
enhances the accuracy and clinical relevance of recovery
assessments by triangulating data across patient-reported
outcomes, strength measures, functional performance, and
muscle mass.

Among muscle mass assessment techniques, DXA remains the
gold standard due to its high precision and reliability. However,
alternative methods such as BIA offer a noninvasive, lower-cost
option suitable for clinical settings, despite reduced accuracy
and sensitivity to minor changes in muscle composition.

PROMs provide valuable insights into patient perspectives. The
OKS is widely employed due to its ease of use, absence of
ceiling or floor effects in the short term, and extensive validation
in clinical research. KOOS, while broader in scope, often
demonstrates ceiling effects and a higher completion burden.
WOMAC overlaps conceptually but lacks OKS’s responsiveness
in early recovery. KSS combines patient and clinician input but
is less feasible for routine use due to scoring complexity and
reliance on in-person assessment. OKS offers the optimal
balance of validity, efficiency, and clinical use in TKA

follow-up. Nevertheless, PROMs alone do not provide objective
strength assessments, which are critical for a comprehensive
evaluation.

In contrast, IKD offers precise quantification of muscle strength,
yet its high cost and operational complexity restrict its
widespread application. As a practical alternative, PFD provides
a reliable, cost-effective, and portable means of assessing muscle
strength, making it highly suitable for routine clinical practice.

Performance-based measures such as the 5R-STS test offer
objective, time-efficient insights into lower limb function.
Compared to the TUG, 6MWT, or SCT, the 5R-STS requires
less space, is less influenced by cardiovascular limitations, and
is more feasible for patients with early post-op mobility
impairments. It also shows strong correlation with knee
extension strength and mobility metrics, enhancing its predictive
use in post-TKA recovery.

This specific combination, OKS, PFD, BIA, and 5R-STS is
what we have recommended in post-TKA follow-up (Figure 2)
because it balances psychometric validity, clinical feasibility,
and comprehensive recovery profiling. It provides a more
complete view of TKA recovery than any individual tool. While
alternatives like the 6MWT or SCT yield valuable data, their
requirements for time, space, or greater cardiopulmonary reserve
make them less practical for routine follow-up or for patients
with limited mobility or comorbidities. Likewise, the TUG,
though simple, primarily reflects balance and walking ability
but lacks sensitivity to muscle power or patient satisfaction
domains.
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Figure 2. Clinical workflow algorithm for integrating recommended outcome measures throughout the total knee arthroplasty (TKA) pathway. The
flowchart outlines the timing and selection of assessment tools from the preoperative assessment appointment to the final follow-up. 5R-STS: 5-Repetition
Sit-to-Stand; BIA: bioelectrical impedance analysis; OKS: Oxford Knee Score; PFD: portable fixed dynamometer.

Limitations
Finally, it is important to note that the interpretability and use
of these tools may vary across populations. For instance,
sarcopenia, obesity, or cardiopulmonary conditions may skew
performance-based results or BIA readings, requiring clinicians
to contextualize outcomes based on age, BMI, and comorbid
burden. By triangulating across these assessments, clinicians
can reduce bias from any single measure and develop a more
individualized recovery evaluation.

Conclusions
Throughout this paper, evidence suggests that incorporating
muscle-based and performance-based measures alongside
PROMs is essential for a comprehensive and clinically relevant
assessment of TKA recovery. However, future research should
ensure there are multicenter trials to validate the integration of
the proposed assessments, as well as consensus agreement with
clinicians (ie, through a Delphi approach) which translates into
guidelines. Additionally, a greater understanding of intrinsic
skeletal muscle (mal)adaptations following TKA may provide
valuable insight into the mechanisms underlying persistent
functional limitations.
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SCT: Stair Climb Test
STS: Sit-to-Stand
TKA: total knee arthroplasty
TUG: Time Up and Go
WOMAC: Western Ontario and McMaster Universities Osteoarthritis
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Abstract

Background: Hypothermia, defined as a core body temperature below 36 °C, is a common postoperative complication associated
with adverse outcomes, including delayed wound healing, infections, and increased bleeding.

Objective: This randomized controlled trial evaluated the efficacy of different forced-air warming system temperature settings
in treating postoperative hypothermia in the postanesthesia care unit.

Methods: A total of 132 patients undergoing elective surgery at Ramathibodi Hospital between April 2023 and May 2024 were
randomized into 3 groups (n=44 per group): group C (warming set to 38 °C), group F1 (warming set to 42 °C), and group F2
(warming set to 42 °C, reduced to 38 °C after achieving 36 °C). Tympanic temperature was recorded at 5-minute intervals during
rewarming and every 10 minutes after normothermia (≥36 °C) was achieved. The primary outcome was rewarming time. Secondary
outcomes included the incidence of temperature drops, hemodynamic parameters, adverse events, and patient comfort scores.

Results: Baseline characteristics and clinical variables, including vital signs, were comparable among groups (P>.05). Group
F2 achieved the shortest mean rewarming time of 33.3 (SD 13.81) min; however, differences between groups were not statistically
significant (P=.460). Group F2 had the lowest incidence of temperature drops below 36 °C after normothermia (1/44, 2.27%;
P=.009). Group C had the highest incidence of rewarming exceeding 1 hour (10/44, 22.73%; P=.017).

Conclusions: While rewarming times were similar across groups, the protocol using an initial setting of 42 °C followed by a
reduction to 38 °C (group F2) effectively minimized temperature drops after normothermia, suggesting its superiority for managing
postoperative hypothermia in the postanesthesia care unit.

Trial Registration: Thaiclinicaltrials.org TCTR20231012004; https://www.thaiclinicaltrials.org/show/TCTR20231012004

(JMIR Perioper Med 2026;9:e85045)   doi:10.2196/85045

KEYWORDS

postoperative hypothermia; forced-air warming; effectiveness; postanesthesia care unit; temperature settings

Introduction

Hypothermia, defined as a core body temperature below 36 °C,
is a frequent complication in patients undergoing elective
surgery [1]. Intraoperative hypothermia, if uncorrected, often
leads to postoperative hypothermia, particularly in the recovery
room, where insufficient warming measures can exacerbate the
condition. The prevalence of postoperative hypothermia in the
postanesthesia care unit (PACU) has been reported to range
from 20% to 28% at arrival and from 18.5% to 26% within 30
minutes after arrival [2]. Postoperative hypothermia is clinically
significant, as it has been associated with impaired wound
healing, increased risk of surgical site infection, greater blood
loss, cardiac arrhythmias, and prolonged hospitalization [3,4].
These adverse consequences highlight the importance of
effective temperature management strategies throughout the

perioperative period. Recent guidelines and reviews, including
Enhanced Recovery After Surgery pathways and the clinical
recommendations from the Royal College of Anesthesiologists
of Thailand, emphasize the critical role of maintaining
normothermia as a core component to reduce surgical site
infections and hospital stay [5-8].

Active warming techniques, particularly forced-air warming
(FAW), are widely implemented to reduce the incidence of
perioperative hypothermia. FAW devices deliver warmed air
(32 °C‐47 °C) through a specialized blanket, with built-in
safety mechanisms to prevent overheating [9,10]. Systematic
reviews have demonstrated that FAW is superior to conventional
blankets, reducing the time to restore normothermia by more
than an hour [11]. While these findings confirm its effectiveness
in facilitating rewarming, the literature remains inconclusive
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regarding the optimal temperature setting for postoperative use.
Most previous studies have focused on preoperative or
intraoperative warming [12-18], whereas evidence for
postoperative FAW application remains limited. Xu et al [19]
reported that FAW at 42 °C was more effective than at 38 °C
or conventional blankets in elderly patients undergoing joint
replacement. However, the generalizability of that study was
restricted by the narrow patient population, short operative
times, and limited assessment of adverse events.

At our institution, the prevalence of postoperative hypothermia
has remained notable despite the routine availability of FAW
systems. Pisitsak et al [20] documented hypothermia in 20% of
patients under regional anesthesia and in 16% under general
anesthesia. More recent institutional data from 2019 to 2022
indicate an incidence of 23% among surgical patients recovering
in the PACU. Furthermore, between 2022 and 2024, the
prevalence of hypothermia ranged from 10.8% to 13.8% despite
widespread FAW use across multiple surgical specialties,
including general surgery, orthopedics, otolaryngology,
obstetrics and gynecology, and cardiac surgery (Department of
Anesthesiology, Faculty of Medicine Ramathibodi Hospital,
Mahidol University. Internal statistical data analyzed via Power
BI dashboard, unpublished data, January 2025). These findings
suggest that, in addition to patient- and procedure-related factors,
variability in FAW temperature settings contributes to
inconsistent outcomes.

Current practice in our PACUs uses FAW with adjustable
temperature settings ranging from 38 °C to 42 °C; however, no
standardized protocol exists to guide optimal temperature
selection. This variability reflects broader uncertainty regarding
the most effective strategy for postoperative rewarming and
underscores the need for evidence-based guidance. To our
knowledge, no prior randomized trial has evaluated a step-down
temperature protocol (42 °C to 38 °C) in a mixed adult surgical
population. By addressing this gap, the present study examines
the effectiveness of different FAW temperature settings to
inform a pragmatic and standardized PACU warming approach,
with the goal of improving consistency in clinical practice and
enhancing patient safety.

Methods

Study Design
This study was designed as a prospective randomized controlled
trial.

Patients
A total of 132 patients scheduled for elective surgery across
various specialties, including general surgery, orthopedics,
urology, otolaryngology, obstetrics and gynecology, and cardiac
surgery, were enrolled between April 2023 and May 2024. The
inclusion criteria consisted of patients aged 18 to 80 years,
American Society of Anesthesiologists (ASA) physical status
I to III, who were undergoing elective procedures under either
general or regional anesthesia, with an expected operating time
of at least 2 hours.

Exclusion criteria included patients with a core temperature
exceeding 37.5 °C, evidence of infection (eg, sepsis), conditions

precluding the use of forced-air warming (eg, burns, agitation,
or delirium), those unable to communicate or complete the trial
questionnaire, and patients who declined participation.

Sample Size Calculation
A priori sample size calculation was conducted to ensure
adequate statistical power for the study’s primary outcome: the
duration of forced-air warming required for a patient’s core
temperature to reach ≥36 °C. Based on a previous randomized
controlled trial by Xu et al [19], utilizing a 2-sided significance
level (α=.05), adjusted for multiple comparisons among the 3
groups (α/3=.017), corresponding to a z score of 2.41, a
statistical power of 80% (z for β=0.84), an estimated SD of 6.45
minutes, and a clinically meaningful difference in rewarming
time of 5 minutes, the calculation determined that 36 participants
were required per group. To accommodate an anticipated 20%
participant dropout rate, the sample size was prudently inflated
to 44 participants for each of the 3 intervention groups. This
resulted in a total sample size of 132 participants, ensuring
robust statistical inference for our findings.

Randomization
Randomization was performed using stratified block
randomization with proportional allocation based on the type
of anesthesia (general vs regional) to ensure balanced
distribution of thermoregulatory impairment mechanisms across
groups. A research assistant not involved in patient recruitment
generated the computer-based random sequence using permuted
blocks of variable size. Allocation was concealed using
sequentially numbered, sealed opaque envelopes, which were
opened only after participant enrollment. The study personnel
responsible for enrollment were different from those assigning
participants to groups to ensure the integrity of allocation
concealment.

Rewarming
Intraoperative management followed our institution’s standard
of care, which included the routine use of fluid warmers,
application of forced-air warming blankets, and continuous core
temperature monitoring for all patients. Upon arrival at the
PACUs, patients who met the preliminary criteria were assessed.
Only those with a core temperature lower than 36 °C were
enrolled and randomly allocated into 3 groups (n=44 per group):
group C (forced-air warming set to 38 °C), group F1 (forced-air
warming set to 42 °C), and group F2 (forced-air warming
initially set to 42 °C, then reduced to 38 °C once the core
temperature reached 36 °C).

All participants received identical warming systems and core
temperature monitoring devices at the PACU. Rewarming was
carried out using a forced-air warming system (Bair Hugger)
with a blanket and a core temperature measurement device
(Braun ThermoScan ear thermometer).

The rewarming process was monitored and recorded every 5
minutes during the active warming phase. In groups C and F1,
the forced-air warmer was discontinued once the core
temperature reached ≥36 °C, at which point patients were
covered with a regular blanket and monitored every 10 minutes.
In group F2, the setting was reduced to 38 °C upon reaching a
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core temperature of ≥36 °C, and patients were similarly
monitored every 10 minutes until discharge from the PACU.
Rewarming time was calculated as the time taken for the core
temperature to rise from baseline to ≥36 °C, measured in
minutes.

Outcome Measures
The primary outcome was the rewarming time, defined as the
duration from the initiation of rewarming to the recovery of
normothermia (core temperature ≥36 °C). Additionally, the
incidence of a decrease in core temperature after achieving
normothermia was recorded in each group.

Secondary outcomes included the incidence of adverse
events—such as hypotension, hypertension, arrhythmias, nausea
or vomiting, pain, and shivering—and patient satisfaction.
Patient satisfaction was evaluated using 2 validated instruments:
the 5-point Patient Comfort Scale, which measures overall
comfort and satisfaction, and the 7-point Thermal Comfort
Scale, which assesses subjective thermal sensation ranging from
–3 (cold) to +3 (hot), with 0 representing thermal neutrality.

Data Collection
Preoperative and intraoperative data were collected, including
patient demographics, surgical procedure, operative time,
anesthetic technique, blood loss, and fluid and blood product
administration. Upon PACU admission, core temperature was
recorded every 5 minutes during the rewarming phase by trained
PACU nurses. To ensure consistency, the same nurse performed
all assessments for a given patient using the same device and
the same ipsilateral ear. Blinding of these nurses was not feasible
because the FAW device displayed temperature settings during
operation; consequently, the nurses were aware of group
allocation, although patients remained blinded. Once the core
temperature reached ≥36 °C, measurements continued every 10
minutes until discharge based on the Modified Aldrete scoring
system. Throughout the PACU stay, adverse events were
monitored continuously, and patient comfort and thermal
comfort scores were assessed by the nurses at the time of
discharge.

Statistical Analysis
Data were analyzed using SPSS software version 27 (IBM
Corp.). Continuous variables were expressed as mean (SD) or
median (IQR), depending on the distribution, which was
assessed using the Shapiro-Wilk test. Categorical variables were
presented as counts and percentages.

For comparisons between groups, one-way ANOVA was used
for normally distributed continuous variables, while the
Kruskal-Wallis test was applied to non-normally distributed
data. Post hoc analyses were performed using Tukey honest
significant difference test for ANOVA and Dunn test for the
Kruskal-Wallis test, as appropriate. Categorical variables were
compared using the chi-square test or Fisher exact test, as
required.

Monte Carlo simulation was utilized for the Fisher exact test
extension in contingency tables larger than 2×2 where cell
counts were sparse (expected count <5), ensuring robust P value
estimation without violating asymptotic assumptions. Relative
risks with 95% CI were reported for significant categorical
outcomes. For continuous variables, effect sizes were expressed
as Cohen d to ensure consistency and enhance clinical
interpretability. This was an intention-to-treat analysis, and all
randomized patients were analyzed in their assigned groups. A
P value of <.05 was considered statistically significant.

Ethical Considerations
This study was approved by the Human Research Ethics
Committees of Ramathibodi Hospital, Mahidol University
(approval number MURA2023/202) and registered at
Thaiclinicaltrials.org on March 14, 2023 (approval number
TCTR20231012004). Written informed consent was obtained
from all participants before enrollment. Participants’ privacy
and confidentiality were strictly protected, and all data were
deidentified before analysis. No financial compensation was
provided to participants for their participation in the study.

Results

Baseline Characteristics
A total of 165 patients were assessed for eligibility between
April 2023 and May 2024. Thirty-three patients were excluded
(2 with ASA physical status >III and 31 normothermic at PACU
admission). Finally, 132 patients were included and equally
divided into 3 groups (Figure 1): group C (rewarming set to 38
°C, n=44), group F1 (rewarming set to 42 °C, n=44), and group
F2 (rewarming set to 42 °C until reaching a core temperature
of 36 °C, then reduced to 38 °C, n=44). The baseline
characteristics, including age, gender, ASA physical status,
BMI, and underlying diseases, were comparable across all
groups, as detailed in Table 1.
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Figure 1. Flow diagram of patient enrollment. This diagram shows the screening and allocation process for all patients. ASA: American Society of
Anesthesiologists; PACU: postanesthesia care unit.
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Table . Baseline characteristics of patients in the 3 groups.

P valueGroup F2 (n=44)Group F1 (n=44)Group C (n=44)Characteristic

.265Age, n (%)

17 (38.64)13 (29.55)10 (22.73)    Elderly (age ≥65 y)

27 (61.36)31 (70.45)34 (77.27)    Nonelderly (age <65 y)

.083Gender (male/female)

91817    Male

352627    Female

.965ASAa Physical status, n (%)

14 (31.82)13 (29.55)13 (29.55)    >2

30 (68.18)31 (70.45)31 (70.45)≤2

.73823.67 (21.05‐27)24 (22.43‐26.3)23.85 (22‐26.95)BMI (kg/m2), median (IQR)

Underlying diseases, n (%)

.2597 (15.91)8 (18.18)3 (6.82)    Diabetes mellitus

.51119 (43.18)18 (40.91)14 (31.82)    Hypertension

.7984 (9.08)6 (13.64)5 (11.36)    Obesity

.49015 (34.09)12 (27.27)10 (22.73)    Extreme age

.9275 (11.36)4 (9.09)3 (6.82)    Heart disease

.2951 (2.27)5 (11.36)3 (6.82)    Cerebrovascular disease

.6222 (4.55)5 (11.36)4 (9.09)    Chronic kidney disease

.25311 (25)8 (18.18)5 (11.36)    Cancer

>.9992 (4.55)3 (6.82)2 (4.55)    Respiratory disease

.2177 (15.91)14 (31.82)11 (25)    Others

aASA: American Society of Anesthesiologists.

Intraoperative Data
No significant differences were observed among the 3 groups
regarding operative time, type of operation, anesthetic technique,

estimated blood loss, total fluid administration, total blood
components used, or recorded temperatures, as summarized in
Table 2.
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Table . Intraoperative parameters of patients in the 3 groups.

P valueGroup F2 (n=44)Group F1 (n=44)Group C (n=44)Parameter

.153195 (137.5‐233.75)180 (123.75‐223.75)165 (120‐221.25)Operative time (min), medi-
an (IQR)

.926Anesthetic technique, n (%)

14 (31.82)14 (31.82)15 (34.09)    Regional

24 (54.55)21 (47.73)22 (50)    General

6 (13.64)9 (20.45)7 (15.91)    Combined

.731Operation, n (%)

17 (38.64)18 (40.91)18 (40.91)    Open orthopedic surgery

11 (25)7 (15.91)8 (18.18)    Arthroscopic/laparoscopic
orthopedic surgery

4 (9.09)4 (9.09)3 (6.82)    Open gynecologic surgery

8 (18.18)3 (6.82)6 (13.64)    Laparoscopic gynecologic
surgery

2 (4.55)0 (0)3 (6.82)    Breast surgery

1 (2.27)2 (4.55)2 (4.55)    Open general surgery

0 (0)1 (2.27)1 (2.27)    Urological surgery

0 (0)1 (2.27)1 (2.27)    Thoracic surgery

0 (0)1 (2.27)18 (40.91)    Plastic surgery

0 (0)2 (4.55)0 (0)    Vascular surgery

1 (2.27)4 (9.09)2 (4.55)    Laparoscopic general
surgery

0 (0)1 (2.27)0 (0)    Otolaryngologic surgery

Intraoperative period

.4351 (2.27)3 (6.82)1 (2.27)    Large estimated blood
loss (≥500 ml), n (%)

.8081000 (712.5‐1487.5)900 (612.5‐1387.5)975 (762.5‐1425)    Total fluid administered
(ml), median (IQR)

.1730 (0)0 (0)0 (0)    Total blood component
(ml), median (IQR)

.13936.1 (0.32)35.93 (0.37)36.07 (0.43)    Temperature recorded
(°C), mean (SD)

Postoperative Data
Postoperative outcomes recorded in the PACU are summarized
in Table 3. No significant differences were observed among the
3 groups regarding tympanic temperature upon arrival or
hemodynamic parameters, including blood pressure, heart rate,
respiratory rate, and SpO2 (P>.05). However, a statistically

significant difference was observed in the duration of PACU
stay (P=.015). Post hoc comparisons revealed significant
differences between group C versus group F2 and group F1
versus group F2, indicating a more favorable distribution of
discharge times in group F2. Regarding electrocardiogram
findings, adverse events were rare, with only 1 patient exhibiting
bradycardia.
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Table . Postoperative outcomes of patients in the 3 groups.

P valueGroup F2 (n=44)Group F1 (n=44)Group C (n=44)Parameter

.01560 (60‐60)60 (60‐60)60 (60‐65)Duration in PACUa (min),c

median (IQR)

.165Tympanic temperature <36
°C upon arrival in the
PACU, n (%)

3 (6.82)1 (2.27)0 (0)    <35 °C

41 (93.18)43 (97.73)44 (100)    ≥35 °C

.910135.95 (21.86)134.53 (18.21)134.07 (22.57)Systolic blood pressure
(mmHg), mean (SD)

.34194.45 (106.34)79.09 (12.5)76.32 (31.85)Diastolic blood pressure
(mmHg), mean (SD)

.29017.95 (3.43)18.09 (3.2)17.07 (3.25)Respiratory rate (per min),
mean (SD)

.08174.75 (13.31)72.55 (13.15)68.61 (12.12)Heart rate (per min), mean
(SD)

.688100 (99‐100)100 (99‐100)100 (99‐100)SpO2
b (%), median (IQR)

aPACU: postanesthesia care unit.
bSpO2: peripheral capillary oxygen saturation.
cA statistically significant difference was observed only in the duration of stay in PACU (P=.015; post hoc comparisons revealed significant differences
for group C vs group F2 [Cohen d=6.29] and group F1 vs group F2 [Cohen d=8.55]).

Effect of Different Rewarming Methods
Rewarming outcomes across all dimensions are summarized in
Table 4. The time to achieve normothermia is illustrated in
Figure 2. Figure 3 shows the number of patients who
experienced a drop in core temperature below 36 °C after
achieving normothermia, and those who required rewarming
for more than 1 hour.

No significant differences were observed among the 3 groups
in hemodynamic parameters recorded in the PACU, including
systolic and diastolic blood pressure, respiratory rate, heart rate,
peripheral capillary oxygen saturation, and electrocardiogram
findings (P>.05).

While the rewarming time did not differ significantly among
the groups, the incidence of patients experiencing a drop in core
temperature below 36 °C after achieving normothermia was
significantly lower in group F2 compared to groups C and F1
(P=.009, Table 4). Patients exhibiting temperature decline
required extended thermal support to restore or maintain
normothermia. Consequently, a significantly higher proportion
of patients in groups C and F1 required active warming for more
than 1 hour compared to group F2 (P=.017). However, this
prolonged warming requirement did not lead to a clinically
relevant delay in discharge, as the median duration of PACU
stay remained 60 minutes across all groups (Table 3).

Table . Rewarming outcomes of patients in the 3 groups.

P valueGroup F2 (n=44)Group F1 (n=44)Group C (n=44)Parameter

.46033.30 (13.81)35.11 (15.64)37.39 (16.58)Mean rewarming timea

(min), mean (SD)

.0091 (2.27)11 (25)7 (15.91)Decrease temperature below
36 °C after achieving nor-
mothermia, n (%)

.0171 (2.27)7 (15.91)10 (22.73)Warming more than 1 h, n
(%)

aFor the mean rewarming time, no significant differences were observed among groups; the mean differences (95% CI) compared to group C were
−2.28 (−9.03 to 4.47) for group F1 and −4.09 (−10.46 to 2.28) for group F2. However, a statistically significant difference was observed in the proportion
of patients with temperature decrease below 36 °C (P=.009; significant pairwise differences were observed for group F1 vs group F2 [relative risk
(RR)=11.00; 95% CI 1.48‐81.61]) and those requiring warming for more than 1 h (P=.017; significant pairwise differences were observed for group
C vs group F2 [RR=10.00; 95% CI 1.34‐74.84]).
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Figure 2. Comparison of rewarming outcomes among the 3 study groups. Box plot showing the distribution of time to achieve normothermia. The
horizontal line within each box represents the median rewarming time. The top and bottom boundaries of the boxes indicate the IQR, and the whiskers
extend to the minimum and maximum values. No statistically significant differences were observed (P=.460). Control group (group C): forced-air
warming at 38 °C; group F1: forced-air warming at 42 °C; group F2: forced-air warming initially set at 42 °C, then reduced to 38 °C upon reaching 36
°C.
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Figure 3. Comparison of rewarming outcomes among the 3 study groups. Clustered bar chart illustrating the incidence of recurrent hypothermia (core
temperature dropping <36 °C after achieving normothermia) and the proportion of patients requiring active warming for more than 1 h. Group F2
demonstrated significantly lower rates for both outcomes compared to groups C and F1 (P=.009 and P=.017, respectively). Control group (group C):
forced-air warming at 38 °C; group F1: forced-air warming at 42 °C; group F2: forced-air warming initially set at 42 °C, then reduced to 38 °C upon
reaching 36 °C.

Adverse Events
In terms of postoperative adverse events, no significant
differences were observed among the 3 groups. Pain was the
most frequently reported complication, affecting 22.7% (10/44)
of patients in group C and 18.2% (8/44) in both group F1 and
group F2 (P=.826). Nausea and vomiting occurred infrequently,
with an incidence ranging from 2.3%(1/44) to 4.6%(2/44) across
the groups (P>.999). Shivering was reported in 4.6% (2/44) of
patients in group C, 6.8% (3/44) in group F1, and 2.3% (1/44)
in group F2 (P=.871). Hemodynamic events were rare,
comprising 1 case of hypertension in group C, no events in
group F1, and 1 case each of hypotension and hypertension in

group F2 (all P>.999). No patients experienced arrhythmia or
other adverse effects. Overall, the incidence of postoperative
complications was low and comparable among the groups,
supporting the safety of forced-air warming across different
temperature settings.

Patient comfort, as measured by satisfaction levels, showed a
significant difference among the groups (P=.049), along with
the average comfort scores (P=.039). The proportion of patients
reporting being “very much satisfied” was 27.27% (12/44) in
group C, 43.18% (19/44) in group F1, and 52.27% (23/44) in
group F2 (Table 5). However, there was no significant difference
in the thermal comfort scale among the groups (P=.131).

JMIR Perioper Med 2026 | vol. 9 | e85045 | p.26https://periop.jmir.org/2026/1/e85045
(page number not for citation purposes)

Pasutharnchat et alJMIR PERIOPERATIVE MEDICINE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table . Patient satisfaction in the 3 groups.

P valueGroup F2 (n=44)Group F1 (n=44)Group C (n=44)Parameter

.049Patient’s comfort, n (%)

23 (52.27)19 (43.18)12 (27.27)    Very much satisfied

21 (47.73)21 (47.73)29 (65.91)    Somewhat satisfied

0 (0)4 (9.09)2 (4.55)    Undecided

0 (0)0 (0)0 (0)    Not really satisfied

0 (0)0 (0)1 (2.27)    Not at all satisfied

.0395 (5-5)4 (4-5)4 (4-5)Patient’s comfort (average
score), median (IQR)

.131Thermal comfort scale, n
(%)

2 (4.55)4 (9.09)1 (2.27)    Hot

31 (70.45)32 (72.73)34 (77.27)    Warm

9 (20.45)2 (4.55)6 (13.64)    Slightly warm

2 (4.55)6 (13.64)2 (4.55)    Neutral

0 (0)0 (0)1 (2.27)    Slightly cold

0 (0)0 (0)0 (0)    Cool

0 (0)0 (0)0 (0)    Cold

.6762.00 (1.25‐2)2.00(2-2)2.00(2-2)Thermal comfort scale (aver-
age score), median (IQR)

Discussion

Principal Findings
Postoperative hypothermia is a frequent complication of both
general and regional anesthesia, primarily resulting from
thermoregulatory impairment and internal heat redistribution
[21]. While previous research identified FAW at 42 °C as
effective for elderly patients [19], evidence regarding the optimal
temperature setting for the general surgical population remains
limited. Consequently, this trial aimed to evaluate the most
effective and efficient rewarming protocol for patients
undergoing various surgical procedures.

In this study, hypothermia was defined as a core temperature
<36 °C upon PACU admission. Tympanic thermometry was
selected over invasive nasopharyngeal or rectal probes, as used
in previous studies [19,22], to prioritize patient comfort during
the awake recovery phase.

The principal finding of this study is that increasing the FAW
setting from 38 to 42 °C did not yield a statistically significant
reduction in the overall rewarming time to normothermia. While
group F2 achieved the target temperature approximately 3 to 4
minutes faster than the control group, the precision estimates
provided by the 95% CI suggest that this difference is negligible.
Given that all groups achieved normothermia within a
comparable timeframe, the variation in rewarming speed appears
to lack clinical relevance for PACU throughput.

Several physiological factors may explain why higher settings
did not produce faster rewarming, a finding that contrasts with
some previous studies [19]. Peripheral vasoconstriction can

limit the rate of convective heat transfer from the skin to the
core, creating a “plateau effect” regardless of the external heat
gradient provided by higher FAW settings. Moreover, as the
core temperature approaches the normal thermoregulatory
threshold, the body initiates vasodilation to redistribute heat,
preventing a linear increase in core temperature [21,23].
Device-specific factors, such as automatic safety regulation at
higher settings or variability in blanket positioning, may have
further minimized the actual difference in heat delivery.

Although rewarming rates were comparable, the group F2
protocol demonstrated superior thermal stability. Unlike group
C, which exhibited a significantly higher incidence of prolonged
rewarming, the step-down protocol (group F2) effectively
minimized the number of “outliers”—patients requiring
extended care due to thermal instability. The prolonged
rewarming observed in group C is likely due to several
physiological and thermodynamic factors. At a lower
temperature (38 °C), the gradient between the patient’s core
temperature and the surrounding warming environment is
reduced, leading to a slower rate of heat transfer [24].
Additionally, peripheral vasoconstriction limits blood flow to
the skin and extremities, impeding the transport of externally
applied heat to the core [25]. Furthermore, the reduced metabolic
rate associated with hypothermia decreases endogenous heat
generation, collectively contributing to the extended recovery
time [21]. Consequently, the requirement for prolonged active
warming in groups C and F1 likely contributed to the statistical
difference observed in the total duration of PACU stay (P=.015).
Although the median stay was consistent at 60 minutes across
all groups, the distribution of discharge times suggests that while
group F2 may not shorten the mandatory minimum recovery
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time, it optimizes unit throughput by reducing the incidence of
prolonged stays.

Clinical Implications
Regarding safety and comfort, the incidence of adverse
events—including pain, nausea, vomiting, hemodynamic
changes, and shivering—did not differ significantly among the
groups, and no severe adverse events were observed. These
results align with the safety profile reported by Xu et al [19]
However, regarding patient experience, group F2 reported higher
satisfaction scores related to comfort during rewarming
compared to groups C and F1. This suggests that an initial
high-temperature setting effectively enhances thermal comfort,
while the subsequent reduction prevents the discomfort
associated with overheating.

Intraoperative factors—including ambient cooling, fluid
administration, and anesthesia-induced thermoregulatory
impairment—are known to significantly impact rewarming. In
this study, potential confounding was minimized through a
standardized intraoperative care protocol that included routine
fluid and forced-air warming. Furthermore, randomization
successfully balanced these physiological stressors across study
arms; as shown in Table 2, there were no significant differences
in operative duration, total fluid volume, or anesthetic technique.
Consequently, the observed differences in PACU outcomes can
be primarily attributed to the specific postoperative warming
protocols rather than intraoperative disparities.

Strengths and Limitations
This study has notable strengths and limitations. A key strength
is the rigorous randomization and standardized intraoperative
care, which successfully balanced potential confounders such
as operative duration and fluid volume across study arms.
However, several limitations exist. First, strict environmental
control of the PACU was challenging due to the open-plan

nature of the unit. The ambient temperature fluctuated between
22 and 24 °C, which serves as a potential environmental
confounder influencing convective heat loss. Nevertheless, this
variation reflects real-world clinical conditions, potentially
enhancing the ecological validity of our results. Second,
regarding measurement, reliance on tympanic thermometry
introduces inherent variability compared to the gold standard
of invasive core monitoring. We acknowledge that readings can
be affected by factors such as probe positioning, cerumen
obstruction, and post-anesthetic peripheral vasoconstriction. To
mitigate these inaccuracies, we strictly standardized the
technique by using the same device and assessing the ipsilateral
ear throughout the study, aiming to balance measurement
precision with patient comfort in the awake state. Third, data
collection involved intermittent recordings at 5-minute intervals
rather than continuous electronic monitoring. While this
frequency is clinically practical, it may lack the temporal
resolution to capture rapid, transient temperature fluctuations
during the active rewarming phase, potentially masking the true
extent of thermal variability. Finally, we did not perform a
formal cost-effectiveness analysis. Although the step-down
protocol (group F2) showed potential for optimizing PACU
throughput, future studies including economic evaluations are
needed to confirm the financial implications of these warming
strategies.

Conclusions
In summary, although varying temperature settings of forced-air
warming systems produced comparable rewarming times, the
protocol involving an initial setting of 42 °C followed by a
reduction to 38 °C (group F2) was associated with superior
maintenance of normothermia and a significantly lower
incidence of postoperative hypothermia recurrence. These
findings underscore the potential benefits of implementing
optimized warming protocols to enhance patient outcomes in
the PACU.
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Abstract

Background: Enhanced recovery after surgery (ERAS) programs bundle evidence-based interventions to standardize care,
expedite recovery, and improve outcomes. As ERAS programs have expanded, it has become clear that a major challenge is
monitoring the compliance of bundle elements and outcomes to feedback performance to stakeholders and guide changes. Manual
data abstraction is onerous and not feasible. Reliance on receiving new reports from busy health system IT groups is challenging.
Therefore, we sought to address this unmet need at our hospital by developing a novel ERAS Datamart system.

Objective: Our objectives were to develop a novel Datamart and Tableau dashboard to (1) enable continuous analysis of data,
harvested directly from the electronic medical record (EMR), measure compliance and outcomes, and (2) enable end users (e.g.,
an ERAS coordinator) to create reports customized based on surgical procedure types, requested data variables, and custom date
ranges.

Methods: After “buy-in” from hospital leadership and other stakeholders, data metrics were identified and categorized according
to phase of care, that is, preoperative, intraoperative, and postoperative. A multidisciplinary team reviewed International
Classification of Diseases, Tenth Revision procedure codes to capture EMR data for patients undergoing ERAS procedures. IT
was given a master list with metric names, definitions, and screenshots of the discrete field in the EMR to assist with building
the metrics. Validations of the novel Datamart were done against known ERAS patient populations maintained by the surgery
clinic.

Results: The Datamart and Tableau dashboard has been built, is functional, and contains over 17,000 patients across 5 ERAS
service lines: colorectal (n=1742), joint replacement (n=4235), surgical oncology (n=941), bariatric (n=1130), and cesarean
section (n=9390). Currently, 56 metrics spanning the perioperative period have been validated across these populations. Reports
can be tailored according to patients, time frames, and metrics. If desired, patient-level raw data can be exported for statistical
analyses. Two use cases (total joint replacement and surgical oncology ERAS programs) are presented showing how the Datamart
can be used.

Conclusions: Discrete fields within an EMR can be successfully captured into a novel Datamart and visualized using a custom
Tableau dashboard for providing stakeholder feedback, facilitating quality improvement analyses, and auditing pathways.

(JMIR Perioper Med 2026;9:e82472)   doi:10.2196/82472

KEYWORDS

data monitoring; enhanced recovery; enhanced recovery after surgery; ERAS; perioperative outcomes; quality improvement; web
platform
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Introduction

Enhanced recovery after surgery (ERAS) programs have
transformed perioperative care by implementing evidence-based
interventions that aim to standardize patient care and
management, decrease resource utilization, expedite recovery,
and improve patient outcomes [1-3]. The success and efficacy
of ERAS programs are most likely achieved through the
implementation of a comprehensive approach that bundles care
for patients undergoing elective surgery, encompassing
approximately 20 care elements [1,4].

It is increasingly recognized that as ERAS programs increase
in size, it is very challenging to monitor and track bundle
elements to feedback performance and guide outcomes.
Traditional methods usually rely on manual data abstraction,
frequent reports generated by hospital IT systems, or the use of
third-party data warehouses. As ERAS programs grow in size
and complexity, manual data abstraction becomes impractical
due to time demands, error risk, and challenges with real-time
analysis. Basic data points, such as length of stay, are easier to
track, but capturing complex metrics, such as total opioid use
(e.g., oral morphine equivalents), is often not feasible. Reliance
on an IT report strategy is typically limited by very long delays
in obtaining data reports from hospital IT workers who are
usually burdened with many requests. The use of third-party
data warehouses, for example, ERAS Interactive Audit System
(EIAS), offers an alternative but raises concerns about data
security, control, costs, system downtimes, and limited flexibility
[5]. To address the above limitations, our institution created a
novel dynamic Datamart dashboard.

Methods

Overview
Stony Brook University Hospital is a tertiary care academic
medical center on Long Island, New York. Its first ERAS
program (lumbar spine fusion) began in 2016, and an additional
9 ERAS programs were subsequently added. As the program
grew, this revealed the unmet need for how to efficiently capture
and monitor compliance and outcomes across a large number
of patients.

As described in more detail below, the process for creating this
system included: (1) leadership support and data governance,
(2) validated identification of relevant patients to be included
in the Datamart, (3) metric identification and validation, and
(4) Tableau visualization as the user interface.

Leadership Support and Data Governance
Under an institutional quality assurance program, a guideline
was developed to map the creation of a novel Datamart and
Tableau dashboard and govern the data extracted. To prioritize
this effort, a value statement was presented to institutional
leadership. This statement provided background information
on the institution’s ERAS programs, highlighted their prior
success, and outlined the intended purpose of the Datamart and
Tableau dashboard, such as monitoring and improving
compliance, reducing errors associated with manual data
abstraction, and limiting frequent report requests made to IT.

After approval, a Global ERAS Data Governance plan was
conceived with policies and procedures for protecting and using
ERAS data. These included how the data would be stored and
protected, who would have access to data, and how data would
be managed (e.g., requests for aggregate and patient-level
reports, quality assurance (QA) analyses, and institutional review
board–approved research projects). The Global ERAS Data
Governance plan was subsequently signed by applicable
departmental chairpersons to ensure data analysis was conducted
in accordance with institutional standards and to protect against
breaches of protected health information.

Identification of Relevant Patients

Choice of International Classification of Diseases, Tenth
Revision Codes Methods
We considered several possible strategies for identifying relevant
patients for a given ERAS pathway. The hospital’s operating
room schedule, that is, planned surgical procedure, provides
information on the “planned” procedure; however, it does not
accurately reflect the “actual” surgery performed. Current
procedural terminology professional billing codes were not used
since the hospital’s IT department did not have direct access to
them. Therefore, we decided to use the International
Classification of Diseases, Tenth Revision (ICD-10) Procedure
Coding System (PCS) since this was feasible and these codes
are believed to be accurate as they are used for hospital billing
purposes.

To ensure the accurate identification of the ERAS patient
population, the team collaborated closely with surgical leads
from each ERAS pathway. Surgical procedures were sent to the
coding department to identify the ICD-10 PCS associated with
specific procedures. The coding department supplied the leading
4 digits of all ICD-10 PCS for the specified procedures. These
digits encompass the section, body part, root operation, and
where relevant, the body part of the given procedure. This
preliminary list was forwarded to the IT department, which then
appended the remaining digits of the ICD-10 PCS,
corresponding to the approach, device, and qualifier, for the
procedures performed. Subsequently, a multidisciplinary team
reviewed the complete ICD-10 PCS to ensure the accurate
capture of electronic medical record (EMR) data for patients
undergoing ERAS procedures. This task required careful
attention due to the complexities and overlaps within ICD-10
PCS across multiple procedure types.

To ensure a comprehensive approach, a strategy was developed
that included both ICD-10 procedure codes and additional
criteria, such as surgical case procedure name and other
associated details (eg, associated ICD-10 PCS, ambulatory
surgical center vs main operating room, surgeon). This
established a robust, multistep process for accurately pinpointing
the desired patient population. This method ensured that only
patients who received care associated with an ERAS pathway
were included, enhancing the precision and reliability of the
data captured for monitoring and analysis.

Population Validation Methods
Next, we validated the accuracy of using these ICD-10
procedure codes to identify the desired patient population. This
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validation aimed to identify instances where incorrect patients
(non-ERAS patients) were erroneously included or, at the other
extreme, ERAS patients were missing (i.e., not included). Admit
type was then utilized to refine the patient population based on
the urgency of admission, categorized as urgent, emergent, or
elective. Since ERAS patients almost always fall into the
“elective” category, this refinement allowed for an additional
method for validating patient populations. Exception reports
were generated and scheduled for automated reporting of
patients who met the ICD-10 PCS criteria but were admitted
urgently or emergently. These records were then
cross-referenced with the EMR to verify their eligibility for
inclusion in the Datamart, ensuring only accurate ERAS
populations were maintained. Several validations of the
Datamart data were then performed by comparing the dataset
against known ERAS patient populations maintained by the
surgery clinic or stored in a REDCap (Research Electronic Data
Capture) database.

Metric Identification and Validation Methods
ERAS programs usually include many (e.g., ≥20) best practice
elements. For example, the use of nonopioid analgesics, such
as acetaminophen and nonsteroidal medications, is prioritized
to minimize opioid use [6]. Since there are no national
benchmarks for these programs to identify metrics of interest,
key stakeholders (e.g.surgeons, anesthesiologists, hospital
quality department personnel) were engaged. Metrics were
selected, defined, and aligned with institutional interest, key
performance, and patient safety indicators, and the American
College of Surgeons National Surgical Quality Improvement
Program (ACS NSQIP) by these stakeholders. We also sought
to identify metrics that would be broadly applicable to most
elective surgical procedures since the proposed Datamart system
would be used for all ERAS programs.

Given the variations in documentation that can occur across an
institution, it was crucial to investigate how and when an EMR
field was completed. For example, nursing staff across different
surgical specialties might record specifics related to urinary
catheterization in separate discrete fields within the EMR.
Additionally, there could be discrepancies in other charting
practices as well, such as documenting ambulation as the
“number of steps” taken versus “number of laps” taken. Metrics
were validated with each ERAS population to identify
discrepancies and ensure that the discrete field identified could
be applied to the majority of surgical populations. This
validation of metrics was carried out in multiple phases (e.g.,
6‐10 metrics at a time with each population) to alleviate the
burden of mass validation. Metric validations were performed
against known ERAS populations using manual chart review
to ensure accurate data extraction into the Datamart from
discrete EMR fields.

Once finalized, the metrics were categorized according to phase
of care: preoperative, intraoperative, postoperative, and
discharge. IT was provided with metric names, definitions, and
screenshots of the discrete fields in the EMR to assist with
building the metrics. To compartmentalize the data in the
Datamart, these phases were bucketed into 7 categories,
encompassing various areas of care. These categories included

patient characteristics, preoperative care, operating room,
postoperative fluid, postoperative multimodal analgesia,
postoperative opioid, and postoperative patient experience.

User Interface (Tableau Visualization) Methods
Tableau was chosen as the software for enabling a web-based
dashboard user interface due to its on-demand filtering options
and Health Insurance Portability and Accountability
Act–compliant capabilities. An open query was established
between our institution’s EMR relational database and the
Tableau dashboard. This setup allowed automated data extracts
from the EMR to the Tableau dashboard according to the desired
export rate. Multiple viewpoints and designs were trialed
through various builds created by IT. Essential filtering options,
such as specified time frames, surgical specialty, surgical
procedures, and other specific metrics, were established and
selected based on their relevance and informativeness for
patients receiving care related to ERAS.

Ethical Considerations
This project was conducted as part of an institutionally approved
quality improvement/quality assurance initiative aimed at
optimizing perioperative care processes and monitoring ERAS
program performance. In accordance with our institution’s
policies on human participants protections, quality
improvement/quality assurance activities that are designed solely
for internal program evaluation are not considered human
participants research.

Results

Results are presented in the same sequence of events (1-4) as
described in the Methods section.

Leadership Support and Data Governance
An ERAS data governance guidance plan was established. The
document outlined the appropriate use of the ERAS data
warehouse, including storage, protection from data breach and
leak of protected health information, access to data, and ensuring
data analysis is in accordance with institutional standards. Data
access is managed by a data access group. Requests for data
must be submitted in writing to the data access group for review
and approval. Data can be used for quality and research scholarly
activities.

Validation of Patient Selection Using ICD-10
Procedures Codes
Initially, 50 metrics were trialed with ICD-10 PCS for ERAS
colorectal procedures. The patient population yielded from these
codes returned many patients, more than 2-fold, compared to
the known ERAS colorectal population. Preliminary validations
revealed the need to (1) exclude surgery types such as emergent
or urgent, (2) exclude overly broad or ambiguous ICD 10
procedure codes, and (3) screen for potential inclusion of the
planned surgical case procedure. After validating the colorectal
population, the initial metrics were tested in the surgical
oncology and joint replacement ERAS populations. We then
backfilled data to 2015 to include pre-ERAS populations.
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After final validations, the Datamart (last 6.5 y) contains more
than 17,000 patients, consisting of colorectal (n=1742), surgical
oncology (n=941), joint replacement (n=4235), bariatric
(n=1130), and cesarian section (n=9390). In addition, the
Datamart contains over 3000 archived cases from 2015 to 2018.

Metric Identification and Validation
Over 100 metrics of potential interest, spanning the perioperative
period and including patient characteristics, were identified.

Several of these metrics represent the same metric measured at
different time points over several days, such as peak pain on
postoperative day (POD) 0, peak pain on POD 1, and peak pain
on POD 2. The metrics were categorized according to the phase
of care: preoperative, intraoperative, and postoperative.
Currently, there are 56 metrics (demographics, surgical and
anesthesia care, and postoperative endpoints) in the Datamart
Textbox 1.
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Textbox 1. Current metrics active in the Datamart.

1. Patient characteristics

• Patient age, mean or median

• Body mass index, mean or median

• Diabetes diagnosis, #/%

• Current smoker, #/%

• Chronic opioid use (regular opioid use as listed on home medications), #/%

• Associated diagnosis code, cancer, #/%

• Associated diagnosis code, inflammatory bowel disease, #/%

• Actual procedure completed, #/%

2. Preoperative care

• Preprocedural bowel prep, #/%

• Preprocedural oral antibiotics, #/%

• Total functional status score (sum of activities of daily living score on the day of surgery in the preoperative area), mean or median

• Hemoglobin A1c within 90 days (closest value prior to surgery start time), mean or median

• Hemoglobin within 30 days (closest value prior to surgery start time), mean or median

3. Operating room

• Laparoscopic procedure, #/%

• Rectal procedure, #/%

• Length of surgery, minutes, mean or median

• Total intravenous (IV) fentanyl, mcg, mean or median

• Received epidural or spinal, #/%

• Intraoperative crystalloid IV fluids, mL (sum of normal saline, lactated ringers, and D5W), mean or median

4. Postoperative opioid

• Day of surgery (DOS): oral morphine equivalent, mg, mean or median

• Postoperative day (POD) 1: oral morphine equivalent, mg, mean or median

• Postoperative day (POD) 2: oral morphine equivalent, mg, mean or median

5. Postoperative multimodal analgesia

• Day of surgery

• Oral acetaminophen, #/% of patients receiving any amount

• IV acetaminophen, #/% of patients receiving any amount

• IV or oral nonsteroidal anti-inflammatory drug (NSAID), #/% of patients receiving any amount

• Postoperative day 1:

• Oral acetaminophen, #/% of patients receiving any amount

• IV acetaminophen, #/% of patients receiving any amount

• IV or oral NSAID, #/% of patients receiving any amount

• Multimodal agents, # of agents received, mean or median

• Postoperative day 2:

• Oral acetaminophen, #/% of patients receiving any amount

• IV acetaminophen, #/% of patients receiving any amount

• IV or oral NSAID, #/% of patients receiving any amount
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Multimodal agents, # of types of agents received, mean/median•

• Postoperative day 3:

• Oral acetaminophen, #/% of patients receiving any amount

• IV acetaminophen, #/% of patients receiving any amount

• Total IV acetaminophen (DOS through POD 3), mg, mean or median

• Total oral acetaminophen (DOS through POD 3), mg, mean or median

6. Postoperative fluid

• Day of surgery

• Net input and output, mL, mean or median

• Total input, mL, mean or median

• · Postoperative day 1:

• Net input and output, mL, mean or median

• Total input, mL, mean or median

7. Postoperative patient experience

• Postoperative patient-controlled analgesia use, hours, mean or median

• Peak pain score on day of surgery, mean or median

• Peak pain score on postoperative day 1, mean or median

• Peak pain score on postoperative day 2, mean or median

• Postoperative urinary straight catheterization on day of surgery, #/%

• Postoperative urinary straight catheterization on postoperative day 1, #/%·

• Postoperative insertion of urinary catheter (insertion occurs more than 2 hours after surgery stop or removal in operating room), #/%

• Postoperative duration of urinary catheter, hours, mean or median

• Time to first flatus or bowel movement, hours, mean or median

• Postoperative duration of nasogastric tube, hours, mean or median

• Postoperative insertion of nasogastric tube (insertion occurs more than 2 hours after surgery stop or removal in operating room), #/%

• Delta creatinine (peak value within 72 hours postoperatively minus preoperative value), mean or median

• Postoperative length of stay, days, mean or median

• Discharge opioids (oral morphine equivalents) prescribed, mg, mean or median

Unless specified otherwise, units of measurement for continuous variables are mg and categorical end points are yes/no.

Tableau Visualization

Overview
The Datamart dashboard was designed to incorporate a
user-friendly interface, allowing users to easily generate
customizable reports. It offers tools to filter data by patient
population, time frames, and specific metrics, enabling a focused
analysis of ERAS outcomes (e.g., compare before and after
implementation outcomes, track changes in protocols over
specific time frames).

The user is first presented with a screening interface where
patient population, time frames, and age parameters can be
defined (Figure 1). By hovering over the colored square, the
user can also review certain patient and surgery-specific
information, such as associated ICD-10 PCS, surgeon, and date
of surgery (Figure 2). Patients can be deselected from the
population if, for example, erroneous classification of an
emergency trauma patient as an elective case.
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Figure 1. User interface (screening). User interface depicting screening options. The user can select time frames, patient age range, and surgical
population. The user is presented with the patient name, arrival and discharge date and time, patient age on day of surgery, qualifier for inclusion in the
Datamart (International Classification of Diseases, Tenth Revision [ICD-10] Procedure Coding System [PCS] and/or surgical case procedure), and
qualifier description. Patients can be selected or deselected on the right. Hovering over the colored square yields additional screening data (see Figure
2).

Figure 2. User interface (related screening). Additional screening information is available to the user. Hovering over the colored square next to the
International Classification of Diseases, Tenth Revision (ICD 10)/surgical case procedure (SCP) description “pops out” information related to the
selected case. This includes discharge location, surgical case number, surgeon name, and length of surgery.

On subsequent screens, the user can determine the metrics for
analysis and how to view the data (Figure 3). Filters can be
customized to focus on specific metrics or patient outcomes.
For example, to focus on total acetaminophen use, one can view
more details, such as “total IV acetaminophen on post-op day

1 (mean or median values).” Individual elements, such as opioid
administration or fluid management details, can also be isolated
for deeper analysis. Additionally, data can be displayed in
weekly, monthly, quarterly, or yearly summaries and saved and
exported as tables.
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Figure 3. User interface (metrics). After procedures have been selected for review, the user can determine the metrics for analysis. Metrics can be
viewed weekly, monthly, quarterly, or annually. Individual elements, such as opioid administration or fluid management details, can also be isolated
for deeper analysis. DOS: day of surgery; IV: intravenous;nasogastric tube; MMA: multimodal analgesia; NGT: NSAID: nonsteroidal anti-inflammatory
drug; OME: oral morphine equivalent; PCA: patient-controlled analgesia; POD: postoperative day.

For further in-depth analyses, for example, inferential statistical
analysis, users can export patient-level raw data in either
comma-separated value or Excel format. These data can be
exported in a deidentified manner, safeguarding against the
unintentional disclosure of protected health information when
exiting the secure Datamart dashboard. By using these features,
the Datamart permits users to analyze ERAS metrics with
precision, adapt to different populations, and investigate trends
and outcomes.

Use Case Examples: ERAS Total Joint Replacement and
Surgical Oncology
Using total joint replacement as a use case example, we sought
to compare patient care prior to the initiation of ERAS
(pre-ERAS n=693 cases) and 12 months post-ERAS

implementation (n=563 cases). Figures 4 and 5 show the impact
of an ERAS program on pain using the data harvested from the
Datamart, notably an apparent improvement in several
pain-related metrics. Of note, the Tableau dashboard does not
calculate or show error bars for continuous variables; the
calculation of these requires export of the raw data for statistical
analysis. Therefore, we opted to present mean and median, since
if they are similar, it suggests that the data are normally
distributed and the mean value is not inflated due to a few large
outliers. Therefore, for most day-to-day QA purposes, the
presentation of mean and median is sufficient, but for more
rigorous quantitative analysis, for example, inferential statistics
for hypothesis testing, the export of patient-level raw data allows
that capability.
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Figure 4. Enhanced recovery after surgery (ERAS) total joint replacement program: impact on pain. The Tableau dashboard does not display error
bars for continuous variables; these require the export of patient-level raw data for statistical analysis, which is a capability of the Datamart. As ERAS
pathways are primarily a quality assurance (QA) initiative, we report mean and median values, as their similarity suggests a roughly normal distribution
without major outliers. DOS: day of surgery; IV: intravenous; NSAID: nonsteroidal anti-inflammatory drug; OME: oral morphine equivalent; POD:
postoperative day.
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Figure 5. Enhanced recovery after surgery (ERAS) surgical oncology program: impact on pain. The Tableau dashboard does not display error bars for
continuous variables; these require export of patient-level raw data for statistical analysis, which is a capability of the Datamart. As ERAS pathways
are primarily a quality assurance (QA) initiative, we report mean and median values, as their similarity suggests a roughly normal distribution without
major outliers. DOS: day of surgery; IV: intravenous; NSAID: nonsteroidal anti-inflammatory drug; OME: oral morphine equivalent; POD: postoperative
day.

We noticed similar findings for our Surgical Oncology ERAS
program (Figure 5).

Discussion

Principal Results
The novel Datamart dashboard has been a transformative tool
at our hospital by enabling continuous analysis of ERAS
programs and patient outcomes. By automating data extraction
from the EMR, the Datamart eliminates the need for manual
data abstraction, likely reducing errors and improving data
accuracy. This centralized system currently serves as the primary
data resource for our institutional ERAS programs, streamlining
the monitoring of bundle elements and outcomes at both the
individual and aggregate levels. Successful adoption required
early stakeholder engagement, quarterly dashboard reviews,
and review at quarterly stakeholder meetings. Barriers included
initial unfamiliarity with Tableau capabilities and competing
clinical priorities. These were mitigated through targeted training
and dashboard use in routine quality meetings.

Key features of the Datamart include categorized metrics across
perioperative phases, tailored reporting capabilities, and the
ability to export data. The level of granularity of the Datamart
provides actionable insights into ERAS pathway efficacy,
supporting evidence-based decision-making.

Limitations
Despite its many advantages, the Datamart has some limitations
that warrant mention. As with any EMR-based form of data
capture, it relies on accurate charting by clinicians, which is not
infallible. For example, postoperative ambulation was not
included in this iteration, as documentation practices are
inconsistent. Moreover, patient-reported outcomes, such as
satisfaction and functional recovery, are not currently
documented in the EMR, which prevents their inclusion in the
Datamart.

Accurately identifying patients on an ERAS pathway is another
challenge. The Datamart relies on ICD-10 PCS for surgical
procedure identification, which can lead to the inadvertent
inclusion of non-ERAS cases. For example, procedures such
as hemorrhoidectomy (non-ERAS) and hemicolectomy (ERAS)
share the same ICD-10 PCS, requiring manual filtering to
exclude nonrelevant cases. While procedures, such as total knee
replacement or cesarean section, are easier to identify due to
constrained coding options, consistent oversight is critical for
accurate data classification.

An intentional 2-month lag in data import further limits real-time
analysis. However, this delay ensures the accuracy of ICD-10
coding and surgical procedure inclusion, contributing to the
integrity of the dataset.
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Comparison With Prior Work
Health care auditing has significantly evolved with the advent
of digital dashboards, data warehouses, and interactive audit
systems. Before widespread dashboard integration, many
institutions relied on manual data abstraction and semiautomated
systems. Manual abstraction is cumbersome and relies on human
resources to extract data from the EMR to input into a repository
for analysis (e.g., REDCap, Microsoft Excel) [7-9].
Semiautomated audits (e.g. IT-generated reports), which at our
institution can take 9 months or longer, add to the resource
burden. Some institutions combine EMR data extraction with
administrative databases (e.g., NSQIP) to build a centralized

reporting structure [2,10]. However, reliance on these reports
poses challenges such as delayed access to real-time data, lack
of customization, and risk of system downtimes.

For some institutions with ERAS pathways, third-party data
warehouses (e.g., EIAS) may be an option [5]. While they offer
additional storage and analysis options, third-party warehouses
present issues of data security, higher costs, and limited control
over information (see Table 1). In contrast, our in-house
customizable Datamart can support diverse ERAS populations
and continuous improvements through iterative refinements
based on user feedback and technological advancements.

Table . Comparison between the Datamart and third-party options.

ACSb NSQIPcEIASaDatamart+TableauFeature

External benchmarking databaseVendor-controlled; limited flexibili-
ty

Full institutional control over dataData control

Standardized measures; less cus-
tomizable

Some customization possible, but
limited

Highly customizable by procedure
type, metrics, and time frame

Customization

Reports released quarterly or semi-
annually

Typically delayed, relies on uploadNear real-time (2-month lag for data
integrity)

Real-time access

Expensive participation and data
access

Requires subscription or license feesInternal development; no licensing
fees

Cost

Data deidentified but externally
stored

Data housed externally; possible
security concerns

Remains within institutional fire-

wall; HIPAAd-compliant

Data security

Fixed set of standard metricsLimited to ERASe-recommended
fields

Fully institution-defined (≥56 met-
rics currently used)

Metric flexibility

Only covers specific surgeries (e.g.,
colectomy)

Limited by system design and ven-
dor

Easily scalable across services and
use cases

Scalability

aEIAS: ERAS Interactive Audit System.
bACS: American College of Surgeons.
cNSQIP: National Surgical Quality Improvement Program.
dHIPAA: Health Insurance Portability and Accountability Act.
eERAS: enhanced recovery after surgery.

While we were unable to find reports in the literature of the use
of a datamart with dashboard visualization tools to support
ERAS programs, these tools have been described in other types
of quality, clinical, and research programs. Institutionally
developed data infrastructures have been used to aggregate
disparate data sources into unified repositories to support
research and clinical audits [11-13]. Interactive dashboards (e.g.,
Tableau and Qlik) have been implemented to visualize clinical
performance and facilitate quality improvement efforts [14-16].
Thus, enabling data-driven feedback to stakeholders. The
Datamart combines the filtering and query capabilities of a
unified data repository with the visualization tools of interactive
dashboards to improve patient outcomes, enhance adherence to
protocols, improve interdisciplinary communication, and support
decision-making.

Conclusions
The Datamart represents a significant advancement in ERAS
program management. Unlike third-party systems, such as the
EIAS or ACS NSQIP, the Datamart provides full institutional
control over data, customizable metrics aligned with local

priorities, and flexible reporting capabilities. Although
third-party systems can be limited by fixed datasets, external
data hosting, and reporting delays, the Datamart enables near
real-time internal data access, tailored QA tracking, and the
ability to refine metrics, as clinical needs evolve. This offers a
robust, centralized, and automated approach to data monitoring
and analysis without recurring licensing costs or dependence
on vendor timelines. The ability to reduce manual abstraction,
improve data accuracy, and evaluate intervention makes the
Datamart a vital tool for enhancing perioperative care.

There are several promising directions for the enhancement and
expansion of this system. Integrating predictive analytics,
automated alerts, natural language processing, and machine
learning into the Datamart could enable users to better anticipate
complications and tailor interventions [11,12]. For example,
predictive models could identify patients at high risk for ERAS
noncompliance or adverse outcomes, allowing proactive
adjustments to care plans. Automated alerts embedded within
the dashboard could notify clinicians in real time when critical
metrics fall outside expected ranges, supporting timely
interventions and reducing preventable complications.
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Expanding the dashboard to encompass additional surgical
specialties and incorporating patient-reported outcomes, through
structured EMR fields or digital surveys, into the Datamart
could further enhance applicability and patient-centered care.
These innovations would transform the Datamart from a
retrospective monitoring tool into a dynamic, decision-support
platform that drives continuous improvement in perioperative
care.

As ERAS programs grow in scope and complexity, the need
for scalable, adaptable solutions to implementing and monitoring
evidence-based care and patient outcomes is increasingly

evident. This novel Datamart dashboard addresses many of
these challenges while providing a foundation for ongoing
innovation. Although developed within Cerner, the Datamart
framework is adaptable to other EMRs, provided discrete data
fields are available. Implementation requires collaboration with
nursing, anesthesiology and surgical services, institutional IT,
along with Tableau or similar visualization tools. Institutions
seeking to improve ERAS monitoring may consider adapting
the framework described here, tailoring metric section and
dashboard design to their local EMR environment and clinical
priorities.
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Abstract

Background: Traditional statistical models often fail to capture the complex dynamics influencing survival outcomes in patients
with bladder cancer after radical cystectomy, a procedure where approximately 50% of patients develop metastases within 2
years. The integration of artificial intelligence (AI) offers a promising avenue for enhancing prognostic accuracy and personalizing
treatment strategies.

Objective: This study aimed to develop and evaluate a machine learning algorithm for predicting disease-free survival (DFS),
overall survival (OS), and the cause of death in patients with bladder cancer undergoing cystectomy, using a comprehensive
dataset of clinical and pathological variables.

Methods: Retrospective data of 370 patients with bladder cancer who underwent radical cystectomy at Fondazione Policlinico
Universitario Agostino Gemelli IRCCS, Rome, Italy, were collected. The dataset comprised 20 input variables, encompassing
demographics, tumor characteristics, treatment variables, and inflammatory markers. For specific analyses and models, we used
patient subcohorts. The CatBoost algorithm was used for regression tasks (DFS in 346 patients, OS in 347 patients) and a binary
classification task (tumor-related death in 312 patients). Model performance was assessed using mean absolute error (MAE) for
regression and F1-score for classification, prioritizing a minimum recall of 75% for tumor-related deaths. Five-fold cross-validation
and Shapley additive explanations (SHAP) values were used to ensure robustness and interpretability.

Results: For DFS prediction, the CatBoost model achieved an MAE of 18.68 months, with clinical tumor stage and pathological
tumor classification identified as the most influential predictors. OS prediction yielded an MAE of 17.2 months, which improved
to 14.6 months after feature filtering, where tumor classification and the systemic immune-inflammation index (SII) were most
impactful. For tumor-related death classification, the model achieved a recall of 78.6% and an F1-score of 0.44 for the positive
class (tumor-related deaths), correctly identifying 11 of 14 cases. Bladder tumor position was the most influential feature for
cause-of-death prediction.

Conclusions: The developed machine learning algorithm demonstrates promising accuracy in predicting survival and the cause
of death in patients with bladder cancer after cystectomy. The key predictors include clinical and pathological tumor staging,
systemic inflammation (SII), and bladder tumor position. These findings highlight the potential of AI in providing clinicians with
an objective, data-driven tool to improve personalized prognostic assessment and guide clinical decision-making.

(JMIR Perioper Med 2026;9:e86666)   doi:10.2196/86666

KEYWORDS

cystectomy; disease-free survival; artificial intelligence; neoplasm staging; retrospective studies; urinary bladder neoplasms;
clinical decision-making; machine learning; statistical models
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Introduction

In the evolving landscape of health care, the integration of
artificial intelligence (AI) into clinical decision-making has
gained significant momentum, particularly in the realm of
oncology [1,2]. With advancements in machine learning
techniques, health care professionals are increasingly harnessing
the power of AI to enhance diagnosis, prognosis, and treatment
planning. The exponential growth of digital health care data,
including electronic health records, medical imaging, genomic
data, and real-time patient monitoring, has fueled the
development of predictive algorithms [1,3].

The field of urology is complex: cancerous conditions benefit
from the leverage of additional data sources and
decision-making algorithms that allow physicians to plan
treatment while considering several complex factors. Urological
cancers, including prostate, bladder, and renal cancers, place a
considerable burden on health care systems worldwide [4].
These malignancies often require complex management
involving early diagnosis, accurate staging, and personalized
treatment strategies to optimize patient outcomes. Traditional
methods of assessing prognosis rely heavily on statistical models
that may not capture the multifaceted nature of cancer behavior
and patient responses to treatment. Conventional regression
statistics often fail to provide the depth of analysis required to
address the complexities of cancer management. In contrast, AI
techniques, such as artificial neural networks, Bayesian
networks, and neuro-fuzzy modeling systems, offer innovative
approaches to constructing data-driven models that can adapt
to the heterogeneous nature of cancer [5].

The potential of AI in predicting patient outcomes is particularly
evident in its ability to analyze large datasets without the
constraints of predetermined statistical distributions. By
leveraging retrospective data, we can develop algorithms that
not only identify patterns and correlations but also provide
insights into individual patient behavior. This capability is
crucial for clinicians who face the challenge of tailoring
treatment plans to the unique characteristics of each patient. In
the context of mortality and postoperative survival, the
application of AI can provide critical insights that enhance our
understanding of patient outcomes following surgical
interventions. The ability to predict which patients are at higher
risk of complications or recurrence can lead to more informed
clinical decisions, ultimately improving the quality of care [6].
For instance, machine learning algorithms can analyze a
multitude of variables, including clinical, pathological, and
demographic factors, to generate individualized risk profiles
that guide treatment strategies and follow-up plans [7]. Recent
urological research has shown that combining hematological
inflammation indexes with machine learning algorithms can
improve the prediction of surgical outcomes, as demonstrated
in patients who underwent urethroplasty [8].

In this study, we focus specifically on the training of an AI
algorithm using retrospective data collected from patients
diagnosed with bladder cancer who underwent radical

cystectomy. Patients with localized muscle-invasive or recurrent
non–muscle-invasive bladder cancer benefit most from radical
cystectomy, which may be preceded by neoadjuvant
chemotherapy in selected cases, in terms of local disease control.
Even with sufficient local control achieved through cystectomy,
approximately 50% of patients develop metastases within 2
years and may ultimately die from the disease. This is likely
due to the existence of regional or distant microscopic metastatic
disease at the time of surgery [9]. The proposed methodology
will involve the comprehensive examination of variables
associated with patient demographics, tumor characteristics,
treatment modalities, and postoperative outcomes. Using
machine learning techniques, we aim to identify key predictors
of mortality and postoperative survival, ultimately constructing
a predictive model with potential relevance for clinical
decision-making.

Methods

Study Design
We collected retrospective data on patients with high-risk and
very high-risk non–muscle-invasive bladder cancer and
muscle-invasive bladder cancer who underwent radical
cystectomy at Fondazione Policlinico Universitario Agostino
Gemelli IRCCS in Rome, Italy. The dataset included data on
various clinical and pathological variables from 370 patients.

Ethical Considerations
Ethical approval was obtained from the institutional ethical
review board (protocol number 676‐02). As primary consent
for data collection covered secondary analyses, additional
consent was not required for this study. The data used in this
study were anonymized, and no compensation was provided to
patients.

Data Collection and Preprocessing
Clinical and pathological data were extracted from medical
records, including demographic, lifestyle, tumor, treatment, and
laboratory variables. The dataset was split into three
outcome-specific subsets to maximize the usable sample for
each task:

1. DFS dataset: predicting disease-free survival (DFS) in
months (346 patients in total).

2. OS dataset: predicting overall survival (OS) in months (347
patients in total).

3. Death cause dataset: for classification purposes, the classes
“death from other causes” and “alive” were merged into a
single negative class to create a binary variable. Therefore,
the cause is defined as either “no” or “yes,” depending on
whether it was tumor related (312 patients in total).

The variables included in the dataset are detailed in Table 1.
All categorical variables were cast as strings to allow native
handling by CatBoost (version 1.2.8; Yandex).

A total of 20 input variables were selected for model
development.
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Table . Variables included in the study

Input/outputData typeDescriptionVariable (English)

Patient demographics and lifestyle

InputNumericalAge (years)    AGE

InputNumericalBody mass index (kg/m2)    BMI

InputCategoricalBiological sex (0: man, 1: woman)    SEX

InputCategoricalSmoker (0: no, 1: yes)    SMOKE

Patient medical history

InputCategoricalPatient has diabetes mellitus (0: no,
1: yes)

    DM

InputCategoricalPatient had previously undergone
surgery in the abdominal area (0:
no, 1: yes)

    PRIOR SURGERY

InputCategoricalPatient had previously received ra-
diotherapy in the abdominal area (0:
no, 1: yes)

    PRIOR RADIOTHERAPY

InputCategoricalPatient had previously received
systemic chemotherapy (0: no, 1:
yes)

    PRIOR SYSTEMIC
CHEMOTHERAPY

Tumor characteristic

InputCategoricalIdentifier of tumor position (0: inter-
trigonal zone, 1: right periosteal, 2:

    BLADDER TUMOR POSITION

left periosteal, 3: dome, 4: posterior
wall, 5: right lateral wall, 6: left lat-
eral wall, 7: prostatic urethra, 8: an-
terior wall, 9: entire bladder, 10:
bladder base)

InputNumericalTumor dimension (cm)    TUMOR DIMENSION

InputCategoricalHydronephrosis (0: no, 1: right hy-
dronephrosis, 2: left hydronephrosis,
3: bilateral hydronephrosis)

    PRE-HYDRONEPHROSIS

InputCategoricalHistological examination for
transurethral resection of the bladder

    H.E. TURV

(0: localized to mucosa +/– submu-
cosa multirecurrent, 1: muscle-inva-
sive, 2: squamous)

InputCategoricalLymphovascular invasion (0: ab-
sent, 1: present)

    LVI

InputCategoricalClinical tumor stage (0: cTa, 1: cTis,
2: cT1, 3: cT2, 4: cT3, 5: cT4)

    CTS

InputCategoricalTumor classification (1: T0, 2: Ta,
3: Tis, 4: T1, 5: T2a, 6: T2b, 7: T3a,
8: T3b, 9: T4a, 10: T4b)

    TC

Inflammatory and immune marker

InputNumericalSystemic immune-inflammation in-
dex (decimals)

    SII

Treatment and outcome

InputCategoricalUrinary diversion type (0: Bricker
ileal conduit, 1: ureterocutaneosto-
my, 2: vesicoileal pouch)

    UD

InputCategoricalTumor recurrence (0: no, 1: yes)    RECURRENCE

OutputNumericalDisease-free survival after treatment
(in months)

    DFS
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Input/outputData typeDescriptionVariable (English)

OutputNumericalOverall survival: time from diagno-
sis/treatment start to death from any
cause (in months)

    OS

OutputCategoricalCause of death (X: alive, 1: other,
2: cancer); later merged (0: alive +
other, 1: cancer)

    DEATH CAUSE

Machine Learning Models
To predict clinical outcomes, we used the CatBoost algorithm
for both regression (DFS and OS) and classification (cause of
death) tasks, as it is effective for small and structured datasets.

For DFS and OS, we applied CatBoostRegressor models. For
predicting the cause of death, we used the CatBoostClassifier,
with the binary outcome of death being tumor related or not.

DFS and OS Model Evaluation
For the regression tasks (DFS and OS), we evaluated model
performance using mean absolute error (MAE) to quantify the
average prediction error in months.

Cause-of-Death Classification Model
For the classification task (cause of death), we evaluated
performance using the F1-score. The F1-score is a single metric
that balances precision and recall, particularly useful in cases
of imbalanced classes where the positive class is of primary
interest. For class 1 (tumor-related deaths), it was calculated as
the harmonic mean of precision and recall:

(1)F1=2∗(Precision∗Recall)/(Precision+Recall)

Precision is the proportion of correctly identified positive
predictions among all positive predictions, and recall is the
proportion of correctly identified positive predictions among
all actual positives.

(2)Precision=TP/(TP+FP)

(3)Recall=TP/(TP+FN)

Confusion matrices were used to examine prediction
distributions, and probability thresholds were adjusted to
optimize recall while limiting false positives. To account for
class imbalance in the classification task, we applied custom
class weights. We adjusted the decision threshold, aiming for
a minimum recall of 75% to ensure that most tumor-related
deaths were accurately identified and classified.

Cross-Validation and Hyperparameter Tuning
All models were trained and evaluated using 5-fold
cross-validation to ensure generalizability and reduce the risk

of overfitting, especially given the relatively small dataset. In
addition, we applied early stopping with a patience range of 30
to 50 rounds, allowing the model to terminate training once
performance ceased to improve on the validation fold.

To enhance the interpretability and transparency of the
developed machine learning models, we used violin plots and
Shapley additive explanations (SHAP) scatterplots to investigate
the impact of variables on the prediction of the results. Violin
plots show the effect of each variable on the results, both in
terms of direction (favorable or unfavorable) and intensity. The
SHAP scatterplot assigns an importance value to each feature
for a particular prediction. For each patient, the SHAP values
revealed the specific features driving the predicted risk of tumor
death. By aggregating the SHAP values across the entire cohort,
the overall impact and importance of each clinical and
pathological variable on the model’s outcome predictions were
determined. This enabled the identification of the most
significant factors influencing the outcomes of patients with
bladder cancer after cystectomy.

This paper presents only the most significant results of the
analysis. The complete analysis is available online for open
access [10].

Transparent Reporting of a Multivariable Prediction
Model for Individual Prognosis or Diagnosis Guidelines
for AI
To enhance the transparency, interpretability, and reproducibility
of our machine learning-based prediction models, this study
adheres to the Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis
(TRIPOD) statement, specifically considering the extensions
for AI (TRIPOD+AI). The TRIPOD+AI guidelines provide a
standardized framework for reporting studies that develop or
validate prediction models, ensuring that sufficient detail is
provided for critical appraisal and replication by other
researchers. By following these guidelines, we aim to clearly
articulate the study design, data characteristics, model
development process, and performance evaluation, thereby
contributing to the responsible and rigorous application of AI
in medical research (Table 2).
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Table . Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis checklist for reporting studies involving
artificial intelligence (TRIPOD+AI).

Description of reporting in this studyTRIPOD+AI item

1. Title • Survival Prediction in Patients with Bladder Cancer Undergoing
Radical Cystectomy Using a Machine Learning Algorithm: Retro-
spective Single-Center Study

2. Abstract • The abstract summarizes the study's objectives, methods, key findings,
and conclusions.

3. Introduction - background • The introduction will establish the clinical context of bladder cancer,
the prognostic challenges, and the rationale for using machine learn-
ing.

4. Methods - participants

    4a. Eligibility criteria • Patients who underwent radical cystectomy for bladder cancer, with
available data for selected variables

    4b. Settings and locations • Data collected retrospectively from a single institution: Fondazione
Policlinico Universitario Agostino Gemelli IRCCS, Rome, Italy

    4c. Source of data • Patient medical records

5. Data acquisition method • Retrospective data extraction into a spreadsheet

6. Methods - outcome

    6a. Definition of outcomes • Disease-free survival (DFS): time in months from treatment to recur-
rence or death (event) or last follow-up (censored)

• Overall survival (OS): time in months from diagnosis/treatment start
to death from any cause (event) or last follow-up (censored)

• DEATH CAUSE: binary classification (0: did not die from the tumor,
1: died from the tumor)

    6b. Outcome measurement • DFS and OS were calculated from documented dates.
• The cause of death was extracted from medical records and recatego-

rized for binary classification.

7. Methods - predictors
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Description of reporting in this studyTRIPOD+AI item

• AGE: patient’s age (years)
• BMI (kg/m2)
• DM: patient has diabetes mellitus (0: no, 1: yes)
• PRIOR SURGERY: patient had previously undergone surgery in the

abdominal area (0: no, 1: yes)
• PRIOR RADIOTHERAPY: patient had previously received radio-

therapy in the abdominal area (0: no, 1: yes)
• PRIOR SYSTEMIC CHEMOTHERAPY: patient had previously re-

ceived systemic chemotherapy (0: no, 1: yes)
• BLADDER TUMOR POSITION: identifier of tumor position (0:

intertrigonal zone, 1: right periosteal, 2: left periosteal, 3: dome, 4:
posterior wall, 5: right lateral wall, 6: left lateral wall, 7: prostatic
urethra, 8: anterior wall, 9: entire bladder, 10: bladder base)

• TUMOR DIMENSION: tumor dimension (cm)
• PRE-HYDRONEPHROSIS: pretreatment hydronephrosis (0: no, 1:

right hydronephrosis, 2: left hydronephrosis, 3: bilateral hydronephro-
sis)

• SEX: biological sex (0: man, 1: woman)
• SMOKE: patient smokes (0: no, 1: yes)
• H.E. TURV: histological examination for transurethral resection of

the bladder (0: localized to mucosa +/– submucosa multirecurrent,
1: muscle-invasive, 2: squamous)

• SII: systemic immune-inflammation index (decimals)
• UD: urinary diversion type (0: Bricker ileal conduit, 1: ureterocuta-

neostomy, 2: vesicoileal pouch)
• LVI: lymphovascular invasion (0: absent, 1: present)
• CTS: clinical tumor stage (0: cTa, 1: cTis, 2: cT1, 3: cT2, 4: cT3, 5:

cT4)
• TC: tumor classification (1: T0, 2: Ta, 3: Tis, 4: T1, 5: T2a, 6: T2b,

7: T3a, 8: T3b, 9: T4a, 10: T4b)

    7a. Definition of all predictors

• Predictors were measured clinically (eg, age and BMI), derived from
patient history (eg, prior surgeries and smoking status), or derived
from laboratory or pathology reports (eg, SII, tumor dimension, LVI,
CTS, and TC).

    7b. Predictor measurement

8. Methods - sample size

• The available retrospective data determined the sample size. No for-
mal power calculation was performed due to the exploratory nature
of the study and the limitations of the data.

    8a. Sample size determination

9. Methods - data handling

• Rows with null values in specific critical variables (“TUMOR DI-
MENSION,” “LVI,” “TC,” “H.E. TURV,” “RECURRENCE,” “DFS,”
“OS,” “DEATH CAUSE”) were removed. No imputation was per-
formed.

    9a. Handling of missing data

• Numerical variables were type-adjusted to int or float. Categorical
variables were explicitly converted to category type. “DEATH
CAUSE” was recategorized into a binary format.

    9b. Data transformation

10. Methods - model development
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Description of reporting in this studyTRIPOD+AI item

• CatBoostRegressor (for DFS and OS) and CatBoostClassifier (for
DEATH CAUSE).

    10a. Model type

• All 17 selected independent variables were used as candidate predic-
tors for each model, based on the relevant dataset (df1 [DFS], df2
[OST], df3 [DEATH CAUSE]).

    10b. Candidate predictors

• Continuous predictors (AGE, BMI, TUMOR DIMENSION, SII)
were used directly by CatBoost, which handles them internally.

    10c. Handling of continuous predictors

• Categorical predictors were identified and explicitly converted to
string type before training. CatBoost natively handles categorical
features without explicit one-hot encoding.

    10d. Handling of categorical predictors

• CatBoostRegressor (iterations=1000, learning_rate=0.05, depth=6,
loss_function=”RMSE,” eval_metric=”MAE,” early_stop-
ping_rounds=50, random_seed=42, verbose=0). Similar configura-
tions for CatBoostClassifier, with “Logloss” or “MultiClass” as loss
function.

    10e. Details of model fitting

• Data were split into training (80%) and testing (20%) sets using
train_test_split with random_state=42. Five-fold cross-validation
(KFold, shuffle=True, random_state=42) was performed on the
training set.

    10f. Internal validation method

• Regression (DFS, OS): mean absolute error (MAE)
• Classification (DEATH CAUSE): F1-score for class 1 (tumor-related

deaths), prioritizing recall

    10g. Performance metrics

• Performance was assessed on the independent test set. For classifica-
tion, a confusion matrix was used.

11. Assessment of prediction performance

• CatBoost's built-in feature importance was used. Shapley additive
explanations (SHAP) values were computed and visualized using
violin plots and scatterplots to understand the individual contributions
of each feature.

12. Model interpretation methods

Results

Patient Characteristics
The study included a final cohort of 374 patients. After
excluding incomplete records, the analytical sample sizes were
346 for DFS prediction, 347 for OS prediction, and 312 for
death cause prediction. Some records indicate fewer than 374
patients, as not all characteristics were available for every
individual in the population.

Table 3 presents the baseline clinical, pathological, and
demographic characteristics of the study population, comprising
79.4% (297/374) men and 20.6% (77/374) women. A majority,
79.4% (296/373) were active smokers, and 21.4% (80/374) had
a diagnosis of diabetes mellitus. Prior surgery was reported for
33.7% (126/374) of patients, while previous radiotherapy and
systemic chemotherapy were less common, 5.1% (19/374) and
3.5% (13/374), respectively. Preoperative hydronephrosis was
present in approximately one-third of cases, most frequently
unilaterally.
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Table . Characteristics of the patients in the dataset.

ValueCharacteristic

Continuous variables

75.2 (9.5)    Age (years), mean (SD)

26.6 (4.2)    BMI (kg/m2), mean (SD)

2.2 (1.1‐2.8)    Tumor dimension (cm), median (IQR)

654.7 (408.0‐1047.0)    SIIa, median (IQR)

23.0 (6.0‐52.8)    DFSb (months), median (IQR)

29.0 (10.8‐55.4)    OSc (months), median (IQR)

Categorical variables, n/N (%)

    Sex

297/374 (79.4)        Men

77/374 (20.6)        Women

    Smoking status

77/373 (20.6)        No

296/373 (79.4)        Yes

    Diabetes mellitus

294/374 (78.6)        No

80/374 (21.4)        Yes

    Prior surgery

248/374 (66.3)        No

126/374 (33.7)        Yes

    Prior radiotherapy

355/374 (94.9)        No

197/374 (5.1)        Yes

    Prior chemotherapy

361/374 (96.5)        No

13/374 (3.5)        Yes

    Pre-hydronephrosisd

257/374 (68.7)        None

44/374 (11.8)        Right

40/374 (10.7)        Left

33/374 (8.8)        Bilateral

    Histological examination (H.E. TURV)

138/372 (37.1)        Localized

212/372 (57)        Muscle-invasive

22/372 (5.9)        Squamous

    Urinary diversion type

278/373 (74.5)        Bricker ileal conduit

36/373 (9.7)        Ureterocutaneostomy

59/373 (15.8)        Vesicoileal pouch

    Lymphovascular invasion

158/371 (42.6)        Absent
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ValueCharacteristic

213/371 (57.4)        Present

    Clinical tumor stage

132/366 (36.1)        cTa

43/366 (11.7)        cTis

77/366 (21)        cT1

74/366 (20.2)        cT2

31/366 (8.5)        cT3

9/366 (2.5)        cT4

    Tumor classification

16/342 (4.7)        T0

18/342 (5.3)        Ta

60/342 (17.5)        Tis

47/342 (13.7)        T1

54/342 (15.8)        T2a

7/342 (2)        T2b

80/342 (23.4)        T3a

10/342 (2.9)        T3b

42/342 (12.3)        T4a

8/342 (2.4)        T4b

    Bladder tumor position

44/365 (12.1)        Intertrigonal zone

25/365 (6.8)        Right periosteal

39/365 (10.7)        Left periosteal

22/365 (6)        Dome

58/365 (15.9)        Posterior wall

71/365 (19.5)        Right lateral wall

58/365 (15.9)        Left lateral wall

8/365 (2.2)        Prostatic urethra

26/365 (7.1)        Anterior wall

12/365 (3.3)        Entire bladder

2/365 (0.5)        Bladder base

    Cause of death

205/363 (56.5)        Alive

71/363 (19.6)        Other

87/363 (23.9)        Cancer

aSII: systemic immune-inflammation index.
bDFS: disease-free survival.
cOS: overall survival.
dPre-hydronephrosis: pretreatment hydronephrosis.

Histologically, 57% (212/372) of tumors were muscle invasive,
while 37.1% (138/372) were localized to the mucosa or
submucosa, and 5.9% (22/372) exhibited squamous features.
The most common urinary diversion method was Bricker ileal
conduit (278/373, 74.5%), followed by vesicoileal pouch

construction (59/373, 15.8%) and ureterocutaneostomy (36/373,
9.7%). Lymphovascular invasion was observed in 57.4%
(213/371) of patients.

In terms of staging, the most frequent clinical tumor stages were
cTa (132/366, 36.1%) and cT1 (77/366, 21%), while advanced
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stages (cT3 and cT4) were less common (40/366, 11%). Tumor
classification was heterogeneous, with T3a (80/342, 23.4%)
and Tis (60/342, 17.5%) being most prevalent.

Regarding tumor location, the most frequent sites were the right
lateral wall (71/365, 19.5%), the posterior wall (58/365, 15.9%),
and the left lateral wall (58/365, 15.9%). At the time of data
collection, of 363 patients, 205 (56.5%) were alive, 87 (24%)
had died due to cancer-related causes, and 71 (19.6%) had died
from other causes.

DFS Prediction
The CatBoostRegressor model was trained to predict DFS in
months. Input variables are indicated in Table 1. After 5-fold
cross-validation and manual hyperparameter tuning, the model
achieved an MAE of 18.68 months, indicating that, on average,

the model’s predictions deviated by approximately 1.5 years
from the observed DFS.

Figure 1 presents the global feature importance ranking from
the CatBoost model trained to predict DFS. This ranking reflects
the contribution of each variable to reducing the model’s
prediction across all patients. The most influential predictor
was the clinical tumor stage, with an importance score of
approximately 17, followed by the pathological tumor
classification, with an importance score of approximately 14,
reflecting the role of tumor invasiveness, local extension, and
accurate tumor staging in DFS prediction. The systemic
immune-inflammation index (SII) ranked highly, with a score
of approximately 9.5. To a lesser extent, demographic and
anatomical variables, such as BMI, age, and tumor dimension,
also contributed to the model.

Figure 1. Global feature importance ranking to predict disease-free survival. CTS: clinical tumor stage; DM: diabetes mellitus; H.E. TURV: histological
examination for transurethral resection of the bladder; LVI: lymphovascular invasion; PRE-HYDRONEPHROSIS: pretreatment hydronephrosis; SII:
systemic immune-inflammation index; TC: tumor classification; UD: urinary diversion type.

Figure 2 displays the SHAP summary plot for the DFS model,
illustrating the distribution and direction of impact of each
feature on the predicted DFS across all patients. Clinical tumor
stage and tumor classification exhibited the widest distribution
of SHAP values, confirming their dominant influence, where
the predicted DFS substantially increased or decreased

depending on their values. SII displayed a more balanced
distribution, with both positive and negative effects depending
on the value. In contrast, features such as prior treatment (eg,
surgery, radiotherapy, and chemotherapy) and lifestyle factors
(eg, smoking status and diabetes) had a SHAP distribution
clustered near 0, indicating limited predictive power.

Figure 2. Violin plot of feature influence on disease-free survival prediction from the Shapley additive explanations (SHAP) analysis. CTS: clinical
tumor stage; DM: diabetes mellitus; H.E. TURV: histological examination for transurethral resection of the bladder; LVI: lymphovascular invasion;
PRE-HYDRONEPHROSIS: pretreatment hydronephrosis; SII: systemic immune-inflammation index; TC: tumor classification; UD: urinary diversion
type.

JMIR Perioper Med 2026 | vol. 9 | e86666 | p.53https://periop.jmir.org/2026/1/e86666
(page number not for citation purposes)

Causio et alJMIR PERIOPERATIVE MEDICINE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 3 presents the SHAP dependence plots for 4 of the most
influential features affecting DFS predictions. The x-axis shows
the feature value, and the y-axis shows the SHAP value (ie, the
impact on the model’s output). Clinical tumor stage showed a
strong negative relationship with predicted DFS: as tumor stage
increased, the SHAP values shifted sharply downward,
indicating a consistent reduction in predicted DFS, aligning
with the known prognostic role of tumor invasiveness in bladder
cancer. SII demonstrated a nonlinear relationship, showing that
patients with lower SII values had better SHAP values, while
those with elevated SII showed increasingly negative impacts

on DFS. This suggests a threshold effect, where systemic
inflammation beyond a certain level contributes to poorer
prognosis. The presence of pretreatment hydronephrosis had a
negative impact on DFS prediction. Patients with low BMI had
negative SHAP values, indicating reduced DFS, while those
with moderate BMI experienced mildly negative predictions.
At a BMI greater than 28, the SHAP values became positive,
suggesting a potential protective effect exerted by higher BMI.
Regarding the type of urinary diversion, vesicoileal pouch
construction showed positive SHAP values, while other
approaches had negative SHAP values.

Figure 3. Shapley additive explanations (SHAP) scatterplots for the 5 most significant features influencing disease-free survival predictions (with BMI

in kg/m2). CTS: clinical tumor stage (0: cTa, 1: cTis, 2: cT1, 3: cT2, 4: cT3, 5: cT4); PRE-HYDRONEPHROSIS: pretreatment hydronephrosis (0: no,
1: right hydronephrosis, 2: left hydronephrosis, 3: bilateral hydronephrosis); SII: systemic immune-inflammation index; UD: urinary diversion type (0:
Bricker ileal conduit, 1: ureterocutaneostomy, 2: vesicoileal pouch).

OS Prediction
For OS prediction, the CatBoost model achieved an MAE of
17.2 months across the entire patient cohort. When the analysis
was restricted to the subgroup of patients who had died (n=156),
the prediction error improved to 15.8 months. After filtering

features by importance, using a threshold of <0.5, the MAE
further improved to 14.6, suggesting that a more compact feature
set may improve predictive efficiency without compromising
accuracy (Figure 4). This final model was selected for
interpretation, as it maintained accuracy while reducing
complexity.

Figure 4. Progressive improvement in model accuracy. MAE: mean absolute error.

Figure 5 presents the CatBoost feature importance ranking for
the best-performing OS prediction model. Tumor classification
emerged as the most influential predictor of OS in the final
model with a value of approximately 17.5. SII followed closely
with a value of approximately 15.5, highlighting the role of

systemic inflammation in cancer progression and survival
outcomes. The third feature was represented by histological
findings (H.E. TURV). Other influencing factors included
clinical tumor stage, pretreatment hydronephrosis, type of
urinary diversion, BMI, and age.
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Figure 5. CatBoost feature importance ranking for the best-performing overall survival prediction model. CTS: clinical tumor stage; H.E. TURV:
histological examination for transurethral resection of the bladder; LVI: lymphovascular invasion; PRE-HYDRONEPHROSIS: pretreatment hydronephrosis;
SII: systemic immune-inflammation index; TC: tumor classification; UD: urinary diversion type.

Figure 6 displays the SHAP summary plot for the final OS
prediction model. As expected, the most impactful variable was
tumor classification, which showed a broad distribution.

Pretreatment hydronephrosis and SII exhibited a wide SHAP
distribution. Clinical tumor stage and histological findings (H.E.
TURV) showed a similar overall effect on prognosis.

Figure 6. Shapley additive explanations (SHAP) violin summary plot for the final overall survival prediction model. CTS: clinical tumor stage; H.E.
TURV: histological examination for transurethral resection of the bladder; LVI: lymphovascular invasion; PRE-HYDRONEPHROSIS: pretreatment
hydronephrosis; SII: systemic immune-inflammation index; TC: tumor classification; UD: urinary diversion type.

Figure 7 presents the SHAP dependence plots for 5 key features
influencing OS predictions. The tumor classification SHAP
values indicated that patients with in situ cancers (value 3) had
the best OS prediction, which gradually declined as the tumor
stage advanced. SII showed a threshold effect, where predictions
remained relatively stable up to a value of approximately 1000,
then fell sharply, indicating that elevated inflammation is
associated with a poor overall outcome. Pretreatment
hydronephrosis was strongly linked to reduced predicted OS,
where patients with this condition had uniformly negative SHAP

values, not influenced by bilaterality. At the same time, BMI
demonstrated a nonlinear pattern, where patients with very low
BMIs had reduced OS predictions, moderate BMIs were
associated with better outcomes, and the SHAP values began
to decline again at higher BMI values, suggesting that both
underweight and obesity may be associated with increased
mortality risk in this population. The type of urinary diversion
showed a different impact than that observed in DFS prediction,
with vesicoileal pouch construction being associated with a
lower OS.
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Figure 7. Shapley additive explanations (SHAP) scatterplots for the 5 most influential features influencing overall survival prediction (with BMI in

kg/m2). PRE-HYDRONEPHROSIS: pretreatment hydronephrosis (0: no, 1: right hydronephrosis, 2: left hydronephrosis, 3: bilateral hydronephrosis);
SII: systemic immune-inflammation index; TC: tumor classification (1: T0, 2: Ta, 3: Tis, 4: T1, 5: T2a, 6: T2b, 7: T3a, 8: T3b, 9: T4a, 10: T4b); UD:
urinary diversion type (0: Bricker ileal conduit, 1: ureterocutaneostomy, 2: vesicoileal pouch).

Cause-of-Death Classification
The CatBoostClassifier was trained to predict whether a patient’s
death was tumor related. Due to class imbalance, only 14 of 78
deaths were cancer related; custom class weights and a reduced
decision threshold of 0.12 were applied to maximize recall and

minimize false negatives. The final model achieved a recall of
78.6% (Figure 8), correctly identifying 11 of 14 tumor-related
deaths. The overall F1-score for the positive class was 0.44,
with a precision of 31%. The model prioritizes sensitivity over
specificity.
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Figure 8. Confusion matrix for cause-of-death classification.

Figure 9 represents the CatBoost feature importance ranking
for the death cause classification model. The most influential
feature was the anatomical position of the bladder tumor, with

a value of approximately 16.5. This was followed by tumor
classification and pretreatment hydronephrosis, both indicators
of disease severity and progression.

Figure 9. CatBoost feature importance ranking for the cause-of-death classification. CTS: clinical tumor stage; DM: diabetes mellitus; H.E. TURV:
histological examination for transurethral resection of the bladder; LVI: lymphovascular invasion; PRE-HYDRONEPHROSIS: pretreatment hydronephrosis;
SII: systemic immune-inflammation index; TC: tumor classification; UD: urinary diversion type.
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Other key features included the clinical tumor stage and SII,
with values of approximately 11 and 11.5, respectively.

Figure 10 displays the SHAP summary plot for the tumor-related
death classification model. The feature with the widest and most
impactful distribution was bladder tumor position, which is

addressed in detail in the discussion of Figure 11. SII was also
influential, with positive and negative SHAP values. Tumor
classification, pretreatment hydronephrosis, and clinical tumor
stage generally acted to slightly decrease the predicted risk of
tumor-related death for most patients, with little variability in
their effect.

Figure 10. Shapley additive explanations (SHAP) summary plot for the tumor-related death classification model. CTS: clinical tumor stage; DM:
diabetes mellitus; H.E. TURV: histological examination for transurethral resection of the bladder; LVI: lymphovascular invasion;
PRE-HYDRONEPHROSIS: pretreatment hydronephrosis; SII: systemic immune-inflammation index; TC: tumor classification; UD: urinary diversion
type.

Figure 11. Shapley additive explanations (SHAP) scatterplots for the 5 most influential features influencing the tumor-related death classification

model (with BMI in kg/m2, AGE in years, and TUMOR DIMENSION in cm; bladder tumor position: 0: intertrigonal zone, 1: right periosteal, 2: left
periosteal, 3: dome, 4: posterior wall, 5: right lateral wall, 6: left lateral wall, 7: prostatic urethra, 8: anterior wall, 9: entire bladder, 10: bladder base).
SII: systemic immune-inflammation index.

Figure 11 presents the SHAP dependence plots for 5 key features
influencing the tumor-related classification model: age, bladder
tumor position, SII, tumor dimension, and BMI.

The scatterplot for age exhibited a clear positive trend, showing
that as patient age increased, the SHAP value for age also
increased, indicating that older age consistently increased the

predicted risk of tumor-related death. Bladder tumor position
was another influential predictor in the tumor-related death
classification model, highlighting that tumors located in the
posterior wall and right lateral wall were more likely to be the
cause of death. In contrast, tumors located in the anterior wall
and at the bladder base or those spreading throughout the entire
bladder were less likely to be the cause of death. Increasing SII
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and tumor dimension also had a moderate predictive value,
respectively increasing and decreasing the probability that the
patient’s cause of death was cancer. Finally, patients with a
higher BMI showed a higher likelihood that the cause of death
was cancer.

Discussion

Principal Findings
This paper presents the development of a survival prediction
model using machine learning approaches for patients with
bladder cancer. Our findings demonstrate that modern predictive
algorithms show promising accuracy in forecasting DFS, OS,
and cause of death. The limited sample size and the paucity of
included categories for the analysis suggest that predictive
algorithms trained with additional data and variables
significantly improve the demonstrated accuracy.

The observation that age showed a positive correlation with
survival outcomes is particularly intriguing and seemingly
counterintuitive. This “age paradox” has been previously
described in bladder cancer and other oncological settings and
may reflect a combination of selection bias and underlying
tumor biology rather than a true protective effect of age, which
can be explained by several factors. Older patients often receive
more conservative treatment, which potentially leads to selection
bias in surgical candidates. Additionally, younger patients with
bladder cancer have been reported to present more frequently
with aggressive disease variants, which could account for their
relatively poorer outcomes despite younger age [11]. These
results align with recent systematic reviews and meta-analyses
on radical cystectomy, which consistently report high
complication rates and significant variability in postoperative
survival across risk profiles [12]. Importantly, as this study is
observational, the association between age and survival should
be interpreted cautiously and not as a causal relationship.

Clinical tumor stage was the strongest predictor, which aligns
with established prognostic factors in bladder cancer [13].
Additionally, inflammatory markers, particularly SII, showed
a negative correlation with survival outcomes, supporting recent
findings in other malignancies [14]. This relationship likely
reflects the complex interplay between systemic inflammation
and cancer progression, where elevated SII indicates a
protumoral inflammatory state [15]. Our findings on systemic
inflammatory indices are consistent with recent data indicating
that platelet-to-lymphocyte ratio, systemic inflammation
response index, pan-immune-inflammation value, SII, and
neutrophil-to-lymphocyte ratio are associated with adverse
outcomes in non–muscle-invasive bladder cancer [16].

SHAP analysis revealed a clear, monotonic decline in predicted
survival with advancing clinical tumor stage, reinforcing its
primary prognostic role in both DFS and OS. SII, by contrast,
demonstrated a threshold effect where values above
approximately 1000 were associated with a sharp drop in
predicted DFS, suggesting a nonlinear relationship between
systemic inflammation and patient outcomes. The observed
association between urinary diversion type and survival
outcomes should be considered exploratory. Previous studies

had found that orthotopic neobladder reconstruction had a
protective effect against urethral recurrence in male patients
undergoing radical cystectomy for bladder cancer [17]. While
this effect was not observed in our dataset, we found a positive
association between vesicoileal pouch construction and
improved survival. This association may reflect both patient
selection and potential physiological advantages of this diversion
type; however, given the limited number of patients within each
diversion subgroup, it should be interpreted cautiously.
Confounding factors such as surgical expertise and patient
characteristics, which were not accounted for in the present
study, may have influenced these findings. BMI showed a
similar intriguing relationship: patients with an unhealthy BMI,
either high or low, showed poorer outcomes; this may be related
both to tumor characteristics and the surgical approach being
limited in terms of radicality. This U-shaped association between
BMI and survival was consistently observed across both DFS
and OS outcomes, with moderate BMI ranges correlated with
more favorable SHAP values. The findings support a metabolic
vulnerability in patients with underweight as well as obesity,
which may influence recovery or treatment tolerance.

Our machine learning models achieved prediction accuracies
comparable to those reported in previous studies. The accuracy
in cause-of-death prediction, although modest, represents an
encouraging level, given the limited resources and the paucity
of categories considered for the analysis, particularly when
compared with studies published a few years ago that used
significantly larger samples yet achieved marginally higher
accuracy in mortality and recurrence prediction [18]. A recently
published systematic review investigating machine learning
algorithms for bladder cancer cystectomy outcomes found that
most of the algorithms did not exceed 70% accuracy and, in
some cases, performed with approximately 60% accuracy [19].
The integration of SII into predictive models represents an
auspicious direction. As a low-cost, readily available biomarker,
SII could enhance current prognostic tools without adding
significant complexity or cost to patient evaluation [14].

A notable limitation of our study is the relatively high MAE in
survival predictions. These MAE values render the algorithm
unsuitable for precise individual patient counseling or treatment
planning where accurate timing is critical, such as in emergency
settings or for patients exhibiting postoperative complications
[20]. However, this level of accuracy remains acceptable for
clinical trial patient stratification and allocation, particularly in
trials where broad risk categories rather than precise survival
estimates are needed for randomization. Such applications
include balancing treatment arms in clinical trials by identifying
comparable risk groups or supporting enrollment decisions in
competing risk analysis, where precise timing is less critical
than overall risk assessment [21].

Limitations and Reproducibility
This study is subject to some limitations when interpreting the
results. The relatively limited dataset size (N=370 initially;
reduced to 312‐347 for specific analyses) inherently constrains
the generalizability and robustness of the developed models.
While machine learning algorithms such as CatBoost are robust
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on smaller datasets, their predictive power can be substantially
enhanced with larger cohorts.

Secondly, the monocentric nature of the data collection,
originating solely from Fondazione Policlinico Universitario
Agostino Gemelli IRCCS in Rome, Italy, introduces a potential
for selection bias and limits external validity. Patient
characteristics, treatment protocols, and population
demographics can vary significantly across institutions and
geographical regions. The findings from this study may not be
directly transferable to other clinical settings without further
validation on diverse, external datasets.

Thirdly, while rigorous data cleaning was performed, the
inherent human factors associated with retrospective data
extraction from medical records cannot be eliminated.

Conclusion
Our study demonstrates the potential utility of machine learning
approaches in predicting bladder cancer outcomes following
cystectomy. While the achieved accuracy levels are modest,
they align with current literature benchmarks and provide a

foundation for future development. The identification of clinical
tumor stage as the primary predictor, along with the consistent
negative correlation of SII with survival outcomes, validates
these parameters as valuable prognostic indicators. In particular,
the SHAP analysis revealed a monotonic decline in predicted
DFS and OS with advancing clinical tumor stage, reaffirming
its role in risk stratification. On the other hand, SII exhibited a
threshold effect, where values above approximately 1000 were
associated with a rapid drop in predicted survival, reinforcing
the adverse prognostic impact of systemic inflammation. The
current model’s performance, though not suitable for precise
individual prognostication, shows particular promise for clinical
trial stratification and cohort allocation. Future studies with
larger datasets and additional predictive variables may enhance
the model’s accuracy and broaden its clinical applications.
Integrating readily available biomarkers, such as SII, represents
a cost-effective approach to improving prognostic tools. These
findings contribute to the growing body of evidence supporting
the role of machine learning in oncological decision-making
while acknowledging the need for continued refinement and
validation in larger cohorts.
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Abstract

Background: Perioperative patient-reported outcomes (PROs) allow patients to share their experiences of surgical procedures
with their health care teams using standardized measures. Despite increasing recognition of their value, PROs are not routinely
used in clinical practice, partly due to limited evidence of their impact on traditional clinical outcomes and uncertainty among
clinicians about their use. Digital health tools offer a promising way to integrate PROs into clinical workflows and enhance
patient-clinician interaction, but their success depends on person-centered design to ensure usability and relevance. Safe Surgery
South Africa, a nonprofit organization, developed the Perioperative Shared Health Record (PSHR), a secure web-based tool that
enables patients to share personal health information and PROs with their anesthetist and surgeon before and after surgery. Initial
implementation revealed significant user experience challenges, which contributed to poor uptake.

Objective: This study aimed to explore factors influencing the PSHR user experience in a low- and middle-income country
(LMIC) using human-centered design principles.

Methods: This observational qualitative user experience study followed the 5 design thinking stages: empathize, define, ideate,
prototype, and test. Semistructured interviews were conducted with postoperative patients from both the public and private health
care sectors, including those with and with no prior experience using the PSHR. Thematic analysis followed the 6-phase framework
described by Braun and Clarke and was structured using Karagianni’s Optimized Honeycomb user experience model. A problem
statement was developed, followed by ideation to explore solutions. Paper prototypes were created, refined, and tested through
observation, interviews, and validated usability questionnaires.

Results: In the empathize stage, 22 interviews were conducted in the private and public health care sectors in South Africa; 7
participants had previous experience using the PSHR. In the define stage, participants emphasized the need for connection,
feedback, information, and support through their surgical journey. Contrary to expectations, patients were not discouraged by
the length of questionnaires if they perceived them as purposeful. In the ideate stage, the team considered user expectations and
PSHR integration into care processes. In the prototype stage, low-fidelity mock-ups were created and refined into paper prototypes.
In the test stage, testing with 5 participants highlighted the importance of trust, communication, and user-friendly interfaces.
Feedback loops and clinician engagement were identified as key motivators for sustained use. The mean usability questionnaire
scores indicated excellent usability and high levels of user satisfaction across most domains.

Conclusions: This study is one of the first to apply human-centered design principles to a perioperative digital health tool in
an LMIC setting, addressing usability challenges and patient engagement. Key user experience factors influencing patient
engagement included communication, feedback, and access to information throughout the surgical journey. Digital health tools
such as the PSHR can strengthen communication and support person-centered perioperative care by integrating PROs into clinical
workflows and care processes.

(JMIR Perioper Med 2026;9:e79349)   doi:10.2196/79349
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Introduction

Patients presenting for surgical procedures often feel vulnerable
and may become overwhelmed by information that lies outside
their usual frame of reference. Many also experience significant
physical and emotional symptoms before and after their
operation [1,2]. Time constraints and brief interactions during
busy ward rounds can limit opportunities for patients to voice
concerns or seek clarification [1,3]. In this context, there is a
risk that patients feel depersonalized: reduced to passive
participants in a system rather than active participants in their
own treatment [1]. Furthermore, perioperative clinicians such
as surgeons and anesthesiologists often prioritize traditional
problem-focused postoperative outcomes such as morbidity and
mortality rates, which do not necessarily reflect the outcomes
that matter most to individual patients [4-6].

Person-centered care addresses these challenges by recognizing
the individual behind the patient: a human being with values,
emotions, and goals, and by fostering a partnership that supports
patient autonomy and active participation in care decisions [7,8].
Evidence suggests that patients who are empowered and engaged
in their own health care may have better outcomes [3,9-11].
Perioperative patient-reported outcomes (PROs) provide one
means of achieving this by allowing patients to communicate
their experiences of surgical procedures using standardized
questionnaires, known as patient-reported outcome and
experience measures (PROMs and PREMs) [2,4,12-14]. Various
PROs have been defined in the perioperative sphere, including
patient satisfaction, quality of recovery (a short-term outcome
after surgery), and quality of life (a longer-term outcome after
surgery) [14]. Perioperative PROMs and PREMs give individual
patients a means to communicate how they are recovering after
surgery in such a way that it can be compared between patient
groups and procedure types [5,14]. The data can be used to track
quality of care over time [6].

Consensus guidelines recommend the use of PROMs and
PREMs in clinical research, and their implementation in
perioperative care is increasingly studied [2,6,15-18]. In daily
practice, however, the routine use of PROs is hampered by their
time-intensive nature, limited evidence linking them to
traditional outcomes such as complications or mortality, and
uncertainty among clinicians and patients regarding their value
[2,6,12,16,17]. These challenges may reflect insufficient
person-centeredness in the application of PROs and a lack of
responsiveness of health care teams to the information provided
by patients [2,19].

Digital health tools offer a promising way to integrate PROs
into clinical workflows and to enhance communication between
patients and clinicians [17,18,20]. Achieving this, however,
requires a human-centered design approach to ensure that digital

tools are responsive to diverse user needs and care contexts
[21]. Human-centered design forms part of the broader design
thinking framework: an empathetic, iterative process that
involves end users throughout development to create tools that
are understandable, useful, and enjoyable to use [22-25].
Applying these principles through user experience research,
which uses interviews, surveys, and usability testing to explore
how people interact with digital systems, helps developers create
tools that are more intuitive, engaging, and relevant to real-world
care [21,26]. Learning from established digital health platforms
and implementation of electronic medical record systems can
help create digital health tools that support care across the
patient journey [27-31].

Perioperative digital health tools have shown promise in
high-income countries (HICs) [17,18], but their implementation
and use remain underexplored in low- and middle-income
countries (LMICs). In South Africa, barriers to large-scale
adoption of digital health solutions include limited digital
literacy and unequal access to technology and internet across
social, economic, and geographic groups [32,33]. These
disparities reflect broader inequalities within the health system,
where a tax-funded public sector provides care for most of the
population but is underresourced, while a private sector funded
through medical schemes and out-of-pocket payments serves a
minority yet absorbs a large share of resources [34-36]. The
public sector continues to rely largely on paper-based
documentation, with uneven implementation of systems to
capture routine health information and limited electronic record
keeping compared with the private sector [37-41]. The private
sector is data-rich, with more electronic data systems, but its
datasets are typically siloed and not routinely accessible to
public governance systems, clinicians, or patients [39,42].
Neither sector currently supports routine or large-scale capture
of PROs, limiting opportunities to measure and improve
perioperative care from the patient perspective. Addressing
these challenges requires context-specific digital solutions that
can be designed to strengthen perioperative care in South Africa.

In response to these challenges, Safe Surgery South Africa [43],
a research-driven nonprofit organization, developed the
Perioperative Shared Health Record (PSHR) [44], a web-based
digital tool enabling patients to share baseline preoperative data
and postoperative PROs with their surgeon and their anesthetist
for up to a year after surgery. Preoperative data can be used in
risk stratification and shared decision-making, whereas
postoperative PRO data can improve patient care. Data are
stored on a secure server but are accessible to both patient and
clinician. The system was designed to function across the public
and private health care sectors to promote broader accessibility.
Figure 1 describes the use of the PSHR in capturing the
perioperative journey of a surgical patient.
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Figure 1. Patient journey when using the PSHR. EuroQOL: European Quality of Life questionnaire; PSHR: Perioperative Shared Health Record;
QoR-15: 15-Item Quality-of-Recovery questionnaire; WHO: World Health Organization.

Initial use of the PSHR in the private health care sector, during
the South African Collaborative Surgical Outcomes Study
(SACSOS; ClinicalTrials.gov NCT05052021), identified
numerous user experience challenges that led to low patient and
clinician engagement, which reduced the effectiveness of the
PSHR. The registration process was cumbersome, requiring
active support for patient users to complete it. In addition, some
questionnaires were perceived as lengthy and burdensome,
potentially discouraging patients from completing subsequent
assessments. As many of the questionnaires are standardized
tools designed for specific purposes, content modifications were
not always feasible.

The aim of this observational study was to determine the factors
that influence the patient user experience of the PSHR as a tool
to support perioperative care. The primary objective was to
evaluate the user experience of patients in South Africa who
had previously used the PSHR during SACSOS. Further
objectives were to explore the user needs of patients who have
no prior experience with the PSHR and to gain deeper insights
into the future design requirements of the PSHR.

To achieve this aim, this study used a human-centered design
thinking approach, which required a multidisciplinary team that
could combine clinical insight, technical expertise, and practical
experience. In this study, anesthesiologists contributed their
understanding of perioperative workflows and patient-clinician
communication. The information systems, computer science,
and media technology researchers applied user experience and
design thinking principles to translate patient needs into feasible
design solutions. One of the anesthesiologists (CS), with
research expertise in PROs, and one of the information systems
researchers (CJO), with personal experience as both a patient
and a hospital representative, brought perspectives that ensured
that the patient remained central throughout the course of the
project. The researchers brought together expertise from South
Africa and Sweden, combining experience with emerging and
advanced digital health systems and perspectives from LMIC
and HIC settings. These efforts aim to improve the PSHR’s
usability and provide insights for more person-centered digital
health design.

Methods

Ethical Considerations
This observational qualitative user experience study was
approved by the Sefako Makgatho Health Sciences University
Research Ethics Committee on November 16, 2023
(SMUREC/M/513/2023:IR), and registered on the National
Health Research Database on January 28, 2025 (NHRD:
GP_202501_070). Written consent was obtained from all
participants and patient privacy and confidentiality was
respected by deidentifying patient data and removing any
identifiable features from images used in publication.
Participation was voluntary with no compensation paid to
participants.

Setting
The study took place in South Africa, with postoperative patients
and carers recruited via purposeful sampling in both the private
(insurance-funded) and public (tax-funded) health care sectors.
These 2 sectors are vastly different in South Africa, with a
different patient demographic and a significant difference in
availability of resources.

Research Team
The research team consisted of 4 female researchers and 2 male
researchers. Three of the female researchers (CS, HK, and MC)
are practicing anesthesiologists. HD has a research and
development background. HK is the founder of Safe Surgery
South Africa and focuses on data-driven solutions to improve
perioperative risk stratification and surgical outcomes. CS has
a clinical and research interest in PROs and previously recruited
patients for the PSHR as part of the SACSOS study, maintaining
professional relationships with these participants. One of the
male researchers, CJO, comes from a digital health and media
background and is a patient representative on a hospital
management board after surviving cancer. CJO is also involved
in an online cancer rehabilitation program spearheading the use
of PROMs and PREMs to improve care processes. The other
male researcher, GF, comes from a user experience and design
science research background.
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Methodology
This study was informed by human-centered design principles.
The design thinking process was used to structure the study
around 5 phases: empathize, define, ideate, prototype, and test
[23,25]. In keeping with a person-centered approach, participants
informed the project from the outset by sharing their
perioperative experiences and needs. These insights guided
ideation and design decisions by the investigators, and
participants were reengaged during prototype testing to evaluate
and improve solutions based on earlier input.

Phase 1: Empathize
The first phase of the project focused on empathizing with PSHR
users by interviewing 2 distinct groups. The first group, recruited
from the private health care sector, had prior experience using
the PSHR before and after surgery through SACSOS (group 1:
PSHR experience). The second group included individuals from
both the public and private sectors who had undergone surgery
but who had no prior exposure to the PSHR (group 2: no PSHR
experience). Participants were invited to take part via email,
telephone, or by in-person invitation.

For ease of reference when presenting participant quotations,
each participant is assigned a letter prefix. “P” denotes
participants in group 1, who had used the PSHR before, “U”
denotes participants in group 2 from the public sector, and “I”
denotes participants in group 2 from the private sector.

Semistructured interviews were conducted between November
2023 and January 2024. Through storytelling, empathy maps
and patient journey maps were created. Demographic data were
recorded in REDCap (Research Electronic Data Capture) [45]
and exported to MS Excel (version 2411; Microsoft Corp). The
interviews began by exploring all patients’ perioperative
experiences. Group 1 participants were then asked about their
experiences using the PSHR, while group 2 participants received
a brief demonstration of the PSHR before discussing their
expectations of a digital tool for perioperative information
exchange. The interview guide is included in Multimedia
Appendix 1.

Interviews were recorded and transcribed using transcription
software (Transcribe—Speech to Text, version 4.20.5; DENIVIP
Group LLC) on an iPad dedicated to the project. Transcriptions
and audiovisual files were stored in a password-protected online
folder. Transcriptions were checked for accuracy by CS and
HD and reviewed by all investigators before data analysis.
Transcriptions of the initial interviews were systematically
coded and analyzed thematically using Nvivo (release
14.23.4(49); Lumiere) by CS and HD. The thematic analysis
followed the 6-phase framework described by Braun and Clarke
[46]. To explore the main themes related to participants’
experiences and expectations of the PSHR, responses were
systematically coded and categorized using Karagianni’s
Optimized Honeycomb model [47]. This model, commonly
used in user experience research, structures the analysis of how
users interact with a product by breaking down their experiences
into 3 primary dimensions: Use, Feel, and Think [47-51]. By
applying this framework, we identified patterns in the data and

gained deeper insight into the factors influencing user experience
of the PSHR.

Phase 2: Define
The information obtained during phase 1 was used to create a
problem statement and summary of findings.

Phase 3: Ideate
Insights from the initial interviews and the defining phase
informed an ideation phase, during which various solutions
were brainstormed by CS, HD, HK, CJO, and GF to enhance
future implementation of the PSHR and also taking into account
the interoperability with electronic health records.

Phase 4: Prototype
Paper prototypes for the PSHR were created in Balsamiq
Wireframes for Desktop (version 4.8.1; Balsamiq Studios LLC).
Paper prototypes were refined based on research team group
discussions and during user testing.

Phase 5: Test
User testing with the paper prototypes took place in December
2024 with patients and carers who were recruited via email,
telephonically, and in person, with the aim to recruit both
patients and carers who had used the PSHR before (“expert
users”) to determine whether insights learned from them during
initial interviews had improved their user experience. and
patients and carers who had no prior experience of the PSHR
(“novice users”), to determine their first time user experience
with the system.

As all the expert users would be from the private health care
sector, novice users were recruited from the public health care
sector. To recruit the expert users, attempts were made to contact
all 7 participants from group 1; 3 could not be reached at all, 1
initially agreed but later withdrew, and 3 consented and
participated. For the novice users, we intentionally sought
individuals with no prior exposure to the platform, including
through earlier interview phases, to ensure unbiased, first-time
user perspectives. This necessitated recruitment of new
participants. Eligibility for user testing included being
conversant in English, having basic familiarity with mobile
phone and computer use and with the use of the internet. Testing
was undertaken by 4 investigators (CJO, CS, GF, and HD), 1
acting as the “computer” to change paper “screens” based on
user actions, 1 facilitating the scenario, and 2 observing the
interaction; sessions were also audio-recorded for later analysis.
For ease of reference, “T” denotes participant responses in the
user testing phase.

Participants were asked to complete four tasks during the
prototype testing: (1) registering and consenting, (2) completing
preoperative baseline questionnaires, (3) finding additional
information on the PSHR, and (4) completing postoperative
quality of recovery and patient satisfaction questionnaires
(Multimedia Appendix 2).

The System Usability Scale (SUS) was used to assess usability
after the user prototype testing, as this is a well-established tool
that has been found to have good reliability to evaluate the
usability of digital systems. The SUS is a 10-statement scale
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for usability of electronic health applications with good
reliability (Cronbach α=0.911) and good face validity [52]. The
SUS score ranges from 0 to 100 where higher scores indicate
greater usability [53]. A mean SUS score of 68 (SD 12.5)
represents the average benchmark for digital health apps [54].

User experience and usability aspects were assessed after
prototype testing with the User Experience Questionnaire
(UEQ), a well-established tool that evaluates 6 aspects including
attractiveness, effectiveness, perspicuity, dependability,
stimulation, and novelty with 26 pairs of terms that are scored
from 1 to 7 [55]. The questionnaire has good construct validity
and good reliability (Cronbach α for 5 of the 6 aspects is above
0.7) [55]. Scoring is done with a downloadable tool, with values
ranging between −3 (horribly bad) and +3 (extremely good)
[55]. Scores should be evaluated against current benchmarks,
freely available for download [56,57].

Prototype user testing was analyzed by 4 investigators (CJO,
CS, GF, and HD) who took part in the process using interviews

and observation. Thematic analysis of the user tests was done
based on research team discussions following the user tests.
The SUS and the UEQ were scored in MS Excel according to
the guidelines in their reference papers [53-55,57].

Results

Phase 1: Empathize
A total of 22 initial semistructured interviews were conducted
as part of empathizing with users. Participant demographics are
summarized in (Table 1). All the participants had access to a
mobile phone; all but 2 participants in group 2 in the public
sector had access to the internet on their mobile phone. Most
participants (16/22, 73%) usually used their mobile phones for
accessing the internet, whereas 4 out of 22 (18%) participants
preferred to use a computer for internet access, and 2 out of 22
(9%) participants did not use the internet at all.
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Table . Demographic data for semistructured interviews conducted for phase 1: empathize.

SurgeryEducationPrior PSHRb ex-
perience

RaceLanguageSexAge

(years)
IDa

Major abdomi-
nal

After school
qualification

YesBlackEnglishFemale33P1

Major abdomi-
nal

After school
qualification

YesWhiteEnglishFemale42P2

Major abdomi-
nal

After school
qualification

YesWhiteAfrikaansFemale62P3

Major abdomi-
nal

After school
qualification

YesBlackEnglishFemale22P4

Major abdomi-
nal

After school
qualification

YesWhiteAfrikaansMale80P5

Major abdomi-
nal

After school
qualification

YesWhiteAfrikaansMale72P6

N/Ac—assisted
family member

After school
qualification

YesWhiteAfrikaansMale46P7

Major abdomi-
nal

Secondary
school not com-
pleted

NoBlackSetswanaFemale34U1

Major abdomi-
nal

Secondary
school not com-
pleted

NoBlackNorthern SothoMale22U2

Vascular surgerySecondary
school complet-
ed

NoBlackTsongaFemale43U3

Vascular surgerySecondary
school not com-
pleted

NoBlackSetswanaMale65U4

Bariatric surgerySecondary
school not com-
pleted

NoWhiteAfrikaansFemale48U5

Bariatric surgeryAfter school
qualification

NoBlackNorthern SothoFemale29U6

Bariatric surgeryAfter school
qualification

NoColoreddAfrikaansFemale42U7

Bariatric surgeryAfter school
qualification

NoBlackEnglishFemale39U8

Vascular surgerySecondary
school complet-
ed

NoBlackFrenchMale42U9

Vascular surgeryAfter school
qualification

NoBlackSetswanaFemale45U10

OrthopedicAfter school
qualification

NoWhiteAfrikaansFemale64I1

Bariatric surgeryAfter school
qualification

NoWhiteAfrikaansFemale41I2

Breast surgeryAfter school
qualification

NoWhiteAfrikaansFemale54I3

OrthopedicAfter school
qualification

NoWhiteAfrikaansMale76I4

OrthopedicAfter school
qualification

NoBlackSetswanaMale42I5

aUser ID explanation: “P” denotes participants who had used the PSHR before, “U“ denotes participants from the public sector with no prior experience
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of the PSHR, and “I” denotes participants from the private sector with no prior experience of the PSHR.
bPSHR: Perioperative Shared Health Record.
cN/A: not applicable.
dIn South Africa, the term “Colored” refers to a distinct cultural and ethnic group with mixed ancestry, recognized as a separate demographic category.

Thematic analysis of the interviews identified 3 main themes:
Patient Journey (both groups), PSHR Experience (group 1), and
PSHR Expectations (group 2), each with subthemes related to
patient engagement and user experience. Detailed findings are
provided in Multimedia Appendix 3.

Patient Journey
In understanding the patient perioperative journey (main theme),
the following subthemes were identified in both user groups:
information-seeking behaviors, emotional response,
postoperative difficulties, interaction with health care providers,
and advice to other patients. Some participants actively sought
more information, either by doing online searches or talking to
family members or patients who have been through a similar
situation.

I was checking [online] how long it’s going to be the
operation. Okay. Yeah. And how was going to be the
pain? How I was cut, a lot of it. [U1]

I go and check like, like the food I have to eat. And
then the thing I didn't Google about it is the pills the
most. But you know that if you want to go look, you
can go, you can go find. [U3]

So I had my sister-in-law, who is a general
practitioner, check for the results and then she was
the one [that told me]. [P2]

And I was also following [on social media], uh,
people that will talk about their experience, you know.
[P1]

I must say the information from other patients helped
a lot, knowing what someone else went through, their
experiences, how they felt, what the cost implications
were, how they paid it, all of that helped a lot. [I2]

In both the private and public sectors, there were participants
who indicated that they avoided looking for any additional
information:

I don’t really want to Google stuff because you
always, there’s always stuff. Too much information.
[P3]

I think that would've scared me off a little bit more if
I knew truly what was to come. [P4]

...because you know when you Google things you
don’t always get the right information. And it can be
very scary. [I3]

So, I give up to an extent that I did not even want to
stress myself about the Google information. Because
others there are just making some speculations. [U10]

All the participants experienced some form of emotional turmoil
in the time after their diagnosis and before they had surgery,
with some describing being in denial, feeling helpless, and
isolated:

I started like shaking and getting worried. Yes. Like
now it’s getting worse. And like I took it easy, like
okay, fine. I went back to work instead of going to the
doctor. [I5]

But now it all became too much. It just felt like you
take one step forward and like five steps back… It felt
like I was in constant pain and I also felt very
helpless. [P1]

It was very... because nobody can come in with you
and then you're there alone and then they don't
communicate well, doctors all the time, some of them.
[P2]

One participant said an uplifting conversation with her surgeon
gave her hope before her surgery and this helped her carry on
with her treatment:

That answer, that one sentence, and with such
conviction, uh, brought back my, um, my hope. [P3]

Participants in both groups described some physical difficulties
in the postoperative period:

I think the first two weeks were the hardest really.
And the vomiting was much worse at home. Yeah. Uh,
the pain also from eating was really terrible. [P4]

But that was also the worst thing that I had the
operation, because it was very painful! I didn’t expect
it would be so painful! [U7]

Two participants commented that being informed and being
able to contact their surgeon made the perioperative journey
easier.

So being informed. Yeah. Makes you feel more
reassured. [P3]

The interesting thing about this surgeon’s practice,
that I have not come across before, is that he gives
you a 24hr whatsapp number that you can use any
time of the day if you have problems or questions.
There is always someone that responds—that is not
something that everyone would do. [I4]

Participants in both the public and private sectors described
their interaction with their health care providers in positive
terms, and they valued in-person communication:

It made such a difference that [the anaesthetist] were
there and [she] could explain to us what was going
to happen, it made us feel a lot more secure and calm.
[P6]

...what I felt was more these people are taking care
of me. I was positive. I could see these other people
(points to other patients in ward), they are getting
more healthy. [U2]

Participants offered advice to others that reflected both practical
and emotional preparation for surgery. Some emphasized the
need to prepare physically by doing breathing exercises and
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maintaining mobility, while others recognized the emotional
impact of surgery on the patient and their families.

It’s the emotional side of things that takes quite a toll.
But not only on [the patient], but on [the family] too.
So I think the emotional strain on both was tough.
[P7]

Several advised future patients to listen to their doctors, follow
instructions carefully, and trust the care team. Others highlighted
the importance of patience and realistic expectations, especially
regarding the time needed for healing:

I would tell them that it is very important to listen to
what the doctor tells you. To stick to the rules...And

I would tell them that they shouldn’t be scared to go
through with it. [I1]

I would explain my journey the way it is, then they
can come here and get that help because it’s a better
help than any other. [U3]

As a patient, I will say first thing first you need to be
patient. You need like...healing is a mercy. It won't
just happen overnight. [I5]

PSHR Experience
Group 1 included 6 patients and 1 family member who had used
the PSHR. Their user experience, analyzed according to the
Optimized Honeycomb model, is summarized in (Table 2), with
supporting quotations in Multimedia Appendix 3.
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Table . Codes related to experience or expectations of the Perioperative Shared Health Recorda.

Subthemesb,c

ThinkFeelUse

ValuableUsefulCredibledDesirableUsableAccessibleFindable

PSHRe experi-
ence: Group 1:

• Improved
care (5)

• Personal
connection
to doctor

• No codes• Can com-
plete at
home (2)

• Easy to use
(4)

• Mobile
phone ac-
cess pre-

• WhatsApp
link pre-
ferred (9) • Technical

prob-
• Patient in-

volvement
PSHR exposed;
private sector; 7 (10)ferred (6)• Email not

used fre- (1)lems/bugs• Device limi-
tation (2)

• Means to
feedback

interviews con-
ducted with 4 (4)quently (5) • Altruism

(1)from doctor• Desktop
used initial-

• Login pro-
cess diffi-

• Postopera-
tion no ac-

women and 3
men (2 Black (8)

cult (2)cess toly (1) • Patients’
ability to

and 5 White,
aged 18‐80
years)

glasses (1) • Importance
of feedback
(2)

express
their needs

• Not com-
fortable

(5)with tech- • Font size
too smallnology (1) • Benchmark-

ing (4)(1)
• Ability to

give family
• Medical

language
tricky (1) access to

platform• Loss of in-
terest over (1)
time (1)

PSHR expecta-
tions: group 2:

• Improved
care (2)

• Communi-
cation

• No codes• No codes• No codes• WhatsApp
link pre-

• No codes

ferred (12)PSHR unex- channel (9) • Personal
connectionposed; public • Means to

feedback
• Device limi-

tation (4)sector; 10 Inter- (2)
views conducted (5)• Mobile

phone ac-with 7 women • Benchmark-
ing (4)and 3 men (7 cess pre-

ferred (3)Black, 2 White, • Efficiency
(3)1 Coloredf , aged

22‐65 years)

• Email not
used fre-
quently (3)

• No access
to phone
postopera-
tively (2)

PSHR expecta-
tions: group 2:

• Altruism
(6)

• Efficiency
(3)

• Negative
feedback

• No codes• No codes• WhatsApp
or SMS (2)

• No codes

PSHR unex- may impact• Email not
easily acces-

• Source of
informationcare (1)posed; private

sector; 5 inter- (3)sible (2)
views conducted • Email link

useful (1)
• Curated list

of informa-with 3 women
and 2 men (1 tion (1)• No access

to phoneBlack and 4 • Information
about doc-White, aged

41‐76 years)
postopera-
tively (1) tor (1)

• Communi-
cation
channel (1)

• Link to oth-
er pa-
tients/sup-
port groups
(1)

aMain theme: PSHR Experience (group 1) and PSHR Expectations (group 2).
bCodes from the text were sorted according to the 7 aspects of user experience from the Honeycomb Model (Findable, Accessible, Usable, Desirable,
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Credible, Useful, and Valuable) [47]. Code names are included under each aspect, with the code count in parentheses.
cSubthemes: Use, Feel, and Think according to Karagiani’s Optimized Honeycomb Model [47].
dNote that the aspect Credible falls under both Feel and Think.
ePSHR: Perioperative Shared Health Record.
fIn South Africa, the term “Colored” refers to a distinct cultural and ethnic group with mixed ancestry, recognized as a separate demographic category.

Most participants preferred to follow WhatsApp links to find
their way to the PSHR on their smartphones:

I do prefer that it was easy to use on my phone. So if
it can be improved, it must still just be improved.
Mainly for, for like a smartphone. [P1]

Yes, because on personal email you're not visiting
that often, so it gets lost with all the other stuff. So, I
believe your preferred communication is WhatsApp.
[P7,]

One participant commented on the potential difficulty of using
a smartphone on the first day postoperatively:

It was a bit difficult. Different. If you wear glasses
and you don't have glasses on, and you're on
morphine. But it wasn't, it wasn't impossible. [P2]

One of the older participants indicated that they were not
comfortable with technology, which is a potential barrier to
using a digital tool such as the PSHR:

No, I’m not so comfortable with my phone. The
internet on there is not something that I usually use.
[P5]

Contrary to expectations, the length of the questionnaires was
not perceived in a negative light:

It did just go on and on and on. Um, I, I think in my
head it was just all part of, just part of the process,
preparation and the process you had to do, you know,
and making sure that everything is fine. [P1]

It was easy to answer. It doesn't take too long. [P4.]

However, there was some concern about medical jargon and
font size:

There’s some, um, uh, of the wordings and stuff that
I really didn't understand. [P3]

I think the only complaint if I need to complain about
improvements will be the size of the font perhaps.
[P7]

Participants valued the PSHR for enhancing their engagement
and improving the quality of care they received:

...[the doctor] was able to quickly know and come
back and improve my care, you know? [P1]

You feel that you were more involved in the planning
of your care. [P2]

Feedback from the surgeon or anesthetist emerged as an
important motivator for continued use:

[The anaesthetist] had read what was going on. She
came and she asked what was going on, and I
explained that and she worked around it and talked
to the staff. [P1]

If I didn’t get feedback, I wouldn't have filled in
anymore. I would've done the first one and left it at
that. [P2]

Participants appreciated being able to reflect on their recovery:

All of this is quite relevant because it lets you think
about your own wellbeing and progress. [P6]

Interestingly, some participants were also motivated by altruism,
expressing a desire to help others:

...if my information can help somebody else get
through a very difficult situation...then I feel it’s worth
it. [P3]

Suggestions for improving the PSHR centered around
information sharing and being able to contact patients who had
been through a similar procedure:

I suppose especially for, for large operations, it might
help people to know who the anaesthetist is and have
like a name and a, a maybe a photograph of your
doctor on the system...And maybe info about
postoperative care. Because I mean all these ops have
different things and I didn't know I was gonna go to
need dietary requirements after the first liver
operation...So having that as a portal to kind of find
information may be useful. [P2]

I think having someone else who knows, you know,
what you've been through would be nice. Yeah. They
can give you kind of, like a perspective on what to
expect. [P4]

I would prefer to see a video, just a more informal
video and then follow up with a verbal conversation
just before the operation. [P7]

PSHR Expectations
Following a brief demonstration of the PSHR, 10 public and 5
private sector postoperative patients with no prior experience
of the PSHR (group 2) were interviewed about their expectations
of a digital information-sharing tool. Their expectations are
summarized in the second part of Table 2, with illustrative
quotations provided in Multimedia Appendix 3.

Most participants indicated a preference for accessing the PSHR
via a WhatsApp link on their smartphones:

I think overall on one’s phone is just better, it is more
accessible. [I2]

We have emails, but we don’t use it so much. [U2]

Anything that is easy for you is easy for me. But really
Whatsapp is easiest. [U10]

Participants indicated that they would value features such as
curated information, feedback from their surgeon or anesthetist,
and the ability to track their recovery progress.

JMIR Perioper Med 2026 | vol. 9 | e79349 | p.72https://periop.jmir.org/2026/1/e79349
(page number not for citation purposes)

Steyl et alJMIR PERIOPERATIVE MEDICINE

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


I don’t want to get the information by doing a google
search. I want information that comes from the doctor
themselves, so that I know it is correct. [I1]

You know, if I think back to my work again, clients
want to be heard… and now in my setting I am not
upset about anything, but it may still be nice to be
acknowledged, if I fill something in, it would be nice
to get a message or a call to confirm that my
responses were seen. [I3]

But when you check, keep on checking on your
patient, it’s good because if I feel something on me,
I have to let you know. Then you'll ask me maybe then
to come back at hospital. Then you can check that
and sort it out. [U3]

I mean, if they know what your baseline is, what my
baseline is, how my life, my, my health is, you know,
then they'll know how to proceed. With any procedure
for that matter. [U5]

Participants also indicated that they would be motivated to use
a tool such as the PSHR by knowing that they would contribute
data that could help others:

I would actually do it more for the greater good to
contribute to ongoing medical knowledge and
learning. [I1]

I think I would still contribute my data if I knew it
went for a good cause and if my doctor asked for it.
[I2]

If it'll help someone with the same problem that I
have, it’s important to share it. [I5]

Potential barriers to using the PSHR are high costs of data and
low digital confidence:

When I'm at home, I don't see that airtime. Because
it’s a cost of money. It’s very expensive. [U3]

...all the fancy phones, the internet, all that stuff,
that’s not for me. [U4]

Phase 2: Define
Insights from the initial interviews were that individuals
presenting for surgical procedures have a need for connection
with and feedback from their health care providers and a
willingness to engage in actions necessary to navigate a
challenging phase in their lives. Contrary to the investigators’
expectations, participants who had used the PSHR were not
discouraged by the length of the questionnaires, provided they
perceived a clear and meaningful purpose to their completion.
In addition, patients expressed a need for information related
to their surgical procedures, highlighting the importance of
incorporating targeted educational content to support informed
decision-making throughout the perioperative journey.

Phase 3: Ideate
The research team brainstormed suggestions and expectations
from patient groups, and how the PSHR can be integrated into
usual care processes. While standardized questionnaires
remained unchanged, their sequence was reorganized to group
similar questions, particularly in the PSHR preoperative
questionnaire, where multiple risk assessments and surveys are
consolidated into a single comprehensive questionnaire.
Feedback messages were developed to provide patients with
information tailored to their questionnaire responses. Various
approaches were explored to support patient-clinician
communication through the PSHR. The research team also
considered the potential interaction of the PSHR with electronic
health records (Figure 2).
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Figure 2. Proposed PSHR interaction and interoperability with electronic health records. PREM: patient-reported experience measure; PROM:
patient-reported outcomes measure; PSHR: Perioperative Shared Health Record.

Phase 4: Prototype
A series of low-fidelity wireframes were created based on the
potential solutions obtained during phase 3. These wireframes
were refined into a low-fidelity paper prototype of the PSHR.

Phase 5: User Test
Five individuals consented to participate in prototype testing.
Three participants had previously used the PSHR (“expert
users”), and 2 participants had no prior experience of the PSHR
(“novice users”). Five users have been reported as sufficient for

undertaking user testing [58,59]. Demographics are summarized
in Table 3. All participants reported having their own mobile
phone and usually accessing the internet and their email on their
mobile phone and not on a computer. Each testing session took
approximately 60 minutes to complete, with the most time spent
on the second task. Figure 3 shows paper prototype testing in
action; Figure 3A shows a participant discussing task 2
(completing the preoperative questionnaire), and Figure 3B
shows a participant responding to a pop-up notification during
task 4 (completing postoperative questionnaires).
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Table . Demographic data for participants taking part in phase 5: prototype testing.

SurgeryEducationPrior PSHRb ex-
perience

RaceLanguageSexAge

(years)
IDa

Major abdomi-
nal

After school
qualification

YesWhiteEnglishFemale42T1

Major abdomi-
nal

After school
qualification

YesWhiteAfrikaansFemale63T2

N/Ac—assisted
family member

After school
qualification

YesWhiteAfrikaansMale46T3

Head and neckAfter school
qualification

NoBlackNorthern SothoMale21T4

Head and neckSecondary
school complet-
ed

NoBlackSetswanaMale32T5

aUser ID explanation: “T” denotes participant responses in the user testing phase.
bPSHR: Perioperative Shared Health Record.
cN/A: not applicable.
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Figure 3. Paper prototype testing in action. (A) A participant discussing task 2 (completing the preoperative questionnaire). (B) A participant responding
to a pop-up notification during task 4 (completing postoperative questionnaires).

For the first task (registering and consenting), trust was an
important factor for 2 of the participants. Prior notification by

their doctor to expect a registration email would help improve
trust when receiving a link to an unknown website:
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Yeah, knowing that this is safe, yes, because I spoke
to you and I know that you will give me something
like this. I think a personal call, direct, to say I'm
sending you something now. I trust it more, because
I know that I'm protected. [T4]

Two of the participants read the consent form in detail, 2
participants scrolled through with minimal reading, and 1
participant indicated that he would abort the process when
confronted with a lengthy consent process:

Unless if I’m buying a car, I don’t read the details.
[T1]

As soon as I get this information, when I get to this
one, I will say, yoh aha, this is too much. Pause,
pause, pause. [T4]

The 2 participants who read the consent form doubted that most
users would engage deeply with the consent process. One
participant suggested that using illustrations or icons could
clarify abstract concepts. During the second task (preoperative
questionnaire), various data input methods were tested, including
radio buttons, colored numerical sliders, and free text blocks.
Users seemed to appreciate color coding to interpret the
numerical sliders. One participant suggested modifications to
the order of questions.

Participants were able to navigate to the information portal (task
3); all participants found general information links useful but
preferred procedure-specific content, with 3 favoring video links
over text, and 1 mentioning that they would refer to written
information only if the desired content was not available in the
video links.

By the fourth task, participants were familiar with the layout of
the home page and the questionnaires. Their understanding of
the timeline had improved, but several suggestions were made
to enhance its visual clarity. Feedback messages following

questionnaire completion elicited mixed responses; some
participants expressed concern that alerts about poor recovery
outcomes could cause anxiety:

It makes me feel worried...I will go back to what I
completed [to check] that I completed it correctly.
Okay. Because there might be something that I said
that might alarm the system. [T5]

All participants indicated that they would value automatic
feedback from their surgeon or anesthetist if they recorded poor
scores on their postoperative questionnaires, with expectations
for response times ranging from 30 to 60 minutes to up to 48
hours. Participants also noted that a lack of clinician feedback
would reduce their motivation to continue using the platform.
The potential for the PSHR to enhance patient-doctor
relationships is illustrated in this quote:

So you still need to get to the buy-in from this.
Where’s my buy-in coming from? It’s coming from
the aftercare service, from the doctor, building that
relationship. Because [of feedback through the PSHR]
I've got a relationship again with the doctor, the
surgeon or the rooms. I would be their patient for
life! I think that’s for me, that’s how you get the buy-in
to carry on the rest of the process. [T2]

Four participants (3 experts and 1 novice) completed the SUS
and UEQ questionnaires related to the paper prototype testing.
The overall mean SUS score was 91.3 (SD 5.7), which indicates
very good usability. The mean SUS scores per usability aspect
were learnability 91.3 (SD 10.2), efficiency 93.4 (SD 6.9), and
satisfaction 89.1 (SD 6.8). The UEQ mean scores for the
attractiveness scale are 2.21 (SD 0.6), perspicuity 2.0 (SD 0.9),
efficiency 2.6 (SD 0.4), dependability 2.2 (SD 0.6), stimulation
2.0 (SD 0.8), and novelty 0.94 (SD 1.4). The UEQ scores ranged
from good to excellent, except for novelty, which scored above
average (Figure 4).

Figure 4. Comparing the Perioperative Shared Health Record (PSHR) paper prototype User Experience Questionnaire scores to benchmark data. The
measured scale means from our study are compared in relation to existing values from a benchmark dataset, which allows conclusions about the relative
quality of the PSHR paper prototypes according to user testing compared with other products.

Discussion

Principal Results
This study applied a human-centered design approach to
evaluate and improve patient user experience of a digital health
tool developed to capture perioperative patient-reported
outcomes. While identifying key usability challenges, it also

showed how digital health tools such as the PSHR can help
enhance connection between patients and clinicians through
information sharing and timely feedback. The findings
contribute new evidence from an LMIC setting, where practical
integration of PROs into perioperative care is limited. By
drawing on patient experiences as a resource for design, the
study demonstrates how patient involvement can inform iterative
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improvements to digital health tools and strengthen
person-centered perioperative care [7,21,22,60,61].

The findings of our study align with established user experience
principles in digital health design, emphasizing the importance
of empathy, communication, accessibility, regulatory
compliance, and data privacy and security [21].

Mapping the patient journey revealed the emotional strain of
the perioperative period and the value of designing digital health
tools that provide empathetic support during this vulnerable
time [21,60]. This aligns with previous research highlighting
that emotional engagement and good information provision are
central to person-centered perioperative care and patient
satisfaction [1,62,63]. Experiences reported in HIC show that
access to targeted digital health tools can improve patient
well-being and empowerment as well as improve postoperative
outcomes [18,61,63,64]. Providing patients with a digital
resource that offers clear, accessible information may therefore
strengthen patient engagement by improving understanding of
recovery and fostering a sense of partnership in care [1,18,65].

A key finding was the importance of communication and
feedback from clinicians to create trust and to maintain
motivation to continue using the system. This aligns with studies
on implementation of electronic health records and patient
perspectives on digital health tools [61,66]. It was interesting
to note that patients were not deterred by lengthy questionnaires
if they perceived them as purposeful. Participants valued
knowing that their submitted data would inform their care,
similar to evidence that perceived purpose and clinician
responsiveness may increase adherence to digital platforms
[61,64,67]. However, clinicians may not always see the value
of using digital health tools to strengthen relationships with
patients, especially if these tools are perceived as adding to their
workload [28,66,68]. It is important to note that for patients
who used the PSHR, a lack of clinician feedback following the
completion of the postoperative questionnaires reduced their
motivation to continue engaging with the tool. Therefore, it is
important that patient needs are balanced with clinical feasibility.
One potential solution would be to use automated alerts from
PROM data that notify clinicians when patient responses are
below a predefined threshold, prompting timely feedback to
those patients who need them. This could enhance the perceived
usefulness and reliability of the PSHR and strengthen the
patient-clinician relationship, without overburdening the
clinician [1].

Using the PSHR to track and benchmark recovery progress can
offer reassurance or prompt patients to seek help when needed.
Such features can promote self-management by helping patients
to understand their recovery and to feel more in control of their
health [61,64,67]. From our user testing, it emerged that when
automated feedback messages to patients flag potential concerns,
these messages should balance the communication of
information with reassurance and clear guidance on next steps.

Despite the benefits of using a digital tool such as the PSHR,
barriers such as limited digital literacy, the high cost of data,
and inconsistent access to internet connectivity are significant
obstacles to digital health implementation in South Africa
[33,39] Patient preference for accessing the PSHR via WhatsApp

links highlights the importance of incorporating widely used,
low-barrier communication channels in LMIC settings. This
aligns with priorities outlined in the South African Digital Health
Strategy and the WHO Global Strategy on Digital Health, which
highlights the need for equitable access, user-centered design,
and interoperability of digital health tools [20,69].

Regulatory constraints, particularly around the consent process,
present a design challenge for the PSHR. While simplifying
consent forms with icons and condensed text may improve
accessibility, maintaining careful attention to detail and to legal
and ethical standards is important to ensure the integrity of the
consent process. Providing reliable and up-to-date medical
information is resource-intensive, whether creating original
content or vetting existing material. One potential solution is
to involve patients in content development and curation,
fostering a collaborative platform. However, ensuring the
accuracy of medical content would still require professional
oversight and quality control.

An additional consideration in the design of the PSHR is
safeguarding data privacy and security, especially as it collects
personal and health information subject to the South African
Protection of Personal Information Act, comparable with the
Health Insurance Portability and Accountability Act in the
United States and the General Data Protection Regulation in
Europe. In the South African private health care sector, access
to patient data can be restricted to the patient and their
designated surgeon and anesthetist, which enhances data
security. However, in the public health care sector, where care
is provided by teams rather than individuals, maintaining data
privacy may be more difficult. Concerns about cybersecurity
and a lack of trust in an unknown system were seen by some
patients as barriers to engaging with the PSHR.

Strengths and Limitations
A key strength of this study lies in its adherence to design
thinking and human-centered design principles [21,22]. The
use of Karagianni’s Optimized Honeycomb model provided a
structured lens for analyzing user experience and expectations,
capturing functional cognitive and emotional factors influencing
user experience [47]. Involving individual patients in the design
process enabled the research team to draw on their lived
experience as a form of expertise. By prioritizing the needs of
actual patients rather than relying on personas, we aim to
advance our mission of developing an intuitive, efficient,
user-friendly, and person-centered tool. Furthermore, the
inclusion of a diverse sample of patients from both the public
and private health care sectors in South Africa enhances the
study’s relevance, particularly as the country progresses toward
universal health coverage. Including in the research team a
clinician focused on patient-reported outcomes and a hospital
patient representative kept the group focused on a
patient-centered approach.

The main limitation of this project is the inclusion of a relatively
small patient sample across the various phases, limiting the
generalizability of findings. However, from a user experience
research perspective, idea saturation in initial interviews
suggests sufficient theme coverage, and prototype testing
revealed consistent usability issues, aligning with Nielsen and
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Landauer’s 5-user rule [58,59]. The original study protocol
aimed to include patients from Sweden to allow comparisons
with a high-resource setting, but logistical and resource
constraints prevented this. Future research will focus on
expanding data collection and user testing, with a comparative
analysis between HICs with well-established digital health
platforms and LMICs where digital health systems are still being
developed. An additional limitation was that user testing was
conducted only with low-fidelity paper prototypes. However,
this is a recognized approach within design thinking
methodology, enabling iterative development without significant
cost investment during the early stages when design elements
remain subject to change [23,25,70].

Considering that one of the researchers has a professional
interest in PROs and had established rapport with several
participants, this may have introduced a subtle positive bias in
how participants perceived and articulated the value of the
PSHR. Furthermore, as the majority of patients had undergone
intermediate or major surgical procedures, their emphasis on
the need for information and emotional support may not be
generalizable to patients presenting for minor operations.

Another limitation is that the study does not capture the user
experience of health care providers. The original project plan
included workshops with surgeons and anesthetists; however,
time constraints necessitated postponing these activities.
Ongoing work by the South African authors includes intentional
network weaving to promote data-driven surgery which will
include engagement with perioperative clinicians.

Although initially unfamiliar to the anesthesiologist
investigators, the qualitative and user experience methodologies
provided valuable learning. This collaboration highlighted the
importance of such approaches in helping clinicians understand
patient needs and to develop intuitive digital health tools.

Future Research
Findings from this study will inform further design iterations
of the PSHR, both to optimize its use in individual patient care
and to generate future research outputs. Next steps include
testing a high-fidelity prototype and evaluating the final product
in real care settings, with particular attention to patient
experiences over time: for example, how patients respond to
repeated questionnaires that may appear similar at different
intervals. Data from the PSHR will in time become a resource
for organizational development and quality improvement.
Ongoing development will require the active involvement of
both clinicians and patients to ensure that the tool remains
relevant, feasible, and responsive to real-world clinical processes
and workflows.

Conclusions
This study is one of the first to apply human-centered design
principles to a perioperative digital health tool in an LMIC
setting, addressing usability challenges and patient engagement.
Key user experience factors influencing patient engagement
included communication, feedback, and access to information
throughout the surgical journey. Digital health tools such as the
PSHR can strengthen communication and support
person-centered perioperative care by integrating PROs into
clinical workflows and care processes. As health care systems
worldwide move toward digital integration, our findings provide
valuable insights into the factors to consider when digital health
tools are introduced in diverse health care contexts. Future
research should focus on integrating digital health tools into
clinical workflows and assessing their impact on person-centered
outcomes and care delivery, with particular emphasis on
involving all relevant stakeholders, both clinicians and patients,
to ensure that the tools are contextually appropriate and aligned
with real-world processes and workflow needs.
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Abstract

Background: As electronic patient portals (EPPs) continue to gain popularity and systems transition to online tools for scheduling,
communication, and telehealth, patients without access or skills to use these tools may be overlooked.

Objective: This study analyzed patient and neighborhood-level factors, including eHealth literacy level and the Area Deprivation
Index (ADI), that may limit EPP access for orthopedic surgery.

Methods: A cross-sectional, survey-based study was performed at a single urban tertiary academic medical center in the United
States across foot and ankle, hand and upper extremity, and orthopedic trauma subspecialty clinics from June 21, 2022, to August
12, 2022. Survey responses (N=287) provided information on sociodemographic characteristics; barriers to EPP use and frequency
of EPP use; the eHealth Literacy Scale; and the ADI, which is an address-generated national census measure of neighborhood-level
disadvantage. Barriers to EPP use were inductively coded into barrier types, classified as physical access, technology discomfort,
or preference. The primary outcome measure was patient-reported barriers to EPP use, which was treated as a binary outcome
(1=barrier; 0=no barrier). Bivariate analyses and multivariable binary logistic regressions were performed.

Results: The percentage of patients who self-reported barriers to EPP access was 43.2% (124/287), which related to physical
access (13/124, 10.4%), technology discomfort (55/124, 44.3%), and preference (78/124, 63.0%). In the adjusted regressions,
only low eHealth literacy and older age predicted barriers to EPP use (low eHealth literacy, adjusted odds ratio [AOR] 1.32, 95%
CI 1.13-1.54; P<.001; older age, AOR 1.007, 95% CI 1.003-1.009; P<.001), including barriers of technology discomfort (low
eHealth literacy, AOR 1.25, 95% CI 1.11-1.40; P<.001; older age, AOR 1.004, 95% CI 1.002-1.007; P<.001) and preference
(low eHealth literacy, AOR 1.33, 95% CI 1.17-1.51; P<.001; older age, AOR 1.004, 95% CI 1.00-1.01; P<.01). Patients with
physical access–related barriers as opposed to technology discomfort or preference barriers had the lowest median eHealth literacy
scores (17.0, IQR 12.0-14.0 vs 27.0, IQR 16.0-32.0 vs 27.0, IQR 20.0-32.0, respectively) and roughly a quartile higher median
ADI (73.0, IQR 41.0-92.0 vs 53.5, IQR 31.2-76.0 vs 58.0, IQR 38.8-83.8, respectively).

Conclusions: Low eHealth literacy was the most significant determinant of overall barriers to EPP use for orthopedic surgery,
followed by older age. Neighborhood-level disadvantage as measured through the ADI had no mediating effect on patient-reported
barriers to EPP use when adjusting for eHealth literacy level. While patients with physical access barriers had higher ADIs,
overall, few patients reported physical access barriers compared to barriers related to technology discomfort or preference. Patient
preference for EPP versus non-EPP communications should be documented. Point-of-care screening using the eHealth Literacy
Scale may also identify patients who require follow-up outside of the EPP during critical perioperative periods.

(JMIR Perioper Med 2026;9:e72035)   doi:10.2196/72035
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Introduction

Improving digital health information transparency and
transmission via electronic patient portals (EPPs) has been a
central focus of health IT policy in the United States during the
last decade [1]. EPPs facilitate patients’ communication with
their treating care teams and direct access to their electronic
personal health record and tools to request prescription refills,
participate in e-visits, and complete patient-reported outcome
questionnaires, among other functions. These interactions
empower patients to take an active role in their health care [1,2].
However, few studies have examined patient portal use in the
surgical setting or patient factors that may limit EPP use in this
context [3-8].

Benefits of EPP enrollment among orthopedic patients include
improved patient outcomes [4,7], medication adherence [3],
higher patient satisfaction and psychosocial health [3,7], and
fewer missed appointments [3]. Patient engagement via the EPP
may additionally facilitate more effective screening for
commonly avoidable complications that delay patients’ return
to function, such as soaking of splints or patient-prolonged
immobilization due to unanticipated postoperative pain.
Moreover, as routine messaging and completion of
patient-reported outcomes via the EPP becomes standard, it is
likely that patient engagement via the EPP beyond enrollment
may become another critical quality metric tied to physician
reimbursement.

Despite advantages of and health care provider interest in
adoption of EPP tools, prior studies in orthopedic surgery have
shown that patient factors, including older age and lower
educational level, may limit EPP enrollment [3,4,6,8], which
is analogous to observations in the internal medicine setting
[9-12]. The 2020 Health Information National Trends Survey
(HINTS) found that the most commonly cited reason for patient
nonuse within a large US sample was desire to speak directly
with a health care provider (ie, physician, nurse practitioner)—a
sentiment shared by 69% of patients [11]. Furthermore, roughly
30% of patients expressed discomfort with the technology [11].
Traditional health literacy refers to the capacity to find,
understand, and use health information to inform health-related
decisions and actions, whereas eHealth literacy specifically
refers to the capacity and skills to seek, assess, and make use
of health information via electronic media. In the hospital
medicine setting, low eHealth literacy in particular is associated
with less awareness, use, and perceived usefulness of EPPs [13].

Lack of examination of granular patient-level use data beyond
EPP activation status, explicit barriers to EPP use, and associated
patient factors such as health literacy are described as significant
limitations and directions for future work in orthopedic surgery
[3,4,8]. Additionally, no study across any prior setting has
assessed the effect of structural or neighborhood-level
determinants on barriers to EPP use, nor have they assessed
barriers among patients who are actively enrolled in EPPs.
Individual-level determinants may refer to patient demographics
or skill sets such as health literacy, whereas neighborhood-level
determinants refer to unmeasured social factors conferred by
the geographic environment in which a patient lives, often

described via census variables related to percentage of
unemployment, percentage of individuals with a high school
education, and food and housing quality, among others.

For digital health uptake in particular, distinguishing among
types and levels of determinants is critical to realizing
equity-informed intervention and policy [14,15]. For example,
digital literacy is an individual-level factor for which a
policy-level solution such as improving broadband connectivity
or personal device accessibility may be ineffective in the absence
of community-responsive interventions to provide individuals
with digital skill training [15]. In particular, it is important to
analyze whether neighborhood disadvantage may amplify the
impact of low eHealth literacy on barriers to patient portal use,
which single-level analyses of eHealth literacy cannot capture.

This study aimed to contribute to the existing body of literature
on barriers to EPP use in orthopedic surgery by analyzing how
both individual-level and neighborhood-level social
determinants, including eHealth literacy and the Area
Deprivation Index (ADI), may relate to patient-reported barriers
to EPP access and use across foot and ankle, hand and upper
extremity, and orthopedic trauma surgery.

Methods

Study Design and Setting
This was a cross-sectional survey–based study conducted via
an anonymized paper survey administered at a single urban
tertiary academic medical center in the United States between
June 21, 2022, and August 12, 2022. The survey was
administered in the clinic following each patient visit and
consisted of sociodemographic questions, the eHealth Literacy
Scale (eHEALS), and 2 questions regarding EPP access and
use detailed below. This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
design and reporting guidelines for cross-sectional studies.

Participants
All English-speaking patients aged >18 years presenting for
orthopedic surgery evaluation at foot and ankle, trauma, and
hand and upper extremity clinics were included and approached
consecutively during the aforementioned period. This study was
limited to foot and ankle, trauma, and hand and upper extremity
surgery clinics where faculty involvement at our institution was
feasible. Approached patients were excluded if they had not
received a tablet to complete their in-office patient-reported
outcome questionnaire per routine standard of care due to
external technological or capacity constraints (ie, tablet out of
battery or too few working tablets in the clinic on a particular
day) unless that patient had already completed the questionnaire
via their patient portal. While this practical limitation resulted
in potential selection bias, it randomly affected only a small
portion of patients (<10) and was remedied to avoid recurrence
of the problem for continued recruitment efforts. Patients who
could not read or write were included and read aloud the study
survey.
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Sample Size Calculation
The HINTS 2020 reported that approximately 40% of adults in
the United States accessed their patient portal in the previous
year, whereas 59% were nonusers [11]. Using a baseline nonuse
or potential barrier rate of roughly 40% to 60% and setting an
α value of .05, we estimated that a sample of 270 to 290 patients
would provide at least 80% power to detect large effect sizes
(odds ratio 2.0‐3.0) in a binary regression model constrained
by 10 events per covariate included.

Ethical Considerations
Biological Sciences Division/University of Chicago Institutional
Review Board approval (IRB22-0230) was obtained with
waivers for written consent and HIPAA (Health Insurance
Portability and Accountability Act) authorization. Anonymized
survey data were transcribed into a REDCap (Research
Electronic Data Capture; Vanderbilt University) database for
secure storage [16]. No compensation was provided for
participation.

Primary and Secondary Outcomes
The primary outcome measure was patient-reported barriers to
EPP access. Barriers to access were derived from the HINTS
and secondarily classified as barriers of physical access,
discomfort with technology, or patient preferences for
nonelectronic provider communication (Multimedia Appendix
1) [11]. These categories were inductively coded by the research
team after data collection. This classification is not validated,
which we discuss as a limitation. Patients were instructed to
mark preference for nonelectronic provider communication as
a selection only if they perceived their preferences as barriers
to using their portals. Importantly, “I do not have a patient portal
account” was listed as an option on the original survey but was
analyzed separately. The secondary outcome measure was
patient-reported level of EPP use classified into 2 categories:
routine use and nonroutine use. Per Maroney et al [17], level
of use was characterized as routine if at least monthly use was
indicated and as nonroutine if use a few times a year or less
frequently was indicated, including those who did not have an
EPP (Multimedia Appendix 1). Importantly, the level of EPP
use included use for any clinic, not limited only to their
orthopedic surgery care.

Variables and Demographics
eHealth literacy was measured via patient responses to the
eHEALS tool to determine its association with barriers to EPP
use (Multimedia Appendix 2) [18]. This tool has been validated
in the orthopedic outpatient setting, among others [18-20]. As
in prior literature, a cumulative score of 25 or less indicated
low eHealth literacy, and a score of 26 or greater indicated high
eHealth literacy [13,21,22]. Neighborhood-level disadvantage
was assessed using the ADI, which is calculated via publicly
available census data in the domains of income, educational
level, employment, and housing quality to assign numeric scores
of societal disadvantage to particular geographical regions [23].
Higher scores indicate higher levels of societal disadvantage.
Self-reported demographic data were additionally collected.

Statistical Analysis
Survey data were analyzed using the Python statistical program
(version 3.10.6; Python Software Foundation) [24-26]. Missing
values were excluded pointwise across the relevant analyses
given the low frequency. Numerical data presented as medians
were reported with the IQR. The level of significance was set
at P=.05.

Bivariate analyses were performed to examine the association
between both patient-reported barriers and level of EPP use and
demographic variables, the ADI, and eHealth literacy level.
Three multivariable logistic regressions were conducted wherein
barriers were treated as a binary outcome (1=barrier; 0=no
barrier). Categorical variables were converted to binary dummy
variables for regression. The main regression considered all
barriers, whereas the 2 subsequent regressions examined only
barriers of technology discomfort or preference-related barriers.
Regression was not performed for physical access–related
barriers due to outcome size of 13, which is discussed as a
limitation. Variable selection for each model was determined
via outcome size (at least 10 outcomes per covariate to avoid
overfitting) and one-at-a-time sensitivity analyses (via

examination of the McFadden pseudo-R2) in a backward
regression approach. To avoid collinearity, only covariates with
a variance inflation factor of <5 were included together. Model

fit was assessed using McFadden pseudo-R2 values, with 0.2
considered excellent if not overfit (corroborated via df).

Demographic categories and regression reference levels were
selected based on breakdowns and historical controls used in
prior related literature [9,27,28]. Income was treated
categorically, and per the analogous literature, we selected 3
levels representative of low, medium, and high income based
on the median household income cutoffs for the zip code tied
to the authors’ institution.

Results

Participant Characteristics
A convenience sample of 339 eligible patients was approached,
of whom 52 (15.3%) declined participation, leaving 287 (84.7%)
for analysis. The median age of the study participants was 48.5
(IQR 35.0-64.2) years; 58.2% (167/287) of the study participants
self-identified as non-Hispanic Black individuals, and 26.1%
(75/287) identified as non-Hispanic White individuals. The
median cumulative eHEALS score was 32 (IQR 27-35), with
21.3% (61/287) of the study participants having low eHealth
literacy (eHEALS score of 25 or less). The median ADI was
53.0 (IQR 32.0-74.8).

Of the study participants, 63.1% (181/287) were routine users,
and only 9.8% (28/287) did not have EPPs. One or more barriers
to accessing their EPPs were reported by 43.2% (124/287) of
all patients. Moreover, among the 90.2% (259/287) of patients
who were enrolled in the EPP, 42.5% (110/259) still reported
barriers to access or use of their portal. The remaining patient
characteristics were compared by self-reported barriers to EPP
access and self-reported EPP use (Table 1). Patients reporting
one or more barriers had higher median age than patients who
did not report barriers (57.0, IQR 42.2-71.0 years vs 43.0, IQR
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29.2-57.0 years; P<.001; Table 1). A higher percentage of
non-Hispanic Black patients (P=.04), retirees (P=.001), and
patients who fell into the income bracket of US $30,000 or less

(P=.03) reported barriers to access (Table 1). Patients who did
not routinely use the EPP had a lower educational level than
routine users (P=.005; Table 1).

Table . Descriptive characteristics and exploratory comparison of self-reported barriers to electronic patient portal (EPP) access and self-reported EPP

use by patient characteristics.a

P valueNonroutine useRoutine useP valueOne or more
barriers

No barriersOverallCharacteristic

.77.07Subspecialty clinic, n/N (%)

71/187 (38.0)116/187 (62.0)76/187 (40.6)111/187 (59.4)187/287 (65.2)    Hand

25/68 (36.8)43/68 (63.2)28/68 (41.2)40/68 (58.8)68/287 (23.7)    Foot and an-
kle

10/32 (31.3)22/32 (68.8)20/32 (62.5)12/32 (37.5)32/287 (11.1)    Trauma

.2852.0 (37.0-67.0)47.0 (35.0-62.0)<.00157.0 (42.2-71.0)43.0 (29.2-57.0)48.5 (35.0-64.2)Age (years), me-
dian (IQR)

.09.04Race or ethnicity, n/N (%)

12/24 (50.0)12/24 (50.0)8/24 (33.3)16/24 (66.7)24/287 (8.4)    Hispanic or
Latino

64/167 (38.3)103/167 (61.7)84/167 (50.3)83/167 (49.7)167/287 (58.2)    Non-Hispanic
Black

27/75 (36.0)48/75 (64.0)24/75 (32.0)51/75 (68.0)75/287 (26.1)    Non-Hispanic
White

3/21 (14.3)18/21 (85.7)8/21 (38.0)13/21 (61.9)21/287 (7.3)    Other identity
or preferred not
to answer

.005.07Highest educational level attained, n/N (%)

41/82 (50.0)41/82 (50.0)43/82 (52.4)39/82 (47.6)82/284 (28.9)    High school
or lower

28/73 (38.4)45/73 (61.6)33/73 (45.2)40/73 (54.8)73/284 (25.7)    Some college

36/129 (27.9)93/129 (72.1)47/129 (36.4)82/129 (63.6)129/284 (45.4)    College or
higher

.09.03Annual income bracket (US $), n/N (%)

37/89 (41.6)52/89 (58.4)47/89 (52.8)42/89 (47.2)89/260 (34.2)≤30,000

18/48 (37.5)30/48 (62.5)22/48 (45.8)26/48 (54.2)48/260 (18.5)    30,001-50,000

34/123 (27.6)89/123 (72.4)43/123 (35.0)80/123 (65.0)123/260 (47.3)    >50,000

.19.001Current employment status, n/N (%)

51/160 (31.9)109/160 (68.1)55/160 (34.4)105/160 (65.6)160/285 (56.1)    Employed

28/66 (42.4)38/66 (57.6)31/66 (47.0)35/66 (53.0)66/285 (23.2)    Unemployed
or on disability

25/59 (42.4)34/59 (57.6)37/59 (62.7)22/59 (37.3)59/285 (20.7)    Retired

aPercentages may not add up to 100 due to rounding.

Exploratory Analysis of eHealth and ADI as Potential
Barriers to EPP Access and Use
In the analysis of eHealth literacy, patients who reported barriers
had a lower median eHEALS score than patients who did not
report barriers (29.0, IQR 22.0-32.2 vs 32.0, IQR 30.0-38.0;
P<.001; Table 2). Conversely, a higher percentage of patients
with low eHealth literacy compared to high eHealth literacy
reported barriers to using their EPPs (45/61, 74% vs 79/224,
35%, respectively; P<.001; Table 2). Patients who reported

barriers also had higher median national ADI than patients who
did not report barriers (55.5, IQR 37.5-78.2 vs 51.0, IQR
32.0-70.0; P=.06), and a higher percentage of patients from the
most deprived ADI quartile also reported barriers compared to
patients from the least deprived ADI quartiles (most deprived
ADI quartile [76-100], 37/70, 53% vs second most deprived
ADI quartile [51-75], 35/87, 40% vs second least deprived ADI
quartile [26-50], 29/70, 41% vs least deprived ADI quartile
[1-25], 19/55, 35%; P=.19); however, these results did not reach
statistical significance (Table 2).
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Table . Comparison of self-reported barriers to electronic patient portal access by eHealth literacy level and the Area Deprivation Index (ADI).a

P valuesAny barriersNo barriersOverall

<.00129.0 (22.0-32.2)32.0 (30.0-38.0)32.0 (27.0-35.0)eHEALSb score, median
(IQR)

<.001eHealth literacy level (eHEALS score), n/N (%)

79/224 (35.3)145/224 (64.7)224/285 (78.6)High eHealth literacy

45/61 (73.8)16/61 (26.2)61/285 (21.4)Low eHealth literacy

.0655.5 (37.5-78.2)51.0 (32.0-70.0)53.0 (32.0-74.8)National ADI, median (IQR)

.19National ADI quartile, n/N (%)

19/55 (34.5)36/55 (65.4)55/282 (19.5)Least deprived ADI quartile
(1-25)

29/70 (41.4)41/70 (58.6)70/282 (24.8)Second least deprived ADI
quartile (26-50)

35/87 (40.2)52/87 (59.8)87/282 (30.9)Second most deprived ADI
quartile (51-75)

37/70 (52.9)33/70 (47.1)70/282 (24.8)Most deprived ADI quartile
(76-100)

aPercentages may not add up to 100 due to rounding and missing values.
beHEALS: eHealth Literacy Scale.

Most of the patient-reported barriers were related to technology
discomfort (55/124, 44.4%) or preference (78/124, 62.9%) rather
than physical access (13/124, 10.5%). However, the group
reporting physical access barriers had the lowest levels of
eHealth literacy (median eHEALS score 17.0 vs 27.0 vs 27.0,
respectively) and highest ADI (median 73.0 vs 53.5 vs 58.0,

respectively) compared to groups reporting barriers related to
technology discomfort or preference (Table 3). Patients from
the most deprived ADI quartile had higher percentages of
barriers (Table 3). Bivariate analysis was not performed as
barrier type was nonexclusive.

Table . Exploratory analysis of barrier type by eHealth literacy level and the Area Deprivation Index (ADI).a

Preference barriersTechnology discomfort bar-
riers

Physical access barriersNo barriers

27.0 (20.0-32.0)27.0 (16.0-32.0)17.0 (12.0-24.0)32.0 (30.0-38.0)eHEALSb score, median
(IQR)

eHealth literacy level (eHEALS), n/N (%)

44/224 (19.6)30/224 (13.4)2/224 (0.9)145/224 (64.7)High eHealth literacy

34/61 (55.7)25/61 (41.0)11/61 (18.0)16/61 (26.2)Low eHealth literacy

58.0 (38.8-83.8)53.5 (31.2-76.0)73.0 (41.0-92.0)51.0 (32.0-70.0)National ADI, median (IQR)

National ADI quartile, n/N (%)

10/55 (18.2)10/55 (18.2)0/55 (0.0)36/55 (65.5)Least deprived ADI quartile
(1-25)

19/70 (27.1)13/70 (18.6)4/70 (5.7)41/70 (58.6)Second least deprived ADI
quartile (26-50)

15/87 (17.2)17/87 (19.5)3/87 (3.4)52/87 (59.8)Second most deprived ADI
quartile (51-75)

30/70 (42.9)14/70 (20.0)6/70 (8.6)33/70 (47.1)Most deprived ADI quartile
(76-100)

aPercentages may not add up to 100 due to rounding and missing values.
beHEALS: eHealth Literacy Scale.

Regression Analysis of Barriers to EPP Use
In the overall regression including demographic variables, the
ADI, and eHealth literacy level, only low eHealth literacy level

(adjusted odds ratio [AOR] 1.32, 95% CI 1.13-1.54; P<.001)
and older age (AOR 1.007, 95% CI 1.003-1.009; P<.001)
predicted barriers to EPP access (Table 4). Similarly, only low
eHealth literacy level and age were associated with predicting
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a technology discomfort–related barrier (low eHealth literacy,
AOR 1.25, 95% CI 1.11-1.40; P<.001; age, AOR 1.004, 95%
CI 1.002-1.007; P<.001; Table 4) or a preference-related barrier
(low eHealth literacy, AOR 1.33, 95% CI 1.17-1.51; P<.001;

age, AOR 1.004, 95% CI 1.00-1.01; P=.01; Table 4). The ADI
was not associated with predicting overall barriers (P=.59),
preference-related barriers (P=.35), or technology
discomfort–related barriers (P=.76; Table 4).

Table . Regression of patient characteristics associated with self-reporting at least one barrier to electronic patient portal use (any barrier type, preference
barrier, or technology discomfort barrier).

Regression 3: technology discomfort

barriersc
Regression 2: preference barriersbRegression 1: any barrier typeaCharacteristic

P valueAOR (95% CI)P valueAOR (95% CI)P valueAORd (95% CI)

<.0011.004 (1.002-1.007).011.004 (1.00-1.01)<.0011.007 (1.003-1.009)Age

Race or ethnicity

.711.04 (0.86-1.24).491.07 (0.88-1.31).920.99 (0.78-1.25)    Hispanic or Lati-
no

.521.04 (0.92-1.17).211.09 (0.95-1.24).261.09 (0.94-1.27)    Non-Hispanic
Black

—Reference—Reference—eReference    Non-Hispanic
White

.560.95 (0.78-1.15).631.05 (0.85-1.30).881.02 (0.79-1.32)    Other identity or
preferred not to an-
swer

.761.00 (1.00-1.00).351.00 (1.00-1.00).591.00 (1.00-1.00)National ADIf

eHealth literacy level (eHEALSg)

—Reference—Reference—Reference    High eHealth lit-
eracy

<.0011.25 (1.11-1.40)<.0011.33 (1.17-1.51)<.0011.32 (1.13-1.54)    Low eHealth lit-
eracy

Subspecialty clinic

———Reference—Reference    Hand

——.731.02 (0.91-1.15).911.01 (0.88-1.16)    Foot and ankle

——.051.17 (1.00-1.37).071.18 (0.99-1.41)    Trauma

Highest educational level attained

————.651.06 (0.90-1.25)    High school or
lower

————.510.96 (0.82-1.13)    Some college

—————Reference    College or higher

Annual income bracket (US $)

————.221.11 (0.94-1.30)≤30,000

————.591.05 (0.89-1.24)    30,001-50,000

—————Reference    >50,000

aRegression model 1: 88.5% (254/287) of the patients were included after participants with missing values were excluded (outcome size: 124/254,

48.8% reported any barrier; df=12; pseudo-R2=0.21).
bRegression model 2: 96.5% (277/287) of the patients were included after participants with missing values were excluded (outcome size: 78/277, 28.2%

reported preference barriers; df=8; pseudo-R2=0.16).
cRegression model 3: 96.5% (277/287) of the patients were included after participants with missing values were excluded (outcome size: 55/277, 19.9%

reported technology discomfort barriers; df=6; pseudo-R2=0.13).
dAOR: adjusted odds ratio.
eNot applicable.
fADI: Area Deprivation Index.
geHEALS: eHealth Literacy Scale.
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The most prevalent patient-reported barrier to EPP access was
a preference to speak directly to the health care provider or team
member in person or via telephone (52/287, 18.1%). A lack of
comfort with a computer was cited as a barrier to EPP access
by 29.5% (18/61) of patients with low eHealth literacy (Figure
1). Additionally, 17.8% (51/287) of study participants reported

poor or fair ability to use a computer, tablet, or smartphone to
find information that they needed on the internet. One or more
barriers to EPP use were indicated by 80.4% (41/51) of patients
with poor or fair self-ratings, compared to 35.3% (83/235) of
patients with good, very good, or excellent self-ratings (P<.001).

Figure 1. Frequency and percentages of patient self-reported barriers to electronic patient portal (EPP) access stratified by eHealth literacy level. The
percentages of patients who reported a particular barrier are reported over the denominator of patients with either high eHealth literacy scores (n=224)
or low eHealth literacy scores (n=61). Percentages do not necessarily add up to 100 across barrier categories as patients could indicate more than one
barrier. The barriers “I do not need a patient portal account,” “I have multiple patient portals,” and “I have privacy concerns” are not depicted separately
due to lower frequency of observations.

Discussion

Principal Findings
Equitable implementation of digitized health tools relies on
efforts from clinicians, researchers, and policymakers alike.
This study assessed patient-reported barriers to use within an
expanded framework of individual- and neighborhood-level
factors. Low eHealth literacy level was the most significant
determinant of overall barriers to EPP use for orthopedic
surgery, followed by older age, as compared to other
demographic factors and measures of neighborhood-level
disadvantage. Contrary to expectation, neighborhood-level
disadvantage as measured via the ADI had no mediating effect
on barriers after adjusting for eHealth literacy level. Patients
with physical access barriers did have appreciably higher ADIs;
however, few patients reported physical access barriers overall.
These findings build on prior work that showed that older age,
among other patient demographics, was associated with reduced
EPP enrollment in orthopedic surgery [3,4,8]. This also builds
on prior work in the hospital medicine setting that showed that
lower eHealth literacy correlated with decreased awareness and
use and less favorable attitudes toward use of EPPs [13].

Barriers of physical access, such as lack of internet access, were
infrequent compared to barriers related to preference or
discomfort with technology, including lack of experience using
a computer or difficulty logging in. This finding contrasts with
previous work that found internet access to be a significant
determinant of portal use for orthopedic surgery [6].
Additionally, among the 17.8% (51/287) of the participants with
lower self-ratings of ability to use a computer, tablet, or
smartphone to find information that they needed on the internet,
80.4% (41/51) indicated barriers to accessing their EPPs. The
final rule of the 21st Century Cures Act alleviated many barriers
related to physical access (eg, computer access or broadband
coverage) by requiring an interoperability standard that any EPP
programming interface be compatible with smartphone apps
[29]. However, this legislation does not address barriers
experienced by patients who may technically have the physical
and digital tools to access their EPPs but not the self-efficacy
or the skill sets to effectively use these tools.

These findings may support a second digital divide being
dependent on disparities in skill sets rather than physical access
[13,30]. With regard to EPPs, this is clinically significant as
most institutions introduce EPPs via email with time-sensitive
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links and sign-up instructions. This may be ineffective at best
in promoting EPP adoption or postenrollment use in populations
who may have internet access yet lack the internet experience
and skills to navigate setting up a digital account with
time-pressure activation codes for protected health information.
Moreover, the finding that over a quarter of all patients (52/287,
18.1%) perceived their preference to speak with a health care
provider in person or via telephone as an actual barrier to using
the EPP suggests that patients may view the EPP as a substitute
for health care provider communication missing the personal
element rather than as an adjunct to improve communication
and transparency, as it was intended. This finding also suggests
that it may be important to document patient preference for EPP
versus non-EPP communication even if a patient does have an
EPP as patients with activated EPPs may not be active users.

Importantly, while most patients were enrolled in the EPP, a
significant portion of enrolled patients reported barriers to access
and use of their portal. This is significant as prior studies of
EPP use for orthopedic surgery have either only assessed EPP
activation status as a surrogate for use and without assessing
barriers to use [3,4,8] or qualitatively analyzed optional
comments regarding nonuse in a small fraction of the study
cohort (38 of 150 patients) [6]. These findings are clinically
relevant as prior efforts to reduce disparities in EPP use have
also focused on enrollment [9]. However, simply enrolling
patients does little to address the underlying barriers of certain
patients to using their EPPs. Enrollment will not address
individual-level factors such as eHealth literacy, which may
constitute a larger underlying barrier to sustained EPP use after
enrollment (eg, patients’ technological capabilities and skills
rather than physical access to the technology itself).

Additionally, this study substantiates that older adults are a
vulnerable population that may be left behind in a digitized
health system. This is particularly critical to perioperative care
in orthopedic surgery. Older patients may have more complex
discharge needs, including perioperative medication changes
and rehabilitation requiring close postoperative communications,
and addressing them within the EPP may be ineffective. Older
patients have intersecting factors that impede their access. While
age and eHealth literacy were noncollinear in this study, age
has well-known associations with traditional health and eHealth
literacy [31]. Addressing deficiencies in these skill sets may
improve lower levels of self-efficacy to adopt and use EPPs
previously reported in older individuals [32]. This group may
benefit from a proactive staff-level intervention that supports
an in-person EPP enrollment option followed by an initial lesson
on how to use the EPP, which Bhashyam et al [33] previously
showed may be beneficial to improving postoperative follow-up.
Notably, while older patients may have an elevated sense of
caution in using online platforms due to counseling from groups
such as the American Association of Retired Persons, patients
infrequently noted privacy concerns as a barrier to EPP use in
this study.

Patients with physical access barriers also had appreciably
higher ADIs despite this analysis not meeting statistical
significance. These patients may also benefit from routine
touchpoints with staff outside of the EPP. Ensuring effective
follow-up is especially important in these patients as, in addition

to worse ADIs predicting worse comorbid chronic disease
outcomes, simply living in a disadvantaged neighborhood
confers similar readmission risk as having a chronic lung disease
and higher risk than having a chronic condition such as diabetes
[34]. At an informatics design level, a widget within the
electronic medical record could be implemented to automatically
yield an address-generated ADI analogously to how BMI is
automatically calculated based on a patient’s weight and height
as this may generate similarly important contextual information
to a patient’s overall health, especially in a perioperative context.

Limitations
First, this was a single-institution study conducted across several
orthopedic surgery subspecialty clinics not including adult
reconstruction. Hence, the results may not be generalizable
across other settings. Moreover, while eHEALS is a commonly
used, validated screener for eHealth literacy in outpatient
settings [18-20], it has not been validated in our specific patient
population. Additionally, self-reporting via a survey may be
limited by response bias; however, we felt that this method of
examination was critical to include the patient perspective.
Importantly, this study did not include non–English-speaking
patients, who may experience additional barriers to EPP access;
however, this study did include the perspectives of patients with
limited reading and writing skills.

Additionally, level of use was dichotomized as routine and
nonroutine, similar to the study by Maroney et al [17], without
an option for “as needed,” which assumes regular use. The
National Cancer Institute’s 2020 HINTS showed that only 40%
of those with EPPs used it every year: 65% felt that they did
not need to use it every year [11]. An additional checkbox option
for “use as needed” may better capture this nuance; however,
this could introduce indeterminate subjectivity.

Notably, the sample size may have been underpowered to detect
small effect sizes in demographic differences and in novel
outcomes such as the ADI. The sample size calculation was
predicated on the 2020 HINTS, which analyzed barriers to EPP
enrollment and did not include patients with activated EPPs
who still experienced barriers (259/287, 90.2% of our study
population) [11]. Moreover, no relevant existing literature has
assessed the ADI. Finally, the secondary barrier categories were
inductively coded by our research team after data collection
based on natural groupings in which we were interested. This
rendered our initial sample size calculation insufficient to
perform a secondary regression analysis for the access-related
barrier category, which had a small outcome size. Additionally,
this classification was not validated, which may introduce bias
but, importantly, allowed for discovery of new insights that may
not have been generated through precoding.

Conclusions
Routine use of EPPs for online scheduling, patient
communication, and telehealth continues to be a critical aspect
of care. It is necessary to understand existing disparities in
barriers to EPP access to not only improve access to care for
all patients but also to continue building patients’ toolbox and
self-efficacy to take on active roles in their care. Future research
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should establish whether interventions, education, and improved eHealth literacy may overcome these barriers.
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