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ARTICLE INFO ABSTRACT

Keywords: Physical resilience, conceptualized as the extent of observed recovery after a health stressor, is an important
Resilience construct in research on aging and frailty. Various methods have been proposed to quantify physical resilience
Surgery using repeated measures of health or function following a stressor. The purpose of this analysis is to directly
&gel ;Si rement compare two alternative approaches to quantifying physical resilience — the recovery trajectory (RT) and the
Knee arthroplasty expected recovery differential (ERD) — using data from 170 older adults in an observational study of elective knee
Stressor replacement surgery. Each participant’s resilience, based on repeated measures of pain interference over 6
Recovery months after surgery, was determined using both the RT and the ERD method. The 10 individuals classified as

high resilience based on RT also had better-than-expected recovery based on ERD. However, ERD scores were
more variable among individuals classified by RT as moderate resilience (n = 82). Of those classified as low
resilience (n = 78) by RT, most (85.9%) also had worse-than-expected recovery based on ERD. In this head-to-
head comparison of two conceptually distinct approaches for quantifying resilience after a health stressor, the
results were most comparable in individuals at extremes of high or low recovery patterns. Each approach has
merit for quantifying physical resilience after a health stressor, and factors that may influence the choice of

method and interpretation of results are discussed.

1. Introduction

Physical resilience—the extent of recovery after an acute health
stressor such as infection or surgery—is a determinant of future health
[1-3]. Over the past decade, physical resilience has been advanced as an
important construct in clinical research in older adults, both because
late life is associated with increased exposure to health stressors and
because aging biology alters one’s capacity to respond to stressors [4-6].
Physical resilience, which manifests after a health stressor, is linked to
the concept of frailty, which refers to a state of diminished physiological
reserves that results in vulnerability to stressors [7,8]. Even among in-
dividuals who are not “frail,” heterogenous outcomes are observed after
exposure to similar health stressors, with age and comorbidity linked to
poorer physical resilience [9-11]. To validate biomarkers and in-
terventions that improve physical resilience across the lifespan, the field
needs reliable ways to measure physical resilience [4,12].

We previously described two approaches to quantify physical
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resilience: the recovery trajectory (RT, also previously referred to as
“recovery phenotype™) and the expected recovery differential (ERD)
[13]. Both RT and ERD approaches utilize repeated measures of health
at multiple timepoints before and after a given health stressor. The RT
approach quantifies each individual’s resilience based on observed re-
covery trajectories j(e.g., area under the curve, time to full recovery, or
slope of recovery), without incorporating information about an in-
dividual’s risk factor profile. The RT can be calculated for any individual
without knowledge of how similar individuals have responded to the
same stressor, or researchers can apply methods such as latent class or
factor analysis to identify common patterns of recovery in a population.
In contrast, the ERD approach explicitly incorporates information about
known risk or protective factors, and defines resilience as the extent to
which a person’s actual recovery compares to their predicted recovery.
The ERD addresses a common clinical question: “how much better or
worse did this patient recover, relative to other patients of similar age
and pre-stressor health status?”
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The RT and ERD are not proposed as two measures of the same latent
variable; rather, they represent two different ways of operationalizing
resilience that yield different types of information. For example,
consider two surgical patients: one is an 86-year-old with features of
frailty and multiple comorbidities who undergoes a prolonged surgery
time, whereas the other is a fit 61-year-old with no comorbid conditions
who undergoes an uncomplicated procedure. If both patients exhibit the
same, “average” pace and degree of functional recovery after surgery,
they would both be classified as moderate resilience according to the RT
method, However, under the ERD method, the older, higher-risk patient
would be considered more resilient because recovery exceeds expecta-
tions based on the risk profile. In this way, ERD highlights resilience as a
relative, risk-adjusted construct, whereas RT reflects absolute recovery
performance. If the investigator is most interested in asking “Is this
biomarker or intervention associated with faster recovery after a
stressor?” then the RT method is an appropriate and straightforward
way to quantify and compare how quickly patients recover. If the
investigator is more interested in identifying pathways or mechanisms
that may protect against age- or disease-related vulnerabilities, then the
ERD approach will help identify individuals who may possess a pro-
tective or risk-modifying factor.

Although both approaches are used in physical resilience research
[11,14-16], it is unknown if the two approaches generally classify the
same individuals as “resilient”. We aimed to directly compare these two
approaches in a patient population exposed to the same stressor: elective
total knee arthroplasty. The degree of recovery after knee arthroplasty is
typically indicated by performance measures or patient-reported mea-
sures of function and symptoms. Here, we defined resilience — according
to the RT and ERD method - based on measures of “pain interference,” a
validated tool by which patients rate the impact of pain on work and
daily activities [17]. Pain interference was selected because it is an
outcome that matters to patients, reflects both symptoms and function,
and is a precise and responsive indicator of recovery after knee arthro-
plasty [18,19]. It is the patient-reported measure that has been most
strongly correlated with chronic poor pain outcomes after knee surgery
[20]. Measures of pain interference were available at multiple time
points in the dataset, which allowed for the construction of detailed
trajectories.

2. Methods
2.1. Study population

We quantified physical resilience in the Physical Resilience In-
dicators and Mechanisms in the Elderly Study of elective total knee
arthroplasty (PRIME-KNEE), a prospective study of older adults evalu-
ated before and 1, 2, 4, and 6 months after elective knee arthroplasty in
the Duke University Health System. Methods of the PRIME-KNEE study
have been previously described [21]. Briefly, the study included par-
ticipants aged 60+ years who were community-dwelling and scheduled
for elective knee arthroplasty with planned admission or overnight
observation. Participants were required to be English-speaking and
ambulatory (assistive device allowed). Exclusion criteria included
diagnosis of dementia or failed telephone cognitive screen, treatment for
non-skin cancer in the last 12 months, hearing or vision impairments
that impeded electronic survey completion or telephone interviews after
best accommodation. PRIME-KNEE was approved by the Duke Health
Institutional Review Board and all participants provided informed
consent.

2.2. Measures

Our primary indicator of physical resilience in this analysis is self-
reported pain interference using the PROMIS short form 6a; this vali-
dated health indicator in orthopedic surgical rehabilitation quantifies
the impact of pain on work and social activities over the past week [17].
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Supplementary Table 1 summarizes all other variables from the
PRIME-KNEE database that are used in the present analysis.

2.3. Analysis

The goal of this analysis is to compare definitions of resilience after
surgery using the RT and ERD approaches [13]. For the RT, we modeled
recovery trajectories from pain interference scores at timepoints before
and after the stressor and applied latent class trajectory analysis to
identify similar “classes” of recovery patterns (TRAJ procedure, SAS,
Cary, NC). RT class emphasizes the magnitude and speed of individual
recovery experiences. Models were iteratively tested with varying
numbers of latent classes and polynomial representations of time, with
final model selection based on Bayesian Information Criterion (BIC) and
minimum class size thresholds.

The ERD approach calculated the difference between observed ver-
ses predicted pain interference at the 6-month postoperative timepoint.
The predicted values were derived using an elastic net penalized
regression model. Predictors of 6-month pain interference score
included baseline pain interference, demographics, comorbidities,
physical and cognitive function, psychological resilience, and surgical/
anesthesia characteristics. Continuous variables were centered and
scaled. Leave-One-Out Cross Validation was used to select optimal
penalty parameters. The ERD score (observed minus predicted value) is
continuous, with scores above zero representing better than predicted
recovery.

With the RT approach, three resilience classes were identified
(Supplemental Figure 2). Posterior probabilities from the RT models
were used to assign individual participants to best-fit RT trajectory class.
This empirical method resulted in three RT-defined resilience groups of
unequal sizes (n = 10, 82, 78). Next, the cohort was subdivided into
three quantiles based on the continuous ERD score, such that ERD-
defined quantile size matched those of the RT classes (n = 10, 82, and
78) . To visualize how similarly the two metrics assign individuals to
resilience groups in the same population, we generated histograms and
an Alluvial plot.

3. Results

Our analytical sample included 170 (of 203) PRIME-KNEE partici-
pants who had complete data to construct both RP- and ERD-based
resilience metrics. Four individuals enrolled in PRIME-KNEE did not
undergo surgery and 29 individuals did not have a 6-month rating of
pain interference (so ERD could not be calculated). Table 1 summarizes
the analytic cohort, according to defined resilience groupings. A ma-
jority of the cohort were female (N = 102, 60%) and White (N = 141,
82.9%), and only seven participants (4.2%) identified as Latino. Ten
participants (5.9%) were assigned to the high resilience RT class; 82
(48.2%) to the moderate resilience class; 78 (45.9%) to low resilience
class. ERD quantiles were constructed to be the same size as the RT
classes. People in higher RT classes tended to have better ERD scores
(Fig. 1A). No individual in the high resilience RT class had an ERD in the
low quantile, and all individuals in the high resilience RT had ERD
scores above 0, indicating better-than-predicted recovery. Most people
in the low resilience RT class had low ERDs and 67 (85.9%) had negative
ERD (i.e., worse-than-predicted recovery), with 63 (81%) in the lowest
quantile of ERD scores. However, one individual in the low RT class had
an excellent ERD score (Fig. 1B). This individual had poor pain inter-
ference scores at all timepoints, except for a much-improved score at 6
months. People in the moderate RT class had a wide distribution of ERD
scores.

4. Discussion

The RT and ERD approaches to resilience measurement comparably
identified individuals with low or high resilience patterns after knee
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Table 1
Characteristics of the Cohort at Baseline.
Character-istic Entire Cohort Recovery Trajectory Class Expected Recovery Differential
Overall High Moderate Low High Moderate Low
(N =170) (N=10) (N =82) (N=78) (N =10) (N =82) (N=78)
(5.9%) (48.2%) (45.9%) (5.9%) (48.2%) (45.9%)
Age at Surgery Date (years) 71.4 (6.20) 74.5 (7.11) 71.6 (6.30) 70.8 (5.91) 71.1 (5.11) 71.8 (6.54) 70.9 (5.98)
Mean (SD)
Race
White 141 (82.9%) 9 (90.0%) 76 (92.7%) 56 (71.8%) 6 (60.0%) 74 (90.2%) 61 (78.2%)
Black or African American 22 (12.9%) 0 (0%) 5 (6.1%) 17 (21.8%) 3 (30.0%) 7 (8.5%) 12 (15.4%)
Asian 2 (1.2%) 1 (10.0%) 0 (0%) 1 (1.3%) 0 (0%) 1(1.2%) 1 (1.3%)
More than one race or Unknown 5 (3.0%) 0 (0%) 1(1.2%) 4 (5.1%) 1 (10.0%) 0 (0%) 4 (5.1%)
Sex
Female 102 (60.0%) 4 (40.0%) 51 (62.2%) 47 (60.3%) 5 (50.0%) 51 (62.2%) 46 (59.0%)
Male 68 (40.0%) 6 (60.0%) 31 (37.8%) 31 (39.7%) 5 (50.0%) 31 (37.8%) 32 (41.0%)
Years of Education 16.2 (2.36) 17.0 (2.31) 16.2 (2.37) 16.1 (2.35) 15.4 (1.58) 16.3 (2.59) 16.2 (2.18)
Mean (SD)
Body Mass Index 32.0 (5.34) 29.8 (5.00) 31.9 (5.39) 32.4 (5.31) 33.2(5.73) 32.2 (5.46) 31.7 (5.20)
Mean (SD)
Vascular Disease, N %) 44 (25.9%) 2 (20.0%) 20 (24.4%) 22 (28.2%) 3 (30.0%) 18 (22.0%) 23 (29.5%)
Chronic Liver Disease, N (%) 5 (2.9%) 0 (0%) 2 (2.4%) 3 (3.8%) 0 (0%) 2 (2.4%) 3 (3.8%)
Heart Disease, N (%) 9 (5.3%) 1 (10.0%) 3 (3.7%) 5 (6.4%) 0 (0%) 4 (4.9%) 5 (6.4%)
Diabetes, N (%) 35 (20.6%) 2 (20.0%) 21 (25.6%) 12 (15.4%) 1 (10.0%) 19 (23.2%) 15 (19.2%)
History of Cancer, N(%) 11 (6.5%) 2 (20.0%) 4 (4.9%) 5 (6.4%) 1 (10.0%) 6 (7.3%) 4 (5.1%)
3MS Cognitive Score, Mean (SD) 93.1 (6.49) 95.7 (5.23) 93.8 (5.42) 92.1 (7.50) 90.2 (6.68) 93.6 (6.16) 93.1 (6.78)
Gait Speed (m/sec), Mean (SD) 1.00 (0.256) 1.02 (0.259) 1.03 (0.221) 0.973 (0.288) 0.947 (0.245) 0.987 (0.244) 1.03 (0.271)
PHQ-9, 3.25 (3.66) 1.80 (2.74) 2.78 (3.51) 3.93 (3.82) 5.00 (7.35) 2.72 (2.95) 3.59 (3.64)
Mean (SD)

3MS = Modified Mini-Mental State Examination (score out of 100)
PHQ-9 = Patient Health Questionnaire-9 depression screen.
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Fig. 1. Graphical displays comparing two resilience metrics: Recovery Trajectory (RT) Classes compared to Expected Recovery Differential (ERD) scores.
Legend: This figure compares two approaches for quantifying resilience among 170 individuals participating in the PRIME-KNEE study. All individuals completed
questionnaires to assess PROMIS™ pain interference before and at 1, 2, 4, and 6 months following elective knee arthroplasty. The recovery trajectory (RT) is based
on individuals’ observed trajectories of pain interference. Latent class analysis identified three classes of recovery trajectories, and individuals were assigned to the
class that most closely fit their own recovery pattern. The Expected Recovery Differential (ERD) captures how much better or worse a participant’s self-reported
measure of pain interference was at 6 months, compared to the predicted value based on a multivariable model to predict pain interference at 6 months in this cohort.
The cohort was subdivided into three quantiles based on ERD score, such that quantile size matched those of the RT classes. Panel A provides the histograms (count
of individuals) across ERD scores, stratified by RT class. ERD scores above 0 indicate that pain interference at 6 months was better than predicted, whereas scores less
than 0 indicate pain interference at 6 months was worse than predicted. The dashed lines indicate the ERD scores used to subdivide the cohort into three ERD
quantiles. Panel B is an Alluvial plot, with a ribbon from the left to right sides for each of the 170 individuals in the sample. The left side depicts the three groups
according to best-fit class of the three latent classes of recovery trajectory. The right side depicts the three groups defined by ERD score.
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surgery. However, individuals whose RT was classified as “moderate
resilience” exhibited a wider range of ERD scores. ERDs may help
distinguish among the plurality of patients whose trajectory of recovery
is moderate, or “average.” An average recovery trajectory and above-
zero ERD score identifies a person for whom average recovery is bet-
ter than predicted, based on a myriad of clinical factors measured before
or at the time of the stressor. Both approaches provide relevant out-
comes for testing an intervention’s effectiveness, and the choice of
which physical resilience measure to use should be driven by context
and the clinical question.

ERDs may be helpful in identifying surrogate indicators — such as
biomarkers or clinical traits — that distinguish patients likely to recover
better or worse than predicted, which can inform future clinical
decision-making. Because the derivation of the ERD score accounts for
many clinical features that influence recovery after a stressor by
including these variables in the prediction model, the ERD score may
reflect unmeasured phenomena that are important drivers of resilience.
These drivers might include biological or genetic factors that support
metabolism or immune responses during physical stress, psychosocial
traits such as grit or self-efficacy, or contextual factors such as health-
care access and social support. One previous study identified a small
number of molecular biomarkers that accounted for almost 30% of the
variance in the ERD score after hip fracture [14]. By shedding light on
mechanisms associated with better-than-predicted recovery, biomarkers
and protective factors may point toward new treatments that improve
resilience for all.

Both the RT and ERD approaches can be adapted for different clinical
scenarios or data availability. The recovery trajectory for pain-limited
function after elective joint replacement is typically measured in
months, whereas resilience after other stressors may be more appro-
priately measured in days or weeks. We used pain interference as the
indicator of resilience in this analysis, but the RT and ERD could just as
easily be calculated from other metrics of recovery after knee surgery (e.
g., daily step counts, self-reported function). While the adaptability of
RT and ERD scores is useful, the methodological choices influence
whether a given individual is categorized as resilient or not. For
example, in the present analysis, one individual had highly discrepant
RT and ERD measures, with low resilience by RT but very high ERD
score. The discrepancy was explained by the fact that our derivation of
RT classes considered the full trajectory of recovery (pain interference
measures across multiple timepoints over 6 months), whereas the ERD
was calculated from pain interference at one timepoint (6 months). The
individual in question had poor recovery at initial time points and a
marked improvement at 6 months. The choice to calculate ERD scores
based on pain interference level at 6 months was based on prior data and
precedents from research on total knee arthroplasty recovery [19,22].
However, had we derived ERD scores from predicted vs. observed re-
covery levels at 4 months or based on area-under-the curve measure-
ments, the RT and ERD methods would render more compatible
resilience assessments for this case.

Several limitations impact the interpretation of findings from this
analysis. First, the data are drawn from a single-site study focused on one
type of health stressor (elective knee arthroplasty) and should be vali-
dated in additional and more diverse clinical populations. Second, our
head-to-head comparison of RT and ERD methods utilized “pain inter-
ference” as the sole indicator of recovery. It has been suggested that
physical resilience is necessarily defined by the system (e.g., whole
person vs. organ-based), the state (e.g., measure that defines recovery),
and the stressor [23]. Thus, future research should more fully oper-
ationalize the quantification of resilience by further comparing the ERD
and RT methods when incorporating alternative measures of
whole-person recovery (e.g., mobility) and considering resilience in
specific systems (e.g., wound healing, cognitive recovery, immune
resilience).
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5. Conclusions
Despite these limitations, this analysis constitutes the first direct
comparison of two complementary approaches for measuring resilience
after health stressors [13]. Although these approaches were developed
to capture different latent constructs regarding resilience, the findings
here suggest that individuals at high and low ends of the resilience
spectrum are generally categorized similarly by these two approaches.
The RT approach is more clinically intuitive, while the ERD approach
may have an advantage in identifying biomarkers or clinical factors
associated with unexpected resilience in older adults with frailty or

multiple morbidities. Both approaches should be adopted in future
research aimed at understanding and optimizing physical resilience.
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