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Abstract

Background: Total knee replacement (TKR) is a common procedure in older adults. Physical resilience may be a useful construct to explain
variable outcomes. We sought to define a simple measure of physical resilience and identify risk factors for nonresilient patient outcomes.
Methods: Secondary analysis of Function and Outcomes Research for Comparative Effectiveness in Total Joint Replacement (FORCE-TJR)
cohort study, a prospective registry of total joint replacement. The analysis included 7239 adults aged 60 or older who underwent TKR
between 2011 and 2015. Measures included sociodemographic and health factors. Outcomes were categorized as physically resilient versus
nonresilient based on the change from baseline to 1-year follow-up for 3 patient-reported outcomes: the physical component summary (PCS),
bodily pain (BP), and vitality (VT) from the Short Form-36 subcomponent scores, at preop and 1-year postprocedure. Associations were
expressed as relative risk (RR) of physically nonresilient outcomes using generalized linear regression models, with Poisson distribution and
log link.

Results: Age, body mass index, and Charlson Comorbidity Index (CCI) were associated with increased risk of physically nonresilient outcomes
across PCS, BP, and VT: age, per S years for PCS (RR = 1.18 [1.12-1.23]), BP (RR = 1.06 [1.01-1.11), and VT (RR = 1.09 [1.06-1.12]); body
mass index, per 5 kg/m?, for PCS (RR = 1.13 [1.07-1.19]), BP (RR = 1.06 [1.00-1.11]), and VT (RR = 1.08 [1.04-1.11]); and CCI for PCS
CCI=1 (RR = 1.38 [1.20-1.59]), CCI = 2-5 (RR = 1.59 [1.35-1.88]), CCI 26 (RR = 1.55 [1.31-1.83]. Houschold income >$45 000 associated
with lower risk for PCS (RR = 0.81 [0.70-0.93]), BP (RR = 0.80 [0.69-0.91]), and VT (RR = 0.86 [0.78-0.93]).

Conclusions: We operationalized physical resilience and identified factors predicting resilience after TKR. This approach may aid clinical risk
stratification, guide further investigation of causes, and ultimately aid patients through the design of interventions to enhance physical resilience.
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Background relief, and preserved independence (1,2). More than 700 000 TKRs

Total knee replacement (TKR) is a common surgical procedure for were performed in the United States in 2005, and, with an aging

. . . . opulation, this number is projected to increase to between 935 000
older adults with knee osteoarthritis and is generally associated pop i pro)

and 1.26 million by 2030 (3,4). While most patients derive benefit,

with excellent clinical results and a low rate of complications. TKR o . . A
it is reported that about 20% of patients do not achieve satisfactory

has proven benefits including restoration of physical function, pain
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pain relief or functional improvement after TKR (5,6). These diverse
trajectories highlight the need to understand who is most likely to
demonstrate physically resilient outcomes and benefit from TKR and
who is vulnerable to adverse outcomes.

How has physical resilience been operationalized to date in the
context of surgical interventions in older adults? Physical resili-
ence addresses physical stressors (eg, surgical interventions) and
physiologic response to these stressors (7-9). Within the context of
aging and geriatric medicine, physical resilience has been defined
to include (a) preservation of health status in response to an acute
stressor (more commonly termed “robustness” in other fields) or (b)
recovery of health status after a perturbation to health induced by
a stressor (8). The definition of physical resilience is still evolving
and is typically built on a stressor, perturbation, and recovery model
(10). The stressor perturbs the system and (often) induces an acute/
transient decline in health status. This is typically followed by a re-
covery phase where the health status improves. The recovery phase
may be divided into 2 parts: first an acute or subacute phase of re-
covery characterized by rate of improvement “recovery slope,” and
second a “plateau” phase where the system has reached a steady
state. Resilience is usually characterized by the overall change be-
tween prestressor and poststressor at the time of maximum recovery.
The rate of recovery is seldom quantified in resilience studies due to
sparse temporal sampling of phenotypic data following the stressor.

Prior studies have constructed measures of physical resilience
and evaluated the clinical significance of such resilience. Few if any
measures of resilience have been developed to evaluate older adults
undergoing TKR (11). In the orthopedic setting, Col6n-Emeric et al.
(12) investigated recovery from hip fracture in adults 65 years of age
and older using 10 outcome variables with the first measurement at
2 months after hip fracture. They identified 3 trajectories of recovery
based on the relative degree to which all measured variables favored
the more optimal recovery pattern: low 2-month values and a slow
rate of recovery, defined as low resilience; intermediate 2-month
values and intermediate rate of recovery, or intermediate resilience;
and high 2-month values and higher rate of recovery, or high re-
silience. Interestingly, self-reported functioning prior to fall was the
single variable with the greatest predictive value for a person’s re-
covery trajectory.

We have found no similar studies evaluating resilient outcomes
in TKR. A variety of measures have been developed to characterize
successful outcomes after TKR, and these measures can serve as a
basis for defining resilient outcomes of TKR. Existing measures to
evaluate TKR can be divided into broad categories of those that
measure objective outcomes, those that measure subjective out-
comes, and those that use a combination of these 2. Objective as-
sessments of TKR success include falls, knee range of motion, gait
speed, 6-minute walk, timed up and go, hospital length of stay, and
aggregates of procedural complications (13-17). Subjective assess-
ments include the Knee Injury and Osteoarthritis Outcome Score,
the Oxford Knee Score, Lower Extremity Activity Scale, Western
Ontario and McMaster Universities Arthritis Index, Fear of Falling,
and the 36-item Short Form Survey (SF-36) (15,18-21). The revised
Knee Society Clinical Rating system combines both objective and
patient-reported parameters (15). The aims of our study are two-
fold: (a) to propose a novel metric of physical resilience in patients
undergoing TKR and (b) to identify risk factors associated with lack
of physical resilience in older adults undergoing TKR. These aims
are a first step toward identifying older adults at risk of adverse
outcomes, so that we can design interventions to improve outcomes
following TKR.

We chose the SF-36 and its subdomains as outcome measures
to characterize resilience because it is a highly validated patient-
reported measure both in TKR and in other clinical contexts (22—
24). SF-36 evaluates physical function/well-being within a broader
scope than measures designed to focus on knee-specific outcomes
(knee joint pain and function). We have proposed a measure of
physical resilience for TKR based on SF-36 and have applied this
measure to TKR data from the Function and Outcomes Research
for Comparative Effectiveness in Total Joint Replacement (FORCE-
TJR) cohort study. We then examined predictors of resilient and
nonresilient phenotypes. We specifically focused on changes to the
physical component summary (PCS) between a presurgical base-
line visit and 1-year follow-up after surgery. We further investi-
gated how 2 subcomponents of the PCS, bodily pain (BP) and
vitality (VT), compare in their trajectories and relevant predictive
sociodemographic and health variables. Importantly, because of the
relatively coarse time points available in this large cohort study—re-
silience is described using the difference in the outcome measure be-
tween prestressor and 1-year poststressor alone (without intervening
time points). This means that resilience is characterized only by the
“plateau” phase of recovery (at a time point expected to represent
maximal clinical recovery), rather than by the rate of recovery (“re-
covery slope”).

Method

The FORCE-TJR cohort is a prospective, longitudinal study of
adults who underwent either total hip replacement (THR) or
TKR. The research cohort enrolled more than 30 000 partici-
pants drawing from 230 physicians in 28 states in the United
States, including 25% academic and 75% community prac-
tices (National Clinical Trial number: NCT02566473). At sur-
gical centers with an internal review board (IRB), participating
surgeons obtained IRB approval from their local board; for
those surgeons who did not have an IRB at their local institu-
tion (including community providers), study participation was
covered by the University of Massachusetts Medical School IRB.
Participating surgeons invited each THR or TKR patient who
they saw to participate (25).

Inclusion Criteria

Eligible participants included persons who underwent TKR, had
data available for scoring the SF-36 for both the preoperative
visit and 1-year postoperative visit, and were aged 60 years or
older at baseline. At each participating study setting, approval
was obtained from the site’s associated institutional review
board. All participants consented prior to joining the FORCE-
TJR study.

Data Collection

For each participant, data were gathered by FORCE-TJR re-
search staff both preoperatively and at postoperative follow-up,
and a majority of participants had postoperative SF-36 col-
lected at 1-year follow-up. Patient-reported data were gathered
using a multimodal approach directed by participating-patient
preference, with options including telephone interviews, mailed
paper forms, and online surveys. We used the 1-year SF-36
values to characterize resilience, consistent with prior studies
demonstrating that 1-year post-TKR is the time point at which
mean recovery is maximal (26).
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Measures
36-Item Short Form survey

The primary outcomes of interest in the present study were elements
derived from the SF-36 Health survey (22), as follows:

e PCSis a composite score of multiple measures and scored from 0
(worst function) to 100 (highest function).

e BPis a subcomponent of PCS, is itself a composite of other ques-
tionnaire responses, and ranges from 0 (worst pain) to 100 (no
pain).

e VT is also a subcomponent of PCS and is a composite of ques-
tionnaire responses, ranging from 0 (least VT) to 100 (most VT).

These 3 scores were used to define phenotypes of physical resilience
in our secondary analyses (see the Statistical Analysis section).

Demographics and Health Characteristics

Multiple covariates were available in the FORCE-TJR. Our analysis
included the following variables: gender (female or male), age (years,
continuous), body mass index (BMI, continuous), marital status
(married or living with someone as married vs widowed, separated,
or divorced vs never married), education (high school completed or
less vs post-high school or more vs other), household income (<$45
000 annually vs 2$45 001 annually vs not reported), race (White,
Black, or other), and smoking history (never smoker vs other). We
also included the Charlson Comorbidity Index (CCI) to determine
comorbidity count weighted by severity (0, 1, 2-5, or 6 or more) of
the following diseases with associated scoring: 1 point—myocardial
infarct, congestive heart failure, peripheral vascular disease, cerebro-
vascular disease, dementia, chronic pulmonary disease, connective
tissue disease, ulcer disease, and mild liver disease; 2 points—hemi-
plegia, moderate or severe renal disease, diabetes mellitus with end
organ damage, any tumor, leukemia, and lymphoma; 3 points—
moderate or severe liver disease; 6 points—metastatic solid tumor
and AIDS (27).

Statistical Analysis

Outcomes were categorized as physically resilient versus nonresilient
based on the change from baseline to 1-year follow-up for PCS and
its subcomponents, BP and VT. For each of these measures, PCS, BP,
and VT, a participant’s outcome was defined as resilient when one of
the 2 conditions was met:

(1) the outcome variable (PCS, BP, or VT) “improved”—increasing
by more than a clinically relevant threshold from preoperative to
1-year postoperative measurement, or

(2) the outcome variable (PCS, BP, or VT) “remained high,” defined
as being in the upper quartile of the study population at pre-
operative baseline and not decreasing by more than a clinically
relevant threshold at 1-year follow-up.

A clinically relevant threshold was defined as half of the clinically
meaningful difference (CMD) as established in prior literature, or,
if the CMD was not well established, as half of the median change
in the sample population. For both PCS and BP, established values
for CMD are approximately a 10-point change on the 100-point
scale (18,23,24). For our study, this corresponded to a clinically rele-
vant threshold of 5 points for both PCS and BP. For VT, we did not
find literature to support an established definition of CMDj; we in-
stead estimated CMD by first calculating the median change from
preoperative to postoperative measure, approximately 6 points,

and then taking half of this value, leading to a clinically relevant
threshold defined as a 3-point change.

We calculated the impact of risk factors on the binary outcome
of physically resilient versus nonresilient response (defined above)
as relative risks (RRs) in order to facilitate ease of clinical interpret-
ation. We used a generalized linear regression model, with Poisson
distribution and log link. We utilized the sandwich estimator for the
calculation of robust standard errors (28). For each outcome vari-
able, we adjusted for preoperative baseline value. All the analyses
were performed using the R software environment (29).

We also analyzed the difference between pre- and postresponses
to TKR, that is, postfunction minus prefunction scores by fitting a
linear regression model with the pre—post difference as the outcome
and the potential risk factors as covariates. The pre—post difference
can be viewed as a continuous measure of resilience, with larger
values indicating better recovery. In these models, we also adjusted
for prefunction score as a covariate.

Results

Characteristics of Resilience in the FORCE-

TJR Study

The mean age of participants was 70.3 years (SD 6.8), and the ma-
jority were female (63%), and identified as White (92%; Table 1).
The mean BMI was 31.0 (SD 5.8). Using the binary classification of
resilient/nonresilient defined in the Statistical Analysis section, based
on the PCS, 7 = 5 648 (84 %) participants were categorized as physic-
ally resilient, while 72 = 1 094 (16 %) were categorized as nonresilient.
For the subdomain BP, 7 = § 973 (84%) had outcomes categorized
as physically resilient and 1 120 (16%) participants had physically
nonresilient outcomes. For physical resilience defined by VT, n = 4
817 (69%) participants were categorized as physically resilient and
2 199 (31%) as nonresilient. The VT domain had nearly double the
probability of physically nonresilient response compared to PCS and
BP responses.

Protective Factors and Risk Factors for Resilient/
Nonresilient Outcomes

The results of logistic regression analyses including multiple (poten-
tial) risk factors for nonresilient outcomes are presented in Table
2. The coefficients of the models are also shown in a forest plot in
Figure 1 to facilitate visualization.

For each outcome variable (PCS, BP, and VT), higher preopera-
tive baseline value was associated with higher risk for nonresilient
outcomes, PCS (RR = 1.03 [1.02-1.03], p < .001), BP (RR = 1.04
[1.03-1.05], p < .001), and VT (RR = 1.03 [1.03-1.04], p < .001).

Age (per 5-year increase) was associated with an increased risk for
nonresilient outcomes for PCS (RR = 1.18 [1.12-1.23],p <.001), BP
(RR = 1.06 [1.01-1.11], p = .011), and VT (RR = 1.09 [1.06-1.12],
p < .001). Male gender did not have a significant association with
resilient outcomes for PCS or VT. Male gender was associated with
resilient outcomes for the BP phenotype (RR = 0.78 [0.69-0.89],
p = .026). Race identified as Black was associated with increased
risk for nonresilient outcomes for PCS (RR = 1.26 [1.01-1.58],
p =.038), while race identified as other was not significantly associ-
ated with the PCS resilience phenotype. For BP and VT, race was not
significantly associated with resilient outcomes. Household income
greater than $45 000 was associated with resilient outcomes for
PCS (RR = 0.81 [0.70-0.93], p = .003), BP (RR = 0.80 [0.69-0.91],
p =.001),and VT (RR = 0.86 [0.78-0.93], p < .001). Marital status
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Table 1. Description of the FORCE-TJR Study Population’s Demographics and Health Characteristics

Variable Overall (N = 6 742) Resilient (N = 5 648) Nonresilient (N = 1 094)
Age Mean (SD) 70.29 (6.75) 70.03 (6.63) 71.63 (7.16)
Gender Female 4245 (63%) 3 548 (63%) 697 (64%)
Male 2497 (37%) 2100 (37%) 397 (36%)
Race White 6 169 (92%) 5185 (92%) 984 (90%)
Black 356( %) 284( %) 2 (7%)
Asian or Pacific Islander 3(1%) 2 (1%) 1(1%)
Native American or Alaska Native 3(1%) 5(1%) 8 (1%)
Other/do not know/refused 3(1%) 1(1%) 2 (0%)
Education High school or less 2 051 (32%) 1 671 (31%) 380 (36%)
Post high school or more 4297 (66%) 3644 (67%) 653 (62%)
Other 135 (2%) 115 (2%) 0(2%)
Income <$45000 2274 (34%) 1830 (32%) 444 (41%)
>$45001 3208 (47%) 2 764 (49%) 444 (41%)
Not reported 1260 (19%) 1054 (19%) 206 (18%)
Marital status Married or living with someone as married 4 583 (70%) 3897 (71%) 686 (65%)
Widowed, separated or divorced 1673 (26%) 1351 (25%) 322 (30%)
Never married 254 (4%) 205 (4%) 9 (5%)
BMI Mean (SD) 30.98 (5.76) 30.89 (5.72) 31. 42 (5.92)
Comorbidity 0 3555 (53%) 3089 (55%) 466 (43%)
1 1470 (22%) 1194 (21%) 276 (26%)
2-5 839 (12%) 662 (12%) 177 (16%)
6 811 (12%) 647 (12%) 164 (15%)
Smoking history Never smoked 3533 (54%) 2975 (54%) 558 (53%)
Other 2992 (46%) 2 490 (46%) 502 (47%)
Bascline PCS Mean (SD) 33.49 (8.40) 33.24 (8.37) 34.77 (8.47)
1 year PCS Mean (SD) 43.63 (9.66) 46.01 (8.09) 31.34 (7.57)
Baseline vitality Mean (SD) 47.28 (9.99) 46.01 (10.08) 50.06 (9.17)
1 year vitality Mean (SD) 52.02 (9.69) 45.26 (9.04) 55.11 (8.30)
Baseline pain Mean (SD) 35.79(7.76) 35.35(7.59) 38.05 (8.22)
1 year pain Mean (SD) 46.53 (9.78) 48.89 (8.49) 34.42 (6.50)

Notes: BMI = body mass index; FORCE-TJR = Function and Outcomes Research for Comparative Effectiveness in Total Joint Replacement cohort study;

PCS = physical component summary. (a) Ns are numbers of cases with both baseline and 1-year PCS values. (b) Percentages are calculated by dividing the related

N. (¢) Vitality and bodily pain are summarized by the corresponding resilience groups.

of never married was associated with increased risk for nonresilient
outcomes for VT (RR = 1.23 [1.04-1.46], p = .018) when compared
to those married or living as married. For PCS and BP, marital status
was not significantly associated with resilient outcomes.

BMI was a risk factor for nonresilient outcomes for PCS per
5 kg/m? (RR = 1.13 [1.07-1.19], p < .001), BP (RR = 1.06 [1.00—
1.11] p = .041), and for VT (RR = 1.08 [1.04-1.11] p < .001). All
categories of the CCI above zero were associated with an increased
risk for nonresilient outcomes for PCS, BP, and VT when compared
to no comorbidities (Table 2). Educational attainment and smoking
history were not significantly associated with resilient outcomes for
PCS, BP, or VT.

Predictors of Pre- to Post-TKR Mean Change in
Function
The results for change from preoperative to postoperative levels in
PCS, BP, and VT are represented in Table 3. Larger, positive regres-
sion coefficients indicate better recovery, negative values, worse.
Figure 2 shows the relationship between post-TKR function and
pre-TKR function, as well as the relationship between the change
(post-TKR minus pre-TKR) in function and pre-TKR function.
Higher preoperative baseline value was associated with a lower
mean change in function in PCS of -0.52 (-0.55 to -0.50, p <.001),
BP of —0.58 (~0.61 to -0.55, p < .001), and VT of ~0.46 (~0.48 to
-0.44, p < .001). The negative associations between the change in

function and preoperative function are also evident from the bottom
3 panels of Figure 2.

Higher age was associated with a lower mean change in func-
tion in PCS of -0.99 per § years (-1.16 to -0.82, p < .001), BP
of -0.30 (-0.48 to -0.12, p < .001), and VT of -0.58 (-0.73 to
-0.42, p < .001). Male gender was associated with a higher mean
change in function in PCS of 0.47 (0.01 to 0.93, p = .05) and
in BP of 0.96 (0.47 to 1.44, p < .001), but no association was
evident with VT. Race identified as Black was associated with a
lower mean change in function in PCS of -1.76 (-2.72 to -0.80,
p <.001) and in BP of -1.63 (-2.63 to -0.63, p = .001), while the
composite category of other race was not associated with a signifi-
cant mean change. Race was not significantly associated with the
mean change in function in VT score. Education post-high school
or more was also associated with a higher mean change in func-
tion in VT compared to education reported as high school or less,
0.46 (0.02 to 0.89, p = .041), but no association was evident with
PCS or BP. Household income reported as more than $45 000 was
associated with a higher mean change in function postoperatively
in PCS 0.97 (0.45 to 1.49, p < .001), BP 1.25 (0.69 to 1.80, p <
.001), and VT 0.77 (0.29 to 1.25, p = .002). Household income
not reported was also associated with a higher mean change in
function in BP and VT, though no association was evident with
PCS. Marital status of never married was associated with a sig-
nificantly lower mean change in function in PCS of -1.31 (-2.41
t0 -0.21, p = .020) and in VT of ~1.45 (-2.46 to ~0.45, p = .005).
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Table 2. Results of Logistic Regression Analyses of Risk Factors for Nonresilient Outcomes

Variable

PCS

Bodily Pain

Vitality

Relative Risk (95% CI)

Relative Risk (95% CI)

Relative Risk (95% CI)

Intercept
Baseline value

Age Per 5 years
Gender (ref = Female) Male
Race (ref = White) Black
Other
Education (ref = High school Post high school or
or less) more
Other
Income (ref = <$45 000) >$45001
Not reported
Marital status (ref = Married Widowed, separated

or as married)

or divorced
Never married

0.090%** (0.07-0.11)
1.03%%% (1.02-1.03)
1.18%% (1.12-1.23)
0.94 (0.83-1.06)
1.26* (1.01-1.58)
0.98 (0.64-1.50)
0.94 (0.83-1.06)

0.89 (0.59-1.35)
0.81** (0.70-0.93)
0.89 (0.75-1.05)
1.03 (0.90-1.18)

1.17 (0.89-1.53)

0.030*** (0.02-0.04)
1.04*** (1.03-1.05)
1.06* (1.01-1.11)
0.78* (0.69-0.89)
1.23 (0.98-1.53)
0.99 (0.66-1.48)
0.96 (0.85-1.09)

0.78 (0.50-1.21)
0.80** (0.69-0.91)
0.90 (0.76-1.06)
0.89 (0.77-1.02)

0.88 (0.65-1.19)

0.046*** (0.04-0.06)
“(1.03-1.04)
(1.06-1.12)
1.01 (0.94-1.10)
1.14 (0.98-1.32)
1.08 (0.85-1.37)
0.96 (0.89-1.04)

1.01 (0.79-1.28)
0.86*** (0.78-0.93)
0.89* (0.80-1.00)
1.01 (0.92-1.10)

1.23* (1.04-1.46)
1.08*** (1.04,1.11)

BMI Per 5 unit
Comorbidity (ref = 0) 1

2-5

26
Smoking history Other

(ref = Never smoked)

1.13%** (1.07-1.19)
% (1.20-1.59)

)

)

“(1.35-1.88
1.55%%* (1.31-1.83
1.05 (0.93-1.17)

1.06* (1.00-1.11)
##% (1.20-1.59)
¢ (1.45-1.99)
1.49%** (1.26-1.76)
1.09 (0.98-1.22)

1.14%% (1.04-1.24)
1.27#%% (1.14-1.42)
1.19%* (1.07-1.33)
0.99 (0.92-1.06)

Notes: BMI = body mass index; PCS = physical component summary. (a) Age = (age-60)/5, BMI = (bmi-25)/5, estimates are relative risk. (b) Significance codes:
*%p <001, **p < .01, *p < .0S.
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Figure 1. Forest plot, relative risk of physically nonresilient outcomes for
each demographic factor. Relative risk associated with sociodemographic
factors compared to reference value as a note. PCS = physical component
summary; Edu = education; BMI = body mass index; comorbidity = Charlson
Comorbidity Index.

Marital status was not associated with a significant mean change
in function for BP.

Higher BMI was associated with a lower mean change in func-
tion for PCS of -0.70 per 5 kg/m? (=0.90 to -0.51, p < .001), BP of
~0.21 (~0.41 to 0.00, p = .048), and VT of ~0.43 (~0.61 to -0.26,
p <.001). Using mean change in function between preoperative and
postoperative PCS, BP, or VT score as a measure of resilience, CCI
was associated with less resilient outcomes for all 3 measures. As
given in Table 3, those with comorbidities had decreased recovery
of PCS compared to those with no comorbidity. History of smoking

was not significantly associated with a mean change in function in
outcome for PCS, BP, or VT.

Discussion

We built this construct of resilience to provide a simple, practical
measure that can translate resilience from the theory of complex
systems to the clinical and epidemiological setting. Our resilience
construct has several uses. Clinically, we can help surgical teams to
more accurately counsel patients and direct interventions to those
at risk for poor outcomes. Translationally, we can define a resilience
phenotype that serves as a starting point for research into the causes
of resilience (along the spectrum from sociology to physiology).

A major strength of the current study is that we were able to in-
corporate an individual’s baseline function measured prior to their
surgical stressor. This is not the case in some other studies of phys-
ical resilience, in part due to the unplanned nature of the stressor/
intervention under investigation (eg, hip fracture, acute respiratory
infections) (12). The availability of presurgical function allowed us
to construct a novel phenotype for physical resilience, while also
demanding distinct interpretive considerations.

As expected, age, BMI, increased comorbidity, and income are
likely important in influencing resilience. These factors were consist-
ently associated with resilience in the aggregated PCS as well as its
subcomponents BP and VT. Our findings are consistent with prior
research and support the clinical plausibility of our resilience con-
struct (6,30-32). One important clinical correlate is that this may
highlight the need to more carefully monitor or provide different
rehabilitation and “prehabilitation” strategies to subgroups with
higher risk. Higher baseline scores on PCS, BP, and VT were also
associated with slightly increased risk for nonresilience outcomes—a
finding discussed at greater length below.

Several sociodemographic factors had inconsistent associations
with resilience across PCS and the 2 subscales including self-identified
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Table 3. Results on the Change From Preoperative to Postoperative Levels in PCS, Bodily Pain, and Vitality

PCS

Bodily Pain

Vitality

Estimate (95% CI)

Estimate (95% CI)

Estimate (95% CI)

Intercept

Baseline value

Age

Gender (ref = Female)
Race (ref = White)

Education (ref = High school
or less)
Income (ref = <$45 000)

Per § years

Male

Black

Other

Post-high school or more
Other

>$45 000

Not reported

Marital status (ref = Married or Widowed, separated or

(12.46 to 13.99)
(=0.55 to -0.50)
-0.99*** (-1.16 to -0.82)
0.47* (0.01 to 0.93)
-1.76%** (-2.72 to0 -0.80)
-0.044 (-1.56 to 1.47)
0.41 (-0.07 to 0.88)

0.32 (-1.16 to 1.79)
0.97%** (0.45 to 1.49)
0.63 (-0.03 to 1.29)
0.068 (-0.47 to 0.60)

(10.61 to 12.23)
(-0.61 to -0.55)
~0.30%** (~0.48 to ~0.12)
0.96*** (0.47 to 1.44)
-1.63** (=2.63 to -0.63)
~0.77 (=2.36 t0 0.82)

0.21 (=0.29 to 0.72)

0.53 (-1.03 t0 2.10)
1.25%** (0.69 to 1.80)
0.79* (0.10 to 1.48)

0.29 (~0.27 to 0.86)

6.75to 7.14)
(-0.48 to -0.44)
-0.58%** (-0.73 to -0.42)
-0.11 (-0.54 to 0.31)
-0.61 (-1.47 t0 0.295)
-0.34 (-1.70 to 1.02)
0.46* (0.02 to 0.89)

0.31 (-1.03 to 1.65)
0.77%*(0.29 to 1.25)
0.62* (0.02 to 1.22)
-0.12 (-0.61 to 0.36)

as married) divorced
Never married -1.31* (-2.41 to -0.21) -0.07 (-1.24 to 1.10) -1.45** (-2.46 to -0.45)
BMI Per 5 unit -0.70*** (-0.90 to -0.51) -0.21* (-0.41 to 0.00) -0.43*** (-0.61 to -0.26)
Comorbidity (ref = 0) 1 ** (-2.11 to -1.04) -1.14*** (-1.70 to -0.58) -0.73** (-1.22 to -0.24)
2-5 (-3.86 to -2.52) -2.79%** (-3.49 to -2.08) -1.74 (-2.35to -1.13)
)

26 -2.22%%* (-2.88 to -1.56

Smoking history (ref = Never ~ Other

smoked)

~0.28 (~0.70 to 0.14)

-1.78%*** (-2.48 to -1.08)
-0.28 (-0.73 to 0.16)

-1.25%** (-1.86 to -0.65)
-0.075 (-0.46 to 0.31)

Notes: BMI = body mass index; PCS = physical component summary. (a) Age = (age-60)/5, BMI = (bmi-25)/5. (b) Significance codes:

*p <.0S.

Post PCS
Post Vitality
Post Pain

in Vitality

Change in PCS
Change in Pain

Change

2 3 40 s0 6 70 0 3 40 50 6 70 20 3 40 s0 6 70
Pre PCS Pre Vitality Pre Pain

Figure 2. Association between pre-TKR and post-TKR scores and between
pre-TKR score and post-TKR change for PCS, BP, andVT. The top 3 panels show
the association between pre-TKR and post-TKR scores of PCS, BPF, and VT.The
bottom 3 panels show the association between the change (post-TKR minus
pre-TKR) and the pre-TKR scores. Pre = preoperative; Post = postoperative;
TKR = total knee replacement; PCS = physical component summary;
BP = bodily pain; VT = vitality.

race, gender, and marital status. These sociodemographic factors
possibly relate to quality of life and its subdomains in a complex
manner—capturing the interacting effects of financial status, health
literacy, environmental/occupational exposures, social support, and
health care access. Interpretation here must also be qualified by
the small number of people in these categories, such as those who

#2001, **p < .01,

identified as never married or with a race other than Black or White.
The complete set of protective and risk factors and the respective
domains in which they were significant are represented in Figure 3.

This study yielded some subtle or unexpected points that sug-
gest potentially important issues to be considered in the study and
clinical translation of physical resilience. We noted double the prob-
ability of physically nonresilient response in the subdomain of VT
compared to overall PCS and BP domains. The implications of this
are unclear but could relate to longer-term outcomes and survival.
Indeed, prior work has demonstrated that lower VT scores are asso-
ciated with increased risk for adverse outcomes such as job loss, hos-
pitalization, and mortality (33). Also, gender differences were noted
in BP. This could be attributable to differences in pain perception
between older men and women. Gender differences in reported pain
and function have been previously reported in other studies and need
to be further explored with attention both to biological and socio-
cultural contexts (34).

As noted above, higher baseline functional status was associated
with a lower recovery—an interesting finding consistent with prior
studies of risk factors for poor improvement in quality of life met-
rics in the setting of cardiac surgery (35,36). However, this is likely a
spurious finding which should be interpreted cautiously. In our ana-
lyses, we adjusted for presurgical function for 2 reasons: baseline ad-
justment is a common practice in longitudinal studies, and the model
with baseline function had a substantially larger coefficient of deter-
mination (R?) compared to a model without it. Prestressor function
or baseline function is a special type of variable in the analysis of
resilience. It plays a dual role, both as an independent variable (as a
determinant of response to the stressor) and as part of the definition
of the dependent variable—Dbecause resilience is defined as a contrast
between the pre- and poststressor levels of function. Therefore, the
negative association of prestressor function with the degree of re-
covery arises at least in part from the mathematical nature of the
regression model which constrains the coefficient of prestressor
function to be negative—the negative slope of the best-fit lines in
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Risk Factors for Nonresilient Outcomes

Race

PCS 4.1%

o Age 3.5%

Comorbidities
Income

5.8%

C BP VT 18.3%

3.1%

Gender Marital Status

Figure 3. Venn diagram representing factors predicting nonresilience
outcomes and percentage of participants affected for each SF-36 measure.
Percentages of patients categorized as nonresilient across outcomes
investigated. PCS = physical component summary; BP = bodily pain;
VT = vitality; BMI = body mass index.

the bottom 3 panels of Figure 2 illustrates this. This phenomenon is
aptly termed mathematical coupling and has been discussed in prior
literature (37). Another, related, challenge is that of regression to the
mean. People with high (low) pre-TKR values are more likely to re-
gress toward their lower (higher) true value at a later time, even in
the absence of any impact due to TKR. This would induce a bias in
the relationship between the true change score and the baseline value
(38). Thus, it is challenging to extract valid clinical or physiological
interpretations when both mathematical coupling and regression to
the mean are present. Having a control group and collecting multiple
measurements pre- and postsurgery can help overcome these 2 chal-
lenges and allow us to draw proper inference regarding the impact
of baseline function on postsurgical gains (37,38).

A limitation to the current study is the collection of follow-up
data at a single time point at 1-year after surgery. More frequently
sampled information on the recovery of function after TKR would
be preferred, but was not pragmatically feasible for a large registry
such as the FORCE-TJR in which the primary outcome at 12 months
was selected to align with CMS quality endpoints and well as an
expected course of clinical recovery. Therefore, any postprocedural
perturbation in the outcome variable during the weeks and months
immediately after surgery was not captured. In relation to the wider
literature on physical resilience, this means that we are only able to
characterize participant resilience in terms of their recovery “plateau”
(maximal functional recovery poststressor) and not their recovery
“slope” (the rate at which maximal functional recovery is attained
poststressor). The relatively high frequency of good outcomes in
TKR also represents a limitation, as the stress may not be sufficient
to test the physiological capacities for recovery in the majority of
patients (in contrast to more severe stressors such as bone marrow
transplantation or hip fracture). Another limitation is that we did not

investigate the interrelationship between PCS and its subdomains, BP
and VT. This is an important topic for future investigation.

In summary, we have presented a novel measure of resilience—
particularly well-suited to the epidemiological setting. We identified
risk factors for nonresilient outcomes that, while not surprising, sup-
port the clinical plausibility of our model. Benefits to our specific
construct of resilience include its simplicity, its flexible application
to various outcomes of interest, and its tolerance for the relatively
coarse timescale of measurement that are often available in epi-
demiologic or large cohort studies. Future work should address
those features that restrict its applicability (eg, accounting for math-
ematical coupling and regression to mean, identification of proxy
variables for baseline function, adaptations to allow application to
studies with more time points), and further validation is needed for
comparability of preserved high function and improved function
within a single “resilient” category. Practical resilience measures can
help standardize the study of resilience as a clinical phenomenon
with the ultimate aim of identifying interventions to improve out-
comes for older adults faced with physiological stressors.
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