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ABSTRACT

Background: Functional trajectories after hip fracture vary widely; whether physical frailty amplifies excess
decline or instead marks poorer functional prognosis remains unclear.

Objectives: To distinguish these roles of physical frailty after hip fracture.

Design: Population-based cohort study with risk-set matching and a case-only prognostic analysis.

Setting: Community-based, China.

Participants: Adults aged at least 60 years participating in the China Health and Retirement Longitudinal Study,
2011-2020.

Measurements: Hip-fracture cases were matched to up to 4 same-wave fracture-free comparators. Preceding-wave
physical frailty was assessed using an adapted Fried score (0-5). Matched models estimated fracture-associated
excess activities of daily living (ADL) and instrumental activities of daily living (IADL) change and Fried-score
interactions; case-only models estimated the probability of being alive with ADL maintained at or returned to
the pre-event level at the next survey.

Results: The analysis included 252 cases (mean age at the first fracture-report interview, 70.6 years; 132 [52.4%]
women) and 1005 comparator records. Relative to matched comparators, hip fracture was associated with
greater ADL and IADL deterioration, with average excess increases of 0.73 difficulties in ADL (95% confidence
interval [CI], 0.47 to 0.99) and 0.31 difficulties in IADL (95% CI, 0.09 to 0.53). The ADL contrast did not clearly
vary by Fried score (interaction per criterion, 0.03; 95% CI, —0.28 to 0.34). Among cases, the adjusted proba-
bility of being alive with ADL maintained at or returned to the pre-event level declined from 72.9% at Fried score
0 to 46.4% at score 3 (risk difference, —26.5 percentage points; 95% CI, —50.3 to —2.8).

Conclusions: Physical frailty was associated with poorer functional prognosis, whereas evidence that it modified
fracture-associated excess decline was unclear. Functional assessment should span frailty levels; frailty may
inform support and follow-up intensity but should not determine rehabilitation access.

1. Introduction

disability [5,6]. This heterogeneity highlights the need to identify
pre-event characteristics that distinguish maintenance or return to prior

Preserving functional independence is central to healthy aging, yet
hip fracture is a major threat because disability is common and recovery
is often incomplete [1-3]. Previously independent patients frequently
develop new activities-of-daily-living (ADL) limitations [4], and subse-
quent trajectories range from near-baseline function to persistent severe

function from persistent loss.

Functional resilience describes maintenance or return toward pre-
event function after a health stressor and may arise through resistance
to initial decline or recovery after deterioration [7,8]. Physical frailty
describes a pre-stressor state of diminished physiological reserve and

Abbreviations: ADL, activities of daily living; BMI, body mass index; CES-D, center for epidemiologic studies depression scale; CI, confidence interval; IADL,
instrumental activities of daily living; IPCW, inverse probability of censoring weighting; RD, risk difference; RR, risk ratio; SD, standard deviation; SMD, standardized

mean difference.
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vulnerability to disproportionate deterioration [9]. Frailty may there-
fore inform functional resilience alongside stressor characteristics and
other individual and contextual factors [7].

Frailty predicts poorer outcomes after hip fracture [10,11], but much
of this evidence comes from case-only clinical studies in which frailty is
assessed after fracture and pre-fracture function is reconstructed retro-
spectively [6,10,11]. Such designs identify prognostic vulnerability but
do not distinguish background functional decline from change associ-
ated with fracture. A population-based comparator study estimated
excess disability associated with hip fracture but did not incorporate
pre-event frailty [12]. It therefore remains unclear whether frailty
modifies fracture-associated functional decline, predicts poorer subse-
quent function among cases, or both.

Therefore, using data from the China Health and Retirement Longi-
tudinal Study (CHARLS), we sought to clarify how pre-event physical
frailty informs functional vulnerability after hip fracture: whether it
marks greater susceptibility to the fracture-associated functional
decrement, poorer subsequent ADL function, or both. We addressed this
question using two distinct analytical approaches. First, a risk-set
matched functional change analysis based on the eligible CHARLS
cohort compared participants reporting a first hip fracture with same-
wave fracture-free comparators to test whether preceding-wave frailty
modified the additional ADL or instrumental activities of daily living
(IADL) change associated with hip fracture relative to background
change. Second, a case-only prognosis analysis restricted to participants
with hip fracture examined whether preceding-wave frailty was asso-
ciated with a lower probability of being alive with ADL maintained at or
returned to the pre-event level at the subsequent survey. Together, these
analyses distinguished frailty as a potential modifier of fracture-
associated functional change from frailty as a prognostic marker
among participants with hip fracture.

2. Methods
2.1. Study design, data source, and population

CHARLS is an ongoing nationally sampled longitudinal survey of
community-based Chinese adults aged 45 years or older and their
spouses, selected through a multistage probability-proportional-to-size
sampling design [13,14]. Face-to-face computer-assisted interviews
are conducted approximately every 2 years. We used the 2011, 2013,
2015, 2018, and 2020 public-use waves. For this study, analyses were
restricted to participants aged 60 years or older. Detailed eligibility
criteria are described below and in the Supplementary Methods.

The original survey was approved by the Institutional Review Board
at Peking University (IRB00001052-11015), and participants provided
written informed consent. This secondary study used deidentified
public-use data and involved no additional participant contact.

2.2. Hip fracture ascertainment and event time

At the 2011 baseline, participants reported whether they had ever
sustained a hip fracture; at follow-up interviews, they reported whether
one had occurred since the preceding interview. An incident case was
indexed at the first follow-up interview reporting hip fracture among
participants with no hip fracture reported at baseline. Because the exact
clinical fracture date was unavailable, the fracture was known only to
have occurred during the interval between the preceding interview and
the first fracture-report interview. Case ascertainment therefore
required survival and continued participation to that first-report
interview.

Event time —1 was the last interview before the first fracture report,
event time O was the first fracture-report interview rather than the
clinical fracture date, and event time +1 was the next assigned survey
wave. Event times —2 and +2 were retained for supportive pre-report
and later estimates when available. First-report waves were 2013,
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2015, and 2018. The 2020 wave supplied follow-up outcomes but was
not used to identify additional cases because the 2018 wave lacked the
complete physical measurements required to construct preceding-wave
frailty for cases first reported in 2020.

Potential comparators remained hip-fracture-free through the cor-
responding first-report wave; participants who subsequently became
cases could contribute as comparators only before their own first report.
Selected comparator records inherited the case’s event-time scale, and
observations at or after a comparator’s later fracture report were
censored. Fig. 1 summarizes participant selection and event-time
alignment.

2.3. Preceding-wave physical frailty

Physical frailty was operationalized as an adapted Fried phenotype
at the preceding survey wave [15-17]. Weakness was dominant-hand
grip strength in the lowest quintile within wave, sex, and body mass
index (BMI) strata; slowness was average walking-test time in the
slowest wave- and sex-specific quintile. Exhaustion required reporting
either “everything was an effort” or “could not get going” on at least 3
days in the previous week. Low activity indicated no moderate or light
activity lasting at least 10 minutes, and shrinking was BMI < 18.5
kg/m?2. Thresholds were estimated within each wave among respondents
aged 60 years or older with valid measurements. Supplementary
Tables S1 and S2 provide item mapping and thresholds.

Observed criteria formed the Fried score (0-5), calculated when at
least 4 components were avail-able; a missing fifth component
contributed 0, and complete-component scoring was examined in
sensitivity analysis. Robust (0), prefrail (1-2), and frail (3-5) categories
were used for exact matching and description [15,16]. The continuous
score was the main inferential specification; a score-0-versus->1
contrast was supportive.

2.4. Functional outcomes and indicator of functional resilience

The primary functional outcome was the 6-item ADL difficulty count
(0-6), covering dressing, bathing, eating, transferring and room
mobility, toileting, and continence [18]. The secondary do-main was the
5-item IADL difficulty count (0-5), covering meal preparation, shop-
ping, money management, medications, and telephone use [19]; the
2011 set assessed household chores rather than telephone use. Each item
indicated difficulty or inability to perform the activity, and higher
counts indicated greater functional burden. Supportive first-report-wave
transitions were worsening, defined as an increase of at least 1 difficulty,
and incident difficulty among participants with no pre-event difficulty.

Among cases, maintenance or return to pre-event ADL function was
used as an operational indicator of functional resilience [7,8,20]. A
favorable outcome required survival to event time +1 with ADL no
higher than at event time —1; higher ADL or death was unfavorable, and
unknown follow-up remained missing. Deaths recorded by the subse-
quent assigned survey wave were classified as unfavorable outcomes;
exact fracture-to-death timing was unavailable. The indicator combined
maintenance without first-report-wave worsening and return after
worsening rather than treating both as recovery. In the descriptive
decomposition, maintained function required ADL no worse than the
pre-event count at both event times O and +1; return required
first-report-wave worsening followed by an event-time-+1 count no
higher than the pre-event count; and persistent loss required a higher
count at event time +1. Death and unknown pathways were retained as
separate states; an ADL pathway was unknown when survival/function
state was unavailable or any of the pre-event, first-report-wave, or
subsequent-wave ADL counts needed for classification was missing. The
indicator describes the state reached by the subsequent wave, not re-
covery rate or timing. Full definitions appear in the Supplementary
Methods.
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A. Flow of study participants

Survey waves used in this study:
2011, 2013, 2015, 2018, and 2020
n = 25,867 unique respondents

Excluded: n = 262
Hip fracture already reported at the
2011 baseline

¥

Eligible for post-baseline hip-fracture risk sets
n = 25,605 respondents

¥

No post-baseline hip fracture: n =
24,752

Could contribute to potential
comparator pools while observed

Newly observed post-baseline hip fracture
n = 853 respondents

'

Excluded: n = 311
Age younger than 60 years at the
first-report wave

First fracture report at age 60 years or older
n = 542 cases

'

Excluded: n = 102
First report in 2020; complete 2018
physical measures were unavailable

Eligible first-report cases in waves permitting
preceding-wave frailty ascertainment
2013, 2015, or 2018
n = 440 cases

Excluded: n = 187
Fewer than 4 frailty components
available at the preceding wave

'

Preceding-wave adapted Fried score available
At least 4 of 5 components observed
n = 253 cases

Excluded: n =1
Frail case outside common support

y

Final risk-set matched sample
252 hip-fracture cases + 1,005 comparator records
899 unique comparator respondents
Cases: robust 74; prefrail 152; frail 26

| B. Event-time framework

Earlier functional Last fracture-free First fracture-report ~ Subsequent function;
trajectory interview; frailty, interview; primary maintenance/return
supportive ADL/IADL, matched change indicator

covariates among cases

@_,

Later functional
trajectory
supportive

Fig. 1. Flow of study participants and event-time framework. Note. Panel A traces the source cohort through the post-baseline hip-fracture case frame, age and first-
report-wave restrictions, preceding-wave frailty availability, and risk-set matching. Panel B distinguishes the unknown fracture interval from the interviews that
define event time. Event time —1 is the last fracture-free interview, when frailty, ADL/IADL, and matching covariates were measured; a hip fracture occurred at an
unknown date between —1 and 0. Event time O is the first interview reporting that fracture and supplies the primary matched-change comparison. Event time +1 is
the next assigned survey wave and supplies subsequent outcomes; the case-only ADL indicator requires survival with the ADL count no higher than at event time —1.
Event times —2 and +2 contribute supportive earlier and later trajectory assessments when available. Potential comparators were respondents still fracture-free
through the corresponding first-report wave; future cases could contribute before their own report. Event time is indexed by survey waves, approximately 2-3
years apart, rather than by a fixed interval from the clinical fracture date. Frailty was classified as robust (score 0), prefrail (1-2), or frail (3-5). ADL, activities of

daily living; IADL, instrumental activities of daily living.
2.5. Risk-set matching

Matching covariates were measured at event time —1 and selected a
priori to align demographic, social, medical, and functional character-
istics related to hip-fracture risk or background functional change [3,4,
6,10,21,22]. Before propensity-score estimation, missing matching
covariates were filled with the wave-specific median or mode and
accompanied by missingness indicators; frailty and outcomes were not
imputed. Within each first-report wave, the propensity-score model
included Fried score (0-5), age (years), education (less than lower sec-
ondary, upper secondary or vocational training, or tertiary), residence
(rural vs urban), partnered status (married or partnered vs not part-
nered), chronic-condition count (0-9), any inpatient hospitalization in
the previous year, and pre-event ADL (0-6) and IADL (0-5) difficulty
counts. Fried score, age, chronic-condition count, ADL, and IADL were
modeled as continuous linear terms; education was a 3-level factor, and
residence, partnered status, and hospitalization were binary factors.

After propensity-score estimation within each first-report wave, the
candidate pool was restricted to exact strata of sex and frailty status.
Within each stratum, cases were matched with replacement to up to 4
nearest comparator observations on the propensity-score logit within a
0.2-standard deviation (SD) caliper [23,24]. Cases outside common
support or without an eligible comparator inside the caliper were
excluded. Comparator weights summed to 1 within each set; re-
spondents could contribute to multiple eligible sets before their own
fracture. We assessed overlap, reuse, and standardized mean differences
(SMDs), prespecifying |[SMD| < 0.10 as acceptable. Full selection,
weighting, and covariate specifications appear in the Supplementary
Methods.

2.6. Statistical analysis

2.6.1. Analysis framework
We evaluated 2 distinct interpretations of frailty after hip fracture.



H. Hu et al.

The matched analysis tested whether Fried score marked differential
susceptibility to the fracture-associated ADL and IADL decrement. The
case-only prognostic analysis tested whether Fried score marked a lower
probability of subsequent maintenance or return to pre-event ADL
function. Juxtaposing these estimands distinguished effect modification
from prognosis.

2.6.2. Matched functional change

Weighted linear event-time models included matched-set fixed ef-
fects and interactions among case status, event time, and mean-centered
Fried score. With event time —1 as reference, the primary estimands
were the case-comparator difference in ADL change at event time O,
evaluated at the weighted mean Fried score, and the change in this
contrast per additional Fried criterion. IADL and event time +1 were
secondary. Two-way cluster-robust standard errors accounted for
matched set and respondent. Weighted linear probability models esti-
mated supportive matched risk differences for worsening and incident
difficulty. Heterogeneity was assessed from the continuous-score inter-
action, not group-specific significance. This design aligned cases and
comparators over the same survey interval and excluded already
exposed respondents from the risk set [25-27].

2.6.3. Case-only prognosis

Logistic models related Fried score to the ADL maintenance-or-return
indicator. The fully adjusted model included pre-event ADL and IADL,
age, sex, chronic-condition count, first-report wave, an 8-item Center for
Epidemiologic Studies Depression Scale (CES-D) score excluding the 2
symptoms used for Fried exhaustion, and cognition combining imme-
diate and delayed recall, time orientation, serial 7s, and figure drawing
(range, 0-21). These covariates represented functional headroom and
demographic, somatic, affective, and cognitive contributors to subse-
quent function. Missing expanded covariates were handled using mul-
tiple imputation as detailed in the Supplementary Methods. Marginal
standardization yielded score-specific probabilities and risk differences,
combined using Rubin’s rules. A score-O-versus->1 specification,
complete-case analysis, survivor-conditioned analysis, IADL indicator,
and descriptive ADL pathways were supportive.

2.6.4. Additional and sensitivity analyses

Additional analyses examined selection, sex, follow-up observability,
improvement relative to the maximum available opportunity, and an
older-age subgroup comprising cases aged at least 75 years at the first
fracture-report interview. The older-age analysis retained the original
matched sets and was interpreted only if all displayed post-match ab-
solute SMDs remained below 0.10. Sensitivity analyses varied frailty-
component requirements, matching specifications, outcome models,
the IADL item set, inclusion of 2020 outcomes, and assumptions con-
cerning missingness and survival. Full specifications are provided in the
Supplementary Methods. Analyses used R 4.5.3 and followed the
Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidance [28].

3. Results
3.1. Study population and analytic samples

Among 440 age-eligible hip-fracture cases in the 2013, 2015, and
2018 risk sets, the mean first-report-wave age was 71.1 years and 239
(54.3%) were women. Of these, 253 had an adapted Fried score at the
preceding wave; wave-specific availability is reported in Supplementary
Table S3. Be-fore matching, 74 were robust, 152 prefrail, and 27 frail.
One frail case was outside common sup-port, leaving 252 cases and
1,005 matched comparator records representing 899 unique re-
spondents (Fig. 1A). In the final case sample, mean age was 68.3 years at
the preceding frailty assessment and 70.6 years at the first fracture-
report interview; 132 of 252 participants (52.4%) were women.
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Detailed age distributions across selection stages are reported in Sup-
plementary Table S14.

Cases and comparators were closely aligned on pre-event charac-
teristics after matching (Table 1). The largest absolute SMD was 0.055
for pre-event ADL count; all other displayed differences were smaller.
Frailty category and sex were identical by design, and the mean adapted
Fried score was 1.13 among cases and 1.14 among comparators. The full
balance assessment and propensity-score overlap are shown in Supple-
mentary Table S4 and Supplementary Figs. S1 and S2; outcome
observability is reported in Supplementary Table S5.

3.2. Hip-fracture-associated functional change across frailty levels

At the primary event time 0, ADL difficulty rose more among cases
than among matched comparators: the average matched change contrast
was 0.73 difficulties (95% CI, 0.47 to 0.99; P < .001). The corre-
sponding secondary IADL contrast was 0.31 difficulties (95% CI, 0.09 to
0.53; P =.006) (Table 2).

For the primary ADL outcome, the event time 0 matched change
contrast changed by 0.03 difficulties per additional Fried criterion (95%
CI, —0.28 to 0.34; P = .854). The corresponding secondary IADL inter-
action was 0.02 difficulties (95% CI, —0.25 to 0.29; P = .901) (Table 2;
Supplementary Fig. S6). These near-zero interaction estimates provided
no clear evidence that higher Fried scores marked greater susceptibility
to the fracture-associated increment; their confidence intervals,

Table 1
Pre-event characteristics after risk-set matching.
Characteristic Hip-fracture Matched Weighted
cases comparators absolute SMD
Age at preceding survey 68.3 (7.7) 68.3 (7.6) 0.007
wave, y
Women 132 (52.4%) 525 (52.2%) < .001
Education level, n (%)
Less than lower 244 (96.8%) 981 (97.6%) 0.044
secondary
Upper secondary or 6 (2.4%) 18 (1.8%) 0.037
vocational training
Tertiary education 2 (0.8%) 6 (0.6%) 0.024
Rural residence 208 (84.2%) 837 (85.5%) 0.035
Partnered 190 (75.4%) 752 (74.8%) 0.015
Chronic condition count 1.5(1.3) 1.5(1.3) 0.036
Hospitalized in prior year 46 (18.3%) 197 (19.6%) 0.035
Pre-event ADL difficulty 0.7 (1.3) 0.7 (1.2) 0.055
count
Pre-event IADL difficulty 0.7 (1.2) 0.7 (1.1) 0.052
count
Adapted Fried score, mean 1.13 (0.98) 1.14 (0.99) 0.007
(SD)
Adapted Fried frailty
category, n (%)
Robust (score 0) 74 (29.4%) 296 (29.4%) < .001
Prefrail (scores 1-2) 152 (60.3%) 607 (60.3%) < .001
Frail (scores 3-5) 26 (10.3%) 102 (10.1%) <.001

Note. Values are mean (SD) or number (percentage). All characteristics,
including age, were measured at the survey wave preceding the case’s first-
report wave. At the first-report wave, cases had a mean age of 70.6 years. The
table includes 252 cases and 1,005 matched comparator records; 899 compar-
ator respondents were unique because reuse was allowed. Comparator counts
and percentages are unweighted descriptions of matched records; SMDs use the
matched analysis weights. Education is displayed using the same 3-level factor
used in propensity-score estimation; its SMD is shown separately for each indi-
cator. Because sex and frailty category were exact-matching variables, their
weighted absolute SMDs are exactly 0.000 rather than rounded representations
of residual imbalance. Percentages use observed denominators and may not sum
to the full sample when a displayed covariate was missing; matching used filled
values and missingness indicators. Partnered status comprised married or part-
nered respondents. SD indicates standardized deviation; SMD indicates stan-
dardized mean difference; ADL, activities of daily living; IADL, instrumental
activities of daily living.
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Table 2

Fracture-associated functional change and modification by preceding-wave frailty.
Outcome Average excess change (95% CI) P value Modification per Fried criterion (95% CI) P value
ADL difficulty count 0.73 (0.47 to 0.99) < .001 0.03 (—0.28 to 0.34) .854
IADL difficulty count 0.31 (0.09 to 0.53) .006 0.02 (—0.25 to 0.29) 901

Note. Event time —1 was the reference, and event time 0 was the first fracture-report interview. Average excess change is the case-comparator difference in change at
the weighted mean Fried score (1.13); modification is the change in this contrast per additional Fried criterion. Positive values indicate greater increases in difficulty
among cases. Models included matched-set fixed effects and used two-way cluster-robust confidence intervals by matched set and respondent. ADL indicates activities
of daily living; IADL, instrumental activities of daily living.

however, did not establish identical contrasts at every score. favorable response patterns combined in the binary indicator. Function

Supporting analyses extended these findings across time and onto was maintained in 56.8% of cases with no Fried criterion and 36.0% of
binary clinical transitions (Supplementary Figs. S3 and S4). Complete cases with at least 1 criterion; persistent functional loss occurred in
average matched contrasts at event times —2, 0, +1, and +2 are reported 18.9% and 33.1%, respectively. Return after first-report-wave wors-
in Supplementary Table S6. At event time 0, cases had a 24.8-percent- ening was 17.6% and 17.4%. By the next assigned survey wave after the
age-point higher risk of ADL worsening than matched comparators first fracture-report interview, 13 of 252 cases (5.2%) were classified as

(95% CI, 17.5 to 32.1). Among participants without pre-event ADL dead and 16 (6.3%) had an unknown ADL pathway (Fig. 3; Supple-

difficulty, the risk of incident ADL difficulty was 26.0 percentage points mentary Tables S10 and S16).

higher (95% CI, 15.9 to 36.2; Supplementary Table S7). Among 121 cases eligible for the maximum-potential-improvement
analysis (alive with observed function and first-report-wave ADL
count > 0), the descriptive bootstrap median difference for cases with at

3.3. Preceding-wave frailty and maintenance or return to pre-event ADL least 1 Fried criterion versus none was —55 percentage points (95% CI,
function —75 to 50). Group-specific ADL distributions and supportive IADL re-
sults are reported in Supplementary Table S16.

For the case-only ADL indicator of functional resilience, the fully The binary supportive analysis compared no criterion with at least 1
adjusted probability of being alive at event time +1 with ADL main- criterion. Probabilities of maintaining or returning to pre-event ADL
tained at or returned to the pre-event count was 72.9% (95% CI, 63.7% function were 74.4% among robust cases and 58.9% among cases with at
to 82.1%) at Fried score 0 and 46.4% (95% CI, 28.9% to 64.0%) at score least 1 criterion, an adjusted difference of —15.5 percentage points (95%
3. The principal score-3-versus-0 difference was —26.5 percentage CI,—30.3 to —0.7). Adjustment for pre-event function, cognition,
points (95% CI, —50.3 to —2.8). Supportive score-1-versus-0 and score- depressive symptoms, comorbidity, age, sex, and first-report wave

2-versus-0 differences were —8.1 percentage points (95% CI, —15.0 to attenuated this difference by 16.6% relative to the minimally adjusted
—1.3) and —17.1 percentage points (95% CI, —32.4 to —1.9), respec- estimate (Supplementary Table S8).
tively. The secondary IADL maintenance-or-return estimate was less
precise: the score-3-versus-0 difference was —15.5 per-centage points
(95% CI, —38.9 to 7.8) (Fig. 2; Supplementary Table S9).
The descriptive ADL pathway decomposition separated the 2

A. Model-based probabilities across scores B. Risk differences versus score 0
I
100% 1
I
-8.1pp!
72.9% Score 1 vs 0 :
Z 5% 64.8% !
= 33.8% 46.4% !
< ]
< I
a. -17.1 pp !
B 50% Score 2 vs 0 :
N 1
'8 ]
3 1
g 1
5 25% !
«n ° -26.5 pp !
Score 3 vs 0 I | :
]
]
0% !
I
0 1 2 3 -60 -40 20 0 20
(n=74) (n=100) (n=52) (n=23)
Preceding-wave Fried score Absolute risk difference, percentage points

Fig. 2. Model-standardized probability of maintaining or returning to pre-event ADL function across preceding-wave Fried scores. Note. Panel A shows multiply
imputed standardized probabilities at observed integer Fried scores 0-3 among hip-fracture cases; the x-axis gives the number of cases at each score. Lines connect
model-based predictions for visual guidance; they do not represent observed trajectories or establish an empirical dose-response relationship. Score 4 was not shown
because only 3 cases had that score, and no case had score 5. Panel B shows model-standardized absolute risk differences for Fried scores 1, 2, and 3 relative to score
0. The score-3-versus-0 difference was the principal contrast; intermediate contrasts are supportive. The plotted outcome was being alive at event time +1 with ADL
no worse than at event time —1. It combines maintenance and return after first-report-wave worsening; Fig. 3 displays these pathways separately. The model adjusted
for both pre-event functional counts, age, sex, first-report-wave indicators, chronic conditions, CES-D8, and cognition. Death was unfavorable, unknown follow-up
remained missing, and intervals are Rubin-pooled 95% CIs using HC3 variance within each of 40 imputations.
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100%

75%

50%

Cases within frailty group

25%

18.9%

0%
No Fried criterion
(n=74)

. Maintained . Returned after first-report-wave worsening
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33.1%

At least 1 Fried criterion
(n=178)

Persistent loss . Death . Unknown

Fig. 3. Subsequent ADL functional pathways by preceding-wave Fried criteria. Note. Bars partition all hip-fracture cases into 5 mutually exclusive subsequent ADL
pathways: maintained function, return after first-report-wave worsening, persistent functional loss, death, or unknown pathway. The first 2 path-ways form the
favorable binary indicator used in Fig. 2. Groups compare cases with no Fried criterion and those with at least 1 criterion. Across groups, 13 of 252 cases were
classified as dead by the subsequent assigned survey wave and 16 had an unknown ADL pathway because survival/function state was unavailable or at least 1 ADL
count needed for pathway classification was missing. These survey-wave states are not fixed-time postoperative mortality or loss-to-follow-up rates. Percentages use
all cases within each group; detailed definitions and Wilson 95% CIs are reported in Supplementary Table S10. ADL, activities of daily living; IADL, instrumental

activities of daily living.
3.4. Sensitivity analyses

The analysis restricted to cases aged at least 75 years did not meet the
prespecified post-match balance criterion (76 cases; maximum absolute
SMD, 1.015) and was not interpreted. Among women, the event-time
0 ADL average contrast was 0.91 difficulties (95% CI, 0.52 to 1.29),
and the Fried-score interaction was —0.16 per criterion (95% CI, —0.57
to 0.26; Supplementary Table S15).

When 2020 outcomes were excluded, the event-time +1 ADL average
contrast was 0.28 difficulties (95% CI, —0.03 to 0.59), and the interac-
tion was —0.25 per criterion (95% CI, —0.59 to 0.09). With IPCW for
event-time +1 observability, the corresponding estimates were 0.30
(95% CI, 0.04 to 0.56) and —0.02 (95% CI, —0.32 to 0.28), respectively
(Supplementary Tables S12 and S13; Supplementary Fig. S5).

In the survivor-conditioned analysis of 224 cases alive with observed
subsequent function, the adjusted ADL maintenance-or-return risk dif-
ference for cases with at least 1 Fried criterion versus none was —15.0
percentage points (95% CI, —29.9 to —0.2; Supplementary Table S9).
Remaining prespecified sensitivity results are reported in Supplemen-
tary Tables S8, S11, S12, S13, and S15.

4. Discussion
4.1. Principal findings

This study examined community-dwelling Chinese adults aged 60
years or older participating in CHARLS. Compared with contempora-
neous fracture-free respondents, participants reporting hip fracture
experienced greater ADL and IADL deterioration, but preceding-wave
frailty did not clearly identify a larger fracture-associated decrement.

Among participants with hip fracture, greater preceding-wave frailty
was associated with a lower likelihood of maintaining or returning to
prior ADL function. Taken together, these findings suggest that pre-
event frailty is more informative as a prognostic marker of post-
fracture functional outcome than as a modifier of the excess functional
decline attributable to hip fracture itself. Clinically, this distinction
supports functional assessment across the frailty spectrum, with frailty
informing anticipatory support, rehabilitation planning, and follow-up
intensity rather than defining recovery potential.

4.2. Frailty, hip fracture, and functional resilience: distinguishing
prognosis from effect modification

Physical frailty and functional resilience describe related but distinct
stages of a stress response: frailty reflects pre-event vulnerability,
whereas resilience is inferred from subsequent functional response [7,
9]. The matched analysis showed no clear frailty gradient in
fracture-associated excess ADL or IADL deterioration. In the case-only
analysis, however, higher Fried scores were associated with a lower
probability of being alive with ADL maintained at or returned to the
pre-event level at the next survey. Thus, frailty showed a prognostic
association without clear evidence that it amplified the
comparator-referenced decrement. Near-zero interactions do not
establish identical effects across frailty levels, particularly because
high-score estimates were imprecise.

A reserve-based interpretation is consistent with this pattern. Frailty
may summarize pre-event physiological and functional vulnerability
relevant to reaching a favorable subsequent state with-out necessarily
producing a larger comparator-referenced change during the fracture-
report interval. Because the analyses address different estimands and
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periods, the case-only association cannot establish the mechanism un-
derlying the near-zero interaction. Attenuation after adjustment sug-
gests that Fried frailty shares prognostic information with pre-event
function, cognition, depressive symptoms, and comorbidity; incremen-
tal prediction and causal decomposition were not evaluated.

We operationalized functional resilience as a clinically meaningful
subsequent state—being alive with ADL maintained at or returned to the
pre-event level—rather than as the process or speed of recovery.
Descriptively, frailty-group differences chiefly reflected less mainte-
nance and more persistent loss; return after worsening occurred in both
groups, but the analysis did not test equivalent recovery. The study
therefore identifies variation in the likelihood of reaching a favorable
functional state after a first fracture report. More closely timed clinical
studies are needed to distinguish resistance from recovery and identify
their determinants.

4.3. Comparison with previous studies

Clinically timed hip-fracture cohorts have shown heterogeneous and
often incomplete functional recovery, with disability persisting for many
patients [4-6,29]. These cohorts characterize recovery trajectories but
generally do not include nonfracture comparators needed to estimate
excess fracture-associated change. Population-based comparisons
demonstrate substantial excess disability relative to controls, although
pre-event differences in health and function can complicate interpreta-
tion [12]. Together, these literatures leave unresolved whether
pre-event frailty amplifies the fracture-associated functional decrement
or predicts the functional state subsequently reached.

Hip-fracture frailty studies have largely addressed prognosis, linking
frailty with poorer functional and perioperative outcomes within case
cohorts [10,11]; studies outside fracture settings like-wise associate
frailty with disability onset and recovery [17,30,31]. The two analytical
perspectives used here—risk-set matched functional change and
case-only subsequent ADL prognosis—separate effect modification from
prognostic stratification. Recent matched Health and Retirement Study
(HRS) analyses also show that event-centered patterns differ across
health domains: cognitive vulnerability was evident before the
fracture-report index, whereas depressive symptoms increased mainly
around the reporting interval [32,33]. Across these studies, pre-event
vulnerability, event-associated disruption, and subsequent adaptation
appear to contribute differently to cognitive, affective, and functional
outcomes.

The CHARLS analysis provides community-based Chinese data with
prospectively observed preceding-wave frailty and function [13]. At the
first fracture-report interview, cases had a mean age of 70.6 years and
52.4% were women, contrasting with many hospital cohorts of patients
in their 80s with a stronger female predominance [5,34]. Analytic in-
clusion also depended on survival and continued participation to that
interview and availability of preceding-wave frailty measures. These
characteristics limit direct transportability to consecutive hospitalized
patients while positioning the survey-based evidence as a complement
to clinically timed cohorts that capture acute treatment, recovery, and
mortality.

4.4. Clinical implications: interpreting frailty within comprehensive
geriatric assessment

Comprehensive geriatric assessment integrates medical, psycholog-
ical, functional, and social in-formation to inform individualized and
coordinated care [35]. In hip-fracture care, it is commonly embedded
within orthogeriatric and multidisciplinary rehabilitation pathways
[36]. The present findings clarify the place of pre-event physical frailty
within multidomain prognostic assessment.

Fracture-associated ADL and IADL deterioration occurred without a
clear gradient across Fried scores, supporting direct functional assess-
ment across frailty levels (Table 2). Higher preceding-wave Fried scores
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were also associated with a lower probability of being alive with ADL
maintained at or returned to the pre-event level (Fig. 2; Supplementary
Table S9). Frailty may therefore provide prognostic context for reha-
bilitation needs, discharge support, caregiver involvement, and follow-
up, alongside direct assessment of function.

Frailty is most informative when considered alongside cognition,
depressive symptoms, comorbidity, and social circumstances. Return
after observed worsening occurred in both frailty groups; the descriptive
pathway analysis leaves between-group recovery differences uncertain
(Fig. 3; Supplementary Table S10). Frailty alone therefore provides
insufficient grounds for judging recovery potential. Prospective clinical
studies can assess the added predictive value of multidomain assess-
ment, identify useful decision thresholds, and evaluate frailty-informed
care pathways.

4.5. Strengths and limitations

Key strengths were the prospective ordering of preceding-wave
frailty, directly observed pre-fracture ADL and IADL, repeated within-
person functional measurements, and well-balanced same-wave risk-
set comparators. Together, these features supported two complemen-
tary estimands: comparator-referenced excess functional change and
case-only maintenance or return to pre-event ADL function. Retaining
death as an unfavorable state also avoided restricting the primary
prognostic outcome to subsequent survivors.

Hip fracture was self-reported and dated only to the interval between
surveys. Event time O represented the first fracture-report interview
rather than the clinical fracture date; variation in elapsed time and
reporting error could attenuate event-aligned contrasts or obscure effect
modification. Fractures followed by death before a reporting interview
could not be identified, whereas deaths after the first-report interview
were retained in the prognostic outcome. The design therefore cannot
characterize acute postoperative change, fixed-time mortality from the
fracture date, or the timing of functional recovery.

Selection limits transportability. Of 440 age-eligible first-report
cases, 253 had calculable preceding-wave Fried scores and 252 were
matched; only 26 were classified as frail. The analytic cases were
younger and included a lower proportion of women than typical hospital
cohorts. Restricting the original matched sets to cases aged at least 75
years failed the prespecified balance criterion. The findings therefore
apply most directly to survey-observed participants with preceding-
wave participation and physical measurements, rather than to consec-
utive, predominantly female hospitalized patients in their 80s.

ADL and IADL are bounded counts, so scale position constrains both
further deterioration and numerical improvement. The conditional
maximum-potential-improvement measure made one form of headroom
explicit but required survival, observed function, and first-report-wave
difficulty greater than O; it did not estimate recovery rate or the pro-
portion of fracture-attributable loss regained. The adapted Fried
phenotype used survey-specific thresholds and a modified shrinking
definition, and sparse high scores limited precision. Multiple imputation
assumed data were missing at random conditional on included variables,
while residual bias may remain from informative missingness, unob-
served pre-report deaths, and unmeasured fracture severity, treatment,
rehabilitation, medications, nutrition, delirium, and social support.

5. Conclusions

In this community-based cohort of older adults, hip fracture was
associated with marked functional deterioration and persistent ADL
impairment. Greater pre-fracture frailty was associated with poorer
maintenance and return to pre-event ADL function, but not with a
clearly larger excess functional decline attributable to hip fracture itself.
These findings suggest that frailty is more in-formative as a prognostic
marker of post-fracture functional vulnerability than as a modifier of the
fracture-associated decrement. Frailty should therefore inform post-
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fracture risk stratification and follow-up intensity, but it should not be
used alone to determine rehabilitation access or recovery potential.
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