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Abstract

Background: Chronic kidney disease (CKD) is linked to cognitive, psychological and
functional decline, yet few studies track these domains together around the first detection
of incident disease. We examined three longitudinal outcomes while preserving observed
CKD onset and ordinary study time for participants who remained free of CKD. Methods:
We analysed harmonised longitudinal survey and biomarker data from CHARLS (China,
2011–2018), HRS (United States, 2006–2016) and SHARE (Europe and Israel, 2015–2022)
among adults aged 50 years or older. The main comparison included 75,044 participants
(2480 with incident CKD and 72,564 free of CKD). Global cognition, depressive symptoms
and functional limitation were three prespecified co-primary outcome domains, not a
composite. Missing baseline covariates were imputed separately by cohort with multiple
imputation by chained equations (MICE; m = 20, 20 iterations). Random-intercept restricted
maximum likelihood (REML) mixed models (Model 1 and Model 2) were fitted in each
completed data set and combined with Rubin’s rules. Model 2 adjusted for seven baseline
chronic disease indicators, body mass index, smoking and alcohol use. For each outcome,
inference focused on the change in the annual outcome trajectory associated with incident
CKD occurrence (the trajectory change estimate), with Benjamini–Hochberg correction
across the three Model 2 tests. Results: Rubin-pooled Model 2 trajectory change estimates
were global cognition, −0.019 (−0.031 to −0.007) (BH q = 0.003); depressive symptoms,
0.018 (0.005 to 0.032) (BH q = 0.008); functional limitation, 0.075 (0.063 to 0.087) (BH
q < 0.001), in standardised outcome units per year. An exploratory joint study-time module
identified three trajectory classes and compared class membership by CKD status. Lagged
Cox models used CKD status at the interval start for four non-frailty, visit-detected proxy
endpoints. Conclusions: Incident CKD was associated with directionally and quantitatively
distinct longitudinal changes in cognition, depressive symptoms and functional limitation.
These results are adjusted associations, not instantaneous causal effects. Joint trajectory
classes and lagged event models were exploratory; frailty index and stacked three-domain
GEE analyses were supplementary.

Keywords: chronic kidney disease; cognitive decline; depressive symptoms; functional
limitation; longitudinal trajectories; multiple imputation; ageing cohorts;
CHARLS/HRS/SHARE
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1. Introduction
Chronic kidney disease (CKD) is a major source of morbidity worldwide and becomes

more common with age [1–3]. Its consequences extend beyond reduced filtration: older
adults with CKD often carry vascular and metabolic comorbidities and may experience
changes in cognition, mood, mobility and independence. These outcomes matter clinically
because they shape treatment capacity, quality of life and the ability to live independently.

Separate lines of literature link CKD to cognitive impairment, depressive symptoms
and impaired physical function [1–6]. Deficit accumulation frailty provides an additional
summary of vulnerability [7], but frailty indices often overlap with cognition, mood, disabil-
ity and disease covariates. Studying each domain alone can miss whether several systems
worsen over a similar period; combining overlapping constructs without qualification can
overstate the coherence of a multisystem signal.

Longitudinal multisystem evidence remains limited. Many studies evaluate prevalent
or baseline CKD, analyse outcomes separately or do not distinguish the level observed at
the first CKD-positive visit from subsequent change. Because both exposure and outcome
are assessed at spaced visits, observed onset is an interval-censored detection time rather
than the exact biological onset. Event-centred designs in other chronic diseases illustrate the
value of separating pre-event slopes, occurrence-level contrasts and post-event trajectory
change [8]. To our knowledge, an analogous three-cohort analysis organised around
incident CKD, without assigning pseudo-onset dates to CKD-free participants, has not
been reported.

We therefore examined whether incident CKD was associated with changes in global
cognition, depressive symptoms and functional limitation. Primary models preserved
ordinary study time for CKD-free participants, separated the model-level change at incident
CKD occurrence from the change in the annual outcome trajectory associated with incident
CKD occurrence, and fitted every cohort-specific MICE completion before Rubin pooling.
Three-domain study-time trajectory classes and lagged visit-detected event models were
exploratory extensions. Because the deficit accumulation index overlaps the primary
domains and adjustment covariates, FI14 and a reduced-overlap FI10 variant were analysed
only as supplementary outcomes.

2. Methods
2.1. Study Design and Cohorts

We used harmonised longitudinal data from CHARLS, HRS and SHARE and retained
locked creatinine-, cystatin-C- and self-report CKD definitions [9–13]. Observation win-
dows were 2011–2018 in CHARLS, 2006–2016 in HRS and 2015–2022 in SHARE. Adults aged
50 years or older entered the incident CKD versus CKD-free comparison; prevalent CKD
was excluded. Participants free of CKD were not assigned pseudo-onset dates. Analytic
flow and cohort-specific kidney source definitions are documented in Tables S1 and S2.

2.2. Outcomes and Covariates

Global cognition, depressive symptoms and functional limitation were three prespeci-
fied co-primary outcome domains and were not combined into a composite outcome. The
three domains represent distinct cognitive, psychological and functional constructs, each
central to the study question. No composite score or weighting scheme was prespecified or
validated for this analysis. Cognition was scored higher—better; the other outcomes were
higher—worse.

Seven baseline disease indicators entered Model 2 separately: hypertension, diabetes,
cancer, lung disease, heart disease, stroke and arthritis. Their count was descriptive only
and was neither imputed nor used as an adjustment covariate. These baseline indica-
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tors were retained to control pre-existing comorbidity without conditioning on disease
changes occurring after CKD ascertainment that could be mediators. The formal analysis
used baseline disease indicators replicated at every retained visit. The requested time-
updated sensitivity analysis was not undertaken; constancy in these completed files does
not establish that longitudinal disease histories are unavailable in the original cohorts
(Table S4).

The 14-item frailty index (FI14) and reduced-overlap 10-item frailty index (FI10) were
supplementary because FI14 includes depression, activities of daily living (ADL) and
instrumental activities of daily living (IADL) items, cognition or dementia, disease, body
mass index and smoking components.

2.3. Multiple Imputation

Within each cohort, missing baseline covariates were imputed by multivariate impu-
tation by chained equations (MICE) with 20 imputations and 20 iterations [14,15]. Global
cognition, depressive symptoms, functional limitation, CKD exposure, timing variables,
identifiers and events were protected from imputation. Every scientific model was fitted
separately in all completed data sets; estimates and variances, not completed data sets,
were combined with Rubin’s rules [16], with small-sample degrees of freedom following
Barnard and Rubin where applicable [17]. Cohort-specific missingness and imputation
diagnostics are reported in Table S1. For supplementary analyses, FI14 and FI10 were
recalculated within each completion from completed components.

2.4. Three-Outcome Longitudinal Models

For each co-primary outcome, we fitted a random-intercept REML model without
pseudo-onset assignment. Model 1 included study time, cohort and cohort-by-time, a
person-level incident CKD indicator and its interaction with study time, a model-level
change term at incident CKD occurrence, the change in the annual outcome trajectory
associated with incident CKD occurrence, and age, sex and education. Model 2 additionally
included the seven baseline disease indicators separately, body mass index, smoking and
alcohol use. For each Model 2 estimate, the reported p value was the unadjusted Wald
test for the trajectory change coefficient; the three co-primary tests formed the Benjamini–
Hochberg family and are reported as BH q values. Benjamini–Hochberg adjustment controls
the false discovery rate within this three-test family. P values for descriptive comparisons
of baseline characteristics are unadjusted. Holm-adjusted p values are used only within
prespecified exploratory or supplementary families. The level-change term is a level
contrast at the observed occurrence assessment; the trajectory change term is the change in
annual trajectory among participants who developed CKD. Because assessments occurred
at discrete visits, neither term identifies an instantaneous biological effect of kidney disease,
and no CKD-free participant is assigned an artificial event date.

Prespecified sensitivity analyses examined sample and visit definitions, the contri-
bution of the occurrence visit, follow-up window, time functional form, cohort interac-
tion, leave-one-cohort-out stability, covariance structure, selection and visit observation
weighting and CKD source restrictions. The reviewer-requested source-restricted primary
structure models retained the Model 2 random-intercept REML trajectory change estimand
for biomarker-defined CHARLS plus HRS and for HRS cystatin-C alone. Design and com-
parability are summarised in Table S3; primary estimand, source-restricted, cohort-specific
and clinical translation results are reported in Table S4; marginal weighted analyses and
weight diagnostics remain in Table S5.

The two-panel Model 2 trajectory display was constructed as follows. Panel A shows
incident CKD trajectories on either side of CKD occurrence together with a CKD-free ordi-
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nary study time reference, each outcome on its native standardised score scale. Predictions
were standardised to the incident-participant baseline covariate and cohort distribution.
The median observed study time at incident CKD occurrence provides a shared display
origin only and does not assign an event time to CKD-free participants. Panel B displays
the primary trajectory change estimate as burden-oriented cumulative additional change
relative to the projected continuation of the incident group’s pre-CKD trajectory. Every
completion contributed estimates and variances before Rubin pooling.

2.5. Joint Trajectories and Event Models

The exploratory three-domain study-time profile uses the first three complete cog-
nition, depressive symptom and functional limitation visits, vectorised k-means class
construction and multinomial class membership models fitted in each imputed data set,
with estimates pooled using Rubin’s rules. The multinomial class membership contrast is
reported as a relative risk ratio (RRR). Class membership is compared between incident
CKD and CKD-free participants but is not aligned to incident CKD occurrence; candidate
solutions, class sizes and initialisation stability are reported in Table S6. Main exploratory
start-stop Cox models were fitted for four non-frailty visit-detected proxy endpoints, with
CKD status lagged to the interval start. Same-wave events were not classified as exposed.
Endpoint definitions, complete estimates and proportional hazards diagnostics are reported
in Table S7. The frailty proxy appears only in the supplement. These exploratory models
use endpoint-specific risk sets and lagged exposure, so null cognitive event estimates do
not negate the continuous cognition result. Likewise, the supplementary stacked GEE
answers a marginal multi-outcome question and does not replace the primary conditional
mixed models.

2.6. Supplementary Direct Joint Model

FI14 and reduced-overlap FI10 results are reported in Table S8. As a supplementary
sensitivity analysis, we also fitted a direct three-domain stacked generalised estimating
equation (GEE) model for correlated longitudinal outcomes [18,19], implemented in geep-
ack [20]. Across imputations, the joint null that all three domain-specific trajectory change
coefficients equal zero was evaluated with a multiparameter D1 test [21]. Cohort-specific
GEE estimates were synthesised with random-effects methods using REML estimation
and Knapp–Hartung-type inference [22,23], and between-cohort heterogeneity was sum-
marised with standard meta-analytic metrics [24]. Full estimates are retained in Table S9
and Supplementary Figure S1 and do not replace the three-outcome Model 1/Model 2
analysis. Exploratory HRS polygenic score effect-modification estimates are reported in
Table S10.

3. Results
3.1. Study Population and Observed Follow-Up

The analytic cohort comprised 75,044 participants: 72,564 remained free of CKD, and
2480 developed incident CKD during follow-up. Cohort components were CHARLS—
11,794 participants, 305 incident CKD; HRS—4664 participants, 1707 incident CKD; and
SHARE—58,586 participants, 468 incident CKD. Retained outcome visits contributed
209,403 cognition, 214,968 depressive symptom and 251,894 functional limitation records.
The final source-specific counts, under the Chronic Kidney Disease Epidemiology Collabo-
ration (CKD-EPI) equations, were CHARLS—eGFR-creatinine (CKD-EPI 2021): 163/5425;
CHARLS—self-report supplement: 142/6369; HRS—eGFR-cystatin-C (CKD-EPI 2012):
1707/4664; and SHARE—self-report: 468/58,586. Thus, HRS contributed 68.8% of incident
cases despite representing a much smaller cohort than SHARE, reflecting both ascertain-
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ment source and cohort composition rather than a common CKD prevalence estimate.
Table 1 summarises baseline characteristics, covariates and unadjusted descriptive group
comparison p values by CKD status during follow-up. Figure 1 shows observed visit-level
mean trajectories for global cognition, depressive symptoms and functional limitation by
cohort and CKD group; the curves are descriptive smooths for visualisation only and are
not the inferential mixed models. Detailed flow, including the exclusion of 3968 participants
with prevalent CKD, is reported in Table S1 and Supplementary Figure S2; kidney source
ascertainment and final source-specific counts are reported in Table S2.

Table 1. Baseline characteristics by CKD status during follow-up in the analytic cohort.

Characteristic Overall CKD-Free Incident CKD Descriptive p Value

Cohort <0.001
CHARLS 11,794 (15.7) 11,489 (15.8) 305 (12.3)

HRS 4664 (6.2) 2957 (4.1) 1707 (68.8)
SHARE 58,586 (78.1) 58,118 (80.1) 468 (18.9)

Age, years 65.4 (9.0) 65.2 (9.0) 69.5 (7.4) <0.001
Female, n (%) 42,100 (56.1) 40,685 (56.1) 1415 (57.1) 0.329

Education <0.001
Low 31,935 (42.6) 31,031 (42.8) 904 (36.5)

Middle 26,751 (35.6) 25,938 (35.7) 813 (32.8)
High 16,357 (21.8) 15,594 (21.5) 763 (30.8)

Body mass index, kg/m2 26.6 (4.7) 26.6 (4.7) 27.9 (5.3) <0.001
Current/former smoking, n (%) 14,630 (19.5) 14,285 (19.7) 344 (13.9) <0.001

Current alcohol use, n (%) 38,900 (51.8) 37,696 (51.9) 1204 (48.5) <0.001
Hypertension, n (%) 33,592 (44.8) 32,159 (44.3) 1433 (57.8) <0.001

Diabetes, n (%) 9781 (13.0) 9279 (12.8) 502 (20.2) <0.001
Cancer, n (%) 5660 (7.5) 5350 (7.4) 310 (12.5) <0.001

Lung disease, n (%) 6291 (8.4) 6053 (8.3) 237 (9.6) 0.031
Heart disease, n (%) 11,393 (15.2) 10,816 (14.9) 577 (23.3) <0.001

Stroke, n (%) 3581 (4.8) 3407 (4.7) 174 (7.0) <0.001
Arthritis, n (%) 26,563 (35.4) 25,104 (34.6) 1459 (58.8) <0.001

Number of chronic diseases 1.3 (1.2) 1.3 (1.2) 1.9 (1.3) <0.001

Note: Values are mean (SD) for continuous variables and n (%) for categorical variables unless
otherwise indicated. All participants were CKD-free at the first retained visit; prevalent CKD was
excluded. Columns: Overall, all participants in the analytic cohort; CKD-free, remaining free of CKD
throughout follow-up; Incident CKD, incident CKD detected during follow-up. Baseline is the first
retained visit. Summaries were averaged across 20 MICE completions; counts are rounded, and
percentages retain one decimal place. Two-sided p values compare Incident CKD with CKD-free and
were pooled with mice::D1 using Rubin’s rules. They are unadjusted descriptive associations, not
multiplicity-corrected primary inferences, and do not assess baseline balance, causality or prognosis.
Number of chronic diseases is descriptive only and is not a model covariate.

3.2. Primary Longitudinal Associations Around Incident CKD

In fully adjusted Model 2, we estimated the change in the annual outcome trajectory
associated with incident CKD occurrence for each co-primary domain. The estimates were
global cognition, −0.019 (−0.031 to −0.007) (BH q = 0.003); depressive symptoms, 0.018
(0.005 to 0.032) (BH q = 0.008); and functional limitation, 0.075 (0.063 to 0.087) (BH q < 0.001).
All are expressed in standardised outcome units per year. These coefficients quantify within-
incident change relative to continuation of the pre-CKD trajectory; they are not annual
trajectory contrasts versus CKD-free participants. Figure 2 and Table 2 provide the complete
Model 1/Model 2 term grid. The separate model-level change coefficient at incident CKD
occurrence is retained there and is not interpreted as an instantaneous causal effect. In
biomarker-defined CHARLS plus HRS, the corresponding estimates were global cognition
−0.019 (95% CI −0.034 to −0.005); depressive symptoms 0.015 (95% CI 0.001 to 0.030); and
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functional limitation 0.086 (95% CI 0.068 to 0.103). In HRS cystatin-C alone, they were
global cognition −0.013 (95% CI −0.028 to 0.002); depressive symptoms 0.016 (95% CI 0.002
to 0.030); and functional limitation 0.086 (95% CI 0.066 to 0.107). The HRS-only cognition
interval included zero, whereas depression and functional limitation retained adverse
estimates. Sensitivity designs and comparability classes are shown in Table S3; analyses
retaining the primary covariance and pooling structure, source-restricted analyses, cohort-
specific analyses and clinical translations are in Table S4 and Supplementary Figure S3;
marginal weighted analyses remain in Table S5.

Figure 1. Observed three-domain trajectories by cohort and CKD group. Points are visit-level means
for global cognition, depressive symptoms and functional limitation. Curves are weighted descriptive
smooths for visualisation only and are not the inferential mixed models.

Figure 2. Forest plot of Rubin-pooled CKD model terms for three primary outcomes. Model 1 and
Model 2 estimates are shown for the model-level change at incident CKD occurrence and for the
change in the annual outcome trajectory associated with incident CKD occurrence. Estimates are in
standardised outcome units per year where applicable.
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Table 2. Fully adjusted Model 2 associations of incident CKD with three longitudinal outcomes
(Rubin-pooled estimates).

Outcome Model Term Estimate (95% CI) p Value BH q N Participants N Observations

Global
cognition

Pre-CKD annual slope
difference (incident vs.

CKD-free)

0.013 (0.003 to
0.023) 0.014 75,044 209,403

Global
cognition

Model-level change at
incident CKD

occurrence

−0.096 (−0.139 to
−0.053) <0.001 75,044 209,403

Global
cognition

Change in the annual
outcome trajectory

associated with
incident CKD

occurrence

−0.019 (−0.031 to
−0.007) 0.002 0.003 75,044 209,403

Depressive
symptoms

Pre-CKD annual slope
difference (incident vs.

CKD-free)

−0.007 (−0.018 to
0.004) 0.213 75,044 214,968

Depressive
symptoms

Model-level change at
incident CKD

occurrence

0.060 (0.010 to
0.109) 0.018 75,044 214,968

Depressive
symptoms

Change in the annual
outcome trajectory

associated with
incident CKD

occurrence

0.018 (0.005 to
0.032) 0.008 0.008 75,044 214,968

Functional
limitation

Pre-CKD annual slope
difference (incident vs.

CKD-free)

−0.026 (−0.036 to
−0.016) <0.001 75,044 251,894

Functional
limitation

Model-level change at
incident CKD

occurrence

0.085 (0.043 to
0.127) <0.001 75,044 251,894

Functional
limitation

Change in the annual
outcome trajectory

associated with
incident CKD

occurrence

0.075 (0.063 to
0.087) <0.001 <0.001 75,044 251,894

Note: Estimates are from random-intercept REML Model 2 models fitted separately in each of
20 completed data sets and combined with Rubin’s rules. Outcomes are in standardised units
(cognition higher—better; depressive symptoms and functional limitation higher—worse). Model
terms: Pre-CKD annual slope difference, incident versus CKD-free difference in the pre-occurrence
annual slope; Model-level change at incident CKD occurrence, level contrast at the first CKD-positive
visit; Change in the annual outcome trajectory associated with incident CKD occurrence, the primary
within-incident trajectory change estimate. p value is the Wald test for the corresponding coefficient.
BH q is the Benjamini–Hochberg-adjusted p value for the three primary trajectory change estimates
only. N participants and N observations are outcome-specific retained sample sizes. Seven chronic
diseases enter Model 2 separately. Frailty index analyses are supplementary and are not shown.

3.3. Absolute Trajectories Around Incident CKD Occurrence and Cumulative Trajectory Change

Figure 3, Panel A shows incident CKD trajectory segments around CKD occurrence
alongside a CKD-free ordinary study time reference on a shared display axis. The origin is
derived from the incident group’s median observed study time at incident CKD occurrence
for visualisation only and does not assign an event time to CKD-free participants. The
vertical connector joins the two incident CKD trajectory segments only and represents
the Model 2 level change at incident CKD occurrence. Panel B places the primary trajec-
tory change estimate on a common burden scale and shows burden-oriented cumulative
additional change relative to projected continuation of the incident group’s pre-CKD tra-
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jectory, with Rubin-pooled pointwise 95% confidence intervals. The displayed quantity
is ∆(t) = t × βtrajectory change, with cognition sign-reversed only for the burden display. At
year 2 on the CKD-occurrence-centred display axis, the estimated additional burden in
Panel B was cognitive burden, 0.037 (95% CI 0.013 to 0.061); depressive symptoms, 0.037
(95% CI 0.010 to 0.064); and functional limitation, 0.150 (95% CI 0.126 to 0.174). ∆(t) is
evaluated at the unrounded pooled coefficient rather than at the rounded value printed
above, so the 2-year cognitive burden is 0.037 rather than the 0.038 obtained by doubling
−0.019. At 5 years, the unreversed standardised cumulative changes were global cognition
−0.094 (95% CI −0.153 to −0.034); depressive symptoms 0.091 (95% CI 0.024 to 0.159);
and functional limitation 0.375 (95% CI 0.315 to 0.435). These fixed horizon intervals are
linear descriptive transforms of the pooled coefficient; no pointwise hypothesis tests were
performed, no cross-cohort raw score was constructed and no validated minimal clinically
important difference (MCID) or age-equivalent was available. Cognition’s 0-year value in
Panel B is structural. Panel A is a population-average model display, not an individual
trajectory or an instantaneous causal effect.

Figure 3. Incident-CKD-centred Model 2 display. Panel (A) shows Rubin-pooled adjusted absolute
trajectories, standardised to the incident-participant baseline covariate and cohort distribution. Solid
teal and red lines with translucent bands denote the before- and after-first CKD-positive visit estimates
and pointwise 95% confidence intervals; the dashed gray line and gray band denote the CKD-free
ordinary study-time reference and its pointwise 95% confidence interval. The gray dotted vertical
line marks the incident group’s median first-positive study time as a shared display origin; CKD-free
participants are not assigned an event time. The vertical connector denotes the model-level change
at occurrence. Panel (B) shows burden-oriented cumulative additional change relative to projected
continuation of the incident group’s pre-CKD trajectory (∆(t) = t × βtrajectory change); cognition is
sign-reversed only here. The horizontal gray line denotes zero additional change, and whiskers are
pointwise 95% confidence intervals. Estimates and variances were Rubin-pooled across imputations;
intervals are descriptive, not separate hypothesis tests.
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3.4. Exploratory Joint Trajectory Classes

The prespecified exploratory study-time module selected three three-domain classes
(Figure 4; Table S6). Incident CKD was associated with a higher relative risk of membership
in the severe versus lower-burden class (RRR 1.281, 95% CI 1.072 to 1.530; Holm p = 0.013),
whereas the intermediate-versus-lower comparison was imprecise (RRR 1.005, 95% CI 0.901
to 1.121; Holm p = 0.934). These classes summarise early observed study time and are not
an occurrence-centred trajectory analysis.

Figure 4. Exploratory joint study-time trajectory classes. Panel (A) shows three-domain class profiles;
panel (B) shows class distributions within incident CKD and CKD-free groups; panel (C) shows
Rubin-pooled, adjusted relative risk ratios for class membership with the null at 1.0 marked. Classes
are aligned to ordinary study time, not to incident CKD occurrence.

3.5. Lagged Visit-Detected Outcomes and Sensitivity Analyses

Figure 5 summarises Rubin-pooled lagged Cox estimates for four non-frailty, visit-
detected proxy endpoints, with CKD status defined at the interval start and same-wave
events left unexposed. These analyses remain exploratory and are not adjudicated di-
agnoses; full endpoint definitions, estimates and proportional hazards diagnostics are
in Table S7. FI10 showed an adverse supplementary annual trajectory contrast of 0.008
(95% CI 0.005 to 0.011; Holm p < 0.001) in its outcome-specific sample (Table S8). The
supplementary marginal GEE is in Table S9 and Supplementary Figure S1, and HRS poly-
genic score analyses are in Table S10. None replaces the MICE-plus-Rubin three-outcome
primary analysis.
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Figure 5. Exploratory Rubin-pooled lagged Cox analyses for four non-frailty, visit-detected proxy
endpoints. Model 1 and Model 2 hazard ratios use CKD status at the interval start. Events first
detected at a CKD-positive stop visit are not classified as exposed in that interval. The frailty proxy
endpoint is reported only in the supplement.

4. Discussion
In this three-cohort analysis with cohort-specific multiple imputation and Rubin

pooling [14–16], incident CKD was associated with directionally and quantitatively distinct
changes in three longitudinal outcomes after full adjustment and Benjamini–Hochberg
correction. Within the incident CKD group, global cognition declined more rapidly, whereas
depressive symptoms and functional limitation showed more adverse annual trajectory
changes. The largest absolute standardised point estimate was for functional limitation,
consistent with the clinical prominence of physical capacity and sarcopenia risk in kidney
disease [6,25,26]. These coefficients describe within-incident trajectory change relative
to projected pre-CKD continuation; they should not be read as annual contrasts versus
participants who remained free of CKD.

The direction of the findings is consistent with separate research linking CKD
to cognitive impairment [4,27,28], depressive symptoms [5,29] and reduced physical
functioning [6,25,26] amid a large and ageing CKD burden [1–3]. The present contribution
is the common event–time analysis of three prespecified co-primary domains, not a compos-
ite endpoint. Source-restricted Model 2 results retained adverse depression and functional
limitation estimates in biomarker-defined CHARLS plus HRS and in HRS cystatin-C alone;
the HRS-only cognition confidence interval included zero. These restrictions support some
consistency across ascertainment definitions but do not establish uniform replication across
outcomes or cohorts. Differences among standardised point estimates should not be ranked
as clinical priorities because the instruments differ in scale, reliability and meaning.

Figure 1 also showed visibly larger descriptive separation in SHARE than in CHARLS
or HRS for some domains. Those unadjusted smooths reflect different instruments, visit
schedules, case mix and CKD ascertainment and are not cohort-specific tests of the primary
trajectory change coefficient. HRS supplied 68.8% of incident cases through repeated
cystatin-C ascertainment, whereas SHARE contributed most participants but only 18.9%
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of incident cases through self-report. These case shares are not model weights and do not
establish which cohort determines the pooled estimate.

The cohort-specific Model 2 estimates and leave-one-cohort-out analyses qualify the
pooled findings (Table S4a,e; Supplementary Figure S3). Excluding HRS attenuated the
annual trajectory change estimates to 0.002 (95% CI −0.032 to 0.035) for depressive symp-
toms and 0.019 (95% CI −0.008 to 0.045) for functional limitation; both intervals included
zero. The corresponding cognition estimate remained adverse at −0.036 (95% CI −0.064 to
−0.007). Excluding SHARE retained adverse estimates with nominal evidence across all
three domains. In the pooled cohort interaction model, SHARE estimates were −0.029 (95%
CI −0.068 to 0.011) for depressive symptoms and −0.016 (95% CI −0.050 to 0.018) for func-
tional limitation. Both pointed in the opposite direction to the pooled adverse associations,
with intervals including zero. Thus, magnitude and precision were sensitive to cohort
composition, particularly the inclusion of HRS for depression and function. This does
not establish that HRS alone generated the associations, but it limits their generalisability
across cohorts and health systems.

Several pathways could jointly shape the multidomain pattern, although our design
cannot adjudicate among them. Contemporary reviews of the kidney–brain axis empha-
sise uraemic toxin accumulation, chronic inflammation, endothelial dysfunction, cerebral
small-vessel disease, anaemia and tissue hypoxia, blood–brain barrier disruption and
metabolic or hormonal disturbance as candidate drivers of cognitive change [27,30–35].
Experimental and clinical work links gut-derived and other uraemic solutes to neuronal
injury and cognitive phenotypes [31,34], and imaging or permeability studies in advanced
kidney disease support blood–brain barrier involvement [36]. Depressive symptoms may
share inflammatory, toxin-related, cerebrovascular and illness burden pathways rather than
reflecting a purely reactive psychological response [5,29]. Functional limitation is biolog-
ically coherent with CKD-associated sarcopenia, protein-energy wasting, inactivity and
cardiorenal limitation [6,25,26]. These pathways need not act in lockstep: domain-specific
vulnerability, measurement properties and residual confounding can yield quantitatively
distinct trajectory changes even when some biology is shared. The present estimates re-
main adjusted longitudinal associations and should not be read as proof of any single
causal mechanism.

Separating the model-level change at incident CKD occurrence from the subsequent
trajectory change estimate was essential for interpretation and follows event-centred seg-
mented modelling used in other chronic disease settings [8]. A level contrast could reflect
delayed detection, concurrent symptoms, changes in reporting after recognition of illness,
or other visit-linked processes as well as underlying disease. Biomarker-defined occurrence
is not proof that a participant was informed of a diagnosis, so a diagnosis reaction or “sick
role” cannot be asserted. All three level-change coefficients were adverse and statistically
significant: global cognition −0.096, depressive symptoms 0.060 and functional limitation
0.085 in standardised units. A concordant adverse level shift across three instruments is
compatible with a shared acute biological effect around the time of kidney injury, and
equally compatible with visit-linked detection and reporting processes that act on all three
instruments at the same assessment. The observed pattern alone cannot separate these
explanations. The differing level magnitudes across cognition, mood and function are
therefore descriptive model components rather than evidence for one common acute mech-
anism. Figure 3 makes both components visible, and Panel B isolates cumulative trajectory
change from the primary coefficient.

Exploratory study-time trajectory classes provided a complementary group-level view.
Incident CKD was associated with a higher relative risk of assignment to the severe rather
than lower multisystem burden class (RRR 1.281, 95% CI 1.072 to 1.530; Holm p = 0.013).
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The intermediate-versus-lower contrast did not clearly differ (RRR 1.005, 95% CI 0.901
to 1.121; Holm p = 0.934). These classes summarise the first three complete cognition,
depression and function visits on ordinary study time; they do not describe an occurrence-
centred sequence. Excluding the frailty index from class construction avoided mechanically
reinforcing a joint pattern through overlapping deficit accumulation components [7].

Lagged Cox models address a different estimand and should not be expected to
reproduce the continuous outcome results. In Model 2, an interval-start CKD-positive
status was associated with higher hazards of depressive symptoms (HR 1.291), whereas
estimates for cognitive impairment (HR 0.877) and the dementia proxy (HR 0.844) did
not meet the nominal threshold. Functional impairment (HR 1.158; nominal p = 0.024,
Holm p = 0.071) showed nominal evidence only and did not remain significant after Holm
correction. In particular, a nominal functional-impairment hazard ratio can coexist with a
strong continuous functional trajectory change estimate because gradual worsening may
be detected by a continuous scale before crossing a dichotomised event threshold.

Strengths include the large combined sample, three international ageing cohorts with
established profiles [11–13], retention of each cohort’s locked CKD definition based on
contemporary eGFR equations or self-report [9–13] and exclusion of prevalent CKD from
the primary contrast. Missing covariates were imputed separately within cohort; every
analysis was fitted in all 20 completed data sets; and estimates and variances were com-
bined with Rubin’s rules [14–17]. The design without pseudo-onset assignment, separate
disease covariates, lagged Cox exposure and traceable formal source tables further reduced
avoidable mismatches among estimand, analysis and reported results.

Limitations remain. CKD ascertainment differed across cohorts and combined creati-
nine, cystatin-C and self-report sources [9–13], creating potential differential misclassifica-
tion and unequal case detection. Visit spacing limited the precision of CKD occurrence and
outcome timing, and harmonised measures are comparable constructs rather than identical
instruments. Model 2 uses baseline comorbidity indicators. This avoids adjusting for
later disease changes that may lie on the CKD pathway, but it cannot control time-varying
confounding. The requested time-updated sensitivity analysis was not undertaken, so
sensitivity to this adjustment choice remains unassessed. The baseline-only completed
files do not establish whether the original cohorts could support a suitably harmonised
longitudinal analysis. Selection into repeated follow-up, missing-at-random assumptions
for MICE [14,15], residual confounding and measurement error may have influenced the
estimates. With only three cohorts, heterogeneity summaries are descriptive. FI14 over-
laps the primary domains; FI10 reduces overlap but changes the construct and uses an
outcome-specific sample. Death time and cause were unavailable in the locked three-cohort
data contract; a Fine–Gray subdistribution hazard model was therefore not estimable,
and the reported Cox estimates must not be interpreted as competing-risk-adjusted cu-
mulative incidence effects. Finally, the observational design does not support causal or
instantaneous interpretations.

Clinically, these findings support evaluating whether follow-up after incident CKD
should extend beyond laboratory kidney measures alone. The fixed horizon translations
show the scale of model-implied accumulation: at 5 years, standardised changes were
global cognition −0.094 (95% CI −0.153 to −0.034); depressive symptoms 0.091 (95% CI
0.024 to 0.159); and functional limitation 0.375 (95% CI 0.315 to 0.435). Cohort-specific
raw score equivalents are provided in Table S4g because the instruments and standard
deviations differ; a single pooled raw score, age-equivalent or minimal clinically important
difference would be unsupported. In HRS, for example, the annual cognitive trajectory
change corresponds to −0.084 points on the harmonised raw score, and to −0.418 points
over 5 years, against an anchor standard deviation of 4.470. Whether that magnitude
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matters clinically depends on the instrument and the care setting, and this study establishes
no threshold. What the estimates do support is a testable proposition: the three domains
change measurably in the years after incident CKD, and a follow-up schedule confined
to estimated glomerular filtration rate and albuminuria would not observe those changes.
Surveillance that also attends to cognition, depressive symptoms and functional ability
may therefore identify emerging needs earlier. These observational estimates do not show
that any particular surveillance schedule or intervention improves outcomes.

Turning that observation into practice requires evidence that the present design can-
not supply. A study able to guide post-CKD monitoring would need repeated kidney
biomarkers rather than wave-spaced measurement so that CKD occurrence is dated more
precisely than the visit interval allows. It would need closer outcome assessment, so that
the level change at occurrence can be separated from detection and reporting processes.
It would need adjudicated rather than visit-detected endpoints, and recorded death time
and cause, without which competing risk estimands remain inaccessible. It would need
validated clinical thresholds for each instrument, without which a standardised coefficient
cannot be converted into a decision rule. It would also need a design able to distinguish
the consequences of kidney disease from the consequences of being investigated for it,
for example by comparing participants who crossed the same laboratory threshold but
were informed at different times. Until such evidence exists, the appropriate reading of
these results is descriptive. Incident CKD marks a period during which cognition, mood
and function change adversely; clinicians may reasonably ask about those domains, while
researchers establish whether acting on the answers changes outcomes.

5. Conclusions
Under cohort-specific MICE and Rubin pooling, incident CKD was associated with

directionally and quantitatively distinct changes in cognition, depressive symptoms
and functional limitation. The estimates are adjusted longitudinal associations. Joint
trajectory classes, lagged event models and frailty index analyses remain exploratory
or supplementary.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/healthcare14193215/s1, Figure S1. Participant flow through
the formal analysis. Participant counts are shown at each eligibility stage, including exclusion of
prevalent CKD before the main comparison. Covariate missingness was handled by cohort-specific
multiple imputation and was not an additional exclusion stage. Figure S2. Cohort-specific change
in annual outcome trajectories. Points and horizontal lines show Rubin-pooled Model 2 estimates
and 95% confidence intervals across 20 imputations. These inferential estimates and the descriptive
Figure 1 smooths answer different questions. Figure S3. Direct three-domain stacked GEE analysis.
Panels show Rubin-pooled burden differences associated with incident CKD occurrence, domain-
specific slope estimates, and cohort-specific synthesis. This analysis is supplementary and does
not replace the three-outcome Model 1/Model 2 results. Table S1. (a). Participant and record flow
into the fixed three-outcome analytic cohort. (b). Baseline-covariate missingness before multiple
imputation. (c). Cohort-specific MICE completion diagnostics. Table S2. (a). Kidney-data sources
and operational incident-CKD rules. (b). Final analytic participants by cohort and locked CKD
ascertainment source. Table S3. (a). Questions addressed by each sensitivity analysis. (b). Covariance,
pooling, and comparability classification. Table S4. (a). Primary-model-matched sensitivity estimates.
(b). Isolated alternative covariance-structure analysis. (c). Cohort-specific and leave-one-cohort-
out annual trajectory contrasts. (d). Source-restricted primary-structure Model 2 mixed models.
(e). Cohort-specific Model 2 trajectory-change coefficients. (f). Fixed-horizon clinical translation
of the primary coefficients. (g). Cohort-specific raw-scale equivalents of the primary coefficients.
Table S5. (a). CKD-source restrictions and their limits. (b). Weighting targets and estimation models.
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(c). Rubin-pooled weighted and source-restricted estimates. (d). Prespecified within-cohort weight
truncation across completed data sets. (e). Effective sample size and probability-support summary.
Table S6. (a). Candidate class solutions. (K = 2–5). (b). Class distribution by CKD group. (c). Label-
matched initialization stability. Table S7. (a). Endpoint definitions and detection-time boundaries.
(b). Rubin-pooled lagged Cox estimates. (c). Proportional-hazards diagnostics summarized across 20
completed data sets. Table S8. FI14 and reduced-overlap FI10 annual trajectory contrasts. Table S9.
(a). Global three-domain D1 tests. (b). Domain-specific marginal annual trajectory contrasts. Table
S10. Rubin-pooled HRS polygenic-score interaction estimates.

Author Contributions: Conceptualisation, Z.S. and G.P.; methodology, W.H. and G.P.; formal analysis,
W.H.; data curation, W.H.; software, W.H.; investigation, Z.S., Q.X., W.H. and G.P.; writing—original
draft, Z.S. and W.H.; writing—review and editing, Z.S., Q.X., W.H. and G.P.; supervision, G.P.; funding
acquisition, G.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Hunan Provincial Natural Science Foundation of China
(2026JJ81340).

Institutional Review Board Statement: This study is a secondary analysis of de-identified, publicly
available longitudinal survey data. No new human participants were recruited by the authors,
and no individual-level identifiers were accessed beyond the de-identified research files released
by the parent studies. Each parent cohort obtained institutional ethics approval for the original
data collection, as documented in the cohort profiles [11–13]. The China Health and Retirement
Longitudinal Study was approved by the Ethical Review Committee of Peking University [11]. The
Health and Retirement Study was approved by the Institutional Review Board of the University of
Michigan [12]. The Survey of Health, Ageing and Retirement in Europe obtained ethics approvals
from the Ethics Council of the Max Planck Society for the Advancement of Science and from the
responsible national ethics committees or institutional review boards in participating countries [13].
Because the present analysis used only de-identified public-use data under the data-use terms of each
cohort, no additional participant re-consent was required for this secondary analysis.

Informed Consent Statement: Informed consent was obtained from all participants in the parent
studies. In CHARLS, written informed consent was obtained from all participants, or their legal
proxies when applicable, before interview and biomarker collection [11]. In HRS, core interviews used
oral consent after provision of written consent information, and physical measures or biospecimen
collections used additional written consent or acknowledgement as required by protocol [12]. In
SHARE, informed consent was obtained from all participants in accordance with national require-
ments [13]. Blank informed consent forms are retained by the parent studies and are not redistributed
by secondary analysts. Cohort-specific consent and ethics documentation are available from the
study teams and from the public documentation linked from the data portals listed in the Data
Availability Statement.

Data Availability Statement: The datasets analysed during the current study are available from the
original cohort providers under controlled-access or registration procedures and are not redistributed
by the authors. CHARLS data are available from the CHARLS project team at Peking University
(https://charls.pku.edu.cn/ or https://charls.charlsdata.com/) after registration and approval of
a data-use application. HRS public-use data are available from the University of Michigan Health
and Retirement Study (https://hrsdata.isr.umich.edu/) under the HRS data-use agreement. SHARE
data are available from SHARE-ERIC (https://share-eric.eu/) after registration and acceptance of
the SHARE conditions of use. Researchers seeking access must apply directly to the respective data
providers and comply with each provider’s data-use agreement. The authors obtained access to the
CHARLS, HRS and SHARE data under the registration procedures and data-use agreements of each
provider; registration is complete for all three cohorts, and the respective conditions of use have been
accepted. Analytic code, machine-readable tables, figure sources and package manifests used for
this manuscript are provided in the formal submission source package accompanying the article;
restricted participant-level microdata are not included. The submission source package contains the
formal analysis code, machine-readable tables, figure sources and manifests.

https://doi.org/10.3390/healthcare14193215

https://charls.pku.edu.cn/
https://charls.charlsdata.com/
https://hrsdata.isr.umich.edu/
https://share-eric.eu/
https://doi.org/10.3390/healthcare14193215


Healthcare 2026, 14, 3215 15 of 16

Acknowledgments: We thank the participants and study teams of CHARLS, HRS and SHARE.

Conflicts of Interest: The authors declare no competing interests. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript: ADL, activities of daily living; BH, Benjamini–

Hochberg; CES-D, Center for Epidemiologic Studies Depression; CHARLS, China Health and Retire-

ment Longitudinal Study; CI, confidence interval; CKD, chronic kidney disease; CKD-EPI, Chronic

Kidney Disease Epidemiology Collaboration; eGFR, estimated glomerular filtration rate; FI10, ten-

item frailty index; FI14, fourteen-item frailty index; GEE, generalised estimating equations; HR,

hazard ratio; HRS, Health and Retirement Study; IADL, instrumental activities of daily living; MCID,

minimal clinically important difference; MICE, multiple imputation by chained equations; REML,

restricted maximum likelihood; RRR, relative risk ratio; SHARE, Survey of Health, Ageing and

Retirement in Europe.

References
1. GBD Chronic Kidney Disease Collaboration. Global, regional, and national burden of chronic kidney disease, 1990–2017: A

systematic analysis for the Global Burden of Disease Study 2017. Lancet 2020, 395, 709–733. [CrossRef] [PubMed]
2. Kidney Disease: Improving Global Outcomes CKD Work Group. KDIGO 2024 Clinical Practice Guideline for the Evaluation and

Management of Chronic Kidney Disease. Kidney Int. 2024, 105, S117–S314. [PubMed]
3. Jha, V.; Garcia-Garcia, G.; Iseki, K.; Li, Z.; Naicker, S.; Plattner, B.; Saran, R.; Wang, A.Y.-M.; Yang, C.-W. Chronic kidney disease:

Global dimension and perspectives. Lancet 2013, 382, 260–272. [CrossRef] [PubMed]
4. Etgen, T.; Chonchol, M.; Förstl, H.; Sander, D. Chronic kidney disease and cognitive impairment: A systematic review and

meta-analysis. Am. J. Nephrol. 2012, 35, 474–482. [CrossRef] [PubMed]
5. Palmer, S.; Vecchio, M.; Craig, J.C.; Tonelli, M.; Johnson, D.W.; Nicolucci, A.; Pellegrini, F.; Saglimbene, V.; Logroscino, G.;

Fishbane, S.; et al. Prevalence of depression in chronic kidney disease: Systematic review and meta-analysis of observational
studies. Kidney Int. 2013, 84, 179–191. [CrossRef] [PubMed]

6. Roshanravan, B.; Patel, K.V. Assessment of physical functioning in the clinical care of the patient with advanced kidney disease.
Semin. Dial. 2019, 32, 351–360. [CrossRef] [PubMed]

7. Searle, S.D.; Mitnitski, A.; Gahbauer, E.A.; Gill, T.M.; Rockwood, K. A standard procedure for creating a frailty index. BMC Geriatr.
2008, 8, 24. [CrossRef] [PubMed]

8. Ren, Z.; Talifu, Z.; Lin, X.; Sun, Y.; Zhao, Y.; Chen, J.; Zhao, D.; Liu, J.; Yuan, J.; Zheng, X. Physical frailty, depressive symptoms,
and cognitive decline before and after Parkinson’s disease diagnosis: A population-based prospective study of the SHARE and
ELSA cohorts. npj Park. Dis. 2026, 12, 204. [CrossRef] [PubMed]

9. Inker, L.A.; Eneanya, N.D.; Coresh, J.; Tighiouart, H.; Wang, D.; Sang, Y.; Crews, D.C.; Doria, A.; Estrella, M.M.; Froissart, M.; et al.
New creatinine- and cystatin C-based equations to estimate GFR without race. N. Engl. J. Med. 2021, 385, 1737–1749. [CrossRef]
[PubMed]

10. Inker, L.A.; Schmid, C.H.; Tighiouart, H.; Eckfeldt, J.H.; Feldman, H.I.; Greene, T.; Kusek, J.W.; Manzi, J.; Van Lente, F.; Zhang,
Y.L.; et al. Estimating glomerular filtration rate from serum creatinine and cystatin C. N. Engl. J. Med. 2012, 367, 20–29. [CrossRef]
[PubMed]

11. Zhao, Y.; Hu, Y.; Smith, J.P.; Strauss, J.; Yang, G. Cohort Profile: The China Health and Retirement Longitudinal Study (CHARLS).
Int. J. Epidemiol. 2014, 43, 61–68. [CrossRef] [PubMed]

12. Sonnega, A.; Faul, J.D.; Ofstedal, M.B.; Langa, K.M.; Phillips, J.W.R.; Weir, D.R. Cohort Profile: The Health and Retirement Study
(HRS). Int. J. Epidemiol. 2014, 43, 576–585. [CrossRef] [PubMed]

13. Börsch-Supan, A.; Brandt, M.; Hunkler, C.; Kneip, T.; Korbmacher, J.; Malter, F.; Schaan, B.; Stuck, S.; Zuber, S. Data Resource
Profile: The Survey of Health, Ageing and Retirement in Europe (SHARE). Int. J. Epidemiol. 2013, 42, 992–1001. [CrossRef]
[PubMed]

14. van Buuren, S.; Groothuis-Oudshoorn, K. mice: Multivariate Imputation by Chained Equations in R. J. Stat. Softw. 2011, 45, 1–67.
[CrossRef]

15. White, I.R.; Royston, P.; Wood, A.M. Multiple imputation using chained equations: Issues and guidance for practice. Stat. Med.
2011, 30, 377–399. [CrossRef] [PubMed]

16. Rubin, D.B. Multiple Imputation for Nonresponse in Surveys; Wiley: New York, NY, USA, 1987.

https://doi.org/10.3390/healthcare14193215

https://doi.org/10.1016/s0140-6736(20)30045-3
https://www.ncbi.nlm.nih.gov/pubmed/32061315
https://www.ncbi.nlm.nih.gov/pubmed/38490803
https://doi.org/10.1016/s0140-6736(13)60687-x
https://www.ncbi.nlm.nih.gov/pubmed/23727169
https://doi.org/10.1159/000338135
https://www.ncbi.nlm.nih.gov/pubmed/22555151
https://doi.org/10.1038/ki.2013.77
https://www.ncbi.nlm.nih.gov/pubmed/23486521
https://doi.org/10.1111/sdi.12813
https://www.ncbi.nlm.nih.gov/pubmed/31044471
https://doi.org/10.1186/1471-2318-8-24
https://www.ncbi.nlm.nih.gov/pubmed/18826625
https://doi.org/10.1038/s41531-026-01419-3
https://www.ncbi.nlm.nih.gov/pubmed/42218152
https://doi.org/10.1056/nejmoa2102953
https://www.ncbi.nlm.nih.gov/pubmed/34554658
https://doi.org/10.1056/nejmoa1114248
https://www.ncbi.nlm.nih.gov/pubmed/22762315
https://doi.org/10.1093/ije/dys203
https://www.ncbi.nlm.nih.gov/pubmed/23243115
https://doi.org/10.1093/ije/dyu067
https://www.ncbi.nlm.nih.gov/pubmed/24671021
https://doi.org/10.1093/ije/dyt088
https://www.ncbi.nlm.nih.gov/pubmed/23778574
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1002/sim.4067
https://www.ncbi.nlm.nih.gov/pubmed/21225900
https://doi.org/10.3390/healthcare14193215


Healthcare 2026, 14, 3215 16 of 16

17. Barnard, J.; Rubin, D.B. Small-sample degrees of freedom with multiple imputation. Biometrika 1999, 86, 948–955. [CrossRef]
18. Liang, K.-Y.; Zeger, S.L. Longitudinal data analysis using generalized linear models. Biometrika 1986, 73, 13–22. [CrossRef]
19. Bull, S.B. Regression models for multiple outcomes in large epidemiologic studies. Stat. Med. 1998, 17, 2179–2197. [CrossRef]
20. Halekoh, U.; Højsgaard, S.; Yan, J. The R package geepack for generalized estimating equations. J. Stat. Softw. 2006, 15, 1–11.
21. Li, K.H.; Raghunathan, T.E.; Rubin, D.B. Large-sample significance levels from multiply imputed data using moment-based

statistics and an F reference distribution. J. Am. Stat. Assoc. 1991, 86, 1065–1073. [CrossRef]
22. Hartung, J.; Knapp, G. On tests of the overall treatment effect in meta-analysis with normally distributed responses. Stat. Med.

2001, 20, 1771–1782. [CrossRef] [PubMed]
23. Viechtbauer, W. Conducting meta-analyses in R with the metafor package. J. Stat. Softw. 2010, 36, 1–48.
24. Higgins, J.P.T.; Thompson, S.G. Quantifying heterogeneity in a meta-analysis. Stat. Med. 2002, 21, 1539–1558. [CrossRef] [PubMed]
25. Sabatino, A.; Cuppari, L.; Stenvinkel, P.; Lindholm, B.; Avesani, C.M. Sarcopenia in chronic kidney disease: What have we learned

so far? J. Nephrol. 2021, 34, 1347–1372. [CrossRef] [PubMed]
26. Duarte, M.P.; Almeida, L.S.; Neri, S.G.R.; Oliveira, J.S.; Wilkinson, T.J.; Ribeiro, H.S.; Lima, R.M. Prevalence of sarcopenia in

patients with chronic kidney disease: A global systematic review and meta-analysis. J. Cachexia Sarcopenia Muscle 2024, 15,
501–512. [CrossRef] [PubMed]

27. Drew, D.A.; Weiner, D.E.; Sarnak, M.J. Cognitive impairment in CKD: Pathophysiology, management, and prevention. Am. J.
Kidney Dis. 2019, 74, 782–790. [CrossRef] [PubMed]

28. Li, T.; Hu, Z.; Qiao, L.; Wu, Y.; Ye, T. Chronic kidney disease and cognitive performance: NHANES 2011–2014. BMC Geriatr. 2024,
24, 351. [CrossRef] [PubMed]

29. Lefrère, A.; Burtey, S.; Bobot, S.; Belzeaux, R.; Bobot, M. Depression in chronic kidney disease: Particularities, specific mechanisms
and therapeutic considerations, a narrative review. Behav. Brain Res. 2025, 483, 115467. [CrossRef] [PubMed]

30. Capasso, G.; Franssen, C.F.M.; Perna, A.F.; Massy, Z.A.; Menzies, R.I.; Zoccali, C.; Tessitore, A.; Nedergaard, M.; Okusa, M.D.;
Ortiz, A.; et al. Drivers and mechanisms of cognitive decline in chronic kidney disease. Nat. Rev. Nephrol. 2025, 21, 536–552.
[CrossRef] [PubMed]

31. Andrews, T.D.; Day, G.S.; Irani, S.R.; Kanekiyo, T.; Hickson, L.J. Uremic toxins, CKD, and cognitive dysfunction. J. Am. Soc.
Nephrol. 2025, 36, 1208–1226. [CrossRef] [PubMed]

32. Viggiano, D.; Wagner, C.A.; Martino, G.; Nedergaard, M.; Zoccali, C.; Unwin, R.; Capasso, G. Mechanisms of cognitive dysfunction
in CKD. Nat. Rev. Nephrol. 2020, 16, 452–469. [CrossRef] [PubMed]

33. Yan, Q.; Liu, M.; Xie, Y.; Lin, Y.; Fu, P.; Pu, Y.; Wang, B. Kidney-brain axis in the pathogenesis of cognitive impairment. Neurobiol.
Dis. 2024, 200, 106626. [CrossRef] [PubMed]

34. Liabeuf, S.; Pepin, M.; Franssen, C.F.M.; Viggiano, D.; Carriazo, S.; Gansevoort, R.T.; Gesualdo, L.; Hafez, G.; Malyszko, J.; Mayer,
C.; et al. Chronic kidney disease and neurological disorders: Are uraemic toxins the missing piece of the puzzle? Nephrol. Dial.
Transplant. 2022, 37, ii34–ii45. [CrossRef] [PubMed]

35. Wang, B.; Li, Z.L.; Zhang, Y.L.; Wen, Y.; Gao, Y.M.; Liu, B.C. Hypoxia and chronic kidney disease. eBioMedicine 2022, 77, 103942.
[CrossRef] [PubMed]

36. Bobot, M.; Guedj, E.; Resseguier, N.; Faraut, J.; Garrigue, P.; Nail, V.; Hache, G.; Gonzalez, S.; McKay, N.; Vial, R.; et al. Increased
blood-brain barrier permeability and cognitive impairment in patients with ESKD. Kidney Int. Rep. 2024, 9, 2988–2995. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/healthcare14193215

https://doi.org/10.1093/biomet/86.4.948
https://doi.org/10.1093/biomet/73.1.13
https://doi.org/10.1002/(sici)1097-0258(19981015)17:19%3C2179::aid-sim921%3E3.0.co;2-l
https://doi.org/10.2307/2290525
https://doi.org/10.1002/sim.791
https://www.ncbi.nlm.nih.gov/pubmed/11406840
https://doi.org/10.1002/sim.1186
https://www.ncbi.nlm.nih.gov/pubmed/12111919
https://doi.org/10.1007/s40620-020-00840-y
https://www.ncbi.nlm.nih.gov/pubmed/32876940
https://doi.org/10.1002/jcsm.13425
https://www.ncbi.nlm.nih.gov/pubmed/38263952
https://doi.org/10.1053/j.ajkd.2019.05.017
https://www.ncbi.nlm.nih.gov/pubmed/31378643
https://doi.org/10.1186/s12877-024-04917-2
https://www.ncbi.nlm.nih.gov/pubmed/38637739
https://doi.org/10.1016/j.bbr.2025.115467
https://www.ncbi.nlm.nih.gov/pubmed/39923943
https://doi.org/10.1038/s41581-025-00963-0
https://www.ncbi.nlm.nih.gov/pubmed/40281076
https://doi.org/10.1681/ASN.0000000675
https://www.ncbi.nlm.nih.gov/pubmed/40009460
https://doi.org/10.1038/s41581-020-0266-9
https://www.ncbi.nlm.nih.gov/pubmed/32235904
https://doi.org/10.1016/j.nbd.2024.106626
https://www.ncbi.nlm.nih.gov/pubmed/39122123
https://doi.org/10.1093/ndt/gfab223
https://www.ncbi.nlm.nih.gov/pubmed/34718753
https://doi.org/10.1016/j.ebiom.2022.103942
https://www.ncbi.nlm.nih.gov/pubmed/35290825
https://doi.org/10.1016/j.ekir.2024.07.021
https://www.ncbi.nlm.nih.gov/pubmed/39430169
https://doi.org/10.3390/healthcare14193215

	Introduction 
	Methods 
	Study Design and Cohorts 
	Outcomes and Covariates 
	Multiple Imputation 
	Three-Outcome Longitudinal Models 
	Joint Trajectories and Event Models 
	Supplementary Direct Joint Model 

	Results 
	Study Population and Observed Follow-Up 
	Primary Longitudinal Associations Around Incident CKD 
	Absolute Trajectories Around Incident CKD Occurrence and Cumulative Trajectory Change 
	Exploratory Joint Trajectory Classes 
	Lagged Visit-Detected Outcomes and Sensitivity Analyses 

	Discussion 
	Conclusions 
	References

