Statistical Analysis Plan for “Age-associated decline in grip strength in the SHARE study (Denmark)”
Based on and partially reproduced from Lusa et al., PLOS ONE 2024 (doi.org/10.1371/journal.pone.0295726)
SAP version 2 (after evaluation of initial data analyses)
Section 1: Administrative Information
1.1 Project title
Age-associated decline in grip strength in the SHARE study (Denmark) — statistical analysis plan with initial data analysis.
1.2 Project documents
1. The analysis uses data from the Survey of Health, Ageing and Retirement in Europe (SHARE). Data access procedures, registration requirements, and conditions of use are available through SHARE-ERIC at http://www.share-project.org/data-access.html and http://www.share-project.org/data-access/share-conditions-of-use.html (both accessed 15 July 2021).
1. Raw data, pre-processed data, and code for data import, data management, and analysis code will be temporarily stored in a version-controlled repository with restricted access during the project (Dropbox).
1. SAP version 1 (prospective plan, prior to IDA evaluation)
1.3 Ethics approval
1. The SHARE study has obtained the relevant ethics approvals in its participating countries, and data are made available for research purposes upon registration with SHARE-ERIC (share-eric.eu/data/data-access).  The SHARE study is subject to continuous ethics review. The continuation of the project was reviewed and approved by the Ethics Council of the Max-Planck-Society.
1. This analysis project was determined to be exempt by the Ethics Committee (Study #00006320) of Michigan State University, East Lansing, MI, USA.
1.4 Names and contact
Authors of the SAP:
Lara Lusa — Department of Mathematics, Faculty of Mathematics, Natural Sciences and Information Technologies, University of Primorska, Koper/Capodistria, Slovenia; and Institute for Biostatistics and Medical Informatics, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia.
Marianne Huebner — Department of Statistics and Probability and Department of Kinesiology, Michigan State University, East Lansing, MI, United States of America.
Section 2: Project Background
2.1 Research aim and objectives
Research aim: To understand whether age-related changes in grip strength differ between men and women in older adults. 

Objective (descriptive): To estimate and compare sex-specific trajectories of grip strength across age using longitudinal mixed-effects models adjusted for education, height, weight, smoking, physical activity, and birth cohort. The primary estimand is the age × sex interaction, which quantifies differences in the rate of age-associated decline between men and women. 
2.2 Target population
Community-dwelling individuals aged 50 years or older in Denmark. The Danish sample of the SHARE study, described in Section 3.1, provides the empirical basis for inference about this population; representativeness is examined during IDA, Section 6.3, item ME1.
Section 3: Design and Data
3.1 Data sources
Data are drawn from the Survey of Health, Ageing and Retirement in Europe (SHARE), a multinational panel survey collecting health, lifestyle, and socioeconomic data on individuals aged 50+ across 28 European countries and Israel, in repeated waves since 2004 ([2] Börsch-Supan et al 2013). 
This analysis project will use the Danish sample from waves 1–7 (2004–2017). The SHARE study contains health, lifestyle, and socioeconomic data at individual and household level. These data have been collected over several waves since 2004, using questionnaires and conducting a limited number of performance evaluations. The baseline and the longitudinal questionnaires differ in some aspects, and some questions were modified during the course of the study; in wave 3 and partly in wave 7 a different questionnaire (retrospective SHARELIFE) was used to collect retrospective information about participants. Leveraging these data for research purposes can be daunting due to the complex structure of the longitudinal design with refresher samples organized in 25 modules with about 1000 questions. Functions written in the R language are available to facilitate data extraction and data preparation of SHARE data ([3] Lusa et al 2021)
Grip strength was recorded with a hand-held dynamometer with two measurements per hand at each interview.
3.2 Design
Longitudinal panel/cohort design with repeated measurements. The observation unit is the participant; participants may contribute data in interviews (1 to 7) depending on the wave of entry, survival, and continued participation. The Danish sample was recruited by simple random sampling, with refreshment samples added over time.
3.3 Eligibility criteria
1. Aged 50 years or older at first interview, with known year of birth.
1. First participation in any Wave except Wave 3 or Wave 7 (SHARELIFE ). Wave 3 (all participants) and part of Wave 7 (about 60% of participants) used the retrospective SHARELIFE questionnaire instead of the standard baseline/longitudinal questionnaire, which does not include the physical measurements (grip strength, weight, height) needed to define baseline values; participants whose first interview falls in one of these waves are therefore excluded. This exclusion is applied at the data-preprocessing stage (Section 6.1), prior to IDA.
3.4 Data sets
Data extraction and preprocessing will be conducted according to the structured observational-data preprocessing framework proposed by Lusa et al and using purpose-built R functions for SHARE data  [4,5,6]. This framework provides guidance for documenting data cleaning, eligibility assessment, variable coding, handling of missing values, and construction of the analysis dataset. Data will be prepared in different formats depending on the type of exploration or analysis required. The essential datasets are:
1. share — long format (one row per participant per interview/wave), used for modeling and exploration of single observations.
1. sharew — wide format by wave (one row per participant), used for participant-level summaries and graphical displays.
1. share.data.first.interview — baseline (first-interview) dataset, one row per participant, used for baseline summaries.
1. cv.all — coverscreen data (SHARE cross-wave module), the source for participation-profile and mortality information (e.g., interview status by wave, date of death).
Following IDA, the final analytic sample comprises n = 5,452 participants (2,583 men, 2,869 women; 18,632 interviews in total). Variable harmonization across waves/questionnaire types (e.g., differing smoking-status questions) was required during preprocessing.
Data cleaning for weight and height (not anticipated in version 1; identified during IDA, Section 6.5) was carried out in two steps. First, the plausibility thresholds used by SHARE in its own multiply-imputed data files were applied: values outside 105–210 cm for height and outside 40–220 kg for weight were set to missing (height <105 cm: n=72; weight <40 kg: n=308). Second, further exploration of the joint distribution of weight and height (Lusa 2022, Section 8.1) revealed additional records where the two values were most likely inverted (height in the 40–120 cm range together with weight >130 kg); these were inspected, confirmed, and corrected. This exploration also showed that remaining height values below 130 cm were inconsistent with each participant's other repeated measurements, so the admissible height threshold was revised upward from 105 cm to 130 cm. A small number of height values recorded on the meter scale (≤2.0) were also rescaled to centimeters (×100).
A further check against the coverscreen data (cv.all) found 160 records in the long-format dataset (Wave 3) for which no valid interview was indicated and all measured variables were in fact missing; these spurious records were removed. This did not change the total analytic sample size (n = 5,452).
An abbreviated data dictionary, including variable names, SHARE variable codes/modules, and units of measurement, is provided in Section 8.3.
Section 4: Variables
4.1 Variables used in the main data analysis
Updated relative to version 1: smoking status moved from time-varying to time-fixed (baseline); a birth-cohort term added; functional form of age revised. Changes are explained in Section 7.2.
	Variable(s)
	Role
	Description

	Maximum grip strength
	Outcome
	Continuous, in kg; measured with a hand-held dynamometer as the maximum of two measurements per hand; recorded at each interview.

	Age at interview
	Time metric (analysis)
	Continuous, in years; used as the time metric in the statistical model.

	Sex, height, education, smoking status at baseline
	Time-fixed explanatory
	Measured at first (baseline) interview; height in cm; education categorized in three levels based on ISCED-97: Low (codes 1, 2), Medium (codes 3, 4), High (≥5).

	Weight, physical activity
	Time-varying explanatory
	Weight in kg; physical activity recorded as vigorous and moderate intensity, each dichotomized; assessed at each interview.

	Age × sex, age × education, age × height
	Model terms
	Interaction terms between age and each time-fixed variable; primary interest is the age × sex interaction.



4.2 Other variables
Variables in this section will be used to describe the population. Such variables will be used for stratified summaries.

Ancillary variables provide additional information about the study participants and about the data collection process: date of birth, date of death (if it occurred during follow-up), date of interview.

	Structural or Stratification Variables
	Role / description

	Wave
	indicates calendar-time measurement occasion (waves 1–7, 2004–2017).

	Type of interview
	baseline vs. longitudinal/SHARELIFE questionnaire, reflecting differences in data collection.

	Grouped age
	categories 50–59, 60–69, 70–79, 80+, used to structure IDA summaries.

	sex
	To stratify descriptive summaries of baseline characteristics


Section 5: Methods — Main Data Analysis (MDA)
The following updates reflect IDA findings (Section 7.2 below).
5.1 Description of observation units
Baseline characteristics (sex, age group, education, height, weight, smoking status, physical activity) will be summarized overall and stratified by sex, using medians (quartiles) for continuous variables and frequencies (percentages) for categorical variables.  Here, ‘baseline’ is defined as the first wave an individual participates in the SHARE study and could be any of the waves 1 through 6 (except wave 3).
Table template:
	Characteristic
	Non-missing
	Overall 
(n = —)
	Male 
(n = —)
	Female 
(n = —)

	Sex: Female
	—
	—
	—
	—

	Age, Md (Q1, Q3)
	—
	—
	—
	—

	Age group:                       50–59
	—
	—
	—
	—

	60–69
	—
	—
	—
	—

	70–80
	—
	—
	—
	—

	80+
	—
	—
	—
	—

	Education:                           Low
	—
	—
	—
	—

	Medium
	—
	—
	—
	—

	High
	—
	—
	—
	—

	Weight (kg)
	—
	—
	—
	—

	Height (cm)
	—
	—
	—
	—

	Vigorous physical activity
	—
	—
	—
	—

	Low-intensity physical activity
	—
	—
	—
	—

	Current smoking: Yes
	—
	—
	—
	—



5.2 Main data analysis methods
Longitudinal change in maximum grip strength will be analyzed using a linear mixed-effects model (Verbeke et al 2000). The model accounts for the correlation among repeated measurements within participants and accommodates unequally spaced observation times and varying numbers of observations per participant.
Population-average trajectories over age will be modeled using fixed effects, while participant-specific deviations will be captured through random effects. The primary model will include participant-specific random intercepts and age slopes. Given that 74% of participants contributed four or fewer observations, the complexity of the random-effects structure will be limited to avoid overparameterization. 
IDA indicated that the rate of decline accelerates at older ages and varies by birth cohort; therefore, alternative age specifications (quadratic terms, restricted cubic splines, or fractional polynomials) will be evaluated. Birth cohort will be included as a covariate to account for age-cohort confounding. Predictions beyond age 90 years will not be emphasized because of sparse data support. 
Fixed effects will include sex, education, height, weight, baseline smoking status (updated), physical activity, and birth cohort (new). Interactions between age and sex, education, height, and birth cohort will be included. The primary quantity of interest is the difference in age-related decline between males and females, assessed via the age × sex interaction. Parameters will be estimated using maximum likelihood and reported with 95% confidence intervals.


A linear mixed model will be used to address the research question, with maximum grip strength as the outcome. The population-average trajectory over age is modeled with fixed effects, and participant-specific deviations from this trajectory are captured with random effects to account for intra-individual serial correlation; the model accommodates individual-specific interview times/ages.
Fixed effects include age, sex, education, height, weight, baseline smoking status (updated), physical activity,  birth-cohort (new),  and interaction terms between age and each time-fixed variable (sex, education, height) and pan interaction between the age function and birth cohort. The primary focus is the interpretation of the age × sex interaction term(s).
The functional form of age will be evaluated among quadratic, spline, and fractional-polynomial specifications rather than assumed linear or cubic polynomial as in version 1, since IDA indicated an accelerating rate of decline at older ages/later birth cohorts; results will not be extrapolated beyond age 90 (Harrell 2015; Royston and Altman 1994)
The correlation and variance structure will be specified with care rather than defaulting to a random intercept alone: IDA showed high within-person correlation of grip strength that decreases with longer time lags, and outcome variance that decreases at older ages. Candidate structures include random effects on functions of time (e.g., random slopes) and/or heteroscedastic residual variance by age. Given that most participants contributed four or fewer measurement occasions, the number of random effects will be limited to at most three, and a separate autocorrelation process on top of random effects will not be pursued as a primary specification.
Because responders had higher education than the Danish target population, and because loss to follow-up and mortality were both substantial and non-random with respect to education and health habits, the primary mixed-model analysis will be complemented by sensitivity analyses: (i) exploring weighting or adjustment approaches for the non-random enrollment/attrition, and (ii) joint models treating dropout and/or death as processes related to the outcome trajectory (see Section 5.6 and Section 8.4).
5.3 Assumptions and diagnostics

Because the Danish SHARE sample was recruited using a simple random sampling design and the primary objective is to model individual longitudinal trajectories rather than produce population-level descriptive estimates, SHARE sampling weights will not be incorporated into the analysis.

The primary analysis assumes that missing outcome data are missing at random (MAR), conditional on observed outcomes and explanatory variables. IDA indicated that attrition and mortality were associated with education, smoking, physical activity, and grip-strength values, suggesting that the MAR assumption should be considered carefully. Therefore, additional sensitivity analyses will evaluate the potential impact of non-random dropout and informative mortality.

Because sampling was via simple random sampling, SHARE's sampling weights will not be used in this analysis. The linear mixed model estimated by maximum likelihood is robust to missing-at-random (MAR) outcome data, i.e., missingness that can be predicted from observed outcome and explanatory variables. 
Several explanatory variables were missing by design in specific waves or questionnaire types: weight (wave 3), physical activity (SHARELIFE interviews), and current smoking (waves 6-7 longitudinal interviews). Given the substantial proportion of missingness in some waves, multiple imputation will be used for these variables rather than complete-case analysis (Sterne et al 2009); the switch to baseline smoking status (Section 4.1) further reduces reliance on imputation for that variable.
Terminal digit preference (rounding to 0/5) was detected in grip strength, weight, and height; this measurement error is expected to have minimal impact based on prior validation work, but its influence may be explored in a sensitivity analysis if model diagnostics suggest otherwise.
Model diagnostics will include residual plots to assess the adequacy of the functional form for age and the appropriateness of the random-effects structure.
Model diagnostics will include assessment of:
· residual distributions and residual-versus-fitted plots;
· influential observations and outliers;
· adequacy of the functional form for continuous predictors, particularly age;
· appropriateness of the random-effects structure;
· convergence of the estimation algorithm; and
· plausibility of model assumptions based on graphical and numerical diagnostics.

5.4 Sample size
Sample size was determined by the available Danish SHARE sampe across Waves 1-7 (2004-2017). As this is a secondary analysis of an existing longitudinal cohort, no prospective sample-size calculation was performed.
Following application of the eligibility criteria and data-preprocessing procedures described in Sections 3.3 and 3.4, the final analytic sample comprised 5,452 participants (2,583 men and 2,869 women) contributing a total of 18,632 interviews. Most participants contributed four or fewer interviews (74%), 18% contributed a single interview, and 22% contributed six or seven interviews.
The available sample size is considered sufficient to estimate longitudinal grip-strength trajectories and sex differences in rates of age-related decline with reasonable precision. Emphasis will be placed on estimation and confidence intervals rather than hypothesis testing alone.

Sample size is determined by the available Danish SHARE sample across waves 1–7 (2004–2017); this is a secondary analysis of existing longitudinal survey data, so no prospective power calculation was performed. The final analytic sample comprises n = 5,452 participants (2,583 men, 2,869 women). 
5.5 Software
All analyses will be conducted in R. 
5.6 Sensitivity analyses (new)
The following sensitivity analyses (SA1–SA7) are added in this version, each motivated by a specific IDA finding (Section 7.2). For each, the primary model's key estimate (age×sex interaction) will be compared against the corresponding sensitivity specification to assess robustness of the main conclusions. A compact summary of the primary analysis (A1) and these additional analyses is provided in Section 8.4.


Section 6: Methods — Initial Data Analysis (IDA)
The initial data analysis (IDA) was conducted according to the IDA checklist for longitudinal studies described by Lusa et al. (2024) ([6] Table 1 and Supplementary material) and the SAPI framework [1], emphasizing systematic assessment of data quality, missingness, distributions, relationships among variables, and assumptions relevant to the planned analyses. It is reproduced here for ease of reference.
6.1 Data preprocessing
Extraction and preparation of the Danish SHARE sample (waves 1–7) into a long-format analysis dataset, using R functions built for the purpose of organizing and analyzing SHARE data (Lusa et al, 2021), including derivation of structural variables (grouped age, interview-type indicator) and application of the eligibility criteria in Section 3.3. Additional variable harmonization across waves/questionnaire types was needed and is documented in Section 7.2 The detailed data-retrieval, data-management, and data-cleaning procedure — including the module/variable list and handling of wave 3 (SHARELIFE), where the outcome and some variables are stored in a different position — is documented separately (Lusa 2022; see Section 8.1).
The plausibility thresholds used by SHARE in its own multiply-imputed data files were applied: values outside 105–210 cm for height and outside 40–220 kg for weight were set to missing (height <105 cm: n=72; weight <40 kg: n=308). During IDA explorations of the joint distribution of weight and height revealed additional records where the two values were most likely inverted (height in the 40–120 cm range together with weight >130 kg); these were inspected, confirmed, and corrected. This exploration also showed that remaining height values below 130 cm were inconsistent with each participant's other repeated measurements, so the admissible height threshold was revised upward from 105 cm to 130 cm. A small number of height values recorded on the meter scale (≤2.0) were also rescaled to centimeters (×100).	Comment by Huebner, Marianne: Added since it was mentioned in the E+E

6.2 Unit missingness
1. Non-enrollment: Proportion selected but not participating. Purpose: Understand the magnitude of non-participation.
1. Non-enrollment (comparison): Compare the baseline distribution of age, sex, education of the participants that entered the study with those from the target population in EUROSTAT, stratifying by wave and type of refreshment sample. Purpose: Assess representativeness of enrolled participants. IDA findings: responders were substantially more educated than the target population; younger men and older women were slightly underrepresented.
1. Drop-out & intermittent missingness: (i) number of participants at baseline and at each successive measurement occasion, stratified by baseline wave (tables and ribbon plots to visualize the loss of participants); (ii) number of participants at each measurement occasion by reason of missingness (death, out of sample, intermittent missingness, missing/definitive missing, administrative sampling, out of household); (iii) comparison of baseline characteristics of participants classified by type of missingness (complete responders, deaths, intermittent missingness, lost to follow-up (out of sample or missing), out-of-household); (iv) number/proportion of participants for which the vital status is unknown, and check the consistency of the information included in the data set (i.e., other possible aspects identified during data exploration, characteristics of out-of-sample and out-of-household participants). Purpose: Understand attrition magnitude/mechanism; evaluate data quality. IDA findings: participants were classified into 7 participation categories; those who died also smoked more, had lower education, less physical activity, and lower baseline grip strength; those lost to follow-up for other reasons had lower education, less activity, and smoked more. Vital status was unknown for only 1% of participants.
1. Probability of drop-out: Estimate the probability of loss to follow-up (LTF), death and death after loss to follow-up; stratify by sex only, and by sex and age group. Estimate cumulative incidence functions (Aalen-Johansen) for LTF and deaths and estimate the probability of death after LTF (Kaplan-Meier). Details: define loss to follow-up (LTF) as missing data due to: out of sample, definitive missingness, out of household if not re-included in the analysis later; the estimates are obtained estimating cumulative incidence functions using Aalen-Johansen estimators for LTF and deaths (defining death times/events only for those that are not lost to follow-up - as if LTF was an absorbing state), and with Kaplan-Meier estimator to estimate the probability of death after loss to follow-up (time of entry=the time of LTF, time of end=death, time of censoring = the end of the study for those who are not dead). Purpose: Understand the missing-data mechanism; check adequacy of planned methods. IDA findings: the probability of loss to follow-up was virtually constant across age/sex; the probability of death increased with age and was higher for younger men. 978 deaths were reported by wave 7.
1. Drop-out effect on outcome: Mean profiles of outcome (grip strength) by measurement occasion, (i) stratified by drop-out measurement occasion due to death and (ii) stratified by drop-out measurement occasion due to loss to follow-up. All are stratified by sex and age group. Purpose: Assess association between dropout and the outcome trajectory. IDA findings: mean grip strength was lower for those who died, especially older men; the difference was smaller for those lost to follow-up for other reasons.
6.3 Unit profile
1. Time frame: Calendar time, wave: (i) summarize the times when interviews were taken by calendar time, stratified by wave; (ii) evaluate the time between interviews in successive waves; (iii) describe the number of baseline and longitudinal interviews by wave; (iv) summarize the use of baseline and longitudinal questionnaires across waves and by measurement occasions. Purpose: Understand study timing/design and identify possible implementation errors. IDA findings: interviews were conducted April 2004–October 2017; median time between waves was ~2 years (longest between waves 1–2: 2.5 years).
1. Time metric: Age: describe the distribution of age (i) stratified by wave, (ii) by type of interview (baseline or longitudinal/SHARELIFE), (iii) by sex; (iv) by wave of inclusion. Purpose: Characterize refreshment samples and sample ageing over the study. IDA findings: full age-range refreshment samples were added in waves 2 and 5, younger-only refreshment in waves 4 and 6; median age increased from 62 (wave 1) to 66 (wave 7); age distribution was similar to the target population.
1. Participants: Overall number of participants and number of interviews per participant. Purpose: Evaluate sample size and complexity of individual-trajectory modeling. IDA findings: 5,452 participants were interviewed 18,632 times in total; 74% had ≤4 occasions, 18% only once, only 22% were interviewed 6 or 7 times.
6.4 Item missingness
1.  Item missingness: Missing values for outcome/explanatory variables at baseline and later waves, excluding missing-by-design. Purpose: Assess missingness mechanism; identify variables missing by design; inform imputation needs. IDA findings: outcome item missingness varied 2.2–6.5% across occasions, higher for women and with longer follow-up; among those, 36% could not perform the test, 21% refused, 2% had a proxy interview. Current smoking (waves 6-7), physical activity (SHARELIFE), and weight (wave 3) were found missing by design.
1. Patterns of missingness: Describe the co-occurrence of missing values a (i) for variables at baseline; (ii) for time-varying explanatory variables across measurement occasions, including the outcome. Purpose: Evaluate magnitude and pattern of joint missingness. IDA findings: little association was found between outcome missingness across occasions; a relatively small proportion had missingness at more than one occasion when interviewed.
1. Predictors of missingness: Comparison of complete vs. incomplete cases. Purpose: Further characterize the missing data mechanism. 
6.5 Univariable descriptions
1. Variables at baseline: Descriptive statistics of the outcome variable and explanatory variables. For continuous variables: mean, median, interquartile range, standard deviation, high-resolution histograms, boxplots, and dotplots for numerical variables. For categorical variables: number and proportion for each category and graphical summaries. Purpose: Compare with expectations; detect digit preference, sparse categories, implausible values. IDA findings: terminal digit preference was detected in grip strength, weight, and height; implausible and likely-inverted weight/height values were identified (see Section 3.4).
1. Time-varying variables at later points: Summarize the outcome variable and the time-varying explanatory variables at later time points, using wave as time metric.  Purpose: Identify systematic cross-wave differences (e.g., data-collection issues). IDA findings: cross-wave variable-definition differences (e.g., smoking question wording) were found, requiring harmonization.
6.6 Multivariable descriptions
1. Association with structural variables: Visualize the association of each explanatory variable with age at baseline and sex; use age as a continuous variable and grouped in 10-year intervals. Purpose: Check expected associations and their strength. IDA findings: age was negatively correlated with all explanatory variables, most strongly with education among women, reflecting birth-cohort/age confounding.
1. Correlation at baseline: Pearson correlation between all explanatory variables at baseline as heatmaps, stratified by sex. Purpose: Inform variable selection and modeling choices. IDA findings: the strongest positive correlations were weight-height and the two physical-activity measures.
1. Interactions at baseline: Association between age and weight, stratified by physical activity. Purpose: Inform interpretation of the planned age×sex interaction. 
1. Stratification: Stratify univariable descriptions of explanatory variables by (i) sex and age group and (ii) by baseline wave Purpose: Explore subgroup distributions and refreshment-sample differences. 
6.7 Longitudinal aspects (outcome variable and time-varying explanatory variables)
This domain is specific to longitudinal studies (Lusa et al., 2024 [6]) and extends the SAPI - IDA structure (Huebner et al OSF 2026 [1]).
1. Profiles: (i) Visualize the individual profiles of the outcome for all participants, using age and measurement occasion as time metrics, stratified by sex; (ii) profile plots for subgroups of participants (10-100 per group, stratified by sex and age groups) since number or participants is too large; (iii) interactive plots that highlight individual profiles. Line colors to reflect the value of the initial grip strength. Purpose: Describe pattern/individual variability; guide functional form for age. IDA findings: grip strength declines with age, and the rate of decline accelerates at older ages; variability decreases at later occasions, especially in older age groups.
1. Trends: Describe the longitudinal trends of the outcome variable, stratifying by sex using different time metrics (wave, measurement occasion, age). Histograms and boxplots can be used for graphical summaries, tables with univariate descriptions for numerical summaries. Purpose: Assess appropriateness of the time-metric functional form. IDA findings: rate of decline accelerates with age and with later birth cohorts.
1. Correlation and variability: Using different time metrics (wave, measurement occasion, age), estimate (i) Pearson’s correlation of the outcome variable within each participant across time points, using complete pairs, and (ii) the variability of the outcome variable across time points, overall and stratified by sex. Purpose: Inform the correlation/variance structure used in modeling. IDA findings: serial correlation was high (0.71–0.87 for men across waves), decreasing with time lag, and slightly larger for men than women.
1. Trends of time-varying explanatory variables: Describe numerically or graphically the longitudinal trends of the time-varying variables, using (i) wave, (ii) measurement occasion and (ii) age as time metrics, stratifying the analyses by sex. Report the overall characteristics using descriptive statistics at each time point; for physical activities variables focus on individual changes, using Sankey plots. Purpose: Describe average changes over time and compare with expectations. IDA findings: individuals switch between activity levels across occasions.
1. Cohort/period effects (extension): (i) Define birth cohort (grouped in ten-year intervals, larger intervals can be used in case of sparse categories) and evaluate its association with age and wave; (ii) summarize possible cohorts on the outcome, and on the explanatory variables (iii) summarize possible cohort effect on exploratory variables. Purpose: Assess whether birth-cohort adjustment is needed in the model. IDA findings: age was confounded with birth cohort (illustrated for women comparing longitudinal vs. cross-sectional first-interview-only estimates); similar cohort effects were seen for weight and height; extrapolation beyond age 90 (especially for men) should be avoided.

Section 7: Evaluation and Updates
7.1 Evaluating the SAPI
This is SAP version 2, since IDA results indicated that an update of the SAPI is needed. The overarching research aim and objective (Section 2.1) are unchanged; updates concern the specification of explanatory variables, the functional form and correlation/variance structure of the main data analysis model, the handling of missing data and attrition, and the final analytic sample size.
7.2 Updating the SAPI, if applicable 
	SAPI section affected
	Finding (consequence)
	Update (action)

	3.4 Data sets
	Implausible and likely-inverted weight/height values were not anticipated in version 1; identified through univariate and joint exploration of the two variables (Section 6.5, Variables at baseline).
	Two-step data-cleaning procedure added: (i) SHARE's own multiple-imputation plausibility thresholds (105–210 cm height, 40–220 kg weight) applied; (ii) further exploration of the joint weight-height distribution identified likely-inverted records, corrected, with the height threshold revised to 130 cm. See Section 3.4.

	3.4 Data sets / 5.4 Sample size
	74% of participants had ≤4 measurement occasions, 18% only one (Section 6.3, Participants). Final analytic sample: n = 5,452 (2,583 men, 2,869 women; 18,632 interviews).
	Analysis dataset size confirmed at n = 5,452. Limited within-person series length constrains model complexity (see 5.2).

	5.2 MDA methods
	Sparse repeated measurements per participant limit information for flexible individual trajectories.
	Limit the number of random effects to at most three; a separate autocorrelation process on top of random effects is likely not identifiable and will not be pursued as a primary specification.

	5.2 / 5.3 Assumptions
	Responders had substantially higher education than the target population; younger men and older women slightly underrepresented (Section 6.2, Non-enrollment (comparison)).
	Statistical model needs to account for possible selection bias — via adjustment for education (already a covariate) and/or exploration of weighting approaches (sensitivity analysis SA1).

	5.2 / 5.3 Assumptions
	Administrative censoring, death, and loss to follow-up were common; those who died also smoked more, had lower education, less physical activity, and lower baseline grip strength (Section 6.2, Drop-out & intermittent missingness / Drop-out effect on outcome).
	Mixed model (robust to MAR) remains primary approach. As a sensitivity analysis, consider joint models for the dropout/outcome processes (SA2, SA3).

	5.3 Assumptions
	Outcome item missingness varied 2.2–6.5% across occasions, higher for women and with longer follow-up (Section 6.4, Item missingness).
	Handled as missing interviews under the mixed-model MAR assumption; no separate correction needed beyond the primary model.

	4.1 Variables / 5.3
	Several explanatory variables missing by design in specific waves/questionnaires: current smoking (waves 6-7 longitudinal interviews), physical activity (SHARELIFE), weight (wave 3) (Section 6.4, Item missingness).
	Use baseline smoking status instead of current smoking (reclassified as time-fixed, Section 4.1). Multiple imputation used for the remaining variables missing by design rather than complete-case analysis (SA7).

	4.1 Variables (measurement)
	Grip strength, weight, and height show terminal digit preference (Section 6.5, Variables at baseline).
	Retained as reported; impact considered minimal based on prior validation studies but may be explored in a sensitivity analysis (SA4) if diagnostics suggest otherwise.

	4.1 Variables / 5.2
	Age is negatively correlated with all explanatory variables; the age-education association among women is the strongest, reflecting birth-cohort/age confounding (Section 6.6, Association with structural variables).
	Add a birth-cohort adjustment (indicator or age-cohort interaction term) to the main model (Section 4.1).

	5.2 MDA methods
	Rate of decline in grip strength accelerates at older ages/later birth cohorts; very few participants followed past age 90 (Section 6.7, Trends; Cohort/period effects).
	Evaluate non-linear functional forms for age (quadratic, spline, or fractional polynomial) rather than a linear/cubic-polynomial term as planned in v1; avoid extrapolating beyond age 90 (especially for men).

	5.2 / 5.3 MDA methods
	Within-participant correlation of grip strength is high (0.71-0.87 for men across waves) and decreases with longer time lags; outcome variance decreases at older ages (Section 6.7, Correlation and variability).
	Specify a correlation structure allowing correlation to depend on time lag (a random intercept alone is not sufficient); consider random effects on functions of time and/or heteroscedastic residual variance.

	5.2 MDA methods
	Individuals switch between high and low physical activity across measurement occasions (Section 6.7, Trends of time-varying explanatory variables).
	Account for the time-varying nature of physical activity when interpreting its association with the outcome; avoid treating it as a fixed trait. 

	6.1 Data preprocessing
	Variable definitions vary across waves/questionnaire types (e.g., smoking question wording), risking measurement heterogeneity (Section 6.5, Time-varying variables at later points). Height values below 130 cm were inconsistent with each participant's other repeated measurements,
	Data harmonization step added to preprocessing; where harmonization is not fully possible, the statistical model/interpretation accounts for the resulting measurement heterogeneity. Admissible height threshold was revised upward from 105 cm to 130 cm.	Comment by Huebner, Marianne: Added since it was mentioned in the E+E



Section 8: Supplement
8.1 Key references
Statistical Analysis plan
1. Huebner M, Collins G, Schmidt C, Heinze G, Sauerbrei W, Lusa L. SAPI: Developing a guideline for a Statistical Analysis Plan for Observational Studies with an Initial Data Analysis plan. OSF. 2026. DOI: 10.17605/OSF.IO/ZFJAH
SHARE data
2. Börsch-Supan A, Brandt M, Hunkler C, Kneip T, Korbmacher J, Malter F, et al. Data resource profile: the Survey of Health, Ageing and Retirement in Europe (SHARE). Int J Epidemiol. 2013;42(4):992–1001.
3. Lusa L, Huebner M. Organizing and Analyzing Data from the SHARE Study with an Application to Age and Sex Differences in Depressive Symptoms. Int J Environ Res Public Health. 2021;18(18).
4. Lusa L, Huebner M. Repository with R vignettes to support data organization and analysis for the SHARE study. OSF 2021. DOI: 10.17605/OSF.IO/KGTX6
5. Lusa L. Data retrieval, data management and data cleaning – project IDA for longitudinal data, SHARE data example. 2022. Available from: https://www.dropbox.com/scl/fi/di8q5i95ack6wuznuhs3j/ImportDataGS_Denmark_longitudinal_v3.html?rlkey=cur38f32b3u2vxb678v2ura81&e=1&dl=0
Initial Data Analysis
6. Lusa L, Proust-Lima C, Schmidt CO, Lee KJ, le Cessie S, Baillie M, et al. Initial data analysis for longitudinal studies to build a solid foundation for reproducible analysis. PLoS ONE. 2024;19(5):e0295726.
Reporting will be conducted according to the STROBE guideline (van Elm et al 2008).
7. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP; STROBE Initiative. The STROBE statement: guidelines for reporting observational studies. J Clin Epidemiol. 2008;61(4):344–9.

Statistical Methods:
8. Verbeke G, Molenberghs G. Linear Mixed Models for Longitudinal Data. New York, NY: Springer; 2000.
9. Sterne JAC, White IR, Carlin JB, Spratt M, Royston P, Kenward MG, et al. Multiple imputation for missing data in epidemiological and clinical research: potential and pitfalls. BMJ. 2009;338:b2393. doi:10.1136/bmj.b2393. 
10. Harrell FE Jr. Regression Modeling Strategies: With Applications to Linear Models, Logistic and Ordinal Regression, and Survival Analysis. 2nd ed. Cham, Switzerland: Springer; 2015. doi:10.1007/978-3-319-19425-7. 
11. Royston P, Altman DG. Regression using fractional polynomials of continuous covariates: parsimonious parametric modelling. J R Stat Soc Ser C Appl Stat. 1994;43(3):429-467. doi:10.2307/2986270.


8.2 Sustainable handling of analysis outputs
The IDA report, reproducible R code, and supplementary tables/figures will be publicly archived at https://stratosida.github.io/longitudinal/. Analysis code for the main data analysis will be archived alongside the finalized SAP following the same FAIR principles. Access to the underlying SHARE data remains subject to SHARE-ERIC's registration-based data access conditions and is not separately redistributed.
8.3 Data dictionary
Abbreviated data dictionary for the variables used in this application (full definitions and derivation code in the data-retrieval/data-management document in Lusa et al 2022, Dropbox)
	Variable
	Variable name
	Description
	Source

	Maximum grip strength (outcome)
	maxgrip
	Maximum grip strength, in kg (best of two measurements per hand, hand-held dynamometer).
	SHARE gv_health module

	Age
	age_int
	Age at interview, in years.
	SHARE cv_r module

	Sex
	gender
	Male / Female.
	SHARE cv_r module

	Country
	country
	Denmark (this application uses only the Danish sample).
	SHARE cv_r module

	Education
	isced1997_r → education
	Recoded into 3 levels based on ISCED-97: Low (None, codes 1, 2), Medium (codes 3, 4), High (codes 5, 6, i.e. ≥5).
	SHARE gv_isced module

	Weight
	ph012_ → weight
	Weight, in kg.
	SHARE ph module

	Height
	ph013_ → height
	Height, in cm.
	SHARE ph module

	Vigorous physical activity
	br015_ → pa_vig / pa_vig_freq
	Frequency of vigorous physical activity/sports; dichotomized (≥ once/week vs. less/never) in pa_vig_freq.
	SHARE br module

	Moderate physical activity
	br016_ → pa_low / pa_low_freq
	Frequency of moderate-intensity activities (e.g., gardening); dichotomized (≥ once/week vs. less/never) in pa_low_freq.
	SHARE br module

	Smoking status
	br001_/br002_ → cusmoke_imp
	Current smoker: Yes/No.
	SHARE br module

	Wave
	wave
	SHARE data-collection wave (1–7).
	SHARE design variable

	Type of interview
	mn101_/mn103_ → typeQuest
	Baseline / longitudinal / SHARELIFE questionnaire; Wave 3 (all) and part of Wave 7 (~60%) are SHARELIFE.
	SHARE technical_variables module

	Interview date
	int_year, int_month → int_date
	Year and month of interview; date constructed assuming day 15 of the month (day not recorded). Used to compute exact age at interview.
	SHARE cv_r module

	Date of birth
	yrbirth, mobirth → birth_date
	Year and month of birth; date constructed assuming day 15 of the month. Used for age imputation and to derive birth cohort.
	SHARE cv_r module

	Grouped age
	age group
	50–59, 60–69, 70–79, 80+.
	Derived

	Reason for missing outcome (auxiliary)
	gs001_, gs002_
	Willingness to perform the grip-strength test and interview status; explored as a possible explanation for outcome missingness (item M4), not used in the model.
	SHARE gs module

	Date of death (auxiliary)
	deceased_month, deceased_year → death_date
	Used for participation-profile and mortality exploration (items ME2/ME3), not as a model covariate.
	SHARE coverscreen module (cv.all)

	Body mass index (auxiliary)
	bmi
	kg/m²; used only for IDA data-cleaning checks (e.g., plausibility of weight/height), not as a model covariate.
	SHARE gv_health module



8.4 Table of analyses and variables (new)
Summary table of the primary analysis (A1, Section 5.2) and the additional/sensitivity analyses (SA1–SA7, Section 5.6)
	Primary analysis
	Variables considered

	A1: linear mixed model for maximum grip strength
	Outcome: maximum grip strength. Time metric: age (quadratic/spline/fractional-polynomial functional form). Fixed effects: sex, education, height, weight, baseline smoking status, physical activity, birth cohort. Interactions: age×sex, age×education, age×height, age×birth cohort. Random effects: participant-level, limited to at most three; correlation/variance structure per Section 5.2.


	Comment by Huebner, Marianne: Add this?	Comment by Huebner, Marianne: I added this to the E+E paper
Since responders differed from the target population and attrition was associated with education, smoking, physical activity, and outcome values, sensitivity analyses were added to address selection bias, non-random dropout, and informative mortality.

	Additional analyses
	Description and variables

	SA1: sensitivity analysis (selection bias)
	Variables in A1. Weighting or explicit adjustment for the differential probability of participation by education (Section 6.2, Non-enrollment (comparison)).

	SA2: sensitivity analysis (non-random dropout)
	Variables in A1. Pattern-mixture or joint model for the dropout process, compared to the primary MAR-based mixed model (Section 6.2, Drop-out & intermittent missingness).

	SA3: sensitivity analysis (informative mortality)
	Variables in A1. Joint model treating death and/or loss to follow-up as a competing event linked to the outcome trajectory (Section 6.2, Probability of drop-out / Drop-out effect on outcome).

	SA4: sensitivity analysis (measurement error)
	Variables in A1. Excludes or flags grip-strength, weight, and height values affected by terminal digit preference (Section 6.5, Variables at baseline).

	SA5: sensitivity analysis (age range / extrapolation)
	Variables in A1. Restricts the analysis to participants followed up to age 90 (Section 6.7, Trends; Cohort/period effects).

	SA6: sensitivity analysis (correlation/variance structure)
	Variables in A1. Compares random-intercept-only, random-slope, and heteroscedastic-residual-variance specifications (Section 6.7, Correlation and variability).

	SA7: sensitivity analysis (missing-by-design handling)
	Variables in A1, restricted to complete cases for weight and physical activity. Compares complete-case analysis to the primary multiple-imputation approach (Section 6.4, Item missingness).


Version note: text carried over unchanged from SAP version 1 is shown in black; substantive updates introduced in this version are shown in green and italics; annotations in Section 6 (“IDA findings”) summarize the corresponding IDA results.

