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Supplementary Methods

Cognitive and physical indexes of age-related decline

For the cognitive measures, most tests were first introduced at baseline in form of a 15-minute computerized
battery, where brief and biobank-scale adapted versions of standard cognitive tests were administered via a
touchscreen interface. The following five tests were performed in the assessment centre: prospective memory
(ID: 20018), pairs matching (number of incorrect matches: 399), fluid intelligence (20016), digit recall test
(4282), and reaction time (20023). Additional cognitive tests were introduced during subsequent assessment
centre visits, adding trial making test A (duration numeric: 6348, errors numeric: 6349) and B (duration al-
phanumeric: 6350, errors alphanumeric: 6351), symbol digit substitution (23324) and puzzles correctly solved
(6373) to the test battery. In 2014, participants were also invited to take part in online cognitive tests, in-
volving re-assessments of most assessment centre cognitive measures, including fluid intelligence (20191), trail
making test A (duration numeric: 20156, errors numeric: 20247) and B (duration alphanumeric: 20157, errors
alphanumeric: 20248), symbol digit substitution (20159), pairs matching (20132), digit recall test (20240) and
puzzles correctly solved (20760). A detailed description of the development and application of the cognitive
measures can be found elsewhere!. Since cognitive tasks were added and removed at different assessment oc-
casions (c.f., Supplementary Figure 15), the number of participants with complete longitudinal (i.e., two
waves) cognitive data varies across tests. To maximize the sample size for longitudinal analyses, we combined
data obtained from the online follow-up and assessment centre visit (e.g., pairs matching test score assessed
during the assessment centre visit at baseline and online at follow-up). For fluid intelligence, we recomputed
the summary score obtained from the online version of the test, as this version includes an additional question
that is not part of the fluid intelligence test administered during the assessment centre visit. Question 14
(alphanumeric substitution) from the online test was therefore not included in the summary score, such that
the maximum test score was 13 for the two tests. Similarly, the trail making test scores obtained during
the assessment centre visit (ID: 6349 and 6351) contained zero values, while the online version (ID: 20247
and 20248) recorded scores only for participants who made at least one error in that test. To make the two
versions comparable, we therefore excluded individuals with zeros in the assessment centre version of that
test. A number of measures (reaction time, trial making test A and B, pairs matching) were recoded so that

higher values indicate better cognitive function.

For physical measures, we included only health variables that are subject to age-related decline, namely

phenotypes that, on average, decline as people get older (e.g., grip strength). Excluded were phenotypes that
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tend to vary over time but that do not necessarily show decline over time (e.g., pulse rate, body mass index).
For indexes of physical functioning, we included forced expiratory volume (FEV, 3063), hand grip strength
(taking the average of both the right (47) and left (46) hand), maximum workload during fitness test (6032),
heel bone mineral density (4124), hearing test performance (average of the right, 20021, and left, 20019), and
height (50). As seen in Supplementary Figure 15, all measures used for physical function in this study
were obtained during the assessment centre visits, although the samples sizes with available longitudinal data

varied.

In total, we included 11 cognitive and 6 physical measures. For a number of measures, including fluid
intelligence, symbol digit substitution test, number of puzzles correctly solved and grip strength, we removed
individuals with a score of zero. A score of zero in the aforementioned continuous cognitive and physical
traits values may indicate measurement problems (e.g., inability to understand the instructions or handling
the computer program for cognitive measures, or calibration errors leading to lower than expected values, as
documented for grip strength) and were therefore discarded. To minimize the impact of possible outlier values,
we also excluded baseline and/or follow-up observations with large deviations (> 10 standard deviations) from

the baseline mean.

When processing the longitudinal data, we re-structured the multiple-wave data for UKBB participants such
that the first available data point per individual for a particular phenotype was set as the baseline measure
for a particular phenotype, irrespective of whether this was assessed at the first assessment centre visit or at
a later time point (e.g., for measures only introduced at later assessments). For individuals with more than
two waves of assessments, we used data from the most recent assessment as the follow-up point, to maximize

the follow-up duration and facilitate the detection of aging-varying genetic effects.
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Evaluation of two-wave models of change to study longitudinal genetic effects

One important challenge when assessing age-varying genetic effects lies in how change over time is defined.
For example, interactions can be scale dependent, where an interaction may be present on one scale (e.g.,
absolute change) but not on another (e.g., relative change)?. Additionally, adjusting for baseline differences
using residual change (that is, baseline-adjusted) scores has been shown to introduce bias in observational
studies when the exposure of interest is associated with baseline levels of the outcome variable?. In light
of these considerations, we hypothesize the following with respect to risk of bias associated with different

definitions of change:

1) Change adjusted for baseline values can correctly identify genetic effects on change in situations where
the genetic variant is unrelated to the baseline phenotype

2) Change unadjusted for baseline values can correctly identify genetic effects on change even if the genetic
variant is associated with baseline phenotype

3) Differences in findings obtained from absolute and relative change can arise due to scale dependencies

We performed a series of simulation analyses to assess risk of bias when using the three change definitions
described above, including absolute (A j; pp), conditional (A 5g) and relative change (A} ). We simulated
data according to the structural causal model shown in Figure 2 (main manuscript). As illustrated, the
longitudinal (i.e., age-dependent) effects were conceptualized as gene X environment interactions, where the
genetic effect differs across age-varying environments. The observed phenotype P* at time point ¢ (0 =

baseline, 1 = follow-up) was modelled as follows:

Pr=P+e = +a-Gy+p-E,+v-Gg-E, +¢ (1)

where P, is the phenotype free of measurement error, ¢, the measurement error in the phenotype, A the
intercept, « is the time-invariant (cross-sectional) genetic effect, G, the time-invariant (cross-sectional) ge-
netics, J the environmental effect, E the environment, v the gene x environment effect, G the time-varying

(longitudinal) genetics.

Another realistic model underlying the observed data is a multiplicative one, which was modelled as:

P =exp(P,+¢,) =exp(A+a-Gy+B8-E,+v-Gg-E, +¢,) (2)

We simulated the data from both models with the following parameters: The intercept (A) was set to mimic a



continuous, non-negative, phenotype. We set A = 170, indicative of measured height in cm as simulated from
model (1). The genetic (G, Gg) and baseline environmental (E,) variables were generated as Gaussian nor-
mal variables with zero mean and unit variance, such that G, ~ N (0,1) and G ~ N (0, 1) are uncorrelated
and Ey ~ N(0,1). Change in the environment (A = F; — E; # 0) was modelled as a shift in the mean from
baseline to follow-up plus a random change with unit variance [i.e. Ay ~ N(0.1,1)]. We varied two parameters
in the simulations, including the cross-sectional (baseline) genetic effect («) and the degree of measurement
error per phenotype at time point ¢ (¢,). Measurement error was simulated as e, ~ N(0,/(1 — p) x 02),
where p indexes the measurement reliability and o7 is the variance of the error-free phenotype at time point

t 02 = var(P,)]. The maximum ¢, (i.e., when p = 0) is therefore equal to the standard deviation of P,.

To evaluate the performance of the three definitions of change (Ap;pp, Ares Aroc), we applied them to
data generated based on model (1) and (2). Our first aim was to assess the different change definitions for
their ability to distinguish cross-sectional () from longitudinal genetic effects (). To that end, we focused
on the observed association of G, on change (A* = 7-G,+¢) to quantify risk of bias. As the true causal effect
of G, on change is m = 0 (c.f., structural causal model Figure 2 in the main manuscript, with cross-sectional
genetics of Py and Pj cancelling each other out), a non-zero observed effect (7 # 0) reflects a spurious
association between cross-sectional genetics and change. The following linear regression models were tested
in simulations to obtain 7 on change, including (1) difference scores (A%, pp = Py — Py =7 - Gy +¢€), (2)
residual change scores (A}, pg = Pf — Py = Pj +7- Gy +¢) and (3) log-difference scores where true change
was simulated as exponential (A} o = In(Py) — In(Fy) = m- Gy +¢). Within this setting, we also evaluated
the impact of model misspecification (A p;pp is designed to be fitted to model (1) and A is designed to

be optimal for model (2)).

For each scenario, we evaluated risk of false positives, based on the proportion of simulation repetitions where
the null hypothesis is rejected (using a 5% level of significance) when testing the baseline genetic effects on
change (A* ~ 7 - G,). Power was quantified by obtaining the true-positive rate (at 5%) when testing for
longitudinal genetic effects on change (A* ~ 7 - Gp). In all scenarios, data was simulated for a sample of
N = 10,000 and the cross-sectional and longitudinal genetic effects on change (7 and 7, respectively) were

obtained in n;,,, = 10,000 repetitions. Parameters  and ~ were set to § =1 and v = 0.5 in all simulations.



Sample representativeness and correction for selective participation

To assess the level of sample representativeness of the prospective UKBB sample, we (1) compared UKBB
characteristics to those of a representative reference sample and (2) assessed phenotypic and genotypic factors
differentiating dropout from follow-up participants within the UKBB. With respect to (1), we used a previously
curated external dataset (Health Survey England, HSE*) containing 14 variables related to health, lifestyles,
education and basic demographics information that were harmonized with the UKBB data®. Using that data,
we performed univariate logistic regression predicting UKBB baseline participation (HSE=0; UKBB baseline
sample = 1) and follow-up participation (HSE=0; UKBB follow-up sample = 1) to estimate the contribution
of each of the 14 harmonized variables to levels of non-representativeness. To identify features differentiating
dropout from follow-up participants (2), we assessed if participation status (O=dropout; 1=included) was
predicted by UKBB baseline characteristics, including the cognitive and physical aging phenotypes used in
this work. Further, we explored if differences between the two groups (dropout versus included) were present
at the genetic level, by performing genome-wide scans on the baseline cognitive and physical measures in
the two groups separately. The association tests were performed in REGENIE (v3.2.6) (details in the main
manuscript) and differences in genomic findings were quantified in terms of differences in SNP-heritability

and genetic correlations using LD score regression®.

To explore risk of bias due to selective participation, we employed inverse probability weighting (IPW) to
create a pseudo-sample of the UKBB with higher levels of representativeness. As sampling weights, we used
previously generated UKBB participation probabilities designed to adjust for selective baseline participation?,
and we generated a second set of probability weights to adjust for selective follow-up participation. The follow-
up probability weights were obtained from a LASSO regression model (as described here®) predicting UKBB
follow-up participation (HSE=0; UKBB follow-up sample = 1), based on the same 14 harmonized variables
used to generate the baseline participation weights. The two sets of probability weights were then included
in weighted least squares regression (WLS) when testing phenotype associations (using WLS as implemented

in the R Package survey”) and genotype association (using WLS as implemented in LDAK version 5.2%%).



Supplementary Discussion

Slopes obtained from three-wave data

To evaluate whether adding an additional time point improves the measurement of change, we derived slopes
of change for one phenotype (fluid intelligence) with at least three non-missing observations (N = 69,801).
First, we applied a linear mixed model (LMM) with random intercepts and slopes to estimate individual
slopes of change. However, the LMM resulted in singular fits, suggesting that the model structure was too
complex for the data. We therefore switched to ordinary least squares (OLS) regression. For each individual
with three-wave data, we regressed the phenotype (Y,) at time point ¢ on the years elapsed since baseline
(t = 0) using the model Y; ~ years,. The individual regression coefficients were then taken as the three-wave
slopes of change.

A
We then compared the three-wave slopes (Ayy3) to two-wave slopes of change (Ayy, = —27>), which were

derived based on the difference between the phenotype assessed at baseline (F,) and the most recent follow-up
assessment (P;), divided by the follow-up time (FU). Comparing the two slopes of change (A4 and Ayyg)
revealed a high correlation between the two (r = 0.96), and the addition of one more time point increased
the between-subject variance from 41.4% to 48.2%, indicating improved precision in Ay, 5. Specifically, the
total variance of the phenotype is composed of Var(P) = 0% + o3 + 02, where 0% corresponds to the time-
invariant, between subject variance (e.g., genetic), 0% to the time-variant (within-subject) change and o to
the measurement error. Incorporating additional time points would reduce measurement error (02), thereby

increasing the proportion of the variance explained by between-subject differences (m)
I \%

In summary, the additional time point modestly improved the precision of the slope of change (~ 6.8%), which
has implications for the estimation of variance components (e.g., h? of change) and statistical power to detect
age-varying genetic effects. However, the larger sample size available from two-wave data for fluid intelligence
(159,762), along with greater sample representativeness, likely outweighs the modest precision gains achieved

by the incorporation of the additional time point.

Sample representativeness and correction for selective participation

We performed a number of sensitivity checks to characterize features of follow-up participation and risk of
bias due to selective attrition. First, comparing the baseline and follow-up UKBB sample to a representative

reference sample (Supplementary Figure 19), we observed that UKBB participation was largely driven



by social, health and lifestyle factors. While UKBB baseline participation (subscript B) and participation in
follow-up research (subscript FU) were predicted by similar factors, larger effect estimates were observed for
factors predicting follow-up participation (e.g., 85 = 0.09 versus Spy; = 0.26 for education), explaining in
total almost twice as much of the variance in the respective participation behaviour (R% = 12% versus R%,; =
23%). Second, as illustrated in Supplementary Figure 19, baseline levels of many phenotypes used as a
proxy for physical and cognitive aging predicted participation status (O=dropout; 1=follow-up participation):
Beuid intelligence = 026, Byorking memory = 014, Bppy = 0.11 and B0 = 0.07. Subtler differences were
observed in the effects of many genetic markers on cognitive and physical measures when the associations were
performed separately in the dropout and the follow-up sample (Supplementary Figure 20). For example,
for most measures, the genetic correlation between effects obtained in the two sub-samples remained close to

one (ranging between r, = 0.98 and r, = 1.03).

g

To assess the impact of the observed non-random follow-up participation, we applied Inverse Probability
Weighting (IPW). Supplementary Figure 21 shows the distribution of the baseline and follow-up sampling
weights (wp and wpy, respectively) used in IPW. While we observed a large correlation between the two
weights (r = 0.77), the follow-up weights showed greater variability than the baseline weights [02(w ) =
5.48 versus 02 (wg) = 1.76, respectively], resulting in a greater loss in effective sample size (Supplementary
Figure 21). Applying IPW, we found that, at the phenotypic level (Supplementary Figure 1), bias
due to selective participation appeared most visible for the cross-sectional age effects on measures of cog-
nitive and physical function. As illustrated in Supplementary Figure 1, selective participation resulted
in attenuated age effects, where attenuation bias aggravated with increasing rates of loss to follow-up and
non-representativeness. At the genotypic level, we performed weighted genome-wide tests for all variants sig-
nificantly (P < 5 x 107%) associated with cognitive and/or physical outcomes (described in the next section)
and compared the variant effects to those obtained from standard GWA. Supplementary Figure 11 shows
that bias was present in both directions, leading to over-estimation (e.g., APOE-effects on cognitive-A) and
under-estimation (e.g., DUSP6-effects on physical-A) of variant effects. Across all tested variants, we did not,

however, find evidence of altered direction of effects.

Evaluation of two-wave models of change to study longitudinal genetic effects

We performed a series of simulation analyses to assess the suitability of two-wave models of change for the
estimation of longitudinal genetic effects, including difference scores (A p;pp, indexing absolute change), log-

difference scores (A ¢, indexing relative change) and residual change scores (Appg, i.e., baseline-adjusted



absolute change) (Supplementary Figure 6). In brief, we found that Appg induced inferential errors and
false-positive associations in most simulated scenarios, by falsely associating cross-sectional (time-invariant)
genetic effects with change. Unbiased effects were only identified in scenarios where the cross-sectional (time-
invariant) genetic effect on the phenotype was equal to zero (aw = 0, Panel Al in Supplementary Figure
6) and/or there was no measurement error in the phenotype (p = 1, Panel Bl). Further, the degree of
bias varied as a function of the reliability of the phenotype (Panel A) and the cross-sectional genetic effect
on the phenotype (Panel B). As illustrated visually in Figure 1 in the main manuscript, bias via baseline-
adjustment can result from collider-stratification, i.e., the conditioning of Fj as a common consequence of
the cross-sectional genetics and the measurement error (G, — Py < ;). In contrast, Ap;pp and A pq
robustly separated cross-sectional from longitudinal genetic effects in the simulated scenarios, irrespective of

the contribution of the cross-sectional genetic effect or the degree of measurement error in the phenotype.

Panel C/D (Supplementary Figure 6) illustrate how model misspecification can impact the interpretation
of the regression parameters, for example when the assumed function of change does not align with its
underlying function. We found that using absolute change as an outcome (A p;pp) to data simulated under
the exponential model inflated the false positive rate (up to 7%, highlighted in dark blue in Panel C), resulting
in a non-zero cross-sectional genetic effect on change. Conversely, using relative change as outcome (A oq) to
data simulated from the linear change model maintained a well-controlled Type I error rate at 5% (highlighted
in dark orange), albeit reduced power to detect longitudinal genetic effects. Together, the results suggest that
A} ¢ is more robust to the type of model misspecification considered here. Finally, the use of Appg-scores
resulted in biased estimates irrespective of whether a correctly or incorrectly specified model was fitted to the
data (with false positive rates of 22% and 8%, respectively), reiterating that bias from baseline-adjustment is

likely to occur in many real-world scenarios.

To further illustrate the impact of model choice on the interpretation of longitudinal effects, we obtained
phenotypic associations between a number of UKBB baseline characteristics with global cognitive and physical
decline (Supplementary Figure 7). While results from absolute and relative change used as outcomes
converged for most exposure-outcome estimates (e.g., male sex linking to increased cognitive decline, with
Tap ey =0-04andry = 0.03), noticeable scale-dependencies were observed for the association of sex with

physical decline ( =005and ry, = -0.1). This pattern of scale-inconsistencies therefore points to

TADIFF

the presence of non-linear change, where individuals with more extreme baseline values show steeper absolute

(but not relative) change compared to individuals closer to the average.



Of note, inconsistencies arising from varying definitions of change have also been discussed in clinical trials
employing pre-post designs?. In trials with balanced baseline values in the outcome variable, both absolute
change and baseline-adjusted change (e.g., ANCOVA) provide unbiased estimates of the treatment effect.

10,11 However, the

In such cases, ANCOVA is often preferred for its potential to increase statistical power
assumption of baseline balance is rarely met in absence of randomization, and may still be violated under
randomization due to chance imbalances!?. In those situations, baseline adjustment will provide biased results
and has therefore been discouraged!®'!'3. The same conclusion has been drawn with respect to the use of
baseline-adjusted change scores in trials on pharmacogenetic effects, where the induced bias is proportional

to the baseline genetic effect (c.f., Supplementary Note 1 in Ref!'?). Therefore, interpreting results from

baseline-adjusted models should be contingent on verifying baseline balance in clinical trials.

In summary, our findings highlight that baseline-adjusted change — despite its widespread use — tend to
introduce bias and false-positive associations when estimating age-varying genetic effects. Conversely, models
capturing absolute and relative change are more robust in distinguishing cross-sectional from longitudinal
genetic effects under various realistic conditions. However, as scale-dependencies cannot be ruled out, using
both models together can help with the interpretation of findings. In subsequent analyses, we therefore

prioritized definitions of absolute and relative change when scrutinizing longitudinal genetic effects.

Reserach in context

A main goal of life course epidemiology is to elucidate the structure of the aging process and to identify
factors that promote healthy aging. One central focus lies on understanding individual differences in age-
related decline across different domains of functioning, as marked inter-individual variation characterizes the
pace at which individuals age. In this context, genetic factors are increasingly studied, given their promise to
directly (e.g., via molecular/pharmacological targets) or indirectly (e.g., via environmental targets) provide

insights into aetiology and prevention.

Conceptually, genetic effects on age-related decline represent time-varying genetic effects or gene-environment
interactions, where the genetic effects differ across changing environments as individuals age'®. Different
methodological approaches have been employed to identify age-varying genetic effects. For example, large-
scale cross-sectional studies have tested for gene-by-age interactions'®2°. These studies leverage the full age
spectrum available at a single point in time (e.g., ages 40 to 69 in the UK Biobank) when testing for gene-by-

age interactions. However, a key limitation of cross-sectional gene-by-age designs lies in their inability to rule



out potential cohort effects!'®, as stratifying individuals by age groups inherently stratifies groups by their year
of birth. Given these and other limitations (e.g., possible non-linear age effects) associated with cross-sectional
gene-by-age analyses, longitudinal GWA are considered a more robust approach for investigating time-varying
genetic effects. In absence of large-scale longitudinal biobank data, early research has primarily focused on

21,22 o1 genome-wide effects on longitudinal change in smaller genotyped samples (<20002327).

candidate genes
More recently, with the release of large samples with repeat assessments (i.e., >100,000 individuals), genome-
wide studies on longitudinal changes have become more feasible, enabling the examination of genetic influences
on changes in routinely collected healthcare data (e.g., BMI?® or biomarker changes®) and health outcomes

measured through repeated research assessments.

Studying age-varying genetic effects is important for a number of reasons. First, such work allows to assess
if the genetic architecture underlying lifetime levels of function is similar to that characterizing age-related
change. In other words, while tests on change quantify the impact of age on genome-wide associations, cross-
sectional genome-wide analyses identify marginal genetic effects that are assumed to be constant over time
(c.f., study framework, Figure 1 in the main manuscript). Second, genetically informed designs allow to
further probe existing theoretical models of aging. For example, one key interest concerns the question as to

80732 a5 innate and /or early life resources may slow down age-

whether ‘age is kinder to the initially more able
related decline. Similar prediction are made based on theories of ‘cognitive reserve’3, ‘brain reserve’4, ‘health
capital™®® or ‘differential preservation’®, broadly hypothesizing that individuals with higher levels of reserve
are more protected from neurobiological decay throughout the aging process. Evidence on this topic has,
however, largely been mixed: While some studies suggest that health reserves may protect against age-related

37740 "3 larger body of

decline, including evidence linking educational attainment to slower cognitive decline
research has failed to replicate these findings*' . Our findings are consistent with the latter body of research,
suggesting that high baseline function in a given trait (e.g., cognition) or related factors (e.g., educational
attainment) may not buffer against age-related decline in that trait. In other words, while cognitive or
physical reserves can delay the onset of functional impairment, they are unlikely to slow the overall rate
of decline. Other lines of research have focused on common cause theories of aging, investigating whether
age-related declines in physical and cognitive domains are driven by shared aetiological processes®® 3. While
small but significant associations between cognitive and physical decline have indeed been documented®,

t43:50.5356 Ty our work, we observed some indications of shared risks (e.g.,

findings remains largely inconsisten
shorter parental lifespan linking to both increased cognitive and physical decline) when tested in Mendelian

Randomization analyses. However, most implicated risk factors demonstrated independent effects across the



physical and cognitive dimensions of decline.

With respect to other health-related risk factors, previous observational research has mostly focused on car-

61,62

diovascular risk factors®™® lipid traits®®, brain health®, lifestyle factors (e.g., physical activity , alco-

67,68 69,70)

hol usef%4 smoking®®, diet®), mental health (e.g., depression , sleep , early life factors (e.g., birth
weight™) or social factors (loneliness’, lower socioeconomic status™) as possible risks involved in cognitive
or physical decline. While numerous of those factors also associated with decline in our phenotypic analyses,
many of those did not survive stringent covariate adjustment in MR analysis, indicating possible confound-
ing effects. Focusing on risk factors implicated by MR, our findings converge with experimental evidence
reporting possible cognition-enhancing effects of higher vegetable intake’™ and increases in physical function
following improvements in sleep and metabolic rate”™. Other identified risk factors reflected markers of general
vulnerabilities that are not directly amenable to intervention without additional knowledge on the specific
pathways involved, such as the effect of Alzheimer’s liability on cognitive decline or the effect of telomere
length on physical decline. Our finding that longer paternal lifespan was predictive of both reduced physical
decline as well as better lifetime physical function is in line with the view that genetic and environmental
factors transmitted across generations can influence the offspring’s ability to maintain health during the aging

process 078,

The presented results should be interpreted in light of a number of limitations. First, age-related change was
assessed using data from only two time points per individual, which reduces measurement precision compared
to approaches utilizing more intensive longitudinal data. Curating intensive longitudinal data, for example
via the use of hospital record data or the implementation of additional repeat assessments in the UKBB study
protocol would therefore help to refine and enhance the definitions of change used in this work. Second, despite
the large sample size, statistical power likely remains an issue. Genetic interaction effects are inherently small
and harder to detect compared to marginal effects”™. This limitation may also have hindered the identification
of causal factors of decline in Mendelian Randomization (MR) analyses, potentially explaining why some
factors were identified in phenotypic but not MR analyses. Larger studies are therefore warranted to evaluate
whether these discrepancies are indicative of residual confounding in classical epidemiological research, or
reflect insufficient statistical power. Third, while this study focused on commonly examined risk factors for
age-related decline, further research is needed to elucidate the specific pathways through which the identified
risks contribute to cognitive and physical decline over time. This is particularly important for factors that
are not directly modifiable, such as sex, telomere length, parental lifespan, or genetic liability for Alzheimer’s

disease. Finally, the use of genetically informed designs restricts our analysis to risk factors that can be



instrumented with genetic variants. Important environmental and social correlates of decline that are not

81,82

instrumentable, such as air pollution®’, stressful life events , or housing conditions®®, therefore require

alternative causal inference methods when put to scrutiny in observational studies.
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Supplementary Figure 1. Age effects across measures of physical and cognitive

function
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Supplementary Figure 1. Age effects across measures of physical and cognitive function. Each dot represents the mean phenotype score
assessed at baseline (y-axis) per 2-year age bin (x-axis) across UKBB samples with varying levels of representativeness. Age effects (c.f., labels to the
right) on cognitive and physical measures assessed at baseline were obtained from linear regression models, applied in a) the unweighted UKBB baseline
sample (’baseline sample, 1—wave’), b) the inverse probability weighted UKBB baseline sample ("weighted 1—wave’), c) the UKBB follow-up sample
with complete data in at least one follow-up assessment (’follow—up sample, 2—waves’) and d) the UKBB follow-up sample with complete data in at
least two follow-up assessments (’follow—up sample, 3—waves’).



Supplementary Figure 2. Box and

in genome-wide scans
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Supplementary Figure 2. Box and scatter plot of cognitive measures included in genome-wide scans. Box and scatter plots of cognitive

measures assessed at baseline (Py) and follow-up (P;)



Supplementary Figure 3. Box and scatter plot of physical measures included in
genome-wide scans
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Supplementary Figure 3. Box and scatter plot of physical measures included in genome-wide scans. Box and scatter plots of physical
measures assessed at baseline (Py) and follow-up (P;)



Supplementary Figure 4. Correlations between change scores indexing cognitive

and physical decline
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Supplementary Figure 4. Correlations between change scores indexing cognitive and physical decline. Correlation coefficients between
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coefficients per trait pair (P < 0.05) are shown.



Supplementary Figure 5. Correlations between baseline scores of cognitive and

physical measures

Po
Working memory (digitrecall) = 0.32 0.16 0.12 0.06 0.4 024 0.15 024 014 0.16 -
Symbol digit substitution test = 0.51  0.46 0.21 0.08 025 036 0.12 014 0.24 - 0.16
Reaction time (shorter) ~ 0.24 0.23 0.09 0.03 0.17 0.17 0.1 0.16 - 0.24 0.14
Prospective memory ~ 0.19 0.14 0.12 0.06 0.32 0.18 0.16 - 0.16 0.14 0.24
Pairs matching  0.15 0.11 0.09 0.03 0.18 0.15 - 016 01 012 0.15
Number of puzzles correctly solved | 0.43 032 0.23 0.09 0.38 - 0.15 0.18 0.17 036 0.24 <;U
Fluid intelligence score = 0.39 0.24 0.15 0.04 - 0.38 0.18 0.32 0.17 0.25 0.4
Errors traversing numeric path 0.1 0.5 0.1 - 0.04 009 003 006 0.03 0.08 0.06
Errors traversing alphanumeric path | 0.56  0.16 - 0.1 015 023 0.09 012 0.09 021 0.12
Duration to complete numeric path | 0.54 - 0.16 0.5 024 032 011 014 023 046 0.16

Duration to complete alphanumeric path - 0.54 0.56 0.1 039 043 015 019 024 051 0.32

& S
FF & & & & & & & & & D
RS < e X 2 O © & O N @
N I N BN K Q @ & S N
e & @ & o & & 2 &
S & &g € & & A
& @ & > N & T & SRS
N 3 N & & O Q .S <2 O
X & IO OIE S N
SO IR < &P E
¢ & O RPN SN
\@ S N <& < > s O
K O e S «Q L N
& K\ N o Q
& & & O < & Q
O § \ & )
'\O Q‘b'\ \G) Q/ L
~°Q 0\3 Q \)&
& < S
N
Q

Maximum workload during fitness test 0.57 0.54 0.16 0.2 0.57 -
Height 0.66 0.69 0.08 0.16 - 0.57
Heel bone mineral density 0.18 0.23 0.04 - 0.16 0.2
Hearing (speech reception) 0.18 0.1 - 0.04 0.08 0.16
Hand grip strength 0.62 - 0.1 0.23 0.69 0.54
Forced expiratory volume - 0.62 0.18 0.18 0.66 0.57

0d

2 N Q N > o
\\}@ é\& ;QOQ (\6\ Q/\é\ %\QJ
O c}\ (,Q"Q \bQ’ Ne @6
@6 & (\@ e S
& 60’ & 6‘\0 oS
R & £ & N
> \S S >
Qo O o (g
8 O N &}
S Q d &
< & ¥ S
0@
-i§°
@’b’

Supplementary Figure 5. Correlations between baseline scores of cognitive and physical measures. Correlation coefficients between
cross-sectional physical and cognitive measures obtained at baseline. All measures were coded such that higher values index better physical/cognitive
outcomes. Only significant correlation coefficients per trait pair (P < 0.05) are shown.



Supplementary Figure 6. Evaluation of two-wave models of change for longitu-

dinal genetic effect estimation
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Supplementary Figure 6. Evaluation of two-wave models of change for longitudinal genetic effect estimation. Simulation results as-
sessing risk of bias when using difference scores (A p;pp), log-difference scores (A o) and residual change scores (Aggg) for longitudinal genetic
effect estimation. Data was simulated based on the model displayed in Figure 2 (main manuscript). Panels A1-A3 and Panels B1-B3 plot the
observed baseline genetic effect on change (7, obtained from A* ~ 7 - G{) across varying levels of measurement reliability (p, x-axis in Panel A1-A3)
and baseline genetic effects on the phenotype («, x-axis in Panel B1-B3). Panel C displays the rates of false positives (in %) when estimating the
baseline genetic effect on change (A* ~ 7 - G) and the true positive rate (power, in %) when estimating the longitudinal genetic effect (A* ~ - G)
per model. The dashed line indicates the 5% significance level. The legend at the bottom lists the six models fitted to obtain 7 and the corresponding
P-values. Panel D plots the z-scores (#(%)) obtained from the six models, highlighting all significant (P < 0.05) coefficients.



Supplementary Figure 7. Phenotypic predictors of change in the UK Biobank
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Supplementary Figure 7. Phenotypic predictors of change in the UK Biobank. The figure plots phenotypic associations between selected
UKBB baseline characteristics and indexes of global cognitive and physical decline as derived from the the three definitions of change. The pearson
correlation coefficients (r) were estimated in the unweighted UKBB follow-up sample and the inverse probability weighted sample.



Supplementary Figure 8. Longitudinal and cross-sectional genetic effects on

cognitive and physical function
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Supplementary Figure 8. Longitudinal and cross-sectional genetic effects on cognitive and physical function. Effects estimates of vari-
ants reaching genome-wide significance in association tests on either cross-sectional physical/cognitive functioning (x-axis) or cognitive/physical decline
(y-axis). The colour scheme highlights variants associated with either cross-sectional (P, in red), longitudinal ( A} 5o in orange, Ap;pp in blue,
Apgg in grey) or both (in black) outcomes. The dashed slope (line of best fit) represents the association between the cross-sectional and longitudinal
SNP effects. The SNP-heritability estimates (h?, with 95% confidence intervals) obtained from longitudinal and cross-sectional genome-wide analyses
are shown to the right of each panel.



Supplementary Figure 9. Genotype-phenotype associations of variants

ated with cognitive or physical decline
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. Genotype-phenotype associations of variants associated with cognitive or physical decline .

associ-

Lead SNPs

were annotated to the nearest gene and mapped to previously associated phenotypes using the Open Target Genetics database, which curates summary
statistic files from four sources: 1) GWAS analyses by NEALE (http://www.nealelab.is/uk-biobank) in the UK Biobank, 2) SAIGE analyses on
binary phenotypes in the UKBB (https://www.leelabsg.org/resources), 3) the GWAS Catalog (GCST) (https://www.ebi.ac.uk/gwas/) and 4) FinnGen
(https://www.finngen.fi/). The horizontal line in black represents the significant threshold (P < 5 x 1078)



Supplementary Figure 10. Genotype-phenotype associations of variants showing

sex-differential effects on physical function (composite score)
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Supplementary Figure 10. Genotype-phenotype associations of variants showing sex-differential effects on physical function (composite s
SNPs showing significant gene-by-sex interaction effects (P < 5 x 1078) were annotated to the nearest gene and mapped to previously associated
phenotypes using the Open Target Genetics database, which curates summary statistic files from four sources: 1) GWAS analyses by NEALE
(http://www.nealelab.is/uk-biobank) in the UK Biobank, 2) SAIGE analyses on binary phenotypes in the UKBB (https://www.leelabsg.org/resources),

3) the GWAS Catalog (GCST) (https://www.ebi.ac.uk/gwas/) and 4) FinnGen (https://www.finngen.fi/). The horizontal line in black represents the
significant threshold (P < 5 x 1078)



Supplementary Figure 11. Weighted genome-wide analyses of variants associ-

ated with physical and cognitive outcomes
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Supplementary Figure 11. Weighted genome-wide analyses of variants associated with physical and cognitive outcomes. Panel A.
Standard and weighted variant effects were estimated using LDAK. We used the baseline sampling weights when performing weighted genome-wide
scans on the baseline phenotypes (Py) and the follow-up participation weights when testing variant effects on decline. Plotted are all effect estimates
for variants significantly (P < 5 x 108) associated with change (Ap;ppr and Ap o), as well as variant effects that showed the largest abolute
change (|8] — |B,,|) in genome-wide tests on baseline function (Py). Panel B. The y-axis shows the mean proportional change in SNP effect estimates

obtained from standard GWA (8) and weighted standard GWA (8,,) [mean(%)]. k indexes the number of genetic variants included to obtain the
mean proportional change, obtained from either all outcome-associated (P < 5 x 1078) variants ("Both’), selected outcome-associated variants showing
evidence of over-estimation (|8] — |B,,| > 0, ’Overestimation only’) and selected outcome-associated variants showing evidence of under-estimation

(18] = |Bw| < 0, 'Underestimation only’). The full set of results is included in Supplementary Data 7.



Supplementary Figure 12. Predictors of decline obtained from phenotypic as-
sociation tests and Mendelian Randomization analyses
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Supplementary Figure 12. Predictors of decline obtained from phenotypic association tests and Mendelian Randomization analyses.
The standardized regression coefficients obtained from phenotypic tests of risk factors associated with change (defined as log-difference, Ay 5¢a)
are plotted against the standardized causal estimates obtained from Mendelian Randomization analyses. Excluded were exposures used to derive
the summary scores of global cognitive and physical function. The legend indicates if a given estimate was identified (at P < 0.05) in phenotypic
association tests only ("PA’), in Mendelian Randomization analysis only ("MA’) or in both sets of analyses ("PA-MR’). Exposure-outcome associations
that were not significant in either phenotypic or MR analyses are highlighted in grey. The black line and corresponding [-coefficient shown at the
bottom of the figure provide the slope estimate of the line of best fit. All estimates obtained from phenotypic and MR analyses are provided in
Supplementary Data 8.



Supplementary Figure 13. Predictors of cognitive decline (Mendelian Random-

ization)
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Supplementary Figure 13. Predictors of cognitive decline (Mendelian Randomization). Standardized Mendelian Randomization effect
estimates (Bg7p, with 95% confidence intervals) of exposure effects on cross-sectional outcomes (P in red, with positive coefficients indexing higher
levels of function) and longitudinal outcomes (Aprpp in blue and Ap 5 in orange, with positive coefficients indexing larger decline). Filled points,
triangles and diamonds highlight significant effects (at P < 0.05, P < 0.05/11 and P < 0.05/106, respectively). Circles highlight non-significant

(P > 0.05) effects.



Supplementary Figure 14. Predictors of physical decline (Mendelian Random-
ization)

Outcomes: ¢ ALoc @ Apirr ¢ Py

Forced expiratory volume Hand grip strength Height
Heel bone mineral density Al

|
Height > ¢ 3

Physical (summary score) <* * L3 * iy

Forced expiratory volume * l

Hand grip strength <4 i

sainseaw
eaisAud

<
*
Symbol digit substitution test
Duration to complete alphanumeric path
Cognitive (summary score) Q-
Reaction time (shorter) -
Number of puzzles correctly solved ‘
Fluid intelligence score ’

Healthspan L4 i g

Parental lifespan 1

Fathers's age at death +
Male baldness “‘

]

i

T

'

1

1

T

1

'

sainseaw
anmubod

Buiby

Telomere length
Facial aging

White blood cell count b4

Alanine transaminase (ALT) L 2
Monocyte count

C-reactive protein

Glucose

Systolic blood pressure *
Platelet count

Glycated haemoglobin (HbA1lc)
Low-density lipoproteins (LDL)
Aspartate transaminase (AST)
Apolipoprotein B

Testosterone

Apolipoprotein A

High-density lipoprotein (HDL)
Red blood cell count
Haematocrit percentage
Alkaline phosphatase (ALP)
Sodium (in urine)

Creatinine (blood)

Sex hormone binding globulin
Vitamin D (measured)
Insulin-like growth factor 1
Basal metabolic rate

»
)

sainsesuw Jeylewolg

¢

Dpe

*

Diagnosed asthma
Hypertension

Diabetes

Atopic dermatitis

Pulse rate

Body mass index (BMI)
Rheumatoid arthritis 1
Hearing problems §
Celiac disease “
'

i

T

I

1

o'

| 2
*
’
*

%o

Myocardial fibrosis (myocardial T1 time)
Abdominal aortic aneurysm

Reproductive Success
Menopause

'
'
'
i
L
T
i
T
Number of sexual partners 1 1
Relative age of first facial hair ‘ /\‘
Age menarche ¥ D
Age when periods started (menarche) ' X
Age at first live birth

sy wreay [eaisud

annonpoiday

Exposures

i
Loneliness i
Neuroticism T
Depression (diagnosis) ' +
Cannabis use (dependence) 1 1
Bipolar disorder 4 ;
Insomnia ¥ i
Chronotype (morning person) v.. (s
Alzheimer's disease { + t
' 9=
1 '
A !
: 1

Yieay [elusiy

Attention—deficit/hyperactivity disorder (ADHD)
Risk taking
Schizophrenia

Volume of grey matter [ E 3
Cortical thickness 1
Volume of hippocampus )
Volume of amygdala %
Volume of accumbens ;
Volume of white matter T
Volume of pallidum T
'

i

1

'

1

T

Uieay ureig

Volume of caudate
Volume of thalamus
Volume of putamen

Cortical surface area

Physical activity (accelerometer)
Sleep duration (accelerometer) —‘—"

Salt added to food |

Time spent watching television (TV) < T
Problematic alcohol use 5 &

Sleep duration (self-reported) 4
Overall healthy diet 1

Smoking (frequency) > i

Time spend outdoors 1

Coffee intake +

Bread consumption :
1

]

1

'

'

1

'

i

s10j08) B1A1S8)7

Meat consumption
Vigorous physical activity
Water intake

Fruit intake

Fish consumption
Vegetables consumption
Walking pace

Childhood body mass index (self-reported) i
Childhood low-density lipoproteins (LDL) 1
Childhood body mass index (measured) t
Placental weight (fetus genotype) ?

i

.

T

1

1

s10108)
pooypiyd

Gestational duration
Birth weight

Education
Income

:
.+£ Ly
fi

-1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0-1.0 -0.5 0.

Supplementary Figure 14. Predictors of physical decline (Mendelian Randomization). Standardized Mendelian Randomization effect
estimates (Bg7p, with 95% confidence intervals) of exposure effects on cross-sectional outcomes (P in red, with positive coefficients indexing higher
levels of function) and longitudinal outcomes (A p;pp in blue and A 5o in orange, with positive coefficients indexing larger decline). Filled points,
triangles and diamonds highlight significant effects (at P < 0.05, P < 0.05/11 and P < 0.05/106, respectively). Circles highlight non-significant
(P > 0.05) effects.



Supplementary Figure 15. Longitudinal assessments of aging phenotypes in the

UK Biobank
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Supplementary Figure 15. Longitudinal assessments of aging phenotypes in the UK Biobank. Selected aging phenotypes used to derive
indexes of physical and cognitive decline . The x-axis specifies the environment in which the phenotype was assessed at a given time point (i.e.,
assessment centre visit or online), the number of waves available for the phenotype and the mean year when the assessment took place per wave. The
dashed line specifies the number individuals per phenotype with available 1-wave data (N with one assessment only), 2-wave data (N with at least two
assessments), 3-wave data (N with at least three assessments), 4-wave data (N with at least four assessments). Included in genome-wide analyses were
only phenotypes with at least 40,000 non-missing longitudinal (i.e., two-wave) observations (grey horizontal line).



Supplementary Figure 16. Correlations across measurement occasions for phys-

ical measures
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Supplementary Figure 16. Correlations across measurement occasions for physical measures.
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occasions for physical measures as follows: height: r =0.99; heel bone mineral density: r =0.76; forced expiratory volume: r =0.83; hearing (speech
reception): r =0.33; maximum workload during fitness test: r =0.57; hand grip strength: r =0.81. Selected for global scores of physical decline were

measures with a mean correlation > 0.4 across measurement occasions.
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Supplementary Figure 17. Correlations across measurement occasions for cognitive measures.
occasions for cognitive measures as follows: reaction time (shorter): r =0.52; prospective memory: r =0.25; working memory (digit recall): r =0.38;
duration to complete numeric path: r =0.31; duration to complete alphanumeric path: r =0.51; errors traversing alphanumeric path: r =0.13; errors
traversing numeric path: r =0.08; number of puzzles correctly solved: r =0.56; symbol digit substitution test: r =0.58; pairs matching: r =0.09; fluid
intelligence score: r =0.61. Selected for global scores of cognitive decline were measures with a mean correlation > 0.4 across measurement occasions.
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Supplementary Figure 18. Flow Diagram of the sample selection process

‘ Assessed for eligibility (n=502,244) ‘

Excluded (n=2,433)
* Not meeting inclusion criteria (n=2,433)

\ Included (n=499,811) \

Missing data in baseline phenotypes (n excluded)
Grip strength (n=4,072)

*  Height (n=2,412)

*  Forced Expiratory Volume (n=44,657)

*  Fluidintelligence (n=188,071)

+  Symbol digit substitution test (n=282,900)

Cross-sectional analyses

Number of puzzles correctly solved (n=310,078)
Duration to complete alphanumeric path (n=298,329)
Reaction time (n=5,548)

Excluded (n=93,463)

*  European geneticancestry (n=92,431)

*  Gender mismatch (n=310)

*  High missing rate and/or high heterozygosity on
autosomes (n=722)

Baseline composite scores included in Baseline composite scores included in
phenotypic analyses genome-wide analyses

*  Physical function (n=498,100) *  Physical function (n=405,979)

« Cognitive function (n=495,367) e Cognitive function (n=404,449)

Missing data in longitudinal phenotypes (n excluded):
*  Gripstrength (n=414,626)

*  Height (n=413,643)

*  Forced Expiratory Volume (n=448,518)

*  Fluidintelligence (n=340,049)

*  Symbol digit substitution test (n=389,869)

*  Number of puzzles correctly solved (n=455,662)

Longitudinal analyses *  Duration to complete alphanumeric path (n=406,046)

*  Reaction time (n=418,265)

Change scores included in phenotypic Change scores included in ggnome-wide
analyses analyses

* Physical function (n=85,502) *  Physical function (n=72,220)

« Cognitive function (n=123,194) * Cognitive function (n=103,938)

Supplementary Figure 18. Flow Diagram of the sample selection process. Selection of individuals included in phenotypic and genome-wide
analyses.



Supplementary Figure 19. UK Biobank representativeness and characteristics
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dropout; 1=included in follow-up). The error bars are the 95% confidence intervals.
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Supplementary Figure 20. Genome-wide tests on cognitive and physical mea-

sures in the UK Biobank follow-up sample and dropout sample
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Supplementary Figure 20. Genome-wide tests on cognitive and physical measures in the UK Biobank follow-up sample and dropout sam
The figure shows the effect estimates obtained from genome-wide tests on cognitive (in green) and physical (in blue) baseline measures, performed
separately in the UK Biobank dropout sample (x-axis, Sp) and the follow-up sample (y-axis, Sgr;). The dashed lines are the lines of best fit. rg are
the genetic correlation estimates obtained from LD-score regression to quantify the genetic relationship between Sp and Spy;. The corresponding

P-values (P,.,) are obtained from Z-statistics (Z = Sréi(_:)) to test if r, was significantly different from 1. The plotted dots highlight all SNP estimates
g

reaching genome-wide significance (P < 5 x 1078) in either the Sp or Spy. The SNP-heritability estimates (h?) obtained from the follow-up (in
green or blue) and dropout sample (highlighted in black) are shown to the right of each panel.



Supplementary Figure 21. Distribution of baseline and follow—up participation

weight
[] Baseline participation weights [[] Follow—up participation weights
15
1.0
2
(%]
c
[¢]
a
Nerr/N = 142,315/393,299
2 _ - —_
0.5 o° = 1.76 (range = 0 — 50)
Ngrr/N = 18,465/119,670
0%=5.48 (range = 0 - 190)
0.0

Supplementary Figure 21. Distribution of baseline and follow—up participation weight. The figure plots the truncated density curves of
the probability weights (normalized to have a mean of one) to correct for selective baseline participation (in violet) and selective follow-up participation

(in green). N = sample size of the unweighted UK Biobank sample; N g g = effective sample size of the weighted UK Biobank sample; o2 = variance
of the sampling weights.
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