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Neighborhood features have been postulated to be key predictors of frailty. However, evidence is mainly
limited to cross-sectional studies without indication of long-term impact. We explored how neighborhood social
deprivation (NSD) across the life course is associated with frailty and frailty progression among older Scottish
adults. Participants (n = 323) were persons selected from the Lothian Birth Cohort 1936 with historical measures
of NSD in childhood (1936-1955), young adulthood (1956-1975), and mid- to late adulthood (1976-2014). Frailty
was measured 5 times between the ages of 70 and 82 years using the Frailty Index. Confounder-adjusted life-
course models were assessed using a structured modeling approach; associations were estimated for frailty at
baseline using linear regression and for frailty progression using linear mixed-effects models. Accumulation was
the most appropriate life-course model for males; greater accumulated NSD was associated with higher frailty at
baseline (b = 0.017, 95% confidence interval: 0.005, 0.029). Among females, the mid- to late adulthood sensitive
period was the best-fitting life-course model, and higher NSD in this period was associated with widening frailty
trajectories (b = 0.005, 95% confidence interval: 0.0004, 0.009). To our knowledge, this is the first investigation
of the life-course impact of NSD on frailty in a cohort of older adults. Policies designed to address deprivation

and inequalities across the full life course may support healthy aging.

aging; frailty; life-course approach; neighborhood deprivation; structured life-course modeling

Abbreviations: Cl, confidence interval; DAG, directed acyclic graph; 1Q, intelligence quotient; LARS, least angle regression;
LASSO, least absolute shrinkage and selection operator; LBC1936, Lothian Birth Cohort 1936; NSD, neighborhood social

deprivation; OSC, occupational social class.

The world’s population is rapidly aging, resulting in grow-
ing numbers of older adults and a greater proportion of the
population aged 60 years or more. Whereas population aging
is most advanced in high-income countries (1), changes to
the demographic profile can be observed worldwide (2). In
2017, there were 962 million individuals aged >60 years;
that number is expected to double by 2050, with an antic-
ipated 3-fold rise among the oldest old (>80 years) (2).
Not everyone ages in the same way: Age-related decline in
physical and mental capacities and functional abilities is not
homogenous (3).

Frailty is an age-related syndrome characterized as in-
creased vulnerability, loss of resistance to stressors, and

decreased reserves of capacity, which develops as a conse-
quence of cumulative declines in several interrelated physio-
logical systems (4, 5). Frailty among older people heightens
the risk of falls (6), morbidity (4), and mortality (7); it is
linked to increased health and social-care costs (8). The
prevalence of frailty varies considerably, with higher rates
among females (9, 10), the socioeconomically disadvan-
taged, and ethnic minority groups (8). Similarly, a range of
sociodemographic (e.g., socioeconomic status) and lifestyle
(e.g., physical activity) factors are associated with frailty
progression (11).

Despite growing interest in the contextual determinants
of various aspects of health and well-being (12, 13), there
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is an important research gap in understanding how envi-
ronments—particularly local, neighborhood-level factors—
contribute to frailty (3). In a recent review, Fritz et al. (3)
found that social and physical characteristics of neighbor-
hoods, including deprivation, ethnic diversity/heterogeneity,
social cohesion, and walkability, are associated with frailty.
However, the evidence relied heavily on cross-sectional
data, and none of the identified investigations utilized
repeated neighborhood assessments through time (3).
Similarly, little is known about how neighborhood-level
factors are associated with frailty progression (3, 11). Places
evolve over time (e.g., urban redevelopment, economic
decline); depending on the timing of exposure during human
development, neighborhood features may have a differential
and long-lasting impact on health (12). Describing how
living in different contexts across the life course is associated
with frailty is crucial in identifying modifiable risk factors,
understanding age-related decline, and developing age-
friendly policies to support healthy aging.

Using rarely available longitudinal individual- and area-
level data, we aimed to fill this research gap by applying
the life-course framework. First, using a structured approach
(14), we identified the most appropriate life-course model(s)
for frailty at age 70 years. We considered sensitive peri-
ods (i.e., whether the association between neighborhood
and frailty is stronger during particular developmental peri-
ods), accumulation (i.e., whether the sum of exposures over
time is associated with frailty), and effect modification (i.e.,
whether the impact of neighborhood on frailty is modified
by exposure in an earlier period). Second, we estimated the
associations between best-fitting model(s) and frailty at age
70 years and frailty progression between the ages of 70 and
82 years.

METHODS
Study sample

Data were drawn from the Lothian Birth Cohort 1936
(LBC1936), a cohort of relatively healthy older adults resid-
ing in Edinburgh and the Lothian region of Scotland, United
Kingdom. Participants were born in 1936 and recruited
between 2004 and 2007, with a mean age of 70 years (15).
The cohort (n = 1,091 at wave 1) has been followed up
at ages 73 years (n = 866), 76 years (n = 697), 79 years
(n = 550), and 82 years (n = 431), with attrition mainly
due to withdrawal (including from illness) and death (15).
A unique feature of the LBC1936 is the availability of
validated cognitive ability test scores recorded at age 11
years, since cohort members participated in the Scottish
Mental Survey 1947, a nationwide intelligence test of all 11-
year-olds carried out on June 4, 1947 (15).

Measures

Neighborhood social deprivation. Historical residential
addresses were collected retrospectively for the LBC1936
as part of a “life grid” questionnaire administered in 2014
(mean age = 78 years), an established and validated way
of gathering information on life-course circumstances (16).
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With major historical events (e.g., the Falklands War of
1982) serving as memory prompts, surviving participants
were asked to recall their home addresses for every
decade of their lives (12, 15). Out of 704 contacts, 593
provided 7,423 addresses, which were geocoded using
automatic geocoders (i.e., Nominatim (https://nominatim.
org/), Google’s geocoder (Google, Inc. (Mountain View,
California))) and historical building databases (12).

Information on neighborhood social deprivation (NSD)
for residents of the City of Edinburgh was captured once per
decade during participants’ lives. Between 1941 and 1971,
this was done using a historical index of multiple types of
deprivation (i.e., population density, overcrowding, infant
mortality, tenure (percentage of households renting their
accommodations), and amenities) (12), and between 1981
and 2011 with the Carstairs index of deprivation (i.e., male
unemployment, overcrowding, car ownership, and social
class) (17). All data were aggregated to 1961 census ward
boundaries (n = 23) to ensure consistent spatial units across
time, which was required in order to compute missing data
for some historical indicators (details are presented else-
where) (12). Comparability across decades was maintained
by computing deprivation index z scores (12). NSD indices
were linked to participants’ residential histories using 10-
year time periods (e.g., 1941 NSD was linked to addresses
from 1936-1945). We explored correlations between indi-
vidual NSD scores per decade (see Web Figure 1, avail-
able at https://doi.org/10.1093/aje/kwac134) and computed
average exposure in childhood (1936-1955; age <19 years),
young adulthood (1956-1975; ages 20-39 years), and mid-
to late adulthood (1976-2014; ages 40-78 years); these
measures were computed for participants for whom at least
1 Edinburgh-based address was reported in all periods.

Frailty Index. Frailty was assessed across all follow-up
waves utilizing the Frailty Index, a continuous measure
representing frailty as an accumulation of health deficits
(e.g., symptoms, diagnosis, impairments) across multiple
body systems (18, 19). As an objective marker of deficit
accumulation, the Frailty Index is applicable in every indi-
vidual regardless of disability status. It indicates the number
of clinical conditions present and provides a useful measure
for assessing frailty trajectories over time (20). Following
recommended guidelines (18), we extracted information for
30 deficits covering physical, psychological, and cognitive
systems on which data are routinely collected for LBC1936
waves (15). Cutoff scores indicating the presence (value = 1)
or absence (value = 0) of deficits were previously estab-
lished for the cohort (21) (see Web Table 1). Frailty scores
were calculated by summing each participant’s deficits and
dividing by the total number of possible deficits (n = 30).
The indicator ranged between 0 and 1, with higher values
showing higher degrees of frailty.

Covariates. Life-course covariates were identified on the
basis of the literature (12, 21, 22) and incorporated into a
directed acyclic graph (DAG) taking into consideration time-
specific confounding and selection into similar neighbor-
hoods (Web Figure 2). Variables included sex, age (in years;
time-variant), parental occupational social class (OSC)
(professional-managerial (I/II) vs. skilled, partly skilled, or
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unskilled (III/IV/V)) (23), childhood intelligence quotient
(IQ) score at age 11 years (as measured with the Moray
House Test (15)), duration of full-time education (years),
and childhood smoking (initiation of smoking before age 16
years). Data on adult OSC (I/II vs. III/IV/V) (23) and current
smoking status (yes, no) were extracted at age 70 years.

Statistical analysis

We compared study variables between included partic-
ipants and the rest of the baseline sample to investigate
sample bias, with differences tested using 2-sample ¢ tests
and ¥ ? tests. To explore the life-course associations between
NSD and frailty and frailty progression, we applied the
modified 2-stage structured life-course modeling approach
(14) originally proposed by Mishra et al. (24). Analyses
were conducted in R 4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria) (25), separately for men and
women (9-11).

In stage 1, the most appropriate life-course models for
frailty at age 70 years were identified using the least angle
regression (LARS) algorithm for variable selection. LARS
provides a structured and unbiased way to select an input
variable (or a combination) from multiple simultaneously
competing ones with the strongest association with the out-
come (14). It implements the least absolute shrinkage and
selection operator (LASSO) to identify the best-fitting vari-
able (14, 26); after the first variable is selected, the procedure
identifies the combination of 2 variables explaining the
largest outcome variance, and so on until all input variables
are selected. Following recommended practice (27), we used
the elbow plot depicting the proportion of outcome vari-
ance (R?) explained by the selected variable(s) (14) and the
covariance test for the LASSO indicating improvement in
the explained outcome proportion (P < 0.05) (28).

Six competing life-course models were encoded as LARS
input variables. Sensitive periods were captured as NSD in
childhood, young adulthood, and mid- to late adulthood;
accumulation was the average exposure across these. Effect
modifications in early and later life were operationalized as
interactions between childhood and young adulthood NSD
and between young adulthood and mid- to late adulthood
NSD (we added 10 to each observation to avoid negative
values during multiplication). To account for confounding,
we regressed input variables on covariates identified as com-
mon confounders across all life-course models (age, parental
OSC) and entered the model residuals into LARS (14).

In stage 2, we estimated the effect size of selected models
in a multiple regression framework separately for age 70
frailty and frailty progression between ages 70 and 82 years.
Three sets of confounders were considered relevant for the
proposed life-course models (see DAG (Web Figure 2)):

® Model I: Age and parental OSC—common confounders
for all life-course models and considered to be the most
appropriate adjustment factors for the childhood sensitive
period.

® Model 2: Model 1 + duration of education, childhood
smoking, and IQ at age 11 years—relevant confounders
for the young adulthood sensitive period and early-life
effect modification.

® Model 3: Model 2 4 adult OSC and current smoking—
relevant for accumulation, the mid- to late adulthood
sensitive period, and later-life effect modification.

Where applicable, we also added NSD from the previous
life-course period to account for selection into similar neigh-
borhoods (29). Calculations for frailty were based on linear
regression. Frailty progression was fitted in linear mixed-
effects regression with random intercepts and slopes—
chosen as the best-fitting model—where the NSD x age
interaction represented change in frailty scores. Coefficients
(b) with 95% confidence intervals (Cls) based on scaled and
mean-centered continuous variables were calculated; we
also report fully standardized coefficients (B) to aid inter-
pretation of effect sizes. After fitting linear mixed-effects
models for frailty progression, we calculated Johnson-
Neyman intervals with adjustment for false-discovery rates
to explore where NSD slopes changed between regions of
significance and nonsignificance conditional on age. Given
the limitation of our overall framework (i.e., sex-stratified
analyses), we performed confirmatory analyses by testing
the sex x NSD interaction in the total sample.

We conducted 6 sets of sensitivity analyses. First, instead
of using common confounders (i.e., age, parental OSC)
to produce model residuals for LARS, we regressed life-
course models on their specific confounders. Second, instead
of including participants who had at least 1 Edinburgh-
based address in childhood, young adulthood, and mid- to
late adulthood, we reran analyses with participants who
remained in Edinburgh throughout their lives. Third, we
considered NSD measures only until 2005, to avoid tem-
poral overlap between exposure and outcome assessment
(2004/2007-2017/2019). Fourth, we tested linearity of asso-
ciations by replacing continuous NSD variables with cate-
gorical ones indicating low, moderate, and high deprivation.
Fifth, to facilitate the clinical interpretation of findings, we
replaced the continuous Frailty Index by a binary indica-
tor using the cutpoint of 0.2, which distinguishes between
robust individuals and those approaching a frail state (18);
models were based on (mixed-effects) logistic regression
with parameter estimates expressed as odds ratios. Last,
we excluded participants with cognitive impairment at the
time of residential history data collection (rn = 10), in order
to reduce the risk of including inaccurate addresses in our
analyses. Cognitive impairment was defined as either having
a diagnosis of dementia or scoring less than 24 points on the
Mini-Mental State Examination (30) during waves 1-4.

Ethics approval. The LBC1936 Study was conducted
according to the Declaration of Helsinki guidelines. Ethical
permission was obtained from the Multi-Centre Research
Ethics Commiittee for Scotland, the Lothian Research Ethics
Committee (wave 1), and the Scotland A Research Ethics
Committee (waves 2-5). Written consent was obtained from
all participants.

RESULTS

From the total LBC1936 sample, we included 323 indi-
viduals in our analyses; 35% of the original sample dropped
out before residential history information was collected in
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Figure 1.
older adults, 1936-2019.

(n = 40)

Selection of members of the Lothian Birth Cohort 1936 for a study of neighborhood social deprivation and frailty among Scottish

2014, and 21% did not have Edinburgh-based addresses at
least once in all 3 developmental periods, precluding link-
age to information on neighborhood deprivation (Figure 1).
Included participants were younger, on average, and less
likely to smoke or be frail at age 70 years. In the analyt-
ical sample, there were 161 men and 162 women; women
had a higher 1Q at age 11 years and were less likely to
smoke before age 16 years. Participants’ exposure to socially
deprived neighborhoods decreased during the course of their
lives, while their frailty increased across waves (Table 1).

Among males, the LARS procedure identified accumu-
lation as the best-fitting life-course model, accounting for
7.16% of the unexplained variance (P < 0.001). Although
the elbow plot (Figure 2A) indicated further improvements
by adding mid- to late adulthood and childhood sensitive
periods (R? = 0.135), these steps were not supported by
the covariance test of LASSO (P = 0.368). Among females
(Figure 2B), the mid- to late adulthood sensitive period was
the first selected model (R2 = 0.022); however, it was not
supported by the covariance test (P = 0.087).

After choosing the best-fitting life-course models, we
first estimated the association between NSD and frailty at
baseline. For both selected models, full adjustment models
(model 3) were deemed most appropriate on the basis of
our DAG. Among men, a 1-standard-deviation higher score
in accumulated NSD was associated with a 0.017-point
(95% CI: 0.005, 0.029) higher value in the Frailty Index
score at age 70 years, presenting a moderate effect size
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(B =0.223) (Table 2). Post hoc linear regression adjusted for
false-discovery rate explored periods most likely contribut-
ing to accumulation: Childhood NSD (model 1: » = 0.021
(95% CI: 0.009, 0.031); adjusted P = 0.027) and mid- to
late adulthood NSD (model 3: b = 0.015 (95% CI: 0.002,
0.027); adjusted P = 0.029) were associated with frailty,
pointing towards relaxed accumulation (i.e., periods are not
contributing equally to the risk) among males (31). Among
females, mid- to late adulthood NSD was not associated with
frailty at baseline (b =0.010; 95% CI: —0.002, 0.022). In the
total sample, sex differences were present for all reported
associations (P < 0.05).

Using linear mixed-effects regression, we investigated
the effect of NSD x age interaction on frailty progression.
We found that frailty trajectories were not associated with
accumulated NSD in males (b = —0.001, 95% CI: —0.006,
0.004) (Table 2; Figure 3A). However, in females, a 1-
standard-deviation higher score in mid- to late adulthood
NSD was associated with a 0.005-point (95% CI: 0.0004,
0.009) change in Frailty Index score for each 1-standard-
deviation increase in age (Table 2; Figure 3B), indicating
widening NSD-based inequalities in frailty levels between
ages 70 and 82 years (B = 0.058). Sex differences were
confirmed in the total sample (P < 0.05). Finally, Johnson-
Neyman intervals indicated that the association with NSD
first materialized at age 70.5 years among females; but
they also suggested that the association among males might
diminish after the age of 81.2 years (Web Figure 3).



1860 Baranyi et al.

"dn-mo||0} O} SSO| JO BSNBIBY SOABM SSOIOR JOYIP SIBqUINN |

"sanjeA Buissiw Jo asneoaq s|ejo} 0} wins jou Aew sdnoibans ul siequiny o

"UOHNQUISIP Ul S80UBIBYIP 10} S1S8} ;X UO PUE S8JUBIBHIP UBBW 10} S1S8} J 8|dWes-g U0 POseq 81em Sen(eA d q
‘a|dwes papnjoul 8y} Jo Hed aiem sojdwesqns

‘uoljeInep plepuels ‘as “Quanonb aousbijeiul ‘O] :suoleINBIgqaY

160 (0L72) 1671— 291 (/872 66'L— 9L (8272) 56'L— €2¢ pooyynpe sje| o} -pIN
€0e0 (2'2) 620~ 291 (8L2)6¥°0— 1oL (L9'2) ¥9'0— €ze pooyynpe Bunox
L6e0  (eL'e) 2o 291 (s¥'e)6s0 (K] (62°€) L¥0 €2¢e pooupiiyd

21008
uolneAldap |e1oos pooyioqybioN

€e8'0  (60°0) 120 gl (600) 120 ¥6  98L°0 (60°0) L0 gz (60°0) 220 6l (60°0) 220 LeY S oneM
8060  (60°0) k20 gvk  (60°0) 120 8k 2.0 (60°0) k20 0z (80°0) 220 08z  (60°0) 120 085 ¥ OABM
0560  (80°0) 0270 96l (80°0) 020 /G1  Gleo  (80°0) 020 eie  (0L0) 120 ¥8¢  (60°0) 020 169 € 9ABM
8950  (£0°0) ZL'O 29l (80°0) L0 9L #100  (80°0) LL'O eze  (60°0)8L0 evs  (60°0)8L0 998 C anep
2620 (L00) GO 29l (800 L0 k9L 100°0> (£0°0) ¥+°0 gze  (60°0) LL'O 89,  (60°0) 940 160°L I 9ABM
pxepu Ayreld
GES0 9g16  8hk 6.°€6 ISl 6000 1526 662 G898 /99 ¥5'88 996 ON
98 ¥l 129 Ol gL ¥e SL'el 1ok oLl Sel SOA
@:_v_oEm wuaun)
zeLo zLror  S9 L06F 6L 0007 8Svy vyl 6v'ey  vEE L9vy  8Lv A PuB ‘ALl
8865 /6 €605 28 2SS 6LL 8L'€S €i¥ €€°GS 265 Il pue |
SSE[0 [B100S [euonednooo ynpy
100°0> 2106 9vl 192, Ll ¥620 cri8 €92 6€'8L 209 626L S98 ON
886 9l €€l b 858l 09 L91e 991 1202 922 SoA
Bunjows pooypliyd
1220 (2071 290k 29k (¥0'1) 99°0k L9k 8500 (90°H) ¥9°0k €ze  (911) 80k 89,  (eL'h) vL 0L 160°L sieak ‘uolpeonpa Jo uoneing
Ge0'0 (ezel) 6820k 291 (10°S}) 95'66 191l 8900 (22v1)€Z'I0k eze  (1Le'SL) ¥7'66 S0 (00°G1) 00°00+ 820°L sieeh || ebe je O]
000 v8'eL 8l 192L Ll 1660 9.2, See G509  S9 26'2L 00L A PUB ‘Al Ul
olze v €ele v velz 88 ovez 2Lh 8022 092 Il pue |
SSBJD |el0os _mco_ﬂma:ooo |ejualed
2260 GL'0S 291 196  18€ LL6v €S aeway
gg'6r 191 6€°0S /8¢ €205 8vS oleN
pCISY
€98°0 (€L0) 5€'69 291 (S2°0) €€69 191  100°0> (¥2°0) ¥E€'69 €ze  (98°0) 2969 89,  (€8°0) €569 160°L sieah ‘oby
J— (@s)uesny %  ON (as)uesaw %  "ON 4@NIeA (@s)ueay %  ON (@s)uesan % ,ON (as)uesn %  ;©ON
d (291 = u) ajeway (191 = u) ajely d (€2€ = u) papnjau) (89Z = u) papnjox3 (160°L = u) |e30L ansualoRIEYD
goldwes [eonAjeuy snjejs uoisnjouj

6102-986} “Areid pue uoieaudaq [e100s pooyioqybiaN Jo ApnIS & woi4 Papnjox3 puE Ul pepnjou| SISqWSIN 986 14OYOD Yuig UBIYIOT Jo Solisusioeeyd | ajqeL

Am J Epidemiol. 2022;191(11):1856-1866



1861

‘(uoleINep pIepUB)S) BOUBLIBA SB passaldxe ale sanfep o

"sado|s pue sidedssiul Wopuel yim uoisselBbel s108ye-paxiw Jesul| Uo peseq a1em S|8poj

‘uoissaifal Jeaul| U0 paseq aI1am S|SPOI o

“(pooyynpe BunoA “e°1) pouad |ejuswdojansp snoneid sy ul uoieAldsp [e100s pooyloqybiau Joy peisnipe sjppow 8y q

‘PaJedS pue palsjuad-ueswW aie sJ10joIpaid snonuuoy ‘uonelaidiaiul pre o) (d) susiolyeoo pazipiepuels Ajny apirold osje am (pake|dsip are S| %SG6 Pue () SiusIolyeod uoissaibay
'SSe|0 [B100S [euolednddo ‘DS Quanonb aousbijeiul ‘O] {[eAl8iul 80UBPIUOD ‘D) iSUOlBIASIqaY

Life-Course Neighborhood Deprivation and Frailty

(8€0°0) 1000 (2£0°0) 1000 [enpisey
(120°0) 000°0 (€20°0) 1000 ado|s
(650°0) ¥00°0 (290°0) ¥00°0 1dsoiau]
5S108}je wopuey
8500 €00 600°0 ‘Y0000 5000 €10°0— Sv9°0 ¥00°0 ‘900°0— 100°0— abe x uoneAudep [e100s pooyloqybiaN
€600 6£9°0 0v0°0 ‘5200~ 800°0 0€0°0— 668°0 8€0°0 ‘€¥0°0— £00°0— (ou yuaisyer) Bupjows N
282°0— €200 £00°0 ‘€V0°0— €200~ £¥0°0 €vL0 920°0 ‘610°0— ¥00°0 (11 pue | uaisyel) A-11 DSO HNPY
9900 8220 9€0°0 ‘5200~ S00°0 2910 €120 9€£0°0 ‘800°0— ¥10°0 (ou :usisyel) Bujows pooyp|iyd
9000 2260 00 ‘0L0°0— 100°0 8020~ 800°0 G000~ ‘+E0°0— 810°0— sieak ‘uofreonpa jo uoneing
¥92°0— 0000 210°0 ‘2800~ 2200~ 9010~ 2600 100°0 ‘020°0— 600°0— sieah || obe 1 |
1800 60S°0 620°0 ‘7100~ 1000 8G1°0— 0920 010°0 ‘880°0— ¥10°0— (1 pue | uasspel) A-1ll OSO [ewusied
82¢0 0000 200 ‘6200 1200 €£€°0 0000 ¥€0°0 4200 620°0 sieah ‘oby
961°0 ¥00°0 /20°0 ‘S00°0 9100 S61°0 S00°0 620°0 ‘5000 2100 uoneAudap [e1oos pooyioqybieN

S1084}0 paxi4
p(G—1 seABM) Sieg) g8 pue 0/ seby usemjog uoisseiboid Ajjreld

2900 8180 0¥0°0 '2€0°0— ¥00°0 el 0— G290 ¥€0°0 ‘250°0— 600°0— (ou uaieyey) Bujows yuaund
G9¢'0— AN S00°0 ‘0¥0°0— 810°0— 8800 €850 0€0°0 Z10°0— 2000 (I pue | 3uaisjal) A-1ll DSO HNPY
G€0°0 €680 £80°0 '2€0°0— 2000 140 €9€°0 G€0°0 ‘€100~ HO0 (ou :jusisjer) Bupiows pooypliyd
0100 2060 €10°0 ‘H0°0— k000 69¢°0— S00°0 900'0— ‘¥€0°0— 0200~ sieaA ‘uolyeonpe Jo uoneing
€920~ ¢000 £00°0 ‘620°0— 810°0— 9¢h0— 8010 2000 ‘120°0— 600°0— sieaf || obe je DI
800°0— €960 €20°0 ‘¥20°0— L00°0— e 0~ GS1°0 £00°0 ‘v¥0°0— 810°0— (I pue | uIBRI) Al DSO [elusIEd
[ZAN0) 12200 2200 ‘100°0 cloo €H0 Leko 6+0°0 '200°0— 8000 sieaf ‘oby
14430 6010 220°0 '200°0— 0100 €¢c0 £00°0 620°0 ‘S00°0 L10°0 uolyeatidap [e100s pooyioqybieN

oL 8rBM) S1e8A 0/ 9By je Ajjreld

g anjep d 1D %56 q g anjep d 1D %56 q
qPOLad aANISUSS pooylNpy ajeT o} -PI uone|NWNdY o1eHEN0D
X(291 = u) sjeway (191 = u) aje |

19pOIN 8S1n0)-9417 dredoaddy 1sopy pue xas

26102961 ‘9E6} MOYOD Yliig UeBIy10T Ul uoissaiboid Aljred pue ‘Aijresd ‘uonealdeq [e100S pooysoqubloN usamieg suoleloossy  “Z ajqel

Am J Epidemiol. 2022;191(11):1856-1866



1862 Baranyi et al.
A) B)
0.20 0.20-
0.15 0.15-
 0.10- x 0.10-
0.05 0.05-
0.00- o.oo—ﬁ
1 1 1 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 0o 1 2 3 4 5

No. of Variables Selected No. of Variables Selected

Figure 2. Least angle regression (LARS) selection procedure used for life-course models of neighborhood social deprivation based on
explained outcome variance (i.e., frailty at age 70 years), Lothian Birth Cohort 1936, 1936-2019. LARS input variables were residuals of variable-
encoded life-course models, regressed on age and parental occupational social class as common confounders. The LARS procedure first selects
the variable with the largest outcome variance explained, followed by a combination of additional variables with increasingly strong associations
with the outcome. Models were fitted separately for males and females. For males (A), the selection steps were 1) accumulation, 2) + mid- to
late adulthood sensitive period (SP), 3) + childhood SP, 4) + early-life effect modification, and 5) + later-life effect modification; for females (B),
the selection steps were 1) mid- to late adulthood SP, 2) + young adulthood SP, 3) + early-life effect modification, 4) + childhood SP, and

5) + later-life effect modification. Young adulthood SP for males and accumulation for females were dropped because of collinearity.

Sensitivity analyses extended and confirmed our findings.
When we reran LARS model selection with regres-
sion residuals adjusted for all relevant DAG-based life-
course—specific confounders, we found that the childhood
(P = 0.006) and mid- to late adulthood (P = 0.022)
sensitive periods were most appropriate models for males
(R% = 0.095). Among females, the mid- to late adulthood
sensitive period remained as first selected (R2 = 0.003;
P =0.757). Stage 2 results were robust for frailty at baseline
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but became nonsignificant for frailty progression when the
sample was restricted to LBC1936 participants who had
lived in Edinburgh throughout their lives (Web Table 2)
or when the temporal overlap between NSD and outcome
assessment was eliminated (Web Table 3). The latter results
stressed the importance of contemporaneous NSD exposure
in frailty progression among females. When we replaced
continuous exposures with tertiles, the findings confirmed
the linear relationships (Web Table 4). Results on the
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Figure 3. Frailty progression among males (A) and females (B) according to selected neighborhood social deprivation (NSD) life-course
models, Lothian Birth Cohort 1936, 1936-2019. The plots show predicted probabilities with discrete predictors held constant at their proportions.
Prediction lines represent +1 standard deviation of NSD; the gray shaded areas show 95% confidence intervals. Calculations were based on
the most appropriate life-course models for male (i.e., accumulation) and female (i.e., mid- to late adulthood sensitive period) participants.
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dichotomized Frailty Index reinforced our findings: Higher
accumulated NSD among males was associated with higher
odds of being frail at age 70 years (odds ratio = 2.35, 95%
CI: 1.40, 4.14). Among females, living in socially deprived
neighborhoods during mid- to late adulthood was associated
with higher odds of becoming frail during follow-up (odds
ratio = 1.46, 95% CI: 1.03, 2.08) (Web Table 5). Finally,
excluding cognitively compromised individuals at the time
of address data collection did not change the findings (Web
Table 6).

DISCUSSION

Neighborhood social deprivation is an important predic-
tor of frailty and frailty progression in old age, but the
life-course relationship differs by sex. Using a structured
modeling approach, we identified the relaxed accumulation
hypothesis as best capturing the link between NSD and
frailty among males, whereby the impact of living in socially
deprived areas in childhood and mid- to late adulthood
contributed to higher frailty in older age. Among females,
higher NSD in mid- to late adulthood was associated with
faster frailty progression: Divergent slopes first materialized
around age 70.5 years.

Consistent with evidence relating to different health
outcomes (22, 29, 32), neighborhood deprivation in mid-
to late adulthood was associated with frailty and its
progression, in addition to the impact of early exposures
among males. Structural differences across neighborhoods,
including social deprivation, can be linked to frailty via
the stress pathway or through variations in providing
collective resources and opportunities to residents to
support their health and well-being (33-36). Living in
socially deprived neighborhoods may affect health and
frailty, via accumulation of stress over time. A recent
investigation demonstrated that long-term exposure to
deprived neighborhoods is associated with worse allostatic
load—wear and tear on the body that is probably linked to
chronic psychological stress exposure (36).

Advantaged neighborhoods may provide more opportuni-
ties to support health and well-being. Neighborhood-based
social processes (e.g., social cohesion, social participation)
protect against frailty by creating and maintaining social
connections and support networks and by buffering stress
(33, 34, 36, 37). Availability of recreational and cultural
facilities has been associated with slower age-related decline
(38). While perceiving residential areas as unsafe (34) or
deteriorating (33) is associated with frailty, probably via
higher stress levels, avoidance behavior, and maladaptive
coping mechanisms (33, 39), greater access to green space
could stimulate engagement in physical and social activities,
improving frailty status (40). However, understanding why
neighborhood-based inequalities in frailty persisted among
males during almost the entire follow-up period of the study
(ages 70-82 years) but only first materialized at age 70.5
years for females requires further exploration; it might be
linked to the role of neighborhood resources and stressors
across the life course.

In addition to mid- to late adulthood exposure, deprivation
in childhood was linked to frailty among males. Childhood
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is a formative developmental period; living in deprived
neighborhoods at a young age can adversely affect health in
childhood and early adulthood (41), potentially through dis-
ruption of stress regulation (42) or through alterations to the
epigenome (43). Moreover, early-life exposure can predict
subsequent adverse (neighborhood) exposures, as described
in the chain-of-risk hypothesis (22). Sex differences in the
early-life context may be linked to higher susceptibility and
exposure to environmental influences among boys, partly
related to decreased parental supervision and stronger neigh-
borhood influences on future employment aspirations (44).
Gendered early-life neighborhood experiences were proba-
bly even more distinct in the first half of the 20th century,
with greater expectation of girls’ undertaking household
domestic work while boys were more engaged in activities
in their wider neighborhood (45).

To our knowledge, this is the first study to have explored
the impact of neighborhood context across most of the
life course on frailty and frailty progression. We utilized
information on NSD covering the period from birth to late
adulthood, repeated measures of frailty based on 30 health
deficits, and key life-course confounders (e.g., childhood
intelligence). Applying the novel structured life-course
modeling approach reduced the risk of bias arising from
simultaneously testing competing theoretical models and
enabled us to choose parsimonious life-course models,
without overinflating effect-size estimates during variable
selection (26) or biasing hypothesis testing (28).

Still, our study had several limitations. First, the historical
measure of NSD was only available for the City of
Edinburgh, which led to a modest sample size due to missing
exposure data for participants residing elsewhere. Second,
despite residential addresses’ being recalled with adequate
accuracy in life grid questionnaires (16), retrospective
data collection is prone to recall bias (12). Third, we
were constrained by the availability of historical area-level
information and the spatial scale reported in official records.
Information on NSD was aggregated at the ward level and
was limited to a small number of indicators that were not
consistently available throughout the study. Consequently,
NSD was measured with 2 strongly correlated but distinct
constructs (12). Moreover, neighborhood deprivation at the
ward level is unlikely to precisely overlap with participants’
self-defined neighborhoods, and utilizing larger geographic
units, such as wards, probably underestimates area effects
(46). Ward boundaries in 1961 differed from contemporary
wards due to substantial change in spatial delineation; still,
it was the only common spatial resolution available to us
and was needed to handle missing area-level data (12).
Fourth, selection and survival bias probably affected our
findings. Population-level data derived from the Scottish
Mental Survey 1947 suggest that LBC1936 participants had
higher childhood intelligence than the population average
(47), and thus they were more likely to live longer (48).
Our analytical sample was similar to the full LBC1936
cohort in terms of socioeconomic indicators and childhood
IQ, but it included healthier and younger participants.
Furthermore, residential histories were collected after wave
3, when participants were in their late 70s, limiting the
generalizability of findings and introducing survival bias.
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Last, because structural life-course modeling is not available
for outcomes with repeated measurements, we conducted
LARS variable selection only for frailty at age 70 years.
Future methodological developments would usefully take
into account changes in outcome levels.

In conclusion, our findings showed, in an Edinburgh-
based sample, that NSD across the life course matters for
frailty in older adulthood. While the impact of deprivation
likely accumulates among males, with childhood and mid-
to late adulthood being pertinent, among females, living in
deprived areas during the second part of life might be more
relevant. Given the above limitations, future research could
usefully replicate our findings in large-scale longitudinal
studies with more diverse populations and could explore spe-
cific neighborhood mechanisms (e.g., social, environmental,
geographic, institutional) (49) that link structural area differ-
ences to age-related decline. Understanding causal routes by
which individuals growing up, living, and aging in different
contexts across the life course become frail and identify-
ing vulnerable groups may have policy implications. Hav-
ing access to good-quality neighborhoods from childhood
onwards and placing multimodal frailty interventions (38)
in deprived areas may support healthy aging by preventing
and slowing age-related decline. Integration of the life-
course framework into community-based policies presents
an opportunity to maintain health and well-being in the
context of global population aging.

ACKNOWLEDGMENTS

Author affiliations: Center for Research on Environment,
Society and Health, School of GeoSciences, University of
Edinburgh, Edinburgh, United Kingdom (Gerg6 Baranyi,
Niamh Shortt, Jamie Pearce); Lothian Birth Cohorts,
Department of Psychology, School of Philosophy,
Psychology, and Language Sciences, University of
Edinburgh, Edinburgh, United Kingdom (Miles Welstead,
Janie Corley, Ian J. Deary, Paul Redmond, Adele M.
Taylor, Simon R. Cox); Centre for Clinical Brain Sciences,
Edinburgh Dementia Prevention, Edinburgh Medical
School, University of Edinburgh, Edinburgh, United
Kingdom (Graciela Muniz-Terrera); Department of
Primary Care, Heritage College of Osteopathic Medicine,
Ohio University, Athens, Ohio, United States (Graciela
Muniz-Terrera); and OPENspace Research Centre,
Edinburgh School of Architecture and Landscape
Architecture, University of Edinburgh, Edinburgh, United
Kingdom (Catharine Ward Thompson).

This work was supported by the Economic and Social
Research Council, United Kingdom (grant award
ES/T003669/1). The LBC1936 Study is supported by Age
UK (The Disconnected Mind program grant), the US
National Institutes of Health (grant RO1AG054628 to
S.R.C. and L.J.D.), and the University of Edinburgh;
additional financial support has been provided by NHS
Research Scotland through the Edinburgh Clinical
Research Facility. S.R.C. was also supported by a Sir

Henry Dale Fellowship jointly funded by the Wellcome
Trust and the Royal Society (fellowship 221890/Z/20/Z).

The Lothian Birth Cohort (LBC) study data have been
the subject of many internal (within the University of
Edinburgh) and external collaborations, which are
encouraged. Persons who have interests in outcomes other
than cognitive domains are particularly encouraged to
collaborate. Both LBC studies have clear data dictionaries
which help researchers to discern whether the variables
they wish to use are present; these provide a simple short
title for each variable, alongside a longer, common-sense
description of each variable and its provenance. This
information is available on the study website (https:/www.
ed.ac.uk/lothian-birth-cohorts), alongside comprehensive
data grids listing all variables on which data were collected
throughout both LBC studies and the wave at which they
were introduced, an “LBC Data Request Form,” and an
example Data Transfer Agreement. Initially, the Data
Request Form is e-mailed to the LBC Director, Dr. Simon
R. Cox, for approval (via a panel comprising study
coinvestigators). Instances where approved projects require
transfer of data or materials outside the University of
Edinburgh require a formal Data Transfer Agreement or
Material Transfer Agreement to be established with the
host institution. The process is facilitated by a full-time
LBC database manager; there is no charge.

We gratefully acknowledge the contributions of the
LBC1936 participants and members of the LBC1936
research team who collect and manage the LBC data. We
thank Dr. Andrew Smith for his guidance on the structured
life-course modeling approach.

This work was presented at the 2021 Society for
Longitudinal and Lifecourse Studies International
Conference (virtual), September 20-22, 2021.

A preprint of this article has been published online
(Baranyi G, Welstead M, Corley J, et al. Is life-course
neighbourhood deprivation associated with frailty and
frailty progression from age 70 to 82 in the Lothian Birth
Cohort 1936? medRxiv. 2021. (https://doi.org/10.1101/
2021.09.03.21263087).).

Conflict of interest: none declared.

REFERENCES

1. Rechel B, Grundy E, Robine JM, et al. Ageing in the
European Union. Lancet. 2013;381(9874):1312-1322.

2. Population Division, Department of Economic and Social
Affairs, United Nations. World Population Ageing
2017—Highlights. New York, NY: United Nations; 2018.

3. Fritz H, Cutchin MP, Gharib J, et al. Neighborhood
characteristics and frailty: a scoping review. Gerontologist.
2020;60(4):e270—e285.

4. Clegg A, Young J, Iliffe S, et al. Frailty in elderly people.
Lancet. 2013;381(9868):752-762.

5. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults:
evidence for a phenotype. J Gerontol A Biol Sci Med Sci.
2001;56(3):M146-M156.

6. Cheng MH, Chang SF. Frailty as a risk factor for falls among
community dwelling people: evidence from a meta-analysis.
J Nurs Scholarsh. 2017;49(5):529-536.

Am J Epidemiol. 2022;191(11):1856-1866


https://www.ed.ac.uk/lothian-birth-cohorts
https://www.ed.ac.uk/lothian-birth-cohorts
https://doi.org/10.1101/2021.09.03.21263087

Life-Course Neighborhood Deprivation and Frailty 1865

17.

19.

20.

21.

22.

24.

25.

26.

27.

28.

. Kojima G, Iliffe S, Walters K. Frailty index as a predictor of

mortality: a systematic review and meta-analysis. Age
Ageing. 2018;47(2):193-200.

. Hoogendijk EO, Afilalo J, Ensrud KE, et al. Frailty:

implications for clinical practice and public health. Lancet.
2019;394(10206):1365-1375.

. Gordon EH, Peel NM, Samanta M, et al. Sex differences in

frailty: a systematic review and meta-analysis. Exp Gerontol.
2017;89:30-40.

. O’Caoimh R, Sezgin D, O’Donovan MR, et al. Prevalence of

frailty in 62 countries across the world: a systematic review
and meta-analysis of population-level studies. Age Ageing.
2021;50(1):96-104.

. Welstead M, Jenkins ND, Russ TC, et al. A systematic review

of frailty trajectories: their shape and influencing factors.
Gerontologist. 2021;61(8):e463—e475.

. Pearce J, Cherrie M, Shortt N, et al. Life course of place: a

longitudinal study of mental health and place. Trans Inst Br
Geogr. 2018;43(4):555-572.

. Diez Roux AV, Mair C. Neighborhoods and health. Ann N Y

Acad Sci. 2010;1186(1):125-145.

. Smith AD, Hardy R, Heron J, et al. A structured approach to

hypotheses involving continuous exposures over the life
course. Int J Epidemiol. 2016;45(4):1271-1279.

. Taylor AM, Pattie A, Deary 1J. Cohort profile update: the

Lothian Birth Cohorts of 1921 and 1936. Int J Epidemiol.
2018;47(4):1042—1042r.

. Berney L, Blane D. The lifegrid method of collection

retrospective information from people at older ages. Res
Policy Plann. 2003;21(2):13-22.

Morgan O, Baker A. Measuring deprivation in England and
Wales using 2001 Carstairs scores. Health Stat Q. 2006;31:
28-33.

. Searle SD, Mitnitski A, Gahbauer EA, et al. A standard

procedure for creating a frailty index. BMC Geriatr. 2008;
8(1):24.

Mitnitski AB, Mogilner AJ, Rockwood K. Accumulation of
deficits as a proxy measure of aging. ScientificWorldJournal.
2001;1:323-336.

Cesari M, Gambassi G, van Kan GA, et al. The frailty
phenotype and the frailty index: different instruments for
different purposes. Age Ageing. 2014;43(1):10-12.

Welstead M, Muniz-Terrera G, Russ TC, et al. Inflammation
as a risk factor for the development of frailty in the Lothian
Birth Cohort 1936. Exp Gerontol. 2020;139:111055.

Jivraj S, Murray ET, Norman P, et al. The impact of life
course exposures to neighbourhood deprivation on health and
well-being: a review of the long-term neighbourhood effects
literature. Eur J Public Health. 2020;30(5):922-928.

. United Kingdom Office of Population Censuses and Surveys.

Classification of Occupations and Coding Index. London,
United Kingdom: HMSO; 1980.

Mishra G, Nitsch D, Black S, et al. A structured approach to
modelling the effects of binary exposure variables over the
life course. Int J Epidemiol. 2009;38(2):528-537.

R Core Team. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing; 2021.

Efron B, Hastie T, Johnstone I, et al. Least angle regression.
Ann Stat. 2004;32(2):407-499.

Marini S, Davis KA, Soare TW, et al. Adversity exposure
during sensitive periods predicts accelerated epigenetic aging
in children. Psychoneuroendocrinology. 2020;113:104484.
Lockhart R, Taylor J, Tibshirani RJ, et al. A significance test
for the lasso. Ann Stat. 2014;42(2):413-468.

Am J Epidemiol. 2022;191(11):1856-1866

29.

30.

32.

33.

35.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jivraj S, Norman P, Nicholas O, et al. Are there sensitive
neighbourhood effect periods during the life course on midlife
health and wellbeing? Health Place. 2019;57:147-156.
Folstein MF, Folstein SE, PR MH. “Mini-mental state”: a
practical method for grading the cognitive state of patients for
the clinician. J Psychiatr Res. 1975;12(3):189-198.

. Murray ET, Mishra GD, Kuh D, et al. Life course models of

socioeconomic position and cardiovascular risk factors: 1946
birth cohort. Ann Epidemiol. 2011;21(8):589-597.
Gustafsson PE, Bozorgmehr K, Hammarstrom A, et al. What
role does adolescent neighborhood play for adult health? A
cross-classified multilevel analysis of life course models in
northern Sweden. Health Place. 2017;46:137-144.

Caldwell JT, Lee H, Cagney KA. Disablement in context:
neighborhood characteristics and their association with frailty
onset among older adults. J Gerontol B Psychol Sci Soc Sci.
2019;74(7):e40-e49.

. Cramm JM, Van Dijk HM, Nieboer AP. The creation of

age-friendly environments is especially important to frail
older people. Ageing Soc. 2016;38(4):700-720.

Aranda MP, Ray LA, Al Snih S, et al. The protective effect of
neighborhood composition on increasing frailty among older
Mexican Americans: a barrio advantage? J Aging Health.
2011;23(7):1189-1217.

Prior L. Allostatic load and exposure histories of
disadvantage. Int J Environ Res Public Health. 2021;
18(14):7222.

Duppen D, Van der Elst MCJ, Dury S, et al. The social
environment’s relationship with frailty: evidence from
existing studies. J Appl Gerontol. 2019;38(1):3-26.

. Rogers NT, Fancourt D. Cultural engagement is a

risk-reducing factor for frailty incidence and progression.

J Gerontol B Psychol Sci Soc Sci. 2020;75(3):571-576.
Baranyi G, Di Marco MH, Russ TC, et al. The impact of
neighbourhood crime on mental health: a systematic review
and meta-analysis. Soc Sci Med. 2021;282:114106.

Yu R, Wang D, Leung J, et al. Is neighborhood green space
associated with less frailty? Evidence from the Mr. and Ms.
Os (Hong Kong) Study. J Am Med Dir Assoc. 2018;19(6):
528-534.

Kivimaki M, Vahtera J, Tabak AG, et al. Neighbourhood
socioeconomic disadvantage, risk factors, and diabetes from
childhood to middle age in the Young Finns Study: a cohort
study. Lancet Public Health. 2018;3(8):e365-e373.
Finegood ED, Rarick JRD, Blair C, et al. Exploring
longitudinal associations between neighborhood disadvantage
and cortisol levels in early childhood. Dev Psychopathol.
2017;29(5):1649-1662.

Reuben A, Sugden K, Arseneault L, et al. Association of
neighborhood disadvantage in childhood with DNA
methylation in young adulthood. JAMA Netw Open. 2020;
3(6):e206095.

Leventhal T, Brooks-Gunn J. The neighborhoods they live in:
the effects of neighborhood residence on child and adolescent
outcomes. Psychol Bull. 2000;126(2):309-337.

Davis A, King L. Gendered perspectives on men’s changing
familial roles in postwar England, c.1950-1990. Gend Hist.
2018;30(1):70-92.

Murray ET, Southall H, Aucott P, et al. Challenges in
examining area effects across the life course on physical
capability in mid-life: findings from the 1946 British Birth
Cohort. Health Place. 2012;18(2):366-374.

Johnson W, Corley J, Starr JM, et al. Psychological and
physical health at age 70 in the Lothian Birth Cohort 1936:
links with early life IQ, SES, and current cognitive function



1866 Baranyi et al.

48.

and neighborhood environment. Health Psychol. 2011;30(1):
1-11.

Calvin CM, Batty GD, Der G, et al. Childhood intelligence in
relation to major causes of death in 68 year follow-up:
prospective population study. BMJ. 2017;357:j2708.

49. Galster GC. The mechanism(s) of neighbourhood effects:
theory, evidence, and policy implications. In: van Ham M,
Manley D, Bailey N, et al., eds. Neighbourhood Effects
Research: New Perspectives. Dordrecht, the Netherlands:
Springer Netherlands; 2012:23-56.

Am J Epidemiol. 2022;191(11):1856-1866



	 Association of Life-Course Neighborhood Deprivation With Frailty and Frailty Progression From Ages 70 to 82 Years in the Lothian Birth Cohort 1936
	METHODS
	RESULTS
	DISCUSSION


