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BACKGROUND: A widely held dictum in aging research is
that heterogeneity in health increases with age, but the basis
for this claim has not been fully investigated. We examined
heterogeneity at different ages across health characteristics to
describe variation and trends; we investigated the comparative
importance of between-age versus within-age heterogeneity.
DESIGN: This was a cohort study.

SETTING: Community-dwelling older adults.

PARTICIPANTS: A total of 30,097 adults aged 45 to
86 years, from the Canadian Longitudinal Study on Aging,
were included.

MEASUREMENTS: Thirty-four health characteristics in
eight domains (physical measures, vital signs, physiological
measures, physical performance, function/disability, chronic
conditions, frailty, laboratory values) were assessed cross-
sectionally. We used regression models to examine hetero-
geneity in health characteristics (using absolute deviation)
and domains (using effective variance) in relation to age.
Comparison between between-age and within-age heteroge-
neity was quantified by estimating the age threshold at
which the former exceeds the latter.

RESULTS: Of the 34 health characteristics, 17 showed
increased heterogeneity, 8 decreased, and 9 no association
with age. The associations between heterogeneity and age
increased generally but were nonlinear for most domains and
nonmonotonic for some. We observed peak heterogeneity at
approximately 70 years.  Between-age  heterogeneity,
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compared with within-age heterogeneity, was most important
for forced expiratory volume in 1 second and grip strength
but varied across characteristics.

CONCLUSION: Overall health heterogeneity increases with
age but does not uniformly increase across all variables and
domains. Heterogeneity in aging reinforces the need for geriat-
ric assessment and personalized care, depending on which
health characteristics are assessed, their measurement proper-
ties, and their referent group. Our findings suggest further
research to develop improved single-dimension and multi-
dimensional instruments, as well as specific vital and labo-
ratory reference ranges for older adults. ] Am Geriatr Soc
69:678-687,2021.
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INTRODUCTION

A ging is not uniform. Older adults have variable health
states, embodied in different levels of functioning,'
chronic conditions, and mortality rates.” A widely held dictum
in aging research is that older adults show greater heterogene-
ity in health metrics (or “health heterogeneity”) than their
younger peers.>* Heterogeneity can be defined as the quality
or state of being diverse in character or content.” Although
older adults differ from younger adults, heterogeneity in aging
suggests that older adults would increasingly differ among
themselves as they age, quantified as progressively greater
deviation (spread) from the average value of their age group.
The ongoing search for a better understanding of het-
erogeneity® has provided the impetus for the development
of age-related constructs such as multimorbidity, disability,
and frailty."”"'! Variability is a fundamental tenet in clini-
cal practice, where it underpins reference ranges for vital
signs and laboratory tests. However, the central premise
that heterogeneity increases with chronological age seems
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to have been assumed rather than substantiated.® Heteroge-
neity has often been alluded to and reported inconsistently
in the literature in the last 50 years.%!'*"'” However, it has
not been the focus of deliberate empirical research, particu-
larly in contemporary populations.*'®? In the absence of
research, increasing heterogeneity as adults age may not
pertain to all health characteristics, may not have a consis-
tent trajectory, and may require consideration of the mea-
surement scales used.>!”

In this study, using data from the Canadian Longitudi-
nal Study on Aging (CLSA), our first objective was to
explore whether, and how, heterogeneity increases in indi-
viduals from middle to advanced age. We examined hetero-
geneity in health characteristics and domains to describe
variation and trajectories and explanations for changes in
heterogeneity with aging. Our second objective was to com-
pare the heterogeneity due to differences between age groups
with the heterogeneity due to differences within age groups.
The overarching objective of this study was to explore how
features of heterogeneity in older adults, as a central tenet of
aging, might inform geriatric practice and research.

METHODS

Cohort

We used cross-sectional data from the CLSA, which
enrolled a nationally representative sample of over 51,000
participants aged 45 to 85 years, at baseline, into an
in-person assessed cohort (Comprehensive) or a telephone-
only assessed cohort.?**! Because data for physical assess-
ments were required, we used the Comprehensive cohort,
comprising 30,097 adults recruited and assessed from 2012
to 2015. Exclusion criteria for the CLSA were people living
in the Canadian territories, on a First Nations reserve, or in
institutions; being full-time members of the Armed Forces;
having cognitive impairment (as assessed by interviewers);
and being unable to respond in French or English.

Variables, Health Characteristics, and Domains

We examined the heterogeneity of 34 health characteristics
in eight domains (physical measures, vital signs, physiologi-
cal measures, physical performance, function and disability
measures, chronic conditions, frailty, and laboratory
values), summarized in Supplementary Methods S1 (and
reported in Table 1). These characteristics were chosen
based on their usage as heterogeneity-describing variables
used in research or clinical practice. Physical measures, vital
signs, physical performance, physiological measures, and
laboratory values were assessed in person. Function, disabil-
ity, and chronic conditions were self-reported; for details,
see the CLSA protocol.”! Based on a standard procedure
previously described,** we derived a frailty index using
34 variables as reported in the Supplementary Methods S1.

Analysis

Heterogeneity by bealth characteristics and domains

We used boxplots by 10-year age bins and gender to exam-
ine the heterogeneity (spread) of each variable. The quantita-
tive association between heterogeneity and age was

evaluated in three sequential steps for each health character-
istic. First, we derived a variable representing an individual’s
absolute deviation from his or her predicted age-gender—
group mean value; this absolute deviation was regressed on
age (1-year bins) and gender (Model 1). We assessed the sta-
tistical and clinical significance of the age coefficient to deter-
mine whether heterogeneity increases with age. Clinical
significance was defined as a change in deviation over
40 years (age coefficient * 40) that was greater than the last
clinically relevant unit of a measurement (e.g., 1 kg for
weight, 0.01 m for height). Second, as some health character-
istics may have a mean—variance relationship (i.e., increasing
variance as the mean increases), we examined the relation-
ship between the mean of a variable and age in linear regres-
sion models adjusted for gender (Model 2). If the variation
in mean was in the same direction as the variation in devia-
tion, we further adjusted Model 1 for this mean—variance
relationship by adding the age- and gender-specific mean as
a covariate (Model 3). If the age coefficient changed direction
or was no longer clinically or statistically significant, we con-
sidered the change in heterogeneity to be explainable by a
mean—variance relationship. Third, as the scaling of a mea-
sure may influence heterogeneity, we determined whether the
health characteristic had a normative or clinical scaling
through consensus (QDN, MFF, PD). Normative or clinical
scaling was present when a measure had a floor or ceiling
effect, or when the range of measurement and scaling of a
characteristic was determined by clinical purpose. See Sup-
plementary Figure S1 for a flowchart and descriptions of
analytic steps and clinical significance.

To describe heterogeneity by health domains, we used
effective variance, a summary measure of heterogeneity for
multiple variables, which quantifies their average multivari-
ate scatter of variables.”® After stratifying by gender, we
normalized all variables to ensure equal weighting when
computing effective variance for each 1-year bin. Linear
regression was used with effective variance regressed on age
and gender. This was performed for each domain, all
domains, and all domains excluding laboratory values. To
detect nonlinear relationships with age, we tested for qua-
dratic and cubic terms. We retained statistically significant
terms to plot predicted effective variance by age and
gender.

Heterogeneity between age groups and within groups

Finally, to determine whether heterogeneity was attribut-
able to variation in age, we compared heterogeneity
between age groups to that within the older age group
(i.e., between individuals of that age group), using age
835 years as the reference group, with the older age group
boundary being more relevant to gerontology and geriatric
medicine. For each health characteristic, we predicted:
(1) the individual differences as the average absolute devia-
tion of individuals aged 85 years from their predicted
gender—group mean value and (2) computed the linear coef-
ficient of age predicting that characteristic. We then used
this model to determine the age at which heterogeneity due
to variation in chronological age exceeds that due to indi-
vidual differences. The closer the age threshold is to
85 years, the more influential the between-age group varia-
tion is, compared with within-group variation. To avoid
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Table 1. Characteristics of Community-Dwelling Older Adults in the Canadian Longitudinal Study of Aging Compre-
hensive Cohort by Age Group

Overall 45-54 Years 55-64 Years 65-74 Years 75-86 Years
Sample size, n 30,097 7,595 9,856 7,362 5,284
Age, years 63.0 (10.2) 50.3 (2.7) 59.7 (2.8) 68.9 (2.8) 78.9 (2.9)
Gender, male, n 14,777 (49.1) 3,670 (48.3) 4,767 (48.4) 3,674 (49.9) 2,666 (50.5)
Race, White, n 28,771 (95.6) 7,098 (93.5) 9,463 (96.0) 7,097 (96.4) 5,113 (96.8)
Physical measures
Weight, kg 79.7 (17.6) 80.9 (18.8) 81.3 (18.3) 79.6 (16.7) 75.4 (14.8)
Height, m 1.68 (0.10) 1.70 (0.09) 1.69 (0.10) 1.67 (0.10) 1.66 (0.10)
BMI, kg/m? 28.1 (5.4) 27.8 (5.7) 28.4 (5.7) 28.3 (5.3) 27.3 (4.6)
Waist circumference, cm 94 (15) 92 (15) 95 (15) 96 (14) 95 (13)
Vital signs
Pulse, beats per min 72 (12) 73 (11) 72 (12) 71 (12) 70 (12)
Systolic blood pressure, mmHg 122 (17) 116 (15) 121 (16) 126 (17) 128.6 (18)
Diastolic blood pressure, mmHg 74 (10) 76 (10) 76 (10) 73.6 (10) 71 (10)
Physiological measures
FEV1, L 2.7 (0.8) 3.1 (0.7) 2.8 (0.7) 2.5(0.7) 2.1 (0.6)
BMD, g/cm? 1.01 (0.14) 1.08 (0.12) 1.00 (0.13) 1.00 (0.15) 0.99 (0.16)
Visual acuity® 0.9 (0.3) 1.0 (0.3) 0.9 (0.3) 0.8 (0.3) 0.7 (0.2)
Physical performance measures
Gait speed, m/s 0.98 (0.20) 1.04 (0.18) 1.01 (0.20) 0.95 (0.19) 0.86 (0.19)
Grip strength, kg 35 2(11.8) 39 4(12.3) 36.2 (11.6) 33.4 (10.8) 29.0 (9.8)
Chair rise, s for one® 7 (0.8) 5(0.7) 2.6 (0.7) 2.8 (0.8) 3.0 (0.9)
TUG, s 6 (2.6) 8 (1.7) 9.2 (2.4) 9.8 (2.3) 11.2 (3.4)
Function and disability
ADL impairment, n® 837 (2.8) 95 (1.3) 210 (2.1) 198 (2.7) 334 (6.3)
IADL impairment, n® 1,566 (5.2) 170 (2.2) 345 (3.5) 371 (5.1) 680 (12.9)
OARS score* 27 8 (0.7) 27.9 (0.6) 27.9 (0.6) 27.8 (0.7) 27.6 (0.9)
Life Space Assessment score 5 (18) 91 (17) 87 (18) 83 (18) 77 (19)
PASE score 141 (74) 174 (83) 149 (73) 125 (60) 100 (53)
Chronic conditions, n
Hypertension 11,101 (37.0) 1,495 (19.7) 3,364 (34.2) 3,369 (45.9) 2,873 (54.6)
Diabetes 2,957 (9.9) 370 (4.9) 963 (9.9) 923 (12.7) 701 (13.6)
Heart disease 4,232 (14.1) 317 (4.2) 1,003 (10.2) 1,383 (18.8) 1,529 (29.1)
Stroke or TIA 1,347 (4.5) 101 (1.3) 282 (2.9) 395 (5.4) 569 (10.8)
Arthritis 7,922 (26.4) 926 (12.2) 2,472 (25.1) 2,514 (34.2) 2010 (38.2)
Osteoporosis 2,689 (9.0) 154 (2.0) 738 (7.5) 931 (12.7) 866 (16.5)
Lung disease 5,094 (17.0) 1 265 (16.7) 1,687 (17.1) 1,268 (17.3) 874 (16.6)
Kidney disease 867 (2.9) 99 (1.3) 244 (2.5) 252 (3.4) 272 (5.2)
Cancer 4,637 (15.4) 427 (5.6) 1,270 (12.9) 1,454 (19.8) 1,486 (28.2)
Anxiety or depression 6,243 (20.8) 1736 (22.9) 2,356 (23.9) 1,464 (19.9) 687 (13.1)
Chronic condition count, mean 1.6 (1.4) 0.9 (1.0) 1.5(1.3) 1.9 (1.4) 2.3(1.5)
Frailty index 0.09 (0.08) 0.05 (0.06) 0.08 (0.07) 0.10 (0.08) 0.14 (0.09)
Laboratory values
Hemoglobin, g/L 141 (13) 141 (13) 142 (13) 141 (13) 138 (14)
WBC count, 109/L 6.7 (2.2) 6.6 (1.9) 6.6 (1.8) 6.8 (2.3) 7.0 (3.1)
Platelet count, 10%L 222 (58) 227 (56) 225 (58) 220 (59) 211 (58)
Creatinine, pmol/L 82 (24) 79 (20) 80 (25) 83 (23) 88 (27)
GFR, mL/s/m? 79 (15) 88 (13) 82 (13) 75 (14) 66 (14)
ALT, U/L 24 (14) 25 (14) 25 (15) 23 (13) 20 (12)
Albumin, g/L 40 (3) 40 (3) 40 (3) 40 (3) 39 (3)
Total cholesterol, mmol/L 5.1 (1.1) 5.2 (1.0 5.3 (1.1) 5.0 (1.2) 4.8(1.2)
HDL, mmol/L 1.5 (0.5) 1.5 (0.5) 1.5 (0.5) 1.5 (0.5) 1.5 (0.5)
LDL, mmol/L 2.8 (1.0) 3.0 (0.9) 3.0 (1.0) 2.8(1.0) 2.6 (1.0
TSH, mU/L 2.3(2.2) 2.2(1.8) 2.2 (2.6) 23(1.7) 2.5 (2.4)
HbA1C, % 5.7 (0.8) 5.5(0.7) 5.7 (0.8) 5.7 (0.7) 5.8 (0.7)
Ferritin, pg/L 158 (143) 142 (141) 162 (143) 168 (150) 161 (136)
Vitamin D, nmol/L 90 (38) 79 (34) 88 (37) 96 (39) 99 (38)
C-reactive protein, mg/L 2.6 (5.1) 22 (4.1) 25 (4.9 2.7 (5.8) 2.9 (5.5)

Note: (%) or (SD) as appropriate.

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; FEV1, forced expiratory volume in 1 second; BMD, bone mineral density; ADL, activ-
ity of daily living; GFR, glomerular filtration rate; HDL, high-density lipoprotein; IADL, instrumental activity of daily living; LDL, low-density lipoprotein;
OARS, Older Americans Resources and Services subscales for 7 activities of daily living (ADL) and 7 instrumental ADLs; PASE, physical activity scale for the
elderly; TUG, timed up and go; TSH, thyroid-stimulating hormone; WBC, white blood cell.

?Fraction (e.g., 20/20 = 1).

bAverage time required for one chair rise.

‘Impairment on one or more ADL or iADL.

d0lder Americans Resources and Services score of 14 ADL and iADLS (0-2).

95UB017 SUOLULLOD 9AII.D 3[cedljdde au Aq peusenob afe sapie VO ‘8sn JO Sa|nJ Joj Akeuqi8UIIUO A8]IA UO (SUONIPUOD-PUE-SWLBIALI0D" A 1M ATe.q 1 jBu [UO//:SdY) SUONIPUOD PUe SIS 1 8L 89S *[6202/60/80] U0 AriqIT auljuo As|1Mm ‘Inonseuuod JO AiseAln Aq 6T69T SBITTTT 0T/10p/L0d A8 im Akeiq i puljuo's fpuanoe//sdny Wwolj pepeojumod ‘s ‘TZ0Z 'STYSZEST



JAGS MARCH 2021-VOL. 69, NO. 3

EXPLORING HEALTH HETEROGENEITY IN AGING 681

Table 2. Variation in Heterogeneity and Mean by Health Characteristic in Relation to Chronological Age

Variation in
Heterogeneity
by Age?
(Deviation Slope,

Variation in
Mean
by Age?
(Mean Slope,

Variation
Explainable by
Mean-Variation

Relationship®

Measured
Characteristic has
Normative or CLINICAL

Health characteristic from Model 1) from Model 2) (from Model 3) scaling
Physical measures
Weight - - No No
Height — - No
BMI - - No No
Waist circumference - + No No
Vital signs
Pulse - - No
Systolic blood pressure + + No No
Diastolic blood pressure - No
Physiological measures
FEV1 - - No No
BMD + - No No
Visual acuity - - Yes No
Physical performance measures
Gait speed — - No
Grip strength — - Yes No
Chair rise + + Yes Yes
TUG + + Yes Yes
Function and disability
OARS + - No Yes
Life Space Assessment + - No Yes
PASE - - Yes Yes
Chronic condition count + + Yes Yes
Frailty index + + Yes Yes
Laboratory values
Hemoglobin + - No No
WBC count - - No
Platelet count - - No
Creatinine + + No No
GFR + - No No
ALT - - No No
Albumin — - No
Total cholesterol + - No No
HDL — — No
LDL + - No No
TSH + + Yes No
HbA1C + + Yes No
Ferritin + + Yes No
Vitamin D + + Yes No
C-reactive protein - + No
Note: “+” indicates an increase, —” decrease, “«” not clinically significant.

*Variation determined by linear regression of deviation (Model 1) or mean (Model 2) on age, adjusted for gender (gender-specific intercepts).
"Determined by examining the mean—deviation relationship and adjusting linear regressions for age and gender group mean; see Methods and Supplementary

Figure S1 for details.

extrapolating beyond available data, we only report results
where this age was between 45 and 85 years. Confidence
intervals were computed via bootstrapping. Supplementary
Figure S2 provides an explanation of the calculation.

Analyses were performed using R 3.6.1 (R Foundation).
As our objectives were exploratory, we used available case
analyses for variables with missing data, reported in Supple-
mentary Table S1, without sampling weights.

RESULTS

Cohort Description and Mean Variation in Health

Characteristics

Our study sample comprised 30,097 participants, of which
15,320 were women (50.1%). The mean age was 63.0 years
(SD: 10.2; range 45-86 years (all enrolled at age 85 years or
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younger)), and age groups were well represented. Table 1
describes all health characteristics examined. Impairment in
activities of daily living (ADL, 2.8%) and instrumental ADL
(1IADL, 5.2%) was infrequent. Overall, the mean frailty index
was 0.09. Hypertension (37.0%) and arthritis (26.4%) were
the most prevalent reported chronic conditions. Most health
characteristics across all domains showed mean changes with
age, especially in participants aged 75 to 86 years. Older par-
ticipants had lower mean values of physiological, physical
performance, and functional measures. Chronic conditions
accumulated with age (mean count of 0.9 in participants
aged 45-54 years to 2.3 in those aged 75-86 years). The
mean frailty index increased from 0.05 (0.06) in those aged
45 to 54 years to 0.14 (0.09) in those aged 75-86 years.

Heterogeneity by Health Characteristics and Domains

Boxplots for all variables by 10-year age group are reported
in Supplementary Figure S3, and standard deviations of
health characteristics by age group are reported in Table 1.
When assessed qualitatively by quantile differences and
SDs, the spread of many variables varied with age. Table 2
reports the linear relationship between heterogeneity and
chronological age for each health characteristic. Of the
34 variables examined, 17 showed clinically significant
increased heterogeneity, 8 showed decreased heterogeneity,
and 9 showed no evidence of an association (Table 2, first
column). By domains, physical measures (weight, body
mass index, and waist circumference) showed decreasing
heterogeneity with age. Conversely, number of chronic con-
ditions and frailty index showed increasing heterogeneity.

Within physiological and physical performance and func-
tional measures, heterogeneity showed diverging associa-
tions with age. For example, heterogeneity in grip strength,
physical activity scale for the elderly (PASE), and forced
expiratory volume in 1 second (FEV1) decreased but
increased in bone mineral density, timed up and go (TUG),
and life space assessment (LSA). Of the 25 variables with
clinically significant associations, 11 (8 with increasing het-
erogeneity, 3 decreasing) had potential mean—variation
relationships that could explain the association between
heterogeneity and age (Table 2, third column). Notably,
heterogeneity in physical performance measures, chronic
condition count, and frailty index was not associated with
age after adjustment for the mean change. Measures of
seven health characteristics had a normative or clinical scal-
ing: chair rise and TUG times, functional measures (OARS
[Older Americans Resources and Services subscales for
activities of daily living [ADL] and instrumental ADLs],
LSA, PASE), chronic conditions, and frailty index. Supple-
mentary Tables S2-54 detail the intermediate results used
to reach these results.

Figure 1 shows the association between age and effec-
tive variance for each domain, all domains, and all domains
excluding laboratory values. Overall, heterogeneity
increases with age. When comparing between domains,
vital signs had the largest increase in heterogeneity,
followed by physical performance measures and laboratory
values; heterogeneity in physical measures decreases,
whereas heterogeneity in functional and in physiological
measures seems stable. Figure 1A-F shows domains with sig-
nificant associations between heterogeneity and age; these

(A) All domains (B) All, excluding labs (©) Vital signs
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Figure 1. Nonlinear variation in effective variance by chronological age, overall and by health domains. Predicted effective variance
curves overall and by domains, with gender-specific intercepts, are illustrated for significant (nonlinear) associations. The associa-
tions between chronological age and effective variance by function and disability measures and by physiological measures were
nonsignificant. (A and E) Predicted effective variance curves reveal clearly nonmonotonic relationships where heterogeneity
increases until approximately 70 years and then decreases for all domains and laboratory values. Although age is linearly associated
with heterogeneity for both, assuming a linear relationship is misleading due to nonmonotonicity. (B, C, and D) Heterogeneity
increases with age for all, excluding laboratory values, vital signs, and physical performance measures. Only the effective variance
of vital signs increases approximately linearly. Effective variance for physical performance measures appears to stabilize between
55 and 70 years old. (F) Effective variance for physical measures appears to peak at around 57 years and then decrease.
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domains had at least second-order polynomial associations:
quadratic for all domains, physical measures, laboratory
values, and vital signs; cubic for all, excluding laboratory
values and physical performance. The relationship was
nonmonotonic (i.e., varied in direction) for all domains,
laboratory values (inverted-U shape), and physical mea-
sures. Overall peak heterogeneity is reached around

+ FEVA1
791 Grip strength
++ | Vision

T + PASE

Glomerular filtration rate

70-

% 65- Gait speed
o
o= : Frailty index
2 60-
o i Chronic condition count
0 | "
g Chair rise
= 55- ’ ! I Height
S’:’ 'y Timed up and go
50- [ { Life Space Assessment
Systolic blood pressure
ALT
45-
Vitamin D
40-

Figure 2. Age thresholds at which mean deviation between an
age group and the 85-year-old age group exceeds mean devia-
tion within the group of 85-year-old individuals. Abbreviations:
FEV1, forced expiratory volume in 1 second; PASE, physical
activity scale for the elderly. Vertical lines indicate bootstrapped
95% confidence intervals. The age thresholds give an indication
of the relationship between variation within the 85-year-old age
group compared with variation befween age groups for each
health characteristic. Once this age threshold is crossed, individ-
uals below that age can be considered more different from those
85 years old than 85-year-olds between themselves. For exam-
ple, for FEV1, starting at 76 years, the deviation between the
average 85-year-old individual and the average 76-year-old
individual (“between-group” deviation) exceeds the mean devi-
ation between 85-year-old individuals themselves (“within-
group” deviation). The analogous threshold is crossed at
46 years for vitamin D. Fifteen health characteristics cross the
threshold between 45 and 85 years. The remaining health char-
acteristics do not: albumin, BMI, bone mineral density, choles-
terol, CRP, creatinine, diastolic blood pressure, ferritin,
HbA1C, HDL, hemoglobin, LDL, OARS28, platelet, pulse,
TSH, waist circumference, weight, WBC. For these health char-
acteristics, individuals at 85 years continue to show more devia-
tion within their age group than between their age group and
the age group of individuals aged 45 years. For most variables,
the variation between older adults is greater than between age
groups: this requires clinicians to customize management based
on specific individual values of prognostic health characteristics
rather than relying on chronological age. See Methods and Sup-
plementary Figure S2 for more details. [Color figure can be
viewed at wileyonlinelibrary.com]

70 years of age but increases continuously when excluding
laboratory values (Figures 1A,B).

Comparing between-Age Group and Within-Older Age
Group Heterogeneity

Figure 2 shows the age thresholds where the between-age
group deviation exceeds the within-group deviation of indi-
viduals aged 85 years. Fifteen variables crossed this thresh-
old between 45 and 85 years, with the thresholds for FEV1
(75.8 years), grip strength (72.5), vision (70.8), and PASE
(70.5) closest to 85 years. Once this age threshold is crossed,
individuals below that age can be considered more different
from those 85 years old than between 85-year-olds them-
selves (within-age group). Physical performance measures
(grip strength, gait speed, chair rise, and TUG), chronic con-
dition count, frailty index, and LSA crossed the threshold
before 45 years, but not ADL-iIADLs (measured by OARS).

DISCUSSION

Features of Heterogeneity in Aging

Overall, our results confirm the widely held dictum that
health heterogeneity increases with chronological age.>*'”
Older adults are, in general, more heterogeneous among
themselves than younger adults. However, our analyses
reveal that this statement requires many caveats. In line
with, and extending previous work,'®!%!® half of the
34 variables examined showed increased variability, but
8 showed decreased variability, and for 9, variability did
not appear to change with age. Except for physical mea-
sures, heterogeneity tended to increase for all domains, but
associations were mostly nonlinear, and nonmonotonic for
overall domains, laboratory values, and physical measures.
Our findings suggest multiple heterogeneity trajectories,’
including an inverted-U trajectory for laboratory values. Of
the 17 variables with increasing heterogeneity, 8 could be
attributable to mean-variation relationships and 5 to nor-
mative or clinical scaling of measures. What is measured
and how it is measured influences heterogeneity. Supple-
mentary Table S5 presents six key features that clarify the
description and understanding of heterogeneity: group,
spread, measure, specificity, monotonicity, and mean—varia-
tion. Heterogeneity in aging is itself heterogeneous and mul-
tifaceted: in what follows, we wish to highlight how
features of heterogeneity in older adults are relevant to clin-
ical practice and research, as summarized in Table 3.

Clinical Implications

Greater heterogeneity with age for most health characteris-
tics and domains justifies greater attention when managing
older adults.”* The greater probability of finding clinically
relevant differences in older adults compared with their
younger peers strongly supports the careful and potentially
time-consuming comprehensive geriatric assessment, partic-
ularly in oncological or perioperative settings where these
differences are highly predictive of outcomes.****¢

However, this increased heterogeneity was not found
for all variables and was especially important for physical
performance measures, chronic condition count, frailty
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Table 3. Summary of Major Findings on Heterogeneity in Aging and Clinical and Research Implications

Findings

Clinical Implications

Research Implications and Themes

Overall heterogeneity in health
increases with chronological age.

Heterogeneity does not increase
uniformly and may be attributable
measurement properties (e,g.,
scaling of measures, mean—
variation relationship).

Clinically age-relevant variables

are more heterogeneous with age.

The scaling of a measure
determines, to a great extent, the

amount of heterogeneity detected.

Heterogeneity in aging can be
decomposed into differences
between age groups and
differences between older
individuals (within age group).

Deviation from the mean (and
heterogeneity) will vary by the
specific group of reference
selected. This is especially true
when there are important
differences between the mean
values by age group.

Laboratory values attain peak
heterogeneity in the late 60s.

- Heterogeneity underlies the need and
relevance of age appropriate care and
management.

- Heterogeneity reinforces the importance
of clinically age-relevant variables in the
CGA (chronic conditions, function and
disability, physical performance
measures, frailty, etc.).

- Clinicians should select measures that
use clinically relevant scaling for its
intended purpose, for example, PASE vs
OARS.

- Heterogeneity of healthcare costs with
age is driven by clinically relevant
measures.

- Geriatric care is based on managing
older adults differently from younger
adults, as well as differently between
older adults themselves.

- Care for older adults must account for
age, also going beyond age as a
surrogate mean marker for relevant
prognostic factors.

- The reference group selected is
essential to interpret disease states and
conditions that are based on a statistical
distribution, for example, osteoporosis

(T-score vs Z-score), vital signs, or anemia.

- Underdiagnosis or overdiagnosis may
occur if a younger referent group is used
without relevant clinical justification.

- Variability in heterogeneity in aging
precludes uniform statement about
heterogeneity in older adults.

- Investigate the impact of measurement
properties and selective survival on variation
in heterogeneity in aging.

- Develop heterogeneity capturing measures
that use optimal scaling for older adults.

- Refine and develop multidimensional
constructs to stratify subgroups older adults
by using variables that are most
heterogeneous among them.

- Measures of biological age may benefit
from using variables that are less
heterogeneous with aging.

- Identify participants for research as those
outlying within their chronological age group.
- Investigate alternative and clinically useful
ranges for vital signs and laboratory results
for older adults.

- Develop and integrate laboratory
biomarkers that are better suited to assess
and differentiate older adults.

index, and—to a lesser extent—functional measures. These
variables have in common an age-related focus and an
underlying normative or clinical scaling. Assessment using
age-related and clinically relevant measures will uncover
greater heterogeneity in older adults. In practice, this rein-
forces the chief importance of physical performance, mul-
timorbidity, frailty, and functional measures as core
dimensions of the comprehensive geriatric assessment,
beyond other health characteristics generally considered in
the medical setting.

Our findings indicate that the scaling of measures influ-
ences the amount of heterogeneity captured within a dimen-
sion: PASE and OARS both measure function and disability,
yet we show decreasing heterogeneity of PASE and increasing
heterogeneity of OARS with age. PASE assesses function from
extremely active to no activity, whereas OARS measures
ADLs, which are only impaired with clinically significant
functional decrease. As a reduction in PASE at the higher
range of functional capacity has a lower impact on quality of
life than a reduction in OARS, the latter should be favored

when evaluating older adults. Clinicians caring for older
adults should select and incorporate measures that are opti-
mally scaled for this population to better characterize hetero-
geneity and improve decision-making. Most age-related
health characteristics are clinically scaled, which may explain
increasing heterogeneity with age and drive heterogeneity in
healthcare costs."”

We show that increased heterogeneity in older adults
can be decomposed into that between older and younger
adults and between one older adult and others of the same
age. Geriatric expertise and teaching are premised on this
dual difference between ages and between aged individuals.
These two differences contribute distinct knowledge to geri-
atric care: the first informs how care should be different by
age groups (between the younger adults and older adults as
a group), and the second highlights the critical importance of
personalizing care beyond chronological age (as an individ-
ual older adult in their age group). The relative importance
of these two differences depends on the specific variable con-
sidered. FEV1, visual acuity, or grip strength are variables
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where between-age variation dominates and thus where
chronological age (being “old”) captures most of the varia-
tion. However, for most variables, the variation between
older adults themselves is greater. Even in geriatric practice,
chronological age can only be used as a gross surrogate
marker for the mean'®: clinicians should customize manage-
ment of older adults beyond age by considering an individ-
ual’s specific levels of prognostic factors as they will often be
discordant with average age category levels. This may be
contrasted with pediatric medicine, where the greater part of
differences is between children and adults rather than
between children themselves.

Determination of heterogeneity in aging is contingent on
the referent group used. Typically, norms for vital signs and
laboratory values are similar in adults regardless of age: the
same referent group and center location are used, from
which the spread of each individual is calculated. We demon-
strated that both mean value and spread from the mean
change with age for systolic blood pressure and the majority
of laboratory values. This provides compelling arguments for
the implementation of age-specific ranges.””>’ Moreover,
individual-specific ranges to determine “normal” values
could also be more widely considered, as has been rec-
ommended for temperature.’® Using an all-age or age-
specific referent group may be specific to the context and
depends on the expected benefit of interventions. For exam-
ple, using the T-score (all-age referent group) or the Z-score
(age-specific referent group) for bone mineral density (BMD)
will identify individuals who may benefit differentially from
treatment. For the many distribution-determined conditions,
such as osteoporosis or anemia, clinicians should carefully
question the appropriateness of the referent group and the
clinical relevance of the absolute threshold of what is consid-
ered abnormal.

Research Implications

Our results showing variability in increases of heterogeneity
in aging preclude uniform statements about heterogeneity in
older adults. They show that its quantification is intertwined
with the measurement properties of the instruments used
(scaling and mean-variation relationship), which future
research should seek to disentangle from true variation in
aging. Selective survival, whereby mortality occurs in a non-
random segment of a population,>! may influence variation
in heterogeneity. As extreme values of health characteristics
are more strongly associated with mortality, the attrition of
individuals may result in the underestimation heterogeneity.
Homeostenosis of aging, with decreased resistance and redun-
dancy to stressors, may translate into greater variability®>*3
but only to a threshold above which death ensues. Future
research could leverage the longitudinal design of the ongoing
CLSA or other cohorts to examine variability at the cohort
and individual levels, and its association with mortality.

In addition to research on heterogeneity itself, our find-
ings suggest lines of enquiry that use heterogeneity to
enhance clinical management. Heterogeneity can refine the
selection of variables used to develop constructs to stratify
subgroups of older adults specifically. Age-related con-
structs, most importantly frailty, seek to capture heteroge-
neity among older adults as a broad group,® rather than
distinguishing individuals among smaller subgroups of

older age. We show that the heterogeneity by age decreases
for many variables (e.g., FEV1, visual acuity, grip strength).
To distinguish the more robust 85-year-olds from others of
the same age, using or developing novel scales for variables
that show increasing heterogeneity by age should be consid-
ered. Conversely, measures of biological age that seek to
capture the latent aging process might benefit from includ-
ing variables that have decreasing heterogeneity by age.

Heterogeneity may inform the selection of participant
subgroups for research. An epistemological and clinical
assumption is that large deviation from the mean may hold
potential for discovery and intervention. Modifiable health
states or trajectories are more likely to be identified in individ-
uals with outlying characteristics from their age group rather
than outlying from all adults, especially because adults of con-
siderable age may all be outliers from the general population.

Overall heterogeneity appears to have an inverted
U-shape with maximum variability at approximately
70 years. This inverted shape is strongly driven by laboratory
values, leading to the possibility that standard laboratory
measures optimally distinguish younger older adults and that
other better-suited biomarkers should be developed for older
age groups.

Limitations

First, due to the large number of variables, our exploratory
results may be prone to multiple testing issues. Nonetheless,
most reported associations had strong statistical significance
and were also clinically significant. Second, participants were
community-dwelling older adults without cognitive impair-
ment. Our analyses may underestimate heterogeneity if institu-
tionalized and/or cognitively impaired older adults have more
extreme variable values. However, the age range of partici-
pants from 45 to 85 years allowed exploration of heterogene-
ity in younger age groups, where the proportion of excluded
participants was low. Third, although we attempted to choose
variables representative of clinical practice, our selection of
health characteristics may have influenced our findings. We
focused on health states, but heterogeneity has also been
described on psychological and social levels.'>'® Fourth,
because our analyses were cross-sectional, we cannot disentan-
gle period or cohort effects from the true aging process per se.’
Our findings should not be considered from the perspective of
mechanistic or biologic aging but from a perspective of
descriptive aging, which holds a predictive and clinically rele-
vant meaning as discussed above. Along the same lines, we did
not account for clinical management, which may decrease the
“natural” variability of some variables (e.g., HbA1C, TSH,
LDL). From a descriptive standpoint, treatment can be under-
stood as a valid modifier of observed variation in heterogene-
ity with chronological age: medical conditions are increasingly
prevalent with age but are also treated.

CONCLUSION

Overall health heterogeneity increases with age but does
not uniformly increase across all variables and domains.
Heterogeneity in aging reinforces the need for geriatric
assessment and care, depending on which health character-
istics are assessed, their measurement properties, and their
referent group. Like the older adults it seeks to describe,
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heterogeneity in aging is itself heterogeneous, suggesting
that further research is necessary to develop improved
single-dimension and multidimensional instruments, as well
as specific vital and laboratory reference ranges for older
adults.
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Supplementary Figure S1: Flowchart for Determining
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Supplementary Figure S2: Illustrative Scatterplots
Comparing Within-Group Deviation at 85 Years vs
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Supplementary Methods S1: Health characteristics
examined for heterogeneity in aging.
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