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Abstract

Introduction: Specific multimorbidity combinations, in particular those including arthritis,
stroke, and cognitive impairment, have been associated with high burden of activities of daily
living (ADL)-instrumental activities of daily living (IADL) disability in older adults. The biologic
underpinnings of these associations are still unclear.

Methods: Observational longitudinal study using data from the Health and Retirement Study
(V= 8,618, mean age = 74 years, 58% female, 25% non-white) and negative binomial

regression models stratified by sex to evaluate the role of inflammatory and glycemic biomarkers
(high-sensitivity C-reactive protein (hs-CRP) and HbAc) in the association between specific
multimorbidity combinations (grouped around one of eight index diseases: arthritis, cancer,
cognitive impairment, diabetes, heart disease, hypertension, lung disease, and stroke; assessed
between 2006 and 2014) and prospective ADL-IADL disability (2 years later, 2008—-2016). Results
were adjusted for sociodemographic characteristics, body mass index, number of coexisting
diseases, and baseline ADL-IADL score.

Results: Multimorbidity combinations indexed by arthritis (IRR = 1.1, 95% CI = 1.01-1.20),
diabetes (IRR = 1.19, 95% CI = 1.09-1.30), and cognitive impairment (IRR = 1.11, 95% CI =
1.01-1.23) among men and diabetes-indexed multimorbidity combinations (IRR = 1.07, 95% CI =
1.01-1.14) among women were associated with higher ADL-IADL scores at increasing levels of
HbA1c. Across higher levels of hs-CRP, multimorbidity combinations indexed by arthritis (IRR =

Correspondence to: Anda Botoseneanu, andabm@umich.edu.

Author Contributions

Anda Botoseneanu and Roman Quifiones: concept and design, interpretation of results, drafting of the manuscript, and critical review
and revision of the manuscript. Sheila Markwardt: design, acquisition of data, statistical analyses, interpretation of results, and critical
review and revision of the manuscript. All authors have approved the submitted version for publication.

Statement of Ethics

This study protocol was reviewed and approved by the Oregon Health & Science University Institutional Review Board, approval
number 17034. The study has been granted an exemption from requiring written informed consent by the Oregon Health & Science
University Institutional Review Board, approval number 17034.

Conflict of Interest Statement
The authors are not aware of potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Botoseneanu et al. Page 2

1.06, 95% CI = 1.02-1.11), hypertension (IRR = 1.06, 95% CI = 1.02-1.11), heart disease (IRR =
1.06, 95% CI = 1.01-1.12), and lung disease (IRR = 1.14, 95% CI = 1.07-1.23) were associated
with higher ADL-IADL scores among women, while there were no significant associations among
men.

Conclusion: The findings suggest potential for anti-inflammatory management among older
women and optimal glycemic control among older men with these particular multimorbidity
combinations as focus for therapeutic/preventive options for maintaining functional health.
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Introduction

Functional disability is highly prevalent among older adults in the USA [1, 2], resulting

in diminished quality of life, loss of independent living and subsequent institutionalization,
substantial medical expenditures, and increased mortality [3-5]. The presence of certain
chronic diseases — cardiovascular disease, cancer, diabetes, and chronic respiratory disease,
in particular [6] — has been associated with substantial difficulties in performing activities
required for independent living. Further, the co-occurrence of chronic diseases (i.e.,
multimorbidity) is an important contributor to the process of disablement, above and beyond
the contribution of each individual disease. The available evidence indicates that a greater
number of diseases in the multimorbidity combination predict a higher burden of functional
limitations and a faster decline in functional status [7] and also that specific combinations of
diseases carry a disproportionate disabling potential [8, 9]. Recognizing the problem, both
the U.S. Department of Health and Human Services and the World Health Organization have
identified the prevalence of multimorbidity and associated consequences as a key healthcare
concern in the USA and globally and recognized the need for additional research to close the
gaps in knowledge on the biological basis for medical therapies to improve the care of older
adults with multimorbidity [10, 11].

The scarcity of knowledge on the pathophysiology underlying the association between
multimorbidity, and more so specific multimorbidity combinations, and functional
impairment, is one such gap. We propose to assess two biological processes — systemic
chronic inflammation and glucose homeostasis — that are not disease specific, but rather
common to many of the chronic diseases prevalent in multimorbidity combinations, as
possible links between specific multimorbidity combinations and prospective functional
disability.

Prior studies have shown that chronic inflammation, a senescence process associated with
many of the diseases frequently found in multimorbidity states [12], is also associated

with overall multimorbidity [13, 14] and with prevalent and incident functional disability
[15, 16], separately and as an intermediary in their association [17]. However, none of the
studies, to our knowledge, have investigated specific multimorbidity combinations, and the
existing findings have constrained generalizability to the overall U.S. older adult population
due to limited age and/or geographic inclusion criteria.
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Diabetes, characterized by impaired glucose metabolism, is highly prevalent among older
adults with multimorbidity, and a vast majority of individuals with diabetes have at least one
other chronic condition [18, 19]. Diabetes has been robustly linked to poor functional status,
especially in the presence of comorbidities [20, 21]. Glucose dysregulation, as indicated

by glycemic markers such as HbAlc in the prediabetic (5.7-6.4%) and diabetic (6.5% and
above) ranges, is a strong predictor of initiation and progression of functional limitations

in older adults with multimorbidity [22, 23]. Interestingly, recent studies have described a
J-shaped rather than threshold (i.e., above the 5.7% cutoff) relationship between HbAlc
and various health outcomes, such that very low levels of HbAlc — suggestive of disease-

or age-related catabolic or malnourished states — among individuals without diabetes are
also associated with an increased incidence of functional disability [24]. However, the
relationship between the full spectrum of HbAlc values, including values across the normal
range, and functional disability in individuals with multimorbidity has not been fully
investigated.

To start to address these gaps, this study aimed to evaluate the role of systemic chronic
inflammation (assessed by high-sensitivity C-reactive protein levels) and glycemic levels
(assessed by HbALc levels across the full spectrum) in the association between specific
multimorbidity combinations and the burden of functional limitations among older adults
from the Health and Retirement Study. A better understanding of the biological basis for
the multimorbidity-disability link is needed as an initial step toward improving clinical care,
self-management recommendations, and public health interventions aimed at reducing the
burden of functional disability among older adults with multimorbidity.

Materials and Methods

Data

This is an observational longitudinal study using data from the Health and Retirement
Study (HRS), a nationally representative survey of noninstitutionalized middle- and older-
aged adults, which explores the changes in health and financial status that occur as
individuals transition into retirement and then in later life. HRS started in 1992 by surveying
respondents aged 51 years and over and their partners every 2 years from the time of

their entry into the study until death or institutionalization. In 2006, HRS began collecting
biomarker information as part of an enhanced face-to-face interview. A random one half

of 2006 HRS households were preselected for this enhanced face-to-face interview, and

the other half was selected in 2008. Then, in 4-year intervals, biomarker collection was
repeated; for instance, the first half (initially evaluated in 2006) was interviewed again in
2010 and 2014, and the second half (initially evaluated in 2008) was again assessed in 2012.
New cohort households were randomly assigned to one of the two biomarker samples. This
study used waves from 2006 to 2014, which are the most currently available in final release.
Full descriptions of the biomarker modules have been previously published and are available
at https://hrs.isr.umich.edu/documentation/data-descriptions.
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Study Population

Variables

A total of 20,193 HRS respondents participated in blood-based biomarker collection from
2006 to 2014. Of these respondents, 18,487 participated and answered the activities of daily
living (ADL)-instrumental activities of daily living (IADL) questions at the following wave;
18,483 had complete case chronic disease responses; 10,436 were aged 65 years or older;
and 8,618 respondents had multimorbidity at the time of the first biomarker assessment.
This resulted in an analytic sample of 8,618 respondents, comprised of 3,594 males and
5,024 females. All the participants were self-responders, since proxy participants were not
eligible for the biomarkers module. As described in the Data section, biomarker collection
occurred every 4 years starting in 2006, and we allowed respondents to be represented

more than once in our analytic sample if they participated in more than one biomarker
collection; approximately 7% were represented for three waves, 31% were represented for
two waves, and 62% were represented for one wave. The selection flow for this analytic
sample, at the respondent level and with regard to the number of observations making up this
analytic sample, is shown in online supplementary Figure 1 (for all online suppl. material,
see www.karger.com/doi/10.1159/000528648).

Functional Status Assessment—Functional status was assessed prospectively, at the
regular HRS wave subsequent to the biomarker and multimorbidity assessment waves (i.e.,
~2 years later), as follows: Activities of Daily Living. As part of the HRS interview process,
Nagi items (e.g., walking several blocks, climbing stairs, and pushing a heavy object) were
used to determine if respondents should be routed to ADL questions. If respondents reported
no difficulties with Nagi items, they were not asked about ADLSs. If respondents reported
one Nagi item difficulty but no difficulty dressing, they were not asked any additional

ADL questions. We defined such respondents as having no ADL limitations. The remaining
respondents were asked all six ADL questions (dressing, walking across a room, eating,
bathing, toileting, and transferring from bed) and were defined as having a specific ADL
limitation if (1) the respondent reported difficulty with the ADL due to a health of memory
problem or (2) the respondent had help with the ADL. The ADL score was calculated as
sum of reported ADL difficulties and ranged from 0 to 6 (higher score indicates higher ADL
limitations).

Instrumental Activities of Daily Living.: All respondents were asked about difficulty with
five IADLs (meal preparation, grocery shopping, using a telephone, taking medication, and
managing money). We defined a specific IADL limitation as (1) difficulty performing the
IADL due to a health or memory problem, (2) not performing the IADL due to a health or
memory problem, or (3) receiving help perform the IADL. The IADL score was calculated
as sum of reported IADL difficulties and ranged from 0 to 5 (higher score indicates higher
IADL limitations).

ADL-IADL Score.: The main outcome variable in this study was the combined ADL-
IADL score, created by sum counting the number of ADL and IADL difficulties for
each respondent who had at least one non-missing ADL or IADL response (range 0-11;
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higher number indicates higher ADL-IADL limitations). This approach has been previously
described and used in studies of disability in older adults [25].

CRP and HbAlc

Dried blood spots (DBS) were collected, from which high-sensitivity C-reactive protein
(CRP henceforth) and glycosylated hemoglobin (HbAlc) were extracted and quantified as
detailed elsewhere (https://hrs.isr.umich.edu/documentation/data-descriptions). In following
with the HRS recommendation, we used the NHANES equivalent values, which were
constructed and made available by HRS. In brief, NHANES equivalent variables were
constructed by assuming the distribution of DBS assays was similar to that in NHANES;
values of both assays were determined at each percentile; and then the DBS assay values
were transformed into the NHANES scale, after adjusting for any between-laboratory
differences.

Disease-Indexed Multimorbidity Combinations

Covariates

Multimorbidity was defined as the presence of two or more co-occurring chronic conditions
from among a total of eight chronic conditions available in HRS: seven self-reported
chronic somatic diseases and cognitive impairment. Each self-reported somatic disease

was prompted by “has a doctor ever told you that you have...” and included heart disease
(myocardial infarction, coronary heart disease, angina, congestive heart failure, or other
heart problems), hypertension (i.e., high blood pressure), stroke (but not TIA), diabetes,
arthritis, lung disease (chronic bronchitis or emphysema but excluding asthma), and cancer
(any malignant tumors with the exception of skin cancer). Depressive symptoms were not
included in the calculation of multimorbidity because they are potentially reversible and
thus not chronic per se. We defined respondents as having the chronic disease if they
reported having been diagnosed with the disease prior to or in the interview year. Cognitive
function was assessed using cognition measures from the core HRS interview and classified
according to Langa-Weir’s derived classifications [26], which map onto a 27-point scale
including (1) immediate and delayed 10-noun free recall test to measure memory (0-20
points); (2) a serial sevens subtraction test to measure working memory (0-5 points); and (3)
a counting backward test to measure speed of mental processing (0-2 points). Respondents
with a score of <11 were classified as experiencing cognitive impairment [26].

For this study, we assessed the association between multimorbidity and ADL-IADL score

at the subsequent wave, at increasing levels of CRP and HBALc, separately for respondents
with multimorbidity combinations that are indexed (grouped) by each of the aforementioned
conditions, for instance, separately for respondents whose multimorbidity combination
includes heart disease (i.e., indexed by heart disease) or stroke (i.e., indexed by stroke).
This approach is detailed below in the Statistical Analysis section.

Covariates were selected a priori, informed by existing knowledge [27] and by the social
Stratification of aging and health framework [28], which proposes that ascribed and attained
social factors, such as age, sex, race/ethnicity, education, and other health risks, lead to
inequalities in health outcomes in later life. Sociodemographic covariates included age, sex
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(male/female), education (number of school years completed), race/ethnicity, and body mass
index (BMI). Race/ethnicity was defined using the two following questions: (1) “Do you
consider yourself Hispanic or Latino?” and (2) “Do you consider yourself primarily white or
Caucasian, black or African American, American Indian, Asian, or something else?” Due to
insufficient numbers of American Indian, Asian, or other race/ethnicities, we created three
mutually exclusive groups: non-Hispanic white (white), non-Hispanic black (black), and
Hispanic. BMI was calculated according to the established formula (BMI = weight [pounds]
x 703/height? [inches]) using respondents’ most recent self-reported height and self-reported
weight at each interview.

Statistical Analysis

Descriptive characteristics of the study population were summarized using frequencies and
percentages for categorical variables and means and standard deviations or medians and
interquartile ranges (IQR) for continuous variables. We identified 213 unique multimorbidity
combinations of two or more chronic conditions; of these, approximately 12% were
observed in one respondent, and approximately half were observed in 14 or fewer
respondents. To include infrequent combinations which would otherwise be underpowered
for analysis, all combinations were categorized around each disease as an index disease. For
example, all multimorbidity combinations including heart disease (i.e., heart disease along
with at least one other chronic condition) are grouped in a single multimorbidity category.
This approach has been previously used in multimorbidity research [29] and generated 8
non-mutually exclusive multimorbidity categories that make use of all the available data and
chronic disease combinations.

To assess the association between various disease-indexed multimorbidity combinations and
prospective ADL-IADL score (i.e., at a subsequent wave) in participants with different
levels of CRP and HbA1lc, we built a series of negative binomial regression models. We
examined various distributions to determine which statistical model would best fit our
data, and we selected a negative binomial distribution, allowing us to estimate the count

of ADL-IADL limitations as well as account for overdispersion. Additionally, we used
cluster robust standard errors to account for the correlation of repeated measurements
within an individual, as a respondent may have participated in biomarker collection up

to 3 times over our study period (see Data and Study Population sections for more

detail). The analyses were stratified by sex because of previously described sex differences
[30] in ADL and IADL difficulties (validated in our sample and shown in online suppl.
Table 1). For each disease-indexed multimorbidity combination and each biomarker, the
following models were created: (1) unadjusted; (2) demographics adjusted (age, education,
race/ethnicity, and BMI); (3) function/demographics adjusted (demographics + baseline
ADL-IADL score); and (4) fully adjusted (demographics + baseline ADL-IADL score +
count of chronic conditions). HbAlc was included as a continuous variable. As CRP was
right skewed, we log-transformed CRP values to improve model fit. The model coefficients
are the log of the ratio of expected ADL-IADL counts. Exponentiated coefficients and
95% confidence intervals are reported. The interpretation of the exponentiated coefficients,
for example, for multimorbidity combinations indexed by heart disease, is as follows:
“multimorbidity combinations indexed by heart disease are associated with an ADL-IADL
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score that increases by a factor of X.XX for each unit increase in HbAlc level.” and
“multimorbidity combinations indexed by heart disease are associated with an ADL-IADL
score that increases by a factor of X.XX for every doubling in CRP level.”

To further describe the associations estimated by our final models, we utilized Stata’s
post-estimate command, margins, to calculate the average predicted ADL-IADL score at
three HbAlc values (prediabetes cutoff = 5.7%, sample mean = 6.0%, and diabetes cutoff =
6.5%) and at the 10th, 50th, and 90th percentiles for CRP; these average predicted values are
presented visually in Figure 1.

Models included a standard error computation unit, stratum, and respondent-level weights to
account for the complex survey design of HRS. All analyses were conducted in STATA/SE
15 (StataCorp, College Station, TX), while figures were generated in RStudio, version
1.1.456.

This study included 8,618 participants aged 65 years and older (mean age = 74 years), of
whom 58% were women and 25% were non-white. In the full sample, arthritis (80.5%)

and hypertension (80%) were the most prevalent chronic conditions, while lung disease

and stroke were the least prevalent conditions (15% and 10%, respectively). The mean
ADL-IADL score at the first observation was 0.6 (SD = 1.5) and was higher among women
(mean = 0.7, SD = 1.6) than among men (mean = 0.5, SD = 1.3). The mean baseline HbAlc
was 6.0% (SD = 1.0; median [IQR] = 5.8 [5.4-6.3]), and the mean CRP was 4.3 mg/L (SD
= 8.3; median [IQR] = 2.0 [0.9-4.5]). The detailed descriptive characteristics, for the full
sample and stratified by sex, are presented in Table 1, and the distribution of ADL-IADL
scores, separately by sex, is shown in online supplementary Figure 2.

Disease-Indexed Multimorbidity Combinations and Burden of Multimorbidity

Association
IADL Score

We identified 213 unique multimorbidity combinations further grouped into 8 disease-
indexed multimorbidity groups (Table 2; list ranked according to the prevalence of the index
disease). The burden of multimorbidity (i.e., the number of diseases in the combination)
was highest for the stroke-indexed group (mean = 4.4 diseases per combination) and lowest
for the arthritis- and hypertension-indexed groups (mean = 3.3 diseases per combination).
The percentage of combinations which included diabetes among the 7 non-diabetes-indexed
groups ranged from 27.5% in the cancer-indexed group to 35.5% in the stroke-indexed

group.

between Multimorbidity Combinations, Biomarkers, and Prospective ADL-

Table 3 reports the results from unadjusted and adjusted negative binomial regression
models, separately for male and female participants. Among male participants, after
adjustment for age, education, race/ethnicity, body mass index, and baseline ADL-IADL
score, all except the lung disease-indexed combinations showed a significantly higher
prospective ADL-IADL score for every one-unit increase in HbAlc. After further
adjustment for the count of diseases in the combinations, only the groups indexed by
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arthritis (IRR = 1.1, 95% CI = 1.01-1.20), diabetes (IRR = 1.19, 95% CI = 1.09-1.30),

and cognitive impairment (IRR = 1.11, 95% CI = 1.01-1.23) maintained a significant
association with higher prospective ADL-IADL score with increasing levels of HbAlc.
These coefficients indicate that, among male participants, the ADL-IADL score is expected
to increase by 10% for combinations including arthritis, 19% for combinations including
diabetes, and 11% for combinations including cognitive impairment for each one-unit
increase in HbAlc. However, none of the 8 multimorbidity groups showed a significant
increase in the ADL-IADL score with increasing levels of CRP in either intermediary or
fully adjusted models.

Among female participants, higher HbAlc levels were associated with a higher prospective
ADL-IADL score only for multimorbidity combinations including diabetes (IRR = 1.07,
95% CI = 1.01-1.14, in the fully adjusted model). On the other hand, the fully adjusted
model indicated that multimorbidity combinations indexed by arthritis (IRR = 1.06, 95%
Cl =1.02-1.11), hypertension (IRR = 1.06, 95% CI = 1.02-1.11), heart disease (IRR
=1.06, 95% CI = 1.01-1.12), and lung disease (IRR = 1.14, 95% CI = 1.07-1.23)

were associated with higher ADL-IADL scores with each doubling in CRP levels. These
coefficients correspond to a 6% higher disability score for combinations including arthritis,
hypertension, and heart disease and a 14% higher disability score for combinations including
lung disease for every doubling of CRP blood levels. Figure 1 shows the predicted ADL-
IADL score for each disease-indexed multimorbidity group, separately for CRP (for the
10th, 50th, and 90th percentiles) and HbAlc (for clinically relevant values: prediabetes
cutoff = 5.7%, sample mean = 6.0%, and diabetes cutoff = 6.5%).

Discussion

The present study examined the role of two biomarkers, indicative of inflammation (high-
sensitivity CRP) and impaired glucose metabolism (HbALc), potentially underlying the
association between specific disease-indexed multimorbidity combinations and prospective
disability in a nationally representative cohort of adults aged 65 years and older in the

USA. Our results indicate that higher levels of CRP are associated with higher prospective
disability burden among women with multimorbidity including arthritis, hypertension, heart
disease, or lung disease, while higher levels of HbAlc are associated with higher prospective
disability burden (i.e., ADL-IADL score) among men with multimorbidity that includes
arthritis, diabetes, or cognitive impairment.

As the general population continues to age and accumulate chronic morbidity, a better
understanding of the factors that influence functional health, and in particular those factors
that are amenable to therapeutic and/or lifestyle modification, will be important for ensuring
the functional well-being of older persons. Chronic disease multimorbidity has been linked
with higher burdens of disability [2, 31, 32], although the biological mechanisms underlying
the general relationship between multimorbidity and disability still warrant investigation.
Insight into the possible biological mechanisms is important for the design of preventive
and/or therapeutic approaches aimed at optimizing the functional health of older persons
with multimorbidity. The treatable nature of inflammation and hyperglycemia further
underscores the significance of these findings.
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The contribution of this study to the current understanding of the biological substrate

of the association of multimorbidity disability is enhanced by the following: first, the
biomarkers were evaluated as continuous variables, and thus the results may be interpreted
as a dose-dependent increase in the burden of ADL-IADL with higher levels of CRP and
HbA1c within particular multimorbidity combinations, including within the normal range
of respective values (e.g., below the 6.5% threshold for diabetes diagnosis). Second, the
analyses captured multimorbidity prior to the reports of ADL-IADL deficits to provide

an indication of time sequencing between the main independent variable (multimorbidity
combinations) and outcome (ADL-IADL score) and accounted for multiple biomarker
measurements per participant to allow for changes in inflammatory and glycemic levels
over time and limit the possible contribution of acute or transitory states (in particular

for CRP). Third, our analyses comprehensively considered all the combinations of
diseases found in this sample, with and without diabetes (except for the diabetes-indexed
group). We considered the possibility that certain disease-indexed groups may include

a disproportionately high percentage of participants with diabetes and thus may explain
the association with HbAlc levels. However, additional analyses (Table 2) showed that
the percentage of participants with diabetes was rather similar across disease-indexed
groups (except the diabetes-indexed group), thus lending support to our approach. This
approach aligns with a multitude of findings showing that diabetes frequently co-occurs with
other chronic diseases among older adults [9, 33] and allowed us to evaluate even those
combinations that represented only a small number of participants, yet which may be found
in clinical practice and thus may hold clinical value.

Prior investigations into the role of inflammation in the relationship between chronic
diseases and functional disability have considered multimorbidity as a general condition
delineated by the number of diseases an individual has and found that a higher number of
diseases was linked to higher levels of inflammation and, in turn, higher levels of ADL
and/or IADL disability and lower physical performance and suggested that these results
hold irrespective of the specific conditions involved [16, 17, 34]. In light of more recent
findings showing that certain combinations of diseases hold particularly high disability
potential [8, 9, 21], this study considered specific groupings of chronic diseases (i.e.,

each grouping defined by a common index disease) and found that, after adjustment for
the number of diseases in the combination, inflammation was associated with a higher
prospective ADL-IADL score among women but not among men, and only for selected
groupings of chronic diseases, in particular those headed by arthritis, hypertension, heart
disease, and lung disease. There is substantial evidence in support of an association between
inflammation and these four chronic conditions. For example, inflammation was shown to
play a central role in the pathogenesis of osteoarthritis by regulating the joint anabolic and
catabolic processes through involvement in the prostacyclin and nitric oxide pathways [35,
36], to function as a key mechanism in endothelial dysfunction and arterial damage, and

to link these risk factors to vascular disease, arterial stiffness, and excess blood pressure
[37], as well as coronary heart disease and other cardiovascular pathology [38, 39], and
elevated levels of inflammatory markers were found in patients with chronic obstructive
lung disease [40]. However, the incremental contribution of this study lies in its finding that
the association between inflammation and functional limitations extends beyond individual
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diseases to particular multimorbidity combinations which include these diseases. This is an
important finding given that multimorbidity combinations including arthritis, hypertension,
and/or heart disease are among the most prevalent multimorbidity profiles among US adults
aged 65 years and older [9].

The role of inflammatory mechanisms in the association between multimorbidity and ADL-
IADL limitations is potentially explained by the harmful effect of chronic inflammation

on muscle mass and muscle strength, which in turn, reduces the ability of older persons

to perform daily activities requiring muscle involvement [16]. This harmful effect may be
partially due to the catabolic influence of inflammatory cytokines on muscle, which results
in loss of myofibrillar protein and muscle atrophy [41], in particular among women [42].
Many other studies have documented higher circulating levels of inflammatory markers

[43, 44], such as CRP and IL-6, and a higher prevalence of ADL-IADL functional
limitations among older women compared to men [30]. Additionally, inflammation appears
to partially mediate the association between sex and ADL-IADL impairments [17]. The
higher muscle mass and strength in men compared to women may buffer the harmful effect
of inflammation and may account for the lack of a relationship between multimorbidity and
ADL-IADL impairment in the presence of increasing levels of CRP observed among men in
our study. Although our a priori research aim did not include investigating sex differences
in these associations, our results contribute to a more nuanced understanding of the
mechanisms of sex differences in functional disability among persons with multimorbidity
and suggest that multimorbidity combinations that include arthritis, hypertension, heart
disease, and lung disease may represent potential targets for anti-inflammatory interventions,
as a means to reduce the excess burden of functional limitations in older women.

We also found that the levels of HbAlc, an indicator of glucose homeostasis during the

2-3 months prior to the assessment, intervene in the association between multimorbidity and
prospective ADL-IADL limitations among men and women with diabetes multimorbidity,
as well as among men with multimorbidity that includes either arthritis or cognitive
impairment. Extensive evidence supports the utility of HbAlc not only as a marker of
diabetes control but also as a prognostic marker among individuals with and without
diabetes for several of the chronic conditions considered in our study, such as cardiovascular
conditions [45, 46], stroke [47, 48], and cognitive impairment and dementia [49, 50].
Additionally, HbAlc levels appear to be associated with the presence and severity of
arthritic pain and thus with impediments in completing the tasks required for daily activities
in persons with diabetes [51, 52], although whether this association holds in persons without
diabetes is still unclear [53].

Our findings add to the existing research on the association between multimorbidity, high
glycemic states, and functional health by extending the investigation into the intermediate
(i.e., prediabetic) and normoglycemic domains. Older persons with poorly controlled
diabetes, as indicated by high HbAlc, have 2-3 times greater odds of developing ADL-
IADL limitations, especially in the context of existing comorbidities [54, 55]. Further,
less well-controlled diabetes (due to a multitude of psychosocial and behavioral factors)
and higher levels of HbAlc appear to partially explain the larger number of functional
deficits observed in older women (vs. older men) with diabetes [56]. Only a handful of
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studies have investigated whether a gradient in HbAlc within the nondiabetic range (i.e.,
below 6.5%) is also associated with a gradient in functional deficits. A cross-sectional
study [22] found a higher prevalence of functional limitations, including ADL, IADL, and
Nagi tasks, in persons with HbAlc in the prediabetic range (i.e., 5.7-6.4%) compared

with those in the normal range (<5.7%), while a recent longitudinal study [57] found a
faster accumulation of ADL-IADL deficits among persons with intermediate, prediabetic
HbALc levels. Our findings showing that each one-unit increase across the entire spectrum
of HbA1c values available in our sample is associated with a corresponding increase in
ADL-IADL deficits of 10% and 11% among men with multimorbidity combinations indexed
by arthritis and cognitive impairment, respectively, suggest a plausible opportunity for
preservation of functional status and prevention of disability in prediabetic and possibly
even normoglycemic older men with certain types of multimorbidity. More research is
needed to better understand the association between glycemic markers in the normal and
prediabetic range and functional disability within other combinations of chronic conditions
and in relation to the well-established sex differences in functional disability, to support
improvements in clinical care, self-management, and public health aimed at maintaining
functional health of older persons with multimorbidity.

Across the eight disease-indexed multimorbidity combinations, the predicted increase in
ADL-IADL score with increasing levels of CRP and HbAlc for men and women ranged
from 10% to 19%. The interpretation of the clinical significance of these values varies
according to the ADL-IADL starting point and would be improved with longer observation
periods. Prior research indicates that an increase of roughly 0.5 ADL or IADL score
represents a minimally important change [58]. However, patients do not experience and/or
report less than full unit ADL or IADL changes, which may develop over periods longer
than the 2-year gap between multimorbidity assessment and ADL-IADL reports in our
study. Investigations with longer follow-up are needed to better understand how the changes
predicted in our analyses translate in the clinical context.

It should be noted that several other disease combinations — those indexed by hypertension,
heart disease, cancer, and stroke among men and by arthritis, hypertension, and heart
disease among women — were susceptible to a significantly greater number of ADL-IADL
deficits at higher levels of HbAlc in the intermediary model adjusted for demographics,
BMI, and baseline ADL-IADL index (Table 3). These effects were rendered not significant
upon adjustment for multimorbidity count/burden, raising the possibility that HbAlc may
still be a meaningful mechanism to consider in persons with less complex multimorbidity
profiles (i.e., with fewer diseases in combination). This possibility is supported by earlier
findings showing a diminished cardiovascular benefit from good glycemic control among
patients with high comorbidity but not among those with fewer chronic conditions [59].
Future research should investigate more refined multimorbidity profiles to tease out possible
differences in the contribution of specific combinations of diseases across the range of
morbidity burden (i.e., low vs. high number of co-occurring diseases).

Our study draws from several strengths. First, the prospective design provides a clear time
sequencing between the biomarkers’ assessment and the disability outcome. Second, the
grouping of all the multimorbidity combinations around index diseases allows us to evaluate
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all the multimorbidity profiles as they occur in this representative sample of older adults
without overlooking the underpowered profiles, an improvement over prior approaches
which use pre-specified combinations of diseases or only combinations sufficiently powered
for statistical analysis. Third, the use of multiple available measurements of CRP and HbAlc
minimizes the likelihood of acute, transitory, or spurious assessments of the inflammatory
and glycemic status of the participants. Fourth, the HRS provides a long, ongoing, and
robust set of longitudinal data that largely generalize to the U.S. population of middle aged
and older adults.

Several limitations should also be noted. First, chronic disease diagnoses were self-
reported and may be subject to differential reporting between men and women. However,
earlier reports have documented a reasonable concordance between participants’ reports

of physician-diagnosed diseases and diagnoses extracted from administrative claims or
electronic medical records for both men and women [60, 61]. Similarly, weight and height
used in the calculation of BMI were self-reported; prior research documented only small
differences between self-reported and objectively measured weight and height in the HRS
sample [60]. Second, we used the most updated, full data on the participants evaluated

in the HRS Biomarkers module, but we acknowledge that our findings are susceptible

to underrepresentation of participants with heavy multimorbidity burden, who may have
died, dropped out, or be subject to proxy representation. Third, the number of diseases
assessed in HRS is rather limited, though they represent the most prevalent chronic diseases
among older US adults. Also, the broad diagnostic categories did not allow a more granular
differentiation between conditions involving the same organ/system (e.g., coronary heart
disease vs. congestive heart failure). Fourth, the non-mutually exclusive multimorbidity
combinations limit the immediate clinical applicability of these findings for treatment of
specific patients, but they may suggest shared pathophysiological mechanisms between
individual diseases and may guide prevention and optimal management for groups or
individuals suffering from a given index disease who develop successive conditions [29].
Future studies may consider extending this research by evaluating a broader and more
discriminating array of prevalent chronic conditions, as well as a wider array of potential
confounders (e.g., smoking, diet, physical activity), using data from medical records or other
validation options.

Conclusion

The results showed that higher levels of CRP are associated with higher prospective
disability burden among women with multimorbidity including arthritis, hypertension,
heart disease, and lung disease, while higher levels of HbAlc are associated with
higher prospective disability burden among men with multimorbidity that includes
arthritis, diabetes, and cognitive impairment. These findings have important clinical and
research implications. Clinical practice should take into account the potential for anti-
inflammatory management among women and optimal glycemic control among men with
these particular multimorbidity combinations as it considers therapeutic and preventive
options for maintaining and improving functional health of older adults. More research
is needed before concrete clinical recommendations can be made, but emphasis should
be placed on identifying and treating individuals with the predisposing multimorbidity
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combinations noted above and with indications of chronic inflammation or suboptimal
glycemic status. Further investigations should explore the biological mechanisms underlying
other multimorbidity profiles, as well as the prospective, longitudinal association between
inflammatory/glycemic states and the progression of disability among older adults with
multimorbidity.
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Arthritis
Males n=2,695
Females n=4 424

Hypertension
Males n=2,885
Females n=4213

Heart Disease
Males n=1,771
Females n=1,959

Diabetes
Males n=1,282
Females n=1539

Cognitive Imp
Males n=1,317
Females n=1,857

Cancer
Males n=1,069
Females n=1,154

Lung Disease
Males n=580
Females n=015

Stroke
Males n=501
Females n=543

Predicted ADL-IADL score according to CRP and HbALc levels, stratified by sex. Shaded
boxes indicate statistically significant associations at the p < 0.05 level. The predicted

ADL-IADL score (prospective, i.e., at wave subsequent to the wave at which biomarkers/

multimorbidity are assessed) is calculated at three HbAlc values: prediabetes cutoff = 5.7%,
sample mean = 6.0%, and diabetes cutoff = 6.5% and at the 10th, 50th, and 90th percentiles

for CRP. CRP, high-sensitivity C-reactive protein; HbAlc, glycosylated hemoglobin Alc,

ADL, activities of daily living; IADL, instrumental activities of daily living.
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