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Multimorbidity is prevalent, but its optimal quantification and associations with mortality rate and physical func-
tioning in young through older adults are uncertain. We used data collected using the Short Form-36 in the Nurses’
Health Study (enroliment started in 1976), Nurses’ Health Study Il (begun in 1989), and Health Professionals
Follow-up Study (begun in 1986) to identify associations of a multimorbidity-weighted index (MWI) and common
alternative indices with mortality and future physical functioning. We used Cox proportional hazard ratios to
determine incident 10-year mortality and general linear models to obtain coefficients for the associations of MWI with
4- and 8-year physical functioning. At baseline, mean values for the 219,950 participants were 55.0 (standard devi-
ation, 3.7) years for age; 3.8 (range, 0-51) for MWI; 2.7 (range, 0—23) for disease count, and 0.43 (range, 0—13) for
Charlson Comorbidity Index (CCI). During follow-up, 23,709 deaths (10.8%) occurred. CCl, MWI, and disease
count were 0 for 77%, 12%, and 19% of participants, respectively. When comparing persons in the highest quar-
tiles with those in the lowest, the hazard ratios for mortality were 6.04 (95% confidence interval (ClI): 6.00, 6.09;
P for trend < 0.0001) for the MWI, 4.86 (95% CI: 4.81, 4.91; P for trend < 0.0001) for disease count, and 3.29 (95%
Cl: 3.26, 3.32; P for trend < 0.0001) for the CCI. For future physical functioning, MWI had the best model fit and ex-
plained the greatest variance. Multimorbidity has important associations with future physical functioning and mor-
tality that are easily captured with a readily measured index.

Charlson Comorbidity Index; comorbidity; mortality; multimorbidity; multiple chronic conditions; physical

functioning; Short Form-36; simple disease count

Abbreviations: CCl, Charlson Comorbidity Index; HPFS, Health Professionals Follow-up Study; MWI, multimorbidity-weighted
index; NHS, Nurses’ Health Study; NHS II, Nurses’ Health Study II.

Among adults with chronic disease, multimorbidity (i.e.,
having multiple chronic conditions) is more common than hav-
ing a single disease in isolation (1), and it is becoming increas-
ingly recognized as its own entity rather than as comorbidity in
the context of an index disease. Prior measures of multimor-
bidity have been limited by disease inventory, adjustment for
disease severity, generalizability to nonhospitalized (2) and
younger and middle-aged adults (3), and disease clusters that
may not be replicable in other populations (3).

We recently developed and validated a multimorbidity-
weighted index (MWI) that weights conditions by their con-
current impact on physical health—related quality of life in
community-dwelling adults (4, 5). The MWI is easily as-
sessed using simple disease inventories and to our knowledge
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is among the first indices to weight disease severity by an exten-
sively validated and widely used health survey instrument for
physical functioning (6, 7). Physical functioning is a universal
patient-centered outcome consistent with values of patients’
well-being (6, 8) and is also strongly associated with adverse
health outcomes, including increased mortality risk, hospital
readmission, and emergency department return visits (9, 10).

Although the MWI weights disease severity by current
physical functioning, its ability to predict mortality and future
physical functioning is unknown. In the present study, our goal
was to examine the associations of the MWI with mortality
and future physical functioning and compare the performance
of the MWI with those of 2 of the most frequently used alter-
natives: simple disease count and the Charlson Comorbidity
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Index (CCI), which weights diseases by 1-year mortality risk
among hospitalized patients (11).

METHODS
Study population

The study population included community-dwelling par-
ticipants in the United States from the nationally sampled
prospective cohorts of 3 studies: the Nurses’ Health Study
(NHS), Nurses’ Health Study II (NHS II), and Health Pro-
fessionals Follow-Up Study (HPFS). NHS enrolled 121,701
female nurses who were aged 30-55 years when data collec-
tion began in 1976. The NHS II cohort comprised 116,686
female nurses who ranged in age from 25 to 42 years when the
participants enrolled in 1989. The HPFS enrolled a cohort of
51,530 male health professionals who were aged 40-75 years
when the study began in 1986. Participants receive biennial
questionnaires regarding newly diagnosed medical condi-
tions, medication use, diet, and health behaviors (e.g., tobacco
use, physical activity level), and the follow-up rate has been
greater than 90% for each cycle. To be included, participants
must have reported the occurrence (or absence) of chronic dis-
eases and conditions in 2000 (for the NHS and HPFS) or 2001
(for the NHS 1II) and had follow-up through 2004 (NHS) or
2008 (HPES) for physical functioning and 2010 for death.

Multimorbidity assessment

Multimorbidity was measured using a MWI, as described
previously (4). Briefly, we established weights for 81 of 374
self-reported, clinician-diagnosed conditions based on cross-
sectional associations with physical functioning items on the
Short Form-36 among 216,890 participants contributing 612,592
observations repeatedly between 1992 and 2008. Diseases varied
widely in their associations with physical functioning, with the
worst impact due to progressive neurologic and end-stage organ
diseases. A straightforward interpretation of the MWI is that
a 1-point increase in MWI represents a 1-point decrease in
current physical functioning, where declines of 2-3 points in
the Short Form-36 score may be considered clinically mean-
ingful. The interpretability of the MWI is 2-fold: It provides
estimates of the burdens of average diseases and of expected
physical functioning decline. For these analyses, we applied
our previously established weights to conditions reported in
2000-2001 to create a baseline MWI for each participant. A
step-by-step guide on how to calculate the MWI, including a
table of the MWI disease weightings, is shown in Web Appen-
dix 1 and Web Table 1 (available at https://academic.oup.
com/aje).

Simple disease count included the same summed conditions
as the MWI; however, conditions were unweighted. The CCI
included 19 chronic conditions weighted 1, 2, 4, or 6 based on
their associations with predicted 1-year mortality in administra-
tive data from hospitalized patients, and it was computed using
methods described previously (11). For example, dementia and
diabetes were weighted 1, whereas metastatic solid tumor and
AIDS were weighted 6, and a participant’s comorbidity index
was the sum of their weighted conditions.

Mortality assessment

At the end of each 2-year follow-up cycle, we sent to the
National Death Index a list of participants that included older
participants with a prolonged period of no response to question-
naires, participants with confirmed cancer who did not respond
to a subsequent questionnaire, and participants reported as
deceased but for whom a cause had not been identified (12, 13).
Death certificates were sought if all attempts to contact next of
kin were unsuccessful or death was not recorded in the National
Death Index. The most comprehensive and completed mortality
ascertainment was available through December 31, 2010.

Loss to follow-up was minimal (<1%) because of compre-
hensive searches that included contacting family members,
the National Death Index, and state tumor registries. Indivi-
duals who were lost to follow-up and who survived beyond
2010 were censored from the analysis based on the last date
of known contact.

Physical functioning assessment

The Medical Outcomes Study Short Form-36 physical func-
tioning scale covers a broad range of physical functioning appli-
cable across all age groups, ranging from activities of daily
living such as bathing and dressing to rigorous activities such as
running and lifting heavy objects (6). It is the most extensively
validated, standardized, and widely used health survey instru-
ment to assess health-related quality of life (7). The sum of 10
items forms a continuous measure from 0 to 100 for lowest to
highest functioning. In the NHS, physical functioning was as-
sessed in 2004; in the HPES, it was assessed in 2008.

Statistical analysis

Our primary outcome was 10-year mortality rate. We used
Cox proportional hazards models to determine the associations
of the MWI, simple disease count, and CCI with mortality. We
modeled the association between multimorbidity and mortality
in several ways, including using continuous, transformed, and
categorical variables, and we used the Akaike Information Cri-
terion to compare model fit, where the lowest Akaike Informa-
tion Criterion was most favorable. The model with the lowest
Akaike Information Criterion and best clinical interpretability
was selected for the final analyses.

To further assess for a potential nonlinear association specifi-
cally between the MWI and mortality, we used restricted cubic
splines (14). The top 0.5% MWTI values were winsorized (15)
to reduce the possible effect of spurious outliers. Nonlinearity
was tested with the likelihood ratio test to compare models with
1 linear term to those with both linear and cubic spline terms.

The hazard ratios and 95% confidence intervals for multi-
morbidity in unadjusted and mutually adjusted models were
estimated through Cox proportional hazards modeling (16);
the Efron (17) method was used to handle ties. The propor-
tional hazards assumption was formally assessed through
Schoenfeld residuals (18). P > 0.05 was used to indicate that
there was a nonsignificant correlation and that the proportional
hazards model assumption was not violated.

To quantify how accurately the models discriminated
between survival outcomes, we computed the concordance
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(O) statistic (or area under the receiver operatin% characteris-
tic curve) for survival (19). We used Pearson x~ statistics to
assess differences in the associations of quantiles of multi-
morbidity indices with mortality relative to the null hypothe-
sis of no difference between the distributions.

A second outcome, future physical functioning, was mea-
sured continuously. We used general linear models to deter-
mine the associations of the MWI, simple disease count, and
CClI in quartiles with future physical functioning. We com-
pared the magnitude of the regression coefficients along with
P and T values to indicate the strength of the association between
each index with future physical functioning. To indicate how
well each index predicted statistically observed physical func-
tioning, we used the coefficient of determination (R2 ) to measure
the proportion of total variation of physical functioning ex-
plained by each model.

We compared indices at baseline using the Pearson correla-
tion coefficient. Given the high correlation between the MWI
and simple disease count (and lack of variability in the CCI),
we examined the mutually adjusted associations of the MWI
and simple disease count with mortality and physical function-
ing in quartiles as a sensitivity analysis. To assess potential mul-
ticollinearity in the mutually adjusted models, we computed the
variance inflation factor in the regression models (20) and
assessed inflation of the standard error terms in the mutually
adjusted models versus models of each independent index.

For robustness, we tested for potential effect modification
by age (<55.0, 55.0-64.9, 65.0-74.9, or>75.0 years), race
(white; nonwhite, including black; Asian/Pacific Islander;
American Indian/Alaska Native; Hispanic; or other), body
mass index (measured as weight (kg)/height (m)%; <25.0,
25.0-29.9, >30.0), smoking status (never, former, or current
smoker), and geographic region (West, Midwest, Northeast,
or South) in associations of multimorbidity with mortality and
physical functioning. Heterogeneity across participant charac-
teristics was assessed using the I statistic, which measures the
proportion of total variation across estimates due to heteroge-
neity (21). We also examined models adjusted for all the men-
tioned covariates plus alcohol intake (none and tertiles of intake
in grams per day). Forest plots were created using Stata (release
14.0; StataCorp LP, College Station, Texas). All other analyses
were performed using SAS (release 9.4; SAS Institute, Inc.,
Cary, North Carolina).

RESULTS
Participant characteristics

We included 219,950 participants (92,352 from NHS, 95,122
from NHS II, and 32,476 from HPFS) who completed the bien-
nial questionnaire in 2000 or 2001 and had complete data on
disease prevalence and demographics. At baseline in 2000 and
2001, the mean (standard deviation) age was 55 (3.7) years
(Table 1). We documented death in 23,709 participants (10.8%)
between 2000-2001 and December 31, 2010.

Multimorbidity characteristics

At baseline, participants had a mean MWI of 3.76 (range,
0-51), disease count of 2.71 (range, 0-23), and CCI of 0.43
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(range, 0-13) (Figure 1). The MWI spanned the widest distri-
bution of multimorbidity through low and high ranges and
better distinguished between participants at the low range of
multimorbidity. For example, 77% of adults had a CCI of 0
compared with 12% with an MWI of 0 and 19% with a dis-
ease count of 0. The MWI was strongly but not perfectly cor-
related with simple disease count (Pearson r = 0.88, 0.87,
and 0.90 for NHS, NHS II, and HPFES, respectively; P < 0.0001
for all) and only moderately correlated with the CCI (Pearson
r=0.56,0.44, and 0.59 for NHS, NHS II, and HPFS, respec-
tively; P < 0.0001 for all).

Multimorbidity and mortality

We first examined the association of the MWI with mortality
using restricted cubic splines in each cohort (Figure 2). Nonlin-
earity occurred at high values of the MWI, but we observed an
essentially linear relationship with mortality through MWI val-
ues of 2025 in the NHS and NHS II cohorts and an MWI of 30
in HPFS. Thus, although extreme values of the MWI were asso-
ciated with disproportionately high hazard ratios for mortality,
the MWI appeared to have an essentially linear relationship with
mortality throughout values commonly observed in community-
dwelling adults.

We next compared the MWI with simple count and the CCI
in quantile-based categories. The hazard ratio of mortality was
6-fold greater (hazard ratio (HR) = 6.04, 95% CI: 6.00, 6.09;
P for trend < 0.0001) for individuals in the highest quartile of
MWI compared with those in the lowest (Table 2). There was
a dose-response relationship between hazard ratios for mortal-
ity and increasing quartiles of the MWI (P for trend < 0.0001)
in the unadjusted (Table 2; Web Figure 1) and adjusted (Web
Table 1) models. The dose-response association between the
MWTI and mortality persisted even after CCI diseases were
removed from the MWI, highlighting the limitations of restrict-
ing the index to a few key conditions based on inpatient mortal-
ity data. Among those with a CCI of 0, the hazard ratio for
mortality was 5.96 (95% CI: 5.95, 5.97; P < 0.0001) for indi-
viduals in the highest quartile of the MWI compared with those
in the lowest.

Simple disease count was also significantly associated with
mortality. For every additional disease, the HR was 1.23 (95%
CI: 1.22, 1.24; P < 0.0001). Using the count definition of mul-
timorbidity as 2 or more diseases, individuals with multimor-
bidity had a 2-fold higher hazard ratio for mortality (HR =
2.02, 95% CI: 1.84, 2.22; P < 0.0001) than did disease-free
individuals. There was no difference between individuals with
1 disease and those with no diseases (HR =1.01, 95% CI:
0.90, 1.14; P = 0.84). As observed in Table 2, MWI was more
strongly associated with mortality than was simple count for
all quartiles of multimorbidity in all cohorts. MWI and simple
disease count were more strongly associated with mortality
than was the CCI. In the model mutually adjusted for MWI
and simple disease count, the association of MWI with mortal-
ity continued to be of greater magnitude (HR = 4.09, 95% CI:
4.00, 4.18; P < 0.0001). The hazard ratio was more than dou-
ble that of simple disease count (HR = 1.60, 95% CI: 1.52,
1.69; P < 0.0001) in the pooled NHS and HPFES cohorts; sim-
ple disease count, reflecting its left distributional skew, could
not be aggregated into quartiles in NHS II. Standard error terms
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Table 1. Multimorbidity Characteristics of Participants at Baseline, Nurses’ Health Study (2000), Health Professionals Follow-Up Study (2000),
and Nurses’ Health Study 11 (2001)

Health Professionals Follow-

. Nurses’ Health Study U Nurses’ Health Study Il Meta-Analyzed
Participant (n = 92,352) p Study (n = 95,122) Combined Cohorts
Characteristic (n = 32,476) (n = 219,950)
Mean (SD) IQR Mean (SD) IQR Mean (SD) IQR Mean (SD)

Age, years 66.03 (7.1) 66.62 (9.2) 46.42 (5.0) 57.60 (3.7)
MWI 4.46 (4.3) 4.36 (4.0) 2.93(3.3) 3.76 (2.2)
MWI quartile

4 6.43-48.00 6.10-50.80 4.27-35.10

3 3.54-6.42 3.16-6.09 1.80-4.26

2 1.20-3.53 1.52-3.15 0.34-1.79

1 <1.20 <1.52 <0.34
Disease count 3.31(2.4) 2.93(2.3) 2.19(1.9) 271(1.2)
Disease count quartile

4 5.00-2300 4.00-19.00 3.00-18.00

3 3.00-4.99 2.00-3.99 2.00-2.99

2 2.00-2.99 1.00-1.99 1.00-1.99

1 <2.00 <1.00 <1.00
CCl 0.54 (1.0) 0.54 (1.0) 0.20(0.6) 0.43(0.6)
CCl quartile

4 1.00-13.00 1.00-12.00 N/A®

3 0.00-0.99 0.00-0.99

2 0 0

1 0 0

Abbreviations: CCl, Charlson Comorbidity Index; IQR, interquartile range; MWI, multimorbidity-weighted index; N/A, not calculable in quartiles;
SD, standard deviation.

2 In the Nurses’ Health Study I, the CCl was not computable in quartiles because of a strong left skew. Decile 10 corresponds to a CCl of 1-7;
decile 9 corresponds to a CCl of 0—1; and deciles 1-8 correspond to a CCl of 0.

in the mutually adjusted models were 4%—40% higher than The C statistics for mortality prediction were greatest for the
in the isolated index models, suggesting mild multicollinearity. MWTI in all cohorts and the meta-analyzed combined cohorts
However, the standard error terms remained several-fold less (C =0.67,0.70, and 0.64 for NHS, HPFS, and NHS II, respec-
than the regression coefficients and were nonoverlapping, sug- tively, and 0.68 for the combined cohorts), followed by disease
gesting intact precision. count (C = 0.65, 0.68, and 0.62 for NHS, HPFS, and NHS 1I,
100 -
Hm Charlson Comorbidity Index
80 - Disease Count
o\‘i [ Multimorbidity Index
8 60+
c
K]
T 40 -
2
& 201
1 0 LR
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 215

Units of Multimorbidity

Figure 1. Distribution of multimorbidity indices at baseline in pooled cohorts from the Nurses’ Health Study (2000), Health Professionals Follow-
Up Study (2000), and Nurses’ Health Study Il (2001). Units of multimorbidity are as follows: Charlson Comorbidity Index units, determined by sum-
ming conditions weighted by risk of 1-year mortality; simple disease count units, which are the summation of unweighted conditions; and
multimorbidity-weighted index units, determined by summing conditions weighted by theirimpact on the Short Form-36 physical functioning scale.
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Figure 2. Restricted cubic splines for 10-year incident mortality in the
Nurses’ Health Study (2000-2010; A), Health Professionals Follow-Up

Study (2000—2010; B), and Nurses’ Health Study Il (2001-2010; C). Gray
area, 95% confidence interval.
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respectively, and 0.66 for the combined cohorts) and the CCI
when using the lowest combined reference group given its
strong left distributional skew (C = 0.64 for NHS, HPFS, and
the combined NHS and HPFS cohorts; however, the C-statistic
was noncomputable in NHS II due to the limited skewed distri-
bution; Table 2).

Potential effect modification of the association between
the MWI and mortality by age, race, body mass index, smok-
ing status, and geographic region was examined. There were
no differences in the magnitudes of the positive associa-
tion of MWI with mortality within strata of these risk fac-
tors (Figure 3). Statistical heterogeneity was observed for
age, body mass index, and tobacco use, but the hazard ratios
in every stratum were nearly identical, and each had a signifi-
cant association. The overall hazard ratio for mortality after
adjustment for all the aforementioned covariates plus alcohol
consumption was 1.11 (95% CI: 1.11, 1.11; P < 0.0001) for
each point increase in the MWI (Web Table 2).

Multimorbidity and future physical functioning

The association between multimorbidity and future physi-
cal functioning was strongest and best explained by the MWI,
followed by simple disease count (Table 3). The CCI was less
strongly associated with and explained only 5%-7% of the
variance in 4-year physical functioning in women only and
8-year physical functioning in men only. After mutual adjust-
ment for MWI and simple disease count across quartiles, the
association of the MWI with future physical functioning was
still that of the greatest magnitude and the statistically strongest in
the NHS (B = —-10.55, 95% CIL: —10.92, —10.18; P < 0.0001)
and HPFS (B = —8.60, 95% CIL: —9.24, —7.97; P < 0.0001)
cohorts. Multicollinearity was mild in the mutually adjusted
models, with variance inflation factors between 1.3 and 3.5
for the CCI, disease count, and the MWI.

The magnitude of the association of MWI with physical func-
tioning was more than double that of simple disease count
(NHS: B =-4.33, 95% CI: —4.70, —3.97, P < 0.0001; HPFS:
B =—-3.36,95% CI: —4.04, —2.68, P < 0.0001). Future physical
functioning was worse in women at 4 years of follow-up than in
men at 8 years of follow-up, was consistent across all metrics,
and may be, in part, due to higher MWI scores among women.

Heterogeneity in the association of the MWI with future
physical functioning by age was suggested by the I° statistic
in the HPFS cohort but not NHS cohort. For all characteris-
tics, the regression coefficients were significant and nearly
equal within each stratum (Web Figure 2).

DISCUSSION

In the present study of 219,950 community-dwelling adults
ranging in age from 25 to 75 years at study enrollment, we
found that compared with the CCI and simple disease count, a
health-related quality-of-life—~weighted multimorbidity index
covering a comprehensive set of chronic conditions had the
broadest distribution of multimorbidity and uniquely captured
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Table2. Hazard Ratios for Mortality of Participants After Follow-Up, Nurses’ Health Study, Health Professionals Follow-Up Study, and Nurses’
Health Study Il, 2000-2010%

Model and Quartiles

Nurses’ Health Study® (n = 92,352)

Health Professionals Follow-Up Study® (n = 32,476)

HR 95% Cl AIC C Statistic 95% Cl HR 95% CI AIC C Statistic 95% CI
MWI 303,944 0.67 0.66, 0.67 132,203 0.70 0.69,0.70
4vs. 1 5.29 5.00,5.60 8.95 8.10,9.89
3vs. 1 219 2.06,2.33 3.83 3.45,4.26
2vs. 1 1.50 1.41,1.61 245 219,273
1 1.00 Referent 1.00  Referent
P for trend <0.001 <0.001
Simple disease count 306,777 0.65 0.65, 0.66 134,279 0.68 0.67,0.68
4vs.1 450 4.26,4.61 7.75 6.77,8.88
3vs. 1 2.05 1.93,2.17 295 2.57,3.40
2vs. 1 1.39 1.30,1.49 1.61 1.38,1.88
1 1.00 Referent 1.00  Referent
P for trend <0.001 <0.001
CcCl°® 306,466 0.64 0.64,0.65 134,279 0.64 0.64,0.65
4vs.1-3 3.27 3.16,3.38 3.34 3.18,3.51
1-3 1.00 1.00
P for trend <0.001 <0.001
Nurses’ Health Study II° (n = 95,122) Meta-Analyzed Combined Cohorts (n = 219,950)
HR 95% CI AIC C Statistic 95% Cl HR 95% CI AIC C Statistic 95% CI
MWI 27,555 0.64 0.62,0.65 N/A 0.68 0.68,0.68
4vs. 1 3.78 3.12,4.58 6.04 6.00,6.09
3vs. 1 1.96 1.58,2.41 232 2.29,2.36
2vs. 1 1.44  1.14,1.80 1.73 1.68,1.79
1 1.00 Referent 1.00 Referent
P fortrend <0.001 <0.001
Simple disease count 28,516 0.62 0.61,0.64 N/A
4vs. 1 3.33 2.74,4.04 486 4.81,4.91 0.66 0.66, 0.67
3vs. 1 1.65 1.32,2.06 215 2.10,2.21
2vs. 1 142 1.13,1.78 143 1.37,1.49
1 1.00 Referent 1.00 Referent
P fortrend <0.001 <0.001
ccle N/A N/A N/A N/A 0.64 0.64,0.64
4vs.1-3 3.29 3.26,3.32
1-3 1.00 Referent
P for trend <0.001

Abbreviations: AIC, Akaike Information Criterion; CCI, Charlson Comorbidity Index; CI, confidence interval; HR, hazard ratio; MWI,
multimorbidity-weighted index; N/A, not calculable in quartiles.

@ Baseline was 2001 in the Nurses’ Health Study I1.

® Number of deaths in study cohorts: Nurses’ Health Study, n = 13,728; Health Professionals Follow-Up Study, n = 6,444; Nurses’ Health Study I, n =
1,320; and combined, n = 23,709.

° Because of a strong left skew, quartiles 1-3 served as the reference group, and the CCl cannot be directly compared with the MWI and simple
disease count, for which quartile 1 served as the reference group.

9The CClis not computable in quartiles because of a strong left skew, but it is calculable for deciles as follows, using deciles 1-8 as the reference
group: for decile 10, HR = 7.30, 95% ClI: 6.40, 8.34; for decile 9, HR = 2.81, 95% Cl: 2.41, 3.28. P-trend < 0.0001; AIC, 28,090.
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Stratum HR (95% CI) Weight, %
Age, years :
<55 :—0— 112/(1.11,1:13) 4.30
55-64 ! — 1.13(1.12,1.13) 20.18
65-74 :+ 1.11 (1.1, 1.12) 41.19
275 - I 1.08 (1.08, 1.08) 34.33
Subtotal (F =98.5%; P = 0.000) O: 1.11 (1.10, 1.11) 100.00
]
BMI ;
Underweight/normal, <25.0 - 1.09 (1.09, 1.10) 59.48
Overweight, 25.0-29.9 —0—: 1.10 (1.10, 1.11) 31.19
Obese, 230.0 — 1.10 (1.09, 1.11) 9.34
Subtotal (F =75.3%: P=0.017) S ! 1.10(1.09,1.10)  100.00
]
Tobacco use :
Never —_— ! 1.09 (1.08, 1.10) 10.46
Former - 1.11 (1.1, 1.11) 57.91
Current e 1.12(1.11,1.12) 31.63
Subtotal (I’ =93.5%; P = 0.000) b 1.11 (1.11, 1.11) 100.00
]
Race :
White < 111 (1.1, 1.11) 95.66
Nonwhite —— 1.11(1.09, 1.12) 4.34
Subtotal (Iz =0.0%; P=0.712) ? 1.11 (1.1, 1.11) 100.00
I
Region :
West —— 1.11(1.11,1.12) 14.49
Northeast : - 1.12 (1.11, 1.12) 37.10
Midwest inan 1.11 (1.11,1.12) 20.36
South | - 1142 (1.11,1.12) 28.05
Subtotal (F =0.0%; P=0.513) : o] 1.12(1.11,1.12) 100.00
]
Heterogeneity between groups: P = 0.000 :
Overall (F* = 95.3%; P = 0.000) 9 1.11 (1.11, 1.11)
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Figure 3. Forest plot displaying adjusted Cox proportional hazards ratios (HR) for mortality by participant characteristics and the overall estimate for
each point increase in the multimorbidity-weighted index, Nurses’ Health Study (2000-2010), Health Professionals Follow-Up Study (2000-2010),
and Nurses’ Health Study I (2001-2010). The overall model estimate was adjusted for all covariates, including age, body mass index (BMI; calculated
as weight (kg)/height (m)?), tobacco use, race, and geographic region; models within each stratum were adjusted for all other covariates. Boxes repre-
sent the hazard ratios by strata of participant characteristics, whereby the size of the box is proportional to the weight assigned to the characteristic
(i.e., larger boxes represent larger sample sizes). The dotted vertical line represents the combined overall estimate. The horizontal lines represent the
95% confidence intervals (Cl) around the estimates. The width of the diamond represents the 95% confidence interval around the overall estimate.

the low-end distribution of multimorbidity. The MWI was
strongly associated with lower long-term physical functioning
and a higher mortality rate, with a significant dose-response
relationship. The MWI provided the best-fitting model and dis-
crimination for long-term mortality prediction compared with
the CCI and disease count, thus validating this easily computed
measure of multimorbidity.

Our study has implications for the scope and measurement
of multimorbidity. For the scope of multimorbidity, our study
confirms and extends results from prior studies of multimor-
bidity and increased long-term mortality (22) by including
young and middle-aged adults. Although multimorbidity is
often considered a geriatric phenomenon, several young and
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middle-aged adults had accumulated a high MWI decades ear-
lier than older peers. The youngest participants in the present
study had a lower MWI, on average, than did older adults,
which is likely due to a combination of younger age (and
hence, less time to acquire multiple morbid chronic diseases)
and a shorter disease duration compared with older adults.
Nonetheless, their multimorbidity burden ranged broadly. In
the NHS II cohort of young and middle-aged adults, a higher
MWI was associated with a higher mortality risk in a per-
sistent dose-response association that was similar to those
observed in the NHS I and HPFS cohorts of middle-aged and
older adults. Whereas prior studies on multimorbidity preva-
lence have included young and middle-aged adults (23, 24),
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Table 3. Change in Short Form-36 Physical Functioning Scale by Standardized Metrics After Follow-Up, Nurses’
Health Study (2000—2004) and Health Professionals Follow-Up Study (2000—-2008)

Short Form-36

Model and Quartiles Physical Functioning 95% ClI P Value T Value R?
Scale p Coefficient
4-Year Physical Functioning in the NHS
MWI 0.21
4vs. 1 -14.13 —-14.34,-13.92 <0.001 -129.33
3vs. 1 -7.44 -7.64,-7.23 <0.001 -70.25
2vs. 1 -3.04 -3.24,-2.83 <0.001 —29.05
1 1.00 Referent
Simple disease count 0.17
4vs. 1 -12.86 -13.07,-12.64 <0.001 -117.23
3vs. 1 -6.25 —6.45, -6.05 <0.001 —60.90
2vs. 1 -2.45 -2.69,-2.22 <0.001 -21.08
1 1.00 Referent
CCl 0.07
4vs. 1-3 -0.94 -1.13,-0.75 <0.001 -9.63
1-3 1.00 Referent
8-Year Physical Functioning in the HPFS
MWI 0.15
4vs. 1 -11.29 —11.65,-10.93 <0.001 -61.69
3vs. 1 -5.38 -5.71,-5.05 <0.001 -31.71
2vs. 1 -2.52 —2.84,-2.20 <0.001 -15.31
1 1.00 Referent
Simple disease count 0.13
4vs. 1 -10.04 —10.44, -9.63 <0.001 —48.66
3vs. 1 -4.29 -4.67,-3.90 <0.001 -21.81
2vs. 1 -1.66 -2.08,-1.24 <0.001 -7.72
1 1.00 Referent
CCl 0.05
4vs.1-3 -5.50 -5.80, -5.20 <0.001 -35.90
1-3 1.00 Referent

Abbreviations: CCI, Charlson Comorbidity Index; Cl, confidence interval; HPFS, Health Professionals Follow-Up
Study; MWI, multimorbidity-weighted index; NHS, Nurses’ Health Study.

those in which multimorbidity and short- and long-term mor-
tality have been examined were limited to older adults (25).
Our study also included older women and men (up to 79 and
89 years of age at baseline, respectively) who were followed
for 10 years. There have been few studies in which investiga-
tors have examined physical functioning in younger adults
with multimorbidity, including a systematic review in which a
consistent association between multimorbidity and functional
decline was reported (26).

Regarding the measurement of multimorbidity, the present
study provides direct comparisons of the performance of the
MWI with those of simple disease count and the CCI in long-
term physical functioning and mortality prediction. The CCI
(11) was developed and validated to predict inpatient mortal-
ity and is 1 of the most cited methods for comorbidity adjust-
ment. Although the CCI was weighted to mortality, whereas

the MWI was weighted to physical functioning, the MWI out-
performed the CCI even in mortality prediction. Furthermore,
the dose-response association between the MWI and mortality
persisted even after removing CCI conditions from the MWI,
verifying that additional conditions captured in the MWI con-
tribute informatively to mortality risk. The MWI also pre-
dicted long-term physical functioning, for which the CCI and
simple disease count performed marginally. Although both
the MWI and disease count outperformed the CCI for mor-
tality and physical functioning predictions, the MWI per-
sisted in its outperformance of disease count in prediction
of future physical functioning and mortality, even in mutually
adjusted models. Finally, whereas several other measures using
administrative data have been weighted to inpatient mortality,
cost, or use (27-29), the MWI was weighted to a patient-
centered outcome (i.e., current physical health-related quality
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of life), and yet it also demonstrated strong associations with
mortality.

Our study has potential limitations. First, rare diseases such
as acquired immunodeficiency syndrome and cirrhosis were
less prevalent than were other conditions. However, the num-
bers of observations in these cohorts still exceeded those in
other cohorts used to create similar indices, and they remained
sufficiently prevalent to generate weighted estimates for these
conditions. Second, multimorbidity was assessed as the sum of
individual weighted chronic diseases, a assumption similar to
those in other commonly used indices (11, 27). In prior studies
with smaller disease inventories, investigators have reported
additive and multiplicative effects of several conditions (30).
However, the potential combination of disease interactions in
large inventories becomes increasingly infeasible and would
require enormous data sets with exceptional computing power
to evaluate and confirm with validity. Our results, using flexi-
ble splines, suggest this limitation was likely to be most prob-
lematic only for those with extreme multimorbidity. Third, our
sample included participants from all geographic regions but
was not explicitly nationally representative. However, disease
prevalence rates and participant characteristics, such as obesity
and tobacco use, were similar to those in US and other popula-
tions (31-33). If disease prevalence rates differ by race, ethnic-
ity, or socioeconomic factors, conditional associations of the
MWTI with mortality are likely robust to these factors. Our re-
sults did not suggest effect modification by age, race, sex, body
mass index, smoking status, or geographic region, but further
studies are needed to assess generalizability. Fourth, this study
did not include young men. Young women experience active
changes in hormonal status, parity, and potential dysfunctions
of the reproductive organs; there are no equivalent biologic
exposures in men. Finally, we examined mortality and future
physical functioning to assess the criterion validity of the MWI,
but other outcomes available in other data sets, such as all-cause
hospitalization, use, and cost, may be of interest to further com-
pare across indices.

An easily measured multimorbidity index weighted to current
physical functioning with comprehensive capture of chronic
conditions in community-dwelling adults was strongly asso-
ciated with higher mortality risk and lower long-term physical
functioning. Compared with other indices, the MWI had the
best model fit, had the strongest association with mortality
and future physical functioning, and spanned the widest dis-
tribution of multimorbidity in both directions—distinctively
at the low end, where multimorbidity onset and progression
may be identified and targeted earlier for intervention.

The MWTI has potential clinical and research implications.
It may be used to quantify the burden of multimorbidity and
predict future outcomes, such as physical functioning, mortal-
ity, and health economic outcomes, in community-dwelling
adults. The MWI weights diseases by a robust and standard-
ized instrument for physical functioning that is not routinely
captured in clinical settings, though its application requires
only self-reported conditions. Future studies should include
translation of the MWI to codes from the International Classi-
fication of Diseases, Clinical Modification to expand its use to
administrative studies and electronic health records, and iden-
tification of modifiable risk factors to prevent the onset and
progression of multimorbidity. Potential applications include
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risk adjustment and incorporation into automated electronic
health records to systematically stratify adults who may ben-
efit from complex care management and multidisciplinary
team—based resources and to identify and target high-risk adults
early to prevent and delay multimorbidity progression and
complications.
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