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Abstract

Background: Multimorbidity is an important health outcome but is difficult to quantify. We recently developed a multimorbidity-weighted
index (MWI) and herein assess its performance in an independent nationally-representative cohort.

Methods: Health and Retirement Study (HRS) participants completed an interview on physician-diagnosed chronic conditions and physical
functioning. We determined the relationship of chronic conditions on physical functioning and validated these weights with the original,
independently-derived MWI. We then determined the association between MWI with physical functioning, grip strength, gait speed, basic and
instrumental activities of daily living (ADL/IADL) limitations, and the modified Telephone Interview for Cognitive Status (TICS-m) in adjusted
models.

Results: Among 20,509 adults, associations between chronic conditions and physical functioning varied several-fold. MWI values based on
weightings in the HRS and original cohorts correlated strongly (Pearson’s 7 = .92) and had high classification agreement (x statistic = .80,
p < .0001). Participants in the highest versus lowest MWI quartiles had weaker grip strength (-2.91 kg, 95% confidence interval [CI]: -3.51,
~2.30), slower gait speed (~0.29 m/s, 95% CI: -0.35, -0.23), more ADL (0.79, 95% CI: 0.71, 0.87) and IADL (0.49, 95% CI: 0.44, 0.55)
limitations, and lower TICS-m (-0.59, 95% CI: -0.77, -0.41) (all p < .001). We observed monotonic graded relationships for all outcomes
with increasing MWI quartiles.

Conclusion: A multimorbidity index weighted to physical functioning performed nearly identically in a nationally-representative cohort
as it did in its development cohorts, confirming broad generalizability. MWI was strongly associated with subjective and objective physical
and cognitive performance. Thus, MWI serves as a valid patient-centered measure of multimorbidity, an important construct in research and
clinical practice.
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function, clinicians and investigators lack validated tools that capture
the burden of multimorbidity on function. A measure that focuses on

As adults survive longer with multimorbidity, patient-oriented outcomes
beyond mortality are vital. A fundamental goal among many adults is

maintaining functional independence to age in place (1,2). Those with
functional impairment are at increased risk for poor health outcomes
such as hospital readmission, institutionalization, and mortality (3-5).
Despite the high value patients and families place on maintaining good

functional status as the outcome is particularly important for those with
multimorbidity. Such a tool can be used to better identify individuals
at risk for functional decline, tailor clinical decision-making, and guide
interventions to maximize and preserve physical functioning.
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Current methods to measure multimorbidity have been limited
to counting or weighting diseases to less patient-centered outcomes
such as mortality, healthcare cost, and utilization. Although com-
mon, disease count fails to capture the full impact of these condi-
tions on current and future functional status (6-8). Comorbidity
measures that weight disease severity by mortality risk, such as the
Charlson-Deyo (9,10) index and Elixhauser (11) measure, or by
cost, such as the Centers for Medicare and Medicaid-Hierarchical
Condition Categories (12) are often used for risk-adjustment but are
less valuable to patients and families. Overall, these indices have not
progressed alongside the increasing need for comprehensive patient-
centered approaches to capture disease burden.

We recently developed and internally validated a multimorbidity-
weighted index (MWI) (6) that weights 81 chronic diseases and con-
ditions by their impact on the Short Form-36 physical functioning
scale, a universally valued patient-centered outcome (13), in three
large cohorts of community-dwelling adults (Nurses’ Health Study,
Nurses’ Health Study II, and Health Professionals Follow-up Study).
The calculation of the MWI and its disease weightings are shown in
Supplementary Appendix 1 and Supplementary Table 1. The MWI
better captured the high and low extremes of multimorbidity than
other methods and was more strongly associated with mortality
and future physical functioning (7). However, the index was derived
from three large but occupationally and racially homogeneous sam-
ples, raising questions about whether it appropriately captures mul-
timorbidity in the general U.S. population.

To determine the extent to which the original MWI may be applied
validly across diverse populations, and its impact on varied measures
of health, we identified the associations of chronic diseases and condi-
tions with physical functioning among participants in an independ-
ent, nationally-representative cohort of adults from the Health and
Retirement Study (HRS) and compared these weightings and rank
ordering of diseases with the original development cohorts. We then
determined the associations between MW1I with physical functioning,
grip strength, gait speed, limitations in basic and instrumental activi-
ties of daily living (ADLs, IADLs) (14), and cognitive performance in
HRS. We aimed to produce and validate an informative, scalable, easy
to use index that captures the full burden of multimorbidity solely
based on self-reported diseases for broad sectors of the population.

Methods
Study Population

The HRS is an ongoing, nationally-representative population-based
longitudinal cohort of more than 38,000 U.S. population-based
adults aged 51 years and older followed since 1992. The HRS sample
uses a multi-stage area probability design that involves geographi-
cal stratification, clustering, and oversampling of African-American,
Hispanic, and minority households (15). During each 2-year cycle of
interviews, more than 20,000 participants who represent a diversity
of backgrounds, occupations, family compositions, living arrange-
ments, and other aspects of life, are surveyed. Participants receive
biennial questionnaires regarding physician-diagnosed medical con-
ditions, health status, health behaviors, income, employment, and
insurance status, described previously (16,17). To maximize the
contemporaneous nature of our analyses, we studied participants
who completed both an interview in 2010 on physician-diagnosed
chronic diseases and conditions and physical functioning, and who
were also assessed in-person for objective measures of physical and
cognitive performance.

Of 22,032 participants in the 2010 interview, we identified
20,805 (94.4%) aged 51 years and older who completed information
on chronic diseases and physical function for this analysis. We then
excluded 184 (0.88%) who had one or more missing health condi-
tion variables assessed in the multivariate analysis and 112 (0.54%)
who had five or more missing physical functioning items, according
to the SF-36 protocol on missing data (18). Excluded participants
(1.4%) were of similar age and sex but more likely to be Hispanic
and on average have a lower grip strength, gait speed, TICS-m,
and more ADL and IADL limitations than included participants
(Supplementary Table 2). Descriptive and multivariate analyses for
the association between chronic diseases and physical functioning
and secondary analyses on MWI with subjective outcomes (physical
functioning, ADL and IADL limitations were based on a final sample
of 20,509 participants. Objective outcomes including grip strength
and gait speed were assessed through face-to-face assessments ran-
domly assigned to half the cohort (half-samples alternate every other
wave so longitudinal data from face-to-face interviews is obtained
from all participants every 4 years) (16). Gait speed was further lim-
ited to adults aged 65 years and older. The final sample of partici-
pants with in-person assessments and the complete set of covariates
of interest in the multivariate models was N = 6,460 for grip strength
and N = 3,386 for gait speed. Proxy respondents provided informa-
tion on cognitive function for 1,268 (6.2%) participants and IADL
limitations for 5 (0.02%) participants.

Chronic Disease Assessment

Physician-diagnosed diseases were assessed at each study wave.
Participants were asked, “Has a doctor ever told you that you
have...?” Sixteen assessed conditions in 2010 included diseases of
the heart (myocardial infarction, angina, congestive heart failure,
arrhythmia, other heart problems), stroke, hypertension, chronic
lung disease, cancer (malignant tumor excluding skin), diabetes,
joint disease (arthritis, connective tissue disease), joint replacement
(hip, knee), dementia, and glaucoma using a binary present or absent
response.

Subjective Physical Functioning Assessment

Nine physical functioning items (18) resembling the 10-item Short
Form-36 physical functioning scale (18) that was used in the devel-
opment cohorts were assessed in the HRS. For the HRS physical
functioning measure to be comparable to the SF-36, we used meth-
ods described previously (18) to weight the items according to their
SE-36 physical functioning equivalents, and then rescale and stand-
ardize the score to range 0 to 100, in which 100 corresponds to
no difficulty with any physical functioning item while 0 represents
difficulty with all items. As one of the ten physical functioning stems
in the HRS was imputed, and the response categories were two-item
values compared with three-item values in the SF-36, the physical
functioning measure was meant to serve as an approximation for
the SF-36 physical functioning scale and provide relative between-
disease comparisons.

We imputed the tenth physical functioning item of the SF-36,
“walking more than a mile,” which was intermediate between
responses of “walking several blocks” and “running a mile” assessed
in HRS. We assumed that individuals with difficulty walking sev-
eral blocks would also have difficulty walking more than a mile
and assigned them with this response. For individuals with other
responses, we substituted the average value of the other completed
physical functioning items, according to the SF-36 manual protocol
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for missing data (18). The final HRS physical functioning scale was
based on 10 items and ranged continuously from 0 to 100.

Objective Physical Performance Assessment

Objective measures of physical performance including grip strength
and gait speed were assessed in half the cohort who received face-
to-face interviews. Grip strength was measured continuously in kilo-
grams using a Smedley spring-type hand dynamometer and based
on the highest grip strength after two attempts in each hand, that is,
best of four attempts, regardless of the documented dominant hand.
In participants aged 65 years and older, gait speed was assessed con-
tinuously in meters per second through a timed 2.5-m walk test. The
best of two attempts was recorded and used in the analysis.

Cognitive Performance Assessment

Cognitive function was assessed using a modified version of the
Telephone Interview for Cognitive Status (TICS-m), which included
immediate and delayed recall items, serial 7s subtraction, and count-
ing backwards. TICS-m has been used to screen for dementia (the
original purpose of TICS) and mild cognitive impairment (19). The
total cognitive score was measured continuously using the composite
measure, range 0—27, where 0-6 is consistent with dementia, 7-11 is
cognitive impairment without dementia, and 12-27 is normal, based
on prior validation studies (19).

Functional Limitations
To further assess the validity of the HRS measure of physical func-

tioning, we included the number of self-reported ADL (range 0-6)
and TADL (range 0-5) limitations assessed in the HRS (20).

Statistical Analysis

We used multivariable regression to adjust for age, age squared,
and other comorbidities to obtain coefficients for the association
between 16 chronic morbidities and physical functioning adjusted
for age, age squared, and other comorbidities. We did not adjust
for medication use since we considered medication and potential
adverse effects to be part of the burden of disease. MWI was created
by weighting morbidities by their respective regression coefficients
on physical functioning. The absolute value of the weightings were
summed to form a MWI for each participant and compared with
rankings based upon the original derivation cohorts.

Pearson’s correlation coefficient was used to compare MWI
weightings derived from the HRS and development cohorts. We fur-
ther categorized the HRS and development MWIs into quartiles and
used the K statistic to assess for agreement between the categorical
classification of MWI values.

We used multiple linear regression to determine the association
between MWI, using values from the original development cohorts
applied in the HRS, and continuous measures of physical function-
ing, grip strength, gait speed, cognitive function, and ADL and IADL
limitations. We used fractional polynomials to assess for non-linear
associations between MWI and all outcomes. For nonlinear asso-
ciations, we assessed overall and piece-wise linear regression coeffi-
cients at the MWI value of nonlinearity. Regression models included
age, sex, race/ethnicity (White, Black, Hispanic, and other), body
mass index (<18.5, 18.5-24.9, 25-30, and 230 kg/m?), smoking
status (never, past, and current), education (<12, 12, 13-15, and
216 years), and household net worth (quartiles). All analyses were
additionally adjusted for the HRS complex study design to obtain a

nationally-representative sample. All analyses were conducted using
STATA, version 14.0 (StataCorp, College Station, TX, 2015).

Results

Participant Characteristics

The final sample included 20,509 participants, nationally-
representative of 94.9 million Americans aged 51 years and older,
with mean age of 64.7 (SD 10.7) years and physical functioning
score of 68 (SD 31) (Table 1; Supplementary Table 3 for compari-
son between original development and HRS cohorts). The mean grip
strength and gait speed were within normative means and similar to
those in prior HRS studies (21-24). Participants had an average of
0.48 (SD 1.2) ADL limitations and 0.30 (SD 0.9) IADL limitations.
The mean TICS-m score of 16 (SD 4.3) was within the range of nor-
mal cognitive performance (25).

Chronic Diseases and Physical Functioning

The associations between chronic health conditions and the HRS
physical functioning scale varied several-fold (median coefficient
7.0, range 2.0-25.5) (Supplementary Table 4). Similar to the
original development cohorts, late and end-stage organ diseases
were associated with the lowest physical functioning (Table 2).
The conditions with the worst MWI scores included dementia,
congestive heart failure, lung disease, stroke, arthritis, and knee
replacement.

The rank ordering of chronic diseases from greatest to least
impact on physical functioning was similar between the original
development and independent validation cohorts (Table 2). Diseases
had the same ranking or differed by 1-3 positions with the exception
of arthritis and hypertension, which ranked higher in the HRS, and
knee and hip replacement that ranked lower in HRS.

MWI
The mean MWI in the HRS, using the original development cohort
weights, was 4.7 (SD 4.5, range 0-36.8), and the mean disease count
was 2.0 (SD 1.5, range 0-12) (Table 1). The mean disease count
was lower in the HRS than in the original development cohorts
(Supplementary Table 3), likely due to the fewer diseases assessed.
Values for MWI based upon weightings observed in the HRS
and development cohorts (Nurses’ Health Study I and II, Health
Professionals Follow-up Study) were highly correlated (Pearson’s
r=0.92,p <.0001). After categorizing the development and valida-
tion MWIs into quartiles, we found that 85% of the classification
agreed, and the K statistic of measure of agreement was .80 (95%
CI: 0.79, 0.80; p < .0001).

MW!I and Physical and Cognitive Performance

MWI was associated with subjective and objective physical perfor-
mance assessed through measured grip strength and gait speed and
self-reported physical functioning and difficulty performing ADLs
and IADLs. Participants in the highest quartile MWI had worse
physical functioning, weaker grip strength, slower gait speed, worse
cognitive performance, and more ADL and IADL limitations com-
pared with participants in the lowest quartile. We observed a mono-
tonic graded relationship for all outcomes with increasing MWI
quartiles (Table 3). These associations were attenuated but persisted
after adjusting for age, sex, race/ethnicity, body mass index, smoking
status, education, and household net worth.
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Table 1. Participant Characteristics in the Health and Retirement Study, 2010

Health and Retirement Survey, N = 20,509

Characteristic, Range Number (%) Mean SD
Age, years 64.7 10.7
Sex, female 11,716 (54.1)
Race

White 13,416 (78.4)

Black 3,859 (10.1)

Hispanic 2,566 (8.1)

Other 625 (3.3)
Body mass index, kg/m? 28.4 6.0

<18.5 112 (2.1)

18.5-24.9 1,301 (23.6)

25-29.9 1,687 (32.0)

>30 2,087 (42.3)
Smoking status

Never smoker 8,841 (43.5)

Past smoker 49.6 (41.0)

Current smoker 14.8 (15.5)
Education, years 13.5 6.3

<12 4,474 (16.3)

12 6,575 (30.9)

13-15 4,802 (24.5)

>16 4,654 (28.3)
Household net worth, $ 388,585 1,038,730

<14,000 5,120 (20.5)

14,001-113,000 5,118 (24.1)

113,001-323,700 5,116 (26.4)

323,701 5,115 (29.0)
Multimorbidity-Weighted Index, 0-36.8 4.7 4.5
Chronic conditions, number, 012 2.0 1.5
Physical functioning scale, 0-100 68.1 31.4
Grip strength, kg 33.6 11.8
Gait speed, m/s 0.89 3.8
Telephone Interview for Cognitive Status-modified, 0-27 15.7 4.3
Activities of Daily Living limitations, number, 0-6 0.48 1.2
Instrumental Activities of Daily Living limitations, number, 0-5 0.30 0.89

Table 2. Rank Order of Conditions With Greatest Impact on Physical Functioning in the Development and Validation Cohorts

Development Cohorts: Nurses’ Health Study I and II, Health Professionals

Follow-up Study, 1992-2008
(N = 216,890 contributing 612,592 observations)

Validation Cohort: Health and Retirement Study, 2010 (N = 20,509)

Knee replacement
Dementia

Congestive heart failure
Lung disease

Stroke

Hip replacement
Arthritis

Connective tissue disease
Diabetes

Angina

Myocardial infarction
Arrhythmia

Cancer excluding minor skin
Other heart condition
Glaucoma

Hypertension

Dementia

Lung disease

Arthritis

Congestive heart failure
Stroke

Knee replacement
Diabetes

Connective tissue disease
Arrhythmia

Angina

Hypertension

Glaucoma

Hip replacement
Myocardial infarction
Other heart condition
Cancer excluding minor skin

Associations between MWI with physical functioning, gait
speed, grip strength, and the TICS-m were essentially linear
(Figure 1). Formal testing by adding fractional polynomials of MWI

to the model were nonsignificant. Each point increase in MWI was
associated with worse physical functioning (-3.73, 95% CI: -3.84,
-3.62, p < .001), weaker grip strength (-0.27 kg, 95% CI: -0.32,
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-0.22, p < .001), slower gait speed (-0.29 m/s, 95% CI: -0.35,
-0.23), and worse TICS-m score (-0.06, 95% CI: -0.07, -0.04,
p < .001) in fully adjusted models. The monotonic graded

Grip Strength

40.04
38.04

36.04

kg

34.04

32.04

30.04

28.04
0-0.3 0.4-3.9

8.0-37.0

Multimorbidity-Weighted Index Quartile

4.0-7.9

Gait Speed

2.5

2.04

m/s

0.5

T y T T
0-0.3 0.4-3.9 4.0-7.9 8.0-37.0

Multimorbidity-Weighted Index Quartile

TICS-m

17.04
16.54
16.04
15.54

15.04

TICS-m Score

14.54

14.04
0-0.3 0.4-3.9

8.0-37.0

Multimorbidity-Weighted Index Quartile

4.0-7.9

Figure 1. Adjusted weighted average (95% CI) of physical and cognitive
performance outcomes by multimorbidity-weighted index quartiles. All
models adjusted for age, sex, race/ethnicity, body mass index, smoking
status, education, household net worth, and the HRS complex study
design. TICS-m = Modified Telephone Interview for Cognitive Status.

relationship with increasing MWI quartiles was significant for all
outcomes except gait speed (Table 3).

In contrast, the associations between MWI quartiles with ADL
and TADL limitations were significantly nonlinear (fractional poly-
nomial models both p < .001) (Figure 2). For each successive quar-
tile MWI, there was more than a doubling in the number of ADL
and TADL limitations that persisted after adjustment (Table 3).
The overall and piece-wise linear regression coefficients for MWI
<8 and >8 and number of ADL and IADL limitations are shown in
Supplementary Table 5.

Discussion

In an independent cohort nationally-representative of about 95 mil-
lion U.S. adults aged 51 years and older, we determined the relation-
ship of chronic diseases and conditions on physical functioning to
validate an easily-computed MWI that relies solely on self-reported
chronic conditions. For the index to be applicable to a broad range
of adults and their abilities, we weighted chronic conditions by a
modified Short Form-36 physical functioning scale using a full range
of functioning, from basic to vigorous activities. Physical function-
ing is a widely valued patient-centered outcome and also strongly
predicts key clinical outcomes such as mortality, hospitalization, and
emergency department visits (26,27). Further, identification of early
stages of physical decline enables opportunities for early interven-
tions that might slow or prevent further decline.

In the HRS, the rank orderings of participants as well as diseases
strongly agreed with those reported in the original cohorts (6), con-
firming the external validity of the previously-estimated weights.
Further, MWI was strongly and consistently related to both subjective
and objective measures of physical health, cognition, and disability, fur-
ther supporting its validity across broad sectors of the U.S. population.

Compared with the original cohorts, the rank ordering of chronic
conditions in their impact on physical functioning was similar in this
independent, more representative HRS cohort. Late- and end-stage
organ diseases were associated with several-fold worse physical
functioning compared with other chronic conditions. Diseases that
interfere with daily function, such as arthritis, also ranked high in
the HRS and original cohorts, while conditions such as hypertension
that may impact mortality risk but have a smaller impact on physical
functioning, ranked lower. Knee and hip replacement ranked higher

0.5

Number of limitations

0.0

T T T T
0-0.3 0.4-3.9 4.0-7.9 8.0-37.0

Multimorbidity-Weighted Index Quartile

Figure 2. Adjusted weighted average (95% CI) of basic and instrumental
activities of daily living limitations by multimorbidity-weighted index
quartiles. All models adjusted for age, sex, race/ethnicity, body mass index,
smoking status, education, household net worth, and the HRS complex study
design. ADL = Activity of daily living; IADL = Instrumental activity of daily
living.
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than arthritis in the original cohorts, but joint disease overall ranked
high in both the HRS and original cohorts.

Our study, along with prior studies, supports the importance of
physical functioning as a key outcome to assess burden of disease and
weight multimorbidity. A study of early waves of the HRS that focused
on adults aged 70 years and older developed a prognostic index for
mortality and found physical functioning items to be independent risk
factors for mortality, but the index was designed to predict mortality
rather than physical function (28). The HRS 1998 survey wave was
also used to create a prognostic index for 4-year mortality (29) and
incorporated nine comorbidities, in addition to ADLs, IADLs, and
three physical functioning items as predictors. Prior studies of the asso-
ciation between multimorbidity and functional decline have reported
a positive association and greater physical function decline with an
increasing number of conditions but have differed in the number of
conditions, such as four (30) or six or more conditions, at which this
decline occurs (31). In another HRS analysis, participants with combi-
nations of diseases had greater ADL and IADL limitations compared
with those with one or no diseases (32). Our index allows both the type
and number of chronic conditions to contribute to the burden of multi-
morbidity, and with the use of a broad measure of physical functioning,
can identify adults earlier in the course of their physical decline, prior
to the onset of more advanced ADL and IADL limitations.

Prior indices for comorbidity, which are often extended to mul-
timorbidity, have frequently been limited to hospitalized patients
or highly specialized populations and weighted to mortality or
non-patient-centered outcomes such as healthcare cost and utili-
zation (9-12). Hence, our multimorbidity index with chronic con-
ditions weighted by physical functioning may be viewed as more
patient-centered. While patient-reported outcomes such as physical
functioning are important, they are not routinely captured in large
administrative studies or clinical settings. This index thus contrib-
utes a potentially more practical and patient-valued outcome for
capturing chronic disease burden. While MWI was based on self-
reported physical functioning, we demonstrated that it was strongly
associated with both subjective and objective measures of physical
functioning, disability, and cognitive performance.

There are a number of potential limitations of this study. First,
only 16 of the final 74 original chronic conditions were assessed in the
HRS. However, these conditions spanned several organ systems, were
prevalent and highly associated with physical functioning in both the
development and validation cohorts, and reflect diseases commonly
assessed in other national surveys and risk adjustment indices. Second,
self-reported conditions may be under- or over-reported. However,
administrative data are also subject to misclassification from incom-
plete documentation, incomplete or erroneous diagnoses, miscoding,
and they present a provider rather than patient-centered view on
priority conditions that are further subject to bias in coding due to
hospital reimbursement. Third, the physical functioning measure was
only an approximation of the SF-36 physical functioning scale after
weighting, scaling, and standardizing according to the SF-36 meth-
ods. Although direct comparisons to the development cohort disease
weightings are limited, this measure similarly spanned the full range of
physical functioning, from basic activities of daily living to strenuous
aerobic and anaerobic activities, and was thus suitable for compar-
ing conditions to each other within-cohort. Fourth, this study did not
include rare diseases, which are not identified in the HRS due to their
low prevalence, and were limited to more physical than mental health
disorders that were available as a binary yes or no response on the
self-reported questionnaire. Finally, the HRS is limited to adults aged
51 years and older, while the original cohorts included younger adults,

and hence we cannot yet generalize to younger adults nationwide,
although they are least likely to have multimorbidity by any measure.
A MWT that weights chronic conditions to concurrent physical
functioning performed nearly identically in a nationally-representa-
tive independent cohort of U.S. adults as it did in the development
cohorts and thus appears to be a valid measure of multimorbidity in
adults. MWI captured a greater range of multimorbidity than did a
simple disease count and was linearly or synergistically associated
with worse subjective and objective physical and cognitive out-
comes, further underscoring the importance of the construct of mul-
timorbidity. This easily computed internally and externally validated
index may be used as a measure of multimorbidity in community-
dwelling adults. Future studies may further validate MWI for use in
administrative studies and electronic health record data.
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Supplementary data is available at The Journals of Gerontology,
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