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ABSTRACT
Objectives To describe the percentile distribution of 
multimorbidity across age by sex, race and ethnicity, and 
to demonstrate the utility of multimorbidity percentiles to 
predict mortality.
Design Population- based descriptive study and cohort 
study.
Setting Olmsted County, Minnesota (USA).
Participants We used the medical records- linkage 
system of the Rochester Epidemiology Project (REP; 
http://www. rochesterproject. org) to identify all residents 
of Olmsted County, Minnesota who reached one or more 
birthdays between 1 January 2005 and 31 December 
2014 (10 years).
Methods For each person, we obtained the count of 
chronic conditions (out of 20 conditions) present on 
each birthday by extracting all of the diagnostic codes 
received in the 5 years before the index birthday from 
the electronic indexes of the REP. To compare each 
person’s count to peers of same age, the counts were 
transformed into percentiles of the total population and 
displayed graphically across age by sex, race and ethnicity. 
In addition, quintiles 1, 2, 4 and 5 were compared with 
quintile 3 (reference) to predict the risk of death at 1 year, 
5 years and through end of follow- up using time- to- event 
analyses. Follow- up was passive using the REP.
Results We identified 238 010 persons who experienced 
a total of 1 458 094 birthdays during the study period 
(median of 6 birthdays per person; IQR 3–10). The 
percentiles of multimorbidity across age did not vary 
noticeably by sex, race or ethnicity. In general, there was 
an increased risk of mortality at 1 and 5 years for quintiles 
4 and 5 of multimorbidity. The risk of mortality for quintile 
5 was greater for younger age groups and for women.
Conclusions The assignment of multimorbidity 
percentiles to persons in a population may be a simple and 
intuitive tool to assess relative health status, and to predict 
short- term mortality, especially in younger persons and in 
women.

INTRODUCTION
The degree of accumulation of multimor-
bidity (number of chronic conditions as 
compared with peers of the same age and 
sex) has been proposed as a clinical marker 
of acceleration of the ageing processes.1–4 
We and others have previously shown that 

the number of chronic conditions increases 
dramatically with older age, and may be influ-
enced by factors such as sex, race, ethnicity 
and socioeconomic status.2 5–8 Thus, persons 
who have accumulated more chronic condi-
tions than their peers may be experiencing 
accelerated ageing. Indeed, multimorbidity 
mirrors a global susceptibility and loss of resil-
ience, which are both hallmarks of ageing.4

For example, in a study of women who 
underwent bilateral oophorectomy before the 
age of natural menopause, we previously used 
the rate of accumulation of multimorbidity as 
a clinical measure of the rate of ageing at the 
cellular, tissue, organ and system levels.9–11 
The correspondence between the clinical 
measure of multimorbidity and the biological 

Strengths and limitations of this study

 ► Our descriptive study of percentiles of multimor-
bidity across age, and our cohort study of the as-
sociation between quintiles of multimorbidity and 
mortality are population based and use data from 
a comprehensive medical records- linkage system.

 ► Almost all persons in the population gave general 
authorisation to use their medical records for re-
search and were included in the study (approxi-
mately 95%). Persons were included regardless of 
socioeconomic status, insurance status and health-
care delivery setting.

 ► The persons were included at multiple birthday 
points (at different ages) to develop the percentile 
scores, and we made the assumption that there 
were no systematic changes in the patterns of mul-
timorbidity across calendar year (no calendar- year 
time trends over the 10- year window of birthdays).

 ► When detecting chronic conditions using diagnos-
tic codes from medical records, we may have un-
dercounted or misclassified certain conditions that 
did not receive adequate coding as part of routine 
medical care.

 ► We did not consider the effect of severity or medical 
treatment of specific conditions in our prediction of 
mortality at 1 year and 5 years of follow- up.
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changes related to ageing (biomarkers of ageing) has not 
been tested directly, but was confirmed indirectly by the 
finding that women who underwent bilateral oophorec-
tomy before the age of natural menopause also experi-
enced accelerated ageing, measured using a defined 
set of DNA methylation levels across multiple genomic 
regions.12 13 Because DNA methylation is one of the best 
known epigenetic mechanisms and is strongly correlated 
with chronologic age, this ageing biomarker has been 
named an ‘epigenetic clock’.13

If rapid accumulation of chronic conditions is a marker 
of accelerated ageing, it is necessary to first understand 
the normal accumulation of chronic conditions across 
the lifespan. Unfortunately, there is no consensus about 
how many conditions or clusters of conditions, or what 
severity of conditions, are needed to define accelerated 
ageing and to separate it from slower ageing (successful 
ageing) or from typical ageing.9 Variation in the types of 
conditions included in studies of multimorbidity makes it 
difficult to compare study results from different research 
groups. In addition, there is a lack of age- specific, sex- 
specific, race- specific and ethnicity- specific data regarding 
the typical accumulation of chronic conditions in the 
general population (normative data). Barnett et al have 
previously reported such data for persons in the Scottish 
population, but similar data are rare in the USA because 
there are no comprehensive, clinical records- based data 
sets across all ages and for all regions of the country.5 8 14 15 
The Rochester Epidemiology Project (REP) comprehen-
sive medical records- linkage system provides a unique 
research infrastructure to fill this gap. Normative data in 
a general US population would be useful for identifying 
persons who are accumulating chronic conditions at a 
faster or slower rate than their peers. Such measures may 
then be used to identify persons at high risk for adverse 
outcomes related to ageing (eg, hospital admission, 
nursing home placement or early mortality).

To address these research gaps, we first calculated 
normative values for multimorbidity across age, sex, 
race and ethnicity in the population of Olmsted County, 
Minnesota (USA) using a set of 20 chronic conditions. 
Second, we determined whether a person’s percentile 
rank was significantly associated with short- term mortality. 
We use the term normative to indicate what is usual in the 
general population; however, we are not suggesting that 
what happens in the population represents ideal circum-
stances.16 17

METHODS
Study population
We used the medical records- linkage system of the REP to 
identify all persons who lived in Olmsted County, Minne-
sota, USA at any time between 1 January 2005 and 31 
December 2014 (10 years). To be included, persons were 
required to have reached at least one birthday while a 
resident of the county within the study time frame. There-
fore, we excluded persons who died or moved out of 

Olmsted County before reaching a birthday. We included 
all birthdays from 0 (birth) to 110 years. Persons were 
included in the analyses multiple times if they resided in 
the county at several birthdates. However, we excluded 
persons who did not have at least one medical record with 
authorisation to be included in research, as per Minne-
sota legal requirements.18

Persons in the sample were stratified into birthday 
cohorts at the single year level (eg, age 41, 42 and 43), 
and regardless of the calendar year in which the birthday 
occurred. Each birthday cohort was followed from the 
date of the birthday to 31 December 2017, through death, 
or through the last medical contact captured by the REP. 
Mortality was assessed using the electronic information 
from the REP indexes, which include death information 
from state and national sources.18

Definition of 20 chronic conditions
We studied the 20 chronic conditions recommended by 
the Department of Health and Human Services (DHHS) 
to define multimorbidity (see online supplemental table 
1). These conditions were selected by the DHHS because 
they are chronic, prevalent and ‘potentially amenable 
to public health or clinical interventions or both’.19 
However, we modified the set of International Classifi-
cation of Diseases (ICD) codes used to define cancer 
by excluding non- melanoma skin cancer because it is 
relatively common in the general population but has a 
benign prognosis. The REP links and archives all of the 
billing codes generated by the participating healthcare 
institutions at every healthcare visit (inpatient, outpa-
tient, emergency room or other). To qualify as having a 
condition at the birthdate, a person was required to have 
received two or more codes separated by more than 30 
days from among the list of codes defining a condition. 
Each birthday was treated as an index date, and preva-
lent conditions at a given age were derived from the 
diagnostic codes for each person in the 5 years before 
the index date (moving 5- year window). Each person was 
assigned a count for the number of conditions present 
on the index date (multimorbidity score), and the score 
was modelled and transformed into a percentile rank of 
the distribution of scores in the overall geographically 
defined population.

Patient and public involvement
There was no patient involvement in the study.

Statistical analyses
Quantile regression was used to model the multimor-
bidity scores across age. Because the multimorbidity 
score is an integer count with values between 0 and 20, 
we used methods for calculating quantiles for counts as 
described elsewhere.20 This modelling involves a step of 
adding a random amount of jitter from a uniform distri-
bution between 0 and 1 to each observed multimorbidity 
score. We performed 20 replicates of this jitter process, 
and averaged across the modelled quantiles. Quantile 
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regression was modelled using the gcrq function (growth 
charts regression quantiles) available as part of the 
quantregGrowth package in R. Because our study focuses 
on modelling quantiles through age 85 years, quantile 
regression models included birthdays through age 95 to 
stabilise the older age estimation.

Using these methods, the multimorbidity score of 
each person on a given birthday was effectively trans-
formed into a percentile (quantile) rank of the distri-
bution of scores in the overall geographically defined 
population. We studied the percentile distribution 
of the number of conditions across age in men and 
women separately and combined. We also studied 
differences by race (Whites, Blacks, Asians and other) 
and by ethnic group (Hispanics vs non- Hispanics), as 
defined by the US Census Bureau.

To investigate the clinical utility of the percentile 
ranks to predict outcomes in specific age cohorts, we 
studied the risk of death at 1 year, 5 years and through 
last follow- up (31 December 2017) across quintiles of 
the score. Quintile 3 was considered the reference. For 
quintiles 1, 2, 4 and 5, we computed an HR and a 95% 
CI using Cox proportional hazards models. All models 
were adjusted for sex, race, ethnicity and calendar year of 
birthday (when applicable). The mortality at 1 year and 
5 years after the index birthdates were determined from 
the Kaplan- Meier curves associated with the Cox propor-
tional hazards models. We conducted analyses for men 
and women separately and combined. All analyses were 
performed using SAS V.9.4 (SAS Institute) and R V.3.6.1, 
and tests of statistical significance were conducted at the 
two- tailed alpha level of 0.05.

RESULTS
Study population
From a total population of 262 064 persons who ever 
resided in Olmsted County between 2005 and 2014, we 
excluded 12 624 (4.8%) persons because they did not 
reach at least one birthday during the 10- year period. 
Of the remaining 249 440 persons, we excluded 11 430 
(4.6%) persons because they did not have any medical 
record with research authorisation, resulting in 238 010 
persons included in the analyses. Persons were included 
more than once if they reached multiple birthdays during 
the 10- year period. Indeed, the total number of birth-
days was 1 458 094, and the median number of birthdays 
was 6 per person (IQR 3–10). For quantile regression 
models, we included the 1 456 052 birthdays at ages ≤95 
years (among 237 791 unique persons). This age restric-
tion ensured that quantile regression models were firmly 
anchored at older ages for the estimation of quantiles 
through age 85 years. Table 1 shows the distribution of 
demographic and clinical characteristics in eight birthday 
cohorts corresponding to 8 decades of age. Table 1 also 
shows the depth of medical record information available 
in the records- linkage system of the REP before the index 

birthday. The median depth of information was 5 years 
for each of the eight birthday cohorts.

Validity of the multimorbidity score
We investigated whether the use of the 20 chronic condi-
tions recommended by the DHHS to define the percen-
tile ranking of multimorbidity was valid as compared with 
the use of a broader list. In particular, we compared the 
percentile ranking based on the 20 DHHS conditions to 
the percentile ranking based on a more extensive list of 
190 conditions defined in the Clinical Classification Soft-
ware (CCS) and with at least one diagnosis code flagged 
by the CCS as chronic.21 22 Of the 283 CCS categories that 
include all of the 15 072 ICD-9 codes, we identified 190 
categories with at least 1 code flagged as chronic. For 
both the DHHS and the CCS definitions, we required two 
or more codes for the same condition separated by more 
than 30 days. For the CCS categories, both codes within a 
category had to be flagged as chronic to meet the inclu-
sion criteria. Both definitions were based on the diag-
nostic codes archived in the electronic indexes of the REP 
within the 5- year window before the index birthday. For 
this validation study, we included the subset of birthdays 
at ages ≤95 years to model the percentile distributions of 
both the DHHS score and the CCS score. The modelling 
included 237 791 persons who contributed a total of 1 456 
052 birthdays. Although the crude multimorbidity scores 
(simple condition count) were highly dependent on the 
number of conditions included, the percentile scales 
had substantial intraclass correlation at ages 40 years and 
older, and almost perfect intraclass correlation at age 60 
years and older (see online supplemental table 2).23 24

Percentile ranks of multimorbidity
Table 2 shows the distribution of the number of condi-
tions by age and sex in four racial groups and by 
ethnicity. Online supplemental figures 1–4 show the 
50th, 75th, 90th and 95th percentiles of multimorbidity 
by sex (online supplemental figure 1), by race (online 
supplemental figure 2), by ethnicity (online supple-
mental figure 3), and by calendar year quinquennium 
(online supplemental figure 4). The accumulation of 
multimorbidity was similar in men and women through 
approximately age 70, but was somewhat greater in men 
thereafter. Blacks had a somewhat higher accumulation 
of multimorbidity compared with other races between 
the ages of 40 and 60, in particular, as compared with 
Asians (see online supplemental figure 2, panels C and 
D). Similarly, non- Hispanics had a somewhat higher accu-
mulation of multimorbidity than Hispanics. Finally, the 
most recent quinquennium (2010–2014) had a somewhat 
higher accumulation of multimorbidity than the earlier 
quinquennium (2005–2009) but only at ages 75 years and 
older. Because the differences by sex, race, ethnicity and 
calendar year were relatively small (ie, less than the accu-
mulation of one additional condition), we present the 
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percentile distribution of multimorbidity in the entire 
population as a single figure (figure 1).

Table 3 shows the look- up values for percentile ranks 
of multimorbidity by age in the overall population (both 
sexes and all race and ethnicity groups combined). Even 
though our study included all ages, we restricted the 
display to single years of age between 50 and 85 years 
because in this age range there were sizeable differences 
across persons, allowing the separation of percentiles 
across the number of conditions. This table can be used 
to assign a percentile rank to persons given their age and 
number of chronic conditions. For example, a person 
of age 63 with 3 conditions is in the 66th percentile, 
whereas, a person of age 83 with three conditions is in 
the 27th percentile. Online supplemental table 3 shows 
the percentile distribution of multimorbidity for all ages 
from 1 to 85 years in men and women combined and 
separately.

Association of the percentile ranks with mortality
The median length of follow- up for the birth cohorts 
varied depending on the anchoring birthday age. In 
particular, the median was 7.4 (IQR 4.8–9.9) for 50 years, 
6.8 (IQR 4.5–9.6) for 55 years, 6.7 (IQR 4.5–9.5) for 60 
years, 6.6 (IQR 4.4–9.5) for 65 years, 6.6 (IQR 4.4–9.4) 
for 70 years, 6.3 (IQR 4.3–9.0) for 75 years, 5.8 (IQR 
3.8–8.3) for 80 years and 4.7 (IQR 3.1–7.0) for 85 years. 
Table 4 shows the HR of death through last follow- up in 
quintiles 1, 2, 4 and 5 compared with quintile 3, used as 
the reference, and separately for eight age cohorts (from 
50 to 85 years, in 5- year increments) for men and women 
combined. In general, the HRs were larger for quintiles 
4 and 5 compared with quintile 3 within each age cohort. 
The HR of death for quintile 5 compared with quintile 
3 was higher in younger age cohorts (50, 55, 60 and 65) 
than in older age cohorts (70, 75, 80 and 85). Table 4 also 

shows the percent of persons who died at 1 year and 5 
years in the five quintiles, for men and women separately. 
As expected, men experienced a higher mortality than 
women across all quintiles and all age cohorts.

Online supplemental table 4 shows the same cohort 
analyses separately for men and women. In stratum- 
specific comparisons, the HR of death was significantly 
higher in women than in men for quintile 5 compared 
with quintile 3 in the age cohorts 65 and 70 years. A global 
test of difference between men and women across all five 
quintiles was statistically significant for the age cohorts 
65, 70 and 75 years.

DISCUSSION
Principal findings
We provide tabular and graphical displays of the prev-
alence and percentile distribution of multimorbidity 
across age in a geographically defined population, and 
demonstrate that higher percentiles are associated with 
higher risk of death. Although multimorbidity accumu-
lated more rapidly in men than women at older ages, 
in blacks compared with Asians, and in non- Hispanics 
compared with Hispanics, the differences were small. 
Therefore, if these demographic patterns are confirmed 
in other populations, we propose that a single overall set 
of percentile ranks may be used in clinical predictions. 
Higher quintiles of multimorbidity were associated with 
increased mortality both at 1 year and at 5 years. For 
several age groups, the risk of death through the last 
follow- up was higher in women than men in the same 
quintile of multimorbidity.

Our findings suggest that the percentile rank of a 
person compared with the peers of same age is associated 
with short- term mortality. The association is particularly 
strong for younger age cohorts (50–65 years) compared 
with older age cohorts (70–85 years). For older age 
cohorts, age itself is the major predictor of death, regard-
less of the percentile rank for multimorbidity. We also 
noted that the association between percentile rank and 
short- term mortality was greater for women than for men, 
especially in the younger age cohorts (50–75 years). The 
explanation for this sex or gender effect remains unclear. 
Even though the objective of this study was to consider 
the number of conditions rather than the individual 
conditions, we explored the modifying effect of age on 
the association of individual conditions with mortality 
(online supplemental table 5 and figure 5). For most 
chronic conditions, the association with mortality attenu-
ated with increasing age.

Strengths and weaknesses
The strengths of this study include access to medical 
record data (specifically, billing codes) on all conditions 
for an entire geographically defined population across 
age, sex, race and ethnic groups, regardless of insurance 
status, socioeconomic status and care delivery setting. 
Nevertheless, we may have been unable to capture some 

Figure 1 Accumulation of chronic conditions over age in 
the overall population (both sexes and all race and ethnicity 
groups combined).

https://dx.doi.org/10.1136/bmjopen-2020-042633
https://dx.doi.org/10.1136/bmjopen-2020-042633
https://dx.doi.org/10.1136/bmjopen-2020-042633
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unique populations such as homeless persons and immi-
grants who did not receive care from any of the care 
providers participating in the REP. Because data were 

generated historically as part of routine medical care, 
patients were not involved in remembering or reporting 
medical events or diagnoses. Medical record data are 

Table 3 Look- up table for the percentile rank of persons in the general population using age and number of chronic 
conditions

Age, years*

No of DHHS- defined chronic conditions†

1 2 3 4 5 6 7 8 9 10 ≥11‡

50 49 74 87 94 97 98 99 ---§ --- --- ---

51 46 72 86 93 97 98 99 --- --- --- ---

52 44 70 85 93 96 98 99 --- --- --- ---

53 42 68 83 92 96 98 99 --- --- --- ---

54 40 66 81 91 96 98 99 --- --- --- ---

55 38 64 80 90 95 98 99 --- --- --- ---

56 36 61 78 89 95 97 98 99 --- --- ---

57 34 59 76 88 94 97 98 99 --- --- ---

58 32 57 75 87 94 97 98 99 --- --- ---

59 30 55 73 86 93 97 98 99 --- --- ---

60 29 53 71 85 93 96 98 99 --- --- ---

61 27 50 69 84 92 96 98 99 --- --- ---

62 26 48 67 83 91 96 98 99 --- --- ---

63 25 46 66 81 91 95 98 99 --- --- ---

64 24 45 64 80 90 95 97 98 99 --- ---

65 23 43 62 79 89 95 97 98 99 --- ---

66 22 41 59 77 88 94 97 98 99 --- ---

67 20 38 57 75 87 93 97 98 99 --- ---

68 19 35 54 73 86 93 96 98 99 --- ---

69 17 33 52 71 84 92 96 98 99 --- ---

70 16 30 49 68 83 91 95 98 99 --- ---

71 15 28 47 66 81 90 95 97 99 --- ---

72 14 27 45 64 80 89 95 97 98 99 ---

73 13 25 43 62 78 88 94 97 98 99 ---

74 12 24 41 60 76 87 93 97 98 99 ---

75 11 23 39 58 75 86 93 96 98 99 ---

76 11 22 37 56 73 84 92 96 98 99 ---

77 10 21 35 54 71 83 91 95 98 99 ---

78 10 20 34 52 69 82 90 95 97 99 ---

79 9 19 32 50 67 81 89 95 97 99 ---

80 9 18 31 48 65 79 88 94 97 98 99

81 8 16 29 46 64 78 87 93 97 98 99

82 8 16 28 45 63 76 86 93 96 98 99

83 8 15 27 44 62 75 85 92 96 98 99

84 8 15 26 43 60 74 84 92 96 98 99

85 8 14 26 42 59 73 83 91 95 98 99

*To shorten the table, age look- up values are only given for ages 50 through 85. The percentiles for younger ages are reported in online 
supplemental table 3.
†The number of chronic conditions from among the 20 conditions defined by DHHS.
‡The presence of ≥11 chronic conditions maps to the 99th percentile at all ages.
§To reduce the density of numbers reported in the table, we use ‘---’ to denote that the 99th percentile has been reached.
DHHS, Department of Health and Human Services.

https://dx.doi.org/10.1136/bmjopen-2020-042633
https://dx.doi.org/10.1136/bmjopen-2020-042633
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often difficult to obtain in the USA because there is 
no centralised healthcare surveillance system. In 2013, 
Wallace and Salive recognised that in the USA, there are 
no comprehensive, clinical records- based data sets for 
all ages and for all regions.14 Therefore, the REP offered 
a unique setting to study multimorbidity across all ages 
within a local context.5 15

A limitation of this study, which is shared with many 
other similar studies, is the limited validity of ICD-9 
codes. Previous REP studies have shown that codes may 
be assigned in error, and manual review of the medical 
records is often needed to ascertain whether a person 
truly has the disease or condition of interest.5 25–29 We 
limited false positive diagnoses by requiring at least two 
diagnostic codes separated by more than 30 days for each 
condition. However, we may have excluded some persons 
who were actually affected by the condition (reduced 
sensitivity). Because the underdiagnosis of medical 
conditions may differ by age, sex, race, ethnicity and 
socioeconomic status, some of our findings may reflect a 
diagnostic bias.

Second, there is not agreement on the optimal number 
and type of conditions needed to define multimorbidity, 
or on the advantages and disadvantages of using weights 
for the conditions included. There is no universally 
recommended list of conditions, and the optimal way to 
measure multimorbidity likely depends on the purpose of 
the study. We used the unweighted DHHS list of 20 condi-
tions to improve reproducibility, at least within the USA. 
This list includes conditions that frequently co- occur (eg, 
hypertension and hyperlipidaemia) and conditions with 
low frequency in the ageing population (eg, autism). 
In addition, the DHHS list does not include conditions 
such as obesity or severe sensory limitations that may be 
both common and important for prognosis. Nevertheless, 
in our validation study, the multimorbidity percentile 
ranking of persons obtained using the 20 DHHS condi-
tions was comparable to the ranking obtained using the 
more extensive list of 190 CCS chronic conditions, espe-
cially at ages 40 and older. These findings suggest that 
the 20 DHHS conditions may be adequate in number and 
type to rank persons in the population relative to peers of 
same age. The use of percentile ranks reduces the differ-
ences observed when using crude multimorbidity counts 
(or scores) based on lists with different numbers and 
types of conditions.

A third limitation was the cross- sectional nature of the 
analyses used to develop the percentile profiles.17 The 
persons residing in the county over a 10 calendar- year 
period were sampled based on having reached a certain 
birthday age. Therefore, the percentile distributions were 
based on the assumptions that all persons in a given age, 
sex, race or ethnic group had the same multimorbidity 
score regardless of the calendar year of the measure or of 
the calendar year of birth. We assumed that there were no 
systematic shifts in the distribution of multimorbidity over 
the 10 calendar- year study period and no birth cohort 
effects. In support of this assumption, a comparison of B

ir
th

d
ay

co
ho

rt
, y

ea
rs

Q
ui

nt
ile

N
o

 o
f 

D
H

H
S

- d
efi

ne
d

 
co

nd
it

io
ns

*

To
ta

l
P

er
so

ns
N

D
ea

th
s

N
 (%

)
P

er
so

n-
 

ye
ar

s

R
is

k 
o

f 
d

ea
th

†

P
er

ce
nt

 w
ho

 d
ie

d
 (9

5%
 C

I)‡

M
en

W
o

m
en

H
R

 (9
5%

 C
I)

P
 v

al
ue

1 
ye

ar
5 

ye
ar

s
1 

ye
ar

5 
ye

ar
s

85
1

0,
 1

, 2
11

46
61

6 
(5

3.
8)

64
85

0.
82

 (0
.7

4 
to

 0
.9

1)
0.

00
02

5.
0 

(3
.2

 t
o 

7.
6)

31
.2

 (2
6.

7 
to

 3
6.

2)
4.

8 
(3

.5
 t

o 
6.

6)
28

.7
 (2

5.
4 

to
 3

2.
3)

2
3

68
8

35
2 

(5
1.

2)
38

55
0.

81
 (0

.7
1 

to
 0

.9
1)

0.
00

08
4.

2 
(2

.3
 t

o 
7.

6)
32

.5
 (2

6.
6 

to
 3

9.
2)

3.
8 

(2
.4

 t
o 

6.
0)

28
.0

 (2
4.

0 
to

 3
2.

6)

3
4,

 5
13

43
76

0 
(5

6.
6)

69
55

1.
00

 (r
ef

.)
--

-
5.

9 
(4

.2
 t

o 
8.

2)
38

.4
 (3

4.
3 

to
 4

2.
9)

4.
8 

(3
.5

 t
o 

6.
5)

35
.1

 (3
1.

8 
to

 3
8.

6)

4
6

41
4

27
0 

(6
5.

2)
18

88
1.

39
 (1

.2
1 

to
 1

.6
0)

<
0.

00
01

9.
1 

(5
.7

 t
o 

14
.5

)
57

.3
 (4

9.
5 

to
 6

5.
3)

5.
5 

(3
.2

 t
o 

9.
2)

43
.1

 (3
7.

0 
to

 4
9.

9)

5
≥7

 (m
ax

=
15

)
69

0
50

5 
(7

3.
2)

26
08

1.
97

 (1
.7

6 
to

 2
.2

1)
<

0.
00

01
15

.9
 (1

2.
3 

to
 2

0.
5)

63
.6

 (5
8.

1 
to

 6
9.

2)
14

.6
 (1

1.
4 

to
 1

8.
6)

59
.8

 (5
4.

6 
to

 6
5.

2)

*T
he

 n
um

b
er

 o
f c

hr
on

ic
 c

on
d

iti
on

s 
fr

om
 a

m
on

g 
th

e 
20

 c
on

d
iti

on
s 

d
efi

ne
d

 b
y 

D
H

H
S

.
†T

he
 r

is
k 

of
 d

ea
th

 fr
om

 C
ox

 p
ro

p
or

tio
na

l-
 ha

za
rd

s 
m

od
el

s 
w

as
 a

d
ju

st
ed

 fo
r 

se
x 

(m
al

e 
vs

 fe
m

al
e)

, r
ac

e 
(n

on
- W

hi
te

 v
s 

W
hi

te
), 

et
hn

ic
ity

 (H
is

p
an

ic
 v

s 
no

n-
 H

is
p

an
ic

) a
nd

 c
al

en
d

ar
 y

ea
r 

at
 b

irt
hd

ay
 (2

00
5–

20
09

 v
s 

20
10

–2
01

4)
. H

ow
ev

er
, t

he
 r

es
ul

ts
 

ch
an

ge
d

 m
in

im
al

ly
 b

ef
or

e 
an

d
 a

ft
er

 t
he

 a
d

ju
st

m
en

ts
. F

ol
lo

w
- u

p
 w

as
 a

ss
es

se
d

 fo
r 

p
er

so
ns

 t
hr

ou
gh

 3
1 

D
ec

em
b

er
 2

01
7.

 T
he

 m
ed

ia
n 

fo
llo

w
- u

p
 in

 y
ea

rs
 w

as
 7

.4
 (I

Q
R

 4
.8

–9
.9

) f
or

 t
he

 a
ge

 5
0 

ye
ar

s 
b

irt
hd

ay
 c

oh
or

t,
 6

.8
 (I

Q
R

 4
.5

–9
.6

) f
or

 5
5 

ye
ar

s,
 6

.7
 

(IQ
R

 4
.5

–9
.5

) f
or

 6
0 

ye
ar

s,
 6

.6
 (I

Q
R

 4
.4

–9
.5

) f
or

 6
5 

ye
ar

s,
 6

.6
 (I

Q
R

 4
.4

–9
.4

) f
or

 7
0 

ye
ar

s,
 6

.3
 (I

Q
R

 4
.3

–9
.0

) f
or

 7
5 

ye
ar

s,
 5

.8
 (I

Q
R

 3
.8

–8
.3

) f
or

 8
0 

ye
ar

s 
an

d
 4

.7
 (I

Q
R

 3
.1

–7
.0

) f
or

 8
5 

ye
ar

s.
 In

 a
 s

et
 o

f a
lte

rn
at

iv
e 

an
al

ys
es

, w
e 

m
ea

su
re

d
 t

he
 in

cr
ea

se
 in

 H
R

 
w

he
n 

ad
d

in
g 

on
e 

m
or

e 
ch

ro
ni

c 
co

nd
iti

on
 a

t 
d

iff
er

en
t 

le
ve

ls
 o

f m
or

b
id

ity
, a

cr
os

s 
d

iff
er

en
t 

ag
es

. F
or

 a
 c

om
p

ar
is

on
, w

e 
re

p
or

t 
th

e 
H

R
s 

fo
r 

ag
e 

60
 a

nd
 8

5 
ye

ar
s.

 A
t 

ag
e 

60
 y

ea
rs

, t
he

 H
R

 w
as

 1
.2

 fo
r 

>
0 

vs
 0

; 2
.0

 fo
r 

>
1 

vs
 1

; 1
.9

 fo
r 

>
2 

vs
 2

; 2
.5

 fo
r 

>
3 

vs
 

3 
an

d
 3

.1
 fo

r 
>

4 
vs

 4
. A

t 
ag

e 
85

 y
ea

rs
, t

he
 H

R
 w

as
 1

.0
 fo

r 
>

0 
vs

 0
; 1

.6
 fo

r 
>

1 
vs

 1
; 1

.4
 fo

r 
>

2 
vs

 2
; 1

.6
 fo

r 
>

3 
vs

 3
 a

nd
 1

.5
 fo

r 
>

4 
vs

 4
.

‡T
he

 p
er

 c
en

t 
w

ho
 d

ie
d

 a
t 

1 
ye

ar
 a

nd
 5

 y
ea

rs
 a

ft
er

 r
es

p
ec

tiv
e 

b
irt

hd
ay

s 
as

 c
al

cu
la

te
d

 u
si

ng
 t

he
 K

ap
la

n-
 M

ei
er

 p
ro

d
uc

t 
lim

it 
es

tim
at

or
.

§F
or

 t
he

 c
oh

or
ts

 a
t 

ag
es

 5
0 

an
d

 5
5,

 t
he

 s
ec

on
d

 a
nd

 t
hi

rd
 q

ui
nt

ile
s 

w
er

e 
p

oo
le

d
 a

nd
 u

se
d

 a
s 

re
fe

re
nc

e 
to

 a
vo

id
 a

 q
ui

nt
ile

 s
tr

at
um

 b
ei

ng
 u

nd
efi

ne
d

 (i
e,

 e
m

p
ty

). 
Th

is
 p

oo
lin

g 
w

as
 n

ec
es

sa
ry

 a
t 

yo
un

ge
r 

ag
es

 b
ec

au
se

 a
n 

in
cr

em
en

t 
of

 a
 s

in
gl

e 
ad

d
iti

on
al

 
ch

ro
ni

c 
co

nd
iti

on
 c

an
 le

ad
 t

o 
a 

la
rg

e 
ju

m
p

 in
 t

he
 m

od
el

le
d

 p
er

ce
nt

ile
s.

D
H

H
S

, D
ep

ar
tm

en
t 

of
 H

ea
lth

 a
nd

 H
um

an
 S

er
vi

ce
s.

Ta
b

le
 4

 
C

on
tin

ue
d



12 Rocca WA, et al. BMJ Open 2021;11:e042633. doi:10.1136/bmjopen-2020-042633

Open access 

the modelled percentile distributions in the two calendar- 
year quinquennia of the study (2005–2009 and 2010–
2014) showed only small calendar year differences (see 
online supplemental figure 4).

Finally, our study focused on a single geographically 
defined US population, and the percentile distribution of 
multimorbidity may differ in other populations. However, 
we have shown that the demographic and socioeconomic 
characteristics of our population are similar to those of 
the upper Midwest.30 Nevertheless, the ability of quintiles 
of multimorbidity to predict mortality must be replicated 
in other populations with similar and with different socio-
demographic characteristics to assess the generalisability 
of our findings.

Comparison with other studies
Although there is a large and growing body of literature 
describing the patterns of multimorbidity in populations 
from the USA and worldwide, we are not aware of studies 
that used our approach to assign percentile ranks of multi-
morbidity to persons throughout their life in a geographi-
cally defined population. The use of percentile ranks may 
reduce the lack of comparability of results from studies 
using different numbers or types of chronic conditions 
to define multimorbidity. If they are confirmed in other 
populations, our look- up tables may prove to be a simple 
and useful clinical tool to make short- term predictions.

Possible interpretation of our findings
Unfortunately, there is no consensus about how many 
conditions or clusters of conditions, or what severity of 
conditions, are needed to define accelerated ageing.9 If 
we accept the use of multimorbidity as a clinical measure 
of accelerated ageing at the cellular, tissue, organ or 
system level, our suggested use of percentile ranks may be 
of clinical use. The percentile rank provides a simple and 
intuitive measure of the health of a person as compared 
with peers of the same age. Our analyses for short- term 
mortality confirm the predictive value of percentile 
ranks. Percentile ranks of multimorbidity may also be 
useful in research studies to stratify the population for 
case–control studies, cohort studies and clinical trials. 
However, our findings need to be replicated in indepen-
dent studies before they can be considered for clinical or 
research uses.

CONCLUSIONS
The assignment of a percentile rank of multi- morbidity to 
persons in a population may be a simple and intuitive way 
to describe the health status of persons relative to their 
peers of the same age. In addition, the percentile ranks 
may be useful predictors of future adverse outcomes, such 
as short- term mortality. Finally, the use of percentile ranks 
in research projects may reduce the lack of comparability 
across studies using different numbers or types of chronic 
conditions to define multi- morbidity.

Author affiliations
1Division of Epidemiology, Department of Health Sciences Research, Mayo Clinic, 
Rochester, Minnesota, USA
2Department of Neurology, Mayo Clinic, Rochester, Minnesota, USA
3Women’s Health Research Center, Mayo Clinic, Rochester, Minnesota, USA
4Division of Biomedical Statistics and Informatics, Department of Health Sciences 
Research, Mayo Clinic, Rochester, Minnesota, USA
5Division of Geriatric Medicine and Gerontology, Department of Medicine, Johns 
Hopkins University, Baltimore, Maryland, USA
6Department of Psychiatry and Psychology, Mayo Clinic, Jacksonville, Florida, USA
7The Robert D. and Patricia E. Kern Center for the Science of Health Care Delivery, 
Mayo Clinic, Rochester, Minnesota, USA

Acknowledgements The authors would like to thank Ms Kristi Klinger for her 
assistance in typing and formatting the manuscript.

Contributors WAR, BRG and JLS were involved in the conception and design of 
the study. BRG and WAR conducted the data analyses. WAR drafted the manuscript. 
All authors (WAR, BRG, CMB, AMC, WVB and JLS) contributed to the interpretation 
of the data and provided critical revisions of the manuscript. All authors (WAR, BRG, 
CMB, AMC, WVB and JLS) also approved the final version to be published.

Funding This study used the resources of the Rochester Epidemiology Project, 
which is supported by the National Institute on Aging of the National Institutes of 
Health (grants R01 AG034676 and R01 AG052425). WAR was partly supported by 
the National Institutes of Health (R21 AG058738, U54 AG044170, U01 AG006786 
and P01 AG004875).

Disclaimer The content of this article is solely the responsibility of the authors and 
does not necessarily represent the official view of the National Institutes of Health.

Competing interests None declared.

Patient consent for publication Not required.

Ethics approval All study procedures and ethical aspects were approved by 
the institutional review boards of both Mayo Clinic and Olmsted Medical Center. 
Because the data collection was historical, persons did not need to provide a study- 
specific informed consent but rather a general consent to use their medical records 
for research (Minnesota legal requirements).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request. 
Investigators interested in using the normative data for multimorbidity from the 
Rochester Epidemiology Project to test specific hypotheses can contact WAR via 
email ( rocca@ mayo. edu). The correspondence should include a brief outline of the 
intended project (not longer than a page).

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

ORCID iDs
Walter A Rocca http:// orcid. org/ 0000- 0002- 1832- 7664
Jennifer L St Sauver http:// orcid. org/ 0000- 0002- 9789- 8544

REFERENCES
 1 Fabbri E, Zoli M, Gonzalez- Freire M, et al. Aging and multimorbidity: 

new tasks, priorities, and frontiers for integrated gerontological and 
clinical research. J Am Med Dir Assoc 2015;16:640–7.

 2 St Sauver JL, Boyd CM, Grossardt BR, et al. Risk of developing 
multimorbidity across all ages in an historical cohort study: 
differences by sex and ethnicity. BMJ Open 2015;5:e006413.

https://dx.doi.org/10.1136/bmjopen-2020-042633
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-1832-7664
http://orcid.org/0000-0002-9789-8544
http://dx.doi.org/10.1016/j.jamda.2015.03.013
http://dx.doi.org/10.1136/bmjopen-2014-006413


13Rocca WA, et al. BMJ Open 2021;11:e042633. doi:10.1136/bmjopen-2020-042633

Open access

 3 Fabbri E, An Y, Zoli M, et al. Association between accelerated 
multimorbidity and age- related cognitive decline in older Baltimore 
longitudinal study of aging participants without dementia. J Am 
Geriatr Soc 2016;64:965–72.

 4 Vetrano DL, Calderón- Larrañaga A, Marengoni A, et al. An 
international perspective on chronic multimorbidity: approaching the 
elephant in the room. J Gerontol A Biol Sci Med Sci 2018;73:1350–6.

 5 Rocca WA, Boyd CM, Grossardt BR, et al. Prevalence of 
multimorbidity in a geographically defined American population: 
patterns by age, sex, and race/ethnicity. Mayo Clin Proc 
2014;89:1336–49.

 6 Bobo WV, Yawn BP, St Sauver JL, et al. Prevalence of combined 
somatic and mental health multimorbidity: patterns by age, sex, and 
Race/Ethnicity. J Gerontol A Biol Sci Med Sci 2016;71:1483–91.

 7 Violán C, Foguet- Boreu Q, Roso- Llorach A, et al. Burden of 
multimorbidity, socioeconomic status and use of health services 
across stages of life in urban areas: a cross- sectional study. BMC 
Public Health 2014;14:530.

 8 Barnett K, Mercer SW, Norbury M, et al. Epidemiology of 
multimorbidity and implications for health care, research, and 
medical education: a cross- sectional study. Lancet 2012;380:37–43.

 9 Rocca WA, Gazzuola- Rocca L, Smith CY, et al. Accelerated 
accumulation of multimorbidity after bilateral oophorectomy: a 
population- based cohort study. Mayo Clin Proc 2016;91:1577–89.

 10 Rocca WA, Gazzuola Rocca L, Smith CY, et al. Bilateral 
oophorectomy and accelerated aging: cause or effect? J Gerontol A 
Biol Sci Med Sci 2017;72:1213–7.

 11 Rocca WA, Gazzuola Rocca L, Smith CY, et al. Loss of ovarian 
hormones and accelerated somatic and mental aging. Physiology 
2018;33:374–83.

 12 Levine ME, Lu AT, Chen BH, et al. Menopause accelerates biological 
aging. Proc Natl Acad Sci U S A 2016;113:9327–32.

 13 Horvath S. Dna methylation age of human tissues and cell types. 
Genome Biol 2013;14:R115.

 14 Wallace RB, Salive ME. The dimensions of multiple chronic 
conditions: where do we go from here? A commentary on the special 
issue of preventing chronic disease. Prev Chronic Dis 2013;10:E59.

 15 Posner SF, Goodman RA. Multimorbidity at the local level: 
implications and research directions. Mayo Clin Proc 
2014;89:1321–3.

 16 Porta M. A dictionary of epidemiology. 6th edn. New York: Oxford 
University Press, 2014.

 17 O'Connor PJ. Normative data: their definition, interpretation, and 
importance for primary care physicians. Fam Med 1990;22:307–11.

 18 St Sauver JL, Grossardt BR, Yawn BP, et al. Data resource profile: 
the Rochester epidemiology project (Rep) medical records- linkage 
system. Int J Epidemiol 2012;41:1614–24.

 19 Goodman RA, Posner SF, Huang ES, et al. Defining and measuring 
chronic conditions: imperatives for research, policy, program, and 
practice. Prev Chronic Dis 2013;10:E66.

 20 Machado JAF, Silva JMCS. Quantiles for counts. J Am Stat Assoc 
2005;100:1226–37.

 21 Quality AfHRa. Healthcare cost and utilization project (HCUP) 
website, 2012. Available: https://www. hcup- us. ahrq. gov/ 
toolssoftware/ ccs/ ccs. jsp [Accessed Nov 2019].

 22 Quality AfHRa. Medical expenditure panel survey HC-120, appendix 
3: clinical classification code to ICD-9- CM code Crosswalk. 
Available: https:// meps. ahrq. gov/ data_ stats/ download_ data/ pufs/ 
h120/ h120app3. html [Accessed Nov 2019].

 23 Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater 
reliability. Psychol Bull 1979;86:420–8.

 24 Landis JR, Koch GG. The measurement of observer agreement for 
categorical data. Biometrics 1977;33:159–74.

 25 Leibson CL, Brown AW, Ransom JE, et al. Incidence of traumatic 
brain injury across the full disease spectrum: a population- based 
medical record review study. Epidemiology 2011;22:836–44.

 26 Leibson CL, Naessens JM, Brown RD, et al. Accuracy of 
hospital discharge Abstracts for identifying stroke. Stroke 
1994;25:2348–55.

 27 Leibson CL, Needleman J, Buerhaus P, et al. Identifying in- hospital 
venous thromboembolism (VTe): a comparison of claims- based 
approaches with the Rochester epidemiology project VTe cohort. 
Med Care 2008;46:127–32.

 28 Roger VL, Killian J, Henkel M, et al. Coronary disease surveillance 
in Olmsted County objectives and methodology. J Clin Epidemiol 
2002;55:593–601.

 29 Yawn BP, Wollan P, St Sauver J. Comparing shingles incidence and 
complication rates from medical record review and administrative 
database estimates: how close are they? Am J Epidemiol 
2011;174:1054–61.

 30 St Sauver JL, Grossardt BR, Leibson CL, et al. Generalizability 
of epidemiological findings and public health decisions: an 
illustration from the Rochester epidemiology project. Mayo Clin Proc 
2012;87:151–60.

http://dx.doi.org/10.1111/jgs.14092
http://dx.doi.org/10.1111/jgs.14092
http://dx.doi.org/10.1093/gerona/glx178
http://dx.doi.org/10.1016/j.mayocp.2014.07.010
http://dx.doi.org/10.1093/gerona/glw032
http://dx.doi.org/10.1186/1471-2458-14-530
http://dx.doi.org/10.1186/1471-2458-14-530
http://dx.doi.org/10.1016/S0140-6736(12)60240-2
http://dx.doi.org/10.1016/j.mayocp.2016.08.002
http://dx.doi.org/10.1093/gerona/glx026
http://dx.doi.org/10.1093/gerona/glx026
http://dx.doi.org/10.1152/physiol.00024.2018
http://dx.doi.org/10.1073/pnas.1604558113
http://dx.doi.org/10.1186/gb-2013-14-10-r115
http://dx.doi.org/10.5888/pcd10.130104
http://dx.doi.org/10.1016/j.mayocp.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/2200734
http://dx.doi.org/10.1093/ije/dys195
http://dx.doi.org/10.5888/pcd10.120239
http://dx.doi.org/10.1198/016214505000000330
https://www.hcup-us.ahrq.gov/toolssoftware/ccs/ccs.jsp
https://www.hcup-us.ahrq.gov/toolssoftware/ccs/ccs.jsp
https://meps.ahrq.gov/data_stats/download_data/pufs/h120/h120app3.html
https://meps.ahrq.gov/data_stats/download_data/pufs/h120/h120app3.html
http://dx.doi.org/10.1037/0033-2909.86.2.420
http://dx.doi.org/10.2307/2529310
http://dx.doi.org/10.1097/EDE.0b013e318231d535
http://dx.doi.org/10.1161/01.STR.25.12.2348
http://dx.doi.org/10.1097/MLR.0b013e3181589b92
http://dx.doi.org/10.1016/S0895-4356(02)00390-6
http://dx.doi.org/10.1093/aje/kwr206
http://dx.doi.org/10.1016/j.mayocp.2011.11.009

	Multimorbidity, ageing and mortality: normative data and cohort study in an American population
	Abstract
	Introduction
	Methods
	Study population
	Definition of 20 chronic conditions
	Patient and public involvement
	Statistical analyses

	Results
	Study population
	Validity of the multimorbidity score
	Percentile ranks of multimorbidity
	Association of the percentile ranks with mortality

	Discussion
	Principal findings
	Strengths and weaknesses
	Comparison with other studies
	Possible interpretation of our findings

	Conclusions
	References


