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Abstract

Background

Little is known about the lifetime risk of progression to diabetes in the Asian population. We
determined remaining lifetime risk of diabetes and life years spent with diabetes in Chinese
people with normoglycemia and prediabetes.

Methods and findings

Using territory-wide diabetes surveillance data curated from electronic medical records of
Hong Kong Hospital Authority (HA), we conducted a population-based cohort study in
2,608,973 individuals followed from 2001 to 2019. Prediabetes and diabetes were identified
based on laboratory measurements, diagnostic codes, and medication records. Remaining
lifetime risk and life years spent with diabetes were estimated using Monte Carlo simulations
with state transition probabilities based on a Markov chain model. Validations were per-
formed using several sensitivity analyses and modified survival analysis. External replica-
tion was performed using the China Health and Retirement Longitudinal Survey (CHARLS)
cohort (2010 to 2015).

The expected remaining lifetime risk of developing diabetes was 88.0 (95% confidence
intervals: 87.2, 88.7)% for people with prediabetes and 65.9 (65.8, 65.9)% for people with
normoglycemia at age 20 years. A 20-year-old person with prediabetes would live with dia-
betes for 32.5 (32.0, 33.1) years or 51.6 (50.8, 52.3)% of remaining life years, whereas a
person with normoglycemia at 20 years would live 12.7 (12.7, 12.7) years with diabetes or
18.4 (18.4, 18.5)% of remaining life years. Women had a higher expected remaining lifetime
risk and longer life years with diabetes compared to men. Results are subjected to possible
selection bias as only people who undertook routine or opportunistic screening were
included.
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Conclusions

These findings suggest that Hong Kong, an economically developed city in Asia, is con-

fronted with huge challenge of high lifetime risk of diabetes and long life years spent with dia-

betes, especially in people with prediabetes. Effective public health policies and targeted
interventions for preventing progression to diabetes are urgently needed.

Author summary

Why was this study done?

o Lifetime risk is a valuable estimate for raising public awareness and education.
o The majority of studies reporting lifetime risk of diabetes were conducted in non-Asian.

« Little is known about remaining lifetime risks of diabetes and life years spent with diabe-
tes in East Asian population.

What did the researchers do and find?

« Using a territory-wide database of over 2.6 million people living in Hong Kong, we esti-
mated lifetime risk of diabetes and life years spent with diabetes.

o According to our estimates, up to two-thirds of Chinese people with normoglycemia
and 9 in 10 of Chinese people with prediabetes at age 20 years would develop diabetes
during their remaining lifetime.

« People with normoglycemia and prediabetes at age 20 years were expected to live with
diabetes for an average of 13 and 33 years, or 18% and 52% of their remaining lifetime,
respectively.

What do these findings mean?

o The extremely high expected lifetime risk of diabetes in Chinese people is alarming,
especially in those with prediabetes.

« Our findings give added impetus to policy makers and healthcare stakeholders to
develop and implement strategies aiming to prevent progression of diabetes in our
region.

o Our findings are subjected to possible selection bias as only people who undertook rou-
tine or opportunistic screening were included.

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004045 July 21, 2022

2/18


https://doi.org/10.1371/journal.pmed.1004045

PLOS MEDICINE

Lifetime risk of diabetes in Chinese people

Introduction

Prediabetes, typically defined as blood glucose concentrations higher than normal but lower
than diabetes thresholds, is a high-risk state for diabetes development [1]. Globally, approxi-
mately 374 million people are living with prediabetes with a further increase of over 20% antic-
ipated in the next 10 years [2]. Intensive lifestyle modification has been shown to prevent or
delay the onset of diabetes in high-risk individuals, but large-scale implementation of preven-
tive programs remains difficult to achieve even in high-income economies [3,4]. Effective
communication with policy makers and other stakeholders on health and societal impact of
diabetes is needed to stimulate public health responses and motivate change.

Lifetime risk is defined as the probability that a person who is currently free of a condition
will acquire it at some time during his/her life span [5]. Owing to its nature of being easier to
comprehend for conveying diabetes risk to people compared with other measures such as inci-
dence, prevalence, or relative risk, lifetime risk is a valuable estimate for raising public aware-
ness and education. Several studies have reported the lifetime risk of diabetes, but most of
these were conducted in countries of predominantly white population [6-9]. In an early study
in the United States of America, lifetime risks of diabetes were estimated to be 33% and 39%
for men and women born in 2000, respectively [6-8]. Lifetime risk estimates are sensitive to
population differences in propensity for prediabetes and diabetes and mortality rates. For
example, expected lifetime risks of diabetes were 24% in Denmark [10], 38% in Australia [9],
and 56% to 65% in India [11]. Previous studies have suggested that East Asians have a higher
incidence of type 2 diabetes [12-20]. In this context, we aimed to determine the remaining life-
time risk of progression from normoglycemia and prediabetes to diabetes for Chinese people,
using data from the territory-wide Hong Kong Diabetes Surveillance Database (HKDSD).

Methods
Data sources and study population

The Hong Kong Hospital Authority (HA) governs all public hospitals and the majority of com-
munity-based primary care clinics to provide about 90% of healthcare services for Hong Kong
residents [21]. In 2000, the Hong Kong HA adopted an electronic medical record system that
captures diagnostic and procedure codes, laboratory tests, medication prescription, and linked
vital status (time and causes of death) longitudinally. The HKDSD comprises clinical informa-
tion of all individuals who have ever had at least 1 glycemic measurement including fasting
plasma glucose (FPG), random plasma glucose, glycated hemoglobin (HbAIc), and 2-hour
oral glucose tolerance test (OGTT) at any health facilities in Hong Kong HA. All individuals
who attended routine screening for diabetes or had opportuntistic testing during clinical
encounters were included. Detailed information has been reported elsewhere [13,22].

From January 2000 to December 2019, 4,089,903 people have been included in the
HKDSD. To avoid misclassification of stress-induced and gestational hyperglycemia, all rec-
ords of FPG during hospital admissions and all glycemic measurements within 24 to 40 gesta-
tional week were excluded from the analysis. We limited our analyses to 2001 to 2019 to avoid
bias from incomplete case records of diabetes in the first year of establishment of the electronic
medical record system. Finally, 2,608,973 people in Hong Kong who had measured FPG,
HbAlc, and/or 2-hour OGTT for at least once from 2001 to 2019 were included in this analy-
sis. In this cohort, 21.2% had 1 glycemic measurement, and 11.9%, 6.4%, 5.3%, and 55.2% had
2, 3,4, and 5 or more glycemic measurements, respectively. Observation time was less than 1
year in 29.7%, between 1 and 5 years in 19.9%, and 5 years or longer in 50.4%. S1 Fig shows
the changes in the distribution of different glycemic assessments for the first 5 tests. The
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majority of people repeated the same glycemic assessment at their next test. S2 Fig shows the
proportions of people who had at least 1 glycemic measurement to the midyear population of
Hong Kong across calendar period [23]. The analysis was planned in September 2021, and
additional analyses were conducted in March 2022 in response to suggestions of journal
reviewers. The study was approved by the Joint Chinese University of Hong Kong-New Terri-
tories East Cluster Clinical Research Ethics Committee. Individual informed consent was not
obtained because all records in the HKDSD were anonymized at the time of access, and indi-
vidual informed consent was deemed not required by the Ethics Committee because of the ret-
rospective nature of the analysis.

Definition of prediabetes and diabetes

Prediabetes and diabetes were identified according to the American Diabetes Association
(ADA) criteria [24]. Prediabetes was defined as meeting the following criteria before the diag-
nosis of diabetes: FPG >5.6 and <7.0 mmol/L, or HbAlc >39 and <48 mmol/mol (>5.7 and
<6.5%), or 2-hour OGTT >7.8 and <11.1 mmol/L, in any one available measurement. People
who met one or more of the following criteria were identified as having diabetes: (1) diagnosis
of diabetes by clinicians based on the International Classification of Diseases-Ninth Revision
(ICD-9) code 250.xx, and/or the revised edition of the International Classification of Primary
Care, World Organization of National Colleges, Academics, and Academic Associations of
General Practitioners/Family Physicians code T89 or code T90; (2) prescription of non-insulin
glucose-lowering drugs; (3) prescription of insulin continuously for >28 days; (4) FPG >7.0
mmol/L; (5) HbAlc >48 mmol/mol (6.5%); and (6) 2-hour OGTT >11.1 mmol/L. Diabetes
types were not differentiated. Normoglycemia referred to all remaining records that did not
fulfill the diagnostic criteria of prediabetes or diabetes.

Statistical analyses

The standard Kaplan-Meier method adjusted for competing risk of death using the cumulative
incidence function was applied to examine short-term cumulative risk of progression from
prediabetes to diabetes over a 19-year period from 2001 to 2019 stratified by age at baseline
and by sex. People were categorized into 4 age groups: <20 years, >20 and <40 years, >40
and <60 years, and >60 years. For comparison, we also performed analyses of progression
from normoglycemia to diabetes. For progression from prediabetes to diabetes, the baseline
was set as the time of onset of prediabetes. For progression from normoglycemia to diabetes,
the baseline was set as the entry of the individual in HKDSD, i.e., at the first glycemic
measurement.

To estimate the remaining lifetime risk, we constructed a discrete-time Markov chain
model to simulate possible transitions of an individual of a given age and sex through the 4
mutually exclusive states: “Normoglycemia,” “Prediabetes,” “Diabetes,” and “Death” (3 Fig),
where death was treated as the absorbing states (once entered, cannot leave). We adopted the
mstate R package [25] to estimate the transition probabilities using the data from the HKDSD,
details are shown in S1 Text. As very few people survived over 110 years, we set the maximum
age for estimating transition probabilities as 110 years. Next, we used the transition probabili-
ties to simulate the glycemic progression of 3 million individuals of a specified baseline sex
from the age 0 through to 110 years, with a cycle length of 1 year. Using this simulated cohort,
we calculated the remaining lifetime risk of progression to diabetes at an index age as the pro-
portion of people who would eventually develop diabetes among people who had prediabetes
or normoglycemia at the index age. We also calculated the length of life that a person is
expected to live without and with diabetes as the mean number of years from index age to
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onset age of diabetes and the mean number of years from the onset age of diabetes to the age
of death, respectively. To evaluate the performance of the simulated cohort, we plotted stan-
dard Kaplan-Meier survival curves, adjusting for competing risk of death, for predicted cumu-
lative risk of progression from prediabetes to diabetes using the simulated cohort, stratified by
onset age of prediabetes and sex, and compared them with the curves of short-term risk gener-
ated from the HKDSD.

We examined changes in expected lifetime risks of diabetes over calendar time. We split the
HKDSD data into 2 periods, 2001 to 2009 and 2010 to 2019, and reestimated lifetime risks of
diabetes in each period. We examined birth cohort effects on expected lifetime risks of diabe-
tes. We estimated the lifetime risk of diabetes for each birth cohort from 1900 to 1980 using
the modified Kaplan-Meier method. Incidence rates of diabetes and mortality rates at each
age were required for lifetime risk estimation. However, the HKDSD had data for up to 19
years only for each birth cohort (e.g., for people born in 1950, data were available for ages 51 to
69 years only). Therefore, we developed age-period—cohort models to extrapolate the rates for
ages without available data. We used natural cubic splines to fit the effects of age, period, and
birth cohorts. Knots were placed at the maximum and minimum values and at each inflection
point identified manually by examining a plot.

Several sensitivity analyses were conducted as follows: (1) In the primary analysis, the type of
diabetes was not differentiated. On the assumption that people with type 1 diabetes would usually
have developed diabetes by age 20 years, we repeated the estimations by considering only individ-
uals aged 20 years or above in the simulation in whom type 2 diabetes predominate; (2) Consider-
ing the effect of diagnosis performance of different measurements of prediabetes [26], we
redefined prediabetes according to FPG only and HbAlc only, then repeated the estimations. As
only 1.4% of people in the HKDSD had 2-hour OGTT, we did not address impaired glucose tol-
erance (IGT) as a separate state model. (3) Alternative approaches, the modified Kaplan—Meier
method developed by the Framingham study group [27] and Sullivan life table method [28,29],
were used to estimate the remaining lifetime risk, life years spent with and without diabetes, and
proportions of remaining life years with diabetes. Details are given in S2 and S3 Text. (4) To eval-
uate potential effect of follow-up duration, we reestimated the lifetime risk of diabetes restricting
the analysis to people who were observed for at least 5 years in the HKDSD.

Replication analysis

We replicated the analysis in the China Health and Retirement Longitudinal Survey
(CHARLS) cohort [30]. In brief, CHARLS recruited community residents aged 45 to 90 years
between June 2011 and March 2012 across 28 provinces and 150 counties/districts covering
both urban and rural areas in mainland China using multistage probability sampling method.
Out of 12,740 households approached, 10,257 responded with response rate of 80.5%. A total
of 17,708 individuals underwent the survey, among whom 11,532 had blood tests for FPG and
HbAlc. Between 2011 and 2015, 522 were recorded dead. In 2015, 7,430 returned for repeated
blood glucose tests. Therefore, a total of 7,952 individuals were included in the replication
analysis. In CHARLS, prediabetes was defined as FPG >5.6 and <7.0 mmol/L, and/or HbAlc
>39 and <48 mmol/mol (>5.7 and <6.5%), and without self-reported history of diabetes or
use of glucose-lowering drugs. Diabetes was defined as self-reported history of diabetes, use of
glucose-lowering drugs, FPG >7.0 mmol/L, and/or HbA1c>48 mmol/mol (6.5%). Owing to
the limited number of people aged over 90 years in CHARLS, we calculated the remaining life-
time risk of diabetes before 90 years old for people with normoglycemia or prediabetes at age
45 years. The transition probabilities of death from each glycemia status in HKDSD and
CHARLS are shown in 54 Fig.
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All analyses were conducted using R software, version 4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria).

Results

0f£ 2,608,973 people (54.2% females) included in this study, 1,014,795 and 830,870 individuals
had ever been identified to have prediabetes and diabetes, respectively (S1 Table). Clinical
characteristics of people included in this study at baseline are shown in S2 Table.

Short-term cumulative risk of progression from prediabetes to diabetes

During 5,767,846 person-years of follow-up in 1,014,795 people with prediabetes, 250,175 peo-
ple developed diabetes at a crude incidence of 43.4 per 1,000 person-years. Over the 19-year
period, the probabilities of progression from prediabetes to diabetes after adjusting for com-
peting risk of death were 23.9% (95% confidence intervals: 18.7%, 29.2%) for youth aged <20
years, 46.8% (45.4%, 48.2%) for people aged >20 and <40 years, 60.4% (59.9%, 61.0%) for peo-
ple aged >40 and <60 years, and 45.1% (44.8%, 45.4%) for those aged >60 years (S5 Fig). Boys
(aged <20 years) with prediabetes had a lower risk of progression than girls, but the sex differ-
ence in risks reversed in people aged >20 years (S6 and S7 Figs).

During 11,412,840 person-years follow-up in 1,521,199 people with normal glucose at base-
line, 122,705 developed diabetes at a crude incidence of 10.8 per 1,000 person-years. The
19-year risks of progression from normoglycemia to diabetes after adjusting for competing
risk of death were 5.6% (4.8%, 6.3%) for youth aged <20 years, 12.9% (12.4%, 13.5%) for peo-
ple aged >20 and <40 years, 24.1% (23.7%, 24.6%) for people aged >40 and <60 years, and
21.1% (20.7%, 21.5%) for those aged >60 years (S5 Fig). Men with normoglycemia had a
higher risk of developing diabetes than women across all age groups (S6 and S7 Figs).

Expected remaining lifetime risk of diabetes

We determined the transition probabilities between normoglycemia, prediabetes, diabetes,
and death at the next age (S8 Fig). In the simulation of 3 million individuals, 1,743,856 devel-
oped prediabetes and 1,979,219 developed diabetes during their life spans (S3 Table). The
expected remaining lifetime risk of developing diabetes was 88.0 (87.2, 88.7)% for people with
prediabetes at age 20 years and 65.9 (65.8, 65.9)% for people with normoglycemia at age 20
years (Fig 1 and Table 1). The number of people who developed prediabetes before 20 years
was small, resulting in unstable estimates in expected remaining lifetime risk for youth. Over-
all, the expected remaining lifetime risk of progression to diabetes decreased with increasing
index age. Women had a higher expected remaining lifetime risk of progressing from both
prediabetes and normoglycemia to diabetes compared to men.

Number of years expected living with and without diabetes

A 20-year-old person with normoglycemia would be expected to live 12.7 (12.7, 12.7) years
with diabetes, which accounts for 18.4 (18.4, 18.5)% of remaining life years (Table 1). In con-
trast, a 20-year-old person with prediabetes would live an average of 32.5 (32.0, 33.1) years
with diabetes, or 51.6 (50.8, 52.3)% of remaining life years (Table 1). The proportion of
remaining life years spent living with diabetes was higher in people with prediabetes than their
counterparts with normoglycemia. Compared with men, women would live more years with
diabetes but have a lower proportion of remaining life years spent with diabetes (Fig 2 and S4-
S6 Tables).
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Fig 1. Expected remaining lifetime risk of progression to diabetes across index age in men and women by
glycemic status.

https://doi.org/10.1371/journal.pmed.1004045.9001

Period and birth cohort effects on expected remaining lifetime risks of
diabetes

The expected lifetime risks of diabetes estimated from data in the period of 2001 to 2009 were
higher than risks estimated from the period of 2010 to 2019 across all ages (S9 Fig). As an illus-
tration, the expected lifetime risk of diabetes was 89.6 (87.5, 91.7)% for a 20-year-old person
with prediabetes and 65.4 (65.0, 65.8)% for a 20-year-old person with normoglycemia in 2001
to 2009. The corresponding estimates were 85.1 (84.2, 85.9)% and 59.8 (59.5, 60.0) for their
peers in 2010 to 2019.

The expected lifetime risk of diabetes at age 20 years increased with recency of birth year
from 1900 to 1980 (S10 Fig). The expected lifetime risks of diabetes were 64.2 (64.0, 64.4)%,
76.5 (76.4, 76.5)%, and 79.9 (79.9, 79.9)% for a 20-year-old person with prediabetes born in
1900, 1940, and 1980, respectively.

Verification and validation of generated cohort and sensitivity analyses

The short-term probabilities of progression from prediabetes to diabetes as estimated in the
simulated cohort was similar to the observed rates in the HKDSD for most age groups except
for people aged <20 years (S11 Fig). This indicated an accurate fitting performance of the sim-
ulated cohort except for simulation in youth. When the simulated cohort was limited to people
aged 20 years or above, the expected remaining lifetime risks, remaining life years with and
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Table 1. Expected remaining lifetime risks of diabetes, remaining life years living with and without diabetes, and proportions of remaining life years spent with dia-
betes for men and women with prediabetes and normoglycemia at age 20, 40, and 60 years.

All people

From prediabetes

Remaining lifetime risk of diabetes, %

Age 20 years 88.0 (87.2, 88.7)
Age 40 years 85.2 (84.9, 85.5)
Age 60 years 69.9 (69.7, 70.0)

Remaining life years living with diabetes

Age 20 years 32.5(32.0, 33.1)
Age 40 years 243 (24.1,24.4)
Age 60 years 12.1 (12.0,12.1)

Remaining life years without diabetes

Age 20 years 27.6 (26.1,29.1)
Age 40 years 18.7 (18.6, 18.8)
Age 60 years 14.4 (14.4, 14.4)

From normoglycemia

65.9 (65.8, 65.9)
65.1 (65.0, 65.1)
56.6 (56.6, 56.7)

12.7 (12.7, 12.7)
12.0 (12.0, 12.0)
7.8(7.8,7.9)

53.9 (53.9, 53.9)
35.8 (35.8, 35.8)
21.6 (21.6, 21.6)

Proportions of remaining life years spent with diabetes, %

Age 20 years 51.6 (50.8, 52.3)
Age 40 years 53.7 (53.5, 54.0)
Age 60 years 42.2 (42.1, 42.3)

18.4 (18.4, 18.5)
24.7 (24.7, 24.7)
26.1 (26.0, 26.1)

From prediabetes

86.8 (85.7, 87.8)
83.7(83.3,84.1)
65.9 (65.7, 66.1)

30.3 (29.7, 31.0)
22.3 (22.1,22.5)
10.3 (10.2, 10.3)

26.1 (24.1, 28.0)
17.5(17.4,17.7)
13.6 (13.5, 13.6)

50.1 (49.1, 51.0)
52.8 (52.4, 53.2)
39.2 (39.0, 39.4)

From normoglycemia

65.1 (65.0, 65.2)
64.2 (64.1, 64.3)
54.9 (54.8, 55.0)

12.0(11.9, 12.0)
11.2(11.2,11.3)
7.1(7.1,7.1)

52.0 (52.0, 52.0)
34.0 (34.0, 34.0)
20.1 (20.1, 20.1)

18.1 (18.0, 18.1)
24.5 (24.4, 24.5)
25.4 (25.3, 25.5)

From prediabetes

89.7 (88.6, 90.9)
86.6 (86.2, 87.0)
73.0 (729, 73.2)

35.8 (35.0, 36.7)
26.1 (25.9, 26.3)
13.5 (13.4, 13.5)

29.3 (27.0, 31.6)
19.8 (19.6, 20.0)
15.1 (15.0, 15.1)

53.8 (52.7, 55.0)
54.6 (54.2, 55.0)
44.7 (44.5, 44.8)

‘Women

From normoglycemia

66.6 (66.5, 66.6)
65.8 (65.7, 65.9)
58.0 (57.9, 58.1)

13.3(13.2, 13.3)
12.6 (12.6, 12.6)
8.4 (8.4, 8.5)

55.5 (55.5, 55.5)
37.3(37.3,37.4)
22.8(22.8,22.8)

18.7 (18.7, 18.8)
24.9 (24.8,24.9)
26.6 (26.5, 26.7)

Figures in brackets represent 95% confidence intervals.

https://doi.org/10.1371/journal.pmed.1004045.t001

without diabetes, and proportions of remaining life years with diabetes were similar to the
results of the primary analyses (Tables 2 and S4-S6 and S12 and S13 Figs), indicating that type
1 diabetes had little effect on the estimations. When prediabetes was redefined using either
FPG or HbAlc, the estimations did not deviate from those of the primary analyses (Tables 2
and S4-S6 and S14-S17 Figs). Remaining lifetime risks calculated using the modified Kaplan-
Meier method (Table 2 and S18 Fig) and length of life expected to be living with diabetes esti-
mated by the Sullivan life table (Tables 2 and S4-S6 and S19 Fig) were similar to those from
the primary results. When we restricted the analysis to people who were followed at least 5
years, the estimations were largely unchanged compared with those of the primary analyses
(Table 2 and S20 Fig).

We replicated the analysis in the CHARLS cohort and compared the estimates against those
generated in the HKDSD. The expected lifetime risks of progression from prediabetes to dia-
betes from age 45 years to 90 years were 75.9 (73.0, 78.8)% in the CHARLS cohort and 81.6
(81.1, 82.1)% in the HKDSD, with a between-population difference of 5.7 (5.6, 5.8)%. The
expected lifetime risks of progression from normoglycemia to diabetes from age 45 years to 90
years were 54.8 (54.7, 54.8)% in the CHARLS cohort and 58.5 (58.4, 58.5)% in the HKDSD,
with a between-population difference of 3.7 (3.6, 3.8)% (S21 Fig and S7 Table). The CHARLS
cohort had a higher mortality rate than the HKDSD (54 Fig), and the difference in survival
could contribute to differences in expected lifetime risks of diabetes between these cohorts. To
explore the effect of mortality, we reestimated lifetime risks for the HKDSD using mortality
rates of the CHARLS cohort. When mortality rates of the CHARLS cohort were applied to the
HKDSD, the expected lifetime risks of diabetes in the HKDSD were 78.9 (78.3, 79.5)% and
54.8 (54.8, 54.9)% for progression from prediabetes and normoglycemia, respectively, and the
differences in risk estimates were narrowed to 3.0 (2.9, 3.1)% and 0.1 (0.0, 0.1)% compared
with the CHARLS cohort (S22 Fig and S7 Table).
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Fig 2. Expected remaining life years with and without diabetes after index age in men and women according to glycemia status. (A) People with
normoglycemia. (B) People with prediabetes.

https://doi.org/10.1371/journal.pmed.1004045.9002

Discussion

We estimated remaining lifetime risks of progression to diabetes and life years spent with dia-
betes among Chinese people with prediabetes and normoglycemia in Hong Kong. According
to our estimates, two-thirds of people with normoglycemia at age 20 years would develop dia-
betes during their remaining lifetime. This proportion was increased to 90% if prediabetes was
already present at this early age. People with normoglycemia and prediabetes at age 20 years
were expected to live with diabetes for an average of 13 and 33 years, or 18% and 52% of their
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Table 2. Expected remaining lifetime risks of progression from prediabetes and normoglycemia to diabetes, expressed as percentages, at age 20, 40, and 60 years
estimated in primary analyses and sensitivity analyses.

All people

From prediabetes

Estimates in the primary results

Age 20 years 88.0 (87.2, 88.7)
Age 40 years 85.2 (84.9, 85.5)
Age 60 years 69.9 (69.7, 70.0)

Simulation from age 20 years onward
88.2 (85.5, 90.8)
85.3 (85.0, 85.6)
Age 60 years 69.7 (69.6, 69.9)
Prediabetes was defined by FPG only

Age 21 years”
Age 40 years

Age 20 years 92.3(91.3,93.3)
Age 40 years 89.1 (88.8,89.4)
Age 60 years 74.8 (74.7, 75.0)

Prediabetes was defined by HbA1lc only

Age 20 years 89.7 (88.8,90.7)
Age 40 years 86.1 (85.7, 86.5)
Age 60 years 69.6 (69.4, 69.8)

The modified Kaplan-Meier method

Age 20 years 87.1 (86.5, 87.8)
Age 40 years 83.4(83.1, 83.7)
Age 60 years 68.2 (68.0, 68.5)

From normoglycemia

65.9 (65.8, 65.9)
65.1 (65.0, 65.1)
56.6 (56.6, 56.7)

65.9 (65.9, 66.0)
65.1 (65.0, 65.1)
56.7 (56.6, 56.8)

66.1 (66.1, 66.2)
65.4 (65.4, 65.5)
57.1(57.1,57.2)

65.2 (65.1, 65.2)
64.5 (64.4, 64.5)
57.0 (56.9, 57.1)

58.1 (58.0, 58.3)
57.5 (57.4, 57.7)
49.5(49.3, 49.7)

Restricting to people with 5 years or longer of follow-up

Age 20 years 88.3 (86.3,90.2)
Age 40 years 85.6 (84.9, 86.3)
Age 60 years 70.1 (69.8, 70.5)

*People were all assumed to have normoglycemia at age 20 years when we simulated from age 20 years onward. Under this assumption, no one would have prediabetes

at age 20 years; hence, estimations are provided for age 21 years.

65.8 (65.6, 65.9)
64.9 (64.8, 65.1)
56.2 (56.0, 56.4)

FPG, fasting plasma glucose; HbAIc, glycated hemoglobin.

https://doi.org/10.1371/journal.pmed.1004045.t002

remaining lifetime, respectively. Women had a higher expected remaining lifetime risk of dia-
betes and longer life years spent with diabetes than men. The expected lifetime risks of diabetes

From prediabetes

86.8 (85.7, 87.8)
83.7 (83.3,84.1)
65.9 (65.7, 66.1)

87.4 (83.6,91.1)
83.6 (83.2, 84.1)
65.7 (65.5, 65.9)

91.5(90.2, 92.8)
87.4 (86.9, 87.9)
70.9 (70.6, 71.1)

88.0 (86.7, 89.3)
84.9 (84.3, 85.5)
66.3 (66.0, 66.6)

85.4 (84.5, 86.2)
82.0 (81.5, 82.5)
65.1 (64.8, 65.4)

85.5 (82.6, 88.3)
83.6 (82.5, 84.7)
66.0 (65.5, 66.6)

From normoglycemia

65.1 (65.0, 65.2)
64.2 (64.1, 64.3)
54.9 (54.8, 55.0)

65.1 (65.0, 65.1)
64.1 (64.1, 64.2)
54.9 (54.8, 55.0)

65.5 (65.4, 65.6)
64.7 (64.6, 64.7)
55.5 (55.4, 55.6)

64.7 (64.6, 64.8)
63.9 (63.9, 64.0)
55.5 (55.4, 55.6)

58.3 (58.0, 58.5)
57.7 (57.5, 58.0)
48.0 (47.8, 48.3)

64.7 (64.5, 64.9)
63.8 (63.6, 64.0)
54.1 (53.8, 54.3)

From prediabetes

89.7 (88.6, 90.9)
86.6 (86.2, 87.0)
73.0 (72.9, 73.2)

89.1 (85.4, 92.8)
86.8 (86.4, 87.2)
72.9 (72.7,73.1)

93.6 (92.1, 95.0)
90.9 (90.5, 91.4)
78.2(78.0, 78.4)

92.4 (91.1,93.8)
87.2 (86.7, 87.7)
72.2(71.9, 72.4)

89.2 (88.1, 90.2)
85.1 (84.7, 85.5)
71.8 (71.5,72.1)

92.0 (89.5, 94.6)
87.3 (86.4, 88.2)
73.4(72.9,73.8)

Women

From normoglycemia

66.6 (66.5, 66.6)
65.8 (65.7, 65.9)
58.0 (57.9, 58.1)

66.6 (66.5, 66.7)
65.9 (65.8, 65.9)
58.1 (58.0, 58.2)

66.7 (66.6, 66.7)
66.0 (66.0, 66.1)
58.5 (58.4, 58.5)

65.5 (65.5, 65.6)
64.9 (64.9, 65.0)
58.2 (58.1, 58.3)

58.8 (58.6, 59.1)
58.1 (57.9, 58.4)
51.3 (51.1,51.6)

66.6 (66.5, 66.8)
65.9 (65.7, 66.1)
57.8 (57.6, 58.1)

of the population as a whole decreased during the past 2 decades. Across birth cohort from
1900 to 1980, the expected lifetime risks of diabetes at age 20 years increased with recency of

birth year. Our estimations were based on a territory-wide database of over 2.6 million people
and were robust to sensitivity analyses using different assumptions and modeling techniques.
However, these findings were subjected to selection bias as only people who undertook routine

or opportunistic screening were included.

The lifetime risk of diabetes estimated in Hong Kong appeared to be greater than that in
countries with a predominantly white demographic. Using a population-based cohort of

10,050 adults followed for 15 years, a study in the Netherlands reported an expected remaining

lifetime risk of 74% and 31% in people with and without prediabetes at age 45 years, respec-
tively [31]. In the USA, using data from 598,216 adults collected from the National Health
Interview Survey linked to the National Death Index, the expected remaining lifetime risk of

diabetes was 40% for men and 40% for women aged 20 years for the period 2000-2011 [8]. A

study in Australia in which diabetes progression was determined from a cohort of 5,842
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individuals followed between 2000 and 2005, the expected remaining lifetime risk of diabetes
was 38% from the age of 25 years [9], similar to findings in the USA. In contrast, we found that
the average Hong Kong Chinese people aged 20 years with normoglycemia would have a 66%
risk of having diabetes in their remaining lifetime, and this risk increased to 88% in the pres-
ence of prediabetes. Our results are comparable to estimates from a study of Indian metropoli-
tans reporting an expected remaining lifetime risk of diabetes of 56% for men and 65% for
women from age 20 years [11].

Population differences in the propensity of diabetes as a result of differences in underlying
genetic predisposition and in exposure to environmental factors will affect expected remaining
lifetime risks of diabetes. The East Asian diabetes phenotype is characterized by poorer pancre-
atic beta-cell reserve leading to earlier glycemic decompensation and younger age of diabetes
onset [32]. Higher incidence rates of type 2 diabetes have been reported in youth and adults in
East Asia than in the USA and countries in Europe [13-20]. Notably, low population mortality
will increase the expected remaining lifetime risk of diabetes as people are surviving to older
ages and have more time to progress. Hong Kong ranks top on global ranking of life expectan-
cies [33]. Substituting mortality rates of the Hong Kong population with rates in the CHARLS
cohort resulted in falls in expected lifetime risk estimates.

The extremely high expected lifetime risk of diabetes in young Chinese people with predia-
betes is alarming, as up to 9 in 10 people would decompensate metabolically. Furthermore, on
average, they would live another 33 years or 52% of their remaining life span with diabetes. To
our knowledge, lifetime glycemic progression in people with prediabetes has only been exam-
ined in one other study [31]. To give further perspective, at 30-year follow-up of 540 Chinese
participants with IGT previously enrolled in the Da Qing Diabetes Prevention Study, 93%
(126/135) of surviving people of an average age of 47 years in the control group developed dia-
betes [34]. Participants of the Da Qing Diabetes Prevention Study would have a higher pro-
gression rate than people with prediabetes in the present study because we have not
considered IGT in our definition of prediabetes. Diabetes is associated with multiple morbidi-
ties resulting in impaired quality of life and increased use of healthcare resources. Intensive
lifestyle intervention and early initiation of glucose-lowering pharmacotherapy will delay dia-
betes onset in individuals at risk, but these measures are resource consuming and not widely
adopted [3,4]. Population-level intervention targeting the social, environmental and behavioral
determinants of diabetes through policy change and public education in addition to individ-
ual-level intervention for high-risk individuals are urgently needed to reduce the toll of diabe-
tes burden [12].

Women had a higher remaining lifetime risk and longer life years spent with diabetes than
men in Hong Kong. We have previously shown that men had higher incidence rates of type 2
diabetes than women [13]. The paradoxically greater remaining lifetime risk in women most
likely reflects the longer life expectancy in Hong Kong women versus men (87 years versus 82
years in 2018) [33]. Furthermore, diabetes confers greater suffering for women as excess mor-
tality is greater in women than in men resulting in more years of life lost from diabetes in
women [35].

Two studies have reported the trends in expected lifetime risk of diabetes over calendar
time. A modeling study in adults in USA reported an increasing trend in the expected lifetime
risk of diabetes from the period of 1985 to 1989 to 2000 to 2010 [8]. The lifetime risk estimates
for type 2 diabetes in Denmark showed an increasing trend since 1996, reached a peak around
2011 followed by a decline [10]. We also observed a lower expected lifetime risk of diabetes for
Hong Kong Chinese people in 2010 to 2019 compared to the preceding decade, in line with
the decline in incidence of type 2 diabetes among older adults in Hong Kong [13]. The favor-
able shift in diabetes risks may reflect reduction in prevalent smoking [36] and adult obesity
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[37] as well as a series of government-led health promotion initiatives targeting healthier life-
styles in Hong Kong in the last 2 decades [38].

We observed birth cohort effects on estimation of lifetime risk of diabetes. People aged 20
years born in recent years had greater expected lifetime risks of diabetes compared with their
peers born in earlier years. The most marked increase occurred in people born between 1900
and 1940 in part attributed to decline in age-standardized death rates in the Hong Kong popu-
lation [39]. In addition, younger people could be more susceptible to the diabetogenic effects
of nutritional transition and sedentary lifestyle, resulting in a continuous rise in expected life-
time risks of diabetes among recent generations up until 1980.

In our primary analyses, we used Markov chain model and Monte Carlo simulation to esti-
mate remaining lifetime risk of diabetes and life years living with diabetes. The prediction per-
formance of simulated cohort was deemed satisfactory based on the following: First, the short-
term risk of diabetes in the simulated sample was similar to the observed risks in the HKDSD.
Second, the estimated remaining lifetime risks were close to results derived using the modified
Kaplan-Meier method, an alternative approach developed by the Framingham research group
in which age was considered as the time scale and competing risk of death was adjusted [27].
Third, the estimates of years living with and without diabetes were similar to the results
obtained using the Sullivan life table method [28,29]. Fourth, in sensitivity analyses in which
prediabetes was defined using either FPG or HbA ¢, there was minimal deviation in estima-
tions indicating that prediabetes definition had little influence on our estimates. Fifth, exclu-
sion of people with less than 5 years of follow-up generated similar results to the main analysis
hence our estimations were minimally affected by follow-up length.

The main strength of this study is the use of a territory-wide database, which enables us to
provide regionally representative estimates. In addition, the long surveillance period made it
possible to compare the estimated cumulative risk with observed risk over a period of 19 years
for assessing the accuracy of the estimates. There are also some limitations to note. First, the
HKDSD was curated from electronic medical records of the Hong Kong HA comprising indi-
viduals who have ever had glycemic measurements on 1 occasion or more during the surveil-
lance time. Some people were included from routine screening and others from opportunistic
testing. The overall sample of the HKDSD is therefore a more selected group and potentially
not entirely representative of the Hong Kong general population. To quantify the extent to
which selection bias may affect our estimations, we undertook replication analysis using an
independent sample of general residents in China. Lifetime risk estimates for people aged 45
years were higher in the HKDSD but the difference narrowed to 0.1% to 3.0% after substituting
mortality rates in the HKDSD with rates in the CHARLS cohort. Thus, this replication analysis
provides some reassurance regarding the extent to which selection bias may have affected esti-
mates. Second, the diagnosis of diabetes was based on physician identification or glycemia
measurements above diagnostic thresholds. In Hong Kong HA, screening practice was not
standardized and varied over time. This could result in underestimation of undiagnosed diabe-
tes incidence, especially in people with normoglycemia in whom diabetes screening might be
less frequent because their baseline measurements were normal. Third, the HKDSD only
included people who attended public hospital or clinics governed by Hong Kong HA, and peo-
ple who only attended private health services were not included. However, the proportion of
health services provided by private sectors to the whole health services in Hong Kong is only
about 10% [21]. People might also be lost to follow if they have migrated out of Hong Kong or
died outside of Hong Kong, as these events would not have been captured by the HA. Accord-
ing to the Hong Kong Census and Statistic Department, the net movement rate in Hong Kong
from 2001 to 2019 ranged between 0.04% and 0.69% [40]. Incomplete capture of incident dia-
betes or death due to migration should therefore be minimal. Fourth, although it is known
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that prediabetes could regress to normoglycemia [41], we assumed no reversion from predia-
betes to normoglycemia in our primary analyses due to potential interval censors from incom-
plete capture of people who achieved reversion in the HKDSD. Fifth, diabetes subtypes were
not differentiated, although over 99% of Chinese people have type 2 diabetes. Exclusion of peo-
ple who developed diabetes below age 20 years who were more likely to have type 1 diabetes
had little effect on remaining lifetime risk estimates. Sixth, as only 1.4% of people in the
HKDSD had records of 2-hour OGTT, the majority of whom were women, we did not exam-
ine the lifetime risk of diabetes in people with IGT. Given the stronger association between
IGT (versus impaired fasting glucose or elevated HbA1c) and incident diabetes, we expect an
even higher lifetime risk if IGT could be included [42]. Last, remaining lifetime risk for an
individual is also determined by the presence of other risk factors such as low socioeconomic
status, obesity, unhealthy lifestyle, and family history of diabetes. As data on these risk vari-
ables were not available for the majority of people in the HKDSD, we could not examine their
effects on remaining lifetime risk.

In conclusion, the expected remaining lifetime risk of diabetes in Chinese people is high,
especially in people with prediabetes. Given the known burden of cardiovascular and kidney
diseases associated with diabetes, our findings call for collective action of policy makers, the
community, and the individual to prevent progression to disease.
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S6 Fig. Short-term cumulative risk of progression from normoglycemia and prediabetes to
diabetes stratified by baseline age groups among men in in HKDSD. (A) Unadjusted for
competing risk of death. (B) Adjusted for competing risk of death. HKDSD, Hong Kong Dia-
betes Surveillance Database.
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S7 Fig. Short-term cumulative risk of progression from normoglycemia and prediabetes to
diabetes stratified by baseline age groups among women in in HKDSD. (A) Unadjusted for
competing risk of death. (B) Adjusted for competing risk of death. HKDSD, Hong Kong Dia-
betes Surveillance Database.
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S14 Fig. Expected lifetime risk of progression to diabetes across index age in men and
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S16 Fig. Expected lifetime risk of progression to diabetes across index age in men and
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S17 Fig. Expected life years with and without diabetes after index age in men and women
by glycemia status (prediabetes was defined by HbA1c only). (A) People with
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normoglycemia. (B) People with prediabetes. HbAlc, glycated hemoglobin.
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(TIF)

$21 Fig. Comparison between HKDSD and CHARLS in remaining lifetime risk of diabetes
before 90 years old for people with normoglycemia or prediabetes at age 45 years.
CHARLS, China Health and Retirement Longitudinal Survey; HKDSD, Hong Kong Diabetes
Surveillance Database.

(TIF)

$22 Fig. Comparison between HKDSD and CHARLS in remaining lifetime risk of diabetes
before 90 years old for people with normoglycemia or prediabetes at age 45 years, when
using the same mortality rates. CHARLS, China Health and Retirement Longitudinal Survey;
HKDSD, Hong Kong Diabetes Surveillance Database.

(TIF)
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