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Abstract

Aims/hypothesis Screening programmes can detect cases of undiagnosed diabetes earlier than symptomatic or incidental
diagnosis. However, the improvement in time to diagnosis achieved by screening programmes compared with routine
clinical care is unclear. We aimed to use the UK Biobank population-based study to provide the first population-based
estimate of the reduction in time to diabetes diagnosis that could be achieved by HbA.-based screening in middle-
aged adults.

Methods We studied UK Biobank participants aged 40—70 years with HbA . measured at enrolment (but not fed back to
participants/clinicians) and linked primary and secondary healthcare data (n=179,923) and identified those with a pre-
existing diabetes diagnosis (n=13,077, 7.3%). Among the remaining participants (n=166,846) without a diabetes diag-
nosis, we used an elevated enrolment HbA . level (>48 mmol/mol [>6.5%]) to identify those with undiagnosed diabetes.
For this group, we used Kaplan—-Meier analysis to assess the time between enrolment HbA . measurement and subse-
quent clinical diabetes diagnosis up to 10 years, and Cox regression to identify clinical factors associated with delayed
diabetes diagnosis.

Results In total, 1.0% (1703/166,846) of participants without a diabetes diagnosis had undiagnosed diabetes based on
calibrated HbA . levels at UK Biobank enrolment, with a median HbA;. level of 51.3 mmol/mol (IQR 49.1-57.2)
(6.8% [6.6—7.4]). These participants represented an additional 13.0% of diabetes cases in the study population relative
to the 13,077 participants with a diabetes diagnosis. The median time to clinical diagnosis for those with undiagnosed
diabetes was 2.2 years, with a median HbA . at clinical diagnosis of 58.2 mmol/mol (IQR 51.0-80.0) (7.5% [6.8-9.5]).
Female participants with lower HbA,. and BMI measurements at enrolment experienced the longest delay to clinical
diagnosis.

Conclusions/interpretation Our population-based study shows that HbA . screening in adults aged 40—70 years can reduce the
time to diabetes diagnosis by a median of 2.2 years compared with routine clinical care. The findings support the use of HbA .
screening to reduce the time for which individuals are living with undiagnosed diabetes.
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What is already known about this subject?
e Type 2 diabetes is often asymptomatic and therefore may be present for years before a clinical diagnosis

e Many countries have introduced HbA:-based screening programmes to detect undiagnosed diabetes, but
previous evaluations have not directly measured the extent to which HbA:-based screening shortens the time to
diabetes diagnosis

e  The UK Biobank study collected HbAic measurements at study enrolment that were not fed back to participants or
their clinicians, allowing a unique opportunity to estimate the potential improvement in time to clinical diagnosis

from HbA:-based screening

What is the key question?

e How much earlier is diabetes detected by HbA:-based screening compared with routine clinical care?

What are the new findings?

e |n UK Biobank, blinded HbA:c measurement at study enrolment identified 1.0% (n=1703) of 166,846 adults aged

40-70 years as having undiagnosed diabetes

e These diabetes cases were identified a median of 2.2 years before receiving a diagnosis in clinical care

e  Female sex, lower BMI and lower HbA:c at enrolment were associated with delayed clinical diagnosis of diabetes

How might this impact on clinical practice in the foreseeable future?

e |n this first population-based study of the impact of HbAi-based screening on time to diabetes diagnosis, we
show that HbAi-based screening can effectively shorten the time to diabetes diagnosis in middle-aged adults

Introduction

Screening can detect cases of undiagnosed diabetes earlier than
symptomatic or incidental diagnosis, allowing for earlier inter-
vention, which may reduce the risk of diabetes complications
[1]. Many countries have diabetes screening programmes, with
differing eligibility criteria and population coverage. For exam-
ple, in England, the NHS Health Check, which was initiated in
2009, provides screening for high-risk adults aged 4074 years
[2], whereas in the USA the ADA recommends screening for
all adults aged 35 and older [3]. Previous studies have been able
to determine the number of cases of undiagnosed diabetes that
could be identified by screening programmes [4, 5]. However,
as the screening results in these studies directly informed diabe-
tes diagnosis, it was not possible to measure how much earlier
diagnosis by screening occurs compared with diagnosis in
routine clinical care, and therefore the reduction in the time that
people are living with undiagnosed diabetes that could be
achieved by screening.

UK Biobank is a population-based cohort of over 500,000
people aged 40—70 years at enrolment [6]. All participants had
their HbA ;. measured at enrolment, but the results were not
reported back to participants or their clinicians. UK Biobank
also has linked routine healthcare data providing up to 10
years of follow-up post enrolment. This uniquely allows
assessment of the prospective time to diabetes diagnosis in
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routine care following identification of an elevated HbA.
level (>48 mmol/mol [>6.5%]) at enrolment in those without
a pre-existing diabetes diagnosis.

We aimed to use UK Biobank data to estimate the reduc-
tion in time to diabetes diagnosis that could be achieved by
implementing HbA,.-based population-level screening,
compared with routine care. We also aimed to identify partic-
ipant characteristics associated with longer time to diagnosis
in routine care and assess the performance of widely used
selective screening strategies for detecting participants with
undiagnosed diabetes.

Methods
Study population

UK Biobank is a population-based cohort study of 502,493
UK residents aged 4070 years recruited between 2006 and
2010 [6]. Our study population consisted of 166,846 partici-
pants who had their HbA . level (within the reportable range
[7]) measured at UK Biobank enrolment (i.e. the equivalent of
an HbA,. screening test). Eligible participants were also
required to have linked longitudinal primary care data (up to
2016/2017, ~45% of the UK Biobank cohort) and no pre-
existing diabetes diagnosis (n=13,077; see Definitions,
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Fig. 1 Flow chart of study
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Diabetes status, and Fig. 1). Linked longitudinal primary care
data, defined as a period of continuous primary care registra-
tion starting before or on the same day as enrolment and
finishing on the same day as or later than the day of enrolment,
allowed us to reliably identify incident diabetes diagnoses
since UK Biobank enrolment.

Participants with linked primary care data had similar
sociodemographic characteristics and enrolment HbA | levels
to those without linked data (see electronic supplementary
material [ESM] Table 1).

Definitions

Diabetes status Participants with a pre-existing diabetes diag-
nosis were those with any of the following recorded prior to/at
enrolment in self-reported or linked primary or secondary
healthcare data: a diabetes diagnosis (any type of diabetes
including gestational, genetic and secondary diabetes);
diabetes-specific complications; diabetes-specific processes
of care; or evidence of taking or being prescribed glucose-
lowering medication or glucagon or being prescribed glucose
testing strips. Participants with an HbA . level >48 mmol/mol
(>6.5%), fasting glucose >7.0 mmol/l or random/2 h postpran-
dial glucose >11.1 mmol/l recorded in linked primary care
data prior to enrolment were also defined as having a pre-
existing diabetes diagnosis (see ESM Methods, Definitions,
Diabetes status, for details).

In participants without a pre-existing diabetes diagnosis,
undiagnosed diabetes was defined as a calibrated HbA

No diabetes: Undiagnosed diabetes:
HbA /. <48 mmol/mol at HbA ;. 248 mmol/mol at
enrolment® enrolment®

n=165,143 n=1703

measurement of >48 mmol/mol (>6.5%) at UK Biobank
enrolment. As previously reported, UK Biobank-measured
HbA . levels are systematically lower than UK primary care
measurements, so they were calibrated using the following
equation: [calibrated HbA.]=0.9696[raw HbA;.] + 3.3595
[8]. We also performed sensitivity analysis using uncalibrated
HbA,. measurements to define those with undiagnosed
diabetes.

Baseline characteristics Participant health information was
collected at enrolment (baseline assessment) through a
touchscreen questionnaire, a nurse-led interview, biometric
measurements and collection of blood, urine and saliva
samples. Socioeconomic status was determined using the
Index of Multiple Deprivation (IMD). Definitions for all base-
line characteristics derived from UK Biobank are reported in
ESM Table 2.

Time to diabetes diagnosis in routine care Time to diabetes
diagnosis was calculated as the time between UK Biobank
enrolment and the estimated date of clinical diabetes diagno-
sis, defined as the earliest of a code for diabetes, a prescription
for glucose-lowering medication, an HbA ;, measurement >48
mmol/mol (>6.5%), fasting glucose >7.0 mmol/l or random/
2 h postprandial glucose >11.1 mmol/l in primary care data, or
a code indicating diabetes in secondary care data (see ESM
Methods, Definitions, Time to diabetes diagnosis in routine
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care). Participants were censored at the earliest of their date
of death (if observed), the date they deregistered from their
primary care practice or the end of the longitudinal prima-
ry care follow-up available. HbA,. at diagnosis was
defined as the closest HbA ;. measurement recorded in
primary care within 100 days of the estimated date of
diagnosis. Median time to diagnosis was calculated for
the whole group with undiagnosed diabetes at enrolment.
To observe potential changes in time to diagnosis with
calendar year of enrolment, we further stratified partici-
pants by year of UK Biobank recruitment (2008-2010,
when all those with undiagnosed diabetes were enrolled)
as a sensitivity analysis.

Selective screening strategies Five strategies for selecting
which individuals in a population should be screened for
diabetes were investigated for all participants: two based on
simple clinical criteria (age >60 years, BMI >30 kg/m?) and
three based on validated diabetes risk scores (Leicester Risk
Score [LRS] [9], ADA Risk Test score [ADA-RTS] [10] and
Finnish Diabetes Risk Score [FINDRISC] [11]). For the three
validated risk scores, we used cut-offs suggested by the devel-
opers (LRS >16 [9], ADA-RTS >5 [10], FINDRISC >9 [11]),
as well as two alternative FINDRISC cut-offs used in previous
studies (>12 [9] and >15 [12]). Clinical information required
for each strategy was derived from UK Biobank enrolment
and linked primary care data (sce ESM Table 2).

Statistical analysis

Baseline characteristics Age, BMI, HbA . levels and follow-
up times are presented as medians with IQRs because of the
non-normal distribution of these variables. x* tests were used
to compare categorical variables and unpaired ¢ tests were
used to compare continuous variables between those with a
pre-existing diabetes diagnosis, those with undiagnosed
diabetes and those without diabetes.

Time to diabetes diagnosis in routine care Median time to
diabetes diagnosis was estimated using the Kaplan—Meier
method. A Cox proportional hazards model was fitted to
assess associations between age, sex, BMI, HbA . level,
ethnicity, IMD quintile and time to diagnosis, with age, BMI
and HbA | level categorised into clinically relevant categories
to aid model interpretability (age: 40—49 years, 5059 years,
60-70 years; BMI: <30 kg/m?, >30 kg/m?; HbA: 48.0-52.9
mmol/mol [6.5-7.0%], 53.0-57.9 mmol/mol [7.0-7.4%],
>58.0 mmol/mol [>7.5%]). Complete case analysis was used
as this excluded <5% of participants. The proportional hazards
assumption was violated because of the convergence in
survival probability of those in the two highest HbA .
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categories (53—57.9 mmol/mol and >58 mmol/mol) at approx-
imately 6 years post enrolment (the violation was not
prevented by using different HbA . category cut-offs or
treating HbA . as a continuous variable). However, as most
of those in the study population were censored earlier than
this, we expect that this had a limited impact on the HRs. A
Cox proportional hazards model was also used to assess the
association between calendar year of recruitment and time to
diagnosis.

Evaluation of selective screening strategies The perfor-
mances of the five selective screening strategies in selecting
those with undiagnosed diabetes were compared with
whole population-based HbA . screening in terms of (1)
the number needed to screen (NNS) to find one case of
undiagnosed diabetes (1 divided by the proportion of those
with undiagnosed diabetes in the population selected to be
screened) and (2) the proportion of participants with undi-
agnosed diabetes not selected for screening (out of those
who have all the variables required to implement the
screening strategy). Each strategy was assessed overall
and in subgroups defined by obesity (BMI >30 kg/m?).

All analyses were performed using R (version 4.1.1) [13].

Results

In total, 1.0% (n=1703) of participants without
a pre-existing diabetes diagnosis had undiagnosed
diabetes at enrolment

Of 166,846 participants without a pre-existing diabetes diag-
nosis, 1.0% (95% CI 1.0, 1.1; n=1703; Fig. 1) had a UK
Biobank-measured HbA . level >48 mmol/mol (>6.5%) indi-
cating undiagnosed diabetes (median [IQR] 51.3 mmol/mol
[49.1-57.2] or 6.8% [6.6-7.4]; Table 1). This group with
undiagnosed diabetes represents an extra 13.0% (95% CI
12.4, 13.6) of diabetes cases in the study population relative
to the 13,077 with known diabetes. Compared with those
without diabetes, those with undiagnosed diabetes were on
average older, had a higher BMI, were more predominately
male, were living in more deprived areas and were more likely
to self-report being of non-white ethnicity (all p<0.001;
Table 1).

Those with undiagnosed diabetes had similar characteris-
tics to those with a pre-existing diagnosis, with no differences
in age, sex or deprivation index (all p>0.05; Table 1).
However, those with undiagnosed diabetes were more likely
to self-report being of non-white ethnicity (11.4% vs 9.8%,
p=0.0498) and had a slightly higher BMI (30.9 vs 30.1 kg/m?,
p<0.001) than those with a pre-existing diagnosis (Table 1).
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Table 1 Baseline characteristics of UK Biobank study population at enrolment
Baseline characteristic (a) Diabetes diagnosis  (b) Undiagnosed diabetes  p value (a) vs (b) (c) No diabetes  p value (b) vs (c)
n 13,077 1703 165,143
Age, years 61.4 (55.1-65.6) 60.9 (55.0-65.3) 0.07 58.2 (50.5-63.6) <0.001
Age category
4049 years 1654 (12.6) 225 (13.2) 38,907 (23.6)
50-59 years 3878 (29.7) 538 (31.6) 55,538 (33.6)
60-70 years 7545 (57.7) 940 (55.2) 70,698 (42.8)
Male sex 7587 (58.0) 993 (58.3) 0.84 73,481 (44.5) <0.001
BMI, kg/m** 30.1 (26.8-34.1) 30.9 (28.1-34.8) <0.001 26.6 (24.1-29.6) <0.001
BMI category®
<30 kg/m? 6424 (49.5) 699 (41.5) 127,486 (77.4)
>30 kg/m? 6564 (50.5) 987 (58.5) 37,148 (22.6)
Non-white ethnicity® 1274 (9.8) 192 (11.4) 0.0498 5943 (3.6) <0.001
IMD quintile® 0.73 <0.001
1 (most affluent) 3091 (24.2) 389 (23.3) 52,821 (32.8)
2 2498 (19.6) 329 (19.7) 37,058 (23.0)
3 2362 (18.5) 296 (17.7) 29,022 (18.0)
4 2489 (19.5) 330 (19.8) 24,616 (15.3)
5 (most deprived) 2335 (18.3) 324 (19.4) 17,600 (10.9)
HbA ., mmol/mol 48.0 (40.6-57.6) 51.3 (49.1-57.2) 37.3 (35.0-39.5)
HbA ., % 6.5(5.9-7.4) 6.8 (6.6-7.4) 5.6 (54-5.8)
HbA . category
<48.0 mmol/mol (<6.5%) 6532 (50.0) 0(0.0) 165,143 (100.0)
48.0-52.9 mmol/mol (6.5-7.0%) 1930 (14.8) 1050 (61.7) 0 (0.0)
53.0-57.9 mmol/mol (7.0-7.4%) 1459 (11.2) 264 (15.5) 0 (0.0)
>58.0 mmol/mol (>7.5%) 3156 (24.1) 389 (22.8) 0 (0.0)

Continuous variables are presented as median (IQR) and categorical variables as n (%)

Study population was stratified into (a) evidence of a pre-existing diabetes diagnosis (self-reported diabetes/diabetes-specific complications or processes
of care/diabetes medication or any of these in linked healthcare records, or HbA . >48 mmol/mol in primary care records); (b) undiagnosed diabetes (as
indicated by a calibrated enrolment HbA . >48 mmol/mol); and (c) no diabetes

*Missing data were present for BMI: (a) n=89 (0.7%), (b) n=17 (1.0%), (c) n=509 (0.3%); ethnicity: (a) n=78 (0.6%), (b) n=12 (0.7%), (c) n=574 (0.3%);

and IMD quintile: (a) n=302 (2.3%), (b) n=35 (2.1%), (c) n=4026 (2.4%)

Participants with undiagnosed diabetes waited a
median of 2.2 years to receive a clinical diagnosis

Over a median of 7.3 years’ (IQR 6.7-8.2) follow-up,
87.7% (95% CI 86.1, 89.2; n=1493) of the 1703 partici-
pants with an HbA,. level >48 mmol/mol (>6.5%) at
enrolment subsequently received a clinical diagnosis of
diabetes. The median time to receive a clinical diagnosis
was 2.2 years (95% CI 2.0, 2.4; Fig. 2). The follow-up
period was similar for those receiving and those not
receiving a clinical diagnosis (7.1 years [IQR 6.3-8.1]
vs 7.4 years [IQR 6.8-8.2], p<0.001). Median HbA,, at
diagnosis for the 76.3% (n=1300) with an at-diagnosis
HbA, level recorded in primary care was 58.2 mmol/mol
(IQR 51.0-80.0) (7.5% [IQR 6.8-9.5]). The median
increase in HbA ;. between UK Biobank enrolment and

diagnosis was 4.1 mmol/mol (IQR -0.5-15.4) (0.4%
[IQR —0.05-1.4]).

In total, 6.9% (117/1703) of participants with an HbA
level >48 mmol/mol (=6.5%) at enrolment subsequently
had an HbA,. level reported in primary care data below
the threshold for diabetes diagnosis (<48 mmol/mol
[<6.5%]) at a median time of 4.4 years [IQR 2.4-5.6] after
enrolment (this does not include post-diagnosis HbA .
values, which may be altered by lifestyle modification or
treatment). A total of 53% of this group (62/117) subse-
quently received a diabetes diagnosis, a median of 1.2
years (IQR 0.3-2.4) after recording a below-threshold
(<48 mmol/mol [<6.5%]) HbA . level.

Sensitivity analysis using an uncalibrated UK Biobank
HbA,. level >48 mmol/mol (>6.5%) to define undiagnosed
diabetes identified 1076 individuals with undiagnosed
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Fig. 2 Kaplan-Meier plot of time 1.00 ;
to diagnosis for those with
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diabetes, with a median time to diagnosis of 1.5 years (95% CI
1.4,1.7) and with 995 of the 1076 individuals (92.5%, 95% CI
90.9, 94.0) receiving a clinical diagnosis within the study
period.

Compared with those enrolled in 2008 (n=820), the median
time to diagnosis for those enrolled in 2010 (#=239) was signif-
icantly shorter (1.8 years [95% CI 1.4, 2.2] vs 2.3 years [95% CI
2.1, 2.6], HR [95% CI] 1.22 [1.04, 1.43], p=0.017). Those
enrolled in 2009 (n=644) had a median time to diagnosis of
2.2 years (95% CI 1.9, 2.6), which was not significantly differ-
ent from the median time to diagnosis for those enrolled in
2008.

883 (16)

499 (25) 279 (44) 90 (155)  8(210)  0(210)

Men and individuals with obesity received a clinical
diabetes diagnosis earlier than women and
individuals without obesity

For those with undiagnosed diabetes at enrolment, male sex
(compared with female sex) and enrolment BMI >30 kg/m?
(compared with BMI <30 kg/m?) were associated with shorter
time to diabetes diagnosis (HR [95% CI] for male sex: 1.12
[1.00, 1.25]; HR [95% CI] for BMI >30 kg/m*: 1.25 [1.12,
1.39]; ESM Table 3). Higher enrolment HbA ;. was also
strongly associated with shorter time to diagnosis (reference
category HbA . 48.0-52.9 mmol/mol; HR [95% CI] for

Table 2 Performance of selective screening strategies compared with population-level screening for identifying those with undiagnosed diabetes

Selective screening strategy

Number needed to Percentage of undiagnosed diabetes
screen (NNS) (95% CI)* cases missed (95% CI)°

Population level®

Age >60 years

BMI >30 kg/m?

LRS >16 (‘high’ to ‘very high’ risk)
ADA-RTS >5

FINDRISC >9 (includes some of ‘slightly elevated’ category, plus all of ‘moderate’ to 68 (65, 72)

‘very high’ risk)
FINDRISC >12 (‘moderate’ to ‘very high’ risk)
FINDRISC >15 (‘high’ to ‘very high’ risk)

98 (94, 103) 0.0

77 (72, 82) 44.8 (42.4,47.2)
39 (37, 42) 41.5 (39.1, 43.8)
48 (45, 50) 15.7 (13.9, 17.4)
5148, 53) 23.3(21.3,25.4)

78 (64,9.2)

49 (46, 52)
37 (34, 40)

30.2 (27.8, 32.5)
64.4 (62.0, 66.9)

# Of participants selected by the strategy, the number that would need to be screened for diabetes to identify one case of undiagnosed diabetes

® Percentage of those with undiagnosed diabetes not selected by the strategy. Only those with complete variables for the selective screening strategy were included

¢ The study population includes those aged 40-70 years only
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HbA . 53.0-57.9 mmol/mol: 2.13 [1.84, 2.46]; HR [95% CI]
for HbA |, >58.0 mmol/mol: 2.71 [2.37, 3.09]; ESM Table 3).
There was no clear evidence of an association between age,
ethnic group or socioeconomic status and time to diabetes
diagnosis (ESM Table 3).

Selective screening strategies based on validated risk
scores can reduce the number needing to be screened
by approximately half but miss 15-30% of
undiagnosed diabetes cases

In the study population without a pre-existing diabetes diag-
nosis (n=166,846), the number needed to screen (NNS) to
identify one case of undiagnosed diabetes was 98 (95% CI
94, 103). Using simple criteria (age >60 years or [separately]
BMI >30 kg/m?) to select which individuals should be
screened reduced the NNS to 77 (95% CI 72, 82) and 39
(95% CI 37, 42), respectively, but missed >40% of those with
undiagnosed diabetes (Table 2).

Selective screening based on the FINDRISC >12 strategy
gave a similar NNS to those obtained for the LRS >16 and
ADA-RTS >5 strategies (range 48—51; Table 2), with all three
strategies giving a NNS that was approximately half that seen
for population-level screening. Using these risk score cut-offs,
the proportion of missed undiagnosed cases was smaller than
for the simple criteria above (range 15.7-30.2%), with the
LRS >16 strategy missing the least number of cases
(Table 2). Using a higher FINDRISC risk score cut-off
reduced the NNS further but missed more undiagnosed diabe-
tes cases (FINDRISC >15: NNS=37, missed cases=64.4%:;
Table 2); the converse was true for a lower FINDRISC risk
score cut-off.

All risk scores and cut-offs tested performed better in iden-
tifying those with undiagnosed diabetes with obesity (BMI
>30 kg/m?), identifying 48—100% of those with undiagnosed
diabetes compared with 19-82% in the group without obesity
(BMI <30 kg/m?; ESM Table 4).

Discussion

In this UK Biobank population-based cohort of adults aged
40-70 year, 1.0% of those without a pre-existing diabetes
diagnosis had undiagnosed diabetes at enrolment. Over a
follow-up of up to 10 years, 87.7% of these participants
received a clinical diagnosis. Our study demonstrates that
HbA -based screening at UK Biobank enrolment would have
identified these diabetes cases a median of 2.2 years before
they received a clinical diagnosis. Selective screening strate-
gies based on UK, US and European risk scores were effective
overall in targeting those most at risk of undiagnosed diabetes
for screening.

This is the first study to use real-world clinical data to
determine by how much diabetes diagnoses would be brought
forward in a large population cohort by the implementation of
a diabetes screening programme. Our finding of a reduction of
2.2 years in time to diagnosis is similar to the reduction of 3.3
years reported in the Ely study (40—65 year olds), which esti-
mated the reduction in time to diagnosis achieved by screen-
ing by comparing outcomes for participants randomised to
screening at 5-yearly intervals (n=92) with outcomes for those
receiving no screening (n=60) [14]. The shorter reduction in
time to diagnosis in this study compared with the Ely study
estimate may reflect population differences between the
participants, such as the above-average socioeconomic status
of UK Biobank participants [15], or our more contemporary
study period (20062017 in this study vs 1990-2003 in the
Ely study). In particular, the 2011 approval by the WHO of
HbA, testing to diagnose diabetes [16], which is easier to
perform than the alternative method of fasting glucose testing,
led to an increase in opportunistic HbA . testing [14, 17]. In
addition, testing for diabetes may have increased as a result of
the introduction of the NHS Health Check in England in 2009
(although, as take-up was initially low, most Health Checks of
UK Biobank participants are likely to have occurred after their
study period [18]). The effect of these changes in clinical
practice may explain the reduction in time to diagnosis seen
in our study between recruitment in 2008 and recruitment in
2010 (2.3 years vs 1.8 years).

We found a prevalence of undiagnosed diabetes (in those
without known diabetes) of 1.0%, similar to the 1.4% estimate
derived from modelling approaches by Diabetes UK [19].
This result was corroborated by a 2003-2005 UK National
Screening Committee (NSC) pilot programme, which also
showed a prevalence of 1.4% [20]. The prevalence of undiag-
nosed diabetes in older populations has previously been
shown to be higher: the same UK NSC study found a preva-
lence of 2.8% (of n=11,449) in those aged over 40 years,
while the prevalence in the Ely study (40—65 year olds) was
4.5% (of n=1122) [4]. In addition to the higher socioeconomic
status of UK Biobank participants compared with the general
population, the lower prevalence in our study (40-70 year
olds) may reflect the use of HbA;. >48 mmol/mol (>6.5%)
to identify undiagnosed diabetes, as opposed to the glucose-
based measures used by the UK NSC and Ely studies (fasting
plasma glucose >7.0 mmol/l or OGTT 2 h blood glucose
>11.1 mmol/l) [21].

Male sex, higher HbA . and BMI >30 kg/rn2 at enrolment
were associated with shorter time to diagnosis in current clin-
ical practice, suggesting that clinicians are more likely to
screen men or individuals with obesity and less likely to
screen women or individuals with a BMI <30 kg/m?. Our
analysis suggests that the modest delay in diagnosis that we
observe for women compared with men is not due to differ-
ences in age, BMI, enrolment HbA . or sociodemographic
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factors (deprivation and ethnicity) between men and women
in UK Biobank. There may be other differences between men
and women that affect the likelihood of receiving screening
that may be particular to the UK Biobank cohort or UK prima-
ry care, as previous studies have not found an association
between sex and delayed diabetes diagnosis [22, 23]. A poten-
tial explanation for the association of higher enrolment HbA
with shorter time to diagnosis is that participants with higher
blood glucose experienced diabetes symptoms sooner,
prompting their doctor to test for diabetes.

Our study shows that selective screening strategies were
effective overall in targeting those most at risk of undiagnosed
diabetes for screening, with the LRS >16 strategy missing
fewer undiagnosed cases than the FINDRISC >12 and
ADA-RTS >5 strategies for a similar number needed to
screen. However, in our study all three scores performed poor-
ly in identifying those with undiagnosed diabetes with a BMI
<30 kg/m” compared with those with a BMI >30 kg/m?,
suggesting that there is an opportunity to optimise existing
diabetes screening strategies to improve performance in
people without obesity.

Strengths and limitations

A key strength of this study is the systematic baseline HbA
assessment at UK Biobank enrolment, which was not fed back
to participants, providing a unique dataset to evaluate the
benefit of HbA.-based screening for time to diabetes diagno-
sis compared with routine care. While current recommenda-
tions are to repeat HbA . testing to confirm a diabetes diag-
nosis, especially in asymptomatic patients [16, 24], it was not
possible to obtain such data as UK Biobank assessment
measures were not repeated post enrolment. In their absence,
our long-term follow-up evaluation in routine clinical practice
demonstrated that the majority (87.7%) of participants with
undiagnosed diabetes at enrolment eventually received a clin-
ical diagnosis, and only 6.9% subsequently had an HbA .
level below the diagnostic threshold for diabetes (<48
mmol/mol [<6.5%]). This supports the validity of our
approach to identifying undiagnosed participants using base-
line data and single, rather than repeated, calibrated UK
Biobank HbA,. values. Even using uncalibrated UK
Biobank HbA . enrolment measures, which are systematically
lower than those in UK primary care and so will underestimate
the number of participants with an undiagnosed diagnosis [8],
there was a clinically significant median time to diagnosis of
1.5 years.

Limitations of our study include that UK Biobank is not a
representative UK cohort; previous studies have shown that
participants have better health outcomes, are from less
deprived areas and are more predominantly of white ethnicity
than the general UK population (based on 2011 ethnicity data)
[15]. The relatively low numbers of non-white participants
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may explain the lack of an association between ethnicity and
time to diabetes diagnosis and meant that we were unable to
examine associations for specific ethnic groups, in particular
people of Asian and black ethnicity. Given the known associ-
ations between both non-white ethnicity and higher social
deprivation and increased risk of diabetes [25], the prevalence
of undiagnosed diabetes in this age group in the wider popu-
lation is likely to be higher than that observed in UK Biobank
(1.0%); studies in other UK cohorts give estimates of 2.8—
4.5% [4, 20]. In addition, as UK Biobank participants are
likely to be more health-conscious than average, similar to
volunteers in other research studies [15], they may have more
frequent healthcare appointments and so may be diagnosed
with diabetes earlier. This suggests that screening initiatives
could identify more cases of undiagnosed diabetes and reduce
the time to diagnosis even more than the 2.2 years seen in this
study. Conversely, increases in opportunistic diabetes testing
during and after the study period may mean that any screening
initiative implemented today would provide less substantial
benefits than the 2.2 year improvement observed in this study,
as supported by the reduction in time to diagnosis seen in our
study between recruitment in 2008 and recruitment in 2010.
Finally, most of the cohort had not accrued sufficient follow-
up data to reliably evaluate the impact of delayed diagnosis on
diabetes complications. The UK Prospective Diabetes Study
(UKPDS) showed that early intensive blood glucose control
reduces the risk of later complications (the ‘legacy effect’) and
so we would expect earlier diagnosis to result in fewer long-
term complications [26], although trials of screening interven-
tions have not shown a significant reduction in all-cause
mortality [1, 17]. This needs further exploration when more
recent UK Biobank-linked primary care data become
available.

Clinical implications

The results of this study support the use of HbA . -based
screening for undiagnosed diabetes by demonstrating that
HbA . testing can shorten the time to diabetes diagnosis in
middle-aged adults. The UKPDS study showed that such a
reduction in time to diagnosis, with consequential earlier
control of blood glucose, is likely to reduce diabetes compli-
cations. Unless diabetes risk scores are improved (especially
in the low BMI group), population-based screening with
HbA . is the only way to reliably identify undiagnosed diabe-
tes. However, the cost-effectiveness of this approach merits
further assessment and will vary based on the degree of HbA
testing in the underlying population.

Conclusions

Our study provides the first population-based estimate of the
impact of HbA .-based screening on reducing the time to
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diabetes diagnosis. In UK Biobank, 1.0% of those aged 40—70
years had undiagnosed diabetes, and population-level HbA
screening could have reduced the time to diabetes diagnosis in
this group by a median of 2.2 years. Earlier diagnosis would
allow earlier intervention with the potential to reduce the risk
of diabetes complications, but this requires further evaluation.

Supplementary Information The online version contains peer-reviewed
but unedited supplementary material available at https://doi.org/10.1007/
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Acknowledgements This research was conducted using the UK Biobank
resource under application number 9072. Parts of this work were present-
ed as a poster presentation at the 56th EASD Annual Meeting (Online),
21-25 September 2020, and as an oral presentation at the Diabetes UK
Professional Conference (Online), 19-30 April 2021.

Data availability UK Biobank data are available through a procedure
described at http://www.ukbiobank.ac.uk/using-the-resource/.

Funding KGY is supported by Research England’s Expanding
Excellence in England (E3) fund. IB is supported by an E3 award.
ATH and BMS are supported by the NIHR Exeter Clinical Research
Facility. AGJ is supported by an NIHR Clinician Scientist fellowship
(CS-2015-15-018). NJT is supported by a Wellcome Trust-funded
GW4-CAT PhD Fellowship (220601/2/20/Z). JMD is supported by an
E3 Independent Fellowship. The funders had no role in the analysis or
reporting of results.

Authors’ relationships and activities The authors declare that there are
no relationships or activities that might bias, or be perceived to bias, their
work.

Contribution statement The study concept and design were conceived
by KGY, ATH, BMS, NJT and JMD. KGY conducted the data analysis
and is the guarantor of this work. All authors offered advice on the study
design, analysis and interpretation of the results. KGY, BMS, NJT and
JMD were involved in drafting the article. All authors read, reviewed,
revised and approved the final manuscript.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Simmons RK, Rahman M, Jakes RW et al (2010) Effect of popu-
lation screening for type 2 diabetes on mortality: long-term follow-
up of the Ely cohort. Diabetologia 54(2):312-319. https://doi.org/
10.1007/500125-010-1949-8

10.

11.

12.

14.

15.

16.

17.

NHS UK (2019) NHS Health Check. Available from https://www.
nhs.uk/conditions/nhs-health-check/. Accessed 19 Apr 2022
American Diabetes Association (2022) Standards of medical care in
diabetes—2022. Abridged for primary care providers. Clin
Diabetes 40(1):10-38. https://doi.org/10.2337/cd22-as01

Williams DRR, Wareham NJ, Brown DC et al (1995) Undiagnosed
glucose intolerance in the community: the Isle of Ely Diabetes
Project. Diabet Med 12(1):30-35. https://doi.org/10.1111/j.1464-
5491.1995.tb02058 x

van den Donk M, Sandbaek A, Borch-Johnsen K et al (2011)
Screening for type 2 diabetes. Lessons from the ADDITION-
Europe study. Diabet Med 28(11):1416—1424. https://doi.org/10.
1111/7.1464-5491.2011.03365.x

Sudlow C, Gallacher J, Allen N et al (2015) UK Biobank: an open
access resource for identifying the causes of a wide range of
complex diseases of middle and old age. PLoS Med 12(3):
€1001779. https://doi.org/10.1371/journal.pmed.1001779

Tiemney A, Fry D, Almond R, Gordon M, Moffat S (2018) UK
Biobank Biomarker Enhancement Project — companion document
to accompany HbA 1¢ biomarker data V1.0. Available from https://
biobank.ndph.ox.ac.uk/showcase/showcase/docs/serum_hblac.
pdf. Accessed 3 Aug 2021

Young KG, McDonald TJ, Shields BM (2022) Glycated
haemoglobin measurements from UK Biobank are different to
those in linked primary care records: implications for combining
biochemistry data from research studies and routine clinical care.
Int J Epidemiol 51(3):1022—-1024. https://doi.org/10.1093/ije/
dyab265

Gray LJ, Taub NA, Khunti K et al (2010) The Leicester Risk
Assessment score for detecting undiagnosed type 2 diabetes and
impaired glucose regulation for use in a multiethnic UK setting.
Diabet Med 27(8):887-895. https://doi.org/10.1111/j.1464-5491.
2010.03037.x

Bang H, Edwards AM, Bomback AS et al (2009) Development and
validation of a patient self-assessment score for diabetes risk. Ann
Int Med 151(11):775-783. https://doi.org/10.7326/0003-4819-151-
11-200912010-00005

Lindstrom J, Tuomilehto J (2003) The diabetes risk score: a practi-
cal tool to predict type 2 diabetes risk. Diabetes Care 26(3):725—
731. https://doi.org/10.2337/diacare.26.3.725

Jolle A, Midthjell K, Holmen J et al (2019) Validity of the
FINDRISC as a prediction tool for diabetes in a contemporary
Norwegian population: a 10-year follow-up of the HUNT study.
BMJ Open Diabetes Res Care 7(1):¢000769—000769. https://doi.
org/10.1136/bmjdrc-2019-000769

R Core Team (2022) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria

Rahman M, Simmons R, Hennings S, Wareham N, Griffin S (2012)
How much does screening bring forward the diagnosis of type 2
diabetes and reduce complications? Twelve year follow-up of the
Ely cohort. Diabetologia 55(6):1651-1659. https://doi.org/10.1007/
s00125-011-2441-9

Fry A, Littlejohns TJ, Sudlow C et al (2017) Comparison of socio-
demographic and health-related characteristics of UK Biobank
participants with those of the general population. Am J Epidemiol
186(9):1026-1034. https://doi.org/10.1093/aje/kwx246

WHO (2011) Use of glycated haemoglobin (HbAlc) in diagnosis
of diabetes mellitus: abbreviated report of a WHO consultation.
Available from https://apps.who.int/iris/handle/10665/70523.
Accessed 19 Apr 2022

Simmons RK, Echouffo-Tcheugui JB, Sharp SJ et al (2012)
Screening for type 2 diabetes and population mortality over 10
years (ADDITION-Cambridge): a cluster-randomised controlled
trial. Lancet 380(9855):1741-1748. https://doi.org/10.1016/
S0140-6736(12)61422-6

@ Springer


https://doi.org/10.1007/s00125-022-05824-0
https://doi.org/10.1007/s00125-022-05824-0
https://doi.org/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00125-010-1949-8
https://doi.org/10.1007/s00125-010-1949-8
https://www.nhs.uk/conditions/nhs-health-check/
https://www.nhs.uk/conditions/nhs-health-check/
https://doi.org/10.2337/cd22s01
https://doi.org/10.1111/j.1464-5491.1995.tb02058.x
https://doi.org/10.1111/j.1464-5491.1995.tb02058.x
https://doi.org/10.1111/j.1464-5491.2011.03365.x
https://doi.org/10.1111/j.1464-5491.2011.03365.x
https://doi.org/10.1371/journal.pmed.1001779
https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/serum_hb1ac.pdf
https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/serum_hb1ac.pdf
https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/serum_hb1ac.pdf
https://doi.org/10.1093/ije/dyab265
https://doi.org/10.1093/ije/dyab265
https://doi.org/10.1111/j.1464-5491.2010.03037.x
https://doi.org/10.1111/j.1464-5491.2010.03037.x
https://doi.org/10.7326/0003-4819-151-11-200912010-00005
https://doi.org/10.7326/0003-4819-151-11-200912010-00005
https://doi.org/10.2337/diacare.26.3.725
https://doi.org/10.1136/bmjdrc-2019-000769
https://doi.org/10.1136/bmjdrc-2019-000769
https://doi.org/10.1007/s00125-011-2441-9
https://doi.org/10.1007/s00125-011-2441-9
https://doi.org/10.1093/aje/kwx246
https://apps.who.int/iris/handle/10665/70523
https://doi.org/10.1016/S0140-6736(12)61422-6
https://doi.org/10.1016/S0140-6736(12)61422-6

Diabetologia

18.

19.

20.

21.

22.

23.

Robson J, Dostal I, Sheikh A et al (2016) The NHS Health Check in
England: an evaluation of the first 4 years. BMJ Open 6(1):
e008840. https://doi.org/10.1136/bmjopen-2015-008840

Diabetes UK (2022) State of the nation 2012—England. Available
from https://www.diabetes.org.uk/resources-s3/2017-11/state-of-
the-nation-2012.pdf. Accessed 22 May 2022

Goyder E, Wild S, Fischbacher C, Carlisle J, Peters J (2008)
Evaluating the impact of a national pilot screening programme for
type 2 diabetes in deprived areas of England. Fam Pract 25(5):370—
375. https://doi.org/10.1093/fampra/cmn054

Gray BJ, Bracken RM, Turner D et al (2016) Examining the rela-
tionship between HbA |, and diabetes risk models in a European
population indicates a lower threshold to identify ‘high risk’ is
required. Diab Vasc Dis Res 13(3):228-235. https://doi.org/10.
1177/1479164116629351

Gopalan A, Mishra P, Alexeeff SE et al (2018) Prevalence and
predictors of delayed clinical diagnosis of type 2 diabetes: a longi-
tudinal cohort study. Diabet Med 35(12):1655-1662. https://doi.
org/10.1111/dme.13808

Samuels TA, Cohen D, Brancati FL, Coresh J, Kao WH (2006)
Delayed diagnosis of incident type 2 diabetes mellitus in the
ARIC study. Am J Manag Care 12(12):717-724

@ Springer

24.

25.

26.

Cosentino F, Grant PJ, Aboyans V et al (2019) 2019 ESC guide-
lines on diabetes, pre-diabetes, and cardiovascular diseases devel-
oped in collaboration with the EASD: the Task Force for diabetes,
pre-diabetes, and cardiovascular diseases of the European Society
of Cardiology (ESC) and the European Association for the Study of
Diabetes (EASD). Eur Heart J 41(2):255-323. https://doi.org/10.
1093/eurheartj/ehz486

Kyrou I, Tsigos C, Mavrogianni C et al (2020) Sociodemographic
and lifestyle-related risk factors for identifying vulnerable groups
for type 2 diabetes: a narrative review with emphasis on data from
Europe. BMC Endocr Disord 20(1):134. https://doi.org/10.1186/
$12902-019-0463-3

Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HAW
(2008) 10-year follow-up of intensive glucose control in type 2
diabetes. N Engl J Med 359(15):1577-1589. https://doi.org/10.
1056/NEJM02a0806470

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1136/bmjopen-2015-008840
https://www.diabetes.org.uk/resources-s3/2017-11/state-of-the-nation-2012.pdf
https://www.diabetes.org.uk/resources-s3/2017-11/state-of-the-nation-2012.pdf
https://doi.org/10.1093/fampra/cmn054
https://doi.org/10.1177/1479164116629351
https://doi.org/10.1177/1479164116629351
https://doi.org/10.1111/dme.13808
https://doi.org/10.1111/dme.13808
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1186/s12902-019-0463-3
https://doi.org/10.1186/s12902-019-0463-3
https://doi.org/10.1056/NEJMoa0806470
https://doi.org/10.1056/NEJMoa0806470

Electronic Supplementary Material

ESM METHODS

Definitions
Diabetes status

UK Biobank variables and codelists used to indicate a pre-existing diabetes diagnosis at UK Biobank
enrolment can be found at
https://github.com/drkgyoung/UK Biobank codelists/blob/main/enrolment diabetes definition.txt

Time to diabetes diagnosis in routine care

See note on codelists below.

Codelists

Codes and lists of names used with UK Biobank baseline assessment (enrolment) variables 20002
(non-cancer iliness code, self-reported) and 20003 (current medications, self-reported), as well as
linked primary and secondary healthcare data, and guidance on their implementation are available
from the following Github repository: https://github.com/drkgyoung/UK Biobank codelists.
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ESM TABLES

ESM Table 1

Sociodemographic characteristics of those with and without linked longitudinal primary care data in
UK Biobank

Characteristic Without linked primary care data With linked primary care data
n 310,612 191,881

Age, years 58.1 (50.4-63.6) 58.5 (50.8-63.8)
Male sex 141,877 (45.7%) 87,238 (45.5%)
BMI, kg/m?2 2 26.7 (24.1-29.9) 26.8 (24.2-30.0)
Non-white ethnicity ? 18,622 (6.0%) 8,411 (4.4%)
IMD quintile®

1 (most affluent) 94,144 (31.1%) 59,636 (31.9%)
2 67,619 (22.3%) 42,386 (22.6%)
3 51,948 (17.2%) 33,812 (18.1%)
4 48,644 (16.1%) 29,431 (15.7%)
5 (most deprived) 40,208 (13.3%) 21,929 (11.7%)
HbA1., mmol/mol @ 37.5(35.2-40.1) 37.5 (35.2-40.1)
HbA:, % 2 5.6 (5.4-5.8) 5.6 (5.4-5.8)

Continuous variables are presented as median (IQR) and categorical variables as n (%).

2 Missing data were present for BMI: a) n=1,826 (0.6%), b) n=1,023 (0.5%); ethnicity: a) n=1,929
(0.6%), b) n=847 (0.4%); IMD quintile: a) n=8,049 (2.6%), b) n=4,687 (2.4%); and HbA.: a) n=24,046
(7.7%), b) n=11,954 (6.3%).

IMD, Index of Multiple Deprivation



ESM Table 2

Derivation of baseline characteristics from UK Biobank variables. All are from first assessment centre

visit, except for linked healthcare data used for ‘Previous or current blood pressure medication’.

Baseline
characteristic

UK Biobank field(s)

Additional processing of UK Biobank
data

Selective
screening
strategies which
use this variable

problems diagnosed by
doctor

6153 Medication for
cholesterol, blood
pressure, diabetes, or
take exogenous
hormones

6177 Medication for
cholesterol, blood
pressure or diabetes

hypertension:

e 6150: 4 High blood pressure

e 6153: 2 Blood pressure
medication

e 6177: 2 Blood pressure
medication

e 20002: Any hypertension code?

e 20003: Any blood pressure
medication code ®

Age 34 Year of birth 15™ of month of birth used as date of | Age 260 years,
52 Month of birth birth. Age calculated from date of LRS, ADA-RTS,
53 Date of attending birth and date of first assessment FINDRISC
assessment centre centre visit.
Sex 31 Sex N/A LRS, ADA-RTS
BMI 21001 BMI (body size 23104 used where 21001 missing. BMI =30 kg/m?,
measures category) LRS, ADA-RTS,
23104 BMI (body FINDRISC
composition by
impedance category)
Ethnicity 21000 (Self-reported) Top level groupings used, and then LRS
ethnic background collapsed into ‘white’ and ‘non-white’
(included ‘Other ethnic group’) groups
due to small sample size in non-White
ethnicities.
Index of Multiple 26410 IMD (England) Quintiles were calculated using
Deprivation (IMD) | 26426 IMD (Wales) population IMD distributions for the
quintile 26427 IMD (Scotland) relevant country and year [1-3]
(countries/years of UK Biobank IMD
scores can be found in [4]).
HbA ;. 30750 HbA;. HbA;. values were processed to align
them with primary care
measurements as per Young at el.[5]
Family history of 20107 llinesses of father | If ‘diabetes’ was recorded in any of LRS, ADA-RTS
diabetes 20110 llinesses of these fields, participants were
mother considered to have a family history of
20111 llinesses of diabetes. This was considered missing
siblings if all three fields were missing.
Waist 48 Waist circumference N/A LRS, FINDRISC
circumference
Hypertension 6150 Vascular/heart Any of the following indicated LRS, ADA-RTS




20002 Non-cancer illness | This was considered missing if 6150,

code, self-reported 6153 and 6177 were all missing, and

20003 Current fields 135 and 136 (number of non-

medications, self- cancer illnesses in field 20002 /

reported medications in field 20003) were also
both missing.

Physical inactivity | 864 Number of Participants were considered ADA-RTS,
days/week walked 10+ ‘habitually inactive’ (used in ADA-RTS) | FINDRISC
minutes if they answered ‘0 [days per week]’

874 Duration of walks to 864, 884 and 904, or if they

884 Number of answered ‘-2 Unable to walk’ to 864

days/week of moderate (in which case they were not asked

physical activity 10+ 884 or 894). This was considered

minutes missing if 864, 884 and 904 were all

894 Duration of missing.

moderate physical

activity Participants were defined as having 30

904 Number of minutes of physical activity daily (used

days/week of vigorous in FINDRISC) if they had 2210 minutes

physical activity 10+ of physical activity per week (total

minutes physical activity = [864*874] +

914 Duration of vigorous | [884*894] + [904*914]). This was

physical activity considered missing if 864, 884 and 904
were all missing, or if 874, 894 and
914 were all missing.

Daily 1289 Cooked vegetable Participants were defined as FINDRISC

fruit/vegetable intake consuming fruit/vegetables daily if any

consumption 1299 Salad / raw of these fields were >0. This was
vegetable intake missing if all of these fields were
1309 Fresh fruit intake missing.
1319 Dried fruit intake
All tablespoons/days

Previous/current | 20003 Current Any blood pressure medication code FINDRISC

blood pressure medications, self- in 20003 ?, or at least two primary care

medication reported blood pressure medication
Linked primary care data | prescriptions® with issue dates <

assessment centre date

Participant answers of ‘do not know’ and ‘prefer not to answer’ were treated as missing.

Note that ADA-RTS additionally includes ‘history of gestational diabetes mellitus (GDM)’ not used
here; we defined individuals with previous GDM as having a ‘pre-existing diabetes diagnosis’ and so
excluded them from our study population as this group are generally subject to different diabetes
screening guidelines than the general population[6]. FINDRISC additionally includes ‘history of
hyperglycaemia’; individuals with this were also defined as having ‘pre-existing diabetes diagnosis’
and so excluded from our study population.

@ See ESM Methods: Codelists for codes/names used

ADA-RTS, American Diabetes Association Risk Test Score; FINDRISC, Finnish Diabetes Risk Score; LRS,
Leicester Risk Score



ESM Table 3

Association of baseline characteristics with time to diabetes diagnosis from a multivariable Cox
proportional hazards model (n=1,642 with 1,437 events). Higher hazard ratio associated with a
shorter time to diagnosis.

Baseline characteristic n (%) HR (95% Cl) p value
Age

40-49 years? 225 (13.2%) 1

50-59 years 538 (31.6%) 1.05 (0.89, 1.25) 0.56

60-70 years 940 (55.2%) 1.06 (0.90, 1.25) 0.48
Male sex 993 (58.3%) 1.12 (1.00, 1.25) 0.045
BMI

<30 kg/m?2?2 699 (41.5%) 1

>30 kg/m? 987 (58.5%) 1.25(1.12, 1.39) <0.001
Non-white ethnicity 192 (11.4%) 1.08 (0.91, 1.27) 0.39
IMD quintile

1 (most affluent)? 389 (23.3%) 1

2 329 (19.7%) 0.99 (0.85, 1.16) 0.93

3 296 (17.7%) 1.22 (1.04, 1.44) 0.017

4 330 (19.8%) 1.08 (0.92, 1.27) 0.34

5 (most deprived) 324 (19.4%) 1.17 (1.00, 1.38) 0.056
HbA.

48-52.9 mmol/mol (6.5-7.0%)2 1,050 (61.7%) 1

53-57.9 mmol/mol (7.0-7.4%) 264 (15.5%) 2.13 (1.84, 2.46) <0.001

>58 mmol/mol (27.5%) 389 (22.8%) 2.71(2.37,3.09) <0.001

61 participants not included in model due to missing BMI, self-reported ethnicity and/or IMD
quintile.

@ Reference category

HR, hazard ratio for explanatory variable as compared to reference category; IMD, Index of Multiple
Deprivation



ESM Table 4

Performance of selective screening strategies for identifying those with undiagnosed diabetes and

BMI <30 kg/m? or =30 kg/m?>.

Selective screening strategy

Percentage of
undiagnosed diabetes
cases with BMI <30
kg/m? identified (95%
)b

Percentage of
undiagnosed diabetes
cases with BMI 230
kg/m? identified (95%
an)t

Population-level @

100.0%

100.0%

Age 260 years

60.5% (56.9, 64.1)

51.3% (48.1, 54.4)

BMI 230 kg/m?

0%

100.0%

LRS 216 (‘high’ and ‘very high’ risk)

67.6% (64.1,71.1)

96.4% (95.2, 97.6)

ADA-RTS 25

57.0% (53.2, 60.7)

90.8% (89.0, 92.7)

FINDRISC 29 (includes some of ‘slightly elevated’
category, plus all of ‘moderate’ to ‘very high’ risk)

82.2% (79.2, 85.2)

99.5% (99.1, 100.0)

FINDRISC 212 (‘moderate’, ‘high’ and ‘very high’
risk)

47.8% (43.9, 51.8)

86.1% (83.8, 88.5)

FINDRISC 215 (‘high’ to ‘very high’ risk)

19.4% (16.3, 22.5)

47.6% (44.2, 50.9)

2 Note that study population includes those aged 40-70 years only
® Of those with complete variables for the selective screening strategy

ADA-RTS, American Diabetes Association Risk Test Score; FINDRISC, Finnish Diabetes Risk Score; LRS,

Leicester Risk Score
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