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Fasting plasma glucose (FPG) and hemoglobin Alc (HbAlc) are both used
to diagnose diabetes, but these measurements can identify different
people as having diabetes. We used data from 117 population-based studies

and quantified, in different world regions, the prevalence of diagnosed
diabetes, and whether those who were previously undiagnosed and
detected as having diabetes in survey screening, had elevated FPG, HbAlc
or both. We developed prediction equations for estimating the probability
that a person without previously diagnosed diabetes, and at a specific

level of FPG, had elevated HbAlc, and vice versa. The age-standardized
proportion of diabetes that was previously undiagnosed and detected in
survey screening ranged from 30% in the high-income westernregion to
66% in south Asia. Among those with screen-detected diabetes with either
test, the age-standardized proportion who had elevated levels of both

FPG and HbAlc was 29-39% across regions; the remainder had discordant
elevation of FPG or HbAlc. In most low- and middle-income regions,
isolated elevated HbAlc was more common thanisolated elevated FPG.
Intheseregions, the use of FPG alone may delay diabetes diagnosis and
underestimate diabetes prevalence. Our prediction equations help allocate
finite resources for measuring HbAlc to reduce the global shortfall in
diabetes diagnosis and surveillance.

Diabetes is associated with debilitating complications such as amputa-
tion, vision loss and renal failure, and with increased risk of cardiovas-
cular events, dementia, some cancers and infectious diseases such as
severe COVID-19 and tuberculosis' . The diagnostic criteria for dia-
betes have evolved over time to incorporate hemoglobin Alc (HbAlc),
whichis ameasure of long-term glycemic status and more convenient
to measure for patients than fasting glucose or the 2-h oral glucose
tolerance test (OGTT)” . In contemporary guidelines, any one or the
combination of fasting plasma glucose (FPG), OGTT and HbAlc may
be used to diagnose diabetes'® ™. With the exception of diagnosis of
gestational diabetes, OGTT is now rarely used in clinical practice or
population surveillance because of the inconvenience related to the
glucoseload, 2-htime frame and the two blood draws required for the

test™. FPG and HbAlc, which are both used in clinical practice and
epidemiological research and surveillance, measure different glycemic
features, namely basal glucose level (FPG) and average glucose levelin
the previous 2-3 months (HbAlc)". Therefore, individuals may have
elevated levels of one or both biomarkers, and FPG and HbAlc may
classify different people as having diabetes”'°. Diabetes also has along
subclinical period defined by hyperglycemia and can remain undiag-
nosed without screening or other mechanisms for early identification's.

Some studies have assessed sensitivity and specificity of diabetes
diagnosis using either FPG or HbAlcrelative tothe OGTT or have com-
pared diabetes prevalence based on these different glycemic biomark-
ers, but most did not provide adirect comparison of HbAlcand FPG .,
Most population-based studies on the concordance and discordance
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of diabetes diagnosis using FPG versus HbAlc have been conductedin
asingle country or region'****?and the only multi-country study* used
datalargely from high-income western countries. Therefore, there are
scantdataon how the concordance and discordance of FPG and HbAlc
in classifying diabetes vary across regions in the world, and on the
factors associated with this variation. The lack of data on the regional
variationin diabetes identified based on FPG versus HbAlc means that
we cannot quantify the full extent of the global diabetes epidemic and
its regional variation, because diabetes prevalence is measured and
reported using a single glycemic biomarker inmost population-based
surveys and analyses*'~*%. For example, in the latest global analysis**,
only ~15% of surveys had measured both FPG and HbAlc.

We assembled a global database of population-based studies that
had measured both FPG and HbAlc. Using these data, we quantified the
regional variation in the extent of diabetes diagnosis, with diabetes
defined asin the Methods. We also quantified, among those who were
previously undiagnosed and were detected as having diabetes through
screening in the survey, the concordance and discordance of having
FPG and HbAlc above common diagnostic thresholds (7.0 mmol I
for FPG and 6.5% for HbAlc). We refer to this group as screen-detected
diabetes, which is an epidemiological definition, because many clini-
cal guidelines recommend two measurements for diabetes diagno-
sis'®, We then used regression analysis to examine what individual
and study-level factors were associated with whether participants with
screen-detected diabetes were identified by elevated FPG, elevated
HbAlcor elevated levels of both. It has been shown that having elevated
levels of both biomarkers has high positive predictive value for subse-
quent clinical diagnosis and risk of complications'*, and hence this
group is similar to clinically diagnosed diabetes.

Finally, we leveraged the global coverage of the dataset and its
large sample size to develop prediction equations that estimate, for
any given FPG level, the probability that a person without previously
diagnosed diabetes would have HbAlc above the clinical threshold for
diabetes haditbeenmeasured, and vice versa. We aimed to develop and
validate global and generalizable prediction equations that account
for both personal characteristics and regional differences. These
equations serve three purposes. First, they allow more efficient use of
finite diagnosticresources, by identifying some people with below- or
near-threshold level for one biomarker (for example, FPG) for measure-
ment of another (for example, HbAlc). Second, they allow the estima-
tion of the probability that a person with a screen-detected elevated
level of one biomarker would also have an elevated level of the other,
as a confirmation of diabetes status'*. Finally, the prediction equa-
tions could improve diabetes surveillance by allowing estimation of
prevalence of diabetes based on both FPG and HbAlc in health surveys
that have measured only one of these biomarkers.

Results

Datasources

We used data collated by the NCD Risk Factor Collaboration (NCD-RisC),
aglobal consortium of population-based health examination surveys
and studies with measurement of both FPG and HbAlc, and with data
on previous diagnosis of diabetes, as described in the Methods. The
criteria for including and excluding studies are stated in Methods.
Within each study, we excluded participants who had missing data
or were pregnant, under 18 years of age or from follow-up rounds of
studies that had multiple measurements of the same cohort over time
(Fig. 1). After exclusions, we used data on 601,307 participants aged
18 years and older with information on whether they had been previ-
ously diagnosed with diabetes, of whom 364,825 participants also
had measured FPG and HbAlc. The difference between the number
of participants with data on previous diagnosis and with biomarker
datais mostly because many studies do blood tests on a subsample
of those with questionnaire data. These participants were from 117
studies whose mid-year was from 2000 to 2021 in 45 countries from

seven of eight world regions (Extended Data Table 1). We had no study
that measured both FPG and HbAlc from the region of Oceania, which
consists of Pacific island nations. The number of studiesin other regions
ranged from sevenin sub-Saharan Africato 48 inthe high-income west-
ernregion (Table 1). The mean age of study participants was 50 years
and 56% of participants were women. Of the 117 studies with data on
glycemic variables, 113 (97%) with 351,270 participants (96% of all par-
ticipants) also had data on body-mass index (BMI); the remaining four
studies either did not collect anthropometricinformation or only had
self-reported height and weight data.

Screen-detected diabetes by FPG and HbAlc

Across all studies, 16% of participants had diagnosed or previously
undiagnosed screen-detected diabetes. Diagnosed diabetes was cal-
culated based onreporting a previous diagnosis and screen-detected
diabetes as having FPG and/or HbAlclevels at or above the thresholds
of 7.0 mmol I and 6.5% (refs. 10-13) (Fig. 2). After age-standardization,
the total prevalence of diabetes became 12%. The age-standardized
prevalence of diagnosed and screen-detected diabetes were 7% and
5%, respectively. Those without a previous diabetes diagnosis had a
lower BMI than those with a previous diagnosis in every region, by an
average of 2.9 kg m2across all studies (Table 1). Among those without
aprevious diagnosis, participants with screen-detected diabetes (FPG
>7.0 mmol I"'and/or HbAlc > 6.5%) had amean BMI that was higher than
those who did not have diabetes (FPG < 7.0 mmol 1" and HbAlc < 6.5%)
by anaverage of 2.4 kgm™.

Inmost regions, age-standardized diabetes prevalence was slightly
lower than crude prevalence, except south Asia where the participants
were on average younger than in other regions (Table 1). Regionally,
the age-standardized total diabetes prevalence (the combination
of diagnosed and screen-detected diabetes) ranged from ~9% in the
high-income western region to ~-21% in south Asia and sub-Saharan
Africa. The age-standardized proportion of diabetes that was previ-
ously undiagnosed, and was detected in the screening via the survey,
was highest (66%) in studies from south Asia, and lowest (<35%) in stud-
iesfromthe high-income westernregion, central and eastern Europe,
andtheregion of central Asia, Middle East and north Africa. Two studies
insub-Saharan Africa were from Mauritius, a country that is different
demographically and economically from most other countries in the
region. When these studies were removed, total age-standardized
diabetes prevalence in sub-Saharan Africa declined from 21% to 13%
and the proportion who were previously undiagnosed increased from
46%to 53% (Extended Data Fig. 2).

Across all studies together, 29% of participants with screen-
detected diabetes had isolated elevated FPG, 37% had isolated elevated
HbAlc and 34% had elevated levels of both. These global proportions
were the same before and after age-standardization. There was sub-
stantial variation across regions in the composition of screen-detected
diabetes across these three groups, both in terms of whether both
biomarkers were elevated or only one, and in the case of the latter,
whether the elevated biomarker was FPG or HbAlc (Fig. 2). Region-
ally, the shares of participants in these three groups changed little
after age-standardization, and wereport the age-standardized results
here. The age-standardized proportion of those with screen-detected
diabetes who had elevated levels of both FPG and HbAlc ranged
from 29-39% across regions. The remaining 61-71% of participants
with screen-detected diabetes had discordant FPG and HbAlc ele-
vations. Isolated elevated HbAlc made up 54% of participants with
screen-detected diabetesin sub-Saharan Africa, and 47%in the region
of central Asia, Middle East and north Africa. Inthese regions, isolated
elevated FPG accounted for <17% of all screen-detected diabetes. In
contrast, 55% of participants with screen-detected diabetes in central
and eastern Europe, and 46% in high-income western region, had iso-
lated elevated FPG. The correlation coefficient between FPG and HbAlc
among participants without previous diagnosis of diabetes ranged
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727,588 participants from 131 studies

4,830 participants who were pregnant®
1,183 participants with missing sex or age
23,001 participants with missing information on previous diagnosis of

diabetes

32,326 participants aged <18 years

64,941 participants from follow-up rounds of studies that had
multiple measurements of the same cohort over time®

Used to calculate the
prevalence of
diagnosed diabetes

601,307 participants from 117 studies with
data on previous diagnosis of diabetes

57,785 participants who had been previously diagnosed with
diabetes
203,604 participants whose FPG or HbA1c were not measured by
design or missing®

1,216 participants from one specific area in one study in
Pakistan®
11,107 participants with FPG <2 or >30 mmol [ or HbAlc <3% or
>18%°

Used to examine the
prevalence and
biomarker composition

of screen-detected complete data on FPG and HbAlc

327,554 participants from 117 studies without
previous diagnosis of diabetes and with

4 particiPants with implausible combinations of FPG and
HbAlc

diabetes

{ 11,470 participants without data on BMI?

316,084 participants from 113 studies

Used to develop

prediction equations also had BMI measurement

without previously diagnosed diabetes who

I 294,150 participants who had FPG <7 mmol I' and HbA1c <6.5%"

Used to examine the
predictors of FPG-
HbA1c concordance versus
discordance

and/or HbA1c 26.5%

21,934 participants from 109 studies without
previously diagnosed diabetes who also had
BMI measurement and had FPG =7 mmol |

Fig.1|Flowchart of data cleaning and use. *Excluded because glucose
metabolism changes during pregnancy. °Data from the first available
measurement were used for these participants. ‘Some surveys only measured
glycemic biomarker on a subset of participants for logistic or budget reasons.
9Excluded because glycemic measurements in these participants were
systematically different from the rest from the same study, possibly because the
specific area had high prevalence of thalassemia®. °Excluded because such values
aremore likely to be due to data recording error than values within the range.

fWe removed participants forimplausible pairs of FPG and HbAlc using the

method of local outlier factor (LOF)*. This approach detects data combinations
that are extremes in the joint density of the variable pairs (for example, a
participant with FPG of 5 mmol I and HbAlc of 17%, or with FPG of 28 mmol I
and HbAlc of 5%). We identified extremes as those measurements whose measure
oflocal density by LOF method is less than half of the average of their 100

nearest neighbors. éIncluding all 2,436 participants from four studies that did

not measure BML. "Including all 3,455 participants from four studies in which all
individuals without previously diagnosed diabetes had FPG < 7.0 mmol I and
HbAIc < 6.5%.

from 0.51in central and eastern Europe to 0.76 in sub-Saharan Africa
(Extended DataFig. 3).

Association with individual and study characteristics

Some participantand study-level characteristics were associated with
whether screen-detected diabetes was manifested as elevated levels
of FPG, HbAlc or both (Table 2). Among those with screen-detected
diabetes, male sex was associated with a higher probability of having
elevated FPG, either alone (prevalence ratio (PR) =1.10; 95% credible
interval (Crl) 1.07-1.14) or together with elevated HbAlc (1.07;1.03-1.11),
and with a lower probability of having isolated elevated HbAlc (0.86;
0.83-0.89). Older age was associated with alower probability of having
elevated FPG, alone (PR = 0.97 per decade of age; 0.96-0.98) or together
with elevated HbAlc (PR =0.97; 0.96-0.99) and a higher probability
of having isolated elevated HbAlc (1.05;1.04-1.06). Higher BMI was
associated with a higher probability of having concordant elevation of

FPGand HbAlc (PR =1.07 per 5units; 1.06-1.08) and a lower probability
of havingisolated elevated FPG (PR =0.92; 0.90-0.93).

Atthestudy level, instudies that used a portable device to measure
HbAlc, the composition of screen-detected diabetes was shifted toward
more isolated elevated HbAlc, but the estimates for this association
had wide confidence intervals because the great majority of studies in
our analysis had measured glucose and HbAlcinalaboratory. Neither
theyear of study nor the percentage of participants with diabetes who
had reported previous diagnosis were associated with the composition
of screen-detected diabetes.

After adjustment for participant and study characteristics,
regional differences remained in the composition of screen-detected
diabetes (Table 2). After adjustment for these factors, the composi-
tion of screen-detected diabetes, in terms of having elevated FPG
and HbAlcinisolation or together, was statistically indistinguishable
between the high-income western region and central and eastern
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Table 1| Characteristics of studies and participants included in the analysis: all participants, participants without diagnosed
diabetes, and participants without diagnosed diabetes who had FPG >27.0 mmoll™ and/or HbA1c 26.5%

Numberof Number of countries Median Number of Percent Mean Mean FPG Mean Mean BMI
studies (% of all countriesin year of participants female(%) (s.d.)age (mmoll™) HbA1c (%) (kgm™)
theregionorworld) studies (years)
All participants
Central and eastern Europe 8 4 (20%) 2012 51,352 55.6 55 (11) 5.8 515) 28.2
Central Asia, Middle East 10 5 (18%) 2015 73,109 54.4 47 (15) 57 5.9 277
and north Africa
High-income western 48 11 (41%) 2010 190,276 53.2 53 (18) 5.6 5.5 278
Latin America and the 17 11(31%) 2016 75,257 62.3 48 (18) 57 57 28.3
Caribbean
South Asia 8 2 (29%) 2012 87,404 54.4 42 (14) 5.9 6.0 231
East and southeast Asia 19 7 (41%) 2012 112,854 56.2 52 (16) 5.6 57 24.0
and the Pacific
Sub-Saharan Africa 7 5(10%) 2014 11,055 62.6 49 (14) 6.1 6.2 26.3
All studies 17 45 (22%) 2012 601,307 55.6 50 (17) 5.7 5.7 26.4
Participants without diagnosed diabetes
Central and eastern Europe 8 4 (20%) 2012 12,086 52.2 49 (14) 5.4 5.4 274
Central Asia, Middle East 10 5 (18%) 2015 46,886 55.1 46 (14) 5.3 5.6 275
and north Africa
High-income western 48 1 (41%) 2010 100,140 53.9 52 (16) 5.4 5.3 274
Latin America and the 17 11(31%) 2016 38,524 60.8 48 (17) 5.3 5.4 28.0
Caribbean
South Asia 8 2(29%) 2012 28,554 527 41(14) 5.6 57 24.0
East and southeast Asia 19 7 (41%) 2012 92,900 56.6 51(16) 5.4 5.6 23.9
and the Pacific
Sub-Saharan Africa 7 5(10%) 2014 8,464 62.2 48 (14) 5.6 5.8 26.2
All studies 17 45 (22%) 2012 327554 55.7 49 (16) 5.4 5.5 26.2
Participants without diagnosed diabetes who had FPG 7.0 mmoll™ and/or HbA1c>6.5%
Central and eastern Europe 8 4 (20%) 2012 551 4.7 58 (11) 8.0 6.4 31.3
Central Asia, Middle East 10 5 (18%) 2015 3,328 52.0 55 (13) 77 73 30.2
and north Africa
High-income western 44 11 (41%) 2009 4,422 431 62 (13) 79 6.7 31.0
Latin America and the 17 11(31%) 2016 2,718 63.0 55 (15) 8.4 73 30.4
Caribbean
South Asia 8 2(29%) 2012 4,612 517 47(13) 8.0 74 26.0
East and southeast Asia 19 7 (41%) 2012 6,157 52.0 58 (13) 81 70 26.1
and the Pacific
Sub-Saharan Africa 7 5(10%) 2014 1,257 60.5 55 (11) 75 72 28.7
All studies 13 45 (22%) 2013 23,045 517 56 (14) 8.0 71 28.4

Europe. In other regions, elevated HbAlc was a more common form
of screen-detected diabetes thanin the high-income western region,
inisolation (PR ranging 1.42-2.20 across these regions) or together
with elevated FPG (PRranging1.31-1.52in east and southeast Asia and
the Pacific; south Asia; sub-Saharan Africa). In all regions, isolated
elevated FPG wasless common thanin the high-income westernregion
(PR ranging 0.24-0.51).

Prediction equations

We developed nine prediction equations (Extended Data Table 2) that
estimate, for any given FPG level, the probability that a person without
previously diagnosed diabetes would have HbAlc above the clinical
threshold for diabetes had it been measured, and vice versa. The vari-
ablesinthepredictionequationsincluded FPG as well as sex, age, BMI,
whether FPG was measuredinalaboratory or usingaportable device,
and region. We assessed the performance of the models in predict-
ing (1) individual participants’ status of having HbAlc > 6.5% based on

their FPG and (2) the prevalence of HbAlc = 6.5% for an entire study.
We used the same method for predicting the probability of having
FPG > 7.0 mmol "' based on HbAlc. The performance at the individ-
ual level reflects how well the prediction equation works for triaging
patients for further measurement for diabetes, and the performance at
study (or population) level assesses how well the prediction equation
works for diabetes surveillance. Most of the prediction equations had
acceptable performance for estimating the probability that a person
without diagnosed diabetes at a specific level of one glycemic bio-
marker (FPG or HbAlc) was above the clinical threshold for the other
(Extended Data Tables 3 and 4). Specifically, the C-statistic ranged
0.85-0.90 for prediction equations that used either biomarker to
predictthe elevated level of the other. The mean errors were between
-0.18 and -0.65 percentage points and the mean absolute errors were
between 2.32and 3.30 percentage points. The best-performing models
for predicting whether participants had HbAlc > 6.5% using FPG meas-
urement included BMI and region-specific terms for FPG, referred to
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Proportion of participants with screen-detected diabetes (%)

Fig.2|Extent and composition of diagnosed and screen-detected diabetes
by region. a, Crude and age-standardized proportion of participants with
diagnosed or screen-detected diabetes and, for those without previous
diagnosis, whether they had isolated elevated FPG (FPG > 7.0 mmol I and

HbAlc < 6.5%), isolated elevated HbAlc (HbAlc = 6.5% and FPG < 7.0 mmol I %) or
elevated levels of both. b, Crude and age-standardized proportion of participants
with screen-detected diabetes who had isolated elevated FPG, isolated elevated
HbAlc or elevated levels of both, by region. The contents inb are the same as the
segment of a that is below the zero line, scaled to 100% so that the composition

of screen-detected diabetes can be compared across regions, regardless of its
total prevalence. Having elevated levels of both biomarkers has high positive
predictive value for subsequent clinical diagnosis and risk of complications™*’
and hence this group is similar to clinically diagnosed diabetes. In a, regions
are ordered by the total proportion of participants who had diagnosed and
screen-detected diabetes. Inb, regions are ordered by the crude proportion of
participants with screen-detected diabetes who had elevated levels of both FPG
and HbAlc. Extended Data Fig. 1 provides sex-specific results.

as models 5and 8 in Extended Data Tables 2 and 3. These two models
had similar C-statistic. Model 5 had the smallest deviation and model
8 had the smallest bias. The addition of sex interaction terms did not
improve model performance. The best models for predicting whether
participants had FPG > 7.0 mmol I using HbAlc measurement were
also models 5 and 8 (Extended Data Tables 2 and 4). The coefficients
of these models are shown in Extended Data Tables 5 and 6.

InFig. 3, the coefficients from model 8 were used to calculate the
probability thata person without a history of diabetes diagnosis, based
onmeasurement of asingle glycemic biomarker thatis below the clini-
cal threshold, would have elevated level of the other (elevated HbAlc
at a specific FPG and BMI level (Fig. 3a) or elevated FPG at a specific
HbAlcand BMllevel (Fig.3b)). For example, in south Asia, people aged
55yearsand older, without a previous diabetes diagnosis, with obesity
(BMI =30 kg m™?), whose FPG is 6.5-6.9 mmol I have a 29-63% prob-
ability of having elevated HbAlc. In contrast, the probability of having
elevated HbAlc remained no higher than 17% for men and women of the

same age and FPG level in the high-income western region and central
and eastern Europe, which means that screen-detected diabetes that
is manifested as isolated elevated HbAlc is relatively rare in these
two regions. For those whose HbAlc was measured, the probability
of having elevated FPG was below 30% in every region except central
and eastern Europe; the probability surpassed 20% only in those with
high BMIland HbAlc levels.

In Fig. 4, the coefficients from model 8 were used to calculate
the probability that a person without a history of diabetes diagnosis,
based on measurement of a single glycemic biomarker that is above
the clinical threshold, would have elevated level of the other (elevated
HbAIc at a specific FPG and BMI level (Fig. 4a) or elevated FPG at a
specific HbAlc and BMI level (Fig. 4b)). These results show that peo-
ple without a previous diagnosis who had an elevated level of one
diabetes biomarker had varying probabilities of also being elevated
for the other depending onregion, age, sexand BML. In particular, for
those with screen-detected elevated HbAlc, the probability of also
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Table 2 | Association of whether screen-detected diabetes is manifested as isolated elevated FPG, isolated elevated HbA1c
or elevated levels of both with individual and study characteristics

Isolated elevated FPG Isolated elevated HbA1c Elevated levels of both
PR Crl Posterior PR Crl Posterior PR Crl Posterior
probability probability probability
Region
High-income western Reference Reference Reference
Central and eastern Europe 116 0.73-1.86 0.259 0.62 0.35-1.09 0.049 0.83 0.61-112 0ms
Latin America and the Caribbean 0.48 0.32-0.72 <0.001 1.42 0.93-216 0.053 116 0.91-1.46 0109
East and southeast Asia and the Pacific  0.51 0.35-0.73 <0.001 1.53 1.04-2.25 0.015 1.35 110-1.67 0.002
South Asia 0.24 0.13-0.44 <0.001 1.65 0.89-310 0.056 1.52 1.08-2.15 0.009
Central Asia, Middle East and 0.33 0.20- <0.001 2.20 1.31-3.67 0.001 1.06 0.80-1.40 0.342
north Africa 0.54
Sub-Saharan Africa 0.33 0.19-0.57 <0.001 1.65 0.92-294 0.045 1.31 0.96-179  0.045
Sex
Women Reference Reference Reference
Men 110 1.07-114  <0.001 0.86 0.83- <0.001 1.07 1.03-1.11 <0.001
0.89
Age (per 10 years of age) 0.97 0.96- <0.001 1.05 1.04-1.06 <0.001 0.97 0.96-0.99 <0.001
0.98
BMI (per 5kgm™) 0.92 0.90- <0.001 0.99 0.98-1.01 0.137 1.07 1.06-1.08 <0.001
0.93
Study year (per 5 years of time) 1.01 0.89-1.14 0.447 1.05 0.92-1.20 0.240 1.06 0.99-1.14 0.048
Percent people with diabetes who 0.98 0.89-1.09 0.380 0.98 0.88-1.09 0.354 1.05 0.99-1.1 0.046
had been diagnosed before (per 10
percentage points)
Measurement of FPG
Laboratory Reference Reference Reference
Portable device 171 1.00-2.91 0.025 0.89 0.51-156 0.338 0.87 0.64-1.16 0169
Measurement of HbAlc
Laboratory Reference Reference Reference
Portable device 0.33 0.16-0.68 0.001 213 1.05-4.20 0.018 0.54 0.35-0.81 0.002

The association with each variable is reported as prevalence ratios (PRs), adjusted for all other variables in the table, in the regression models described in the Methods, in which data from
individual participants with screen-detected diabetes were used. Extended Data Table 7 shows results excluding studies that had measured FPG in capillary whole blood using a portable

device. Crl, credible interval.

having FPG > 7.0 mmol I surpassed 90% in some region-age-BMI com-
binations. The exceptions were south Asia and Latin America and the
Caribbean, where isolated elevated HbAlc and isolated elevated FPG
were both common and hence only partially predicted one another.

Discussion

Our analysis of pooled global data showed that the use of either FPG
or HbAlc alone might substantially underestimate the burden of dia-
betes relative to the number of people who would have elevated lev-
els of either glycemic measure, especially in low- and middle-income
countries where diagnosis rates are currently low. We also presented
prediction equations to help allocate finite resources for measurement
of HbAlcinsettings where FPG (but not HbAlc) is routinely measured
due to logistic or cost constraints. The prediction equations can also
be used to enhance diabetes surveillance, to adjust the estimated
prevalence in the majority of population-based health surveys which
measure only one biomarker.

Our results, based on a large number of studies from different
regions of the world, are consistent with a previous smaller study with
data from mostly high-income western countries* and with the collec-
tive results fromstudies doneinindividual countries®® *in identifying
substantial variationin diabetes classified by FPG versus HbAlc across
regions. None of the previous studies had sufficient geographical
coverage or participants to robustly quantify regional differences in

how those with previously undiagnosed diabetes that were identified
based on elevation of FPG and HbAlc, in isolation or together, as we
did. Astudy using baseline data from the ORIGIN trial*®, which covered
people with diabetes or prediabetes from 40 countries, did not quan-
tify the concordance and discordance of diabetes based on different
biomarkers but its graphical results indicated smaller differences
in FPG-HbAIc relationship between Europe and north America than
between these regions and Asia or south America. We found that sex,
age and BMI were predictors of having concordant versus discordant
elevated FPG and elevated HbAlc, whichis consistent with results from
studies in individual countries®*******°_Finally, to our knowledge,
our prediction equations are the only global and generalizable tool
for predicting the probability of being classified as having diabetes
based on one glycemic biomarker based on measurement of another. A
previous regression related HbAlc to average glucose™ (but not fasting
glucose). This relationshipis currently used by the American Diabetes
Association for assessing glycemic control’' and not for inferring new
diagnosis of diabetes. It used data from only 507 individuals, 422 of
whom were non-Hispanic White. The data came from ten centers, of
which nine were in the United States and Europe. Over half (268) had
type 1 diabetes, which is the less common form of diabetes in adults.
The conversions did not account for other traits such as BMl and age,
nor was the performance of the prediction equation validated in data
that were not used inits derivation.
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The strengths of our study include the amount, quality and geo-
graphical diversity of data, with studies from seven of eight major world
regions. We carefully checked that data on biomarkers of diabetes and
previous diagnosis were of high quality and consistent across studies
as stated in detail in the Methods. The scale, quality and consistency
of dataallowed the characterization of the relationship between these
glycemic biomarkers and the development of prediction equations
that caninform the allocation of resources toward closing the global
diagnosis and monitoring gaps.

Ourstudyis also affected by limitations that apply to data pooling
analyses, especially those that use data collected in different countries
and time periods. Despite our extensive efforts to identify and access
data, we had limited datain some regions and none from Pacificisland
nations in the Oceania region. We did not analyze concordance and
discordance with OGTT because few studies, mostly from high-income
countries, had dataonall three glycemic biomarkers and because the
use of OGTT in clinical settings is largely for diagnosis of gestational
diabetes and not for population surveillance. The use of OGTT would
identify additional people as having diabetes above and beyond those
identified with FPG and HbA1c*?%. We did not analyze time trends of
diagnosed and screen-detected diabetes, which should be the subject
of future work, as conducted for hypertension®. Although we checked
alldatasources and their characteristics thoroughly, and accounted for
whether astudy had measured FPGand HbAlcinalaboratory or using
aportable device, other unobserved differences might remain due to
differing methods. Examples include differences in assays used for
measuring FPG and HbAlc. We attempted to mitigate these differences
by limiting our datato studies with mid-year of 2000 and later, a period
over which HbAlc assays were more likely to be standardized, and by
including the study-level random effects in our models, which remove
the influence of unobserved differences across studies. Beyond our
finding that the results were not sensitive to exclusion of studies that
used aportable device (Extended Data Table 7), studies that have tested
different devices on the same set of samples have found high correla-
tions (>0.97) among their measurements and between these devices
and reference laboratory methods®**. We did not have consistent data
fromall studies on other potential determinants of concordant versus
discordant elevated levels of FPG and HbAlc, such as genetics, fasting
duration, time between puncture and centrifuge, measures of insu-
lin resistance and pre-existing disease status and comorbidities (for
example, liver disease, hemoglobinopathies and anemia) that might
have differential influence on FPG and HbAlc. These variables should
ideally be the subject of coordinated multicenter studies with con-
sistent data collection methods in different regions and populations;
however, such studies would be very costly especially as the number
of outcomes and variablesincreases. Thereisintraindividual variation
inFPG, and to alesser extent HbAlc*, which could reduce the concord-
ance between FPG and HbAlc, and repeated measurements of FPG may
improve its concordance with HbA1c”. Finally, while the studies that
were used to define the diagnostic cutoff points were all based on single
measurements of glycemia®*®, as are epidemiological and surveillance
studies***"*°, many clinical guidelines recommend using a second
confirmatory test for diabetes diagnosis and initiating treatment’* ™"
(we note thatthereis variationin this guidance, for example while the
American Diabetes Association requires two above-threshold tests for
diagnosing diabetes in most cases'’, the European Association for the
Study of Diabetes only advises doing so", the World Health Organiza-
tion only recommends repeated testing for asymptomatic patients®,
and the International Diabetes Federation further limits repeated
testingtowhenthe first measurement is close to the threshold for diag-
nosis'). Akey reason for clinical guidelines recommending a confirma-
tory testis to minimize risks of erroneous results, for example, due to
mis-recording of laboratory results or large intraindividual variability
(which is more relevant for FPG than HbAlc), potentially leading to a
lifelong (mis-)diagnosis for anindividual patient. Thisis not arelevant

issue in prevalence studies in a population, as random measurement
error and fluctuations in one direction are approximately balanced
by those in the opposite direction. Reflecting the difference between
the clinical and epidemiological approaches to diabetes definition,
wereferred to those without a previous diagnosis who had biomarker
levels above the clinical thresholds as screen-detected diagnosis, and
our prediction equations should be considered atool for triaging some
people at specificlevels of FPG for measurement of HbAlc, and possibly
vice versa, rather than atool for conferring a diagnosis.

The observed variation in the composition of screen-detected
diabetes across regions may be due to a number of factors. Some
geneticand phenotypic factors that affect fasting glucose and glucose
metabolism through their effects on -cell function and insulin sen-
sitivity may be more common in some regions or ethnic groups®®°*.,
Other non-glycemic factors, including anemia due to iron deficiency
or malaria, certain hemoglobin variants (for example, HbS and HbF),
other hemoglobinopathies, polycythemia duetolivingin highaltitude,
liver and kidney diseases, HIV and certain drugs such as antiretroviral
therapy for HIV, can also affect HbAlc and FPG differently®”’. Some
of these factors, including malaria-induced and iron deficiency ane-
mia, hemoglobinopathies such as sickle cell disease and thalassemia,
and antiretroviral therapy, are more prevalent in parts of Asia and
Africa”®°, and may have shifted the population distribution of HbAlc
or affected its measurement’”. One study from South Africa found that
the impact of these factors on HbAlc were small®'. Guidelines recom-
mend the use of aglucose test for diabetes diagnosis in those with such
conditions'®. Smoking and alcohol use, which vary geographically,
may differentially affect HbAlc and FPG®>®, Finally, the composition
of diabetes that was detected through screeningin the survey depends
on whether those with a previous diagnosis were identified based on
FPG or HbAlc. For example, with increasing use of HbAlc in clinical
settings in high-income countries®*, a smaller proportion of people
with screen-detected diabetes would have elevated HbAlc.

Although both FPG and HbAlc are associated with increased risk
of microvascular and macrovascular complications>**, the current
evidence on the healthimplications of having discordant versus con-
cordant elevation of FPGand HbAlcis limited. The few available studies
found worse outcomes on the health risks associated with concord-
ant elevation of FPG and HbAlc than discordant elevation, but had
mixed findings about how isolated elevation of the two biomarkers
compare®*®”% To the extent that both FPG and HbAlc are predictors
of risk of complications and mortality, reliance on a single biomarker
may miss or delay diagnosis of diabetes in some people and hence
increase their risk of complications. Thisissueis especially relevantin
low- and middle-income countries where resource constraints make
FPG the more common approach to diagnosis, possibly because the
measurement of HbAlc requires equipment or reagents that are more
costly or because standardization of the HbAlc laboratory process
requires specialist training that is not as widely available®**, With finite
resources, our prediction equations can help to triage some people for
the measurement of a second biomarker, often HbAlc, and enhance
early detection of diabetes and close the global diagnosis shortfall'.
For surveillance, the use of a single biomarker, so far largely FPG***¢,
underestimates the burden of diabetes and does so to a larger extent
in low- and middle-income countries where a larger share of condi-
tionssuch as diabetes (and hypertension®’) remains undiagnosed. Our
predictionequations can help provide amore complete picture of the
burden of diabetes in different regions.
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Methods

The pooled analysis was approved by Imperial College London Research
Ethics Committee and complies with all relevant ethical regulations.
The participating studies followed their institutional approval process
atthe time of data collection.

Data

We used data collated by the NCD-RisC. The data sources included
national and multi-country measurement surveys that were either
publicly available or identified and accessed through contacts with
relevantgovernment or academic partners. Additionally, we searched
and reviewed published studies as detailed previously** and invited
eligible studies to join NCD-RisC, as we did with participating studies
in previous pooled analyses of cardiometabolic risk factors’ . The
NCD-RisC database is continuously updated through the above routes
and through periodic requests to NCD-RisC members to suggest addi-
tional sources in their countries.

Theinclusioncriteriafor this analysis were (1) datawere collected
using a probabilistic sampling method with a defined sampling frame;
(2) data were from population samples at the national, subnational
(defined as covering one or more subnational regions, more than
three urban communities or more than five rural communities) or
community level (defined as having up to three urban communities
or up to five rural communities); and (3) both FPG and HbAlc were
measured. Studies were excluded if they had (1) enrolled participants
based on health status or cardiovascular risk; (2) were conducted only
among ethnic minorities or specific educational, occupational or
other socioeconomic subgroups; (3) recruited participants through
health facilities, except studies based on the primary care systemin
high-income and central European countries with universalinsurance;
(4) had not measured either FPG or HbAlc; (5) had not instructed
participants to fast for at least 6 h before FPG measurement; (6) had
only measured FPG or HbAlc in the subset of participants who had
known diabetes; (7) had measured HbAlc only in a subset of partici-
pants selected based on their levels of FPG and vice versa; (8) had not
collected information on a previous diagnosis of diabetes; and (9)
their mid-year was before 2000, before HbAlc assays were widely
standardized°.

At least two independent people ascertained that each data
source met the inclusion criteria. AllNCD-RisC members were asked
to review the list of data sources from their country, to verify that
theincluded datamet theinclusion criteriaand were not duplicates.
When FPG and/or HbAlc data were missing for more than 10% of
participants in a survey, we checked the study design documenta-
tion to verify missingness at random so that the above inclusion
criteria were met. Questions and clarifications were discussed with
NCD-RisC members and resolved before data were incorporated in
the database. For each data source, we recorded the study popula-
tion, sampling approach, years of measurement and measurement
methods, including whether FPG and HbAlc were measuredinalabo-
ratory or using a portable point-of-care device. In11studies, fasting
glucose was measured in capillary whole blood; four of these used
equipment that reported plasma-equivalent values. We converted
the measurements from the other seven studies to plasma-equivalent
using the relationship in a study that compared different types of
specimens'”. In a sensitivity analysis, we excluded these 11 studies
from the analysis.

We established whether a participant had diagnosed diabetes
using questions worded as variations of ‘Have you ever been told
by a doctor or other health professional that you had diabetes, also
called high blood sugar?’ In some surveys, the question on previous
diabetes diagnosis was asked only if a participant had answered ‘yes’
toanearlier question, usually worded as ‘Have you ever been screened
for diabetes?’ or ‘Have you ever had your blood glucose measured?’.In
these cases, participants who answered ‘no’ to the first question were

coded as not having been diagnosed with diabetes. We also consid-
ered participants who used diabetes medication such as metformin
or insulin as having diabetes. Survey data typically do not separate
typelandtype2diabetesinadults, butstudies that had dataonthese
subtypes show that most (85-95%) cases of diabetes inadults are type
2 diabetes'”.

The data cleaning and use process is summarized in Fig.1and the
list of data sources and their characteristics are stated in Supplemen-
tary Table1.

Statistical analysis

We divided the participants into those who had a previous diagno-
sis of diabetes (hereafter referred to as diagnosed diabetes), those
without a previous diagnosis of diabetes who had elevated FPG
(FPG = 7.0 mmol I™) and/or elevated HbAlc (HbAlc > 6.5%) (referred
to as screen-detected diabetes) and the remainder who did not have
aprevious diagnosis, elevated FPG, or elevated HbAlc. We conducted
the following three analyses.

Screen-detected diabetes by FPG and HbA1c. We graphically
presented how total diabetes is divided into diagnosed and screen-
detected diabetes, and how screen-detected diabetesiis further divided
into those manifested as only elevated FPG (FPG > 7.0 mmol I and
HbAlc < 6.5%, referred to as isolated elevated FPG), only elevated
HbAlc (HbAlc > 6.5% and FPG < 7.0 mmol I, referred to as isolated
elevated HbAlc) or elevated levels of both FPG and HbAlc. We report
crude and age-standardized prevalence. We calculated crude preva-
lence using datafromall participants regardless of age. We calculated
age-standardized prevalence as the weighted mean of the age-specific
values using the World Health Organization standard population'®, We
also graphically described the relationship of FPG and HbAlc among
people without diagnosed diabetes.

Association with individual and study characteristics. We fitted
regression models to examine what individual and study-level fac-
tors were associated with whether participants with screen-detected
diabetes were identified by elevated FPG, elevated HbAlc or elevated
levels of both. We fitted three separate log-binomial regressions,
with each of the three outcomes (isolated elevated FPG, isolated
elevated HbAlc and elevated levels of both) as adistinct dependent
variable. Alog-binomial regression estimates the association of each
independent variable with the probability of a participant falling in
each ofthe three categories as PR. The individual levelindependent
variables were sex, age and BMI; the study-level variables were region,
study year, whether FPG and HbAlc were measuredin alaboratory or
using a portable device (to account for differences in measurement
between them****) and percentage of participants with diabetes
who had been diagnosed before in each study. The regressions also
included a study-level random effect to account for unobserved
factors that led to systematic differences in each study compared
to others'*'%,

We fitted the log-binomial regressions using Bayesian model
fitting implemented in MultiBUGS (v.2.0)'°°. Bayesian model fitting
has better estimation performance for log-binomial model than a
frequentist approach'”’. We used a normal distribution with mean of
zero and s.d. of 0.01 as the prior for the regression coefficients and a
uniformdistribution on 0.01-2.00 as the prior for the s.d. of study-level
random effects. We ran four chains and assessed convergence visually
using trace plots. After burn-in and thinning, we kept 50,000 draws
to represent the posterior distributions of the PRs. We report PRs
and their 95% Crls as the mean and the 2.5th and 97.5th percentiles of
their posterior distributions. We report the posterior probability that
a PR with posterior mean estimate >1.0 is less than one and vice versa
for PRs <1.0; the posterior probabilities are analogous to Pvaluesina
frequentist analysis.
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Prediction equations. We tested nine logistic regression models for
estimating the probability that a person without diagnosed diabetes
ataspecificlevel of FPG had an HbAlc over the clinical threshold for
diabetes (HbAlc > 6.5%). The variables in the models were selected
based on clinical and epidemiological relevance and data availability.
The variablesincluded FPG as well as sex, age, BMI, glycemic measure-
ment method (laboratory based or viaa portable device) and region.
The nine prediction models (Extended Data Table 2) differed by the
predictors included and whether the coefficient of the FPG term
was allowed to vary by sex and region. In all models, we included a
study-level random effect to account for unobserved factors that
led to systematic differences in each study compared to others'*'%,
We also tested the inclusion of nonlinear (square and cubic) terms
of FPG, year of data collection and other interaction terms; these
models performed worse than those without the additional terms
as evaluated by the metrics below and are not presented. We did
not interact age, which is a continuous variable, with FPG and other
terms, to avoid overfitting. We fitted and evaluated all prediction
modelsinR (v.4.2.1)'%,

We assessed the performance of the modelsin predicting (1) indi-
vidual participants’ status of having HbAlc > 6.5% based on their FPG
and (2) the prevalence of HbAlc > 6.5% for an entire study. The perfor-
mance attheindividual level reflects how well the prediction equation
works for triaging patients for further measurement for diabetes,
and the performance at study (or population) level assesses how well
it works for diabetes surveillance. We used the C-statistic to assess
individual-level performance and mean error and meanabsolute error
between the predicted and observed prevalence for population-level
performance. The C-statistic measures how well a prediction equation
distinguishes individuals with higher risk from those with lower risk.
Mean error assesses whether there is systematic difference (bias) in the
predicted prevalence compared to the observed one and mean abso-
lute error assesses any deviation of the predicted prevalence from the
observed prevalence. We calculated error by study, sex and age group
(18-39 years, 40-59 years and 60 years and older).

We evaluated the performance of the models in 20 rounds of
tenfold cross-validation'®. In each fold of each round, we held out all
data from a random 10% of studies, fitted the model to the data from
the remaining 90% of studies and made estimates for the held-out
observations. We repeated this process ten times, each time holding
out a different 10% of studies so that each study was held out exactly
once. We calculated the above individual-level and population-level
performance metrics for all held-out observations. We repeated the
tenfold cross-validation 20 times and report the means and ranges of
the performance metrics from all 20 rounds.

We repeated the same process for predicting the probability of
having FPG > 7.0 mmol I based on HbAlc.

Ethics and inclusion
Thisresearchfollowed the recommendations set outinthe Global Code
of Conduct for Researchin Resource-Poor Settings.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data used in this research are governed by data-sharing protocols
of participating studies. Contact information for data providers
can be obtained from www.ncdrisc.org and https://doi.org/10.5281/
zenodo.8169145.

Code availability
The computer code for the log-binomial regressionin this work is avail-
able at www.ncdrisc.organd https://doi.org/10.5281/zenod0.8169145.
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Extended Data Fig. 1| Extent and composition of diagnosed and screen-
detected diabetes by region and sex. (a) Crude and age-standardized
proportion of participants with diagnosed or screen-detected diabetes, and,

for those without prior diagnosis, whether they had isolated elevated FPG (FPG
>7.0 mmol/L and HbAlc < 6.5%), isolated elevated HbAlc (HbAlc >6.5% and

FPG < 7.0 mmol/L) or elevated levels of both, and (b) crude and age-standardized
proportion of participants with screen-detected diabetes who had isolated
elevated FPG, isolated elevated HbAlc or elevated levels of both, by region and
sex. Its contents are the same as the segment of Panel A that is below the zero

line, scaled to 100% so that the composition of screen-detected diabetes can

be compared across regions, regardless of its total prevalence. Having elevated
levels of both biomarkers has high positive predictive value for subsequent
clinical diagnosis and risk of complications'**’, and hence this group is similar

to clinically-diagnosed diabetes. In panel A, regions are ordered by the total
proportion of participants who had diagnosed and screen-detected diabetes. In
panel B, regions are ordered by the crude proportion of participants with screen-
detected diabetes who had elevated levels of both FPG and HbAlc.
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Extended Data Fig. 2| Extent and composition of diagnosed and
screen-detected diabetes by region, after removing two studies in Mauritius
from sub-Saharan Africa. (a) Crude and age-standardized proportion of
participants with diagnosed or screen-detected diabetes, and, for those without
prior diagnosis, whether they had isolated elevated FPG (FPG >7.0 mmol/L and
HbAIlc < 6.5%), isolated elevated HbAlc (HbAlc >6.5% and FPG < 7.0 mmol/L)

or elevated levels of both, and (b) crude and age-standardized proportion of
participants with screen-detected diabetes who had isolated elevated FPG,
isolated elevated HbAlc or elevated levels of both, by region. Its contents are the
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same as the segment of Panel A that is below the zero line, scaled to 100% so that
the composition of screen-detected diabetes can be compared across regions,
regardless of its total prevalence. Having elevated levels of both biomarkers

has high positive predictive value for subsequent clinical diagnosis and risk

of complications'**, and hence this group is similar to clinically-diagnosed
diabetes. In panel A, regions are ordered by the total proportion of participants
who had diagnosed and screen-detected diabetes. In panel B, regions are ordered
by the crude proportion of participants with screen-detected diabetes who had
elevated levels of both FPG and HbAlc. Regions are in the same order as in Fig. 2.

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-023-02610-2

High-income western Central and eastern Europe Latin America and the Caribbean
12 ! 12 ! 12 !
104 E 104 E 104 E
8 E 8 E 8 E
e rort CUEETEEETEPTERETREETE BN SREEpPes e RGGECEEETEETE I SRR~ - S RTECEE T,
T e " .
4- ' 4- ' 4- '
! r=0.56 ! r=0.51 ! r=0.65
T : T T T T : T T T T : T T T
4 8 12 16 4 8 12 16 4 8 12 16
East and southeast Asia and the Pacific Central Asia, Middle East and north Africa Sub-Saharan Africa
12 ! 12 ! 12 !
104 E 104 E 104 E
9 ‘ i
S 8- ) 8+ L 8+ p
< i : i
Qo 1 1 1
e e ' e R Bt i eitaateiainieiniini i N Mt~ - | et
6 ! 6 I 61 :
w 1 1 1
4 | 4 s 4 ]
! r=0.64 ! r=0.67 ! r=0.76
T : T T T T : T T T T : T T T
4 8 12 16 4 8 12 16 4 8 12 16
South Asia
12 !
104 E
8- s
i
_______ < e SRR
6 :
'
4 1
! r=0.61
T : T T T
4 8 12 16
FPG (mmol/L)
Extended DataFig. 3 | Relationship between FPG and HbAlc, among clinical thresholds for diabetes'*™. The numbers on the panels indicate the
participants who had not been previously diagnosed with diabetes, by Pearson correlation coefficient between FPG and HbAlc in each region. A total of
region. The shadingindicates the density of participants in each region, with 623 (0.2%) participants with FPG 0f19-28 mmol/L and/or HbAlc of 12-17% are not
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Extended Data Table 1| List of analysis regions and countries in each region. The data used in the analysis came from
countries shown in bold

Region

Country

Central and eastern
Europe

Albania, Belarus, Bosnia and Herzegovina, Bulgaria, Croatia, Czech
Republic, Estonia, Hungary, Latvia, Lithuania, Moldova, Montenegro, North
Macedonia, Poland, Romania, Russian Federation, Serbia, Slovakia,
Slovenia, Ukraine

Central Asia, Middle
East and north Africa

Algeria, Armenia, Azerbaijan, Bahrain, Egypt, Georgia, Iran, Iraq, Jordan,
Kazakhstan, Kuwait, Kyrgyzstan, Lebanon, Libya, Mongolia, Morocco,
Occupied Palestinian Territory, Oman, Qatar, Saudi Arabia, Syrian Arab
Republic, Tajikistan, Tunisia, Turkey, Turkmenistan, United Arab Emirates,
Uzbekistan, Yemen

High-income western

Andorra, Australia, Austria, Belgium, Canada, Cyprus, Denmark, Finland,
France, Germany, Greece, Greenland, Iceland, Ireland, Israel, Italy,
Luxembourg, Malta, Netherlands, New Zealand, Norway, Portugal, Spain,
Sweden, Switzerland, United Kingdom, United States of America

Latin America
and the Caribbean

Antigua and Barbuda, Argentina, Bahamas, Barbados, Belize, Bermuda,
Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba, Dominica, Dominican
Republic, Ecuador, El Salvador, Grenada, Guatemala, Guyana, Haiti,
Honduras, Jamaica, Mexico, Nicaragua, Panama, Paraguay, Peru, Puerto
Rico, Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the Grenadines,
Suriname, Trinidad and Tobago, Uruguay, Venezuela

American Samoa, Cook Islands, Federated States of Micronesia, Fiji, French

Oceania Polynesia, Kiribati, Marshall Islands, Nauru, Niue, Palau, Papua New Guinea,
Samoa, Solomon Islands, Tokelau, Tonga, Tuvalu, Vanuatu
South Asia Afghanistan, Bangladesh, Bhutan, India, Nepal, Pakistan, Sri Lanka

East and southeast
Asia and the Pacific

Brunei Darussalam, Cambodia, China, Indonesia, Japan, Lao PDR,
Malaysia, Maldives, Myanmar, North Korea, Philippines, Singapore, South
Korea, Taiwan, Thailand, Timor-Leste, Viet Nam

Sub-Saharan Africa

Angola, Benin, Botswana, Burkina Faso, Burundi, Cabo Verde, Cameroon,
Central African Republic, Chad, Comoros, Congo, Cote d'lvoire, Djibouti, DR
Congo, Equatorial Guinea, Eritrea, Eswatini, Ethiopia, Gabon, Gambia,
Ghana, Guinea, Guinea Bissau, Kenya, Lesotho, Liberia, Madagascar,
Malawi, Mali, Mauritania, Mauritius, Mozambique, Namibia, Niger, Nigeria,
Rwanda, Sao Tome and Principe, Senegal, Seychelles, Sierra Leone,
Somalia, South Africa, South Sudan, Sudan, Tanzania, Togo, Uganda,
Zambia, Zimbabwe
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Extended Data Table 2 | Specification of models tested to predict whether a participant has HbA1c 26.5% based on FPG
levels, and to predict whether a participant has FPG >7.0 mmol/L based on HbA1c levels

Models to predict whether a participant has HbA1c 26.5% based on FPG

Common terms BMI terms FPG terms Device terms
Model 1: sex + age + region + study RE +FPG
Model 2: sex + age + region + study RE + FPG + region * FPG
Model 3: sex + age + region + study RE + FPG + region * FPG + sex * FPG
Model 4: sex + age + region + study RE + BMI + FPG
Model 5: sex + age + region + study RE + BMI + FPG + region * FPG
Model 6: sex + age + region + study RE + BMI + FPG + region * FPG + sex * FPG
Model 7: sex + age + region + study RE + BMI + FPG + device for measuring FPG
Model 8: sex + age + region + study RE + BMI + FPG + region * FPG + device for measuring FPG
Model 9: sex + age + region + study RE + BMI + FPG + region * FPG + sex * FPG + device for measuring FPG
Models to predict whether a participant has FPG 27 mmol/L based on HbA1c
Common terms BMI terms HbA1c terms Device terms
Model 1: sex + age + region + study RE + HbA1c
Model 2: sex + age + region + study RE + HbA1c + region * HbA1c
Model 3: sex + age + region + study RE + HbA1c + region * HbA1c + sex * HbA1c
Model 4: sex + age + region + study RE + BMI + HbA1c
Model 5: sex + age + region + study RE + BMI + HbA1c + region * HbA1c
Model 6: sex + age + region + study RE + BMI + HbA1c + region * HbA1c + sex * HbA1c
Model 7: sex + age + region + study RE + BMI + HbA1c + device for measuring HbA1c
Model 8: sex + age + region + study RE + BMI + HbA1c + region * HbA1c + device for measuring HbA1c
Model 9: sex + age + region + study RE + BMI + HbA1c + region * HbA1c + sex * HbA1c + device for measuring HbA1c

* denotes statistical interaction. Age, FPG, HbA1lc and BMI were normalized using the following values (approximately equal to mean and standard deviation across all participants): Age:
centered at 50 years, divided by 15 years FPG: centered at 5.5 mmol/L, divided by 1.0mmol/L HbAlc: centered at 5.5%, divided by 0.7% BMI: centered at 26.5kg/m?, divided by 5.0kg/m? FPG:
fasting plasma glucose; BMI: body-mass index; RE: random effect.
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Extended Data Table 3 | Performance of models for predicting whether a participant whose FPG was measured had

HbA1c 26.5%

Individual-level
performance

Population-level performance

C-statistic

Mean error
(bias)
(percentage points)

Mean absolute error
(deviation)
(percentage points)

Model 1 0.897 (0.895, 0.899) -0.65 (-0.84, -0.42) 3.20 (3.01, 3.41)
Model 2 0.898 (0.896, 0.900) -0.60 (-0.81, -0.37) 3.15 (2.98, 3.37)
Model 3 0.898 (0.896, 0.900) -0.60 (-0.81, -0.37) 3.16 (2.98, 3.37)
Model 4 0.903 (0.901, 0.905) -0.64 (-0.83, -0.41) 3.14 (2.95, 3.36)
Model 5 0.904 (0.902, 0.906) -0.59 (-0.79, -0.37) 3.10 (2.92, 3.32)
Model 6 0.904 (0.902, 0.906) -0.59 (-0.79, -0.37) 3.10 (2.93, 3.32)
Model 7 0.902 (0.900, 0.903) -0.57 (-0.76, -0.35) 3.30 (3.14, 3.51)
Model 8 0.903 (0.902, 0.905) -0.52 (-0.73, -0.31) 3.29 (3.15, 3.50)
Model 9 0.903 (0.902, 0.905) -0.52 (-0.73, -0.31) 3.30 (3.15, 3.50)

The reported values are the means and ranges over 20 rounds of 10-fold cross-validation. See Extended Data Table 2 for details of model specifications.
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Extended Data Table 4 | Performance of models for predicting whether a participant whose HbA1c was measured had
FPG >7.0mmol/L

Individual-level .
Population-level performance

performance

Mean error Mean absolute error
C-statistic (bias) (deviation)

(percentage points) (percentage points)
Model 1 0.845 (0.831, 0.850) -0.14 (-0.21, -0.03) 2.52 (2.46, 2.64)
Model 2 0.857 (0.846, 0.862) -0.17 (-0.22, -0.05) 2.41 (2.35, 2.52)
Model 3 0.857 (0.846, 0.862) -0.17 (-0.23, -0.05) 2.41 (2.35, 2.52)
Model 4 0.853 (0.840, 0.858) -0.15 (-0.21, -0.03) 2.42 (2.36, 2.55)
Model 5 0.863 (0.853, 0.867) -0.18 (-0.24, -0.07) 2.32 (2.26, 2.42)
Model 6 0.863 (0.853, 0.867) -0.18 (-0.24, -0.07) 2.32 (2.26, 2.42)
Model 7 0.853 (0.840, 0.859) -0.13 (-0.20, 0.06) 2.47 (2.35, 2.64)
Model 8 0.862 (0.854, 0.866) -0.17 (-0.24, 0.02) 2.33 (2.24, 2.49)
Model 9 0.862 (0.854, 0.866) -0.17 (-0.24, 0.02) 2.33 (2.24, 2.49)

The reported values are the means and ranges over 20 rounds of 10-fold cross-validation. See Extended Data Table 2 for details of model specifications.
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Extended Data Table 5 | Coefficients of the best-performing prediction equations for whether a participant whose FPG was

measured had HbA1c 26.5%

Terms

Intercept
Male sex
Age
FPG
BMI
Region
High-income western
Central and eastern Europe
Latin America and the Caribbean
East and southeast Asia and the Pacific
Central Asia, Middle East and north Africa
South Asia
Sub-Saharan Africa
Region * FPG
High-income western
Central and eastern Europe
Latin America and the Caribbean
East and southeast Asia and the Pacific
Central Asia, Middle East and north Africa
South Asia
Sub-Saharan Africa
Using handheld device to measure FPG

Coefficients for
Model 5
-5.09 (-5.39, -4.79)
-0.06 (-0.10, -0.01)
0.52 (0.50, 0.55)
1.42 (1.38, 1.47)
0.37 (0.35, 0.39)

Reference
-0.57 (-1.36, 0.21)
1.50 (0.95, 2.05)
1.38 (0.85, 1.91)
1.77 (1.07, 2.47)
3.44 (2.70, 4.17)
1.81 (1.01, 2.60)

Reference
0.04 (-0.12, 0.19)
-0.30 (-0.37, -0.23)
-0.04 (-0.10, 0.02)
0.08 (0.00, 0.15)
-0.67 (-0.73, -0.61)
0.03 (-0.08, 0.14)

Coefficients for
Model 8
-5.10 (-5.40, -4.81)
-0.06 (-0.10, -0.01)
0.52 (0.50, 0.55)
1.42 (1.38, 1.47)
0.37 (0.35, 0.39)

Reference
-0.64 (-1.42, 0.14)
1.44 (0.89, 1.99)
1.39 (0.87, 1.91)
1.71 (1.01, 2.41)
3.07 (2.23, 3.91)
1.73 (0.93, 2.52)

Reference
0.03 (-0.12, 0.18)
-0.30 (-0.37, -0.23)
-0.04 (-0.10, 0.02)
0.08 (0.00, 0.15)
-0.67 (-0.73, -0.61)
0.03 (-0.08, 0.15)
0.61 (-0.10, 1.32)

The reported coefficients are the means and 95% confidence intervals.
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Extended Data Table 6 | Coefficients of the best-performing prediction equations for whether a participant whose HbA1c

was measured had FPG 7.0 mmol/L

Terms

Intercept
Male sex
Age
HbA1c
BMI
Region
High-income western
Central and eastern Europe
Latin America and the Caribbean
East and southeast Asia and the Pacific
Central Asia, Middle East and north Africa
South Asia
Sub-Saharan Africa
Region * HbA1c
High-income western
Central and eastern Europe
Latin America and the Caribbean
East and southeast Asia and the Pacific
Central Asia, Middle East and north Africa
South Asia
Sub-Saharan Africa
Using handheld device to measure HbA1c

Coefficients for
Model 5
-4.85 (-5.14, -4.56)
0.36 (0.32, 0.41)
0.28 (0.26, 0.31)
1.93 (1.87, 1.99)
0.27 (0.25, 0.29)

Reference
0.83 (0.11, 1.54)
0.32 (-0.22, 0.86)
0.33 (-0.18, 0.84)
-0.37 (-1.06, 0.32)
1.55 (0.84, 2.26)
0.15 (-0.63, 0.92)

Reference
-0.03 (-0.20, 0.15)
-0.75 (-0.83, -0.67)
-0.29 (-0.36, -0.22)
-0.28 (-0.37, -0.19)
-1.24 (-1.30, -1.17)
-0.10 (-0.25, 0.05)

Coefficients for
Model 8
-4.84 (-5.12, -4.55)
0.36 (0.32, 0.41)
0.28 (0.26, 0.31)
1.93 (1.87, 1.99)
0.27 (0.25, 0.29)

Reference
0.82 (0.11, 1.53)
0.38 (-0.16, 0.93)
0.32 (-0.18, 0.83)
-0.38 (-1.06, 0.31)
1.68 (0.94, 2.41)
0.14 (-0.64, 0.91)

Reference
-0.03 (-0.20, 0.15)
-0.75 (-0.83, -0.67)
-0.29 (-0.36, -0.22)
-0.28 (-0.37, -0.19)
-1.24 (-1.30, -1.17)
-0.10 (-0.25, 0.05)
-0.61 (-1.57, 0.34)

The reported coefficients are the means and 95% confidence intervals.
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Extended Data Table 7 | Association of whether screen-detected diabetes is presented as isolated elevated FPG, isolated
elevated HbA1c or elevated levels of both with individual and study characteristics, excluding studies that had measured
FPG using a portable device

Isolated elevated FPG Isolated elevated HbA1c Elevated levels of both
prevalence credible posterior prevalence credible posterior | prevalence credible posterior
ratio interval  probability ratio interval probability ratio interval probability
Region
High-income western Reference Reference Reference
Central and eastern Europe 1.19 0.75-1.89 0.226 0.65 0.35-1.18 0.081 0.88 0.63-1.20 0.206
Latin America and the Caribbean 0.46 0.31-0.67 <0.001 1.47 0.93-2.29 0.047 1.07 0.84-1.35 0.298
East and southeast Asia and the Pacific 0.53 0.38-0.75 <0.001 1.55 1.05-2.32 0.015 1.30 1.06-1.61 0.007
South Asia 0.21 0.10-0.42 <0.001 2.41 1.07-5.43 0.017 1.29 0.86-1.92 0.109
Central Asia, Middle East and north Africa 0.35 0.21-0.58 <0.001 2.16 1.25-3.74 0.003 1.01 0.75-1.35 0.469
Sub-Saharan Africa 0.43 0.25-0.75 0.002 1.45 0.77-2.72 0.123 1.28 0.92-1.78 0.069
Sex
Women Reference Reference Reference
Men 1.14 1.09-1.18 <0.001 0.84 0.81-0.87 <0.001 1.07 1.03-1.12 <0.001
Age (per 10 years of age) 0.97 0.96-0.98 <0.001 1.08 1.06-1.09 <0.001 0.96 0.94-0.97 <0.001
Body-mass index (per 5 kg/m?) 0.91 0.90-0.93 <0.001 1.01 0.99-1.02 0.191 1.06 1.04-1.07 <0.001
Study year (per 5 years of time) 0.99 0.88-1.12 0.465 1.06 0.93-1.23 0.189 1.06 0.99-1.14 0.051
gzg’fg;é’:gzzr";'t(ggﬁ%e;sm"f;r‘ft’agzdpzﬁ’;) 1.03 093114 0295 0.97 085109  0.200 1.03 097110 0.150

The association with each variable is reported as prevalence ratios, adjusted for all other variables in the table, in the regressions described in Methods in which data from individual
participants with screen-detected diabetes were used.

Nature Medicine


http://www.nature.com/naturemedicine

nature portfolio

Corresponding author(s):  Majid Ezzati

Last updated by author(s): Sep 20, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
S
(e
=
)
§o)
o)
=
o
=
_
o)
§o)
o)
=
>
Q@
wv
c
=
3
Q
<L

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

000X XK &
XX L

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X
[]

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

X X [
X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Processing of secondary data was conducted using the statistical software R (version 4.2.1).
Data analysis Analyses were conducting using the statistical software R (version 4.2.1) and MultiBUGS (version 2.0). Code for log-binomial model is provided

at www.ncdrisc.org and https://doi.org/10.5281/zenod0.8169146.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

This is data-pooling study that brings together 117 data sources. Data used in this research are governed by data sharing protocols of participating studies. Contact
information for data providers can be obtained from www.ncdrisc.org and https://doi.org/10.5281/zenod0.8169146.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid

Population characteristics

Recruitment

Ethics oversight

confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for
sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this information has not
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based
analysis.

Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below

|:| Life sciences

For a reference copy of the docume

that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

nt with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

these points even when the disclosure is negative.

We pooled and analysed data from population-based studies that had measured FPG and HbAlc (quantitative data) and collected
information on prior diagnosis of diabetes (qualitative data) for adults aged 18 years and over. We reported the proportions of
participants who had diagnosed diabetes, and for those without diagnosed diabetes, whether they had elevated FPG (FPG >7.0
mmol/L), elevated HbAlc (HbAlc 26.5%) or both. We examined the individual-level and study-level factors associated with whether
participants with screen-detected diabetes were identified by elevated FPG, elevated HbAlc or elevated levels of both. We tested
prediction equations for estimating the probability that a person without diagnosed diabetes at a specific level of FPG had an HbAlc
over the clinical threshold for diabetes (HbAlc >6.5%), and vice versa.

We used all studies collated by the NCD Risk Factor Collaboration that had collected information on whether participants had been
previously diagnosed with diabetes, and measured both FPG and HbAlc. In total, we used 117 population-based studies that had
data on 601,000 participants aged 18 years or over in 45 countries, of whom 365,000 also had measurements of both FPG and
HbAlc.

We included studies that had collected data using a probabilistic sampling method with a defined sampling frame. Hence, we
included studies with simple random and complex survey designs, and excluded convenience samples and studies whose participants
were selected based on factors that might be associated with their diabetes status.

We used participant-level data for 601,000 participants from 117 studies. This is an observational study and there was no
experiment.

We used data from surveys with mid-point of data collection period from 2000 to 2021.

Studies were excluded if they (1) enrolled participants based on health status or cardiovascular risk; (2) were conducted only among
ethnic minorities or specific educational, occupational, or other socioeconomic subgroups; (3) recruited participants through health
facilities, except studies based on primary care system in high-income and central European countries with universal insurance; (4)
had not measured either FPG or HbA1c; (5) had not instructed participants to fast at least for 6 hours prior to FPG measurement; (6)
had only measured FPG or HbAlc in the subset of participants who had known diabetes; (7) had measured HbAlc only in a subset of
participants selected based on their levels of FPG, and vice versa; (8) had not collected information on prior diagnosis of diabetes;
and (9) their mid-year was prior to 2000, before HbAlc assays were widely standardised.

Participants were excluded if they (1) were pregnant at the time of measurement; (2) had missing sex or age; (3) had missing

>
Q
S
(e
=
)
§o)
o)
=
o
=
_
D
§o)
o)
=
>
Q@
wv
(e
=
3
Q
<L




information on prior diagnosis of diabetes; (4) were 18 years of age or younger; (5) had not been measured for FPG or HbAlc by
design or data were missing; (6) were from one specific area in one study in Pakistan with high prevalence of thalassemia; (7) were
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