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Impact of analytical and biological 
variations on classification of 
diabetes using fasting plasma 
glucose, oral glucose tolerance test 
and HbA1c
Jia Hui Chai1, Stefan Ma2, Derick Heng3, Joanne Yoong  1, Wei-Yen Lim4, Sue-Anne Toh5 & Tze 
Ping Loh6,7

Historically, diabetes is diagnosed by measuring fasting (FPG) and two-hour post oral glucose load 
(OGTT) plasma concentration and interpreting it against recommended clinical thresholds of the 
patient. More recently, glycated haemoglobin A1c (HbA1c) has been included as a diagnostic criterion. 
Within-individual biological variation (CVi), analytical variation (CVa) and analytical bias of a test can 
impact on the accuracy and reproducibility of the classification of a disease. A test with large biological 
and analytical variation increases the likelihood of erroneous classification of the underlying disease 
state of a patient. Through numerical simulations based on the laboratory results generated from a 
large population health survey, we examined the impact of CVi, CVa and bias on the classification of 
diabetes using fasting plasma glucose (FPG), oral glucose tolerance test (OGTT) and HbA1c. From 
the results of the simulations, HbA1c has comparable performance to FPG and is better than OGTT in 
classifying subjects with diabetes, particularly when laboratory methods with smaller CVa are used. 
The use of the average of the results of the repeat laboratory tests has the effect of ameliorating the 
combined (analytical and biological) variation. The averaged result improves the consistency of the 
disease classification.

Diabetes mellitus is a chronic disease characterized by impaired glucose metabolism. The hallmark of this disease 
is persistent elevation of glucose concentration in the blood1. Historically, diabetes is diagnosed by measuring 
plasma glucose concentration and interpreting it against recommended clinical thresholds, which are dependent 
on the state of satiety (fasting, post-oral glucose load or random) of the patient. More recently, glycated haemo-
globin A1c (HbA1c) has been included as a diagnostic criterion by several professional bodies, including the 
American Diabetes Association and World Health Organisation1,2.

The advantages and disadvantages of the different diagnostic test have been well discussed3,4. These discus-
sions tend to focus on the clinical performance or operational convenience of the tests without explicit consid-
eration for the impact of analytical and biological variation on the classification of diabetes. Yet, biological and 
analytical variations of a test can have a large impact on the accuracy and reproducibility of the classification of 
a disease. A test with large biological and analytical variation increases the probability of the result of a patient 
falling further from his true homeostatic set point. This increases the likelihood of erroneous classification of 
the underlying disease state of a patient5. Indeed, it has been reported that only 70% of patients diagnosed with 
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diabetes using oral glucose tolerance test were still classified as having diabetes when the test was repeated three 
weeks later3.

Accurate classification of patients is important for optimal clinical care. It also improves the selection 
of patients in clinical studies and sharpens the distinction between disease and control groups5. This in turn 
enhances the observed difference between disease and control groups. Occasionally, repeat testing is performed 
to resolve discrepant disease classification by different laboratory tests. However, there is currently a lack of con-
sensus on how best to interpret the replicate results.

Through numerical simulations based on the laboratory results generated from a large population health sur-
vey, we examined (1) the impact of biological and analytical variations and between-laboratory method bias on 
the classification of diabetes using fasting plasma glucose (FPG), oral glucose tolerance test (OGTT) and HbA1c, 
and (2) the best strategy to interpret limited repeat blood testing to reduce the variation in result to achieve more 
accurate disease classification.

Methods
Study subjects. This study used data from the cross-sectional National Health Survey (Singapore) collected 
between 17 March 2010 and 13 June 2010. All participants provided written informed consent for further anal-
ysis of the collected data. This study design received ethics board approval (Medical & Dental Board, Health 
Promotion Board, ref: 005/2009) and its details are available in the official report. This study only involves statisti-
cal analysis of data previously collected from the survey and the methods described in this study were performed 
according to relevant local guidelines and regulation.

Briefly, the survey employed a two-phase sampling strategy. In the first phase, the geographical zones and 
residential dwelling units were stratified and selected to yield a representative dwelling type distribution. In the 
second phase, 7,696 individuals were randomly sampled from households identified in phase 1 and invited to 
participate in the survey. Ethnic minorities were over-sampled to achieve an ethnic composition of 30% Chinese, 
30% Malays, 30% Indians and 10% others.

Of the 7,512 eligible individuals aged 18 to 79 years, 4337 participated in the survey (representing a participa-
tion rate of 57.7%). Only subjects without prior history of diabetes were included in the final analysis.

N = 3326 Frequency/Mean Percent (%)/SD

Ethnicity

Chinese 1097 33

Malay 950 29

Indian 1014 30

Others 265 8

Gender

Male 1589 48

Female 1737 52

Age (years)

19 and below 105 3

20–24 268 8

25–29 295 9

30–34 370 11

35–39 446 13

40–44 449 14

45–49 446 13

50–54 333 10

55–59 231 7

60–64 147 5

65 and above 236 7

Body Mass Index (BMI)*
Underweight 164 5

Normal 1432 43

Overweight 1197 36

Obese 531 16

Laboratory test

Fasting Plasma Glucose 5.4 mmol/L 1.2

OGTT 7 mmol/L 3.2

HbA1c 5.8% 0.7

Table 1. Demographic characteristics of participants included in this study. *2 subjects did not have their BMI 
recorded in the survey.
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Blood tests. Blood samples from participants were collected after an overnight fasting of at least ten hours, 
using standard phlebotomy procedure. The OGTT was performed by orally administering 75 g of glucose 
(Trutol), and measurement of the plasma glucose concentration was repeated two hours later.

World Health Organisation definition of glycaemic status. Normal FPG was defined as <6.1 mmol/L 
while impaired FPG was defined as 6.1 mmol/L to 6.9 mmol/L. Normal OGTT was defined as <7.8 mmol/L 
and impaired OGTT was defined as 7.8 mmol/L to 11.0 mmol/L. Normal HbA1c was defined as <6% while 
pre-diabetes was defined as 6% to 6.4%. Diabetes is defined as having any of the following: FPG ≥7.0 mmol/L, 
OGTT ≥11.1 mmol/L or HbA1c ≥6.5%.

American Diabetes Association definition of glycaemic status. Normal FPG was defined as 
<5.6 mmol/L while impaired FPG was defined as 5.6 mmol/L to 6.9 mmol/L. Normal OGTT was defined as 
<7.8 mmol/L and impaired OGTT was defined as 7.8 mmol/L to 11.0 mmol/L. Normal HbA1c was defined as 
<5.7% while pre-diabetes was defined as 5.7% to 6.4%. Diabetes was defined as having any of the following: FPG 
≥7.0 mmol/L, OGTT ≥11.1 mmol/L or HbA1c ≥6.5%.

Analytical variation and bias data. The data for analytical performance were extracted from external quality 
assurance programs and the literature3,6. The analytical variation was defined as the analytical coefficient of variation 

Tests True classification
Classification after 
repeated tests

Without 
bias (%)

With positive 
bias (%)

With negative 
bias (%)

Fasting Plasma Glucose 
Biological variation: 5.7% 
Analytical variation: 2.5%

Normal (<6.1 mmol/L)

Normal 96.8 87.1 99.5

Impaired 3.2 12.6 0.5

Diabetes 0 0.3 0

Impaired (6.1–6.9 mmol/L)

Normal 27.2 6.3 59.7

Impaired 63 57.6 38.8

Diabetes 9.8 36.1 1.5

Diabetes (≥7 mmol/L)

Normal 0.3 0 2

Impaired 10.2 2.4 22.2

Diabetes 89.5 97.6 75.8

OGTT Biological variation: 
16.7% Analytical variation: 2.5%

Normal (<7.8 mmol/L)

Normal 91.5 85.5 95.4

Impaired 8.5 14.4 4.6

Diabetes 0 0.1 0

Impaired (7.8–11.0 mmol/L)

Normal 26.9 17.4 37.8

Impaired 61.7 62.7 56.1

Diabetes 11.4 19.9 6.1

Diabetes (≥11.1 mmol/L)

Normal 1 0.5 1.8

Impaired 15.9 10.3 22.1

Diabetes 83.1 89.2 76.1

HbA1c Biological variation: 
1.8% Analytical variation: 2%

Normal (<6%)

Normal 93.2 80.6 99.1

Pre-diabetes 6.8 19.3 0.9

Diabetes 0 0.1 0

Pre-diabetes (6–6.4%)

Normal 23.4 6.9 56.7

Pre-diabetes 70.3 73.6 42.5

Diabetes 6.3 19.6 0.8

Diabetes (≥6.5%)

Normal 0 0 0.5

Pre-diabetes 10.3 3 24.6

Diabetes 89.7 97 74.9

HbA1c Biological variation: 
1.8% Analytical variation: 3.5%

Normal (<6%)

Normal 89.2 77.3 97

Pre-diabetes 10.7 22 3

Diabetes 0.1 0.7 0

Pre-diabetes (6–6.4%)

Normal 28.8 13.4 54.7

Pre-diabetes 60 61.5 42.4

Diabetes 11.2 25.1 2.9

Diabetes (≥6.5%)

Normal 0.4 0.1 2.1

Pre-diabetes 12.5 5.8 22.9

Diabetes 87.1 94.1 75

Table 2. Proportion of patients who are misclassified when laboratory testing for diabetes is repeated (World 
Health Organisation criteria). A between-laboratory positive bias of +7% and +2.5% were introduced for the 
fasting plasma glucose/oral glucose tolerance test, and HbA1c, respectively. A between-laboratory negative bias of 
−6% and −3% were introduced for the fasting plasma glucose/oral glucose tolerance test, and HbA1c, respectively.
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(CVa) of the laboratory tests as reported in the external quality assurance programs and literature. The CVa for the 
plasma glucose and HbA1c measurements were 2.5% and 3.5%, respectively. On the other hand, between-laboratory 
bias for plasma glucose and HbA1c measurements were −6% to +7%% and −3% to +2.5%, respectively. For 
HbA1c, an additional level of CVa of 2% that could be achieved by certain laboratory methods was also examined. 
The CVa for plasma glucose is the same for FPG and OGTT since they share the same laboratory method.

Biological variation data. The within-person biological variation (CVi) data was obtained from the data-
base curated by Ricos and her colleagues. The CVi for FPG, OGTT and HbA1c were 5.7%, 16.7% and 1.8%, 
respectively. The biological variation for plasma glucose and HbA1c were assumed to be similar in healthy sub-
jects and patients with diabetes, as demonstrated previously7.

Statistical analysis. For the purpose of this study, the original laboratory results of the subjects derived 
from the National Health Survey were considered as the homeostatic set point (i.e. ‘true values’) of the subjects. 
They were used to assign the disease classification of the subjects according to the diagnostic criteria above.

To examine the reproducibility of the disease classification for each biochemistry test for diabetes, 10,000 
random results were generated from a normal distribution, which incorporated the CVa and CVi, around the 
true value of each subject. This had the effect of simulating repeat testing of an individual patient. Each of the 
randomly generated results was then classified according to the diagnostic criteria above. The percentages of the 

Tests True classification
Classification after 
repeated tests

Without 
bias (%)

With positive 
bias (%)

With negative 
bias (%)

Fasting Plasma Glucose Biological 
variation: 5.7% Analytical 
variation: 2.5%

Normal (<5.6 mmol/L)

Normal 91.5 70.5 98.7

Impaired 8.5 29.4 1.3

Diabetes 0 0 0

Impaired (5.6–6.9 mmol/L)

Normal 25.3 6.1 54.3

Impaired 71.6 81.3 45.3

Diabetes 3.1 12.6 0.5

Diabetes (≥7 mmol/L)

Normal 0 0 0.1

Impaired 10.5 2.4 24.1

Diabetes 89.5 97.6 75.8

OGTT Biological variation: 16.7% 
Analytical variation: 2.5%

Normal (<7.8 mmol/L)

Normal 91.5 85.5 95.4

Impaired 8.5 14.4 4.6

Diabetes 0 0.1 0

Impaired (7.8–11.0 mmol/L)

Normal 26.9 17.4 37.8

Impaired 61.7 62.7 56.1

Diabetes 11.4 19.9 6.1

Diabetes (≥11.1 mmol/L)

Normal 1 0.5 1.8

Impaired 15.9 10.3 22.1

Diabetes 83.1 89.2 76.1

HbA1c Biological variation: 1.8% 
Analytical variation: 2%

Normal (<5.7%)

Normal 86.8 66.3 98.1

Pre-diabetes 13.2 33.7 1.9

Diabetes 0 0 0

Pre-diabetes (5.7–6.4%)

Normal 17.2 4.9 44.3

Pre-diabetes 80.6 88.3 55.4

Diabetes 2.2 6.8 0.3

Diabetes (≥6.5%)

Normal 0 0 0

Pre-diabetes 10.3 3 25.1

Diabetes 89.7 97 74.9

HbA1c Biological variation: 1.8% 
Analytical variation: 3.5%

Normal (<5.7%)

Normal 81.3 64.2 94.3

Pre-diabetes 18.7 35.8 5.7

Diabetes 0 0 0

Pre-diabetes (5.7–6.4%)

Normal 22.3 10.1 44.4

Pre-diabetes 73.7 80.2 54.6

Diabetes 4 9.7 1

Diabetes (≥6.5%)

Normal 0 0 0.1

Pre-diabetes 12.9 5.9 24.9

Diabetes 87.1 94.1 75

Table 3. Proportion of patients who are misclassified when laboratory testing for diabetes is repeated (American 
Diabetes Association criteria). A between-laboratory positive bias of +7% and +2.5% were introduced for the 
fasting plasma glucose/oral glucose tolerance test, and HbA1c, respectively. A between-laboratory negative bias of 
−6% and −3% were introduced for the fasting plasma glucose/oral glucose tolerance test, and HbA1c, respectively.
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simulated results falling into different disease classifications for all the subjects were compared against the disease 
classification using the ‘true value’ of each subject and summarized.

In clinical practice or research setting, repeat testing is sometimes undertaken to resolve discrepant classi-
fication based on different laboratory test. Generally, the tests are repeated not more than three times due to 
operational, financial and ethical constraints. To examine the best strategy to interpret these replicate results, two 
and three random results were generated for each subject as described above. The average value of the simulated 
results was then used to determine the disease classification for each of the subjects.

Furthermore, a ‘best-of-two’ interpretation, where any two concordant disease classification produced by the 
three simulated results was taken as the final classification for the subject, was also examined. The above exercises 
were simulated for 10,000 rounds for each subject. The percentages of the simulated results falling into different 
disease classifications for all the subjects were compared against the disease classification using the ‘true value’ of 
each subject and summarized.

Data availability. The data contained in this submission belongs to the Ministry of Health and is not available 
for public access under local regulations. Interested party can contact Dr. Stefan Ma (Stefan_MA@moh.gov.sg).

Results
In total 3326 subjects without prior history of diabetes were included in this study. The demographic character-
istics of the participants are summarised in Table 1. The distribution of the FPG, OGTT and HbA1c results of 
these subjects and the dispersion (as represented by 95% confidence intervals) of the results around the WHO 
diagnostic thresholds are shown in Supplemental Figs 1–3. The density plots of the laboratory results by race are 
shown in Supplemental Figs 4–6. The correlation among the three laboratory tests (FPG, OGTT and HbA1c) in 
the study population is provided in Supplemental Table 1.

Overall, FPG had the most consistent classification of subjects with diabetes, and was followed by HbA1c, 
whose performance improved and became comparable to FPG when a smaller CVa of 2% was considered 
(Tables 2 and 3). On the other hand, FPG and OGTT were most consistent in classifying normal subjects. HbA1c 
was most consistent in classifying subjects with pre-diabetes. The presence of positive bias improved the con-
sistency of the classification of subjects with diabetes but worsened the consistency of classification of normal 
subjects. By contrast, the presence of negative bias improved the consistency of classification of normal subjects.

The potential impact of such misclassifications on disease prevalence can be assessed by simply dividing the 
number of misclassified subjects with the original number of subjects within each diagnostic category (Table 4). 
The prevalence of impaired glycaemia/pre-diabetes categories were most affected by the misclassified subjects due 
to a combination of a relatively high number of normal subjects being misclassified as being impaired glycaemia/
pre-diabetes and a relatively low number of subjects who were originally classified in that category.

When the laboratory tests for diabetes were repeated more than once, they improved the consistency of the 
disease classification over just using a single testing episode (Table 5). The average of the results of three repeat 
testing generally had better performance over the average results of two repeat testing or the ‘two of three’ classi-
fication strategy. The notable exception to this was the classification of prediabetes using HbA1c, which was most 
consistently made by the ‘two of three’ classification strategy. When the ‘two of three’ strategy was used, there were 
rare occasions when the three repeated results were all classified differently (i.e. no concordant results).

Potential increase in prevalence caused by misclassified subjects

Original classification

WHO criteria ADA criteria

Normal (%) Impaired (%) Diabetes (%) Normal (%) Impaired (%) Diabetes (%)

Normal fasting plasma glucose — 46.8 0 — 32.5 0

Impaired fasting plasma glucose 1.9 — 14.4 6.6 — 14.2

Diabetes 0.01 7 — 0 2.2 —

Normal oral glucose tolerance test — 36.8 0 — 36.8 0

Impaired oral glucose tolerance test 6.2 — 26.6 6.2 — 26.6

Diabetes 0.01 6.8 — 0.01 6.8 —

Normal HbA1c (at CVa = 3.5%) — 48 1.3 — 16.5 0

Pre-diabetes 6.4 — 31.8 25.3 — 33.1

Diabetes 0.03 4.4 — 0 1.6 —

Normal HbA1c (at CVa = 2.0%) — 30.5 0 — 11.6 0

Pre-diabetes 5.2 — 17.9 19.5 — 18.2

Diabetes 0 3.6 — 0 1.2 —

Table 4. Impact of the subject misclassification secondary to analytical and biological variation alone on the 
potential increase in the prevalence of various diagnostic categories. This is calculated by using the dividing the 
number of misclassified subjects with the original number of subjects within each diagnostic category.

http://1
http://3
http://4
http://6
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Discussion
This study provided an additional dimension to the discussion on the choice of laboratory test for identifying 
patients with glycaemic disorders in the community setting. The impact of biological and analytical variation on 
diabetes classification is related to the distribution of the laboratory results in the population examined as well as 
the diagnostic thresholds applied.

For example, for the diagnosis of prediabetes/impaired glucose tests, the classifications for the different tests 
under the WHO diagnostic criteria were relatively comparable. This was because the ratio of the diagnostic inter-
val, defined as (upper limit of diagnostic threshold – lower limit of diagnostic threshold/lower diagnostic thresh-
old) to the combined biological and analytical variation was comparable between the three tests (Table 6).

On the other hand, when the ADA criteria were applied, the diagnostic intervals were widened for FPG and 
HbA1c while the OGTT remained unchanged. Hence, the ratios between the diagnostic interval to the combined 
variation for FPG and HbA1c were close to each other. This was reflected by the relatively comparable consistency in 
classification of subjects with prediabetes. By contrast, the OGTT had significantly lower ratio of diagnostic interval 
to combined variation, which was accompanied by much lower consistency in classifying subjects with prediabetes.

From the results of this study, HbA1c has comparable performance to FPG and is better than OGTT in clas-
sifying subjects with diabetes, particularly when laboratory methods with smaller CVa are used. Interestingly, 
some groups propose the testing strategy where a positive HbA1c test near the diagnostic threshold should be 
confirmed by OGTT, which is more likely to classify a patient erroneously.

For laboratory tests with small CVi, the CVa should be equally small so as not to increase the overall variability 
(noise) in the results. As a general rule of thumb, a CVa to CVi ratio of 0.75 is considered the minimum analytical 
requirement and a ratio of 0.25 is optimal8. At the former CVa specification, the analytical imprecision will add 
25% of variability to the overall test result variability while the latter will add 3% variability. Because of the very 
tight CVi for HbA1c, the routine laboratory methods are unable to meet the stringent analytical requirement. 
Nevertheless, as shown in this work, choosing a HbA1c laboratory method with smaller CVa that is currently 
routinely available can improve the diagnostic performance considerably. Alternatively, CVa can be reduced by 
repeat testing on the same blood sample5.

Nonetheless, for single testing episodes, impact of the misclassification due to biological and analytical var-
iations alone is perhaps better measured by the potential increase in disease prevalence. When assessed in this 
manner, the impaired glycaemia/ prediabetes category is most vulnerable to such misclassification, followed by 

Tests
True 
classification

Classification 
after repeated 
tests

Classification strategy (World Health Organisation criteria) Classification strategy (American Diabetes Association criteria)

Single test
Average of 2 
repeats (%)

Average of 3 
repeats (%) 2 out of 3 repeats (%) Single test

Average of 2 
repeats (%)

Average of 3 
repeats (%) 2 out of 3 repeats (%)

Fasting Plasma 
Glucose

Normal

Normal 96.8 98.4 99 98.4 91.5 94.6 96.1 95.3

Impaired 3.2 1.6 1 1.6 8.5 5.4 3.9 4.7

Diabetes 0 0 0 0 (1 missing) 0 0 0 0

Impaired

Normal 27.2 18.6 19.1 18.1 25.3 19.8 21.4 20.5

Impaired 63 77.9 76.5 71.6 71.6 77.4 77.4 77.8

Diabetes 9.8 3.5 4.4 5.4 (10 missing, 4.9) 3.1 2.7 1.2 1.5 (1 missing, 0.2)

Diabetes

Normal 0.3 0 0 0 0 0 0 0

Impaired 10.2 6.5 7.2 6.5 10.5 6.5 7.2 7.2

Diabetes 89.5 93.5 92.8 92.8 (1 missing, 0.7) 89.5 93.5 92.8 92.8

Oral glucose 
tolerance test

Normal

Normal 91.5 94.8 95.5 94.3 91.5 94.8 95.5 94.3

Impaired 8.5 5.2 4.5 5.7 8.5 5.2 5.2 5.7

Diabetes 0 0 0 0 (1 missing) 0 0 0 0 (1 missing)

Impaired

Normal 26.9 19 17 18.3 26.9 19 17 18.3

Impaired 61.7 73 76.6 68 61.7 73 76.6 68

Diabetes 11.4 8 6.4 7.3 (37 missing, 6.4) 11.4 8 6.4 7.3 (37 missing, 6.4)

Diabetes

Normal 1 0.4 0 0 1 0.4 0 0

Impaired 15.9 13.3 9.7 8.5 15.9 13.3 9.7 8.5

Diabetes 83.1 86.3 90.3 89.9 (4 missing, 1.6) 83.1 86.3 90.3 89.9 (4 missing, 1.6)

HbA1c

Normal

Normal 89.2 93 94.1 93.1 81.3 86.1 88.1 86.9

Pre-diabetes 10.7 7 5.9 6.7 18.7 13.9 11.9 13.1

Diabetes 0.1 0 0 0 (6 missing, 0.2) 0 0 0 0

Pre-
diabetesDiabetes

Normal 28.8 20.9 18.4 19.3 22.3 18.2 14.5 16.2

Pre-diabetes 60 72.8 76.1 66.8 73.7 79.2 84 80.8

Diabetes 11.2 6.3 5.5 6.1 (44 missing, 7.7) 4 2.6 1.5 2.6 (7 missing, 0.4)

Normal 0.4 0 0 0 0 0 0 0

Pre-diabetes 12.5 8 8 6.5 12.9 8 8 7.5

Diabetes 87.1 92 92 92.5 (2 missing, 1) 87.1 92 92 92.5

Table 5. Proportion of patients who are misclassified when laboratory testing for diabetes is repeated three 
times under different classification strategy.
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diabetes. This can potentially have significant implication for epidemiological studies and classification of diabetes 
using FPG appears to be least affected by the random variations. By contrast, the presence of between-laboratory 
bias has different effect on different tests under different diagnostic criteria. In general, the ADA diagnostic crite-
ria are more resilient than the WHO diagnostic criteria to the effect of between-laboratory bias.

This study also sought to resolve the conundrum of interpreting the results of repeat laboratory tests. The use 
of the average of the results of the repeat laboratory tests has the effect of ameliorating the combined (analytical 
and biological) variation. The averaged result improves the consistency of the disease classification.

In theory, HbA1c should be the test that will most consistently classify subjects with diabetes given its narrow 
CVi and CVa (i.e. lowest total variability). However, another important factor in that may affect the diagnostic 
performance of a qualitative test is the distribution of data around the diagnostic thresholds. Once this was con-
sidered, FPG performed better than HbA1c. Because the performance of these biomarkers is dependent on the 
laboratory performance and the population examined, including different age and ethnic groups that may show 
significantly different result distribution9, they should be verified with local data to optimise decision making.

References
 1. American Diabetes Association. Standards of medical care in diabetes—2016. Diabetes Care. 39, S1–S106 (2016).
 2. World Health Organisation. Use of glycated haemoglobin (HbA1c) in the diagnosis of diabetes mellitus. http://www.who.int/

diabetes/publications/report-hba1c_2011.pdf (2011)
 3. Sacks, D. B. A1C versus glucose testing: a comparison. Diabetes Care. 34, 518–523 (2011).
 4. Sacks, D. B., Arnold, M. & Bakris, G. L. et al. Position statement executive summary: guidelines and recommendations for laboratory 

analysis in the diagnosis and management of diabetes mellitus. Diabetes Care. 34, 1419–1423 (2011).
 5. Monach, P. A. Repeating tests: different roles in research studies and clinical medicine. Biomark Med. 6, 691–703 (2012).
 6. College of American Pathologists. http://www.ngsp.org/CAPdata.asp (2017)
 7. Ricós, C., Alvarez, V. & Cava, F. et al. Current databases on biological variation: pros, cons and progress. Scand J Clin Lab Invest. 59, 

491–500 (1999).
 8. Fraser, C. G. & Harris, E. K. Generation and application of data on biological variation in clinical chemistry. Crit Rev Clin Lab Sci. 27, 

409–437 (1989).
 9. Loh, T. P., Ma, S., Heng, D. & Khoo, C. M. Age-Related Changes in the Cardiometabolic Profiles in Singapore Resident Adult 

Population: Findings from the National Health Survey 2010. PLoS One. 11, e0162102 (2016).

Acknowledgements
We thank Mr. Sucitro Dwijayana for advice on the statistical analysis.

Author Contributions
S.T. and T.P.L. co-conceived the study. S.M. and D.H. collected the data. J.H.C., J.Y., W.L. and T.P.L. analysed the data. 
T.P.L. wrote the first draft of the manuscript, which was improved by all authors. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14172-8.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

Diagnostic criteria
Diagnostic 
thresholds

Diagnostic 
interval (%)

Combined 
variation

Ratio of diagnostic interval 
to combined variation

WHO

FPG 6.1–6.9 13.1 6.2 2.1

OGTT 7.8–11 41.0 16.9 2.4

HbA1c 6–6.4 6.7 3.9 1.7

ADA

FPG 5.6–6.9 23.2 6.2 3.7

OGTT 7.8–11 29.1 16.9 1.7

HbA1c 5.7–6.4 12.3 3.9 3.1

Table 6. Ratio of diagnostic interval to the combined biological and analytical variation for World Health 
Organisation (WHO) and American Diabetes Association (ADA) diagnostic criteria. FPG = fasting plasma 
glucose, OGTT = oral glucose tolerance test, HbA1c = glycated haemoglobin A1c. Diagnostic interval is 
calculated by [(upper threshold − lower threshold)/lower threshold], e.g. for FPG = [(6.9–6.1)/6.1 × 100].
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