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Abstract

Aims/hypothesis We aimed to study diurnal variation in
glucose regulation by examining the effects of time of day
and fasting duration on fasting plasma glucose (FPG), 2 h
post-load plasma glucose (2hPG) and HbA . levels.
Methods We analysed data from 5,978 non-diabetic white
men and women from the prospective Whitehall II Study.
All studied participants fasted for at least 8§ h before a
clinical examination, which included an OGTT and anthro-
pometric measurements. We fitted mixed-effects models for
FPG, 2hPG and HbA,. as outcome variables, and time of
day and/or fasting duration as explanatory variables. Models
were adjusted for age, BMI and study phase.
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Results Time of day and fasting duration were associated
inversely with FPG and positively with 2hPG. The mean
difference between measures at 08:00 and 15:00 hours in
men/women was —0.46 (95% CI —0.50, —0.42) mmol/l/—0.39
(95% CI —0.46, —0.31) mmol/l and 1.39 (95% CI 1.25, 1.52)
mmol/l/1.19 (95% CI 0.96, 1.42) mmol/l for FPG and 2hPG,
respectively. HbA . levels were independent of either time.
Time of day and fasting duration were independently associated
with 2hPG. In contrast, the effect of fasting duration on FPG
was markedly attenuated with adjustment for time of day.
Ageing, but not obesity, was associated with increased diurnal
variation in glucose tolerance.

Conclusions/interpretation Both time of day and fasting du-
ration should be considered in clinical practice and epidemi-
ological studies, since they have clinically relevant effects on
FPG and 2hPG levels. As biochemically expected, HbA
levels are independent of time of blood sampling and fasting
duration.
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Introduction

Diurnal variation in glucose tolerance was described more
than 40 years ago [1-3]. Nevertheless, it is still not taken
into account sufficiently in clinical practice or in epidemi-
ological studies performing OGTTs. More recent studies
have focused on the effect of either time of day or fasting
duration on fasting plasma glucose (FPG) [4-6], and to a
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lesser extent on post-load plasma glucose [7]. However,
their joint effect, especially on 2 h post-load plasma
glucose (2hPG), has never been analysed comprehensively.

Recently, HbA . was included among the diagnostic
tools for diabetes. Although it is biochemically fully
expected that HbA |, is not affected by time of day or fasting
duration, no previous studies have confirmed this at a pop-
ulation level. Therefore we aimed to analyse the individual
and joint effect of time of day and fasting duration on FPG,
2hPG and HbA . and whether these associations are affect-
ed by ageing and obesity.

Methods

We analysed data from the Whitehall II cohort. In 1985,
10,308 British civil servants were recruited from offices
in London (phase 1). The participants were invited to
subsequent phases with a questionnaire every 2.5 years
and a clinical examination every 5 years. OGTTs with
measurements of FPG and 2hPG were first performed in
phase 3 (1991-1993; 6,712 participants of white ethnicity
with valid glucose measures). HbA,. was measured only
in phases 7 (2002-2004) and 9 (2007-2009). Time of
fasting blood draw was recorded by the research nurse
who manned the OGTT station as HH:MM on the par-
ticipant’s clinical report form based on a standardised
clock in the examination room. Blood samples were
handled according to standard protocols. The University
College London ethics committee reviewed and approved
the study. Written informed consent was obtained from
all participants at each study phase. The Whitehall II
Study is described in detail elsewhere [8].

We excluded from the main analysis examinations of
participants with diabetes or on glucose-lowering treat-
ment (n=1,266). Further examinations were excluded
because of unrealistic fasting duration (last meal before
17:00 hours on the previous day or after 01:00 hours on
the day of the examination; »=334) or missing contem-
porary weight or height measures (#=407). The final
dataset included 5,978 participants (with 13,269 person-
examinations over an 18-year period) of white ethnicity,
aged from 40 to 80 years, in whom FPG measures were
taken between 08:00 and 15:00 hours (median 10:42,
interquartile range [IQR] 9:50-11:36) and fasting duration
ranged from 8 to 20 h (median 13.4, IQR 12.1-14.9).

The impact of time of day and fasting duration on
FPG, 2hPG and HbA,. was assessed in age- and BMI-
adjusted mixed-effects models stratified by sex. Models
for 2hPG were also adjusted for height, as previously
suggested [9]. To handle the within-person correlation
arising from the longitudinal structure of the dataset,
random effects were included for the intercept in each

model. We also fitted the described models with stand-
ardised outcome variables in order to compare the rela-
tive impact of time of day and fasting duration on the
different glucose measures. After the individual effect of
time of day and fasting duration had been examined, all
models were fitted with both variables included at the
same time. Time of day and fasting duration were
moderately related (Pearson »=0.6, p<0.001). The effect
of ageing and BMI on diurnal variation was investigated
by including interaction terms in the models. Statistical
analysis was performed using R version 2.15.1. Statisti-
cal significance was inferred at a 5% level.

Results

The results from mixed-effects models with FPG, 2hPG
and HbA . as outcome variables and time of day and/or
fasting duration as explanatory variables are presented
in Table 1.

FPG levels were inversely associated with time of
day and fasting duration (e.g. in men —0.46 mmol/l (95%
CI —0.50, —0.42) mean difference in FPG between meas-
ures at 08:00 and 15:00 hours). After inclusion of both
variables in the same model, the effect of fasting duration
on FPG was markedly attenuated in both men and women.

Time of day and fasting duration were positively
associated with 2hPG in both men and women (e.g. in
men 1.39 mmol/l (95% CI 1.25, 1.52) mean difference
in 2hPG between measures at 08:00 and 15:00 hours).
After inclusion of both variables in the model, the effect
of each remained statistically significant. Adding time of
day to the model including fasting duration improved
the model fit more than adding fasting duration to the
model including time of day.

We investigated the potential effect of our findings on
the diagnosis of diabetes by modelling the hypothetical
situation that all OGTTs started exactly at 09:00 hours.
We found that, in this scenario, 36 (14.6%) people with
WHO-defined diabetes would not receive a diabetes di-
agnosis, and seven people without diabetes would be
classified as having diabetes.

Diurnal variation in 2hPG increased with age (electronic
supplementary material [ESM] Table 1), but this was not the
case for FPG. Higher BMI was associated with greater
diurnal variation in FPG (ESM Table 2). No interaction of
BMI and time of day for 2hPG was observed.

HbA,. levels were not associated with time of day or
fasting duration.

Models with standardised outcome variables showed that
the relative impact of time of day and fasting duration were
of similar magnitude for FPG and 2hPG, but in the opposite
direction (Fig. 1).
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Table 1 Estimated coefficients
of time of day (TD) and fasting

duration (FD) from age- and
BMI-adjusted mixed-effects
models for FPG, 2hPG and

HbA,, with 95% Cls

All models were also adjusted
for study phase

Model variables

Men

Women

FPG (mmol/l)
Only TD (h)
Only FD (h)
TD and FD

TD (h)

FD (h)
2hPG (mmol/l)
Only TD (h)
Only FD (h)
TD and FD
TD (h)
FD (h)

HbA . (%)
Only TD (h)
Only FD (h)
TD and FD

TD (h)
FD (h)

—0.066 (—0.072, —0.059)***
—0.033 (—0.037, —0.028)***

—0.059 (—0.067, —0.050)***
—0.007 (=0.012, —0.001)*

0.198 (0.179, 0.217)***
0.124 (0.111, 0.137)***

0.128 (0.102, 0.154)***
0.068 (0.051, 0.085)***

0.000 (=0.007, 0.007)
0.000 (—0.004, 0.005)

—0.001 (-0.009, 0.008)
0.001 (=0.005, 0.006)

—0.055 (—0.066, —0.044)***
—0.024 (—0.031, —0.017)***

~0.053 (—0.067, —0.039)***
~0.002 (—0.011, 0.007)

0.170 (0.137, 0.203)***
0.103 (0.083, 0.124)%**

0.111 (0.068, 0.154)*x*x*
0.058 (0.030, 0.085)***

—0.006 (-0.018, 0.006)
—0.003 (-0.011, 0.005)

—0.005 (-0.021, 0.011)
—0.001 (-0.012, 0.009)

£p<0.05, **%p<0.001

Discussion

In a large occupational cohort study, we showed that time of
blood sampling and duration of fasting before blood sam-
pling affect FPG and 2hPG levels considerably. As
expected, neither of these factors affected HbA .. Further-
more, we showed how age and BMI affect the diurnal
variation of glucose measures.

Fasting glucose The observed decline in FPG levels during
the day is in line with previous findings, which also showed
clinically relevant differences between morning and early

afternoon FPG measures [4]. Our findings support the rec-
ommendation that standardisation of fasting duration and
time of day is important in epidemiological studies and that
adjustment for these factors is advisable where the necessary
data are available [5]. These results indicate that timing
should not be ignored when diagnosing diabetes, or com-
paring individual glucose levels longitudinally in clinical
practice. Our results are consistent with previous findings
on the modest role of fasting duration beyond 3 h in addition
to time of day when measuring FPG and that more effort on
the standardisation or assessment of other factors, such as
diet and physical activity, is necessary [6].

—— -
FPG (mmol/l)
- -

—e— -
2hPG (mmol/l)

- -

—e —o—
HbA . (%)
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2

Time of day (h)

Fig. 1 Standardised estimated coefficients of time of day and fasting
duration are presented for men (black squares) and women (black
circles) with 95% Cls. The displayed values are the differences caused
by an hour difference in time of day and fasting duration given in SD
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Fasting duration (h)

for each variable (1 SD is 0.47 and 0.47 mmol/l for FPG, 1.51 and
1.39 mmol/l for 2hPG, and 0.41% and 0.42% for HbA . for men and
women, respectively)
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Glucose tolerance Our results are consistent with previous
evidence indicating higher 2hPG levels in the afternoon than
in the morning [1-3] and that diurnal variation in glucose
tolerance increases with age. However, we found no unanimous
evidence to suggest that obesity would reduce diurnal variation
in 2hPG [2]. A previous review reported that there is no
evidence for an effect of fasting duration in addition to time
of'day [10]. In contrast, we show that for 2hPG, fasting duration
improved the model fit and was statistically highly significant,
even if time of day was accounted for. Possible reasons for this
difference could include differences in study settings (in most
of the previous studies, people who were examined in the
afternoon were allowed a full breakfast) and statistical power.
Although the studies are not directly comparable, our results
support the recent finding of an underestimation of glucose
tolerance among pregnant women who had an afternoon rather
than a morning 1 h, 50 g, non-fasting glucose challenge test, as
compared with a confirmatory morning 3 h, 100 g fasting
OGTT performed on a separate day [7].

HbA;. Using a relatively large sample, we confirmed that
HbA | levels are affected by neither time of day nor fasting
duration. This finding highlights a key strength of HbA . as
a diabetes diagnostic measure.

Diurnal variation in glucose tolerance has not received
much attention in the past decades, even though the definition
of diabetes was based on fasting and/or 2 h post-OGTT
values. Since the introduction of HbA;. as an additional
diagnostic criterion, many analyses, which have shown a
modest degree of overlap between HbA .- and OGTT-based
diabetes diagnosis, have implicitly assumed the OGTT to be a
type of gold standard. Our analysis, based on a large sample of
repeated measures in a well-characterised cohort, shows that
even a few hours difference in fasting duration or sampling
time can affect whether or not somebody is diagnosed as
having diabetes based on an OGTT.

The key strength of our study is the detailed assessment
of both time of day and fasting duration, which made it
possible to include them as continuous variables in the
models. However, the relatively low proportion of women
in the study resulted in wider confidence intervals for their
estimated coefficients. Further research is needed to exam-
ine the generalisability of our findings to other populations,
ethnic groups and pregnant women.

In conclusion, our results show the importance of stand-
ardising the diagnostic OGTT regarding time of day and
fasting duration, which is often overlooked in clinical prac-
tice and epidemiological investigations. 2hPG measures af-
ter an OGTT vary by different fasting duration periods even
after 8 h of fasting, independently of the time of blood
sampling. Timing effects should be taken into consideration
to avoid biased comparisons or classifications based on FPG
and 2hPG values.
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