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ABSTRACT

Introduction Hemoglobin glycation index (HGI) is the
difference between observed and predicted glycated
hemoglobin A1c (HbA, ), derived from mean or fasting
plasma glucose (FPG). In this secondary, exploratory
analysis of data from DEVOTE, we examined:

whether insulin initiation/titration affected the HGI;
the relationship between baseline HGI tertile and
cardiovascular and hypoglycemia risk; and the relative
strengths of HGI and HbA, in predicting these risks.
Research design and methods In DEVOTE, a
randomized, double-blind, cardiovascular outcomes
trial, people with type 2 diabetes received once per
day insulin degludec or insulin glargine 100 units/
mL. The primary outcome was time to first occurrence
of a major adverse cardiovascular event (MACE),
comprising cardiovascular death, myocardial infarction
or stroke; severe hypoglycemia was a secondary
outcome. In these analyses, predicted HbA, was
calculated using a linear regression equation based
on DEVOTE data (HbA, =0.01313 FPG (mg/dL) (single
value)+6.17514), and the population data were
grouped into HGI tertiles based on the calculated

HGI values. The distributions of time to first event
were compared using Kaplan—Meier curves; HRs and
95% Cls were determined by Cox regression models
comparing risk of MACE and severe hypoglycemia
between tertiles.

Results Changes in HGI were observed at 12 months
after insulin initiation and stabilized by 24 months for

the whole cohort and insulin-naive patients. There were
significant differences in MACE risk between baseline HGI
tertiles; participants with high HGI were at highest risk (low
vs high, HR: 0.73 (0.61 to 0.87),,, ., moderate vs high,
HR: 0.67 (0.56 to 0.81), .; p<0.0001). No significant
differences between HGI tertiles were observed in the risk
of severe hypoglycemia (p=0.0911). With HbA, _ included
within the model, HGI no longer significantly predicted
MACE.

Conclusions High HGI was associated with a higher
risk of MACE; this finding is of uncertain significance
given the association of HGI with insulin initiation and
HbA, .

Trial registration number NCT01959529.

' Edward Franek,? Steven Marso,® Thomas R Pieber,*
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SIGNIFICANCE OF THIS STUDY

WHAT IS ALREADY KNOWN ABOUT THIS
SUBJECT?

= Glycated hemoglobin A1c (HbA, ) remains the gold
standard for measurement of glycemic control,
despite evidence that some individuals can have
persistently higher or lower HbA, than their plas-
ma glucose would predict; previous studies have
demonstrated that high hemoglobin glycation index
(HGI) may predict an individual’s risk of developing
diabetes complications and associated adverse out-
comes, independent of HbA, .

WHAT ARE THE NEW FINDINGS?

= HGI showed variability in response to the initiation
of insulin therapy, particularly in the first 12 months;
this largely stabilized at 24 months.

= QOur findings confirm those of previous studies and
suggest that HGI may predict major adverse cardio-
vascular events (MACEs) in a population with type 2
diabetes and established cardiovascular disease or
at high cardiovascular risk.

= However, these results suggest that HGI is not a bet-
ter predictor of cardiovascular risk than HbA, and
does not predict risk of severe hypoglycemia.

HOW MIGHT THESE RESULTS CHANGE THE
FOCUS OF RESEARCH OR CLINICAL PRACTICE?

= The results presented suggest that while HGI may be
predictive of MACE in certain populations, it may not
be robust to the initiation of insulin therapy. Further
research is needed to clarify the underlying mecha-
nism of population differences in HGI, how and when
to calculate HGI, and the efficacy of HGI-lowering in-

terventions on reducing cardiovascular risk.

INTRODUCTION

Glycated hemoglobin Alc (HbA, ) is consid-
ered the gold standard for measurement
and monitoring of glycemic control, despite
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evidence demonstrating that some individuals have
consistently higher or lower HbA, than their plasma
glucose (PG) levels would predict." The factors contrib-
uting to this variation are not fully understood but are
thought to be biologically determined and to include
erythrocyte lifespan, intracellular glucose transport,
enzymatic activity, hemoglobinopathies, and race and
ethnicity.>"” Whether individual variation in hemoglobin
glycation is clinically relevant continues to be debated,
but raises concern that HbA, may not accurately assess
glycemic control in certain individuals and patient popu-
lations." '* Additional tools have therefore been devel-
oped to determine whether individuals with discordant
HbA, based on PG levels are at higher risk for diabetic
complications. The hemoglobin glycation index (HGI)
utilizes a population-based linear regression equation to
derive a predicted HbA]C from PG measurements. The
predicted HbA]C is subtracted from the observed HbAlc
to calculate the HGI (ie, HGI=observed HbA, ~predicted
HbA,).'

Several trials have demonstrated that differences in
HGI predict complications in both type 1 diabetes (T1D)
and type 2 diabetes (T2D), including mortality, cardio-
vascular disease (CVD), hypoglycemia and microvascular
complications.”™® Furthermore, studies have indicated
that HGI can also predict the response to antihyper-
glycemic medications.'” '® Together, these data suggest
that HGI may have a role in predicting outcomes for
people with diabetes and in helping to individualize care.
However, controversy remains as to whether HGI could
be an effective tool to predict diabetes complications.
The effect of initiating antihyperglycemic medication on
HGI is unclear and may be dependent on the way HGI is
calculated. In the major cardiovascular outcomes trials
that have assessed HGI, it has been calculated via a single
fasting plasma glucose (FPG) value. As basal insulin
initiation primarily impacts FPG, it is plausible that initi-
ation or titration of insulin would alter individual HGI.
Whether HGI is robust to insulin initiation has not been
determined. The predictive value of HGI compared with
HbA, has also not been established.

In this secondary analysis, data from the Trial
Comparing Cardiovascular Safety of Insulin Degludec vs
Insulin Glargine in Patients With Type 2 Diabetes at High
Risk of Cardiovascular Events (DEVOTE) were used to
assess the utility of HGI calculated from a single FPG as a
tool for guiding risk prediction in T2D and the stability
of HGI following the initiation or titration of insulin
therapy.

METHODS

Study design

DEVOTE was a multicenter, international, random-
ized, double-blind, active comparator-controlled
cardiovascular outcomes trial designed to evaluate the
noninferiority of cardiovascular safety of insulin degludec
(degludec) versus insulin glargine 100 units/mL (IGlar

U100), in a population of participants with T2D at high
risk for CV disease.'"” Overall, 7637 participants were
randomized 1:1 to receive either degludec or IGlar U100.
It was an event-driven trial and continued until 633 posi-
tively adjudicated, primary cardiovascular outcome
events were accrued.'” Participants were either aged >50
years with a history of CVD or moderate chronic kidney
disease or aged >60 years with >1 risk factor for CVD."
Participants were required to be treated with 21 oral or
injectable antihyperglycemic agent and have an HbA,
level >7.0% or <7.0% if treated with >20 units of basal
insulin per day." Full details are available in the primary
report.”’

DEVOTE was registered with ClinicalTrials.gov. The
trial was conducted in accordance with the Declaration
of Helsinki and ICH Good Clinical Practice Guideline.*’

Primary analysis endpoints

The primary endpoint of DEVOTE was the time to first
occurrence of a three-point major adverse cardiovas-
cular event (MACE), consisting of cardiovascular death,
nonfatal myocardial infarction or nonfatal stroke.'’ Severe
hypoglycemia was a prespecified, multiplicity-adjusted
secondary endpoint and defined using the American
Diabetes Association criteria as an event requiring assis-
tance of another person to actively administer carbohy-
drates, glucagon or take other corrective actions.”’ Both
endpoints were centrally adjudicated by independent
investigators who were blinded to randomized treat-
ment allocation.'® Additional endpoints included HbA
measured at randomization, months 3, 6, 9 and 12, and
then yearly thereafter; and FPG, measured at random-
ization and yearly thereafter. Primary and secondary
endpoints were assessed from baseline to completion of
the study."

Secondary analysis outcomes

In this secondary analysis of data from DEVOTE,
outcomes were analyzed for the whole trial population
and for insulin-naive participants. The stability of HGI
over time was assessed using participants’ mean HGI and
HGI tertile based on the baseline cut points, over time,
at baseline, 12 and 24 months. Outcomes comprised
HGI as a predictor of the risk of MACE; HGI as a time-
varying covariate as a predictor of the risk of MACE; HGI
compared with baseline HbA, as a predictor of the risk
of MACE; and HGI and HbA, _as predictors of the risk of
severe hypoglycemia.

Deriving HGI from the HbA, versus FPG regression equation
Only participants with a recorded FPG and HbA,
measurement at baseline at the same visit were included
in this analysis. As the primary analysis revealed no differ-
ences in composite three-point MACE between partici-
pants treated with degludec versus IGlar U100,% study
participants in the two arms were combined in this post
hoc analysis of HGI.
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Baseline FPG and HbA, _data were used to estimate the
linear relationship between FPG and HbA, in the study
population. Predicted HbA, was calculated by inserting
the corresponding FPG value into the linear regression
equation (HbA, =0.01313 FPG (mg/dL)+6.17514). HGI
was calculated by subtracting the predicted HbA, from
the observed HbA ; the population was then divided into
low, moderate or high HGI tertiles based on these calcu-
lated values. When HGI tertile was assessed over time, the
tertile cut points based on the whole trial population at
baseline were used.

For analyses assessing the insulin-naive population, a
separate model was developed based only on these partic-
ipants. Predicted HbA, was based on an insulin-naive
population-specific linear regression equation (HbA, =
0.0156 FPG (mg/dL)+5.7688), with HGI tertile points
specific to the insulin-naive population; results reported
for insulin-naive participants are based on this model
unless otherwise specified.

Statistical analysis

Baseline characteristics in the whole trial population were
summarized descriptively for participants in each HGI
tertile. Correlation between HGI calculated based on
FPG and based on self-measured blood glucose (SMBG)
was determined using Pearson’s correlation coefficient.
Stability of HGI was summarized descriptively and was
also determined graphically by plotting mean HGI at
baseline, 12-month and 24-month follow-up for the
whole trial population, each HGI tertile and the insulin-
naive participants at baseline. Furthermore, individual
HGI curves were plotted, along with the tertile mean,
for 60 randomly selected participants in the whole trial
population and the insulin-naive group.

Kaplan-Meier curves were used to compare the distri-
bution of time to first MACE or severe hypoglycemic
event in both the whole trial population and insulin-
naive participants between the three tertiles and by base-
line HbA, . The difference in the rate of events between
the three tertiles was estimated using HRs, 95% ClIs and p
values, generated by Cox regression with treatment as the
sole covariate exchanged with HGI tertile. P values were
based on a type 3 test for the factor. The same methods
were used to estimate differences in time to events
between baseline HbA,  groups; time to events adjusted
for baseline HGI tertile and baseline HbA,  groups; and
time to first MACE between HGI tertiles with HGI as a
time-varying covariate.

RESULTS

Study population

Of the primary DEVOTE trial population (n=7637),
16.1% of participants (n=1228) were not using insulin at
baseline (insulin naive). In this secondary analysis, 7486
participants had sufficient data recorded at baseline to
be included, 1205 (16.1%) of whom were insulin naive.
Baseline characteristics of participants by HGI tertile

are presented in table 1, with marked variation between
subgroups observed across a number of characteristics.
On average, participants in the high HGI tertile popula-
tion were younger; 56.6% of participants were <65 years
of age at baseline compared with 43.0% and 45.4% in
the low and moderate tertiles, respectively. Additionally,
more participants in the high HGI tertile were female,
Black or African American, or Hispanic or Latino, than
in the moderate or low HGI tertiles. Although blood
pressure and pulse rate were similar, differences between
subgroups were observed in other risk factors for CV
events; mean low-density lipoprotein cholesterol and
triglyceride levels were higher in the high HGI tertile
compared with the low and moderate HGI group. Partic-
ipants who were insulin naive at baseline were evenly
distributed across the HGI tertiles; however, more partici-
pants in the low HGI tertile were treated with short-acting
insulin at baseline (49.3% in the low tertile vs 44.2% and
44.6% in the moderate and high tertiles, respectively).

HGI and glycemic parameters

Alinear regression model was used to calculate predicted
HbA,_ from baseline FPG and HbA, data, as shown in
online supplemental figure SIA and B, which was in
turn used to calculate HGI (observed minus predicted
HbA, ). HGI calculated from FPG was shown to be
highly correlated with HGI calculated from SMBG at 24
months, with Pearson’s correlation coefficient of 0.82,
p<0.0001 (online supplemental figure S1C). The HGI cut
point for participants in the low HGI tertile was <-0.680
(n=2493); for the moderate HGI tertile —0.680 to <0.345
(n=2498); and for the high HGI tertile >0.345 (n=2495).
A narrow distribution of HbA, _level was observed in the
low and moderate tertiles, while a wider distribution was
seen among participants in the high HGI tertile (online
supplemental figure S1D). Distribution of FPG was similar
between tertiles (online supplemental figure S1D).

HGI stability

As demonstrated in figure 1, HGI remained relatively
stable at a population level over 24 months after trial entry
among the whole trial population. However, a decrease
in mean HGI appeared to occur largely within the first 12
months, before stabilizing; this was mediated primarily by
a corresponding decrease in mean HGI in the high HGI
tertile over this period, with that of the low and moderate
tertiles remaining largely unchanged (figure 1A).

In the first 12 months, participants in all three base-
line HGI tertiles frequently migrated between tertiles
based on the baseline cut points (figure 1A and C; online
supplemental table S1). Of DEVOTE participants in the
low HGI tertile at baseline, 27.4% had migrated to the
moderate HGI tertile at 12 months and 7.0% to the high
HGI tertile. Correspondingly, 42.8% and 17.5% of those
in the moderate HGI tertile at baseline migrated to the
low HGI and high HGI tertiles at 12 months, respectively;
in the high HGI tertile, 37.1% migrated to the moderate
HGI and 25.5% to the low HGI tertiles. As demonstrated
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Table 1 Baseline characteristics of DEVOTE participants by baseline HGI tertile

Baseline HGI tertile

Low (n=2493)

Moderate (n=2498)

High (n=2495)

HbA, , %
Median (IQR)
Mean (SD)

FPG, mg/dL

Mean 8-point SMBG, mg/dL

Age, years

Weight, kg

BMI, kg/m?

Blood pressure, mmHg
Systolic BP
Diastolic BP

Pulse rate, bpm

Sex—female, n (%)

Race, n (%)

White

Black or African American
Asian

Hispanic or Latino

Other

Cigarette smoking, n (%)
Current
Former
Never
Unknown

Insulin use, n (%)

Insulin naive
Basal only
Basal-bolus*

CV risk, n (%)
Established CVD/CKD
High-risk CVD
Unknown

eCCr, mL/min/1.73 m?

eGFR, mL/min/1.73 m?

Cholesterol, mmol/L
Total
LDL
HDL
Triglycerides

7.00 (6.60 to 7.60)
7.14 (0.89)

173.7 (67.3)
138.67 (32.31)
65.8 (7.4)

98.2 (22.8)

33.9 (6.8)

135.1 (17.7)
75.6 (10.2)
72.3 (11.1)
851 (34.1)

2063 (82.8)
210 (8.4)
168 (6.7)
298 (12.0)
52 (2.1)

262 (10.5)
1228 (49.3)
1003 (40.2)

351 (14.1)
912 (36.6)
1230 (49.3)

2178 (87.4)
308 (12.4)
7(0.3)

90.00 (35.50)
65.93 (21.26)

4.11 (1.10

2.09 (0.86

1.14 (0.34
(

)
)
)
2.01 (1.53)

Data are mean (SD), unless otherwise indicated.
*Including premixed insulin and bolus-only regimens.
BMI, body mass index; BP, blood pressure; bpm, beats per minute; CKD, chronic kidney disease; CV, cardiovascular; CVD,
cardiovascular disease; eCCr, estimated creatinine clearance; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose;

HbA, ,
measured blood glucose.

8.00 (7.50 to 8.60)
8.14 (0.93)

165.3 (66.5)
145.09 (34.23)
65.3 (7.4)

96.8 (22.4)

33.9 (6.8)

135.2 (17.7)
75.8 (10.2)
72.9 (11.3)
935 (37.4)

1904 (76.2)
266 (10.6)
243 (9.7)
350 (14.0)
85 (3.4)

282 (11.3)
1057 (42.3)
1158 (46.4)
1(0.0)

449 (18.0)
945 (37.8)
1104 (44.2)

2131 (85.3)
360 (14.4)
7(0.3)

90.93 (36.53)
67.12 (21.24)

4.23 (1.19)
2.17 (0.91)
1.15 (0.33)
2.05 (1.72)

9.70 (8.90 to 10.80)
10.00 (1.51)

176.0 (76.7)

152.71 (39.25)
63.8 (7.2)

93.5 (23.3)

33.0 (6.9)

136.2 (18.6)
77.1 (10.6)
74.0 (11.5)
1012 (40.6)

1704 (68.3)
334 (13.4)
349 (14.0)
467 (18.7)
108 (4.3)

293 (11.7)
1012 (40.6)
1189 (47.7)
1 (0.0)

405 (16.2)
976 (39.1)
1114 (44.6)

2076 (83.2)
411 (16.5)
8(0.3)

92.85 (37.16)
70.81 (21.83)

4.49 (1.33

2.37 (1.03

1.16 (0.33
(

)
)
)
2.18 (2.12)

glycated hemoglobin; HDL, high-density lipoprotein; HGI, hemoglobin glycation index; LDL, low-density lipoprotein; SMBG, self-
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Figure 1

Time (months)

T T
12 24
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24 0

HGl variability over time in the whole trial population and in insulin-naive participants. (A) HGI variability over the

trial period in the whole trial population. Data are mean+SEM. Red lines represent the boundaries of each HGI tertile. For HGI
tertiles, black lines represent a random sample of 60 participants; blue lines represent a mean of the whole trial population in
each tertile. (B) HGI variability over the trial period in insulin-naive participants. Data are mean+SEM. Red lines represent the
boundaries of each HGI tertile. For HGI tertiles, black lines represent a random sample of 60 participants; blue lines represent
a mean of the insulin-naive participants in each tertile. (C) Migration in HGI tertile groups over the trial period in the whole trial
population and in insulin-naive participants. Data are observed proportions. HGI, hemoglobin glycation index.

in figure 1A, these early changes appeared to be driven
by relatively small changes in HGI, and HGI tertiles had
stabilized at 24-month follow-up in all three subgroups.
Similar trends in HGI variability were observed with
insulin initiation in insulin-naive study participants
(figure 1B; online supplemental table S1). Using a
regression model and tertiles specific to the insulin-naive
subgroup, a slight decrease in mean HGI was observed
over the first 12 months, which stabilized by 24 months.
Again, this also appeared to be mediated by changes in
HGI in the highest HGI tertile for insulin-naive patients,
with relatively little change in the moderate and low HGI
tertiles (figure 1B). Similarly, participants frequently

changed HGI tertile in the first 12 months, with tertiles
subsequently stabilizing at 24 months, following the
trend observed in the whole trial population (figure 1C;
online supplemental table S1). The same trends in mean
HGI and HGI tertile variability were seen when the whole
trial population prediction model was applied to insulin-
naive participants.

HGI as a predictor of MACE

HGI was assessed as a predictor of MACE risk, with signif-
icant differences observed between groups (p<0.0001,
figure 2A); participants in the high HGI tertile at base-
line were at higher risk of MACE when compared with
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Time to first EAC-confirmed severe hypoglycemic event Time to first adjudicated severe hypoglycemic event
(months) (months)

High 2495 2442 2402 2367 2318 2272 2227 1757 1045 464 107 0

High 401 400 397 396 390 384 376 319 198 103 23 0
Low 2493 2441 2406 2384 2345 2323 2292 1924 1239 587 173 0 Low 403 398 393 390 384 382 381 314 188 96 24 0
Moderate 2498 2447 2410 2382 2343 2320 2281 1885 1175 549 132 0 Moderate 401 393 389 386 380 376 367 294 184 80 17 0
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Low 2318 2277 2233 2191 2150 2105 2063 1636 967 420 94 0

Moderate

2303 2272 2249 2223 2191 2164 2132 1787 1151 562 171 0

Figure 2 Kaplan—-Meier curves for time to first MACE and severe hypoglycemia. (A) Time to first occurrence of EAC-confirmed
MACE across the whole trial population; (B) time to first occurrence of EAC-confirmed MACE in insulin-naive participants;

(C) time to first EAC-confirmed severe hypoglycemic event in the whole trial population; (D) time to first adjudicated severe
hypoglycemic event in insulin-naive participants; (E) time to first occurrence of EAC-confirmed MACE by baseline HbA, _ in

the whole trial population. Numbers of patients at each time point are shown under each graph. EAC, event adjudication
committee; HbA, , glycated hemoglobin Alc; HGI, hemoglobin glycation index; MACE, major adverse cardiovascular event.

the moderate and low HGI tertiles (low vs high tertiles,
HR: 0.73 (0.61 to 0.87),..,, , and moderate vs high tertiles,
HR: 0.67 (0.56 to 0.81),,, ., respectively, online supple-
mental table S2). Risk of MACE in the moderate and
high baseline HGI tertiles did not differ. As there was
some variability of HGI throughout the trial, we analyzed
whether HGI as a time-varying covariate was a stronger
predictor for MACE than HGI at baseline; however, in a
model including both, p values showed that only HGI at

baseline, and not as a time-varying covariate, predicted
MACE (online supplemental table S3).

Few MACE occurred in insulin-naive participants
during the trial; the trends observed in the Kaplan—
Meier curves were consistent with the overall DEVOTE
trial population, but were not statistically significant in
insulin-naive participants (figure 2B).
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Table 2 Time to first occurrence of MACE,adjusted for
baseline HGlI tertile and HbA, _ in the whole trial population

MACE HR (95% ClI)

HGI
Low vs moderate 1.15(0.92 to 1.44)
High vs moderate 1.22 (0.98 to 1.53)

P value for interaction between HGI
tertile and outcome

HbA,
>9% vs >7.5-<9%
<7.5% vs >7.5-<9%

P value for interaction between HGI
tertile and outcome

0.1598

1.42 (1.15 to 1.76)
0.99 (0.79 to 1.24)
0.0046

HbA, , glycated hemoglobin; HGI, hemoglobin glycation index;
MACE, major adverse cardiovascular event.

HGI versus HbA, as a predictor of MACE

As shown in figure 2E and table 2, participants with an
HbA, level >9% (75 mmol/mol) appeared to have a
higher risk of MACE than participants with lower base-
line HbA,_levels (baseline HbA  29% vs 27.5%-<9%,
HR: 1.52 (1.28 to 1.82) ., .; p<0.0001). When baseline
HbA _ level was included within a model with HGI, HGI
was no longer a significant predictor of time to first
MACE (table 2).

HGI and HbA, _ as predictors of severe hypoglycemia

Despite a trend toward a reduced risk of severe hypogly-
cemic events in the low HGI tertile compared with those
in the moderate and high HGI tertile (low vs high HGI
tertiles, HR: 0.78 (0.61 to 0.98) ¢, s low vs moderate HGI
tertiles, HR: 0.81 (0.64 to 1.03),, ., online supplemental
table S2), Kaplan—Meier curves demonstrated no signif-
icant difference between tertiles (p=0.0911, figure 2C).
Similar nonsignificant results were observed among
insulin-naive participants (p=0.1668, figure 2D). Among
the whole trial population, higher HbA,  group at base-
line was nota significant predictor of severe hypoglycemia
in isolation (HbA, <7.5% vs >7.5-<9% and >7.5-<9% vs
29%, p=0.34) nor when included within a model with
HGI (p=0.75).

DISCUSSION

Previous studies have demonstrated that some individ-
uals have higher or lower HbA, than predicted from
PG measurement.”” '° The clinical significance of this
finding, and the clinical utility of a measure of this
difference, HGI, has long been debated.” Indeed, even
the proper way to calculate HGI has been a subject of
controversy. When initially conceptualized, the predicted
HbA, was calculated based on observed mean blood
glucose (MBG) over a period. However, Hempe et al'
later demonstrated that HGI derived from all available
glucose meter data was highly significantly correlated
with HGI calculated using pre-breakfast measurements

alone. As such, they reasoned that a single FPG measure-
ment, which would be easier to obtain and potentially
more applicable in clinical practice, might be sufficient
for HGI calculation. A similar technique is employed to
calculate glycation gap (GG), except that the predicted
HbA, is calculated using a single fructosamine value
instead of FPG.* Fructosamine, though a single measure-
ment, represents average glucose over a period of 3
weeks and thus inherently captures glucose variability.
However, as HGI and GG are highly positively correlated,
the cardiovascular outcomes trials that investigated the
ability of HGI to predict clinical outcomes in participants
with T2D at high risk for cardiovascular events used a
single FPG value to determine HGL" '® In this analysis,
in keeping with previous studies, we calculated HGI using
asingle FPG measurement in the DEVOTE population to
assess first whether HGI was robust to initiation of insulin
and whether HGI was predictive of adverse events.

The hypothesis explored by previous authors that
variation in HGI may be due to biological differences is
supported by the baseline characteristics in DEVOTE;'? '*
more Black or African American, and Hispanic or Latino
participants were in the high HGI tertile compared with
the low HGI tertile, with conversely more white partic-
ipants in the low compared with the high HGI tertile.
Similarly, minority groups were disproportionately repre-
sented in the high HGI tertiles in the Action to Control
Cardiovascular Risk in Diabetes (ACCORD) trial and in
the Action in Diabetes and Vascular Disease: Preterax
and Diamicron Modified Release Controlled Evaluation
(ADVANCE) trial. These findings suggest that race/
ethnicity and perhaps genetic factors may influence
hemoglobin glycation. While these racial-ethnic differ-
ences in HGI are evident, whether these differences are
genetic or are instead associated with socially mediated
risk remains to be understood. Moreover, some contro-
versy exists as to whether HGI is truly determined by
differences in glycation. Riddle et al suggest instead that
HGIis mediated by postprandial excursions and identifies
individuals who require treatments that target daytime
hyperglycemia.** However, this notion is not supported
by the HGI findings in the Diabetes Control and Compli-
cations Trial (DCCT), where individual glycemic varia-
tion in participants with T1D had a minimal impact on
HGL'" Consistently, in a recent analysis demonstrating
a positive correlation between HGI calculated by either
FPG or 72-hour continuous glucose monitoring (CGM)
in participants with T2D, a significant difference between
HbA,  levels was observed even between people with
similar MBG as calculated by CGM, suggesting that post-
prandial glucose levels are unlikely to be a major source
of HGI variation.”” Regardless of mechanism, we demon-
strate that HGI identifies a group of individuals whose
HbA, remains elevated despite targeted lowering of their
FPG with basal insulin.

It has been hypothesized that antihyperglycemic medi-
cations may affect HGI calculated by a single FPG; specif-
ically, by lowering FPG to a greater extent than glucose
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levels throughout the rest of the day, basal insulin treat-
ment should result in lower FPG levels than the average
blood glucose (BG) in insulin-treated individuals.?* In
this post hoc analysis, at a population level, HGI was rela-
tively stable over the whole trial period. However, at an
individual level, changes in HGI occurred in the initial
12-month trial entry with associated insulin initiation or
titration, resulting in many participants changing HGI
tertile. This stabilized at 24 months. In participants who
were insulin naive, similar trends were seen with the intro-
duction of exogenous insulin therapy. The implications of
this are not clear. This initial variability may simply have
reflected a data effect of regression toward the mean;
may have resulted from relatively small changes in HGI
corresponding to tertile migration due to narrow bound-
aries; or equally, may have owed to a true effect of insulin
therapy on HGI stability. While this finding calls into
question the utility of HGI calculated from a single FPG,
it does not negate that HGI may have important clinical
implications. Instead, this finding highlights the necessity
to identify the proper way to measure HGI and the appro-
priate timing of the calculation. In this analysis, we found
that high HGI predicts adverse cardiovascular events in
the DEVOTE population. This finding is not surprising,
as HbAlc is associated with increased microvascular and
macrovascular risk in epidemiological analysis and HGI
is mathematically derived from HbAl(_.13 '% These findings
are consistent with previous studies. For example, high
HGI was associated with increased microvascular compli-
cations compared with low HGI in the DCCT,'* and other
studies in patients with T2D have found a higher risk of
adverse outcomes, including CVD and mortality, with
high HGI or GG."* " 192539 [ the ACCORD trial, high
HGI was associated with greater risk for cardiovascular
events when compared with low HGL'? may have been a
predictor of mortality,” and in contrast to DEVOTE, was
also associated with high risk of severe hypoglycemia.'?
High HGI was also predictive of macrovascular and
microvascular complications in ADVANCE'®; intensive
glucose control lowered the mortality risk for patients
with high HGI exclusively, unlike ACCORD, wherein it
was associated with improved outcomes in the low and
moderate HGI groups only."

In the DCCT, among the low MBG group, only those
with high HGI were at risk of retinopathy, suggesting a
residual high risk for microvascular events regardless of
glycemic control.'* Multiple studies have also demon-
strated that high HGI is associated with higher risk of
atherosclerosis, kidney disease and hepatic steatosis in
individuals without diabetes.” * **** These data suggest
that HGI has predictive value of adverse outcomes even
in the absence of hyperglycemia, though the mechanism
of increased risk with high HGI is not understood.

As was shown in ADVANCE, our findings support
that HbA, is a better predictor of MACE than HGI;
HGI was no longer predictive of MACE when included
in a model with HbA, , suggesting that the latter was a
stronger predictive factor and that HGI may add little to

the predictive power for outcomes to HbA, when used in
conjunction with HbA, . This raises the question of the
clinical utility of HGI calculated based on a single FBG
in patients at high risk of CVD with an average diabetes
duration of >16 years.” It remains unknown if HGI
calculated at the onset of diabetes would be predictive of
long-term outcomes. As such, evaluation of whether HGI
measured at the onset of T2D, calculated either by FPG
or MBG prior to initiation of antihyperglycemic agents,
predicts long-term outcomes may be warranted. Should
high glycation index indicate poorer cardiovascular
outcomes, as has been previously shown, more aggressive
primary prevention strategies may be employed.

Conflicting data from DCCT, ACCORD, ADVANCE
and now DEVOTE about the predictive nature of HGI
are likely mediated by difference in trial design and
analysis. Cross-trial comparison is made challenging by
the use of trial-specific HGI tertiles rather than absolute
HGI boundaries for grouping participants; moreover,
the linear regression equations used to calculate HGI
are specific to the trial population and further compli-
cate generalizing and comparing results. In ACCORD,
for example, the trial population-based linear regression
equation (HbA, = 0.009 FPG (mg/dL)+6.8) differed
compared with the DEVOTE trial population (HbA,
= 0.01313 FPG (mg/dL)+6.17514), suggesting that on
average, the ACCORD population had a higher HbA,
at a given FPG. HGI tertile cut points in ACCORD
were <-0.520, —0.520 to 0.202 and >0.202 for the low,
moderate and high tertiles, respectively, reflecting these
population differences.'”” The participants in DEVOTE
represent a cohort with advanced diabetes and at high
CV risk. Future analysis of outcomes by HGI in a wider
patient population may be warranted to generate a
regression equation more reflective of, and generalizable
to, the spectrum of patients with diabetes. Calculation of
HGI at the onset of diabetes would eliminate medication
as a confounder.

The dichotomous effect of intensive treatment on
cardiovascular outcomes in participants with high HGI
in ACCORD and ADVANCE may be related to differ-
ences in trial design and hypoglycemia risk. In DEVOTE,
neither HGI nor HbA, were predictive of severe hypo-
glycemia when assessed in isolation, or when included
together within a model, as might be expected given
the close relationship between the two metrics. Of the
three cardiovascular outcomes trials examined for HGI
relationships, only ACCORD has shown increased risk of
severe hypoglycemia in intensively treated participants
with high HGI. Treatment intensification in ACCORD
was primarily driven by HbA  >6% and discounted self-
monitored glucose values exceptat extremes. In DEVOTE
and ADVANCEL, titration of glucose-lowering medications
was driven by a more balanced approach focused on FPG.
Thus, the design of DEVOTE and ADVANCE may have
protected participants with high HGI against increased
hypoglycemia risk by focusing on glucose monitoring
results to determine titration.
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Beyond the limits of the generalizability of the DEVOTE
study population, there were other limitations of this
secondary analysis. The pragmatic design used in DEVOTE
to optimize trial retention and recording of the primary
endpoint meant that the number of available FPG values
was limited. Additionally, the median follow-up time in
DEVOTE was an intermediate duration of 2 years, so long-
term trends in HGI variability cannot be established.

Published studies examining HGI do not currently
address whether additional interventions to lower HGI,
HbA, or other risk factors can reduce the residual risk
associated with high HGI. Suggestions from ACCORD
and ADVANCE provide conflicting indications of where
intensive glycemic control is associated with improve-
ments in cardiovascular outcomes. Clarifying this issue
is necessary to establish the clinical utility of HGI in
practice. Further examination into existing data sets
should be undertaken regarding whether newer antihy-
perglycemic agents, like sodium-glucose cotransporter-2
inhibitors and glucagon-like peptide 1 receptor agonists,
provide unique benefits in people with high HGI given
their apparent glucose-independent benefits on cardio-
renal risk.

In summary, these results demonstrate that HGI
exhibits initial variability with insulin titration or initia-
tion, stabilizing at a population level over a long follow-up
period. Baseline HGI showed a trend toward association
with baseline microvascular disease markers and a signif-
icant association with prospective cardiovascular risk;
moreover, these results support the initial findings of
ADVANCE that HGI is not a better predictor of cardiovas-
cular outcomes than HbA in a patient population with
advanced diabetes at high risk for cardiovascular events.
Further research is needed to clarify whether calculation
of HGI from a single FPG is truly concordant with MPG
calculated from CGM or SMBG, to elucidate the mech-
anisms underlying population-level differences in HGI,
to assess the clinical utility of HGI compared with HbA,
and to determine the effect of interventions targeting
HGI on cardiovascular risk.
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