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Background: We investigate the association between mean HbAlc, HbAlc variability, and all-cause mortality and diabetes-related
macrovascular complications in patients with diabetes.

Methods: We performed a retrospective cohort study using patients present in the Singapore Health Services diabetes registry (SDR)
during 2013 to 2014. We assessed mean HbAlc using three models: a baseline mean HbAlc for 2013—14, the mean across the whole
follow-up period, and a time-varying yearly updated mean. We assessed HbAlc variability at baseline using the patient’s HbAlc
variability score (HVS) for 2013—14. The association between mean HbAlc, HVS, and 6 outcomes were assessed using Cox
proportional hazard models.

Results: We included 43,837-53,934 individuals in the analysis; 99.3% had type 2 diabetes mellitus. The data showed a J-shaped
distribution in adjusted hazard ratios (HRs) for all-cause mortality, ischemic heart disease, acute myocardial infarction, peripheral
arterial disease, and ischemic stroke, with an increased risk of developing these outcomes at HbAlc <6% (42 mmol/mol) and >8% (64
mmol/mol). With the addition of HVS, the J-shaped distribution was maintained for the above outcomes, but HRs were greater at
HbAlc <6.0% (42 mmol/mol) and reduced at HbAlc >8.0% (64 mmol/mol) when compared to models without HVS. The risk for all
outcomes increased substantially with increasing glycaemic variability.

Conclusion: Both low (<6.0% [42 mmol/mol]) and high (=8.0% [64 mmol/mol]) levels of glycaemic control are associated with
increased all-cause mortality and diabetes-related macrovascular complications. Glycaemic variability is independently associated with
increased risk for these outcomes. Therefore, patients with stable glycaemic level of 6-8% (42—64mmol/mol) are at lowest risk of all-
cause mortality and diabetes-related macrovascular complications.

Keywords: diabetes mellitus, diabetes mellitus complications, glycated haemoglobin, glycated haemoglobin analysis, cardiovascular
diseases

Plain Language Summary

Many studies have shown a bimodal distribution for death and long-term diabetes control (determined by HbAlc levels) with
increased risk of death if diabetes is poorly controlled (high HbAlc levels) or overly strict control (low HbAlc levels). A few
studies have demonstrated an increased risk of death and complications with long-term variability in diabetes control. The units
of measure used to determine long-term variability are difficult to understand for both physicians and patients. The HbAlc
Variability Score (HVS) was recently introduced and provides a meaningful assessment of the long-term variability in diabetes
control. HVS considers significant changes in diabetes control by indicating how frequently the HbAlc level rises or decreases
by >0.5% (5.5 mmol/mol).
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In this study, we investigate the relative impact of glycaemic control and glycaemic variability (as measured by HVS) on death and
diabetes-related large-vessel (macrovascular) complications. We analysed patients present in the Singapore Health Services diabetes
registry (SDR) during 2013 to 2014 and followed up until 2020.

The study included 43,837-53,934 individuals in the analysis of various outcomes. We confirmed that both strict (<6.0% [42 mmol/mol])
and poor (>8.0% [64 mmol/mol]) levels of diabetes control are associated with an increased risk of death and diabetes-related macrovascular
complications. Long-term variability in diabetes control is also associated with increased risk for death and diabetes-related macrovascular
complications. Patients with stable diabetes control at HbA I¢ levels of 6-8% (42—64mmol/mol) are at lowest risk of death and diabetes-related
macrovascular complications.

Therefore, from this study, clinical guidelines for diabetes should emphasize early glycaemic control coupled with the stabilization
of diabetes control within the HbAlc range of 6.0-8.0% (42—64 mmol/mol) and reduce long-term variability in diabetes control.

Introduction

Diabetes mellitus is a growing health problem with a significant global disease burden. The global prevalence of diabetes
mellitus (DM) is on the rise. Early intervention with lifestyle and pharmacologic therapies is important in controlling DM
and preventing macro- and microvascular complications. However, there is uncertainty regarding the benefits of very
stringent glycaemic control' as multiple observation studies have shown a bimodal distribution for mortality and glycaemic
control with increased mortality risk at not only high HbA lc levels but also low levels (HbAlc <6.0% [42 mmol/mol]); this
has variously been described as a J-, U-, or V-shaped distributions.*

In addition to glycaemic control, recent studies have shown that glycaemic variability is an important predictor for
outcomes and mortality. Glycaemic variability can be measured as short-term and long-term glycaemic variability;* the
latter is a focus of this research. Multiple different metrics have been used to assess long-term glycaemic variability
including HbAlc standard deviation (SD), HbAlc coefficient of variation (CV), and recently the HbAlc variability
score.” ™ Using these metrics, it has been shown that glycaemic variability is associated with adverse outcomes and
mortality.>® Most studies used HbAlc SD and CV, however, it is recognized that both SD and CV are not easily
interpretable in the clinical context.” Consequently, Forbes et al developed the HbAlc variability score (HVS), a novel
method to define glycaemic variability in a clinically meaningful way.® HVS considers clinically significant changes in
glycaemic control by indicating how frequently HbAlc rises or decreases by >0.5% (5.5 mmol/mol) and is more
clinically translatable.>” The number of studies using HVS is increasing, and emerging evidence shows that high
HVS is associated with increased risk of all-cause mortality,’ cardiovascular mortality,” and diabetic micro- and
macrovascular complications.”® In this study, we conducted a retrospective cohort study using registry data from
a health system in Singapore to investigate the relative impact of glycaemic control and glycaemic variability (as
measured by HVS) on mortality and macrovascular complications in a cohort of patients with diabetes.

Materials and Methods

We performed a 6-year retrospective cohort study using data from the multi-institutional Singapore Health Services
(SingHealth) Diabetes Registry (SDR). The SDR has been described previously.'® Briefly, SDR is a repository for
diabetes-related patient data from across the SingHealth cluster. The SDR was initiated in 2015 and populated retro-
spectively and prospectively from SingHealth’s electronic medical records (EMR) and clinical databases to cover the
period 2013 to 2020. The registry includes all individuals aged 18 and above with diabetes mellitus, excluding those with
pre-diabetes. Cases are annually ascertained using criteria that include diagnosis codes (International Classification of
Disease, Nine [ICD-9] and Ten [ICD-10]), prescription records, and laboratory test records.'”

This study cohort included patients in the SDR during the years 2013 and 2014. The sample included patients with
both type 1 and type 2 diabetes. There were no age criteria for the patients. Patients were included if they (1) were
present in the SDR in 2013 or 2014, (2) had at least 3 or more HbA 1c measurements throughout 2013 and 2014, (3) no
more than one consecutive calendar year of missing annual mean HbAlc.

Our primary exposure variables were long-term glycaemic control (measured using mean HbAlc) and HbAlc
variability (measured using HVS, described below). To assess mean HbAlc, we used the exposure models similar to
Forbes et al® the mean of the annual mean HbAlc for 2013 and 2014 (model 1 — baseline mean); mean of the annual
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mean HbAlc from 2013 to the year before the outcome occurred or the last year of follow-up (model 2 — total exposure
mean); and the updated annual mean from 2013 onwards (used in a time-varying model; model 3 — time varying mean).
As explained by Forbes et al models 1 and 2 were intended to identify long-term effects of glycaemic control, whereas
model 3 was intended to identify more short-term effects.® If mean HbAlc was missing for a given year in all three
models, it was imputed from the mean of the non-missing annual means from the year before, and year after the
missing year® — eg if the person was alive in 2020 and the mean for 2019 was missing, the imputed mean for 2019 is the
average of 2018 and 2020 means. Mean HbAlc for each individual was grouped by 0.5% (5.5 mmol/mol) HbAlc
increments between 6% (42 mmol/mol) and 10% (86 mmol/mol) into eight categories; two other categories included
outlier values less than 6% (<42 mmol/mol) and values greater or equal to 10% (=86 mmol/mol) (see Supplemental
Table 1).° HbAlc variability was evaluated using HVS which is the number of times successive HbA l¢ readings differed
by 0.5% (5.5 mmol/mol) or more, divided by the number of comparisons, and then multiplied by 100. HVS is thus
represented as a percentage. For analysis, we group HVS into five categories: 0-20, 21-40, 41-60, 61-80, and 81-100.°

The baseline exposure period was Jan 1, 2013, to Dec 31, 2014, and this was the period in which the mean for model
1 was determined and data for other variables such as cholesterol levels and body mass index (BMI) were calculated. The
patient’s age and diabetes duration (see Supplementary Techniques) were defined as age and duration since diabetes

diagnosis on Jan 1, 2015 (respectively). In our analyses, we attempted to address heterogeneity and complexity within the
population by adjusting for factors known to influence mortality and/or macrovascular complications, including age,
ethnicity, socio-economic status (SES) (determined by housing type), diabetes duration, BMI, smoking status, hyperten-
sion, low-density lipoprotein (LDL) cholesterol, and glucose-lowering medication.

Housing type was used as a proxy measure of SES because, in Singapore, more than 80% of the resident population live
in public housing under a tiered subsidy scheme, and smaller sized flats of 1-2 room size have caps on household monthly
income for eligibility.'' Local studies have demonstrated that housing type is correlated to socioeconomic status'' and
health outcomes.'? Glucose-lowering medications available in the SDR and used for adjusting included metformin,
sulphonylurea, meglitinide, acarbose, thiazolidinedione, dipeptidyl-peptidase-4 (DPP4) inhibitors, sodium-glucose cotran-
sporter-2 (SGLT-2) inhibitors, glucagon-like peptide-1 (GLP-1) receptor agonists, and insulin. When data for a variable
were missing, an unknown category was added. Age, diabetes duration, BMI, and LDL cholesterol were continuous
variables. There were four ethnic groups representing the major ethnic groups in Singapore, namely—Chinese, Malay,
Indian, other. Housing type consisted of seven categories: 1 and 2 room public housing (PH), 3 room PH, 4 room PH, 5
room PH and executive flats, private condominiums, private landed housing, and unknown.

The study period was from 2013 to 2020 and consisted of the baseline exposure period (2013-2014) and the
observation period (2015-2020). We evaluated outcomes during the observation period. We included all-cause mortality
and five diabetes-related macrovascular complications: ischemic heart disease (IHD), peripheral arterial disease (PAD),
haemorrhagic stroke, ischemic stroke, and acute myocardial infarction (AMI). Outcome ascertainment was performed
through coding criterion (see Supplementary Techniques and Supplemental Table 2).

We used Cox regression to calculate the unadjusted and adjusted hazard ratios (HRs) for the HbAlc group (reference
category >7.0% to <7.5% [>53 to <58 mmol/mol]) and glycaemic variability score quintiles (reference category 0-20) in
models 1-3,° with outcomes being all-cause mortality, as well as occurrence of the five diabetes-related complications.
The time to the diabetes-related complication was calculated from 1 January 2015 to the first date of diagnosis of the
complication. Patients without the complication were censored at the end of the study period (31 December 2020), at date
of death or date of last follow-up, whichever came earlier.

All variables in the adjusted models 1-3 were tested individually for non-proportionality. We considered the
proportional hazards assumptions to be violated if the global P value was <0.01. We performed all analyses using
Stata 14.0 (StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP)."* A two-tailed
P-value of less than 0.05 was considered statistically significant.

Results
The study cohort consisted of 75,334 people with a similar number of men and women (Table 1). The mean age was 66.5
years (SD 12.0 years), interquartile range was 59 to 75 years with a minimum age of 19 years and a maximum of 105
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Table | Baseline Characteristics of Overall Study Population

Population (n = 75,334)

Female (%) 38,339 (50.9)

Age (on Jan 1, 2015)

Mean (SD) 66.5 (12.0)
Median 67

IQR 59-75
Min, Max 19, 105

Ethnicity (n (%))

Chinese 54,203 (72)
Malay 10,674 (14.2)
Indian 7889 (10.5)
Other 2568 (3.4)

Housing type (n (%))

|- and 2-room PH 5696 (7.6)
3-room PH 19,167 (25.4)
4-room PH 22,109 (29.3)
5-room PH and executive flats 16,922 (22.5)
Private condominiums 4257 (5.7)
Private landed housing 3770 (5.0)
Unknown 3413 (4.5)

Diabetes type (n (%))

Type | Diabetes Mellitus 463 (0.6)
Type 2 Diabetes Mellitus 74,803 (99.3)
Other® 65 (0.1)

Duration of diabetes (years)

Mean (SD) 10.7 (6.8)
Median 10

IQR 614

Min, Max I, 60
Unknown (n (%)) 145 (0.2)
BMI (kg/m2)

Mean (SD) 26.5 (4.95)
Median 25.8

IQR 23.2-29
Unknown (n (%)) 14,262 (18.9)

Smoking status (n (%))

Unknown 48,174 (63.9)
Never-smoked 23,430 (31.1)
Ex-smoker 2689 (3.6)
Current smoker 1041 (1.4)
(Continued)
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Table | (Continued).
Population (n = 75,334)
Hypertension (n (%))
Present 66,755 (88.6)
Not present 7456 (9.9)
Unknown 1123 (1.5)
Average systolic blood pressure 2013-2014 (mmHg)
<100 324 (0.4)
100-109 2138 (2.8)
110-119 9096 (12.1)
120-129 21,392 (28.4)
130-139 22,704 (30.1)
140-149 10,704 (14.2)
150-159 3959 (5.3)
160—-169 1295 (1.7)
=170 690 (0.9)
Unknown 3032 (4.0)
Average diastolic blood pressure 2013-2014 (mmHg)
<60 6364 (8.4)
30,895 (41)60-69 28,153 (37.4)
70-79 6171 (8.2)
80-89 643 (0.9)
90-99 77 (0.1)
=100 3031 (4.0)
Unknown 6364 (8.4)
LDL cholesterol (mmol/L)
Mean (SD) 2.35 (0.76)
Median 224
IQR 1.86-2.7
Unknown (n (%)) 8607 (11.4)
CKD stage
Stage | 13,408 (17.8)
Stage 2 4158 (5.5)
Stage 3A 8880 (11.8)
Stage 3B 4976 (6.6)
Stage 4 2465 (3.3)
Stage 5 1412 (1.9)
Unknown 40,035 (53.1)
Urine Albumin Creatinine Ratio category
Al (<30 mglg) 3144 (4.2)
A2 (30-300 mg/g) 1873 (2.5)
A3 (>300 mg/g) 1150 (1.5)
Unknown 69,167 (91.8)
(Continued)
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Table | (Continued).

Population (n = 75,334)

Medications

Not on medications 13,347 (17.7)

On any oral agent 59,079 (78.4)
Only on oral agents 46,062 (61.1)
On both oral agents and insulin 13,017 (17.3)

Only on insulin 2908 (3.9)

On medications (by type)

Metformin 52,649 (69.9)
Sulphonylurea 36,407 (48.3)
Meglitinide 52 (0.1)
Acarbose 6267 (8.3)
Thiazolidinediones 139 (0.2)
DPP4 inhibitors 4379 (5.8)
SGLT-2 inhibitors 8 (0.0)
GLP-I receptor agonists 88 (0.1)
Insulin 15,925 (21.1)

Note: TOther DM types include drug-induced, gestational, monogenic, and secondary
diabetes.

years on 1 January 2015. The study cohort comprised 72.0% Chinese, 14.2% Malays, and 10.5% Indians, which closely
resembled that of the Singapore population.'"® Most subjects lived in public housing apartments, with the largest
proportion being 4-room public housing (29.3%). Almost all patients in the register had type 2 DM (99.3%), a small
proportion of patients had type 1 (0.6%) or other types (0.1%) of DM. Mean duration of diabetes was 10.7 years (SD 6.8
years), mean BMI was 26.5 kg/m? (SD 4.95 kg/m?). At baseline, 1.4% of the cohort were smokers, 3.6% were ex-
smokers, 31.1% had never smoked, and 63.9% had unknown smoking status. 88.6% had hypertension, 9.9% did not have
hypertension, and 1.5% had unknown hypertension status. The mean LDL cholesterol at baseline was 2.35 mmol/L (SD
0.76 mmol/L). During the baseline exposure period, 17.7% of patients were not on any medications, 78.4% were on oral
glucose-lowering agents; of which 61.1% of all patients were on oral agents only, and 17.3% were on both oral agents
and insulin. 3.9% of patients were on insulin only. Detailed description of patients on oral agents is described in Table 1.

During the baseline exposure period, the mean HbAlc was 7.3% (SD 1.26%) [57 mmol/mol [SD 13.8 mmol/mol]]
(Supplemental Table 3). At baseline (model 1), 23.6% of the cohort had a mean HbA1c in category 3 (6.5% to <7.0%),
followed by 19.9% in category 4 (7.0% to <7.5%), then 15.6% in category 2 (6.0% to <6.5%). Total exposure mean
(model 2) was calculated for all-cause mortality and other complications, the detailed result for each outcome is

presented in Supplemental Table 3. The distribution of HbAlc categories was generally consistent across all outcomes

in model 2. However, when compared to model 1, a smaller proportion of the cohort across all outcomes in model 2 were
in HbAlc category 1 and 2 (Supplemental Table 3). The mean HV'S score for the baseline exposure period (2013-2014)
was 41.39% (SD 29.57), and the distribution of HVS scores is described in Supplemental Table 3.

The distribution of events during the observation period is described in Supplemental Table 4. Survival data for

HbAlc categories (in models 1 and 2) and HVS categories are provided in Supplemental Tables 57 (respectively). The

survival data indicate that survival reduces incrementally with HbAlc values greater or equal to 8% (>64 mmol/mol) in
models 1 and 2 for all outcomes except for haemorrhagic stroke. In models 1 and 2, the reduction in survival is more
pronounced for IHD and all-cause mortality. A reduction in survival is also observed in HbAlc <6% (42 mmol/mol) in
models 1 and 2 for all outcomes except for PAD and haemorrhagic stroke. Survival is inversely associated with HVS
score for all outcomes except haemorrhagic stroke and is strongest for IHD and all-cause mortality.
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The adjusted HRs by HbAlc category for all-cause mortality and other outcomes in the three Cox regression models
are shown in Figure 1 and detailed in Supplemental Table 8. Between 43,837 and 53,934 individuals were involved in the

analyses of each outcome (Supplemental Table 8). The data showed a J-shaped distribution for all-cause mortality, [HD,

AMI, PAD, and ischemic stroke, with an increased risk of developing these outcomes at HbAlc >8% (64 mmol/mol).
The risk for all-cause mortality, IHD, and AMI increases significantly with HbAlc <6% (42 mmol/mol), this trend was
less pronounced for ischemic stroke and PAD. For all-cause mortality, [HD, AMI, PAD, and ischemic stroke, the HRs for
models 1 and 2 closely approximate each other with overlapping 95% confidence intervals (CI) across a range of HbAlc
values. At HbAlc >8% (64 mmol/mol) the HRs for model 3 (short-term effects) were smaller than models 1 and 2
(longer-term effects). Interestingly, the HRs of model 3 was larger than models 1 and 2 when HbAlc values were less
than 6.0% (<42 mmol/mol).

Figure 2 demonstrates the adjusted HRs by HbA lc category for all outcomes in the three Cox regression models with
baseline HVS, and the detailed HRs are provided in Supplemental Table 9. With the addition of HVS, the HRs at HbAlc
>8.0% (64 mmol/mol) were slightly reduced, although the data maintained a J-shaped distribution for all outcomes

except haemorrhagic stroke. Interestingly, at HbAlc <6.0% (42 mmol/mol), the HRs were larger for all outcomes in all 3
models, which included HVS. Figure 3 depicts the adjusted HRs by HVS for all outcomes, the detailed HRs are provided
in Supplemental Table 9. The risk for all outcomes increased substantially with increasing glycaemic variability, although

this effect was stronger for model 3 than models 1 and 2. The distribution of HRs for HVS closely approximate each
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Figure | Adjusted HRs by HbAIc level for (A) all-cause mortality, (B) IHD, (C) AMI, (D) PAD, (E) haemorrhagic stroke and (F) ischemic stroke.
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Figure 2 Adjusted HRs by HbAc level, with HVS included in the model, for (A) all-cause mortality, (B) IHD, (C) AMI, (D) PAD, (E) haemorrhagic stroke and (F) ischemic
stroke.

other in all three models and for all outcomes except for AMI. For AMI, we observed some divergence in HR in the three
models, with higher HRs of model 3 followed by model 2 and then model 1.

Discussion

In this study of a large multi-ethnic cohort of patients with DM, we found elevated risks for all-cause mortality, [HD,
AMI, PAD, and ischemic stroke in patients with HbAlc <6.0% (42 mmol/mol) and >8.0% (64 mmol/mol). Our study
also demonstrated that glycaemic variability increases the risk of all-cause mortality and DM-related macrovascular
complications. To the best of our knowledge, this is the first population-based study to investigate the association
between HbAlc, HbAlc variability, and DM-related macrovascular complications using comprehensive cardiovascular
clinical endpoints; most other studies have evaluated either HbAlc or HbAlc variability and their association with all-
cause mortality or DM-related complications.

The J-shaped relationship between HbAlc and all-cause mortality has been previously described.>® Our study
reiterates that both loose (HbAlc >8.0% [64 mmol/mol]) and intensive (HbAlc <6.0% [42 mmol/mol]) glycaemic
control is associated with higher mortality risk. However, the causative relationship between hyperglycaemia and
cardiovascular risk has been debated,'>'® and the effects of lowering glycaemic control below contemporary guideline
levels (<7.0% [53 mmol/mol]) on cardiovascular risk are less conclusive.'” " Population surveys, cross-sectional
studies, and short-term intervention trials have produced mixed results in addressing whether tighter glucose control
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Figure 3 Adjusted HRs by HbAIc Variability Score, for (A) all-cause mortality, (B) IHD, (C) AMI, (D) PAD, (E) haemorrhagic stroke and (F) ischemic stroke.

lowers cardiovascular complications.'”?%2* In the United Kingdom prospective diabetes study (UKPDS), high glucose
levels (analysed across three broad groups of HbAlc values) were associated with coronary artery disease and
myocardial infarction.>> However, between the intensive (average HbAlc 7.0% [53 mmol/mol]) and conventional
treatment (average HbAlc 7.9% [63 mmol/mol]) groups, the risk reduction for myocardial infarction was 16% and
not statistically significant.?® In post-trial monitoring of UKPDS patients, 1 year after the end of the trial, no significant
difference in HbAlc was present. Despite this, relative reduction in risk persisted at 10 years for risk reductions for
myocardial infarction and all-cause mortality.'’

Other clinical trials have been conducted to determine if cardiovascular events could be reduced further with lower
HbAlc targets. In the Veterans Affairs Diabetes Trial (VADT), intensive glucose lowering was associated with a non-
significant increase in cardiovascular events and no difference in total and cardiovascular mortality between intensive and
standard treatment arms.>' In the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial, the study
demonstrated no reduction in major cardiovascular events with intensive therapy (target HbAlc <6.0% [42 mmol/
mol]) as compared to a standard glycaemic control (target HbAlc 7.0-7.9% [53—-63 mmol/mol]), instead the study
showed an increased rate of death from any cause and cardiovascular causes after a mean of 3.5 years.*” In the Action in
Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation (ADVANCE) trial,
there was no significant differences in the number of macrovascular events between the intensive control (mean HbAlc
6.5% [48 mmol/mol]) and the standard control group (mean HbAlc 7.3% [56 mmol/mol]). A minor effect on
cardiovascular disease was observed, with a 12% reduction in cardiovascular mortality, albeit not statistically
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significant.”® Relative risk reduction was observed for microvascular events, specifically diabetic nephropathy, in the
intensive control group.”> The ADVANCE trial also demonstrated that, in the short term (3—5 years), tightening
glycaemic control from moderate to tight levels of HbAlc (6-6.5% [42—48 mmol/mol]) had no significant effect in
reducing macrovascular disease. In our study, we observed that the risk for all-cause mortality, IHD, and AMI increased
significantly with HbAlc <6% (42 mmol/mol), and all 3 models had higher HRs (for HbAlc <6% [42 mmol/mol]) when
HVS was included model (Figures 1 vs 2; Supplemental Tables 8 vs 9). This could suggest that at HbAlc <6% (42

mmol/mol), the increased risk of all-cause mortality, IHD, and AMI can be attributed to excess glucose lowering,
9,26

hypoglycemia, and concomitant glycemic variability, a finding reported by other researchers.

Our data also concur with other observational studies. In a large cohort study of the US Veterans Affairs Healthcare
System, the Cox proportional hazards models showed a J-shape association between HBAlc and all-cause mortality.
HbAlc <6% (42 mmol/mol) was associated with higher all-cause mortality compared with HbAlc 6% to 6.9% over
short- (2-5 years) and long-term (>5 years) follow-up times but was associated only with higher short-term CVD
mortality.?” In another large cohort study in Sweden, HbAlc outside the target range (>7.0% [53 mmol/mol]) was the
strongest predictor of AMI and stroke; in the Cox models a linear association was seen between HbAlc level and AMI,
and a J-shape relationship between HbA 1¢ and all-cause mortality, stroke, and heart failure was observed.** Compared to
these studies, our study provides more specific estimations of the risk between HbA 1c and macrovascular complications
by using fine HbAlc increments (0.5% [5.5 mmol/mol]).

Our study adds to the existing literature about the relationship between glycaemic control and the risks of DM-related
macrovascular complications. Our results demonstrate that a J-shape relationship exists between HbAlc levels and the
development of IHD, AMI, PAD, and ischemic stroke. In all models, the risk of all-cause mortality, [HD, AMI, PAD, and
ischemic stroke increase incrementally at HbAlc >8.0% (>64 mmol/mol) with overlaps in the 95% CI of the models; this
finding is robust for models with and without HVS. We observed that at HbAlc levels <6.0% (42 mmol/mol), the
adjusted HRs for all-cause mortality, IHD, AMI, PAD, and ischemic stroke were higher than the reference category
(reference category >7.0% to <7.5% (=53 mmol/mol to <58 mmol/mol)). Our study supports the growing body of
evidence that tight glycaemic control to HbAlc <6.0% (42 mmol/mol) is not protective and idiosyncratically results in
a high risk of DM-related macrovascular complications.****

The three models used in our analysis provided insights into the short- and long-term effects of glycaemic control on
all-cause mortality and DM-related macrovascular complications. As mentioned earlier, models 1 and 2 (baseline mean
and total exposure mean, respectively) were designed to study long-term effects, whereas model 3 (time-varying mean)
was designed to study short-term effects.® When compared to model 3, models 1 and 2 had larger HRs at HbA lc levels
>8.0% (64 mmol/mol) for all-cause mortality, [HD, AMI, PAD, and ischemic stroke. This finding has two important
implications. Firstly, model 1 suggests that historical HbAlc can have legacy effects. Historical hyperglycaemia may be
associated with increased risk of all-cause mortality, IHD, AMI, PAD, and ischemic stroke. Lind et al reached a similar
conclusion for all-cause mortality and AMI.*® Secondly, model 2 suggests that prolonged duration in hyperglycaemia is
associated with increased risk of all-cause mortality, IHD, AMI, PAD, and ischemic stroke. Taken together, carly
glycaemic control coupled with the maintenance of HbAlc within ranges suggested by contemporary guidelines might
be beneficial in reducing the risk of all-cause mortality and DM-related macrovascular complications.

Interestingly, we observed that for all-cause mortality, [HD, AMI, PAD, and ischemic stroke, at HbAlc levels <6.0%
(42 mmol/mol) model 3 had higher HRs than models 1 and 2; with little to no overlap of 95% CIs between model 3 and
those of models 1 and 2. This could suggest that tight glycaemic control (HbAlc levels <6.0% [<42 mmol/mol]) could
increase the risk of all-cause mortality, IHD, AMI, PAD, and ischemic stroke in the short term. We are unable to explain
the pathophysiological mechanism behind this finding. Additional research is needed to understand the effects of tight
glycaemic control in the short and long term.

In our study, the relationship between HbAlc and haemorrhagic stroke was not clear in all models as HRs had very
wide hazard ratios. In addition, more patients in the cohort had ischemic stroke (n=6213) than haemorrhagic stroke
(n=1452) (see Supplemental Table 4). This finding suggests that there might be a lack of association between HbA1c and

haemorrhagic stroke and is consistent with the findings of other studies on stroke patterns in diabetic patients. A recent
meta-analysis found that the prevalence of diabetes was higher in people with ischemic stroke compared with
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haemorrhagic stroke.?’ Another meta-analysis by Tsai et al found that compared to patients with haemorrhagic stroke,
patients with ischemic stroke had a higher prevalence of diabetes.*® Our study supports the hypothesis that the
pathophysiology underlying ischemic and haemorrhagic stroke is different.*

Previous studies have shown that variability in HbAlc increases risk of diabetes complications and mortality.> ">
Our findings are concordant with those of Forbes et al and Li et al who showed that patients with larger HVS scores were
at greater risk of all-cause mortality® and cardiovascular events.” Addition of HVS in our models for glycaemic control
altered the risk distribution for all-cause mortality, IHD, and AMI. For these outcomes, models with HVS had elevated
HR at low HbAlc levels (HbAlc <6.0% [42 mmol/mol]) and a reduction in HR at high HbAlc levels (HbAlc >8.0% [64
mmol/mol]). Interestingly, Forbes et al observed a similar phenomenon for all-cause mortality and HVS.® Our study adds
to the growing body of evidence that suggests that frequent fluctuations of HbAlc in patients with diabetes may be an
independent risk factor for poor prognosis and more stable HbAlc control may benefit patients in clinical practice.’

The underlying pathophysiological mechanisms to explain the association between glycaemic variability and
increased cardiovascular risk remain unclear.®’” In recent studies, it has been suggested that glycaemic variability was
correlated with oxidative stress and erythrocyte membrane stability, mechanisms which are related to the pathogenesis of
related complications.®'~*?

The strengths of our study include the use of a large multi-ethnic cohort to evaluate the effects of glycaemic control
and glycaemic variability (using HVS) on all-cause mortality and five clinically important diabetes complications. Our
study demonstrated consistent results across macrovascular end points. In line with existing evidence, we showed that
glycaemic control and variability might underlie the development of ischemic stroke more so than haemorrhagic stroke.
Our study data is based on real-world data of diabetes care in Singapore, making these results directly translatable to
clinical practice. Finally, we used HVS, which is clinically more meaningful than SD or CV of HbAlc.%’

We recognize some important limitations of our study. In the current study, we adjusted for risk factors at baseline,
although we acknowledge that there could be residual confounding. Our results are based on observational data, and causal
inference cannot be made. We were limited by not having data to adjust for overall comorbidity load. This limitation might
be remedied in the future as efforts are underway to make the Charlson Comorbidity Index available in the SDR. We adjusted
for diabetes medications during the baseline period but did not adjust for medications as a time-varying variable, this would
be beyond the scope of this research but could be considered for future research. We did not adjust for CKD stage and
albuminuria (using UACR) in our study because large amounts of data for CKD and albuminuria was missing. In a previous
study, we noted that in 2013 and 2014, about 60% of the patients in the SDR had an annual kidney screen consisting of serum
creatinine/estimated glomerular filtration rate (¢GFR) and/or urine albumin—creatinine ratio (WACR) and/or urine protein—
creatinine ratio (uPCR) test performed.*®> Adjusting for CKD and albuminuria could be an area for future research as more
physicians comply with process measures to screen for kidney disease regularly and data within the SDR become more
complete. In our study, we studied glycaemic variability during the exposure period and did not calculate HVS for the whole
follow-up period (ie from 2013 to the year before the participant died, an outcome event occurred, or the last year of follow-
up). In our context, determining the HVS for the whole follow-up period might not be feasible as the SDR cohort is dynamic
and detailed HbAlc records across the observation period (ie 2015 onwards) might not be available to accurately and
meaningfully determine HVS scores. Our study evaluated DM-related complications in the medium term (6 years), there is
evidence that the benefits of glycaemic control on cardiovascular complications might only be realized in the long term (>10
years);""'” future studies using SDR could study cardiovascular complications in the long term. Lastly, as with studies using
data from routinely collected data, the HbAlc data was not collected in a controlled time-specified way; a more regulated
framework of data collection would have reduced potential measurement bias.®

Conclusions

In conclusion, our study shows that both low (<6.0% [42 mmol/mol]) and high (>8.0% [64 mmol/mol]) levels of
glycaemic control are associated with increased all-cause mortality and diabetes-related macrovascular complications.
Glycaemic variability is positively associated with increased risk for these outcomes. Therefore, for diabetic patients,
early glycaemic control coupled with the stabilization of HbAlc within the range 6.0-8.0% (42—64 mmol/mol) will
reduce the risk of all-cause mortality and DM-related macrovascular complications.
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