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Abstract

Introduction Emerging evidence suggests that HbAlc variability, in addition to HbA lc itself, can be used as a predictor
for mortality. The present study aims to examine the predictive power of mean HbAlc and HbA1c variability measures for
diabetic complications as well as mortality.

Methods The retrospective observational study analyzed diabetic patients who were prescribed insulin at outpatient clinics
of the Prince of Wales Hospital and Shatin Hospital, Hong Kong, from 1 January to 31 December, 2009. Standard devia-
tion (SD), root mean square (RMS), and coefficient of variation were used as measures of HbA 1c variability. The primary
outcomes were all-cause and cardiovascular mortality. Secondary outcomes were diabetes-related complications.

Results The study cohort consists of 3424 patients, including 3137 patients with at least three HbA 1c measurements. The
low mean HbA 1¢ subgroup had significantly shorter time-to-death for all-cause mortality (P <0.001) but not cardiovascular
mortality (P =0.920). The high Hbalc subgroup showed shorter time-to-death for all-cause (P <0.001) and cardiovascular
mortality (P <0.001). Mean Hbalc and Hbalc variability predicted all-cause as well as cardiovascular-specific mortality. In
terms of secondary outcomes, mean HbAlc and HbA1c variability significantly predicted diabetic ketoacidosis/hyperosmo-
lar hyperglycemic state/diabetic coma, neurological, ophthalmological, and renal complications. A significant association
between dichotomized HbA 1c¢ variability and hypoglycemia frequency was found (P < 0.0001).

Conclusion High HbAc variability is associated with increased risk of all-cause and cardiovascular mortality, as well as
diabetic complications. The association between hypoglycemic frequency, HbAlc variability, and mortality suggests that
intermittent hypoglycemia resulting in poorer outcomes in diabetic patients.
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reported in the intensive glycemic control group [5]. There is
increasing evidence for increased mortality risk for patients
in both extremes of HbAlc, which drives for less stringent
glycemic control for the elderly population [6-8]. However,
the lower limits of glycemic control have yet to be clearly
outlined in the current guidelines [9]. Additionally, research
has shifted to exploring other parameters that can facilitate
more individualized disease-monitoring.

Emerging evidence suggests that HbAlc variability, in
addition to HbA Ic itself, can be used as a predictor for com-
plications and mortality. Although the underlying mecha-
nism remains unclear, increased HbA 1¢ variability has been
associated with diabetic complications in various organ sys-
tems, in addition to all-cause and cardiovascular mortality
[10-13]. Different theories have been proposed to explain
the association, including that a wide variance in HbAlc
may reflect higher complexity in the disease course, subop-
timal management, and poorer baseline vascular conditions
[14, 15]. Others investigators have proposed the involvement
of intermittent hypoglycemia, where the resulting increased
oxidative stress and sympathoadrenal activation induce
additional stress on end organs under chronic inflammation
[16-18]. However, there is a lack of evidence from large
scale clinical studies to support the hypothesis.

The present study aims to examine the predictive power
of both HbAlc value and variability toward the prognosis
of diabetic patients. Furthermore, to test the hypothesis that
intermittent hypoglycemia underlies the predictive value of
HbA 1c variability toward prognosis of diabetic patients, the
inter-relationship between hypoglycemia, HbA I¢ variability,
and mortality will be evaluated.

Methods
Study population

This single-center retrospective observational study
was approved by The Joint Chinese University of Hong
Kong—New Territories East Cluster Clinical Research
Ethics Committee. The present study consists of diabetic
patients prescribed insulin at outpatient clinics of the Prince
of Wales Hospital and Shatin Hospital from January 1, 2009,
to December 31, 2009. The patients were identified from the
Clinical Data Analysis and Reporting System (CDARS), a
territory-wide database that centralizes patient information
from individual local hospitals to establish comprehensive
medical data, including clinical characteristics, disease
diagnosis, laboratory results, and drug treatment details.
The system has been previously used by both our team and
other teams in Hong Kong [19, 20]. Patients with three or
more HbA1c measurements were included in the analysis
for HbA lc variability.
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Patient data

Clinical and biochemical data were extracted for the pre-
sent study. Data on the primary outcomes, all-cause and
cardiovascular mortality, between January 1, 2009, and
May 1, 2019, were obtained. Data on secondary outcomes
between January 1, 2009, and December 31, 2013, were
extracted, including (1) neurological, ophthalmological
and renal diabetic complications, (2) microalbuminuria
and macroalbuminuria, (3) peripheral vascular disease,
(4) stroke and transient ischemic attack, (5) atrial fibrilla-
tion, (6) sudden cardiac death, (7) diabetic ketoacidosis or
hyperosmotic hyperglycemic state (DKA/HHS) or coma.

Microalbuminuria was defined as fulfilling any of the
following: (1) urine albumin/creatinine ratio between
3 mg/mmol and 30, (2) 24-h total urine albumin between
30 mg/d and 300, (3) spot urine albumin between 30 mg/L
and 300. Macroalbuminuria is defined as (1) urine albumin/
creatinine ratio > 30 mg/mmol, (2) 24-h total urine albu-
min> 300 mg/d, (3) spot urine albumin > 300 mg/L. Protein-
uria was defined as either 24-h total urine protein > 3.5 g/d,
or albumin/creatinine ratio > 30 mg/mmol. Sudden cardiac
death was defined as the occurrence of ventricular tachyar-
rhythmia or non-specific cardiac arrest. Patients with estab-
lished events before recruitment for a given outcome were
excluded. For other outcomes, if there were no events, then
these patients were included. Cardiovascular mortality was
recorded using the International Classification of Diseases
Tenth Edition (ICD-10) coding, while the remaining out-
comes were documented in CDARS under ICD-9 codes.

Furthermore, baseline clinical details include: (1) age,
(2) sex, (3) specific comorbidities (chronic renal disease
[CKD], chronic obstructive pulmonary disease [COPD],
chronic liver disease [CLD], heart failure [HF], ischemic
heart disease [IHD], hypertension, myocardial infarction
[MI], stroke). To capture the episodic occurrence of dis-
eases, such as MI, or the initiation of chronic conditions,
such as hypertension, data on patient diagnosis from Janu-
ary 1, 1999, to December 31, 2008, were extracted. The
patient’s age is defined as age on January 1, 2009. Addition-
ally, the dosing regimen of antidiabetic and cardiovascular
medications prescribed was extracted. The mean daily dose,
which is the product between the daily dosing frequency and
dosage, is reported for each drug class. The classes of anti-
diabetic agents include: (1) insulin, (2) sulphonylurea, (3)
biguanide, (4) alpha-glucosidase inhibitor, (5) thiazolidin-
edione, (6) meglitinide, (7) dipeptidyl peptidase-4 inhibitor,
(8) glucagon-like peptide receptor-1 agonist. The cardiovas-
cular medications include: (1) angiotensinogen-converting-
enzyme inhibitor/angiotensin receptor blocker (ACEI/ARB),
(2) beta-adrenergic receptor blocker, (3) calcium channel
blocker (CCB), (4) diuretics.



Acta Diabetologica (2021) 58:171-180

173

Baseline biochemical data, defined as urinalysis or blood
test results measured from January 1, 2008, to December
31, 2008, were extracted. Urinalysis results include: (1)
albumin/creatinine ratio, (2) creatinine clearance, (3) spot
protein, albumin, and glucose, (4) 24-h total protein, and
albumin. Data from renal function test, liver function test,
and other baseline blood tests include: (1) serum creatinine,
(2) serum sodium, potassium, urate and urea, (3) serum
albumin, (4) serum total protein, (5) serum total bilirubin,
(6) serum alanine aminotransferase (ALT), (7) alkaline phos-
phatase (ALP), (8) fasting and random blood glucose, (9)
total, high-density lipoprotein (HDL), direct and calculated
low-density lipoprotein (LDL) cholesterol, (10) triglyceride.
The following results were obtained from complete blood
count: (1) hemoglobin, (2) mean corpuscular hemoglobin
(MCH), (3) mean corpuscular hemoglobin concentration
(MCHC), (4) mean corpuscular volume (MCV), (5) hem-
atocrit, (6) basophil count, (7) eosinophil count, (8) lym-
phocyte count, (9) monocyte count, (10) neutrophil count,
(11) platelet count, (12) red blood cell count, (13) white
blood cell count. HbAlc from January 1, 2004, to Decem-
ber 31, 2008, was extracted to establish the baseline HbAlc
and HbA 1c variability. Random and fasting blood glucose
were also extracted to obtain the episodes of hypoglycemia,
defined by blood glucose < 3.9 mg/mmol. Results from the
latest test that took place in 2008 were used as the baseline
if multiple tests were performed during the year.

Statistical analysis

Continuous variables were presented as mean + stand-
ard deviation. HbAlc temporal variability was examined
through the following approaches: (1) mean, (2) standard
deviation (SD), (3) root mean square (RMS), (4) coefficient
of variation (CV). RMS is calculated by first squaring all
HbAlc values, then square root the mean of the squares.
The coefficient of variation was obtained by dividing the
HbAIc standard deviation by the mean HbAlc, expressed
as a percentage. Hbalc variability score (HVS) was defined
as the number of HbA 1¢ measurements > 0.5% of the previ-
ous reading divided by the total number of HbA1lc measure-
ments, expressed as a percentage.

Logistic regression was used to identify significant
predictors of the different outcomes. Cox regression was
applied to evaluate the predictive value of HbA I¢ variability
for time-to-death in all-cause mortality and cardiovascular
mortality. Time-to-death was defined by the number of days
from January 1, 2009, to the date of death of the patient, or
until May 1, 2020. 95% confidence interval (CI) was pre-
sented in the analyses, with odds ratio (OR) and hazard ratio
(HR) for logistic and Cox regression, respectively.

Several methods were adopted to further outline the rela-
tionship between blood glucose value, HbAlc variability,

and mortality. The relationship between mean HbAlc and
time-to-death for both all-cause and cardiovascular mortality
was modeled using the generalized additive model, with 95%
CI displayed. Cut-off values of HbA1c mean and SD for the
prediction of all-cause and cardiovascular mortality were
derived by the maximization of sensitivity and specificity,
using the Liu method, and the area under the reactive opera-
tor characteristic (ROC) curve was calculated. SD was used
to represent HbA 1¢ variability since it is the only parameter
unrelated to the value of HbA 1c amongst the four parameters
for variability.

The cohort was then dichotomized into “high” and “low”
HbAIc value and variability based on the HbAlc mean and
SD, respectively. Kaplan—Meier curves were plotted for the
dichotomized cohorts against the time-to-death for all-cause
mortality, with the significance of intergroup differences
assessed by the log-rank test. To elucidate the underlying
connections between intermittent hypoglycemia, HbAlc
variability, and mortality, Poisson regression was used to
assess the relationship between hypoglycemia frequency
and dichotomized HbA 1c variability, while both logistic
and Cox regression were used to test the predictive abil-
ity of hypoglycemia frequency toward both all-cause and
cardiovascular mortality. Statistical significance is defined
as P value <0.05. All statistical analyses were performed
using R Studio.

Results
Clinical and biochemical characteristics

The present cohort consists of 3424 patients (median
age =63, interquartile range of age =20 years, male =50.2%).
A flowchart of inclusion and exclusion for arriving at this
cohort is shown in Supplementary Fig. 1. The baseline bio-
chemical parameters of the cohort are presented in Table 1.
Within the present cohort, the most common comorbidity is
hypertension (24.6%), followed by IHD (15%), stroke (11%),
HF (10%), CKD (7%), CLD (5%), MI (4%) and COPD (3%).
In terms of drug prescriptions, the mean daily insulin dose
was 20.8 + 13.0 units. Other classes of antidiabetic agents
prescribed include: (1) biguanide (n= 1300, mean daily
dose=1546 + 742 mg); (2) sulphonylurea (n=1300, mean
daily dose =131 + 122 mg); (3) thiazolidinedione (n =268,
mean daily dose="7.17 +8.93 mg); (4) alpha-glucosidase
inhibitor (n =89, mean daily dose =185 +80.0 mg); (5)
glucagon-like peptide-1 receptor agonist (n =8, mean daily
dose=11.8+4.05 mg); (6) dipeptidyl peptidase-4 inhibi-
tor (n=7, mean daily dose =97.8 + 14.9 mg). The follow-
ing cardiovascular medications were prescribed: (1) ACEI/
ARB (n=2328, mean daily dose =20.6+38.9 mg); (2)
CCB (n=1579, mean daily dose =58.2+49.0 mg); (3)
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Table 1 Baseline biochemical characteristics

Mean/Median/n  SD/

Inter-

quartile

rate/%
Demographic
Age 60 20
Male 1718 50.2
Urinalysis
Albumin/Creatinine ratio (mg/mmol) 52.2 174
Creatinine clearance (ml/min) 454 39.5
Spot protein (g/d) 1.67 2.69
Spot albumin (mg/L) 256.3 744
Spot glucose (mmol/L) 11.4 6.10
24-h Total protein (g/d) 1.30 1.93
24-h Total albumin (mg/d) 324 715
Baseline blood test
Fasting glucose (mmol/L) 8.65 3.59
Random glucose (mmol/L) 11.5 6.14
HbAlc (%) 8.05 1.66
Total Cholesterol (mmol/L) 4.60 1.11
High density lipoprotein (HDL) choles- 1.36 0.421

terol (mmol/L)

Low density lipoprotein (LDL) choles-  2.67 1.15
terol (Calculated) (mmol/L)

LDL Cholesterol (Direct) (mmol/L) 2.45 0.860
Triglyceride (mmol/L) 1.84 1.96
Renal function test

Creatinine (umol/L) 147 167
Sodium (mmol/L) 139 2.95
Potassium (mmol/L) 4.28 0.461
Urate (umol/L) 397 124
Urea (mmol/L) 8.88 5.91
Liver function test

Albumin (g/L) 40.8 4.60
Alanine aminotransferase (ALT) (U/L) 26.0 21.0
Alkaline phosphatase (ALP) (U/L) 80.8 41.0
Total bilirubin (umol/L) 11.6 7.35
Total protein (g/L) 78.0 6.24

beta-adrenergic receptor blockers (n= 1425, mean daily
dose=79.3+64.3 mg); (4) diuretics (n=955, mean daily
dose=66.3 +82.2 mg).

HbA1c variability and baseline

Within the study cohort, 3137 patients had at least three
HbAlc measurements, and the average number of HbAlc
measurements per patient was 11.9+4.8. The average fre-
quency of hypoglycemia was 0.6 + 1.3 episodes. Through-
out the study period (1, 2009-31 December 2019), there
were 1491 cases of all-cause mortality, within which 308
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were attributed to cardiovascular causes. Overall, the mean
baseline HbAlc is 8.1+ 1.8% (interquartile range =2.0%),
with HbA1c variability represented by (1) patient-specific
mean (8.0+1.2%); (2) SD (1.1+0.71%); (3) RMS (8.1 +1.
2%); (4) CV (13.6 +7.6%). The logistic and Cox regression
analysis for outcome prediction is presented in Table 2 and
Table 3, respectively.

For the prediction of the primary outcomes—all-cause
and cardiovascular mortality, both baseline HbAlc and
HbAlc variability were found to be significant predictors.
Interestingly, under logistic regression, baseline (OR =0.89,
95% CI=10.85, 0.93], P<0.001), mean (OR=0.90, 95%
CI=[0.85, 0.95], P<0.001), and RMS (OR=0.92, 95%
CI=[0.87,0.97], P<0.001) of HbAlc were found to be neg-
ative predictors of all-cause mortality, while SD (OR=1.34,
95% CI=[1.21, 1.49], P<0.001), CV (OR=1.03, 95%
CI=[1.02, 1.04], P<0.001), and HVS (OR=1.007, 95%
CI=[1.004, 1.009], P<0.001) were found to be signifi-
cant positive predictors. Similar findings were found under
Cox regression, with baseline (HR =0.92, 95% CI=[0.89,
0.95], P<0.001), mean (HR=0.91, 95% CI=[0.87,
0.95], P<0.001), and RMS (HR=0.93, 95% CI=1[0.89,
0.97], P<0.001) as negative predictors, SD (HR=1.21,
95% CI=[1.14, 1.28], P<0.001), CV (HR=1.02, 95%
CI=[1.02, 1.03], P<0.001) and HVS (HR=1.01, 95%
CI=[1.01, 1.01], P<0.001) as positive predictors for
time-to-death.

Similar patterns were observed in cardiovascular mor-
tality. While baseline HbAlc is a negative predictor for
both cardiovascular-specific mortality (OR=0.89, 95%
CI=[0.82, 0.96], P=0.005) and time-to-death (HR =0.90,
95% CI=[0.84, 0.98], P=0.009), SD (mortality: OR=1.42,
95% CI=[1.23, 1.66], P <0.001; time-to-death: HR =1.34,
95% CI=[1.21, 1.48], P<0.001), CV (mortality: OR=1.03,
95% CI=[1.02, 1.05], P <0.001; time-to-death: HR =1.03,
95% CI=[1.02, 1.04], P<0.001) and HVS (mortality:
HR=1.02,95% CI=[1.01, 1.03], P<0.001; time-to-death:
HR=1.02 95% CI: [1.01, 1.03], P<0.001) are positive
predictors.

The individual effects of HbA1lc and blood glucose val-
ues, in addition to HbA 1c variability, on all-cause and cardi-
ovascular mortality were further examined. The longer time-
to-death at the extremes of mean HbA Ic in the generalized
additive model for all-cause mortality is presented in Fig. 1.
The cut-off values for dichotomization of HbA1c value and
variability were 7.3% (area under the curve [AUC]=0.540)
and 0.86 (AUC=0.574) in all-cause mortality prediction,
and 6.8% (AUC =0.493) and 0.88 (AUC =0.590) for car-
diovascular mortality prediction. After dichotomization, the
low mean HbAlc subgroup showed a significantly shorter
time-till-death for all-cause mortality, (P <0.001), but
not cardiovascular mortality (P =0.920). By contrast, the
time-till-death was significantly shorter for the high HbAlc
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Table 2 Logistic regression of HbAlc value, variability, and hypo- Table 2 (continued)
glycemia frequency on mortality and diabetes-related complications B
Odds ratio (OR) 95% Confidence P value
Odds ratio (OR) 95% Confidence P value interval (CI)
interval (CI)
Stroke (n=3168)

Neurological complications (n=3236) Baseline 0.997 [0.932, 1.06] 0.932
Baseline 1.07 [1.00, 1.14] 0.033 Mean 1.09 [0.989, 1.20] 0.080
Mean 1.16 [1.05, 1.28] 0.003  sp 1.06 [0.904, 1.23] 0.429
SD 1.23 [1.07, 1.42] 0.004  Root mean square 1.08 [0.987, 1.19] 0.089
Root mean square 115 [1.05, 1.27] 0.002  Coefficient of vari- 1.01 [0.990, 1.02] 0.473
Coefficient of vari- 1.02 [1.01, 1.03] 0.006 ation

ation Variability score 1.004 [0.9998, 1.0085] 0.064
Variability score 1.01 (1.00, 1.01] 0.001 Transient ischemic attack (n=3361)
Ophthalmological complications (n=3023) Baseline 1.06 [0.903, 1.22] 0.440
Baseline 1.10 [1.05, 1.15] <0.001 Mean 1.02 [0.792, 1.29] 0.888
Mean 1.32 [1.23,1.42] <0.001 SD 0.795 [0.463, 1.22] 0.359
SD 0.990 [0.869, 1.12] 0.880 Root mean square 1.00 [0.785, 1.25] 0.985
Root mean square 1.28 [1.19, 1.37] <0.001  Coefficient of vari-  0.983 [0.937,1.02] 0.425
Coefficient of vari- 0.989 [0.977, 1.00] 0.089 ation

ation Variability score 1.001 [0.991, 1.012] 0.798
Variability score 1.004 [1.000, 1.007] 0.018 Atrial fibrillation (n=3246)
Renal complications (n=2973) Baseline 1.01 [0.941, 1.08] 0.739
Baseline 1.00 [0.956, 1.05] 0.843 Mean 0.927 [0.828, 1.03] 0.183
Mean 111 [1.03, 1.19] 0.006  sp 0.858 [0.693, 1.04] 0.143
SD 1.14 [1.02, 1.28] 0.025  Root mean square 0.923 [0.827, 1.03] 0.147
Root mean square 110 [1.03, 1.18] 0.007  Coefficient of vari-  0.986 [0.967, 1.00] 0.134
Coefficient of vari- 1.01 [1.00, 1.02] 0.051 ation

ation variability score 0.994 [0.986, 1.00] 0.105
Variability score 1.005 [1.002, 1.008] 0.002 Sudden cardiac death (n=23408)
Microalbuminuria and macroalbuminuria (n=1912) Baseline 1.05 [0.961, 1.14] 0.274
Baseline 1.04 [0.976, 1.10] 0.236 Mean 0.939 [0.826, 1.06] 0.323
Mean 118 [1.08, 1.29] <0.001  sp 1.06 [0.865, 1.27] 0.544
SD 1.01 [0.859, 1.17] 0.918  Root mean square 0.943 [0.834, 1.06] 0.342
Root mean square L.16 [1.07,1.27] <0.001  Coefficient of vari-  1.01 [0.991, 1.03] 0.297
Coefficient of vari- 0.992 [0.976, 1.01] 0.286 ation

ation Variability score 1.005 [0.999, 1.010] 0.095
Variability score 0.999 [0.005, 1.003] 0.562 Diabetic ketoacidosis/hyperosmotic hyperglycemic state (DKA/
Proteinuria (n=2572) HHS)(n=3249)
Baseline 1.05 [0.982, 1.11] 0.148 Baseline 1.16 [1.04, 1.28] 0.006
Mean 1.25 [1.14,1.37] <0.001 Mean 1.32 [1.14, 1.52] <0.001
SD 1.15 [0.986, 1.32] 0.064 SD 1.27 [1.02, 1.53] 0.018
Root mean square 1.23 [1.13, 1.34] <0.001 Root mean square 1.29 [1.13, 1.47] <0.001
Coefficient of vari- 1.01 [0.993, 1.02] 0.257 Coefficient of vari- 1.02 [0.995, 1.04] 0.112

ation ation
Variability score 1.001 [0.997, 1.006] 0.590  Variability score 1.011 [1.003, 1.018] 0.004
Peripheral vascular disease (n=3375) All-cause mortality (n=3424)
Baseline 1.11 [0.999, 1.23] 0.041 Baseline 0.887 [0.848, 0.927] <0.001
Mean 1.05 [0.876, 1.25] 0.576  Mean 0.898 (0.845,0.953]  <0.001
SD 1.10 [0.814, 1.39] 0.489 SD 1.34 [1.21, 1.49] <0.001
Root mean square 1.05 [0.877, 1.24] 0.605 Root mean square 0.918 [0.866, 0.973] 0.004
Coefficient of vari- 1.01 [0.984, 1.04] 0.387 Coefficient of vari- 1.03 [1.02, 1.04] <0.001

ation ation
Variability score 1.014 [1.006, 1.023] 0.001 Variability score 1.007 [1.004, 1.009]] <0.001
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Table 2 (continued)

Odds ratio (OR) 95% Confidence P value
interval (CI)
Hypoglycemia fre- 1.11 [1.05, 1.17] <0.001
quency
Cardiovascular mortality (n=3424)
Baseline 0.889 [0.817, 0.964] 0.005
Mean 0.985 [0.886, 1.09] 0.779
SD 1.42 [1.23, 1.66] <0.001
Root mean square 1.02 [0.918, 1.12] 0.757
Coefficient of vari- 1.03 [1.02, 1.05] <0.001
ation
Variability score 1.02 [1.01, 1.03] <0.001
Hypoglycemia fre- 1.08 [0.990, 1.16] 0.070

quency

Variables with P <0.05 were bolded

Table 3 Cox regression of HbAlc value, variability, and hypoglyce-
mia frequency on all-cause and cardiovascular mortality

Hazard 95% Confidence P value

ratio (HR) interval (CI)
All-cause mortality
Baseline 0.917 [0.886, 0.949] <0.001
Mean 0.908 [0.868, 0.951] <0.001
SD 1.21 [1.14, 1.28] <0.001
Root mean square 0.925 [0.885, 0.967] <0.001
Coefficient of variation 1.02 [1.02, 1.03] <0.001
Variability score 1.01 [1.01, 1.01] <0.001
Hypoglycemia frequency  1.08 [1.04, 1.11] <0.001
Cardiovascular mortality
Baseline 0.889 [0.817, 0.964] 0.005
Mean 0.984 [0.893, 1.09] 0.748
SD 1.34 [1.21, 1.48] <0.001
Root mean square 1.01 [0.924, 1.11] 0.773
Coefficient of variation 1.03 [1.02, 1.04] <0.001
Variability score 1.02 [1.01, 1.03] <0.001
Hypoglycemia frequency  1.07 [1.00, 1.15] 0.044

variability subgroup for both all-cause (P <0.001), and car-
diovascular mortality (P <0.001).

The Kaplan—Meier plots for the dichotomized HbAlc
value and variability in the prediction of all-cause and car-
diovascular mortality are presented in Figs. 2a-d, and the
corresponding Cox plots are presented in Supplementary
Figs. 2a—d. A significant association was found between
dichotomized HbAlc variability and hypoglycemia fre-
quency (P <0.0001). Hypoglycemia frequency was found
to be a positive predictor for both mortality (OR=1.11, 95%
CI=[1.05, 1.17], P<0.001) and time-till death of all-cause
(HR=1.08, 95% CI=[1.04, 1.11], P<0.001), in addition
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to cardiovascular-specific time-till-death (HR=1.07, 95%
CI=[1.00, 1.15], P=0.044).

In terms of prediction of secondary outcomes, both base-
line HbAlc and HbA1c variability are significant positive
predictors for the following:

1. DKA/HHS/coma (baseline: OR=1.16, 95% CI=[1.04,
1.28], P=0.006; mean: OR=1.32, 95% Cl=[1.14,
1.52], P<0.001; SD: OR=1.27,95% CI=[1.02, 1.53],
P=0.018; RMS: OR=1.29, 95% CI=[1.13, 1.47],
P<0.001; HVS: OR=1.011, 95% CI=[1.003, 1.018],
P=0.004);

2. Neurological diabetic complications (baseline:
OR=1.07, 95% CI=[1.00, 1.14], P=0.033; mean:
OR=1.16, 95% CI=[1.05, 1.28], P=0.003; SD:
OR=1.23, 95% CI=[1.07, 1.42], P=0.004; RMS:
OR=1.15, 95% CI=[1.05, 1.27], P=0.002; CV:
OR=1.02, 95% CI=[1.01, 1.03], P=0.006; HVS:
OR=1.01,95% CI=[1.00, 1.01], P=0.001);

3. Ophthalmological diabetic complications (baseline:
OR=1.10, 95% CI=[1.05, 1.15], P<0.001; mean:
OR=1.32, 95% CI=[1.23, 1.42], P<0.001; RMS:
OR=1.28,95% CI=[1.19, 1.37], P<0.001);

4. Only mean HbAlc and RMS were predictive for micro-
albuminuria (mean: OR=1.18, 95% CI=[1.08, 1.29],
P <0.001; RMS: OR=1.16, 95% CI=[1.07, 1.27],
P <0.001) and proteinuria (mean: OR=1.25, 95%
CI=[1.14, 1.37], P<0.001; RMS: OR=1.23, 95%
CI=[1.13, 1.34], P<0.001);

5. Renal diabetic complications were predicted by mean
(OR=1.25, 95% CI=[1.03, 1.19], P=0.006), SD
(OR=1.14, 95% CI=[1.02, 1.28], P=0.025), RMS
(OR=1.10,95% CI=[1.03, 1.18], P=0.007) and HVS
(OR=1.005, 95% CI=[1.002, 1.008], P =0.002);

6. Baseline HbAlc (OR=1.11, 95% CI=[0.999, 1.23],
P=0.041) and HVS (OR=1.014, 95% CI=[1.006,
1.023], P=0.001).

Discussion

The major findings of the present study are that: (1) both
HbA 1c value and variability can predict mortality and com-
plications in diabetics; (2) low HbAlc was associated with
higher all-cause mortality; (3) the frequency of hypogly-
cemia episodes was associated with HbAlc variability; (4)
hypoglycemia frequency was predictive of both all-cause
and cardiovascular mortality in diabetic patients.

In the past, a positive linear relationship is perceived
between HbA 1c value and all-cause mortality [21, 22]. How-
ever, emerging evidence from large cohort studies suggests
that there is instead an increased all-cause mortality risk
at both low and high HbAlc levels [7, 11, 23, 24]. In the
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present study, a similar U-shaped association was demon-
strated for the time-till-death of both all-cause and cardiovas-
cular mortality against HbAlc value under the generalized
additive model. The increased all-cause and cardiovascular
mortality risk amongst patients with low HbAlc value are
demonstrated by the poorer survival of the low mean HbAlc
subgroup, and the baseline HbAlc value showing hazard
ratios less than unity for both mortality and time-till-death.
Although the underlying mechanism between low HbAlc
and increased mortality remains unclear, low HbAlc has
been associated with chronic inflammation and liver func-
tion derangement [25]. Furthermore, a similar U-shaped
relationship has been reported for blood glucose against
endothelial dysfunction and frailty [26-28]. These findings,
therefore, suggest that more relaxed glycemic control for
the older patient with greater frailty may improve patient
outcome.

The present study provides further evidence of the predic-
tive value of HbAlc variability. Similar to previous studies,
high HbA Ic variability is associated with increased risk in
both all-cause and cardiovascular mortality, in addition to
vascular, neurological, ophthalmological, and renal com-
plications [10, 12, 14, 29, 30]. Overall, HbAlc variability
demonstrated greater predictive value for directly diabetes-
caused complications in different organ systems, but its pre-
dictive value was limited for other associated conditions,
such as stroke. The statistical insignificance in the prediction
of cardiovascular events, contrary to existing studies, may
be attributed to the single-center nature of the study cohort,
which limited the incidence of associated conditions.

Although the mechanism between HbAlc variabil-
ity and diabetes-induced complications remains unclear,

8 10 12 14
Mean HbA1c

possible explanations involving intermittent hypoglycemia
were raised. Some investigators suggested that intermittent
hypoglycemia induces the production of reactive oxygen
species, and the increased oxidative stress results in endothe-
lial dysfunction, which ultimately leads to cardiovascular
complications and death [31-34]. Another potential theory
is that hypoglycemic episodes stimulate sympathetic acti-
vation, which stresses the cardiovascular system and affect
the end-organ blood supply [16]. Therefore, to elucidate
the biological connections between HbA Ic variability and
diabetic progression, the present study examined the inter-
relationship between hypoglycemia, HbA 1¢ variability, and
diabetic outcomes. Dichotomized HbA 1c variability was
found to be a positive predictor of hypoglycemic episodes,
while hypoglycemia itself was a positive predictor for mor-
tality. Therefore, it can be inferred that the predictive value
of HbAlc variability is at least partially contributed by the
effects of intermittent hypoglycemia.

Despite the emerging evidence for the predictive value
of HbAIc variability, its clinical application remains lim-
ited by the absence of a standardized quantification method.
Existing studies employed methods such as counting the
frequency of significant successive differences, percentage
deviation from the expected trajectory, SD, CV, and HVS
[11, 12, 29, 35]. With different variability parameters, the
present study demonstrates that the calculation of variabil-
ity may be affected by the HbA ¢ value, and the number of
measurements taken. The resulting difference in the inherent
sensitivity of the parameters results in the difference in their
predictive power. Therefore, when HbA 1c¢ variability is used
for prediction, different parameters have to be adopted to
reduce the effect of confounding factors.
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Fig.2 Kaplan—Meier plots of dichotomized mean HbAlc (a) and HbAlc variability (b) for all-cause mortality, dichotomized mean HbAlc (c¢)

and HbA 1c variability (d) for cardiovascular mortality

Limitations

Several limitations should be noted for the present study.
Firstly, the size of the study cohort is limited by its single-
centered nature. The resulting limitation in the incidence
of diabetes-related disease events may affect the predictive
power. Furthermore, like other observational studies, it is
limited by potential under-coding of comorbidities, miss-
ing data, and coding errors. Additionally, the duration of
diabetes, diabetic progression, and treatments prescribed
were not accounted for, which can affect the interpreta-
tion of HbAlc value and variability. Given prior studies
from different country of origin reporting the association
between Hbalc variability and adverse outcomes, we
speculate that our findings can be generalizable to other

@ Springer

populations. However, the external validity of the study
should be confirmed in non-Chinese cohorts.

Conclusion

In conclusion, the present study demonstrated the associa-
tion between high HbA 1¢ variability and increased risk for
both all-cause and cardiovascular mortality, in addition to
diabetic complications across different organ systems. The
association between hypoglycemic frequency, HbAlc vari-
ability, and mortality support the hypothesis that intermit-
tent hypoglycemia contributes to poor outcomes in diabetic
patients. Further research on larger cohorts is required to
provide further evidence for the predictive value of HbAlc
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variability on the prognosis of diabetic patients and to shed
light on its associations with hypoglycemia.
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