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Abstract

Aim: To examine the associations between variability in lipids and the risk of cardio-
vascular disease (CVD) and mortality in patients with type 2 diabetes based on low-
density lipoprotein-cholesterol (LDL-C), the total cholesterol (TC) to high-density
lipoprotein-cholesterol (HDL-C) ratio and triglycerides (TG).

Materials and methods: A retrospective cohort study included 125 047 primary care
patients with type 2 diabetes aged 45-84 years without CVD during 2008-2012. The
variability of LDL-C, TC to HDL-C and TG was determined using the standard devia-
tion of variables in a mixed effects model to minimize regression dilution bias. The
associations between variability in lipids and CVD and mortality risk were assessed
by Cox regression. Subgroup analyses based on patients’ baseline characteristics
were also conducted.

Results: A total of 19 913 CVD events and 15 329 mortalities were recorded after a
median follow-up period of 77.5 months (0.8 million person-years), suggesting a posi-
tive linear relationship between variability in lipids and the risk of CVD and mortality.
Each unit increase in the variability of LDL-C (mmol/L), the TC to HDL-C ratio and
TG (mmol/L) was associated with a 27% (HR: 1.27 [95% CI: 1.20-1.34]), 31%
(HR:1.31 [95% CI: 1.25-1.38]) and 9% (HR: 1.09 [95% CI: 1.04-1.15]) increase in the
risk of composite endpoint of CVD and mortality, respectively. Age-specific effects
were also found when comparing LDL-C variability, with patients aged 45-54 years
(HR: 1.70 [95% Cl: 1.42-2.02]) exhibiting a 53% increased risk for the composite end-
points than those aged 75-84 years (HR: 1.11 [95% Cl: 1.01-1.23]). Similar age
effects were observed for both the TC to HDL-C ratio and TG variability. Significant
associations remained consistent among most of the subgroups.

Conclusions: Variability in respective lipids are significant factors in predicting CVD
and mortality in primary care patients with type 2 diabetes, with the strongest effects

related to LDL-C and the TC to HDL-C ratio and most significant in the younger age
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findings.
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1 | INTRODUCTION

Cardiovascular disease (CVD) is the predominant cause of mortality,
and its incidence has reached epidemic proportions globally. Patients
with diabetes are predisposed to CVD with approximately a 2-fold
increased risk compared with those without diabetes.® Hence, several
international guidelines for diabetes care have recommended optimal
cholesterol level targets for the prevention of CVD and mortality,>®
thus generating renewed interest in the harmful effect of cholesterol
variability on the risk of CVD and mortality. However, with clinicians
and health professionals often focusing on target cholesterol levels,
many remain unaware of the impact of intra-individual cholesterol
variability.

Alhough lipid reduction remains a major treatment goal for many
clinicians and health professionals, the potentially harmful effects of
intra-individual cholesterol variability are rarely addressed in the liter-
ature. There have been eight studies evaluating the associations

between cholesterol variability and the risk of CVD and mortality.*-*

Of these, seven focused on either general* or CVD populations,® 1°
and thus may appear inapplicable to diabetes populations without
CVD. Only one study focused on a diabetes population, thereby indi-
cating the detrimental effects of low-density lipoprotein-cholesterol
(LDL-C) variability, although such impacts were not exhibited in tri-
glycerides and high-density lipoprotein-cholesterol (HDL-C).** This
study also included a group of patients with CVD, therefore it was
potentially susceptible to reverse causality. Furthermore, nearly all
current studies have included a comparatively small number of

7=11 or have introduced informative cen-

patients and outcome events
soring and immortal time bias through the inclusion of postbaseline
measurements when determining cholesterol variability.>~® Moreover,
none of these studies accounted for measurement error in their mea-
sures of cholesterol variability, so the association between cholesterol
variability between event outcomes may be biased because of regres-
sion dilution bias. All current evidence on cholesterol variability has
focused primarily on LDL-C, HDL-C, total cholesterol (TC) and triglyc-
erides; evidence regarding the TC to HDL-C ratio is still lacking. Given
that the TC to HDL-C ratio is widely included in prediction models for
CVD risk, evidence regarding the association of TC to HDL-C variabil-
ity on CVD and mortality could provide important clinical information
for the treatment of different lipid traits.'>*® In addition, despite the
heterogeneity in diabetes populations, there is no available evidence
about differences in the effect of cholesterol variability on CVD and
mortality for different patient characteristics such as age and gender.
This calls for further research into the relationship between choles-

terol variability and the risk of CVD and mortality.

group of patients aged 45-54 years. Further study is warranted to confirm these

CVD, HDL-C, LDL-C, lipids variability, mortality, TC, TG

The aim of this population-based cohort study was to evaluate
the associations between variability in lipids, including LDL-C, the TC
to HDL-C ratio and triglycerides, and incident CVD and mortality
among patients with type 2 diabetes.

2 | MATERIALS AND METHODS

2.1 | Study design

This retrospective cohort study was carried out with data extracted
from the national clinical database of the Hong Kong Hospital
Authority (HA). The HA manages more than 90% of patients in Hong
Kong with chronic disease* through its 43 public-sector hospitals,
49 specialist outpatient clinics and 73 primary care clinics. Patients
included in this study were aged 45-84 years and diagnosed clini-
cally with type 2 diabetes. The presence of diabetes was determined
according to the International Classification of Primary Care-2
(ICPC-2) code of T90 and was routinely diagnosed by clinicians. A
total of 125 047 patients, with no prior CVD diagnoses at baseline,
were recruited from 1 January 2008 to 31 December 2012. All con-
fidential data, such as patient profiles and event outcomes, are
recorded in the HA clinical management system that has previously
supported significant epidemiological studies, thus ensuring validity
and coding accuracy.*®=*7 All clinicians and healthcare professionals
who are responsible for recording the related clinical information
and patient demographics, such as patients' diagnoses, prescriptions,
laboratory tests and results, emergency department visits, hospitali-
zations and specialist and primary care outpatient clinic visits during
doctor consultations, are trained by the HA and deemed proficient
in using the clinical management system. The follow-up for lipid
measurements and outcome determination in this study design is
illustrated in Figure S1. Blood test for lipid measurements of
patients with type 2 diabetes are performed annually in public pri-
mary care clinics to determine respective visit-to-visit cholesterol
variability, giving annual readings after the first lipids measurement
until the end of the 2-year visit, at least three occasions in total, for
estimating variability in lipids. Participants with less than three cho-
lesterol records were excluded from the study. The baseline for each
patient was determined by the first date of attendance of doctor
consultation in the clinic or date of the third record of lipid measure-
ments during the subject inclusion period. Each eligible patient was
followed up from baseline to the incident date of outcome events,
death or the final follow-up visit before 31 December 2017, which-

ever occurred first.
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2.2 | Outcome measures

The primary outcome of the study was the composite outcome time
to the first incidence CVD or all-cause mortality, whichever occurred
first; the secondary outcomes were the time to the first event of indi-
vidual CVD, the subtype of coronary heart disease, stroke, heart fail-
ure, all-cause mortality, CVD mortality and non-CVD mortality.
Clinical events were defined in accordance with ICPC-2 or the Inter-
national Classification of Diseases (ninth edition, Clinical Modification;
ICD-9-CM). Respective mortality reports were provided by the inter-
nal population data of the Hong Kong Government Death Registry, in
which CVD-related mortality was classified as death with history of
CVD or the main cause of death by 120-125, 150 and 160-169. Such
codes have previously given positive predictive values of 85.4% (95%
confidence interval [Cl] 78.8%-90.6%) and 91.1% (83.2%-96.1%) in
the diagnosis of myocardial infarction and stroke, respectively,!” thus
ensuring high coding accuracy in determination of CVD events. Fur-
ther definitions for individual cardiovascular events are summarized in
Table S1.

2.3 | Ethical approval
Ethical approval for this study was obtained and reviewed by the
Institutional Review Board of the Hong Kong Hospital Authority.

24 | Lipid measurements

Lipid profiles were determined by analysis of 20 mL serum samples of
venous blood drawn after an overnight fast in each subject. Blood-
taking is performed according to a standardized protocol across all
clinics and hospitals in HA. Respective cholesterol measurements
were obtained through Roche diagnostics using an automatic bio-
chemical analyser (Cobas C6000 or equivalent). If triglycerides levels
do not exceed 4.0 mmol/L, LDL-C levels are routinely calculated via
the Friedewald equation,'® otherwise direct LDL-C levels are

measured.

2.5 | Cholesterol variability measurements

Usual cholesterol level and cholesterol variability measures were
obtained using a mixed effects location-scale model, which treats the
intra-individual variability as an additional random effect. By using the
mixed effects model, we used information across individuals to esti-
mate the cholesterol variability more precisely, thus reducing regres-
sion dilution bias in the estimated association with the time-to-event
outcome. The model was fitted in the Bayesian framework using Mar-
kov Chain Monte Carlo with JAGS version 4.3.0 and the R2jags pack-
age in R1%2° The usual cholesterol levels were estimated by the
posterior mean of the random intercept, whereas the cholesterol vari-

ability measures were estimated by the posterior mean of the residual

standard deviation, represented by the mean and standard deviation
of lipid level corrected with regression dilution bias, respectively.
Details of the statistical methods can be found in Appendix S1 and

elsewhere in the literature.?*22

2.6 | Baseline characteristics

Baseline characteristics included gender, age, duration of diabetes,
smoking status, body mass index (BMI), systolic blood pressure (SBP),
diastolic blood pressure (DBP), HbA1c, estimated glomerular filtration
rate (eGFR),%® Charlson's co-morbidity index,?4?° the use of anti-
diabetic drugs (e.g. insulin, metformin, sulphonylurea), the use of anti-
hypertensive drugs (e.g. angiotensin-converting enzyme inhibitors or
angiotensin receptor blockers, beta-blockers, calcium channel
blockers, diuretics and others [hydralazine, methyldopa and prazosin]),
statins and fibrates. All laboratory assays were performed in
accredited laboratories by the College of American Pathologists, the
Hong Kong Accreditation Service, or the National Association of Test-

ing Authorities, Australia.

2.7 | Data analysis
Multiple imputation was used to replace the missing data for all base-
line characteristics except for lipid profile measures. Each missing
value was imputed five times using the chained equation method
adjusted for all baseline covariates and outcomes. The same analysis
was conducted for all five imputed datasets, and the results were
pooled using Rubin's rule.?®

Variability in lipids was categorized into quintiles. For each quin-
tile group, descriptive statistics of patient characteristics were
reported. The cumulative incidence and incidence rate of CVD, mor-
tality and their composite events were calculated for each group, with
Cls based on the Poisson distribution. To evaluate between variability
in lipids and the risk of an event, multivariable Cox proportional haz-
ards regression adjusted with each patient's characteristics and usual
lipids level was applied in this study. The 95% Cls of the hazard ratios
were estimated using the floating absolute risk, without the require-
ment of a reference group for reporting the standard error.2” Propor-
tional hazards assumptions were assessed using plots of the scaled
Schoenfeld residuals against time for the covariates. Variance inflation
factors were used to test for the existence of multi-collinearity. The
results suggested that the proportional hazards assumption holds for
all models and that multi-collinearity was not present. To ensure
robustness, the analyses were repeated using two alternative mea-
sures of variability, the coefficient of variation (CV) and the variability
independent of mean (VIM). Restricted cubic splines with three knots
were used to investigate non-linearity of the association between lipid
variability as continuous variability and the time-to-event outcomes in
the Cox models. Three sensitivity analyses of respective conditions
were conducted. These included a complete case analysis, followed

by an analysis excluding patients with a follow-up period of less than
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TABLE 1  Descriptive statistics for baseline characteristics among patients stratified by LDL-C, TC to HDL-C ratio or triglycerides variability

LDL-C variability (mmol/L)

<0.285 0.286-0.375 0.376-0.485 0.486-0.680 20.681
(N =25 010) (N =25 009) (N =25 010) (N =25 009) (N =25 009)
Baseline characteristics
Male, % 49.3 47.9 46.1 45.2 38.9
Age,y 64.8+9.9 64.3+98 64.0+9.8 63.8+9.8 64.5+9.5
Duration of diabetes, y 9069 88+7.1 8570 82+67 8068
Current smoker, % 10.0 9.8 9.7 9.9 9.1
BMI, kg/m? 253+40 254 £ 3.9 254 +40 255+4.0 254 +39
SBP, mmHg 134.3 £ 16.6 134.5 £ 16.7 1347 £17.1 134.7 £17.2 1348 £17.4
DBP, mmHg 742 +99 745+£99 74.6 £ 10.0 74.7 £ 10.1 74.0 £ 10.1
HbA1c, % 73+10 74+10 74+10 74+11 74+11
eGFR, mL/min/1.73m? 102.5 £ 27.6 102.5 £29.2 101.8 £ 28.6 101.6 £29.3 99.0 £30.1
Charlson Index 32+14 32+14 32+14 32+15 33+14
Use of antidiabetic drugs, % 85.5 84.1 83.5 82.7 82.5
Use of antihypertensive drugs, % 72.7 72.3 72.6 72.9 76.2
Use of statins, % 15.6 15.7 18.6 32.2 63.6
Use of fibrates, % 24 2.7 3.2 4.2 4.3
Usual LDL-C, mmol/L 2.59 +£0.53 2.89 £0.56 3.04 £0.58 3.16 £ 0.56 3.29 £ 0.49
LDL-C variability, mmol/L 0.23 +0.03 0.33 +£0.03 0.43 +£0.03 0.57 £ 0.06 0.89 +0.21
TC to HDL-C ratio variability
<0.339 0.34-0.448 0.449-0.577 0.578-0.773 20.774
(N =25010) (N =25 009) (N =25 010) (N =25 009) (N =25 009)
Baseline characteristics
Male, % 40.7 443 454 47.5 49.6
Age,y 64.9 £9.7 64.3+9.7 64.1+98 64.1+98 63.9+9.8
Duration of diabetes, y 9372 8.7+68 8467 82+68 7.7 6.7
Current smoker, % 71 8.4 9.4 10.6 13.0
BMI, kg/m? 24.6 £ 4.1 254 +4.1 25.6+4.0 25.7 £3.9 258 +4.1
SBP, mmHg 1338 £17.0 1344 £ 16.7 1348 £ 16.9 1349 + £ 16.9 1352 +174
DBP, mmHg 733+98 743 +£9.9 747 £9.9 74.7 £ 10.0 74.9 £10.2
HbAlc, % 73+10 73+10 74 +10 74+11 75+11
eGFR, mL/min/1.73m? 104.7 £ 27.3 103.0 £ 27.3 102.0 £ 30.1 100.3 £+ 28.8 97.4 £30.7
Charlson Index 32+x14 32+14 32x14 32+15 3315
Use of antidiabetic drugs, % 83.5 83.7 84.0 83.8 834
Use of antihypertensive 68.6 72.4 73.6 75.7 76.4
drugs, %
Use of statins, % 18.6 20.0 24.7 34.7 47.7
Use of fibrates, % 1.1 1.9 2.8 3.9 71
Usual TC to HDL-C ratio 3.18 £ 0.58 3.85 £ 0.65 4.20+0.72 4.51+0.74 5.02£0.76
TC to HDL-C ratio variability =~ 0.27 + 0.05 0.39 £0.03 0.51 £0.04 0.67 £ 0.06 1.03+0.28
Triglycerides variability (mmol/L)
<0.187 0.188-0.272 0.273-0.391 0.392-0.613 20.614
(N =25 010) (N =25 009) (N =25 010) (N =25 009) (N =25 009)
Baseline characteristics
Male, % 52.3 45.7 42.9 42.3 441
Age,y 64.9 £9.7 64.9 £9.7 64.7 £9.7 64.1+98 628 +9.7
Duration of diabetes, y 97+7.3 87+70 83+70 80+6.7 77 +64
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TABLE 1 (Continued)
Triglycerides variability (mmol/L)
<0.187 0.188-0.272 0.273-0.391 0.392-0.613 20.614
(N =25 010) (N =25 009) (N =25 010) (N =25 009) (N =25 009)
Current smoker, % 8.9 9.1 9.1 9.8 11.6
BMI, kg/m? 23.9 +£38 25.1+4.0 25.7£4.0 26.1 +£38 26.2+40
SBP, mmHg 133.0+17.0 134.4 +16.9 1349 +17.0 135.3 + 16.9 1354 +17.1
DBP, mmHg 728 £9.7 738 £9.9 744 £99 75.0 £ 10.0 75.9 £10.1
HbA1c, % 73+11 7.3+10 7.3+10 74+10 75+11
eGFR, mL/min/1.73m? 106.2 + 27.0 102.3 + 27.8 100.8 + 28.2 99.9 £ 30.7 98.3 £ 30.4
Charlson Index 32+14 33+x14 33+x14 3215 3215
Use of antidiabetic drugs, % 83.6 83.1 83.6 83.8 84.3
Use of antihypertensive drugs, % 65.5 72.2 75.1 76.7 77.3
Use of statins, % 235 291 311 323 29.8
Use of fibrates, % 1.0 1.4 1.8 24 10.1
Usual triglycerides, mmol/L 0.80 +0.17 1.16 + 0.15 1.46 +0.17 1.81 +0.18 2.39 £ 0.31
Triglycerides variability, mmol/L 0.15 + 0.03 0.23 £ 0.02 0.33 £ 0.03 0.49 + 0.06 1.07 £ 0.62

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein-choles-
terol; LDL-C, low-density lipoprotein-cholesterol; SBP, systolic blood pressure; TC, total cholesterol.
All variables are expressed either in percentages or as means (standard deviation).

1 year, and finally an analysis with an extension of the patient inclu-
sion period from 24 to 36 months.

To explore differences in the effect of cholesterol variability on
the outcomes for different patient characteristics, subjects were clas-
sified into subgroups by gender (male, female), age group (45-54, 55-
64, 65-74 and 75-84 years), smoking status (non-smoker, smoker),
duration of diabetes (<5, 25 years), BMI (<25, 225 kg/m?), usual cho-
lesterol level (LDL-C: <2.6, 2.6-4.3, 24.3 mmol/L; TC-HDL-C ratio:
<3.5, 3.5-5, 25; triglycerides: <1.8, 1.8-2.3, 22.3 mmol/L), baseline
SBP (<130, 2130 mmHg), HbAlc (<7%, 27% [53 mmoL/mol])), eGFR
(<90, 290 mL/min/1.73m?), Charlson's Index (<4, 24), use of antihy-
pertensive drugs (no, yes), use of antidiabetic drugs (no, yes), use of
statins (no, yes), and use of fibrates (no, yes). P-values were adjusted
by Bonferroni correction to counteract the problem of multiple
comparisons.

All significance tests were two-tailed, and the statistical signifi-
cance level was defined as P = .05. The statistical analysis was exe-
cuted in Stata version 15.1.

3 | RESULTS

A total of 125 047 patients fulfilled the inclusion and exclusion
criteria. Data completion rates were 99% or higher for most base-
line characteristics, except for the duration of diabetes (95.9%)
and BMI (94.8%), as shown in Table S2. An average of 3.1 choles-
terol measurements (SD: 0.5) were taken from each patient. The

characteristics of each cholesterol variability group at baseline are
summarized in Table 1. The mean age was 64.3 (SD: 9.7) years,
with males accounting for 45.5% of patients overall. The mean
values of LDL-C, the TC to HDL-C ratio and triglycerides variability
were 0.49 (SD: 0.25) mmol/L, 0.57 (SD: 0.30) and 0.45 (SD: 0.43)
mmol/L, respectively.

Over a median follow-up of 77.5 months (0.8 million person-
years), 19 913 CVD and 15 329 mortalities were observed, a total of
28 841 incidents of any type of event. For the three cholesterol traits,
a positive relationship was observed between increased cholesterol
variability and both cumulative incidence and incident rates of CVD
and mortality (Table 2). The positive linear association between LDL-
C, the TC to HDL ratio and triglycerides variability, and the risk of
CVD and mortality, is presented in Figure 1. Other variability mea-
surements, such as CV and VIM, were found to produce similar pat-
terns with SD (Figure S2A,B). Figure S3A-C also indicated a similar
pattern for the risk of stroke, heart failure, CVD and non-CVD mortal-
ity. In Figure S4A-C, the results of the restricted cubic spline for lipid
variability, as continuous variability in the Cox models, also suggested
direct linear associations.

Figure 2 further illustrates the associations between cholesterol
variability and the risk of all outcomes, with cholesterol variability
treated as a continuous outcome. Each unit increase in LDL-C (mmol/
L) variability was associated with a 21% (HR: 1.21 [95% CI 1.14-
1.30]), 49% (HR: 1.49 [95% CI 1.39-1.60]) and 27% (HR: 1.27 [95% CI
1.20-1.34]) higher risk of CVD, all-cause mortality, and their compos-
ite events, respectively. Each unit increase in the TC to HDL-C ratio
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TABLE 2

CvD

Cumulative cases with
event

Incidence rate (95% CI)?
Hazard ratio® (95% Cl)
All-cause mortality

Cumulative cases with
event

Incidence rate (95% CI)?
Hazard ratio® (95% Cl)
All composite events

Cumulative cases with
event

Incidence rate (95% CI)®
Hazard ratio® (95% Cl)

CVvD

Cumulative cases with
event

Incidence rate (95% CI)?
Hazard ratio® (95% CI)
All-cause mortality

Cumulative cases with
event

Incidence rate (95% CI)?
Hazard ratio® (95% ClI)
All composite events

Cumulative cases with
event

Incidence rate (95% CI)?
Hazard ratio® (95% Cl)

CvD

Cumulative cases with
event

Incidence rate (95% CI)?
Hazard ratio® (95% Cl)
All-cause mortality

Cumulative cases with
event

Incidence rate (95% CI)?
Hazard ratio® (95% Cl)

LDL-C variability (mmol/L)

Number, incidence rate and hazard ratio of CVD and mortality, stratified by LDL-C, TC to HDL-C ratio or triglycerides variability

<0.285
(N =25010)

3724

24.4(23.6,25.2)
1.00(0.97, 1.04)

2995

18.3(17.7, 19.0)
1.00 (0.96, 1.04)

5606

36.7(35.8,37.7)
1.00(0.97, 1.03)

0.286-0.375
(N =25 009)

3897

25.3(24.5,26.1)
1.05(1.01, 1.08)*

2939

17.7 (17.1, 18.4)
1.02 (0.98, 1.06)*

5628

36.5(35.6, 37.5)
1.03 (1.00, 1.06)*

TC to HDL-C ratio variability

0.376-0.485
(N =25 010)

4011

25.9(25.1,26.7)
1.06 (1.03, 1.09)*

3036

18.2(17.5, 18.8)
1.05(1.01, 1.08)*

5808

37.5(36.5, 38.5)
1.06 (1.03, 1.09)*

0.486-0.680
(N =25 009)

4165

27.3(26.5,28.1)
1.14(1.10, 1.17)*

3204

19.4 (18.7,20.1)
1.18(1.14, 1.22)*

5982

39.2(38.2,40.2)
1.15(1.12, 1.18)*

20.681
(N =25 009)

4116

27.5(26.7,28.4)
1.11(1.07, 1.15)*

3155

19.5(18.8,20.2)
1.22(1.17,1.27)*

5817

38.9(37.9, 39.9)
1.13(1.10, 1.16)*

<0.339
(N =25 010)

3330

21.7 (210, 22.5)
1.00 (0.96, 1.04)

2799

17.2 (16.6, 17.9)
1.00 (0.95, 1.05)

5103

33.3(324,34.2)
1.00 (0.97, 1.04)

0.34-0.448
(N =25 009)

3736

24.2(23.5,25.0)
1.04 (1.00, 1.07)*

2843

17.2 (16.6, 17.8)
1.04 (1.00, 1.08)*

5504

35.7 (34.8, 36.6)
1.05(1.03, 1.08)*

Triglycerides variability (mmol/L)

0.449-0.577
(N =25 010)

3897

25.3(24.5,26.1)
1.04 (1.00, 1.07)*

2897

17.5(16.8,18.1)
1.05 (1.02, 1.09)*

5593

36.3(35.4,37.3)
1.05 (1.02, 1.08)*

0.578-0.773
(N =25 009)

4218

27.7 (26.8, 28.5)
1.07 (1.04, 1.10)*

3087

18.7 (18.0, 19.3)
1.13(1.09, 1.17)*

5966

39.1(38.1,40.1)
1.10(1.07, 1.12)*

20.774
(N =25 009)

4732

31.6(30.7, 32.5)
1.14 (1.10, 1.18)*

3703

22.6(21.9,23.3)
1.34 (1.29, 1.40)*

6675

44.6 (43.5,45.7)
1.20 (1.17, 1.24)*

<0.187
(N =25 010)

3465

22.9(22.1,23.7)
1.00 (0.94, 1.06)

3076

19.1(18.4,19.7)
1.00 (0.94, 1.07)

0.188-0.272
(N =25 009)

3802

25.0(24.2,25.8)
1.03(0.98, 1.07)*

3072

18.8(18.2,19.5)
1.00 (0.96, 1.05)*

0.273-0.391
(N =25 010)

4051

26.6(25.8,27.4)
1.06 (1.03, 1.08)*

2961

18.0(17.4,18.7)
0.98 (0.95, 1.01)*

0.392-0.613
(N =25 009)

4114

26.9 (26.1,27.7)
1.05(1.01, 1.10)*

3071

18.6 (17.9,19.2)
1.05 (1.00, 1.10)*

20.614
(N =25 009)

4481

28.9(28.1,29.8)
1.10(1.02, 1.18)*

3149

18.7 (18.0, 19.3)
1.13 (1.03, 1.23)*
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TABLE 2 (Continued)

Triglycerides variability (mmol/L)

<0.187 0.188-0.272
(N =25 010) (N =25 009)
All composite events
Cumulative cases with 5415 5671

event
Incidence rate (95% CI)?
Hazard ratio® (95% Cl)

35.8(34.8, 36.7)
1.00(0.95, 1.05)

37.3(36.3,38.2)
1.02 (0.98, 1.05)*

0.273-0.391 0.392-0.613 20.614
(N =25010) (N =25 009) (N =25 009)
5779 5817 6159

37.9(37.0,38.9)
1.03(1.01, 1.05)*

38.0(37.1, 39.0)
1.04 (1.00, 1.08)*

39.8(38.8,40.8)
1.10(1.03, 1.17)*

Abbreviations: Cl, confidence interval; CVD, cardiovasular disease; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-choles-

terol; TC, total cholesterol.

Incidence rate (cases/1000 person-years) with 95% Cl based on Poisson distribution.
PHazard ratio was adjusted by age, gender, duration of diabetes, smoking status, body mass index, systolic blood pressure, diastolic blood pressure, HbA1lc,
estimated glomerular filtration rate, the use of antidiabetic drugs, antihypertensive drugs, statins and fibrates, Charlson's index and usual LDL-C, TC to

HDL-C ratio or triglycerides (as appropriate).
* Significance when confidence interval are wholly larger than 1.

CVvD All-cause mortality All composite events
141 1.4 1.4
% 13 13 1.34
: 1
Yol
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g = i
i
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LDL~-C variability (mmol/L) LDL~-C variability (mmol/L) LDL~-C variability (mmol/L)
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o ) ) ¥
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g T 11
& 1.0 I I I 1.04 I I 1.0 I
N
«
T
0.9 0.9 0.91
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
TC to HDL-C ratio variability TC to HDL-C ratio variability TC to HDL-C ratio variability
— 141 1.4 1.4
% 1.34 1.34 1.34
X
Yol
12 12 1.2
e I
® 111 ¥ I 1.1 I 1.1
©
g 104 II 1.04 II I 1.0 II i I
@
E
0.91 0.91 0.91
0.0 0.2 0.4 0.6 0.8 1.0 15 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Triglycerides variability (mmol/L)

Triglycerides variability (mmol/L)

Triglycerides variability (mmol/L)

Hazard ratio was adjusted by age, gender, duration of diabetes, smoking status, body mass index, systolic blood pressure, diastolic blood pressure, HbA1c, estimated glomerular filtration rate, the
usages of antidiabetic drugs, antihypertensive drugs, statins and fibrates, Charlson's index and usual LDL-C, TC to HDL-C ratio or triglyceride (as appropriate). Cls are displayed as floating absolute risks.
LDL-C = Low-density lipoprotein—cholesterol; TC = Total cholesterol; HDL-C = High-density lipoproteincholesterol; CVD = Cardiovascular disease; CHD = Coronary heart disease.

FIGURE 1

Hazard ratios for the association of a unit increase in LDL-C, TC to HDL-C ratio and triglycerides variability with CVD, all-cause

mortality and the composite outcome (CVD and mortality) from Cox regression models adjusted for baseline covariates

variability was also associated with a 20% (HR: 1.20 [95% Cl 1.13-
1.28]), 60% (HR: 1.60 [95% Cl 1.50-1.71]) and 31% (HR: 1.31 [95% ClI
1.25-1.38]) higher risk of respective CVD, all-cause mortality, and
their composite outcomes, respectively. Additionally, each unit
increase in triglycerides (mmol/L) variability was also associated with
a 7% (HR: 1.07 [95% Cl 1.01-1.13]), 14% (HR: 1.14 [95% CI 1.07-

1.22]) and 9% (HR: 1.09 [95% Cl 1.04-1.15]) higher risk of CVD, all-
cause mortality, and their composite outcomes, respectively. Although
the strength of the effects of cholesterol variability on CVD, all-cause
mortality and their composite outcomes appeared to be attenuated
when three lipid traits were applied in the multivariable model, the

results largely remained significant, apart from the effect of
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Three lipid traits

Event in the separated models

LDL-C variability (mmol/L)

CVvD 19913 —r 1.23(1.16, 1.31)
Coronary heart disease 9691 —_— 1.20 (1.09, 1.31)
Stroke 9209 —_— 1.19 (1.08, 1.31)
Heart failure 5375 : —— 1.51(1.34,1.70)

1
1

All-cause mortality 15 329 — 1.52(1.41, 1.63)
Cardiovascular mortality 6697 E —— 1.63(1.47,1.81)
Non-cardiovascular mortality 8632 -:—-— 1.39 (1.26, 1.54)

All composite events 28 841 ‘ 1.29 (1.22, 1.36)

TC to HDL-C ratio variability

CVD 19913 —, 1.22(1.14,1.29)
Coronary heart disease 9691 —a— : 1.10 (1.01, 1.20)
Stroke 9209 —_— 1.22 (1.1, 1.34)

1
Heart failure 5375 —t—-— 1.39 (1.25, 1.56)
1

All-cause mortality 15 329 i —=— 1.61(151,1.73)
Cardiovascular mortality 6697 i —— 1.59 (1.44, 1.75)
Non-cardiovascular mortality 8632 : —=— 1.59 (1.45, 1.75)

All composite event 28 841 ‘ 1.33 (1.26, 1.40)

Triglycerides variability (mmol/L)

CVvD 19913 —— 1.07 (1.02, 1.14)
Coronary heart disease 9691 —-—{ 1.01 (0.93, 1.09)
Stroke 9209 - 1.08 (0.99, 1.18)

1
Heart failure 5375 —IP— 1.11(1.00, 1.23)
1

All cause mortality 15 329 o 1.15(1.07, 1.22)
Cardiovascular mortality 6697 —i—-— 1.15 (1.05, 1.26)
Non-cardiovascular mortality 8632 —— 1.12(1.01, 1.23)

All composite events 28 841 ‘ 1.10 (1.04, 1.15)

0.8 1 1.2 14 16 18 0.8
HR (95% CI) for
1 unit higher
variability

Three lipid traits
in the same model

FIGURE 2 Hazard ratios for
the risk of CVD, coronary heart
disease, stroke, heart failure, all-
cause mortality, CVD mortality,
non-CVD mortality and their
composite with each unit
increasing LDL-C, TC to HDL-C
ratio or triglycerides variability
using Cox regressions adjusted
for baseline

1.11(1.03, 1.20)
1.12 (1.01, 1.25)
1.06 (0.94, 1.19)
1.36 (1.18, 1.57)

H

1.25 (1.15, 1.36)
1.38 (1.22, 1.56)
1.14 (1.01, 1.29)

i

v

1.12 (1.0, 1.20)

_ 113 (1.05,1.21)
— 1.02 (0.92, 1.13)
—_— 1.16 (1.04, 1.30)
—-—i— 1.18 (1.03, 1.35)

1
i —_— 1.44 (1.32, 1.56)
—_— 1.34 (1.19, 1.51)

1.50 (1.34, 1.68)

‘ 1.23 (1.16, 1.31)

1.08 (1.02, 1.14)
1.07 (0.99, 1.16)
1.07 (0.98, 1.17)
1.06 (0.95, 1.18)

1.04 (0.7, 1.11)
1.10 (1.00, 1.21)
0.97 (0.87, 1.07)

T

1.0 (1.00, 1.11)

1 1.2 14 1.6 1.8
HR (95% ClI) for
1 unit higher
variability

Hazard ratio was adjusted by age, gender, duration of diabetes, smoking status, body mass index, systolic blood pressure, diastolic blood
pressure, HbA1c, estimated glomerular filtration rate, the usages of antidiabetic drugs, antihypertensive drugs, statins and fibrates,

Charlson's index and usual LDL-C, TC to HDL-C ratio or triglycerides (as appropriate). LDL-C = Low-density lipoprotein-cholesterol; TC = Total
cholesterol; HDL-C = High-density lipoprotein-cholesterol; CVD = Cardiovascular disease; HR = Hazard ratio; Cl = Confidence interval.

triglycerides variability on mortality, as shown in Figure 2. This in turn
reflected the weak correlation between LDL-C, the TC to HDL-C ratio
and triglycerides variability. Three sensitivity analyses including (1)
complete case analysis in Figure S5A, (2) exclusion of patients with
less than 1-year follow-up in Figure S5B, and (3) extension of the
patient inclusion period from 24 to 36 months in Figure S5C, revealed
nearly identical results.

The results of the subgroup analyses are shown in the forest plots
in Figure 3 and Figure S6A,B. In general, the hazard ratios (HRs) for all
the outcomes suggest that age is inversely related to the cholesterol
variability HR. In particular, the risk of composite CVD and mortality
in the group aged 45-54 years was ~ 53% larger than the group aged
75-84 years, for both LDL-C and the TC to HDL-C ratio variabilities.
Males had a higher LDL-C variability HR then females for the compos-
ite event, with 39% higher CVD risk (HR: 1.37 [95% Cl 1.26-1.50]) per
1 mmol/L compared with an 18% increase in CVD risk for females
(HR: 1.13 [95% Cl 1.05-1.23]) per 1 mmol/L. Other characteristics
including usual cholesterol levels did not appear to affect the choles-

terol variability associations.

4 | DISCUSSION
This large-scale cohort study suggested a positive linear association
between the risk of CVD and mortality and variability in lipids that
addresses LDL-C and triglycerides as well as the TC to HDL-C ratio in
Chinese patients with type 2 diabetes. After adjusting for patient
characteristics and absolute lipid levels, the effect of variability in
lipids on all time-to-event outcomes remained significant. The effect
of variability in lipids on adverse outcomes was greater in patients of
a younger age, and was similar to other characteristics including abso-
lute lipid level. These findings suggest that the lower the variability in
lipids, the better the outcome, regardless of patient characteristics.
Variability in lipids may potentially be useful for predicting the inci-
dence of CVD events and mortality in patients with type 2 diabetes.
Apart from optimizing lipids control, this study further shows the
importance of lipids variability in younger age groups, suggesting this
should be routinely monitored and evaluated in practice.

Although extant research on age-specific differences and their
associations with LDL-C, the TC to HDL-C ratio and triglycerides
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FIGURE 3 Hazard ratios for the association of a unit increase in LDL-C, TC to HDL-C ratio and triglyceridse variability with the composite
outcome (CVD and mortality) from Cox regression models adjusted for baseline covariates. A separate model is fitted for each specified subgroup

variability, as well as the risk of CVD and mortality, especially in a spe- Consequently, females may be more adaptable to cholesterol variability,
cific diabetes population, remain insufficiently explored, this study hence exhibiting a smaller effect in CVD risk regardless of the greater
suggested that younger patients were more susceptible to adverse out- LDL-C variability.

comes of cholesterol variability. Such differences could be explained by The variability of the three respective lipid traits, LDL-C, the TC
younger patients having a lower cardiovascular risk, thus exhibiting a to HDL-C ratio and triglycerides, were all found to be linearly associ-
heightened sensitivity to cholesterol variability. Furthermore, the effect ated with an increased risk of CVD in patients with type 2 diabetes.
of cholesterol variability in older patients could be masked by their co- Only one study previously evaluated the relationship between LDL-C/
morbidities and frailty and thus could potentially explain the greater triglycerides variability and CVD risk in a specific diabetes population.

effect of lipid variability in lower lipid levels in our findings. Although This Taiwanese cohort study on 5354 patients with type 2 diabetes
the highest level of LDL-C during therapy should typically be associated showed an association between CVD risk and LDL-C variability, but

with the highest possible risk of variability in follow-up, it is possible not for triglycerides variability.!* This could be explained by an ill-
that lipid variability plays a more important factor in contributing to the defined cohort, with 10% of recruited patients having a diagnostic his-
CVD risk in patients with optimal LDL-C levels. Those displaying higher tory of CVD. Furthermore, the effect of triglycerides variability could
levels of LDL-C often suffer from other co-morbidities, such that the also be overshadowed in patients with severe health conditions. In
effect, and in turn the risk of variability in these patients, could be comparison with the Taiwanese study, our investigation solely
masked, although further research is required to confirm such a hypoth- included patients without any previous history of CVD, and had a
esis. Additionally, this study also revealed a possible gender effect on much larger sample size and number of outcome events, thereby pro-
the relationship between LDL-C variability and CVD risk and mortality, viding more confidence in the observed associations between LDL-C/
with a stronger association in males than in females. Although the exact triglycerides variability and adverse outcomes. Another post hoc anal-
mechanism requires further elucidation, it has been suggested that ysis of the TNT trial in patients with coronary heart disease also

5811

LDL-C tends to be more variable in females than in males, predomi- supported the significant associations between LDL-C/triglycerides

nantly as a result of hormonal fluctuations in female menstrual cycles.?® variability and CVD risk.>® Several other studies also showed that the
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TC to HDL-C ratio was a stronger predictor of CVD risk,2’ and was
included in the risk prediction model for CVD rather than individual
TC and HDL-C.*3 However, previous studies have focused on a single
effect but not the joint effect of TC and HDL-C variability on CVD
risk*>7? and therefore our findings help to extend the current evi-
dence regarding the positive linear association between the TC to
HDL-C ratio variability and CVD risk. It should also be noted that the
results showed a decreased magnitude of effect of LDL-C variability
on CVD risk after LDL-C variability of 0.5 mmol/L (Figure S4A),
although no literature to date has explored this observation. This may
be related to resilience and adaptability to LDL-C variability after this
turning point. Moreover, patients with higher LDL-C variability often
display worse health conditions that could potentially overshadow the
effect of LDL-C variability, and further research is warranted to con-
firm such a hypothesis. In this study, the variability of LDL-C and the
TC to HDL-C ratio were also found to be significantly associated with
non-CVD mortality. Recent studies have revealed that higher lipid var-

30,31 and

iability may lead to an increased risk of renal function decline
incidence of end-stage renal disease.?? With chronic kidney disease
increasing all-cause mortality,2° this could possibly explain why lipid
variability might contribute to non-CVD mortality. Furthermore,
higher lipid variability has also been suggested to be associated with
new-onset atrial fibrillation.3334 Previous studies reported that atrial
fibrillation often co-exists with a list of conditions, including (but not
limited to) obstructive sleep apnoea and chronic obstructive pulmo-
nary disease,3” yet it is still hypothetical that the aforementioned cau-
ses led to increased non-CVD mortality in this study. Because the
mechanism of how lipid variability leads to non-CVD mortality
remains inadequately addressed, and with few studies focusing on a
specific diabetes population, further studies are warranted to validate
our findings.

Each lipid trait, LDL-C, the TC to HDL-C ratio and triglycerides
variability, was independently associated with the risk of CVD in the
multivariable model, indicating that each of these variabilities may
provide independent predictive information about the risk of CVD.
This implies that different pathophysiological mechanisms could be
involved in the link between the different cholesterol variabilities and
CVD risk. However, the mechanisms of these associations are com-
plex and remain unclear. It has been widely postulated that LDL-C
variability is associated with plaque instability, often caused by
enhanced recruitment of activated macrophages and impaired lipid
efflux mechanism.®3¢ This in turn leads to repeated cholesterol crys-
tallization and dissolution, thus resulting in plaque vulnerability and
rupture, events inherently associated with CVD.*>%” These effects
could be further aggravated by endothelial dysfunction and inflamma-
tion, following the oxidation of endothelial walls of arteries with
increased circulating LDL-C” and carotid intima-media thickness. A
recent post hoc analysis study illustrated the associations between
LDL-C/TC to HDL-C ratio variability and percentage of atheroma vol-
ume progression,®® thereby reaffirming the pro-atherosclerotic physi-
ology observed in high lipoprotein variability and providing plausible
explanations for a heightened susceptibility to CVD. In terms of tri-

glycerides variability, the pathophysiological pathway to CVD is

unknown. Potential mechanisms between hypertriglyceridaemia and
atherosclerosis could also be associated with the accelerated forma-
tion of foam cells, lipid exchange, vascular endothelial dysfunction,
inflammatory response, coagulation and inhibition of fibrinolysis.>®
Additional investigations should be considered to verify such mecha-
nisms between triglycerides variability and CVD risk.

With the increasing popularity of injectable lipid-lowering drugs,
such as proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibi-
tors, the effect of LDL-C variability may be of greater interest as there
might be a difference between weekly, bi-weekly and monthly regi-
mens. Lipid variability may also be useful in future clinical practice in
predicting CV risk. The ultimate goal is to enable an earlier identifica-
tion of those at higher risk so they can be directed to appropriate pri-
mary preventive measures. It has been proposed that medication
adherence and statin intolerance might be associated with not only
CVD but also cholesterol variability.*>*! In the current study, there
was a higher rate of statin use among the high variability group, but
our subgroup analysis found no difference in the effect of cholesterol
variability on CVD risk between patients with or without lipid-lower-
ing drugs. Although there were no data available on drug compliance,
previous studies have reported that the effect of LDL variability on
CVD risk remained unchanged after adjusting for statin non-
adherence.®’”

Factors leading to higher LDL-C variability have not been well
studied, although previous studies reported that a younger age,
female gender, smoking and a higher BMI were associated with larger
LDL-C variability.>®! Further studies should be conducted to look
for other modifiable risk factors associated with lipid variability so as

to identify those who are at higher risk in clinical practice.

4.1 | Strengths and limitations
The major strengths of this cohort study were the large sample size
and the use of an appropriate study design and advanced statistical
methods. This effectively avoids bias because of informative observa-
tion of lipid measurements, immortal time bias and regression dilution
bias, in turn ensuring confidence in the reliability of our results.
However, various limitations should be taken into consideration.
First, the conclusion drawn is limited by the nature of this retrospec-
tive cohort study, only showing an associative but not a causative
relationship between cholesterol variability and CVD risk. Multiple
confounders were adjusted for in our analyses, and thus there remains
a possibility of residual confounding, although the likelihood of
reverse causation is minimal because patients with baseline CVD were
excluded. This is further confirmed by the similar results generated
from the sensitivity analysis that only included patients with a follow-
up period of more than 1 year. Second, lifestyle-related factors, such
as physical activity level, dietary intake and medication adherence,
were not accounted for in this study. However, anthropometric and
clinical variables, including BMI, HbAlc and blood pressure, were
included to account for patients' disease severity and lifestyle habits.

Additionally, HDL and non-HDL variabilities were not addressed in
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this study. Future iterations of the study with HDL and non-HDL vari-
abilities should be conducted to examine the effect of variability of
the entire lipid profile. Furthermore, the outcome events were evalu-
ated based on diagnosis coding, hence underdiagnosis could be possi-
ble, revealing potential bias in the findings. Finally, the associations
between cholesterol variability and elevated CVD risk shown in this
study could be attributed to individual differences in our patients with
type 2 diabetes, and thus the results may not extend to the population
without diabetes.

In conclusion, this population-based cohort study revealed a posi-
tive linear association between variability in lipids and CVD and mor-
tality risks in Chinese patients with type 2 diabetes, shedding new
light not only on LDL-C and triglycerides lipid traits, but also on the
variability in the TC to HDL-C ratio, possibly a promising clinical indi-
cator of CVD. These results support the hypothesis that increased
lipids variability results in worse outcomes, although a greater impact
was observed in younger age groups. Further studies are warranted to
confirm our findings.
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