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Abstract

Aims—This study examined whether the association between hemoglobin Alc (HbAlc) and
short-term clinical outcomes is moderated by CAD severity.

Methods—We studied 17,394 US Veterans with type 2 diabetes who underwent elective cardiac
catheterization between 2005 and 2013. CAD severity was categorized as obstructive, non-
obstructive, or no CAD. Using multivariable Cox proportional hazards regression, we assessed
associations between time-varying HbAlc and two-year all-cause mortality and non-fatal M, with
an interaction term between HbAlc and CAD severity.

Results—61%, 22%, and 17% of participants had obstructive, non-obstructive, and no CAD,
respectively. CAD severity modified the relationship between HbAlc and each outcome
(interaction p-value 0.0005 for mortality and <0.0001 for MI). Low HbA1c (<42 mmol/mol) was
associated with increased mortality, relative to HbAlc of 48-52 mmol/mol, in individuals with
obstructive CAD (HR 1.52 [1.17, 1.97]) and non-obstructive CAD (HR 2.61 [1.61, 4.23]), but not
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in those with no CAD (HR 0.91 [0.46, 1.79]). In contrast, higher HbA1c levels (=53 mmol/mol)
were associated with increased MI risk only in individuals with obstructive CAD.

Conclusions—The associations between HbAlc and mortality and M1 were moderated by CAD
severity. Measures of cardiovascular disease severity may inform optimal individualized diabetes
management.
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Coronary artery disease; glycemic control; interaction

1. Introduction

The global burden of type 2 diabetes mellitus is increasing rapidly and now affects nearly
10% of adults in the United States.l: 2 Although diabetes is recognized as a significant risk
factor for cardiovascular disease,3 4 optimal glycemic control strategies that minimize
diabetes complications without excessive risk of treatment-related harm remain uncertain.
The major diabetes and cardiovascular disease professional society guidelines recommend a
personalized approach to glycemic control that takes into account an individual’s
comorbidities, diabetes complications, and life expectancy.>~’ However, few studies offer
direct evidence to support strategies to rationally individualize diabetes management.

Coronary artery disease (CAD) is a common comorbidity among patients with diabetes with
a prevalence of approximately 65%,8 and may significantly impact safe and effective
glycemic control. Indeed, randomized trials have shown that tight glycemic control in
patients with diabetes can provide modest long-term cardiovascular benefits, but at the cost
of a higher risk of short-term mortality and severe hypoglycemia.®-17 However, these trials
have typically pooled together those with and without CAD, making it difficult to
understand how CAD impacts optimal HbAlc goals.?-14 16 Recent work using data from
the Veterans Affairs (VA) Cardiac Catheterization Lab Clinical Assessment, Reporting, and
Tracking Program (CART) has demonstrated a gradient of short-term risk of mortality and
myocardial infarction (MI) across levels of CAD severity such that risks of both one-year Ml
and one-year mortality increase progressively from no CAD to non-obstructive CAD to
obstructive CAD.18 Given the strong association between glycemic control and risk of
incident cardiovascular disease,® 4 evidence that specifically integrates cardiovascular
disease risk into glycemic control strategies is needed.

Whether the association between HbAlc and clinical outcomes is uniform across individuals
with varying cardiovascular risk is unknown. Accordingly, the aim of this study was to
investigate whether the presence and severity of CAD modifies the association between
HbALc and short-term mortality or Ml in a cohort of Veterans with diabetes undergoing
coronary angiography. Given the frequency with which diabetes and CAD co-occur,
determining if CAD severity can inform specific, individualized glycemic control goals
could meaningfully inform future clinical trials and optimal clinical care, and evidence
indicating short-term benefits or harms could motivate timely changes to diabetes
management approaches.
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2. Subjects, Materials, and Methods

2.1 Study cohort

Data for this study were derived from the VA CART Program, which is a national program
used at all VA cardiac catheterization laboratories to track clinical quality.18-20 CART
patient and procedural data can be merged with longitudinal patient data from the VA
electronic health record (EHR), including hospitalizations, clinic visits, pharmacy data,
laboratory testing, procedure codes, diagnosis codes, and vital status, as well as with VA
claims data for hospitalizations at non-VA facilities paid for by the VA to capture care
provided to veterans outside the VA.

We included all Veterans with type 2 diabetes who underwent elective coronary angiography
in the VA between October 2005 and September 2013. We identified diabetes patients as
those with at least one ICD-9-CM type 2 diabetes code for inpatient hospitalization or at
least two ICD-9-CM type 2 diabetes codes for two separate outpatient visits occurring
within 24 months prior to their index cardiac catheterization.2! We then included Veterans
whose indication for elective cardiac catheterization was chest pain, stable angina, a positive
functional study, or ischemic heart disease.

We excluded patients with secondary causes of diabetes, which have unique ICD9-CM
diagnosis codes, and those who were newly diagnosed with diabetes within one day of index
catheterization as we were interested in glycemic control in individuals with pre-existing
diabetes. We also excluded individuals receiving angiography for acute coronary syndrome
(ACS) and patients with a prior MI or coronary revascularization. We were primarily
interested in how CAD severity, as opposed to prior MI or other major cardiovascular
conditions, moderated the association of HbAlc and mortality and MI; each of these
conditions are independently associated with mortality or with MI and including patients
with any of these conditions could confound analyses of the association between HbA1c and
outcomes. Patients with fewer than 6 months of health records in the VA system prior to the
index catheterization were also excluded. Finally, we excluded patients without a baseline
HbA1c measurement, defined as an HbAlc measured within 6 months before or 24 hours
after the index catheterization, whichever was closest to the catheterization date if there were
multiple measurements. For patients with multiple angiographies within the VA, we defined
the first catheterization recorded during the study period as the index catheterization. The
local VA Research and Development Committee and the Colorado Multiple Institutional
Review Board provided approval for this study.

2.2 CAD categories

CAD severity was defined based on standard definitions of flow-limiting stenosis in prior
studies.18 Obstructive CAD was defined as any stenosis = 50% in the left main coronary
artery and/or = 70% in any other coronary artery. Non-obstructive CAD was defined as a
stenosis = 20% but < 50% in the left main coronary artery and/or = 20% but < 70% in any
other coronary artery. No CAD was defined as the absence of stenosis exceeding 20% in any
coronary artery.
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2.3 Exposures

The primary exposure in this study was time-varying HbAlc over two years after index
catheterization or until censoring. On average, participants had five HbAlc measurements
over the follow-up period, with a median of 84 days between measurements (IQR 39 to 155
days). We specified models using both continuous HbAlc and HbAlc categories.
Participants’ exposure category varied with time and was updated each time a participant
had HbA1c measured during the post-catheterization follow-up period. That is, a
participant’s HbAlc exposure level was based on the most recent HbAlc measurement and
could change each time an HbAlc measurement was taken.

2.4 Outcomes

There were two primary outcomes: two-year all-cause mortality and two-year hospitalization
for non-fatal MI. We focused on short-term outcomes for several reasons. First, we were
interested in whether data regarding CAD severity acquired from coronary angiography
could inform diabetes treatment targets, and more specifically motivate diabetes treatment
modification during the clinical encounter at the time of angiography. Second, while the
effects of uncontrolled glucose levels are believed to occur over a period of years, we were
interested in exploring whether the associations between glycemia and outcomes are
accelerated across levels of CAD severity. Third, the two-year follow-up period allowed for
multiple HbAlc measurements for most patients, making the evaluation of time-varying
HbA1c as the primary exposure feasible. Mortality was measured using VA vital status data,
which comes from multiple VA and non-VA data sources including the VA Beneficiary
Identification Records Locator Subsystem (BIRLS) Death File, VA Medicare Vital Status
File, and the Social Security Administration Death Master File. MI was defined by a primary
diagnosis ICD-9-CM code of 410.xx in VA inpatient and claims data for hospitalizations at
non-VA facilities paid for by the VA.

We also performed secondary analyses examining cause of death using CART data linked
with the National Death Index2? to determine whether the HbA1c categories were associated
with either cardiovascular or non-cardiovascular causes of death. For these analyses, our
cohort was limited to individuals who underwent catheterization prior to 12/31/2011, as this
was the last date for which cause of death was available in our linked data. Cardiovascular
mortality was defined as ICD-10 diagnostic codes listed as cause of death in National Death
Index data beginning with “I”, excluding 100.xx through 109.xx (rheumatic heart diseases),
133.xx (infective endocarditis), 178.xx (disease of capillaries), 180.xx through 189.xx
(diseases of the veins, lymphatic vessels, and lymph nodes). Non-cardiovascular mortality
was defined as all other ICD-10 codes listed as cause of death in National Death Index data.

2.5 Statistical Analyses

Patient level demographics, cardiovascular risk factors, co-morbidities, angiography-related
factors, CAD-related medications, baseline diabetes medications, diabetes duration, and
creatinine clearance based on the Modification of Diet in Renal Disease (MDRD) equation
were collected and compared across baseline HbAlc categories. We used chi-square tests to
compare categorical data and Mann-Whitney Wilcoxon nonparametric tests for continuous
or ordinal data.

J Diabetes Complications. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raghavan et al.

Page 5

We calculated and compared associations between HbA1c and two-year outcomes within
each category of CAD severity using time-varying HbAlc over the follow-up period. In
order to identify reasonable HbA1c cut points and allow for the non-linearity of the
relationships, we first examined continuous HbA1c fit with a restricted cubic spline
function. The knots used in the spline function were placed at HbAlc values of 15 mmol/
mol, 42 mmol/mol, 58 mmol/mol, 75 mmol/mol, and 102 mmol/mol. This preliminary
analysis yielded the following HbA1c categories for the remainder of our analyses: <42
mmol/mol, =42 to <48 mmol/mol, =48 to <53 mmol/mol, =53 to <64 mmol/mol, =64 to <75
mmol/mol, and =75 mmol/mol. For all analyses, we designated HbAlc >48 to <53
mmol/mol as the reference category as it represents the lowest range of values above the
diagnostic threshold for diabetes. In addition, while <42 mmol/mol may reflect
normoglycemia, this level of glycemic control is not typically recommended by the
American Diabetes Association or the European Association for the Study of Diabetes. We
fit 6-level categorical HbAlc models using multivariable Cox proportional hazards
regression adjusted for covariates selected from prior studies,8 including demographics
(age, sex, race), cardiovascular risk factors (hypertension, hyperlipidemia, Framingham risk
score, smoking status, body mass index), CAD severity, comorbidities (congestive heart
failure [CHF], chronic obstructive pulmonary disease [COPD], post-traumatic stress disorder
[PTSD], peripheral artery disease, dialysis, depression), angiography indication (chest pain,
stable angina, ischemic heart disease, positive functional study), post-angiography
revascularization (none, percutaneous coronary intervention, coronary artery bypass graft),
repeat catheterization during follow-up, diabetes duration, diabetes medications at baseline
(no medications, non-insulin medications only, insulin), creatinine clearance, and
cardioprotective medication adherence (statin, beta-blocker, and angiotensin converting
enzyme inhibitor). Cardioprotective medication adherence was measured as proportion of
days covered (PDC), dichotomized at a threshold of PDC = 0.8 for each of the three
medication classes as described previously.23 Creatinine clearance and medication adherence
were modeled as time-varying covariates.

To assess differential associations between HbAlc and outcomes for patients in different
CAD categories, we included an interaction term between HbA1c and CAD severity. To
account for clustering by site, we used the robust estimator of the covariance matrix in Cox
models.24

2.6 Sensitivity Analyses

We conducted three sensitivity analyses to address potential sources of bias. First, glycemic
control of individuals with diabetes could vary greatly at the end-of-life, either due to
simplification of treatment and permissiveness towards an increasing HbAlc, or due to
declining HbAlc from worsening nutrition status or progression of a terminal illness. Thus,
in the analysis of time-varying HbAlc, we excluded HbAlc measurements within 30 days of
the date of death for patients who died during the follow-up period. Second, to account for
all-cause mortality as a competing risk in the analysis of MI outcomes, we conducted
competing risk analyses for MI using cumulative incidence function (CIF) methods.2>: 26
Finally, we repeated the primary analyses using a reference HbAlc category that was
reflective of typical clinical practice in the United States, =242 mmol/mol to <53 mmol/mol.

J Diabetes Complications. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raghavan et al.

3. Results

Page 6

As the primary question of interest in this study was the interaction between HbA1c
category and severity of CAD on our two co-primary outcomes, we adjusted for multiple
comparisons by applying a significance threshold of p<0.025 (0.05/2) for the interaction
terms using the Wald chi-square test. All analyses were conducted in SAS 9.4 (SAS Inc.,
Cary, NC) and R (version 3.1, R Foundation for Statistical Computing, Vienna, Austria). All
statistical code is available upon request.

3.1 Study participant characteristics

There were 17,394 individuals included in our sample. Study participants had a mean age of
63.7 years, and were predominantly male and white (Table 1). Mean HbAlc at baseline was
58 mmol/mol, but individual values demonstrated significant dispersion: 13% of individuals
had a baseline HbA1c less than 42 mmol/mol, and 13% had a baseline HbAlc of 75
mmol/mol or higher. Higher HbAlc at baseline was associated with younger age, longer
diabetes duration, more HbAlc measurements during follow-up, and higher likelihood of
being on at least one diabetes medication or on insulin. Several comorbidities, including
CHF, COPD, CKD, dialysis use, depression, and PTSD, were more prevalent in individuals
with baseline HbAlc <42 mmol/mol, compared to individuals with baseline HbAlc near the
mean (=48 to <53 and =53 to <64 mmol/mol; Supplemental Table 1). Since time-varying
HbA1c was the primary exposure in this study, we examined HbA1c values over the course
of follow-up for individuals in each baseline HbAlc category. The mean HbAlc during
follow-up for the entire study cohort was unchanged from baseline (58 mmol/mol + 13), and
only the individuals in the highest HbAlc category at baseline (HbAlc = 75 mmol/mol)
exhibited a substantial change in mean glycemic control during the follow-up period, from
90 mmol/mol £ 12 to 77 mmol/mol + 13 (Table 1). 61% of participants had obstructive CAD
on index catheterization; 22% had non-obstructive CAD, and 17% had no CAD (Table 1).
Supplemental Table S1 shows the distribution of all study covariates across the baseline
HbA1c categories.

3.2 Associations between HbAlc and mortality

The crude mortality rates varied across baseline HbAlc categories from 1.77% to 3.66% in
individuals with no CAD, from 3.4% to 7.6% in those with non-obstructive CAD, and from
6.22% to 9.73% in those with obstructive CAD (Supplemental Table S2). Individuals with
an HbA1c <42 mmol/mol had a significantly higher risk of mortality in both unadjusted and
adjusted models compared to individuals with an HbAlc =48 to <53 mmol/mol, whereas
other HbAlc categories were not significantly associated with mortality (Figure 1a,
Supplemental Table S3). However, the association between HbAlc and mortality varied
according to CAD severity (interaction p-value=0.0005). Compared to an HbAlc >48 to <53
mmol/mol, HbA1c below 42 mmol/mol was associated with higher risk of mortality in
individuals who had obstructive CAD (HR 1.52 [1.17, 1.97]) and non-obstructive CAD (HR
2.61[1.61, 4.23]) but not in those with no CAD (HR 0.91 [0.46, 1.79]; Figure 1b,
Supplemental Table S3).
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Next, we examined cause-specific mortality in a subset of our study cohort who had cause-
of-death available through the National Death Index. The crude event rates of non-
cardiovascular mortality exceeded those for cardiovascular mortality in nearly all
combinations of CAD severity and baseline HbAlc category (Supplemental Table S4).
Among non-cardiovascular mortality, diabetes and cancer were the most frequently
occurring primary causes of death for the study participants (Supplemental Table S5). As in
the full study population, compared to an HbAlc of 248 to <53 mmol/mol, HbAlc <42
mmol/mol was associated with a higher risk of mortality in individuals with obstructive
CAD and non-obstructive CAD but not in those with no CAD in this subgroup (Figure 2a).
However, the relationship appeared to be driven primarily by a higher risk of non-
cardiovascular mortality among obstructive CAD patients with low HbA1c only (Figures 2b,

c).

3.3 Associations between HbAlc and Ml

In contrast to mortality, increasing HbAlc categories were associated with higher Ml risk in
the overall population. The crude rates of Ml varied across baseline HbAlc categories from
0% to 0.38% in individuals with no CAD, from 0.59% to 1.53% in those with non-
obstructive CAD, and from 2.28% to 3.99% in those with obstructive CAD (Supplemental
Table S2). Compared to a reference HbAlc of 248 to <53 mmaol/mol, HbAlc =53 to <64
mmol/mol and HbA1c =75 mmol/mol were associated with a significantly higher risk of Ml
(Figure 3a, Supplemental Table S6). Here again, the association between HbAlc and Ml
varied according to CAD severity (interaction p-value<0.0001). Increasing HbAlc levels
were associated with higher risk of two-year M1 among individuals with obstructive CAD
(HR 1.51 [1.01, 2.26] for HbAlc =53 to <64 mmol/mol, HR 1.55 [1.05, 2.29] for HbAlc
>64 to <75 mmol/mol, and HR 1.77 [1.11, 2.81] for HbAlc =75 mmol/mol, all relative to
HbA1c 248 to <53 mmol/mol; Figure 3b, Supplemental Table S6). Among individuals with
non-obstructive or no CAD, however, HbAlc levels were not consistently associated with
risk of MI.

3.4 Sensitivity analyses

We examined whether declining HbAlc in terminally ill individuals contributed a possible
“end of life” bias that affected our primary results. After excluding HbA1c values within 30
days of death, HbAlc <42 mmol/mol remained associated with a higher risk of mortality in
individuals with obstructive and non-obstructive CAD but not in those without CAD
(Supplemental Figure S1). Similarly, the examination of non-fatal Ml could be biased by
competing risk due to mortality. However, our competing risks analysis also did not alter our
primary findings of the associations between HbAlc and MI (Supplemental Figure S2).

Finally, we repeated the primary analyses after combining the HbAlc =42 to <47 mmol/mol
and =48 to <53 mmol/mol categories into a single category of =42 to <53 mmol/mol that is
more typical of clinical care in the United States. The pattern of association between HbAlc
category and mortality were unchanged; HbA1lc <42 mmol/mol was associated with
increased risk of two-year all-cause mortality relative to HbAlc =42 and <53 mmol/mol in
individuals with non-obstructive CAD (HR 2.03 [1.41, 2.93]) and obstructive CAD (HR 1.48
[1.19, 1.84]), but not in those with no CAD (HR 0.98 [0.49, 1.98]; Supplemental Table S7).
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When the HbALc reference category was expanded to include =42 to <53 mmol/mol, the
pattern of association between HbAlc and MI changed in that HbAlc <42 mmol/mol was
associated with increased Ml risk in individuals with obstructive CAD (HR 1.56 [1.03,
2.37]; Supplemental Table S8). Otherwise, the pattern of association between HbAlc
category and MI was unchanged; HbA1c categories =53 mmol/mol were associated with
increased two-year Ml risk relative to HbAlc =42 and <53 mmol/mol only in individuals
with obstructive CAD (Supplemental Table S8).

4. Discussion

In this study, we aimed to determine if the presence and severity of CAD moderated the
association between HbAlc and short-term clinical outcomes in a cohort of Veterans. We
found that HbAlc was associated with both two-year mortality and non-fatal Ml, and that
the relationships between HbA1c and mortality and M1 differed based on CAD severity.
Low HbAlc (below 42 mmol/mol) was associated with short-term mortality in those with
obstructive and non-obstructive CAD but not in those without CAD, a finding that was
driven by non-cardiovascular mortality. High HbAlc (above 53 mmol/mol) was associated
with short-term nonfatal MI only in individuals with obstructive CAD, highlighting the
relatively narrow therapeutic window of HbAlc within which short-term clinical outcomes
were optimized for individuals with obstructive CAD in our study population. Furthermore,
by examining outcomes over a shorter follow-up period than in prior studies, our results
suggest that active, individualized diabetes management incorporating CAD severity might
have meaningful short-term clinical impacts in the significant subgroup of diabetic patients
who have CAD.8

Our findings support the emerging body of literature suggesting that HbAlc below 42
mmol/mol is associated with adverse clinical outcomes, specifically mortality, and extends
this work by determining that this relationship is particularly powerful in individuals with
CAD. The professional societies governing diabetes care in the United States and Europe
have advocated for individualization of diabetes treatment.>~7 Indeed, treatment guidelines
suggest that the presence of vascular complications of diabetes, including CAD, should
motivate less stringent glycemic control.” However, randomized trials, on which these
recommendations are based, and prior observational studies evaluating HbA1c targets and
potential diabetes overtreatment did not differentiate between individuals with varying CAD
severity.9-11. 13,14, 16, 27, 28 gimjlarly, studies that have demonstrated the risks associated
with overtreatment and hypoglycemia, including increasing cardiovascular events and
mortality, did not discriminate individuals based on CAD severity.15-17.29-37 There are
several possible explanations for the finding that the association between low HbAlc and
mortality was driven by non-cardiovascular mortality. First, while cardiovascular diseases
were the most common causes of death, they accounted for a minority of all causes of
mortality. Thus, we had greater power to detect an association of HbAlc with non-
cardiovascular mortality than with cardiovascular mortality. Second, prior studies have
suggested hypoglycemia and diabetes overtreatment are associated with increased risk of
cancer mortality,38 39 and cancer was the most common non-cardiovascular cause of death
in our study. Third, diabetes itself was commonly documented as a primary cause of non-
cardiovascular mortality. While the ability to examine hypoglycemia was limited in our data,
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increased mortality in individuals with low HbA1c could be at least partially explained by
hypoglycemia. Furthermore, prior work suggests that individuals with pre-existing
cardiovascular disease are more sensitive to hypoglycemia,3%: 40 which would be consistent
with our finding that low HbA1c was associated with increased mortality only in individuals
with obstructive or non-obstructive CAD.

Despite recommendations to the contrary, a recent analysis of data from the National Health
and Nutrition Examination Survey (NHANES) found that age, sex, comorbidities, diabetes
duration, and self-reported measures of physical and mental health did not impact an
individual’s target HbA1c as set by their treating clinician,*! highlighting current limitations
in the implementation of individualized diabetes management. Similarly, we observed wide
dispersion in HbALc in our study, underscoring the heterogeneity of the diabetes patient
population and the wide variation in diabetes management in real-world practice even
among patients from an integrated national healthcare system with uniform practice
guidelines and quality measures. Indeed, a majority of patients with obstructive CAD and an
HbA1c below 42 mmol/mol remain on diabetes medications in our study, corroborating the
findings of other studies of potential overtreatment of diabetes in individuals with
indications for less intensive glycemic control.31 32, 34-36

Specific evidence is needed to guide rational diabetes management based on measurable risk
factors or comorbidities. In the absence of a clinical trial of glycemic control strategies
stratified by CAD severity or other relevant clinical factors, observational comparative
effectiveness studies may offer the best insight into approaches for individualization of
diabetes treatment. Our study begins to create such an evidence base by demonstrating how
personalized treatment goals might in part be informed by the presence or absence, and
severity of CAD. Furthermore, the precarious balance between cardioprotective benefit and
risk of harm across adjacent HbAlc categories highlights the limitations of targeting HbAlc
as the primary goal of treatment. Rather, treating with specific classes of diabetes
medications that confer cardiovascular benefits, while avoiding hazardously low HbA1c
values may prove to be a safer alternative.*2: 43 Future studies are needed to examine
whether diabetes medication changes can impact mortality in individuals with low HbAlc
and CAD, whether specific treatment regimens or trajectories of HbAlc lowering are
associated with lower risk of short-term M1 in individuals with high HbAlc and obstructive
CAD, and whether noninvasive studies such as cardiac CT are as informative as angiography
for providing CAD severity estimates that can inform diabetes treatment goals. In addition,
only 54% of participants with obstructive CAD in our study underwent revascularization.
While prior work has explored revascularization for stable CAD in patients with diabetes,*4
future research examining revascularization strategies across HbAlc strata could inform
individualization of CAD management in patients with diabetes. Finally, a clinical trial of
glycemic control targets and diabetes medication choice that specifically addresses
comorbidities and patient characteristics, including CAD severity, would be valuable for
guiding personalized diabetes management.

Our study has several limitations. First, as with all observational studies, our results are
subject to bias from unmeasured confounding, and thus we cannot draw causal inferences.
However, we were able to adjust for a significant number of potential demographic, patient,
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and treatment confounders that are associated with both glycemic control and outcomes.
Second, we cannot exclude reverse causality as an explanation for the association between
HbA1c below 42 mmol/mol and mortality, in spite of the sensitivity analysis in which we
excluded HbA1c values within 30 days of death. We cannot infer causality due to the
correlational nature of the data. That said, if low HbAlc were merely a marker of
unmeasured advanced illness contributing to excess mortality in those individuals, we would
not expect to detect the interaction with CAD severity that we observed. Furthermore, our
study population (elective cardiac catheterization without known history of ischemic heart
disease) was unlikely to include a significant number of individuals with advanced ischemic
heart disease or congestive heart failure — individuals at risk for cardiac cachexia who might
have both low HbA1c and differential risk of mortality related to CAD severity. Third, our
cohort was based on individuals who underwent elective cardiac catheterization, which
could represent a source of selection bias. However, the distribution of no, non-obstructive,
and obstructive CAD in our cohort was similar to that observed for patients with diabetes in
an independent national sample.*® In addition, we observed event rates of M1 and mortality
that are consistent with the general population of US patients with diabetes,*6-48 as well as
overall patterns of association between HbAlc and/or CAD with mortality that have been
described in other population cohorts.18: 27: 28 Fourth, our study is predominantly male and
mostly white race. While other studies of glycemic control have not observed substantial
race or gender effects, our findings warrant replication in a more diverse cohort. Fifth, the
cause-specific mortality analysis was limited by sample size, and analyses of MI were
limited by infrequent outcome events, which may have limited our ability to detect clinically
meaningful events. Finally, CAD severity categories were determined by the treating
provider, rather than by a core lab, which could have introduced misclassification. That said,
we have no & priori reason to believe that this impacted our results, and the data used in this
study were well-suited to our goal of studying how clinical data in health records can
contribute to diabetes control strategies.

In spite of these limitations, we found that the relationship between HbA1c and clinical
outcomes was modified by CAD severity, with individuals with obstructive CAD seemingly
most sensitive to the adverse effects of both low and high HbA1lc over time. We conclude
that CAD severity, when available, may help differentiate diabetes management strategies
that minimize mortality and Ml risks. Furthermore, our findings suggest that CAD severity
may be an important variable to consider in the design of randomized trials focused on
informing the individualization of HbAl1c goals for patients with diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relationship between HbA1c level and mortality, overall and stratified by CAD
HbA1c below 42 mmol/mol is associated with increased risk of short-term mortality,

specifically among individuals with obstructive and non-obstructive CAD. (A) Unadjusted
and adjusted associations between HbALc categories and mortality in the entire study
population. (B) Adjusted associations between HbA1c categories and mortality in
participants with no CAD, non-obstructive CAD, and obstructive CAD. The pattern of
association between HbAlc and mortality varied across categories of CAD severity (p-value
for interaction = 0.0005).
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Figure 2. Relationship between HbA1c level and all-cause, cardiovascular, or non-cardiovascular
mortality, stratified by CAD

HbA1c below 42 mmol/mol is associated with increased risk of non-cardiovascular but not
cardiovascular mortality, specifically among individuals with obstructive CAD. Adjusted
associations between HbAlc categories and all-cause mortality (A), cardiovascular mortality
(B), and non-cardiovascular mortality (C) in participants with obstructive CAD, non-
obstructive CAD, and no CAD. Data limited to those participants who underwent cardiac
catheterization prior to 12/31/2011, through which data linked to National Death Index were
available. There were too few cardiovascular mortality events to accurately model the
association in those with non-obstructive CAD and 64 < HbAlc < 75 mmol/mol.
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Figure 3. Relationship between HbAlc level and M, overall and stratified by CAD
Increasing HbA1c is associated with increased risk of short-term myocardial infarction (MI),

specifically among individuals with obstructive CAD. (A) Unadjusted and adjusted
associations between HbAlc categories and Ml in the entire study population. (B) Adjusted
associations between HbAlc categories and Ml in participants with no CAD, non-
obstructive CAD, and obstructive CAD. The pattern of association between HbAlc and Ml
varied significantly across categories of CAD severity (p-value for interaction < 0.0001).
There were too few MI events to accurately model the association in several HbAlc
categories among those with non-obstructive (64 < HbAlc < 75 mmol/mol) and no CAD
(HbAlc < 42 mmol/mol, 64 < HbAlc < 75 mmol/mol, and HbAlc = 75 mmol/mol).
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