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O

Long-term Glycemic Control and
Dementia Risk in Type 1 Diabetes

Diabetes Care 2018;41:2339-2345 | https.//doi.org/10.2337/dc18-0073

OBJECTIVE

Individuals with type 1 diabetes have experienced an increase in life expectancy,
yet it is unknown what level of glycemic control is ideal for maintaining late-life
brain health. We investigated the association of long-term glycemic control with
dementia in older individuals with type 1 diabetes.

RESEARCH DESIGN AND METHODS

We followed 3,433 members of a health care system with type 1 diabetes, aged =250
years, from 1996 to 2015. Repeated measurements of hemoglobin A,. (HbA,.),
dementia diagnoses, and comorbidities were ascertained from health records. Cox
proportional hazards models were fit to evaluate the association of time-varying
glycemic exposure with dementia, with adjustment for age, sex, race/ethnicity,
baseline health conditions, and frequency of HbA;. measurement.

RESULTS

Over a mean follow-up of 6.3 years, 155 individuals (4.5%) were diagnosed with
dementia. Patients with 250% of HbA,. measurements at 8-8.9% (64-74 mmol/
mol) and 29% (=75 mmol/mol) had 65% and 79% higher risk of dementia,
respectively, compared with those with <50% of measurements exposed (HbA,.
8-8.9% adjusted hazard ratio [aHR] 1.65 [95% Cl 1.06, 2.57] and HbA,. =9% aHR 1.79
[95% CI 1.11, 2.90]). By contrast, patients with 250% of HbA,. measurements at
6—6.9% (42-52 mmol/mol) and 7-7.9% (53—-63 mmol/mol) had a 45% lower risk
of dementia (HbA;. 6-6.9% aHR 0.55 [95% CI 0.34, 0.88] and HbA,. 7-7.9% aHR
0.55 [95% CI 0.37, 0.82]).

CONCLUSIONS

Among older patients with type 1 diabetes, those with majority exposure to HbA;
8-8.9% and 29% had increased dementia risk, while those with majority exposure
to HbA;. 6-6.9% and 7-7.9% had reduced risk. Currently recommended glycemic
targets for older patients with type 1 diabetes are consistent with healthy brain

aging.

Type 1 diabetes is associated with a number of micro- and macrovascular compli-
cations, among them retinopathy, neuropathy, nephropathy, stroke, and coronary
artery disease (1,2). The Diabetes Control and Complications Trial (DCCT), a landmark
clinical trial, demonstrated that intensive diabetes therapy, aimed at achieving
glycemic control as close to the nondiabetes range as safely possible, decreases the
risk for developing these complications (3—6). Studies have also found glycemic con-
trol to be an important predictor of cognition among people with type 1 and type 2
diabetes (7-11) and a predictor of dementia in individuals with type 2 diabetes as well
as in people without diabetes (11-13). In recent decades, survival among individuals
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with type 1 diabetes has improved sig-
nificantly (14). This increase in life ex-
pectancy is accompanied by an increased
risk of developing aging-related diseases,
such as dementia. Indeed, prior work
has established type 1 diabetes as a risk
factor for dementia (15). However, the
relationship between glycemic control
and subsequent risk of dementia in those
with type 1 diabetes remains unclear.

Hemoglobin A;. (HbA;.) is an estab-
lished measure that integrates glucose
control over the prior 2-3 months and is
widely used to guide clinical manage-
ment of type 1 diabetes (16,17). Cumu-
lative glycemic exposure, as measured by
multiple HbA;. measures over time, has
previously been used to evaluate glyce-
mic trajectories and their association
with a number of diabetes complications
(18,19). Electronic health records cap-
ture HbA;. values collected over time
allowing for a more thorough long-term
characterization of glycemic exposure
than is reflected by a single HbA;. mea-
sure. In this study, we leverage data
collected over a span of 19 years to
examine the association of cumulative
glycemic exposure, as measured by re-
peated HbA,. values, with incident de-
mentia among older adults with type 1
diabetes. We also examine the potential
for a threshold of glycemic exposure
above or below which risk of dementia
increases.

RESEARCH DESIGN AND METHODS

Study Population

Kaiser Permanente Northern California
(KPNC) is a large, integrated health care
delivery system that provides com-
prehensive medical care to >4 million
members representing ~30% of the
surrounding geographic region. KPNC
members are representative of the gen-
eral population with respect to race/
ethnicity and socioeconomic status
except at the extreme tails of income
distribution (20,21). KPNC maintains a
Diabetes Registry that identifies all
members with diabetes using a combi-
nation of pharmacy and laboratory in-
formation, hospitalization records, and
outpatient diagnoses. Within the Diabe-
tes Registry, we restricted the sample to
individuals aged 50 years or older during
the study period (1 January 1996 to
30 September 2015) and identified in-
dividuals with type 1 diabetes using the
following three criteria, all of which had

to be met: 1) at least two type 1 diabetes
ICD-9 diagnoses without a type 2 diabe-
tes code or =75% of the individual’s
diabetes-related diagnostic codes indi-
cating type 1 diabetes, 2) at least one
insulin prescription indicative of type 1
diabetes filled during the study period,
and 3) no filled prescriptions for any
hypoglycemic agents other than insulin
(22). We further excluded individuals
with prevalent dementia at baseline
(n = 42) and individuals with no HbA;.
measurements during the study period
(n = 309). Cohort entry was the first date
between 1 January 1996 and 30 Septem-
ber 2015 that the patient was =50 years
old and had type 1 diabetes based on the
criteria described above. Once a person
entered the cohort they were followed
until one of the following occurred: di-
agnosis of dementia, KPNC membership
lapse of =90 days, death, or the end of
the study (30 September 2015).

Outcome

Dementia diagnoses were identified
based on electronic medical records of
inpatient and outpatient encounters
from 1 January 1996 to 30 September
2015 based on the following 1CD-9
codes: Alzheimer disease (331.0), non-
specific dementia (290.0x, 290.1x, 290.2x,
290.3x, 294.1x, 294.2x, and 294.8), and
vascular dementia (290.4x). A similar
algorithm for the diagnosis of dementia
has been used in previous studies on this
population (23,24).

Exposure

Clinical measurements of HbA;. measure-
ments were obtained from the KPNC
laboratory database from the time of
cohort entry to the end of follow-up. For
each patient, we extracted every HbA;.
laboratory value that was measured dur-
ing the time the patient was in follow-up.
Beginning with their first available HbA;.
measure, each patient was categorized
based on the percent of their HbA;. mea-
surements that fell into the following
categories: HbA;. <6% (<42 mmol/mol),
6-6.9% (42-52 mmol/mol), 7-7.9%
(53-63 mmol/mol), 8-8.9% (64-74
mmol/mol), and =9% (=75 mmol/
mol). Each time a new value was cap-
tured, we recalculated their cumulative
glycemic exposure. We operationalized
the exposure two ways: 1) percent of
HbA;. measurements (<10% [referent
group], 10 to <25%, 25 to <75%, or =75%)
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that fell within the above-mentioned
HbA,. categories and 2) as a binary in-
dicator of whether =50% of an individ-
ual’s HbA;. measures fell within the
aforementioned HbA,. categories.

Covariates

Demographic characteristics such as age,
sex, race, and ethnicity were obtained
through KPNC membership databases
and were recorded at cohort entry.
We collected diagnoses of the following
health conditions at baseline: peripheral
artery disease, nephropathy, retinopa-
thy, neuropathy, stroke, myocardial in-
farction, and severe hypoglycemic and
hyperglycemic events resulting in emer-
gency room visit or hospitalization (ICD-9
codes used to define these covariates are
available in Supplementary Table 1). We
also calculated the frequency of HbA;,
measurement for each patient; this was
operationalized as a time-varying covar-
iate that was updated each time a new
HbA,;. measurement was captured for a
given individual to reflect the total num-
ber of HbA;. measurements collected
for that individual divided by their total
follow-up time.

Statistical Analysis

We examined the distribution of pa-
tient demographics and comorbidities at
baseline in the overall sample and by
dementia status using x> and t tests. We
specified Cox proportional hazards mod-
els to estimate the association between
categories of cumulative exposure to
HbA,. and risk of dementia. Because
dementia risk is highly correlated with
aging, age was used as the time scale (as
opposed to time in the study) beginning
with age at cohort entry up to age at
the end of follow-up.

We used a multistep approach to ex-
amine robustness of findings to model
specification. Four models were exam-
ined: 1) an unadjusted model using
dementia as the outcome, HbA;. thresh-
olds as the exposure, and age as the time
scale; 2) a model adjusted for sex and
race/ethnicity; 3) a model additionally
adjusted for baseline health conditions,
including peripheral artery disease,
nephropathy, neuropathy, retinopathy,
stroke, myocardial infarction, and prior
severe hypo- and hyperglycemic hospi-
talization events; and 4) a model addi-
tionally adjusted for frequency of HbA;
measurement. Sensitivity analyses were
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conducted among the subset of patients
who were =65 years of age at baseline.
We used SAS, version 9.3, for all analyses.

RESULTS

The final analytic cohort consisted of
3,433 individuals (mean age at cohort
entry = 56.1 years old; 47.1% female)
(Table 1). On average, individuals who
developed dementia during follow-up
were older at cohort entry (64.4 vs.
55.7 years) and were more likely to
have a history of stroke (7.7% compared
with 3.5%) at baseline. The mean follow-
up time was 6.3 years (median 4.8 years
[interquartile range (IQR) 1.7, 9.9]), and
the mean number of HbA;. measure-
ments was 13.5 (median 9.0 [IQR 3.0,
20.00]). By the end of follow-up on 30
September 2015, 155 members (4.5%)

were diagnosed with dementia, 860
(25.1%) had a lapse of at least 90 days
in membership coverage, 519 (15.1%)
died without a dementia diagnosis, and
1,899 (55.3%) were still alive without
dementia diagnosis. Among the 155
members who developed dementia over
follow-up, the mean age at dementia di-
agnosis was 64.6 years (median 63.6
years [IQR 56.1, 72.3]).

In Cox proportional hazards models,
dementia risk was higher in those with
increased exposure to HbA;. 8-8.9% (64—
74 mmol/mol) and =9% (=75 mmol/mol)
and lower in those with HbA;. 6-6.9%
(42-52 mmol/mol) and 7-7.9% (53—
63 mmol/mol). In fully adjusted models,
compared with those with minimal ex-
posure (<10% of HbA;. measurements)
to HbA;. 8-8.9% and =9%, those with
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prolonged exposure (=75% of measure-
ments) were 2.51 and 2.13 times more
likely to develop dementia, respectively
(HbA,. 8-8.9% fully adjusted hazard ratio
[aHR] 2.51 [95% CI 1.23, 5.11] and
HbAlc =9% aHR 2.13 [95% ClI 1.13,
4.01]) (Table 2). In contrast, prolonged
exposure to HbA;. 6-6.9 and 7-7.9%
was associated with a 58% lower and
61% lower risk of dementia, respectively
(HbA,. 6-6.9% aHR 0.42 [95% Cl 0.21,
0.83] and HbA,. 7-7.9% aHR 0.39 [95% CI
0.18, 0.83]).

Results were similar in Cox models ex-
amining cumulative glycemic exposure
based on whether a majority (>50%) of
an individual’s available HbA;. measure-
ments fell into the following categories
of HbA.: <6, 6-6.9, 7-7.9, 8-8.9, and =9%
(Table 3). Majority exposure to HbA.

Table 1—Sample characteristics of final analytic cohort at baseline by dementia status

No dementia Dementia Overall P
n (%) 3,278 (95.48) 155 (4.52) 3,433
Demographics
Age at entry (years)
Mean (SD) 55.7 (7.7) 64.0 (9.9) 56.1 (8.0) <0.0001
Median (IQR) 51.7 (50.3, 58.9) 63.3 (55.9, 71.8) 51.9 (50.3, 59.7)
Range (min, max) (50.0, 95.6) (50.0, 87.6) (50.0, 95.6)
Race
White 2,628 (80.2) 123 (79.4) 2,751 (80.1) 0.80
Asian 128 (3.9) 4 (2.6) 132 (3.8) 0.40
Black 149 (4.5) 8 (5.2) 157 (4.6) 0.72
Hispanic 171 (5.2) 8 (5.2) 179 (5.2) 0.98
Other 117 (3.6) 12 (7.7) 129 (3.7) 0.01
Missing 85 (2.6) 0 (0.0) 85 (2.5) 0.04
Female 1,547 (47.2) 71 (45.8) 1,618 (47.1) 0.74
Baseline health characteristics
Peripheral arterial disease 223 (6.8) 12 (7.7) 235 (6.8) 0.65
Neuropathy 469 (14.3) 19 (12.3) 488 (14.2) 0.48
Nephropathy 558 (17.0) 22 (14.2) 580 (16.9) 0.36
Severe diabetic retinopathy 1,037 (31.6) 54 (34.8) 1,091 (31.8) 0.40
Stroke 114 (3.5) 12 (7.7) 126 (3.7) 0.01
Myocardial infarction 82 (2.5) 3 (1.9) 85 (2.5) 0.66
Hyperglycemic event 285 (8.7) 9 (5.8) 294 (8.6) 0.21
Hypoglycemic event 486 (14.8) 17 (11.0) 503 (14.7) 0.18
Study characteristics
Baseline HbA;. category (%)
<6 155 (4.7) 4 (2.6) 159 (4.6) 0.21
6-6.9 635 (19.4) 30 (19.4) 665 (19.4) 0.99
7-7.9 926 (28.2) 39 (25.2) 965 (28.1) 0.40
8-8.9 654 (20.0) 42 (27.1) 696 (20.3) 0.03
=9 908 (27.7) 40 (25.8) 948 (27.6) 0.61
Years of follow-up
Mean (SD) 6.2 (5.2) 6.8 (4.9) 6.3 (5.2) 0.20
Median (IQR) 4.7 (1.7, 9.8) 5.9 (2.4, 10.6) 4.8 (1.7, 9.9)
Range (min, max) (0.0, 19.7) (0.0, 17.8) (0.0, 19.7)
Number of HbA;. measurements
Mean (SD) 13.4 (12.6) 15.4 (13.4) 13.5 (12.6) 0.05
Median (IQR) 9.0 (3.0, 20.0) 11.0 (5.0, 25.0) 9.0 (3.0, 20.0)
Range (min, max) (1.0, 105.0) (1.0, 60.0) (1.0, 105.0)

Data are presented as n (%) unless otherwise indicated. P values were calculated using the x> test or Student t test. max, maximum; min, minimum.
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Table 2—Cumulative glycemic exposure and risk of dementia among older adults with type 1 diabetes

Age-adjusted HR

HR (95% Cl) adjusted

HR (95% Cl) adjusted
for race, sex, and baseline

HR (95% Cl) adjusted for race, sex,
baseline health conditions,* and

(95% Cl) for race and sex health conditions* frequency of HbA;. measurement
% of HbA;,
measurements <6%
<10 ref ref ref ref
10 to <25 1.63 (0.88, 3.04) 1.55 (0.83, 2.89) 1.50 (0.80, 2.82) 1.51 (0.80, 2.83)
25 to <75 1.54 (0.85, 2.78) 1.46 (0.80, 2.65) 1.41 (0.77, 2.57) 1.41 (0.77, 2.57)
=75 1.64 (0.72, 3.72) 1.59 (0.70, 3.63) 1.02 (0.43, 2.42) 1.03 (0.43, 2.44)
% of HbA;. measurements
6.0-6.9%
<10 ref ref ref ref
10 to <25 0.83 (0.51, 1.34) 0.82 (0.50, 1.32) 0.85 (0.53, 1.38) 0.86 (0.53, 1.39)
25 to <75 0.66 (0.45, 0.96) 0.65 (0.44, 0.95) 0.66 (0.45, 0.98) 0.66 (0.45, 0.98)
=75 0.41 (0.21, 0.81) 0.39 (0.20, 0.79) 0.42 (0.21, 0.83) 0.42 (0.21, 0.83)
% of HbA;. measurements
7.0-7.9%
<10 ref ref ref ref
10 to <25 1.15 (0.73, 1.81) 1.15 (0.73, 1.81) 1.22 (0.77, 1.93) 1.22 (0.77, 1.94)
25 to <75 0.63 (0.44, 0.92) 0.65 (0.45, 0.95) 0.69 (0.48, 1.01) 0.69 (0.48, 1.01)
=75 0.36 (0.17, 0.77) 0.39 (0.18, 0.81) 0.39 (0.19, 0.83) 0.39 (0.18, 0.83)
% of HbA;. measurements
8.0-8.9%
<10 ref ref ref ref
10 to <25 1.67 (1.09, 2.57) 1.67 (1.09, 2.58) 1.77 (1.15, 2.73) 1.78 (1.15, 2.74)
25 to <75 1.50 (1.04, 2.18) 1.49 (1.02, 2.16) 1.54 (1.06, 2.25) 1.55 (1.06, 2.26)

=75 2.37 (1.16, 4.82)

% of HbA;.
measurements =9%

<10 ref

10 to <25 2.19 (1.40, 3.42)
25 to <75 1.78 (1.16, 2.72)
=75 2.15 (1.17, 3.98)

2.32 (1.14, 4.72)

2.48 (1.22, 5.07)

2.51 (1.23, 5.11)

ref ref
2.15 (1.37, 3.38) 2.25 (1.43, 3.54)
1.76 (1.15, 2.71) 1.83 (1.19, 2.83)
2.17 (1.17, 4.04) 2.15 (1.14, 4.04)

ref
2.26 (1.44, 3.55)
1.83 (1.19, 2.83)
2.13 (1.13, 4.01)

Estimates obtained from Cox proportional hazards models with age as time scale. ref, reference. *Each of the following baseline health conditions
was adjusted for in the model: history of stroke, myocardial infarction, nephropathy, neuropathy, severe diabetic retinopathy, peripheral arterial
disease, hyperglycemic events, and hypoglycemic events.

8-8.9 and =9% was associated with an
increased risk of dementia (HbA;. 8-
8.9% aHR 1.65 [95% Cl 1.06, 2.57] and
HbA,. =9% aHR 1.79 [95% CI 1.11, 2.90]),
while majority exposure to HbA;. 6-
6.9 and 7-7.9% was associated with a
reduced risk of dementia (HbA;. 6—
6.9% aHR 0.55 [95% CI 0.34, 0.88] and
HbA;. 7-7.9% aHR 0.55 [95% Cl 0.37,
0.82]). Majority exposure to HbA;. <6%

(<42 mmol/mol) was associated with in-
creased dementia risk in age-adjusted
models (HR 2.06 [95% CI 1.11, 3.82]),
though findings did not remain significant
in fully adjusted models (aHR 1.45 [95%
Cl 0.71, 2.92]). Findings were similar in
sensitivity analyses among the subset of
members who were =65 years of age at
baseline (n = 1,082 [32% of the sample]),
though the increased risk associated

Table 3—Dementia risk by majority HbA;. exposure

>50% of HbA;. Age-adjusted HR

HR (95% ClI) adjusted

HR (95% ClI) adjusted
for race, sex, and baseline
health conditions*

for race and sex

with majority time at HbA;. =9% was no
longer statistically significant (Supple-
mentary Table 2).

CONCLUSIONS

In this large sample of older adults with
type 1 diabetes, we found that cumula-
tive exposure to higher levels of HbA,,
(8-8.9 and =9%) was associated with
an increased risk of dementia, while

HR (95% Cl) adjusted for race, sex,
baseline health conditions,* and
frequency of HbA;. measurement

measurements (95% Cl)

<6% 2.06 (1.11, 3.82)
6-6.9% 0.55 (0.34, 0.88)
7-7.9% 0.52 (0.35, 0.77)
8-8.9% 1.57 (1.01 2.46)
=9% 1.82 (1.14, 2.90)

2.03 (1.10, 3.78)
0.53 (0.33, 0.85)
0.55 (0.37, 0.82)
1.58 (1.01, 2.47)
1.80 (1.12, 2.89)

1.44 (0.75, 2.77)
0.54 (0.34, 0.87)
0.55 (0.37, 0.82)
1.64 (1.05, 2.57)
1.80 (1.11, 2.90)

1.45 (0.71, 2.92)
0.55 (0.34, 0.88)
0.55 (0.37, 0.82)
1.65 (1.06, 2.57)
1.79 (1.11, 2.90)

Estimates obtained from Cox proportional hazards models with age as time scale. *Each of the following baseline health conditions was adjusted for in
the model: history of stroke, myocardial infarction, nephropathy, neuropathy, severe diabetic retinopathy, peripheral arterial disease, hyperglycemic

events, and hypoglycemic events.
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cumulative exposure to well-controlled
HbA;. (6—6.9 and 7-7.9%) was associated
with a decreased risk of dementia. In fully
adjusted models, compared with those
with minimal exposure to HbA;. 8-8.9%
and HbA;. =9%, those with prolonged
exposure were more than twice as likely
to develop dementia over the course of
follow-up (Table 2). By contrast, dementia
risk was ~60% lower among those with
prolonged exposure to well-controlled
HbA,. (6—6.9 and 7-7.9%) compared
with those with minimal time at well-
controlled levels of HbA;..

To our knowledge, this is the first study
to investigate the association between
long-term glycemic control and the risk of
dementia in older individuals with type
1 diabetes. Our results complement and
extend previous studies that have re-
ported an association between chronic
hyperglycemia and decreased cognitive
function in children and adolescents with
type 1 diabetes (25,26), as well as studies
reporting an association between poor
glycemic control and decreased cogni-
tive functioning in middle-aged adults
with type 1 diabetes and older adults with
type 2 diabetes (7-11). Our findings are
also consistent with previous studies
that found an increased dementia risk
associated with poorer glycemic con-
trol among adults with type 2 diabetes
and adults without diabetes (11-13).
Whether these findings applied to de-
mentia risk among older adults with
type 1 diabetes was previously unknown.

Another interesting finding from our
study was the suggestion that cumula-
tive exposure to HbA;. <6% was asso-
ciated with a nonsignificant increased
risk of dementia. However, the number
of individuals with majority exposure to
HbA,. <6% was very small, and, as such,
we are underpowered to further inves-
tigate this association in the current
study. Therefore, this should be treated as
a preliminary and hypothesis-generating
finding that should be examined in greater
detail in future studies with larger sam-
ple sizes and the appropriate power to
explore these potential associations.

In our study of 3,433 older adults with
type 1 diabetes, 155 (4.5%) individuals
developed dementia over an average of
6.3 years of follow-up. Among those who
developed dementia, the average age
at dementia diagnosis was 64.6 years.
A large-scale study using administrative
health data from 1998 to 2011 in England

reported a similar incidence of dementia
among a subset of adults aged =50 years
with type 1 diabetes (3.99% developed
dementia), though the average length of
follow-up was not reported for this spe-
cific age-group (15). Prior studies have
also found type 1 diabetes to be a risk
factor for dementia (15) and have re-
ported the average age at onset of de-
mentia to be 2-5 years earlier in those
with diabetes compared with those
without diabetes (27,28). Taken together,
these results provide further evidence
that older adults with type 1 diabetes are
at increased risk of developing dementia
and may have increased risk at younger
ages than the general population. Our
results, however, suggest that effective
glycemic control could be an important
tool for reducing risk of dementia among
older adults with type 1 diabetes.
Accumulating evidence suggests an
increasing trend in the incidence of type
1 diabetes (29-31). Additionally, as a
result of treatment advances in recent
decades, individuals with type 1 diabe-
tes are living longer, resulting in an in-
creased proportion of the population
with type 1 diabetes living into old
age (32-34). While extensive research
has been done to determine appropriate
glycemic targets for vascular complica-
tions in type 1 diabetes (3-6), little is
known about the role of glycemic control
on dementia. Given the aging population
of individuals with type 1 diabetes and
the importance of cognitive function in
type 1 diabetes self-care, understanding
the role of glycemic control on dementia
risk is of great importance.
Pathophysiological mechanisms by
which glycemic control may affect de-
mentia risk are still poorly understood
but are hypothesized to result from
structural brain abnormalities stemming
from chronic exposure to hyperglycemia
and/or recurrent severe hypoglycemia.
Studies in adults and youth with type 1
diabetes have reported an association
between chronic hyperglycemia (defined
using lifetime HbA,. history and using
retinopathy as an indicator of chronic
exposure) and gray matter density loss
(35-37). Studies examining the asso-
ciation between severe hypoglycemic
events and changes in brain structure
have been less consistent, with some
reporting increased gray matter density
loss and a higher prevalence of cortical
atrophy in those with a history of frequent
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exposure to severe hypoglycemia (36,38),
while another study reported no associ-
ation (37). In the ACCORD MIND (Action
to Control Cardiovascular Risk in Diabe-
tes Memory in Diabetes) trial, compared
with standard glycemic control, intensive
glycemic control was associated with
greater total brain volume, suggesting
that intensive glycemic control may re-
duce brain atrophy related to diabetes
(39). The goal of this study was to de-
termine whether an association exists
between patterns of HbA,. control and
risk of dementia in this population of
adults with type 1 diabetes; this was
previously unknown. Understanding why
glycemic patterns are associated with
dementia is a much-needed area for
future study, particularly with regard of
the potential role of intercurrent micro-
and macrovascular complications.

The current study has several strengths.
To our knowledge, itis the first study to
investigate the association between
long-term glycemic control and demen-
tia in a large population of older adults
with type 1 diabetes. The availability of
multiple longitudinal HbA;. measure-
ments (mean 13.5 [SD 12.6]) allows
for a more accurate characterization of
long-term glycemic control, and the lon-
gitudinal design allows for observation
of incident dementia. Finally, KPNC main-
tains high-quality electronic health re-
cord data with a low turnover rate and
uniform access to quality medical care
allowing for inclusion of a range of di-
abetes-specific comorbidities and obser-
vation of incident dementia.

There were several limitations to our
study as well. One of the biggest limi-
tations was the reliance on clinical data
for our analyses. Because clinical data
are collected for reasons other than re-
search, our data may be subject to hidden
confounding and bias; for this reason, we
suggest that our findings be interpreted
as hypothesis generating as opposed to
conclusive evidence. Another limitation
was the lack of information regarding
age of diabetes onset. Age of onset may
significantly affect glycemic control in
later life as well as risk of dementia.
Additionally, we did not have data on
cognitive performance measures. As
such, in this study, we were unable to
assess the association between long-
term glycemic control and changes
in cognition. We were also unable to
investigate the possible reverse effects
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of cognitive decline on glycemic control.
A clinical diagnosis of dementia is likely
preceded by a period of cognitive decline
during which one’s ability to properly
manage glycemia may be impacted; this
is an especially important limitation in
this population of older adults with type
1 diabetes where self-care plays such an
important role in disease management.
The use of medical diagnoses rather than
routine cognitive testing to assess de-
mentia status is another possible limita-
tion in this study that may have resulted
in underascertainment of the true num-
ber of incident cases. Additionally, based
on the available data, we were unable to
distinguish between different types of
dementia as we did not have brain im-
aging, and we were not able to examine
the potential mediating role of vascular
and renal complications on the associ-
ation between dementia and glycemic
patterns. This study was performed
in a unique cohort of individuals with
type 1 diabetes who have survived to
older ages, which may induce selective
survivorship bias, a bias in which the
study population is comprised of healthy
survivors who outlived their peers; if
present, this bias would likely underes-
timate the true association of long-term
glycemic control on dementia risk. An-
other important limitation was the sourc-
ing of our cohort from a single large health
care system in northern California, which
may limit generalizability of our findings.
Finally, HbA;.is an integrated measure of
glucose levels over time. While HbA;. is
the best assessment available to evalu-
ate long-term glycemic trajectories, it does
not reflect day-to-day glycemic variabil-
ity or glycemic excursions.

In conclusion, among older patients
with type 1 diabetes, increased expo-
sure to HbA; . 8-8.9% (64—74 mmol/mol)
and =9% (=75 mmol/mol) was asso-
ciated with an increased risk of de-
mentia, while maintaining HbA;. 6-6.9%
(42-52 mmol/mol) and 7-7.9% (53-63
mmol/mol) was associated with a signif-
icant reduction in dementia risk. Our
study complements previous literature
by extending the association between
HbA;. and dementia to a previously
unstudied population in an older co-
hort with type 1 diabetes. We are also
able to suggest HbA;. thresholds and
the risk associated with percentage of
time spent beyond these thresholds.
It is gratifying to see that the current

recommendations for glycemic control
in older adults with diabetes are largely
consistent with the levels needed to pro-
tect the brain (40,41). The increasing in-
cidence of type 1 diabetes coupled with
advances in treatment of type 1 diabe-
tes has resulted in an unprecedented
number of older adults living with and
managing type 1 diabetes. Our findings
suggest glycemic control as an impor-
tant and potentially modifiable factor
that can be targeted to reduce demen-
tia risk among older adults with type 1
diabetes.

Funding. This work was supported by the
National Institutes of Health, National In-
stitute on Aging (grant R01-AG-047500 [to
R.A.W.]). M.E.L. and P.G. are supported by
the University of California, San Francisco,
Training for Research on Aging and Chronic
Disease (T32-AG-049663). M.E.L. and M.J.P.
are supported in part through a contract from
the Patient-Centered Outcomes Research In-
stitute (PPRN-1306-04709). A.J.K. is funded
by the National Institutes of Health, National
Institute of Diabetes and Digestive and Kidney
Diseases (R01-DK-103721, R01-DK-081796, and
P30-DK-092924).

The funders of the study had no role in study
design, data collection, data analysis, data in-
terpretation, or writing of the manuscript.
Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. M.E.L. conducted a lit-
erature search, wrote the manuscript, and as-
sisted with study design and data interpretation.
P.G. conducted analyses, assisted with study
design and data interpretation, and reviewed
and edited the manuscript. A.J.K. assisted with
data interpretation and reviewed and edited
the manuscript. C.P.Q. and M.J.P. assisted with
data interpretation and reviewed and edited the
manuscript. R.A.W. obtained funding, assisted
with study design and data interpretation, con-
tributed to writing the manuscript, and reviewed
and edited the manuscript. P.G. and R.A.W. had
full access to all the data in the study, and all
authors had final responsibility for the decision
to submit for publication. R.A.W. is the guarantor
of this work and, as such, had full access to the
data in the study and takes responsibility for the
integrity of the data and the accuracy of the data
analysis.

References

1. Pambianco G, Costacou T, Ellis D, Becker DJ,
Klein R, Orchard TJ. The 30-year natural history
of type 1 diabetes complications: the Pittsburgh
Epidemiology of Diabetes Complications study
experience. Diabetes 2006;55:1463-1469

2. Dabelea D, Stafford JM, Mayer-Davis EJ, et al.;
SEARCH for Diabetes in Youth Research Group.
Association of type 1 diabetes vs type 2 diabetes
diagnosed during childhood and adolescence
with complications during teenage years and
young adulthood. JAMA 2017;317:825-835

3. Lachin JM, Genuth S, Cleary P, Davis MD,
Nathan DM; Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions and
Complications Research Group. Retinopathy
and nephropathy in patients with type 1 diabe-
tes four years after a trial of intensive therapy.
N Engl J Med 2000;342:381-389

4. Nathan DM, Lachin J, Cleary P, et al.; Diabetes
Control and Complications Trial; Epidemiology
of Diabetes Interventions and Complications
Research Group. Intensive diabetes therapy and
carotid intima-media thickness in type 1 diabetes
mellitus. N Engl J Med 2003;348:2294-2303

5. Nathan DM, Cleary PA, Backlund JY, et al.;
Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and Com-
plications (DCCT/EDIC) Study Research Group.
Intensive diabetes treatment and cardiovas-
cular disease in patients with type 1 diabetes.
N Engl J Med 2005;353:2643-2653

6. Nathan DM, Genuth S, Lachin J, et al.; Diabetes
Control and Complications Trial Research Group.
The effect of intensive treatment of diabetes
on the development and progression of long-
term complications in insulin-dependent diabe-
tes mellitus. N Engl J Med 1993;329:977-986
7. Tuligenga RH, Dugravot A, Tabak AG, et al.
Midlife type 2 diabetes and poor glycaemic
control as risk factors for cognitive decline in
early old age: a post-hoc analysis of the Whitehall
Il cohort study. Lancet Diabetes Endocrinol
2014;2:228-235

8. Jacobson AM, Musen G, Ryan CM, et al;
Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and
Complications Study Research Group. Long-
term effect of diabetes and its treatment on
cognitive function. N Engl J Med 2007;356:1842—
1852

9. Cukierman-Yaffe T, Gerstein HC, Williamson
1D, et al.; Action to Control Cardiovascular Risk in
Diabetes-Memory in Diabetes (ACCORD-MIND)
Investigators. Relationship between baseline
glycemic control and cognitive function in indi-
viduals with type 2 diabetes and other cardio-
vascular risk factors: the Action to Control
Cardiovascular Risk in Diabetes-Memory in Dia-
betes (ACCORD-MIND) trial. Diabetes Care 2009;
32:221-226

10. Jacobson AM, Ryan CM, Cleary PA, et al.;
Diabetes Control and Complications Trial/EDIC
Research Group. Biomedical risk factors for de-
creased cognitive functioning in type 1 diabetes:
an 18 year follow-up of the Diabetes Control and
Complications Trial (DCCT) cohort. Diabetologia
2011;54:245-255

11. Yaffe K, Blackwell T, Whitmer RA, Krueger K,
Barrett Connor E. Glycosylated hemoglobin level
and development of mild cognitive impairment
or dementia in older women. J Nutr Health Aging
2006;10:293-295

12. CranePK, WalkerR, Larson EB. Glucose levels
and risk of dementia. N Engl J Med 2013;369:
1863-1864

13. Ramirez A, Wolfsgruber S, Lange C, et al.;
AgeCoDe Study Group. Elevated HbAlc is asso-
ciated with increased risk of incident dementia
in primary care patients. J Alzheimers Dis 2015;
44:1203-1212

14. Miller RG, Secrest AM, Sharma RK, Songer T,
Orchard TJ. Improvements in the life expectancy
of type 1 diabetes: the Pittsburgh Epidemiology



care.diabetesjournals.org

of Diabetes Complications study cohort. Diabe-
tes 2012;61:2987-2992

15. Smolina K, Wotton CJ, Goldacre MJ. Risk
of dementia in patients hospitalised with type 1
and type 2 diabetes in England, 1998-2011:
a retrospective national record linkage cohort
study. Diabetologia 2015;58:942-950

16. Nathan DM, Kuenen J, Borg R, Zheng H,
Schoenfeld D, Heine RJ; Alc-Derived Average
Glucose Study Group. Translating the A1C assay
into estimated average glucose values. Diabetes
Care 2008;31:1473-1478

17. American Diabetes Association. Glycemic
targets [published correction appears in Diabe-
tes Care 2017;40:985]. Sec. 6. In Standards of
Medical Care in Diabetes—2017. Diabetes Care
2017;40(Suppl. 1):548-S56

18. Orchard TJ, Forrest KY, Ellis D, Becker DJ.
Cumulative glycemic exposure and microvascu-
lar complications in insulin-dependent diabetes
mellitus. The glycemic threshold revisited. Arch
Intern Med 1997;157:1851-1856

19. Laiteerapong N, Karter AJ, Moffet HH, et al.
Ten-year hemoglobin Alc trajectories and out-
comes in type 2 diabetes mellitus: the Diabetes
& Aging Study. J Diabetes Complications 2017;
31:94-100

20. Gordon NP, Kaplan GA. Some evidence re-
futing the HMO “favorable selection” hypothe-
sis: the case of Kaiser Permanente. Adv Health
Econ Health Serv Res 1991;12:19-39

21. Krieger N. Overcoming the absence of so-
cioeconomic data in medical records: validation
and application of a census-based methodology.
Am J Public Health 1992;82:703-710

22. Klompas M, Eggleston E, McVetta J, Lazarus
R, Li L, Platt R. Automated detection and clas-
sification of type 1 versus type 2 diabetes using
electronic health record data. Diabetes Care
2013;36:914-921

23. Exalto LG, Biessels GJ, Karter AJ, et al. Risk
score for prediction of 10 year dementia risk in
individuals with type 2 diabetes: a cohort study.
Lancet Diabetes Endocrinol 2013;1:183-190
24. Mayeda ER, Glymour MM, Quesenberry CP,
Whitmer RA. Inequalities in dementia incidence
between six racial and ethnic groups over 14
years. Alzheimers Dement 2016;12:216-224
25. Perantie DC, Lim A, Wu J, et al. Effects of prior
hypoglycemia and hyperglycemia on cognition
in children with type 1 diabetes mellitus. Pediatr
Diabetes 2008;9:87-95

26. Lin A, Northam EA, Rankins D, Werther GA,
Cameron FJ. Neuropsychological profiles of
young people with type 1 diabetes 12 yr after
disease onset. Pediatr Diabetes 2010;11:235—
243

27. Zilkens RR, Davis WA, Spilsbury K, Semmens
JB, Bruce DG. Earlier age of dementia onset and
shorter survival times in dementia patients with
diabetes. Am J Epidemiol 2013;177:1246-1254
28. Murthy SB, Jawaid A, Qureshi SU, et al. Does
diabetes mellitus alter the onset and clinical
course of vascular dementia? Behav Neurol
2010;23:145-151

29. DIAMOND Project Group. Incidence and
trends of childhood type 1 diabetes worldwide
1990-1999. Diabet Med 2006;23:857-866

30. Patterson CC, Gyiirus E, Rosenbauer J, et al.
Trends in childhood type 1 diabetes incidence
in Europe during 1989-2008: evidence of non-
uniformity over time in rates of increase. Dia-
betologia 2012;55:2142-2147

31. Vehik K, Hamman RF, Lezotte D, et al. In-
creasing incidence of type 1 diabetes in 0- to
17-year-old Colorado youth. Diabetes Care
2007;30:503-509

32. Centers for Disease Control and Prevention.
Diabetes death rates among youths aged =19

Lacy and Associates

years—United States, 1968-2009. MMWR Morb
Mortal Wkly Rep 2012;61:869-872

33. Dabelea D, Mayer-Davis EJ, Saydah S, et al.;
SEARCH for Diabetes in Youth Study. Prevalence
of type 1 and type 2 diabetes among children and
adolescents from 2001 to 2009. JAMA 2014;
311:1778-1786

34. Jgrgensen ME, Almdal TP, Carstensen B. Time
trends in mortality rates in type 1 diabetes from
2002 to 2011. Diabetologia 2013;56:2401-2404
35. Wessels AM, Simsek S, Remijnse PL, et al.
Voxel-based morphometry demonstrates re-
duced grey matter density on brain MRI in
patients with diabetic retinopathy. Diabetologia
2006;49:2474-2480

36. Musen G, Lyoo IK, Sparks CR, et al. Effects of
type 1 diabetes on gray matter density as mea-
sured by voxel-based morphometry. Diabetes
2006;55:326-333

37. Ferguson SC, Blane A, Perros P, et al. Cognitive
ability and brain structure in type 1 diabetes:
relation to microangiopathy and preceding severe
hypoglycemia. Diabetes 2003;52:149-156

38. Perros P, Deary lJ, Sellar RJ, Best JJ, Frier BM.
Brain abnormalities demonstrated by magnetic
resonance imaging in adult IDDM patients with
and without a history of recurrent severe hypo-
glycemia. Diabetes Care 1997;20:1013-1018
39. Launer U, Miller ME, Williamson JD, et al.;
ACCORD MIND Investigators. Effects of intensive
glucose lowering on brain structure and function
in people with type 2 diabetes (ACCORD MIND):
a randomised open-label substudy. Lancet Neu-
rol 2011;10:969-977

40. Kirkman MS, Briscoe VJ, Clark N, et al. Diabetes
in older adults. Diabetes Care 2012;35:2650-2664
41. Dhaliwal R, Weinstock RS. Management of
type 1 diabetes in older adults. Diabetes Spectr
2014;27:9-20


http://care.diabetesjournals.org



