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OBJECTIVE

The aim of this study was to investigate the presence and correlates of clinically
relevant cognitive impairment in middle-aged adults with childhood-onset type 1
diabetes (T1D).

RESEARCH DESIGN AND METHODS

During 2010–2013, 97 adults diagnosed with T1D and aged <18 years (age and
duration 496 7 and 416 6 years, respectively; 51% female) and 138 similarly aged
adults without T1D (age 49 6 7 years; 55% female) completed extensive neuro-
psychological testing. Biomedical data on participants with T1D were collected
periodically since 1986–1988. Cognitive impairment status was based on the
number of test scores ‡1.5 SD worse than demographically appropriate published
norms: none, mild (only one test), or clinically relevant (two or more tests).

RESULTS

The prevalence of clinically relevant cognitive impairment was five times higher
among participants with than without T1D (28% vs. 5%; P < 0.0001), independent
of education, age, or blood pressure. Effect sizes were large (Cohen d 0.6–0.9;
P < 0.0001) for psychomotor speed and visuoconstruction tasks and were modest
(d 0.3–0.6; P < 0.05) for measures of executive function. Among participants with
T1D, prevalent cognitive impairment was related to 14-year average A1c >7.5%
(58 mmol/mol) (odds ratio [OR] 3.0; P = 0.009), proliferative retinopathy (OR 2.8;
P = 0.01), and distal symmetric polyneuropathy (OR 2.6; P = 0.03)measured 5 years
earlier; higher BMI (OR 1.1; P = 0.03); and ankle-brachial index ‡1.3 (OR 4.2; P =
0.01) measured 20 years earlier, independent of education.

CONCLUSIONS

Clinically relevant cognitive impairment is highly prevalent among these middle-
aged adults with childhood-onset T1D. In this aging cohort, chronic hyperglycemia
and prevalent microvascular disease were associated with cognitive impairment,
relationships shown previously in younger populations with T1D. Two additional
potentially modifiable risk factors for T1D-related cognitive impairment, vascular
health and BMI, deserve further study.
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Modest cognitive dysfunction is consis-
tently reported in children and young
adults with type 1 diabetes (T1D) (1).
Mental efficiency, psychomotor speed,
executive functioning, and intelligence
quotient appear to be most affected
(2); studies report effect sizes between
0.2 and 0.5 (small to modest) in children
and adolescents (3) and between 0.4 and
0.8 (modest to large) in adults (2).Whether
effect sizes continue to increase as those
with T1D age, however, remains unknown.
A key issue not yet addressed iswhether

aging individuals with T1D have an in-
creased risk of manifesting “clinically rel-
evant cognitive impairment,” defined by
comparing individual cognitive test
scores to demographically appropriate
normative means, as opposed to the
more commonly investigated “cognitive
dysfunction,” or between-group differen-
ces in cognitive test scores. Unlike the
extensive literature examining cognitive
impairment in type 2 diabetes, we know
of only one prior study examining cogni-
tive impairment in T1D (4). This early
study reported a higher rate of clinically
relevant cognitive impairment among
children (10–18 years of age) diagnosed
before compared with after age 6 years
(24% vs. 6%, respectively) or a non-T1D
cohort (6%).
Cognitive impairment is important to

study in an aging T1D population be-
cause these individuals are concurrently
exposed to the consequences of long-
term T1D and the negative effects of
advancing age on cognition. Further-
more, several risk factors for age-related
cognitive impairment, such as hyperten-
sion (5) and impaired renal function (6),
are highly prevalent in T1D, yet the con-
tribution of these factors to worsening
cognitive function in an aging T1D co-
hort remains unknown. Characterizing
cognitive impairment in aging partici-
pants with T1D is warranted based on
findings from cognitive studies of aging
populations without T1D: cognitive im-
pairment is related to poor self-care (7),
high costs (8), and disability (9). Cogni-
tive impairment in T1D likely has similar
adverse effects.
This study tests the hypothesis that

childhood-onset T1D is associated with
an increased risk of developing clinically
relevant cognitive impairment detectable
by middle age. We compared cognitive
test results between adults with and
without T1D and used demographically

appropriate published norms (10–12) to
determine whether participants met cri-
teria for impairment for each test; aging
and dementia studies have selected a
score $1.5 SD worse than the norm on
that test, corresponding to performance
at or below the seventh percentile (13).
We also assessed relationships between
T1D-specific variables and cognitive impair-
ment; based on the Diabetes Control and
Complications Trial (DCCT)/Epidemiology
of Diabetes Interventions and Compli-
cations (EDIC) Study’s 18-year cognitive
follow-up results, we hypothesized that
cognitive impairment would be associ-
ated with smoking history, high blood
pressure, prevalent microvascular com-
plications, and poor metabolic control
(14).

RESEARCH DESIGN AND METHODS

Participants
Middle-aged adults with T1D (n = 97;
mean age and duration of diabetes 49
and 41 years, respectively) were re-
cruited from the Pittsburgh Epidemiol-
ogy of Diabetes Complications (EDC)
Study, an ongoing prospective study of
individuals diagnosed before age 18
years and listed in the Children’s Hospi-
tal of Pittsburgh’s diabetes registry. The
first EDC clinical assessment occurred in
1986–1988 (N = 658; mean age and du-
ration of diabetes 28 and 19 years, re-
spectively). Biennial physical exams and
questionnaires occurred through 1996–
1998, with an additional exam in 2004–
2006 (for details see ref. 15). All locally
dwelling EDC participants as of 1 January
2010 (n = 263) were invited to partici-
pate in an ancillary neuroimaging/neuro-
cognitive study. Of those, 81 refused,
26 never responded, and 2 were lost to
follow-up. Of the 154 interested, 37
were ineligible for MRI (e.g., metallic im-
plants, claustrophobic) and 5 had sched-
uling conflicts, leaving 112 eligible and
scheduled for neuroimaging/neurocog-
nitive testing. Of these, three failed to
show for their scheduled visit. On their
scheduled testing date, another three
refused the MRI and nine refused the
cognitive test battery, yielding an ana-
lytic sample of n = 97 (Supplementary
Fig. 1).

Adults without T1D who were partici-
pating in an observational study of the
effects of prehypertension (blood pres-
sure higher than “normal” but not high
enough to qualify as hypertensive) on

cerebral structure and function served
as a comparison group. Inclusion criteria
were age 35–60 years, local to Pitts-
burgh, and blood pressure within the
values of 120–139/80–89 mmHg. Full
exclusion criteria are provided in Supple-
mentary Appendix 1. Of the 414 who re-
sponded to the mailing/advertisement
and were screened to participate, 110
were ineligible for MRI, 60 changed their
mind, and 14 withdrew, leaving 230 en-
rolled (mean age 46 years). To mirror the
EDC’s primarily Caucasian racial distribu-
tion, only Caucasian participants with
complete neuroimaging/neurocognitive
data as of August 2013 (n = 138) were
included.

All study procedures received local in-
stitutional review board approval, and
all participants provided informed con-
sent before any research procedures
were initiated.

Measures
For all participants, blood pressure, BMI,
and serum glucose were measured us-
ing standardized techniques at the time
of cognitive testing. Participants with se-
rum glucose #70 mg/dL were given a
snack then retested after 15 min; no cog-
nitive testing was performed if serum
glucose was #70 mg/dL. Weekly calo-
ric expenditure (kcal) was estimated
using the self-report Paffenbarger
questionnaire.

As part of EDC, metabolic control and
blood pressure were assessed biennially
from baseline through 1996–1998,
again in 2004–2006, and at the time of
neurocognitive testing (2010–2013);
this allowed calculations of long-term
average blood pressure and glycemic
control (HbA1c and “A1c months,” a cal-
culated measure assessing the degree
and duration of hyperglycemia [for de-
tails see ref. 16]). In 1990–1992, arterial
healthwas assessed via the ankle-brachial
index (ABI); two readings were averaged,
then dichotomized as ,1.3 or .1.3/
noncompressible. An ABI .1.3 is corre-
lated with medial arterial calcification
(17),which is associatedwith arterial stiff-
ening (18). Prevalence of T1D complica-
tions (nephropathy, coronary artery
disease, distal symmetric polyneurop-
athy, cardiac autonomic neuropathy, ret-
inopathy) was assessed biennially from
baseline through 1996–1998, then again
in 2004–2006, using highly standardized
methods (for details see ref. 15).
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Cognitive Assessment

Cognitive measures included estimated
verbal intelligence (North American
Adult Reading Test [NAART]); psycho-
motor efficiency (Digit Symbol Sub-
stitution Test [DSST] and Grooved
Pegboard [GP]); executive function
(Trail Making Test, Part B [TMTB], Ver-
bal Fluency [VF: animal naming and
FAS], Stroop Color-Word and Letter/
Number Sequencing [LN Sequence]);
learning and working memory (Rey Au-
ditory Verbal Learning Tests, Four-

Word Short-Term Memory [4WSTM],

and Rey-Osterrieth Complex Figure
[ROCF] delayed task); and visuocon-
struction skills (ROCF copy task [ROCF-
copy]). Details are provided by Strauss
et al. (10).

Statistical Analyses
Participant characteristics were com-
pared using the t test, Fisher exact test,
andWilcoxon rank sum test, as applicable
(Table 1).

Raw cognitive test scores were com-
pared between groups using ANCOVA,
adjusted for education (Table 2). Stan-
dardized effect sizes for between-group

differences in test scores were com-
puted using Cohen d t(n1 + n2)/
!df(n1 3 n2) and were classified as
small (d , 0.30), moderate (d 0.30–
0.60), or large (d $ 0.60) (19) (Supple-
mentary Fig. 2).

Impairment indicator variables were
created for each test. Individual raw

test scores $1.5 SD worse than pub-

lished norms (10–12) were considered

“impaired.” Between-group differences

on impairment for each cognitive test

were compared using the Fisher exact

test (Fig. 1).

Table 1—Comparison of characteristics of participants without T1D (“no T1D”) and with T1D (“T1D”; EDC) and by degree of
cognitive impairment* among participants with T1D

No T1D
(n = 138)

T1D
(n = 97) P value

Degree of cognitive impairment* in participants with T1D

0 (n = 38, 39%) 1 (n = 32, 33%) 2 (n = 27, 28%) P value

Demographic factors
Age (years) 48.7 6 7.2 49.1 6 6.6 0.72 48.2 6 6.8 48.5 6 6.7 50.8 6 6.3 0.26
Female sex 76 (55) 49 (51) 0.51 19 (50) 16 (50) 14 (52) 0.93
Education (years) 16 6 3 15 6 3 0.003† 16 6 3 15 6 2 14 6 3 0.004†

Biological factors
Serum glucose (mg/dL) 91.3 6 16.3 174.5 6 86.3 ,0.0001† 169.7 6 93.8 174.5 6 89.5 181.0 6 74.5 0.97
SBP (mmHg) 119.4 6 9.9 119.6 6 15.6 0.91 117.1 6 15.1 122.5 6 15.9 119.8 6 15.9 0.47
DBP (mmHg) 80 (74–84) 66 (60–70) ,0.0001† 65.1 6 8.4 68.5 6 10.2 63.6 6 10.7 0.15
Ever had high blood

pressure‡ 11 (8) 37 (38) ,0.0001† 13 (34) 12 (38) 12 (44) 0.38
ApoE4 status (24, 34,

or 44) 27 (21) 29 (30) 0.12 10 (26) 12 (38) 7 (26) 0.96

Behavioral factors
BMI (kg/m2) 28.5 6 5.6 27.4 6 4.7 0.11 25.8 6 4.3 28.5 6 4.7 28.3 6 4.9 0.05†
Physical activity, past

week (kcal)§ 1,628 (616–3,008) 1,092 (420–1,981) 0.03† 1,412 (784–2,618) 980 (420–1,676) 448 (140–1,966) 0.29

Diabetes factors
T1D duration (years) – 41.0 6 6.2 – 40.3 6 6.4 41.0 6 6.4 42.0 6 5.6 0.61
Age at T1D diagnosis

(years) – 8.0 6 4.2 – 7.9 6 3.7 7.5 6 4.3 8.9 6 4.6 0.50
Coronary artery disease§ – 15 (15) – 5 (13) 3 (9) 7 (26) 0.18
Cardiac autonomic

neuropathy§ – 41 (47) – 13 (37) 15 (54) 13 (52) 0.37
Distal symmetric

polyneuropathy§ – 46 (51) – 13 (36) 15 (56) 18 (67) 0.03†
Proliferative retinopathy§ – 46 (47) – 13 (34) 16 (50) 17 (63) 0.03†
Estimated GFR (mL/min/

1.73 m2)§ – 83.1 6 23.6 – 87.2 6 23.1 82.2 6 25.7 78.6 6 22.0 0.15
25-year average A1c

months (AU) – 1,116 6 431 – 962 6 433 1,258 6 403 1,164 6 405 0.06†
14-year A1c .7.5%

(.58 mmol/mol) – 63 (65) – 18 (47) 23 (72) 22 (81) 0.01†
A1c .7.5%

(.58 mmol/mol) – 58 (61) – 16 (44) 22 (69) 20 (74) 0.01†
Average ABI .1.3| 16 (19) – 3 (8) 6 (24) 7 (28) 0.05†

All measures were collected at the time of neurocognitive assessment (2010–2013) unless otherwise noted. Data are n (%), mean6 SD, or median
(interquartile range). *Degree of cognitive impairment: “0” = no cognitive impairment, no test scores $1.5 SD worse than published norms; “1” =
mild, only one test score$1.5 SD worse than the published norm; “2” = clinically relevant, two or more test scores$1.5 SD worse than published
norms. †Statistically significant using an FDR of 0.20. ‡For participants with T1D, systolic blood pressure (SBP) $140 mmHg or diastolic blood
pressure (DBP)$90 mmHg or self-report of ever using antihypertensive medication at any EDC physical exam from baseline (1986–1988) through
the time of neurocognitive assessment (2010–2013); for participants without T1D, a history of high blood pressure or use of antihypertensive
medication based on self-report at the time of neurocognitive assessment. §For participants with T1D, the measure was taken in 2004–2006.
|Measure was taken in 1990–1992.
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The seven tasks with statistically sig-
nificant between-group differences in
impairment were used to determine lev-
els of cognitive impairment: none = no
test scores “impaired”; mild = only one
test score impaired; clinically relevant =
two or more test scores impaired. This
classification scheme is validated and
used in epidemiologic studies to assess
cognitive impairment in community-
dwelling adults aged $75 years (13).
Between-group differences in the level
of cognitive impairment were assessed
using the Fisher exact test, controlling
for education (Fig. 1).
To examine factors related to between-

group differences in cognitive impairment,
characteristics that differed between
groups (false discovery rate [FDR] = 0.20;
Table 1) were entered in ordinal logistic
regression models with level of cognitive
impairment as the outcome and T1D sta-
tus as the main covariate (Table 3).
Sensitivity analysis, excluding partici-

pantswith a history of highbloodpressure
($140/90 mmHg or using antihyperten-
sive medication), was conducted to en-
sure that the imbalance in high blood
pressure was not confounding results.

In analyses restricted to participants
with T1D, characteristics were com-
pared first across level of cognitive im-
pairment using the Fisher exact test for
categorical variables and ANOVA for
continuous variables (Table 1). Charac-
teristics that differed at FDR = 0.20 then
were entered into separate ordinal lo-
gistic regression models with level of
cognitive impairment as the outcome,
controlling for years of education (Sup-
plementary Table 1). All models met the
proportional odds assumption (P. 0.1).

To adjust for multiple comparisons,
we applied an FDR of 0.20 per the
Benjamini-Hochberg correction method.
Education-adjusted P values were sorted
from lowest to highest, then the
Benjamini-Hochberg correction was ap-
plied to identify statistically significant
variables, accepting that 20% may be
false positives. This corresponded to a
P value of 0.03 (Supplementary Table
2) when comparing factors between par-
ticipants by T1D status (Table 1, “No
T1D” and “T1D” columns), of 0.06 (Sup-
plementary Table 3) when comparing
factors among participants with T1D
by cognitive status (Table 1, “Degree of

Cognitive Impairment” columns), and of
0.10 (Supplementary Table 4) when com-
paring cognitive test scores by T1D status
(Table 2). We chose this method over
family-wise correction methods because
of the paucity of prior studies; we would
rather falsely identify factors as deserving
further investigation than reject factors
that actually warrant additional study.

In the ordinal logistic regression mod-
els (Table 3, Supplementary Table 1), the
more stringent Bonferroni method was
used to control for multiple comparisons.

RESULTS

Both cohorts were comparable in age,
male-to-female distribution, systolic
blood pressure, BMI, and apolipopro-
tein E4 (ApoE4) status (Table 1). Com-
pared with participants without T1D,
participants with T1D were significantly
more likely to have a history of high
blood pressure (38% vs. 8%; P ,
0.0001), higher serum glucose (174.5
vs. 91.3 mg/dL; P , 0.0001), lower di-
astolic blood pressure (66 vs. 80 mmHg;
P, 0.0001), and lower estimated weekly
physical activity (1092 vs. 1628 kcal;
P = 0.03) (Table 1).

Table 2—Raw cognitive test scores for participants with T1D (EDC) and participants without T1D

Domain Test

Raw score

Effect size (d)†T1D (mean 6 SD) No T1D (mean 6 SD)

Difference (no T1D – T1D)

Mean % P value*

IQ NAART
Number correct 37.1 6 9.4 43.3 6 10.3 6.2 215.0 0.0005‡ 0.62
Estimated verbal IQ (scaled)§ 108 6 8 113 6 9 5.0 24.5 0.0012‡ 0.59

Psychomotor speed DSST 54.5 6 13.5 63.4 6 11.8 8.9 215.0 ,0.0001‡ 0.72
GP| 88.8 6 33.2 69.0 6 17.6 19.8 25.1 ,0.0001‡ 1.02

Executive function Stroop Color-Word 41.4 6 9.5 44.2 6 8.8 3.2 27.5 0.06‡ 0.58
TMT
Part B| 65.4 6 38.5 53.4 6 22.3 12.0 16.5 0.02‡ 0.47
Ratio B to A| 2.5 6 1.4 2.0 6 0.7 0.5 21.2 0.002‡ 0.54

VF
FAS 44.4 6 13.8 48.2 6 11.9 3.7 27.4 0.10‡ 0.30

LN sequence 11.0 6 2.9 11.9 6 2.8 1.0 28.2 0.05‡ 0.34

Memory Rey Auditory Verbal Learning
Sum of trials 1–5 54.1 6 8.9 56.0 6 9.0 2.0 23.7 0.44 0.22
Interference 6.4 6 2.6 6.9 6 1.9 0.5 27.5 0.34 0.24
Delayed recall 11.0 6 3.0 11.4 6 3.0 0.4 24.0 0.65 0.15

ROCF-delayed 18.6 6 6.7 19.9 6 6.6 1.3 26.6 0.41 0.20
4WSTM
5-s list 15.2 6 3.1 16.3 6 3.2 1.1 27.0 0.10‡ 0.35
15-s list 12.3 6 4.1 13.4 6 3.8 1.2 29.2 0.17 0.31
30-s list 10.5 6 4.5 11.1 6 4.7 0.6 25.8 0.76 0.14

Visuospatial ROCF-copy 30.7 6 5.4 33.9 6 3.4 3.2 29.9 ,0.0001‡ 0.88

Semantic fluency VF Animals 21.7 6 5.3 23.3 6 5.5 1.5 26.5 0.14 0.28

*P value for mean difference in test score, adjusted for years of education. †Effect size (Cohen d) calculated as t(n1 + n2)/!df(n13 n2) to account for
unequal sample sizes and unequal variances (source: http://www.uccs.edu/lbecker/effect-size.html, accessed 11 December 2014). ‡Statistically
significant using a FDR of 0.20. §Estimated verbal IQ calculated as 128.72 0.89 (NAART incorrect). ǁTasks in which a higher score indicates worse
performance; in all other tasks, higher scores indicate better performance.
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Compared with participants without
T1D, those with T1D had lower raw cog-
nitive test scores on measures of psy-
chomotor speed, executive function,
visuoconstruction ability, and verbal in-
telligence (Table 2). Large effect sizes
(d $ 0.60) were found for NAART,
DSST, GP, and ROCF-copy. Moderate ef-
fect sizes (d 0.3–0.6) were found for
Stroop Color-Word, TMTB, VF, LN Se-
quence, and 4WSTM 5-s list scores
(Table 2, Supplementary Fig. 2). The ef-
fect size for the 4WSTM15-s list fell within
the “moderate” range, but between-group
differences on this and other memory test
scores were not statistically significant
using an FDR of 0.20.

A similar pattern was observed when
test scores were classified as “normal”
versus “impaired” (i.e., the raw test
score was$1.5 SD worse than the pub-
lished norm). Compared with partici-
pants without T1D, those with T1D had
significantly higher rates of impairment
on tests of psychomotor speed (DSST:
25% vs. 8%; GP: 45% vs. 10%), executive
function (TMTB: 12% vs. 5%; VF: 10% vs.
2%; VF Animals: 8% vs. 1%; Stroop Color-
Word: 8% vs. ,1%), and visuoconstruc-
tion ability (ROCF-copy: 20% vs. 4%)
(Fig. 1B). Participants with T1D were
also more likely to have two or more
tests impaired, hence meeting our defi-
nition of clinically relevant cognitive

impairment (28% vs. 5%; P , 0.0001;
Fig. 1A).

In ordinal logistic regression models
with level of cognitive impairment as
the outcome, having T1D was related
to fivefold increased odds of having
cognitive impairment (Table 3). This re-
lationship remained stable when con-
trolling for education. Importantly, no
other factors significantly modified this
between-group difference. In sensitivity
analyses excluding participants with a
history of high blood pressure, having
T1D remained significantly associated
with higher odds of cognitive impair-
ment (odds ratio [OR] 4.35; P = 0.001),
and no other factors significantly modi-
fied this relationship.

When comparing participants with
T1D by level of cognitive impairment,
we found no statistically significant dif-
ferences by sex, age, T1D duration, age
at T1D diagnosis, serum glucose at time
of cognitive testing, estimated glomeru-
lar filtration rate, ApoE4 status, physical
activity, blood pressure measures, or
prevalence of coronary artery disease,
cardiac autonomic neuropathy, or overt
neuropathy measured 5 years earlier
(Table 1). Compared with cognitively
normal participants with T1D, those
with mild or clinically relevant cognitive
impairment had significantly fewer
years of education, higher BMI, and
worse long-term glycemic control;
were more likely to have a 20-year prior
average ABI.1.3; and were more likely
to have prevalent distal symmetric poly-
neuropathy or proliferative retinopathy
measured 5 years earlier (Table 1). Rela-
tionships remained similar when control-
ling for serum glucose or A1c at the time
of neurocognitive testing.

Among participants with T1D, ordinal
logistic regression models with level of
cognitive impairment as the outcome
showed that having a 14-year (1996–2013)
average HbA1c$ 7.5% (58mmol/mol) tri-
pled the odds of cognitive impairment
(Supplementary Table 1, model 1). Re-
sults were similar for prevalent prolifera-
tive retinopathy or distal symmetric
polyneuropathy (Supplementary Table 1,
models 2 and3). Eachunit increase in BMI
was associatedwith a 10% increasedodds
of cognitive impairment (Supplementary
Table 1, model 4). An average ABI
.1.3/noncompressible quadrupled the
odds of cognitive impairment (Sup-
plementary Table 1, model 5). These

Figure 1—A: Percentage of participants scoring$1.5 SDworse than published normative data in
no, one, two, three, or four or more tests. White bars indicate participants without T1D; black
bars represent participants with T1D. “Any 2+” indicates the percentage of participants scoring
$1.5 SD worse than published normative data on two or more tests, thereby meeting the study
definition of clinically relevant cognitive impairment. B: Percentage of participants with T1D
(black bars) and without T1D (white bars) scoring$1.5 SDworse than published normative data,
by test. Only tasks with statistically significant (P, 0.05) between-group differences are shown.
C-W, Color-Word.
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relationships remained statistically signif-
icant after adjusting for years of educa-
tion and the interval of time from the
most recent EDC exam (2004–2006) to
the time of neurocognitive testing after
Bonferroni correction.

CONCLUSIONS

Unlike previous reports of mild/modest
cognitive dysfunction in young adults
with T1D (1,2), we detected clinically
relevant cognitive impairment in 28%
of our middle-aged participants with
T1D. This prevalence rate in our T1D co-
hort is comparable to the prevalence of
mild cognitive impairment typically re-
ported among community-dwelling
adults aged 85 years and older (29%)
(20).

We know of only one prior study that
investigated clinically relevant cognitive
impairment in T1D, and this was done
in a pediatric population (4). Overall,
12.8% of the pediatric participants
with T1D met this early study’s defini-
tion of clinically relevant cognitive
impairment, a rate less than half that
observed in our middle-aged population
with T1D (28%). Interestingly, rates ob-
served in the participants who did not
have T1D were similar (5–6%) in both
studies. This suggests that, for people
without T1D, the rate of cognitive im-
pairment remains basically unchanged
from childhood into middle age, whereas
the ratemore thandoubles over the same
time among people with childhood-
onset T1D. Unlike the pediatric study,
we found no effect of early versus late
age at T1Ddiagnosis (age,6or.6 years)
on cognitive impairment. It is possible
that during youth an earlier T1D onset
contributes to worse brain function, but
this effect becomes secondary to other
factors as people with T1D age, prolong-
ing their exposure to the deleterious ef-
fects of this metabolic disorder.

Our findings contradict results from
two previous studies of older partici-
pants with T1D, which reported “mild
disturbances in cognitive function” (21)
and no between-group differences in
the rate of cognitive decline (22). It is
important to note differences between
our study and these prior studies that
may contribute to the disparate findings.
Only 33% of the participants in the earlier
studieswere diagnosed during childhood,
whereas 100% of our participants with
T1D were diagnosed during childhood.
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Consequently, although younger, with a
mean age of 49 years compared with 61
(21) and 65 years (22), our participants
with T1D had a longer T1D duration
(mean 41, 34, and 38 years, respectively).
We postulate that the developing brain
(i.e., during childhood) may be espe-
cially vulnerable to insults of glycemic
dysregulation and fluctuating insulin
concentrations compared with the
adult brain. While mild cognitive differ-
ences can be detected early, more se-
vere effects may become especially
apparent later in life as these individu-
als grow older and experience the ef-
fects of normal age-related changes in
brain function and structure in combi-
nation with the effects of long-term T1D
and its comorbidities (e.g., hyperten-
sion, microvascular complications).
Our results motivate further study of

longitudinal changes over time. While
the DCCT/EDIC study found “no evi-
dence of substantial long-term declines
in cognitive function” over 18 years (23),
many of the DCCT participants were di-
agnosed during adulthood (at DCCT
baseline, mean age 27.0 years and
mean duration of diabetes 5.7 years),
unlike our cohort that includes only in-
dividuals diagnosed during childhood. In
addition, the DCCT participants were
young adults at their baseline neurocog-
nitive exam and displayed relatively
good metabolic control.
Having T1D was the only factor signif-

icantly associated with the between-
group difference in clinically relevant
cognitive impairment in our sample.
Traditional risk factors for age-related
cognitive impairment, in particular older
age and high blood pressure (24), were
not related to the between-group differ-
ence we observed. The design of our
study does not allow us to determine
whether these traditional risk factors
contributed to the development and/
or progression of cognitive impairment
in these participants, only that these
factors were not related to the degree
of cognitive impairment already present
in these participants at the time of cog-
nitive testing.
Among participants with T1D, a

14-year average HbA1c $7.5% (58
mmol/mol), prevalent distal symmetric
polyneuropathy, and proliferative reti-
nopathy assessed 5 years earlier were
related to cognitive impairment, with ef-
fect sizes larger than those reported in

prior studies (21,25). Two other meas-
ures of glycemic control, HbA1c .7.5%
(58 mmol/mol) at the time of cognitive
testing and “25-year A1c months,” also
were related to higher odds of having
cognitive impairment.We chose to study
the relationship between cognitive im-
pairment and 14-year average A1c rather
than “A1c months” because the latter is
not widely understood; we chose 14-
year average A1c rather than A1c at a sin-
gle assessment concurrent with cogni-
tive testing to assess the chronicity of
hyperglycemia. All analyses were re-
peated, controlling separately for serum
glucose then for A1c at the time of cog-
nitive testing, to ensure glucose concen-
trations were not confounding study
results.

Similar to previous studies of younger
adults with T1D (14,26), we found no
relationship between the number of se-
vere hypoglycemic episodes and cogni-
tive impairment. Rather, we found that
chronic hyperglycemia, via its associ-
ated vascular and metabolic changes,
may have triggered structural changes
in the brain that disrupt normal cogni-
tive function. Like others (14), we found
no statistically significant relationships
between cognitive impairment and
ApoE4 status. Whereas earlier studies
found relationships between cognitive
dysfunction and age at T1D diagnosis
(4,27–29), diabetes duration (29,30),
and high blood pressure (21,29,30),
these factors were not significantly cor-
relatedwith cognitive impairment in our
sample. This could be a result of our out-
come of cognitive impairment com-
pared with previous studies’ outcome
of cognitive dysfunction. In addition,
participants in those earlier studies
were younger, on average, than our par-
ticipants and may therefore have not
yet developed cognitive impairment.

We also identified two less-studied
factors related to cognitive impairment
in our sample. First, we found that
higher BMI was related with higher
odds of cognitive impairment (OR 1.10;
Table 3), similar to results reported by
Brismar et al. (29) showing relationships
between higher BMI and deficits in psy-
chomotor speed as well as general in-
telligence in adults with T1D. While the
exact mechanism relating BMI and cog-
nitive function remains unclear, one
plausible route is via an inflammatory
pathway (31). In animal models of T1D,

higher levels of circulating glucocorti-
coids and higher susceptibility to stress
were associated with high BMI, in-
creased brain inflammation, and re-
duced neurogenesis (32). Higher BMI
could also indicate insulin resistance,
which also is related to worse cognitive
outcomes in older participants who are
healthy or have type 2 diabetes (33).
Future studies should further investi-
gate the influence of BMI on cognitive
function in young participants with T1D
to determine whether this could be a risk
factor suitable for early intervention.

Second, we found that participants
with an average ABI .1.3/noncom-
pressible had quadrupled odds of clini-
cally relevant cognitive impairment.
High ABI is a marker of subclinical vas-
cular conditions including atherosclero-
sis, vessel stiffness, and calcification, all
of which are known risk factors for cog-
nitive impairment in older adults with-
out T1D (34,35). Peripheral vascular
stiffness, as a result of endothelial dys-
function, may serve as an indicator of
early changes to brain vasculature and
structure (36). As an example, hepatic
hypoperfusion resulting from endothe-
lial dysfunction leads to “increased ad-
hesion of circulating inflammatory cells
to the endothelium, activation of the co-
agulation cascade and constriction of
the microvasculature” (37). Cerebral hy-
poperfusion likely exerts similar effects
on the brain’s vasculature; diffuse sub-
clinical ischemia and resultant damage
to oligodendrocytes and focal necrosis
in gray and white matter offer a mech-
anistic explanation for the relationship
with cognitive impairment. While the
applicability of this finding is limited be-
cause of the small sample size, this novel
potential risk factor deserves further in-
vestigation in participants with T1D.

Performance on several neurocogni-
tive tests used in this study (e.g., DSST,
GP, ROCF-copy) depend on visual acuity
and motor capabilities, skills that are
compromised in participants with T1D
with proliferative retinopathy and distal
symmetric polyneuropathy. While these
complications may contribute to poor
performance on these tasks, psychomo-
tor speed and executive function appear
tobe affected even in pediatric populations
with T1D, well before such microvascular
complications occur (3,4). Furthermore,
performance on several tasks requiring
the same degree of visual acuity and fine
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motor skills (e.g., the ROCF delayed task)
did not differ by cognitive status among
participants with T1D, suggesting that
prevalent retinopathy and/or polyneu-
ropathy alone do not explain the cogni-
tive impairment observed in these
individuals. Rather, it suggests that
long-term T1D causes microvascular
damage in the brain similar to that
known to affect the eyes and nerves,
thereby explaining why participants
with proliferative retinopathy and distal
symmetric polyneuropathy were more
likely tomeet the study definition of clin-
ically relevant cognitive impairment.
The number of participants with T1D

completing each neurocognitive task
varied (see Supplementary Fig. 2), and
this is a limitation of this study. How-
ever, the completers did not signifi-
cantly differ from the noncompleters
by retinopathy, polyneuropathy, 14-year
average A1c . 7.5%, ABI. 1.3, BMI, age
at cognitive testing, or T1D duration.
Overall, incompleteness was due to time
constraints, that is, insufficient time to
complete all tests within the 90min allot-
ted: 12 participants arrived at the cogni-
tive testing center $10 min late, and
another 6 were hypoglycemic, requiring
at least 15–30min for serum glucose con-
centrations to normalize before initiating
cognitive testing. Lack of time affected
completion of the final tasks (FAS, VF An-
imals, Stroop, GP); we do not believe this
was dependent on cognitive status.
Our study results may not be entirely

generalizable to all adults with T1D.
First, we included only participants
with childhood-onset diabetes; the cog-
nitive effects of T1D on participants di-
agnosed during adulthood may differ
from our participants who were ex-
posed to chronic hyperglycemia in child-
hood, during crucial stages of brain and
cognitive functioning development (38).
In addition, 99% of our participants are
Caucasian, whereas 93% of people diag-
nosed with T1D in Allegheny County,
Pennsylvania, from 1965–1979 were
Caucasian (39). A survivor bias may be
present in that these participants have
survived with T1D for a substantial pe-
riod of time. A selection bias is also
possible; those participating in this cog-
nitive study are, in general, healthier
than the parent EDC cohort, especially
since the eligibility criteria for participation
in the cognitive study included being able
to undergo brain imaging. Many causes of

mortality and morbidity that prevented
participation in this study are related to
cognitive impairment, potentially under-
estimating its true prevalence in T1D. Be-
cause of the study design, we cannot
determine direction of the relationships
between cognitive impairment and factors
assessed concurrently, such as A1c on the
day of cognitive testing; it could be that
those with worse cognitive impairment
are less able to manage their diabetes,
leading to higher A1c concentrations. The
study design also prohibits determination
of the life stage at which clinically relevant
cognitive impairment first developed in
our participants.

Strengths of this study include the use
of a well-defined cohort with over 20
years of data, thus allowing computa-
tion of long-term trajectories of risk fac-
tor profiles, and the use of an extensive
neuropsychological test battery to as-
sess multiple cognitive domains. The
cognitive impairment algorithm has
been used in previous studies (13), is
easily replicable, and could be adapted
by others to improve comparability
across studies.

In summation, results of this study
show that a large percentage of middle-
aged adults with childhood-onset T1D
are currently living with clinically rele-
vant cognitive impairment. The effects
of cognitive impairment on these individ-
ualsddiabetes self-management, health
service utilization, disability, and quality-
of-life issuesddeserve further investiga-
tion. Future studies with larger sample
sizes and a wider range of ages at diagno-
sis are needed to improve our under-
standing of the development and
progression of T1D-related cognitive im-
pairment. Such studies should use re-
peated neurocognitive testing, beginning
shortly after the time of diagnosis. Fur-
thermore, incorporating repeated neuro-
imaging with extensive measures of
metabolic control and vascular health
would help to clarify themechanisms con-
tributing to the development of cognitive
impairment in these individuals.
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