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type 1 diabetes

ABSTRACT

Objective: Althoughmicrovascular complications are common in type 1 diabetesmellitus (T1DM), few
studies have quantified the severity, risk factors, and implications of cerebral microvascular damage in
these patients. As life expectancy in patients with T1DM increases, patients are exposed to age- and
disease-related factors that may contribute to cerebral microvascular disease.

Methods: Severity and volume of white matter hyperintensities (WMH) and infarcts were quanti-
fied in 97 middle-aged patients with childhood-onset T1DM (mean age and duration: 50 and 41
years, respectively) and 81 non-T1DM adults (mean age: 48 years), concurrent with cognitive and
health-related measures.

Results: Compared with non-T1DM participants, patients had more severe WMH (Fazekas scores 2
and 3 compared with Fazekas score 1, p , 0.0001) and slower information processing (digit symbol
substitution, number correct: 65.7 6 10.9 and 54.9 6 13.6; pegboard, seconds: 66.0 6 9.9 and
88.56 34.2; both p, 0.0001) independent of age, education, or other factors.WMHwere associated
with slower information processing; adjusting for WMH attenuated the group differences in processing
speed (13% for digit symbol, 11% for pegboard, both p # 0.05). Among patients, prevalent neurop-
athies and smoking tripled the odds of high WMH burden, independent of age or disease duration.
Associations between measures of blood pressure or hyperglycemia and WMH were not significant.

Conclusions: Clinically relevant WMH are evident earlier among middle-aged patients with
childhood-onset T1DM and are related to the slower information processing frequently observed
in T1DM. Brain imaging in patients with T1DM who have cognitive difficulties, especially those
with neuropathies, may help uncover cerebral microvascular damage. Longitudinal studies are
warranted to fully characterize WMH development, risk factors, and long-term effects on
cognition. Neurology® 2015;84:2062–2069

GLOSSARY
DSST5Digit Symbol Substitution Test; EDC5 Epidemiology of Diabetes Complications; FLAIR5 fluid-attenuated inversion
recovery; NAART5 North American Adult Reading Test; SIF5 skin intrinsic fluorescence; T1DM5 type 1 diabetes mellitus;
WMH 5 white matter hyperintensity.

Patients with type 1 diabetes mellitus (T1DM) develop slower information processing speed earlier
than adults without diabetes.1 In nondiabetic populations, slower information processing speed is
strongly associated with white matter hyperintensities (WMH).2,3 Few studies, however, have
characterized WMH in patients with T1DM.4 Most of the knowledge about WMH comes from
older populations without diabetes: WMH5 are common in individuals older than 65 years,6 with
a prevalence ranging from 60% to 100%,7 and are less frequent in middle-aged adults, with
prevalence ranging from 0% to 50%.8 Although they can remain silent, WMH predict greater
incidence of stroke, dementia, disability, and death.2,9–11 In addition to older age, chronic exposure
to hypertension and hyperglycemia are known risk factors for WMH in adults without diabetes,
conditions that may predispose patients with T1DM to develop WMH. Considering the increas-
ing life expectancy in T1DM12 and the 1.5% to 3.0% annual increase in T1DM incidence,13

determining the severity of, and risk factors for,WMH in patients with T1DMwho are now aging
deserves prompt investigation.
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Among the studies investigating WMH in
adults with T1DM,14–22 few quantified the rela-
tionship between WMH, advancing age, and
cardiovascular risk factors or with processing
speed; only one study16 examined patients older
than 50 years.

This study applied neuroimaging at 3
tesla in middle-aged adults with T1DM to
characterize the severity of, and risk factors
for, WMH and associations with information
processing speed, leveraging an extensive charac-
terization of health-related factors over the prior
20 years.

METHODS Standard protocol approvals, registrations,
and patient consents. All procedures received local institu-

tional review board approval, and participants provided informed

written consent before undergoing research procedures.

Participants. Patients with T1DM were recruited from the

Pittsburgh Epidemiology of Diabetes Complications (EDC)

Study, an ongoing, prospective study of individuals diagnosed

with childhood-onset T1DM between January 1, 1950, and

May 31, 1980, and seen within 1 year of diagnosis at the

Children’s Hospital of Pittsburgh. The baseline assessment in

1986–1988 included 658 patients (mean age and duration: 28

and 19 years, respectively) who underwent biennial examinations

through 1996–1998, with an additional examination in 2004–

2006 and biennial questionnaires from 1998 to present. In 2010,

the 263 EDC study participants living in the Pittsburgh area were

invited to participate in a neuroimaging study: 106 (mean age 48

years, 50% female, 98% Caucasian) received brain imaging from

2010 to 2013, 81 were not interested, 37 were ineligible for MRI

(e.g., claustrophobic, metal implants), and 39 did not reply or failed

to show for their scheduled MRI (figure e-1 on the Neurology®

Web site at Neurology.org). Of the 106 participants undergoing

MRI, 6 did not complete the fluid-attenuated inversion recovery

(FLAIR) sequence and 3 were excluded from analyses because of

poor coverage or head movement in the scanner, resulting in an

analytic sample of n 5 97.

Adults without T1DM, participating in a study of the effects of

prehypertension on cerebral structure and function, served as a com-

parison group. Inclusion criteria were age 35 to 60 years, living in the

Pittsburgh area, and blood pressure inside 120–139/80–89 mm Hg

(appendix e-1). Of the 414 who responded to mailing/advertisement

and were screened to participate, 230 were enrolled (mean age 46

years), 110 were MRI ineligible, 60 changed their mind, and 14

withdrew. To mirror the EDC study racial distribution, all Caucasian

participants with completeWMHdata as of June 2013 (n5 81) were

included in these analyses.

Measures of interest. Comparable data collection methods were

used for both cohorts for brain MRI and concurrent assessment of

cognition, blood pressure, lipids, and glucose, except when noted

(see reference 23 and table e-1). For participants with T1DM,

prevalence of diabetes-related complications and other health and

lifestyle factors were assessed periodically from 1986–1988 to

2004–2006 via questionnaire, physical examination, and medical

records23; skin intrinsic fluorescence (SIF) was measured in 2004–

2006 via skin fluorescence spectrometer to the left volar forearm.24

The time interval from the most recent EDC study assessments of

T1DM-related complications occurred, on average, 5 years before

MRI. Blood pressure, weight, height, serum glucose, and glycated

hemoglobin (HbA1C) were obtained periodically for patients with

T1DM from 1986–1988 to time of MRI, and study 20-year

averages were computed. Three seated blood pressure readings

were taken with a random-zero sphygmomanometer on day of

MRI, with an average of the second and third readings used per

the Hypertension Detection and Follow-up Program protocol.

Smoking status was self-reported as current, past, or never

smoking 1001 cigarettes, then was dichotomized as ever vs never

smoking. Estimated physical activity for the past week (kcal) was

determined via Paffenbarger questionnaire.

Brain MRI. Both cohorts underwent imaging protocols on

the same 3T Siemens Trio TIM scanners (Siemens AG, Erlangen,

Germany) at the Magnetic Research Center, University of Pitts-

burgh. Details on MRI acquisition and WMH segmentation are

provided in appendix e-2.

A certified neuroradiologist (J.M.) differentiated WMH from

chronic lacunar-type infarcts, cerebral strokes, and perivascular spaces

by careful review. WMH demonstrated no parenchymal loss and did

not suppress centrally on the T2/FLAIR. Infarcts were defined as T2

hyperintense/T1 hypointense lesions with irregular borders and central

parenchymal loss that suppressed on T2/FLAIR. Perivascular spaces,

which can demonstrate central T1 hypointensity and T2/FLAIR sup-

pression, were distinguished from infarcts by smooth borders, a linear

orientation, and absence of adjacent T2 hyperintensity. WMH vol-

ume was normalized to total brain volume (sum of gray and white

Table 1 Characteristics of participants with and without T1DM

T1DM (n 5 97) No T1DM (n 5 81) p Value

Brain imaging

Fazekas score 2 or 3, vs 1 32 (33) 6 (7) ,0.0001

Demographic factors

Age, y 49.5 6 6.9 48.1 6 7.3 0.18

Female 47 (48) 43 (53) 0.65

Biological risk factors

Pre-MRI serum glucose, mg/dL 176.3 6 86.9 92.3 6 20.7 ,0.0001

Systolic blood pressure, mm Hg 118 6 15 117 6 10 0.59

Diastolic blood pressure, mm Hg 65 6 9 77 6 7 ,0.0001

Ever high blood pressurea 35 (36) 5 (6) ,0.0001

Body mass index, kg/m2 27.1 6 4.7 27.7 6 6.0 0.42

Behavioral risk factors

Ever smoking 1001 cigarettes 32 (33)b 36 (45) 0.12

Physical activity in past
week, kcal

1,092 (504–1,999) 1,790 (616–3,185) 0.039

Cognitive tests

NAART, no. correct 37.4 6 9.5 42.4 6 10.0 0.001

Digit symbol Substitution Test,
no. correct in 90 s

55.0 6 13.6 65.9 6 10.8 ,0.0001

Grooved Pegboard, time
to insert pegs, s

89.5 6 34.2 65.9 6 9.9 ,0.0001

Abbreviations: NAART 5 North American Adult Reading Test; T1DM 5 type 1 diabetes
mellitus.
Values presented are n (%), mean 6 SD, or median (interquartile range). Measures were
collected at time of MRI (2010–2013) unless otherwise indicated.
a For patients with T1DM: systolic blood pressure$140mmHg or diastolic blood pressure$90
mm Hg or report of ever using antihypertensive medication from study entry to time of MRI; for
non-T1DM participants: history of high blood pressure based on self-report at time of MRI.
bMeasure taken in 2004–2006.
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matter volumes, via the automated labeling pathway).25 All images

were rated using the Fazekas scale26 blinded to case status (weighted k:

0.825, p 5 0.00001 and 0.782, p 5 0.0000114 for intrarater and

interrater reliability, respectively).

Cognitive tests. General intelligence was estimated using

the North American Adult Reading Test (NAART). Informa-

tion processing speed was assessed using the Digit Symbol

Substitution Test (DSST, number correct in 90 seconds)

Table 2 Characteristics of patients with T1DM

Low WMH <0.111%
(n 5 49)

High WMH ‡0.111%
(n 5 48) p Value

Brain imaging

WMH, % of total brain volume 0.076 (0.049–0.102) 0.358 (0.143–0.393) ,0.0001

Demographics

Age at MRI, y 47.4 6 6.0 51.7 6 7.1 0.002

Female 22 (45) 25 (52) 0.55

Diabetes-specific variables

Duration, y 39.5 6 4.3 43.2 6 7.6 0.004

Age at diagnosis, y 7.9 6 4.4 8.5 6 4.0 0.43

Diagnosis after January 1, 1965 48 (98) 31 (65) ,0.0001

Diabetes complications

Cardiac autonomic neuropathya 15 (33) 28 (62) 0.01

Distal symmetric polyneuropathya 14 (30) 30 (70) 0.0003

Microalbuminuriaa 21 (48) 29 (71) 0.05

Proliferative retinopathya 19 (39) 27 (56) 0.11

Coronary artery diseasea 9 (18) 6 (13) 0.58

Measures of glucose control

Skin intrinsic fluorescence, AUa 23.3 6 4.2 25.7 6 5.2 0.02

HbA1c monthly estimate, AU 1,108.6 6 467.1 1,116.1 6 461.1 0.94

HbA1c, % 7.8 6 1.6 7.6 6 1.3 0.35

Mean HbA1c, % 8.4 6 1.1 8.4 6 1.0 0.92

Estimated glucose disposal rate, mg/kg/mina 7.8 6 2.2 7.8 6 2.7 0.99

Pre-MRI serum glucose, mg/dL 171.5 6 83.4 181.0 6 91.0 0.60

Cardiovascular measures

Systolic blood pressure, mm Hg 118 6 16 119 6 15 0.73

Study 20-y average systolic blood pressure, mm Hg 111 6 8 115 6 12 0.07

Diastolic blood pressure, mm Hg 67 6 9 64 6 10 0.14

Ever high blood pressureb 15 (31) 20 (42) 0.29

Body mass index, kg/m2 27.7 6 4.9 26.5 6 4.4 0.23

Lifestyle measures

Ever smoking 1001 cigarettes 10 (20) 22 (46) 0.01

Physical activity in past week, kcal 994 (504–1,868) 1,151 (504–2,371) 0.46

Cognitive tests

NAART, no. correct 38.3 6 7.5 36.5 6 11.2 0.38

Digit Symbol Substitution Test, no. correct in 90 s 58.3 6 13.4 51.4 6 13.1 0.01

Grooved Pegboard, time, s 82.4 6 29.5 98.2 6 37.8 0.05

Abbreviations: AU 5 arbitrary units; HbA1C 5 glycated hemoglobin A1c; NAART 5 North American Adult Reading Test;
T1DM 5 type 1 diabetes mellitus; WMH 5 white matter hyperintensities.
Values presented are n (%), mean 6 SD, or median (interquartile range). Characteristics of patients with T1DM (Pittsburgh
Epidemiology of Diabetes Complications Study) grouped by low vs high WMH burden (WMH , or $ T1DM median, as % of
total brain volume) at time of MRI (2010–2013) unless otherwise noted.
aMeasure taken 2004–2006.
bSystolic blood pressure $140 mm Hg or diastolic blood pressure $90 mm Hg or report of ever using antihypertensive
medication from study entry to time of MRI.
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and the Grooved Pegboard task (dominant hand, time to

insert pegs, in seconds).

Statistical analysis. Group differences were assessed using t test
for normally distributed continuous variables, Fisher exact test for

categorical variables, and Wilcoxon rank sum test for nonnormal

data. Demographic and other factors were compared between

patients by MRI status (table e-1), between participants with

and without T1DM (table 1), and between patients by WMH

volume (table 2). Fisher exact test assessed between-group

differences in WMH severity (dichotomized Fazekas score

1 compared with Fazekas scores 2 and 3) (table 1, figure 1).

Logistic regression models with WMH severity as outcome

and T1DM status as main covariate were adjusted for factors with

significant between-group differences (table 1, p , 0.05). Mul-

tivariable linear regression models, controlling for age, NAART,

and factors with significant between-group differences (table 1,

p , 0.05) tested the hypothesis that T1DM was related to cog-

nitive test scores and whether WMH modified the associations

between T1DM and information processing speed. Analyses were

repeated excluding participants with a history of high blood pres-

sure to ensure this WMH risk factor was not the source of

between-group differences.

In analyses restricted to patients, WMH volume was dichoto-

mized as “low” or “high” (i.e., , or $ theT1DM median of

0.111% 6 0.31%). Additional analyses were repeated using log-

transformed WMH and using WMH severity (table e-2). Associa-

tions between factors that differed by WMH volume (table 2, p ,
0.05) were included in logistic regression models controlling for

diabetes duration at MRI (table 3) or age at MRI (table e-3)

to minimize collinearity between these 2 variables. The time interval

from the 2004–2006 EDC study examination to time of MRI was

added to these models to control for the time gap between the last

assessment of diabetes-related factors and MRI acquisition.

Analyses were repeated excluding the 18 patients diagnosed

before 1965. This sensitivity analysis assessed survival bias, as

mortality in the EDC study cohort was relatively negligible for

those diagnosed post-1965 (15%) compared with those diag-

nosed pre-1965 (44%). SAS 9.3 (SAS Institute, Cary, NC) and

SPSS 21.0 (IBM Corp., Armonk, NY) were used for analyses.

RESULTS Compared with the 157 patients without
MRI (table e-1), the 106 patients with MRI were signif-
icantly younger, more likely to be male, with a lower
prevalence of complications and lower body mass index.

Compared with non-T1DM participants (figure 1,
table 1), patients were significantly more likely to have
Fazekas scores of 2 or 3, indicating more severe WMH
(p , 0.0001). Five patients had at least one lacunar
infarct and 4 had a history of clinical stroke, whereas
none of the non-T1DM participants had either.
Between-group differences in glucose, physical activity
levels, and diastolic blood pressure were significant, but
controlling for these variables did not modify the dif-
ference in WMH severity; regardless of which variables
were added to the model, T1DM remained signifi-
cantly associated with more severe WMH.

Compared with non-T1DM participants, patients
had lower DSST score and longer pegboard times

Figure 1 Between-group differences in severity of white matter hyperintensities

(A) Percentage of participants with type 1 diabetes (black bars) and without type 1 diabetes (blue bars) for each level of
WMH severity per Fazekas score; 1 5 mild; 2 5 moderate; 3 5 severe. All differences are statistically significant (p ,

0.01). (B) FLAIR image from a 49-year-old woman without type 1 diabetes with a notable absence of WMH in periventricular
(indicated by arrows) or subcortical areas or other areas. (C) FLAIR image from a 49-year-old woman with type 1 diabetes
since age 10 (Epidemiology of Diabetes Complications Study), with arrows indicating substantial WMH localized in anterior
and posterior periventricular areas (arrows) as well as in subcortical areas. FLAIR 5 fluid-attenuated inversion recovery;
WMH 5 white matter hyperintensity.
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(table 1). In multivariable models, having T1DM was
associated with worse performance on DSST and peg-
board independently of NAART and age (standardized
b: 20.31, p , 0.0001 and 0.40, p , 0.0001, respec-
tively). Controlling for factors with significant
between-group differences (table 1) did not modify
these associations. However, adjustment for WMH
severity attenuated the association of T1DM with
DSST by 13% and with pegboard by 11% (standard-
ized b: 20.27, p 5 0.0001 and 0.36, p , 0.0001,
respectively). In these models with T1DM status, age,
and NAART, severe WMHwere associated with worse
performance on DSST and pegboard (standardized b:
20.14, p 5 0.04 and 0.15, p 5 0.05, respectively).
Results were similar after excluding patients with a his-
tory of high blood pressure, lacunar infarcts, stroke, or
T1DM diagnosis before 1965 and one patient with
extremely high WMH volume.

Among patients, high WMH volume was signifi-
cantly and positively associated with age, disease dura-
tion, prevalent cardiac autonomic and peripheral
neuropathies, SIF, and smoking (table 3). Inverse asso-
ciations between high WMH volume and cognitive
tests were also significant. By contrast, high WMH
volume was not significantly associated with markers
of glucose control, hypertension, or other factors. A
borderline association was found with higher 20-year
average systolic blood pressure (p 5 0.06). Distribu-
tions of factors were overall similar when comparing
patients with T1DM by WMH severity (table e-2).

Associations between high WMH volume and
prevalent cardiac autonomic and peripheral neuropa-
thies and smoking were similar after adjustment for
duration (table 3) or age (table e-3). The association
of high WMH volume with SIF was borderline sig-
nificant after adjustment for duration (table 3) and
became nonsignificant after adjustment for age (table

e-3). Results were similar when using log-transformed
WMH or adjusting for the interval between assess-
ment of complications and MRI. Results were similar
when excluding those with lacunar infarcts, stroke, or
T1DM diagnosis pre-1965.

DISCUSSION This study revealed significantly greater
severity of WMH and slower information processing in
middle-aged patients with T1DM compared with
similarly aged non-T1DM adults, independent of
hyperglycemia, hypertension, and other risk factors.
While the design of this study does not allow
determination of whether these traditional risk
factors contributed to the development of WMH, it
indicates that these factors were not related to the
degree of WMH severity already present in these
participants at time of MRI. This study also identified
diabetes-related neuropathies and ever smoking as
5-year predictors of high WMH volume among
patients. These findings suggest that WMH are an
emerging complication of patients with T1DM who
are now living longer, advancing our understanding
of T1DM-related WMH in several ways.

First, our findings indicate that severe WMH can
be visualized on MRI at an earlier age than is typically
seen in middle-aged non-T1DM adults. These results
are consistent with one small case-control study of
WMH volumes14; however, other case-control stud-
ies reported nonsignificant between-group differen-
ces16,18,22 or an absence of detectable WMH in both
T1DM and non-T1DM participants.15,17 Population
characteristics varied across these studies, possibly
contributing to the contradictory findings. First, pa-
tients in previous studies had a shorter T1DM dura-
tion than our patients; second, participants in all but
one previous study16 were younger than our patients.
Furthermore, studies17,18,20,21 excluded patients with

Table 3 Logistic regression models for patients with T1DM

Model

1 2 3 4

Diabetes duration, y 1.10 (1.02, 1.20); 0.02 1.08 (0.99, 1.18); 0.08 1.09 (1.01, 1.18); 0.03 1.11 (1.03, 1.20); 0.006

Cardiac autonomic neuropathy 2.92 (1.15, 7.41); 0.02

Distal symmetric polyneuropathy 3.54 (1.31, 9.56); 0.01

Skin intrinsic fluorescence 1.09 (0.99, 1.21); 0.09

Ever smoking 1001 cigarettes 4.16 (1.51, 11.51); 0.006

Abbreviation: T1DM 5 type 1 diabetes mellitus.
Data presented are odds ratio (95% confidence limits); Wald p value. Logistic regression models for patients with T1DM (Pittsburgh Epidemiology of
Diabetes Complications Study) showing the independent effects of selected factors on the odds of high white matter hyperintensity burden ($ cohort
median of 0.111%, adjusted for total brain volume), controlling for diabetes duration at time of MRI.
Variables in model are as follows. Model 1: cardiac autonomic neuropathy 1 T1DM duration at MRI 1 time from Epidemiology of Diabetes Complications
(EDC) study examination in 2004–2006 to MRI in 2010–2013. Model 2: distal symmetric polyneuropathy 1 T1DM duration at MRI 1 time from EDC study
examination in 2004–2006 to MRI in 2010–2013. Model 3: skin intrinsic fluorescence 1 T1DM duration at MRI 1 time from EDC study examination in
2004–2006 to MRI in 2010–2013. Model 4: ever smoking 1001 cigarettes 1 T1DM duration at MRI 1 time from EDC study examination in 2004–2006
to MRI in 2010–2013.
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microvascular complications, thereby potentially low-
ering WMH prevalence. Individuals without micro-
vascular complications are unlikely to represent the
typical adult patient with long-standing T1DM.
Our results indicate that age and duration are both
strong correlates of WMH, hence studies of younger
patients, with shorter disease duration and lower prev-
alence of microvascular complications, are less likely
to detect between-group differences in WMH, espe-
cially at lower resolution.27

Second, we found that WMH severity correlated
with the slower information processing speed
observed in T1DM compared with non-T1DM par-
ticipants, supporting a mechanistic role of WMH on
slower information processing. The relationship of
WMH with information processing speed is consis-
tent with previous findings in elderly participants
without diabetes28 but has not been reported for pa-
tients with T1DM. Additional studies are needed to
identify strategies that prevent or slow the progression
of WMH, possibly reducing the negative impact of
WMH accrual on health outcomes including cogni-
tion. This is especially important for patients entering
their fifth or sixth decade of life, in whom T1DM-
related brain changes overlap with age-related brain
changes. Of note, the association between T1DM
and slower information processing speed remained
independent ofWMH, indicating the need to include
other neuroimaging markers of brain integrity to fully
understand the pathogenesis of slower information
processing in these patients.

Among the risk factors for WMH in patients with
T1DM, neuropathies had a predominant role. This is
a novel finding, as most prior studies of WMH in
T1DM excluded patients with neuropathy16–18 or
had very low rates of neuropathy.19 It is possible that
these neuropathies are epiphenomena of WMH and
these conditions all reflect underlying microvascular
disease burden. Although there is a biological plausi-
bility for associations between neuropathies in the
central, peripheral, or autonomic nervous systems,
mechanisms underlying these associations need fur-
ther investigation. If confirmed, clinicians should
consider neuroimaging in patients with T1DM pre-
senting with complaints of cognitive difficulties, par-
ticularly if accompanied with neuropathies or other
microvascular complications.

Smoking is another risk factor for WMH that de-
serves further study.We found an association of smoking
with WMH, robust to adjustment for other complica-
tions, that attenuated the associations between neuropa-
thies and WMH. While the relationship between
smoking and WMH has been previously shown in older
adults without diabetes,29,30 only one prior study exam-
ined the association in T1DM,18 finding no significant
relationship. However, the patients of this prior work

were younger (average age 32 years), with disease dura-
tion almost half that of our patients.

This study’s negative findings deserve atten-
tion. Differences in WMH severity between pa-
tients and non-T1DM participants were not
accounted for by factors known to be associated
with WMH in older populations, including hyper-
tension and hyperglycemia.7,11,29,31–34 Among pa-
tients with T1DM,WMH associations with glucose or
blood pressure were not significant and the association
between SIF andWMH volume was weaker than those
observed with other factors. Effect sizes of these rela-
tionships tend to be small in nondiabetic adults,7 hence
the lack of statistical associations could be attributable
to the relatively small sample size of the 2 cohorts. Of
note, patients did display a difference in hypertension
prevalence by WMH volume (31% and 42%) as well
as in 20-year average systolic blood pressure by WMH
volume (111 vs 115 mm Hg), although neither
reached statistical significance. The well-controlled risk
factor profile of patients at the time of MRI could also
contribute to these findings.

Previous studies also reported no significant associa-
tion between severe hypoglycemia and WMH,15–20

although animal studies show that hypoglycemia inhibits
oligodendrocyte development, inducing apoptosis of oli-
godendrocyte precursor cells35; this relationship is further
complicated by study results implicating posthypoglyce-
mic reactive hyperglycemia in neuronal death.36 Other
diabetes-related factors such as proliferative retinopathy
and age at diagnosis were not related to WMH volume,
similar to earlier studies.15,16,18,19,21,22 The 5-year interval
between SIF measurement and ascertainment of
diabetes-related complications and MRI acquisition
may have contributed to these null findings because it
may have led to an underestimation of these associations.
However, glycated hemoglobin measures and blood
pressure were taken periodically through time of MRI.

It is possible that long-term exposure to these fac-
tors may have a greater effect on WMH earlier, during
the development of WMH, rather than later in life.
Cerebral WMH develop over years of “incubation”;
once cerebral WMH become manifest, these factors
may no longer have a substantial role. Longitudinal
neuroimaging studies of younger patients, ideally
beginning near time of T1DM diagnosis, with imaging
methodologies capturing early white matter abnormal-
ities, such as diffusion tensor imaging, and with careful
characterization of trajectories of risk factors and com-
plications are needed to test this hypothesis.

The results of this study may not be entirely gener-
alizable to other adults with childhood-onset T1DM.
For instance, 99% of participants with T1DM were
Caucasian while 93% of people diagnosed with
T1DM in Allegheny County from 1965 to 1979 were
Caucasian.37 In addition, a survivor bias may be present
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in that these patients have survived with diabetes for a
substantial period of time, unlike patients who died
before the MRI study. A selection bias is also noted in
that the patients participating in this MRI study are, in
general, much healthier than the parent EDC study
cohort. The major causes of mortality and of morbidity
preventing participation in this MRI study share a sim-
ilar pathogenesis with that of WMH, potentially under-
estimating the true prevalence of WMH in middle-aged
patients with T1DM.

Strengths of this study include using a well-
defined cohort with more than 20 years of data, thus
allowing computation of long-term trajectories of
risk factor profiles, and using a higher-resolution
neuroimaging protocol than most previous studies.
By incorporating the use of a WMH visual rating
scale along with a volumetric assessment of WMH,
the importance of this study’s findings should be easily
appreciated by clinicians who would not have access
to WMH volumes.

Our results underscore the relevance of studying
early detection, risk factors, and long-term consequen-
ces of WMH in middle-aged patients with childhood-
onset T1DM. Longitudinal neuroimaging studies,
with first MRI shortly after diagnosis, are needed to
understand the natural history of WMH in T1DM.
Studies with larger sample sizes and wider age
ranges are also needed to fully examine the contri-
bution of chronological age and age of T1DM onset
to WMH development. For these patients, prevent-
ing microvascular complications may help reduce or
delay the progression of WMH. Strategies to
improve myelination during the critical years of
white matter production, which continue well into
the fourth decade of life, are also important, because
they could compensate for the detrimental effects of
WMH on cognition.38,39
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