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Abstract
Aims/hypothesis Prior studies suggest white matter growth is reduced and white matter microstructure is altered in the brains of
young children with type 1 diabetes when compared with brains of non-diabetic children, due in part to adverse effects of
hyperglycaemia. This longitudinal observational study examines whether dysglycaemia alters the developmental trajectory of
white matter microstructure over time in young children with type 1 diabetes.
Methods One hundred and eighteen children, aged 4 to <10 years old with type 1 diabetes and 58 age-matched, non-diabetic
children were studied at baseline and 18 months, at five Diabetes Research in Children Network clinical centres. We analysed
longitudinal trajectories of white matter using diffusion tensor imaging. Continuous glucose monitoring profiles and HbA1c

levels were obtained every 3 months.
Results Axial diffusivity was lower in children with diabetes at baseline (p = 0.022) and at 18 months (p = 0.015), indicating that
differences in white matter microstructure persist over time in children with diabetes. Within the diabetes group, lower exposure
to hyperglycaemia, averaged over the time since diagnosis, was associated with higher fractional anisotropy (p = 0.037).
Fractional anisotropy was positively correlated with performance (p < 0.002) and full-scale IQ (p < 0.02).
Conclusions/interpretation These results suggest that hyperglycaemia is associated with altered white matter development,
which may contribute to the mild cognitive deficits in this population.
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Abbreviations
CGM Continuous glucose monitor
DirecNet Diabetes Research in Children Network
DKA Diabetic ketoacidosis
DTI Diffusion tensor imaging

Introduction

The long-term impact of type 1 diabetes on microvascular
complications is well documented [1] but effects on the devel-
oping brain are less understood. Early childhood is a period of
rapid myelination and brain development, with total brain vol-
ume reaching approximately 90% of adult brain volume by
the age of 6 years [2–4]. Grey matter volume continues to
increase until approximately 11 years of age but subsequently
decreases through adolescence, whereas white matter volume,
driven by the ongoing myelination of axons, gradually
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increases into early adulthood [4]. Although previous studies
have found altered grey and white matter volume and white
matter microstructure in children and adolescents with type 1
diabetes, related to dysglycaemia [5–9], no longitudinal stud-
ies have examined how diabetes and associated dysglycaemia
affects white matter microstructural measures during
development.

Brain white matter microstructure can be estimated using
the MRI-based technique of diffusion tensor imaging (DTI).
This imaging modality allows the detection of white matter
structural alterations before gross anatomical changes occur
and become apparent on structural (anatomical) MRI. DTI
measures the movement of water molecules within tissue
and is sensitive to the orientation of axons and cell membranes
as well as the fraction of intracellular vs extracellular water
[10, 11]. The primary DTI metrics for assessing white matter
microstructure are fractional anisotropy (increases with
myelination and fibre tract coherence; decreases with extra-
cellular diffusion), radial diffusivity (measures water diffusiv-
ity perpendicular to the local axonal direction and decreases
with myelination) and axial diffusivity (measures water diffu-
sivity parallel to the axonal direction and may decrease with
cell swelling, more neurofilaments within axons or axonal
branching). Mean diffusivity (measures degree of overall wa-
ter diffusivity) is an average of these effects in white matter
and is more commonly used in isotropic media such as grey
matter or cerebrospinal fluid. By examining patterns of altered
DTI metrics in white matter tracts, myelin and axonal integrity
can be inferred in controlled experiments [12, 13]. However,
in general, a change in diffusivity is not specific to a particular

microstructural change and results also may be influenced by
other factors, such as packing density, complex fibre architec-
ture and water content [11, 14].

In animal studies, myelination and fibre integrity are ad-
versely affected by hyperglycaemia. Streptozotocin-induced
diabetic rats display reduced myelination [15] and altered in-
tracellular water shifts in excised sciatic nerves [16]. Using
DTI, we and others have observed that children with type 1
diabetes had lower axial diffusivity when compared with age-
matched non-diabetic children and that these differences were
related to metrics of hyperglycaemia [8, 9, 17]. Furthermore,
in two studies [9, 17], greater radial diffusivity and lower
fractional anisotropy correlated with greater hyperglycaemia,
suggesting hyperglycaemia-induced myelin damage.

Thus, hyperglycaemia adversely affects myelination and
nerve fibre structure and integrity in animal models and is
associated with lower fractional anisotropy and greater radial
diffusivity in cross-sectional human studies. Because of long-
standing concerns that the brains of young children with type
1 diabetes are vulnerable to the adverse effects of
hyperglycaemia, we in the Diabetes Research in Children
Network (DirecNet) carried out a large, prospective brain im-
aging study of children with and without type 1 diabetes who
were aged 4 to <10 years at baseline. We reported that the
growth of grey and white matter volume was slower in the
developing brains of the young children with diabetes in this
cohort over a period of 18 months [18, 19]. It was noteworthy
that the reduced rate of increase in white matter volume was
more closely associated with exposure to hyperglycaemia than
hypoglycaemia, as measured by serial continuous glucose
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monitoring profiles and HbA1c. In the present study, we ex-
amined the hypothesis that hyperglycaemia will continue to
adversely affect white matter development over an 18 month
period.

Methods

Study population

Details of the study population and measurements are given
elsewhere [17]. Briefly, 144 children aged 4 to <10 years with
type 1 diabetes for at least 6 months and 68 age-matched, non-
diabetic children (HbA1c <42 mmol/mol [<6%], fasting glu-
cose <6.1 mmol/l [<110 mg/dl], no history of dysglycaemia)
were recruited from 2010 to 2011 from five paediatric diabetes
clinical centres participating in the DirecNet consortium:
Nemours Children’s Health System, Jacksonville; Stanford
University; University of Iowa; Washington University in St
Louis and Yale University. The past medical history of all
participants was screened to exclude the following criteria:
disorders that could have affected neurologic development,
history of intellectual or significant learning disabilities, psy-
chiatric treatment, premature birth (<34 weeks’ gestation) or
low birthweight (<2000 g). Participants with diabetes were at
least 6 months old at diagnosis and were receiving insulin
therapy for at least 1 month. Studies were approved by the
individual clinical centres’ Institutional Review Boards and a
National Institutes of Health-designed Data SafetyMonitoring
Board. Written informed consent was obtained from the legal
guardian of each participant and assent was obtained from the
participants when appropriate. In children with diabetes,
HbA1c was recorded at baseline and every 3 months through-
out the study and a continuous glucose monitor (CGM) was
worn every 3 months (either Medtronic [Medtronic,
Northridge, CA, USA] iPro or Dexcom [Dexcom, San
Diego, CA, USA] G4 for up to 6 or 7 days, respectively).

Imaging data acquisition

A detailed description of the MRI is given elsewhere [17].
Briefly, MRI of the brain was carried out at baseline and again
at 18 months. All imaging sites used a Siemens [Siemens
Medical Solutions, Malvern, PA, USA] 3T Tim Trio whole-
body MRI system and a standard 12-channel head coil. An
identical imaging protocol was uploaded to every scanner, as
described in previously published work [17]. Diffusion-
weighted echo planar scans were acquired in the axial plane
with 30 directions, TR/TE 8800/99 ms, b value 1000 s/mm2,
voxel size 2 × 2 × 2 mm and duration 4 h 59 min. Sagittal T1
images of the brain were acquired using a magnetisation-
prepared rapid gradient echo (MP-RAGE) pulse sequence
with TR/TE/TI 2300/2.98/900 ms, flip angle 9°, voxel size

1 × 1 × 1 mm and duration 4 h 54 min. Scans were repeated
twice, with more scans added to obtain good image quality if
necessary. Participants were awake and unsedated and re-
ceived training designed to help them succeed with the motion
restriction requirements of MRI [20]. A second MRI session
was performed on a separate day if the initial scan could not be
successfully completed or if image quality was deemed unac-
ceptable after the first attempt. Participants with diabetes were
required to have glucose levels between 3.9 and 16.7 mmol/l
(70 and 300 mg/dl) within the 60 min preceding all scan ses-
sions. Multisite calibrations were performed by scanning the
same two adult human phantoms on every machine to confirm
the repeatability of measurements across sites and over time at
each site. The calibration checks for DTI found variations
<3%, which is a typical level of reproducibility across identi-
cal scanners [21].

Data analysis

Image processing For each individual, the diffusion-weighted
data were automatically reconstructed into white matter path-
ways. Each diffusion image was quality-checked using
DTIprep software (version 1.2.7 for MacOSX, https://www.
nitrc.org/projects/dtiprep) [22] and aligned to the T1-weighted
structural images. The white matter fibre tract locations for
each individual were computed by a maximum likelihood
estimate using the ball-and-stickmodel variables at each voxel
[23] combinedwith a priori knowledge of tract locations in the
brain using TRActs Constrained by Underlying Anatomy
(TRACULA) software (version 5.3.2014, http://surfer.nmr.
mgh.harvard.edu/pub/dist/freesurfer/5.3.0-tracula-addons/)
[24]. This software computes statistics for 18 white matter
tracts and a total motion index of the head motion during the
DTI scan [25]. Using the tracts as a white matter skeleton, the
software finds axial, radial and mean diffusivity values and
fractional anisotropy values at 100 points along each tract,
from which the mean values for each tract were computed.
A preliminary analysis showed that the average diffusivities of
the 16 intrahemispheric tracts were highly correlated with one
another, consistent with previous normative results of white
matter development [26]. The 16 tracts include the bilateral
anterior thalamic radiation, cingulum angular bundle,
cingulate, cortical spinal tract, arcuate, inferior longitudinal
fasciculus, superior longitudinal fasciculus and uncinate
fasciculus. The two excluded tracts were the forceps major
and minor. Because our previous analyses of this cohort
showed diabetes to have widespread effects on grey matter
growth, white matter growth and diffusivity [17–19], we
used the summary statistic of brain mean computed as an
average of the 16 intrahemispheric tracts at baseline and
18 months for axial, radial and mean diffusivity and
fractional anisotropy. The longitudinal DTI analysis used
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only participants who had a high-quality DTI scan at both time
points.

Hyperglycaemia exposure during the study HbA1c was mea-
sured using a DCA Vantage Analyzer (Siemens Healthcare
Diagnostics, Norwood, MA, USA) at each participating site.
Lifetime average exposure to hyperglycaemia was calculated
as the average of all HbA1c measurements >42 mmol/mol
(>6%) from diagnosis to baseline [18]. Similarly, the interval
average exposure to hyperglycaemia was calculated as the
average of all HbA1c measurements >42 mmol/mol (>6%)
over the study interval, using the trapezoidal rule from all
available HbA1c measurements (usually seven per individual).
CGM data, obtained quarterly during the study in children
with diabetes, were analysed for the percentage of time blood
glucose was <3.9 mmol/l (<70 mg/dl) and >10 mmol/l
(>180 mg/dl), and measures of blood glucose variation, in-
cluding average mean amplitude of blood glucose excursions
(MAGE).

Cognitive assessments Cognitive testing was performed in di-
abetic and non-diabetic participants using either the Wechsler
Preschool and Primary Scale of Intelligence (for children
<6 years old) or the Wechsler Intelligence Scale for Children,
4th edition (for children ≥6 years old), which have been pub-
lished elsewhere [27, 28]. For participants with type 1 diabetes,
a blood glucose level of 3.9–16.7 mmol/l (70–300 mg/dl) was
required within 60 min prior to the testing session. The
Wechsler Abbreviated Scale of Intelligence was used to assess
parental full-scale intelligence quotient.

Statistical analyses The study size for DirecNet was powered
to detect group differences between diabetic and non-diabetic
individuals and to detect hyperglycaemic effects within the
diabetes group. Descriptive statistics of the baseline variables
are presented for the diabetes and non-diabetes groups using
means and SDs for the continuous variables and frequencies
and percentages for categorical variables. We performed two-
sample t tests for demographic continuous variables and χ2

tests for categorical variables to determine group differences.
To assess whether the two groups (diabetic vs non-diabetic
individuals) differed over time (baseline to 18 months) in
key outcomes of interest (mean axial diffusivity, fractional
anisotropy, mean diffusivity, radial diffusivity), we performed
longitudinal mixed effects modelling using a random intercept
model and maximum likelihood estimation with robust SEs
(Mplus version 8 [Muthén & Muthén, Los Angeles, CA,
USA]). Using the same method, within the group with diabe-
tes, we examined the effect of blood glucose measure on DTI
outcomes over time. Both analyses were conducted with and
without adjustment for age, sex and site as a way of sensitivity
analysis. The effects of adjusting or not adjusting for these
covariates on our key variables of interest (i.e. effects of group

and blood glucose measure on DTI) were minimal and did not
change our conclusions. The results reported in this paper are
based on the model conditional on age, sex and site. Most
participants were scanned on the same scanner at both time
points, although 14 individuals changed between two sites.
These participants were grouped as a seventh site in the analy-
sis. Significance was set at p < 0.05 for each of the four mixed
effects statistical models.

Results

Of the 212 individuals initially studied at baseline, 176 com-
pleted the procedures at 18 months, with good DTI scan qual-
ity at both time points (118 with diabetes). There were no
differences in demographic characteristics between the diabet-
ic and non-diabetic participants for age, sex and site (Table 1).
Moreover, there were no significant differences in head mo-
tion between groups, thus reducing the risk of spurious results
due to head motion [25].

Estimated longitudinal trajectories of axial, radial andmean
diffusivity and fractional anisotropy conditional on age, sex
and site are shown in Fig. 1. Details of the longitudinal anal-
ysis results based on mixed effects modelling are shown in
Table 2. Fractional anisotropy (a putative measure of
myelination) increased from baseline to 18 months for diabe-
tes (p < 0.001) and non-diabetes (p = 0.003) groups. Mean
(p < 0.001 and p = 0.004) and radial (p < 0.001 and p =
0.002) diffusivity decreased significantly over time in both
the diabetes and non-diabetes groups, respectively. There
was no significant change in axial diffusivity in either group,
but participants with diabetes displayed lower axial diffusivity
compared with non-diabetic participants at baseline (p =
0.022) and at 18 months (p = 0.015) (Fig. 1a). There was no
between-group difference in fractional anisotropy, mean dif-
fusivity or radial diffusivity at baseline or at 18 months and
there was no significant between-group difference when com-
paring rate of change of fractional anisotropy, mean diffusivity
or radial diffusivity from baseline to 18 months.

Baseline age in both groups was a significant predictor of
all four brain measures at baseline and at 18 months, with
older participants having a higher fractional anisotropy and
lower axial, mean and radial diffusivity at both time points
(Table 2). Baseline age was also significantly associated with
how the brain measures change over time, such that fractional
anisotropy increased at a lower rate and mean diffusivity and
radial diffusivity decreased at a lower rate in older children.
The baseline age had little impact on how axial diffusivity
changed over time. There was no significant sex effect on
any of the brain measures and no correlation between the
occurrence of diabetic ketoacidosis (DKA) prior to enrolment
and any of the brain measures. Too few episodes of DKA
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occurred during the length of the study (n = 4) to assess its
effect on changes in the diffusion measures.

We examined how the trajectories of brain measures within
the diabetes group were related to exposure to hyperglycaemia,
with baseline age and sex as covariates (Table 3). Lower life-
time exposure to hyperglycaemia was associated with higher
fractional anisotropy at 18 months (p = 0.037). However, lower
interval exposure to hyperglycaemia was not significantly cor-
related with the slope of fractional anisotropy (p > 0.7) and
disease duration was not significantly correlated with fractional
anisotropy at 18 months (p > 0.7; data not shown). The effects
of age on the trajectories of four brain measures in the diabetic
participants, in whom fractional anisotropy increased and mean
and radial diffusivity decreased significantly over time, were
similar to the trajectories in the non-diabetic participants
(Table 2). Further, although there were no significant differ-
ences across sex in the overall analysis (Table 2), there was a
significant sex difference in fractional anisotropy in the diabe-
tes group, with female participants having lower fractional an-
isotropy at baseline (Table 3). There were no significant corre-
lations between diffusion data and the CGM measures of
hypoglycaemia or glycaemic variation. Similarly, the correla-
tion with hyperglycaemia (glucose >10 mmol/l [>180 mg/dl])

was in the same direction as for average hyperglycaemia expo-
sure but was not significant (p = 0.14).

At 18 months, there were significant correlations in dia-
betic participants between fractional anisotropy and perfor-
mance IQ (r = 0.29, p < 0.002) and full-scale IQ (r = 0.23,
p < 0.02) but not verbal IQ (r = 0.09, p = 0.34). In the non-
diabetic volunteers, however, none of the IQ test scores
were significantly correlated with fractional anisotropy (per-
formance IQ, r = 0.109 [p = 0.42]; full-scale IQ, r = 0.149
[p = 0.27]; verbal IQ, r = 0.153 [p = 0.26]). Furthermore,
there were no between-group differences in any of the IQ
tests at 18 months.

Discussion

The developing brain in young children with type 1 diabetes is
susceptible to the effects of hyperglycaemia. In our study,
children in both the diabetes and non-diabetes groups had
significantly lower fractional anisotropy at baseline than at
18 months. However, there were no significant between-
group differences in rate of change for fractional anisotropy,
mean diffusivity and radial diffusivity (i.e. slope effects)

Table 1 Clinical characteristics
of the study participants at base-
line and 18 months

Characteristic Participants with
diabetes (N = 118)

Participants without
diabetes (N = 58)

All participants
(N = 176)

Age, years

Baseline 7.07 ± 1.64 7.01 ± 1.76 7.05 ± 1.67

18 months 8.54 ± 1.62 8.55 ± 1.76 8.54 ± 1.66

Sex

Male 66 (55.9) 33 (56.9) 99 (56.3)

Female 52 (44.1) 25 (43.1) 77 (43.8)

HbA1c

Baseline, mmol/mol 62.8 ± 10

Baseline, % 7.9 ± 0.87

18 months, mmol/mol 62.8 ± 10

18 months, % 7.9 ± 0.94

Duration of diabetes, years

Baseline 2.99 ± 2.01

18 months 4.52 ± 2.00

Age at diabetes onset, years 4.1 ± 1.9

DKA history

Baseline 40 (34)

Interval 4 (3.4)

Severe hypoglycaemia history

Baseline 19 (16)

Interval 5 (4.2)

Lifetime average glycaemic exposure, % 2.1 ± 0.8

Interval average glycaemic exposure, % 1.9 ± 0.8

Data are shown as mean±SD or n (%)
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Table 2 Effects of type 1 diabetes on longitudinal trajectories of axial diffusivity, fractional anisotropy, mean diffusivity and radial diffusivity using
mixed effects modelling

Comparison Axial diffusivity
(10−3 mm2/s)

Fractional
anisotropy (×1000)

Mean diffusivity
(10−3 mm2/s)

Radial diffusivity
(10−3 mm2/s)

Estimate p value Estimate p value Estimate p value Estimate p value

Baseline vs 18 months

Diabetes group −0.003 0.107 6.922 <0.001 −0.007 <0.001 −0.009 <0.001

Control group −0.003 0.194 4.965 0.003 −0.005 0.004 −0.006 0.002

Diabetes vs without diabetes

At baseline −0.008 0.022 −1.612 0.582 −0.004 0.194 −0.002 0.563

At 18 months −0.008 0.015 0.346 0.905 −0.006 0.070 −0.005 0.207

Effect on slope 0.000 0.982 1.957 0.325 −0.002 0.403 −0.003 0.271

Baseline age effect

At baseline −0.004 <0.001 5.648 <0.001 −0.007 <0.001 −0.008 <0.001

At 18 months −0.004 <0.001 3.319 <0.001 −0.005 <0.001 −0.005 <0.001

Effect on slope 0.000 0.971 −2.329 <0.001 0.002 0.003 0.003 <0.001

Sex effect

At baseline −0.006 0.082 −2.289 0.419 −0.002 0.555 0.000 0.962

At 18 months −0.006 0.052 0.430 0.878 −0.004 0.181 −0.003 0.401

Effect on slope 0.000 0.906 2.719 0.144 −0.002 0.328 −0.003 0.200

Estimates of effect are shown with corresponding p values

Within and between-group comparisons were made. Baseline age effect and sex effect at baseline and 18 months were also assessed, as was effect on
slope (change from baseline to 18 months for baseline age and sex)
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Fig. 1 Estimated trajectories of
axial (a), radial (b) and mean (c)
diffusivity and fractional
anisotropy (d) from baseline to
18 months. Thick dashed black
lines, diabetes group; thick solid
black lines, group without
diabetes; thin grey dotted lines,
95% CIs for diabetes group; thin
grey solid lines, 95% CIs for the
group without diabetes. *p < 0.05,
with vs without diabetes at
baseline and 18 months in axial
diffusivity only; no between-
group differences were noted at
baseline or 18 months in radial
diffusivity, mean diffusivity or
fractional anisotropy. †p < 0.05,
18 months vs baseline for radial
diffusivity, mean diffusivity and
fractional anisotropy within
groups for participants with and
without diabetes (p values are
shown in Table 2)
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(Table 2), even though the estimates of fractional anisotropy
(Table 2) in the diabetes group appeared able to ‘catch up’with
those of the non-diabetes group over time. Surprisingly, for the
group with type 1 diabetes, the rate of change of fractional
anisotropy was not correlated with degree of hyperglycaemia
and neither were axial, radial or mean diffusivity. This finding
suggests that hyperglycaemia did not affect the rate of micro-
structural white matter development during the 18 months of
the study. Similarly, we found no significant correlation be-
tween fractional anisotropy and disease duration. If
hyperglycaemia were hypothesised to cause cumulative dam-
age starting at the age of diagnosis, one would expect to see a
correlation of fractional anisotropy with disease duration and a
correlation of fractional anisotropy slope with the interval av-
erage hyperglycaemia. Instead, our findings suggest that brain
myelination in children is affected by average excess levels of
glucose rather than by a cumulative hyperglycaemic effect
from the age of diagnosis. However, these results need further
exploration and confirmation in a separate cohort.

In both the diabetic and the non-diabetic children, signifi-
cant changes were seen in fractional anisotropy and radial dif-
fusivity from baseline to 18 months, suggesting that white mat-
ter development continued in the diabetes group as well as in
the non-diabetes group. However, within the diabetes group,
fractional anisotropy was lower in association with higher av-
erage lifetime exposure to hyperglycaemia, suggesting that typ-
ical white matter development may be impaired when young
brains undergo greater exposure to hyperglycaemia. This result
is consistent with a previous cross-sectional study that demon-
strated a negative correlation between hyperglycaemia and
fractional anisotropy in several brain regions [17]. These data
suggest myelination is likely continuing in the diabetes group
but is adversely affected by increased hyperglycaemia.

Increased fractional anisotropy is often associated with
myelination, but is also affected by additional factors such as
alignment of cell membranes and other cell processes [29]. In
animal models, loss of myelin increases radial diffusivity and
reduces fractional anisotropy [12]. Metabolic pathways involv-
ing non-enzymatic glycation may induce inflammation, cellu-
lar oxidative stress and axonal atrophy [30], potentially
explaining, at least in part, how increased hyperglycaemia
may be associated with slower myelination.

Our study did not find a significant difference in fractional
anisotropy between individuals with and without diabetes, yet
hyperglycaemia was associated with lower fractional anisot-
ropy within the diabetes group at 18 months. One possible
explanation is that the between-group result may be confound-
ed by reduced diffusivity [31, 32] in conjunction with reduced
myelination (i.e. the diabetes group has both reduced
myelination and reduced diffusivity relative to the non-
diabetes group). Reduced diffusivity lowers axial, mean and
radial diffusivity and increases fractional anisotropy [13, 14].
In contrast, reduced myelination and associated altered white
matter microstructural integrity would be expected to decrease
fractional anisotropy, increase radial diffusivity and moderate-
ly increase mean diffusivity [33]. When both reduced diffu-
sivity and reduced myelination effects are present, the com-
bined effects could result in significantly reduced axial diffu-
sivity for those with diabetes, less prominent differences in
mean diffusivity and radial diffusivity and little difference in
fractional anisotropy between groups. This would effectively
mask an underlying between-group effect on fractional anisot-
ropy. While the imaging data in the current study can only
suggest this possible interpretation, more advanced two-shell
DTI methods can model these components separately and
could be applied in future studies [13].

Table 3 Effects of average hyperglycaemia exposure, baseline age and sex on axial diffusivity, fractional anisotropy, mean diffusivity and radial
diffusivity using mixed effects modelling

Comparison Axial diffusivity
(10−3 mm2/s)

Fractional
anisotropy (×1000)

Mean diffusivity
(10−3 mm2/s)

Radial diffusivity
(10−3 mm2/s)

Estimate p value Estimate p value Estimate p value Estimate p value

Hyperglycaemia

Lifetime effect at 18 months −0.001 0.677 −4.781 0.037 0.003 0.300 0.005 0.087

Interval effect on slope 0.001 0.720 −0.643 0.712 0.002 0.334 0.002 0.276

Baseline age

Effect at baseline −0.004 0.007 6.241 <0.001 −0.007 <0.001 −0.008 <0.001

Effect at 18 months −0.004 0.001 3.349 0.002 −0.005 <0.001 −0.005 <0.001

Effect on slope 0.000 0.713 −2.884 <0.001 0.002 0.022 0.003 0.001

Sex effect

Effect at baseline −0.003 0.450 −7.010 0.038 0.003 0.410 0.006 0.146

Effect at 18 months −0.004 0.270 −5.668 0.091 0.002 0.614 0.005 0.235

Effect on slope −0.001 0.758 1.298 0.569 −0.001 0.652 −0.001 0.655

Estimate of effects are shown with corresponding p values
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Previously, cross-sectional analyses have revealed that
children with type 1 diabetes have lower axial diffusivity than
healthy children [8, 9, 17]. We found this difference persists
for 18 months in young children. Similarly, axial diffusivity
did not significantly change over 18 months in either group,
consistent with the very slow rates of change previously re-
ported in healthy children and young adolescents [26, 33]. The
significant between-group effect for axial diffusivity must be
interpreted with caution, however. Biological processes relat-
ed to insulin insufficiency or C-peptide levels [34, 35] may
reduce white matter coherence and adversely affect axial dif-
fusivity. In addition, overall tissue diffusivity is reduced in
animal models of diabetes [31, 32], indicating that brain cell
swelling could also reduce axial diffusivity.

A significant positive correlationwas found between fraction-
al anisotropy and performance IQ at 18 months for the partici-
pants with diabetes. These correlations are consistent with previ-
ous results reported in typically developing children, where
higher IQ was associated with higher fractional anisotropy [26,
36, 37]. Our data are particularly interesting because higher frac-
tional anisotropy was associated with better blood glucose con-
trol (i.e. lower lifetime average exposure to hyperglycaemia).
Cognitive results for this cohort were previously reported [28];
executive function was negatively correlated with average expo-
sure to hyperglycaemia. Thus, our data suggest that reduced
fractional anisotropy (and hence possibly reduced myelination)
due to hyperglycaemia may contribute to the mild cognitive
deficiencies previously reported in this population.

Our results show that young children with early-onset type
1 diabetes are susceptible to adverse neural effects of
hyperglycaemia. It does not appear, however, that
hyperglycaemia causes an increasing deficit in myelination
over time. It is possible that brain growth in childhood can
partially compensate for the effects of hyperglycaemia. Thus,
the degree of hyperglycaemia, the resilience of brain growth
and younger age at diagnosis may be key in determining how
vulnerable the brain is to the effects of hyperglycaemia. This
vulnerability concept is supported by Ferguson et al [38], who
demonstrated that adults with early-onset diabetes (before
7 years of age) had mild brain atrophy and diminished intel-
lectual ability compared with those diagnosed with type 1
diabetes later in childhood or during adolescence.
Furthermore, Siller et al [39] reported lower volume in the left
temporal–parietal–occipital cortex in individuals with type 1
diabetes soon after diagnosis, when compared with healthy
individuals. In that study, higher HbA1c at diagnosis (and thus
greater exposure to hyperglycaemia) was associated with low-
er white matter volume, lower right posterior parietal cortical
thickness and greater right occipital cortical thickness [39].
One potential explanation for the findings of aberrant white
matter development in young children with type 1 diabetes is
that oligodendrocytes responsible for myelination are predom-
inantly generated early in development (e.g. before the age of

5 years) in the corpus callosum [40] and thus glycaemic in-
sults before that age potentially reduce this oligodendrocyte
population.

There were no significant between-group differences noted
in radial diffusivity, mean diffusivity or fractional anisotropy in
our study participants but there were significant differences
within both diabetes and non-diabetes groups when comparing
these measures at 18 months vs baseline (Fig. 1b–d). These
three brain measures each changed as expected over the course
of the study as has been reported in non-diabetic populations
[26]. A limitation of this study is that we did not report results
for individual fibre tracts. This approach was used because of
the expected widespread effects of dysglycaemia and the as-
sumption that overall averages would be the most sensitive
measurement of potential brain alterations.

In summary, the brains of children with type 1 diabetes have
demonstrable differences in axial diffusivity at baseline and
18 months later, suggesting differences in white matter structure
that persist over time. When these differences develop in the
course of diabetes is unknown, but age at onset of diabetes
may play a role. The early presence and persistence of differ-
ences in white matter between children with and without
diabetes might indicate differences in the metabolic state of
the brain between these groups of children. Additionally, and
most importantly, the presence of diabetes does not seem to
influence the rate of subsequent white matter development
overall, the fibre tracts of individuals with type 1 diabetes
seem to develop at the same rate as those of healthy indi-
viduals regardless of degree of hyperglycaemia exposure.
Last, lower exposure to hyperglycaemia was correlated with
better white matter maturation, further emphasising the im-
portance of achieving optimal blood glucose control in
young children with diabetes. Additional studies with longer
follow-up are needed to better delineate the effects of diabe-
tes on the brain from a functional and anatomical standpoint
and to determine how these findings are clinically relevant
in the care of children with type 1 diabetes.
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Appendix

The Diabetes Research in Children Network (DirecNet)
Clinical Centers, Principal Investigators (PI), Co-
Investigators (I) and Coordinators (C) are as follows:

Department of Pediatrics, University of Iowa Carver
College of Medicine, Iowa City, IA, USA: Eva Tsalikian,
MD (PI); Michael J. Tansey, MD (I); Julie Coffey, MSN
(C); Joanne Cabbage (C) and Sara Salamati (C)

Nemours Children’s Health System, Jacksonville, FL,
USA: Nelly Mauras, MD (PI); Larry A. Fox, MD (I);
Allison Cato, PhD (I); Kim Englert, RN, BSN, CDE (C) and
Kaitlin Sikes ARNP, MSN (C)

Division of Pediatric Endocrinology and Diabetes, Stanford
University, Stanford, CA, USA: Bruce A. Buckingham, MD
(PI); Darrell M. Wilson, MD (I); Tandy Aye, MD (I); Kimberly
Caswell, ARNP (C) and Ellen Ambers RN (C)

Department of Pediatrics, Yale University School of
Medicine, New Haven, CT, USA: Stuart A. Weinzimer, MD
(PI); William V. Tamborlane, MD (I); Amy Steffen, BS (C);
Kate Weyman, MSN (C); Melinda Zgorski, BSN (C) and
Jodie Ambrosino, PhD (I)

Washington University in St Louis, St Louis, MO, USA:
Neil H. White, MD, CDE (PI); Ana Maria Arbelaez, MD (I);
Lucy Levandoski, PA-C (C); Angie Starnes, RN, BSN, CDE
(C) and Tamara Hershey, PhD (I)

Image Coordinating Center, Stanford University, Stanford,
CA, USA: Allan L. Reiss, MD; Naama Barnea-Goraly, MD;
Matthew J.Marzelli, BS; Paul K.Mazaika, PhD andDaniel X.
Peng, BS

Coordinating Center, Jaeb Center for Health Research,
Tampa, FL, USA: Roy Beck, MD, PhD (PI); Craig
Kollman, PhD (Co-I) and Katrina Ruedy, MPH (Co-I)

Data and Safety Monitoring Board: Mark Sperling, MD;
Dorothy M. Becker, MBBCh; Patricia Cleary, MS; Carla
Greenbaum, MD and Antoinette Moran, MD
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