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Background and Purpose: Many imaging studies have reported structure alterations

in patients with type 1 diabetes mellitus (T1DM) by using voxel-based morphometry

(VBM). Nevertheless, the results reported were inconsistent and had not been reviewed

quantitatively. Accordingly, the quantitative meta-analysis which including VBM studies

of patients with T1DM was conducted.

Materials andMethods: The gray matter volume alterations in patients with T1DMwas

estimated by using the software seed-based d mapping. Meantime, the meta-regression

was applied to detect the effects of some demographics and clinical characteristics.

Results: Six studies were finally included, which with 6 datasets comprising 414 T1DM

patients and 216 healthy controls. The pooled meta-analyses detected that patients with

T1DM showed robustly increased gray matter volume in the left dorsolateral superior

frontal gyrus and middle frontal gyrus and a decreased gray matter volume in the

right lingual gyrus, cerebellum, precuneus, the left inferior temporal gyrus, and middle

temporal gyrus. The meta-regression showed that the mean age, the female patient’s

ratio, duration of illness and HbAlc% for T1DM patients were not linearly related with

gray matter alterations.

Conclusion: This meta-analysis demonstrates that gray matter volume decreases in

T1DM patients were mainly locates in the cortical regions and cerebellum.

Keywords: graymatter, type 1 diabetesmellitus, seed-based dmapping, meta-analysis, voxel-basedmorphometry

INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a chronic metabolic disease which often occurs in children (1).
During the past few years, the amount of T1DM patients has sharply increased in lots of countries
(2). As a progressive disease, glucose dysregulation in T1DM can lead to severe complications,
including neuropathies, which has been reported to increase the incidence of cognitive deficits
and psychological dysfunction (3, 4). An important tool brain imaging is always being used to
explore the mechanisms linking T1DM and cognitive dysfunction. Among many kinds of brain
imaging modalities, Magnetic Resonance Imaging (MRI) is one of the tools that is commonly used
in cognitive study.
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Many previous studies have reported gray matter volume
alterations in many different brain regions in patients with
T1DM, which includes the superior frontal gyrus, middle frontal
gyrus, middle temporal gyrus, thalamus and cerebellum (5–9).
These changes are thought have some relations with the cognitive
impairment in patients with T1DM. Nevertheless, based on
the prior knowledge, some regions of interest in these studies
were predefined, which may have resulted in potentially biased
results. To overcome the technical limitations of region-of-
interest, one method named voxel-based morphometry (VBM)
could be selected, it is an automated whole-brain based analysis,
which can unbiased investigate gray matter differences between
patients and controls (10). Although most studies using VBM
have observed gray matter alterations in T1DM patients, results
were different. For example, a prior study found decreased gray
matter volume in T1DM subjects compared with control subjects
bilaterally in cerebellum, precuneus, cuneus, calcarine, lingual
gyrus, and fusiform gyrus, and increased gray matter volume
in T1DM subjects relative to control subjects in the left lateral
prefrontal cortices, extending into the superior temporal gyrus,
middle temporal gyrus, and insula (7). Another study reported
that T1DM had decreased gray matter volume in the left middle
temporal gyrus, right postcentral gyrus, and left triangular part of
the frontal inferior gyrus. No brain regions presenting increased
GMV in the T1DM subjects in this study (9). Many variables
such sample size, protocols used and the patient’s clinical and
demographic characteristics may account for the inconsistencies.
Therefore, we intent to conduct a meta-analysis in patients with
T1DM to detect consistent results from studies using VBM.

A new coordinate-based meta-analytic method named seed-
based d mapping (SDM) has been used for meta-analyzing
studies about brain structure or activity differences. Different
kinds of neuroimaging techniques such as fMRI (11), VBM (12),

TABLE 1 | Demographic and clinical characteristics of the participants in the 6 voxel-based morphometry studies included in the meta-analysis.

Patients with type 1 diabetes Healthy controls

References No

(%female)

Mean age,

year

Illness

Duration,

year

Age of

onset

HbAlc% Cormobidity

(number of

patients)

No

(%female)

Mean age,

year

MRI Software Quality

scores

Musen et al. (5) 82

(60.0)

32.6 20.3 NA 7.8 Retinopathy (51) 36

(55.6)

31.3 1.5T SPM99 11.5

Wessels et al. (20) 31

(61.0)

40.6 26.3 14.2 8.0 Diabetic proliferative

retinopathy (13); 4

DRP patients have

nephropathy;

nephropathy and

neuropathy (2)

21

(66.7)

36.3 1.5T SPM2 11.5

Perantie et al. (21) 108

(42.3)

12.6 5.7 6.9 8.4 NA 51

(49)

12.3 1.5T SPM5 12.0

Kaufmann et al. (6) 30

(53.3)

14.3 5.6 7.65 8.3 NA 19

(52.6)

13.0 1.5T SPM8 12.5

Marzelli et al. (7) 142

(46.5)

7.0 2.9 4.1 7.9 NA 68

(48.5)

7.0 3T SPM8 12.5

Liu et al. 21

(62.0)

9.29 0.56 8.73 11.15 NA 21

(62%)

9.38 3T FSL 12.5

DRP, diabetic proliferative retinopathy; yr, year.

or DTI (13) were being used in these studies. Many diseases
has been analyzed by using SDM, such as depression (11),
posttraumatic stress disorder (14), and dementia (15). Many
useful features of activation likelihood estimation and multilevel
kernel density analysis were combined in the SDM. It also
superior than these methods in some respects. For instance,
differences including positive and negative can be combined in
one map, thus a particular voxel from may be significant in
opposite directions can be prevented (16). Meanwhile, the SDM
also contains some extra analyses which are using to estimate
the robustness and heterogeneity of results. These analyses
include jack-knife, subgroup and meta-regression analyses (17).
However, the meta-analysis includes VBM studies comparing
patients with T1DM and healthy controls has not ever been
analyzed by SDM. Therefore, we intent to use SDM to detect
gray matter alterations between T1DM patients and healthy
controls by quantitatively review the previous studies using VBM
about T1DM.

METHODS

Inclusion of Studies
Guideline PRISMA was used in our meta-analysis (18). The

databases we used in our study were PubMed, Web of Science

and Medline, and the time of publication was from January

1947 to June 2019. The keywords included “diabetes” or
“diabetes mellitus” plus “voxel-based morphometry,” “voxel-
based,” “voxel-wise,” “morphometry,” or “VBM.” Additionally, we
also manually checked some review articles and the identified
articles’ references. The inclusion criteria were: (1) the gray
matter differences between patients with T1DM and healthy
controls were compared at the whole-brain level (2) the results
of comparisons were demonstrated in a stereotactic space in
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three coordinates (x, y, and z). Once several independent samples
were contained in one study, their coordinates were included
separately. And the studies were excluded if they use ROI or seed
voxel-based analysis. If some articles lack coordinates, we would
contact the author to decrease the likely of a biased sample set.

Quality Assessment
The checklist with 13 point was used to examine the studies
qualities we included. Which focus on some basic information
of the study samples and imaging-specific methodology.
The checklist was made in accordance with the studies
published before (12, 19). The contents of the checklist
were included in the Table S1. Despite the checklist was
not used to assess, it can provide an objective indication of
the rigor of each study. Two authors reviewed the studies
independently, and then got completeness rating. Once rating
disagreement came up, the paper would be discussed until
the same score was achieved. The scores are demonstrated
in Table 1.

Voxel-Wise Meta-Analysis
SDM was used to detect gray matter differences between patients
with T1DM and healthy controls (https://www.sdmproject.
com/). First, a pooled meta-analysis of the included studies was
performed. Some previous articles have described the details

about SDM method (17, 22). We just briefly described it here.

Firstly, peak coordinates we need were selected. And each study

included should using the same statistical threshold at the whole

brain, which can avoid potential bais. Secondly, a Gaussian

Kernel was used to recreate a standard Talairach map for each

study of the gray matter differences. The peak t-value was

converted to Hedges effect size, which mean to recreate the

peak coordinates. Then, a non-normalized Gaussian kernel was
used to arrange larger values to the voxels closer to peaks. The
differences for null findings was that voxels in the effect size
map were arranged null effect size while the same effect size
was recreated. The random-effects meta-analytic also included
the null effect size as other effect sizes. Thirdly, the voxel-wise
calculation was done to get the mean map, and the calculation
was weighted by the square root of the sample size of each study.
Therefore, the larger studies would contribute more. At last, a
randomizations tests was done to evaluate statistical significance,
and null distribution was created by which can directly get
p-values. Default SDM kernel size and thresholds were used (full-
width at half-maximum = 20mm, voxel p = 0.005, peak height
Z = 1, cluster extent = 10 voxels) (17). Besides, the jack-knife
sensitivity analysis was used to evaluate the reliability of the
results. For instance, the data sets were analyzed six times in the
pooledmeta-analysis, with one data set discarded every time. The
principal of the test is to detect if a significant brain region is still

FIGURE 1 | Meta-analysis of voxel-based morphometry studies in patients with type 1 diabetes mellitus.
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significant in all or the majority of the studies, which suggested
the result is highly replicable.

Meta-Regression Analysis
Some sociodemographic and clinical variables showed in Table 1

were calculated by simple linear regression to detect the potential
effects, which was weighted by the square root of the sample size
and restricted to predict only possible SDM values (i.e., from −1
to 1) in the observed range of values of the variable (17). Each
variable can get a map of regression slope. As in published meta-
analysis, we also decreased the probability threshold to 0.00005
to minimize the finding of spurious associations, required
abnormalities to be detected both in the slope and in 1 of the
extremes of the regressor, and discarded findings in regions other
than those detected in the main analyses. Finally, if the result
was driven by too small studies, the regression plots would be
discarded (22).

RESULTS

Studies Included in the Meta-Analyses
The studies identification and attrition are demonstrated in
Figure 1. A total of 2,116 studies were identified in our study,
and 5 studies met the inclusion criteria. Additionally, one study
was found in the reference lists. Therefore, 6 VBM studies were
finally included. Some data including clinical and demographic
data can be detected inTable 1. The software that each study used
to do VBM were Table 1. Five of the studies used SPM and one
of the studies used FSL. Each study used the VBM toolbox in
the software. The T1DM and control groups had no significant
difference in age or sex in each study. However, significant
difference exists between the two groups when considering the
whole data set (P > 0.05). Besides, the mean age was 19.40 years
in the T1DM patients vs. 18.21 years in the healthy controls, and
women there were 209 (50.00%) in the T1DM vs. 115 (53.24%) in
the control.

Meta-Analysis of All Studies
In the meta-analysis, patients with T1DM showed increased gray
matter volume in the left dorsolateral superior frontal gyrus
(SFG) and middle frontal gyrus (MFG). And decreased gray
matter volume in the right lingual gyrus, cerebellum, precuneus,
the left inferior temporal gyrus (ITG), andmiddle temporal gyrus
(MTG) (Table 2 and Figures 2, 3).

Reliability Analysis
The Table 3 showed the whole-brain jack-knife sensitivity
analysis of the meta-analysis. Which found that the gray
matter volume increased significantly in the left dorsolateral
SFG and MFG and decreased significantly in the right lingual
gyrus, cerebellum, precuneus, and the left ITG in all but one

FIGURE 2 | The areas of increased gray matter volumes in patients with type 1

diabetes mellitus (T1DM) compared with Healthy controls in the meta-analysis.

Gray matter volume changes in patients with T1DM are displayed on a

3-dimensionally rendered brain, with part of the left or right hemisphere

removed. L, left; MFG, middle frontal gyrus; SFG, superior frontal gyrus.

TABLE 2 | Regional differences in gray matter volume between patients with type 1 diabetes and healthy controls in the pooled meta-analysis (voxel-wise p < 0.005 and

full-width at half-maximum 20mm).

Maximum Clusters

Brain regions MNI coordinates

x, y, z

SDM value p-value No. voxel Breakdown (No. of voxels)

DIABETES>CONTROL

L superior frontal gyrus,

dorsolateral

−24, 34, 36 1.547 0.000004292 947 L superior frontal gyrus, dorsolateral, B9, 46, 32 (193)

L middle frontal gyrus, BA 9, 45, 46 (754)

DIABETES<CONTROL

R lingual gyrus 10, −50, 2 −1.547 0.000435233 424 R lingual gyrus, BA17, 18, 19, 27, 29, 30, 37 (337)

R cerebellum, hemispheric lobule IV/V, BA18, 30 (55)

R precuneus, BA17, 27, 29, 30, 37 (24)

R parahippocampal gyrus, BA27, 30 (8)

L middle temporal gyrus −56, −8, −26 −1.159 0.003499866 49 L inferior temporal gyrus, BA20, 21 (28)

L middle temporal gyrus, BA20, 21 (21)

BA, Brodmann area; L, Left; MNI, Montreal Neurological Institute; R, right; SDM, signed differential mapping.
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FIGURE 3 | The areas of decreased gray matter volumes in patients with type 1 diabetes mellitus (T1DM) compared with Healthy controls in the meta-analysis. Gray

matter volume changes in patients with T1DM are displayed on a 3-dimensionally rendered brain, with part of the left or right hemisphere removed. ITG, inferior

temporal gyrus; L, left; MTG, middle temporal gyrus; R, right.

TABLE 3 | Sensitivity analyses of voxel-based morphometry studies of gray matter in patients with type 1 diabetes in the meta-analysis.

Decreased gray matter Increased gray matter

Discarded study L L R R R L L

SFG MFG lingual gyrus cerebellum precuneus MTG ITG

Musen et al. (5) Y& Y Y Y Y Y Y

Wessels et al. (20) Y Y Y Y Y N Y

Perantie et al. (21) N$ N N N N Y Y

Kaufmann et al. (6) Y Y Y Y Y N N

Marzelli et al. (7) Y Y Y Y Y Y Y

Liu et al. Y Y Y Y Y Y Y

ITG, inferior temporal gyrus; L, left; MFG, middle frontal gyrus; MTG, middle temporal gyrus; N, no; R, right; SFG, superior frontal gyrus; Y, yes.
&Remained significantly increased/decreased after exclusion of the study in the jack-knife analysis.
$No longer significantly increased/decreased after exclusion of the study in the jack-knife analysis.

combination of the data sets. The decreased gray matter volume
in the left MTG was significant in all but two combination of the
data sets.

Meta-Regression
The information on the mean age, the percentage of female
patients with T1MD, illness duration andHbAlc%were evaluated
by meta-regression in the patient group. This information can
get from all 414 participants in the 6 studies. There variables
were finally found not linearly associated with gray matter
volume alterations.

DISCUSSION

As far as we know, our study is the firstly using SDM to pool

VBM studies for a meta-analysis, which mean to find gray matter

differences between patients with T1DM and healthy controls.

The results identified gray matter changes mainly located in the

cortical regions. And part of the cerebellum.

Among the included 6 VBM studies, two studies found
no significant differences between T1DM and healthy controls,
other 4 studies reported decreased gray matter volume in
T1DM relative to healthy controls, and only 1 study showed
increased gray matter volume in T1DM compared with healthy
controls. Most of the studies reported decreased gray matter
volume in the temporal gyrus in T1DM. Decreased gray
matter volume of some brain regions in parietal and occipital
lobe were also detected. The decreased gray matter in the
frontal gyrus is rarely reported when compared T1DM with
healthy controls.

Both increased and decreased gray matter volume of the brain
regions were detected in our study. One executive task-based
fMRI study of children with T1DM found higher activation in
executive control regions and decreased suppression of activation
in the posterior node of the default mode network. And the study
concluded that increased recruitment of executive control areas
in pediatric T1DM may lead to offset diabetes-related damage
of default mode network, which may facilitate cognitive and
behavioral performance levels that are similar to that of non-
diabetic controls (23). The relationship between functional and
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structural alterations in the patients with T1DM may need to be
further confirmed in the future.

Our study identified increased gray matter volume in the
left dorsolateral SFG and MFG, which are parts of frontal
cortex. The frontal cortex is an important part that associated
with emotional processing and cognitive regulation, which
includes attention and behavioral control (24). As we can
see from the included studies, the result of abnormal gray
matter of frontal regions was mainly contributed by the studies
which included adults. These patients were with long illness
duration and chronic hyperglycemia. Previous studies had
shown that chronic hyperglycemia seems impact more on poor
cognitive function for adults with T1DM (25, 26). A prior
fMRI study showed that middle-aged patients with T1DM
showed higher brain activation compared with persons without
T1DM in the frontal cortex while performing a psychomotor
speed task (27). The increased gray matter volume in clinical
has not studies well. One explanation is that use-dependent
brain expansion may occur to support heavy reliance on
particular brain regions (28), which need to be confirmed by
further studies.

Our meta-analysis found significantly lower gray matter
volume in the right lingual gyrus, precuneus, and the left ITG
and MTG in T1DM. More and more evidence that showed
that lowered cognitive performance in patients with T1DM is
related to chronic hyperglycaemia (29, 30). Hyperglycaemia may
result in an accumulation of potentially toxic glucose metabolites,
oxidative stress, accelerated formation of advanced glycation
end-products and microvascular changes in the brain (31).
Hyperglycaemia-induced alterations may lead to accelerated
aging of the brain, such as cortical atrophy of temporal,
parietal and occipital regions. A whole brain analysis found
both decreased gray and white matter volume in T1DM relative
to healthy control subjects with a higher brain perfusion (32).
One prior study also showed lower volume in the temporal-
parietal-occipital cortex in the T1DM patients compared with
controls by means of regions-of-interest (33). A study about
disrupted gray matter network properties found that patients
without proliferative retinopathy showed alter local clustering
and path length in the temporal and occipital gyrus (34). Lower
axial diffusivity in the temporal and parietal regions in children
with T1DM also reported in a previous study (35). Another
DTI study found a negative correlation between the ADC values
of the parietal white matter, and indicate that brain damage
may have begun at the cellular level in the preliminary stage of
T1DM and neurocognitive impairments can’t be avoided (36).
Meanwhile, one DTI study found the fractional anisotropy was
decreased in posterior white matter tracts, which have high
connectivity with lots of posterior cortical regions, including
the cuneus, precuneus, fusiform, and posterior parietal cortical
regions (37). According to the prior studies, we conjecture
that loss of gray matter in the occipital and temporal gyrus
may also owe to early retinal alterations that happen in type
1 diabetic patients (even in those without clinically evident
diabetic retinopathy) (5, 20). As the recurrent episodes of severe
hypoglycaemia, the influence of hypoglycemia to the brain gray
matter volume cannot be ignored. Bednarik et al. reported that

T1DM and damaged awareness of hypoglycemia were correlated
with reduced gray matter volumes in the parietal and temporal
lobe (38).

Furthermore, the patients with T1DM exhibited lower gray
matter volume within the cerebellum. Previous study have
speculated that the cerebellum may operate as a type of internal
timing system (39), and it is associated with executive control
and inhibition of distractors (40). Additionally, one study showed
that the structure of cerebellum can be mostly influenced during
neurodevelopment in children with T1DM (7). This result could
account for the gray matter volume differences between the
groups in our study. Besides, elevated HbA1c at diagnosis was
found correlated with decreased volume in cerebellar white
matter (33). Except for structure differences, some studies also
found activation differences between T1DM and healthy controls
in cerebellum (41, 42).

Our study has several limitations. Firstly, the sample size was
small, which may limit the power of our analyses. Secondly, the
data acquisition, analysis techniques, patient characteristics, and
clinical variables were varied in the studies. For instance, some
patients with T1DM in our study came up recurrent episodes
of severe hypoglycaemia beside chronic hyperglycaemia, the
unstable blood glucose may affect brain structure. However, we
cannot investigate most of these variables in our study as we can’t
get the detailed information to do a subgroup or meta-regression
analysis (22). Thirdly, our study performed the meta-analysis
with a combination of children and middle-aged individuals, but
the number of included studies was in sufficient for a subgroup
analysis. Which can be done in the future if more studies
included. Fourth, some limitations about the VBM method still
exist. From the Table 1 we can observe that 4 versions of SPM
and 1 FSL were used in these studies. Different version of SPM
may produce different results due to different pre-processing
procedures. It’s better to do a subgroup analysis or perform a
meta-analysis by including studies using the same version of
software if the number of the studies is enough. Although, the
VBM has been well-adapted for coordinate-based meta-analyses.
Voxel-based morphometry analyses may over estimate group
differences in areas of high anatomic differences (43, 44) and
may be biased toward detecting highly localized group differences
and against detecting ones that are spatially more diverse.
Finally, the using of coordinate-based methods may result in less
accurate results as it was based on summarized statistical brain
maps (45).

CONCLUSION

The results of our meta-analysis suggest that T1DM patients
have significantly and stable decreased gray matter volume in
the cortical regions and cerebellum. This study may support the
opinion that T1DM could lead to subtle diabetic brain structural
changes, which can be associated with cognitive deficits in T1DM
patients. Further study may need to investigate the dynamic
brain structure alterations in patients with T1DM and its
relationship with cognition, which can help us better understand
the results.

Frontiers in Endocrinology | www.frontiersin.org 6 February 2020 | Volume 11 | Article 45

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Liu et al. Altered Gray Matter in T1DM

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

JW, QZ, and HS contributed to the conception of the study.
JiaL, WF, YJ, XSu, WW, XL, XSun, JieL, WS, and TZ
contributed significantly to analysis and manuscript preparation.
JiaL performed the data analyses and wrote the manuscript. QG
contributed to the interpretation and discussion of the results of
the analysis.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Grant Nos. 81701653, 81701673)
and Hubei Provincial Natural Science Foundation of China
(Grant Nos. 2019CFB639, 2019CFB497).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2020.00045/full#supplementary-material

REFERENCES

1. Hamed SA. Brain injury with diabetes mellitus: evidence, mechanisms

and treatment implications. Expert Rev Clin Pharmacol. (2017) 10:409–28.

doi: 10.1080/17512433.2017.1293521

2. Wu HB, Zhong JM, Hu RY, Wang H, Gong WW, Pan J, et al. Rapidly

rising incidence of type 1 diabetes in children and adolescents aged 0-19

years in Zhejiang, China, 2007 to 2013. Diabet Med. (2016) 33:1339–46.

doi: 10.1111/dme.13010

3. Grey M, Whittemore R, Tamborlane W. Depression in type 1 diabetes in

children: natural history and correlates. J Psychosom Res. (2002) 53:907–11.

doi: 10.1016/S0022-3999(02)00312-4

4. Brands AM, Biessels GJ, de Haan EH, Kappelle LJ, Kessels RP. The effects

of type 1 diabetes on cognitive performance: a meta-analysis. Diabetes Care.

(2005) 28:726–35. doi: 10.2337/diacare.28.3.726

5. Musen G, Lyoo IK, Sparks CR, Weinger K, Hwang J, Ryan

CM, et al. Effects of type 1 diabetes on gray matter density as

measured by voxel-based morphometry. Diabetes. (2006) 55:326–33.

doi: 10.2337/diabetes.55.02.06.db05-0520

6. Kaufmann L, Pixner S, Starke M, Zotter S, Köhle J, Meraner D, et al.

Neurocognition and brain structure in pediatric patients with type 1 diabetes.

J Pediatr Neuroradiol. (2012) 1:25–35. doi: 10.3233/PNR-2012-005

7. Marzelli MJ, Mazaika PK, Barnea-Goraly N, Hershey T, Tsalikian E,

Tamborlane W, et al. Neuroanatomical correlates of dysglycemia

in young children with type 1 diabetes. Diabetes. (2014) 63:343–53.

doi: 10.2337/db13-0179

8. Nunley KA, Ryan CM, Aizenstein HJ, Jennings JR, MacCloud RL, Orchard

TJ, et al. Regional gray matter volumes as related to psychomotor

slowing in adults with type 1 diabetes. Psychosom Med. (2017) 79:533–40.

doi: 10.1097/PSY.0000000000000449

9. Liu K, Huang X, Cui S, Ye X, Zhou Y, Song J, et al. Voxel-based

morphometry reveals regional reductions of gray matter volume in school-

aged children with short-term type 1 diabetes mellitus. Neuroreport. (2019).

doi: 10.1097/WNR.0000000000001238

10. Ashburner J, Friston KJ. Why voxel-based morphometry should be used.

Neuroimage. (2001) 14:1238–43. doi: 10.1006/nimg.2001.0961

11. Chen ZQ, Du MY, Zhao YJ, Huang XQ, Li J, Lui S, et al. Voxel-wise meta-

analyses of brain blood flow and local synchrony abnormalities in medication-

free patients with major depressive disorder. J Psychiatr Neurosci. (2015)

40:401–11. doi: 10.1503/jpn.140119

12. Liu J, Liu T, Wang W, Ma L, Ma X, Shi S, et al. Reduced gray matter volume

in patients with type 2 diabetes mellitus. Front Aging Neurosci. (2017) 9:161.

doi: 10.3389/fnagi.2017.00161

13. Jiang J, Zhao YJ, Hu XY, DuMY, Chen ZQ,WuM, et al. Microstructural brain

abnormalities in medication-free patients with major depressive disorder: a

systematic review and meta-analysis of diffusion tensor imaging. J Psychiatr

Neurosci. (2017) 42:150–63. doi: 10.1503/jpn.150341

14. Meng L, Jiang J, Jin C, Liu J, Zhao Y, Wang W, et al. Trauma-specific grey

matter alterations in PTSD. Sci Rep. (2016) 6:33748. doi: 10.1038/srep33748

15. Zhong J, Pan P, Dai Z, Shi H. Voxelwise meta-analysis of gray matter

abnormalities in dementia with lewy bodies. Eur J Radiol. (2014) 83:1870–4.

doi: 10.1016/j.ejrad.2014.06.014

16. Radua J, Rubia K, Canales-Rodriguez EJ, Pomarol-Clotet E, Fusar-

Poli P, Mataix-Cols D. Anisotropic kernels for coordinate-based

meta-analyses of neuroimaging studies. Front Psychiatr. (2014) 5:13.

doi: 10.3389/fpsyt.2014.00013

17. Radua J, Mataix-Cols D, Phillips ML, El-HageW, Kronhaus DM, Cardoner N,

et al. A new meta-analytic method for neuroimaging studies that combines

reported peak coordinates and statistical parametric maps. Eur Psychiatr.

(2012) 27:605–11. doi: 10.1016/j.eurpsy.2011.04.001

18. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items

for systematic reviews and meta-analyses: the PRISMA statement. J Clin

Epidemiol. (2009) 62:1006–12. doi: 10.1016/j.jclinepi.2009.06.005

19. Shepherd AM, Matheson SL, Laurens KR, Carr VJ, Green MJ. Systematic

meta-analysis of insula volume in schizophrenia. Biol Psychiatr. (2012)

72:775–84. doi: 10.1016/j.biopsych.2012.04.020

20. Wessels AM, Simsek S, Remijnse PL, Veltman DJ, Biessels GJ, Barkhof F,

et al. Voxel-based morphometry demonstrates reduced grey matter density

on brain MRI in patients with diabetic retinopathy. Diabetologia. (2006)

49:2474–80. doi: 10.1007/s00125-006-0283-7

21. Perantie DC, Wu J, Koller JM, Lim A, Warren SL, Black KJ, et al.

Regional brain volume differences associated with hyperglycemia and severe

hypoglycemia in youth with type 1 diabetes. Diabetes Care. (2007) 30:2331–7.

doi: 10.2337/dc07-0351

22. Radua J, Mataix-Cols D. Voxel-wise meta-analysis of grey matter changes

in obsessive-compulsive disorder. Br J Psychiatr. (2009) 195:393–402.

doi: 10.1192/bjp.bp.108.055046

23. Foland-Ross LC, Buckingam B, Mauras N, Arbelaez AM, Tamborlane WV,

Tsalikian E, et al. Executive task-based brain function in children with

type 1 diabetes: an observational study. PLoS Med. (2019) 16:e1002979.

doi: 10.1371/journal.pmed.1002979

24. Savitz JB, Price JL, Drevets WC. Neuropathological and neuromorphometric

abnormalities in bipolar disorder: view from the medial prefrontal

cortical network. Neurosci Biobehav Rev. (2014) 42:132–47.

doi: 10.1016/j.neubiorev.2014.02.008

25. Jacobson AM, Ryan CM, Cleary PA,Waberski BH,Weinger K, Musen G, et al.

Biomedical risk factors for decreased cognitive functioning in type 1 diabetes:

an 18 year follow-up of the diabetes control and complications trial (DCCT)

cohort. Diabetologia. (2011) 54:245–55. doi: 10.1007/s00125-010-1883-9

26. Nunley KA, Rosano C, Ryan CM, Jennings JR, Aizenstein HJ, Zgibor

JC, et al. Clinically relevant cognitive impairment in middle-aged adults

with childhood-onset type 1 diabetes. Diabetes Care. (2015) 38:1768–76.

doi: 10.2337/dc15-0041

27. Hwang M, Tudorascu DL, Nunley K, Karim H, Aizenstein HJ, Orchard

TJ, et al. Brain activation and psychomotor speed in middle-aged patients

with type 1 diabetes: relationships with hyperglycemia and brain small

vessel disease. J Diabetes Res. (2016) 2016:9571464. doi: 10.1155/2016/95

71464

Frontiers in Endocrinology | www.frontiersin.org 7 February 2020 | Volume 11 | Article 45

https://www.frontiersin.org/articles/10.3389/fendo.2020.00045/full#supplementary-material
https://doi.org/10.1080/17512433.2017.1293521
https://doi.org/10.1111/dme.13010
https://doi.org/10.1016/S0022-3999(02)00312-4
https://doi.org/10.2337/diacare.28.3.726
https://doi.org/10.2337/diabetes.55.02.06.db05-0520
https://doi.org/10.3233/PNR-2012-005
https://doi.org/10.2337/db13-0179
https://doi.org/10.1097/PSY.0000000000000449
https://doi.org/10.1097/WNR.0000000000001238
https://doi.org/10.1006/nimg.2001.0961
https://doi.org/10.1503/jpn.140119
https://doi.org/10.3389/fnagi.2017.00161
https://doi.org/10.1503/jpn.150341
https://doi.org/10.1038/srep33748
https://doi.org/10.1016/j.ejrad.2014.06.014
https://doi.org/10.3389/fpsyt.2014.00013
https://doi.org/10.1016/j.eurpsy.2011.04.001
https://doi.org/10.1016/j.jclinepi.2009.06.005
https://doi.org/10.1016/j.biopsych.2012.04.020
https://doi.org/10.1007/s00125-006-0283-7
https://doi.org/10.2337/dc07-0351
https://doi.org/10.1192/bjp.bp.108.055046
https://doi.org/10.1371/journal.pmed.1002979
https://doi.org/10.1016/j.neubiorev.2014.02.008
https://doi.org/10.1007/s00125-010-1883-9
https://doi.org/10.2337/dc15-0041
https://doi.org/10.1155/2016/9571464
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Liu et al. Altered Gray Matter in T1DM

28. Maguire EA, Gadian DG, Johnsrude IS, Good CD, Ashburner J,

Frackowiak RS, et al. Navigation-related structural change in the

hippocampi of taxi drivers. Proc Natl Acad Sci USA. (2000) 97:4398–403.

doi: 10.1073/pnas.070039597

29. Cato MA, Mauras N, Ambrosino J, Bondurant A, Conrad AL, Kollman

C, et al. Cognitive functioning in young children with type 1 diabetes.

J Int Neuropsychol Soc. (2014) 20:238–47. doi: 10.1017/S1355617713

001434

30. Cato MA, Mauras N, Mazaika P, Kollman C, Cheng P, Aye T, et al.

Longitudinal evaluation of cognitive functioning in young children with

type 1 diabetes over 18 Months. J Int Neuropsychol Soc. (2016) 22:293–302.

doi: 10.1017/S1355617715001289

31. Brownlee M. The pathobiology of diabetic complications: a unifying

mechanism. Diabetes. (2005) 54:1615–25. doi: 10.2337/diabetes.54.6.1615

32. van Elderen SG, Brandts A, van der Grond J, Westenberg JJ, Kroft LJ, van

Buchem MA, et al. Cerebral perfusion and aortic stiffness are independent

predictors of white matter brain atrophy in type 1 diabetic patients

assessed with magnetic resonance imaging. Diabetes Care. (2011) 34:459–63.

doi: 10.2337/dc10-1446

33. Siller AF, Lugar H, Rutlin J, Koller JM, Semenkovich K, White NH, et al.

Severity of clinical presentation in youth with type 1 diabetes is associated

with differences in brain structure. Pediatr Diabetes. (2017) 18:686–95.

doi: 10.1111/pedi.12420

34. van Duinkerken E, Ijzerman RG, Klein M, Moll AC, Snoek FJ, Scheltens P,

et al. Disrupted subject-specific gray matter network properties and cognitive

dysfunction in type 1 diabetes patients with and without proliferative

retinopathy. Hum Brain Map. (2016) 37:1194–208. doi: 10.1002/hbm.23096

35. Aye T, Barnea-Goraly N, Ambler C, Hoang S, Schleifer K, Park Y,

et al. White matter structural differences in young children with type 1

diabetes: a diffusion tensor imaging study. Diabetes Care. (2012) 35:2167–73.

doi: 10.2337/dc12-0017

36. Toprak H, Yetis H, Alkan A, Filiz M, Kurtcan S, Aralasmak A,

et al. Relationships of DTI findings with neurocognitive dysfunction in

children with Type 1 diabetes mellitus. Br J Radiol. (2016) 89:20150680.

doi: 10.1259/bjr.20150680

37. Franc DT, Kodl CT, Mueller BA, Muetzel RL, Lim KO, Seaquist ER.

High connectivity between reduced cortical thickness and disrupted white

matter tracts in long-standing type 1 diabetes. Diabetes. (2011) 60:315–9.

doi: 10.2337/db10-0598

38. Bednarik P, Moheet AA, Grohn H, Kumar AF, Eberly LE, Seaquist ER, et al.

Type 1 diabetes and impaired awareness of hypoglycemia are associated

with reduced brain gray matter volumes. Front Neurosci. (2017) 11:529.

doi: 10.3389/fnins.2017.00529

39. Stoodley CJ, Valera EM, Schmahmann JD. Functional topography of the

cerebellum for motor and cognitive tasks: an fMRI study. Neuroimage. (2012)

59:1560–70. doi: 10.1016/j.neuroimage.2011.08.065

40. Baier B, Muller NG, Dieterich M. What part of the cerebellum contributes

to a visuospatial working memory task? Ann Neurol. (2014) 76:754–7.

doi: 10.1002/ana.24272

41. Guardia-Olmos J, Gallardo-Moreno GB, Gudayol-Ferre E, Pero-Cebollero M,

Gonzalez-Garrido AA. Effect of verbal task complexity in a working memory

paradigm in patients with type 1 diabetes. a fMRI study. PLoS ONE. (2017)

12:e0178172. doi: 10.1371/journal.pone.0178172

42. Guardia-Olmos J, Gudayol-Ferre E, Gallardo-Moreno GB, Martinez-Ricart

M, Pero-Cebollero M, Gonzalez-Garrido AA. Complex systems representing

effective connectivity in patients with type One diabetes mellitus. PLoS ONE.

(2018) 13:e0208247. doi: 10.1371/journal.pone.0208247

43. Bookstein FL. Voxel-based morphometry should not be used with

imperfectly registered images. Neuroimage. (2001) 14:1454–62.

doi: 10.1006/nimg.2001.0770

44. Tisserand DJ, Pruessner JC, Sanz Arigita EJ, van Boxtel MP, Evans AC, Jolles

J, et al. Regional frontal cortical volumes decrease differentially in aging: an

MRI study to compare volumetric approaches and voxel-based morphometry.

Neuroimage. (2002) 17:657–69. doi: 10.1006/nimg.2002.1173

45. Zhao YJ, Du MY, Huang XQ, Lui S, Chen ZQ, Liu J, et al. Brain

grey matter abnormalities in medication-free patients with major

depressive disorder: a meta-analysis. Psychol Med. (2014) 44:2927–37.

doi: 10.1017/S0033291714000518

Conflict of Interest: TZ was employed by the company Philips Healthcare.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2020 Liu, Fan, Jia, Su, Wu, Long, Sun, Liu, Sun, Zhang, Gong, Shi, Zhu

and Wang. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 8 February 2020 | Volume 11 | Article 45

https://doi.org/10.1073/pnas.070039597
https://doi.org/10.1017/S1355617713001434
https://doi.org/10.1017/S1355617715001289
https://doi.org/10.2337/diabetes.54.6.1615
https://doi.org/10.2337/dc10-1446
https://doi.org/10.1111/pedi.12420
https://doi.org/10.1002/hbm.23096
https://doi.org/10.2337/dc12-0017
https://doi.org/10.1259/bjr.20150680
https://doi.org/10.2337/db10-0598
https://doi.org/10.3389/fnins.2017.00529
https://doi.org/10.1016/j.neuroimage.2011.08.065
https://doi.org/10.1002/ana.24272
https://doi.org/10.1371/journal.pone.0178172
https://doi.org/10.1371/journal.pone.0208247
https://doi.org/10.1006/nimg.2001.0770
https://doi.org/10.1006/nimg.2002.1173
https://doi.org/10.1017/S0033291714000518
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Altered Gray Matter Volume in Patients With Type 1 Diabetes Mellitus
	Introduction
	Methods
	Inclusion of Studies
	Quality Assessment
	Voxel-Wise Meta-Analysis
	Meta-Regression Analysis

	Results
	Studies Included in the Meta-Analyses
	Meta-Analysis of All Studies
	Reliability Analysis
	Meta-Regression

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


