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Due to its increasing prevalence, Type 2 diabetes mellitus (T2DM) represents a major health challenge for

Brain modern society. Despite it being of fundamental interest, only a few MRI studies have conducted statistical
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analyses to draw scientifically valid conclusions about the complex interplay of T2DM and its associated clinical,
structural, functional, metabolite, as well as cognitive distortions. Therefore, a systematic review of 68 manu-
scripts, following the PRISMA guidelines, was conducted. Notably, although the associations between imaging,
clinical, and cognitive variables are not fully homogeneous, findings show a clear trend towards a link between

altered brain structure and a decline in cognitive processing ability. The results of the review highlight the
heterogeneity of the methods used across manuscripts in terms of assessed clinical variables, imaging, and data
analysis methods. This is particularly significant as, if the subjects’ criteria are not carefully considered, results
are easily prone to confounding factors.

1. Introduction

Metabolic diseases, and particularly diabetes mellitus, represent the
biggest health challenge for modern society. While high blood glucose
level (i.e., hyperglycaemia) is a hallmark of diabetes mellitus, the un-
derlying causes may be deficits in insulin secretion (formerly called
insulin-dependent diabetes and defined as type 1 diabetes), or in-
sufficient sensitivity to insulin, or both (formerly called non-insulin
dependent diabetes and commonly known as type 2 diabetes mellitus
(T2DM)). About 95% of diabetic patients suffer from T2DM, where up
to half of these people are unaware of their condition (“IDF diabetes
atlas - 2017 Atlas,” 2017). Without scientific breakthroughs, this pan-
demic will become economically unsustainable and will negatively
impact life expectancy. In recent years, due to improvements in the
therapeutic care of diabetes, organ damage involving the eyes (e.g.,
retinopathy), kidneys (e.g., nephropathy), peripheral nerves (e.g.,
gangrene), and heart (e.g., myocardial infarction) has become more
widely acknowledged. These symptoms have been reasonably managed
to the extent that fewer T2DM patients are suffering from them.

Nevertheless, as people are living longer with the disease, it has been
observed that T2DM can alter the function and the structure of tissues
not directly associated with the above-mentioned symptoms and may,
in particular, affect the brain (Seaquist, 2010).

The brain plays a prominent role in glucose homeostasis, because it
responds to the input of adiposity and nutrient-related signals by pro-
ducing adaptive changes in energy intake, energy use, and hepatic
glucose production (Schwartz et al., 2013; Schwartz and Porte, 2005).
Due to reduced neuronal insulin and/or leptin action in the brain, the
energy balance becomes disturbed, leading to obesity and insulin re-
sistance (IR) (Schwartz et al., 2013; Schwartz and Porte, 2005). In
addition, patients with T2DM show an accelerated decline in cognitive
functioning, which exceeds the rate of aging-related cognitive decre-
ments (Geijselaers, 2015; King et al.,, 1998; Luchsinger, 2012;
McCrimmon et al., 2012; Reijmer et al., 2011; Ruis et al., 2009;
Strachan et al., 1997). Longitudinal studies have linked T2DM to an
increased risk of developing vascular dementia or Alzheimer’s disease
(Biessels et al., 2006; De Felice et al., 2014; Luchsinger, 2012).

In this context, Magnetic Resonance Imaging (MRI) provides the
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cornerstone of the non-invasive diagnosis and monitoring of T2DM.
High-resolution MRI images of the underlying brain characteristics of
T2DM patients can be used to track the earliest effects of IR and glucose
distortions on the brain. Furthermore, these techniques can be used to
investigate the relationship between structural brain anatomy, func-
tioning, and cognitive impairments. Thus, a comprehensive evaluation
of the relationship between T2DM and distortions in brain structure and
cognitive function is of fundamental interest. Some studies have con-
ducted statistical analyses to draw scientifically valid conclusions about
the complex interplay between these different factors. Therefore, the
purpose of this systematic review is to assess the statistical significant
relevance of what imaging can reveal about the relationship between
T2DM and its associated clinical, structural, functional, metabolite, as
well as cognitive distortions, in the brains of these patients.

2. Methods

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Moher et al., 2009), using an advanced document
protocol (S1). The checklist associated with the protocol for reporting
systematic reviews is provided in (S2). For the sake of clarity, the main
MRI parameters, clinical and physiological measures, as well as phy-
siological tests commonly used in T2DM studies, are briefly introduced
in Fig. 1.

2.1. Search strategy

Electronic searches were performed using PubMed and Web of
Knowledge for literature published prior to December 15, 2017. No
start date was used. The following search terms were used: “diabetes
type 2” OR “type 2 diabetes” OR “type 2 diabetes mellitus” AND “MRI”
OR “Magnetic Resonance Imaging” AND “human”. Results were refined
by human AND brain AND English. References with titles including the
search terms above were selected for the next step of data processing.

2.2. Inclusion and exclusion criteria

Following the removal of duplicates, the search strategy yielded a
total number of 469 manuscripts. The manuscripts were considered by
three independent reviewers, and any disagreements were resolved
through discussion. Studies were included based on the following cri-
teria: the investigation of subjects of any gender, studies investigating
T2DM patients and healthy controls (HC), the existence of a statistical
correlation between a variable characterising clinical parameters or
cognitive functioning in T2DM patients and a variable featuring an MRI
parameter. Studies were excluded based on the following criteria: case
studies, review manuscripts, book chapters, investigations with non-
human subjects, conference proceedings, no imaging technique used,
no T2DM patients, no HC, sample size < 10 subjects, subjects’ age <
19. In addition, manuscripts were excluded if no statistical analysis of a
variable characterising physiological or cognitive functioning in T2DM,
associated with a variable featuring an MRI parameter, was performed.

2.3. Data extraction

Data were extracted from all included manuscripts using a data
extraction template (S3). Initially, a draft template was created at the
start of the process and was used on a random sample of 5 of the in-
cluded manuscripts. After extracting data from these five manuscripts,
the independent reviewers compared findings, and the data extraction
template was modified to accommodate the necessary changes. This
resulted in 68 manuscripts being included in the data synthesis.
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3. Results
3.1. Overview

Following the removal of duplicates based on the selection criteria
described in the methods section, the search strategy yielded a total of
469 manuscripts. Three used non-human subjects, one was not written
in English, 17 did not use MR techniques or image the brain, 33 were
review manuscripts, 98 were case studies, 109 did not investigate
T2DM patients, 29 only existed as abstracts or conference proceedings,
one was a technical manuscript, 19 investigated other diabetes types,
46 had no HC group, six had a sample size < 10, and one included
volunteers with an age < 19. This resulted in 106 full-text records being
assessed for eligibility. 32 of these manuscripts were excluded because
they did not investigate relationships between a variable characterising
physiological or cognitive functioning in T2DM patients and a variable
featuring an MRI parameter. Six manuscripts missed clinical variables.
This resulted in 68 manuscripts being included in the data synthesis.
Fig. 2 visualises the study selection process. Extracted data are tabu-
lated in Table 1.

3.2. Investigating relationships between imaging and clinical or cognitive
parameters in T2DM patients

Thus, the present systematic review focuses on (1) manuscripts that
provided clinical parameters, e.g. glucose levels or blood pressure, and
associated them statistically with values from imaging parameters, e.g.
fractional anisotropy (FA) or blood oxygen level dependent (BOLD),
and on (2) manuscripts that reported results from cognitive tasks, e.g.
reaction times or data of neuropsychological test batteries, and asso-
ciated them statistically with values from imaging parameters. The
most common way to investigate the relationships was to use a statis-
tical software package to perform statistical correlations (e.g. Pearson
correlation) or regression analyses between the measurements (see
Table 1).

3.2.1. Relationships between imaging and clinical parameters in T2DM
patients

Four of the included studies (Ajilore et al., 2010; Brundel et al.,
2010; Z. Chen et al., 2015; Yau et al., 2014) investigated associations
between cortical thickness and clinical parameters. Yau et al. (2014)
did not observe any significant changes in cortical thickness between
patients and HC. One study (Z. Chen et al., 2015) showed a positive
correlation between cortical thickness and clinical parameters, and two
studies showed both negative as well as no significant correlations
(Ajilore et al., 2010; Brundel et al., 2010). Z. Chen et al. (2015) re-
ported a positive correlation between cortical thickening in the middle
temporal gyrus (MTG), the entorhinal cortex, and the left inferior
temporal gyrus regions bilaterally and noted the presence of recovery
effects after one-year of insulin therapy. Cortical thickness correlated
negatively with small vessel diseases (Brundel et al., 2010), as well as
the risk of cerebrovascular stroke (Ajilore et al., 2010). Brundel et al.
(2010) focussed on the cortical thickness of the MTG and reported no
correlation with vascular or metabolic determinants. Ajilore et al.
(2010) did not restrict their analysis to particular regions of interest and
did not observe any significant correlation between cortical thickness
and disease duration, the glycated haemoglobin (HbAlc) level, the
Cumulative Illness Rating Scale for Geriatrics (CIRS), or the Hamilton
Rating Scale for Depression (HAM-D) scores.

The volume of the hippocampus was associated with clinical para-
meters in eleven studies (Ajilore et al., 2015; Bruehl et al., 2009b,
2009a; Brundel et al., 2010; X. Cui et al., 2014; Gold et al., 2007;
Hayashi et al., 2011; Musen et al., 2012; Wisse et al., 2014; H. Zhang
et al., 2015; Y.-W. Zhang et al., 2015). Four of them could not reveal
any significant differences in hippocampal volume between T2DM pa-
tients and HC (Ajilore et al., 2015; Musen et al., 2012; Wisse et al.,
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Cerebral blood flow/brain perfusion (CBF) is considered as a fundamental biological function, through the
vital delivery of oxygen and nutrients to the tissue via blood flow. CBF is determined by a number of factors
(e.g., viscosity, vessel dilatation). Due to its non-invasive nature (i.e., no exogenous tracers) and ability to
measure tissue perfusion (i.e., blood flow) quantitatively, arterial spin labelling (ASL) is usually preferred for
clinical studies. The basic principle of this technique is to employ the blood water protons itself as an
endogenous tracer to measure perfusion. The subtraction of the labelled and control acquisitions suppresses the
signal from the static tissue and provides a perfusion-weighted image.

C-peptide blood serum level is found in amounts equal to insulin reflecting how much insulin is being released
by the pancreas. It is mainly used to differentiate between diabetes types and to track the cause of
hypoglycemia.

Diffusion tensor imaging (DTI) is sensitive to subtle white matter (WM) microstructure changes such as
demyelination and axonal loss. The main DTI parameters are mean diffusivity (MD) and fractional anisotropy
(FA). MD reflects the magnitude of water diffusion, which makes it suitable to assess grey matter (GM) tissue
density. FA measures the degree of directionality of water diffusion and ranges from 0, i.e., isotropic diffusion,
to 1, i.e., anisotropic diffusion. Lower values indicate microstructural alterations and loss of integrity.
Dyslipidemia and hypertension are established risk factors of importance in diabetes disease. Most adults with
diabetes have elevated blood pressure (i.e., >140 for systolic and >80 mmHg for diastolic blood pressure), and
patients with hypertension alone often show evidence of insulin resistance, more likely because diabetes
damages arteries (i.e., atherosclerosis).

Functional Magnetic Resonance Imaging (fMRI) represents a technique for investigating the
neurophysiological mechanisms underlying cerebral abnormalities and affecting, for instance, functional
connectivity. During resting-state fMRI (rs-fMRI), the blood oxygen level dependent (BOLD) signal is
measured at rest. Task-based fMRI (task-fMRI) detects the changes in the BOLD signal during a task (e.g.,
reaction time task) to determine the involved brain regions.

Insulin Resistance (IR) Insulin regulates glucose metabolism and helps cells through the body to absorb
glucose and use it for energy. Distortions in the insulin response by cells or in its secretion by the pancreas,
excess glucose builds up in the bloodstream, leading to hyperglycaemia state. Due to the simplicity of its
determination, homeostatic model assessment to quantify IR (HOMA-IR) has been the most frequently
employed technique. It describes glucose-insulin homeostasis by means of mathematically derived equations
from the use of the insulin-glucose product divided by a constant.

Magnetic transfer (MT) reflects the biophysical integrity of macromolecular protein pools and their
microenvironment. It exploits magnetization exchange between protons bound to macro-molecules and free
protons. Bound protons are selectively saturated by applying an off-resonance prepulse. Magnetization is then
transferred from bound protons to free protons, leading to a decreased signal from free protons. The contrast
between MT images with and without the saturation is defined as the MT ratio (MTR). Lower MTR in WM is
associated with axonal loss and myelin compromise, while in the GM, MTR reflects heterogeneous etiology
such as membrane damages, reduction in dendritic density, neuronal size, and Wallerian degeneration.
Neuropsychological tests of cognitive performance is usually assessed by neuropsychological test batteries.
Hereby tests of working memory (e.g. letter-number sequences), language (e.g., word associations or verbal
fluency), attention processing (e.g., digit symbol substitution), procedural learning (e.g., Wisconsin card sorting
test), executive function (e.g., Stroop, trail making), visuospatial conceptualization (e.g., block designs) and
declarative learning and recall (e.g., California verbal learning test) are applied.

Plasma glucose (glucose tolerance) test is a determinant variable measuring the level of blood sugar. Diabetes
can be assessed using several methods, mainly: glycated hemoglobin (HbA1c) tests which measure average
blood glucose for the past 3 months (>6.5%), fasting blood glucose (FPG) levels (>126 mg/dl) after 8 hours
fasting, oral glucose tolerance (OGTT) test which reflects body's ability to use and process glucose (>200
mg/dl) 2 hours after oral glucose administration. When blood glucose level is consistently high, impaired
fasting glucose (IFG, 100-125 mg/dl) or impaired glucose tolerance (IGT, 140-199 mg/dl), a pre-diabetic state
is defined.

Small vessel disease (SVD) is located mainly in the brain parenchyma in the deep white matter, including white
matter hyperintensity (WMH) of presumed vascular origin, white matter lesions (WML), lacunar infarcts, large
haemorrhages, and micro bleeds. Lesions imaging of SVD is usually detected by manual or automatic
segmentation on Tr-weighted images but some studies focus mainly on hypo-intensities of T;-weighted and
FLAIR sequences.

Voxel based morphometry (VBM) is an automatic quantitative volumetric technique mainly used in the
detection of subtle brain structural changes, including, GM and WM volume, hippocampal volume, cortical
thickness, at the early stage of the disease.

Fig. 1. Glossary of MRI techniques and biomarkers in T2DM used in the included manuscripts.

2014; H. Zhang et al., 2015). One study by Bruehl et al. (2009a) re-
ported a positive correlation between hippocampal volume and clinical
parameters, seven studies (Bruehl et al., 2009b, 2009a; Brundel et al.,
2010; X. Cui et al., 2014; Gold et al., 2007; Hayashi et al., 2011; Y.-W.
Zhang et al., 2015) observed negative correlations, and three studies
reported, in addition to their findings about negative correlations, that
some of their statistical comparisons could not reach significance
(Brundel et al., 2010; Gold et al., 2007; Hayashi et al., 2011). Bruehl
et al. (2009a) identified a positive correlation between lower hippo-
campal volumes and a lower cortisol awakening response (CAR). In a
follow-up study, they reported that lower hippocampal volume corre-
lated negatively with higher body mass index (BMI) (Bruehl et al.,
2009b, 2009a). This correlation, however, became non-significant after
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controlling for the glycaemic level. Additionally, negative correlations
were identified when lower hippocampal volume was associated with
an increased duration of the disease, higher HbAlc values, (Bruehl
et al., 2009a) and obesity (Bruehl et al., 2009b). Brundel et al.(2010)
associated hippocampal volume reduction to the presence of small
vessel disease. X. Cui et al. (2014) showed that glycaemic variability
cycles (GVCy.3), at multiple time scales with frequencies 1-3, is a strong
predictor of hippocampal atrophy. This result was confirmed by Gold
et al. (2007), who further reported a negative correlation between
hippocampal volume and glycaemic control and also found a negative
correlation between hippocampal volume and HbAlc levels. This ad-
ditional finding was supported by Y.-W. Zhang et al. (2015). Hayashi
et al. (2011) reported a significant negative correlation between
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Fig. 2. Screening and selection process for the included studies.

hippocampal atrophy and BMI and weight. However, they were unable
to observe any other significant correlations (e.g., between age, years of
education, height, systolic and diastolic blood pressure, duration of
diabetes, fasting plasma glucose (FPG), fasting serum human C-peptide
immunoreactivity (CPR), HbA1lc, smoking, insulin therapy, neuropathy,
retinopathy, nephropathy and cardiovascular disease). Gold et al.
(2007) found no association between a lower hippocampal volume and
BMI, hypertension or dyslipidaemia. No significant association with
metabolic determinants was reported by Brundel et al. (2010).

All of the six included studies (Jongen et al., 2007; R. Kumar et al.,
2008; Last et al., 2007; Lee et al., 2013; Novak et al., 2011; Samaras
et al., 2014), which investigated the associations of cerebrospinal fluid
(CSF) volume with clinical variables, showed significant differences
when comparing HC to T2DM volunteers. Five studies (Jongen et al.,
2007; R. Kumar et al., 2008; Last et al., 2007; Novak et al., 2011;
Samaras et al., 2014) demonstrated positive correlations. One study
(Novak et al., 2011) revealed a negative correlation. Another study (Lee
et al., 2013) identified no correlation between CSF and any clinical
variable. Jongen et al. (2007) showed a positive correlation which as-
sociated a history of macrovascular diseases with a larger total CSF
volume. R. Kumar et al. (2008) linked high CSF volume to enhanced
BMI in T2DM patients. Last et al. (2007) observed that a higher HbAlc
level and the presence of retinopathy are correlated with increased CSF
within the temporal region. More recently, a longitudinal study by
Samaras et al. (2014) revealed a significant increase in CSF volume at a
baseline measurement, with a trend in the decline of total brain volume
over 2years in T2DM patients, compared to participants without dia-
betes. In another work, Novak et al. (2011) focussed on the analysis of
serum soluble vascular cell and intercellular adhesion molecules
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(sVCAM and sICAM, respectively) that serve as endothelial integrity
markers. They reported a significant positive correlation between the
circulating adhesion molecules sVCAM and greater CSF, as well as a
negative correlation between sICAM and smaller CSF volume for their
control group. Moreover, Lee et al. (2013) reported no significant
correlation between CSF and disease duration, or with HbAlc levels.

GM and white matter (WM) volume were of interest in twenty-one
studies (Chen et al., 2012; Z. Chen et al., 2014; Climie et al., 2014; X.
Cui et al., 2014; Y. Cui et al., 2014; Falvey et al., 2013; Franke et al.,
2013; Garcia-Casares et al., 2014b, 2014a; He et al., 2015; Jongen
et al., 2007; A. Kumar et al., 2008; Last et al., 2007; Manor et al., 2012;
Mehta et al., 2014; Moran et al., 2013; Novak et al., 2011; Raji et al.,
2010; Xia et al., 2015a, 2015c; Zhang et al., 2014; Y.-W. Zhang et al.,
2015) of which seven did not find any significant structural changes
between HC and T2DM patients (Y.-W. Zhang et al., 2015; Franke et al.,
2013; Manor et al., 2012; Xia et al., 2015a, 2015c; He et al., 2015; Chen
et al., 2012).

From the remaining manuscripts, positive correlations were iden-
tified in four (Z. Chen et al., 2014; Garcia-Casares et al., 2014b; Jongen
et al., 2007; Last et al., 2007), negative correlations in eight (Climie
et al., 2014; X. Cui et al., 2014; Garcia-Casares et al., 2014a; A. Kumar
et al., 2008; Mehta et al., 2014; Moran et al., 2013; Novak et al., 2011;
Raji et al., 2010), and no significant correlations in four studies (Z.
Chen et al., 2014; X. Cui et al., 2014; Falvey et al., 2013; Zhang et al.,
2014). Z. Chen et al. (2014) reported both GM and WM expansion
following the administration of insulin for over one year, while Garcia-
Casares et al. (2014b) noticed that less GM density correlates with re-
duced glucose metabolism. Jongen et al. (2007) found a significant
positive association between higher HbAlc levels and a higher volume
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and HCs and could not identify significant changes due to the pa-
thology. Three studies (Jongen et al., 2007; Laugesen et al., 2013;
Reinhard et al., 2012) revealed positive, and two studies (Last et al.,
2007; Novak et al., 2006) showed negative correlations. Jongen et al.
(2007) identified a positive correlation between age and WML whereas
Reinhard et al. (2012) found higher WMH to be related to higher
plasma N-terminal pro-brain natriuretic peptide (NT-proBNP) levels,
which is considered to be a reliable predictor of cardiovascular mor-
tality in diabetics. Laugesen et al. (2013) reported that the pulse wave
velocity (PWV) significantly correlated with the presence of WMLs. In
the work of Last et al. (2007), WMHs were reported to negatively
correlate with reduced CO, reactivity in HC; with WMHs contributing
to regional differences in vasoreactivity in the T2DM group. Novak
et al. (2006) observed a negative correlation between mean blood flow
velocities (BFVs) and normalissd WMHs or periventricular WMH
(PWMH) volumes.

Two of the included studies observed relationships between cerebral
blood flow (CBF) and clinical parameters in T2DM (Last et al., 2007;
Tiehuis et al., 2008). Tiehuis et al. (2008) reported hypertension and
diastolic blood pressure as predictors for high CBF. Moreover, Last et al.
(2007) found retinopathy and hypertension to be associated with lower
CBF during hypercapnia and, in addition, hypocapnia and higher BMI
were related to lower CBF.

Infarcts, as a cerebrovascular lesion marker of small vessel disease,
were investigated in seven manuscripts (Brundel et al., 2014; Y. Chen
et al., 2015; Laugesen et al., 2013; Moran et al., 2013; Reijmer et al.,
2013a; Wang et al., 2014; Xia et al., 2015b). Although changes were
identified in HC compared to T2DM patients, only one study showed a
positive correlation between the prevalence of cerebral infarctions with
the PWV (Laugesen et al., 2013). The other six studies revealed no
significant associations between infarcts and clinical parameters
(Brundel et al., 2014; Y. Chen et al., 2015; Moran et al., 2013; Reijmer
et al., 2013a; Wang et al., 2014; Xia et al., 2015b). Notably, a study that
employed ultra-high fields (i.e., 7 T) to investigate microinfarcts and
the occurrence of microbleeds in T2DM patients, could not reveal any
significant association (Brundel et al., 2014).

Six studies have used diffusion MRI to track microstructural changes
affecting the brain in T2DM (Falvey et al., 2013; Hoogenboom et al.,
2014; Hsu et al., 2012; Reijmer et al., 2013a; van Bussel et al., 2015;
Yau et al., 2014). Intra-voxel incoherent motion was used by van Bussel
et al. (2015) to examine the microvasculature and parenchymal mi-
crostructure of the hippocampus, showing an increased blood perfusion
volume and an increased blood flow associated with higher FPG levels.
Hoogenboom et al. (2014) reported a positive correlation between low
FA values in the UF and the serum creatinine level. Hsu et al. (2012)
observed that the MD of the brain parenchyma was significantly in-
creased compared to controls and was positively correlated with disease
duration. Additionally, within these regions, a significant association
between disease duration and microstructural properties in several
brain regions, including cerebellum, temporal lobe WM, right caudate,
cingulate gyrus, pons, and parahippocampal gyrus, was revealed. Fur-
thermore, MD, AD and transverse diffusivity (TD) was negatively cor-
related with triglyceride. Falvey et al. (2013), reported that decreased
FA in the WM was negative correlated with depression, stroke, and
myocardial infarction. Hoogenboom et al. (2014) reported that a low
FA in the cingulate bundle negatively correlates with BMI. Yau et al.
(2014) reported a significant mean diffusivity (MD) elevation of the GM
region in T2DM patients, in addition to a significant reduction in FA of
the WM, independent of age and WMH load, but no significant corre-
lation was found. Reijmer et al. (2013a) found no relation between the
duration of diabetes and DTI parameters.

Fifteen functional connectivity (FC) studies, using functional MRI
(fMRI), reported diverse brain distortions in T2DM patients (Y. Chen
et al., 2015, 2014; Y.-C. Chen et al., 2014; Cui et al., 2015; Y. Cui et al.,
2014; He et al., 2015; Hoogenboom et al., 2014; Marder et al., 2014;
Musen et al., 2012; Wang et al., 2014; Xia et al., 2015c, 2015b, 2015d,
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2013; H. Zhang et al., 2015). They all revealed functional differences in
T2DM patients compared to HC. H. Zhang et al. (2015) used insulin
therapy to assess the evolution of FC, which showed a positive corre-
lation with stronger average connectivity between the right hippo-
campal region and the anterior cingulate cortex (ACC) after insulin
administration. Y. Chen et al. (2015) showed that T2DM was linked to
several FC disruptions, showing a higher connectivity within the default
mode network (DMN), left frontal-parietal network (LFPN), and the
sensorimotor network. This abnormal FC was correlated with fasting
glucose levels. Xia et al. (2013) reported that both C-peptide level and
pancreatic B-cell function had a positive correlation with the amplitude
of low-frequency fluctuations (ALFF). He et al. (2015) also found a
significant positive correlation between HbAlc levels and brain acti-
vations in the anterior cingulate cortex and bilateral dorsolateral pre-
frontal cortex (DLPFC) in patients with T2DM. Regarding negative
correlations, Musen et al. (2012) determined an FC between posterior
cingulate cortex (PCC) and other DMN regions (e.g., right inferior
frontal gyrus (IFG), precuneus) which was inversely associated with the
Homeostatic Model Assessment for Insulin Resistance (HOMA-IR), in-
dependently of disease duration. Xia et al. (2015c) showed a significant
negative correlation relating strong insulin resistance to FC in the MTG
of T2DM patients. Furthermore, log HOMA-IR was also negatively
correlated with interhemispheric connectivity in the MTG. Xia et al.
(2013) reported a significantly decreased ALFF in bilateral MTG, the
left fusiform gyrus, the left middle occipital gyrus, and the right inferior
occipital gyrus, while increased ALFF values were observed in both the
bilateral cerebellum posterior lobe and the right cerebellum in T2DM
patients compared to HC. Furthermore, in another publication (2015d),
they showed that T2DM and poorly controlled cholesterol levels leads
to significant correlations between low-density lipoprotein (LDL), high-
density lipoprotein (HDL), waist-hip ratio, and FC of the bilateral hip-
pocampus middle front gyrus (MFG). Cui et al. (2015) showed in-
creased FC in the anterior DMN bilateral superior frontal gyrus (SFG)
and decreased FC in the anterior DMN (PCC and precuneus). FC
strength in the posterior DMN was negatively correlated with HOMA-
IR, and hypoconnectivity in the PCC was related to higher IR levels.
However, no correlation was observed between the glycaemic control
and functional changes. In a previous work (Y. Cui et al., 2014), they
could already identify a negative correlation between HOMA-IR and the
neural activity in the parieal, frontal and temporal lobes, and the lin-
gual gyrus. Wang et al. (2014) observed a significantly decreased ALFF
in the frontal and parietal lobes, bilateral thalami, and the posterior
lobe of the cerebellum. In contrast, increased ALFF was found in the
visual cortices. Lower ALFF values in the bilateral medial prefrontal
gyri correlated with a higher urinary albumin-creatinine ratio. Ad-
ditionally, several studies evaluated DMN connectivity, showing ab-
normal activation/deactivation in different brain regions. PCC con-
nectivity was also investigated by Y.-C. Chen et al. (2014), showing a
significant decrease in FC between the PCC and right MTG, the left
lingual gyrus, the left middle occipital gyrus, and the left precentral
gyrus, while increased FC of PCC was observed in the left cerebellum
posterior lobe, the right SFG, and the right MFG. In addition, a negative
correlation between PCC right MTG connectivity and HOMA-IR was
reported. One task fMRI study reported an association between plasma
glucose level (> 11 mmol/L) and reduced deactivation of DMN regions
during both encoding (i.e., cuneus, precuneus) and recognition (i.e.,
MTG) (Marder et al., 2014). Xia et al. (2013) reported a significantly
decreased ALFF in bilateral MTG, the left fusiform gyrus, the left middle
occipital gyrus, and the right inferior occipital gyrus, while increased
ALFF values have been observed in both the bilateral cerebellum pos-
terior lobe and the right cerebellum in T2DM patients compared to HC.
Another work of Xia et al. (2015b) reported a negative correlation
between the resting-state FC of the left inferior parietal lobe (IPL) and
HbAlc levels. However, H. Zhang et al. (2015) found no significant
relationship between HbAlc and resting-state connectivity after insulin
administration. Hoogenboom et al. (2014) observed stronger FC in HC



J. Rosenberg et al.

compared to T2DM patients without any correlation to a clinical vari-
able. Y. Chen et al. (2014) reported that worse executive and memory
abilities of T2DM patients with high WM loads was correlated with low
activation of the left MFG and SFG.

3.2.2. Relationships between imaging parameters and cognitive functioning
in T2DM patients

In the manuscripts included for this systematic review, cognitive
functioning was mainly investigated in two ways. First, neuropsycho-
logical test batteries were administered, which included questionnaires
and/or reaction time tasks. Second, experimental paradigms were
conducted during fMRI measurements.

Two studies (Ajilore et al., 2010; Yau et al., 2014) examined the
relationship between cortical thickness and performance on neu-
ropsychological test batteries, both of them showing changes associated
with T2DM. Ajilore et al. (2010) focused on attention and executive
functions and identified a significant positive correlation between
better performance and higher values of cortical thickness. Yau et al.
(2014) focused on verbal memory impairments by assessing the cortical
thickness of the frontal and temporal lobe structures. They showed that
the T2DM group had significantly lower estimated IQ scores and scored
consistently lower across all verbal memory measures. After controlling
for multiple comparisons, all results remained significant, with the
exception of the California Verbal Learning Test (CVLT), Short Delay
Cued Recall, and Wechsler Memory Scale Revised (WMS-R) Verbal
Paired Associates Immediate Recall measures (Yau et al., 2014).

Eleven studies investigated the relationship between hippocampal
volume and subjects’ performance in neuropsychological tests (Ajilore
et al., 2015; Garcia-Casares et al., 2014b; Gold et al., 2007; Hayashi
et al., 2011; Moran et al., 2013; Wang et al., 2015; Wisse et al., 2014;
Yau et al., 2014; H. Zhang et al., 2015; Zhang et al., 2014; Zhou et al.,
2014). One study (Wisse et al., 2014) showed that patients with T2DM
did not have reduced hippocampal brain volumes, as compared to
controls. However, three manuscripts determined positive correlations
(Ajilore et al., 2015; Zhang et al., 2014; Zhou et al., 2014). Ajilore et al.
(2015) observed that subjects with diabetes and depression performed
significantly worse on verbal list learning, compared to HC. In addition,
the hippocampal volume was a strong predictor of performance in HC,
while age and hippocampal volume were strong predictors in subjects
with T2DM. Age was a significant predictor of verbal learning perfor-
mance in subjects with diabetes and depression (Ajilore et al., 2015).
Zhang et al. (2014) included T2DM patients with and without mild
cognitive impairment (MCI) and reported that for T2DM patients
without MCI, reduced GM in the limbic system (i.e., hippocampus,
parahippocampal gyrus, amygdala, and uncus) correlated positively
with the total Montreal Cognitive Assessment (MoCA) score. Zhou et al.
(2014) reported a significant positive correlation between the left
parahippocampal gyrus and the Stroop test, as well as negative corre-
lations with the Mini-Mental-Status Examination (MMSE) score. Nega-
tive correlations between MD values of the left parahippocampal gyrus
and verbal memory were reported by Yau et al. (2014). Gold et al.
(2007) could not establish a significant correlation between hippo-
campal volume and memory tests, but Hayashi et al. (2011) reported
that worse memory performance was correlated with diminished hip-
pocampal volume. Garcia-Casares et al. (2014b) concluded that worse
executive and memory functioning correlated predominantly with less
GM density and reduced glucose metabolism in the temporal region
(i.e., middle gyrus, parahippocampus, and uncus). In the report of
Moran et al. (2013), T2DM was associated with poorer visuospatial
construction, planning, visual memory, and speed. This was found to be
independent of age, sex, education, and vascular risk factors. When
adjusting for hippocampal and GM volumes, the strength of these as-
sociations was attenuated by almost one-half, but remained unchanged
when adjusting to cerebrovascular lesions or WM volume. Additionally,
longer duration of the disease was significantly associated with poorer
scores in the Rey-Osterrieth Complex Figure (RCFT), digit symbol

108

Frontiers in Neuroendocrinology 52 (2019) 79-112

coding, and symbol search. Wang et al. (2015) found a significant ne-
gative correlation between left hippocampal myoinositol levels and
language scores, as well as between left hippocampal creatine levels
and visuospatial/executive scores in patients with T2DM. Yau et al.
(2014) reported no relationship between hippocampal volume and
composite scores for verbal memory (immediate or delayed recall) in
T2DM patients, even when examining the left or right hippocampal
volume separately. H. Zhang et al. (2015) could not associate the hip-
pocampal atrophy in T2DM patients to any cognitive impairment.

CSF association with cognition was investigated in two publications
(Jongen et al., 2007; R. Kumar et al., 2008). Neither study was able to
find any significant correlations with cognitive parameters, such as
immediate recall, which was assessed using the CVLT.

GM and WM volume were of interest in eight studies (X. Cui et al.,
2014; Garcia-Casares et al., 2014b; Jongen et al., 2007; R. Kumar et al.,
2008; Mehta et al., 2014; Moran et al., 2013; Zhang et al., 2014; Y.-W.
Zhang et al., 2015). With respect to cognition, Y.-W. Zhang et al. (2015)
found no differences in GM in T2DM patients. A study revealing a po-
sitive correlation showed worse performance in a cognitive test battery
associated with reduced total brain volume (Jongen et al., 2007). A.
Kumar et al. (2008) and R. Kumar et al. (2008) was able to predict GM
volume based on performance during recall memory tasks (R. Kumar
et al., 2008). In the study of Moran et al. (2013), T2DM was associated
with poorer visuospatial construction, planning, visual memory, and
speed. This was found to be independent of age, sex, education, or
vascular risk factors. Moreover, the strength of these associations was
attenuated by almost one-half when adjusted for hippocampal and GM
volumes. X. Cui et al. (2014) showed that worse executive functions and
memory functioning was also predominantly correlated with less GM
density. Similar results were published by Garcia-Casares et al. (2014b).
Negative associations to cognitive impairment were published by Zhang
et al. (2014), showing that the combined effect of T2DM and MCI ex-
hibited reduced GM in the limbic system and MTG region. Referring to
Mehta et al. (2014), subclinical albuminuria (=5 mg/g) was associated
with lower GM volume and was shown to have a clinical impact on
cognitive function (i.e., worse executive function) in older diabetic
patients, independently of diabetes control and hypertension.

Four of the included studies determined the relationship between
cognitive processing and cortical and subcortical atrophy exhibiting
changes associated with T2DM (R. Kumar et al., 2008; Manschot et al.,
2006; van Harten et al., 2007; Yau et al., 2014). All these four studies
identified negative correlations to attention and executive function,
information processing speed, abstract reasoning, and visuoconstruc-
tion. Only Manschot et al. (2006) made an association between cortical
atrophy and information processing speed. Van Harten et al. (2007)
found mental speed to be related to global atrophy and R. Kumar et al.
(2008) determined a significant interaction between an atrophy ratio
and subjects’ performances on Purdue Pegboard tests. Yau et al. (2014)
reported that from temporal cortical clusters, shown to be affected on
the diffusion tensor imaging (DTI) analyses, only the MD values of the
left parahippocampal gyrus (PHG), which represented the most ex-
tensive GM microstructural abnormalities found in the temporal lobe,
correlated significantly with both immediate and delayed recall of
verbal memory.

Four studies reported WML to be present in T2DM patients as
compared to HC and focussed on the link between WML and cognitive
functioning (Jongen et al., 2007; Manschot et al., 2006, 2008; van
Harten et al., 2007). Jongen et al. (2007) showed worse cognitive
performance to be correlated to larger WML volume. Manschot et al.
(2006) observed a significant negative correlation between attention
and executive functioning and periventricular WML (PWML), as well as
between information processing speed and PWML and DWMLs. How-
ever, they were unable to confirm their findings in a later publication in
2008 (Manschot et al., 2008). Similarly, Van Harten et al. (2007) did
not find any significant correlations to deep WMLs (DWMLs).

WMHs were investigated in six studies (Bruehl et al., 2009a; Falvey
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et al., 2013; R. Kumar et al., 2008; Moran et al., 2013; Reijmer et al.,
2013a, 2013b). Five of these studies did not find any significant dif-
ferences with respect to WMH between T2DM patients and HC (Bruehl
et al., 2009a; Falvey et al., 2013; R. Kumar et al., 2008; Moran et al.,
2013; Reijmer et al., 2013a). The study of Reijmer et al. (2013b)
identified a positive correlation relating a high WMH load to increased
information processing, whereas WMH load was negatively correlated
with clustering and global efficiency.

The association between CBF and perfusion and cognitive function
was investigated in four studies (Novak et al., 2014; Rusinek et al.,
2015; Tiehuis et al., 2008; Xia et al., 2015d). Rusinek et al. (2015)
showed a positive correlation between CBF and a verbal fluency score,
even though hypoperfusion was more significant in the IR group than in
T2DM patients. A study by Tiehuis et al. (2008) reported a significant
positive association between CBF and performance on neuropsycholo-
gical tests. Using insulin therapy, a longitudinal study showed an in-
crease of perfusion after insulin administration, located mainly in the
insular cortex, compared to the control group (Novak et al., 2014).
Here, cognitive performance after insulin administration was related to
regional vasoreactivity by Novak et al. (2014). An improvement of vi-
suospatial memory after insulin administration in T2DM patients was
correlated with vasodilatation in the middle cerebral artery territory.
Xia et al. (2015d) observed that T2DM patients performed worse than
the HC regarding all neuropsychological tests. Significant differences
were found in Complex Figure test (CFT)-copy, CFT-delay, digital span
test (DST), and trail making test (TMT)-B, in addition to a decreased
CBF, primarily located in the visual area (i.e., parietal and occipital
lobe). Further analysis showed that relative CBF in the middle occipital
gyrus (MOG) was associated with CFT-copy scores, relative CBF in the
bilateral inferior parietal lobe was correlated with TMT-B scores, and
relative CBF in the right precuneus correlated with DST scores in T2DM
patients (Xia et al., 2015d).

The relationship between diffusion measures and cognition was the
focus in three studies (Reijmer et al., 2013a; van Bussel et al., 2015; Yau
et al., 2009). Yau et al. (2009) reported that performance in memory
tests correlated positively with FA. This was in line with the findings of
Reijmer et al. (2013a), where a positive association on information
processing speed in the right UF and a negative association between MD
of both UF ILF and splenium of the corpus callosum as well as in-
formation processing speed and memory independently of age was
noticed. Van Bussel et al. (2015) reported that T2DM patients per-
formed worse on word learning (verbal) memory tasks (WLT) and on
baseline MMSE, but not on the repeated MMSE or the recall WLT score.
Additionally, diffusion (D) and blood flow-related microvascular
pseudo diffusion (fD”) increased with lower memory performance and
interaction analysis (fasting blood glucose (FBG) levels X memory
performance) revealed a significant interaction for pseudo diffusion
coefficient (D), which reflects the incoherent motion of water mole-
cules in the microvasculature, and fD".

Two studies investigated the relationship between fMRI-BOLD and
clinical parameters in T2DM patients (Chechlacz et al., 2009; He et al.,
2015). He et al. (2015) found significant positive correlations between
HbAlc and the BOLD response in some brain regions (e.g., ACC and
DLPFC) during a 2-back task. Chechlacz et al. (2009) revealed that
increased activation to food within the insula and orbitofrontal cortex
was positively correlated with external eating, dietary self-efficacy, and
dietary self-care. In contrast, responses within subcortical structures
(e.g., amygdala and basal ganglia) were positively correlated with
emotional eating and rated appetite for the food stimuli, and negatively
correlated with dietary self-care.

Two studies looked at the caudate magnetisation transfer (MT) and
calculated a ratio, both exhibiting changes related to T2DM (Elderkin-
Thompson et al., 2009; Yang et al., 2015). Yang et al. (2015) used MT to
investigate three major cognitive domains: learning and memory, at-
tention information processing, and executive function. It was shown
that the learning and memory Z score was positively correlated with
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bilateral rostral anterior cingulate cortex MTR in T2DM. Right rostral
anterior cingulate cortex Magnetisation Transfer Ratio (MTR) also
correlated positively with the executive function Z score in T2DM pa-
tients. Elderkin-Thompson et al. (2009) reported that the MT ratios of
the caudate and putamen correlated with a cognitive index (based on
the cognitive performance of the subjects). They highlighted their
finding that the caudate MT ratio correlations were stronger among
diabetics than HC.

Franke et al. (2013) correlated a parameter depicting the age of the
patients’ brain with cognitive performance. Their results revealed that
an abnormal advance of this parameter in T2DM patients correlated
with worse verbal fluency, more severe depressive symptoms and in-
creased risk of dementia. The brain age parameter increased with dis-
ease duration and higher FBG levels.

4. Discussion

We performed a systematic review of literature investigating what
MRI can reveal about the brain of T2DM patients. In relation to our
principle aim, to investigate whether there are relationships between
imaging and clinical parameters as well as between imaging and cog-
nitive functioning in these patients, we found positive, negative and
non-significant associations in the reviewed literature. As a spin-off, we
could determine whether imaging per se could diagnose significant
changes in the brain of T2DM patients as compared to HC, and whether
these could be linked to clinical symptoms and/or cognitive deficits.
The findings and their implications are discussed in a broader context
below.

4.1. Relevant findings

MRI could reveal significant structural changes in the brain of
T2DM patients and link its parameters to clinical variables. For ex-
ample, brain atrophy in T2DM patients was strongly correlated to
clinical values. This observation might be due, in part, to the large
number of studies that reported changes in structural imaging in T2DM.
Mostly, statistically significant correlations were observed between
decreased volumes in specific brain regions and BMI, HbAlc level,
disease duration, hypertension, and small vessel diseases. To give an
example, a reduced hippocampal volume was related to an increased
BMI, HbAlc and disease duration in several studies (e.g., Bruehl et al.,
2009a, 2009b; Hayashi et al., 2011; Y.-W. Zhang et al., 2015). Simi-
larly, increases in the amount of CSF positively correlated with high
BMI, HbAlc, and also disease duration (e.g., R. Kumar et al., 2008; Last
et al., 2007; Lee et al., 2013). In addition, clinical measures used to
indicate cerebral small vessel diseases, i.e., CAR, GVC, blood pressure,
FPG levels, and hypertension were also related to GM, WM, CBF, cor-
tical and subcortical atrophy, as well as abnormal FC and high values of
fasting glucose (e.g., Brundel et al., 2010; X. Cui et al., 2014; Y. Cui
et al., 2014; Garcia-Casares et al., 2014a; Jongen et al., 2007; R. Kumar
et al., 2008; Last et al., 2007; Mehta et al., 2014; Raji et al., 2010; Yau
et al., 2014). For example, hypertension was negatively correlated with
reduced GM (e.g., Mehta et al., 2014), whereas an increase in small
vessel disease was negatively correlated with cortical and subcortical
atrophy (e.g., Brundel et al., 2010). Diffusion measurement findings
determined decreased FA values as a sign of loss of fibre density, which
was positively correlated with serum creatinine levels and negatively
correlated to BMI (e.g., Hsu et al., 2012). Moreover, insulin therapy was
reported to produce some recovering effects on brain distortions related
to T2DM. Some of the reviewed studies reported improvements after
one year of treatment (e.g., Z. Chen et al., 2015, 2014; Hayashi et al.,
2011). Thus, our finding confirms the assumption that insulin might
provide a brain protection mechanism and could be used successfully in
the treatment of T2DM. Furthermore, the systematic review reveals that
most of the studies focussing on WMLs and WMHs could not identify
significant associations to T2DM (e.g., Brundel et al., 2014; Cui et al.,
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2015; Falvey et al., 2013; R. Kumar et al., 2008; Moran et al., 2013;
Reijmer et al., 2013b; Wang et al., 2014). In the case of existing dif-
ferences between HC and patients, relevant correlations rather involved
clinical variables such as age, reduced CO, vasoreactivity or blood flow
velocities (e.g., Jongen et al., 2007; Last et al., 2007; Laugesen et al.,
2013; Novak et al., 2006) than the well-known diabetes-related factors,
such as FPG, HbAlc levels and BMI (e.g., Reijmer et al., 2013b). No-
tably, the prevalence of cerebral infarcts did not correlate with any of
the investigated clinical variables of T2DM patients (e.g., Brundel et al.,
2014; Y. Chen et al., 2015; Moran et al., 2013; Reijmer et al., 2013b;
Wang et al., 2014; Xia et al., 2015b). Several studies highlighted the
reduction of FC in T2DM and its association with clinical variables:
Beside the strong negative correlations found between reduced con-
nectivity and low values of HOMA-IR (e.g., Y.-C. Chen et al., 2014; Cui
et al., 2015; Musen et al., 2012; Xia et al., 2015c), FC also correlated
negatively with insulin resistance (e.g., Xia et al., 2015c) and HbAlc
(e.g., Xia et al., 2013). Positive correlations were found between in-
creased FC and the positive effects of insulin therapy, as well as ab-
normal FC and high values of fasting glucose (e.g., H. Zhang et al.,
2015).

Regarding functional changes of the patients’ brains, cognitive im-
pairment prevails as being clinically important for T2DM patients as
they are more prone to cognitive decline compared with people without
diabetes (Biessels et al., 2014). There is evidence that there is an as-
sociation between the regulation of glucose and cognitive distortions,
namely that high HbAlc concentration and glucose variability are ne-
gatively associated with cognitive function (Geijselaers, 2015), al-
though their precise role is still debated. The present systematic review
points out that MRI could reveal significant differences in various
cognitive parameters between T2DM patients and HC. Concerning the
relationship between imaging parameters and variables of cognitive
function, the study results are not homogeneous but they do show a
clear trend. In most of the studies, reduced GM and WM volume were
associated with worse cognitive performance, e.g. less GM density was
linked to worse executive functions and memory performance in T2DM
patients (e.g., X. Cui et al., 2014; Garcia-Casares et al., 2014b). Sub-
cortical atrophy could, for example, be correlated with information
processing speed, abstract reasoning, and visuoconstruction (e.g., A.
Kumar et al., 2008; R. Kumar et al., 2008; Yau et al., 2014). Further-
more, cortical thickness was positively associated with attention cap-
abilities and executive functions (e.g., Ajilore et al., 2010). Concerning
the performance on neuropsychological test batteries, T2DM patients
performed significantly worse on tests such as the Complex Figure or
the digit span test (e.g., Xia et al., 2015d). FMRI could reveal significant
differences between T2DM patients and HC in task dependent brain
areas (e.g., He et al., 2015; Chechlacz et al., 2009). However, the in-
terpretation of the findings remains complex, due to the variety of MRI
methods and cognitive tasks employed (see limitations below).

4.2. Limitations and future directions

The following limitations have to be highlighted. The reviewed
manuscripts covered a wide range of imaging methods, brain regions,
cognitive capabilities, and clinical parameters related to T2DM. Mainly,
our concerns refer to the inconsistencies regarding the experiments’
setups that make it difficult to draw conclusions. For example, the tasks
assessed during fMRI or during the administration of cognitive test
batteries varied across studies. Moreover, the same holds for the di-
versity of the imaging methods applied, e.g., quantitative or qualitative
MRI and the magnetic field strength (see Table 1). In addition, the
analyses methods vary, i.e. while some studies were focussing on re-
gions of interest, some analyses covered the whole brain. Regarding the
statistical analyses of associations between imaging parameters and
clinical variables or cognitive functioning, different approaches to
correlation were also used across the studies, e.g. bivariate Pearson’s
correlation or multiple regression. Although the diversity of the studies
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certainly is favoured, the inconsistencies become problematic when
comparing the results. Furthermore, it seems that in some result sec-
tions, non-significant correlations were not explicitly stated or dis-
cussed, despite possibly being very informative for the reader. Finally,
most studies did not consider gender differences. This represents a
shortfall as previous studies have been able to identify gender differ-
ences in T2DM brain atrophy (Hempel et al., 2012) and the influence of
sex specific hormones on glucose homeostasis (Varlamov et al., 2014).
Thus, in order to draw valid conclusions about structural or functional
brain distortions in T2DM, gender should be considered at least as a
covariate when interpreting the results.

4.3. Conclusion

The reported results provide clear evidence that the deregulation in
glucose metabolism associated with T2DM has an impact on the human
brain. Notably, although the associations between imaging, clinical and
cognitive variables are not fully homogeneous, they do show a clear
trend towards a link between altered brain structure and worse cogni-
tive processing. Nevertheless, the heterogeneity seen in the findings
might be explained by the patient selection criteria, such as medication,
treatment, disease duration and the demographic characteristics.
Therefore, in addition to the imaging methodology used, subjects’ se-
lection criteria can play a critical role if not considered carefully.
Furthermore, T2DM is a metabolic disease characterised by a strong
association with both microvascular and macrovascular complications
leading to multiorgan dysfunction and tissue damage. Thus, risk factors
for vascular disease in people with T2DM, including hyperglycemia, IR,
dyslipidemia, hypertension and obesity must be carefully taken into
account when investigating the brain abnormalities and cognitive
functions affecting this population. In short, the results highlight the
heterogeneity in the methods used across manuscripts in terms of
imaging technique, data analysis methods and the clinical variables
assessed. This heterogeneity makes it difficult to draw firm conclusions.
Replication is a critical necessity as future studies in this research area
would profit from standardised methods (and data analyses standards)
for combining different types of imaging data. Multimodal imaging
would be a powerful tool to develop a body of knowledge in this area
and to overcome the existing inconsistencies across studies.
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