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An increasing number of MRI investigations suggest that patients with Alzheimer’s disease (AD) 

show not only gray matter decreases but also white matter (WM) abnormalities, including WM 

volume (WMV) deficits and integrity disruption of WM pathways. In this study, we applied 

multimodal voxel-wise meta-analytical methods to study WMV and fractional anisotropy in AD. 

Fourteen studies including 723 participants (340 with AD and 383 controls) were involved. The 

meta-analysis was performed using effect size signed differential mapping. Significant WMV 

reductions were observed in bilateral inferior temporal gyrus, splenium of corpus callosum, right 

parahippocampal gyrus, and hippocampus. Decreased fractional anisotropy was identified mainly 

in left posterior limb of internal capsule, left anterior corona radiata, left thalamus, and left caudate 

nucleus. Significant decreases of both WMV and fractional anisotropy were found in left caudate 

nucleus, left superior corona radiata, and right inferior temporal gyrus. Most findings showed to be 

highly replicable in the jackknife sensitivity analyses. In conclusion, AD patients show widespread 

WM abnormalities mainly in bilateral structures related to advanced mental and nervous activities.

Keywords

Alzheimer’s disease; diffusion tension imaging; fractional anisotropy; magnetic resonance 
imaging; voxel-based morphometry; white matter

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive 

deterioration of cognitive function (especially the memory decline), changes in behavior, and 

the degraded ability to carry out daily activities [1]. Now it is the most common cause of 

dementia in the elderly, with the pathological features of widespread cortical changes, loss 

of neurons, and presence of senile plaques and neurofibrillary tangles that are found in the 

early course of AD [2].

Currently for clinical diagnosis of AD, neuroimaging examinations, such as positron 

emission tomography (PET) and magnetic resonance imaging (MRI), are widely used. 

Among numerous imaging examination methods, morphological MRI scans are generally 

used to detect gray matter (GM) abnormalities for the early diagnosis of AD, including 

atrophy of the whole brain, hippocampal formation, and entorhinal cortex, as well as 

expansion of the temporal horn in the lateral ventricles [3]. However, there are increasing 

MRI investigations suggesting that AD patients also present with white matter (WM) 

abnormalities including WM volume (WMV) deficits and disruption of the integrity of WM 

pathways [4–6]. Methodologically, voxel-based morphometry (VBM) is an automated 

technique widely used for quantitative measurements of WMV in separate regions. It uses 

T1-weighted images to perform voxel-wise statistical tests with the purpose of discovering 

subtle brain volume changes in association with neuropsychiatric disorders [7]. Additionally, 

diffusion tension imaging (DTI) is used to assess the microstructural integrity of WM, which 

is more potent to provide detailed information about the structural characteristics of WM 

tracts in the brain compared with conventional MRI methods [8, 9], and fractional 

anisotropy (FA), which reflects fiber density, axonal diameter, and myelination in WM, is 
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thought to be the best parameter to observe the brain WM fiber tract structure in order to 

assess the WM integrity.

A careful characterization of WM abnormalities in AD avails deeper insight into the 

explanation for clinical symptoms in terms of disturbances of brain networks and fiber 

connections rather than by damage to a specific subcortical structure. An early VBM study 

investigating the WMV deficits in the corpus callosum (CC) of AD subjects not only found 

that the callosal atrophy was most significant in the anterior splenium and isthmus (which 

are crucial callosal fiber tracts that interconnect the two cortical hemispheres) but also 

revealed a positive correlation between the degree of cognitive decline as assessed by the 

Mini-Mental State Examination (MMSE) and the volume of the anterior body of the CC 

[10]. A VBM meta-analysis determined that significant WMV reductions in AD patients 

were observed in the left parahippocampal gyrus extending to the temporal WM, the right 

temporal WM extending to the parahippocampal gyrus and the posterior CC, which are 

structures close to memory formations [11]. Moreover, DTI studies to date have detected 

decreased FA values in AD groups compared with controls mainly in the CC, cingulate, and 

uncinate fasciculus [12–14].

This meta-analysis was designed to provide a quantitative and consistent summary of studies 

investigating WMV and FA abnormalities in AD using effect-size signed differential 

mapping (ES-SDM, http://www.sdmproject.com/), a meta-analytical method superior to 

previous coordinates-based method such as activation likelihood estimator and signed 

differential mapping (SDM)[15]. We used novel multi modal meta-analytical methods for 

the combination of different imaging modalities in the same meta-analysis, thus potentially 

offering insights that are not apparent from any given imaging modality alone [16, 17].

METHODS

Literature search and eligibility criteria

Systematic and comprehensive searches of the PubMed, and EMBASE (from 1990 to 

August 2014) databases were performed using the keywords “Alzheimer’s disease” and 

(“voxel-based morphometry” or “voxel” or “VBM”), and (“white matter”, or “diffusion 

tensor imaging” or “DTI”). In addition, manual searches were conducted within review 

papers and reference sections of individual papers. A study was eligible for inclusion if it (1) 

reported a voxel-based comparison of WMV or FA between patients with AD and healthy 

controls (HC) subjects; (2) the diagnosis of probable AD was made according to the criteria 

of the National Institute of Neurological and Communicative Disorders and Stroke/

Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) [18]; (3) 

reported the coordinates of the peaks of the alterations in a stereotactic space in three 

coordinates (x, y, z), either the Montreal Neurological Institute (MNI) or the Talairach 

template; (4) used significance thresholds that were either corrected for multiple 

comparisons or uncorrected with spatial extent thresholds; (5) published in English. If the 

authors were the same or the characteristics of the subjects and data in two or more studies 

were similar, studies with the most integrated data were included. Exclusion criteria were: 

(1) studies from which peak coordinates could not be retrieved from the published article or 

after contacting the authors; (2) studies with fewer than nine subjects in either the AD group 
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or the HC group; (3) studies limiting their analyses to specific regions of interest (ROI); and 

(4) studies using tract-based spatial statistics (TBSS), because TBSS restricts the analysis to 

a FA-derived tract skeleton and thus cannot be combined with whole-brain WMV and FA 

studies [19].

Data extraction

The coordinates in each study were independently extracted by one of the investigators 

(R.H.Y.) and checked by another investigator (W.Y.W.) to minimize data entry errors. This 

study followed the Meta-analysis Of Observational Studies in Epidemiology (MOOSE) 

guidelines [20].

Statistical analysis

Regional WMV changes between the AD group and the HC group were meta-analyzed 

using ES-SDM software, which has specific WMV templates [21]. The main analyses were 

complemented with a systematic whole-brain voxel-based jackknife sensitivity analysis to 

test the replicability of the results, which is conducted by repeating the main statistical 

analysis but discarding one different study each time [22]. If a previously significant brain 

region remains significant in all or most of the combinations of studies it can be concluded 

that this result is highly replicable. Default kernel size (FWHM = 20 mm) and statistical 

thresholds (p < 0.005, peak SDM z ≥ 1, cluster extent ≥10 voxels) were applied [15]. In 

addition, we conducted a meta-regressions of regional WMV and the MMSE score. The 

meta-analysis of regional FA was methodologically identical to that of regional WMV but 

the equivalent regression analyses could not be conducted in regional FA because of an 

insufficient number of studies. Finally, a multimodal meta-analysis of regional WMV and 

FA abnormalities was performed in order to detect those brain regions showing differences 

in both WMV and FA. The multimodal approach combines various imaging modalities in 

the same meta-analysis so that to detect those brain regions which are affected across two or 

more imaging modalities but not apparent from any given imaging modality alone. We 

followed the approach described in Radua et al. [16, 17], which aims to obtain the overlap 

between the abnormal regions in the WMV and FA accounting for noise in the meta-analytic 

p-values and not to detect correlations between WMV and FA nor to increase power.

RESULTS

Included studies and sample characteristics

Of 571 potential studies screened, 59 potentially met inclusion criteria. After the final 

filtration, a total of 14 studies [23–36] were included in the meta-analysis (see Fig. 1 for the 

specific reasons of exclusion). One of the studies [24] provided two clinical datasets (one of 

early onset AD (EOAD) and one of late onset AD (LOAD)), compared with different HC 

groups and another [25] studied WMV and FA in different groups. Therefore, 16 datasets 

(11 WMV and 5 FA) were ultimately included in the meta-analysis. All of these studies 

performed the data analysis according to the optimized VBM protocol [37] using different 

version of Statistical Parametric Mapping (SPM) software (http://www.fil.ion.ucl.ac.uk/

spm/). The SPM software package has been designed for the analysis of brain imaging data 

sequences to instantiate the construction and assessment of spatially extended statistical 
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processes used to test hypotheses about functional imaging data. These studies included a 

total of 723 participants: 340 with AD and 383 controls. No relevant differences between 

patients and HC were found in terms of age, as the original studies were already well 

matched in this respect. Demographic and clinical characteristics and technique details of 

the studies are included in Tables 1 and 2.

Differences in regional WMV

Data for this analysis were obtained from all 11 WMV data sets including 260 patients with 

AD and 300 healthy controls. In patients with AD, significantly WMV reductions were 

mainly found in bilateral inferior temporal gyrus, splenium of CC, right parahippocampal 

gyrus, and right hippocampus (Table 3, Fig. 2, complete results in Supplementary Table 1). 

No WMV increases were detected. These findings were highly replicated in the jackknife 

analysis (Supplementary Table 2). In the meta-regression analysis, we made the following 

observations: samples with higher mean MMSE tend to appear decreased WMV in the 

bilateral parahippocampal gyrus and samples with lower mean MMSE showed decreased 

WMV in right hippocampus and splenium of CC. The reduction of WMV in left inferior 

temporal gyrus was independent of MMSE (Table 4).

Differences in regional FA

A group comparison of FA between AD patients and healthy controls was carried out in 5 

data sets including 80 patients with AD and 83 healthy controls. Patients showed 

significantly decreased FA in left posterior limb of internal capsule (PLIC), left anterior 

corona radiata, left thalamus, and left caudate nucleus (Table 3 and Fig. 3). No increased FA 

was detected. Results were moderately replicated in the jackknife analysis (Supplementary 

Tables 1 and 2).

Multimodal analysis

The result of the multimodal analysis is showed in Table 3: decreased WMV and FA were 

found in left caudate nucleus, left superior corona radiate, right inferior temporal gyrus, and 

some other areas (right retrolenticular part of internal capsule, left posterior corona radiate, 

right caudate nucleus and right superior longitudinal fasciculus) (Fig. 4 and Supplementary 

Table 1).

DISCUSSION

The current study conducted a multimodal meta-analysis for WM abnormalities (including 

WMV and FA) between patients with AD and HC subjects. The main finding of the meta-

analysis was acquired by the ES-SDM software and our results of decreased WMV revealed 

significant WM atrophy in bilateral inferior temporal gyrus, splenium of CC, right 

parahippocampal gyrus, and right hippocampus. And according to the jackknife sensitivity 

analysis, the results were robust and highly replicable. The hippocampus and 

parahippocampal gyrus are both sections of limbic system, which has been proved to be 

regularly involved in AD for decades [38]. The limbic system is closely linked to olfaction, 

emotions, drives, autonomic regulation, and memory. Both hippocampus and 

parahippocampal gyrus play central role in memory formation and hippocampus is one of 
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the first brain regions to suffer damage in AD or the prodromal stage, mild cognitive 

impairment [39, 40]. There was a study indicated the parahippocampal atrophy could also 

serve as an early biomarker of AD [41]. In addition, it seems that the right hippocampus 

formation is more significant than left side according to our results. The right hippocampus 

is related to the spatial memory while the left side plays an important role in verbal memory. 

But we cannot identify whether this difference between the bilateral hippocampus formation 

associated with the specific symptoms and further validation research is needed. The 

bilateral inferior temporal gyrus is traversed by uncinate fasciculus and the fornix terminalis, 

WM tracts involved in memory formation. The uncinate fasciculus is concerned with the 

verbal memory and immediate recall of word pairs by connecting the frontal lobe, the insula, 

and the rostral part of the temporal lobe [42]. The fornix connects with other key limbic 

structures and projects from the hippocampus to the anterior thalamic nuclei, mammillary 

bodies, striatum, and frontal cortex [43]. It is noteworthy that the hippocampus, 

parahippocampal gyrus, uncinate fasciculus, and fornix all participated in the Papez circuit, 

which was demonstrated to be linked to episodic memory problems in AD [44, 45]. The CC, 

which connects the hemispheres and plays key roles in the integration of perception and 

action [46], has been investigated as an independent region of interest to discover its 

relevance with AD [47–49] and in addition, the CC was found to have a positive correlation 

with response times in AD patients [50] and the research proved that interhemispheric 

coupling, in which CC play an critical role, may improve the brain’s ability to meet 

processing demands for cognitive demand in AD. Particularly, the splenium of CC, which 

consists of fiber tracts connecting the temporal–parietal–occipital cortex, the superior 

parietal region, and the occipital lobe [46], was found to be affected by AD in several studies 

[28, 51, 52]. According to the meta-regression results, the MMSE scores (measurement of 

the severity of cognitive impairment) are associated with affected brain regions. Patients 

with more severe cognitive symptoms (lower MMSE) shows atrophy mainly in right 

hippocampus and splenium of CC while patients of less serious cognitive impairment 

(higher MMSE) are prone to decreased WMV in the bilateral parahippocampal gyrus. But 

these founding need to be interpreted cautiously because they were driven by only few 

studies. Moreover, the mean years of education differ in different studies and the education 

influences the MMSE score to a great extent.

A previous meta-analysis of DTI in AD revealed FA decreases in all regions except for 

parietal WM and internal capsule [12]. However in our meta-analysis, we found significant 

decreased FA in left PLIC, left anterior corona radiata, left thalamus, and left caudate 

nucleus. The different results might be caused by the methodological factors and the sample 

size. Moreover the previous meta-analysis excluded studies those assessed FA globally using 

VBM and included studies that used manual tracing, masking, or tractography to study a 

priori-defined ROI, which is the fundamental difference in research design. The internal 

capsule is the major route by which the cerebral cortex connects with the brainstem and 

spinal cord and contains both ascending and descending axons. Here, the significantly 

reduced FA found within PLIC (SDM z-value = −2.934, p = 0.065 × 10−4) and the thalamus 

(SDM z-value = −2.749, p = 0.13 × 10−4) indicated significant involvement of 

corticothalamic and thalamocortical radiations [35]. Moreover, the PLIC contains the 

pyramidal tracts, which implied its effect in somatic movement. It is possible that the 
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impairment of the PLIC, which reflected by the decreased FA, is bound up with the 

movement disturbance in AD. The corona radiata, as the most prominent projection fibers, 

radiates out from the cortex and come together in the brain stem, which continues ventrally 

as the internal capsule. Corona radiata is related to the motor pathway and speculative 

analysis so that the damage of the anterior corona radiata could be associated with both 

motor and cognitive dysfunction. Caudate, as part of the basal ganglia, plays a vital 

functional role in forming new associations to acquire explicit memories, and in motor 

learning, which is also associated with both motor and cognitive dysfunction in AD. But one 

thing to note is that our results of the jackknife sensitivity analysis were not very significant 

(Supplementary Table 2) and this might be mainly attributed to the small number of the 

included studies of FA. Additionally, the results of the five included studies are quite distinct 

and with little overlap.

WMV and FA can both decrease in areas where fiber tracts are organized in parallel. In 

microcosm perspective, the decrease of volume (less amount of WM) and FA (water more 

free to flow in other directions) might be the result of a decrease of the number or diameter 

of the axons. But we cannot rule out other interpretations such as changes in membrane 

permeability or in the presence of non-axonal components (cells, vessels, or interstitial 

fluid). In the current multimodal analysis, the most significant regions include left caudate 

nucleus, left superior corona radiata, and right inferior temporal gyrus. As mentioned above, 

these structures were all significant in the separate WMV and FA analysis. But we also 

detected some areas which were less significant (Fig. 4) and among them the superior 

longitudinal fasciculus (SLF) is noteworthy. As the SLF arises from the prefrontal cortex, 

along the route connects with the frontal, parietal, occipital and ends at temporal lobe, so 

that the SLF has extensive contact with cognitive function.

Currently, the mechanisms underlying WM abnormalities in AD have not yet been fully 

clarified. One theory proposes that GM degeneration would lead to WM atrophy through 

demyelination in efferent pathways and destroy the integrity of WM tracts by Wallerian 

degeneration [53, 54]. This statement is supported by the fact that WM abnormalities 

generally parallel the pattern of GM pathology, which first occurs in the hippocampus and 

entorhinal cortex [55]. Alternatively, the retrogenesis hypothesis posits that WM 

degeneration is the result of myelin breakdown that occurs following a pattern reverse of 

myelogenesis, which means late-myelinated WM fibers (such as inferior longitudinal 

fasciculus and SLF) are more vulnerable than the early-myelinating WM fibers [14, 56]. But 

as we discussed above, the PLIC, as one typical early-myelinating WM fiber, showed 

significant decreased FA. Another argument is that AD-related pathological WM changes 

are caused by microvascular ischemic events or other myelin-related defects and contribute 

to cortical GM degeneration [57]. However, our meta-analysis do not aimed to verify the 

mechanisms of WM abnormalities and results should be interpreted with caution.

Moreover, studies assessing AD patients at different ages of onset also found the underlying 

explanations for WM lesions in EOAD and LOAD make some difference. Topographically, 

WM lesions in LOAD were more inclined to follow the anatomical distribution of GM 

atrophy [6], while the EOAD WM abnormalities showed a more distributed pattern 

involving the inter-hemispheric connections, limbic network, and major associative tracts 
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[4]. On one hand, some postmortem studies reported higher burdens of Aβplaques and 

neurofibrillary tangles in patients with EOAD [58, 59] to indicate that the greater 

microstructural WM abnormalities might be a distinctive distribution of early upstream 

events (such as Aβ deposition). On the other hand, another study, which showed no global 

and regional differences in Aβ burden between EOAD and LOAD, proposed that severe 

downstream neurodegenerative processes (including tau pathology) may play a central role 

in the pathogenesis of EOAD [60].

There are also many studies investigating WM abnormalities in other forms of 

neurodegeneration, such as frontotemporal dementia (FTD). It was reported that FTD targets 

the orbitofrontal network [61], while AD targets the posterior temporal hetero-modal 

network [62]. Moreover, a study compared the AD and FTD found greater reductions of FA 

in frontal brain regions in FTD than AD patients to indicate that the WM degradation seems 

to be more prominent in FTD than in AD [36].

The superiority of the current study is the use of a multimodal approach, which provides a 

unique multimodal view of WM alterations in AD. And to our knowledge, this is the first 

VBM meta-analysis of FA in AD patients. However, there are also several limitations in our 

study. First, the meta-analysis was conducted based on pooling stereotactic coordinates with 

significant differences rather than on raw data from the original studies and this leads to less 

accurate results. Second, there was some potential methodological heterogeneity, such as 

different preprocessing protocols (traditional or optimized), smoothing kernels, the use of 

different MRI machines and statistical thresholding methods. For instance, some studies 

used corrected p-values, whereas others did not. This could affect the precision of the 

estimation of the effect sizes [19]. Finally, we could not include TBSS studies [63–65] so 

that we were only able to roughly localize regions of potential abnormality, but could not 

distinguish the particular abnormal tract or tracts crossing these regions.

In summary, our results suggest that patients with AD have widespread WM abnormalities 

(both WMV deficits and disruption of the integrity of WM pathways). The prominent 

regions we detected follow the anatomical pattern of GM atrophy and most of them are 

relevant to cognitive function. But the precise mechanisms of the WM abnormalities and the 

potential effects of medication on WM in AD require further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Identification and attrition of studies. Search terms were “Alzheimer’s disease” and (“voxel-

based morphometry” or “voxel” or “VBM”), and (“white matter”, or “diffusion tensor 

imaging” or “DTI”). FA, fractional anisotropy; ROI, regions of interest; TBSS, tract-based 

spatial statistics; WMV, white matter volume.
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Fig. 2. 
Regional WMV decreases in AD compared with HC. Only significant results (p < 0.005, 

correspond to SDM-Z ≤−1.976) and a cluster size >10 voxels are reported. Images are 

acquired in three planes (coronal, sagittal and axial sections) by MRIcron software which 

was binding with ES-SDM. The (a–e) successively indicate right inferior temporal gyrus, 

splenium of corpus callosum, right parahippocampal gyrus, right hippocampus, and left 

inferior temporal gyrus. The red color only represents the areas detected with WMV 

decreases and cannot signify the SDM z-value. The red area proportion shows the cluster 

size and the arrows indicate the specific point of the results. AD, Alzheimer’s disease; HC, 

healthy control; L, left; R, right; WMV, white matter volume.
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Fig. 3. 
Regional FA decreases in AD compared with HC. Results (p < 0.005, correspond to SDM-Z 

≤−1.976) and a cluster size >10 voxels are reported. The (a–d) orderly showed the left PLIC, 

the left anterior corona radiata, the left thalamus and the left caudate nucleus. AD, 

Alzheimer’s disease; FA, fractional anisotropy; HC, healthy control; L, left; PLIC, posterior 

limb of internal capsule; R, right.
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Fig. 4. 
Regions with both WMV and FA reduction in AD compared with HC. Results (p < 0.005, 

correspond to SDM-Z ≤−1.976) and a cluster size >10 voxels are reported. The (a–g) 

successively indicate the left caudate nucleus, the left superior corona radiata and right 

inferior temporal gyrus, right retrolenticular part of internal capsule, left posterior corona 

radiate, right caudate nucleus, and right superior longitudinal fasciculus. AD, Alzheimer’s 

disease; FA, fractional anisotropy; HC, healthy control; L, left; R, right; WMV, white matter 

volume.
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Table 4

The meta-regression results of regional WMV

Region MNI coordinates SDM z-value p-value Number of voxels

Differences between patients with maximum MMSE and HC

Left parahippocampal gyrus −28, −24, −26 −4.799 6.52 × 10−6 155

Left inferior temporal gyrus −44, −16, −24 −3.889 3.72 × 10−4 215

Right parahippocampal gyrus 32, −24, −26 −3.820 4.89 × 10−4 123

Differences between patients with minimum MMSE and HC

Right hippocampus 38, −34, −10 −3.496 6.52 × 10−6 528

Left inferior temporal gyrus −52, −46, −12 −2.426 2.04 × 10−3 27

Splenium of corpus callosum −10, −42, 10 −2.347 2.78 × 10−3 19

HC, health controls; MNI, Montreal Neurological Institute; MMSE, the Mini-Mental State Examination; WMV, white matter volume.
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