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Abstract Previous regional-based diffusion tensor imag-

ing (DTI) studies focused on impairment of the arcuate

fasciculus in aphasia; little is known about the extent to

which aphasia severity is affected by damage to both

ventral and dorsal language white matter (WM) pathways.

To understand whether disconnection of these pathways

contributes to clinical symptoms, we assessed the rela-

tionship between the alterations of WM integrity and

clinical characteristics in acute aphasia after stroke. Eigh-

teen patients with acute aphasia and age-, gender-, and

education-matched healthy controls underwent language

assessment and DTI scanning. The whole brain unbiased

tract-based spatial statistics method was employed to

quantitate WM integrity (fractional anisotropy) for both

groups. Linear correlation analyses were performed to

evaluate the relationship between WM integrity and clini-

cal features. The aphasic patients showed decreased WM

integrity in the left inferior fronto-occipital fasciculus/in-

ferior longitudinal fasciculus (IFOF/ILF) and the left

uncinate fasciculus, which represents components of ven-

tral language pathway, and the left superior longitudinal

fasciculus (SLF), which relates to dorsal language pathway.

In addition, WM integrity of the left IFOF and SLF showed

a positive correlation with aphasia quotient, performance

quotient, and cortical quotient, respectively. These findings

suggested that impaired WM integrity in both language

pathways not only contributed to language performance,

but also to general cognitive status. We suggest that

aphasia involves a breakdown of multiple connections of

dorsal and ventral streams that directly contributes to lan-

guage deficits. Damage to these dual-streams may serve as

a neuromarker for aphasias after stroke.

Keywords Aphasia � Dorsal stream � Tract-based spatial

statistics � Ventral stream � White matter integrity

Abbreviations

ABC Aphasia battery of Chinese

AF Arcuate fasciculus

AQ Aphasia quotient

CQ Cortical quotient

DTI Diffusion tensor imaging

FA Fractional anisotropy

IFOF Inferior fronto-occipital fasciculus

ILF Inferior longitudinal fasciculus

PQ Performance quotient

ROI Region of interest

SLF Superior longitudinal fasciculus

TBSS Tract-based spatial statistics

UF Uncinate fasciculus

WM White matter

Introduction

Aphasia is an umbrella term used to describe a collection of

disturbances in the comprehension and formulation of

language usually following a stroke (Damasio 1992;
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Schlaug et al. 2009; Jang 2013). Post-stroke aphasia is

usually caused by left hemisphere lesions, and substantially

increases deficits in language abilities (Thomas and Lin-

coln 2008).

Previous grey matter integrity on structural magnetic

resonance imaging (MRI) (Geva et al. 2012) and brain

activation on functional neuroimaging studies (Warren

et al. 2009; van Hees et al. 2014b; Zhu et al. 2014; Crinion

and Leff 2015; Yang et al. 2016a, b) have investigated the

fine-grain details involved in language architecture. Much

less is known however about white matter (WM)

microstructure changes and neurobiological mechanisms

underlying acute aphasia. Moreover, aphasia symptoms

and severity cannot be fully explained by grey matter

damage alone as it has been shown that local tissue

necrosis can cause local fiber displacement and reorgani-

zation of WM (Selnes et al. 2002). Diffusion tensor

imaging (DTI) is a promising technique that allows in vivo

examination of WM integrity and reconstruction of WM

fiber tracts based on the diffusion properties of water in

neural tissue (Basser et al. 1994). Fractional anisotropy

(FA), the most frequently used DTI-derived index, reflects

microstructural properties such as fiber density, axonal

diameter, and myelination in WM (Kochunov et al. 2007).

Current models on the WM pathways underlie a dual-

stream language architecture (Frey et al. 2008; Saur et al.

2008; Dick and Tremblay 2012). A dorsal language path-

way includes the superior longitudinal fasciculus (SLF)/

arcuate fasciculus (AF), which are responsible for phono-

logical processing, e.g., speech repetition. A ventral lan-

guage pathway connects temporal and prefrontal regions

via the extreme capsule, as well as the inferior fronto-

occipital fasciculus (IFOF)/inferior longitudinal fasciculus

(ILF), and the uncinate fasciculus (UF), which are associ-

ate with semantic processing, e.g., higher-level language

comprehension (Hickok and Poeppel 2004, 2007). Most

DTI studies in aphasic patients focused on the impairment

of the AF (Selnes et al. 2002; Breier et al. 2008; Galantucci

et al. 2011; Kim et al. 2011; Tak and Jang 2014) and

prediction of aphasia recovery (Kwon and Jang 2011;

Forkel et al. 2014; van Hees et al. 2014a), suggesting that

the AF in dorsal WM pathway of the dominant hemisphere

was an important factor for a speech repetition (Bernal and

Ardila 2009). In addition, recent studies have emphasized

that the impairment of ventral WM pathway alone or/and

disconnection in dorsal and ventral WM pathways in var-

ious type of aphasia, indicating a central role for ventral

WM pathway in language comprehension (Galantucci et al.

2011; Turken and Dronkers 2011; Kummerer et al. 2013;

Rosso et al. 2015).

Although these region of interest (ROI)-based or voxel

based analysis methods could provide a wealth of infor-

mation, both have drawbacks. ROI-based analysis is time-

consuming and difficult to objectively place ROIs around

thinner tracts and in addition, this approach can only detect

alterations in the brain where the ROIs have been placed.

Although the voxel based analysis can address these limi-

tations, the issue of misalignment and the choice of

smoothing extent can greatly affect the results (Smith et al.

2006). The tract-based spatial statistics (TBSS) method,

which keeps the advantages of voxel based analysis while

addressing the alignment and smoothing issues, has

recently been developed for whole brain DTI analysis

(Smith et al. 2006). In contrast to voxel based analysis,

TBSS projects an individual FA image into a common

space and thus it is not reliant on perfect nonlinear regis-

tration. In addition, no spatial smoothing is needed during

the image processing. To date, only a few studies have

utilized the TBSS method when analyzing aphasia patients

(Geva et al. 2015). For example, using TBSS, Geva et al.

(2015) found no significant differences in the right hemi-

sphere between aphasia patients and controls. In another

study, standard whole-brain TBSS analysis was success-

fully applied to compare before and after excitatory

repetitive transcranial magnetic stimulation treatment of

post-stroke aphasia with results indicating increased left-

hemispheric FA (Allendorfer et al. 2012). The conflicting

data may relate to the investigation paradigm and the

heterogeneity of the patient pool.

To the best of our knowledge, few study analyzed the

WM microstructure changes and relationship of clinical

characteristic in acute aphasias. To eliminate the influence

of heterogeneity of the patient pool and WM integrity

methodological bias, we evaluated changes in WM

microstructure using standard whole-brain TBSS analysis

in a group with acute aphasia. In addition, we assessed the

relationship between the alterations of WM microstructure

and clinical characteristics in acute aphasia.

Materials and Methods

Subjects

Eighteen aphasia patients (all right-handed, six females;

age, 53.67 ± 13.66 years) were recruited from admission

at the Fuzhou Hospital. Patients were recruited retrospec-

tively according to the following criteria: (1) first stroke

occurred in the left hemisphere; (2) age of [18 and

\85 years; (3) Chinese native speaker; (4) aphasia per-

sistent at day 1 post-stroke; and (5) right-handed. Partici-

pants were excluded if they had the following: (1) any past

or current neurological disorders or family history of

hereditary neurological disorders; (2) a history of head

injury resulting in loss of consciousness; (3) alcohol or

substance abuse; (4) claustrophobia; and (5) incompatible
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implants. All patients experienced a single left-hemisphere

ischemic (n = 16) or hemorrhagic (n = 2) stroke (lesion

size: 30.60 ± 42.23 cm3) and underwent MRI for an

average of 9.7 ± 5.3 days after stroke (Table 1). All

patients were Chinese native speakers and right-handed.

All patients received a comprehensive evaluation,

including medical history and neurological examination,

neuropsychological testing, and neuroimaging. Aphasia

was diagnosed based on the aphasia battery of Chinese

(ABC), which is the Chinese standardized adaptation of the

Western Aphasia Battery (Gao et al. 1992; Lu et al. 2013).

The ABC provides the following information: aphasia

quotient (AQ), performance quotient (PQ), and cortical

quotient (CQ) (Liu et al. 2015). AQ reflects a global

measure of severity and type of aphasia. AQ (range, 0–100)

is derived from linguistic subtests including spontaneous

speech, auditory comprehension, repetition, and naming.

The normative and cut-off scores of AQ is 97.11 ± 2.43

(mean ± SD) and 93.25, respectively. Anomic (n = 9),

Broca’s (n = 2), and conduction (n = 7) aphasia patients

were included according to AQ. PQ (range, 0–40) combi-

nes scores of reading/writing, praxis, and construction of

patients. CQ (range, 0–100) provides an overall picture of

cognitive status (Yu et al. 2013).

A total of 20 age-, gender-, and education-matched

healthy controls (HC) (all right-handed, eight females,

54.05 ± 8.43 years of age) were included in this study.

The HC were recruited through an advertisement. These

volunteers had no history of neurological disorders or

psychiatric illnesses and no gross abnormalities on brain

MR images.

This study was approved by the local Ethics Committee

of the Hospital of Fuzhou and was performed in accor-

dance with the approved guidelines. All participants gave

informed consent to participate in the investigation.

Data Acquisition

Imaging was performed on a 3.0T Siemens Vision Scanner

(Erlangen, Germany) equipped with high-speed gradients just

at the recruited day. The DTI parameters were as follows:

repetition time = 8500 ms; echo time = 93 ms; acquisition

matrix = 128 9 128; field of view = 240 9 240 mm2; slice

thickness = 3 mm, no gap. The diffusion sensitizing gradients

were applied along 30 non-collinear directions (b = 1000 s/

mm2)with an acquisitionwithout diffusionweighting (b = 0).

Lesion Mapping

We constructed a lesion overlap image for all aphasic

patients. A radiologist (Y.L.) manually traced the outline of

the lesion on individual 3DT1 images usingMRIcron (http://

Table 1 Demographic and

clinical characteristics for

subjects

Characteristics Aphasia (n = 18) HC (n = 20) P value

Handedness (left/right) 0/18 0/20 –

Gender (M/F) 12/6 12/8 0.67a

Age (years) 53.67 ± 13.66 54.05 ± 8.43 0.96b

Education (years) 8.67 ± 1.24 8.45 ± 1.47 0.63c

Lesion size (cm3) 30.60 ± 42.23

Time post-stroke (days) 9.72 ± 5.30

ABC scores – –

Aphasia quotient (AQ) 40.32 ± 13.37 – –

Spontaneous speech score 8.39 ± 6.79 – –

Auditory comprehension score 143.28 ± 46.41 – –

Repetition score 87.78 ± 23.00 – –

Naming score 35.22 ± 33.31 – –

Performance quotient (PQ) 21.89 ± 10.87 – –

Reading/writing score 88.47 ± 59.68 – –

Praxis score 44.39 ± 16.00 – –

Construction score 56.36 ± 27.51 – –

Cortical quotient (CQ) 48.94 ± 19.16 – –

Data values are mean ± SD

HC healthy subjects
a Chi square test
b Mann Whitney U test
c Two sample t test
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www.mccauslandcenter.sc.edu/mricro/mricron/), thereby

creating a lesion mask for each patient. After the spatial

normalization process, the union of all individual lesion

mask was used to construct a group lesion mask for the

patients (Fig. 1).

Data Preprocessing

All diffusion tensor images were processed using FMRIB

software library (FSL, v5.0; http://www.fmrib.ox.ac.uk/fsl)

software. First, eddy current distortions and head move-

ments were corrected from each dataset. Second, a brain

extraction tool was utilized to generate a binary brain

mask. Following these steps, a diffusion tensor model was

fitted independently for each voxel within the brain mask

and a FA image was calculated for each participant. Each

subject’s FA image was then non-linearly aligned into

1 9 1 9 1 mm3 MNI standard space using an FMRIB58

FA template, which resulted in a standard space version of

the FA image. In addition, we used a cost-function modi-

fication to avoid bias during spatial normalization (Brett

et al. 2001), as previously studies used (Ji et al. 2015; Liao

et al. 2016). Subsequently, the mean image of all aligned

FA images was calculated and thinned to create a skele-

tonized mean FA image with a threshold at 0.2. Finally,

each aligned FA image was projected onto this skeleton for

statistical analysis.

Statistical Analysis

For the imaging data, analyses were conducted via voxel-

wise statistics of the independent two-sample t test using

the FSL Randomise tool (version 2.1) via 5000 permuta-

tions with the threshold-free cluster enhancement option.

Statistical results were corrected for multiple comparison

with threshold-free cluster enhancement (TFCE) methods.

Clusters with a voxel-wise threshold of P\ 0.01 as well as

voxels[50 were considered statistically significant. Voxels

showing significant differences were assigned to WM tracts

using the JHU (Johns Hopkins University) DTI-based

white-matter atlases (Hua et al. 2008) (http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/Atlases).

To examine whether clinical features were related to the

WM integrity, linear correlation analyses were performed.

Correlations between the mean FA values from the sig-

nificantly different clusters and clinical scores including

AQ, PQ and CQ were analyzed. A threshold of P\ 0.05

(false discovery rate [FDR]-corrected) was used to indicate

statistical significance. Considering AQ highly correlated

with PQ (R = 0.8221, P\ 0.0001), we examined the

interaction effect in how AQ and PQ associated with FA

values using a mixed model in general linear model anal-

ysis (http://www.math.mcgill.ca/keith/surfstat/).

Results

Demographics and Clinical Characteristics

of the Participants

As shown in Table 1, patients with aphasia and healthy

controls did not significantly differ in age (two sample

t test, P = 0.96), gender (v2 test, P = 0.67), and years of

education (Mann–Whitney U test, P = 0.63). Stroke-re-

lated clinical characteristics of patients were tested using

the ABC (see details in Table 1).

Differences in FA Values Between Groups

As shown in Table 2 and Fig. 2, voxel-wise statistics

revealed four brain WM tracts with lower FA values in

patients with aphasia. Compared with healthy controls,

patients showed decreased FA in the left IFOF, ILF, UF for

ventral language pathway and the SLF for dorsal language

pathway, respectively.

Correlations Between FA Values with Clinical

Scores

As shown in Fig. 3, the left IFOF were positively corre-

lated with the AQ (R = 0.5754, P = 0.0125), PQ

(R = 0.5774, P = 0.121) and CQ (R = 0.6119,

P = 0.0070) scores, respectively. The left SLF were pos-

itively correlated with the AQ (R = 0.5630, P = 0.0150),

Fig. 1 Distribution of the lesion areas of all patients. Colors represent number of patients with a lesion to a specific voxel
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PQ (R = 0.4848, P = 0.0414) and CQ (R = 0.5351,

P = 0.0221) scores, respectively. In addition, there is no

interact effect between in AQ and PQ that associated with

AF value in the left IFOF (F = 2.3771, P = 0.1137), as

well as in the SLF (F = 2.5422, P = 0.0983). This auxil-

iary analysis suggest that AQ and PQ has the same asso-

ciation with FA value in the IFOF (and in the SLF), which

would not provide a specific language deficit.

Discussion

We examined WM microstructure changes and associa-

tions with clinical characteristics in aphasic patients. We

found decreased WM integrity (as assessed by FA) in the

both ventral (the SLF) and dorsal (the IFOF/ILF and UF)

language pathways in acute aphasic patients after stroke.

Although the current findings have already been uncovered

in the Dejerines’ studies (Krestel et al. 2013), the whole-

brain TBSS technique and an homogenous acute stroke

population offer interesting complementary analysis to

previous functional neuroimaging works (Price 2012). In

addition, WM integrity of the SLF in ventral language

pathway and the IFOF in dorsal language pathway were

positively correlated with AQ, PQ and CQ, respectively.

These findings suggested that impaired WM integrity in

both language pathways not only contributed to language

performance, but also to general cognitive status.

To eliminate the influences of the methodological bias

derived from ROI-based analysis or/and voxel-based

analysis, we evaluated changes in WM microstructure

using standard whole-brain TBSS analysis. The TBSS

method attempts to combine the advantage of voxel-based

analysis with the strengths of tractography-based analyses

(ideally, being confident that the estimates of FA are truly

taken from the relevant voxels) for a more robust and more

sensitive way of detecting WM microstructure alterations

(Smith et al. 2006). Although a pervious study using TBSS

did not find significant differences between patients with

chronic aphasia and healthy controls (Geva et al. 2015), the

potential influence of patient heterogeneity was not

addressed. In the current study, we utilized a homogenous

population of patients suffering from acute aphasia fol-

lowing stoke in order to eliminate the possible confounding

results associated with the previous study.

Lower FA values in the SLF/AF of the left hemisphere

were consistent with previous ROI-based DTI studies in

aphasia patients following stroke (Breier et al. 2008; van

Hees et al. 2014a; Geva et al. 2015). We found that the

anterior segment of the SLF, including all three segments,

showed decreased FA in patients with acute aphasia

(Fig. 2). The anterior segment of the SLF connects Broca’s

territory and Geschwind’s territory (Dick and Tremblay

2012). The SLF/AF is the known proxy for ‘Broca–Wer-

nicke–Geschwind’s language model, and connects then

receptive and expressive language areas in the brain

(Warren et al. 2005; Hickok and Poeppel 2007). Electrical

stimulation of the SLF/AF results in speech arrest/articu-

lation disturbances (Maldonado et al. 2011). DTI mea-

surement (e.g., FA) showed a relationship between damage

to the SLF/AF and verbal repetition in patients with left

hemisphere stroke (Breier et al. 2008). Furthermore, we

Table 2 Areas of lower FA in

aphasia compared with healthy

controls

Brain regions MNI (x, y, z) Cluster size (voxels) T value

Inferior fronto-occipital fasciculus (L) (-32, 38, 4) 295 -6.12

Inferior longitudinal fasciculus (L) (-39, -30, 0) 54 -5.75

Superior longitudinal fasciculus (L) (-36, -40, 31) 865 -9.24

Uncinated fasciculus (L) (-34, 2, -7) 94 -5.07

Fig. 2 WM structures showing significantly lower FA in patients

with aphasia (P\ 0.01, corrected for multiple comparisons) in (1) the

left IFOF, (2) the left ILF, (3) the left SLF, and (4) the left UF. The

background image is the standard MNI152 brain template. Green

voxels represent the FA WM skeleton. Red-yellow voxels represent

regions with lower FA in patients with aphasia compared with healthy

controls (Color figure online)
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found that WM integrity of the SLF was associated with

AQ and PQ, suggesting a relationship between WM

integrity, aphasia severity and impaired language perfor-

mance. In agreement with previous studies (Ardila 2010;

Kummerer et al. 2013; Rosso et al. 2015), we found that

the SLF acts as a core pathway of the dorsal stream of the

language network which is responsible for phonological

processing in acute aphasia (Saur et al. 2008; Dick and

Tremblay 2012).

In addition to impairment in the SLF/AF, we found

decreased FA in the left IFOF/ILF (Fig. 2) and confirmed

that the WM integrity of the IFOF was associated with AQ

and PQ in aphasia. The IFOF/ILF associated with the ventral

stream of the language network and it has been postulated to

connect occipital cortices to the anterior temporal and

inferior frontal cortices (Dick and Tremblay 2012). The

ventral pathway may be involved in linking speech to

higher-level semantic representations (Hickok and Poeppel

2004; Dick and Tremblay 2012). The IFOF is also part of a

temporal lobe fiber network supporting language compre-

hension (Saur et al. 2008). However, the role of the IFOF/

ILF in acute aphasia and severity remains unclear.

The UF has been considered as another potentially

major area for a distributed semantic language memory

network (Patterson et al. 2007; Tsapkini et al. 2011) and

results from the current study found decreased FA in the

UF of patients with aphasia compared with healthy con-

trols. As previous studies suggested that the reduction in

FA in the UF is related to the semantic variant subtype of

primary progressive aphasia (Galantucci et al. 2011) and

damage to the UF predicts impaired speech production in

aphasia, our data lends supporting evidence to previous

studies suggesting an involvement of the UF in the

semantic processing of language (Catani et al. 2013; Fri-

driksson et al. 2013).

Nonetheless, this work has several limitations. First, the

sample size was relatively small for studies involving

abnormal WM integrity in aphasia. In addition, a longitu-

dinal study is needed to examine whether treatments would

improve the integrity of the WM connecting the various

cortical language regions (van Hees et al. 2014a). Finally,

constructing an anatomical connectome would provide new

ways of conceptualizing the disconnections of remote and

apparently intact cortical structures in aphasia (Bonilha

et al. 2014a, b, 2015).

Conclusions

The current study examined the WM microstructure

changes and associations with clinical characteristics in

acute aphasias using a TBSS-based DTI method. We found

Fig. 3 Pearson correlation analysis showing positive correlations between FA values in patients with aphasia and the clinical features. (1) The

left IFOF and (2) the left SLF were positively correlated with the AQ, PQ and CQ scores
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a reduction in FA in both the anterior segment of SLF and

IFL/IFOF located in dorsal and ventral language pathways,

respectively. These results suggest that aphasias typically

involve a breakdown of multiple connections in dorsal and

ventral streams of language and that these breakdowns

contribute to the core symptoms of this syndrome. In

addition, linear correlation analyses suggested that

impaired WM integrity in both language pathways not only

contributed to language performance, but also to general

cognitive status. Taken together, this damaged dual-stream

architecture could serve as a neuromarker for acute apha-

sias after stroke and may aide in the development of

treatment targets for this syndrome.
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