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Abstract In speech production, an important step before
motor programming is the retrieval and encoding of the
phonological elements of target words. It has been proposed
that phonological encoding is supported by multiple regions
in the left frontal, temporal and parietal regions and their
underlying white matter, especially the left arcuate fascic-
ulus (AF) or superior longitudinal fasciculus (SLF). It is
unclear, however, whether the effects of AF/SLF are indeed
related to phonological encoding for output and whether
there are other white matter tracts that also contribute to this
process. We comprehensively investigated the anatomical
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connectivity supporting phonological encoding in produc-
tion by studying the relationship between the integrity of all
major white matter tracts across the entire brain and pho-
nological encoding deficits in a group of 69 patients with
brain damage. The integrity of each white matter tract was
measured both by the percentage of damaged voxels
(structural imaging) and the mean fractional anisotropy
value (diffusion tensor imaging). The phonological encod-
ing deficits were assessed by various measures in two oral
production tasks that involve phonological encoding: the
percentage of nonword (phonological) errors in oral picture
naming and the accuracy of word reading aloud with word
comprehension ability regressed out. We found that the
integrity of the left SLF in both the structural and diffusion
tensor imaging measures consistently predicted the severity
of phonological encoding impairment in the two phono-
logical production tasks. Such effects of the left SLF on
phonological production remained significant when a range
of potential confounding factors were considered through
partial correlation, including total lesion volume, demo-
graphic factors, lesions on phonological-relevant grey
matter regions, or effects originating from the phonological
perception or semantic processes. Our results therefore
conclusively demonstrate the central role of the left SLF in
phonological encoding in speech production.

Keywords Phonological encoding - Left superior
longitudinal fasciculus - Diffusion tensor imaging -
Patients - Connectome

Introduction

To produce a spoken word, upon the selection of the target
lexical item from the mental lexicon, its phonological
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elements (e.g., phonemes) need to be identified and ordered
before motor program planning and execution (e.g., Dell
1986; Levelt 1999). A failure in the phonological encoding
commonly results in producing nonword items that are
often phonologically related to the target in a wide range of
oral production tasks, such as spontaneous speech, oral
naming, word reading aloud, and repetition (e.g., saying
“taple” for “table”).

Neuropsychological and functional neuroimaging stud-
ies have commonly associated phonological encoding in
production to a set of cortical regions in the left frontal,
temporal and parietal cortices, including the supplementary
motor area, the left anterior insula, the left posterior
superior and middle temporal gyri (Wernicke’s area), and
the left posterior superior temporal gyrus (Anderson et al.
1999; Buchsbaum et al. 2001; Indefrey and Levelt 2004).
In an influential dual-stream model of speech processing
(Hickok and Poeppel 2007), these regions constitute the
dorsal pathway that maps acoustic speech signals to frontal
lobe articulatory networks, which underlie phonological
encoding processing for output. Schwartz et al. (2012) used
a voxel-based lesion-symptom mapping (VLSM) approach
to examine the lesion patterns associated with the per-
centage of nonword (phonological) errors in oral picture
naming, which was assumed to arise from the phonological
encoding stage for output. They observed that nonword
(phonological) errors in picture naming were associated
with lesions in the anterior part of the dorsal stream (i.e.,
premotor, pre and postcentral gyrus and supermarginal
gyrus), and not the auditory-related posterior temporal and
temporo-parietal cortices, which was argued to be consis-
tent with the motor-control models of speech production
(Tremblay et al. 2003; see also Hickok and Poeppel 2004,
2007).

These phonological-encoding relevant cortical regions
are generally associated with the classical disconnection
syndrome (Compston 2006; Geschwind 1965; Wernicke
1970). They tend to be situated on the white matter tract
(arcuate fasciculus, AF, or superior longitudinal fasciculus,
SLFI) that connects Wernicke’s and Broca’s areas, whose
disruption classically results in conduction aphasia, a
syndrome with oral repetition difficulty as the signature
symptom. However, it is premature to assume that the AF/
SLF is the tract supporting phonological encoding for
output. Although conduction aphasia may result from
phonological encoding deficits, the syndrome has high

! Note that although AF and SLF have been traditionally viewed as
synonyms depicting the same tract (see Dick and Tremblay 2012 for a
review), there are recent debates about their distinctions (Makris et al.
2005; Petrides and Pandya 2009; Schmahmann et al. 2007). We for
now do not distinguish them to cover studies about these tracts more
comprehensively and defer their potential differences to the
discussion.
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heterogeneity with potentially different types of cognitive
impairment (see Dick and Tremblay 2012 for a review).
Indeed, recent studies with more precise in vivo diffusion
tensor imaging (DTI) have shown conflicting results
regarding whether AF/SLF damage is associated with
conduction aphasia symptoms, especially repetition diffi-
culty (Mendez and Benson 1985; Saur et al. 2008; Selnes
et al. 2002; Shuren et al. 1995; see review in Dick and
Tremblay 2012). Similarly, other studies reporting phono-
logical-related white matter tracts have often used tasks
that involve not only phonological encoding but also other
cognitive processes such as speech perception (repetition;
Breier et al. 2008; Fridriksson et al. 2010; Rolheiser et al.
2011; Saur et al. 2008) or lexical retrieval (e.g., speech
fluency, Marchina et al. 2011), and therefore, it is unclear
whether these tracts are responsible for phonological
encoding or for other language processes. The behavioral
measure used in Schwartz et al. (2012) was likely immune
to this concern, and they showed that the effective regions
had decent overlap with AF/SLF in the Johns Hopkins
University Probabilistic Atlas (JHU WM template, http://
cmrm.med.jhmi.edu) (29 % of the entire SLF tract).
However, without DTI data, the effects of white matter
tracts were not examined directly. Mandonnet et al. (2007)
used intraoperative electrical stimulation and found that
stimulating the AF, and not the inferior fronto-occipital
fasciculus/inferior longitudinal fasciculus, induced phono-
logical paraphasia in oral picture naming in 7 of 12
patients. Although highly informative, the results require
further scrutiny because (1) some phonological errors may
be real word errors (e.g., saying “house” for the picture of
“horse”) and could stem from failures in the lexical
selection stage (e.g., Gagnon et al. 1997); (2) patients with
glioma (in the case of a slow growing tumor) may undergo
structural/functional reorganization (Goebell et al. 2006;
Lazar et al. 2006); and (3) highly limited tracts of prior
interest were targeted without the opportunity to reveal the
potential effects of other tracts. Therefore, studies com-
bining more comprehensive examination of the white
matter tracts and measures specifically reflecting phono-
logical encoding are needed.

We investigated the anatomical connectivity supporting
phonological encoding in speech production by studying
the relationship between the integrity of all major white
matter tracts and phonological encoding deficits in a group
of 69 patients with brain damage. To assess white matter
integrity, we measured the percentage of lesion voxels
(structural imaging) and the mean fractional anisotropy
(FA) value (diffusion tensor imaging) of each major tract.
For the behavioral measures, we employed two tasks that
involved the phonological encoding stage: oral picture
naming and word reading aloud. For picture naming, we
followed Schwartz et al. (2012) and used the percentage of
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nonword (phonological) errors. For word reading aloud,
given the dual-route architecture and the interactive nature
of the semantic and nonsemantic routes in reading (e.g., Bi
et al. 2007; Hillis and Caramazza 1995), reading errors
may originate from complex sources, including, but not
restricted to, visual word perception, orthographical lexical
access, semantic processing, phonological lexical access,
phonological encoding, and orthography-phonology con-
version. Therefore, from the word reading accuracy, we
regressed out the accuracy of the word associative match-
ing task to partial out the effect originating from word
comprehension stages (visual word perception, ortho-
graphic and semantic processing). The resulting residual
measure would reflect integrity of the remaining systems,
including post-lexical phonological encoding. Potential
confounding factors, such as whole-brain lesion volume,
demographic variables (age, gender, years of education)
and the effect of relevant gray matter regions (those asso-
ciated with nonword errors in oral picture naming), were
examined in results validation analyses. Two control tasks
(auditory lexical decision, picture associative matching)
were also included to control for the effects of the pho-
nological perception and comprehension stages. Our
rationale is that if a tract is necessary for phonological
encoding in speech production, its integrity measures
(lesion percentage, mean FA value) should significantly
correlate with the phonological encoding indices in oral
picture naming and word reading aloud across patients,
even when controlling for potentially confounding
variables.

Materials and methods
Participants

Seventy-nine patients with brain damage (65 males) par-
ticipated in the study. They were all native Chinese
speakers and were recruited from the China Rehabilitation
Research Center based on the following inclusion criteria:
willingness to participate; no previous brain injury or other
neurological/psychiatric disease such as alcohol abuse
or severe depression; at least one-month post-onset [dis-
ease duration: mean = 7 months; standard deviation
(SD) = 12; range 1-86]; ability to follow task instructions;
and a relatively clear lesion profile (stroke and traumatic
brain injury). We did not constrain our patient selection to
those clinically diagnosed with aphasia so that more
patients with a greater variety of lesion coverage were
included to allow for statistical analyses and potential
discoveries beyond the conventional aphasic studies.
Analyses were also performed on only the stroke patients.

Seven patients were not included in the analyses because of
poor signal quality of the DTI images (one for excessive
head movement; others for normalization failure). Three
other patients were excluded because they had severe
apraxia of speech and gave no meaningful response in the
production tasks. The mean age of the remaining 69
patients (55 males) was 46 years (SD = 13; range 20-76),
and the mean formal education was 13 years (SD = 3;
range 2—19). The majority of the patients (n = 63) suffered
from stroke, and 6 suffered from traumatic brain injury.
According to Gao (1993), neuropsychological tests of
language processing revealed that 8 patients did not suffer
from aphasia, and the remaining patients suffered from
motor (21 %), sensory (13 %), anomia (20 %), conduction
(5 %), global/mixed (34 %), and subcortical aphasia (8 %).
Administration of the Edinburgh Handedness Inventory
(Oldfield 1971) revealed that all patients were right-han-
ded. The Chinese version of the Mini-mental state exami-
nation (MMSE) (Folstein et al. 1975) was administered
(mean = 22; SD = 8; range 3-30). All participants pro-
vided written informed consent. This study was approved
by the Institutional Review Board of the State Key Labo-
ratory of Cognitive Neuroscience and Learning, Beijing
Normal University.

Behavioral data

Phonological encoding ability in oral production was
assessed by two common tasks that both involve this
cognitive component: oral picture naming and word read-
ing aloud. These two tasks included pictures or names of a
variety of common objects (see below for details) and were
considered in parallel for convergence. For oral picture
naming, the percentage of nonword errors was used as an
estimate of phonological encoding impairment; for word
reading aloud, the response accuracy after regressing out
word associative matching (i.e., word comprehension) was
used.

The experimental tasks were conducted in separate
sessions using the DMDX program (Forster and Forster
2003) on a personal computer. For each task, the item
presentation order was randomized and was constant across
subjects. There was a 60-second response deadline. Par-
ticipants were tested individually in a quiet room. Each
session lasted less than 2 hours, and the tests were paused
for rest upon patient request. The responses in both tasks
were taped using two digital recorders and were transcribed
for scoring. For all tasks, the response for each item was
scored 1 if correct or O if wrong or if no response given
within the deadline. The erroneous responses in oral picture
naming were further classified into nonword errors and
other types of errors (see below).

@ Springer



580

Brain Struct Funct (2016) 221:577-589

Oral picture naming

Color photographs of 100 common objects were used,
including 20 items from each of five categories: animals
(e.g., dog), tools (e.g., hammer), common artifacts (e.g.,
chair), fruits and vegetables (e.g., apple), and large non-
manipulable objects (e.g., house). Participants were
instructed to name each object. The first complete response
was scored. To tap into the post-lexical phonological
encoding stage, we followed the measures used by Sch-
wartz et al. (2012), focusing on non-word errors and
including non-word errors that were either phonologically
related or unrelated to the target. Real word phonological
error responses were not included because they may orig-
inate from lexical selection failures (Caramazza 1997).
Following Schwartz et al. (2012), we calculated for each
patient the proportion of nonword errors in total trials
(n = 100) and then normalized the value by taking the
square root. We further negated the obtained value so that
higher scores reflected better phonological encoding abili-
ties. We also performed analyses on only the non-word
phonological errors, defined as being phonologically rela-
ted to the target, i.e., sharing at least one phoneme in the
same position (e.g., ban ma— guan ma) or two phonemes in
any position (e.g., xiang ce—ce xiang) excluding schwa.
The result patterns were fully consistent.

Word reading aloud

The written names of the objects used in the picture naming
task were presented to the patients to read aloud. As
described in the Introduction, we estimated the effects
arising from the post-lexical encoding stage by regressing
out the performance on a visual word recognition task:
word associative matching. The matching task had the
same format as the Pyramids and Palm Trees Test (Howard
and Patterson 1992), with each trial containing the written
names of three objects on a touch screen. Participants
judged which of the two bottom names (e.g., orange,
onion) was semantically closer to the top one (e.g., banana)
by pressing the touch screen. There were 50 trials with ten
items from each of the 5 semantic categories in the oral
picture naming task. The three items in each trial were
always from the same category. In this task, the partici-
pants needed to recognize the visual word, activating the
orthographic and semantic representation (Weekes et al.
2006). Phonological encoding ability was estimated by
calculating the residual of word reading accuracy against
the word comprehension accuracy. Specifically, we first
established a regression model using patient data, with the
dependent variable being raw word reading accuracy and
the predictor being raw word recognition accuracy. Then,
for each patient, a predicted accuracy score of word
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reading was acquired by introducing his or her raw word
recognition accuracy into the model. This patient’s word
reading residual value equaled his/her raw accuracy minus
predicted accuracy. The residual values across all patients
summed to zero.

Control tasks

To assess the (relative) specificity of potential phonologi-
cal-output related tracts, we included two control tasks.
One required phonological perception but not necessarily
phonological output processing: auditory lexical decision;
the other required semantic processing with no or minimal
phonological processing: picture associative matching. The
auditory lexical decision task had ten items. For each item,
the patients were presented a Chinese word or nonword
auditorily via the earphone and needed to decide whether
the stimulus was a real word in Chinese by pressing the
“YES” or “NO” button. The picture associative matching
task was identical to the above word associative matching
task except that the written names of objects in the word
task were replaced by the photographs of the objects.
Specifically, no verbal processing was needed in the
completion of this task.

Imaging data
Acquisition

Patients were scanned at the China Rehabilitation Research
Center with a 1.5T GE SIGNA EXCITE scanner. Three
types of images were collected: (1) high resolution three-
dimensional T1-weighted images (3D images), (2) T2-
weighted fluid attenuated inversion recovery (FLAIR)
images, and (3) diffusion-weighted images (DWI). The T1-
weighted 3D images were acquired along the sagittal plane
with the following parameters: matrix size = 512 x 512,
voxel size = 0.49 x 0.49 x 0.70 mm?>, repetition time
(TR) = 12.26 ms, echo time (TE) = 4.2 ms, inversion
time (TI) = 400 ms, field of view (FOV) = 250 x
250 mmz, flip angle = 15°, slice number = 248 slices.
The T2-weighted FLAIR images were obtained on the
axial plane with the following parameters: matrix
size = 512 x 512, voxel size =0.49 x 049 x 5 mm3,
TR = 8,002 ms, TE = 127.57 ms, TI = 2,000 ms,
FOV = 250 x 250 mm 2, flip angle = 90°, slice num-
ber = 28 slices. The DWIs were acquired in two separate
sequences with different diffusion weighting direction sets.
The first sequence was acquired using the following
parameters: 15 diffusion weighting directions, matrix
size = 128 x 128, voxel size = 1.95 x 1.95 x 2.6 mm3,
TR =13,000ms, TE=693ms, TI=0s, FOV =
250 x 250 mm?, flip angle = 90°, slice number = 53
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slices, slice thickness = 2.6 mm without gap. The other
sequence was acquired using the same parameters, except
that it included 17 different directions. The first two vol-
umes were b0 volumes, and the b value of other volumes
was 1,000 s/mm? in each sequence. All the sequences
except for the T2-weighted FLAIR sequence were scanned
twice in the same session to improve the signal-to-noise
ratio.

Preprocessing

For the T1-weighted 3D images, we first co-registered each
of the two datasets on the native space and averaged them
using SPMS5  (http://www fil.ion.ucl.ac.uk/spm/software/
spm5). The T2-weighted FLAIR images were then coreg-
istered and resliced to the averaged 3D images with SPMS5.
Two trained researchers manually drew each patient’s
lesion contour on the averaged 3D images slice by slice,
visually referring to the FLAIR images. The lesion-draw-
ing procedure was supervised by an experienced radiolo-
gist. Each patient’s structural images were resliced into
1 x 1 x 1 mm® voxels and then registered into Talairach
space via BrainVoyager QX v2.0 (www.brainvoyager.
com). We used the ANTs software package (Advanced
Normalization Tools, http://www.picsl.upenn.edu/ANTS/)
to extract the affine transformation matrix between the
native and Talairach spaces and to register the lesion
description in Talairach space. Additionally, using the
ANTs, the lesion description was transformed into the
Montreal Neurological Institute (MNI) space.

Regarding the DWI data, for each patient, we first
merged each of the 15 directions and 17 directions paired
sequences into one single 4D nifti-1 format file and merged
the diffusion weighted gradient tables of the two sequen-
ces. We then executed the following steps using a pipeline
tool, PANDA (Cui et al. 2013), which was based
on FSL4.1.7 (http://www.fmrib.ox.ac.uk/fsl/index.html/):
BET: skull removal; Eddycorrect: correction of eddy cur-
rent distortion; DTIFIT: build diffusion tensor model. After
obtaining the FA maps of each patient, we registered them
to the FMRIB FA template in MNI space using ANTSs
(version 1.9). The normalization included two steps: linear
affine and nonlinear transform registration. In linear affine
transform, the WarpImageMultiTransform program was
executed, and one affine transform txt file for each par-
ticipant was produced. In nonlinear transform, a shell script
“buildtemplate” was used. We thus obtained a normalized
FA map of each patient.

The index of white matter tract integrity

We focused on the major tracts in a widely used human
brain white-matter template, the “JHU white-matter

tractography atlas” (25 % probability map) from FSL
(http://www .fmrib.ox.ac.uk/fsl/data/atlas-descriptions.html
#wm), which contains 20 main white matter bundles (see
Table 1 for details). Our analyses considered two indices
reflecting the severity of brain damage: lesion percentage
and FA value. The lesion percentage index measures the
percentage of voxels that have physical damage, wherein a
given voxel is scored as intact or damaged. It is a classical
indicator of lesion severity (Bates et al. 2003). FA value is
one of the most widely used variables to evaluate the
integrity of white matter tracts in a given voxel (Rolheiser
et al. 2011; Wilson et al. 2011), reflecting fiber density,
axonal diameter, and myelination in white matter (Basser
and Pierpaoli 1996). In our dataset, each voxel in each
patient had a lesion value (categorical variable: lesion or
intact) from the T1 lesion map and a FA value (continuous
variable) from the normalized FA map.

Brain-behavior mapping analysis

To identify the major white matter pathways responsible
for phonological encoding, we examined the relationship
between the integrity of the major tracts (measured by
lesion percentage and FA value) and phonological encod-
ing ability.

First, for each behavior index, we correlated the lesion
percentage and the mean FA value of each tract and pho-
nological encoding index, with whole-brain total lesion
volume as a covariate. For the lesion percentage measure,
three tracts were lesioned in fewer than five patients and
were excluded from the lesion analysis. For each of the
remaining 17 tracts, the lesion percentage (number of
voxels with lesion divided by total number of voxels in the
tract) was correlated with the patients’ phonological
encoding scores in oral picture naming and word reading,
partialing out total lesion volume. The results were adjus-
ted for the 17 tracts using the Bonferroni correction method
(» < 0.0006, corrected p < 0.01). For the FA measure, the
mean FA value of each of the 20 tracts in the template was
obtained by averaging the FA values of all voxels in the
tract. The mean FA value was correlated with the behav-
ioral scores for each task across patients, controlling for
total lesion volume. The Bonferroni correction method
(p < 0.0005, corrected p < 0.01) was implemented (20
tracts).

Next, we considered a set of potentially confounding
variables in addition to total lesion volume—demographic
and effects of relevant gray matter—by performing the
following analyses (see Table 2): (1) partial correlation
between phonological encoding scores and the tract lesion
percentages and mean FA values, with patients’ age, gen-
der, education level (total years of formal education per-
iod), and total lesion volume as covariates; (2) partial
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Table 1 Correlation
coefficients between lesion
percentages and mean FA
values of each tract and the two
phonological encoding
measures across 69 patients,
with total lesion volume as
covariate

Oral picture naming index:
negated square root for the
percentage of nonword errors in
all items; Oral word reading
index: residual of word reading
accuracy after regressing out the
word associative matching
accuracy

Bonferroni corrected: *

p < 0.01; “~”could not carry
out this analysis due to few
patients

correlation between phonological encoding scores and the
tract lesion percentages and mean FA values, with the
lesion percentage in the gray matter mask related to pho-
nological encoding and total lesion volume as covariates.

@ Springer

Tract Total # of Lesion-behavior FA-behavior
volume  patients correlation correlation
(mm*)  with
lesion Oral Oral word Oral Oral word
picture reading picture reading
naming index naming index
index index
1 Left anterior thalamic 8,128 41 —0.28 —-0.19 0.32 0.20
radiation (ATR)
2 Right anterior thalamic 7,576 32 0.29 0.33 —0.46* —0.37
radiation (ATR)
3 Left corticospinal tract 5,464 40 —-0.29 —0.28 0.50% 0.37
(CST)
4 Right corticospinal tract 4,760 26 0.41% 0.37 —0.48* —0.39
(CST)
5  Left cingulum gyrus 1,552 4 - - —0.06 —0.04
(CCG)
6  Right cingulum gyrus 608 7 0.16 0.22 —-0.25 —0.26
(CCG)
7  Left cingulum 248 0 - - —0.04 —0.05
hippocampus (CH)
8  Right cingulum 544 2 - - —0.24 -0.20
hippocampus (CH)
9  Forceps major (F_MA) 5,744 17 0.24 0.28 —0.20 —0.21
10 Forceps minor (F_MI) 19,712 41 0.07 0.07 -0.19 —0.13
11 Left inferior fronto- 5,048 40 —0.31 —0.19 0.38 0.32
occipital fasciculus
(IFOF)
12 Right inferior fronto- 6,304 34 0.37 0.40 —0.43* —0.44*
occipital fasciculus
(IFOF)
13 Left Inferior longitudinal 5,400 24 0 —-0.29 0.17 0.28
fasciculus (ILF)
14 Right Inferior 3,152 9 0.25 0.29 —0.36 —0.39
longitudinal fasciculus
(ILF)
15 Left superior longitudinal 9,472 42 —0.52* —0.57* 0.52* 0.55*
fasciculus (SLF)
16 Right superior 7,456 19 0.28 0.40 —0.44* —0.44*
longitudinal fasciculus
(SLF)
17  Left uncinate fasciculus 744 21 —-0.26 —0.14 0.30 0.29
(UF)
18 Right uncinate fasciculus 448 15 0.29 0.28 —0.40 —0.38
(UF)
19 Left superior longitudinal 9% 7 —0.10 —0.25 0.21 0.34
fasciculus (temporal
part) (SLFT)
20 Right superior 72 6 0.20 0.27 —0.28 —0.43*

longitudinal fasciculus
(temporal part) (SLFT)

The phonological-encoding-relevant gray matter regions
were acquired using the following method. First, we fol-
lowed the Schwartz et al. (2012) study and conducted a
VLSM (Bates et al. 2003) analysis for the oral picture
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Table 2 Partial correlation coefficients between the integrity of the left SLF (lesion percentages and mean FA values) and behavioral measures,

controlling for potential confounding factors

Control aspect Control variable

Oral word
reading index

Analysis type Oral picture

naming index

Demographic factor Age, education, gender,

total lesion volume

Influence of gray matter Lesion volume in grey matter regions

of VLSM significant results, total lesion volume

Variant of brain damage Only 63 right-handed stroke patients:

total lesion volume

Control tasks Auditory lexical decision score,

total lesion volume

Picture associative matching score,
total lesion volume

Lesion analysis —0.50%** —0.56%%*
FA analysis 0.50%** 0.54%*
Lesion analysis —0.33%* —0.47%*%*
FA analysis 0.36%* 0.46%%*

Lesion analysis —0.50%** —0.57%**
FA analysis 0.50%** 0.55%**
Lesion analysis —0.49%** —0.56%**
FA analysis 0.497%** 0.54#*
Lesion analysis —0.51%** —0.59%%*
FA analysis 0.53%** 0.56%**

Oral picture naming and oral word reading indices were identical to those in Table 1

#p < 0.01; **%p < 0.001

naming index from the 69 patients. We used the nonpara-
metric mapping program MRIcroN (Rorden et al. 2007) to
obtain a VLSM map of a nonparametric Brunner-Munzel
test (Brunner and Munzel, 2000), on which the threshold
was set at false discovery rate (FDR) correction p < 0.01.
The resulting whole brain VLSM map was then overlaid on
a gray matter mask (SPM5 template, probability higher
than 0.4).

We then examined whether the results were influenced
by the inclusion of different types of etiology by analyzing
only the stroke patients. Partial correlations were computed
between patients’ phonological encoding scores and lesion
percentages or mean FA values, with total lesion volume
value as a covariate for only the 63 patients with stroke.

Furthermore, we tested whether the phonological related
tracts were (relatively) specific to phonological production
by considering two other processes (phonological percep-
tion and semantic processing). We examined the associa-
tion between phonological-encoding-related tract integrity
(lesion percentage and FA value) and performance on a
phonological perception task (auditory lexical decision).
For each tract, the auditory lexical decision scores were
correlated with the lesion percentages or mean FA values
across patients, with total lesion volume value as a
covariate. We then examined whether there was phono-
logical encoding effect over and above any potential effects
of this control task using a partial correlation analysis
between phonological indices and lesion percentages or FA
values, with total lesion volume and the control task per-
formance as covariates. The same analysis procedure was
also applied to the picture associative matching semantic
control task.

Finally, although separate analyses were performed to
more clearly address specific questions and to avoid a
collinearity problem introduced by having too many

covariates, we nonetheless reported the results with all of
the above control variables in one analysis for conver-
gence. For the tracts that had been observed to have
significant effects in the above analyses, we correlated
their integrity values with the phonological encoding
scores in the 63 stroke patients, partialling out age, gen-
der, education level, lesion volume in gray matter regions
of VLSM significant results, auditory lexical decision
score, picture associative matching score, and total lesion
volume.

Results
Behavioral performance

The response accuracy of the 69 patients in the oral picture
naming task was 75 &+ 26 % (mean + SD). The percentage
of nonword (phonological) errors in this task was
6 + 12 %, and the negated normalized phonological
encoding score in this task was —15 £ 20 %. The accuracy
of the word reading task was 86 £ 19 %, and that of the
word associative matching task was 89 £ 9 %. The pho-
nological encoding score in this task (i.e., the residual of
word reading accuracy, regressing out the accuracy of the
word associative matching task) was 0 & 16.71 %. The two
phonological-encoding scores were positively correlated
(r = 0.45, p <0.0001). The accuracies for the auditory
lexical decision and picture associative matching control
tasks were 90 + 11 % and 87 + 11 %, respectively.

Brain-behavior mapping

The lesion distribution of the 69 patients is presented
in Fig. 1. All white matter tracts except for three [left
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+10mm

cingulum gyrus, left and right cingulum (hippocampus)]
were lesioned in more than five patients. Five tracts (left
anterior thalamic radiation, left corticospinal tract, left
inferior fronto-occipital fasciculus, forceps minor, and left
SLF) were damaged (having >1 voxel with lesions) in
more than 50 % of the patients, and five additional tracts
(left inferior longitudinal fasciculus, left uncinate fascicu-
lus, right anterior thalamic radiation, right corticospinal
tract, and right inferior fronto-occipital fasciculus) were
lesioned in 30-50 % of the patients (Table 1).

Lesion-behavior correlation

As observed in Table 1 and Fig. 2, the lesion percentages
of the left SLF were significantly negatively correlated
with phonological encoding scores in both the oral picture
naming and word reading tasks, with total lesion volume as
a covariate (Bonferroni corrected ps < 0.01). The lesion
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Fig. 1 Lesion overlap map of the 69 patients (the n value on each voxel denotes the number of patients with a lesion on it)

percentages of the right corticospinal tract were signifi-
cantly positively correlated with phonological encoding
scores in the oral picture naming (Bonferroni corrected
p < 0.01), which was opposite the expected direction,
possibly due to artifacts (larger right hemisphere lesion
correlated with smaller left hemisphere lesion), and was not
considered further.

FA-behavior correlation

The mean FA values of the left SLF significantly posi-
tively correlated with phonological encoding scores in
both the oral picture naming and word reading tasks,
controlling for total lesion volume (Bonferroni corrected ps
< 0.01; Table 1; Fig. 2). Additionally, the mean FA val-
ues of the left corticospinal tract correlated with the
phonological encoding score from the oral picture naming,
partialling out total lesion volume (Bonferroni corrected
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Fig. 2 Correlation between
white matter integrity (lesion
percentage and mean FA value)
of the left superior longitudinal
fasciculus (SLF) and
phonological encoding
measures. Oral picture naming
index: negated square root for
the percentage of nonword
errors in all items; oral word
reading index: residual of word
reading accuracy after
regressing out the word
associative matching accuracy;
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p < 0.01). We also identified five right tracts [anterior
thalamic radiation, corticospinal tract, inferior fronto-
occipital fasciculus, SLF, superior longitudinal fasciculus
(temporalpart)] whose mean FA values were negatively
correlated with scores for the oral picture naming and/or
word reading task, controlling for total lesion volume
(Bonferroni corrected ps < 0.01); these results were again
opposite the expected direction and were not considered
further.

Given that the two phonological encoding measures
revealed significant effects of the left SLF across the
lesion- and FA-behavior correlation analyses, we focused
on this tract in the following validation analyses.

FA value index

Controlling for effects of potential confounding variables

The ability of the left SLF to predict phonological encoding
score remained significant even when the effects of a series of
potential confounding variables were considered (see
Table 2). First, after age, gender and education and total
lesion volume were treated as covariates, the phonological
encoding scores remained significantly correlated with lesion
percentages (oral picture naming: partial r = —0.50,
p<3x 107, word reading: partial r= —0.56,
p <2 X 1076) and mean FA values of the left SLF (oral
picture naming: partial » = 0.50, p <3 x 10~°; word read-
ing: partial r = 0.54, p <4 x 107°. Second, using the
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Fig. 3 VLSM statistical map. Results of the nonparametric Brunner-Munzel test of non-word errors in picture naming between patients with and
without a lesion on each voxel. The map is thresholded at FDR g = 0.01 (z = 3.17)

VLSM approach, we observed that the lesions in the fol-
lowing left hemispheric grey-matter regions were associated
with phonological encoding scores: premotor cortex, pre- and
postcentral gyri and supramarginal gyrus (Fig. 3). These
results are consistent with findings reported by Schwartz et al.
(2012). When controlling for the lesion volume in these gray
matter regions as well as total lesion volume, the integrity of
the left SLF still tended to correlate with phonological
encoding scores for oral picture naming (lesion percentage:
partial » = —0.33, p < 0.007; mean FA: partial r = 0.36,
p <0.004) and oral reading (lesion percentage: partial
r=-047, p<6 x 107>, mean FA: partial r = 0.46,
p <2 x 107%). Finally, the effects of SLF held up well when
we considered only the 63 right-handed stroke patients, with
total lesion volume value as a covariate (lesion percentage:
oral picture naming partial r = —0.50, p <4 x 10~°; word
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reading partial r = —0.57, p <2 x 107°% mean FA: oral
picture naming partial » = 0.50, p < 4 x 10°; word reading
partial » = 0.55, p <4 x 107°).

Testing the specificity of the phonological tracts

The integrity of the left SLF showed a trend toward cor-
relation with the auditory lexical decision scores when the
total lesion volume value was included as a covariate
(lesion percentage: partial r = —0.21, p = 0.09; mean FA:
partial r = 0.24, p = 0.05). More importantly, when scores
on this task and total lesion volume values were treated as
covariates, the phonological encoding scores still signifi-
cantly correlated with the integrity of the left SLF (Table 2;
lesion percentage: oral picture naming: partial »r = —0.49,
p<3x107°, word reading: partial r= —0.56,
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p <1 x107% mean FA: oral picture naming: partial
r=049, p <3 x 1075; word reading: partial r = 0.54,
p <3 x 107°, suggesting that the role of the left SLF in
phonological encoding for production was not to be
reduced to its effect in phonological perception.

The integrity of the left SLF did not correlate with the
scores for the non-phonological control task, picture asso-
ciative matching, with total lesion volume as a covariate
(lesion percentage: partial r = —0.13, p = 0.28; mean FA:
partial » = 0.06, p = 0.64). After partialling out scores on
this control task and total lesion volume, the phonological
encoding scores still significantly correlated with the
integrity of the left SLF (Table 2; lesion percentage: oral
picture naming: partial » = —0.51, p <2 x 107; word
reading: partial » = —0.59, p <2 x 10~7; mean FA: oral
picture naming: partial r = 0.53, p <6 x 107% word
reading: partial r = 0.56, p <7 x 1077), indicating a
(relatively) specific effect of the left SLF in phonological
encoding.

Finally, after introducing all the above control variables
(age, gender, education, lesion volume in grey matter
regions of VLSM significant results, auditory lexical
decision score, associative matching score and total lesion
volume) as covariates together in one analysis, the pho-
nological encoding scores still correlated significantly with
the integrity of the left SLF in the 63 stroke patients (lesion
percentage: oral picture naming: partial r = —0.33,
p < 0.02; word reading: partial r = —0.45, p <6 x 1074
mean FA: oral picture naming: partial r = 0.37, p < 0.006;
word reading: partial r = 0.41, p < 0.002). This finding
further confirms the central role of the left SLF in phono-
logical encoding in speech production.

Discussion

In 69 patients with brain damage, we found that the
integrity of the left SLF, measured by the percentage of
damaged voxels and mean FA values, predicted the
severity of phonological encoding impairment for spoken
output in two language tasks (oral picture naming, word
reading aloud). Because we used convergent measures that
more specifically targeted phonological encoding for spo-
ken output, our results show more conclusively that the left
SLF plays an indispensable role in phonological encoding
in speech production, which was not attributed to its
potential effects in other aspects of language processing
such as speech perception or semantic processing. The
observed effects were not attributed to effects of demo-
graphic variables, overall lesion size or relevant grey
matter regions in the premotor cortex, pre- and postcentral
gyri or supramarginal gyrus, indicating the crucial role of
the left SLF in speech production.

Our results are consistent with the classical and con-
temporary literature (e.g., Duffau et al. 2002; Geschwind
1965; Maldonado et al. 2011; Saur et al. 2008; Vanderm-
osten et al. 2012; Wernicke 1970) that associates the left
SLF with phonological processing and deepen our under-
standing in the following ways. First, most of the evidence
associating the left SLF with phonological processing
comes from patients with conduction aphasia and/or uses
the results of a repetition task. In this case, the left SLF
may be responsible for speech perception or phonological
working memory rather than being involved in phonolog-
ical encoding for production. Second, we did not limit the
analyses on a specific set of tracts of interest but considered
all major tracts across the two hemispheres. Because fewer
than 5 patients had a lesion in the left cingulum gyrus, left
cingulum hippocampus or right cingulum hippocampus, we
were not able to examine these tracts in phonological
(output) encoding. The left anterior thalamic radiation, left
corticospinal tract, Forceps minor, and left inferior fronto-
occipital fasciculus were lesioned in a similar percentage of
patients compared to the left SLF, but these tracts still did
not exhibit a significant relationship with phonological
encoding deficits, suggesting that this process primarily
relies on the left SLF.

The use of multiple imaging methodologies allowed us
to examine the relative effects of grey matter and white
matter tracts more directly. Importantly, using the VLSM
approach that treated voxels across the entire brain in the
same fashion, we isolated the effects of voxels that affected
phonological encoding in the grey matter. We observed
that voxels in which lesions were associated with more
severe phonological encoding deficits were located in the
grey matter of the premotor cortex, pre- and postcentral
gyri and supramarginal gyrus. These findings corroborate
those reported in Schwartz et al. (2012), suggesting the
necessary roles of these cortical regions in phonological
encoding. Similar to those authors, we did not observe a
strong effect of the posterior superior temporal gyrus,
which is consistent with their argument that Wernicke’s
region may not be part of the phonological encoding net-
work (but see Hickok and Poeppel 2004, 2007). Although
in Schwartz et al. (2012) the effect of white matter was
evaluated by overlapping analyses between effective vox-
els and the white matter tract template, this study directly
measured phonological encoding ability using DTI imag-
ing, and we were able to more precisely examine the rel-
ative anatomical integrity of specific tracts. Our results
confirmed their assertion regarding the role of SLF in
phonological encoding based on suggestive evidence.
Importantly, we were able to further delineate the relative
contribution of grey and white matter and found that after
controlling for the lesions in the grey matter, the integrity
of the SLF was still predictive of phonological encoding
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impairment. Specifically, the effect of the SLF was not
fully attributed to the grey matter regions, at least to the
extent to which our current voxel-based lesion approach
can measure. We are not proposing that this tract computes
phonology by itself, but rather, it relays information across
cortical regions, which compute phonological codes at
various stages, and therefore is an indispensable compo-
nent underlying phonological encoding. There are various
hypotheses about the nature of the phonological codes
being relayed by the language production dorsal stream.
One proposes that the posterior territory (posterior superior
temporal gyrus/sulcus, sylvian-parietal-temporal regions)
processes words in phonological codes, which is replayed
to the frontal regions (Broca’s territory) to encode syllabic
position of phonemes before syllabic motor code access
(e.g., Indefrey and Levelt 2004; Indefrey 2011). An alter-
native hypothesis postulates that the lexical phonological
information is already encoded into a motor code in the
temporo-parietal regions and is relayed to the frontal
regions in the auditory-motor format (e.g., Hickok and
Poeppel 2004). Our findings of the significant association
between SLF integrity and errors arising from phonological
code encoding indicate that the SLF plays a critical role in
phonological code transfer.

To understand how the left SLF/AF participates in pho-
nological encoding, it is crucial to understand the anatom-
ical details of the tract and the type of cortical regions that it
connects. In fact, although the left SLF and AF have been
viewed as interchangeable in depicting the fiber bundle that
connects Wernicke’s classical sensory speech area in the
posterior superior temporal gyrus and Broca’s motor speech
area in the inferior frontal regions, controversy has emerged
in very recent years with the aid of modern imaging tech-
nology (see review in Dick and Tremblay 2012). It has been
proposed that the AF is a part of the SLF (e.g., Makris et al.
2005). The current study is constrained by the spatial scale
of the John Hopkins University white-matter template and
can only be interpreted with the template tract, which was
derived from tracking between regions-of-interest in the
middle of the posterior limb of the internal capsule and the
splenium of the corpus callosum. Further studies investi-
gating the finer-grain structure of the left SLF in phono-
logical encoding are warranted.

Our results shed light on the structural skeleton of lan-
guage in general. The left SLF/AF has been traditionally
viewed as the most prominent language tract; it connects
the two classical language regions (Wernicke and Broca),
and it is stronger in humans than nonhumans and stronger
in adults than children (Friederici 2009). In this study, we
showed that it has a central role in phonological production
encoding. Although a limited number of items were used
(n = 10), we observed a marginally significant effect of the
SLF and auditory lexical decision performance, suggesting
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that this tract may also engage in phonological perception
processing. Additional aspects of language processing,
however, have been shown to be supported by systems
beyond this tract; semantics have been shown to rely more
strongly on the left inferior fronto-occipital fasciculus,
uncinate fasciculus, and anterior thalamic radiation (Han
et al. 2013). Morphological and syntactic processing tends
to rely on both the dorsal (AF/SLF) and ventral tracts
(Rolheiser et al. 2011). Specifically, our results add to the
picture that the language system is processed by multiple
left hemisphere tracts, and detailed analyses of the sub-
components of language are needed to understand the full
scale of the neurobiology of language.

Conclusion

By examining the relationship between the integrity of the
major white matter tracts and phonological encoding
ability in production tasks across patients, we found that
the left SLF is necessary for the functioning of normal
phonological encoding for output. The lesion percentage
and mean FA value of this tract significantly predicted the
severity of phonological encoding deficits, as measured by
two tasks involving oral production. The results highlight
the role of the left SLF in speech production and the need
for further investigation into the finer structures within the
left SLF, as well as the integration mechanisms with other
tracts for language processing.
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