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Abstract

For more than a century, speech repetition has been used as an assay for gauging the integrity of 

the auditory-motor pathway in aphasia, thought classically to involve a linkage between 

Wernicke’s area and Broca’s area via the arcuate fasciculus. During the last decade, evidence 

primarily from functional imaging in healthy individuals has refined this picture both 

computationally and anatomically, suggesting the existence of a cortical hub located at the 

parietal-temporal boundary (area Spt) that functions to integrate auditory and motor speech 

networks for both repetition and spontaneous speech production. While functional imaging 

research can pinpoint the regions activated in repetition/auditory-motor integration, lesion-based 

studies are needed to infer causal involvement. Previous lesion studies of repetition have yielded 

mixed results with respect to Spt’s critical involvement in speech repetition. The present study 

used voxel-based lesion symptom mapping (VLSM) to investigate the neuroanatomy of repetition 

of both real words and non-words in a sample of 47 patients with focal left hemisphere brain 

damage. VLSMs identified a large voxel cluster spanning gray and white matter in the left 

temporal-parietal junction, including area Spt, where damage was significantly related to poor 

non-word repetition. Repetition of real words implicated a very similar dorsal network including 

area Spt. Cortical regions including Spt were implicated in repetition performance even when 
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white matter damage was factored out. In addition, removing variance associated with speech 

perception abilities did not alter the overall lesion pattern for either task. Together with past 

functional imaging work, our results suggest that area Spt is integral in both word and non-word 

repetition, that its contribution is above and beyond that made by white matter pathways, and is 

not driven by perceptual processes alone. These findings are highly consistent with the claim that 

Spt is an area of sensory-motor translation in speech processing.

Keywords

sensory-motor integration; speech repetition; speech production; voxel-based lesion symptom 
mapping; area Spt

1. Introduction

In his classic 1885 article, “On Aphasia,” Lichtheim emphasized speech repetition as a 

critical factor in aphasia classification, that is, in identifying the source of a language deficit 

in the context of a model of language processing. In particular, within Lichtheim’s scheme, 

the ability to repeat speech differentiated transcortical motor aphasia (spared repetition) 

from motor or Broca’s aphasia (impaired repetition) and transcortical sensory aphasia 

(spared repetition) from sensory or Wernicke’s aphasia (impaired repetition). Although 

Lichtheim noted that repetition was impaired in many types of aphasia, today repetition 

deficits are most commonly associated, in the minds of most language scientists, with 

conduction aphasia. In fact, it is not uncommon to see conduction aphasia characterized as a 

disorder of repetition. It’s worth noting that this is not how Lichtheim, nor the discoverer of 

conduction aphasia, Wernicke, viewed the syndrome. To them, the presence of paraphasias 

in speech output was the critical symptom, which was evident in volitional speech as well as 

during speech repetition.

Of interest presently is the explanation that the classical aphasiologists put forward for the 

mechanism underlying both paraphasic errors in spontaneous speech and repetition deficits 

in conduction aphasia. Both Wernicke and Lichtheim agreed that the impairments were 

auditory-motor in nature and reflected a disruption of the normal auditory control over 

motor speech plans. In Wernicke’s words,

Observations of daily speech usage and the process of speech development 

indicates [sic] the presence of an unconscious, repeated activation and simultaneous 

mental reverberation of the acoustic image which exercises a continuous 

monitoring of the motor images. […This auditor-motor pathway] whose 

thousandfold use [during development] maintains a continuing significant control 

over the choice of the correct motor image. […] Apart from impairment in 

comprehension [in sensory/Wernicke’s aphasia], the patient also presents aphasic 

symptoms in speech produced by absence of the unconscious monitoring of the 

imagery of the spoken word. [p. 106–107, Eggert]

And in Lichtheim’s,
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[Wernicke] assumes that the nervous influx descending along B M m [the concept 

to motor pathway] sends a branch current to A [the auditory center], and that this 

subconscious innervation of the auditory memories of words secures the correct 

choice and expression of them; and that irregularities occur as soon at the co-

operation of these elements ceases to take place. I accept this interpretation, but 

with a modification, namely, […] that this [auditory] representation must enter into 

relationship with the concept [pp. 439–440]

Despite his agreement with Wernicke’s claim, Lichtheim found this mechanism “rather 

forced” (p. 439), reflecting the ad hoc stipulation generated by the data Wernicke was trying 

to explain.

Modern work on motor control provides a principled explanation for Wernicke’s stipulation 

that the auditory speech representation “maintains a continuing significant control” over 

motor speech planning. Specifically, the auditory representation serves as the target for 

motor speech acts (Guenther, Hampson, & Johnson, 1998; Perkell, 2012) and provides 

important sensory feedback information used in guiding them (Houde & Nagarajan, 2011; 

Tourville, Reilly, & Guenther, 2008). Such auditory targets function in just the same way as 

a sensory representation of, say, a cup defines the target for a reaching action; the only 

difference being that for auditory speech targets the sensory representation (i.e. the sound of 

a word) is stored in sensory memory rather than provided via immediate sensory stimulation. 

So, the reason why disruption of the auditory-motor pathway results in speech production 

disturbances is because such damage “obscures” the targets of speech acts, forcing affected 

patients to execute speech gestures based on stored motor memories alone, without auditory 

feedback. Just like one might be off target in reaching for an object in the dark, so too 

people with aphasia, who have a damaged auditory-motor pathway, will tend to be off target 

in their speech gestures and make paraphasic errors (Hickok, 2012a; Hickok, Houde, & 

Rong, 2011). Repetition will be affected as well by such a disruption for the same reason: 

the acoustically provided target will be less accessible to the motor system for reproduction 

(Hickok & Poeppel, 2004).

Thus, research in motor control has sharpened our understanding of the computational 

function of auditory-motor circuits for speech and sparked a renewed interest in mapping the 

neural circuits involved. Given that verbatim repetition, particularly of pseudowords, taps 

into this system relatively directly, repetition ability has become the focus of recent 

investigations.

A series of functional imaging studies in healthy participants has used covert repetition of 

pseudowords (or nonsense sentences) to map the cortical auditory-motor circuit for speech. 

This work has identified a left-dominant network of regions that includes the posterior 

superior temporal sulcus, a region in the posterior Sylvian fissure at the parietal-temporal 

boundary (termed, Spt), the pars opercularis of Broca’s area, and a more dorsal premotor site 

(Buchsbaum, Hickok, & Humphries, 2001; Buchsbaum, Olsen, Koch, Kohn, et al., 2005; 

Hickok, Buchsbaum, Humphries, & Muftuler, 2003). Spt has been a theoretical focus of this 

work because evidence points to it as a computational hub involved in auditory-motor 

integration: (i) it is located nearby known visuomotor integration regions in the parietal lobe;
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(ii) it appears to have functional-anatomical connections to the pars opercularis (Buchsbaum 

et al., 2001; Buchsbaum, Olsen, Koch, & Berman, 2005; Isenberg et al., 2012); (iii) it 

exhibits both auditory and motor response tuning (Hickok, Okada, & Serences, 2009); (iv) 

lesions associated with conduction aphasia overlap the location of Spt (Buchsbaum et al., 

2011); and (v) direct cortical stimulation of the temporal-parietal junction has been found to 

cause symptoms of conduction aphasia, including repetition deficits (Anderson et al., 1999; 

Quigg & Fountain, 1999; Quigg, Geldmacher, & Elias, 2006).

Three recent large-scale voxel-based lesion-symptom mapping studies of repetition provide 

partial support for the view that Spt plays a critical role in auditory-motor integration. Baldo 

et al. (Baldo, Katseff, & Dronkers, 2012) studied 84 individuals with aphasia using real 

word and non-word repetition tasks as well as other short-term memory tasks. They report 

that the peak t-values for both repetition tasks are the posterior superior temporal region 

adjacent to the inferior parietal lobe, which corresponds well to Spt’s location. Baldo et al. 

also find that the arcuate fasciculus—the structure classically thought to mediate the relation 

between posterior auditory and anterior motor speech systems—was not implicated, 

suggesting that cortical damage, and not white matter disconnections, are the source of 

repetition deficits. Fridriksson et al. (2010) came to a slightly different conclusion in their 

study of 45 patients with aphasia who were tested for speech repetition ability. Both 

structural damage and blood perfusion was measured with MRI. Both measurements 

implicated tissue in the vicinity of Spt but not Spt directly. Structural damage predictive of 

repetition deficits was localized to the posterior arcuate fasciculus, while perfusion measures 

implicated cortical disruption in the supramarginal gyrus. Finally, in a larger-scale study 

involving 103 individuals with chronic aphasia, Dell and colleagues report that the left 

temporal-parietal boundary, including the Spt region, is associated with deficits on word and 

non-word repetition tasks (Dell et al., 2013). These authors report similar results when, 

instead of using raw repetition performance in generating the lesion maps, they used 

connection strength parameter values from a computational model of naming and repetition 

fit to each patient’s performance. The parameter that correlated with damaged voxels in and 

around Spt corresponded to weights mapping between auditory inputs and phonological 

output nodes (parameter nl in Dell et al.’s terminology), thus providing computational-

anatomic evidence in favor of Spt’s proposed auditory-motor integration function.

A more recent lesion study, however, has questioned the claim that damage to Spt is 

responsible for repetition deficits. Parker Jones et al. (2014) also report on eight patients 

with repetition deficits. Each had involvement of the arcuate fasciculus and not the cortex in 

and around area Spt, consistent with Fridriksson et al.’s structural findings. This was 

interpreted as evidence in support of the classical model of the auditory-motor pathway 

implicating the arcuate fasciculus as the critical structure for auditory-motor integration 

rather than a cortically mediated circuit involving Spt.

Thus, although the functional evidence for Spt’s role in auditory-motor integration during 

speech production and repetition remains strong, lesion evidence is somewhat equivocal, 

particularly with respect to whether repetition deficits result from cortical damage involving 

Spt or white matter damage to the arcuate fasciculus. One potential limitation of all previous 

small and large-scale studies of repetition deficits following brain injury is that participant 
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inclusion was limited to patients with clinically diagnosed aphasia. This could bias the 

sample toward larger lesion sizes and exclude patients with more focal, subclinical deficits, 

which in turn can complicate findings. The present study sought to address this issue by 

examining the neurobiology of speech repetition in a sample of individuals with a 

radiologically documented focal lesion independently of the presence of aphasia. Patient 

recruitment based on the presence of a brain lesion, not characteristic aphasic symptoms, 

improves sensitivity by maximizing variability in task performance, lesion size and lesion 

location. Voxel-based lesion symptom mapping was performed to identify regions 

associated with deficits on word and non-word repetition, which have been argued to 

involve potentially different routes (Dell, et al. 2013). We also explicitly examine the 

relative roles of the Spt region and the arcuate fasciculus.

2. Materials and Methods

2.1 Participants

118 patients were recruited via the Multi-site Aphasia Research Consortium (MARC) as part 

of an ongoing research program. Forty-seven of these patients were included in the present 

study based on the following criteria: (i) a chronic focal (6 months or more post-onset) 

lesion due to a stroke in the left hemisphere (n= 37; 20 female, mean age = 61 years, range = 

43–81) or a unilateral left temporal lobectomy (n= 10; 7 female, mean age = 59, range = 35–

77),1 (ii) no significant anatomical abnormalities other than the signature lesion of their 

vascular event (or evidence of surgery for the seizure subjects) nor signs of multiple strokes, 

and (iii) were administered both of the repetition tasks of interest. The stroke patients had no 

prior history of psychological or neurological disease.

The temporal lobectomy patients all had a seizure disorder resistant to medical management 

and, therefore, required surgical intervention. Patients were not selected based on a 

diagnosis of aphasia. Patients were all native speakers of English and the vast majority was 

strongly right-handed as determined by the Edinburgh Handedness Scale: one patient was 

left-handed and two were ambidextrous. Standard neuropsychological tests were 

administered to all subjects. Informed consent was obtained from each patient prior to 

participation in the study, and all procedures were approved by the Institutional Review 

Boards of UC Irvine, San Diego State University, University of Southern California, 

Arizona State University and University of Iowa.

2.2 Materials

To address our goal of characterizing the neuroanatomy supporting sensory-motor 

integration, data from two tasks will be examined: (i) the Boston Diagnostic Aphasia Exam 

(BDAE) Repetition sub-tests, as a measure of real word repetition, and (ii) a non-word 

1It should be noted that the temporal lobectomies were performed on patients with medically intractable epilepsy. We have chosen to 
include these patients to include lesions localized in the anterior temporal lobe, a region frequently left intact by all but the most 
severe middle cerebral artery strokes (Holland & Lambon Ralph 2010). However, it is quite possible that the epileptic brains have 
abnormal functional organization, particularly regarding laterality of language processing (e.g. Swanson et al. 2002, 2007; Hertz-
Pannier et al. 2002) and any findings resulting from this population should be interpreted carefully. Note that the present results do not 
change if this patient group is excluded, but their inclusion allows us to examine (albeit cautiously) the possible involvement of the 
anterior temporal lobe in speech processing.
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repetition task. In addition, a syllable discrimination task (a speech perception task 

previously implicating sensory-motor networks (Schwartz, et al., 2012)), was analyzed and 

used as a covariate in some analyses. These tasks were administered as part of an extensive 

psycholinguistic test battery to assess speech perception and production abilities. Within the 

battery, individual tests themselves were presented in a non-fixed pseudorandom order. 

Items within a test were presented in a fixed random order.

2.2.3 Real Word Repetition Measure—The BDAE is a widely-used clinical and 

research tool (Goodglass & Kaplan, 1983); the repetition sub-tests include 36 words, phrases 

and sentences that subjects were asked to listen to and repeat. The stimuli include single 

high-frequency words, phrases of varying length (3–7 words), noun phrases (e.g. baseball 

player), and numbers (e.g. Eight forty-six). Normative data for the BDAE indicates that 

control subjects (i.e. older adults with no brain damage) perform at ceiling for the repetition 

subtests (Goodglass, Kaplan & Barresi, 2001).

2.2.4. Non-word repetition task—The non-word repetition task consisted of 30 trials in 

which subjects were asked to repeat a non-word presented via headphones at a volume level 

comfortable to each subject, while a fixation cross was presented on the computer screen. 

The task included ten two-syllable, ten three-syllable, and ten four-syllable non-words 

(Appendix A). All stimuli were recorded by a native English male speaker; all non-words 

are phonotactically legal in English.

2.2.5. Syllable discrimination task—The syllable discrimination task is modeled on 

previous discrimination tasks used with aphasic populations (Baker, Blumstein, & 

Goodglass 1981; Blumstein, Baker, & Goodglass 1977; Caplan & Waters, 1995; Caplan 

1992). Our task involved the presentation of 64 pairs of consonant-voxel-consonant (CVC) 

syllables (non-words) via headphones while a fixation cross was presented on the computer 

screen. One male native English speaker recorded all of the non-words. Each non-word was 

generated by changing the vowel in a one-syllable real word to create a phonotactically legal 

(in English) non-word. There was a one second interval between each syllable in a pair, and 

five seconds between each pair (more time between pairs was given if necessary for the 

patient's comfort). Patients were instructed to determine if the two syllables presented were 

the same or different. “Different” trials contained two syllables that differed by one feature 

of the onset consonant (e.g. “mool” vs “nool”). The 64 trials comprised 16 non-word pairs, 

presented in four arrangements: A-B, B-A, A-A, and B-B such that for half of the trials the 

correct answer was "same", and for the other half the correct answer was "different". In the 

"same" trials, two different tokens of the same syllable were presented. Patients made their 

response either by speaking their answer or by pointing to the correct answer written in large 

print on a paper adjacent to the computer screen. Signal detection methods were used to 

determine how well subjects could discriminate between the same and different pairs 

(Swets, 1964).
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2.3 Imaging & lesion analyses

High-resolution MPRAGE or SPGR MRIs were acquired for all participants, except for 

three patients for whom a CT scan was acquired due to their incompatibilities with the MR 

environment (pacemaker, metal clip, etc.).

Lesion mapping was performed using MAP-3 lesion analysis methods (Damasio & Damasio 

2003) implemented on Brainvox software (Frank, Damasio & Grabowski, 1997). This 

method is described in detail elsewhere (Damasio, 2000). Briefly, the method entails the 

transfer of the contour of the lesion seen in the patient's MRI/CT into the common space of a 

template brain. To do so, the template brain is resliced such that each slice corresponds to 

each slice in the lesion's native space, based on anatomical markers (sulci and subcortical 

structures). The lesion is then manually demarcated on the template brain's corresponding 

slice respecting the identifiable landmarks. Each lesion map was completed by an individual 

with extensive training in this technique, and supervised by an expert neuroanatomist (HD). 

The MAP-3 method has been shown to have high inter- and intra-rater reliability and in 

some cases higher accuracy than some automated methods (Fiez et al. 2000; Pantazis et al. 

2010). Figure 1 depicts an overlay of all of the patients’ lesions maps on the template brain.

Voxel-based lesion symptom mapping (VLSM; version 2.3, Bates, et al. 2003) was 

implemented in the 47 patients’ lesion maps. This VLSM analysis consisted of fitting a 

general linear model for each voxel, to determine the relationship between performance on 

each task and presence (or absence) of lesion in that voxel. A voxel-wise threshold of p < .

001 was used. To correct for multiple comparisons, the following permutation (n =1000) 

method was implemented: in each voxel, patients’ behavioral scores were randomly 

reassigned 1000 times. For each permutation, the general linear model was refit, a statistical 

threshold of p < .001 identified significant voxels, and the size of the largest cluster of 

significant voxels was recorded. Voxels in the actual data were identified as significant if 

they reached a voxel-wise p value < .001 and were in a voxel cluster larger than 95% of the 

largest significant clusters identified in the permutated datasets. (This cluster-based 

permutation method threshold procedure is the “p < .001, corrected” referred to in the 

subsequent results section and figures). Variance due to lesion size (i.e. number of voxels 

marked as lesion on the template brain) was regressed out of all VLSM analyses via an 

Analysis of Covariance (ANCOVA). Voxel size was 1mm×1mm×1mm. Only voxels in 

which a minimum of five patients had damage were included in the VLSM analyses. All 

coordinates reported in the figures are in Talairach space (Talairach & Tournoux, 1988).

3. Results

3.1 Behavioral Performance

Performance was calculated based on proportion of correct syllables produced in each task. 

A syllable in a patient’s response was considered to be an “error” if one of the following was 

present: one or more incorrect phonemes or phonemes in an incorrect order, omissions, 

additions and articulatory distortions (articulatory distortions were defined as recognizable 

sounds but inaccurate articulation, e.g. the /s/ sound being produced with air escaping out of 

the side of the mouth). Overall, subjects performed significantly higher on real word 
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repetition (M = 0.94, sd = 0.12) than non-word repetition (M = 0.82, sd = 0.24) (t = 4.09, p 

= .0002). Real word and non-word repetition performances were significantly correlated 

across subjects, r = .81, p < .0001.

3.2 VLSM Results

The VLSM for the real word repetition task performance (proportion correct) identified a 

large cluster of voxels spanning the left inferior parietal lobe and superior temporal regions, 

including Heschl’s gyrus and the supramarginal gyrus (18191 voxels; p < .001, corrected; 

Figures 2a and 4). The VLSM for the non-word repetition task (proportion correct) 

identified a similar, but larger voxel cluster in the inferior parietal and superior temporal 

lobe (34142 voxels; p< .001, corrected), extending more anteriorly into the postcentral gyrus 

and insula (Figures 3a and 4). Both VLSMs implicate gray matter and underlying white 

matter, consistent with previous work. These results also indicate that the neural circuits 

supporting real word and non-word repetition are highly overlapping, the difference being 

that real word repetition implicates a similar but smaller extent of voxels compared to non-

word repetition.

3.3 Regions of interest ANCOVA analyses

The above VLSM results implicate cortical regions (e.g. Spt, superior temporal gyrus, 

inferior parietal lobe, supramarginal gyrus) as well as dorsal white matter tracts, including 

the arcuate fasciculus in speech repetition performance. Our participant sample did not 

include any patients with lesions selectively in cortical Spt but not in the underlying white 

matter; a limitation of almost any study with naturally occurring lesions. Thus, to attempt to 

understand the relative contributions of Spt versus underlying white matter damage to 

repetition deficits, we performed a series of Analysis of Covariance (ANCOVA) VLSM 

analyses (Bates et al. 2003). The ANCOVA procedure can determine if a brain region plays 

a direct causal role in a decrease in task performance or is affecting performance due to 

highly correlated damaged regions elsewhere in the brain (Bates et al. 2003). In each 

ANCOVA, the covariate was the presence (or not) of damage in Spt or the white matter 

implicated in the original VLSMs. Each covariate was binary: 1 = the subject has at least 

one voxel lesioned in the ROI, or 0 = no voxels lesioned in the ROI.2 The Spt ROI was 

defined as a sphere with a 5mm diameter around the coordinates of maximal overlap in the 

posterior planum temporale reported in Buchsbaum et al.'s (2011) meta-analysis of more 

than 100 fMRI subjects in whom Spt had been individually localized (MNI -51 -42 21). 

Only gray matter voxels within the sphere were included in the ROI. The white matter ROI 

was determined by generating a mask from the significant voxels containing white matter in 

the non-word repetition VLSM results (p< .001, corrected; as can be seen in Figures 3A & 

4). The white matter ROI was identified from within the significant voxels to provide the 

strongest possible test of Spt’s involvement in repetition independent of the contributions of 

the white matter implicated. In effect we are asking the question, does Spt damage 

contribute to repetition deficits above and beyond those white matter regions that are 

significantly implicated in repetition deficits?

2ANCOVA analyses using number of voxels lesioned, instead of the binary covariate of damage or no damage, were also calculated. 
The results are qualitatively the same.
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The results of the ANCOVA were as follows: the ANCOVAs using the Spt and white matter 

ROIs, respectively, all resulted in t maps and significant clusters in a general pattern similar 

to the original VLSM results, but with a few important exceptions (p< .001 corrected, 

Figures 2b,c & 3b,c). For real word repetition, the Spt ANCOVA resulted in a greatly 

reduced number of white matter voxels implicated, while the white matter ANCOVA 

yielded results nearly identical to the original real word repetition VLSM. This result 

indicates that once Spt damage is factored out, there is a greatly reduced apparent 

contribution of white matter damage to real word repetition performance. For non-word 

repetition, both the Spt and white matter ANCOVA VLSMs, respectively, yielded results 

nearly identical to the original non-word repetition VLSM. In other words, in non-word 

repetition, the relative contributions of Spt versus underlying white matter cannot be 

separated; both appear to make their own contribution to repetition. Figure 5 shows word 

and non-word repetition performance for patients with white matter damage only, with white 

matter plus Spt damage, and no Spt or white matter damage. Note that nonword 

performance is more affected in the sample and that the combined effects of white matter 

plus Spt damage yielded the most dramatic deficits.

3.4 Task-related ANCOVAs

The ROI ANCOVAs indicate that cortical regions, including Spt and the supramarginal 

gyrus are implicated in speech repetition. To further investigate the nature of the 

contributions of these cortical regions, two additional ANCOVA VLSMs were conducted, 

one targeting the potential role of semantic information on real word repetition and another 

targeting the contribution of potential speech perception deficits on repetition.

To assess the role of semantic information on real word repetition an ANCOVA VLSM for 

real word repetition was performed using non-word repetition performance as a regressor. 

The logic here is that non-word repetition must rely on phonological information, thus, by 

factoring out regions implicated non-word repetition we might uncover regions that can 

support repetition via an alternative semantic route. This ANCOVA resulted in no 

significant voxels, however (at p < .001, corrected; Figure 6a) indicating that semantic 

information is not contributing substantially to performance on the real word repetition task. 

The strong correlation between real and nonword tasks (see above) is consistent with this 

conclusion.

A recent hypothesis holds that Spt is not an auditory-motor integration area but rather a 

purely auditory area (Parker Jones et al., 2014). On this view, Spt might be implicated in 

repetition deficits because damage to this area results in perceptual deficits that impact 

repetition accuracy. To assess this possibility we carried out an ANCOVA VLSM for non-

word repetition using performance (d’) on a non-word syllable discrimination task as a 

regressor (syllable discrimination performance mean d’ = 4.07, range = 1.57–5.15, see 

Appendix B for a scatterplot of syllable discrimination performance in relation to repetition 

performance). Previous lesion mapping work using such a task (and the current data set, see 

Appendix B for VLSM results) has found that it implicates the region around Spt (Schwartz 

et al., 2012), making it a strong test of the auditory interpretation of Spt. This ANCOVA 

VLSM resulted in a large significant cluster including in and surrounding Spt (26735 voxels; 
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p < .001 corrected, Figure 6b) associated with repetition deficits—almost identical to the 

original VLSM result—even with auditory discrimination factored out.3 We also carried out 

an ANCOVA VLSM for real word repetition with the same syllable discrimination task as a 

regressor, and the same pattern holds: the results did not differ qualitatively from the 

original real word repetition results. These results suggest that perceptual processing alone 

cannot account for Spt’s contribution to speech repetition.

4. Discussion

Using VLSM methods in a sample of focal lesion patients we found an association between 

speech repetition and the posterior temporal-parietal boundary. A very similar lesion 

distribution was found for word and non-word repetition. This region included area Spt as 

determined using previously published average coordinates for Spt’s location (Buchsbaum 

et al., 2011). The VLSMs also implicated white matter structures including the arcuate 

fasciculus, which is classically associated with repetition deficits. However, cortical regions, 

including Spt, were still associated with repetition deficits even after white matter damage 

was covaried out of the analysis. Finally, the involvement of cortical structures including Spt 

in repetition deficits cannot be attributed to auditory perception deficits: factoring out 

performance on a syllable discrimination task did not change the findings. We conclude that 

Spt is indeed implicated in repetition ability and auditory-motor integration, likely in concert 

with underlying white matter pathways which link the Spt hub to frontal motor speech 

regions.

Qualitatively, we found little difference in the lesion maps associated with repetition of 

words versus non-words, although the maps for non-words were more robust and expansive. 

A similar effect was reported by Baldo et al. (Baldo et al., 2012), who suggested that non-

word repetition may recruit more neural tissue because, unlike words, they are not 

overlearned and cannot rely on semantic information for repetition. Another way to frame 

this idea from a motor control standpoint is that non-word repetition requires the temporary 

storage of a novel auditory target and the transformation of that target into a set of motor 

plans thus heavily taxes the auditory-motor circuit. In repeating words, conversely, well-

learned motor plans can be activated via an indirect route (perhaps involving the basal 

ganglia) (Dell et al., 2013; Nozari, Kittredge, Dell, & Schwartz, 2010), with the direct 

auditory-motor route serving to ensure, via internal feedback, that the activated motor plan 

will indeed hit its target (Hickok, 2012a). The load on the auditory-motor circuit is therefore 

less for word than non-word repetition resulting in fewer errors, even when the circuit is 

damaged, and therefore weaker associations between word repetition and lesions to the 

auditory-motor circuit. A semantic route for real word repetition is also likely available 

3One may wonder why a syllable discrimination task implicates an auditory-motor integration region in the first place and whether 
this undermines the use of such a task to assess speech perception deficits. Syllable discrimination indeed implicates auditory-motor 
integration areas (including Spt) as Hickok & Poeppel (2000) predicted due to a mild short-term working memory load involved in 
performing this task (maintaining and comparing two stimulus items), which recruits auditory-motor circuits. In contrast, the 
repetition task imposes a substantial load on auditory-motor integration such that deficits on the repetition task are not fully accounted 
for by deficits on the easier syllable discrimination. But does this undermine the point of using syllable discrimination as a covariate? 
Not at all: the point of using the syllable discrimination task is to assess whether the perception of speech sounds is what’s driving the 
effect for repetition. And while discrimination is a relatively weak assay for auditory-motor integration deficits, it is a robust assay for 
speech sound perception deficits, which typically require bilateral lesions (Hickok & Poeppel, 2007). The covariate in fact does its job 
despite having some task-dependent overlap with the repetition task.
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based on previous work (Baldo, et al. 2012; Dell, et al. 2013), although we found little 

evidence for it in our study. This could be due to the nature of our real word stimuli that 

included some complex phrases and sentences.

Overall, our findings on the lesion correlates of repetition deficits are highly consistent with 

the two previous large-scale studies of repetition impairment in aphasia. Baldo et al. (Baldo 

et al., 2012)(N=84) and Dell, et al. (N=106) report very similar findings including both 

cortical and subcortical regions implicated. Thus a convergence of results is emerging. Our 

study adds to previous work in that it specifically tailored the analyses to assess the 

contribution of cortical versus white matter tissue to address the classical view, and recent 

claim, that damage to the arcuate fasciculus is primarily responsible for repetition deficits 

(Geschwind, 1965, 1971; Parker Jones et al., 2014). As noted, the present study provided 

clear evidence that cortical damage indeed makes a substantial contribution to both word 

and non-word repetition deficits even after the extent of white matter involvement is 

factored out, consistent with evidence from direct cortical stimulation studies (Anderson et 

al., 1999; Quigg & Fountain, 1999; Quigg et al., 2006). These findings suggest a role for 

both structures in non-word repetition, one that performs the necessary computation that 

translates between auditory and motor representations and the other transports the 

information, likely via the arcuate fasciculus primarily (Isenberg et al., 2012).

As argued in the introduction, we believe that these findings are relevant not only for 

illuminating the neural circuits underlying speech repetition but also those underlying 

volitional speech production. A relatively coherent and convergent story is starting to 

emerge from functional imaging (Buchsbaum et al., 2001; Hickok et al. 2003; Wise et al. 

2001), cytoarchitectonics (Galaburda & Sanides, 1980; Galaburda, 1982), lesion-symptom 

mapping (present study, Baldo et al. 2012; Fridriksson et al. 2010; etc.), connectivity 

(Isenberg et al. 2012), direct cortical stimulation (Anderson et al., 1999), and computational 

modeling (Hickok, 2012a) suggesting that Spt is a hub in an auditory-motor network for 

speech motor control (Hickok, 2012a, 2012b; Hickok et al., 2011). Functional imaging work 

has provided information (i) on the precise distribution of a circuit with auditory-motor 

response properties (Buchsbaum et al., 2001; Hickok et al., 2003; Wise et al., 2001); (ii) that 

within that network, Spt is comprised of interdigitated units (voxels) differentially tuned to 

auditory versus motor components of speech repetition (Hickok et al., 2009) similar to what 

is found in primate visuomotor regions in parietal cortex (Sakata, Taira, Murata, & Mine, 

1995); (iii) that Spt is preferentially tuned to vocal tract actions (Pa & Hickok, 2008); and 

(iv) that it activates more strongly during demanding feedback control situations (altered 

feedback) (Tourville et al., 2008). Cytoarchitectonically, area Spt falls within area Tpt in the 

planum temporale/parietal operculum region which is not cellularly characteristic of nearby 

auditory cortex (Galaburda & Sanides, 1980), but rather shares features with Broca’s area 

(Galaburda, 1982). Lesion-symptom and lesion-parameter mapping work has implicated the 

temporal-parietal junction in speech repetition (present study and reviewed above), as well 

as in phonological-level aspects of speech production (Dell et al., 2013; Schwartz et al., 

2012). Both functional (Buchsbaum et al., 2001; Buchsbaum, Olsen, Koch, & Berman, 

2005) and structural connectivity (Isenberg et al., 2012) studies have suggested a tight 

relation between Spt and the pars opercularis of Broca’s area. Direct cortical stimulation 

mapping has shown that cortical disruption alone is sufficient to induce repetition 
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impairment, without impairing speech perception (Anderson et al., 1999). And 

computational modeling work has demonstrated the feasibility of the proposed auditory-

motor network (Hickok, 2012a).

In this context it is worth commenting on a recent functional imaging study that has 

questioned Spt’s role in auditory-motor integration. Using overt speech production, Parker 

Jones et al. (2014) compared activity in Spt during pseudoword repetition and animal sound 

naming (e.g., listening to a “meow” and saying cat). The authors reasoned that pseudoword 

repetition should tax the auditory-motor system more so than animal sound naming because 

the former involves direct auditory-motor translation whereas the latter involves a semantic 

mediation. They report that Spt was more strongly activated during animal sound naming, 

suggesting to them that the region is not particularly involved in auditory-motor integration. 

There are two problems with this conclusion. One is that, according to current models, any 

speech production task will involve some level of auditory-motor integration because the 

targets of speech acts are auditory, as noted above. Therefore Parker Jones et al.’s test is not 

a strong one. The second problem is that the pseudowords and animal sounds were not 

matched for length (sounds were longer than pseudowords), which resulted in more than 

double the acoustic response in primary auditory regions to the animal sounds. Since Spt 

also responds vigorously to acoustic stimulation, this confound gives the animal sound 

naming a strong response amplitude advantage over pseudoword repetition. It is no wonder, 

then, that Spt did not respond more to pseudoword repetition4. Interestingly, the difference 

in response amplitude between the animal sound and pseudoword condition was smaller in 

Spt than in auditory cortex, suggesting a relative increase for the pseudoword task in Spt, as 

predicted by the auditory-motor integration hypothesis.

4.1 Conclusion

Word and non-word repetition recruit highly overlapping left inferior parietal-superior 

temporal networks. Analyses of covariance indicate that damage to underlying white matter 

does not fully account for these findings nor is Spt’s involvement in speech repetition 

accounted for by auditory perceptual processes alone, as measured in a syllable 

discrimination task previously found to implicate Spt. The present findings highlight the 

motor planning properties of area Spt, which serves as an auditory-motor integration hub.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Auditory-motor brain networks are investigated using speech repetition.

• Cortical area Spt, white matter and parietal cortex are implicated in repetition.

• Spt contributes to repetition above and beyond the white matter contribution.

• These results hold with perceptual processing factored out.

• Findings are highly consistent with Spt being an area of sensory-motor 

translation.
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Figure 1. 
Overlap of the patients’ left hemisphere lesions included in subsequent analyses (max 

overlap = 16).
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Figure 2. 
Representative sagittal slices depicting the VLSM t-map for the real word repetition task 

alone (A), with Spt damage as a covariate (B), and with white matter damage as a covariate 

(C). All maps have a threshold of p < .001, corrected.
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Figure 3. 
Representative sagittal slices depicting the VLSM t-map for the non-word repetition task 

alone (A), with Spt damage as a covariate (B), and with white matter damage as a covariate 

(C). All maps have a threshold of p < .001, corrected.
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Figure 4. 
Three orthogonal views of the real word and non-word repetition VLSMs (e.g. Figures 2a & 

3a) to emphasize significant cortical and white matter voxels.
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Figure 5. 
Plots of real word and non-word repetition. Blue = patients with damage in Spt & the white 

matter ROI, red = white matter ROI damage only, gray = no SPT or white matter ROI 

damage. No patients had damage in SPT but not in the white matter ROI.
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Figure 6. 
Representative sagittal slices depicting: (A) the VLSM t-map for real word repetition with 

non-word repetition performance as a covariate which yields no significant voxels and (B) 

the VLSM t-map for nonword repetition with syllable discrimination as a covariate. Both 

maps have a threshold of p < .001, corrected.
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