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At present, language therapy is the only available treatment for childhood aphasia (CA).
Studying new interventions to augment and hasten the benefits provided by language
therapy in children is strongly needed. CA frequently emerges as a consequence of
traumatic brain injury and, as in the case of adults, it may be associated with dysfunctional
activity of neurotransmitter systems. The use of cognitive-enhancing drugs, alone or
combined with aphasia therapy, promotes improvement of language deficits in aphasic
adults. In this study we report the case of a 9-year-old right-handed girl, subject P, who
had chronic anomic aphasia associated with traumatic lesions in the left temporal-parietal
cortex. We performed a single-subject, open-label study encompassing administration of
the cholinergic agent donepezil (DP) alone during 12 weeks, followed by a combination of
DP and intensive naming therapy (INT) for 2 weeks and thereafter by a continued
treatment of DP alone during 12 weeks, a 4-week washout period, and another 2
weeks of INT. Four comprehensive language and neuropsychological evaluations were
performed at different timepoints along the study, and multiple naming evaluations were
performed after each INT in order to assess performance in treated and untreated words.
Structural magnetic resonance imaging (MRI) was performed at baseline. MRI revealed
two focal lesions in the left hemisphere, one large involving the posterior inferior and
middle temporal gyri and another comprising the angular gyrus. Overall, baseline
evaluation disclosed marked impairment in naming with mild-to-moderate compromise
of spontaneous speech, repetition, and auditory comprehension. Executive and attention
functions were also affected, but memory, visuoconstructive, and visuoperceptive functions
were preserved. Treatment with DP alone significantly improved spontaneous speech,
auditory comprehension, repetition, and picture naming, in addition to processing speed,
selective, and sustained attention. Combined DP-INT further improved naming. After
washout of both interventions, most of these beneficial changes remained. Importantly, DP
produced no side effects and subject P attained the necessary level of language competence
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to return to regular schooling. In conclusion, the use of DP alone and in combination with INT
improved language function and related cognitive posttraumatic deficits in a child with
acquired aphasia. Further studies in larger samples are warranted.

Keywords: language, childhood aphasia, anomia, traumatic brain injury, donepezil, pharmacological treatment,

intensive naming therapy

INTRODUCTION

Childhood aphasia (CA) is defined as a language impairment that
affects previously acquired linguistic abilities, which cannot be
explained by other cognitive or physical disorders (Aram, 1998).
Since the diagnosis of CA requires a minimum development of
linguistic skills prior to the brain injury, the age of 2 years is the
established cut-off to differentiate CA from language developmental
disorders (Woods and Teuber, 1978; Aram et al., 1985; Van Hout,
1997; Van Hout, 2003; Avila et al., 2010).

CA exhibits some singularities that distinguishes it from adult
aphasia and raises the need for developing specific lines of research
that take into account the characteristics of this population. Among
these differences is the fact that brain damage during childhood may
not only affect previously acquired language functions but also
interfere with the ongoing brain maturation and language
development. A further relevant differential feature is related to the
etiology, thus while stroke is the leading cause of adult aphasia, the
main cause of cognitive disability and aphasia in children and
adolescents is traumatic brain injury (TBI) (Rothenberger, 1986;
Jennett, 1996; Sergui-Gomez and MacKenzie, 2003; Babikian and
Asarnow, 2009). Relevantly, one third of children that suffer a severe
TBI, as measured by the Glasgow Coma Scale (Teasdale and Jennett,
1976), exhibit residual cognitive and language deficits (Anderson
et al, 2001; Anderson et al, 2005; Anderson and Catroppa, 2006;
Anderson et al., 2009) that may persist in the long term. Language
disorders such as aphasia have a tremendous impact in the cognitive,
social, and emotional development in children and adolescents, often
resulting in reduced social integration, poor academic achievement,
and behavioral problems (Beitchman et al., 2001; Johnson et al.,
2010), as well as an increased risk of developing anxiety and social
isolation during adulthood (Brownlie et al., 2016).

TBI usually results in focal and diffuse brain damage causing a
wide range of linguistic deficits that may be contingent on several
variables such as age at the time of injury, lesion size and location,
severity of the injury, as well as premorbid language functioning
(Sullivan and Riccio, 2010). Axonal injury derived from diffuse
damage emerges as a result of the sudden acceleration and
deceleration forces together with the simultaneous rotation of the
freely moving brain mass (Levin, 2003; Vik et al., 2006).
Importantly, diffuse axonal injury frequently affects white matter
bundles connecting frontal and temporal cortical areas (Levin, 2003;
Vik et al, 2006) that support linguistic and executive functions,
including attentional capacity and processing speed. Accordingly,
linguistic deficits in CA are frequently associated with weakened
executive functions, such as deficits in lexical access as observed in
naming tasks (Coelho, 2007; Slomine and Locascio, 2009). In fact,
word finding difficulties (i.e. anomia) in spontaneous speech,

naming and fluency tasks (Laine and Martin, 2006) are common
deficits in the medium and long term after TBI and may persist even
when other domains have been recovered (Van Hout et al., 1985;
Narbona and Crespo-Eguilaz, 2012). However, despite its high
frequency (Ewing-Cobbs and Barnes, 2002), reported cases of CA
resulting from TBI are scarce, probably because in many cases
linguistic deficits are hidden behind general cognitive impairments
(e.g., attention).

At brain level, language and executive functions depend on
the activity of distributed networks involving bilateral dorsal
and ventral structures. Current models suggest that language
functions are supported by two functionally and anatomically
segregated processing streams: dorsal and ventral (Hickok and
Poeppel, 2000). On the one hand, the dorsal stream is involved in
verbal production and repetition (Saur et al., 2008) required, for
instance, for phonological word learning (Lopez-Barroso et al.,
2013). This stream is supported by the arcuate fasciculus (AF)
system connecting frontal, postero-temporal, and infero-parietal
areas (Hickok and Poeppel, 2007). On the other hand, the ventral
stream projects from the superior temporal gyrus to the middle
and inferior temporal cortices to support semantic and
comprehension processes (see Hickok and Poeppel, 2007). This
ventral interaction occurs mainly through the inferior fronto-
occipital fasciculus (IFOF), the inferior longitudinal fasciculus
(ILF) and the uncinate fasciculus (UF) (Catani and Thiebaut de
Schotten, 2008). Despite the above-mentioned functional
division of labour, the language system is flexible enough to
recruit additional areas during high-demanding language
situations (Lopez-Barroso et al., 2011; Torres-Prioris et al,
2020) or during development, when some pathways are not
fully mature (Brauer et al, 2011). For instance, studies of
children with brain injury have shown that early damage to
the AF may be succesfully compensated through recruitment of
ipsilateral and contralateral brain areas and tracts, resulting in an
average performance on multiple language tasks (Rauschecker
et al., 2009; Asaridou et al., 2020), although some deficits may
persist (Yeatman and Feldman, 2013). In this line, after early
brain damage, functional and structural rightward lateralization
of the dorsal pathway is associated with better language
outcomes (Northam et al.,, 2018; Francois et al., 2019). Despite
this evidence, spontaneous readjustment of the language system
after brain lesion seems to be limited as evidenced by the
frequent persistence of language deficits (Tavano et al., 2009;
Turkstra et al., 2015; Francois et al., 2016). Therefore, research
aimed at developing effective interventions to potentiate
language recovery in CA is highly needed.

Despite the increasing efforts to advance in the development of
effective therapeutic strategies for the cognitive and language after-
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effects of childhood TBI, studies targeting modern treatment
approaches (cognitive/language therapy, pharmacotherapy, non-
invasive brain stimulation) in CA are still scarce (for a review on
rehabilitation programs for children with acquired brain injury
not focused on language, see Laatsch et al., 2007; Slomine and
Locasio, 2009). The fact that there are so few studies on this topic
is probably because interventions for CA are frequently tailored to
individual cases and carried out in instructional settings (Bowen,
2005; Duff and Stuck, 2015) with no sound methodological
designs. The few existing intervention studies mainly focused on
exploring the efficacy of behavioral strategies, as well as on
identifying compensatory behaviors (Sullivan and Riccio, 2010;
Turkstra et al., 2015). Overall, these interventions have proven
beneficial effect for intensive training (6 to 8 weeks) of different
language skills (lexical retrieval, verbal comprehension, fluency,
communication pragmatic) and cognitive functions (attention,
executive functions) commonly affected in TBI (Thomas-Stonell
et al., 1994; Wiseman-Hakes et al., 1998; Chapman et al,, 2005).
Yet, the results from these studies are variable and, despite the
growing number of published reports on cognitive and behavioral
deficits after childhood TBI, rehabilitation recommendations are
still insufficient.

The well-established strategy of using cognitive-enhancing
drugs alone or in combination with speech-language therapy in
adults with post-stroke aphasia (see Berthier and Pulvermuller,
2011; Berthier et al., 2011) has not been explored in CA. In adult
post-stroke aphasia, several clinical trials have shown that a
combined intervention with the cholinesterase inhibitor
donepezil (DP) and speech-language therapy significantly
improves language skills and communication (see Berthier
et al, 2011; Zhang et al., 2018). The rationale for using
cholinergic compounds to treat aphasia arises from the fact
that brain lesions disrupt the cholinergic transmission from
the basal forebrain and brainstem nuclei to the thalamus,
basal ganglia, subcortical white matter, and cerebral cortex,
including the left perisylvian language core (Simic et al., 1999;
Mesulam, 2004; Mena-Segovia and Bolam, 2017; Markello et al.,
2018). The resulting cholinergic depletion negatively influences
learning, declarative memory, language, and attention by
reducing experience-dependent neural plasticity to relevant
stimuli during training (Kleim and Jones, 2008; Rokem and
Silver, 2010; Gielow and Zaborsky, 2017). Although
experimental TBI studies have shown that cholinergic
neurotransmission is chronically depleted after TBI (Dixon
et al., 1996; Dixon et al., 1997; Ciallella et al., 1998), the role of
the cholinesterase inhibitor DP in adult TBI is controversial
(Walker et al., 2004; Warden et al., 2006; Shaw et al., 2013) unless
when used in combination with environmental enrichment
therapies (see De la Tremblaye et al., 2019).

Accumulating evidence suggests that anticholinesterasic
agents improve executive functions (Castellino et al., 2012;
Castellino et al., 2014), sustained attention (Spiridigliozzi et al.,
2007), learning, memory (Spiridigliozzi et al., 2007; Castellino
et al., 2012), and language functions (Heller et al., 2004) in
children. Importantly, the safety of these drugs in the pediatric
population has been widely demonstrated (Biederman and

Spencer, 2000; Hardan and Handen, 2002; Heller et al., 2004;
Spiridigliozzi et al., 2007; Kishnani et al., 2010; Handen et al,,
2011; Castellino et al., 2012; Sahu et al., 2013; Thornton et al,,
2016). Over the last twenty years, the anticholinesterasic
compound DP has been variously used to counteract impaired
cognitive functions resulting from oncologic treatment of
pediatric brain tumors (Castellino et al., 2012; Castellino et al.,
2014; Lassaletta et al., 2015); to improve the core symptoms of
attention-deficit/hyperactivity disorder (Biederman and Spencer,
2000; Popper, 2000; Wilens et al., 2000; Banaschewski et al., 2004;
Pityaratstian, 2005) and of inattention-hyperactivity and
communication abnormalities in autism spectrum disorders
(Doyle et al., 2006; Hazell, 2007; Tamasaki et al., 2016).
However, up to now there are no intervention studies aimed to
explore the efficacy of cognitive-enhancing drugs, such as DP, to
ameliorate language and cognitive deficits in CA.

The main aim of the present study was to evaluate the effects
of pharmacotherapy with DP alone and combined with intensive
naming therapy (INT) on CA recovery. Our secondary objective
was to examine the effects of both interventions on naming,
reading, and other linguistic and cognitive functions (executive
functions, attention, memory), which were expected to change
due to the interventions. Finally, the impact of TBI on the brain
structure was explored at baseline to describe the possible brain-
behavior relationship in light of the current knowledge. To do
that, we studied the case of a 9-year old girl (subject P) with
posttraumatic chronic anomic aphasia who was evaluated and
treated following a single-subject, open-label design with DP
alone and in combination with INT. DP was selected because it
has repeatedly been shown to be effective in reducing aphasia
severity, but also in boosting performance on lexical retrieval
tasks (picture naming) in post-stroke aphasic adults (Berthier
et al., 2003; Berthier et al., 2006). In addition, it is well known
that the effect of cholinergic stimulation is more powerful when it
is combined with behavioral training to promote experience-
dependent plasticity (Berthier et al., 2014; Berthier et al., 2017).
INT was selected because previous works have demonstrated
that short-term intensive language therapies are more effective
than distributed therapies (Pulvermuller et al., 2001; Kurland
etal., 2010; Berthier et al., 2014). Considering previous evidence,
it was expected that DP alone would induce significant
improvements in attentional and executive functions and, as a
result, language functions would be enhanced. Further gains
were expected in language, attentional, and executive functions
with the synergistic action of combined treatment with DP and
INT. Since we also envisioned that gains in naming would be
maintained after INT, several post-therapy evaluations were
performed. To our knowledge, this is the first study evaluating
the effects of DP and INT on language recovery in CA after TBL

MATERIALS AND METHODS

Case Description
Subject P was a 9-year-old right-handed girl [+ 100 on the
Edinburgh Handedness Inventory (Oldfield, 1971)] who suffered
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a severe closed TBI after being hit by a car on a pedestrian
crossing. At the time she was admitted to the emergency room of
a local Pediatric University Hospital, she was in profound state of
coma, with bilateral otorrhagia, and a right hemiparesis. An
emergency computerized tomography scan of the brain revealed
diffuse bilateral brain edema, peribrainstem subarachnoid
hemorrhage, and a focus of contusion in the left temporal-
parietal region. A structural brain magnetic resonance imaging
(MRI) 4 days later (acute stage) revealed marked communicating
hydrocephalus and left temporo-parietal and parahippocampal
non-hemorrhagic contusions (Figure 1). The hydrocephalus was
uneventfully resolved with a ventriculo-peritoneal shunt. In the
following days, subject P presented a gradual recovery of
consciousness that uncovered a pronounced language
impairment. Bedside language testing revealed that she was
mute with null comprehension but had severe automatic
echolalia, a profile compatible with mixed transcortical aphasia
(Berthier, 1999). The aphasia and the right hemiparesis
improved and subject P was referred to our Unit for evaluation
of residual language deficits 6 months after the TBI. Her parents
contacted the research team after reading about our work on
combined treatments by using cognitive-enhancing drugs and
aphasia therapy to treat acquired language disorders. Subject P
was of Chinese origin, being adopted at the age of 4 by a Spanish
couple living in Malaga, Spain. Her medical records from China
indicated that she had no medical problems and showed typical
motor, cognitive, and language developmental milestones. At the
time of adoption, subject P only spoke Chinese, but she rapidly
learned Spanish and started using it both at school and at home.
At the time she suffered the TBI, she had normal language
development and schooling records. She attended the third grade
of elementary school, which was the academic course
corresponding to her age.

Study Design

A single-subject, open-label design was used. Figure 2 depicts the
study design. At the beginning of the trial (week 0), DP was started
at a very low dose (2.5 mg/day) and titrated up to 5 mg/day one
month after initiating the treatment (week 4). This DP dose was
maintained and administered alone for 8 weeks (weeks 4 to 12) and
then it was combined with INT (INT1) for 2 weeks (weeks 12 to 14).
Thereafter, subject P continued treatment with DP alone (5 mg/day)
for 12 weeks (weeks 14 to 26) and thereupon it was gradually
tapered off over 4 weeks (weeks 26 to 30). This intervention phase
was followed by a washout period of 4 weeks (weeks 30 to 34) and
then by 2 weeks of INT alone (INT2) (weeks 34 to 36)". Language
and neuropsychological evaluations (LNE) were performed at
different timepoints (LNE1, LNE2, LNE3, LNE4; as illustrated in
Figure 2) in order to track the language and cognitive impact of the
different interventions. In addition, to evaluate the duration of the
potential gains achieved with each INT, six post-therapy naming

!Intensive Naming Therapy 2 (INT2) was planned at the starting point of the trial.
However, it was not intended to make direct comparisons between treatment with
DP alone and DP-INT combined against INT alone. In fact, this new course of
INT after the washout period was requested by the Ethical Committee and the
parents of subject P. Thus, INT2 served the purpose of maintaining the benefits of
the interventions on word retrieval deficits to further support the patient needs.

evaluations (NE) were performed after each INT phase in which
naming performance for treated and untreated control words
was assessed. A baseline NE (NEO), including all treated and
untreated words, was performed before INT1. Evaluations and
language therapies were performed by the first author (GD), a
neuropsychologist with experience in aphasia testing and treatment.

Drug Treatment

The cholinergic agent DP was used according to the statement
of ethical principles for medical research involving human
subjects of the Declaration of Helsinki (section 37: Unproven
Interventions in Clinical Practice). The protocol of this study was
approved by the local Ethical Research Committee (Provincial of
Malaga, Spain). DP has been used in several developmental and
acquired cognitive and behavioral disorders involving children
and adolescents (Biederman and Spencer, 2000; Popper, 20005
Wilens et al., 2000; Hardan and Handen, 2002; Spencer and
Biederman, 2002; Heller et al., 2004; Pityaratstian, 2005; Doyle
et al., 2006; Hazell, 2007; Spiridigliozzi et al., 2007; Cubo et al.,
2008; Kishnani et al., 2010; Buckley et al., 2011; Handen et al,,
2011; Srivastava et al., 2011; Castellino et al., 2012; Sahu et al,,
2013; Castellino et al., 2014; Lassaletta et al., 2015; Tamasaki
et al., 2016; Thornton et al., 2016). Treatment with DP in this
population has proven to be safe (Biederman and Spencer, 2000;
Hardan and Handen, 2002; Heller et al., 2004; Spiridigliozzi et al.,
2007; Kishnani et al., 2010; Handen et al., 2011; Castellino et al.,
2012; Sahu et al, 2013; Thornton et al,, 2016), demonstrating
good efficacy profile (Biederman and Spencer, 2000; Popper,
2000; Wilens et al., 2000; Hardan and Handen, 2002; Spencer
and Biederman, 2002; Heller et al., 2004; Pityaratstian, 2005;
Doyle et al., 2006; Hazell, 2007; Spiridigliozzi et al., 2007; Cubo
et al., 2008; Buckley et al., 2011; Srivastava et al., 2011; Castellino
et al,, 2012; Castellino et al., 2014; Lassaletta et al., 2015).
Therefore, we considered that the prescription of this agent for
an unapproved use was appropriate for this particular case of
CA. The dose of DP was chosen based on the prescription used in
previous studies of DP in pediatric population (Kishnani et al.,
2010; Srivastava et al., 2011; Sahu et al., 2013), on the child’s
weight (Hardan and Handen, 2002; Kishnani et al., 2004;
Castellino et al., 2012), and on the proven tolerability of this
agent (Heller et al., 2004; Spiridigliozzi et al., 2007). Subject P’s
parents were provided with the package leaflet of DP, and they
were also fully informed about the pharmacological
characteristics, the potential benefits, and adverse events of the
drug. Written informed consent was obtained from subject P and
her parents. During both the titration phase and the drug
treatment, they were contacted regularly to detect potential
adverse events and to track the adherence to the drug treatment.

Intensive Naming Therapy (INT)

INT based on hierarchical cueing was administered 1.5 h per day,
7 days per week, first during 2 weeks combined with DP (INT1,
Figure 2) and, after, during 2 more weeks administered alone in
the DP washout phase (INT2, Figure 2), resulting in a total
duration of 4 weeks (~ 42 h). Stimuli in each INT session were
black and white pictures representing Spanish nouns presented
on a computer screen. Naming therapy based on cueing
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FIGURE 1 | Structural magnetic resonance imaging (MRI) in the acute stage. A MRI (T2-weighted, and FLAIR sequences) was performed 4 days after traumatic
brain injury, showing a marked communicating hydrocephalus with transependymal edema and a large area of contusion in the left lateral temporal lobe extending
into the parahippocampal gyrus. Axial slices in native space are shown. L, left; R, right.

6 months chronic stage
(8] - =TS e e e e e e >
DP DP DP
2.5mg 5mg 2.5mg Washout
- [ 00 ] )
Weeks 0 4 12 14 26 30 34 36 48
1 1 1 1
LNE1 LNE2 LNE3 LNE4
MRI
[CINEo EDINTY ENE116 CIiNT2 COINE21s

FIGURE 2 | Study design. A single-subject, open-label longitudinal design with drug and language interventions was used. DP, donepezil; TBI, traumatic brain injury;
INT, intensive naming therapy; LNE, language and neuropsychological evaluation (1-4); NEO, baseline naming evaluation in which naming performance for the full set
of treated and untreated words used in INT1 and INT2 was evaluated; NE, naming evaluations (1-6) performed after each INT; MRI, magnetic resonance imaging.

hierarchy has been shown to be effective in the treatment of
naming deficits (Fridriksson et al., 2005; Green-Heredia et al.,
2009; Best et al., 2013; Suarez-Gonzalez et al., 2015). After each
picture was presented, subject P was required to name the
depicted stimulus. If she could not name the target picture in
20 s, a written phonological cue (i.e., the first syllable of the
stimulus name) was then presented beneath the picture, and the
word stem was read aloud by the therapist. In those
circumstances in which subject P was still unable to name the
target word, the full written name was presented underneath the
picture and was read aloud by the therapist. After hearing i,
subject P was asked to repeat the word aloud.

A set of 153 pictures consisting of white line drawings of
living beings and non-living things was selected, all of them
represented nouns. Half of these stimuli were trained in the two
INTSs (INT1 and INT2), and the other half were used as control
items. The selection of these pictures was based on two criteria:
(i) pictures that subject P consistently failed to name in the
naming tests included in LNEs prior to INT1 (LNEl and
LNE2); and (ii) pictures selected from her natural science
textbook, subject in which her parents reported marked

naming difficulties. Specifically, 117 items were selected from
the following naming tests: the object naming subtest of the
Western Aphasia Battery-Revised ([WAB-R], Kertesz, 2007),
the Snodgrass and Vanderwart Object Pictorial Set ([SVPS],
Snodgrass and Vanderwart, 1980), the Boston Naming Test
([BNT], Kaplan et al., 1983), the Nombela 2.0 Semantic Battery
([NSB], Moreno-Martinez and Rodriguez-Rojo, 2015), and two
naming subtests of the Psycholinguistic Assessments of
Language Processing in Aphasia ([PALPA 53 and PALPA
54], Kay et al, 1992; Valle and Cuetos, 1995). The pictures
from her natural science book (36 items) were selected by
the therapist.

The 153 stimuli were divided into two sets, one containing
77 pictures and the other one 76 pictures, which were used as
the to-be-trained and control items, respectively, for the INT1
and INT2. Specifically, 37/77 pictures were trained
(hereinafter treated words) in the INT1 phase and 40/77
pictures corresponded to the treated words in the INT2
phase. The remaining pictures (36/76 and 40/76) were used
as control items (hereinafter untreated words) in the six NEs
performed after INT1 and INT2, respectively. The sets of
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treated and untreated words were matched by frequency
(INTI: t(71) = -0.233, p = 0.816; INT2: t(78) = -1.58, p =
0.119), number of phonemes (INT1: t(71) = -0.394, p = 0.694;
INT2: t(78) =-0.477, p = 0.635), syllables (INT1: t(71) = 0.089,
p = 0.930; INT2: t(78) = -0.648, p = 0.519) and semantic
category. In each INT session, the full set of treated words
assigned to each INT was presented twice. To avoid associative
learning between items, the presentation order of the words
was randomized. For this, 10 lists were created containing all
the items assigned to each INT but with different presentation
order. Two lists were used in each daily session.

Language and Neuropsychological
Evaluations

In order to assess treatment-induced changes, a set of primary and
secondary outcome measures comprising language, executive
functions, attention and memory functions were selected. In
addition, visuoconstructive and visuospatial functions were
measured only at baseline. Note that the same outcome measures
were used for both interventions (DP alone and combined
treatment of DP and INT), in line with the expected changes.

Outcome Measures

The primary outcome measures consisted on different measures of
the WAB-R (Kertesz, 2007). Specifically, these were the aphasia
quotient (WAB-R AQ) and the WAB-R subtests scores:
information content and fluency in spontaneous speech,
comprehension, repetition, and naming. Despite contributing to
the WAB-R AQ, the different WAB-R subtests were also included
individually as primary outcome measures in that they are sensitive
to detect treatment-induced changes and may show a differentiated
evolution pattern (Berthier et al., 2003; Berthier et al., 2006).

The secondary outcome measures included a set of tests
selected to assess relevant aspects of language and other
cognitive functions, especially attentional and executive
functions. As for the primary outcome measures, the functions
targeted by these tests were expected to improve with the
treatments. The selected language tests were: (a) the SVOPS,
BNT, and NSB to evaluate naming; (b) the Peabody: Picture
Vocabulary Test (PPVT-III), Dunn et al. (2006) to evaluate
comprehension via word-picture matching; (c) the PALPA
(Kay et al., 1992; Valle and Cuetos, 1995) to evaluate
repetition, naming, comprehension, and reading; (d) the Token
Test- short version ([TT-sv], De Renzi and Vignolo, 1962) to
evaluate comprehension of syntax and spatial relationships; (e)
and the Controlled Oral Word Association Task ([COWAT],
Borkowski et al., 1967) to assess phonological verbal fluency (see
Table 2). These tests as well as the ones included as primary
outcome measures were administered in each LNE. The selected
memory and executive functions tests were: Memory and
Learning Test ([TOMAL], Reynolds and Bigler, 1996) (LNE1
and LNE2), Digit Span ([WISC-V] of the Wechsler Intelligence
Scales for Children-V, Wechsler, 2014) (LNE1, LNE2, LNE3);
attention: d2 Attention Test ([d2 Test], Brickenkamp and
Cubero, 2002) (all LNEs); Neuropsychological Evaluation of
Executive Functions in Children ([ENFEN], Portellano et al,,

2009) (LNE1, LNE2, LNE3), Stroop (Stroop, 1935) (LNEI,
LNE2, LNE3), and Five-Digit Test ([FDT]Sedo, 2004) (all LNEs).

Furthermore, although they were not expected to change due
to treatment and, therefore, were not considered primary or
secondary outcome measures, visuoconstructive and
visuoperceptive functions were also assessed at baseline to
estimate premorbid cognitive functioning. For this purpose,
the two following tests were used: Rey-Osterrieth Complex
Figure ([ROCF], Osterrieth, 1944), Benton Laboratory of
Neuropsychology Tests ([BLNT], Benton et al., 1994) (see
Table 2). As some of the employed tests in the LNEs are
widely used in the Spanish population but may not be familiar
to the English speaking countries, a brief description of these
tests is provided in the Supplementary Material.

Naming Evaluations (NE)

First, a baseline naming assessment (NE0O) comprising the full set
of 153 words was performed after treatment with DP alone and
before INT1 (Figure 2). Then, in order to track the maintenance
of gains in naming performance for treated words and the
potential generalization to untreated ones, multiple NEs were
performed after each INT. Specifically, after INT1 and INT2, six
NEs were performed: 20 min after the end of each INT (NE1, and
NE2,), and at days 2 (NEI, and NE2,), 7 (NE1; and NE2;), 21
(NE1, and NE2,), 49 (NE15 and NE25), and 84 (NEl4 and NE2¢)
(Figure 2). In each NE, treated and untreated words were evaluated.
The presentation order of the words in each NE was randomized.
No feedback was provided to subject P during the NEs.

Control Group
Since there are no normative data for most of the language tests
used in the evaluation of subject P, a control group of healthy
children (classmates and relatives of subject P) was recruited in
order to obtain reference scores for these tests. The group was
composed of 7 children (4 boys and 3 girls) matched with
subject P for age (8.9 + 0.69 years; range: 8-10 years; Crawford’s
t, two-tailed = 0.136; p = 0.896), general intelligence (verbal IQ:
subject P = 95; control group = 112.43 + 20.02 [Crawford’s t, two-
tailed = -0.814; p = 0.446]; non-verbal IQ: subject P = 103; control
group = 115.57 + 15.43; [Crawford’s t, two-tailed = -0.762; p =
0.475]) and sociocultural background. Control children were
administered the WAB-R and other tests (SVOPS, NSB,
PALPA, and COWAT). Healthy adults tend to show a ceiling
effect on the WAB-R AQ (AQ = 93.8/100), and subjects with
scores below this cut-off are considered to have aphasia. Regarding
WAB-R use in children, it was reasoned that healthy children with
ages between 8 and 10 years and high verbal intelligence quotient
(IQ) (= 110) would have a good performance in the WAB-R.
The parents of the control children were informed about the
aim of the study and written informed consent was obtained.

Structural Neuroimaging

Image Acquisition

The MRI acquisition was performed at baseline (6 months after
TBI) on a 3-T MRI scanner (Philips Gyroscan Intera, Best, The
Netherlands) equipped with an eight-channel Philips SENSE
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head coil. Head movements were minimized using head pads
and a forehead strap. Three-dimensional magnetization
prepared rapid acquisition gradient echo (3D MPRAGE) was
performed with the following parameters: acquisition matrix,
268/265; field of view, 224 mm; repetition time (TR), 9.2 ms;
echo time (TE), 4.2 ms; flip angle, 80; turbo field echo (TFE)
factor, 200; reconstruction voxel size, 0.68 mm x 0.68 mm x
0.8 mm. Two hundred ten contiguous slices were acquired, with
a 0 mm slice gap, the total acquisition time of the sequence was
about 2 min and 50 s.

Lesion-Based Approach to Mapping Disconnection
Two different methods were used to gain knowledge about the
direct and remote structural effects of the brain lesion.
Tractotron and Disconnectome Maps, included in the BCB
Toolkit (http://toolkit.bcblab.com/; Foulon et al., 2018).

In order to apply these methods, subject P’s lesion was
manually delineated over the T;-weighted image in native space
using MRIcron software (Rorden and Brett, 2000). Then, both
the T,-weighted image and the binarized lesion mask were
normalized to the MNI space using Statistical Parametric
Mapping 12 (SPM 12, www.fil.ion.ucl.ac.uk/spm/). The
normalized lesion was mapped onto tractography reconstructions
of white matter pathways obtained from a group of 10 healthy
controls (Rojkova et al, 2016). The analyses were focused on
different language-related dorsal and ventral tracts, being these
white matter pathways commonly affected in individuals with
aphasia (Ivanova et al, 2016). Three ventral tracts were studied:
(1) the IFOF connecting fronto-temporal regions, crossing from
one lobe to the other through the extreme capsule; (2) the ILF that
connects the posterior inferior, middle, and superior temporal gyri
with the temporal pole; and (3) the UF which links the temporal
pole with frontal areas (Catani and Thiebaut de Schotten, 2008).
Three dorsal tracts were also explored, corresponding with the three
segments of the AF: (1) the long segment that connects the frontal
(including Broca’s area and the premotor cortex) and the temporal
cortices (including Wernicke’s area and the middle and inferior
temporal gyri); (2) the anterior segment that connects the same
frontal areas with the angular and supramarginal gyri in the inferior
parietal cortex; and (3) the posterior segment which connects the
same parietal areas with the inferior and middle temporal gyri
(Catani et al,, 2005). Different measures were explored for each of
the studied tracts. First, Tractotron provided the probability of a
given tract to be affected by the brain lesion (= 50% was considered
pathological) and the percentage of damage of each tract. Second,
Disconnectome maps software provides a spatial map representing
the probability of remote areas to be indirectly affected by the lesion.
These indexes allowed to explore the remote impact of the focal
brain lesions in the brain circuitry. Thus, the normalized lesion of
subject P was used as seed point to identify which tracts passed
through the lesion. Subject P’s disconnectome map was thresholded
at a value of p > 0.9. A detailed description of these methods and
software is reported in Foulon et al. (2018).

Statistical Analyses
First, in order to evaluate longitudinal changes due to treatment
effects, performance of subject P in each test included in the

LNEs was either compared to the performance of the matched
control group or to normative data. Specifically, for those tests
that do not provide normative data for the age range of subject P,
her performance was compared to the achievement of the control
group on these tests. Notice that this served the purpose of the
main aim of the study, that is to establish the effect of the
different treatments on aphasia recovery, seeking for the return
of subject P to an average performance in primary and secondary
outcome measures. Statistical comparisons were performed
using one-tailed Crawford’s modified t-tests (Crawford et al.,
2010), as done in previous studies (Francois et al., 2016; Birba
et al., 2017; Cervetto et al., 2018). This statistic allows the
comparison between a single subject and a control group. It
has proven to be robust for non-normal distributions, and it has
low rates of type-I error. Effect sizes for all results are reported as
point estimates (Zcc) (Crawford et al., 2010) (see Table S1). In
all analyses, the alpha level was set at p < 0.05. For those tests
reporting normative data, raw scores derived from subject P’s
performance were standardized (percentile or decatype) (for
details see Tables 1 and 2), unless specified otherwise.

Second, results derived from each NE were analyzed in three
different ways: i) in order to explore naming gains promoted by
each INT, McNemar tests (two-tailed) were used to compare
performance in the first NE after each INT against naming
performance for those same words in NEO; ii) to track the
evolution patterns of the potential gains found in NE1, and
NE2,, performance in each of the subsequent NEs (2-6) was
compared to the performance in the first evaluation after INT
(NE1, and NE2;). The analyses i) and ii) were performed
independently for the treated and untreated words; iii)
performance in treated and untreated words in each NE was
compared via Chi-squared tests (with Yate’s correction).

RESULTS

Findings From Language and
Neuropsychological Evaluation 1 (LNE1):
Baseline

In relation to the primary outcome measures, subject P obtained
a WAB-R AQ score of 78.4, which is significantly lower than the
cut-off score for adults (< 93.8) and the mean of the age-matched
control group (95.13 + 2.73; Crawford’s t, one-tailed = -5.73; p <
0.001). Her language deficits were characterized by impoverished
information content with fluent yet anomic speech production.
Specifically, significant lower scores were found in the subtests of
the WAB-R targeting information content and fluency in
spontaneous speech, and naming (see Tables 1 and S1),
whereas performance in comprehension and repetition did not
differ from that of the control group. According to the WAB
taxonomic criteria, this profile was compatible with an anomic
aphasia (Kertesz, 1982). The mean WAB-R AQ of the control
group (95.13) was above the cut-off score (93.8) for the clinical
diagnosis of aphasia in adults (Kertesz, 1982). However, 3/7
control children obtained AQ scores slightly below the cut-oft
(92.4,92.5, and 93.3). These children, being the youngest ones (8
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TABLE 1 | Language Assessment.

Primary Outcome Measures

Aphasia Quotient- Western Aphasia Battery Revised (WAB-R AQ)
Information Content
Fluency
Comprehension
Repetition
Naming

Secondary Outcome Measures
Snodgrass and Vanderwart Object Pictorial Set (SVOPS)
Nombela 2.0 Semantic Battery (NSB)

Picture Naming

Semantic Fluency

Word-Picture Matching

Boston Naming Test (BNT)'
Peabody: Picture Vocabulary Test Ill (PPVT-III)2
Token Test (Shortened version) (TT-sv)®

Psycholinguistic Assessments of Language
Processing in Aphasia (PALPA)
Repetition: Nonwords (PALPA-8)
Repetition: Imageability x Frequency (PALPA-9)
Repetition: Sentences (PALPA-12)
Reading: Visual Lexical Decision (PALPA-25)
Reading: Grammatical Class (PALPA-32)
Reading: Nonwords (PALPA-36)
Reading: Sentences (PALPA-37)
Semantics: Spoken Word-Picture Matching (PALPA-47)
Semantics: Written Word-Picture Matching (PALPA-48)
Semantics: Spoken Word-Written Word Match (PALPA-52)
Semantics: Picture Naming (PALPA-53)
Semantics: Picture Naming x Frequency (PALPA-54)
Spoken Sentence-Picture Matching (PALPA-55)
Written Sentence-Picture Matching (PALPA-56)

Controlled Oral Word Association Test (COWAT)

Subject P Reference value 2
LNE1 LNE2 LNE3 LNE4 Mean SD
78.4* 92.6 95.8 94.2 95.13 2.73
8* 10 10 10 10 0
8* 10 10 10 10 0
8.5 9.7 9.9 10 9.01 0.78
8 9 9.2 9 9.31 0.91
6.7* 7.6 8.8 8.1 9.24 0.72
138* 167 220 211* 232.86 10.48
23* 39 51 53 44.29 9.64
56* 79 102 79 136.71 35.4
29* 32 35 34 36.67 2.73
23* 31* 52 40 46.41° 4.4°
2 42 63 39 Standard scores’
<5 95 50 70 Standard scores’
16* 22 24 23 23.42 0.79
147 160 - - 160 0.00
26" 23* 28* - 35.14 0.69
138* 142 138* - 151.43 3.08
76* 75* 72" - 80 0
20" 19* 19* - 23.86 0.38
33" 24* 32* - 36 0
36* 37 39 - 38.14 0.69
35* 40" 38 - 38.28 0.76
33* 32* 34 - 36.80 1.64
29* 34* 36 38 38.20 1.30
53* 55* 55* - 58.85 1.07
48* 52 53 53 56.28 2.69
46* 48* 53 52 55.14 2.54
9 23 15 17 24.14 7.97

Asterisks (*) indicate significant differences at p < 0.05. Statistical comparisons were performed using one-tailed Crawford’s t-tests in all cases except for tests marked with'. No statistical
comparisons were needed for these tests since standardized scores provide a framework for comparing subject P’s performance against normative data. “Reference values represent the
mean scores and standard deviations (SD) of the control group, except for b that represents the normative mean scores and SDs provided by the test, and 7, that refers to normative data.
"The numbers in each evaluation are the percentiles corresponding to the raw score obtained by subject P. Underlined scores are bellow two SD of the normative mean. Normative data
were obtained from: "Halperin et al. (1989), 2Dunn et al. (2006), and *Olabarrieta-Landa et al. (2017).

years), committed a few failures in comprehension of reversible
sentences in the sequential commands subtest of the WAB-R.
Despite this age-dependent limitation, the WAB-R was
considered appropriate for being administered to subject P.
Regarding secondary outcome measures, subject P’s scores were
significantly lower than those of the control group in all selected
naming measures (SVOPS, BNT, picture naming and semantic
fluency [NSB], PALPA-53, and PALPA-54), auditory
comprehension of nouns (word-picture matching [NSB], PALPA-
47, and PALPA-52), auditory comprehension of sentences
(PALPA-55), word repetition (PALPA-9), nonwords repetition
(PALPA-8), sentence repetition (PALPA 12), and reading
(PALPA-25, PALPA-32, PALPA-36, PALPA-37, PALPA-48, and
PALPA-56). Also, performance in auditory word comprehension
(PPVT-III) and of sentences (TT-sv) was lower than the normative
data for her age. Lastly, performance of subject P in the verbal

fluency test (COWAT) was not different from controls, although a
trend toward significance was found (see Tables 1 and S1).

In relation to other cognitive functions, compared to normative
data subject P showed poor performance on most of the executive
function tests (see Table 2), reflecting slow processing speed (word
reading [STROOP]; number reading [FDT]), limited cognitive
flexibility (color trails [ENFEN]; alternation and flexibility [FDT])
and low selective and sustained attention levels (concentration [d2
Test]). Yet, executive function impairments were not generalized,
since subject P showed high scores in tests measuring inhibition of a
prominent response (inhibition [FDT]). Furthermore, subject P’s
performance on most of verbal and nonverbal memory tests was
within the normal range of normative data (see Table 2) except for
the reduced auditory-verbal short-term memory (Digit Span). The
scores obtained by subject P in tests assessing visuoconstructive and
visuoperceptive functions, which are mostly related to the
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TABLE 2 | Neuropsychological Assessment.

Executive Functions and Attention Tests
Neuropsychological Evaluation of Executive Functions in Children (ENFEN)1
Grey trail
Color trail
Interference
Stroop Test?
Word reading
Colors naming
Five-Digit Test (FDT)®
Reading numbers
Counting
Alternate
Inhibition
Flexibility
d2 Attention Test (d2 TESTS)*
Concentration
Fluctuation
ltems processed
Number of successes
Omission errors
Commission errors
Memory Tests
Test of Memory and Learning (TOMAL)®
Verbal memory
Non-verbal memory
Composite memory
Verbal delayed recall
Attention and concentration
Sequential memory
Free recall
Associative recall
Learning
Digit Span®
Direct
Inverse
Visuoconstructive and Visuoperceptive Functions
Rey-Osterreith Complex Figure Test (ROCF)”
Copy
Immediate recall
Benton Laboratory of Neuropsychology Tests (BLNT)®
Finger localization
Visual form discrimination
Judgment of line orientation
Right-left orientation

Subject P Reference value
LNE1 LNE2 LNE3 LNE4
6 6 4 - standard scorest
3 4 4 - (scale 1 to 10)
6 6 -
<5 <5 <5 - standard scores¥
<5 10 15 (scale 1 to 99)
1 2 1 1 standard scorest
1 1 3 3 (scale 1 to 10)
1 1 2 3
8 9 9 10
1 1 5 7
25 95 95 98 standard scores¥
55 60 40 10 (scale 1 to 99)
70 95 99 95
25 9% 29 98
1 40 80 85
25 35 60 85
75 99 - - standard scores¥
95 99.6 - - (scale 1 to 99)
84 99.6 - -
37 91 - -
9 16 - -
25 37 - -
50 75 - -
2 37 - -
9 63 - -
10 10 10 - standard scores¥
50 50 50 - (scale 1 to 99)
50 - - - standard scores¥
80 - - - (scale 1 to 99)
49 - - - 538
41 - - - 238
26 - - - 178
18 - - - 168

Reference data were obtained from either the test’s manual or published normative data as indicated by the reference of the superscript numerals located by each test’s name. 'Portellano
et al. (2009). *Rivera et al. (2017). 3Sedb (2007). *Brickenkamp and Cubero (2002). ®Reynolds and Bigler (1996). ’Gardner (1981). Arango-Lasprilla et al. (2017). ®Rey et al. (1999). There
are no children’s normative data for BLNT; reference values used are based on an adult sample. TStandard scores ranging from 1 to 10 (decatypes) have, by definition, a mean of 5.5 and a
standard deviation of 2. *Percentiles (standard score 1 to 99) have a median of 50. Underlined scores are bellow two standard deviations of the normative mean. S$Test cut-off value; scores

greater than the cut-off are considered within a normal range.

undamaged right hemispheric functioning, were within the normal
range (Table 2).

Findings From Language and
Neuropsychological Evaluation 2 (LNE2):
DP Alone

Regarding primary outcome measures, the WAB-R AQ of subject P
significantly improved after 12 weeks of DP treatment alone (see
LNE2 column in Table 1). The AQ score increased 14.2 points
(from 78.4 to 92.6) indicating that she could be considered a “good

responder” to the pharmacological intervention (Berthier et al.,
2009; Cherney et al., 2010). In fact, in the LNE2, the scores obtained
in information content and fluency in spontaneous speech
improved and they were comparable to the performance of the
control group. Statistically significant lower scores were only found
in the naming subtest of the WAB-R, which remained moderately
impaired (Tables 1 and S1).

In relation to secondary outcome measures, subject P showed
improved naming abilities in both noun retrieval (picture naming
and semantic fluency [NSB]), and auditory word (word-picture
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matching [NSB], PPVT-III, PALPA-47) and sentence (TT-sv,
PALPA-55) comprehension. Likewise, improvements promoted
by DP alone were found in words and nonwords repetition
(PALPA-9 and PALPA-8). Performance in these tests was
comparable to controls, and, in the case of the PPVT-III, fell
within the normal range of the normative data. Comprehension
improved slightly for written words (PALPA-48) and written
sentences (PALPA 56), yet remained significantly lower than the
performance of the control group. Conversely, sentences repetition
(PALPA-12) showed a mild decrement (Table 1). As regard other
cognitive functions (Table 2), high scores in selective and sustained
attention were obtained (d2 Test) in comparison to normative data.
Although an increase in processing speed was observed in some
tests (word reading [STROOP], and in the number items of
processed [d2 Test]), other measures of this domain remained
low (e.g., reading numbers [FDT]). Further, slight improvements in
cognitive flexibility were also found (color trails [ENFEN]), but this
finding was not substantiated by other tests (alternate and flexibility
[FDT]). Likewise, Digit Span remained low (Table 2).

Findings From Language and
Neuropsychological Evaluation 3 (LNE3):
DP-INT1

This evaluation assessed gains in language after two weeks
(weeks 12-14) of DP-INT1 and another 12 weeks of DP
treatment. Concerning primary outcome measures, there were no
statistically significant differences between subject P and the control
group neither in the WAB-R AQ nor in the WAB-R subtests,
meaning that subject P achieved an average performance on all
language domains. This was the first evaluation in which she
showed a naming score comparable to the controls (naming
subtest of the WAB-R) (see Table 1).

NE1

-
o
o

H [2] [e]
o o o

N
o

Percentage of correct words

o

NEO NE11 NE12 NE13 NE14 NE15 NE1s

Regarding secondary outcome measures, all improvements
observed after DP treatment alone (LNE2) remained in LNE3 (as
revealed by comparison of subject P’s performance with the control
group’s). Besides, at this endpoint, further improvements were
observed in almost all language-related secondary outcome
measures: (a) noun retrieval test (SVOPS, BNT, picture naming,
and semantic fluency [NSB], and PALPA-53); (b) all auditory
word comprehension tests (word-picture matching [NSB],
PPVT-III, PALPA-47, and PALPA-52); (c) auditory sentence
comprehension (PALPA-55; but not in TT-sv); (d) nonword
repetition (PALPA-8); (e) written-recognition of spoken words
(PALPA-52) and comprehension of written sentences (PALPA-
56). However, in the picture naming x frequency subtest (PALPA-
54), subject P’s performance remained significantly lower than that
of the control group, as well as sentence repetition and most of the
reading measures. In relation to other cognitive functions, no
relevant changes in measures of executive, attention or memory
functions were observed at LNE3.

Findings From Language and
Neuropsychological Evaluation 4 (LNE4):
Washout
In week 26, the dose of DP was gradually tapered off and
suspended at week 30. As regards primary outcome measures,
in LNE4 (week 34) it was observed that the improvements found
in the primary outcome measures (WAB-R AQ and subtests)
were maintained four weeks after withdrawal of DP (see Table 1).
Thus, no statistically significant differences were found between
subject P and the control group in any of the primary outcome
measures at this point.

Concerning secondary outcome measures, the benefits
observed in comprehension of auditory sentences (PALPA-55),

NE2

N
B [} @© o
o o o o

N
o

Percentage of correct words

o

NEO NE21 NE22 NE23 NE24 NE25 NE26

I Treated words
M Untreated words

FIGURE 3 | Performance of subject P in the multiple naming evaluations (NE). Percentage of correct words in each evaluation is shown. NEO indicates the
performance in the baseline NE performed before INT1. NEO at the left of NE1_g indicates pre-treatment performance for the treated and untreated words used in
INT1 and NE1,_¢NEO at the left of NE2_¢ indicates pre-treatment performance for the treated and untreated words used in INT2 and NE2,_¢_Six NEs were
performed after INT1 (NE14.¢) and after INT2 (NE2.¢). NE14_g and NE2,_¢ were performed: 20 min after the end of each INT (NE1; and NE2,), and at days 2 (NE1,
and NE2,), 7 (NE15 and NE23), 21 (NE1,4 and NE2,), 49 (NE15 and NE2s), and 84 (NE1g and NE2g) after the end of each INT.
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nonword repetition (PALPA-8), and comprehension of written
sentences (PALPA-56) remained unchanged. Performance in
some naming tests dropped down (naming subtest of the
WAB-R, BNT, and SVOPS), although only the SVOPS score
was significantly lower than the control group. A slight decline in
semantic fluency (NSB) and word comprehension (word-picture
matching [NSB], and PPVT-III) was also observed, although
performance did not differ from that of the control group (NSB)
or was within the normal range (PPVT-III). In relation to other
cognitive functions, compared to normative data, subject P
maintained a within-average level of selective and sustained
attention (d2 Test), cognitive flexibility (FDT) and attentional
fluctuation (d2 Test) after drug withdrawal. Processing speed was
within normal range when measured with the d2 Test, but was
impaired when measured with the FDT.

Naming Findings 1 (NE1)

Figure 3 (left panel) depicts performance of subject P in NEO
(before INT1) and in the six NEs performed after INTI.
Performance in NEO was very low, with subject P naming
correctly only 1/37 (2.70% correct) of the treated words and 1/
36 (2.77% correct) of the untreated words.

At NE1, subject P correctly named 35/37 of the treated words
(95% correct). At this point, she produced two semantic
paraphasias (“spinach” — artichoke; “rocking chair — buck)
that were self-corrected immediately. Thus, naming performance
was significantly higher in NE1, compared to NEO (McNemar,
p < 0.001). In NE1,, naming performance for treated words
remained stable (35/37 [95% correct; McNemar, p = 1])
compared to NEI;. In this evaluation, errors consisted of an
omission that was finally corrected with phonemic cueing, and a
semantic paraphasia (“rocking chair” — comfortable), which was
self-corrected. In NE1; (7 days after the end of INTI1), she
correctly named 100% of treated words (37/37), being this not
significantly different from the performance in NE1; (McNemar,
p =0.500). At NE1, (21 days after the completion of the INT1),
there was a non-significant decrease in performance compared to
NE1, (30/37 [81% correct]; McNemar, p = 0.063). The decrease
was due to 7 omissions. At NE15 (after 49 day of the end of
INT1), a significant decrease compared to NE1, was observed
(27/37 [73% correct]; McNemar, p = 0.008). Errors included 8
omissions and 2 semantic paraphasias (“asparagus” — spinach;
“vertebra” — pelvis). Finally, at NE1¢ (84 days after the end of the
INT),), subject P showed the same level of performance than in
NE1s5 (27/37 [73% correct]) which was significantly lower than
the performance in NEI; (McNemar, p = 0.008). Thus,
treatment-induced improvements in naming performance of
treated words remained stable for 21 days (NE1,) while a
significant decrement was detected in the evaluations
performed after 49 days (NEIls and NEl4). Nevertheless
naming performance for treated words in all post-treatment
evaluations (NE; ) was significantly higher compared to
baseline (NEO) (McNemar, p < 0.001).

In relation to untreated words, performance in NE1; did not
significantly differ from performance in NEO (McNemar, p =
0.500). Accordingly, naming performance in NEI1, s was
comparable to that on NE1; (NE1,: McNemar, p = 1; NEI3:

McNemar, p = 1; NE14: McNemar, p = 1; NE1s: McNemar, p =
0.500; NE1s: McNemar, p = 0.125).

Finally, naming performance for treated and untreated words
was comparable at baseline (NEO; Xz(l) = 0.44 p = 0.508) but
higher for treated than for untreated words in all post-treatment
NEs, revealing no generalization from treated to untreated words
just after INT. Differences were statistically significant for: NE1,
(%*(1) = 51.00, p < 0.001), NEI, (32(1) = 48.79, p < 0.001), NE1;
(x2(1) =55.00, p < 0.001), NE1, (}2(1) = 36.10, p < 0.001), NE15
(x2(1) = 23.53, p £ 0.001), NE14 (}2(1) = 18.92, p < 0.001).

Naming Findings 2 (NE2)
Figure 3 (right panel) depicts performance of subject P in NEO
and in the six NEs performed after INT2. Baseline (NEO) naming
performance was 1/40 (2.5% correct) for treated words and of 2/
40 (5% correct) for untreated words.

At NE2; subject P produced 39/40 correct responses (97%
correct) in treated words, committing a phonemic paraphasia.
Thus, compared to NEO, naming performance for treated words
significantly increased after treatment (McNemar, p < 0.001).
These results remained stable at NE2, (treated words: 39/40
[97% correct; McNemar, p = 1], wherein she committed just an
omission. At NE23, she correctly named 37/40 [92% correct] of
the treated words, which was not significantly different from the
performance in NE2; (McNemar, p = 0.500). At this timepoint,
subject P produced one omission and two phonemic paraphasias.
At NE2, the number of correct responses in treated words was of
36/40 [90% correct] (4 omissions), comparable to the
performance observed in NE2; (McNemar, p = 0.250). At
NE2;, a decrease in correct responses for treated words was
observed (23/40 [57% correct]; 16 omissions and 1 semantic
paraphasia) compared to NE2; (McNemar, p < 0.001). Finally,
performance at NE24 remained stable compared to NE25 (23/40
[57% correct]; 15 omissions and 2 semantic paraphasias), which
was significantly lower than the performance in NE2,
(McNemar, p < 0.001). Thus, like in INT1, treatment-induced
gains in naming remained stable for 21 days (NE2,4), but a
significant decrease was detected in the evaluations performed
after 49 days (NE25 and NE2).

In relation to untreated words, performance in NE2, did not
significantly differ from performance in NEO (McNemar, p =
0.250). Naming performance in NE2, ¢ was comparable to that
on NE2, (for all comparisons: McNemar, p = 1).

Finally, naming performance was significantly higher for
treated words than for untreated ones in all NEs, but NO,
revealing no generalization from treated to untreated words:
NEO (x*(1) = 0.35, p = 1), NE2, (3*(1) = 55.00, p < 0.001), NE2,
(*(1) = 52.01, p < 0.001), NE25 (%*(1) = 48.17, p < 0.001), NE2,
(*(1) = 45.03, p < 0.001), NE2;5 (%*(1) = 13.85, p < 0.001), NE24
(¢*(1) = 15.88, p < 0.001).

Neuroimaging Findings

Lesion Location

MRI performed 6 months after the TBI showed left cortical tissue
damage, mostly involving the inferior temporal gyrus
(Brodmann area [BA] 37) and to a lesser extent the middle
temporal gyrus (BA21) and the angular gyrus (BA39) (Figure 4A).
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There was also a focal cortical atrophy and gliosis in the
subcortical white matter, causing a discrete retraction of the
temporal horn of the left lateral ventricle. The ventricular-
peritoneal shunt was correctly placed in the occipital horn of the
right lateral ventricle.

Mapping Disconnection: Tractotron and
Disconnectome Maps
Tractotron revealed that in the left hemisphere, the AF anterior
segment showed a probability of 48% to be directly affected by the
lesion; and the AF long and posterior segments showed a probability
of 98%. Ventrally, the ILF showed a 100% probability of
involvement; the IFOF showed a probability of 92%, while the UF
was unlikely to be affected (probability of 0%). In the right
hemisphere, none of these tracts were damaged (all probabilities
were equal to 0%). The high probability of affectation found for the
AF posterior and long segments, the ILF and the IFOF are in line
with the cortical damage observed in subject P, which affected the
inferior and middle temporal gyri and the angular gyrus, regions
connected by these tracts (Catani and Thiebaut de Schotten, 2008).
Yet, the probability of a given tract to be affected does not
inform on the amount of damage. To obtain this measure, the
proportion of damage was extracted. The proportions of each
tract to be affected by the lesion were: AF anterior segment: 0%;
AF long segment: 29%; AF posterior segment: 32%; ILF: 13%;
IFOF: 4%; UF: 0%. Finally, note that those distant cortical areas
that showed a high probability of disconnection (> 80%) due to

Probability of disconnection:

> 80%

B > 20%

FIGURE 4 | Depiction of the brain lesion and disconnection pattern. (A) MRI T,-weighted image showing the lesion in the left temporo-parietal cortex in native
space. Yellow circles indicate brain lesions. (B) Probability of disconnection of brain areas not directly affected by the lesion as revealed by the Disconnectome map
software. Two different probability thresholds are presented. The disconnection map is overimposed on a brain template in standard MNI space. L, left; R, right; ILF,
inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; post AF, arcuate fasciculus posterior segment; long AF, arcuate fasciculus long segment.

the TBI are in fact the ones connected by the affected white
matter pathways as revealed by Tractotron (Figure 4B).

DISCUSSION

In the present intervention study, we described the case of
subject P, a girl with chronic anomic aphasia secondary to a
TBI in the left temporo-parietal region. She received three
successive treatments: (1) DP alone; (2) a combination of DP
and INT; and (3) INT alone. Multiple language and other
cognitive domains evaluations were performed at baseline and
at different time-points (Figure 2) in order to track changes
promoted by these interventions. Results obtained from these
evaluations were compared to a socio-demographically matched
control group.

Several important findings of our study should be highlighted.
First, at baseline, subject P showed significantly lower scores
than the control group in the primary and secondary outcome
measures targeting language, attentional, and executive
functions. Second, treatment with DP alone (week 0 to week
12) induced improvements in primary outcome measures (see
LNE2 results). Aphasia severity and scores in different language
domains (fluency and information content during spontaneous
speech and naming) improved, and at this point subject P
performance was comparable to the control group’s in all
primary outcome measures (WAB-R AQ and WAB’s subtests),
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except for naming. Third, combined treatment with DP-INT1
(week 12 to week 26, see LNE3 results) further increased the
WAB-R AQ, placing the language deficits of subject P in the non-
aphasic range. Fourth, the combined intervention provided
further gains in picture naming, the most affected language
function at baseline (LNEI). Fifth, secondary outcome
measures improved with DP alone (LNE2), denoting the
beneficial effect of the drug, and most of the differences to the
controls observed at baseline disappeared with combined
treatment (DP-INT1; LNE3). Lastly, most gains provided by DP
intervention were stable 4 weeks after withdrawal. It is noteworthy
that at washout evaluation, the WAB-R AQ remained within the
normal range as compared to the control group.

Language disorders in childhood often have important
implications in everyday life and represent a risk factor of
developing anxiety and social problems in adulthood (Brownlie
et al., 2016; Ryan et al., 2018). Currently, the only available
treatment for CA is speech-language therapy, and although it
often promotes recovery of linguistic and other cognitive
functions, restoration is far for being complete. However, research
aimed at finding new therapeutic strategies to improve outcomes in
CA is still underdeveloped. Overlooking the investigation of new
therapeutic approaches to improve CA may have negative
consequences such as preventing the development of language
and communication skills during childhood and adolescence.
There is now encouraging evidence derived from model-based
interventions indicating that adult aphasia outcomes can be
improved with intensive aphasia therapy and other therapeutic
approaches (pharmacotherapy, non-invasive brain stimulation)
(Pulvermiiller and Berthier, 2008; Berthier and Pulvermiiller,
2011; Breitenstein et al., 2017; Fridriksson et al., 2018). Taking
advantage from data on these new interventions in adults with
aphasia, in the present case study we used a similar therapeutic
approach demonstrating, for the first time that DP is safe and well
tolerated in CA and can be used alone and in combination with a
tailor-made aphasia therapy (e.g., INT) to boost recovery of
language and cognitive deficits.

Pre-Treatment Behavioral Profile and
Brain-Behavior Relationships

Baseline testing (LNE1) with the WAB-R classified the language
disorder in subject P as anomic aphasia (Kertesz, 1982), yet she also
displayed deficits in phonology and semantic processing. On the
WAB-R, the deficits were mainly observed in spontaneous speech
(information content and fluency), and naming. Furthermore,
subject P showed significantly lower scores in most of the
secondary outcome measures than the control group (auditory
and visual-verbal comprehension, repetition, noun naming, and
reading). Subject P also showed low performance in tests measuring
executive functions, attention, and auditory verbal short-term
memory, manifested by slow processing speed, limited cognitive
flexibility, low selective and sustained attention levels, and reduced
verbal span. Impairments in executive and attentional functions are
common after TBI due to diffuse cerebral damage that frequently
affects the white matter bundles in frontal and temporal lobes
(Levin, 2003; Vik et al., 2006). Although memory dysfunction is

usually associated to oral language deficits in children with TBI
(Conde-Guzon et al., 2009), the performance of subject P on the
different memory subscales revealed that this function was
preserved, except for a reduced digit span. In addition,
performance in visuoconstructive and visuoperceptive tests
was preserved.

Structural MRI in the chronic stage showed a large contusion in
the left temporo-parietal cortex together with focal cortical atrophy
and gliosis in the subcortical white matter. Our lesion-based
approach suggests that the tract with major proportion of damage
was the AF posterior segment, which connects regions that were
specifically damaged in subject P (i.e., inferior parietal cortex and
ventral posterior temporal cortex). This segment is part of the
indirect connection of the AF system implicated in verbal repetition
(Forkel et al., 2020) and reading (Thiebaut de Schotten et al., 2014).
Notice that at baseline evaluation (LNE1, Table 1), both nonword
(PALPA-8) and sentence (PALPA-12) repetition, as well as reading
(PALPA-25, PALPA-32, PALPA-36, PALPA-37) were impaired.
Ventrally, the ILF was the tract with the major proportion of
damage. This tract runs in parallel from posterior to anterior
parts of the temporal lobe and is implicated in lexical access
(Herbet et al., 2019). This is consistent with the fact that naming
was the main deficit of subject P. Thus, the high probability of
affectation of these tracts together with the observed cortical
involvement of temporo-parietal areas (BA21, BA37, and BA39)
may explain the prominent naming difficulties found in subject P, as
well as the pattern of committed errors (semantic paraphasias). For
instance, axonal degeneration of the ILF is related to naming deficits
and the production of semantic paraphasias in post-stroke aphasia
(McKinnon et al,, 2018) and in patients with brain tumors
(Sierpowska et al., 2019). In addition, the ILF has been
systematically implicated in semantic processing, lexical access
(Nugiel et al.,, 2016; Herbet et al,, 2019) and word learning
involving lexical-semantic association in healthy subjects
(Ripolles et al., 2017). In this line, BA37, which is damaged in
subject P, is an important cortical hub for two distinct networks
implicated in visual recognition (perception) and semantic
functions (Ardila et al,, 2015), and its damage is associated with
fluency, comprehension, repetition, and naming impairments after
stroke (Gleichgerrcht et al., 2015). The subtle involvement of BA21
in the posterior middle temporal cortex may have altered semantic
control for comprehension (Noonan et al., 2013). Finally, despite
the small size of the parietal cortical damage, the angular as well as
the supramarginal gyri may be disconnected due to the affectation of
the AF posterior segment, as revealed by the lesion analyses.
Therefore, although it seems that the lesion sizes were not large
enough to induce major disconnections, they were strategically
placed to interrupt intrinsic connections within the left perisylvian
language area. Unfortunately, since we only were able to perform a
MRI study at baseline?, we could not compare pre- and post-

*Multimodal MRI studies at baseline and repeated scanning at different time
points were not performed because exposing patients with ventricular shunts to
prolonged 3-Tesla MRI procedures poses a significant risk of unintentional
changes in shunt settings. Therefore, subject P only underwent a single, rapid
acquisition of structural MRI. Despite this, reprogramming of the shunt was
needed after the study.
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treatment MRIs to explore the brain correlates of the observed
improvements in naming.

Drug Treatment Alone Improves Language
and Cognitive Deficits

Although the beneficial action of the cholinesterase inhibitor DP
is controversial in adult TBI, with studies showing both positive
effects and lack of benefits (Walker et al., 2004; Warden et al.,
2006; Shaw et al., 2013), our findings clearly show that CA may
be improved with cholinergic potentiation. After 12 weeks of DP
treatment (LNE2), a decrease in aphasia severity was found in
subject P, as revealed by increased scores on both the WAB-R
AQ and its subtests, except for naming. In fact, improvements
were found for some naming tests (NSB subscale), but not for
others (SVOPS, BNT, EPLA-53, EPLA-54). The treatment with
DP alone also induced significant improvements in measures of
verbal fluency (semantic and phonological), auditory-verbal
comprehension (words and sentences), and word and nonword
repetition. These linguistic improvements may be associated
with enhancement of selective and sustained attention which
eventually favored phonological and lexical processing for these
stimuli. This is consistent with the role of anticholinesterase
drugs, like DP, in improving sustained attention (Spiridigliozzi
et al., 2007) and language function (Heller et al,, 2004) in
children. The bulk of the lesion in subject P was in the left
temporal cortex, and this lobe contains more choline
acetyltransferase than its homologous counterpart (Amaducci
et al, 1981; Hutsler and Gazzaniga, 1996). Therefore, a
neurobiological explanation for this finding would be that the
language improvements could be accounted for cholinergic-
induced neural plasticity in left perilesional temporal cortical
areas and white matter tracts (ILF and IFOF), though the
contribution of remote right cortical regions cannot
be dismissed.

The gains produced by DP in selective and sustained attention
were not associated with improvement in other frontal executive
functions, which most likely resulted from diffuse axonal injury
and the pressure effects of acute hydrocephalus on frontal tissue.
Although an increase in processing speed was observed in d2
Tests, the performance on other tests evaluating this domain
remained low. Likewise, there were slight improvements in
cognitive flexibility (ENFEN), but this finding was not
substantiated by other tests. Repetition and written
comprehension of sentences, reading functions, and auditory-
verbal short-term memory (Digit Span) also remained altered.
This is in accord with Martin and Ayala’s findings (2004) who
have reported significant correlations between the severity of
language impairment (in both phonological and lexical-semantic
measures) and the size of digit and word span in individuals
with aphasia.

Reading problems persisted in subject P. The fact that
associative visual areas in the left inferior occipito-temporal
cortex, such as the visual word form area (VWFA), were
damaged, might be the simplest explanation of the reading
deficits in subject P. The VWFA is a region specifically devoted

to the recognition of the written words in literate persons (Cohen
et al., 2000; Lopez-Barroso et al., 2020) and its damage causes
alexia. Although compensation by recruitment of the VWFA
homolog in the right hemisphere can take place (Cohen et al.,
2003), this plastic shift may require intensive training.

Combined Therapy Increases Gains
Obtained With Drug Monotherapy

Treatment with DP alone improved language deficits in subject
P. Nevertheless, recent evidence suggests that cholinergic
stimulation in adults with TBI is useful when combined with
environmental enrichment (De la Tremblaye et al., 2019). The
current findings further support the importance of augmenting
the effect of DP on brain tissue with INT. Almost all scores
obtained under treatment with DP alone showed further
improvements after two weeks of combination therapy (LNE3).
Moreover, in comparison with baseline (LNE1) and the
evaluation after DP alone (LNE2), the highest gains after
combination therapy (LNE3) were in several measures of
naming production (see Table 1). Naming evaluations post-
INT1 (NE1) under ongoing DP treatment (weeks 14-26) showed
significantly better performance for treated items than for
untreated ones. During this time period, gains in treated items
were maintained, whereas low scores in untreated items
remained unchanged.

Since then, DP was gradually tapered off (weeks 26-30) and
followed by a washout period (weeks 30-34) and a new phase of
INT (INT2). Post-washout evaluation (LNE4) showed that
improvements observed in the WAB-R AQ decreased slightly
but remained comparable to the scores of the control sample and
well above subject P’s baseline score. At this point, the score on
the naming subtest of the WAB-R presented a slight decrease,
but decrements were more evident in other naming tasks
(SVOPS, semantic fluency, BNT). By contrast, the benefits
observed in other language tasks (fluency, word and nonword
repetition, auditory sentence comprehension, sentence reading
comprehension, and phonological and semantic fluency) were
stable. Likewise, washout testing revealed that subject P
maintained an above-average level in several attentional and
cognitive flexibility measures. Naming evaluations post-INT2
alone (NE2) showed a similar tendency to the outcomes of
naming evaluation in NE1 except for the more pronounced
decline in the two last NE2s.

Two of these results were unexpected. First, although beneficial
effects of DP-INT1 were generalized to several language and
cognitive domains, it was surprising that untreated items showed
no improvement. The lack of generalization did not result from
differences in selection of treated and untreated words, because
both sets of words were closely matched controlling key linguistic
variables. Although this negative evidence deserves further
research, our results suggest that the effect of the DP on
untreated nouns was not as powerful as when the drug was
combined with intensive noun training, aimed to strengthen
experience-dependent plasticity. Similarly, combined
dexamphetamine with naming therapy in two subjects with

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 1144


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Davila et al.

Combined Therapy in Childhood Traumatic Aphasia

chronic adult post-stroke aphasia improved treated nouns but not
untreated ones, nor a control nonword reading task (Whiting etal.,
2007). The second unexpected finding was that the results of post-
INT2 (NE2) evaluations (without pharmacotherapy) were similar
to those obtained in post-INT1 evaluations (NE1) while subject P
was still under DP treatment. A likely explanation could be that the
previous prolonged treatment with DP (duration: 26 weeks)
induced long-lasting brain changes that were then profitable
seized by the application of INT?2 after a short washout period (4
weeks). Thus, alesson to belearned from this finding would be that
once the brain has been primed with a combined intervention (DP-
INT1), it would be similarly responsive to a single modality of
intervention (INT2 or a drug) applied at a later stage (see Berthier
et al., 2009; Berthier, 2020).

Finally, the results of the present study should be interpreted
considering some limitations. First, this is an open-label study
performed in a single subject. Thus, randomized controlled
trials in larger samples are strongly needed. Second, we initiated
the drug treatment before aphasia therapy, so that the effect of
the naming training alone could only be evaluated after
previous treatment with DP. Therefore, other designs should
be evaluated in the future. Lastly, it is not possible to rule out
that some beneficial changes in subject P may have resulted
from the continued maturation and evolution of cognitive
and language processes that may be partially blended with the
beneficial effects of the two therapeutic interventions. Yet, this
is unlikely, at least for naming ability, since no improvements
were seen for untreated items which served as control. A further
strategy to reduce the confounding factor of language and
cognitive development and maturation in outcomes of an
intervention trial in CA is performing multiple baseline
assessments. Multiple baseline assessments were not used in
this study. Notice that we performed a very comprehensive
language and cognitive evaluation that took several days to be
completed. This may preclude the utilization of multiple
baseline testing. Indeed, longer and repetitive evaluations
are very tiring, particularly for children, and may reduce
motivation, putting at risk adherence to evaluation and
treatment. The rationale to use such a large test battery in
subject P was to examine, for the first time, the effect of DP and
INT not only in language functions but also in several other
cognitive domains, which are commonly affected after TBI and
may influence outcomes. To overcome this limitation, future
studies may perform multiple baseline assessments in the most
affected language domain(s) (e.g., naming in subject P) or in the
domain(s) targeted for the intervention.

In summary, subject P, who presented an acquired aphasia after
sufferinga TBIinvolving the left temporo-parietal region, significantly
improved anomia and related cognitive deficits through the use of a
cholinergic agent (DP) alone and in combination with INT.
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