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a b s t r a c t

Language rehabilitation research has reported mixed evidence in bilinguals with aphasia 

suggesting that therapy can benefit the treated language alone or additionally result in 

cross-language generalization to the untreated language, while cross-language interfer

ence effects are less common. However, treatment effects in multilinguals with aphasia 

(MWA) have been less frequently investigated, and examining cross-language interactions 

during therapy may help to better understand their treatment response in each language. 

This study reports on P1, a trilingual person with severe aphasia with extensive damage to 

cortical language regions and the basal ganglia, who received sequential semantic-based 

treatment for anomia in her L3 French, L1 Spanish and L2 English. Overall, significant 

treatment gains in the treated language were restricted to her L3 French, the weakest 

language, while her treatment response was limited across languages likely due to severe 

language impairment and extensive damage to the language processing network. Cross- 

language generalization effects were absent and P1 showed cross-language interference 

in her L2 English during treatment in her L3 French. Cross-language intrusions were 

observed between languages, more frequently in her L2 English (the least available lan

guage in treatment) than in her L1 Spanish (the strongest language). The absence of cross- 

language generalization and presence of cross-language interference in P1 were likely due 

to damage in the basal ganglia and executive deficits reflecting damage to the language 

control network. Severe language processing and language control impairments can hinder 

the balance between activation and inhibition mechanisms necessary to support response 

to language treatment in MWA.
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1. Introduction

Aphasia is an acquired language disorder that results from 

damage to brain regions supporting the language processing 

system. Aphasia in multilingual speakers1 is a complex phe

nomenon given the simultaneous activation of languages in 

the multilingual brain (Colom�e, 2001; Costa et al., 2006), their 

patterns of interaction given their relative degrees of profi

ciency and dominance (van Hell & Tanner, 2012), and the 

control processes governing speech production in the appro

priate language according to context demands (Green & 
Abutalebi, 2013; Green, 1998). In consequence, the study of 

treatment-induced language recovery in multilingual persons 

with aphasia (MWA) requires a comprehensive approach 

examining factors inherently related to multilingualism and 

the integrity of brain regions supporting language processing 

and control to further our understanding of rehabilitation 

outcomes (Pe~naloza & Kiran, 2019). The present study sought 

to examine the effects of a semantic-based anomia treatment 

sequentially provided in French, Spanish and English, on the 

lexical retrieval abilities of a trilingual person with aphasia 

presenting with damage to brain regions involved in language 

processing and control.

In MWA, acquired brain injury may lead to different de

grees and patterns of impairment across their languages 

affecting a variety of language processing domains including 

lexical access. Moreover, recovery in MWA may not always be 

similar across languages (Pe~naloza & Kiran, 2019) and differ

ences in post-injury language processing abilities in their 

native (L1), second (L2) and other languages may further 

reflect differences in their premorbid achieved proficiency 

(Pe~naloza, Barrett, & Kiran, 2019). As anomia is a hallmark 

residual feature across all aphasic syndromes, most rehabili

tation research with MWA has focused on the recovery of 

lexical retrieval in one or more languages (see Ansaldo & Saidi, 

2014; Faroqi-Shah et al., 2010; Kohnert, 2009 for reviews and 

Goral et al., 2023; Lee & Faroqi-Shah, 2024 for meta- 

analyses). The existing evidence indicates that significant 

treatment gains can be generally expected in the treated 

language regardless of whether the treatment language is the 

L1 or a later acquired language (Faroqi-Shah et al., 2010; Goral 

et al., 2023; Lee & Faroqi-Shah, 2024). Additionally, cross- 

language generalization effects in the untreated language 

can also be observed in MWA although they are less frequent 

and often smaller than those observed in the treated language 

(Goral et al., 2023; Lee & Faroqi-Shah, 2024). Some studies have 

shown language specific gains with no cross-language 

generalization (Galvez & Hinckley, 2003; Meinzer et al., 2007; 

Miller Amberber, 2012) while others have demonstrated 

cross-language therapy gains although these benefits depend 

on multiple factors not well understood. Recent meta-analysis 

research has shown that cross-language generalization is 

modulated by the age of acquisition of the treatment language 

(Goral et al., 2023) while other factors including differences in 

proficiency across languages, language distance (Goral et al., 

2023) and treatment language (Goral et al., 2023; Lee & 
Faroqi-Shah, 2024) do not appear to significantly contribute 

to cross-language generalization effects in the untreated 

language. However, it is also recognized that multiple aspects 

of bilingualism and the bilingual language background of 

MWA contribute to their response to language therapy (Goral 

et al., 2023). Cross-language generalization effects have been 

reported for cognates from L1 (Spanish) to L2 (English) 

(Kohnert, 2004) and for languages with close structural dis

tance, from L3 (French) to L2 (English) but not to L1 (German) 

(Miertsch et al., 2009). Cross-language generalization has also 

been reported in MWA with comparable premorbid profi

ciency across languages, with L2 to L1 transfer effects from 

Frulian to Italian (Marangolo et al., 2009) and from English to 

French (Kiran & Roberts, 2010) as well as L1 to L2 transfer ef

fects from Spanish to English (Edmonds & Kiran, 2006; 

Pe~naloza et al., 2021). In turn, unbalanced MWA show more 

individual variability in the direction of cross-language 

generalization. Transfer effects have been reported from the 

premorbidly least proficient to the most proficient language 

including L2 to L1 generalization from English to Russian 

(Iakupova & Kiran; 2011) and from English to Spanish (Kiran 

et al., 2013), as well as from Spanish to English when both 

languages are acquired from birth (Edmonds & Kiran, 2006). 

Nonetheless, some MWA can show transfer effects from the 

premorbidly most proficient L1 (Spanish) to the least profi

cient L2 (English) (Kiran et al., 2013).

It is worth noting that cross-language interference effects 

have also been described in MWA as the absence of cross- 

language generalization (Kurland & Falcon, 2011), decreased 

post-therapy naming performance in the untreated language 

(Abutalebi et al., 2009), increased language mixing (Kurland & 
Falcon, 2011) and cross-language intrusions from the treated 

into the untreated language (Abutalebi et al., 2009; Keane & 
Kiran, 2015). Notably, interference effects can also affect 

grammatical accuracy in the untreated language at the sen

tence level (Goral et al., 2013). Altogether, these findings un

derscore the need of examining treatment effects following 

therapy in each language in MWA (Lee & Faroqi-Shah, 2024) 

while the direction in which generalization and interference 

effects occur in this population also deserves further research.

Importantly, positive treatment effects have been 

frequently observed in MWA after semantic-based treatments 

for anomia (Ansaldo & Saidi, 2014) leading to improvements in 

treated items, untreated semantically related items and their 

1 The term multilingual is used here to refer to individuals who 

speak two or more languages and use them regularly in their 

everyday lives (Grosjean, 2021). 
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corresponding untreated translations (Edmonds & Kiran, 

2006; Kiran et al., 2013; Kiran & Roberts, 2010; Pe~naloza et al., 

2021; Scimeca et al., 2023). Semantic-based interventions are 

assumed to stimulate the conceptual properties of treated 

words in the semantic system to increase their activation (and 

that of untreated words with shared semantic features) at 

post-semantic levels to facilitate their lexical retrieval (Quique 

et al., 2019). Following theoretical models of language pro

duction in multilinguals, the semantic system spreads 

simultaneous activation to the lexical nodes of the speakers' 
languages via connections of varying strengths reflecting their 

relative degrees of achieved proficiency (Kroll & Stewart, 

1994). Hence, treatment-induced spreading activation in the 

semantic network would result in increased activation of the 

lexical representations of treated words and their semanti

cally related neighbors in the treated language, as well as their 

translations in the other speaker's untreated languages facil

itating within and cross-language generalization (Kiran et al., 

2013).

However, spreading activation is not the only mechanism 

needed for functional lexical retrieval in multilingual 

speakers. Inhibitory control mechanisms are required to 

effectively manage language co-activation to access the 

intended lexical representation in the target language while 

suppressing the non-target language to prevent interference 

(Green, 1998). Inhibitory mechanisms have been proposed to 

prevent cross-language generalization in MWA as treatment- 

induced increased activation in the treated language may in

crease the suppression of the untreated language (Goral & 
Lerman, 2020). Moreover, increased suppression of the un

treated (often strongest) language to control its potential 

interference on the treated (often weakest) language during 

treatment may result in the lingering suppression of the un

treated language after treatment explaining cross-language 

interference effects (Goral & Lerman, 2020). Therefore, func

tional language control mechanisms may be required to 

regulate levels of activation and inhibition in each language in 

a balanced manner to support cross-language generalization 

treatment effects in MWA (Goral & Lerman, 2020; Keane & 
Kiran, 2015).

Language control in multilinguals relies on a cortico- 

subcortical network in which the basal ganglia support the 

control of the two languages while keeping track of the target 

language (Abutalebi & Green, 2007; Calabria et al., 2018). 

Absence of cross-language generalization and increased 

cross-language interference following language treatment 

have been reported in MWA with basal ganglia damage 

(Abutalebi et al., 2009; Keane & Kiran, 2015). These findings 

provide evidence for negative treatment effects in MWA as 

resulting from damage to brain regions involved in language 

control networks (Pe~naloza & Kiran, 2017).

Examining anomia treatment effects across the treated 

and the untreated languages in MWA is highly relevant as it 

can help us gain a better understanding of the extent to which 

cross-language generalization effects can be expected and the 

factors related to multilingualism and brain damage that may 

facilitate or hinder language treatment response. Crucially, 

single case experimental designs with treatment provided 

sequentially in each language spoken by MWA provide a 

unique opportunity to compare treatment effects across lan

guages targeted during therapy (Kurland & Falcon, 2011). Such 

comparisons can help to establish if there is an optimal lan

guage to target in treatment given a specific combination of 

relevant factors defining individual therapy outcomes. More

over, sequential treatment designs allow to better charac

terize any cross-linguistic interactions that may arise between 

the treated and the untreated languages and any language 

selection difficulties during lexical retrieval that may impact 

naming performance during therapy.

The present study used this approach to examine the ef

fects of a semantic-based anomia treatment provided 

sequentially in the three languages (i.e., French treatment 

phase, Spanish treatment phase and English treatment phase) 

of P1, a trilingual person with post-stroke aphasia. The 

comprehensive examination of P1's response to treatment can 

contribute to gaining a better understanding of anomia ther

apy response in MWA in different ways. First, rehabilitation 

research with MWA is limited, and studies providing 

sequential semantic treatment in all the spoken languages of 

MWA have rarely been conducted. Hence, this study can help 

to address current gaps in knowledge regarding how lexical 

retrieval deficits in MWA change in response to treatment in 

each language and how languages interact over the course of 

language-specific interventions. Second, the multilingual 

background, degree of language impairment and lesion char

acteristics of P1 offer a unique opportunity to address relevant 

open questions in multilingual aphasia rehabilitation. P1's 

linguistic background combines a profile of L2 and L3 acqui

sition during early adolescence, high exposure and use of all 

languages in early adult life leading to intermediate to high 

proficiency across languages, with a drastic drop of L3 expo

sure and use for several years in her later adult life prior to 

stroke. Notably, P1 presented severe impairment in all three 

languages after her stroke. P1's profile of language background 

and impairment facilitates the understanding of multilingual 

treatment outcomes in the context of (i) L1 and L2 deficits 

which mainly reflect the effects of neural injury to the lan

guage processing system (rather than low pre-stroke profi

ciency which can play a confounding role, Pe~naloza, Barrett, & 
Kiran, 2019) and (ii) L3 deficits which capture the effects of 

neural damage on a previously proficient yet attrited lan

guage. Finally, P1's brain injury to cortical perisylvian regions 

and the basal ganglia further allow to interpret her treatment 

response across languages in consideration of her damage to 

both the language processing and the language control 

networks.

Our first aim was to assess the effects of therapy provided 

in each language treatment phase including (i) primary 

treatment outcomes: direct treatment effects on treated items 

in the treated language (relative to control items) and cross- 

language generalization effects on their untreated trans

lations in the untreated languages (relative to control trans

lations) (ii) and secondary treatment outcomes: effects on 

standardized tests of lexical retrieval. Although we expected 

semantic therapy to lead to superior treatment gains in the 

treated relative to the untreated language regardless of the 

language targeted in each treatment phase (Goral et al., 2023; 

Lee & Faroqi-Shah, 2024), we also anticipated that treatment 
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effects might be attenuated by P1's aphasia severity across all 

languages. We also expected limited cross-language general

ization to untreated languages given the presence of basal 

ganglia damage (Abutalebi et al., 2009; Keane & Kiran, 2015). 

Our second aim was to determine whether therapy in each 

language would lead to overall superior gains across all target 

items (i.e., treated items and their untreated translations) 

relative to all non-target items (i.e., control items and control 

translations). Our third aim was to characterize P1's patterns 

of language selection for lexical retrieval during naming 

probes measuring the effects of each treatment phase (e.g.,: if 

accurate naming responses were restricted to English when P1 

was probed in English, or if her responses experienced in

trusions from the non-target languages French and Spanish 

when probed in English). We focused only on accurate naming 

responses to isolate any potential errors in language selection 

during lexical retrieval from incorrect responses reflecting 

other types of errors in lexical access. Cross-language in

trusions in lexical retrieval have been reported in MWA with 

basal ganglia lesions (Keane & Kiran, 2015) impairing the 

inhibitory control of non-target languages (Abutalebi & Green, 

2007). Hence, given the presence of basal ganglia damage and 

the intermediate-high linguistic competence of P1 in her three 

languages, we expected to observe cross-language intrusions 

in naming probes in all language treatment phases, possibly 

reflecting errors in language selection during word retrieval. 

Our final aim was to determine the presence of nonverbal 

executive dysfunction in P1. We expected to observe executive 

deficits as reported in MWA with basal ganglia damage pre

senting with cross-language interference effects in language 

therapy (Keane & Kiran, 2015).

In summary, our study departed from the assumption that 

MWA with neural damage restricted to the language process

ing network are likely to show positive treatment gains since 

semantic anomia therapy facilitates activation propagation 

within the language processing system across languages 

(Kiran et al., 2013). Moreover, cross-language generalization 

should be expected for languages with relatively close struc

tural distance (Miertsch et al., 2009) and comparable pre-stroke 

proficiency across languages (Edmonds & Kiran, 2006; Kiran & 
Roberts, 2010; Marangolo et al., 2009; Pe~naloza et al., 2021). In 

this scenario, treatment gains would be mainly constrained by 

the amount of neural damage to the language processing 

network reflected in the speaker's aphasia severity across 

languages. However, in MWA who present additional damage 

to the language control network such as P1, one would expect 

that any positive effects of semantic therapy would be largely 

outweighed by the detrimental effects of basal ganglia damage 

on the functionality of the language control network (Abutalebi 

et al., 2009; Keane & Kiran, 2015) leading to limited or no cross- 

language generalization. While this study is not suited to tease 

apart the facilitation effects from semantic therapy on the 

language processing network and the interference effects from 

damage to the language control network, it does seek to pro

vide insights about the interplay between these two mecha

nisms in the rehabilitation of anomia in MWA. This is highly 

relevant since language processing and control impairments 

often coexist after brain injury.

2. Methods

2.1. Participant

P1 was a right-handed female trilingual speaker of Spanish, 

English and French. She completed 16 years of formal edu

cation, obtaining a bachelor's degree in business. Prior to her 

stroke, she worked as a real estate agent. She experienced a 

left hemisphere stroke in 2013 at the age of 62 and she was 68 

years old (77 months post-stroke onset) at the time of study 

enrollment. She self-referred to our research laboratory to 

receive anomia therapy under a personalized protocol devel

oped for this study. She had corrected-to-normal vision and 

normal hearing and demonstrated sufficient ability to un

derstand study procedures. She did not present with severe 

psychiatric or neurological illness other than stroke. She 

provided her informed written consent to participate in this 

study following procedures approved by the Boston University 

Charles River Campus Institutional Review Board (reference 

number: 3309E/1927E).

2.2. Pre-stroke language background

P1 completed the Language Use Questionnaire (LUQ, 

Kastenbaum et al., 2019) which collected the following met

rics for each language separately. Age of Acquisition (AoA) was 

measured as the age of L2 and L3 learning onset. Family pro

ficiency represented P1's ratings on her mother, father and 

siblings' proficiency in each language. Educational history 

indicated the percentage of her use of each language across 

different educational levels. Daily use reflected the percent

age of time P1 and her conversation partners spent using 

each language during weekdays and weekends. Lifetime 

exposure indicated the average percentage of time that P1 

Table 1 — Multilingual background of P1 at pre and post stroke as assessed by the Language Use Questionnaire.

Age of 

Acquisition 

(years)

Family 

Proficiency 

(%)

Educational 

History (%)

Lifetime 

Exposure 

(%)

Lifetime 

Confidence 

(%)

Daily 

Language 

Use (%)

Language 

Ability Rating 

(5 max)

L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3

Pre-stroke 0 15 15 100 8.33 0 81.33 9.33 9.33 50 29 21 100 35 45 41 59 0 5 5 3

Post-stroke 43 57 0 3.25 3 1.25

L1 = Spanish; L2 = English; L3 = French. Age of Acquisition, Family Proficiency and Educational History are general metrics of language 

background that require only one assessment. Lifetime Exposure and Lifetime Confidence are evaluated over the entire lifetime spanning the 

age at stroke onset. Daily Use and Language Ability Rating are evaluated before and after stroke. Language ability rating was measured on a 5- 

point scale (1 = non-fluent; 5 = native fluent).
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heard, spoke, and read each language over her lifetime. 

Lifetime confidence reflected her percentage of confidence in 

hearing, speaking, and reading each language over her life

time. Finally, Language ability rating represented her self- 

rated level of proficiency in each language averaging her 

ability to speak, listen, read, write and her overall fluency. 

Table 1 summarizes P1's pre- and post-stroke trilingual lan

guage background on the LUQ.

P1 was born in Venezuela to monolingual Spanish parents. 

While living in Venezuela, she remained a Spanish monolingual 

speaker until age 15, completing elementary and high school 

education in this language. She first received English and later 

French instruction (a few classroom hours per week) between 

the ages of 15 and 18 but she did not use these languages outside 

of school. She moved to Quebec, Canada at the age of 21, 

attended college with instruction in English between the ages of 

21 and 25, and used both English and Spanish when speaking to 

peers, while also being highly exposed to French in the com

munity. During her college years, she received predominant 

exposure to French, followed by English and Spanish, while she 

stayed fully confident in Spanish and less confident in French 

and English. After completing her studies, she lived and worked 

in Quebec until the age of 37. During this time, she reported more 

use of, exposure to, and confidence in French relative to English, 

while Spanish was used only to speak with family and friends. 

After living in Canada for 16 years, she moved to the US, where 

she predominantly used and was exposed to English more than 

Spanish and French. However, she still used French to help her 

daughter with homework as she attended a trilingual school. 

Thus, between the ages of 37 and 50, her language exposure, use 

and confidence in English became largely superior relative to 

French. At the age of 50 her French was fully dropped since her 

daughter graduated school. Hence, between the ages 50 and 62 

(time of stroke onset) English became more dominant in expo

sure, use and confidence relative to Spanish, and her confidence 

and ability in French decreased. Prior to her stroke, she would 

use English for work-related and leisure activities, both English 

and Spanish at work and with her daughter, and Spanish only to 

talk to relatives in Venezuela. Her pre-stroke self-rated profi

ciency indicated native fluency for Spanish and English, 

whereas her proficiency for French reflected the ability to 

comprehend the language and communicate primarily in con

crete sentences with correct but simplified grammar. As per the 

LUQ, Spanish was defined as P1's native, first-acquired language 

(L1), English as her second-acquired language (L2) and French as 

her third-acquired language (L3). Spanish and English showed 

similar high dominance, superior to French prior to her stroke.

2.3. Post-stroke language background

P1's stroke prevented her return to work, which impacted her 

language use patterns. Between the ages of 62 (stroke onset) 

and 68 (study enrollment), her exposure to and use of Spanish 

became predominant relative to English, and she stayed more 

confident in English relative to French. Her daily language use 

was reduced to mainly interactions in both English and 

Spanish with her family at home, leisure activities in both 

languages and reading mainly in English. Her self-rated post- 

stroke proficiency for Spanish and English indicated ability to 

comprehend both languages and use them to communicate 

primarily in simple sentences, while her overall ability in 

French reflected non-fluent levels.

2.4. Clinical background

As per medical records, P1 experienced a stroke in 2013. Her 

clinical MRI scans revealed an acute left middle cerebral artery 

stroke with multiple infarcts. Her structural brain images 

were further reviewed by an experienced neurologist who 

determined the stroke affected the left frontal, posterior pa

rietal and temporal lobes including the anterior temporal 

areas, in addition to left subcortical regions including the 

external capsule and the basal ganglia (Fig. 1). At hospital 

discharge, she presented with receptive and expressive 

Fig. 1 — Lesion location. Axial CT (A) and sagittal MRI (B) brain scans showing P1's extensive brain lesion in the left 

hemisphere including frontal, temporal and posterior parietal regions, as well as the external capsule and the basal ganglia. 

The CT scan is shown on radiological convention (left hemisphere is displayed on the right).
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aphasia and right hemiparesis. She received physical, occu

pational and speech and language therapy (once per week for 

four years). At study enrollment, she reported persistent dif

ficulty with verbal expression, repetition and word finding, 

while her comprehension abilities in hearing and reading 

were more spared.

2.5. Baseline language and executive function 

assessments

P1 underwent language assessments in her L1, L2 and L3 sepa

rately. We used the Western Aphasia Battery—Revised (WAB-R) 

in English (Kertesz, 2006), Spanish (Kertesz et al., 1990) and a 

French translated version to evaluate the presence and severity 

of aphasia in each language. We also used the English, Spanish 

and Quebec-French versions of the Bilingual Aphasia Test 

(Paradis & Libben, 1987) to evaluate her comprehension and 

production abilities in each language (BAT-B) and translation 

abilities across languages (BAT-C). Two subtests of the Psycho

linguistic Assessment of Language Processing in Aphasia 

(PALPA) in English (Kay et al., 1992), Spanish (EPLA; Valle & 
Cuetos, 1995) (i.e., PALPA 47/EPLA 45 and PALPA 48/EPLA 46) 

and a French translated version were employed to assess her 

lexical-semantic processing abilities, while the three-picture 

version of the Pyramids and Palm Trees (PAPT; Howard & 
Patterson, 1992) was used to assess her nonverbal semantic 

knowledge. Her lexical access was assessed in her three lan

guages using a 60-item naming screener (Pe~naloza, Grasemann, 

Dekhtyar, Miikkulainen, & Kiran, 2019) consisting of concrete, 

high frequency items, the Boston Naming Test (BNT) in English 

(Kaplan et al., 2001), Spanish (Kohnert et al., 1998) and French 

(Roberts & Doucet, 2011), and verbal fluency tasks including 

semantic fluency (animals, food, clothing) and phonemic 

fluency (Spanish: letters P, M, R; English: letters F, A, S; French: 

letters P, F, L) (Benton & Hamsher, 1976; Pe~na-Casanova et al., 

2009; St-Hilaire et al., 2016). The French versions of the WAB-R 

and PALPA in English reported here were carefully translated 

in our laboratory by a native French speech and language 

pathologist (A.B.) and reviewed by a second native French 

speaker with a B.A. degree in English. Additionally, we used the 

Raven's Colored Progressive Matrices (RCPM) of the WAB-R 

(Kertesz, 2006) to evaluate her nonverbal executive function 

abilities (Gilmore et al., 2019). Table 2 summarizes P1's baseline 

clinical aphasia profile, severity and overall language and ex

ecutive function performance.

All baseline assessments were conducted in person in 2-h 

sessions by highly proficient Spanish-English (C.P. and M.J.M.) 

and French-English (A.B.) bilingual researchers trained to com

plete the clinical assessment and treatment protocols of this 

study. All tests were administered on alternating English-only, 

Spanish-only and French-only sessions to avoid interference 

between languages.

2.6. Selection of treatment stimuli

We used the Item Selection Naming Test (ISNT), a compre

hensive picture naming screener including 273 items 

(excluding cognates) across 13 semantic categories with vali

dated semantic features for treatment (Pe~naloza et al., 2020). 

The ISNT was administered in each language separately to 

identify 30 unique picture exemplars that the patient failed to 

name in her three languages. Of these, 15 were selected as 

treated items and 15 as control items (for a total of 45 treated 

items and 45 control items across all three languages).

The first set of stimuli (target items) included 15 treated items 

(e.g.,: English: “coat”) and their corresponding 15 untreated 

translations (e.g.,: Spanish: “abrigo”; French: “manteau”). Target 

items allowed to assess direct treatment effects on the treated 

language and indirect treatment effects on the untreated lan

guage (e.g.: cross-language generalization). The second set of 

stimuli (non-target items) included 15 control items divided into 

10 monitored items and 5 unmonitored items (e.g.: English: 

“fox”) and their control translations (e.g.,: Spanish: “zorro”; French: 

“renard”). Non-target items allowed to examine change on un

treated items that were semantically unrelated to the treated 

items. The 15 treated items and 15 control items in each lan

guage rotated during each treatment phase targeting one of P1's 

languages. For instance, given the example above for the English 

treatment phase, “abrigo” was the treated item in the Spanish 

treatment phase (“coat” and “manteau” were the untreated 

translations in English and French respectively) and “zorro” was 

the control item (“fox” and “renard” were the control trans

lations in English and French respectively).

All treated and control items had 1 to 3 syllables and were 

comparable in their lexical frequency per million (CLEAR

POND database, Marian et al., 2012) across languages (mean 

rank for treated items in English = 24.07; Spanish = 21.67; 

French = 23.27, H(2)=.260, p=.878; mean rank for control items 

in English = 22.20; Spanish = 24.60; French = 22.20, H(2)=.334, 

p=.846) (see the Appendix for the full list of all target and non- 

target items across the three languages).

2.7. Primary outcome measures

Naming probe scores constituted the primary outcome mea

sures to evaluate the effects of each language treatment 

phase. Naming probes including treated items, control items, 

untreated translations and control translations were admin

istered before, during and after treatment to evaluate the ef

fects of each language treatment phase on all treated and 

untreated items across languages. Three baseline naming 

probes (per language) were conducted across three different 

sessions (9 naming probes in total) prior to treatment in each 

language to establish stability in naming performance (≤30% 

variability). Twelve treatment naming probes (per language) 

were administered to measure change in naming perfor

mance over the course of therapy, one at the beginning of 

every second session of a week of treatment (36 treatment 

naming probes in total). Three post-treatment naming probes 

(per language) were completed after treatment on three 

different sessions to assess treatment outcomes in the treated 

and untreated languages (6 post-treatment naming probes in 

total).2 Post-treatment naming probes also served as baseline 

naming probes prior to each following language treatment 

phase. Baseline and post-treatment naming probes included 

2 Post-treatment naming probes were not completed after 

treatment in English since P1 presented with health difficulties 

that did not allow her to continue with additional testing at the 

end of this study. 
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Table 2 — Baseline performance of P1 on language and cognitive tests conducted in Spanish, English and French.

Language/cognitive assessment Max. score Spanish (L1) English (L2) French (L3)

Western Aphasia Battery (WAB-R)

Spontaneous speech 20 9 7 7

Auditory verbal comprehension

Yes-No questions 60 51 48 42

Auditory word comprehension 60 33 32 20

Sequential commands 80 35 37 28

Repetition 100 71 69 61

Naming

Object naming 60 17 25 7

Word fluency 20 0 1 1

Sentence completion 10 0 1 0

Responsive speech 10 0 2 0

Aphasia Quotient (WAB-AQ) 100 44.1 45.5 36.8

Aphasia syndrome Broca's Broca's Broca's
Raven's colored progressive matrices (RCPM) (executive functions)a 36 13 NA NA

Bilingual Aphasia Test (BAT) — part B

Pointing 10 10 10 10

Semi-complex commands 10 6 4 4

Complex commands 20 0 1 0

Verbal auditory discrimination 18 12 11 0

Syntactic comprehension 87 47 42 30

Semantic categories 5 1 3 1

Synonyms 5 2 1 1

Antonyms 5 0 0 1

Antonyms II 5 1 3 1

Grammaticality judgments 10 3 4 2

Semantic acceptability 10 7 6 3

Word repetition (repetition only) 30 20 22 25

Word repetition (judgement of nonwords) 30 23 27 17

Sentence repetition 7 6 3 2

Series 3 0 0 0

Verbal fluency (total) U 1 0 0

Naming 20 5 4 2

Sentence construction 5 0 0 0

Semantic opposites 10 1 0 2

Derivational morphology 10 0 0 0

Morphological opposites 10 1 3 0

Description 3 1 1 1

Mental arithmetic 15 0 0 0

Listening comprehension 5 1 2 0

Reading (words) 10 5 2 1

Reading (sentences) 10 0 0 0

Reading text (comprehension) 6 0 0 0

Copying words 5 MD 4 3

Dictation (words) 5 MD 0 0

Dictation (sentences) 5 MD 0 0

Reading comprehension for words 10 8 8 6

Reading comprehension for sentences 10 7 7 3

Bilingual Aphasia Test (BAT) — part C

Word recognitionb 5 4 (S—E) 5 (E—S) 5 (F—S)

5 4 (S—F) 4 (E-F) 5 (F-E)

Translation of wordsb 10 0 (S—E) 0 (E—S) 0 (F—S)

10 0 (S—F) 1 (E-F) 0 (F-E)

Translation of sentencesb 18 0 (S—E) 2 (E—S) 1 (F—S)

18 0 (S—F) 0 (E-F) 0 (F-E)

Grammaticality judgements 16 5 2 5

Psycholinguistic Assessment of Language Processing in Aphasia (PALPA)

Spoken word-picture matching (PALPA 47) 40 32 33 34

Written word-picture matching (PALPA 48) 40 31 30 24

Other language tests

Pyramids and Palm Trees test (PAPT) (3-picture version)a 52 40 NA NA

60-Item naming screener 60 3 2 0

Boston Naming test 60 5 6 2

(continued on next page) 
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all treated and both monitored and unmonitored control 

items (30 items per language), whereas treatment naming 

probes included all treated items and monitored control items 

only (25 items per language).3 For consistency in the statistical 

analyses, this study only considered the monitored control 

items and monitored control translations as they were 

assessed systematically in all naming probes in each language 

treatment phase. Hence, monitored items are referred to as 

“control items” and “control translations” hereafter.

Each naming probe presented the corresponding item 

pictures in pseudo-randomized order avoiding the sequential 

presentation of items of the same semantic category to 

minimize item-to- item carry-over effects. Naming probes 

were administered using a language-blocked design such that 

all items were tested in one language first and tested again in 

the other two languages separately. Also, each language was 

tested by a different examiner for consistency of language use 

during naming assessment. To facilitate the transition be

tween languages across naming probes, P1 was briefly pre- 

exposed to the target language using educational or news 

videos which were discussed with the examiner using the 

target language only (e.g.,: English naming probe 1 was fol

lowed by video and conversation in Spanish prior to Spanish 

naming probe 1). Language order for naming probes was 

counterbalanced across sessions.

As regards the scoring system, naming probes credited 1 

point for each clear and intelligible naming response, allowing 

for acceptable dialectal variations, self-corrected responses 

and a deviation of a phoneme in an otherwise correct 

response. We used two scoring methods: (i) a language-depen

dent scoring method which required naming responses to be 

produced in the target language being tested (e.g.,: correct 

responses retrieved in French on French naming probes) and 

(ii) a language-independent scoring method, which computed a 

naming response as accurate regardless of language selection 

for retrieval (e.g.,: correct responses retrieved in either French, 

English, or Spanish on French naming probes).

2.8. Secondary outcome measures

Secondary outcome measures involved tests of lexical access 

in all three languages including the Boston Naming Test 

(Kaplan et al., 2001; Kohnert et al., 1998) and semantic and 

phonemic verbal fluency tests (Benton & Hamsher, 1976; 

Pe~na-Casanova et al., 2009; St-Hilaire et al., 2016) to deter

mine whether P1 would show transfer effects to items not 

targeted during therapy. These tests were completed after 

each language treatment phase, except for the final English 

treatment phase due to unexpected health difficulties in P1. 

All tests were administered separately for each language on 

alternating single-language sessions to avoid cross-language 

interference (Table 3).

2.9. Multilingual anomia treatment

Fig. 2 provides a schematic summary of the assessment and 

treatment procedures involved in this study. P1 received a 

semantic feature-based treatment with demonstrated effec

tiveness for anomia in bilinguals with aphasia (Kiran et al., 

2013; Pe~naloza et al., 2021). The same treatment was pro

vided sequentially in each of P1's languages across three 

treatment phases: French treatment phase, Spanish treat

ment phase and English treatment phase. The order of lan

guages targeted in treatment followed previous evidence 

reporting cross-language generalization effects from the pre

morbidly least to most proficient language in MWA (Edmonds 

& Kiran, 2006; Kiran et al., 2013). In this study, we targeted 

French (L3) first since it was weaker in premorbid proficiency 

and use relative to the other languages. Spanish (L1) was tar

geted next since despite comparable premorbid proficiency (i. 

Table 2 — (continued ) 

Language/cognitive assessment Max. score Spanish (L1) English (L2) French (L3)

Semantic verbal fluency

Food U 4 0 0

Clothing U 2 0 0

Animals U 2 0 0

Phonemic verbal fluency

Letter P (French); Letter P (Spanish); Letter F (English) U 1 0 1

Letter F (French); Letter M (Spanish); Letter A (English) U 0 0 0

Letter L (French); Letter R (Spanish); Letter S (English) U 0 0 0

Baseline naming probes c

French Treatment phase (treated items and translations) 100% 6%d 11%d 0%e

French Treatment phase (control items and translations) 100% 10%f 13%f 0%g

a Nonverbal tests administered only in L1 (Spanish).
b Translation tests from French to Spanish (F—S); French to English (F-E); Spanish to English (S—E); Spanish to French (S—F); English to Spanish 

(E—S) and English to French (E-F).
c Baselines are reported only for the French treatment phase since this was the first language targeted in the intervention. Each baseline 

naming probe included 25 items (15 treated items, 10 control items) in French and their untreated translations in Spanish and English (% 

accuracy across three baseline naming probes is provided).
d Untreated translations.
e Treated items.
f Control translations.
g Control items. MD = Missing data not recorded during administration; NA = Not administered; U = Unlimited.

3 Unmonitored control items were probed only at baseline and 

after treatment to have a control item set with reduced multiple- 

testing effects available in case this was necessary for statistical 

analyses involving control items. 
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e., LUQ language ability rating) relative to English (L2), Spanish 

showed lower premorbid language use (Table 1).

Each 2-h treatment session presented a maximum of 15 

treated items in the targeted language in a randomized order 

across treatment sessions. A trained clinician guided P1 

through 6 treatment steps which emphasized the semantic 

feature attributes of each treated item. Briefly, treatment 

steps included (i) naming a visual exemplar of the treated item, 

(ii) feature classification involving two components: feature se

lection: deciding whether each one of 15 semantic features 

applied or not to the treated item, and feature assignment: 

classifying the item selected features as describing the item's 

function, characteristics, physical attributes, location or su

perordinate category, (iii) association: thinking of something 

else that was associated with the treated item, (iv) yes/no 

questions: deciding whether or not each of 15 semantic fea

tures matched that particular item, (v) naming the same visual 

exemplar of the treated item and (vi) sentence production: 

creating a short sentence with the treated word. Each 

completed step was followed by feedback (i.e., correct 

response) provided by the clinician.

The French and English treatment phases followed a 

planned schedule of 24 treatment sessions (twice per week), 

for a total of 48 h of treatment across 12 weeks. The Spanish 

treatment phase with a similar planned schedule, was 

interrupted for 2 months as P1 presented with acute illness 

after 18 treatment sessions. Once recovered, she completed 

3 baseline probes to determine stability in naming perfor

mance and received the last 6 treatment sessions to com

plete her treatment schedule. Overall, P1 received a total of 

144 h/36 weeks of treatment across the entire course of the 

intervention, completing 12 treatment naming probes dur

ing each treatment. The full intervention was delivered at 

home via videoconference since P1 could not attend in- 

person sessions due to geographic constraints, stroke- 

related difficulties, and restrictions placed during the 

beginning of the COVID-19 pandemic. Videoconference 

treatment followed a well-established protocol with evi

dence for high reliability and equivalence of treatment gains 

relative to in-person therapy in bilinguals with aphasia 

(Pe~naloza et al., 2021).

Table 3 — P1's pre- and post-treatment raw scores on lexical retrieval tests in French, Spanish and English and change scores 

for French and Spanish treatment.

Language Test Pre-Treatment 

(French)

Post-Treatment 

(French)a
Change from pre to post- 

treatment (French)

Post-Treatment 

(Spanish)

Change from pre to post- 

treatment (Spanish)

Boston Naming 

test (French)

2 4 þ 2 3 − 1

Boston Naming 

test (Spanish)

5 7 þ 2 2 − 5

Boston Naming 

test (English)

6 4 − 2 2 − 2

Semantic fluency (French)

Food 0 0 = 0 0 = 0

Clothing 0 0 = 0 0 = 0

Animals 0 1 þ 1 0 − 1

Semantic fluency (Spanish)

Food 4 NA NA NA NA

Clothing 2 NA NA NA NA

Animals 2 0 − 2 0 = 0

Semantic fluency (English)

Food 0 NA NA NA NA

Clothing 0 NA NA NA NA

Animals 0 0 = 0 0 = 0

Phonemic fluency (French)

Letter P 1 2 þ 1 2 = 2

Letter F 0 0 = 0 0 = 0

Letter L 0 1 þ 1 0 − 1

Phonemic fluency (Spanish)

Letter P 1 1 = 1 3 þ 2

Letter M 0 1 þ 1 0 − 1

Letter R 0 1 þ 1 0 − 1

Phonemic fluency (English)

Letter F 0 0 = 0 0 = 0

Letter A 0 0 = 0 0 = 0

Letter S 0 0 = 0 0 = 0

Summary of raw scores for pre and post-treatment standardized measures of lexical retrieval in each language, and change scores to measure 

treatment effects on all three languages after the French and Spanish treatment phases (assessments after the English treatment phase were 

not conducted since P1 presented with health difficulties that precluded additional testing).
a Test scores following the French treatment phase served as pre-treatment scores to compute change scores following the Spanish treatment 

phase. Change scores indicate improvement (+), decreased (− ) or equal (=) performance relative to the previous assessment. Post-treatment 

gains are marked in bold. NA = Not assessed.
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2.10. Statistical analyses

All statistical analyses were conducted using the R Statistical 

Software (R Core Team, 2021) unless reported otherwise. To 

address our first aim seeking to establish treatment effec

tiveness we constructed nine generalized linear mixed effects 

models (GLMMs) using the ‘lme4’ package (Bates et al., 2015) 

with a logistic link function examining the effect of treatment 

in each language (i.e., the direct effect of French, Spanish, and 

English treatment on treated items in the treated language 

and cross-language generalization effects on the untreated 

translations in each untreated language, respectively). The 

dependent variable was binary representing naming accuracy 

(language-dependent scoring method) examined across 

baseline, treatment, and post-treatment naming probes for 

each of the three languages separately. For the first three 

GLMMs evaluating the direct treatment effects of each lan

guage treatment phase, the dependent variable was naming 

accuracy on the 15 treated items and the 10 control items in 

the treated language. The categorical fixed effect Set, repre

sented the status of the item (treated/control). For the next six 

GLMMs evaluating cross-language generalization effects, the 

dependent variable was naming accuracy on the 15 untreated 

translations and the 10 control translations in each of the 

untreated languages. The categorical fixed effect Set, repre

sented the status of the item (untreated translation/control 

translation). In all GLMMs, Time, denoting the sequential 

administration of naming probes during treatment (i.e., 18 

baseline, treatment, and post-treatment naming probes 

collected in the French and Spanish treatment phases sepa

rately, and 15 baseline and treatment naming probes collected 

in the English treatment phase, for a total of 51 naming 

probes), was a fixed effect. Further, the two-way interaction 

between Time and Set was included to examine the effect of 

treatment on treated items over the course of each language 

treatment. Finally, a random intercept for item was included 

in the model. Additionally, as done previously (Pe~naloza et al., 

2021), treatment effects on secondary outcome measures of 

lexical retrieval were assessed by computing change scores 

(post-treatment score — pre-treatment score) for the BNT and 

verbal fluency tasks in each language following each language 

treatment phase.

To address aim 2 seeking to examine the broad effects of 

treatment provided in each language separately we imple

mented three GLMMs which were specifically tailored to 

model the French, Spanish, and English treatment phases, 

respectively. The dependent variable was binary representing 

naming accuracy (language-dependent scoring method) on 

the target items (15 treated items and their 30 untreated 

translations) and the non-target items (10 control items and 

their 20 control translations) in all three languages (French, 

Spanish, and English) examined across baseline, treatment, 

and post-treatment naming probes. Similar to the analyses 

addressing aim 1, two fixed effects were factored into the 

models: the categorical fixed effect Set, representing the sta

tus of the item (target/non-target), and a continuous fixed 

effect represented by Time. Each model included each fixed 

effect, the two-way interaction between them as well as a 

random intercept for items.

To address aim 3, regarding language selection for word 

retrieval relative to probe language during each treatment 

phase, we again implemented three separate GLMMs 

Fig. 2 — Summary of assessment and treatment procedures. P1 received anomia treatment delivered sequentially in her 

three languages (French treatment phase, Spanish treatment phase and English treatment phase). P1 completed 3 baseline, 

12 treatment and 3 post-treatment naming probes (primary treatment outcomes) per language (colored dots: red ¼ French, 

blue ¼ Spanish, green ¼ English). Post-treatment naming probes after French and Spanish treatment also served as 

baseline naming probes for the next treatment phase. P1 also completed baseline diagnostic assessments for language 

(Lang) and executive functions (EF), as well as verbal fluency tasks (VF) and the Boston Naming Test (BNT) (secondary 

outcome measures) after each treatment phase. Note that testing was discontinued after the final treatment phase due to 

acute health difficulties.
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modeling the French, Spanish, and English treatment phases, 

respectively. The dependent variable was binary, representing 

naming accuracy (language-independent scoring method) on 

both target items (treated items and their untreated trans

lations) and non-target items (control items and their control 

translations) in the three languages examined. Three fixed 

effects were factored into the models. Each model included a 

three-level categorical fixed effect, Probe Language, denoting 

the language in which the naming probe was administered. 

This variable was sum-coded (recoded into two variables, 

each with levels − 1, 0, and 1) enabling us to capture and 

compare the effects of each probed language against the 

grand mean (the average response across all probed lan

guages). All models also included a three-level categorical 

fixed effect, Retrieval Language, representing the language 

used to retrieve an item on a naming probe, also sum-coded in 

the same manner as Probe Language. Lastly, models also 

included a continuous fixed effect represented by Time, 

denoting the numbered sequence of naming probes collected 

throughout each language treatment phase. The models 

included each fixed effect and all possible two- and three-way 

interactions between fixed effects, as well as a random 

intercept for the items.

After constructing the GLMMs, post-hoc pairwise contrasts 

were conducted using the “emmeans” package in R (Lenth 

et al., 2023) to calculate a given model's estimated marginal 

means and trends. These values drawn from the fitted model, 

represent the average response for each factor level while 

adjusting for the presence of other variables in the model. We 

performed pairwise comparisons using Tukey's method to 

adjust the p-values and correct for family-wise error rate. 

Lastly, we used the DHARMa package (Hartig & Lukas, 2022) to 

carry out residual diagnostics to assess the goodness-of-fit of 

our models. All GLMMs referenced yielded non-significant 

results across dispersion, outlier, and Kolmogorov—Smirnov 

diagnostic tests, suggesting good model fit. All GLMMs are 

summarized in Supplementary Tables 1—15 as per best- 

practice reporting guidelines (Meteyard & Davies, 2020).

Finally, to address aim 4, we conducted a case—control 

comparison to analyze the performance of P1 on the RCPM 

(Kertesz, 2006) using the SingleBayes_Es.exe software 

(Crawford & Garthwaite, 2007). This method, widely used in 

neuropsychology research, allowed us to employ a Bayesian 

approach to compare P1's RCPM score with the scores ob

tained by a control sample consisting of 19 healthy controls 

reported elsewhere (Kertesz & McCabe, 1975).

3. Results

3.1. Effectiveness of each language treatment phase as 

measured by primary and secondary treatment outcomes

We first evaluated the direct effects of each language treat

ment phase on the treated items relative to the control items 

in the treated language (Supplementary Tables 1—3). The first 

model evaluating the effects of the French treatment phase 

revealed significant main effects of Time (β = .096, SE = .024, 

95% CI [.049, .143], z = 4.000, p < .001) and Set (β = − 3.713, 

SE = 1.755, 95% CI [− 7.152, − .273], z = − 2.115, p = .034) on 

naming accuracy, indicating that both treated (β = .095, 

SE = .023) and control (β = .054, SE = .108) items improved over 

time, and that treated items were named with higher accuracy 

than control items (Fig. 3). However, the Time × Set interac

tion was not significant (p = .710), suggesting these relation

ships did not vary over the course of treatment. The model 

assessing the effects of the Spanish treatment phase revealed 

no significant effects (all p values ≥ .369), except for the effect 

Fig. 3 — Progression of naming accuracy during the French treatment phase. Naming accuracy (language-dependent scoring 

method) trends for P1 across naming probes over the course of treatment (Time) during the French treatment phase 

contrasting treated items (red line) versus control items (blue line). 95% confidence intervals are shown as shaded regions 

around lines. Significant main effects of Time and Set demonstrated improvements on both types of items over the course 

of treatment in French, with higher accuracy noted for treated versus control items.
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of Set approaching statistical significance (β = − 2.018, 

SE = 1.042, 95% CI [− 4.061, .025], z = − 1.936, p = .053). Similarly, 

the model assessing direct treatment effects during the En

glish treatment phase yielded no significant effects (all p 

values ≥ .437). Hence, only the French treatment phase led to 

significant general improvements in naming accuracy, while 

the Spanish and English treatment phases showed no signif

icant treatment effects.

We also assessed cross-language generalization effects of 

each language treatment phase on each one of the untreated 

languages (Supplementary Tables 4—9). In models evaluating 

the cross-language generalization effects of the French treat

ment phase, a significant Time × Set interaction was observed 

for English (β = − .137, SE = .058, 95% CI [− .25, − .023], z = − 2.361, 

p = .018). Post-hoc contrasts of estimated marginal trends 

revealed a significant contrast (p = .018) between the slopes of 

untreated translations (β = .000) and control translations 

(β = − .137). This suggests that as the treatment progressed, 

naming accuracy did not change for the English untreated 

translations of the French treated items and decreased for the 

English control translations of French control items (Fig. 4). All 

other cross-language generalization effects for Spanish and 

English were non-significant (p values ≥ .199).

Importantly, we found no significant Time × Set in

teractions reflecting cross-language generalization effects 

during the Spanish and English treatment phases. In the 

models assessing the cross-language generalization effects of 

the Spanish treatment phase, we only found a significant 

main effect of Set for English (β = − 2.244, SE = 1.076, 95% CI 

[− 4.353, − .136], z = − 2.086, p = .037), indicating that overall, 

the English untreated translations were named with higher 

accuracy than the English control translations. All other 

effects for French and English were non-significant (p 

values ≥ .204). Similarly, in the English treatment models, only 

the main effect of Set for French approached significance 

(β = − 4.684, SE = 2.709, 95% CI [− 9.994, .625], z = − 1.729, 

p = .084). All other effects for cross-language generalization 

following French and Spanish treatment were non-significant 

(p values ≥ .240). In summary, while no cross-language 

treatment benefits were detected in P1 in any of the lan

guage treatment phases, the improvement in French treated 

items during the French treatment phase was accompanied 

by cross-language interference effects as reflected by a decline 

in naming accuracy for the English control translations.

As regards to secondary treatment outcomes (Table 3), the 

French treatment phase resulted in minimal but positive score 

changes on the BNT and verbal fluency tasks for French and 

Spanish (except for decreased semantic fluency in Spanish). 

No change was observed on verbal fluency in English, 

although BNT performance decreased in this language 

following treatment in French. In turn, the Spanish treatment 

phase was followed by decreased BNT scores across all lan

guages, with no change or minimally decreased verbal fluency 

in French and English.

3.2. General effects of each treatment phase on all three 

languages

Three GLMMs were conducted to assess the effects of each 

treatment phase (Time) on all three languages, contrasting 

naming accuracy for all target items (treated items and un

treated translations) versus all non-target items (control items 

and control translations) (Set) (See Supplementary Tables 

10—12).

Fig. 4 — Cross-language treatment effects on English untreated translations following the French treatment phase. The 

significant Time £ Set interaction on naming accuracy (language-dependent scoring method) for English translations 

during the French treatment phase is shown, contrasting untreated translation items (red line) versus control translation 

items (blue line). 95% confidence intervals are shown as shaded regions around lines. Naming accuracy remained 

unchanged for English untreated translations of French treated items (absence of cross-language generalization), while it 

decreased for English control translations (cross-language interference).
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The first model evaluating the effects of treatment pro

vided in French, revealed a statistically significant effect of 

Time on naming accuracy (β = .069, SE = .027, 95% CI [.016, 

.121], z = 2.573, p = .010) as treatment progressed. Although no 

initial significant effect of Set on naming accuracy was found 

(β = 1.049, SE = .661, 95% CI [− .248, 2.345], z = 1.586, p = .113), a 

significant Time × Set interaction emerged (β = − .245, 

SE = .067, 95% CI [− .375, − .115], z = − 3.683, p < .001), indicating 

differential effects on naming accuracy for target versus non- 

target items over the course of treatment. Post-hoc contrasts 

of estimated marginal trends revealed a significant contrast 

(p = .0002) between the slopes of target (β = .069) and non- 

target items (β = − .176) suggesting that as the treatment 

progressed, naming accuracy improved for target items but 

decreased for non-target items (Fig. 5).

Contrastingly, the second model assessing the effects of 

treatment provided in Spanish indicated no significant effects 

of Time on naming accuracy (β = − .020, SE = .022, 95% CI: 

− .063, .024, z = − .894, p = .372). We found a significant effect of 

Set on naming accuracy (β = − 2.100, SE = .767, 95% CI: − 3.603, 

− .597, z = − 2.738, p = .006), suggesting superior naming per

formance for target versus non-target items. However, there 

was no significant Time × Set interaction (β = .055, SE = .055, 

95% CI: − .053, .162, z = .995, p = .320).

The third model evaluating the effects of the English 

treatment phase demonstrated no significant effects of Time 

(β = .049, SE = .033, 95% CI [− .016, .115], z = 1.460, p = .144) or 

Set (β = − 1.851, SE = .973, 95% CI [− 3.759, .056], z = − 1.902, 

p = .057) on naming accuracy. The Time × Set interaction also 

proved non-significant (β = .057, SE = .066, 95% CI [− .072, .188], 

z = .870, p = .385). In summary, only the French treatment 

phase resulted in a significant overall improvement on 

naming accuracy across all three languages over time, with 

naming improvement for target items and decreased naming 

performance for non-target items.

3.3. Language selection for lexical retrieval during 

treatment provided in each language and across all three 

treatment phases

We further evaluated P1's language selection for lexical 

retrieval across all treatment phases. For each treatment 

phase, we evaluated (i) whether the targeted language in 

treatment was the most frequently selected language for 

lexical retrieval (Retrieval language) leading to superior 

naming accuracy regardless of the language being tested 

(Probe language) (main effect of Retrieval language) and (ii) 

whether this pattern of language selection changed over the 

course of treatment (interaction Time x Retrieval language). 

We also assessed (iii) the extent to which P1's language se

lection for lexical retrieval (Retrieval language) led to superior 

naming accuracy in the target language in which she was 

probed (Probe language) (e.g.,: being able to accurately retrieve 

items in the target language under assessment) relative to 

other non-target languages (e.g.,: being able to retrieve items 

in the non-target language reflecting cross-language in

trusions into the language being probed) (interaction Probe 

language x Retrieval language) and (iv) whether the pattern of 

language selection leading to accurate retrieval in relation to 

the language being assessed changed over the course of 

treatment (interaction Time x Probe language x Retrieval 

language). Three GLMMs were separately constructed for 

treatment provided in French, Spanish, and English (See 

Supplementary Tables 13—15). These analyses revealed 

various relevant findings about the cross-language in

teractions taking place over the course of each treatment 

phase, described in the following sections.

3.3.1. French treatment phase

The French treatment phase model showed a main effect of 

Retrieval language on naming accuracy (β = − .717, SE = .348, 

Fig. 5 — Overall effects of the French treatment phase on naming accuracy. The significant Time £ Set interaction on naming 

accuracy (language-dependent scoring method) during the French treatment phase is shown contrasting target items (red 

line) and non-target items (blue line). 95% confidence intervals are shown as shaded regions around lines. While accuracy 

improved for target items over time, it decreased for non-target items.
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95% CI [− 1.400, − .034], z = − 2.058, p = .040). Post-hoc marginal 

means contrasts revealed that Spanish naming responses 

were significantly more accurate than English naming re

sponses (p = .003). No other contrasts reached significance (all 

p values ≥ .151) including the contrast between French and 

Spanish, indicating that neither French nor Spanish was used 

more than the other for accurate lexical retrieval despite 

treatment being provided in French. Importantly, the inter

action between Time and Spanish as the Retrieval language 

was significant (β = .075, SE = .030, 95% CI [.017, .133], z = 2.523, 

p = .012). Post-hoc marginal trends contrasts demonstrated 

that the slope of Spanish (β = − .029) and English (β = − .002) 

responses over time were negative, whereas the slope of 

French responses was positive (β = .096). Moreover, the 

contrast between French and Spanish slopes was significant 

(p = .020), suggesting that P1's selection of French for accurate 

lexical retrieval increased over the course of treatment in 

French to the detriment of retrieval in Spanish. Overall, these 

findings indicate that although L1 Spanish was predominantly 

selected as the Retrieval language during treatment in L3 

French, its selection decreased over the course of treatment in 

French (Fig. 6).

The interaction between French as the Probe language and 

French as the Retrieval language was significant (β = 1.167, 

SE = .440, 95% CI [.305, 2.029], z = 2.654, p = .008), suggesting 

superior naming accuracy when French was both the Probe and 

the Retrieval language (Fig. 7A). Post-hoc contrasts revealed that, 

when French was the Probe language, French as the Retrieval 

language resulted in superior naming accuracy relative to both 

English and Spanish (both p ≤ .003), whereas the English- 

Spanish contrast was not significant (p = .821). This indicates 

that when treated in French and probed in French, selecting the 

target French for lexical retrieval led to higher naming accuracy 

in P1 relative to her other non-target languages. Hence, her 

retrieval ability in French did not experience significant cross- 

language intrusion from the untreated Spanish or English.

When Spanish was the Probe language, the contrast between 

Spanish and French as the Retrieval language yielded no sig

nificant differences (p = .999). However, the contrasts between 

retrieval in Spanish and retrieval in French and English resulted 

in significantly larger estimates for Spanish (both p ≤ .0001), 

indicating that retrieval in Spanish led to superior naming ac

curacy. This suggests that when treated in French and probed in 

Spanish, selecting the target Spanish for lexical retrieval led to 

higher naming accuracy in P1 relative to her other non-target 

languages. Therefore, her retrieval ability in Spanish did not 

undergo significant cross-language intrusion from the treated 

language French or the untreated language English.

Finally, when English was the Probe language, there were 

no significant differences for English relative to French or 

Spanish as Retrieval language (p values ≥ .431), although 

significantly greater naming accuracy was observed for 

retrieval in Spanish relative to French (p = .043). This suggests 

that when treated in French and probed in English, selecting 

the target English for lexical retrieval did not lead to higher 

naming accuracy in P1 relative to retrieving items in her other 

non-target languages. Thus, retrieval in English likely under

went cross-language intrusion from both the treated French 

and the untreated Spanish.

All Time x Probe language x Retrieval language three-way 

interactions were non-significant (all p values ≥ .053), sug

gesting that the patterns of language selection for lexical 

retrieval reported above did not significantly change over the 

course of the French treatment phase in relation to the Probe 

language.

3.3.2. Spanish treatment phase

Different from the French treatment phase, we did not find a 

significant main effect of Retrieval language (p = .119) and the 

interaction Time by Retrieval language was not significant 

(p = .305) despite a positive slope of Spanish (β = .021) and 

negative slopes of French (β = − .181) and English (− .071).

Fig. 7B shows the results of the interaction Probe language x 

Retrieval language. A significant interaction was found between 

Spanish Probe language and Spanish Retrieval language 

(β = 1.370, SE = .450, 95% CI [.488, 2.253], z = 3.043, p = .002), 

indicating superior naming accuracy when Spanish was both 

the Probe and the Retrieval language. Post-hoc contrasts 

revealed similar findings to those identified during the French 

treatment phase. When the Probe language was Spanish, 

retrieval in Spanish resulted in higher naming accuracy relative 

to retrieval in English and French (both p ≤ .0001), while no sig

nificant differences were observed for retrieval in English versus 

French (p = .459). Similarly, when French was the probe lan

guage, retrieval in French resulted in superior naming accuracy 

relative to retrieval in English and Spanish (both p ≤ .0001), while 

differences for retrieval in Spanish versus English were not 

significant (p = .350). This suggests that when treated in Spanish 

and probed in Spanish and French, selecting the target language 

for lexical retrieval led to superior naming accuracy in Spanish 

and French respectively relative to retrieving items accurately in 

her non-target languages. Therefore, P1's retrieval ability in 

Spanish did not undergo significant cross-language intrusion 

from her untreated languages. Likewise, her retrieval ability in 

French did not experience significant cross-language intrusion 

from the treated Spanish or the untreated English. However, 

when English was the probe language, there were no significant 

differences in naming accuracy among the three retrieval lan

guages (all p values ≥ .209). This suggests that when treated in 

Spanish and probed in English, selecting the target English for 

lexical retrieval did not lead to superior naming accuracy in P1 

relative to retrieving items in her other non-target languages. 

Thus, retrieval in English likely underwent significant cross- 

language intrusion from both the treated Spanish and the un

treated French.

All Time x Probe language x Retrieval language three-way 

interactions were non-significant (all p values ≥ .456), suggest

ing that the reported patterns of language selection for lexical 

retrieval as they relate to the Probe language did not signifi

cantly change over the course of the Spanish treatment phase.

3.3.3. English treatment phase

Similar to the Spanish treatment phase, we did not find a 

significant main effect of Retrieval language (p = .288) and the 

interaction between Time and Retrieval language was not 

significant (p = .330) despite a positive slope of English 

(β = .051) and negative slopes of French (β = − .093) and 

Spanish (− .006).
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The statistical model revealed a significant interaction 

between Probe language and Retrieval language (β = 2.646, 

SE = 1.168, z = 2.265, p = .024) (Fig. 7C). Post-hoc contrasts 

revealed that when English was the Probe language, both 

English and Spanish as Retrieval languages led to significantly 

higher naming accuracy compared to French (both p ≤ .0016), 

Fig. 6 — Dynamics of language selection for lexical retrieval during the French treatment phase. The Time £ Language 

interaction on naming accuracy (language-independent scoring method) during the French treatment phase is shown, 

contrasting the languages selected by P1 for lexical retrieval on naming probes: French (red), Spanish (green), and English 

(blue). 95% confidence intervals are shown as shaded regions around lines. During the French treatment phase, P1 showed 

superior naming accuracy in Spanish over English (main effect of retrieval language) with no notable differences between 

lexical retrieval in French versus Spanish. However, she shifted her retrieval language from Spanish to French as treatment 

in French progressed (Time £ Spanish interaction) suggesting an increased selection of the treated language for lexical 

retrieval.

Fig. 7 — Language selection for lexical retrieval during the French, Spanish and English treatment phases. The Probe 

Language x Retrieval Language interaction on naming accuracy (language-independent scoring method) in each treatment 

phase is shown. The contrast between languages selected by P1 for lexical retrieval on naming probes is depicted (colored 

dots with error bars): French (red), Spanish (green), and English (blue). The French treatment phase (A) and the Spanish 

treatment phase (B) revealed that naming in French on French naming probes and naming in Spanish on Spanish naming 

probes yielded superior naming accuracy without significant cross-language intrusion from other languages, whereas 

naming probes in English showed cross-language intrusions from both French and Spanish. The English treatment phase 

(C) showed that selecting English and Spanish for lexical retrieval during English naming probes resulted in comparable 

levels of higher naming accuracy relative to naming in French (suggesting cross-language intrusion from the untreated 

Spanish into the treated English during naming probes). Selecting Spanish for lexical retrieval during Spanish naming 

probes showed superior accuracy compared to French and English, while no differences across languages were observed for 

naming probes in French (suggesting cross-language intrusion from both the treated English and the untreated Spanish 

into French during naming probes).
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although no significant difference in naming accuracy was 

observed between English and Spanish (p = .242). Conversely, 

when Spanish was the probe language, retrieval in Spanish 

resulted in superior naming accuracy relative to both French 

and English (both p ≤ .0002), although no significant difference 

in naming accuracy was observed between English and 

Spanish as retrieval languages (p = .242). These results suggest 

that when treated in English and probed in English, retrieval in 

the treated English likely underwent cross-language intrusion 

from the untreated Spanish but not from the untreated 

French. However, when Spanish was the probe language, P1's 

retrieval ability in Spanish led to superior naming accuracy 

despite receiving some degree of cross-language intrusion 

from the treated English (but not from the untreated French). 

Finally, when French was the probe language, post-hoc con

trasts showed that the differences between each pair of 

retrieval languages were not statistically significant (all 

p ≥ .170), suggesting that P1's ability to retrieve items in French 

underwent cross-language intrusion from the treated English 

and the untreated Spanish.

All Time x Probe language x Retrieval language three-way 

interactions were non-significant (all p values ≥ .066), sug

gesting that the reported patterns of language selection for 

lexical retrieval as they relate to the Probe language did not 

significantly change over the course of the English treatment 

phase.

3.4. Case-control comparison on executive function 

performance

We compared P1's performance on the RCPM (13/36) to the 

performance of 19 healthy controls (age M = 60.6, SD = 5.3) on 

this test (M = 24.8, SD = 6.6) reported elsewhere (Kertesz & 
McCabe, 1975). The analysis indicated the presence of 

nonverbal executive deficits as P1's score was significantly 

below the mean performance of the healthy controls 

[t = − 1.743, p = .04, one-tailed; effect size (Z-CC) for the dif

ference between case and controls = − 1.788 (95% CI: − 2.511 to 

− 1.044); Bayesian point estimate of the percentage of control 

population falling below case's score = 4.9256 (95% CI: 

.6014—14.8190)].

4. Discussion

This study sought to evaluate the effects of a semantic-based 

anomia treatment provided to P1, a trilingual person with 

aphasia who presented with post-stroke impairment in her 

three languages after extensive damage to language cortical 

regions and the basal ganglia. The same semantic treatment 

targeting anomia was sequentially provided in her L3 French, 

L1 Spanish and L2 English. Our study aimed (i) to assess the 

direct treatment effects and cross-language generalization 

effects of each language treatment phase on each language, 

(ii) to evaluate the overall effects of each treatment phase 

across languages, (iii) to characterize P1's patterns of language 

selection for lexical retrieval on naming probes taking place 

during treatment and (iv) to determine the presence of exec

utive function deficits to better understand P1's treatment 

response. Our main findings indicate that P1 showed 

significant overall treatment effects restricted to the weakest 

L3 French, while her strongest L1 Spanish and L2 English did 

not show significant treatment benefits, and the latter also 

presented with cross-language interference effects. P1's 

treatment response can be best understood in the context of 

severe post-stroke impairment in her three languages, exec

utive deficits and damage to critical regions in both the lan

guage processing and the language control network. These 

findings are discussed in more detail in the following sections.

4.1. Treatment effects on the treated language

To address our first aim, we assessed the direct effects of each 

treatment phase on treated items relative to control items (pri

mary outcome measures) and P1's change in lexical retrieval on 

standardized language tests (secondary outcome measures) in 

the treated language. These analyses considered a language- 

dependent scoring method (i.e., accurate naming responses in 

the target language).

We found no significant treatment gains in the treated lan

guage on any of P1's three languages when contrasting change 

on treated versus control items after each treatment phase. Only 

the first treatment phase in French yielded a significant 

improvement for both treated and control items in French over 

the course of treatment, suggesting a generalized effect on 

naming ability in this language. Additionally, we identified small 

increments in P1's BNT and verbal fluency scores following the 

French treatment phase suggesting small improvements in 

other measures of lexical retrieval in this language. In turn, we 

found decreased performance in these tests in Spanish 

following treatment in this language (lexical retrieval perfor

mance in English could not be assessed since testing was dis

continued after the English treatment phase due to acute 

illness). Altogether, only the weakest L3 French but not the 

strongest L1 Spanish or L2 English showed significant overall 

improvements after treatment in the targeted language.

The observed treatment responsiveness in L3 French is 

consistent with past research showing that non-native lan

guages have potential for treatment-induced recovery in MWA 

(Faroqi-Shah et al., 2010). Of note, although P1 used French for 

several years in adulthood, this language only achieved inter

mediate proficiency and it likely underwent attrition prior to 

stroke due to discontinued exposure and lack of use since the 

age of 50 (her stroke occurred at the age of 62). Thus, her overall 

positive response to treatment in French supports past evidence 

for positive treatment gains in MWA in languages acquired 

during adulthood with extensive use despite lower proficiency 

relative to earlier-acquired languages (Goral et al., 2023) and in 

attrited languages with incomplete mastery prior to stroke 

(Lerman et al., 2023).

Importantly, treatment response in MWA depends on mul

tiple factors including age of language acquisition (Goral et al., 

2023), pre-stroke language abilities, post-stroke language 

impairment and lesion characteristics (Goral & Lerman, 2020; 

Pe~naloza & Kiran, 2019). Language proficiency indexes the 

depth of encoding of linguistic knowledge and deeply encoded 

languages may be less vulnerable to brain insult (Nadeau, 2019). 

As recovery tends to be better for the strongest (Kohnert, 2004; 

Nadeau, 2019) and acquired-from-birth languages (Goral et al., 

2023) one may have expected that the L1 Spanish and L2 
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English showed better responsiveness to therapy given their 

high pre-stroke proficiency and continued language exposure 

and use after stroke. However, the absence of significant treat

ment gains in these languages suggests that other factors 

including aphasia severity, lesion characteristics and cross- 

language interaction may have determined P1's response to 

treatment in these languages.

P1 presented with extensive damage to left fronto- 

temporo-parietal regions including the basal ganglia result

ing in severe deficits across languages (i.e., comparably low 

WAB-AQ scores). This severe breakdown in the language 

processing system likely resulted in substantially increased 

thresholds for activation across languages. Moreover, 

although semantic-based treatment for anomia is assumed to 

enhance activation at semantic representational levels to in

crease spreading activation in the language system and make 

linguistic representations more accessible (Kiran et al., 2013), 

P1 also presented with semantic processing deficits (i.e., below 

the cut-off PAPT scores) which may have limited the positive 

effects typically observed after semantic-based therapy. 

Additionally, the order in which languages were targeted in 

treatment may have impacted treatment response in each 

language differently. Although the weakest L3 French may 

have presented with low activation levels due to pre-stroke 

attrition, and lack of language exposure and use at post 

stroke combined with severe impairment, French was the first 

language targeted in treatment. Hence, while it may have 

received interference from Spanish and English being P1's 

other stronger languages, interference was not due to 

heightened levels of activation resulting from earlier inter

vention in these languages. In contrast, while the L1 Spanish 

and L2 English may have presented with better (yet insuffi

cient) baseline levels of activation than French due to higher 

language exposure and use at pre and post stroke, they still 

presented with severe impairment and may have received 

interference from previously treated languages. In such case, 

the native L1 Spanish may have received interference from a 

weaker L3 French with heightened levels of activation 

resulting from recent treatment, whereas the L2 English 

treated at the end, may have received cumulative interference 

from a weaker L3 French and the strongest L1 Spanish, both 

with heightened levels of activation resulting from recent 

treatment. This is consistent with the finding that only the 

first treatment phase (free from cumulative interference from 

previously treated languages) was generally effective across 

languages (see section 4.3).

4.2. Cross-language treatment effects on the untreated 

languages

We further addressed our first aim assessing whether cross- 

language generalization effects occurred in each treatment 

phase by contrasting naming accuracy for untreated trans

lations relative to control translations in the untreated lan

guages (primary outcome measures) and examining P1's 

change in lexical retrieval on standardized language tests on 

those languages (secondary outcome measures). Again, these 

analyses considered a language-dependent scoring method (i. 

e., accurate naming responses in the target language).

The contrast between untreated and control translations in 

each language treatment phase revealed no significant cross- 

language generalization effects in the untreated language 

across all three language treatment phases. Notably however, 

the improvement in the L2 French during the French treat

ment phase was accompanied by cross-language interference 

effects in the L2 English with a significant decline in naming 

accuracy in the English control translations. These findings 

are consistent with P1's performance on secondary outcome 

measures in (i) treatment in French, with no change or small 

decrease on her BNT and verbal fluency scores in English, and 

unstable performance on these tests in Spanish and (ii) 

treatment in Spanish, with no change or decrease on her BNT 

and verbal fluency scores in both French and English. Our 

findings align with previous evidence for treatment gains 

being most often prominent in a treated language relative to 

non-treated languages (Faroqi-Shah et al., 2010; Goral et al., 

2023; Lee & Faroqi-Shah, 2024), evidence for the absence of 

cross-language generalization in severe aphasia (Keane & 
Kiran, 2015; Kurland & Falcon, 2011; Meinzer et al., 2007) and 

evidence of cross-language interference effects with 

decreased performance in the untreated language (Abutalebi 

et al., 2009; Goral et al., 2013).

Previous reviews have shown mixed results regarding the 

occurrence and direction of cross-language generalization in 

MWA (Ansaldo & Saidi, 2014; Faroqi-Shah et al., 2010; Kohnert, 

2009). Cross-language generalization is more likely to occur in 

balanced bilinguals regardless of the treated language and 

may occur more frequently from the least to the most profi

cient language in unbalanced bilinguals (Ansaldo & Saidi, 

2014). However, when cross-language generalization does 

not occur and interference effects are observed, they may 

result from faulty inhibitory mechanisms whereby increased 

activation of the treated language increases the suppression 

of the untreated language to minimize its potential interfer

ence (Goral & Lerman, 2020). In some cases, this operation 

may lead to the lingering suppression of the untreated lan

guage even after treatment (Goral et al., 2013). As found in 

previous research, the absence of cross-language generaliza

tion and presence of interference effects in P1 may result from 

her basal ganglia damage (Abutalebi et al., 2009; Keane & 
Kiran, 2015).

4.3. Effects of each treatment phase on all three 

languages

Our second aim was complementary to the analyses dis

cussed above in assessing the overall effects of each treat

ment phase on all three languages comprehensively across all 

target items (treated items and untreated translations) rela

tive to non-target items (control items and control trans

lations). As in previous analyses, our approach considered a 

language-dependent scoring method (i.e., accurate naming 

responses in the target language).

This examination revealed that any significant improve

ments in naming accuracy observed across all three languages 

were restricted to the French treatment phase. These findings 

suggest that overall, only the first treatment phase was 

generally effective while the effects of the subsequent treat

ment phases in Spanish and English were attenuated. As P1 
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showed extensive neural damage and severe baseline 

impairment across languages, limited responsiveness to 

therapy was expected. However, as discussed previously, it is 

likely that during the French treatment phase, languages were 

free from cumulative interference from previously treated 

languages yielding this first treatment phase more effective 

relative to the following ones (see section 4.1).

4.4. Language selection for accurate lexical retrieval 

during treatment

Our third aim was to characterize P1's patterns of language 

selection during naming probes in each treatment phase (i.e., 

if accurate naming responses were provided in the probed 

language or in non-target languages reflecting cross-language 

intrusions). These analyses considered the language- 

independent scoring method (i.e., accurate naming re

sponses regardless of the target language). Our analyses 

revealed three main findings. First, the French treatment 

phase revealed that overall and regardless of the probe lan

guage, the strongest untreated L1 Spanish competed with the 

weakest treated L3 French for language selection leading to 

accurate naming performance. However, as treatment pro

gressed, using the L3 French increasingly led to accurate 

naming responses as P1's reliance on her L1 Spanish 

decreased. In turn, retrieval in the treated language during the 

Spanish and English treatment phases did not result in 

significantly more accurate responses relative to retrieval in 

the untreated languages. Hence, only the L3 French became 

more available for lexical retrieval as a result of treatment, 

consistent with the overall significant gains restricted to this 

language (section 4.3).

Secondly, when examining P1's language selection leading 

to accurate naming in the probe language, we obtained similar 

results for the French and Spanish treatment phases. During 

the French treatment phase, the treated L3 French and the 

untreated L1 Spanish predominantly led to accurate retrieval 

in French and Spanish naming probes. During the Spanish 

treatment phase, the results were similar for the treated L1 

Spanish and the untreated L3 French, suggesting that these 

two languages did not undergo significant cross-language in

trusions during these treatment phases.

In contrast, using the L2 English did not result in more 

accurate naming responses on English probes across the two 

initial therapy phases, suggesting that English was overall less 

available for lexical retrieval and underwent cross-language 

intrusions from French and Spanish. This is consistent with 

the observed cross-language interference effects from the 

treated French on the untreated English previously discussed 

(section 4.2). By the final English treatment phase, using En

glish still did not lead to more accurate naming responses on 

English probes relative to other untreated languages sug

gesting continued cross-language intrusions (more so from 

Spanish than French). Notably, as in previous treatment 

phases, only the L1 Spanish continued to lead to more accu

rate naming responses on Spanish probes relative to retrieval 

in other languages. Conversely and different from previous 

treatment phases, using French during French naming probes 

no longer led to more accurate naming responses relative to 

using other languages, suggesting reduced availability of 

French for lexical retrieval towards the end of the interven

tion. Finally, these patterns of language selection for lexical 

retrieval did not significantly change over the course of each 

treatment phase.

In summary, only the strongest L1 Spanish remained 

consistently available for language selection leading to accu

rate retrieval in the probed language across treatment phases 

regardless of the treated language and suffered less cross- 

language intrusions. The L2 English remained largely un

available for language selection across all language treatment 

phases, even when it was treated several months after 

showing cross-language interference from treatment in 

French. This was the language undergoing more cross- 

language intrusions. In turn, while French showed an overall 

positive response in the first treatment phase and remained 

available for language selection during the second phase, 

treatment effects may have declined towards the third ther

apy phase making it less available for accurate retrieval and 

more prone to cross-language intrusions.

Notably, involuntary pathological language switching and 

cross-language intrusions have been reported in MWA with 

basal ganglia lesions reflecting a difficulty to inhibit non- 

target languages for appropriate lexical retrieval in the target 

language (Abutalebi et al., 2009; Ansaldo et al., 2010; Keane & 
Kiran, 2015; Kurland & Falcon, 2011). Damage to language 

control regions may prevent the correct selection among 

highly competing lexical units across languages (Ansaldo & 
Saidi, 2014) or may result in one language being more acces

sible than others for use in lexical retrieval regardless of the 

treated language (Kurland & Falcon, 2011). Additionally, cross- 

language intrusions can occur from the strongest L1 into the 

weakest L2 in the absence of treatment and from the weakest 

yet treated L2 into the untreated strongest L1 (Abutalebi et al., 

2009) as well as from the treated into the untreated language 

in sequential treatments targeting the L2 and L3 (Keane & 
Kiran, 2015). P1's naming performance further suggests that 

a treated language can receive intrusions from the untreated 

languages and that cross-language influences likely occur 

both within and across treatment phases in sequential lan

guage interventions. In consideration of this previous evi

dence, the presence of basal ganglia damage and concomitant 

executive function deficits, P1's cross-language intrusions 

may reflect a language control deficit. In this view, ineffective 

language inhibitory mechanisms may result in failure to 

activate the correct lexical representations according to the 

linguistic context demands, thus negatively impacting treat

ment effectiveness as measured by language-dependent 

scoring methods.

Alternatively, P1's cross-language intrusions may reflect a 

compensatory response that emerged during treatment to 

meet a communicative purpose when the target representa

tion in the intended language was not fully available. 

Although her language switching patterns prior and after her 

stroke were not formally evaluated, this behavior was not 

clearly evident prior to treatment. Also, all items selected for 

P1's treatment were items she was initially unable to name 

accurately in her three languages. Despite the lack of signifi

cant improvements, it is possible that some item represen

tations may have become more (yet inconsistently) available 

across languages as a result of treatment targeting the same 
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items across the three treatment phases. For instance, the 

treated word form “coat” may not have been available for 

retrieval in L2 English when probed in this language, but its 

availability across languages as “abrigo” (L1 Spanish) and 

“manteau” (L3 French) may have increased since this item's 

conceptual representation was also targeted across treat

ments in her L3 French and L1 Spanish. Cross-language in

trusions led to successful naming reflecting increased 

availability of targeted representations albeit in the non-target 

language as captured by language-independent scoring 

methods.

The possibility that cross-language intrusions emerge as 

a compensatory strategy is in line with recent research with 

MWA reporting conscious intentional switches between 

languages to substitute or aid the retrieval of a target word 

in the intended language (Mooijman et al., 2025). Cross- 

linguistic intrusions resulting in accurate lexical retrieval 

also align with observations from neurotypical multilin

guals in dense-code switching contexts. As proposed by the 

Adaptive Control Hypothesis languages can operate in a 

cooperative opportunistic manner to achieve successful 

lexical retrieval, allowing speakers to bypass the inhibitory 

control demands of contexts that require retrieval in a sin

gle language. In this view, our results are consistent with 

previous evidence showing that MWA can benefit from their 

lexical knowledge in an available language during tasks that 

do not constrain word retrieval to a single language, 

showing superior performance relative to single language 

retrieval tasks (Carpenter et al., 2020). Although it is difficult 

to determine the exact nature of the cross-language in

trusions observed in P1, they may result from the dysfunc

tional interaction between impaired language control and 

language processing networks and the increased yet 

inconsistent availability of lexical representations as a 

result of sequential treatment targeting the same items 

across languages.

4.5. Executive function deficits and basal ganglia 

damage

As regards to our final aim, we found that P1 presented with 

executive function deficits as measured by the RCPM. The 

frontal lobes are essential for a variety of executive operations 

and the basal ganglia have a modulatory role in these cogni

tive functions via fronto-striatal connections (Middleton & 
Strick, 2000). Basal ganglia lesions can disrupt these connec

tions resulting in persistent deficits of lexical retrieval that 

depend on executive processes (Pe~naloza et al., 2014). As 

languages compete for selection in multilinguals, functional 

executive control mechanisms are required to manage lan

guage co-activation during lexical retrieval, helping the se

lection of the target language by suppressing interference 

from non-target languages (Green, 1998). Language control in 

multilinguals is supported by a cortico-subcortical network 

comprising several brain regions including (i) the anterior 

cingulate cortex involved in conflict and error monitoring 

during language selection and switching; (ii) the prefrontal 

cortex supporting conflict resolution entailing the selection of 

the target language and the inhibition of the non-target lan

guage; (iii) the inferior parietal lobule directing attentional 

orienting for language selection; and crucially (iv) the basal 

ganglia supporting the control of the two languages while 

keeping track of the target language (Abutalebi & Green, 2007; 

Calabria et al., 2018). In MWA, basal ganglia damage can 

impair language control mechanisms and account for differ

ential and selective patterns of impairment and recovery 

across languages (Aglioti & Fabbro, 1993; Verreyt et al., 2013), 

pathological mixing and switching (Abutalebi et al., 2000; 

Ansaldo et al., 2010) and cross-language interference (Keane 

& Kiran, 2015).

Importantly, nonverbal inhibitory control performance 

predicts response to semantic treatment in MWA (Bihovsky 

et al., 2023), and the potential for cross-language generaliza

tion effects depends on the integrity of the cognitive control 

network (Ansaldo & Saidi, 2014). Indeed, neuroimaging 

studies have shown that language recovery in MWA is asso

ciated with increased functional connectivity between lan

guage processing and executive control regions during 

naming (Abutalebi et al., 2009; Radman et al., 2016). Hence, our 

findings align with past research (Keane & Kiran, 2015) and 

suggest that the absence of cross-language generalization and 

the occurrence of interference effects during language ther

apy in P1 may result from basal ganglia damage disrupting the 

functionality of the language control network and its inter

action with the language processing network.

4.6. An integrative view of anomia treatment effects in 

severe multilingual aphasia

Semantic-based treatments are effective to improve lexical 

access deficits in MWA (Ansaldo & Saidi, 2014). They are 

assumed to boost activation of the conceptual representations 

of words at the semantic level, facilitating increased 

spreading activation at post-semantic levels (Quique et al., 

2019) for the treated and the untreated languages (Kiran 

et al., 2013). MWA with neural damage restricted to the lan

guage processing network are likely to show lexical access 

improvement following semantic anomia therapy, with ben

efits being generally expected in the treated language (Faroqi- 

Shah et al., 2010; Goral et al., 2023; Lee & Faroqi-Shah, 2024). 

Additionally, cross-language generalization may be expected 

if they speak languages which are relatively close in structural 

distance (Miertsch et al., 2009) and show similar pre-stroke 

proficiency across languages (Edmonds & Kiran, 2006; Kiran 

& Roberts, 2010; Marangolo et al., 2009; Pe~naloza et al., 2021). 

For these individuals, treatment gains may be mainly con

strained by the amount of neural damage in their language 

processing system reflected in their aphasia severity across 

languages. Severe aphasia can result from extensive neural 

damage to regions in the language processing network and it 

can manifest with both lexical access and semantic process

ing deficits, and increased activation thresholds that limit 

accessibility to word representations across languages. Hence, 

damage to the lexical-semantic system as in P1, may result in 

reduced stimulation of the conceptual representations of the 

treated words and limited spreading activation to their lexical 

representations in the treated and the untreated languages, 

resulting in limited treatment effects across languages. This is 

consistent with computational modeling evidence showing 

that substantial semantic and phonetic damage to a bilingual 
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language neural network (Pe~naloza et al., 2019) to simulate 

severe semantic and naming deficits across languages in 

bilingual aphasia also prevents significant language recovery 

across languages during neural network retraining 

(Grasemann et al., 2021).

Importantly, when brain damage also extends to key 

brain regions within the language control network such as 

the basal ganglia, severe breakdown in the bilingual lan

guage processing system may interact with a dysfunctional 

language control system responsible for inhibiting non- 

target languages to facilitate the selection of the target 

language for accurate lexical retrieval according to linguistic 

context demands. Hence, the dysfunctional interaction be

tween the impaired language processing and language 

control systems may break the balance between increased 

spreading activation promoted via treatment and increased 

suppression to control interference from non-target lan

guages necessary for effective treatment leading to cross- 

language generalization (Goral & Lerman, 2020; Kiran 

et al., 2013). This broken balance between activation and 

suppression mechanisms may result in cross-language 

interference effects which can occur within treatment and 

across treatments targeting different languages in the same 

individual. Cross-language interference may affect one 

language more than others yielding it less accessible for 

lexical retrieval (e.g., English in P1), whereas languages less 

affected by interference from stronger languages previously 

activated via therapy may be more responsive when tar

geted in treatment (e.g., French in P1).

P1's evidence suggests that cross-language intrusions (i.e., 

lexical retrieval of a target word in the non-target language) 

can occur during multilingual anomia treatment regardless 

of the treated and probed language and in varying directions 

between weaker and stronger languages. Although the 

causal nature of cross-language intrusions remains unclear, 

two currently debated accounts include language control 

deficits and lexical compensation (see Mooijman et al., 2025

for an overview). The first account is supported by P1's evi

dence of cross-language interference effects during treat

ment, presence of neural damage to the language control 

system and concurrent executive function deficits. The sec

ond account is supported by evidence of P1's intrusions 

resulting in the correct retrieval of probed items in non- 

target languages, particularly when the probed language 

showed less availability (i.e., English). Although evidence 

from P1 cannot differentiate between these accounts, her 

findings suggest they might not be mutually exclusive. 

Findings from Mooijman et al. (2025) suggest that lexical 

compensation is (i) beneficial for MWA with mild or no lan

guage control deficits for whom using the non-target lan

guage can be a voluntary strategy, (ii) less likely in MWA with 

severe language control deficits for whom using the non- 

target language is rather involuntary and detrimental. 

Hence, lexical compensation may emerge to varying extents 

along a continuum of language control impairment severity 

with P1's profile reflecting an intermediate point along this 

continuum. Her basal ganglia injury may have led to lan

guage control deficits resulting in cross-language interfer

ence effects in English with less availability of this language 

for lexical retrieval. However, a compensation strategy may 

have emerged (likely from treatment) to occasionally allow 

for the opportunistic yet inconsistent access to lexical rep

resentations in her more available French and Spanish dur

ing naming probes in English.

4.7. Limitations and future research

A few study limitations are worth noting. Unexpected acute 

illness in P1 occurred twice during this study, interrupting 

treatment in Spanish for 2 months and prior to post English 

treatment assessments. The first interruption may have 

reduced treatment responsiveness in Spanish while the sec

ond did not allow to fully evaluate the effects of the English 

treatment phase. However, given the presence of interference 

effects in English and its lower availability for lexical retrieval, 

it is unlikely that results would have differed substantially. 

Also, our time-demanding study design required us to mini

mize the use of additional tests that may have helped to 

characterize P1's language impairment in a more fine-grained 

manner and to evaluate treatment effects more extensively. 

The use of a language switching questionnaire would have 

allowed us to assess the presence and frequency of code- 

switching patterns in P1 prior and after her stroke and get a 

better understanding of her cross-language intrusions. As 

regards to treatment, anecdotal feedback from P1's family 

suggests she showed increased spontaneous communication 

and more fluent speech over the course of therapy, although 

these changes may have not been captured by our measures. 

Discourse, other language production and functional 

communication measures should be included in future reha

bilitation research with MWA.

Additionally, we did not examine her performance on 

inhibitory control tasks as the extensive assessment of her 

three languages was already highly demanding for P1. 

Although the RCPM may have been sensitive to detect exec

utive deficits, inhibitory control tasks would have enabled us 

to assess the functionality of her language control network in 

a more reliable manner. Future studies should employ these 

measures as they tap more directly on the control mecha

nisms used in lexical retrieval by multilinguals. Using the 

language-dependent and language-independent scoring ap

proaches employed here may be beneficial for future research, 

helping to separately measure cross-language intrusions from 

fully correct naming responses in the target language and 

identify cross-language interaction effects in lexical retrieval. 

Finally, as our treatment did not directly target language se

lection deficits, these were not expected to change during 

therapy. Other therapy approaches designed to improve ex

ecutive control processes involved in language selection or 

decrease control demands may help to improve treatment 

response and promote cross-language generalization in MWA 

(Ansaldo et al., 2010).

4.8. Conclusions

This study assessed the effects of semantic treatment 

sequentially provided in three languages on the lexical 

retrieval abilities of P1, a trilingual person with severe apha

sia. Our findings suggest that P1's severe language impairment 

due to extensive damage to the language processing network 
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may have limited treatment effectiveness across all her 

treated languages. The overall treatment gains restricted to 

the weaker L3 French may have benefited from the absence of 

cross-linguistic interference from previously treated lan

guages. Additionally, damage to the basal ganglia, a key 

structure in the language control network, may have resulted 

in difficulty to properly maintain the balance between acti

vation and inhibition mechanisms for language selection 

during treatment (Goral & Lerman, 2020; Kiran et al., 2013). 

Dysfunctional control mechanisms in P1 may explain the 

absence of cross-language generalization, and the cross- 

language interference from the treated L3 French to the un

treated L2 English, while the stronger L1 showed better 

resistance to cross-linguistic influences. We propose that se

vere impairment and extensive brain damage affecting the 

interplay between the language processing and the language 

control networks may hinder significant treatment-induced 

recovery across languages in MWA. Additionally, cross- 

language intrusions reflecting the use of the non-target lan

guage for lexical retrieval may follow sequential multilingual 

anomia treatment although their underlying causal mecha

nism deserves more research. The comprehensive examina

tion of cross-language interaction during treatment in MWA 

may help to better understand their language impairment and 

develop more effective interventions to maximize treatment 

outcomes after acquired brain injury.
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Antúnez, C., Martı́nez-Parra, C., Frank-Garcı́a, A., 

Fern�andez, M., Alfonso, V., Sol, J. M., & Blesa, R., for the 

NEURONORMA Study Team. (2009). Spanish multicenter 

normative studies (NEURONORMA Project): Norms for verbal 

fluency tests. Archives of Clinical Neuropsychology, 24(4), 

395—411. https://doi.org/10.1093/arclin/acp042

Pe~naloza, C., Barrett, K., & Kiran, S. (2019). The influence of 

prestroke proficiency on poststroke lexical-semantic 

performance in bilingual aphasia. Aphasiology, 1—18. https:// 

doi.org/10.1080/02687038.2019.1666082

Pe~naloza, C., Dekhtyar, M., Scimeca, M., Carpenter, E., 

Mukadam, N., & Kiran, S. (2020). Predicting treatment 

outcomes for bilinguals with aphasia using computational 

modeling: Study protocol for the PROCoM randomised 

controlled trial. BMJ Open, 10(11), Article e040495. https://doi. 

org/10.1136/bmjopen-2020-040495

Pe~naloza, C., Grasemann, U., Dekhtyar, M., Miikkulainen, R., & 

Kiran, S. (2019). BiLex: A computational approach to the effects 

of age of acquisition and language exposure on bilingual 

lexical access. Brain and Language, 195, Article 104643. https:// 

doi.org/10.1016/j.bandl.2019.104643

Pe~naloza, C., & Kiran, S. (2017). Neuroimaging evidence in the 

treatment of bilingual/multilingual adults with aphasia. 

Perspectives of the ASHA Special Interest Groups, 2(2), 126—131. 

https://doi.org/10.1044/persp2.SIG2.126

Pe~naloza, C., & Kiran, S. (2019). Recovery and rehabilitation 

patterns in bilingual and multilingual aphasia. In The handbook 

of the neuroscience of multilingualism (pp. 553—571). John Wiley & 
Sons, Ltd. https://doi.org/10.1002/9781119387725.ch27. 

Pe~naloza, C., Rodrı́guez-Fornells, A., Rubio, F., De Miquel, M. A., & 

Juncadella, M. (2014). Language recovery and evidence of 

residual deficits after nonthalamic subcortical stroke: A 1 year 

follow-up study. Journal of Neurolinguistics, 32, 16—30. https:// 

doi.org/10.1016/j.jneuroling.2014.08.001

Pe~naloza, C., Scimeca, M., Gaona, A., Carpenter, E., Mukadam, N., 

Gray, T., Shamapant, S., & Kiran, S. (2021). Telerehabilitation 

for word retrieval deficits in bilinguals with aphasia: 

Effectiveness and reliability as compared to in-person 

language therapy. Frontiers in Neurology, 12. https://www. 

frontiersin.org/articles/10.3389/fneur.2021.589330.

Quique, Y. M., Evans, W. S., & Dickey, M. W. (2019). Acquisition 

and generalization responses in aphasia naming treatment: A 

meta-analysis of semantic feature analysis outcomes. 

American Journal of Speech-Language Pathology, 28(1S), 230—246. 

https://doi.org/10.1044/2018_AJSLP-17-0155

R Core Team. (2021). R: A language and environment for statistical 

computing. Vienna, Austria: R Foundation for Statistical 

Computing. URL https://www.R-project.org/.

Radman, N., Mouthon, M., Di Pietro, M., Gaytanidis, C., 

Leemann, B., Abutalebi, J., & Annoni, J.-M. (2016). The role of 

the cognitive control system in recovery from bilingual 

aphasia: A multiple single-case fMRI study. Neural Plasticity, 

2016. , Article 8797086. https://doi.org/10.1155/2016/8797086

Roberts, P. M., & Doucet, N. (2011). Performance of French- 

speaking Quebec adults on the Boston Naming Test. Canadian 

Journal of Speech-Language Pathology and Audiology, 35(3), 

254—267.

Scimeca, M., Pe~naloza, C., & Kiran, S. (2023). Multilevel factors 

predict treatment response following semantic feature-based 

intervention in bilingual aphasia. Bilingualism: Language and 

Cognition, 1—17. https://doi.org/10.1017/S1366728923000391. 

Cambridge Core.

St-Hilaire, A., Hudon, C., Vallet, G. T., Bherer, L., Lussier, M., 

Gagnon, J.-F., Simard, M., Gosselin, N., Escudier, F., Rouleau, I., 

& Macoir, J. (2016). Normative data for phonemic and semantic 

verbal fluency test in the adult French—Quebec population 

and validation study in Alzheimer's disease and depression. 

The Clinical Neuropsychologist, 30(7), 1126—1150. https://doi.org/ 

10.1080/13854046.2016.1195014

Valle, F., & Cuetos, F. (1995). EPLA: Evaluaci�on del procesamiento 
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