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Abstract

This study aimed at directly assessing the hypothesis that attentional allocation capacity influences poor NWR performances in children with SLI, using an attention demanding visual search task given concurrently with the NWR task. Twenty-one children with SLI, 21 typically-developing children matched on age, and 21 typically-developing children matched on nonword span performed an immediate serial recall task of nonwords. The nonword lists were presented either alone or concurrently with the visual search task. Overall, results revealed a resource-sharing trade-off between the two tasks. Children with SLI were affected to the same extent as their span-matched controls by the necessity to allocate their attentional resources between the two tasks. Interestingly, nonword processing strategies seemed to differ among groups: age-matched controls allocated a larger part of their attentional resources to the encoding stage, while nonword recall was more attention demanding in children with SLI and younger controls. 
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Introduction

Nonword repetition problems in children with SLI

Children with SLI are consistently impaired in their ability to repeat nonwords as compared to typically-developing children and younger, language-matched children (e.g. Archibald & Gathercole, 2006; Girbau & Schwartz, 2008; Marton & Schwartz, 2003). This deficit is observed from preschool years (Gray, 2003) through adolescence (Conti-Ramsden, Botting, & Faragher, 2001) until adulthood (Whitehouse, Line, Watt, & Bishop, 2009; Poll, Betz, & Miller, 2010), and is still present when language deficits have resolved (Conti-Ramsden et al., 2001). Accurately performing a nonword repetition (NWR) task requires many linguistic abilities, such as segmenting the input signal, matching the signal with phonological and/or lexical representations in long-term memory, maintaining the representations activated, and planning speech motor programmes for response output. 

Previous studies showed that children with SLI are particularly poor when repeating nonwords as compared to performing other STM tasks (Alloway & Archibald, 2008; Majerus et al., 2009). However, previous attempts to understand the specificity of this deficit - by exploring the impact of various linguistic factors at play when repeating nonwords - have led to contrasting results (e.g., Munson, Kurtz, & Windsor, 2005; Gathercole, 2006; Marton, 2006; Archibald & Gathercole, 2007a). In NWR, children and adults usually were better at repeating nonwords containing frequent rather than rare phoneme associations, reflecting the impact of their phonotactic knowledge, that is, the knowledge about the frequency of phoneme co-occurrences in their language (Coady & Aslin, 2004; Majerus & van der Linden, 2003; Messer, Leseman, Boom, & Mayo, 2010). However, both English- and French-language studies have shown that the impact of phonotactic knowledge is generally the same in children with SLI as in controls (Coady, Evans, & Kluender, 2010; Majerus, Vrancken & van der Linden, 2003). Previous French and English studies have also shown, in children with SLI, lexicality effects – that is, performances are better when words rather than nonwords are repeated – that are similar to those observed in typically-developing children (Majerus et al., 2003; van der Lely & Howard, 1993). Archibald and Gathercole (2007a) observed a larger impairment in NWR performance in children with SLI when the syllables were presented as a multisyllabic nonword than as syllable strings. The authors explain this result with a specific impact of the co-articulatory and prosodic cues present in the multisyllabic but not the syllable string presentations. However, this result couldn’t be replicated in French (Leclercq, Maillart, & Majerus, 2013). Differences in the prosodic cues used in these two languages could be at the root of this result. Some studies showed that phonological complexity, as assessed by the presence of consonant clusters, affects NWR performance in children with SLI to a larger extent than in their peers (Bishop, North, & Donlan, 1996; Briscoe, Bishop, & Norbury, 2001). However, other studies, including French, did not (Gathercole & Baddeley, 1990; Leclercq et al., 2013). 

The more robust impact observed in NWR in children with SLI is that they generally show a precipitous drop in NWR performance as the number of syllable increases, while control children show a more gradual performance decrement across syllable set size (e.g., Briscoe et al., 2001; Montgomery, 2004; Weismer et al., 2000). This result has generally been explained in terms of short-term memory problems (e.g., Gathercole, 2006). However, long nonwords are also more complex at the phonological level since they contain a higher number of phonological segments. Hence short-term memory is not the only factor that may explain the larger performance decrement for long versus short items in children with SLI (see also Weismer & Edwards, 2006). Longer nonwords require both linguistic and nonlinguistic processes. Varying nonword length is thus not the best way to understand the factors at the root of poor NWR performances in children with SLI.

Nonword repetition and attentional capacities

Performances of nonword repetition tasks have long been considered to depend on simple “passive” storage capacities (Baddeley & Hitch, 1974). In Baddeley’s working memory model, separate storage systems deal with linguistic and visual information while a general attentional system―the central executive―coordinates these two subsystems. Performances on NWR tasks depend on the storage of the phonological traces in the phonological loop and their possible refreshment by the subvocal rehearsal system. In this model, attentional capacities are not involved in the storage and maintenance processes of nonwords in short-term memory. However, other working memory models underlined the involvement of attentional processes in such tasks. Cowan (1999) was the first to suggest that the content of the phonological and visuospatial stores are instances of the temporary activation of long-term memory information. This model assumes that activated information is in the focus of attention, which prevents short term memory traces from decay until attention is directed elsewhere. Other recent working memory models also underlined the involvement of attentional processes in nonword repetition tasks (e.g. Barrouillet, Bernardin, & Camos, 2004; Majerus, 2009; Cowan, 2010). In the time-based resource-sharing model (TBRS: Barrouillet et al., 2004; Barrouillet, Bernardin, Portrat, Vergauwe, & Camos, 2007), attentional resources underlie the processing of phonological traces, both in their encoding and their refreshment in memory. When the focus of attention is devoted to the processing of incoming information, it is not available to maintain previously presented information, and memory traces start to decay. Maintenance of information is attributed to both verbal rehearsal and attentional refreshing. This means that for multisyllabic nonwords, there will be increasing conflict between attentional refreshing of already presented syllables and attentional focus on syllables still to be encoded. This theoretical model can thus explain how either limitations or competition between tasks can affect NWR performances. In the TBRS model, the longer attention is switched away from memory traces, the larger the detrimental impact of any concurrent process on memory storage. Contrary to Baddeley’s working memory model, where separate storage systems deal with linguistic and visual information, the TBRS model describes a unique central attentional process that is not task or process specific and that is involved in processing linguistic and nonlinguistic information. 

The capacity of attentional focus, without any refreshment strategy, is very limited. According to Oberauer (2002), the focus of attention can handle only one item at a time. Results of Cowan, Nugent, Elliott, Ponomarev, and Saults (1999) were a bit less stringent, showing that children are able to recall two to three digits. However, the capacity limit is lower for more complex items (see Cowan, 2010). Moreover, previous studies had shown that children generally do not engage in controlled maintenance processes before seven years of age (Jarrold, Cowan, Hewes, & Riby, 2004; Barrouillet, Gavens, Vergauwe, Gaillard, & Camos 2009). Yet, according to Barrouillet and colleagues (2004; 2009) and Bayliss, Jarrold, Baddeley, Gunn, and Leigh (2005), individual differences in the storage ability of working memory tasks primarily reflect differences in the refreshment process of the memory traces. According to the TBRS model, all children require attentional capacities to activate and store the temporary trace. However, it is possible that the deliberate refreshment strategy varies among children and that only older, typically-developing children deliberately allocate a larger part of their attentional resources to the active maintenance of a number of items they anticipate to be larger than they are able to keep in mind without any refreshment strategy.

Nonword repetition and attentional capacities in children with SLI

Some authors have suggested that poor NWR in children with SLI could be explained by “a limitation of simultaneous processing, rather than difficulty in encoding and analysing the phonological structure of the nonwords” (Marton & Schwartz, 2003: 1148). Indeed, accurate NWR encompasses a number of linguistic processes (segmenting the phonological input, activating the linguistic representations in long-term memory, maintaining the activated representations, and planning speech-motor programmes) that have to be performed rapidly, and in a quasi-simultaneous way, leading some authors to suggest that it is a complex task requiring simultaneous processing (Marton, 2006). According to the TBRS model, if each linguistic process is more difficult to perform for children with SLI, each process will take more time and consume more attentional resources in these children than in controls.

Marton and Schwartz (2003) indeed observed a larger performance decrease in nonword repetition in children with SLI as compared to controls when they had to process sentences in addition to the recall of nonwords. Most children with SLI were not able to simultaneously process the nonwords and the sentence semantics and syntax. Other results were concordant with specific difficulties in simultaneous processing by showing significant problems in listening span tasks in children with SLI (e.g. Mainela-Arnold & Evans, 2005; Weismer, Plante, Jones, & Tomblin, 2005; Montgomery & Evans, 2009). The listening span task requires participants to process a series of sentences, answer questions after each sentence, and then recall the last word of each sentence. Participants thus had to allocate their attentional resources to various linguistic processes: processing the sentence meaning and syntax, while simultaneously encoding, maintaining, and recalling the final word of each sentence. These studies suggested that children with SLI encountered specific problems when allocating their attentional capacities between multiple linguistic tasks. In addition, this weakness could extend beyond the verbal domain to nonlinguistic tasks that require simultaneous processing and storage of information. Archibald and Gathercole (2007b) revealed important problems for children with SLI when storing verbal information concurrently to a processing task, either verbal or visual. Other studies revealed that children with SLI also performed more poorly than their age-matched peers in visuospatial working memory tasks requiring simultaneous processing and storage of visuospatial information (Hoffman & Gillam, 2004; Marton, 2008). These difficulties seem to be related to attentional control as Marton (2008) showed that they were especially observed in children with poor attentional control. 

However, current evidence for this assumption is indirect and is mainly based on the observation that children with SLI demonstrated poorer NWR abilities during dual linguistic-task conditions. Given the important language deficits of children with SLI, it is not surprising that they were more affected in these dual linguistic task conditions. At the same time, as previously described, limitations in attentional allocation capacities seem to extend to both linguistic and non-linguistic domains. Consequently, in previous studies, it had been difficult to differentiate between difficulties in language processing and attentional allocation capacity limitations. 

In the present study, we directly manipulated the attentional demands by using a dual task paradigm in which the linguistic complexity of the task did not increase. The primary task was an immediate serial recall task containing strings of monosyllabic nonwords, adapted to each participant’s nonword span while the interfering task was a visual target detection task. Thus, attentional capacity had to be shared between the NWR task and the nonverbal interfering task without increasing the linguistic load of the task. If poor NWR performances in children with SLI are explained by limitations in attentional allocation capacity, then children with SLI should show disproportionate impairment in the dual task condition compared to the single task condition (isolated NWR or isolated nonverbal target detection task). As far as we know, no study has yet assessed the impact of an interfering non-linguistic task on NWR performances in children with SLI.

Study 1

Methods

 Participants

Twenty-one French-speaking children with SLI ages 9 to 12 years (14 boys; mean age = 11.4 years; SD= 1.2;  range = 9.0 – 12.11), 21 typically-developing children matched for chronological age and nonverbal reasoning (9 boys; mean age = 11.3 years; SD= 1.3; range= 8.11 – 12.11), and 21 younger typically-developing children matched for nonword span (11 boys; mean age = 5.10 years; SD= 0.11; range: 4.3 – 7.8) participated in the study. The SLI group and the age control (AC) group were comparable in age (t (40) = 0.08, p = 0.94), and non-verbal reasoning (Wechsler Nonverbal Scale of Ability, Wechsler & Naglieri, 2009), t (40) = -0.34, p = 0.73. The participants however differed in their receptive phonological abilities (t(40) = - 6.29, p < 0.001) as assessed by the Epreuve Lilloise de Discrimination Phonologique (ELDP, Macchi et al., 2012), and lexical abilities (t(40) = - 6.51, p < 0.001) as measured by the French adaptation of the Peabody Picture Vocabulary Test (Echelle de Vocabulaire en Images Peabody; Dunn, Thériault-Whalen, & Dunn, 1993). 

The SLI group and the span control group (SC) were matched for nonword span, i.e. the longest length at which they accurately repeated two of the four experimental nonword lists presented (Jefferies, Lambon Ralph, & Baddeley, 2004). This second control group was included in order to directly assess the impact of attentional allocation capacities on NWR performances while avoiding difficulties of interpretation that arise if the children are not matched for baseline performance. These groups were also matched on receptive phonological abilities (t(40) = -0.71, p = 0.48), but children with SLI showed significantly better lexical abilities (t(40) = 6.70, p < 0.001) than their span controls. 

Children from the control groups were recruited in schools in the neighbourhood of the city of Liege (Belgium). Informed consent was obtained from the parents of all participating children. All children came from families with low or middle-class socioeconomic background, as determined by their parents’ profession. The parents completed a medical history questionnaire, allowing us to ensure that all children were French native speakers, had no history of psychiatric or neurological disorders, and no neurodevelopmental delay or sensory impairment. Children with SLI were recruited from specific language classes in special needs schools. They were diagnosed as presenting with SLI prior to the study by certified speech-language therapists. Moreover, we ensured by using standardized clinical tests that all of the children with SLI met the following criteria. (1) They scored more than -1.25 SD below expected normative performance in two of three receptive or productive language skills: phonological, lexical and grammatical. Their receptive phonological and lexical abilities were assessed by the tests described above, their receptive grammar level was measured by the sentence comprehension task of the L2MA2 (Batterie Langage oral, langage écrit, mémoire, attention - 2ème édition, Chevrie-Muller, Maillart, Simon, & Fournier, 2010). Their productive phonological, lexical and grammatical abilities were respectively measured by the nonword repetition task, the lexical production task and the sentence repetition task of the L2MA2 (Chevrie-Muller et al., 2010). (2) The children demonstrated normal-range nonverbal IQ (≥80) on the Wechsler Nonverbal Scale of Ability (Wechsler & Naglieri, 2009). (3) All children showed normal range hearing thresholds, as determined by audiometric pure-tone screening at 20 dB HL at 500, 1,000, 2,000, and 4,000 Hz. Control children scored in the normal range on nonverbal IQ and on all language tests.

<Insert table 1 about here>

Materials and procedure
Children performed two task conditions, varying in task type (single versus dual). 

Experimental task 
 Immediate serial recall of monosyllabic nonwords

The NWR task did not involve repetition of multisyllabic nonwords (/notizu/), as was typically done in the studies reviewed here but rather consisted of an immediate serial recall task containing strings of monosyllabic nonwords (/no/ /ti/ /zu/). This presentation was preferred because the presentation of a string of monosyllabic nonwords is longer and thus captures the attentional resources for a longer period of time. There is thus greater opportunity to assess the hypothesis that attentional allocation capacity can impede NWR performances. Moreover, pauses between different syllables provide more opportunities for refreshing the memory trace. 

Twenty-seven syllables of CV structure were created. CV stimuli respected French phonotactic rules, but diphone combinations were of relatively low familiarity relative to the phonological structure of French (mean diphone frequency: 261; range: 7-1447; Tubach & Boë, 1990), in order to minimize the possibility of relying on lexical knowledge (i.e. frequent diphones typically have a higher lexical neighbourhood; Vitevitch & Luce, 1999). Each syllable was recorded separately, with an equal neutral intonation across syllables, by a female speaker in an isolated acoustic booth using a high-quality microphone connected to a minidisc(R) digital record. Nonword syllables were combined to create 40 trials at each list length (i.e., four sets of 10 trials at list length 3, four sets at list length 4, four sets at list length 5 and four sets at list length 6), and were presented at the rate of one per second. No phoneme was repeated within a sequence. 
The 27 nonword syllables were first presented separately to the child in order to ensure that each syllable was accurately repeated in isolation. The length of the nonword trials that children had to recall depended on individual span size. Nonword span was assessed by presenting lists of nonwords (from the pool of the 27 nonword syllables described above) varying in length from two to seven syllables, four items at each syllable length. These lists differed from those used in the experimental tasks by using other syllable combinations. Span was defined as the longest length at which two of the four lists were accurately repeated. In order to avoid ceiling effects, children were then presented nonword lists that exceeded their respective span level by one item. 
Afterwards, 20 series of nonwords were presented in the single task condition and 20 were presented in the dual task condition. Moreover, each task was split into two equal parts (each containing ten series). Ten series of the single task condition were presented prior to the dual task condition and ten series of the single task condition were presented after to avoid practice effects on the dual task condition and to optimize the reliability of the estimate of a given child’s performance level. The experimental task was thus administered in the following order: 10 trials in single task condition, 10 trials in dual task condition, 10 trials in dual task condition, and 10 trials in single task condition. In the single task condition, the children listened to the nonword series and repeated them back upon hearing an auditory signal (a nonlinguistic, bell-like tone) presented just after the last nonword syllable.
Visual search task 

The visual search task was adapted from Treisman and Souther (1985). Participants had to search and point to the complete circle among five circles with a gap. We further adapted the task following the recommendations by Rohrer and Pashler (2003). As the authors point out, if the next stimulus appears only after the response to the previous stimulus (i.e. self-paced task), the participants could possibly slow the pace of the interfering task. If the interfering task is self-paced, it may be less constraining with respect to the recruitment of attentional resources, relative to the main task. Consequently, we presented each target with a fixed inter-stimulus interval, adapted from each participant’s response speed. During the first 3-min practice period, stimuli were presented every 1800 ms for all participants. Subjects were asked to respond as quickly but as accurately as possible. In the second 3-min practice period as well as in the experimental trials, the appearance time was set to the 90th percentile of the participants’ RTs collected during the first practice period. Accuracy of the search response was recorded. 
Dual task

The visual search task display changed with each new nonword list. As in Jefferies and colleagues (2004), there was a period of 10 s before the presentation of the nonword list, during which the visual search task was performed alone. Participants were required to continue the visual search task when the nonword list was presented. The list presentation and the visual search task stopped simultaneously upon presentation of an auditory signal informing the children that they had to repeat the list they had just heard (see Figure 1). In this first study, the visual search task was thus performed both before the nonword list presentation (when the visual search task was performed alone – the single task condition for the visual search task) and during the nonword list presentation (during nonword encoding), but not during nonword recall. Two practice trials for the dual task were conducted to familiarize the children with the task. NWR responses were recorded and later transcribed and scored for accuracy. Recall accuracy was scored at the syllable level using a strict serial recall criterion (i.e. both phonologically correct and in the right serial order). When a child appeared to focus on one task at the cost of the other, the experimenter reminded him or her that both tasks were equally important. Consequently, the use of a single task strategy was unlikely. This was supported by the fact that no child showed a global null performance for one of the two tasks during the dual task condition (see Results section). 

<Insert figure 1 about here>

Standardized dual task paradigm
A dual task paradigm by Baddeley and colleagues (Baddeley, Della Sala, Papagno, & Spinnler, 1997) was set in order to provide an external measure of the children’s ability to simultaneously process verbal and visual information, and provide external validity to our experimental task. Participants were presented for 2 min with lists of digits at their own span, being concomitantly required to perform a visual task. This task was divided into three parts: participants first performed the verbal task in isolation (a digit span task), second they performed the visual task in isolation (a box-crossing task), and third they performed both tasks concomitantly. 
Digit span task

Each participant’s span was assessed by presenting lists of digits varying in length from two to seven, four items at each length. Span was defined as the longest length at which two of the four lists were accurately repeated. Participants were then presented with lists of digits at their own span level and they had to recall the lists during a period of 2 min. The percentage of sequences correctly repeated was computed. 
Visual task

Using a pen, the participants had to cross out as rapidly as possible a chain of boxes. The total number of boxes crossed within the time of 2 min was computed. 
Dual task

In the dual-task condition, the participants had to perform the two tasks simultaneously. For the verbal domain, loss of performance under dual-task conditions was calculated as the proportion of lists recalled in single- versus dual-task conditions. Similar calculations were made for the nonverbal domain. A global performance decrement was also calculated: it corresponds to a mean of the proportional loss in the number of digit lists recalled on the one hand and in the number of boxes crossed on the other hand under dual task condition as compared to single task condition (Baddeley’s formula; see Baddeley et al., 1997: 190).
Reverse span task

Finally, the backwards digit span task from the WISC-IV (Wechsler, 2005) was given in order to provide an external measure of maintenance and processing capacities in working memory. 

Procedure 

The children took part in six individual sessions. The first two sessions were dedicated to eligibility testing (i.e., the language tests, the standardized dual task paradigm and the reverse span task). The four following sessions were dedicated to the experimental tasks. 
· Experimental session 1: Nonword span was first assessed. Then the children were presented 10 nonword series just above their own span in the single task condition, followed by 10 nonword series in the dual task condition (Study 1)

· Experimental session 2: The children were presented 10 nonword series in dual task condition (Study 1) first, then 10 nonword series in single task condition 

· Experimental session 3: the children were presented 10 nonword series at just above their own span in the single task condition, followed by 10 nonword series in the dual task condition (Study 2)

· Experimental session 4: the children were presented 10 nonword series in dual task condition (Study 2) first, then 10 nonword series in single task condition 

Score for each task condition corresponded to the proportion of syllables accurately repeated in their correct serial order. It was calculated by averaging the results of the 20 nonword series of the same task condition, that were administrated in two different sessions (e.g., averaging the results of the 10 nonword series of the single task condition from the experimental session 1 and the 10 nonword series of the single task condition from the experimental session 2).
Half of the children in each participant group participated in Study 1 prior to Study 2 (experimental sessions 1-2-3-4), and the other half of the children participated in Study 2 prior to Study 1 (experimental sessions 3-4-1-2).

Results

Proportion accuracies for the experimental visual search task and the experimental NWR task are shown in table 2. As experimentally designed, the SLI and the SC groups had the same nonword span: M=2.38, SD=0.59 (in each group, 14 children showed a span of 2 nonwords, six showed a span of 3 nonwords, and one showed a span of 4 nonwords). This span was significantly lower than that of the AC group:  M=3.57, SD=0.68 (11 children had a span of 3 nonwords, eight showed a span of 4 nonwords, and two showed a span of 5 nonwords). 

<Insert table 2 about here>

Performance on the nonword repetition task
The proportion of syllables accurately repeated in their correct serial order was subjected to a mixed ANOVA. The between-subjects factor was participant group (children with SLI, span-controls, SC, or age-controls, AC); the within-subjects factor was task type (single or dual). We observed a main effect of condition (F(1,60)=30.04, p<0.001, partial η²=.33); performance being higher in the single than the dual task condition. The group effect and the interaction effect were not significant. 
Performance on the visual search task

The second set of variance analyses explored response accuracy on the experimental visual search task, in both single and dual task conditions. The between-subjects factor was participant group (SLI, AC or SC), and the within-subjects factor was task condition (isolated or during nonword encoding). The dual task condition effect was significant: performance was generally better when the visual search task was performed alone than when it was performed simultaneously with the nonword encoding (F(1,60) = 19.64, p<0.001, partial η² = 0.25). Moreover, results revealed a main effect of group (F(2,60)=4.62, p=0.013, partial η² = 0.13). Unexpectedly, Newman-Keuls post hoc analyses revealed that the AC group performed significantly lower than the SC and SLI groups (p = 0.016 and p = 0.021 respectively). Performances in SC and SLI did not differ (p = 0.79). The interaction effect was nearly significant (F(2,60)=2.82, p=0.06, partial η² = 0.086). We thus performed Newman-Keuls post-hoc analyses revealing that performance in the AC group only differed from that of the SC and SLI groups when the visual search task was performed during the nonword encoding (p = 0.019 for both comparisons), not when it was performed in isolation (p = 0.28 and p = 0.10 respectively). The unexpected lower performance of the AC group in performing the visual task was thus actually observed during the nonword encoding only, not when the task was performed in isolation.  
Additional results 

Dual-task paradigm
For the dual-task paradigm developed by Baddeley and colleagues (1997), we observed a main effect of group on initial digit span performance, as expected (F(2,60)=67.24, p<0.001, partial η² = 0.69): digit span was significantly better in AC (M=5.6, SD=0.9, range:4-7) than in children with SLI (M=3.5, SD=0.6, range:3-5) and SC (M=3.4, SD=0.5, range:3-4), which did not differ from one another. In the single task condition, the groups did not significantly differ in the proportion of digit lists accurately repeated at their own span-level (F(2,60)=1.18, p=0.31, partial η² = 0.04), but they differed in the number of boxes crossed (F(2,60)=57.19, p<0.001, partial η² = 0.66): Newman-Keuls post-hoc analyses revealed that the AC group (M=125.52; SD=21.34) performed significantly better than the SLI group (p<0.001; M=85.67; SD=30.03) and the SC group (p<0.001; M=44.43; SD=21.31), and the SLI group performed significantly better than the SC group (p<0.001). Finally, global dual-task decrement as calculated by combining performance decrement in both tasks in the dual task condition also did not differ between groups (F(2,60)=0.03, p=0.97, partial η² = 0.00). 
In order to further characterize the impact of dual-tasking on the verbal task, we performed mixed ANOVA on the proportion of digit lists accurately repeated under single and dual task conditions. The condition effect was significant (F(1,60)=5.07, p=0.03, partial η² = 0.08), but neither the group effect (F(2,60)=0.80, p=0.45, partial η² = 0.03), nor the group-by-condition effect (F(2,60)=1.25, p=0.29, partial η² = 0.04) were significant. These results mirror the dual-task impact we observed on NWR accuracy in our experimental task and thus give external validation to our experimental task. 

Reverse span task
There was a main effect of group, (F(2,60)=6.35, p<0.01, partial η² = 0.17): Newman-Keuls post-hoc analyses revealed that performance was significantly better in the AC group (M=3.5; SD= 0.9; range: 2-5) than in the SC group (p<0.01; M=2.6; SD= 1.0; range: 1-4) and the SLI group (p<0.01; M=2.7; SD= 0.9; range: 1-4). The SLI and SC groups did not differ from one another (p=0.73). These results suggest that children with SLI and their span controls were also matched on mental manipulation. 

Discussion

This study explored the hypothesis that a limitation in controlled attention processing resources underlies the difficulties seen in NWR in children with SLI. We assessed the impact of a controlled attention demanding non-linguistic task on performance during immediate serial recall of nonwords in children with SLI as compared to control children matched on age or matched on NWR span. First, results revealed a main impact of condition on both the NWR task and the visual search task in each group. A resource-sharing trade-off between these two tasks was thus observed in the three groups, attesting that our verbal and visual tasks shared and competed for a common pool of attentional resources, as predicted by the TBRS framework. These results were corroborated by similar results in an independent dual task paradigm. Second, our results unexpectedly revealed that performance in the AC group was lower than in the SC and SLI groups for the visual search task, especially when children had to concurrently encode the nonwords. It thus seems that age controls are allocating their attentional resources differently than the two other groups. One possibility could be that these older children allocate a larger part of their attentional resources to the encoding and refreshment of the nonwords than the two other groups. If this is the case, their STM traces should be better encoded than in the two other groups. Consequently, the recalling of the nonwords should demand less attention in AC children than in the SC and SLI groups, even if they have to encode, maintain and produce more nonwords (their nonword span being larger). The impact of the visual task should thus be lower in the AC group during the nonword recall. We thus conducted a second study to specifically address this issue. 
Study 2
Methods

Participants

Participants were the same as in Study 1. 

Materials and procedure

The NWR and visual tasks were the same as in Study 1 except that in the dual task condition, the visual task continued during the recall of the nonwords. There was a period of 10 s before the presentation of the nonword lists, during which the visual search task was performed alone. Then participants were required to continue the visual search task when the nonword lists were presented. After list presentation, an auditory signal informed the children that they had to repeat the list they had just heard, but the visual search task continued until the end of the recall (see Figure 2). Accuracy of the visual search response was recorded before the nonword list (when the visual search task was performed alone – in single task condition for the visual search task), during the nonword list presentation (during nonword encoding), and after the nonword list presentation when the child had to repeat the nonword (during nonword recall).
As in Study 1, two practice trials for the dual task were conducted in order to familiarize the children with the task, responses were recorded and recall accuracy was scored at the syllable level using a strict serial recall criterion. Once more, the experimenter ensured that no child used a single task strategy.
<Insert figure 2 about here>

Results

Proportion accuracies for the visual search task and the NWR task are shown in table 3. 

<Insert table 3 about here>

Performance on the nonword repetition task

Results for the nonword performances mirrored that of Study 1. We performed a mixed ANOVA: the between-subjects factor was participant group (SLI, SC, or AC), while the within-subjects factor was task type (single or dual). We observed a main effect of condition (F(1,60)=14.24, p<0.001, partial η²=0.19), performance being higher in the single than the dual task condition. The group effect and the interaction effect were not significant. 

Performance on the visual search task

Once more, we explored response accuracy on the visual search task, in both single and dual task conditions. The between-subjects factor was participant group (SLI, AC or SC), and the within-subjects factor was task condition (isolated, during nonword encoding, or during nonword recall). The dual task condition effect was significant (F(2,120)=75.45, p<0.001, partial η² =0.56). Newman-Keuls post-hoc analyses revealed that performance was generally better when the visual search task was performed alone than when it was performed simultaneously to the nonword encoding (p<0.001) or simultaneously to the nonword recall (p<0.001), and performance was better when the visual search task was performed during the nonword encoding than during the nonword recall (p<0.001). The group effect was not significant (F(2,60)=0.27, p=0.77, partial η² = 0.01), but there was a significant interaction effect (F(4,120)=6.76, p<0.001, partial η² = 0.18). Newman-Keuls post hoc analyses revealed a significant performance decrease during nonword recall as compared to nonword encoding in both the SC and SLI groups (p<0.001 for both groups) while it was not the case in the AC group (p=0.18) (see Figure 3).
Discussion

We conducted this second study to assess whether the differences observed in attentional allocation between the AC group and the two other groups could be related to a difference in strategy use. More precisely, we assessed the hypothesis that the unexpected lower performance observed in the interfering visual task in AC during the nonword encoding phase could be related to more attentional resources being dedicated to the encoding and refreshment of nonwords. We thus assessed the impact of the visual search task during the nonword recall. Our reasoning was that if the AC group, as compared to the two other groups, dedicate a larger part of their attentional resources to the encoding and refreshment of the nonwords, their STM traces should be better encoded and stored, and the interfering visual task should have a less deleterious impact on their nonword recall than in the two other groups. As in Study 1, results showed a significant impact of the dual task condition, both on nonword repetition and on the visual task, in each group. Moreover, results revealed a significant interaction effect: performances on the visual task were more affected in the SLI and SC groups than in the AC group during the nonword recall phase. It thus seemed that the nonword recalling was more attention consuming in the SC and SLI groups than in the AC group, even if the number of nonwords to recall was larger in this latter group. The number of nonword stimuli in each task was indeed set to each participant’s individual performance level. Thus, the absolute number of nonwords recalled was in fact larger in the AC group than in the two other groups: The number of nonwords accurately repeated generally corresponded to three to four in this group, while this number was mostly around one to two in the two other groups. The fact that the AC control group recalled a larger number of nonwords than the two other groups, while also performing better in the visual task during nonword recall, attested to better nonword encoding and storage in the AC group than in the two other groups. 

General discussion
The main aim of these two studies was to assess whether differences in attentional allocation capacities could be at the root of poor nonword repetition in children with SLI. In order to do so, we presented a series of nonword lists either in isolation or combined with an attention demanding visual task. In order to precisely assess the impact of the attentional allocation capacities, rather than initial differences in the two isolated tasks, we adapted the complexity level of each task to the initial level of each participant: the nonword series were adapted to each participant’s nonword span, and the presentation speed of the visual targets in the interfering visual task was adapted to each participant’s speed. We compared children with SLI to children of the same chronological age, but also to younger children matched on their nonword span level in order to control for the impact of initial nonword span difficulties. Our results revealed a main impact of the dual task condition on both the NWR task and the visual task in all children. Performances in children with SLI were affected to the same extent as in their younger peers matched on span level by the necessity to allocate their attentional resources to two concurrent tasks. However, attentional allocation seemed to differ among groups: in the AC group, the nonword encoding phase seemed to be more attention consuming while the nonword recalling phase seemed to be less attention consuming than in the two other groups. 
First, our results confirm the poor performances on NWR in children with SLI observed in previous studies (i.e. Archibald & Gathercole, 2006; Girbau & Schwartz, 2008): nonword spans for children in this study corresponded to that of children three to five years younger. These data confirm the severity of NWR problems in children with SLI. 
Second, a resource-sharing trade-off between our NWR and visual tasks was observed in the three groups: response accuracy decreased, in both tasks, under the dual task condition as compared to the single task condition. These tasks thus shared and competed for the same pool of attentional resources, as predicted by the TBRS model. This confirms the significant impact of general attentional resources on NWR performances. Our results were corroborated by similar results in another, standardized, dual task paradigm, attesting to the validity of our experimental paradigm. 
Contrary to our expectations and to previous studies, performances in children with SLI were no more affected under the dual task condition than in the two other groups. However, in most previous studies, the increase in attentional load was paired with an increase in linguistic demands, as is the case in the listening span task (e.g. Mainela-Arnold & Evans, 2005;Weismer et al., 2005). In the present studies, two main characteristics differ from previous studies: first, the interfering task was not linguistic. Results can thus not be explained by the additional effects of two linguistic tasks in children with SLI. Second, as compared to previous studies showing dual tasking problems in children with SLI in non linguistic tasks (Hoffman & Gillam, 2004; Archibald & Gathercole, 2007b; Marton, 2008), the present paradigm adapted the initial complexity level to each child for the main and interfering tasks. Consequently, results cannot merely be explained by initial task complexity levels that differed from one group to another. Previous studies have not controlled for the initial complexity level and can thus not exclude initial differences in task complexity between groups. 

Of particular interest in the present study is the difference observed in the attentional allocation strategies among groups. Unexpectedly, in Study 1, the nonword encoding activity seemed to be more demanding in the AC group children than in the two other groups. In Study 2, results revealed that the nonword recall activity was consequently less demanding in these children. Our explanation is that the groups differently allocate their attentional resources between the NWR task and the visual task. It is possible that AC anticipate potential nonword maintenance difficulties and allocate a larger part of their attentional resources to the encoding and refreshment of the NWR task, leaving less attentional resources for the processing of the visual task. Their STM traces are thus better encoded than in the two other groups. The results of the second study are in line with this explanation, given that the AC group show no significant performance decrease on the visual task during the nonword recall, even if the number of nonwords recalled was larger in this group than in the two other groups.

Previous authors have argued that the main differences in storage abilities between children are mainly explained by the process of refreshment of the memory traces (Bayliss et al., 2005; Barrouillet et al., 2009). Our results corroborate this proposal: children with SLI seem to allocate less attentional resources than their age controls to the encoding (and likely refreshment) processes of the nonwords. Interestingly, performances in children with SLI did not differ from that of younger children, matched on nonword span. Results revealed that these children were also matched on a standardized dual task paradigm and the reverse span. The nonword span of children with SLI is mostly of two to three items, i.e. a span length that, as proposed by Cowan (2010), does not require trace refreshing. A possibility is that neither children with SLI nor younger controls use a refreshment strategy to perform the task and maintain the nonwords. Given that these young children were very young (between four and seven years of age) and that previous studies have shown that children do not engage in controlled maintenance processes before seven years of age (Jarrold et al., 2004; Barrouillet et al., 2009), it is very likely that the children in the SC group did not use maintenance strategies when performing the NWR task. Following the TBRS model, attentional capacities are required to activate and store the temporary traces in all children. However, it seems that only older, typically-developing children deliberately allocate a larger part of their attentional resources to the active maintenance of a number of items they anticipate to be larger than they are able to keep in mind without any refreshment strategy. What is of particular interest here is that older children with SLI do not seem to engage in such a strategy but rather behave like younger children, either because of a lack of sufficient attentional resources, or because of an inability to efficiently use their attentional resources. Future studies should directly assess whether linguistic problems in children with SLI could be explained by a lack of mature strategies when processing language.  
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Table 1. General language and nonverbal measures (standardized scores) for Children with Specific Language Impairment (SLI), Age Controls (AC) and Span Controls (SC). 
Table 1.
	
	SLI

M (SD)

Range 
	AC

M (SD)

Range
	SC

M (SD)

Range

	Age (month)
	136 (15)
108-155


	136 (15)
107-155
	70 (11)
58-92

	Receptive phonological abilities a
	-2.10 (1.00)
-3.44 - -0.3


	-0.3 (0.93)
-0.92 – 1.56
	0.06 (0.76)
-0.96 – 1.98

	Productive phonological abilities b
	-2.53 (1.45)
-6.13 – 0.06


	0.01 (0.96)
-0.82 – 1.19
	-0.36 (0.43)
-0.98 – 0.51

	Receptive lexical abilities c
	-0.94 (0.86)
-2.53 – 0.93


	0.56 (0.82)
-0.86 – 2.73
	0.19 (1.02)
-1 – 2.93

	Productive lexical abilities d
	-2.41 (1.41)
-5.96 - -0.42


	0.24 (0.97)
-0.83– 1.73
	1.26 (0.56)
0.14 – 2.16

	Receptive grammatical abilities e
	-1.18 (1.85)

-6.06 – 1.39


	0.30 (0.89)

-1.02 - 1
	-0.08 (0.83)

-0.76 – 1.37

	Productive grammatical abilities f
	-3.09 (1.88)

-6.23 - -0.51


	-0.07 (0.82)

-0.97 – 1.22
	0.15 (0.61)

-1 – 1.82

	Nonverbal reasoning g
	94.5 (10.6)

82-119


	95.6 (9.1)

82 - 116
	103 (13)

84 - 127

	Digit span h
	4.2 (1)

3 – 7


	5.9 (0.9)

5 - 7
	3.8 (0.6)

3-5

	Reverse span i
	2.7 (0.9)

0 - 4
	3.5 (0.9)

2 - 5
	2.6 (1)

0 - 4


Note. The scores are Z-scores with M=0, SD=1

a As assessed by the ELDP (Macchi et al., 2012) phonological discrimination scale.
b As assessed by the nonword repetition task of the L2MA2 (Chevrie-Muller et al., 2010) or of the NEEL (Chevrie-Muller & Plaza, 2001) batteries.

c As assessed by the EVIP (Dunn et al., 1993) receptive vocabulary scale.

d As assessed by the lexical production task of the L2MA2 (Chevrier-Muller et al., 2010) or the ELO (Kohmsi, 2001) batteries.
e As assessed by the morpho-syntactic comprehension task of the L2MA2 (Chevrier-Muller et al., 2010) or the NEEL (Chevrie-Muller & Plaza, 2001) batteries.

f As assessed by the sentence repetition task of the L2MA2 (Chevrier-Muller et al., 2010) or the NEEL (Chevrie-Muller & Plaza, 2001) batteries.

g As assessed by the Weschler Nonverbal Scale of Ability (Weschler & Naglieri, 2009). 

h As assessed by the digit span task of the WISC IV (Weschler, 2005).

i As assessed by the reverse span task of the WISC IV (Weschler, 2005).
Table 2
Study 1. Proportions of Syllables Accurately Repeated and Proportions of Visual Targets Accurately Answered for Each Experimental Condition, as a Function of Participant Group for Children with Specific Language Impairment (SLI), Age Controls (AC) and Span Controls (SC) 

Table 2. Study 1
	
	
	SLI
	AC
	SC

	Task  
	Condition  
	M (SD)
	M (SD)
	M (SD)

	Nonword repetition
	Single
	0.55 (0.16)
	0.57 (0.19)
	0.51 (0.20)

	
	Dual
	0.47 (0.16)
	0.52 (0.23)
	0.47 (0.20)

	Visual search task
	Single
	0.86 (0.10)
	0.79 (0.12)
	0.85 (0.12)

	
	Nonword encoding
	0.83 (0.13)
	0.73 (0.13)
	0.83 (0.12)


Table 3
Study 2. Proportions of Syllables Accurately Repeated and Proportions of Visual Targets Accurately Answered for Each Experimental Condition, as a Function of Participant Group for Children with Specific Language Impairment (SLI), Age Controls (AC) and Span Controls (SC) 
Table 3. Study 2
	
	
	SLI
	AC
	SC

	Task  
	Condition  
	M (SD)
	M (SD)
	M (SD)

	Nonword repetition


	Single
	0.45 (0.15)
	0.55 (0.19)
	0.51 (0.21)

	
	Dual


	0.52 (0.15)


	0.53 (0.21)


	0.47 (0.20)



	Visual search task
	Single
	0.86 (0.07)
	0.79 (0.10)
	0.84 (0.10)

	
	Nonword encoding
	0.78 (0.11)
	0.72 (0.15)
	0.72 (0.12)

	
	Nonword recall
	0.52 (0.13)
	0.68 (0.15)
	0.50 (0.33)
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Figure Captions

Figure 1. Study 1. Illustration of the sequence of events in the dual task. (1) Children first have to perform the visual search task only for 10 s. (2) After 10 s, the nonword list is orally presented, while children continue to perform the visual task. (3) When the list presentation ends, the visual task immediately ends and an auditory signal is given, informing the children that they have to recall the list they just heard. 

Figure 2. Study 2. Illustration of the sequence of events in the dual task. (1) Children first have to perform the visual search task only for 10 s. (2) After 10 s, the nonword list is orally presented, while children continue to perform the visual task. (3) When the list presentation ends, an auditory signal is given, informing the children that they have to recall the list they just heard. The visual task continues until the end of the nonword recall. 

Figure 3. Study 2. Proportion of visual targets accurately identified for each group (SLI, children with specific language impairment; AC, Age controls; SC, Span controls) as a function of task condition (isolated, during nonword encoding, or during nonword recall).
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