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Cognitive and Behavioural
Weaknesses in Children with
Reading Disorder and AD(H)D

Sabrina Turker*?*, Annemarie Seither-Preisler’:3, Susanne Maria Reiterer* & Peter Schneider?

Working memory capacity, an essential prerequisite for language learning and the development of
arithmetic skills, has been reported as deficient in children with reading disorder (RD) and attention
deficit (hyperactivity) disorder (AD(H)D). However, few studies to date have explored potential
associations of working memory impairments and foreign language learning, mathematical skills and
school achievement in these groups, in particular in children with a comorbidity of both. In the present
study, we assessed working memory, language learning, arithmetic fluency and academic achievement
in children (N=166; M,,. =14.3, range 8-18Y), including typically-developing children (n = 89), subjects
with RD (n=27), AD(H)D (n=43), and a comorbidity (n=15). While children with AD(H)D performed
similar to typically developing children on all tasks, RD children performed weakly on various language
learning and working memory tasks, with major deficits in non-word span, phonetic memory and
vocabulary learning. Combining weaknesses of the two groups, children with a comorbidity further
performed significantly worse on arithmetic skills, learning of sound-symbol combinations and

simple digit span forward. The findings suggest a reconsideration of working memory and learning
impairments in AD(H)D, while highlighting the additional weaknesses of comorbid children and
pointing out severe foreign language learning difficulties in RD children.

Developmental learning disorder with impairments in reading and written expression (synonymous to develop-
mental dyslexia; henceforth RD') is one of the most frequently diagnosed learning disabilities affecting 5-10% of
school-aged children®®. Children with RD face severe difficulties during literacy acquisition despite educational
opportunity, normal cognitive functioning and intelligence*. The most widely accepted theory explaining the
underlying difficulties of RD argues in favour of a phonological coding deficit®, wherein the key problem lies in
a deficient access to phonological representations®. Another line of research suggests deficits in statistical learn-
ing, a domain-general computational process, which extracts regularities from a quasi-regular system to predict
future events’. Children with AD(H)D [attention deficit (hyperactivity) disorder], on the other hand, struggle
most with attentional problems often accompanied by hyperactivity and/or impulsivity, which frequently lead
to social problems and poor academic outcome®. Similar to the aetiology of RD, the exact nature and cause of
AD(H)D is still under debate (for suggestions, see®'?). Although the single profiles of the two developmental
disorders may suggest little overlap, between 18 to 45% of children with AD(H)D suffer from RD and vice versa'’.
Various competing hypotheses explaining this comorbidity have been brought forward, many arguing in favour
of a shared genetic aetiology in which the neuropsychological profile of comorbid children is an additive combi-
nation of the two single diagnostic groups only'?. Another view is that children with a comorbidity have unique
underlying factors in addition to their shared disabilities'?.

Due to its central importance for controlled effortful processing and learning-related functions'*, working
memory (WM) has been at the core of much research!®>. WM has also been referred to as an individual’s a pri-
ori learning potential'® given its importance for foreign language learning'”'® and the acquisition of arithmetic
skills'. Baddeley and colleagues'”?® were the first who suggested a strong link between verbal WM and novel
word learning, promoting it as the word learning device per se*. Apart from language learning, also the mastery
and integration of simple numerical facts and concepts** and mental arithmetic, the ability to quickly solve basic
calculations®, relies heavily on WM?*. Likewise, problems with arithmetic skills have been linked to deficits in
WM components, e.g., the central executive?>2.
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It is thus not surprising that WM deficits have also been found in children with RD**® and AD(H)D%. The
severity of reading impairment was found to be significantly associated with WM?>® and various studies with RD
children®"** have reported weaker performance for easy and complex verbal and visuospatial WM tasks as com-
pared to control children. Similarly, about 31.9% of children with AD(H)D have been found to suffer from WM
impairments®, both in phonological short-term memory, visuospatial WM and executive processes***. It has
been suggested by Kofler et al., that reading problems in children with AD(H)D are attributable, at least partly, to
underdeveloped working memory* and reading performance is linked to inattention®”. However, it has also been
suggested that only children with AD(H)D younger than 8 years suffer from WM impairments®®.

Considering the large body of research on WM, comparatively few studies have addressed potential defi-
cits in language learning ability and mental arithmetic in children with RD, AD(H)D and a comorbid diagno-
sis. Language acquisition impairment (‘developmental language disorder’) and RD frequently co-occur®** and
foreign language learning problems seem to be a natural consequence thereof. However, only few studies have
explicitly addressed the association between RD and foreign language acquisition*-*?, with one study finding that
poor language aptitude scores are linked to RD. Although language impairment and AD(H)D also sometimes
co-occur®?, studies reporting impaired language learning skills in children with AD(H)D are mostly limited to
pragmatic and social-emotional skills****. Concerning academic outcomes, highly motivated AD(H)D children
perform similar to controls*® and problems with academic achievement have been suggested to be more the
consequence of behavioural than of cognitive problems®. Especially, hyperactivity and impulsivity can negatively
impact school grades***. Pointing towards the problem of comorbidity, children who suffer from reading, math,
or spelling deficits in combination with attentional deficits could be much more impaired in learning than chil-
dren with a mere AD(H)D diagnosis™.

Few studies have been conducted with the aim of comparing performances across a variety of tasks between
children with RD, AD(H)D and/or a comorbidity. Comparing AD(H)D and RD college students in one study,
Sparks et al. have shown that AD(H)D and learning-disabled children perform in the average to above-average
range on all measures of cognitive ability and academic achievement®'. In another large study by Gooch et al.,
AD(H)D was characterized by deficits in time perception and executive function, while RD was characterized by
phonological problems and weaknesses in duration discrimination®2. Looking into differences of WM between
the two disordered populations, Kibby and Cohen, reported deficits in visuo-spatial WM in AD(H)D children,
compared to verbal short-term memory deficits in the RD population®. Another study by Willcutt et al. found
major verbal WM and language difficulties in RD children, while AD(H)D children were only impaired in few
measures of reading and verbal WM. In this study, the comorbid groups seemed to be characterized by an
additive combination of the profiles of the single diagnosis groups'?. Helland et al. found language impairments
in the majority of children with AD(H)D and RD, i.e., a comorbid diagnosis, and in more than 40% of children
with only one diagnosis*.

To our knowledge, no behavioural studies have compared larger groups of children with different develop-
mental disorders, namely AD(H)D, RD, and a comorbid diagnosis, in a single study looking at a variety of abilities
related to memory, language learning and arithmetic skills, as well as academic outcome. We therefore aimed to
clarify if children with a comorbid diagnosis of RD and AD(H)D display additive behavioural profiles or even
specific weaknesses going beyond those encountered by children with one diagnosis only. We tested perfor-
mance in WM, language learning, arithmetic tasks and academic achievement in four different populations:
typically-developing children (TD), children with RD, children with AD(H)D and children with AD(H)D and
RD (comorbid group). We hypothesized that deficits in verbal WM, expected to some extent in all three clinical
populations, should be associated with significant impairments in foreign language learning abilities as measured
by the LLAMA language aptitude battery> and in mathematical abilities assessed by an arithmetic fluency test>
in comparison to the control group. Moreover, we hypothesized that performance in arithmetic fluency and
language learning should be positively correlated with academic achievement. In addition, we were interested in
general interdependencies of the aforementioned skills in the general population (TD children).

Material and Methods

Subjects. We tested a sample of 166 monolingually raised German children and teenagers (103 males/63
females; age range: 8-18y, M,,,= 14.341.7y). The children were categorized into four groups: typically-devel-
oping children (TD; n = 89, 45 males/44 females; M, =146+ 1.6 y), children with RD (n =25, 14 males/11
females; M, =135 =+ 1.5y), children with AD(H)D (n= 37, 29 males/8 females; M,e=143+19 y) and children
with both RD and AD(H)D (comorbid; n =15, all male; M., =13.742.1y).

All subjects with disorders were officially diagnosed either by a psychiatrist, psychologist, or a paediatrician.
In case of attentional problems, written diagnoses were obtained and subjects with the diagnostic classifications F
90.0/F90.1 (attention deficit hyperactivity disorder/ADHD) or F 98.8 (attention deficit disorder/ADD) according
to ICD-10" were included in the study. In order to improve diagnostic accuracies for our sample, the original
classifications were re-validated and informal interviews were conducted with the responsible experts to clarify if
potential comorbidities had arisen after the initial diagnoses. Children with RD were diagnosed according to the
Paediatric Neurology Standards of the University Hospital Heidelberg, using ELFE® for reading comprehension,
the ‘Hamburger Schreib-Probe 1-10"*® for spelling skills, and H-LAD for phoneme discrimination®.

Children with an IQ below 80, as measured with the intelligence test CFT20-R®, or any known comorbidities
apart from the specified one (e.g. dyscalculia, autism, epilepsy) were excluded from the study. All children were
attending usual schools in Germany and had started acquiring their second language English at age 9+ 1 years.
All tested groups were matched as closely as possible with regard to potentially relevant background variables,
such as socio-economic status.
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Testing procedure. All testing took place at the University Hospital Heidelberg, Germany, during week-
ends. Participants received monetary reward for their participation in the study. Parents of participants provided
written informed consent before the experiment as approved by the ethic commission of the Medical University
Heidelberg. All research was performed in accordance with relevant guidelines and regulations.

Academic skills.  Both parents and their children independently reported the latest school grades (1-5) in
German (first language), English (second language/L2) and mathematics in a short interview (children) and a
questionnaire (parents).

Working memory. Subjects performed three verbal, phonological WM tests, namely digit span forward,
digit span backward and nonword span. Digit stimuli from the KAI (‘Kurztest fiir allgemeine Basisgrofien der
Informationsverarbeitung®') were used for both the forward and backward task. For the nonword task, German
nonwords (e.g, ‘knol, ‘plax;, ‘bamp’) were created from a syllable database at the Institute of Natural Language
Processing, University of Stuttgart, according to German phonotactic rules. For all three tasks, participants had
two attempts to correctly repeat the digits/nonwords before another element was added. Per correct repetition,
one point was given and a total of 14 points could be achieved in each of the tasks.

Foreign language learning. Children completed the LLAMA language aptitude battery®>°2 (tests can be
downloaded for free online), consisting of four sub-tests measuring foreign language learning potential. In the
‘Vocabulary learning’ sub-test (LLAMA B) children must learn as many words associated with tiny figures as
possible (only visual input) in two minutes. This test assesses their ability to quickly learn vocabulary and form
links in memory. The ‘Phonetic memory’ sub-test (LLAMA D) tests the recognition of previously heard words
in an unknown language. The children are auditorily presented with words of an unknown language one quickly
after the other. Thereafter, they are presented with one word at a time and have to decide for each stimulus if it
was part of the sequence presented beforehand or not. In the ‘Sound-symbol correspondence’ sub-test (LLAMA
E), children must learn the relationship between 27 simple combinations of digits and letters (e.g., 0i) and the
consonant-vowel syllables they correspond to (e.g., 0i corresponds to the syllable/pa/) in two minutes. After two
minutes, they are presented with auditory combinations of two pairs of digits and letters (e.g., /patu/) and have
to find the correct written form of these (e.g., 0i3¢). Finally, in the ‘Grammatical inferencing’ sub-test (LLAMA
F), children learn the syntax and semantics of an unfamiliar language in five minutes by being provided with pic-
tures and corresponding sentences. One picture always corresponds to one sentence that gives information about
the syntax of the language and the meaning of elements in that sentence. In the testing part afterwards, they are
presented with the same pictures and completely new pictures and have to choose the grammatically correct sen-
tence to describe them. For the new pictures, they must have understood the semantic and syntactic rules of the
language in order to be capable of choosing the correct sentence. Scores of the LLAMA lie between 0 and 100%.

Additionally, parents were asked how gifted they considered their children for learning foreign languages on
a scale from 0 to 10 (parent-reported aptitude). Children had to give the same estimate independently from their
parents about themselves (self-reported aptitude).

Arithmetic competence. Arithmetic competence was assessed by a test designed by Vogel and colleagues,
which is based on the French Kit test of arithmetic skills®. The test assesses how many calculations a child can
correctly perform in a given amount of time (25 seconds for divisions, 50 seconds for easy and complex additions,
subtractions and multiplications). Simple calculations included numbers ranging from 1 to 9, while the complex
calculations included numbers ranging from 1 to 20. Each correct calculation yielded one point and points were
added up to calculate a sum score.

Inattention, hyperactivity and impulsivity. All parents filled out the FBB-HKS (‘Fremdbeurteilungsbogen
fiir Hyperkinetische Stérungen’), which is part of the ‘Diagnostic System for Psychiatric Disorders in Children
and Adolescents’ (DISYPS®). It assesses symptoms of AD(H)D as specified in DSM V7 and ICD 11". Initially
planned for the AD(H)D group as a measure of severity only, we assessed these critical variables in all populations
to compare results between groups. The questionnaire consists of 20 statements formulated in accordance with
the symptom criteria of DSM V, wherein the occurrence of each symptom is rated on a 4-point scale: 0 (never or
rarely), 1 (sometimes), 2 (often) and 3 (very often). Altogether, the 20 items assess inattention (10 statements),
hyperactivity (6 statements) and impulsivity (4 statements). For further statistical analyses, raw scores were used
since for none of the applied test instruments age norms are available.
All statistical calculations were performed with the software package SPSS 25.

Results

Correlational analyses. Ina first step, the general interdependencies of the assessed variables were analysed
in TD children, since this group was considered to be most representative for the normal population; in contrast,
in the three disorder groups interdependencies might be distorted by deviations of specific scales from the norm.
As some of our tested variables were not normally distributed according to the Kolmogorov-Smirnov-Test, a
Spearman’s rho correlation matrix was calculated (Table 1). Results were corrected for multiple comparisons
using Benjamini-Hochberg correction®.

Measures of AD(H)D symptom strength according to the FBB-HKS of the DISYPS were included in the corre-
lation matrix, since TD children also frequently scored above 0 on these gradual scales. The FBB-HKS scales were
significantly related to each other (inattention vs. hyperactivity: r=0.34, p = 0.002, inattention vs. impulsivity:
r=0.27, p=0.013). Moreover, inattention was related to poor mathematics grades (r=0.33, p =0.003; please
note that a high grade in the German school system signifies poor performance). Hyperactivity was moderately
associated with poor English grades (r=10.24, p=0.03) and also with poor performance in the backward span
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Inatten- | Hyper- Nonword
tion activity | Impulsivity | Maths German | English | Digitspanf | Digit spanb |span LLAMAB |[LLAMAD |LLAMAE |LLAMAF |Arithmetic | Aptitude (s) | Aptitude (p)
Inattention | 1.000 r=0.338% [ r=0.269* |r=0.330* |r=0.230 |r=0.252%|r=-0.097 |r=-0.173 |r=-0.187|r=0.123 |r=-0.155 [r=-0.057 |r=-0.152 |r=-0.143 |r=-0.146 |r=-0.251
: p=0.002 |p=0.013 |p=0.003 |p=0.039 |p=0.022 [p=0.393 |p=0.126 |p=0.09 |p=0268 |p=0.160 [p=0.610 |[p=0.169 |p=0.194 |p=0.186 |p=0.033
Hyper- 1.000 r=0.548% |r=0.098 |r=0202 |r=0.240% r=-0.181 |r=-—0.255% |[r=—-0.197 |r=-0.169 |r=-0.127 |[r=-0.224 |r=0.011 r=-0.110 |r=-0.106 |r=-0.099
activity ’ p<0.001 |p=0390 |p=0070 |p=0.030 |p=0.108 |p=0.023 |[p=0079 |p=0.128 |p=0253 |p=0042 |p=0922 |p=0318 |p=337 p=0.406
Impulsivit 1.000 r=0.071 |r=0.198 |r=0.229 |r=-0.096 |[r=-0.144 |r=-0.175|r=-0.025|r=-0.074 |r=-0.132 |r=-0.017 |r=-0.091 |r=-0015 |r=-0.070
puisivity : p=0.532 |p=0.077 |p=0.038 |p=0397 |p=0203 |p=0.120 |p=0.824 |p=0509 |p=236 p=0879 |p=0411 |p=0890 |p=0.561
Maths 1.000 r=0.499% | r=0.303% |r=—-0.147 |r=-—0.391% |[r=0.023 |r=-0.169 [r=-0219 |r=-0.105 |r=-0.063 |r=—0.359% |r=-0.088 |r=0.054
! p<0.001 |p<0.001 |p=0207 |p<0.001 |p=0844 |p=0.136 |p=0052 |p=0359 |p=0580 |p=0.001 |p=0436 |p=0.662
German 1.000 r=0.608% [r=—0.331% |r=-0.228 |r=-0.126 |r=—0.152|r=—-0.228 |r=-0219 |[r=-0214 |r=-0.127 |r=—0.352%|r=—0.371%
. p<0.001 |p=0.003 |p=0041 [p=0261 |p=0.166 |p=0037 |p=0045 |p=005 |p=0246 |p=0.001 |p=0.002
English 1.000 r=-0215 |[r=-0235 |r=-0.097 |[r=-0.019|r=—0.271* | r=—0.320% | r=—0.226 |[r=—0.136 |r=—0.431% | r=—0.549%
s ’ p=0053 |p=0034 |p=0388 |p=0860 |p=0.012 |p=0.003 |p=0038 [p=0211 |p<0.001 |p<0.001
Digit 1.000 r=0.504* r=0.506% |r=0.244 |r=0.379* r=0.444% r=0.330% |r=0.379*% r=0.341% r=0.419%
span f : p<0.001 |p<0.001 |p=0025 |p<0.001 |p<0.001 |p=0.002 |p<0.001 |p=0.002 |p<0.001
Digit 1.000 r=0.165 |r=0.329* |r=0.339% r=0.458*% r=0.203 r=0.428% r=0.236 r=0.209
spanb . p=0.131 |p=0.002 |p=0.002 p<0.001 p=0.064 |p<0.001 p=0.030 p=0.085
Nonword 1,000 r=0.131 |r=0.268*% r=0.236 r=0.334* |r=0.109 r=0.127 r=0.236
span : p=0236 |p=0.014 |p=0030 |p=0.002 |p=0320 |p=0248 |p=0.051
r=0.248 r=0.336% r=0.077 |r=0.319% r=0.162 r=0.174
LLAMA B 1.000 p=0020 |p<0.001 |p=0478 |p=0.002 |p=0.134 |p=0.143
r=0.323* r=0.193 r=0.285% r=0.189 r=0.262
LLAMAD 1.000 p=0.002 [p=0071 |p=0.007 |p=0080 |p=0.026
r=0.349% |r=0.364* |r=0.129 r=0.223
ILAMAE 1.000 p=0.001 |p<0.001 p=0.234 P=0.060
r=0.216 r=0.268*% r=0.372%
LLAMAF 1.000 p=0043 [p=0.012 |p=0.001
. . r=0.145 r=0.200
Arithmetic 1.000 p—0.177 p—0.092
Aptitude r=0.724%
(s) 1.000 p<0.001
Aptitude 1,000

(p)

Table 1. Results of the correlational analysis (Spearman’s rho). All assessed scales are included. Correlation
coefficients and significance are reported for each correlation. *(bold) Significant at p < 0.05 after Benjamini-
Hochberg correction computed in R; digit span f= digit span forward; digit span b = digit span backward;
aptitude (s) = self-reported aptitude; aptitude (p) = parent-reported aptitude.

task (r=—0.26, p =0.023). Confirming the validity of the language learning test, good (low) English grades were
associated with high scores on LLAMA D (r=—0.27, p=0.012) and E (r=—0.32, p=—0.003) as well as self-
(r=-0.43, p <0.001) and parent-reported language aptitude (r=—0.55, p < 0.001).

Digit span forward showed striking positive correlations with all language-relevant and all WM measures, as
well as with arithmetic fluency score and reported language aptitude.

Group comparisons.  All of the used tests (WM-scales, LLAMA, arithmetic fluency test, DISYPS FBB-HKS)
represent well-established published instruments, which, however, are based on raw scores without explicit age
norms. Since an ANOVA for the independent variable ‘group’ and the dependent variable ‘age’ was significant
(F(3,165y = 3.2, p= 0.025; Tukey post hoc comparison for TD [age: 14.6 4 1.6y] vs. RD children [age: 13.5+ 1.5y],
p=0.027), potential age effects might contaminate group-statistical comparisons. In order to exclude this possi-
bility, age was considered as a covariate in the subsequent analyses.

For each of the tested scales we performed a two-way ANCOVA for the independent variables ‘group’ (TD, RD,
AD(H)D, comorbid) and ‘sex’ (male, female) with ‘age’ as a covariate (see Table 2). There was a significant effect of
‘age’ on the scores obtained on different scales, again highlighting the necessity to control for age variability. These
scales comprised the grade in mathematics (F(; 135y = 4.0, p = 0.048), inattention (F; ;45 = 4.6, p = 0.033), arith-
metic fluency (F, 5, =17, p < 0.001), LLAMA E (F,, 155, = 10.2, p=0.002), LLAMA F (F 5, = 6.7, p=0.01), and
digit span forward (F, ;5,)=4.7, p =0.032).

Only two ANCOVAs revealed a significant main effect of sex. While grades in German were better among
females (F ;50 =4.2, p=0.041; males: M= 3.1, SD=0.1; females: M =2.6, SD=0.1), hyperactivity was higher
among males (F, 145 = 9.3, p =0.003; males: M =4.1, SD = 0.3; females: M= 1.8, SD =0.5). For hyperactivity,
there was also a group vs. sex interaction (F, ;45 = 6.4, p = 0.002), showing that males received higher scores on
hyperactivity than females particularly in the RD group (male: M =2.9, SD=0.8; female: M=2.0, SD=10.9) and
the AD(H)D group (male: M=6.9, SD=0.6; female: M=2.2, SD=1.1).

Results of the disorder-related group comparisons and post-hoc tests (Tukey HSD) are presented in Figs 1 and 2.
Concerning WM, a consistent pattern can be recognized although not all post-hoc comparisons were significant.
On all three WM scales, performance was highest in the TD group, slightly lower in the AD(H)D group, again
lower in the RD group and lowest in the comorbid group. The following comparisons reached significance: For
digit span forward, the comorbid group significantly underperformed both TD (p =0.001) and AD(H)D chil-
dren (p =0.007). On digit span backward, the comorbid group showed lower performance than both the TD
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Group

TD RD AD(H)D Comorbid Main effect for group

M SD M SD M SD M SD F P npz
Digit span forward 7.14 2.1 6.0 2.8 6.94 2.0 49, 1.0 3.7 0.012 0.069
Digit span backward 6.6,4 2.1 5.3, 2.2 5.84 1.7 4.1, 1.5 5.7 0.001 0.102
Nonword span 47,0 |16 |35, 12 |40, 1.6 |31, 11|77 <0.001 | 0.132
LLAMA B 46,5 | 149 |[324,. |184 |457,4 [169 |33.7,. 137 |61 0.001 | 0.104
LLAMAD 33.7v4 16.0 19.4, 14.5 25.7 16.5 20.0, 13.8 4.8 0.003 0.084
LLAMAE 59.74 32.0 44.4,4 32.7 56.24 31.7 24.7 ¢ 28.8 4.0 0.008 0.073
LLAMAF 39.64 26.1 30.6 252 38.1 26.9 18.0, 17.0 2.5 0.063 0.045
Arithmetic competence 145.84 514 124.6 30.1 140.54 43.0 100.3, 26.4 4.7 0.003 0.083
Inattention 444 44 |69, 38 [141,, |57 |136,, 45 |247 | <0001 [0337
Hyperactivity Ll 19 |26 27 |59, 43 |58, 43 [109 | <0001 |0.183
Impulsivity 1.0.4 15 |18, 16 |43, 36 |47, 34 | 138 | <0.001 |0221
Self-reported aptitude 6.3, 15 |48, 20 |63, 15 |40, 1.9 |11.6 | <0.001 |[0.184
Parent-reported aptitude 6454 20 |45, 20 |58 20 |37, 12 101 | <0001 |0.186
Grade Maths 2.6 1.1 2.8 0.9 3.0 1.1 2.9 0.7 0.5 0.669 0.012
Grade German 2.5,c4 0.8 2.9, 0.7 3.1, 0.9 3.5, 0.6 6.1 0.001 0.108
Grade English 2.7p4 10 |33, 09 |28, 09 |38, 08 |65 <0.001 |0.114

Table 2. Behavioural characteristics for all assessed scales of all four groups. Mean values and standard
deviations (SD), as well as results of the ANCOVA with age as covariate are reported. Note. Subscript letters
indicate that the mean differs reliably (p < 0.05) from the referred-to mean (Bonferroni-corrected post hoc
tests): a="TD group, b=RD group, c=AD(H)D group, d = comorbid group.

Working Memory Capacity

u =10
ERD
i) ESADHD
®Comorbid

L ™ Hﬂ.

Digit span forward Digit span backward Monword span
Figure 1. Comparison of working memory measures (digit span forward, digit span backward, nonword
span) between the four groups. TD = typically developing children, RD =reading disordered children, AD(H)

D = children with attention deficit (hyperactivity) disorder. Score: raw score of respective WM scales.

(p=0.001) and AD(H)D groups (p=0.019) and the RD group performed worse than the TD group (p =0.029).
For nonword span, comorbid (p < 0.001), RD (p=0.001) and AD(H)D children (p =0.016) all showed impaired
performance as compared to TD children (Fig. 1).

Concerning language learning skills as measured by the LLAMA, the same pattern becomes evident, showing
a decreasing performance from TD to AD(H)D, RD and comorbid children (Fig. 2). The following post-hoc
comparisons reached significance: On the LLAMA B, TD children had significantly higher scores than children
with a comorbidity (p=0.027) or RD (p=0.002), but not with AD(H)D. The AD(H)D children significantly
outperformed comorbid (p=0.009) and RD children (p =0.001). For LLAMA D, TD children again showed
significantly higher performance than comorbid (p =0.007) and RD (p =0.001), but not AD(H)D children.
LLAMA E led to poor results only in comorbid children, in contrast to TD (p < 0.001), AD(H)D (p=0.004)
and RD children (p =0.044). Finally, for LLAMA F, there was a significant difference between TD and comorbid
children (p=0.008) and a trend towards the AD(H)D group outperforming the comorbid group (p=0.056).
Arithmetic scores differed between TD and comorbid children (p=0.005), as well as AD(H)D and comorbid
children (p =0.047).
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Figure 2. Results of the four tested groups on all four subtests of the LLAMA language aptitude battery.
Scores from 0-100 given in %. TD = typically developing children, RD =reading disordered children, AD(H)
D = children with attention deficit (hyperactivity) disorder.

Structural Matrix
TD vs. TD vs.
TDvs.RD | AD(H)D comorbid

LLAMA B 0.524

LLAMAD 0.605

LLAMAE 0.336 —0.384
LLAMAF —0.326
Digit span forward 0.363 —0.402
Digit span backward 0.454 —0.456
Nonword span 0.585 —0.388
Inattention —0.405 0.849 0.723
Hyperactivity —0.495 0.726 0.704
Impulsivity —0.408 0.615 0.689
Arithmetic fluency 0.354 —0.357

Table 3. Results of discriminant analyses for TD children vs. the three disordered populations (from left to
right: RD, AD(H)D, comorbid children). Correlations with the respective discriminant functions <0.3 are not
shown in the table.

As expected, for the DISYPS FBB-HKS, AD(H)D and comorbid children (p < 0.001), but not RD children,
received significantly higher scores than TD controls on impulsivity, hyperactivity and inattention. Moreover, RD
children had significantly lower hyperactivity scores compared to AD(H)D (p=0.011) and comorbid children
(p=0.001), and also lower scores in inattention and impulsivity (p < 0.001). There was a slight trend for RD chil-
dren to receive higher scores on hyperactivity (p =0.066) and inattention (p = 0.079) than TD controls.

Regarding school grades, there were no group differences for maths grades, but TD children had significantly
better grades in German than RD children (p =0.025), AD(H)D children (p = 0.005) and children with a comor-
bid diagnosis (p < 0.001). For English grades, on the other hand, TD controls had significantly better grades than
RD (p=0.004) and comorbid children (p=0.001). Moreover, the difference in English grades between AD(H)D
and comorbid children was significant (p=0.003).

Discriminant analyses. Another major aim of the present study was to investigate which scales were
involved in the differentiation between TD children and each of the three diagnostic groups. We therefore per-
formed discriminant analyses, which are shown in Table 3 (combined structural matrices; correlations with the
respective discriminant functions below r=0.3 are disregarded). For the differentiation between TD and RD
children (A=0.74, x =28.8, df =11, p=0.002; 77.2% of cases correctly classified), the most significant scales
for group status distinction were LLAMA D (phonetic memory), LLAMA B (vocabulary learning) and nonword
span. The discriminant analysis for TD vs. AD(H)D children (A=0.470, x =78.1, df=11, p < 0.001; 85.7% of
cases correctly classified) only yielded three significant scale contributions, namely inattention, impulsivity and
hyperactivity. Although this is not really surprising, as it confirms that the AD(H)D group did not show any
comorbidities and it also shows that there were only minor other problems (e.g. slight WM deficits in one of
the three assessed dimensions that only reached significance in the ANCOVA analyses) in this group. The third
discriminant analysis differentiated between TD and comorbid children (A=0.495, xy =60.1, df =11, p < 0.001;
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Figure 3. Results of the discriminant analyses for the four tested groups including all tested scales. The graph
shows the major contributions of scales differentiating between TD and AD(H)D children (orange), TD and RD
children (yellow) and TD and comorbid children (green).

93.3% of cases correctly classified), revealing that all scales except for LLAMA B and D were involved in the dif-
ferentiation between these groups.

Results show that the three attentional problem scales (inattention, hyperactivity, impulsivity) are most closely
associated with AD(H)D status, whereas RD group status is primarily associated with differences in phonological
short-term memory, vocabulary learning and phonetic memory. The differentiation between TD and comorbid
children shows that the profile of the latter is at least an addition of the profiles of other two diagnostic groups
(Fig. 3).

Discussion

The results of the present study highlight that despite the frequent comorbidity between AD(H)D and RD, the
cognitive and behavioural profiles of the two diagnostic groups are quite distinct, if not even dissimilar. While
children with AD(H)D showed practically no cognitive impairments, children with RD displayed numerous
weaknesses in cognitive performance affecting foreign language learning, WM capacity and academic achieve-
ment. Behavioural problems, on the other hand, were strongly associated with AD(H)D status and were also the
most significant characteristics of children with a comorbidity of RD and AD(H)D. The results further indicate
that comorbid children do not only exhibit the behavioural and cognitive weaknesses present in the single diag-
nosis groups, but also struggle with additional difficulties, such as the acquisition of arithmetic skills.

Profile of children with AD(H)D. Numerous studies have proposed and tested WM trainings to improve
WM performance and AD(H)D symptoms in affected individuals®>®. While we agree that WM might generally
be ameliorated through training, it should be pointed out that studies on deficient WM in AD(H)D have yielded
quite inconsistent results®’. It thus remains questionable if improving WM in individuals with AD(H)D does in
any way help to improve cognitive functions or behavioural problems. In the present study, we only found minor
weaknesses in phonological WM (nonword span).

Furthermore, AD(H)D children performed on average in all other tasks assessing language learning, school
achievement (except for English grades) and arithmetic skills. This is not in line with the view that pure AD(H)
D (without an additionally diagnosed comorbidity) is typically accompanied by problems in language learning,
reading and arithmetic®, affecting school achievement®. While our finding is not really surprising in view of the
a priori group classifications of AD(H)D vs. RD vs. comorbid children, it is not self-evident since subtle impair-
ments in other domains may remain below the threshold of a psychological/clinical diagnoses and hence may be
overlooked.

We therefore conclude that children and adolescents with AD(H)D show no severe cognitive impairments and
are not necessarily limited in their school achievement, although this is a problem of circularity within the diag-
nosis of ADHD. A clinical diagnosis according to DSM is based on the presence of functional and behavioural
impairments, affecting performance at school and at home. As a result, it would be little surprising to detect poor
academic achievement in AD(H)D children as they partly might have received their diagnosis because of these
issues. The results of our study hint towards the fact that behavioural and academic problems are primarily due
to inattention, hyperactivity and impulsivity, instead of cognitive problems. This is further supported by findings
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of the discriminant analysis showing that merely scores for inattention, hyperactivity and impulsivity (FBB-HKS)
could differentiate children with AD(H)D from TD children in more than 90% of cases.

While cognitive and WM impairments were hardly present, the findings of the behavioural questionnaire sug-
gest that AD(H)D symptoms undergo very little change through adolescence. All AD(H)D children of the present
study were between 13-17 years at the time we assessed them for the present study, and they had been diagnosed
by a clinician before age 12. Therefore, results in the FBB-HKS show that they were still experiencing problems
with inattention, hyperactivity and impulsivity as observed by their parents, placing them again in the AD(H)D
diagnostic group many years after their initial diagnosis. This favours the assumption that AD(H)D is a life-long
condition that undergoes little change during puberty. Another conclusion from these results is that parent-rating
scales support clinical diagnoses and are trustworthy additional tools for assessment.

It is particularly interesting that inattention was highly associated with poor mathematics grades in TD chil-
dren, although there were no significant differences in mathematics performance at school between all three
disordered populations and TD children. If scores in inattention are particularly linked to school grades in math-
ematics, this should also be reflected in in children with AD(H)D and those with a comorbid diagnosis. However,
this was not the case. Interestingly, inattention was also not linked to German or English grades in the correla-
tional analyses, further questioning if pure behavioural problems with inattention are really severely impacting
academic performance.

The lack of substantial cognitive impairments in AD(H)D children suggests that we need to be very cautious
of treating individuals with AD(H)D as a truly ‘disordered’ population and proposing different treatments (e.g.,
WM training) to ameliorate cognitive functions. We agree that AD(H)D should rather be seen as “a constellation
of personality traits and cognitive styles that cluster, in pure form, in a relatively small number of people and in
various combinations and permutations in large numbers of people””°. This could certainly help loosen the stigma
surrounding this developmental ‘disorder’. Moreover, the major focus in schools and educational settings should
be put on helping children with AD(H)D to fully develop their potentials, of which there are many, despite their
problems with inattention, hyperactivity and impulsivity.

Profile of children with RD. It has been suggested that “[in]attention may precede reading difficulty and
adversely affect the child’s capacity to profit from academic instruction”(”!, p.29), resulting in poor academic
achievement in RD. In the present study, the RD group received very poor scores on a variety of scales, in par-
ticular WM tasks (nonword span, digit span backward) and language learning tasks. When looking at the mean
scores archived in the tasks (Table 1) and the visualizations provided (Figs 1-3), it is quite clear that even if some
comparisons did not reach statistical significance, the RD group underperformed not only TD children in a large
variety of tasks, but often also AD(H)D children. However, they did not exhibit major problems with inattention,
hyperactivity or impulsivity. As a result, we cannot support the claim that their academic problems are mainly due
to short attention span or concentration problems. Rather, we argue that their linguistic problems, as found in the
variety of language tasks administered, are associated with poor performance in subjects at school where reading,
writing and language learning are demanded.

According to the results of the discriminant analysis, nonword span, phonetic memory and vocabulary learn-
ing were most significantly associated with RD group status, closely followed by other WM tests and the arithme-
tic test. It is not a surprise that nonword span is linked to RD since language impairments and RD have both been
associated with poor phonological short-term memory*”?. However, the phonetic memory test does in no form
include reading or writing but is based on auditory input only. The major task in this test is to listen to speech
input without explicitly memorizing it. This finding therefore clearly supports a WM-related auditory'® and/or
phonological deficit of individuals with RD. Compared to nonword span, the phonetic memory task is very sim-
ilar, but no repetition is involved, so no speech motor action is required.

It was further surprising that RD children had deficits in vocabulary learning, but not in analytic language
learning tasks. It seems that those tasks involving WM (LLAMA B and D) were more severely affected than those
requiring analytical thinking (LLAMA E and F), although mean values were still much lower than in TD children.
This hints towards the possibility that children with RD do not suffer from weaknesses in analytical thinking or
problem-solving but rather display weaknesses in phonetic or phonological tasks in combination with WM.

Profiles of children with AD(H)D and RD. High rates of comorbidity have been found not only in our
current study, where about a fifth of all AD(H)D children suffered from a comorbidity, mostly RD (N = 15),
dyscalculia or autism (leading to exclusion), but also in other studies'!. Given the lack of cognitive impairments
we found in AD(H)D children compared to RD children, we propose a clear behavioural distinction between
these two diagnostic groups. The results of the discriminant analyses support the claim that there is very little
overlap between the two, while the profile for children with a comorbidity displays a combination or even inten-
sification of the single diagnostic profiles.

Statistical analyses revealed that comorbid children were significantly impaired on all measures (all WM
scales, school grades, arithmetic fluency, all language learning tasks), and even in tasks where both the RD and
AD(H)D groups performed similar to the TD group (e.g., arithmetic fluency, sound-symbol association, digit
span forward). According to the results of the discriminant analysis, a differentiation between typical and comor-
bid group status is closely associated with the presence of inattention, hyperactivity and impulsivity, accompanied
by linguistic and mathematical deficits. Although our findings are partly in accordance with the shared genetic
aetiology theory®'2, they suggest that AD(H)D symptoms are more indicative of comorbid group status than RD
symptoms in contrast to results of other studies’?. So it seems that limitations in attention span together with
concentration problems are severely affecting children with a comorbid diagnosis. Moreover, our findings provide
evidence that additional weaknesses, e.g. in the arithmetic domain, may occur. Such children may suffer from
further-reaching deficits, e.g., in overall brain development, which could explain their weaker performance in
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different cognitive domains. Therefore, the development of comorbid children should be individually monitored
with close attention.

The links between working memory, arithmetic skills and language learning.  Correlational anal-
yses of TD children revealed strong links between WM scales, all measures of foreign language learning ability
and arithmetic skills. These findings support the claim that WM is an essential shared foundation of these two
abilities. This is in accordance with intelligence research, showing that a high WM capacity is an essential part of
domain-unspecific general intelligence”. It is thus not really surprising that our findings, along with others***?,
show that WM is a fundamental factor associated with both language learning ability and arithmetic fluency.
This finding, in turn, suggests that WM deficits have an impact on the development of learning disabilities. The
strong correlation between arithmetic fluency and language learning stands in contrast to the common belief that
language and mathematical skills are rarely associated. Rather, the findings of the present study suggest that high
language learning ability goes hand in hand with high arithmetic skill, possibly even beyond the mere contribu-
tion of high WM capacity to both.

Interestingly, the grades for native and foreign language correlated with almost all WM scores, but not with
vocabulary learning ability. This is particularly surprising since foreign language classes focus on and foster
vocabulary learning, and it would thus be logical to assume that children who learn vocabulary easily have better
grades.

One of the most striking correlations in TD children was that of self- and parent-reported foreign language
learning aptitude and their relation to school grades. The high correlation between self- and parent-reported lan-
guage aptitude signifies a high validity of these measures. With regard to school grades, the question of causality
is of particular interest: Do children think of themselves as less gifted because of their negative school experience
in learning languages or do they have bad grades because of their underlying lack of potential for learning foreign
languages? The same question applies to the parent-reported aptitude. From the present study, we cannot answer
this question but both options as well as a combination or interaction of both are possible.

Conclusion

Overall, children with RD or a comorbidity of RD and AD(H)D considered themselves less gifted for learning
foreign languages (in accordance with their parents’ view), struggled with various aspects of language learning
and underperformed TD and AD(H)D children in almost all tasks related to WM and language learning. RD was
closely associated with poor performance in nonword span, digit span backward, phonetic memory and vocabu-
lary learning, but not with behavioural problems. In contrast, children with AD(H)D were basically characterised
by problems with inattention, hyperactivity, and impulsivity that were associated with only marginal impairments
in language-related WM (non-word span). Comorbid children suffered from all indicators of RD and AD(H)D
and additionally had difficulties with arithmetic fluency. Concerning academic achievement, RD and comorbid
children received poor grades both in German and English, while AD(H)D children only exhibited a weak per-
formance in English. Overall, we suggest that RD is associated with cognitive but not behavioural difficulties,
while AD(H)D is strongly linked to behavioural, but not to cognitive weaknesses. This suggests that it is of vital
importance to further investigate the competence profile of comorbid children, as other skills not considered
among the classical weaknesses of AD(H)D and RD might be impaired. That way, therapies and learning strate-
gies may be individually adjusted to the needs of each child.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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