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damaged patients and 20 healthy controls who completed tests of reading and writing
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Arabic numbers. As expected, the most significant deficit among patients involved a failure to
cope with zeros. Moreover, a voxel-based lesionesymptom mapping (VLSM) analysis showed
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that the most common zero-errors were maximally associated to the right insula which was

Acalculia

previously related to sensorimotor integration, attention, and response selection, yet for the

Brain damage

first time linked to transcoding processes. Error categories involving other digits corre-

Number transcoding

sponded to the so-called Neglect errors, which however, constituted only about 10% of the

Overwriting

total reading and 3% of the writing mistakes made by the patients. We argue that damage to

Zero

the right hemisphere impairs the mechanism of parsing, and the ability to set-up empty-slot
structures required for processing zeros in complex numbers; moreover, we suggest that the
brain areas located in proximity to the right insula play a role in the integration of the
information resulting from the temporary application of transcoding procedures.
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1.

Introduction

The starting point for this study is the present uncertainty
about the specific role of the right hemisphere in number
processing and calculation. Clinical studies, as well as more
recent investigations conducted with other methodologies
(e.g., neuroimaging, transcranial magnetic stimulation, direct
cortical electro-stimulation) leave several unanswered questions about the contribution of the right hemisphere in this
domain. From their study on split-brain patients, Sperry,
Gazzaniga, and Bogen (1969) argued that the right hemisphere's capacity for calculation is “almost negligible”. Acalculia following a right-hemisphere lesion is however a
common finding. When the right hemisphere is damaged, at
least in certain areas, numerical abilities appear to be
impaired in different ways (Ardila & Rosselli, 1994; Basso,
caen, 1962; He
caen &
Burgio, & Caporali, 2000; He
Angelergues, 1961; Warrington & James, 1967). Since the
earliest report from Henschen (1926), most studies seem just
to have assumed that acalculia from a right-hemisphere
lesion was secondary to spatial disorders or to a generalized
reduction of cognitive resources (see, for reviews Hartje, 1987;
Micelli & Capasso, 1999). A study by Grafman and colleagues
(Grafman, Passafiume, Faglioni, & Boller, 1982), however,
concluded that, even if impairment of intelligence or visuoconstructive difficulties contributes to calculation disorders,
right-hemisphere acalculia can still be partially independent
of such disorders. These authors did not perform an error
analysis and did not go further in suggesting what the right
hemisphere does.
Trying to elucidate the role of the right hemisphere in
number processing from the studies on crossed aphasia (in
which the right hemisphere is the one holding language
abilities) are even more problematic, because the numerical
deficits are difficult to isolate from the linguistic ones. Indeed,
a study by Semenza and collaborators on crossed aphasia
reports that the type of acalculia observed in this group of
patients is very much like that usually found in left , & Girelli, 2006).
hemisphere lesions (Semenza, Grana
Neuroimaging and neuropsychological approaches gave
mixed results. While most studies (e.g., Dehaene & Cohen
1997; Dehaene, Piazza, Pinel, & Cohen, 2003) emphasized the
working of the left hemisphere in calculation, some recent
investigations suggested that the right hemisphere might be
involved even in simple calculation (Andres, Seron, & Olivier,
2007; Benavides-Varela et al., 2014). Evidence of relatively
more intense activation in the right hemisphere seems to be
related possibly to proficiency (Zago et al., 2001). Moreover, a
meta-analysis conducted on functional MRI-based studies
(Arsalidou & Taylor, 2011) found that activity is dominant in
the right hemisphere for subtraction, and primarily in the
right hemisphere for multiplication. Consistent with this last
finding are relatively recent studies by Rosenberg-Lee, Chang,
Young, Wu, and Menon (2011), as well as Price, Mazzocco, and
Ansari (2013).
Besides confirming the involvement of the left parietal
areas (and in particular of the left angular gyrus), transcranial
magnetic stimulation reports (e.g., Andres, Pelgrims, Michaux,
€ bel,
Olivier, & Pesenti, 2011; Cohen Kadosh et al. 2007; Go
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Walsh, & Rushworth, 2001; Salillas & Semenza, 2014; Salillas,
Semenza, Basso, Vecchi, & Siegal, 2012), also attribute some
simple calculation functions to the right hemisphere,
whereby parietal areas seem to be involved at least in simple
multiplication.
Finally, direct cortical electro-stimulation performed during surgery on the right hemisphere (Della Puppa, De Pellegrin,
D'Avella et al. 2013; Della Puppa, De Pellegrin, Salillas et al.
2015; Yu et al., 2011) provided evidence of positive sites for
addition, multiplication, and subtraction in right parietal
areas. Importantly, these positive sites were operationspecific: e.g., a site positive for addition was never positive
for multiplication and vice versa. This finding suggests that the
errors induced by cortical inhibition reflect the interruption of
specific information processing in the right hemisphere rather
than resulting from an unspecific shortening of processing
resources.
The studies reviewed above suggest that investigating
specific numerical abilities may provide a clearer idea about
what the right hemisphere actually does. Along these lines,
the present study addressed the issue of number transcoding,
namely the process of transforming an Arabic number from a
given representational format (e.g., phonological, forty) into
another format (e.g., written numerals, 40). A task like reading
aloud requires the transcoding of Arabic or alphabetically
written numbers into spoken number words whereas writing
to dictation involves the reverse transcoding process.
As in the case of other numerical tasks (see above), number
transcoding impairments have been reported almost exclusively in left hemisphere-damaged patients (Deloche & Seron,
1982a, 1982b). Not surprisingly, the literature reports that most
patients with transcoding deficits are also affected by aphasia
or showed difficulties in writing or reading words (Delazer &
Bartha, 2001; Delazer, Girelli, Semenza, & Denes, 1999).
Still, few neuropsychological studies have reported transcoding errors in right-hemisphere damaged patients (RHD),
who do not show language deficits (Ardila & Rosselli, 1994;
Basso et al., 2000; Furumoto, 2006; Priftis, Albanese,
Meneghello, & Pitteri, 2013; Rosselli & Ardila, 1989), indicating that cognitive abilities other than language are also
necessary for transcoding. However, the conclusions drawn
on the actual abilities involved are not entirely consistent
across studies. RHD patients' failure in transcoding has been
attributed to disparate functions including spatial processing
in general (Rosselli & Ardila, 1989), the spatial abilities
involved in constructional apraxia, namely errors of spatial
displacement and omissions in copying tasks (Basso et al.,
2000), or “constructional place-holding-digit elaborations” of
zero in the Japanese number system (Furumoto, 2006). This
variety of interpretations has increased the uncertainty about
the contribution of the right hemisphere. As a consequence,
the idea that transcoding numbers relies on unilateral lefthemisphere networks still prevails in the literature (Cipolotti
& van Harskamp, 2001; Semenza, 2008).
One way to understand the specific contributions of
different brain areas to transcoding would be to capitalize on
available theoretical frameworks and formal descriptions of
the process. In the last decades, several cognitive models have
been advanced in order to describe number transcoding.
Some of these models assume an intermediary semantic
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representation between the input and the output code
(McCloskey, Caramazza, & Basili, 1985; Power & Dal Martello,
1990); whereas others argue that the process does not necessarily require semantic representations of the number, only
asemantic production rules (Barrouillet, Camos, Perruchet, &
Seron, 2004; Cipolotti, 1995; Cipolotti & Butterworth, 1995;
Cohen, Dehaene, & Verstichel, 1994; Deloche & Seron, 1987;
Power & Dal Martello, 1997).
Power and Dal Martello, for example, proposed influential
semantic and asemantic models to explain the way transcoding takes place in developmental populations (Power & Dal
Martello, 1990, 1997). Their model proposes a systematic e i.e.,
computable e process for turning a name-based verbal system
of numerals into the familiar positional system with digits. For
instance, according to their paper in 1990, a number such as
three thousand and sixty five would activate a semantic1 representation of the quantities associated to each power of ten:
3  103, 0  102, 6  101, and 5  100. This yields three terms
3000, 60 and 5. Subsequently, two rules or operators would be
used to transform this representation into an Arabic number.
The concatenation operator which applies only to tens and
units, takes the number of units, in this case, 5 and concatenates it with the number of tens, in this case, 6, to give 65, in
their formalism 6&5 / 65. For larger numbers this will not
work. Consider three thousand and five: taking the number of
thousands, 3 and concatenated with the number of units, 5,
would yield 35; taking 3000 as a whole and concatenating with
5e3000&5 e would yield 30005, which is also incorrect.
Therefore, they proposed the second rule, overwriting, in
which the zeros in 3000 are overwritten from right by the
number of digits generated by the units, tens, and/or hundreds. Hence in our example, the 65 in three thousand and sixty
five overwrites the rightmost two zeros to yield the correct
result, 3065: 3000#65 / 3065, where # is their symbol for
overwriting. Power and Dal Martello (1990) showed that children learn the overwriting rule later than concatenation,
because it is more complex, with children often writing large
numbers such as in three thousand and sixty five as 300065,
where they have mastered the concatenation rule but not the
overwriting rule. Notice that the problem for the child is
specifically with numbers containing zeros, since it is only
these that need to be overwritten.
The model of Power and Dal Martello has had great impact
on later research. It has inspired and has proven compatible
with phenomena observed not only in developmental populations (Lucangeli, Tressoldi, & Re, 2012; Seron, Deloche, &
€l, 1991; Seron & Fayol, 1994) but also in neuropsychologiNoe
cal patients (Cipolotti, Butterworth, & Warrington, 1994;
 , Lochy, Girelli, Seron, & Semenza, 2003). For example,
Grana
the patient of Cipolotti et al. (1994), who had a left-hemisphere
lesion, transcoded one thousand nine hundred and forty-five as
1000,945, three thousand two hundred as 3000,200, and twenty-

1
The authors acknowledged, however, that their results had
no bearing on the issue of whether the transcoding process is
semantic or asemantic; they subsequently stated that an analogous explanation using asemantic rules could have also
accounted for their data (Power & Dal Martello, 1997). For the
purpose of this work, the focus should thus be on the operations
and not the type of representations described in the model.

four thousand one hundred and five as 24000,105. He was able to
concatenate correctly, and to use overwriting for 100s, but did
not apply overwriting when it came to thousands. Incidentally, he was able to read long Arabic numbers correctly and
used this spared ability to correct his transcoding errors
within two days.
Despite the influence of the Power and Dal Martello's
model, to date the brain areas underlying the processes
described in it have not been established. Furthermore, the
neuropsychological evidence gathered in favour of this model
has not attempted to associate the anatomical and functional
aspects of the patients' pattern of errors either.
The aim of the present study was thus to shed some light
on the contributions of the right cerebral hemisphere to
number transcoding, also in relation to a more specific localization of the various aspects of this function, and its putative
operations. A comprehensive qualitative analysis of errors
was implemented with the aim of associating different error
categories with specific cognitive functions and brain regions.
Particular focus was given to digits containing zeros, whose
properties are fundamental for the completion of the transcoding operations described by Power and Dal Martello in
their model.
Zeros are generally problematic in calculations (Pesenti,
Depoorter & Seron, 2000; Semenza et al., 2006), mental rep,
resentations (Merritt & Brannon, 2013; Zamarian, Grana
Semenza, & Girelli, 2007) and transcoding between different
 et al. 2003; Noe
€l &
number codes (Cipolotti et al., 1994; Grana
Seron, 1995; Power & Dal Martello, 1990; Seron & Fayol,
1994). We hypothesized that representing and processing
zeros would be particularly difficult for right-hemisphere
damaged patients performing transcoding tasks for at least
two reasons. First, when functioning as a placeholder (e.g.,
2014), zero is generally not expressed in the verbal code of
most languages (Mandarin Chinese is an exception). Thus, its
temporary representation in a hypothetical buffer, most likely
depends upon visuo-spatial processes, typically impaired in
RHD patients. Second, transcoding, and in particular the
overwriting operation, relies upon the capacity to merge the
information derived from a previous intermediary process of
transcoding [i.e., 2000#(10&4) / 2014]. This integrative function that allows people to achieve global coherence has been
associated also to right-hemisphere brain areas (St George,
Kutas, Martinez, & Sereno, 1999).

2.

Materials and methods

2.1.

Participants

22 RHD patients (N ¼ 14 males; mean age ¼ 59.00 years,
SD ¼ 12.59; range: 38e77; mean education ¼ 11.64 years,
SD ¼ 3.84; range: 5e18) participated in the present study. Inclusion criteria were absence of dementia, substance abuse,
and psychiatric disorders. Moreover, in order to exclude
cognitive impairment, all patients underwent assessment of
global cognitive functions with the Mini Mental State Examination (MMSE) test (Magni et al., 1996). All patients were righthanded and had unilateral right-hemisphere lesions.
Demographic and clinical data are reported in Appendix 1. A
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control group of 20 participants (N ¼ 10 females; mean
age ¼ 63.05 years, SD ¼ 8.87; range: 39e78; mean
education ¼ 11.65 years, SD ¼ 4.14; range: 5e22) with no history of neurological or psychiatric illness was also tested.
There were no significant differences between the group of
patients and the control group in age c2(1) ¼ .83, p ¼ .41, education c2(1) ¼ .13, p ¼ .90, and gender distribution Z ¼ .89,
p ¼ .37. Differences between patients and controls were found
in the MMSE scores c2(1) ¼ 3.56, p < .001. The data of all participants were collected in accordance with the Helsinki
Declaration II and the Institutional Ethics Committee of the
IRCCS San Camillo Hospital Foundation, Lido-Venice, Italy.

2.2.

Transcoding tasks

Two transcoding tasks were presented to the participants:
reading Arabic numerals and writing to dictation in the Arabic
code. The tasks included 1 to 6-digit numerals. In the reading
task, a set of 120 items was used, 88 of which contained at
least one zero. In the writing task, 72 items were presented: 52
items contained zero (a full list of the items used is reported in
Appendix 2). In both tasks the stimuli were presented in
random sequence.

2.3.

Supplementary numerical tasks

To further evaluate the implication of spatial processing in
transcoding tasks, two supplementary tests were administered and correlated with participants' performance. The first
one measured minimal visual-spatial and motor coordination
abilities required to read and write numerals. It consisted of
copying Arabic numerals. The task included 16 items varying
from 2 to 6-digits. Half of the items contained at least one zero.
In the second task, participants were requested to spell the
digits composing an orally presented number. For instance
centotrentadue (translated to one hundred and thirty two, in English) should be correctly spelled like one-three-two. This task
employs representational abilities similar to those required in
transcoding, yet importantly, as opposed to the previous
supplementary task it did not rely on the patients' abilities to
process the visual input or on their motor abilities. Moreover,
it did not involve any syntactic rules for combining the single
digits and thus allowed for isolating effects related to those
rules. The test consisted of 18 items ranging from 2 to 6 digits;
half of the items contained zeros.

2.4.

Statistical analysis of behavioural data

The comparison between the performance of healthy control
participants and patients was carried out using the nonparametric Wilcoxon rank sum test. This test was chosen
because of the lack of homogeneity of variance between
groups as measured with Bartlett multiple-sample test
[writing c2(1) ¼ 40.59; p < .001; reading c2(1) ¼ 7.73; p < .005;
spelling c2(1) ¼ 11.51; p < .001] and also because the data were
not normally distributed (KolmogoroveSmirnov test for
writing D ¼ .62, p < .001; reading D ¼ .48, p < .01; copying
D ¼ .77, p < .001; spelling D ¼ .44, p < .05). In the transcoding
tasks, the effects of item length and number of zeros were
evaluated using ANOVAs across items. Post-hoc comparisons
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among different item-lengths (1,2,3,4,5,6-digits items) and
number of zeros (0,1,2,3,4 zeros) underwent Bonferroni's
correction for multiple comparisons.
Additional analysis were carried out within the reading
task by choosing A) all the items with two repeated digits
positioned next to each other (i.e., 1333, 4114, 8843, 3655,
43766, 45322, 61211) and pairing them with B) randomly chosen items of the same length and similar repetition structure
instantiated over zeros (i.e., 7200, 1003, 4002, 9900, 70013,
98001, 61700), and C) randomly chosen items of the same
length containing only one zero (i.e., 7089, 5630, 1089, 9204,
57802, 71230, 74083). The number of errors in B and C was
representative and did not differ statistically from the whole
pool of items of their same size and structure (both ps > .05). A
non-parametric Wilcoxon rank sum test was then used to
compared the number of patients erring items in A with the
number of patients erring items in B and in C.

2.5.

Qualitative coding

Errors were generally classified as involving zeros or not.
Moreover, each category was subdivided according to whether
it implied the addition of digits, omissions, or lexical errors
(see Table 1 for examples of the patients' errors). Zero errors
that corresponded to a failure applying the overwriting rule
described in the introduction (Power & Dal Martello, 1990),
were coded separately. There were two additional errors in
the reading task: the consecutive use of the multiplicand (see
Power & Dal Martello, 1997), e.g., 209000 / duemila novemila (in
English two thousand nine thousand); and fragmented reading
(Seron & Deloche, 1983). The latter included grouping strategies of one digit: e.g., 106 / uno zero sei (in English one zero
six), two digits: e.g., 683612 / sessantotto trentasei dodici (in
English sixty-eight thirty-six twelve), three digits: e.g.,
800700 / ottocento settecento (in English eight hundred seven
hundred), four digit grouping, and a mix of the above e.g.,
916072 / novantun mila seicento sette due (in English ninety
one thousand six hundred seven and two).

2.6.

Regression analysis

In order to determine the role of cognitive abilities underlying
the errors, we performed separate stepwise regressions over
the absolute frequency of each error type and including the
following measures as predictors: a. Neglect assessment which
includes the sum of the following subtests of the Behavioural
Inattention Test part Conventional (BIT-C; Wilson, Cockburn,
& Halligan, 1987): line crossing, letter cancellation, star
cancellation, line bisection; b. Executive functions (i.e., the
phonemic verbal fluency test); c. Short term memory (i.e., digit
span forward); d. Working memory (i.e., digit span backward); e.
Attention (i.e., digit cancellation test as in attentional
matrices); and f. Representational Visuo-spatial abilities including
the sum of the patients' scores on two BIT-C subtests: figure
and shape copying and representational drawing. Diagnostic
tests performed separately for each model indicated a Cook's
distance >1 in PZ_8 for “Omission of zeros”. This patient was
thus excluded from the calculation of the model. Additional
regression analyses were performed with data from all participants, including age, MMSE, and education as predictors.
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e
e
twenty thousand nine thousand
209000

e

Fragmentation
involving “zero”
Consecutive multiplicand

70006

e

70 040
e
sixty thousand and forty
e

three thousand three hundred and sixty-seven
seven hundred and eighty-nine six hundred
and thirty-four
seventy thousand zero zero six

one hundred seventy-five thousand and thirty-eight
107538

543006
24006

Omissions of zeros
Omission of digits
(no zero)
Semantic errors
involving zero
Semantic errors not involving zero
Fragmentation

1367
789634

900804

10003
780000

one hundred thousand and three
seven hundred eighty-nine thousand
six hundred and thirty-four
nine hundred eight thousand and four

100050
18

three hundred thousand and forty
one million six hundred eighty-three thousand six
hundred and twelve
fifty-four thousand three hundred and six
four thousand and six
30040
683612
Addition of zeros
Addition of digits (no zero)

70002

seven thousand and two

three hundred ten thousand seven
hundred and fifty seven
ten thousand and fifty
eight

310000757

2.7.
Voxel-based lesionesymptom mapping (VLSM)
analysis

Over-writing rule failure

Patient's response

Reading

Item
presented
Type of error

Table 1 e Examples of patients' responses and their categorization.

Item presented

Writing

Patient's response
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For all patients, CT, MRI T1 and/or T2-weighted scans were
used to determine lesion location. Lesions were drawn on
axial slices of a T1-weighted template using the MRIcron
software package (Rorden & Brett, 2000). The lesion was
mapped onto each single slice where the lesion was present
(slice thickness ¼ 1 mm). An experienced neuroradiologist,
who was blind to the purpose of the study, defined the lesion
extensions.
The VLSM technique (Bates et al. 2003; Rorden, Karnath, &
Bonilha, 2007) was implemented using the nonparametric
mapping (NPM) software that is distributed as part of the
MRIcron toolset. Specifically, the nonparametric Liebermeister test was applied to identify voxels that, when
injured, predicted the presence of a specific transcoding error.
To minimize possible outlier effects, the analyses were conducted only on voxels damaged in at least 2 patients (442081
voxels out of 7109137; about 6.2% of voxels). The resulting
statistical map was adjusted for multiple comparisons by
using False Discovery Rate correction p < .01. See also the
Supplementary material showing the general pattern of lesion
overlap.
The binomial distribution that was used for the design
matrix on the NPM was defined using iterative cluster analysis. Behavioural data from patients and controls were
included in the analysis in order to objectively divide patients
whose performance was comparable to that of controls from
patients with abnormal frequency of a specific error type. The
analysis employed a sum of absolute differences as the distance measure, as implemented in the cityblock parameter of
Matlab. In this way, the centroid of each cluster was the
component-wise median of the points in that cluster. The
clustering was iterated 100.000 times, each with a new set of
initial cluster centroid positions. The solution with the lowest
value of the within-cluster sums of point-to-cluster-centroid
distances was then selected.

3.

Results

3.1.

Behavioural findings

In this section we quantitatively compare the absolute number of errors committed by patients and controls as a means to
assess the magnitude of the hypothesized deficit of RHD patients in transcoding tasks. We also correlated the performance of the participants in the supplementary and
transcoding tasks in order to investigate the implication of
spatial, motor, and representational processes in transcoding.
The group comparisons showed that patients performed
significantly worse than the control group in all numerical
processing tasks (writing Z ¼ 3.86, p < .0001; reading
Z ¼ 2.43, p < .01; copying Z ¼ 4.81, p < .0001; spelling
Z ¼ 2.97, p < .001) (see Fig. 1). Moreover, correlation analysis
showed that the patients' performance in transcoding were
associated with the spelling task [spelling and reading r ¼ .69,
p < .001; spelling and writing r ¼ .73, p < .001], which relies on
representational abilities. On the other hand, the copying task
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that relies mainly on visual or motor abilities did not correlate
with any transcoding test. The same correlations were also
significant when including all the participants (i.e., patients
and controls) in the analysis [spelling and reading r ¼ .73,
p < .0001; spelling and writing r ¼ .74, p < .0001].
Additionally, we compared the error frequencies across
items, as a means to evaluate our initial hypothesis that representing and processing numbers with zeros would be
particularly difficult for right hemisphere-damaged patients.
The ANOVA showed a main effect of item length [F(5,
390) ¼ 25.78, p < .0001, hp2 ¼ .25] because of the significantly
higher number of errors in the 5 and 6-digit items than in
other items (5 vs 1,2,3 and 4 all four ps < .0001; 6 vs 1,2,3 and 4
all four ps < .0001). There was also a main effect of the number
of zeros [F(4, 391) ¼ 16.91, p < .0001, hp2 ¼ .15] because of significant differences between no-zero and one-zero items and
2,3, and 4-zero items (no-zero vs 2,3 and 4-zeros all three
ps < .0001; one-zero vs 2,3 and 4-zeros all three ps < .001). A
similar analysis carried out in the group of healthy control
participants also revealed a significant effect of item length
[F(5, 354) ¼ 4.3, p < .001]. The number of zeros within a numeral, by contrast, did not have significant effects on the
performance of the control group [F(4, 355) ¼ .43, p ¼ .78].
In a further analysis we explored the possibility that the
patients' specific difficulties with zeros were only due to the
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increasing item-length associated with the increasing number
of zeros in complex items. An analysis within digits of the
same length ruled out this possibility. The results showed a
main effect of number of zeros among 6-digit items [F(4,
105) ¼ 2.70, p < .05, hp2 ¼ .10] because of a significant lower
error rates in the no-zero items with respect to 2,3, and 4-zero
items (all three ps < .005).
Finally, given that across items the zeros were frequently
positioned next to each other, it is possible that the problems
observed among patients could be related to stimulus similarity and attentional competition induced by similarity e
rather than being specific to the number zero. To exclude this
possibility we compared the number of patients erring items
with repeated digits positioned next to each other (see Section
2.4) with the number of patients making mistakes in items of
the same length with repeated zeros located side by side. The
results showed that the number of errors in the first group of
items was significantly lower than in the zero items (p < .01).
Moreover, an additional analysis comparing items with
repeated digits (no-zero) positioned next to each other with a
group of items of the same length containing one zero also
showed significant differences due to a greater amount of
errors in the items with zero (p < .05). This suggests that similarity alone cannot explain the results, rather the effects
seems specific to the number zero.

Fig. 1 e Performance of the participants on the four tasks: A. Writing Arabic numerals to dictation. B. Reading Arabic
numerals. C. Copying Arabic Numerals D. Spelling digits. Y-axis depict the mean number of errors per participant. Error bars
indicate standard errors of the mean.
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Separate regression analysis were performed in order to
identify some cognitive abilities at the basis of each category
of errors. The patients' scores on the neuropsychological tests
used for the regression analyses are reported in the Appendix
3. Measures of Neglect (sections of BIT-C) predicted the number
of additions [b ¼ .01; p ¼ .016; Model R2 ¼ .26, F (5,15) ¼ 6.96;
p ¼ .016] and omissions of non-zero digits [b ¼ .12; p ¼ .001;
Model R2 ¼ .41, F (8,40) ¼ 14.03; p ¼ .001]. Moreover, fragmentation was predicted by measures of Attention [b ¼ .12; p ¼ .01;
Model R2 ¼ .28, F (5,15) ¼ 7.88; p ¼ .001]. A further sub-division
considering the position of the mistaken digit within the
number (left-edge, right-edge, and internal positions) revealed
that besides Neglect, measures of Working memory (i.e., digit
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15.97
64.58
e

130
111
3
54
3
22
27
e
e
e

37.14
31.71
.86
15.43
.86
6.29
7.71
e
e
e

2
7
0
12
0
2
12
e
e
e

5.71
20
0
34.28
0
5.71
34.28
e
e
e

e
3
0
10
23
0
12
e
e
e

e
0
0
0
0
0
0
e
e
e

%
Controls

Spelling

%
RHD
%
Controls

Copying

%
Controls
Controls
%

Reading

%

RHD

%

Writing

%

RHD

55
45
2
79
44
3
29
37
165
8

Cognitive predictors of non-zero errors

Over-writing rule failure
Addition of zeros
Addition of digits (non-zero)
Omissions of zeros
Omission of digits (non-zero)
Semantic errors involving zero
Semantic errors not involving zero
Fragmentation
Fragmentation involving “zero”
Consecutive multiplicand

3.3.

RHD

A qualitative analysis of the errors allowed us to better
characterize the numerical deficit in the RHD patients.
Table 2 reports the type and frequency of errors made by the
two groups in the transcoding and supplementary tasks. As
expected, omission of digits in the left edge was among the
most common errors of the patients in the copying task; its
frequency was significantly higher than any other error (all
ps < .01) and similar to the frequency of semantic errors not
involving zeros. Patients also omitted digits while writing, and
spelling; but significantly less so than the frequency with
which they omitted internal zeros (both ps < .005). Insertion of
zeros (irrespectively of whether it reflected the overwriting
rule or not) was the most frequent error in writing (all
ps < .005) and also among the most frequent mistakes in
spelling (ps < .01; except for the category “omission of zeros” in
which p > .05). For the reading task, instead, the most common
mistake in patients was fragmentation. Noticeably, the frequency of fragmentation errors did not differ statistically from
zero errors (i.e., overwriting, additions, omissions; all ps > .05)
but it was significantly different from non-zero errors (additions p < .001; omissions p < .05). Fragmentation errors were
also significantly more frequent than semantic errors either
those involving (p < .0001) or not involving zeros (p < .01).
Controls' distribution of errors in all tasks differed
considerably from that of the group of RHD patients (see Table
2). Remarkably, failures in the overwriting rule were virtually
absent in the healthy control group across tasks.
As a means to evaluate whether some of the categories of
errors were associated with demographic variables, we performed regression analysis including age, MMS, and education as predictors. The results showed that the MMSE scores
(b ¼ 1.06; p ¼ .03) and the level of education of the participants (b ¼ .67; p ¼ .01) predicted the overall frequency of
additions of zeros [Model R2 ¼ .26, F(2,40) ¼ 6.77; p ¼ .003].
These two factors also predicted omissions of zeros [b ¼ 1.32;
p ¼ .0013; b ¼ .75; p ¼ .0008; Model R2 ¼ .43, F(2,40) ¼ 14.68;
p < .0001] and lexical errors involving zeros [b ¼ .20; p ¼ .02;
b ¼ .11; p ¼ .01; Model R2 ¼ .28, F(2,40) ¼ 7.60; p ¼ .002]. MMSE
alone predicted also the semantic errors not involving zeros
[b ¼ .51; p ¼ .006; Model R2 ¼ .17, F(2,40) ¼ 8.58; p ¼ .005].
These factors fail to predict the overwriting errors as well as
other error categories.

Type of error

Qualitative analysis of errors

Table 2 e Error types and frequencies across tasks. For each group of participants in each task, the absolute frequency of errors is presented in the first column. The second
column indicates the relative frequency of the error type as compared to other error categories of the group in the same task.
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span backward) predicted the patients' omissions of digits to
the left edge [b ¼ 2.17; p ¼ .003; Model R2 ¼ .73, F (5,15) ¼ 14.96;
p ¼ .0007]. Furthermore, Executive Functions (i.e., phonemic
fluency) predicted additions of digits to the right edge
[b ¼ .02; p ¼ .009; Model R2 ¼ .44, F (5,15) ¼ 9.35; p ¼ .009].
Other types of non-zero errors, including semantic ones, were
not predicted by the neuropsychological tests.

3.4.

Cognitive predictors of zero errors

The results of the regression analysis performed for each
category of zero-errors showed that tests of Representational
Visuo-spatial abilities predicted both addition [b ¼ 2.75;
p < .001; Model R2 ¼ .47, F (5,15) ¼ 18.19; p < .001] and omission
of zeros (b ¼ .35; p ¼ .008); the latter was also predicted by
measures of Short term memory (i.e digit span forward)
[b ¼ 3.63; p ¼ .01; Model R2 ¼ .62, F (5,14) ¼ 14.90; p ¼ .0001].
Results of other neuropsychological tests did not influence
zero-errors.

3.5.
Brain areas significantly associated with specific
error types
The goal of this analysis was to evaluate whether the frequency of each error category was associated to lesions in
specific regions of the brain. To this aim we first performed an
iterative cluster analysis (see Table 3), which identified the
group of patients showing a performance comparable to
controls, and those patients whose performance was significantly lower than controls. The clusters were then used to
feed the nonparametric Liebermeister test (see Section 2.7).
The findings indicated that patients showing abnormal
amounts of overwriting errors had lesions maximally associated with the right insula (96% of its total volume felt within
the significant z-map) and parts of the frontal inferior and
Rolandic operculum, with lesions extended posteriorly towards the superior temporal gyrus (Fig. 2). The areas associated to other error types are shown in Fig. 3. Since the figure is
not corrected for multiple comparisons, some caution must be
exercised in interpreting these results. It was prominent,
though, the association of right hemisphere areas with errors
involving addition and omission of zeros.

4.

Discussion

The goal of the present study was to identify brain areas and
determine the cognitive processes associated to specific types
of errors made by RHD patients when transcoding numbers. In
particular, the study focused on transcoding zeros and the
hypothetical role of the right cerebral hemisphere in dealing
with this number.

4.1.
The right hemisphere is required for transcoding
complex digits containing zeros
The quantitative analysis of the behavioral data confirmed
that significant transcoding deficits arise as a result of right
hemisphere damage. These findings extend the pattern of
results presented in previous studies, which reported

Table 3 e Distribution of patients according to the iterative
cluster analysis.
Type of error

Over-writing
rule failure
Addition of zeros
Addition of
digits (no zero)
Omissions of zeros
Omission of
digits (no zero)
Semantic errors
involving zero
Semantic errors
not involving zero
Fragmentation
Fragmentation
involving “zero”
Consecutive
multiplicand

Patients with
performance
comparable to
controls

Patients with
abnormal
performance

13

9

14
18

8
4

13
15

9
7

13

9

11

11

14
18

8
4

21

1

difficulties in a group of RHD patients but only moderate ones
(Ardila & Rosselli, 1994; Basso et al., 2000; Rosselli & Ardila,
1989). Differences in the magnitude of the reported deficits
are possibly due to the relatively low complexity of the stimuli
used in previous studies. The present findings suggest, in fact,
that the severity of the deficit in RHD patients emerges
particularly while dealing with complex (long) numerals and
worsen when the numerals contain several zeros. Unlike our
own study, the studies of Ardila and Rosselli, and Basso et al.
did not focus specifically on numbers containing zeros, thus
giving rise to the lower error rates found in their cohort of RHD
patients.
It has been hypothesized that the process of transcoding
has cognitive costs resulting from the simultaneous maintenance of the input information (phonological or visuo-spatial)
in working memory, the rules or procedures implementing
transcoding that are retrieved from long-term memory, and
the specific strings (numbers or words) resulting from these
procedures (Barrouillet et al., 2004). This cognitive load is
likely to increase with the size of the numbers to be transcribed (Anderson, 1993) and explains why patients eand
controlse tend to have more difficulties with larger numbers.
Dealing with complex numbers containing internal zeros,
further increases the cognitive load. For example, in the
writing to dictation task, transcoding a number such as one
hundred thousand and eighty-three possibly involves procedures
other than those required for transcoding a complex number
of the same size which does not contain zeros. This is because
the presence of internal zeros requires the subject not only to
maintain in working memory the exact sequence of digits but
also to determine the exact number of empty slots that should
be filled with zeros. In fact, the position and the number of
zeros are not explicitly suggested by the sequence of words,
and consequently the string of digits resulting from the
application of the transcoding rules. The online transcription
of the empty-slot structure, namely writing down three zeros
immediately after hearing thousand in the above example,
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Fig. 2 e Statistical VLSM analysis comparing the patients who failed to implement the overwriting rule with patients who
showed a performance comparable to controls. Presented are all voxels that were damaged significantly more frequently in
the former and that survived a False Discovery Rate correction alpha level of P < .01. MNI coordinates of each transverse
section are given.

may alleviate the cognitive load (Barrouillet et al., 2004), and
possibly gives rise to overwriting errors such as 100 00083. As
it would be discussed below, carrying out complex transcoding tasks involving zero possibly requires highly specific
processes whereby the right-hemisphere plays a crucial role.
The high frequency of zero-related errors in transcoding
was indeed expected. In the Arabic number system zero is a
particular case insofar as many rules apply exclusively to this
digit. Unlike any other digit the null-value of zero does not
change in relation to its position within a numeral. Furthermore, it is not always necessary to represent it in Arabic
symbols (e.g., 8 instead of 08); and when functioning as a
placeholder (e.g., 2014) it is not generally expressed in the
verbal code of most languages e.g., duemila quattordici (in
English two thousand and fourteen) instead of duemila zero
quattordici (in English two thousand zero hundred fourteen). Difficulties with zero, moreover, do not distinguish RHD patients
only; they have been reported in a number of studies with
children (Merritt & Brannon, 2013; Power & Dal Martello, 1990;

Seron & Fayol, 1994; Zamarian et al., 2007) and left
hemisphere-damaged patients (Delazer & Denes, 1998;
 et al. 2003; Lochy,
Deloche & Seron, 1982a, 1982b; Grana
Domahs, Bartha, & Delazer, 2004; Semenza et al. 2006). What
does seem to differentiate the right hemisphere-damaged
patients from other groups is that their deficit (in absence of
language problems) appears primarily when coping with zeros.
In this study, the relative frequency of omissions, the addition
and the semantic errors involving zeros reached about 40% of
the reading and more than 90% of the writing errors in patients, compared to 17% and 65% in controls, respectively.
Presence of numerical difficulties after right-hemisphere
lesions is, therefore, not limited to omissions of left-sided
digits, as previously suggested (see Priftis et al., 2013).
One possibility is that damage to the right hemisphere
affects the construction and the use of empty-slot structures
required for writing internal zeros in a dictation task; this
explains the greater amount of overwriting errors and also the
addition and omission of zeros in patients with this type of

Fig. 3 e Statistical VLSM analysis comparing the patients showing abnormal performance on the transcoding tasks with
patients who showed a performance comparable to controls. Separate results are shown for each error type. Presented are
all voxels that exceed an uncorrected P < .05. MNI coordinates of each transverse section are given.
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lesion. Right-hemisphere functions might be also implicated
while applying the procedures to read a complex Arabic number such as 100003. Arguably, while carrying out this task, most
people would strategically parse the number into groups of
three digits (Deloche & Seron, 1987). In fact, the three-digit
grouping respects both the way memory systems group items
in span tasks (Hitch, 1996), and also the convention of writing
complex Arabic digits in spatially separated chunks or categories (e.g., 100 003 or even 100.003). Then each chunk of a
hierarchically-organised set can have a simple (Initial, Middle,
End) structure. The use of this structure facilitates the processing of spatial relations and the positioning of digits in the
number. Yet, in the absence of external cues or punctuation
marks (e.g., commas in English, points in Italian) organisation
of the categorical spatial relations between constituent digits
resulting from the parsing process would be more difficult,
given the computational difficulties of representing a larger
serial ordering (Houghton, 1990). The present data show that
this seems to be particularly so in right hemisphere-damaged
patients who generally have difficulties in visuo-spatial tasks.
As a consequence, these patients parse and read complex
numbers in all sorts of ways (e.g., 100003 as diecimila tre, in English ten thousand and three; or centomila zero zero tre, in English
one hundred thousand zero zero three). Furthermore, a failure to
apply the parsing strategy combined with the patients' difficulties in mastering empty-slot structures results in the
observed “omission of zeros” errors (e.g., one thousand and three).
It is thus possible that the greatest difficulties for people
with right-hemisphere lesions in transcoding tasks are due to
their impaired processing of internal zeros in complex
numbers, which in turn depends on their problems in settingup appropriate empty-slot structures, and in the parsing and
mastering of categorical spatial relations between digits. This
latter possibility fits well with the proposal that the implementation of categorical spatial relations is primarily a function of the right hemisphere, and depends particularly on the
right parietal areas and parieto-frontal connections (Bricolo,
Shallice, Priftis, & Meneghello, 2000; Buiatti, Mussoni,
Toraldo, Skrap, & Shallice, 2011).
The specific deficit with zeros observed in RHD patients is in
keeping with transcoding studies in Japanese (Furumoto,
2006) and justifies a more detailed investigation of the phenomenon. Thus, in what follows we summarize and discuss
the major findings of the present work highlighting the differences observed between the zero and non-zero errors.

4.2.
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those studies were mainly based on post-hoc observations
and lacked statistical support. This called for a finer
re-examination of the initial proposals.
In a recent study, our group assessed various numerical
abilities, including writing and reading Arabic numerals, in 24
RHD patients (Benavides-Varela et al. 2014). The results
showed a significant correlation between the patients' visuospatial faculties and their performance in transcoding
tasks.2 However, the restricted number of items of the battery
e which was appropriately designed for clinical screening e
did not allow further correlations with specific error categories. By providing a comprehensive qualitative and statistical analysis of errors, the present results contribute to
further clarifying the relation between neglect and transcoding deficits in RHD patients. The regression analysis
confirmed the previous findings showing that neglect significantly predicts transcoding errors in right hemispheredamaged patients. Moreover, the separate analysis of zero
and non-zero errors provided a novel contribution by suggesting, for the first time, that this relationship applies only to
non-zero errors. In fact, no Arabic number begins with left
zeros. Thus, even though inputeoutput errors in neglect patients arise irrespective of whether reading words, numbers,
drawing, etc., they rarely implicate zeros.
We also noticed that the hypothesis anticipating a relationship between spatial abilities and numerical tasks mediated by constructional apraxia (Basso et al., 2000) seems
incompatible with our findings. The correlational analysis
between transcoding and supplementary tasks showed that
both reading and writing errors in the present study significantly correlated with the spelling, not the copying task. This
suggests that transcoding errors come about in the inner
representations of spatial structures rather than the visual
inputs or the motor outputs. This was confirmed by the results
of the regression analysis showing that Representational Visuospatial abilities significantly predicted the type of errors which
these patients produced most (zero-errors).
Finally, the data showed that the relative frequency of nonzero errors represent about 10% of the total reading errors and
only 2.72% of the writing mistakes the patients made (see
Table 2). Therefore, the so-called “Neglect errors”, namely
omissions and addition of digits that are associated with the
inability to process the left side of space and related visuospatial deficits, are modest and should not be considered the
most crucial factor of the deficit.

Neglect in RHD patients predicts non-zero errors

Spatial abilities are frequently related to the RHD patients'
failures to carry out numerical tasks (Doricchi, Guariglia,
Gasparini, & Tomaiuolo, 2005; Vuilleumier, Ortigue, &
 , 2002), but only in
Brugger, 2004; Zorzi, Priftis, & Umilta
very few cases have they been the focus in neuropsychological studies of transcoding. Pioneer studies in the field
adduced most transcoding errors to symptoms that are
highly common among people who experienced righthemisphere lesions, namely a processing failure of the left
side of space (Dahmen, Hartje, Bussing, & Sturm, 1982;
Rosselli & Ardila, 1989) and constructional apraxia (Basso
et al., 2000). Unfortunately, the conclusions from

4.3.

Overwriting errors and their anatomical substrates

The failure to apply the overwriting rule was among the most
conspicuous zero-related errors in this study, particularly in
the writing task. It consists in systematically adding zeros in
the middle of a complex numeral with the apparent rationale
of reflecting the way the number is read in the linguistic code
(i.e., three thousand and sixty-five / 300065).
2

In line with other recent investigations of right-hemisphere
 et al., 2003), the study also
acalculia (Furumoto, 2006; Grana
revealed errors in other numerical tasks, which were not
explained by the presence of neglect.
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The lesion analysis indicated that overwriting relies, among
other regions, upon the right insular cortex and surrounding
areas. The insula underpins a wide range of functions (e.g.,
Campanella, Shallice, Ius, Fabbro, & Skrap, 2014; Cona,
Scarpazza, Sartori, Moscovitch, & Bisiacchi, 2015; CorradiDell'Acqua, Hofstetter & Vuilleumier, 2011; Karnath & Baier,
2010; Karnath, Rorden, & Ticini, 2009; Menon & Uddin, 2010),
yet its integrative role (Kurth, Zilles, Fox, Laird, & Eickhoff, 2010;
Singer, Critchley, & Preuschoff, 2009) appears particularly
aligned with Power and Dal Martello's proposal describing
“overwriting” as a merging operation [e.g., 3000# (60&5) / 3065].
It should be noted that a salient although not statistically
robust involvement of right-hemisphere areas was also
observed in other zero-errors (see Fig. 3). This pattern of activation further supports the participation of these brain areas
in processing the internal representation of the zero.
Remarkably, previous studies had also reported the involvement of the insula in numerical tasks. Yet here, for the first
time, it is considered instrumental in the procedural sense of a
number task and not merely due to experimental manipulations (Arsalidou & Taylor, 2011), working memory (Cowell,
Egan, Code, Harasty, & Watson, 2000), or anxiety (Pesenti,
Thioux, Seron & Volder, 2000).
We do not exclude the possibility that the critical lesions
affecting the transcoding process are to the right superior
longitudinal fasciculus connecting prefrontal regions with
more posterior regions. This white matter tract has been
linked to the subjects' performance on visuo-spatial tasks
(Shinoura et al., 2009; Vastergaard et al., 2011), and could be
involved in mapping the numeral into a set of spatially
organised slots. The results of the VLSM showed maps that
border but do no overlap the superior longitudinal fasciculus.
However, the conclusions from the current anatomical analysis are limited in this respect; if lesions affect different parts
of the tract, then this will not necessarily show on the overlapping maps of a VLSM analysis.
Further comparisons with left-hemisphere damage patients
could be highly informative as far as lateralization is concerned.
However, such comparisons may be also problematic. From
many previous studies one can predict a priori that an unselected sample of left-hemisphere damaged patients -comparable to our group of right-hemisphere damaged patients-will have
language deficits that mask their number competence. One
could attempt to eliminate this difference by selecting lefthemisphere damaged patients without language disorders, but
this would make the sample less representative of the general
hemisphere damage population and, more critically, it could
have only a limited value because the areas supporting the
processing of zero may well overlap with language areas.
Finally, the regression analysis of the present study also
showed that one critical factor that predicts the frequency of
unsystematic zero-errors (both in patients and controls) is the
level of education and global cognitive functioning. This is not
surprising, considering that the complex transformation rules
required to cope with the positional base-10 system are almost
entirely acquired through formal instruction. Our intuition is
that previous neuropsychological studies investigating zeroerrors in transcoding made no specific claims about the role of
these variables since the majority reported single-case or small
group studies.

5.

Conclusions

The present study described transcoding error patterns
emerging as a consequence of damage to the righthemisphere, the cognitive functions, and some specific areas
underlying those patterns. In particular, the data highlighted
the role of the right hemisphere for transcoding complex
digits containing zeros and point to the right-insula and posterior portions of the superior temporal gyrus as possible
areas implicated in transcoding internal zeros.
We conclude that right hemisphere-damaged patients
struggle with zeros in complex numbers due to their difficulties in setting-up appropriate empty-slot structures, and in
the parsing and mastering of the categorical spatial relations
between digits. The integration of information resulting from
the temporal application of transcoding rules (analogous to
overwriting in Power and Dal Martello's model, 1990) is also
impaired in these patients. Moreover, the patients' difficulties
processing the left side of space lead to the so-called neglect
errors, which however are less frequent and may not necessarily depend on the processes required for dealing with zeros.
Zero appeared surprisingly late in history with respect to
other numbers and complex mathematical concepts. The
difficulties associated with its use are surely grounded in its
many and unique mathematical functions. Distinguishing
these functions from one another, by virtue of neuropsychological dissociations, constitutes a step forward in understanding how the brain actually processes zero. Here we show
that some mechanisms underlying the operation of overwriting zeros -relying in turn on the capacity to merge the information derived from a previous intermediary process of
transcoding-, can be singled out functionally and anatomically. Particularly we observe that processing zeros requires
specific mechanisms mainly grounded in the right insula and
possibly also right parieto-frontal connections. These mechanisms stand apart from other mechanisms necessary for
completing such tasks, do not seem to be entirely reduplicated
in the left hemisphere (otherwise right hemisphere-damaged
patients would not present with the difficulties shown here),
and do not entirely depend on generic processing resources.
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Appendices

Appendix 1 e Demographic and clinical data of all the participants.
Participant
PZ_1
PZ_2
PZ_3
PZ_4
PZ_5
PZ_6
PZ_7
PZ_8
PZ_9
PZ_10
PZ_11
PZ_12
PZ_13
PZ_14
PZ_15
PZ_16
PZ_17
PZ_18
PZ_19
PZ_20
PZ_21
PZ_22
NHP_1
NHP_2
NHP_3
NHP_4
NHP_5
NHP_6
NHP_7
NHP_8
NHP_9
NHP_10
NHP_11
NHP_12
NHP_13
NHP_14
NHP_15
NHP_16
NHP_17
NHP_18
NHP_19
NHP_20

MMSE

Gender

Age (years)

Education (years)

Lesion type

28
25
28
29
29
27
29
28
21
27
27
27
24
29
29
27
29
28
21
26
28
30
29
29
30
30
30
30
30
30
30
29
28
29
28
28
26
29
29
29
30
29

M
M
F
M
F
M
M
M
M
M
F
M
F
M
M
M
M
F
F
F
M
F
F
M
F
F
F
M
M
M
F
F
M
M
F
M
M
F
F
M
F
M

69
61
38
50
45
59
62
71
70
75
56
61
41
63
67
64
57
63
77
72
29
48
57
57
64
68
39
65
78
59
64
54
56
58
76
74
72
60
61
66
68
65

5
8
8
13
8
13
13
13
8
18
13
8
8
5
13
17
13
15
12
12
16
17
6
8
13
13
11
10
13
8
5
17
8
15
8
10
12
14
13
10
17
22

HS
IS
IS
IS
IS
IS
IS
IS
HS
IS
HS
IS
LTR
HS
HS
HS
IS
HS
IS
LTR
HS
IS
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e

IS ¼ ischaemic stroke; HS ¼ haemorrhagic stroke; LTR ¼ Lesion caused by brain tumour removal.
PZ ¼ Right-hemisphere damaged patient.
NHP ¼ Neurologically healthy participant.
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Appendix 2 e List of stimuli used in the transcoding tasks.
Item length

Number of zeros

Reading task
1 digit
2 digit
2 digit
3 digit
3 digit
3 digit
4 digit
4 digit
4 digit
5 digit
5 digit
5 digit
5 digit
6 digit
6 digit
6 digit
6 digit
6 digit
Writing to dictation task
1 digit
2 digit
2 digit
3 digit
3 digit
3 digit
4 digit
4 digit
4 digit
5 digit
5 digit
5 digit
5 digit
6 digit
6 digit
6 digit
6 digit
6 digit

Items

e
e
1
e
1
2
e
1
2
e
1
2
3
e
1
2
3
4

1,5,8,9
13,16,29,61
20,50,80,90
564,692,836,971
310,430,708,801
100,200,600,800
1333,1367,2929,4114,6732,7623,8495,8843
1089,2530,3404,3650,5630,7089,8230,9204
1003,2003,2020,3030,4002,7002,7200,9900
16947,25726,41673,43766,45322,61211,68539,69638
10482,21850,34034,57605,57802,71230,74083,90321
24006,34003,58060,61700,70013,90038,98001,98060
30040,50030,50080,60070,70002,70006,80001,90005
123436,164528,376254,483761,543876,683612,787234,789634
107538,310756,531074,604938,730816,753102,825074,916702
150058,170068,269009,362009,450073,543006,850013,962006
208005,300607,370001,400098,601005,780001,800107,900058
101000,200060,209000,300200,400040,500006,600006,800700

e
e
1
e
1
2
e
1
2
e
1
2
3
e
1
2
3
4

4,5,7,8
13,15,49,76
10,30,60,80
269,465,683,781
108,230,506,910
200,500,700,900
6312,6543,6843,9267
2304,5430,6089,6100
1010,6002,8003,9500
18234,36287,46879,76237
14034,47802,60482,91230
28010,30017,36002,65070
10050,20003,60040,90006
164528,683612,789634,978145
107539,310757,531075,753103
150059,269010,850014,962007
300608,370002,400099,908004
100003,100080,100700,102000

Appendix 3 e Patients' performance on neuropsychological tests.
Patient
PZ_1
PZ_2
PZ_3
PZ_4
PZ_5
PZ_6
PZ_7
PZ_8
PZ_9
PZ_10
PZ_11
PZ_12
PZ_13
PZ_14
PZ_15
PZ_16
PZ_17
PZ_18

BIT-C
111
104
115
137
112
126
144
47
144
143
120
129
124
139
135
136
142
140

Phonemic
fluency a

Phonemic
fluency b

Digit span forward

28
29
31
6
24
27
42
20
21
42
21
30
29
36
15
28
39
57

3
3
3
0
2
3
4
1
1
4
1
3
3
4
0
1
4
4

6
5
6
4
5
6
5
6
6
6
5
6
4
5
6
7
5
5

Digit span
backwards

Digit
cancellation a

2
4
4
3
4
2
3
2
3
3
3
2
3
5
4
5
5
5

21
20.75
48.75
45.5
27.5
16
59
16.5
51.5
32.25
37
50.75
43.75
40.5
42.75
42.25
48
45.1

Digit
cancellation
0
0
3
3
0
0
4
0
4
1
2
4
2
2
2
2
3
3

b
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Appendix 3 e (continued )
Patient
PZ_19
PZ_20
PZ_21
PZ_22
a
b

BIT-C
98
140
145
134

Phonemic
fluency a

Phonemic
fluency b

Digit span forward

26
65
28
36

2
4
3
4

5
6
7
7

Digit span
backwards
2
3
4
7

Digit
cancellation
23
46.25
35.25
34.75

a

Digit
cancellation b
0
3
1
1

Corrected score.
Equivalent score.
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