¢ Human Brain Mapping 38:3011-3024 (2017)

Mapping the Brain Network of the
Phonological Loop

Costanza Papagno ,"2* Alessandro Comi,I Marco Riva ,3 Alberto Bizzi,4
Mirta Vernice,I Alessandra Casarot:ti,3 Enrica Fava,3 and Lorenzo Bello®®

IDipartimento di Psicologia, Universita di Milano-Bicocca, Piazza dell’ Ateneo Nuovo 1,
Milano 20126, Italy
2CIMeC and CeRiN, University of Trento and Rovereto, Rovereto 38068, Italy
SUnit of Oncological Neurosurgery, Humanitas Research Hospital, via Manzoni 56,
Rozzano, MI 20089, Italy
4Neuromdiology, Fondazione IRCCS Istituto Neurologico Carlo Besta, via Celoria 11,
Milano, MI, 20133, Italy
Department of Oncology and Hemato-Oncology, Universita degli Studi di Milano,
via Festa del Perdono 7, Milano 20122, Italy

* *

Abstract: The cortical and subcortical neural correlates underlying item and order information in verbal
short-term memory (STM) were investigated by means of digit span in 29 patients with direct electrical
stimulation during awake surgery for removal of a neoplastic lesion. Stimulation of left Broca’s area inter-
fered with span, producing significantly more item than order errors, as compared to the stimulation of
the supramarginal /angular gyrus, which also interfered with span but, conversely, produced more order
than item errors. Similarly, stimulation of the third segment of the left superior longitudinal fasciculus
(SLF-III), also known as anterior segment of the arcuate fascicle (AF), produced more order than item
errors. Therefore, we obtained two crucial results: first, we were able to distinguish between content and
order information storage. Second, we demonstrated that the SLF-III is involved in transferring order
information from Geschwind’s area to Broca’s area. In a few patients, we demonstrated that also order
information of nonverbal material was disrupted by left supramarginal gyrus stimulation. Order informa-
tion is thus likely stored in the supramarginal gyrus, possibly independently from the nature of the mate-
rial. Hum Brain Mapp 38:3011-3024, 2017.  ©2017 Wiley Periodicals, Inc.
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INTRODUCTION

Verbal or phonological short-term memory (STM) is the
most extensively investigated component of working memo-
ry [Baddeley, 1996]. A popular model of phonological STM
distinguishes between a phonological short-term store,
where memory traces fade after about 2 s, and an articulato-
ry process of rehearsal, which is capable of refreshing the
memory trace, preventing its decay [Baddeley, 1990].

Current knowledge of the neural correlates of phonolog-
ical STM comes from traditional anatomoclinical studies in
brain-damaged patients (see Vallar and Papagno [2002] for
a review), positron emission tomography [Awh et al,
1995; Paulesu et al., 1993; but see Poeppel, 1996], and fMRI
studies [Henson et al., 2000], and from repetitive transcra-
nial magnetic stimulation [Romero et al., 2006]. All of
them support the hypothesis that the phonological short-
term store and the rehearsal process depend on the activi-
ty of two discrete regions in the left hemisphere: the inferi-
or parietal lobule (more specifically, the supramarginal
gyrus, Brodmann’s area [BA] 40, but also the angular
gyrus, BA 39, see for example Newhart et al. [2012], Vallar
et al. [1997], Warrington et al. [1971]) and the inferior fron-
tal operculum (BA 44 and BA 6, but also BA 45), respec-
tively. More recently, a study performed on epileptic
patients [Zamora et al., 2016] suggested an involvement of
the lateral temporal cortex in active rehearsal. These
results deserve confirmation, considering the type of popu-
lation (intractable temporal lobe epilepsy) and the inclu-
sion of left and right brain-damaged patients. Recently,
Baddeley [2007] has suggested a possible mapping of the
arcuate fascicle (AF) onto the phonological loop, following
Catani et al. [2005]'s model: the long segment connects
Wernicke’s area, where the phonological analysis occurs,
directly to Broca’s area, the neural correlate of the phono-
logical output buffer; the third segment of the superior
longitudinal segment (SLF-III), also referred to as the ante-
rior segment of the AF indirect pathway, conveys informa-
tion from the supramarginal gyrus (phonological short-
term store) to Broca’s area (phonological output buffer),
while the posterior segment of the AF indirect pathway
transfers the output of Wernicke’s area (phonological anal-
ysis) to the supramarginal gyrus (phonological short-term
store) (Fig. 1). However, there is not yet direct evidence of
such architecture.

In STM tasks, items are typically presented in an ordered
sequence to be recalled in the same order. Hence, retention
of order information is a critical component of STM.
Experimental studies on verbal STM suggest that item and
order information are stored separately [Bjork and Healy,
1974]. Indeed, phonological similarity improves item recall
[Hulme et al., 1997; Saint-Aubin and Poirier, 2000], but
increases order errors (see Romani et al. [2008] for the role of
the phonological representations in the retention of order).
Moreover, item recall is more influenced by linguistic
knowledge than order recall (see for example Saint-Aubin
and Poirier [1999]). More recent work suggests that serial

order information can be processed using different codes
such as item-to-item association, or start-anchored or end-
anchored position (see for example Fischer-Baum and
McCloskey [2015]) or depending on their rhythm in spoken
sequences [Hartley et al., 2016], and, finally, recall of tempo-
ral order information is more accurate with congruent spa-
tial order information [Fischer-Baum and Benjamin, 2014].
All these different codes for serial information could depend
on different neural substrates, although this does not seem
an economical solution.

As reported above, the left inferior parietal region is the
most consistently activated region during verbal STM
tasks (see also Majerus et al. [2006]), but its precise role is
still controversial. It has been considered either a specific
store for serial order information or a structure responsible
for a more general function of attentional localization. As
regard to the first hypothesis, listening to irrelevant speech
during list presentation affects order information more
than item information [Henson et al., 2003]. This disrup-
tive effect occurs because auditory input has direct and
obligatory access to the phonological short-term store
[Baddeley and Salamé, 1986; Papagno et al., 2008], whose
neural correlates are represented in the left inferior parie-
tal lobule, suggesting that the inferior parietal lobule is
involved in maintaining serial order information. In con-
trast, Majerus et al. [2006] demonstrated, inside the parie-
tal lobe, specific activation of the intraparietal sulcus
(together with other different cortical areas, see below) in
both order and item STM tasks; this finding led them to
conclude that this structure acts as an attentional modula-
tor of distant neural networks, which are specialized in
processing order and language representations. In a fol-
lowing study, Majerus et al. [2009] investigated the neural
specificity for verbal and visual STM tasks and found that
this was restricted to sensory networks underlying the
processing and storage of modality-specific item informa-
tion, while attentional and serial order processing were
modality independent. However, as the authors acknowl-
edge, verbal stimuli were presented visually, potentially
enhancing similarity between order networks involved in
verbal and visual STM conditions.

A direct test of the role of the inferior parietal region and
of the AF (as suggested by Catani et al. [2005], see above) in
verbal STM would be to assess STM errors during direct
electrical stimulation (DES) in awake surgery with a spatio-
temporal resolution unmatched by other methods [Desmur-
get et al., 2013]. This technique allows brain mapping with a
spatial resolution about 1 cm” [Ojemann et al., 1989]. During
brain surgery for tumor resection, it is a common and recom-
mended clinical practice to awaken patients to assess the
functional role of selected brain regions, to maximize the
extent of the resection while sparing the eloquent functions,
generally with a particular attention to language and
the motor-sensory system [De Witt Hamer et al., 2012;
Soffietti et al., 2010]. In this study, patients were asked to
perform a digit span task while DES was temporarily
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Suggested mapping of verbal short-term memory onto the brain
following Catani et al. [2005]. [Color figure can be viewed at
wileyonlinelibrary.com]

applied to inactivate circumscribed regions around the
tumor. By gathering the performances over the investigated
areas and across participants, a map of the functional role
of different brain regions can be built. The integrity of the
phonological loop is crucial, for example, in sentence com-
prehension [Papagno et al., 2007; Romero Lauro et al., 2010]
and foreign language learning [Baddeley et al., 1988, 1998;
Papagno et al., 1991].

Therefore, by means of this technique, we aimed at
directly verifying the involvement and the relative role in
digit span performance of Broca’s area, supramarginal
gyrus, and AF. The working hypothesis was that stimula-
tion of the supramarginal gyrus would induce significantly
more order than item errors, consistently with the unat-
tended speech disruptive effect on order information
[Henson et al., 2003], due to the direct access of auditory
input to the phonological short-term store, whose neural
correlates are located in the left inferior parietal lobule. In
addition, following Baddeley [2007]'s model, stimulation
of the long segment of the AF should produce phonologi-
cal encoding errors, while stimulation of the SLF III could
produce item and order errors.

We thus applied DES in 29 patients undergoing awake
brain surgery for a tumor removal in the left dominant
hemisphere. All patients performed a digit span during
DES. The alternative predictions were as follows: (i) if the
supramarginal gyrus is a verbal short-term store, its dis-
ruption should impair digit span; (ii) if serial order infor-
mation is stored there, then the supramarginal gyrus

stimulation should produce significantly more order than
item errors; (iii) finally, stimulation of the indirect segment
of the AF should produce order errors when applied over
the anterior tract and phonological errors when applied
over the posterior tract.

MATERIALS AND METHODS
Participants

Patients were selected based on the site of their lesion,
which should allow stimulation of the critical sites (name-
ly Broca’s region and the inferior parietal lobule). More-
over, we included only patients with a normal digit span
(at least 4, following Italian norms) at the baseline neuro-
psychological examination. Twenty-nine patients, 17 male
and 12 female [mean age 41.86 (SD = 14.43, range = 15-74),
mean education 12.55 years (SD=4.17, range=5-17)],
were included in the study (see Table I for patients” demo-
graphic and clinical data). Nine of them (six male, mean
age 38.11, SD 8.21, range 21-48, mean education 12.55, SD
4.5, range 8-17) underwent span assessment also during
subcortical stimulation. Patients with low-grade glioma
and high-grade glioma differed in age [t(27) = -3.1,
P =0.004], being the latter older (M =49.92, SD 15.71) than
low-grade glioma patients (M = 35.31, SD 9.45), but not in
educational level [#(27) = —0.33, P=0.74, LGG = 12.31, SD
4.17; HGG = 12.85, SD 4.29].

The protocol was approved by the local ethical commit-
tee (IBR: n.0011333/10) and the study was run in accor-
dance with the Declaration of Helsinki.

Methods

An extensive neuropsychological evaluation (Supporting
Information), an fMRI, and diffusion tensor imaging (DTI)
tractography study were performed before surgery to allow
the preoperative planning. fMRI also allowed assessing lan-
guage dominance by having the patient performing an object
naming task. The neuropsychological evaluation, performed
in the week before surgery, was also apt to individually tailor
the intraoperative testing. We did not use fMRI data other
than for assessing language dominance and for further refine-
ment of surgical planning, as a previous review has shown a
lack of correspondence between sites of electrical stimulation
and activation sites on fMRI [Giussani et al., 2010].

Patients underwent a follow-up neuropsychological evalua-
tion 3-7 days after surgery.

Tumor volume was calculated on fluid-attenuated-inversion-
recovery (FLAIR) scans for low-grade glioma and on postcon-
trast T1-weighted MRI scans for high-grade glioma [Bello et al.,
2014] via a computerized system (Brainlab iPlan Cranial
Software 3.0, Feldkirchen, Germany). Histology was defined
according to the World Health Organization (WHO) brain
tumor classification.
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TABLE I. Demographical and clinical data of the 29 patients submitted to direct electrical stimulation during awake

surgery
Volume
Sex Age Education Symptom Lesion site (left) (ecm®) Residual WHO Histology
1 M 30 8 G F2 1.92 0 LGG Oligodendroglioma II
2 F 37 13 G T anterior-inferior 14.99 0 LGG Oligodendroglioma II
3 F 48 8 P Parietal parasagittal 3.776 0 LGG Oligodendroglioma II
4 F 15 8 P F mesial 1.159 0 LGG Oligodendroglioma II
5# M 40 17 P+G T pole, T inferior 41.82 0 LGG Oligodendroglioma II
6# F 40 8 G T superior, insula 22.04 0 LGG Oligodendroglioma II
7# M 42 8 G T mesial, lingula 35.61 0 LGG Oligodendroglioma II
8# F 43 17 P Insula medioposterior 9.11 0 LGG Oligodendroglioma II
o# M 48 17 G F anterior 39.95 0 LGG Oligodendroglioma II
104 M 34 8 P SMG 1.45 0 LGG Hemangioma
11# M 31 17 G SMG 6.269 0 LGG Cavernous angioma
12 M 31 17 P+G SMA 7.3 0 LGG DNET I
13* F 25 17 headache  Angular gyrus 43 0 LGG Pilocitic astrocitoma I
14 M 36 13 P+G Insula, T1,2, 104 6.24 LGG Astrocitoma (fibrillary) II
orbitoF lateral
15# F 44 8 P Lingual gyrus, 0.94 0 LGG Amarthoma
precuneus inferior
16# M 21 13 P+G T mesial 1.55 0 LGG DNT
17 F 25 16 G F3, precentral 3.5 0 ELGG  Anaplastic ependimoma III
18 M 43 17 G Orbitofrontal 20.12 0 ELGG  Anaplastic oligoastrocitoma IIL
19" M 37 12 P T1 anterior, F orbitalis, 95.07 0 ELGG  Anaplastic astrocitoma III
insula
20 M 21 16 G Precentral 3.05 0 HGG  Anaplastic astrocitoma III
21 M 42 8 P SMG, insula posterior 2.62 0 HGG  Oligoastrocitoma III
22 M 52 8 P T1, insula 18.43 3.87 HGG Glioblastoma IV
23 F 57 17 P F3, precentral 17.27 0 HGG  Glioblastoma IV
24 M 65 13 G Angular gyrus 597 0 HGG  Glioblastoma IV
25 F 64 8 G F1, 2, 3 anterior 29.4 0 HGG Glioblastoma IV
26 M 74 5 LD T1,2,3 anterolateral 24.02 0 HGG Glioblastoma IV
27 F 58 17 LD T-O ventral 14.28 0 HGG Glioblastoma IV
28 F 60 17 G F3, insula 12.49 0 HGG Metastasis
29* M 51 13 G T2, 3 posterior 3.01 0 HGG  Metastasis

The asterisk indicates patients submitted also to the symbol task. The symbol # indicates patients submitted to subcortical stimulation.
Legend: M =male; F =female; G = generalized seizure; LD = language deficits; P = partial seizure; F1,F2, F3 = superior, middle, and

inferior frontal gyrus, respectively; T = temporal; T1,2,3 = superior,

middle, and inferior temporal gyrus, respectively; O = occipital;

SMG = supramarginal gyrus; LGG = low-grade glioma; ELGG = evolution of low-grade glioma; HGG = high-grade glioma

We used a conservative criterion to choose the digit span
length for each participant. Digit span is the traditionally
employed task for clinical use to assess phonological STM
capacity and the one for which Italian normative data are
available (see Vallar and Papagno [2002] and Shallice and
Cooper [2011]). As reported before, digit span is highly
sensitive to either item processing abilities or serial order
maintenance capacity [Majerus, 2013; Majerus et al., 2008].
Recent studies on the sensitivity and specificity of the digit
span [Babikian et al., 2006; Woods et al., 2011] confirmed
that this task is potentially sensitive to both order and item
STM abilities. In particular, the assessment of the pattern
and variability of order and item errors in the participants’
performance on a computerized version of this task
was crucial in the identification of subjects who were
malingering [Woods et al., 2011]. That is, both aspects seem

to critically contribute to the inherent specificity of the digit
span.

We selected the length at which each participant was
able to correctly repeat three sequences out of three; we
then presented 20 sequences at this length. If accuracy was
lower than 80%, we used a shorter sequence (digit span
—1) for intraoperative assessment.

Therefore, each patient was submitted to a specific, ad
hoc intraoperative protocol, designed according to his/her
presurgical performance; each patient also served as a con-
trol for his/her own performance. In the case of digit
span, stimuli were recorded by a male voice at a rate of 1
digit per second and played by means of a computer. We
computed item and order errors separately. Substitutions
of an item with a different one, omissions, and intrusions
were considered item errors. As the span varied among
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participants, item errors for each sequence were calculated
as a proportion of the total number of item errors out of
the span length, averaged by participants for each stimu-
lation site (e.g., Broca vs SMG-AG). Order errors were
those in which a correct item appeared in a wrong posi-
tion. For order errors, we adopted the methodology sug-
gested by Saint-Aubin and Poirier [1999] to compensate
for the fact that, if more items are recalled, the probabili-
ty of an order error increases. Namely, we divided the
total number of order errors by the total number of items
recalled.

MR Imaging Acquisition and
Tractography Procedure

Diffusion MRI data were acquired before surgery on a
3 T MRI scanner (Siemens Verio, Erlangen Germany) with
the following MR parameters: TR/TE =15,000/96 ms,
8 b=0 volumes and 64 diffusion gradient directions
(b=12,000s/ mm?); 64 axial slices were acquired with a FOV
of 256 X 256 mm® and an isotropic resolution of
2.0 X 2.0 X 2.0 mm®. We performed whole-brain DTI trac-
tography with the interpolated streamline algorithm in Dif-
fusion Toolkit [Wang et al., 2007], applying the following
thresholds: angle < 35° and FA > 0.10. Deterministic tractog-
raphy with a two-ROI approach was performed using
Trackvis [www.trackvis.org] by a neuroradiologist with 12
years of experience in MR tractography. After delineation
of inclusive and exclusive ROIs on fractional anisotropy
(FA) maps, virtual dissections of the left AF, SLF-III, and
the AF-p were performed connecting the ROIs in the dorso-
lateral prefrontal, inferior parietal lobule, and posterior tem-
poral perisylvian regions as described by Catani et al
[2005]. Virtual dissections of the left UF, IFOF, and ILF
were performed connecting the ROIs delineated in the tem-
poral stem, temporal pole, and occipital lobe, respectively,
as described by Catani and Thiebaut de Schotten [2008].

Surgical Procedure

Volumetric FLAIR and postgadolinum T1-weighted
imaging were co-registered and loaded into the Neuronavi-
gation (Brainlab, Feldkirchen Germany) along with DTI
reconstruction of the inferior fronto-occipital fasciculus,
uncinate fasciculus, superior longitudinal fasciculus, arcu-
ate fasciculus, and corticospinal tract to allow cortical and
subcortical mapping procedures (Bello et al. 2008). The sur-
gery was aimed at the maximal feasible resection with the
preservation of the patient’s functional status. The number
of stimulated sites varied between 30 and 40 for each sub-
ject. The number of stimulations specifically used to assess
digit span varied between 10 and 27. DES was performed
by using a bipolar stimulator (60 Hz biphasic pulse, 1 ms
width, current intensity ranging 2-8 mA, trains lasting
1-4 s). Stimulation was repeated 3 times at the same site in
case of an evoked disturbance, to acknowledge the

relationship between DES and an induced response as bona
fide, in accordance with the usual procedure adopted in
brain mapping during awake surgery. In the case of digit
span, stimulation was applied before the presentation of the
second digit and lasted until the end of the sequence presen-
tation. Therefore, the patient was stimulation free when he
had to repeat the sequence. Throughout the cortical and
subcortical language mapping, the electrocorticography was
continuously monitored to detect after-discharge spikes,
both to reduce the probability of evoking a seizure and to
avoid the probability that errors were caused by the effects
of the current spread. The brain mapping procedure was
video- and audio-recorded and reviewed postoperatively
by a neurosurgeon and a neuropsychologist. Each stimula-
tion point was stereotactically recorded onto the navigation
system (3D-FLAIR, postgadolinium T1-weighted MRI and
direction-encoded color DTI maps) and checked offline
along video- and audio-recording to ensure reliability of the
anatomical assignment of each point, which was given
intraoperatively upon cortical surface survey, enhanced by
intraoperative ultrasound (Aloka Pro Sound Alpha?, convex
probe 10-3.5 MHz, Hitachi Medical) acquisition paired to
the neuronavigation.

To limit the effects of brain shift during surgical proce-
dure, first we identified functional boundaries at the begin-
ning of the resection, after performing a small corticectomy;
second, intraoperative ultrasound was used to monitor the
occurrence of brain shift and, eventually, account for that
through neuronavigation; the neuronavigation data set was
enriched with preoperative tractography [Chang et al.,
2011]. Concerning the possible effects of backward propaga-
tion, we used a bipolar probe (tip distance 4 mm) with 60
Hz biphasic pulse. All studies in this field, exploring cortical
and subcortical functions, adopted this technique to investi-
gate the central nervous system, due to its spatial and tem-
poral resolution which is still unparalleled by other
methods [Desmurget et al., 2013]. The current propagation
in the white matter of the bipolar pulse technique is known
to be millimetric on average [Riva et al., 2016].

Statistical Analyses

Descriptive analyses were performed to investigate the
number of correct responses for the different stimulation
sites. Number of correct responses (included as categorical
variable: accurate vs nonaccurate) was submitted to a
mixed-effects logit model including areas of stimulation as
independent variable (three levels: Broca’s region, SMG-
AG, and nontarget areas). Additionally, a more contingent
analysis was conducted to unveil the specific contribution
of the stimulation over a functional site of Broca’s region
and SMG-AG (for Broca’s region: pars opercularis, triangu-
laris, and orbitalis; for SMG-AG: supramarginal and angu-
lar gyrus). Random effects for participants and items were
further included. These and all the further models (except
for ANOVAs) were implemented in R.
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Then, we performed a Poisson regression [Cameron and
Trivedi, 1998] including the number of correct responses
(i.e., number of sequences that were accurately repeated)
and the number of errors (i.e., number of incorrect sequen-
ces) as dependent variables, and areas of stimulation as
independent variable. Importantly, we collapsed the two
target regions (Broca’s region and the SMG-AG) and con-
trasted them with the nontarget regions (see below).

Finally, we estimated the rates of item and order errors
elicited by stimulation over either Broca’s region or SMG-
AG. These errors were analyzed by means of a repeated
measures analysis of variance (ANOVA), the dependent
variable being the proportions of item error and the pro-
portions of order error and the independent variable the
target areas (two levels: Broca’s region vs SMG-AG).

The data based on intraoperative cortical (27 patients, as
two patients underwent only subcortical mapping for the
digit span) and subcortical (9 patients) stimulation map-
ping results were analyzed separately.

RESULTS

At the preoperative evaluation, all patients but two (n.
16 and 23) performed in the normal range at language
examination and, crucially, none showed an impaired digit
span (see Table II for language and digit span examina-
tion). Two patients obtained a pathological score on verbal
fluency on phonemic cue, but they did not show any
impairment during spontaneous speech, in particular they
did not show anomia or other aphasic deficits, such as
agrammatism. Low-grade and high-grade glioma patients
did not differ either in digit span or in language tasks or
tumor volume (see Appendix). Therefore, we considered
them as a single group.

Intraoperative Digit Span Assessment

To collect a sufficient number of stimulation per area,
we considered as target areas, Broca’s region (including
pars opercularis, triangularis, and orbitalis) and the SMG-
AG, and we gathered all the remaining parietal, temporal,
and frontal sites as “control” sites. The location of Broca’s
area is variously described as being in the pars triangularis
of the inferior frontal gyrus, in the pars opercularis, or
more commonly in the “posterior inferior frontal gyrus.”
A further functional definition was done intraoperatively,
as previously described [Riva et al., 2016; Quinones-
Hinojosa et al.,, 2003]. As patients differed in their span
(Table II  and Supporting Information), ad-hoc,
“personalized” sequences were used for each patient.

Cortical stimulation

The analysis was conducted on the data collected on 27
patients during intraoperative cortical stimulation. We first
observed the number of correct sequences. Concerning

language, which was assessed before digit span, when
stimulating SMG in one case we observed a sequence error
in counting but no other types of error, while DES over
Broca’s area produced in three occasions phonemic para-
phasias, in three a latency, and in one case articulatory dif-
ficulties. A proportion of 0.046 correct sequences
(SD=0.21) was observed during SMG-AG stimulation,
whereas the stimulation of Broca’s region yielded a pro-
portion of 0.17 correct sequences (SD = 0.38). In contrast,
the average proportion of correct sequences when non-
target, control areas were stimulated was 0.84 (SD = 0.36).
A series of logistic regressions showed that stimulation of
control sites yielded significantly more correct sequences
as compared to target sites (b=4.061, SE= 0.402, Wald
Z =10.08, P<0.001). The stimulation of control sites eli-
cited more correct sequences also when compared sepa-
rately to Broca’s region (b =3.24, SE = 0.34, Wald Z =9.55,
P <0.001) or SMG-AG (b=4.71, SE =0.56, Wald Z =841,
P <0.001). Because the SMG/AG is much larger than BA,
the chance to have a stimulation trial within the functional
site is much higher for BA than for SMG/AG, producing a
greater “artificial” percentage of errors in BA than in
SMG/AG. In contrast, the comparison between SMG-AG
and Broca’s region indicated globally a lower performance
when stimulation was delivered over SMG-AG (b = —1.46,
SE =0.57, Wald Z = —2.57, P <0.01). We further investigat-
ed whether the stimulation over a specific site in Broca’s
region was more likely to elicit correct responses as com-
pared to SMG-AG. Results indicated that the stimulation
over the pars orbitalis (b =5.56, SE =1.74, Wald Z =3.20,
P <0.00137) and triangularis (b=5.56, SE=1.74, Wald
Z =320, P<0.054) caused a better performance in com-
parison with the stimulation over SMG-AG. In contrast,
the stimulation over the pars opercularis did not elicit
more accurate responses with respect to SMG-AG (b
=1.06, SE=0.79, Wald Z=1.342, P=0.179). Finally, we
checked whether stimulation applied over the supramargi-
nal gyrus caused a different pattern of results with respect
to stimulation delivered over the angular gyrus. The logis-
tic analysis confirmed that there was no significant differ-
ence (b =14.57, SE =2284.10, Wald Z = 0.006, P = 0.995).
Sites at which stimulation produced disruption either in
order or item (or both) are depicted on Figure 2.

Single errors were then computed. A series of Poisson
regressions showed that stimulation of target areas yielded
more errors (M = 6.96; SD = 3.50) compared to control sites
(M=1.04, SD=1.70), this difference being significant
(b=-1.89, SE =0.22, Wald Z = —8.54, P <0.001).

Accordingly, participants were less likely to be accurate,
and produced less correct responses (correct item in the
right position), when target areas (M =0.92; SD =1.70)
were stimulated as compared to control sites (M =5.54;
SD =2.61). The difference was significant (b=1.79,
SE =0.23, Wald Z =7.90, P <0.001).

Finally, we compared item and order errors. First, we
conducted a within subjects ANOVA including only 7
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Figure 2.

Sites where direct electrical stimulation disrupted digit span per-
formance. Order errors sites are reported in yellow, item
errors are reported in blue; sites where both types of error
occurred are depicted in green. The stimulation points were
recorded through both intra-operative picture and stereotactic
3-dimensional (3D) coordinates with the neuronavigation sys-
tem. Upon off-line visual verification of correspondence between
the intra-operative picture and the stereotactic coordinates,
these points were then plotted on a 3D common Montreal
Neurological Institute (MNI) brain for display purpose and to
compare spatial location of error sites across all patients. [Color
figure can be viewed at wileyonlinelibrary.com]

participants who received a stimulation over both control
sites. The stimulation delivered over Broca’s area caused a
higher number of item errors (M = 0.25, SD = 0.12) as com-
pared to the SMG-AG (M = 0.08, SD = 0.07) and the differ-
ence was significant [F(1,6) =24.53, P <0.003]. Regarding
order error, the opposite pattern of results was observed: a
stimulation over the SMG-AG elicited a higher number of
order errors (M = 0.59, SD = 0.10) in comparison with Bro-
ca’s area (M =0.37, SD=0.24); however, this difference
was only marginally significant [F(1,6) =4.59, P <0.07].
Second, we conducted another analysis including all the
patients who received stimulation over at least one target
region and who did not show language deficits after the
stimulation was delivered over the target sites. Stimulation
produced, on average, a higher number of item errors
when delivered over Broca’s area (M =0.28, SD=0.11)
than over the SMG-AG (M =0.10, SD =0.09); this differ-
ence was significant [F(1, 28) =22.93, P <0.001]. On the
other hand, the number of order errors was significantly
higher [F(1, 28)=7.67, P=0.01] when stimulation was
applied over SMG-AG (M =0.59, SD=0.102) than over
Broca’s area (M = 0.41, SD = 0.225). Additionally, we run a
logistic regression model based on the individual error
pattern of each patient. We tested whether the likelihood

to make more item than order errors (i.e., coded as 1) was
modulated by the site of stimulation (Broca’s area vs
SMG-AGQG), included as independent variable. The model
revealed that the likelihood to make more item errors than
order errors was significantly higher when DES was
applied over Broca’s area, whereas the opposite pattern
was observed (b= -248, SE=0.94, Wald Z= -2.631,
P <0.008) when DES was applied over SMG-AG (Fig. 3).

Subcortical stimulation

The data collected on 9 patients who underwent intraopera-
tive subcortical stimulation are reported herein. The average
proportion of correct sequences during stimulation of the
white matter corresponding to the long segment of the AF was
M =0.83 (SD=0.38) (Fig. 4), whereas the stimulation of the
white matter corresponding to the SLF-III yielded a proportion
of M =0.21 correct sequences (SD = 0.41) (Fig. 5). This differ-
ence was significant (Wald Z = —3.05, P <0.002). Then we
compared the proportion of item (M= 0.30, SD=0.12) and
order errors (M = 0.62, SD = 0.17) during stimulation of the
SLEF-III. This difference was significant (t = 2.88, P = 0.045).

Postsurgery Assessment

All patients but two underwent total removal of the tumor,
with sparing of the long segment of the AF. In the two patients
with partial removal, n 14 and n 22, the resection was 94% and
79%, respectively. At the postsurgery evaluation, only five
patients (four cases with SMG or AG removal) showed an
impaired digit span. However, the performance significantly
decreased on average, as it is always the case in the week after
surgery in the dominant hemisphere (see e.g., Papagno et al.
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Figure 3.
Proportion of item and order errors in digit span after stimula-
tion of Broca’s region, and supramarginal/angular gyrus (SMG/
AG). The asterisks indicate a significantly higher proportion of
item errors after stimulation of Broca’s region with respect to
the SMG/AG and a significantly higher number of order errors
after stimulation of the SMG/AG with respect to Broca’s area.
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Figure 4.
Oligodendroglioma in the left frontal lobe (patient N. 9). Sagittal, coronal and axial view of the
trajectories of the left inferior fronto-occipital fascicle (IFOF, in white) in the DTI study acquired
before resection. DES applied over the IFOF did not interfere with digit span. The site of stimulation
is marked with a red dot registered through the neuronavigation system. [Color figure can be
viewed at wileyonlinelibrary.com]

[2012]) [mean digit span: presurgery 5.63 (SD 1.02), postsur-
gery 4.45,SD = 1.52, t(24) = 3.5, P = 0.0016)].

DISCUSSION

We assessed digit span in 29 patients during awake-
surgery for the removal of a left frontal or temporal glio-
ma. The aim was to distinguish between regions involved
in maintaining item and order information and to investi-
gate the role of the AF in verbal STM. More specifically,
we aimed at assessing whether the inferior parietal region
is selectively involved in the retention of order information,
as suggested by Henson et al. [2000].

First of all, we found a selective disruption of digit span
when two regions were stimulated, namely, Broca’s region
and SMG-AG, confirming previous results obtained with
different methodologies. However, this is by far the most
direct evidence, the first of this kind obtained with a large
series of patients. Crucially, we also found stimulation to
produce significantly more item errors when applied over
Broca’s area than over SMG-AG, while the opposite pattern
was evident for order errors. This result suggests that Bro-
ca’s area is mainly involved in storing item (verbal) informa-
tion while SMG-AG maintains order information.
Stimulation of the white matter underlying the SMG-AG
produced more order than item errors. It is not easy to cer-
tainly attribute stimulation to a specific fascicle, as all tracts
run very close to each other at the stimulation site (Fig. 5c).
Indeed, when the long segment of the AF and SLF-TII turn
laterally to project to the inferior frontal gyrus, they share
the same trajectory and are not distinguishable [Catani and
Thiebaut de Schotten, 2012; Makris et al., 2005]. However,
the critical site in our study was near the cortical ending in

the inferior parietal lobule and not anteriorly where the two
streamlines are not distinguishable. This “posterior” stimula-
tion as well as the use of a bipolar probe with an intertips
distance of 4 mm in our study, which allowed a focal stimu-
lation of this large fascicle, can account for the absence of
speech disturbances that, in contrast, were observed by van
Geemen et al. [2014], who stimulated the ventral premotor
cortex. We did not observe motor responses with this stimu-
lation, either clinically or evidenced by continuous EMG
recordings of selected orofacial muscles.

Disruption of the digit span was recorded in patients
with DES of the SLF-III (Fig. 5). The presence of a signifi-
cant higher number of order errors similar to what hap-
pened after stimulation of SMG suggests that the SLF-III
transfers order information from the phonological store in
the inferior parietal lobule to Broca’s area, while (we could
speculate) single-item information reaches Broca’s area
(phonological output buffer) from Wernicke’s area by
means of the long segment of the AF. This distinction can
account for the occurrence of the two different forms of
conduction aphasia: a reproduction and a repetition one
[Shallice and Warrington, 1977]. The former will depend
from a lesion of the direct AF pathway, causing produc-
tion deficits, and corresponding to conduction aphasia:
indeed, information from Wernicke’s area is transferred to
the phonological output buffer for production; in this case,
order information (stored in the phonological input buffer)
is irrelevant (since single-item reproduction is required).
The latter form, which is the selective deficit of verbal
STM, will depend on the involvement of the SLF-III (indi-
rect pathway) which transfers order information from the
inferior parietal lobule to the phonological output buffer;
in this case, serial order errors are produced. This can also
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Figure 5.

Cavernous angioma in the left supramarginal gyrus (patient N. I1).
Direct Electrical Stimulation (DES) applied both cortically (left
supramarginal gyrus) (a) and subcortically (direct pathway of the
arcuate) (b) produced order errors. MR diffusion tractography (c
and d). Coronal view of the trajectories of the long segment of the
arcuate fascicle (AF, in red), posterior segment of the AF (AF-p, in
yellow), and superior longitudinal fascicle [l (SLF-Ill, in green),

explain while we did not record language deficits when
stimulating SLF-IIL

Direct stimulation of SMG produced a different effect on
item and order, as reported above. This is in line with the
hypothesis that item information is directly coded in the
language network (see Burgess and Hitch [1999]), while
order information is stored in a specific STM system.
Accordingly, we also found errors of sequence during
counting when stimulating this area. Our results confirm
what has been found in two patients (the lesion is not
specified) who recovered from aphasia [Attout et al., 2011]
and presented with distinct pattern of impairment, one
with residual language deficits and specific item impair-
ment and the other with no residual language deficits and
selective impairment for order in STM. This dissociation

inferior longitudinal fascicle (ILF, in light orange), inferior fronto-
occipital fascicle (IFOF, in cyan) and cortico-spinal tract (CST, in
pink/violet) in the DTI study acquired before the resection. DES
interfered with digit span when applied over the SLF-IlI: the site of
stimulation registered through neuronavigation system (c) and as 3-
dimensional coordinates as the orange spot (d) is highlighted as an
orange dot. [Color figure can be viewed at wileyonlinelibrary.com]

was confirmed in a series of aphasic patients [Majerus
et al, 2015], and support to a neural model of order
representation in the human brain comes from an fMRI
study [Kalm and Norris, 2014].

Nonetheless, order errors were present, even though at a
lesser extent, also when stimulating Broca’s region. Possibly,
the premotor cortex could be involved in grouping process-
es for item sequences, a process which is more likely to inter-
vene during maintenance, as proposed by Marshuetz [2005].

Serial order is crucial for a wide range of verbal and non-
verbal activities, including language, where sequences of
sounds within words and words within sentences must be
maintained (conduction aphasia errors are a typical exam-
ple), and skilled motor performance such as imitating
sequences of gestures (ideomotor apraxia is an example). As
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Baddeley [2012] suggests, it is more likely that “evolution
has applied the same solution to a problem, maintaining
serial order, that crops up in a range of different domains
(see also Hurlstone et al., 2014).” To verify whether the
SMG-AG is involved in maintaining serial order in general,
three patients of our sample (marked with an asterisk in
Table I) were also submitted to a visual symbol recognition
task, using modified Chinese and Bengali characters
(ignored by participants). For ethical reasons, strictly experi-
mental tests could be performed when time and patient’s
clinical conditions allowed maintaining the awake period
for two additional minutes (the time required for this addi-
tional task) without interfering with the surgical procedure.
We presented two consecutive sequences of nonverbalizable
symbols that could be identical or different in order (two
inverted items) or in a single item. Also in this case, the
length of sequences was assessed before surgery, with the
same procedure described above. We found that the propor-
tions of correct responses for identical versus order- or item-
different sequences were 0.92 (SD = 0.27), 0.54 (SD =0.51),
0.81 (SD = 0.40), respectively. Owing to the limited number
of observations, data of symbol digits were submitted to a
set of Generalized Estimating Equations [Liang and Zeger,
1986]. There were significantly more correct responses when
sequences were identical than when they differed in order
(=227, SE=0.89, Wald Z=253, P<0.01). As for the
sequences that differed in items, participants produced the
same number of correct responses as with identical sequen-
ces (b=1.002, SE=1.17, Wald Z =0.87, P = 0.38), and more
correct responses as compared to sequences that differed in
order (b=-125, SE=0.35 Wald Z=-3.51, P<0.001).
Importantly, we run a further analysis to demonstrate that
sequences differing in order were not simply more difficult
than sequences differing in item. The analysis confirmed
that, without stimulation, the proportion of correct
responses for sequences that differed in order (M =1,
SD=0) or item (M=093, SD=0.27) was the same
(b=19.001, SE= 1821.075, Wald Z =0.001, P = 0.99). There-
fore, our data point in the direction of Baddeley’s sugges-
tion, with the left inferior parietal lobule as a strong
candidate for maintaining interitem relations, although we
are aware that three patients represent a very limited sample
to draw conclusions (however, see Thiebaut de Schotten
et al. [2005], who discuss DES results on line bisection on
three patients). Using an n-back task, Ravizza et al. [2004]
found that the dorsal part of the inferior parietal cortex was
active with high memory load regardless of information
type (verbal vs nonverbal). However, the n-back task is not a
pure measure of verbal STM and, consequently, this study
does not provide information about the localization of the
phonological short-term store (for a discussion, see Shallice
and Cooper [2011]). Future research can follow this direc-
tion, using less invasive methodologies.

A limitation of our study is that patients with different
histological lesions were included. However, this is the
case for the majority of clinical studies of this type and we

excluded extra-axial lesions. Furthermore, as reported,
HGG and LGG patients did not differ in severity of cogni-
tive deficits. Another limitation is that only specific sites
could be stimulated due to surgical constraints. Additional
sites—such as right and left BA7, BA6, left and right intra-
parietal sulcus—have been found involved in order main-
tenance in neuroimaging studies, and we ourselves have
detected order errors in Broca’s area, although less fre-
quently. Our results are partly in line with Marshuetz
et al. [2000] and Marshuetz et al. [2006], who found peak
activation foci for order versus control condition and order
versus item condition in BA7/40 and item versus control
and order versus control in Broca’s area. Marshuetz et al.
also found significant activation foci in the right parietal
cortex, that we could not test, and in left BA 6, which has
found to be involved in recoding/rehearsal (see, e.g., Hen-
son et al. [2000]), coherently with the fact that the items
were visually presented, while we used auditory verbal
stimuli. Henson et al. [2000] reported different sites in an
fMRI study on six subjects using five different visually
presented tasks and participants used the index or middle
finger of their right hand to make a “yes” or “no”
response. Activation of left supramarginal and inferior
frontal gyri in a Letter Probe (judgment for the presence
or absence of that letter in the prior sequence) relative to a
Letter Match task (same-different judgment) was attribut-
ed to storage and retrieval of phonological information.
The left lateral premotor cortex activation in a Sequence
Probe task (match of the serial order) relative to Letter
Probe task was attributed to subvocal rehearsal of serial
order. The deactivation of left dorsolateral premotor cortex
in a Grouped Probe (presentation of the sequence was
grouped temporally into two groups) relative to Sequence
Probe task, was attributed to the exploitation of temporal
grouping in maintaining serial order. Finally, Majerus
et al. [2006] in a larger series of participants tested differ-
ent verbal STM conditions that probed recognition for
word identity or word order. During order STM, the left
IPS was functionally connected to serial/temporal order
processing areas in the right IPS, premotor and cerebellar
cortices, while during item STM, the left IPS was con-
nected to phonological and orthographic processing areas
in the superior temporal and fusiform gyri. However, the
modalities of testing in all fMRI studies are very different
from ours and have been run, in general, on a limited
number of subjects, preventing any clear comparison.
Moreover, in direct stimulation studies, it is possible to
determine a causal role, while fMRI studies are correlation
studies.

CONCLUSION

Although this study suffers the limitations typical of
clinical studies, this is the first direct assessment of the rel-
ative role of Broca’s area, SMG-AG and, crucially, of the
AF in verbal STM. A previous neuropsychological study
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assessing the role of the inferior parietal and inferior fron-
tal cortex supported the distinct roles of these two struc-
tures in STM processing, but only as far as storage and
rehearsal were concerned [Baldo and Dronkers, 2006].
Parietal patients had a grossly reduced span.

In this study, the results are clear-cut: (i) item and order
storage rely on different anatomical correlates, namely,
Broca’s area and the parietal inferior lobule, respectively;
(ii) subcortical stimulation of the SLF-III (anterior segment
of the indirect AF pathway) interferes with digit span,
producing significantly more order than item errors. Order
information per se is stored in the supramarginal gyrus,
probably independently from the material type.

We propose, therefore, a possible variation of the function-
ing of the phonological loop: auditory verbal information
reaches Wernicke’s area and the perceived items are trans-
ferred to Broca’s area. Order information is stored in the supra-
marginal gyrus and then transferred to Broca’s area where it is
implemented to item information through rehearsal.
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APPENDIX

Mann-Whitney U test between low- and high-grade glioma
for language tasks, digit span, and tumor volume

e Object naming: U =93.5, z=10.46, P =0.64

e Action naming: U =88.5, z=0.67, P =0.49

e Phonemic fluency: U =64, z=0.35 P =0.72
e Semantic fluency: U =83.5, z=0.89, P =0.36
e Token test: UU=68, z=1.58, P=0.11

e Digit span: U=73, z=1.36, P=0.17

e Tumor volume: U =89, z= —0.65, P=0.51
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