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Background: Abnormalities of language expression and verbal working memory impairment have been described in 
schizophrenic subjects. Purpose: To investigate the relationship between verbal working memory performance and 
cerebral structure in schizophrenic patients and control subjects. Method: Twenty-one Diagnostic and Statistical Manual 
of Mental Disorders-Fourth Edition (DSM-IV) schizophrenic subjects and twenty-one control subjects underwent  T1-
weighted magnetic resonance imaging (MRI). Grey (GM) and white matter (WM) densities were evaluated using voxel-
based morphometry (VBM). We administered the verbal n-back task to assess verbal working memory performance. 
Findings: A linear regression model, with illness duration included as a covariate, showed that WM density values in 
the pars opercularis of the left inferior frontal gyrus were positively and specifically correlated (t>7.16, DF=18, r=0.878, 
p<0.05 corrected for multiple comparisons, at voxel level) with verbal working memory performance in schizophrenic 
patients. The cluster showing this relationship between performance and WM density extended from the inferior 
frontal gyrus to the parietal operculum (p-corrected<0.05, at cluster level). Because of its shape and position, the clusterthe parietal operculum (p-corrected<0.05, at cluster level). Because of its shape and position, the clusterp-corrected<0.05, at cluster level). Because of its shape and position, the clusterBecause of its shape and position, the cluster 
is most probably located in the third component of the superior longitudinal fasciculus. This finding was specific for This finding was specific for 
WM and was not found in control subjects. Conclusions: The hypothesis that there is a direct and specific relationship 
between verbal working memory performance and the integrity of the WM in frontal language areas in schizophrenia 
is confirmed by the results of this study. Poor working memory is reflected in abnormal frontal WM in the dominant 
hemisphere and, hence, probably reflects a failure of intercortical connectivity.

Abstract

Introduction
 �chizophrenia is a mental disorder with variable phe-�chizophrenia is a mental disorder with variable phe-
nomenology that includes positive and negative symptoms 
and cognitive impairment (1, 2). Cognitive impairment is 
often present before overt clinical onset in schizophrenic 
patients; it is also found in attenuated form in nonschizo-
phrenic relatives of patients and is an important risk factor 
for social dysfunction and unemployment.
 One hypothesis concerning the cause of schizophrenia 
is that there is an impairment in the function of cerebral 
language areas (3). This results in abnormalities of language 
expression and difficulty discriminating inner from heard 
speech. Furthermore, some schizophrenic subjects show 
working memory impairment (4-6). It has been suggested 
that the basis for such abnormalities may be an anatomical 
disconnection between language areas (3, 7).
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	 Working	memory	is	composed	of	several	subsystems	-	a	
central	executive,	the	phonological	or	articulatory	loop	and	
a	visuospatial	sketch	pad	(8).	Each	subsystem	is	associated	
with	 activations	 in	 different	 cerebral	 areas	 (9).	 Optimal	
working	 memory	 performance	 may	 then	 be	 the	 result	 of	
efficient	connectivity	between	component	cerebral	structures	
implicated	in	this	system	(9).	Verbal	working	memory	may	
have	 a	 particularly	 crucial	 role	 in	 schizophrenia	 given	 its	
function	in	the	temporary	storage	and	manipulation	of	verbal	
information	and	in	subvocal	rehearsal.	It	has	been	shown	to	
be	 abnormal	 in	 schizophrenic	 subjects	 in	 its	 auditory	(10,	
11)	and	visualverbal	(12,	13)	forms.	
	 Functional	imaging	studies	of	verbal	working	memory	
in	normal	subjects	have	shown	activation	of	the	left	inferior	
frontal	gyrus	and	the	left	posterior	parietal	cortex	by	verbal	
storage	and	 subvocal	 rehearsal	 (9,	 14).	 Schizophrenic	 sub-
jects	 show	 reduced	 activation	 in	 the	 left	 inferior	 frontal	
gyrus	 (11)	 and	 bilaterally	 in	 the	 dorsolateral	 prefrontal	
cortex	 (9,	 11),	 the	 frontal	 operculum	 and	 both	 inferior	
and	 superior	 parietal	 cortices	 (10).	 These	 results	 support	
the	 hypothesis	 that	 functional	 abnormalities	 of	 the	 verbal	
working	 memory	 system	 in	 schizophrenic	 subjects,	 found	
mainly	in	the	frontal	lobes,	are	part	of	the	core	pathology	of	
schizophrenia.	Nevertheless,	these	results	do	not	distinguish	
between	intrinsic	abnormalities	of	cortical	function	and/or	
impaired	connections	between	them	(7,	15).
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	 The	aim	of	our	study	was	to	explore	whether	there	is	a	
relationship	between	verbal	working	memory	performance	
and	 cerebral	 WM	 or	 GM	 morphometry	 in	 schizophrenic	
patients.	We	used	the	classical	verbal	“n-back”	task	to	probe	
working	 memory	 (9)	 and	 VBM	 to	 assess	 local	 structural	
integrity	 (16,	 17).	 The	 same	 analysis	 was	 carried	 out	 in	
a	 group	 of	 control	 subjects	 matched	 for	 age,	 gender	 and	
educational	level.	
	
Methods� 
Schizophrenic Subjects
	 The	 clinical	 sample	 consisted	 of	 twenty-one	 consec-
utively	 recruited	 outpatients	 with	 a	 diagnosis	 of	 schizo-
phrenia	 in	 a	 phase	 of	 illness	 stability.	 Age	 at	 onset	 was	
defined	as	age	at	first	hospitalization.	Additional	 inclusion	
criteria	 were:	 age	 between	 eighteen	 and	 sixty-five	 years,	
Mini-Mental	 State	 Examination	 (MMSE)	 ≥24	 (18)	 (a	
characteristic	 indicating	 no	 cognitive	 deterioration	 in	 the	
Italian	population)	(19,	20),	no	major	medical	or	neurological	
illness,	 no	 history	 of	 alcohol	 or	 drug	 dependence	 or	 head	
trauma,	no	tardive	dyskinesia	as	assessed	by	the	Abnormal	
Involuntary	Movement	Scale	(AIMS)	(21)	and	no	additional	
psychiatric	 disorder.	 All	 patients	 were	 receiving	 stable	
oral	 doses	 of	 atypical	 antipsychotic	 drugs.	 Antipsychotic	
dosages	were	converted	to	estimated	equivalent	dosages	of	
olanzapine.
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A: The green arrow indicates one complete n-back sequence at the n-1 level from the “study phase” to the “response.” The yellow arrow indicates 
    one complete n-back sequence at the n-2 level. The blue arrow indicates one complete n-back sequence at the n-3 level.  The word “Oven” is 
    the correct item at the n-1, n-2 and n-3 levels. 
B:  Indicates one complete n-back sequence in terms of time.

Figure 1 Verbal “N-Back” Tas�k Experimental Procedure
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	 The	 research	 protocol	 was	 approved	 by	 the	 Ethics	
Committee	 of	 the	 IRCCS	 Fondazione	 Santa	 Lucia.	 All	
patients	gave	written	consent	after	a	full	verbal	explanation	
of	the	procedures	in	the	study.		

Diagnostic and Neuropsychological 
Evaluations

	 A	trained	psychiatrist	diagnosed	DSM-IV	schizophrenia	
using	the	Structured	Clinical	Interview	for	DSM-IV	Patient	
Edition	 (SCID-P)	 (22).	 A	 second	 trained	 psychiatrist	
assessed	verbal	working	memory	performance	(i.e.,	accuracy	
as	 memory	 load)	 of	 patients	 using	 the	 “n-back”	 verbal	
working	memory	task.	The experiment was conducted in aThe	experiment	was	conducted	in	a	
soundproof	room	with	soft	lighting.	Subjects	sat	comfortably	
in	 an	 armchair	 approximately	 50	 cm	 from	 a	 computer	
monitor	(ViewSonic,	19	 inches);	 the center of the monitor	center of the monitor	of	 the	monitor	
was	aligned	with	the	subjects’	eyes.	Subjects	were	required	
to	 monitor	 continuously	 a	 sequence	 of	 verbal	 stimuli	 (a	
total	of	twenty-two	items	presented	as	short	words)	and	to	
select	 items	 that	 appeared	 n	 items	 back	 in	 any	 sequence.	
(This	sequence	was	generated	using	locally	written	software	
installed	on	a	Pentium®	4	IBM	computer.)	Furthermore,	the	
item	selection	was	done	by	the	participants	using	a	special	
keyboard	 with	 three	 keys,	 one	 for	 each	 stimulus.	 Also,	
the	 computer	 software	 automatically	 generated	 a	 file	 with	
results	 of	 the	 task	 with	 corrected-uncorrected	 responses.	
We	administered	three	n-back	subtasks	at	different	levels	of	
difficulty.	 At	 the	 n-1	 level	 subjects	 were	 required	 to	 select	
an	 item	 that	 appeared	 one	 back	 in	 a	 sequence,	 at	 the	 n-2	
level	 subjects	 selected	 an	 item	 that	 appeared	 two	 back	 in	
a	 sequence,	and	at	 the	n-3	 level	 they	selected	an	 item	that	
appeared	 three	 items	 back	 in	 a	 sequence.	 The	 number	 of	
corrected	responses	for	each	sequence	(i.e.,	n-1,	n-2,	and	n-
3)	was	considered	as	a	possible	 index	of	working	memory	
performance.	 The	 experimental	 procedure	 is	 described	 in	
Figure	1	and	has	been	used	with	nonverbal	stimuli	in	several	
previous	studies	(23-25).
	 All	 patients	 were	 trained	 to	 obtain	 their	 maximal	
performance	 score.	 In	 particular,	 all	 subjects	 were	 trained	
using	the	n-1	back	paradigm	by	means	of	verbal	and	written	
explanations.	 Furthermore,	 for	 training,	 patients	 practiced	
the	n-1	back	sequence	three	times	before	starting	the	actual	
experimental	procedure.	Those	subjects	who	scored	less	than	
ten	on	the	n-1	back	sequence	(n=1)	were	excluded	from	the	
study;	“n-back” tasks were performed within fifteen days of“n-back”	tasks	were	performed	within	fifteen	days	of	
MRI.

Control Subjects
	 Twenty-one	control	subjects were selected and matched	were	selected	and	matched	
with	 the	 schizophrenic	 patients	 for	 age,	 gender	 and	
educational	level.	They	were	interviewed	with	the	Structured	

Clinical	Interview	for	DSM-IV	Non-Patient	Edition	(SCID-
NP)	 (26).	 None	 of	 them	 suffered	 from	 a	 mental	 disorder.	
A	 different	 clinical	 psychiatrist	 administered	 the	 n-back	
verbal	working	memory	task	to	the	control	subjects.	Times	
and	modalities	of	administration	for	the	tasks	to	the	control	
subjects	were	identical	to	those	used	with	the	schizophrenic	
subjects.

Image Acquisition
	 Magnetic	resonance	T1-weighted	images,	Magnetization	
Prepared	 Rapid	 Gradient	 Echo	 Sequence	 (MPRAGE;	
Erlangen,	Germany;	1	mm	isotropic	voxel,	 repetition	 time	
[TR]=11.4	ms,	echo	time	[TE]=4.4	ms,	flip	angle=15	deg),	
were	obtained	with	a	Siemens	1.5	T	Vision	Magnetom	MR	
system.	 Image	 distortions	 and	 head	 motion	 of	 each	 image	
were	 carefully	 evaluated	 by	 a	 trained	 neuroradiologist.	
Only	images	without	artifact	or	with	very	small	acceptable	
problems	were	used	for	the	analysis.			

Image Processing
	 The	 procedure	 we	 used	 for	 VBM	 followed	 the	
methodology	 described	 by	 Bernasconi	 et	 al.	 (27).	 The	
following	steps	were	applied	to	the	scans	of	each	subject:	
	 1)	 The	 MPRAGE	 brain	 volume	 images	 underwent	 a	
nonuniformity	 correction	 to	 remove	 variations	 in	 MRI	
intensity	related	to	radio	frequency	inhomogeneity	(28);
	 2)	 Subsequently,	 MRI	 images	 were	 transformed	
linearly	 to	 standardized	 stereotactic	 space	 (29)	 to	 adjust	
for	differences	in	total	brain	volume	and	brain	orientation.	
Correct	 registration	 is	 critical	 for	 VBM	 analysis	 (30);	
the	 quality	 of	 the	 transformation	 was	 verified	 using	 the	
software	 Register	 that	 allows	 for	 the	 simultaneous	
visualization	 in	 3D	 of	 two	 brain	 volumes	 (www.bic.mni.
mcgill.ca/software/distribution).	Each	individual	brain	of	the	
subjects	who	participated	in	our	study	was	compared	with	
the	template	of	the	Montreal	Neurological	Institute	(average	
of	 305	 brains)	 to	 verify	 correct	 resampling	 in	 stereotactic	
space.	 Variability	 caused	 by	 head	 structure	 other	 than	 the	
brain	 (31)	 was	 reduced	 using	 the	 MacDonald	 algorithm	
(32);
	 3)	 Then	 the	 tissue-classification	 algorithm	 (INSECT)	
(33)	 was	 applied	 to	 classify	 each	 voxel	 into	 one	 of	 three	
classes:	namely,	GM,	WM	or	cerebralspinal	fluid.	A	binary	
volume	consisting	of	GM	voxels	and	another	consisting	of	
WM	voxels	were	extracted	from	the	classified	image;	and,
	 4)	 GM	 and	 WM	 binary	 masks	 were	 smoothed	 using	
a	 Gaussian	 smoothing	 kernel	 of	 10	 mm	 full	 width	 at	 half	
maximum	to	generate	3D	maps	of	GM	and	WM	“density.”	
Smoothing	allows	one	to	convert	the	binary	data	into	a	range	
of	continuous	data	for	statistical	analyses	used	in	this	study	
(34).	The	brainstem	and	cerebellum	were	not	included	in	the	
analyses.	
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Table 1

                                   Schizophrenic Patients  Control Subjects
                                 (n=21)              (n=21) 

               Characteristics                  Mean±SD (Range)                      Mean±SD (Range)                           t                            p

Age (year) 	 																			35.1±9.8	(20-58)	 																								34.6±8.3	(20-55)	 																	-0.187	 >.05

Educational Level (year)	 																				11.0±3.1	(8-17)	 																									11.8±3.7	(8-17)	 																		0.763	 >.05

Age at the Onset of

the Illness (year)	 																																								23.3±7.0	(15-40)	 																																				----								 																				----	 			----

Duration of Illness (years)	 																				11.8±8.3	(1-34)	 																																				----																																										----	 			----

Olanzapine Equivalents

(mg/day) 	 	 																			21.5±16.3	(3-60)	 																																				----														 																				----	 			----

Verbal Working Memory

(1-back)* 	 																																								19.5±3.2	(10-22)	 																									20.9±2.0	(15-22)	 																	1.782	 >.05

Verbal Working Memory

(2-back)* 	 	 																				16.4±4.6	(5-21)	 	 					19.0±3.4	(9-21)	 																	2.144	 <.05

Verbal Working Memory

(3-back)* 	 	 																					9.0±3.7	(4-15)	 	 				15.1±4.7	(8-20)	 																	4.677													<.0001

Mini-Mental State 

Examination (MMSE)	 																		27.9±1.6	(24-30)	 	 				28.6±1.1	(27-30)	 																	1.661	 >.05
	

             N (%)                N (%)          Chi- square              p

Gender (male)	 	 	 						12	(57)	 	 	 												12	(57)	 																0.000	 >.05

Marital Status (married)	 	 								2	(9)	 	 	 													7	(33)	 																3.535	 >.05

DSM-IV Subtypes:	 	 	 	

			Paranoid		 	 	 						14	(67)	 	 	 																----	 																		----	 			----

			Disorganized	 	 	 							3	(14)	 	 	 																----	 																		----	 			----

			Undifferentiated	 	 	 							3	(14)	 	 	 																----	 																		----	 			----

			Residual	 	 	 	 								1	(5)	 	 	 																----	 																		----	 			----

SD=standard	deviation

*	Number	of	corrected	responses

Sociodemographic and Clinical Characteristics of 21 Schizophrenic Patients and 
21 Control Subjects Matched for Age, Gender and Educational Level

Spalletta.indd   3 3/18/08   10:51:52 AM



the third analysis, we correlated the WM density map of the 
control subjects with the number of corrected responses at 
the n-3 level of the n-back task. The same three analyses were 
repeated for GM. In all these analyses, the duration of illness 
was entered as covariate, to correct for possible impact of 
this variable on the cerebral structures. In schizophrenic 
subjects we chose to limit statistical analysis to the n-2 level as 
schizophrenics scored at chance for the n-3 task and at ceiling 
for the n-1 task. In control subjects, we also analyzed the n- In control subjects, we also analyzed the n-
3 level because a range of performances was obtained (36).
 The voxel-level statistical threshold for GM maps was 
set to t>6.85 (r>0.843), based on a voxel size of 1 mm3, 
smoothness of 10 mm, a volume of interest of 500 cm3, 18 
degrees of freedom (DF) and a significance level of p<0.05 
corrected for multiple comparisons (34). The voxel-level 
threshold for WM maps was set to t>7.16 (r>0.860), based 
on a voxel size of 1 mm3, smoothness of 10 mm, a volume of 
interest of 800 cm3, 18 degrees of freedom and a significance 
level of p<0.05 corrected for multiple comparisons (34). ���� 
positive regression indicated greater GM or WM density 
associated with more correct items on the n-back task. In 
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Statistical Analysis
 Comparisons with respect to categorical and 
continuous sociodemographic and clinical variables were 
made using chi-square and Student’s t-tests, respectively. 
Pearson’s correlation was used to analyze the relationship 
between verbal working memory performance during the 
n-back task at the 2-back level and antipsychotic dosages 
in schizophrenic patients. This was done in order to verify. This was done in order to verify 
whether a statistically significant effect of antipsychotic 
treatment on verbal working memory performance existed 
(35). This effect, if present, could influence results of the 
study.
 Using six multivariate linear regression models, we 
correlated the individual GM and WM density maps 
with patient and control subject verbal working memory 
performances during the n-back task. In the first analysis,during the n-back task. In the first analysis,. In the first analysis, 
we correlated the WM density map of the schizophrenic 
patients with the number of corrected responses at the n-2 
level of the n-back task. In the second analysis, we correlated 
the WM density map of the control subjects with the number 
of corrected responses at the n-2 level of the n-back task. In 

Table 1

                                   Schizophrenic Patients  Control Subjects
                                 (n=21)              (n=21) 

               Characteristics                  Mean±SD (Range)                      Mean±SD (Range)                           t                            p

Age (year) 	 																			35.1±9.8	(20-58)	 																								34.6±8.3	(20-55)	 																	-0.187	 >.05

Educational Level (year)	 																				11.0±3.1	(8-17)	 																									11.8±3.7	(8-17)	 																		0.763	 >.05

Age at the Onset of

the Illness (year)	 																																								

Duration of Illness (year)	 																				11.8±8.3	(1-34)	 																																				----																																										----	 			----

Olanzapine Equivalents

(mg/day) 	 	 																			

Verbal Working Memory

(1-back)* 	 																																								

Verbal Working Memory

(2-back)* 	 	 																				

Verbal Working Memory

(3-back)* 	 	 																					

Mini-Mental State 

Examination (MMSE)	 																		
	

             N (%)                N (%)          Chi- square              p

Gender (male)	 	 	 						12	(57)	 	 	 												12	(57)	 																0.000	 >.05

Marital Status (married)	 	 								2	(9)	 	 	 													7	(33)	 																3.535	 >.05

DSM-IV Subtypes:	 	 	 	

			Paranoid		 	 	 						14	(67)	 	 	 																----	 																		----	 			----

			Disorganized	 	 	 							3	(14)	 	 	 																----	 																		----	 			----

			Undifferentiated	 	 	 							3	(14)	 	 	 																----	 																		----	 			----

			Residual	 	 	 	 								1	(5)	 	 	 																----	 																		----	 			----

SD=standard	deviation,	*	Number	of	corrected	responses

Sociodemographic and Clinical Characteristics of 21 Schizophrenic Patients and 
21 Control Subjects Matched for Age, Gender and Educational Level

23.3±7.0	(15-40)	 																																							----								 																						----	 					----

21.5±16.3	(3-60)	 																																							----														 																						----	 					----

19.5±3.2	(10-22)	 																										20.9±2.0	(15-22)	 																			1.782	 				>.05

16.4±4.6	(5-21)	 	 					19.0±3.4	(9-21)	 																		2.144	 			<.05

9.0±3.7	(4-15)	 	 		15.1±4.7	(8-20)	 																4.677															<.0001

27.9±1.6	(24-30)	 	 				28.6±1.1	(27-30)	 																		1.661	 			>.05
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comparisons are shown in Table 1.
 ��ere were no s�a�is�icall�� si�ni��can� �i��erences in��ere were no s�a�is�icall�� si�ni��can� �i��erences in 
a�e, e�uca�ional level or �en�er be�ween schizophrenic 
an� con�rol subjec�s. In a��i�ion, no s�a�is�icall�� si�ni��can� 
rela�ionship was foun� be�ween verbal workin� memor�� 
performance a� �he 2-back level an� a���pical an�ips��cho�ic 
�osa�es in olanzapine equivalen�s (Pearson’s r=0.039, 
p=0.868).
 A s�a�is�icall�� si�ni��can� �i��erence was foun� be�ween 
schizophrenic pa�ien�s an� con�rol subjec�s in verbal workin� workin� 
memor�� performance a� �he 2-back an� �he 3-back levels. 
Schizophrenic pa�ien�s performe� less well �han con�rol 
subjec�s.

a��i�ion, we assesse� s�a�is�ical si�ni��cance a� clus�er level 
(p-correc�e�<0.05) �ha� join�l�� consi�ers �he ampli�u�e 
of �he e��ec�s a� voxel level (here p<0.001) an� �he number 
of con�i�uous voxels passin� �he �hreshol� (minimum 
clus�er size for WM=�82 mm�82 mm3). ��is approach allows us �o 
hi�hli�h� en�ire WM s�ruc�ures �ha� correla�e wi�h behavioral 
measures, ra�her �han jus� speci��c poin�s in 3D ana�omical 
space. 

Results
Sociodemographic and 
Clinical Variables
 ��e socio�emo�raphic an� clinical charac�eris�ics of 
schizophrenic pa�ien�s an� con�rol subjec�s wi�h s�a�is�ical 

The map indicating the correlation between verbal working memory performance, at the 2-back level, and white matter density in each voxel 
is an average across patients, covaried for the duration of the illness. A: Schematic depiction of the 3 branches of the superior longitudinal 
fasciculus (SLF) in the monkey brain according to Schmahmann and Pandya (49). B: The correlation is superimposed on an average sagittal 
section (X=-42) constructed from all the schizophrenics in this study. C: Coronal section through a hemisphere of all the schizophrenic brains 
taken at the level demarcated in B to show the location of the SLF fiber bundle in the white matter.
The colored bar indicates t values. The threshold which is considered statistically significant is set at p<0.05 corrected for multiple comparisons 
(corresponding to a t >7.16, at a voxel level, and to t>3.6, at a cluster level). 
SFG=Superior Frontal Gyrus; MFG=Middle Frontal Gyrus; IFG=Inferior Frontal Gyrus; SF=Silvane Fissure; STG=Superior Temporal Gyrus

Figure 2 Verbal Working Memory Task-Related Changes in White Matter Density in the Left Hemisphere

9.0±3.7 (4-15)    15.1±4.7 (8-20)                 4.677               <.0001

SLF l
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SLF lll
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Relationship between Verbal Working 
Memory, GM and WM Density
 We found a significant positive correlation (see Figure 
2) between verbal working memory performance of 
schizophrenic subjects at the 2-back level and WM density 
in the pars opercularis of the left inferior frontal gyrus with a 
maximum peak at x=-42, y=12, z=14 (t���1�, �F=18, r=0�8�8,t���1�, �F=18, r=0�8�8, 
p<0�05 corrected for multiple comparisons, at voxel level)�)� 
No significant relationship was found with GM density�
 �o investigate the distribution of the WM density values�o investigate the distribution of the WM density valuesWM density values 
in the two groups of patients and control subjects at the level 
of the superior longitudinal fasciculus (SLF), we extracted, 
for each subject, the value of the white matter density at 
the voxel with the maximum significant difference (x=
-42, y=12, z=14) in the previous analysis� Then, we plotted 
these values comparing patients versus control subjects (see 
Figure 3)� �n this cerebral area, the WM density statistically�n this cerebral area, the WM density statistically 
differed between schizophrenic patients and control subjects 
(t=2�144, �F=40, p=0�038)�
 Figure 4 shows the scatterplot of the correlation between 
working memory scores and white matter density values 
of schizophrenic patients at the coordinates (x=-42, y=12, 
z=14) in the schizophrenic patients�
 We found no significant relationship in controlWe found no significant relationship in control 
subjects between either GM or WM density and n-back 
verbal working memory performance at the 2-back and 
3-back levels� Statistical tests for cluster-level significance 
(p-corrected<0�05) demonstrated that WM density of the 
fibertracks connecting the pars opercularis of the left inferior 
frontal gyrus and the parietal operculum in schizophrenicschizophrenic 
patients showed positive correlation with verbal working showed positive correlation with verbal working 
memory performance (cluster size=9�2 mm3)� Because of 
the characteristic shape and position (see Figure 2) we 
believe that the result is located and confined to the 
SLF (3�)�

Discussion
 Our study finds that the WM density of the pars 
opercularis of the left inferior frontal gyrus of schizophrenic 
subjects correlates positively with the ability to correctly 
perform the verbal working memory n–back task at the 
2-back level� The peak of this correlation is located in a 
cluster centered on the frontoparietal operculum� The shape 
and position of the cluster suggests it is part of the third 
component of the SLF� We found no significant correlationWe found no significant correlation 
between verbal working memory and GM density� �n verbal working memory and GM density� �n 
control subjects we found no correlation between GM or 
WM density and verbal working memory performance� 
The absence of any correlation cannot be explained by a 
statistical bias induced by a ceiling effect� �n control subjects 
there was also no correlation between performance of the 
more difficult 3-back task and WM or GM density� The e 
change in WM density found in schizophrenic subjects is, 
therefore, specific� �t could be the result of a modification of 
axon diameter or myelination, either of which could modify 
speeds of neural transmission (38, 39)� 
 A very recent study, using diffusion tensor imaging to 
examine fractional anisotropy, described that recent-onset 
schizophrenic patients, with a mean illness duration of 
fifteen months, showed anatomical changes in the left SLF, 
and this abnormality was associated with the performance 
in a verbal working memory task (40)� Our results, in an 
older group of patients with longer illness duration, using 
a different method for assessing WM morphometry, that is 
VBM, found similar results� This suggests that verbal working 
memory impairment and its structural correlate may be a 
constant marker of schizophrenia both at the onset of the 
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illness and during the later stages. The results are interesting 
because the affected area is connected to Broca’s area (41) 
and frontal fibers of the SLF. The SLF consists of association 
fibers that link the frontal to the parietal lobes (37, 42). 
Anatomical studies in monkeys indicate that it consists of 
three reciprocal components (37). The third component 
(i.e., that which is implicated by our results) connects the 
supramarginal gyrus and the parietal operculum with the 
premotor area, the pars opercularis of the inferior frontal 
gyrus, the frontal opercular region and the ventral part of 
the middorsolateral frontal lobe. Complex somatosensory 
stimuli related to the face and arm are carried by the third 
component of the SLF (43, 44). Neural areas connected by the 
third component of the SLF respond both when a monkey 
performs a specific movement and when it observes another 
monkey performing the same action (45). Therefore, the 
interconnected areas and connecting pathways are involved 
in action imitation that may be at the basis of gestural 
communication; a function that probably preceded the 
evolution of linguistic communication.
 From a theoretical point of view, it is possible to interpret 
our data in the light of Baddeley’s model of working mem-
ory in which he introduced the concept of “fractionation 
of working memory” (8). In this model, working memory 
is a cognitive function composed of various subsystems. 
The phonological loop constitutes a temporary storage 
system for language information that may be maintained 
in memory for two to three seconds. However, when 
necessary, such information may be retained in memory by 
continuous subvocal rehearsal, an operation that is med-
iated by Broca’s area (8, 9). Thus, the modification of WM 
density found in our patients that correlates with verbal 
working memory performance could represent the structural 
basis for a specific impairment of phonological loop activity 
in schizophrenia.
 There are some issues to be discussed. Firstly, despite 
the fact that we found no correlation between atypical 
antipsychotic dosage and verbal working memory 
performance, we believe it is important to confirm 
our findings in drug-naive patients with first-episode 
schizophrenia. Secondly, how can we explain that: 1) those 
schizophrenic patients who have a reduced verbal working 
memory performance have a reduced WM density in the 
SLF, a WM tract which is involved in the rehearsal process; 
and that, 2) this was found in schizophrenics only and not 
in control subjects? On the one hand, it is possible that some 
insult (e.g., developmental), specifically in this area, can 
primarily impair the structure of the SLF and, consequently, 
the working memory performance. Thus, schizophrenics 
who have decreased verbal working memory performance 
do not use rehearsal as a strategic choice and may hold verbal 
materials in other preserved cerebral areas rather than in the 

damaged phonological areas. However, this strategy could 
not fully compensate the good performance associated 
with a preserved SLF structure. An alternative explanation 
can be found in a precocious primary linguistic problem 
of environmental or reactive nature, such as a defective 
phonological problem, that secondarily may compromise the 
development of language cerebral areas. In reality, there is 
evidence that those children who will develop schizophrenia 
have impaired capacity for social interaction, solitary play 
preference and language problems and, therefore, may use 
differently, either quantitatively or qualitatively, language 
for communication (46-48). If this is caused by problems 
of primary biological nature or secondary environmental 
or psychological nature, it is difficult to explain. However, 
the fact that schizophrenic patients have reduced WM 
density in the SLF area with the strongest correlation with 
verbal working memory performance, in comparison 
with control subjects, strongly suggests that this area is 
primarily damaged in schizophrenia independently from 
the cognitive performance. Apart from these speculations, 
the finding of reduced verbal working memory performance 
in schizophrenia associated with reduced WM density of the 
SLF is in line with the concept that the structure of fibers 
connecting Broca’s area of the left premotor frontal region 
and supramarginal gyrus of the inferior parietal lobule may 
have a pathogenetic role in schizophrenia.
 Given the limitations of this study we suggest that future 
studies should investigate the specificity of these results and 
analyze the relationship between WM structure (i.e., density, 
volume or diffusion tensor imaging) and a larger set of 
cognitive domains.

Conclusions
 Results of this study confirm the hypothesis that WM 
structural abnormality of cerebral language areas, namely 
the pars opercularis of the left inferior frontal gyrus and the 
SLF, is implicated in verbal working memory impairment in 
schizophrenia.
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