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Abstract Williams Syndrome (WS) is described as dis-

playing a dissociation within memory systems. As the

integrity of hippocampal formation (HF) is determinant for

memory performance, we examined HF volumes and its

association with memory measures in a group of WS and in

a typically development group. A significantly reduced

intracranial content was found in WS, despite no differ-

ences were observed for HF absolute volumes between

groups. When volumes were normalized, left HF was

increased in WS. Moreover, a lack of the normal

right [ left HF asymmetry was observed in WS. No

positive correlations were found between volumetric and

neurocognitive data in WS. In sum, a relative enlargement

of HF and atypical patterns of asymmetry suggest abnor-

mal brain development in WS.

Keywords Williams Syndrome � Neurodevelopment �
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Introduction

Williams syndrome (WS) is a neurodevelopmental disor-

der, characterized by a submicroscopic deletion on chro-

mosome 7 q11.23 (Korenberg et al. 2000). Associated with

this genotype, WS patients display an unusual cognitive

phenotype, characterized by mental retardation with a

distinctive neuropsychological profile, with peaks and

valleys of abilities. A peak-valley profile has also been

proposed within each cognitive domain, with WS memory

abilities being characterized by a differential pattern of

performance where spared auditory short term memory

performance is contrasted with impaired auditory long term

memory performance (absence of primacy effect in a word

list task in WS group) (Vicari et al. 1996). However, recent

studies claim that WS patients manifest global impairment

of memory skills, showing that verbal and visual short and

long term memory storage systems are equally affected

(Brock et al. 2006; Sampaio et al. 2008).

Underlying this asymmetric memory performance,

neuroimaging studies have addressed the structural and

functional role of Hippocampal Formation (HF) in WS

(Chiang et al. 2007; Meyer-Lindenberg et al. 2005; Reiss

et al. 2004), a highly specialized brain region involved in

memory performance. These studies report HF volume

preservation in WS patients with mental retardation

(Chiang et al. 2007; Reiss et al. 2004) and in patients with

normal IQ, despite evidence of functional abnormalities in

this brain region (Meyer-Lindenberg et al. 2005). Thus,

one may hypothesize that impairment in memory abilities

in WS may be associated with a dysfunctional HF. Of note,

however, even though previous studies have acknowledged

the importance of HF in understanding the WS cognitive

phenotype, no empirical studies to-date have been con-

ducted to explore hippocampus-dependent cognitive
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functions in this syndrome. The HF is a structure

involved in declarative memory, spatial navigation tasks

(Eichenbaum et al. 1999; Maguire et al. 2000), working

memory (Gazzaley et al. 2004; Karlsgodt et al. 2005;

Ranganath and D’Esposito 2001) and long term memory

efficiency (Ranganath et al. 2005). The HF is a lateral-

ized structure, showing right [ left volume, evident both

in children (Giedd et al. 1996; Utsunomiya et al. 1999)

and in adults (Pedraza et al. 2004; Pruessner et al. 2000),

which may be associated with lateralized functional

specialization. In fact, there is evidence to suggest that

the processing of verbal memory items is associated with

left hippocampus activation while the processing of

nonverbal items is associated with right hippocampus

activation (Casasanto et al. 2002; Papanicolaou et al.

2002; Piekema et al. 2006).

In this study, we predicted abnormal HF volume and

laterality in WS compared with controls. Thus, neuroim-

aging and neuropsychological evaluations were conducted

in a group of WS patients and age-matched controls. We

used automated segmentation techniques to evaluate the

volume of total intracranial contents, and gray and white

matter volume, as well as manual measures to evaluate left

and right HF volume and asymmetry in WS patients and

controls. We also correlated left and right HF volume with

several verbal and nonverbal memory functions.

Method

Participants

In this study, fifteen participants (7 males and 8 females),

diagnosed with Williams Syndrome (mean ± SD age,

18.53 ± 5.29; Full Scale IQ mean: 46.43 ± 7.45) were

compared with 13 age-matched healthy controls (5 males

and 8 females, mean ± SD age, 19.33 ± 5.80; age-range:

11–29 years; Full Scale IQ mean: 110.33 ± 11.23). Par-

ticipants with WS were recruited at the Genetic Medical

Institute (Portugal) and the Genomic Foundation in Galicia

(Spain). WS Diagnosis were made by fluorescent in situ

hybridization confirmation of elastin gene deletion

(Korenberg et al. 2000). Exclusion criteria for typically

developing individuals were the evidence of psychiatric,

neurological disorder or cognitive impairment. Each par-

ticipant gave written informed consent for their participa-

tion in the study via consent forms, after a complete

description of the study. Handedness was controlled (all

participants but one were right-handed—determined

through clinical observations).

Neurocognitive Assessment

Both groups were assessed using Wechsler Intelligence

Scales (3rd Edition)—Children (1991) and Adult (1997)

version. In addition, the California Verbal Learning Test

(Children and Adult Versions–CVLT) (Delis et al. 1994,

2000) was used for a detailed assessment of verbal memory

and learning abilities (the total number of recalled words in

5 trials, long-term memory and recognition variables were

used in correlational analyses). Raw scores on the Digit

Span subtest from the Wechsler Intelligence Scale and the

Corsi Blocks Span (Corsi 1972) were used to assess pho-

nological loop and visuo-spatial working memory,

respectively. These tests were used because several studies

point out the involvement of medial temporal lobe in the

encoding durable memories (Carr et al. in press; Fernandez

et al. 1999; Kato et al. 1998). Free recall of visual material

was tested using copy and memory conditions of the Rey-

Osterrieth Complex Figure (Rey 1959), which was scored

with a developmental coding system (Bernstein and Waber

1996).

MRI Acquisition and Processing

MRI images were obtained on a 1.5-T General Electric

system (GE Medical Systems). The scan acquisition pro-

tocol consisted of contiguous 1.5-mm slices of the whole

brain. Coronal T1 (SPGR) acquisition (256 9 192 matrix),

1.5 mm thickness and an axial PD/T2 sequence were

aligned. Images were aligned by using the line between the

anterior and posterior commissures and the sagittal sulcus

to correct head tilt and were also resampled to make voxels

isotropic (sides measured 0.9375 mm). Then, an Atlas

Based Expectation Maximization (EM) segmentation pro-

gram separated raw MR data into cerebrospinal fluid

(CSF), gray matter (including cortical and cerebellar cor-

tices, basal ganglia and hippocampal-amygdaloid complex)

and white matter (Pohl et al. 2004).

Regions of Interest Definition

Hippocampal formation (HF) was outlined manually using

the 3D Slicer Software (http://www.slicer.org/), a free open

source software package that allows for three-dimensional

visualization of multi-modal image data, segmentation, and

advanced image analysis. Hippocampal formation was

segmented using the Duvernoy Atlas (Duvernoy 2005) (see

Fig. 1) and the Pantel et al. (2000) method, described in

detail elsewhere (Pantel et al. 2000). Briefly, after rea-

ligned and resampled, we segmented HF in the SPGR

images in the coronal plane (with auxiliary guideline traces
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in sagital view). The anterior border is outlined by alveus

and uncal recess (separating hippocampal head from

amygdala; this slice was carefully analysed), laterally, CSF

from temporal horn of lateral ventricles limits the body

(and in the tail of HF, lateral border is defined by the

ascending crus of the fornix and CSF of lateral ventricles);

ventral border is defined by the white matter of temporal

lobe; the pulvinar thalamus is a limit for the tail of hip-

pocampus. Two raters, blind to group diagnosis, measured

the hippocampal formation for all subjects. Inter-rater

reliability was [0.90 for both structures. The asymmetry

index for HF was computed according to the following

expression: (L - R)/0.5 (L ? R), where L and R refer to

absolute volumes in the left and right hemispheres.

Adjusted HF formation was computed as the ratio between

HF volume and overall gray matter volume instead of Total

Intracranial Content (TIC). The option for this adjustment

was due to the following reasons: (1) white matter, gray

matter and CSF volumes present differential distribution

patterns in the neuroanatomic organization of WS brain

that differs from typically development (see (Sampaio et al.

2008); (2) this method of adjustment was previously used

in other neurodevelopmental disorders (Pinter et al. 2001);

(3) the Atlas Based Expectation Maximization (EM) seg-

mentation program that allow us to classify different brain

tissues (white matter, CSF and gray matter), includes in the

gray matter tissue classification the hippocampal-amygda-

loid complex and; (4) HF was manually segmented as gray

matter. Total intracranial content (TIC) was the sum of

gray matter, white matter and CSF volumes.

Data Analysis

Data were analyzed to check for normality and variance

homogeneity. All volumetric data, except for white matter

volume, met the criteria for the use of parametric tests,

including normality (Kolmogorov–Smirnov and Shapiro–

Wilk tests) and variance homogeneity (Levene test). Thus,

the non-parametric Mann–Whitney test was used to com-

pare white matter volumes and memory performance

between groups. A repeated-measure ANOVA was used to

determine HF volume differences between the WS and

typically development subjects, where Diagnosis (WS and

typically development group) was used as between-subject

factor and hemispheric side (left vs right) as the within-

subject factor. Post hoc group differences were performed

using a Student’s t test. Pearson and Spearman correlations

were used in correlational analysis, separately for each

group, according to normality and variance homogeneity

criteria. Additionally, partial correlations (controlling for

Fig. 1 a Coronal plane of hippocampal formation segmentation: right hippocampal formation (white) and left hippocampal formation (gray); b
3D Reconstruction of HF in WS (B1) and normal control (B2)
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the effects of age, FSIQ, and age and FSIQ) were per-

formed between hippocampal volumes and cognitive

measures. Also, Fisher r-to-z transformations were applied

to assess the significance of the difference between two

correlation coefficients (two tailed p value). A p-value less

than .05 was assumed to denote significant difference.

Results

There were no significant age differences between groups

(t(26) = -.59, p = .560). In addition, non-parametric

Mann–Whitney U tests also confirmed that the groups

did not differ in socio-economical status (Z = -.97,

p = .330), but did differ in level of education (Z = -1.99,

p = .047) (data is shown in Table 1). No association

between gender and group was found (v2 = .662,

p = .718).

Individuals with WS were found to have significant

absolute volume reduction, compared with typically

developing participants, in overall white matter (Z =

-3.81, p \ .001), gray matter (t(26) = -2.92 p = .007)

and CSF volumes (t(26) = -3.84, p = .001). Total Intra-

cranial Content (TIC) was also significantly reduced in the

WS group compared with the control group (t(26) =

-4.43, p \ .001).

Although there was a significant reduction in brain tis-

sue volumes (as can be seen in Table 2), a repeated-mea-

sures ANOVA of HF absolute volumes showed no

Diagnosis effect [F(1,26) = .02, p = .880). However, a

main effect of Side (Left vs Right) [F(1,26) = 10.24,

p = .004) and an interaction between Side and Diagnosis

[F(1,26) = 13.79, p = .001) was found. There were no

significant differences between groups in hippocampal

formation volume on either the right (t(26) = -1.17, p =

0.253) or left hemisphere (t(26) = 0.86, p = 0.400)

(Fig. 2a). However, when relative volumes of HF were

computed (ratio between HF and total gray matter volume),

a Diagnosis effect [F(1,26) = 4.34, p = .047) a side effect

[F(1,26) = 8.12, p = .008) and an interaction between

Side and Diagnosis [F(1,18) = 11.530, p = .002) were

found. Post-hoc t-tests yielded no statistical significant

difference between the two groups for the right HF

(t(26) = 1.31, p = .203), however the WS group was

found to have a significant increase in the volume of left

HF (t(26) = 2.86, p = .008) (Fig. 2b). Taking into account

the dynamic changes in gray and white matter through

adolescence, we analyzed group differences in HF volumes

(absolute and adjusted), controlling for the effects of age.

Thus, the results remained similar, with no differences

between groups in absolute HF volumes on the left

(F(1,26) = .663, p = .443) or right hemisphere (F(1,26) =

2.296, p = .143) and adjusted right HF (F(1,26) = 4.083,

p = .055). Again, we observed that WS group was had a

significant increase in the volume of adjusted left HF

(F(1,26) = 15.267, p = .001).

Additionally, when right-left HF asymmetry ratio was

analyzed, WS subjects demonstrated a lack of normal

asymmetry (M = .37, SD = 4.53), i.e., normal right [ left

Table 1 Demographic characteristics

WS group

(N = 15)

Typically developing

group (N = 13)

M (SD) M (SD)

Age 18.53 (5.29) 19.33 (5.80)

FSIQ 47.43 (7.45) 110.33 (11.23)

Mdn Mdn

Level of education 9 10

Socio-economic level 4 3

Table 2 Volumes of TIC, white matter, gray matter, CSF, hippocampal formation volumes (absolute and adjusted to gray matter volume) and

asymmetry degree

Region and volume type (ml) WS group (N = 15) Typically developing group (N = 13) t(26) or Za p value

M SD M SD

TIC 1174.67 118.43 1402.52 148.89 -4.43 .001

White matter 388.16 64.87 483.68 63.17 -3.81 .001

Gray matter 650.20 65.82 725.39 67.57 -2.92 .007

CSF 136.31 33.13 193.44 44.19 -3.84 .001

HF-right 2.92 .33 3.06 .29 -1.17 .25

HF-left 2.94 .39 2.83 .20 0.86 .40

Adjusted HF-right 4.53 .62 4.28 .27 1.31 .20

Adjusted HF-left 4.55 .70 3.98 .34 2.65 .01

Asymmetry index .37 4.53 -7.42 6.53 3.71 .001

a Two-tailed t tests were performed for relative volume comparisons on TIC, gray matter, CSF, left and right hippocampal formation (absolute

and relative) and asymmetry degree, and Mann–Whitney tests were performed for white matter volume; 9 103
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HF predominance found in the control group (M = -7.42,

SD = 6.53); t(26) = 3.71, p = .001).

Memory Performance

As can be observed in Table 3, individuals with WS

showed lower scores in all memory tasks, when

compared with the control group. This lower perfor-

mance was evident in verbal and non-verbal memory

tasks, as well as in short and long term memory storage

systems.

Correlation of Hippocampal Volume with Memory

Measures

Correlational analysis between memory measures and

neuroanatomical measures revealed a significant positive

correlation between Left HF absolute volumes and Digit

Span (r = .635, p = .020) in the typically developing

group, but not in the WS group (r = -.322, p = .308;

Fisher’s Z-transformation p = .011). Also, the asymmetry

index was correlated with a visual-spatial memory task

(Corsi Blocks) in the control group (rsp = -.721,

p = .012), but not in the WS group (rsp = -.500,

p = .117; although Fisher’s Z-transformation was not

significant, p = .400).

When HF volumes were adjusted for overall gray matter

volume (i.e., relative volume of HF), we found significant

negative correlations with total recalled words in the Cal-

ifornia Verbal Learning Test with the Right HF (rsp =

-0.689, p = .013) and the left HF (rsp = -0.678,

p = .015) in the typically developing group while no sig-

nificant correlations were observed for WS group within

the Right HF (rsp = .429, p = .126; Fisher’s Z-transfor-

mation p = .02) and the left HF (rsp = .418, p = .137;

Fisher’s Z-transformation p = .003).

Taking into account that FSIQ may influence association

between hippocampal measures and cognitive functioning,

we performed the same analysis, using partial correlations,

controlling for FSIQ effect. Thus, we observed that results

were similar for all measures, with exception of the cor-

relation between Digit Span and left HF, that was not found

in both typically developing (r = .569, p = .110) and WS

group (r = .208, p = .564).

1

2

3

4

1

2

3

4

5

6

7

Left HF Right HF 

 Williams Syndrome (N=15) 

 Typically developing group (N=13) 

Left HF* Right HF 

 Williams Syndrome (N=15) 

 Typically developing group (N=13) 

(A)

(B)

Fig. 2 Scatter plots of left and right absolute (a) and relative (b) HF

volumes in WS and in typically developing groups. * Student’t t test

showed that left HF (t(26) = 2.653, p \ .05) relative volumes were

significantly higher in subjects with WS than normal comparison

subjects. Horizontal lines represent means

Table 3 Performance in Different Memory Subtests

WS group (N = 15) Typically developing group (N = 13) Z

M SD M SD

CVLT–total number of recalled words in 5 trials 32.93 11.03 54.92 11.88 -3.48**

CVLT–long-term memory 6.42 1.93 11.85 2.19 -3.98**

CVLT–recognition 11.25 3.60 14.77 1.54 -2.30*

Digit span 8.75 2.14 16.62 2.93 -4.27**

Corsi span 7.09 2.26 15.64 2.11 -3.93**

Rey-Osterrieth memory recall 17.00 12.20 42.58 11.30 -3.947**

* p \ .01; ** p \ .001
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Discussion

The results of this study showed a 16.3% global reduction

in the brain of WS subjects compared with typically

developing individuals. However, this reduction of the

brain parenchyma was disproportionate, with evidence of

absolute volume preservation of HF (left and right), a

consistent finding within previous studies (Chiang et al.

2007; Meyer-Lindenberg et al. 2005; Reiss et al. 2004).

Moreover, when HF absolute volume was adjusted for

overall gray matter volume, an increase in the left HF

volume was observed in patients with WS, when compared

with typically developing group.

These neuroanatomic data, together with evidence from

our cognitive study, revealed that positive correlations

between memory measures and HF volumes only occurred

in control group. Moreover, a pattern of negative correla-

tions between verbal memory tasks and adjusted HF vol-

umes was found in the typically development group, a

finding consistent with previous studies that show this same

pattern, specifically when the association between explicit

memory measures and adjusted HF volumes is performed

(right/brain and left/brain volume ratios) (Chantôme et al.

1999).

Despite the evidence of volume preservation in WS, we

suggest that this brain structure might be structurally and

functionally impaired in this genetic syndrome, mainly if

we take into account the neurocognitive data derived from

the current study (impairment in several memory measures

in WS) as well as evidence from other studies addressing

memory abilities in WS (Brock et al. 2006; Sampaio et al.

2008) and HF integrity in high functioning individuals with

WS (Meyer-Lindenberg et al. 2005) and with develop-

mental delay (Chiang et al. 2007; Reiss et al. 2004).

Indeed, the hypothesis of structurally impaired HF is

consistent with the fact individuals with WS consistently

display difficulties in visual-spatial navigation tasks and

long-term memory, both in verbal and spatial domains

(Brock et al. 2006; O’Hearn et al. 2005; Sampaio et al.

2008; Vicari et al. 2003, 1996). Finally, this possibility is in

agreement with the same evidence of enlargement of HF in

other neurodevelopmental disorders (Schumann et al.

2004) and with data obtained from knock out mice models

with a WS-like genotype, that show volume preservation

despite evidence of structural (e.g., defects in neuronal

structure like abnormal morphology of dendritic spines)

and functional abnormalities (Hoogenraad et al. 2002;

Zhao et al. 2005).

Irrespective, however, of the underlying cognitive cor-

relations, the preservation of HF volume in WS subjects is

important and illustrates a differential neurodevelopmental

pattern, when compared to other brain regions. The HF is a

highly plastic region of the brain, where high neuronal

turnover persists throughout adult life (Dong et al. 2003;

Gould et al. 1999a, 1999b). Indeed, there are indirect

observations that brain development in WS is atypical and

histopathological abnormalities, like increased neuronal

size in cell packing densities in visual and auditory cortices

have been described in this syndrome (Galaburda et al.

2002; Holinger et al. 2005). Our findings, which cannot

directly assess these issues, are nonetheless consistent with

the finding of increased HF in WS in the current study.

The lack of asymmetry in the HF in our WS patients is

another relevant finding of this study. Our data suggest that

this finding is specific to a disproportional increase of left

HF in WS. Taking into account the observation that

apoptotic processes are more pronounced in left HF in

adult animal models (Silva et al. 2006), disproportional

enlargement of left HF in WS might be associated with

impairment of apoptotic processes, an important mecha-

nism that shapes brain development.

This lack of asymmetry in HF is also consistent with

previous reports of an elevated bilateral symmetry in this

clinical group (Sampaio et al. 2008; Van Essen et al. 2006).

Despite Chiang et al. (2007) found a trend for a larger right

hippocampus in WS with respect to control group, this

finding did not reach statistical significance. Also, they did

not provide information concerning the lateralization (right

or left handed) of the participants (both WS and controls).

Indeed, HF is an asymmetric structure, with larger volumes

in right with respect to left evidenced in children (Giedd

et al. 1996; Utsunomiya et al. 1999) and in adults (Pedraza

et al. 2004). However, this asymmetry was not observed in

our cohort of WS subjects and a greater right [ left

asymmetry was positively correlated with performance on

a visual-spatial memory task only in the typically devel-

opment group. Also, left HF was positively correlated with

a verbal memory task only in the typically development

group (which was associated with FSIQ). These correla-

tions clearly suggest the functional lateralization of HF

according to verbal or visual items (Papanicolaou et al.

2002; Piekema et al. 2006). The lateralization of the HF is

likely to be associated with greater complexity and reflect

functional specialization, as structural and functional

asymmetries are characteristic of biological systems and

are associated with lateralization and cognitive skills

(Pascual et al. 2004). Importantly, this feature was not

present in the WS group, suggesting that, despite HF vol-

ume preservation, it is functionally and structurally

impaired, possibly associated with abnormal neurodevel-

opmental abnormalities occurring during embryogenesis as

a consequence of the deleted genes. Atypical patterns of

structural and functional asymmetries have also been

shown in patients with schizophrenia and dyslexia (Edgar

et al. 2006; Larsen 1990). Thus, the lack of asymmetry

observed in this clinical population is additional evidence

J Autism Dev Disord (2010) 40:870–877 875

123



for structural alterations in HF morphology that might be

associated with abnormal brain development and memory

impairments. Additionally, disproportional enlargement of

HF may underlie impairments in different declarative

memory system in WS (Brock et al. 2006; O’Hearn et al.

2005; Sampaio et al. 2008; Vicari et al. 2003, 1996).

The present study provides evidence that HF is struc-

turally abnormal in WS. Proportionally enlarged HF vol-

umes and the loss of the normal right [ left asymmetry in

WS patients suggest that abnormal neurodevelopmental

processes occur in WS subjects, that might correlate with

their declarative (verbal and visuo-spatial) memory

impairments.

Limitation of this study include the small sample of both

WD and typically developing individuals, with a high

variable age range (adolescence through adulthood) in

which several dynamic events in gray and white matter

brain tissues occur, as well as considerable difference in

intellectual functioning of both groups under analysis.

Thus, future studies should use larger samples, and focus

on longitudinal approaches to analyze the development

patterns of this brain region, as well analyzing major white

matter HF projections to search for abnormal connections

and to clarify the functional role of this brain region in WS.
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