
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Fetta et al. Orphanet Journal of Rare Diseases          (2024) 19:107 
https://doi.org/10.1186/s13023-024-03065-5

Orphanet Journal of Rare 
Diseases

†Anna Fetta and Francesco Toni contributed equally to this work.

*Correspondence:
Emilia Ricci
emilia.ricci@unimi.it

Full list of author information is available at the end of the article

Abstract
Background Pallister-Killian syndrome (PKS) is a rare genetic disorder caused by mosaic tetrasomy of 12p with 
wide neurological involvement. Intellectual disability, developmental delay, behavioral problems, epilepsy, sleep 
disturbances, and brain malformations have been described in most individuals, with a broad phenotypic spectrum. 
This observational study, conducted through brain MRI scan analysis on a cohort of patients with genetically 
confirmed PKS, aims to systematically investigate the neuroradiological features of this syndrome and identify 
the possible existence of a typical pattern. Moreover, a literature review differentiating the different types of 
neuroimaging data was conducted for comparison with our population.

Results Thirty-one individuals were enrolled (17 females/14 males; age range 0.1–17.5 years old at first MRI). 
An experienced pediatric neuroradiologist reviewed brain MRIs, blindly to clinical data. Brain abnormalities were 
observed in all but one individual (compared to the 34% frequency found in the literature review). Corpus callosum 
abnormalities were found in 20/30 (67%) patients: 6 had callosal hypoplasia; 8 had global hypoplasia with hypoplastic 
splenium; 4 had only hypoplastic splenium; and 2 had a thin corpus callosum. Cerebral hypoplasia/atrophy was found 
in 23/31 (74%) and ventriculomegaly in 20/31 (65%). Other frequent features were the enlargement of the cisterna 
magna in 15/30 (50%) and polymicrogyria in 14/29 (48%). Conversely, the frequency of the latter was found to be 4% 
from the literature review. Notably, in our population, polymicrogyria was in the perisylvian area in all 14 cases, and it 
was bilateral in 10/14.

Conclusions Brain abnormalities are very common in PKS and occur much more frequently than previously 
reported. Bilateral perisylvian polymicrogyria was a main aspect of our population. Our findings provide an additional 
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Background
Pallister-Killian syndrome (PKS; OMIM 601,803) is a 
sporadic and rare genetic developmental disorder with 
multisystemic involvement caused by the presence of 
a supernumerary isochromosome 12p– i(12)(p10) that 
determines 12p tetrasomy, with a mosaic distribution in 
different cell lines and tissues [1–4]. In 2012, Izumi et al. 
hypothesized the presence of a minimal critical region 
within 12p13.31 responsible for the core phenotype of 
PKS [5]. To date, more than 200 individuals have been 
described in the literature [4]. 

Given the mosaicism, clinical manifestations are vari-
ous, including characteristic craniofacial dysmorphism, 
pigmentary skin differences, and congenital anomalies 
(mainly brain abnormalities, heart defects, and visceral 
and limb anomalies) [1–4]. The neurological phenotype 
is a key aspect of PKS: most individuals present differ-
ent degrees of intellectual disability, developmental delay, 
behavioral problems, epilepsy (from epileptic spasms to 
focal to generalized seizures, including myoclonic epi-
lepsy with low-frequency photosensitivity), sleep distur-
bances, and brain malformations, which are variously 
combined and intrinsically linked [6–13]. 

Structural brain anomalies (SBAs) have been reported 
in up to 73% of PKS individuals. In a retrospective analy-
sis of 114 pregnancies associated with a literature review 
of 86 published cases, Salzano et al. identified some 
major second-trimester ultrasound markers to raise the 
suspicion of PKS, including cerebral ventriculomegaly 
[14]. Other authors reported brain ultrasound findings 
such as periventricular cysts, corpus callosum (CC) thin-
ning, mega cisternamagna, and cerebellar anomalies up 
to Dandy-Walker malformation. Recently, Barkovich et 
al. reported neuroimaging findings in 42 PKS individuals 
collected from the literature, and subsequently, Poulton 
et al. surveyed 150 published reports to identify neuro-
radiological findings of 93 PKS individuals. That litera-
ture review revealed a wide spectrum of SBAs: cerebral 
brain volume loss up to cerebral atrophy, malformations 
of cortical development such as polymicrogyria (PMG), 
CC dysgenesis, ventricular abnormalities, and, less often, 
white matter (WM) anomalies. Nevertheless, it was not 
possible through that revision to differentiate between 
magnetic resonance imaging (MRI),computer tomog-
raphy (CT), ultrasound (US), or anatomopathological 
findings [8, 11]. Moreover, to date, there is no population 
study on SBAs in PKS.

Therefore, our study aims to further characterize the 
neuroradiological features of PKS in a large population 
looking for any potential recurrent pattern; furthermore, 

to conduct a new literature review distinguishing 
between the different types of neuroimaging data to be 
able to compare it with our population; and finally, to 
make an initial attempt to relate the neuroradiological 
findings to the clinical and demographic features.

Methods
Population and data collection
From January 2018 to December 2022, a cohort of indi-
viduals with genetically confirmed PKS and available 
brain MRI data was recruited through the collabora-
tive efforts of the contributing authors. All cases were 
sporadic.

All patients were clinically evaluated at their referral 
center. Clinical-demographic information and at least 
one MRI were collected for each patient. The history of 
epilepsy, the developmental level,and evidence of severe 
vision impairment at the last evaluation were considered. 
Moreover, available Sleep Disturbance Scale for Children 
(SDSC) scores were collected [15]. Personal information 
was elaborated into an anonymized form through the 
attribution of a unique progressive code to each patient. 
Different clinical aspects from subsets of this cohort have 
been previously evaluated [9, 10, 12, 13]. 

MRI exams included at least a two or three-dimen-
sional (2D or 3D) sagittal and/or axial T1-weighted (T1-
w) sequence, with multiplanar (MPR) reconstruction, 
2D axial or coronal T2-weighted image (T2-w), and 2D 
axial or 3D sagittal with MPR fluid-attenuated inversion 
recovery (FLAIR) sequence.

A pediatric neuroradiologist (FT) reviewed and scored 
all MRIs, blindly to clinical features; PKS diagnosis, sex, 
and age at MRI were unblinded. SBAs were evaluated for 
the presence of signal abnormalities and/or abnormal 
metrics. Brain metrics were obtained by using the Car-
estream PACS visualization Workstation. When more 
than one MRI was available, all were analyzed. When 
differences were present between the two investigations, 
they were reported.

Ventricular system dilatation, mainly supratentorial, 
was evaluated using a qualitative severity scale (normal, 
mild, moderate, severe). Temporal horn enlargement 
and atrial widening were noted, both indirect signs of 
reduced posterior CC commissure. An analogous quali-
tative scale was applied to the brain volume reduction 
according to the degree of cerebral sulci enlargement and 
subarachnoid spaces (SAS) dilatation. The distinction 
between sulci and SAS was added in an effort to better 
characterize glymphatic system function. Brain hypopla-
sia and atrophy represent two different forms of reduced 

tool for early diagnosis.Further studies to investigate the possible correlations with both genotype and phenotype 
may help to define the etiopathogenesis of the neurologic phenotype of this syndrome.
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brain volume. Nevertheless, especially if follow-up stud-
ies are lacking, it is challenging to discern if reduced 
brain volume is due to the presence of neurodegenera-
tion leading to progressive atrophy, if it is related to an 
alteration of physiological microstructural development 
causing hypoplasia, or if both mechanisms are involved 
[16]. Thus, cerebral volume reduction was identified as 
“brain hypoplasia/atrophy”.

The qualitative evaluation of CC was performed by 
classifying it as normal, thin and bowed, globally hypo-
plastic, globally hypoplastic with prominent involvement 
of the splenium, or normal except for a hypoplastic sple-
nium. Moreover, a quantitative evaluation was achieved. 
According to the Garel et al. biometry model for CC 
[17], we obtained the following biometric parameters: 
the anteroposterior diameter (APD) of the CC, measur-
ing the distance between the anterior aspect of the genu 
and the posterior aspect of the splenium; the true length 
of the CC (LCC), measuring the curvilinear distance 
between the rostrum and the splenium at the mid-thick-
ness of the CC; the frontal-occipital diameter (FOD), 
measuring the distance between the extreme points of 
the frontal and occipital lobes; the distance splenium/
tegmentum (S/T), measuring the distance at the level 
of the fastigium, between a line drawn along the dorsal 
surface of the brain stem and another line parallel to the 
first one and passing through the level of the most poste-
rior point of the splenium; and the thickness of the CC, 
measured at the level of the genu (GT), the body (BT), 
the isthmus (IT), and the splenium (ST). The obtained 
values were then compared with the reference population 
and categorized as “< 3rd percentile,” “between 3rd and 
15th”, “between 15th and 85th”, “between 85th and 97th”, 
and “>97th" [17].

Parenchymal abnormalities of cerebral gray and white 
matter and posterior fossa structures were qualitatively 
evaluated and described. Moreover, the Jandeaux biom-
etry model [18] was used for the cerebellum, pons, and 
midbrain: 2D measurements were manually performed 
on a sagittal section passing through the midsagittal 
plane and were defined as follows: the height of the ver-
mis (H-V) was the largest craniocaudal diameter of the 
vermis; the anterior-posterior diameter of the vermis 
(APD-V) was the largest anterior-posterior diameter of 
the vermis passing through the tip of the V4; the ante-
rior-posterior diameter of the midbrain-pons junction 
(APD-MP) was measured perpendicular to the major 
axis of the brain stem passing through the midbrain-pons 
junction; and the anterior-posterior mid pons diameter 
(APD-P) was measured perpendicular to the major axis 
of the brain stem passing through the middle of the pons. 
The values obtained were then compared with the refer-
ence population and categorized as “< 3rd percentile,” 
“between 3rd and 97th”, and “>97th” [18]. 

Literature review
A review of the literature was performed by searching 
PubMed and Google Scholar and by additional hand 
searches through reference lists. The terms “Pallister-
Killian syndrome” or “PKS” AND “neuroimaging” or 
“intracranial scan” or “brain MRI” were used for the 
research. The results were filtered for case reports, case 
series, and preview studies. The identified reports were 
screened manually to identify individuals with PKS ful-
filling the inclusion criteria (i.e., sufficient neuroradiolog-
ical or anatomopathological data available). Only papers 
published in English were reviewed.

Statistical analysis
The clinical and neuroradiological data were analyzed 
through descriptive statistics; continuous variables are 
expressed as medians with interquartile ranges (IQRs), 
and categorical variables are expressed as absolute num-
bers and percentages. Comparisons between the two 
groups were made using the U Mann‒Whitney test for 
independent datasets. For categorical variables, we used 
the chi-square test or Fisher’s test with Bonferroni cor-
rection post hoc. All analyses were conducted in JASP 
(Version 0.17.1) Microsoft version, and p ≤ 0.05 from 
2-sided tests was considered statistically significant.

For the statistical correlation analysis, 5 categorical 
neuroradiological variables were identified (CC, WM, 
and pineal gland abnormalities, brain hypoplasia/atro-
phy, and malformations of cortical development -MCD-) 
and correlated with sex, age, and clinical features (devel-
opmental delay, vision impairment, epilepsy, and SDSC 
scores).

Moreover, for the definition of brain hypoplasia/atro-
phy, the degree of SAS and sulci enlargement was corre-
lated with the ventricles dilatation.

Two age groups were identified through the median of 
the ages at first MRI and defined as follows: “younger” 
group composed of individuals aged < of the median; 
“older” group composed of individuals aged ≥ of the 
median.

Ethics
This study was conducted in conformity with the prin-
ciples and regulations of the Helsinki Declaration. 
Informed consent to participate was obtained from the 
infants’ parents/legal guardians. The local ethics commit-
tee approved the study.

Results
Patient characteristics
Our cohort was composed of 31 individuals (17 
females/14 males); the median age at the first brain MRI 
was 1.6 years old (IQR 3.8, range 0.1–17.5).



Page 4 of 15Fetta et al. Orphanet Journal of Rare Diseases          (2024) 19:107 

We evaluated 37 MRIs. For 25 individuals, a single 
brain MRI examination was performed, while for 6, two 
MRI examinations were performed with a median time 
between the scans of 1.9 years: two within 5 months, one 
after 13 months, two between 2.6 years and 3.3 years, and 
one 12.7 years apart.

Demographic and clinical information, as well as 
genetic and molecular studies are summarized in Table 1.

At last clinical evaluation, epilepsy occurred in 22 of 
31 patients; all presented developmental delay/intellec-
tual disability of various degrees: 19 severe, 5 moderate, 
5 mild, and 2 unknown levels of developmental delay. Fif-
teen patients had severe vision impairment, whereas 12 
did not; this information was not available for 4.

Neuroradiological findings
Brain trophism and ventricular system
Sulci enlargement evaluation, as the main marker of 
brain trophism, was performed in all 31 individuals. 
Brain hypoplasia/atrophy was found in 23 (74%) cases, 
classifiable as mild in 8, moderate in 12, and severe in 3. 
Additionally, SAS enlargement was present in 23 cases (7 
mild, 11 moderate, and 5 severe). In case 3 and case 10, 
this latter item improved at the second MRI performed 
2.6 years and 3.3 years later, respectively (case 3 went 
from mild to no enlargement, and case 10 went from 
moderate to mild enlargement). In the remaining 4 cases, 
the finding was stable at the second MRI.

Ventricular enlargement was found in 20 (65%) 
patients: the degree of dilatation was mild in 10 patients, 
moderate in 7 patients, and severe in 3 patients. Among 
the latter, it resulted from communicating hydrocephalus 
in 2 (Fig. 1).

Regarding the morphology of the ventricles, 21 
patients had an enlargement of the temporal horns, of 
which 6 were in the context of normal-sized ventricles, 
and 15 were concurrent with enlarged ventricles (7 
slightly, 7 moderately, and 1 severely). Atrial widening 
was present in 21 cases (18 together with temporal horn 
enlargement), of which 6 were in the context of normal 
ventricular volume.

The severity of ventricular enlargement was significantly 
correlated with the severity of sulci (p = 0.004) and SAS 
(p = 0.004) enlargement. Corpus Callosum
CC was qualitatively evaluated in 30/31 cases, and 
abnormalities were found in 20/30 (67%). The qualita-
tive assessment showed the CC to be thin and bowed in 
2 patients (those who had hydrocephalus), globally hypo-
plastic in 6, and globally hypoplastic with prominent 
involvement of the splenium in 8; 4 cases had a CC of 
normal volume except for a thinned conformation of the 
splenium (Fig. 2).

For the biometric evaluation, a population of 29 cases 
was included. Extended results are reported in Fig. 3.

Cerebral parenchymal abnormalities
Cerebral parenchymal signal alterations were found in 
6/31 (19%) individuals. One of them had temporal-pari-
etal-insular injury as a result of a perinatal stroke in the 
right middle cerebral artery territory (Case 26), one had 
deep WM and periventricular gliosis of probable vas-
cular etiology (Case 31), one showed abnormal myelin 
development (Case 13), and three had lesions sugges-
tive of perinatal hypoxic-ischemic lesions (focal gliosis of 
the Rolandic deep WM in Case 11, periventricular leu-
komalacia (PVL) with unilateral frontal-parietal-insular 
ulegyric cortex in Case 17, and PVL, left parietal-insular 
ischemic change and bilateral posterior limb of internal 
capsule/thalamic gliosis in Case 25). Two of them (Cases 
17 and 25) had a clear history of perinatal injury requir-
ing assistance in the neonatal intensive care unit.

Cerebellum and brainstem
Posterior cranial fossa abnormalities were found in 16/30 
(53%) cases, without differences in relation to age and 
sex. Fifteen patients had isolated enlargement of the cis-
terna magna, of which 2 were associated with counter-
clockwise rotation of the cerebellar vermis. One subject 
presented only cerebellar vermis rotation.

Biometry of the vermis, pons, and cerebellum was 
performed in 28/31 patients: all 28 presented values in 
the normal range for the vermis; 5 (20%) had an APD-P 
below the 3rd percentile, while the remaining 20 (80%) 
had values in the normal range; 4 (16%) had an APD-MP 
below the 3rd percentile, while the remaining 21 (84%) 
were normal.

Malformations of cortical development
MCD were found in 14 (48%) out of 29 evaluated patients 
(2 individuals were discarded due to the low resolution of 
the MRI scans), with no difference in relation to sex. All 
had perisylvian PMG, of which 10 were bilateral (Fig. 4); 
in two out of the four cases with unilateral PMG (Cases 3, 
4, 17, and 26), perisylvian PMG co-occurred with a con-
tralateral ischemic clastic lesion in the same area (Cases 
17 and 26) (Fig. 4D and O).

Pineal gland
The pineal gland was evaluated in 28/31 individuals, 
showing cystic appearance in 18/28 (64%). It was only 
enlarged in 3, microcystic in 6, cystic in 8, and both cystic 
and enlarged in 1. One patient developed a cystic tumor 
(Case 17).
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Code Sex Genetics n° of 
MRIs

Age 
at 1st 
MRI
(years)

Time 
between 
MRIs 
(years)

Age at last 
clinical 
evaluation 
(years)

Seizures Severe Vision 
Impairment

Develop-
mental 
delay

SDSC 
score

Case 
1

f n/a 1 0.1 1.2 n y severe n/a

Case 
2

f 47, XX, i(12)(p10) [1]/46, XX,[99] (karyo-
type on blood)

1 0.1 3 y n moderate 50

Case 
3

m 47,XY, i(12)(p10) [19]/46,XY [16] (karyo-
type on fibroblasts from hyperchromic 
skin biopsy)
arr[GRCh37] 12p13.33p11.1 
(191619_34853011)x2-4 (SNP array on 
hyperchromic skin biopsy)

2 0.3 2.6 3 y n moderate 54

Case 
4

f arr12p13.33p11.1 (Array-CGH on un-
known sample)

1 0.3 7.2 y n/a n/a n/a

Case 
5

f arr[GRCh37] 12p13.33p11.1 
(191619_34826574)x2-4 (Array-CGH on 
unknown sample)

2 0.4 0.4 2.4 n n severe 70

Case 
6

f arr[hg19]12p13.33p11.1 (0-43257397 × 3, 
34,294,005 × 2) (Array-CGH on unknown 
sample)

1 0.4 1.4 n y severe n/a

Case 
7

m 47, XY, +i(12)(p10) [20]/46, XY [4] (Karyo-
type on fibroblasts)

1 0.8 2.5 y y severe 90

Case 
8

f arr12pterp11.1 (163,593 − 34,398,316)x2-4 
(Array-CGH on blood)

1 0.8 10.8 y n mild 45

Case 
9

f arr [hg19] 12p13.33p11.1 (163, 
679 − 34,760,977) x2 3 (Array-CGH on 
blood)

2 0.9 0.4 1.5 n n severe 64

Case 
10

f ish12(D1221 × 3,wep12 × 3,pcp12p11.
2p13 × 4) [21]/12(D12Z1 × 2,wep12 × 2, 
pep12p11.2p13 × 2) [22] (FISH on 
fibroblasts)

2 0.9 3.3 3.7 y n/a moderate n/a

Case 
11

m 47, XY, i(12p) [7]/46, XY [23] (karyotype on 
fibroblasts)

2 1 1.2 6.4 y y severe 99

Case 
12

f arr12p13.33p11.1 (Array-CGH on buccal 
epithelial cells)

1 1 6.3 n y severe 62

Case 
13

m n/a 1 1.2 7.5 y y n/a n/a

Case 
14

m Mos 47, XY arr[hg19] 12p13.33p11.1(148,
375 − 34,760,977)x3 (karyotype on blood)

1 1.4 7.4 y n severe n/a

Case 
15

m 47,XY + i(12p) [22],46,XY [5].ishi(12p)
(cp12) (karyotype on fibroblasts)

1 1.5 1.4 y y severe n/a

Case 
16

m n/a 1 1.6 2.7 y y severe n/a

Case 
17

f 47,XX,+i(12)(p10) [6]/46,XX [4] (karyotype 
on blood);
arr[GRCh37)12p13.3
3p11.1(194249_34398316)x3-4 (Array-
CGH on blood)

1 2 4.3 n n mild n/a

Case 
18

f 47,XX, +i(12p)(p10) [24]/46,XX [3] (karyo-
type on fibroblasts)

1 2.4 2.4 n n mild 62

Case 
19

m 47, XY, i(12)(p10)/46, XY (karyotype on 
fibroblasts)

1 2.7 16.4 y y severe n/a

Case 
20

m arr12p13.33p11.2 (Array-CGH on un-
known sample)

1 3 9 y n/a severe n/a

Case 
21

f Ish 12p13(TELx2) [25]/12p13 (TEL x 3) 
[26] 12p13(TELx4 [24] (FISH on buccal 
epithelial cells)

1 3.7 4.5 y n mild n/a

Table 1 Clinical and Demographic Characteristics
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Fig. 1 Brain Trophism and Ventricular System. A, Regular volume of the ventricular system with a slight widening of the peri-cerebral subarachnoid 
spaces (Case 18, 2 years old); B, mild enlargement of the lateral ventricles and of the peri-cerebral subarachnoid spaces (Case 22, 4 years old); C, more 
prominent ventriculomegaly and dilatation of the peri-cerebral subarachnoid spaces (Case 11, 1 year old); D, communicating hydrocephalus, with signs 
of hyperdynamic flow (flow-related artifact on coronal FLAIR on the right) (Case 31, 17 years old)

 

Code Sex Genetics n° of 
MRIs

Age 
at 1st 
MRI
(years)

Time 
between 
MRIs 
(years)

Age at last 
clinical 
evaluation 
(years)

Seizures Severe Vision 
Impairment

Develop-
mental 
delay

SDSC 
score

Case 
22

f 47, XX, i(12)(p10) [2]/46, XX [98] (karyo-
type on amniocentesis)

1 4.1 11.8 n y severe 51

Case 
23

f arr [hg19] 12p13.33p11.1 (163, 
618 − 34,756,180) x2-3 (Array-CGH on 
blood)

1 4.5 10.2 y y moderate 100

Case 
24

f 46, XX [21],47XX + i(12p) [22] (karyotype 
on fibroblasts)

1 4.9 12.7 17.6 y y severe 68

Case 
25

f Ish 12p13 (TELx4) [27]/(TELX3) [28]/
(TELX2) [29] (FISH on buccal epithelial 
cells)

1 4.9 5 y y severe n/a

Case 
26

m n/a 1 7 18.2 y y severe n/a

Case 
27

m 12p13.33p11.1 (Array-CGH on unknown 
sample)

1 9.1 11.7 y n mild n/a

Case 
28

m 47,XY, i(12)(p10) (karyotype on blood) 1 11.4 17.4 y y severe 62

Case 
29

f 47, XX, i(12p) (karyotype on blood) 1 11.6 11.6 y n moderate 69

Case 
30

m 47, XY, i(12)(p10)/46, XY (karyotype on 
buccal epithelial cells)

1 13.1 14.4 n n severe 62

Case 
31

m 47, XX, i(12p) (karyotype on fibroblasts) 1 17.5 17.6 y n/a severe n/a

Legend: n° =number; MRI = magnetic resonance imaging; SDSC = Sleep Disturbance Scale for Children; f = female; m = male; y = yes; n = no; n/a = not available. Clinical 
data (seizures, severe vision impairment, developmental delay, SDSC score) refer to the latest available evaluation

Table 1 (continued) 
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Demographic and clinical correlations
No significant correlations were found in relation to sex, 
age, or the clinical parameters examined (developmental 
delay, vision impairment, epilepsy, or SDSC scores).

Literature review
A total of 65 articles (including 140 individuals with 
PKS) were identified by literature review; each of them 
was screened for data about structural brain features. Six 
articles (21 cases) were excluded because insufficient data 
were gathered in the text.

Structural brain information was reported in 119 indi-
viduals with PKS, each of whom underwent one or more 
different intracranial examinations (Fig.  5). Postmortem 
examination information was included when provid-
ing comparable data (e.g., ventriculomegaly, hydroceph-
aly, cerebellar defects, cortical malformation). Data 
about “intracranial scan” (without further details) were 
described in 24 individuals.

The main SBAs reported in the literature and their 
respective frequencies, as well as a comparison with 
the frequencies found in our population, are shown in 
Table 2.

Fig. 2 Corpus Callosum Morphology.A, Thinning and bowing due to communicating hydrocephalus (Case 9). B, hypoplasia of the corpus callosum, 
more evident at the splenium (Case 16); C, hypoplasia of the splenium with regular biometry of the other component of the corpus callosum (Case 29); 
D, global and harmonic hypoplasia of the corpus callosum (Case 31)
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Discussion
In this study, we conducted the first systematic evalua-
tion of brain MRI scans from a large population of indi-
viduals with PKS. Moreover, we conducted a review of 
the available data from the literature, comparing them to 
our population.

We found that only one of the enrolled patients showed 
no brain MRI abnormalities (compared with 28% of the 
MRI and 34% of the total cases described in the litera-
ture), suggesting a greater structural brain involvement 
than previously reported. This could be due to a more 
accurate and targeted analysis of brain MRI scans since 
we carefully checked for CNS abnormalities; literature 
data were mostly from case reports and exams other than 
MRIs, not specifically focusing on the neuroradiological 
aspect. Both our results and the major frequency of SBAs 
in the subgroup of the literature studied with MRI sug-
gest that this exam can be considered the gold standard 
in the neuroradiological study of these patients.

The 12p duplicated region appears to be rich in genes 
involved in neuropathological features, as Poulton et al. 
reported in their review, identifying an overlap between 
the minimal critical region spanning 12p13.33 to 12p13.2 
for cerebral atrophy and from 12p13.33 to 12p12.3 for CC 
anomalies, both including dozens of genes and extending 
the previous findings of Izumi et al. about the minimal 
critical region responsible for PKS [5, 8]. 

The most common brain abnormality in our population 
was brain volume loss (identified as hypoplasia/atrophy 

and defined as decreased parenchymal volume associ-
ated with ventricular, sulcal, and cisternal space enlarge-
ment), which was more than two times more frequent 
than previously reported [8]. As previously mentioned, 
it is challenging to discern if reduced brain volume is 
due to progressive atrophy, to microstructural underde-
velopment causing hypoplasia, or if both mechanisms 
are involved [16]. Most of our population had MRIs at a 
noticeably early age, and there were few examinations of 
older children. Moreover, most of the follow-up examina-
tions were remarkably close in time, not allowing us to 
assess whether there was a progression of atrophy.

Hypoplasia/atrophy affected brain hemispheres rather 
than other structures and was often associated with ven-
triculomegaly [11]. In our series, ventricular dilatation 
was indeed significantly correlated with the severity of 
sulci and SAS enlargement. Nevertheless, we decided to 
define the hypoplasia/atrophy item relying mainly on the 
degree of cerebral sulcal widening, since both the SAS 
and the ventricular system could be more susceptible to 
variation related to glymphatic system alteration or other 
pathological cerebrospinal fluid mechanism abnormali-
ties. This could be hypothesized and exemplified by two 
patients who had hydrocephalus associated with severe 
ventriculomegaly or two cases with SAS enlargement, 
which improved at the second MRI.

Genetically, the abovementioned 12p13.33 to 12p13.2 
region, known to be involved in the context of other 

Fig. 3 Corpus Callosum Biometry. The figure shows the distribution of biometric data in the analyzed population with respect to age reference per-
centiles. LCC: length of corpus callosum (curvilinear distance between the rostrum and the splenium at the mid-thickness of the corpus callosum); APD: 
anteroposterior diameter (distance between the anterior aspect of the genu and the posterior aspect of the splenium)
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Fig. 4 Perisylvian Polymicrogyria. A, Bilateral perisylvian polymicrogyria (Case 6); B, bilateral perisylvian polymicrogyria (Case 2); C, right perisylvian poly-
microgyria (Case 7); D, left perisylvian polymicrogyria (yellow arrow) and right ischemic clastic perisylvian lesion (white arrow) (Case 26); E, left perisylvian 
polymicrogyria (yellow arrow) and monomorphic gyri related to dysgiric cortex in the left parietal-temporal-occipital lobe (Case 28); F, bilateral perisylvian 
polymicrogyria (Case 22); G, bilateral perisylvian polymicrogyria (Case 16); H, bilateral polymicrogyria (Case 24), more evident on the left side; I, bilateral 
polymicrogyria (Case 19); L, bilateral polymicrogyria (Case 31); M, left perisylvian polymicrogyria (yellow arrow) (Case 5); N, right perisylvian polymicrogyria 
(yellow arrow) (Case 3); O, right perisylvian polymicrogyria (yellow arrow) and left ischemic clastic perisylvian lesion (white arrow) (Case 17)
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syndromes, seems to be responsible for this alteration [5, 
76–77, 16]. 

Although there is still much to be understood about 
its pathogenesis, our findings reinforce the definition of 
reduced brain volume related to atrophy/hypoplasia as 
one of the possible hallmarks of PKS.

CC anomalies, one of the most common SBAs in con-
genital syndromes and reported in more than 200 con-
ditions [78], were found to be the second most frequent 
abnormality in our population, three times more frequent 
than reported in the literature through any imaging and/

or anatomopathological method and twice as frequent as 
reported through MRI.

The thickness of CC has been associated with cogni-
tive impairment in individuals with different clinical 
conditions [79] and gait alterations in elderly individu-
als [80, 81]. In our case series, we found no significant 
correlations between the thickness of this and the neu-
rodevelopmental delay severity. However, the avail-
able neuropsychological data of our population did not 
allow us to make more accurate correlations, and tar-
geted studies on cognitive profile, motor aspects, and 

Table 2 Literature Review
Structural Brain Abnormalities Literature data Our sample data

MRI (fre-
quency) [2, 
13, 30–46]

CT [11, 24, 23, 
22, 36, 41, 42, 
47–54]

US [31, 23, 
22, 55–66]

Undeter-
mined scan 
[3, 23]

Autopsy [57, 
59–61, 63, 64, 
67–75]

Total re-
ported cases 
(frequency)

Total re-
ported cases 
(frequency)

Reduced brain trophism 14 (30%) 8 2 - - 21 (18%) 23 (74%)
Ventricular abnormalities 16 (35%) 4 9 3 7 31(26%) 20 (65%)
Corpus callosum 11 (24%) 1 - 5 2 17 (14%) 18 (58%)
White matter abnormalities 3 (7%) 1 2 2 9 (8%) 7 (22%)
Cerebellar structural defects 1 (2%) 2 1 - 5 8 (7%) 3 (10%)
Hydrocephalus/hygromas 1 (2%) 3 - - 3 7 (6%) 2 (6%)
Polymicrogyria 4 (9%) 1 - - 2 6 (5%) 15 (48%)
Pachygyria 3 (7%) - - - - 3 (3%) -
Cisterna magna - - 3 - 1 3 (3%) 15 (48%)
Pineal gland 1 (2%) - - - - 1 (1%) 18 (58%)
Calcification - 3 2 - 1 6 (5%) -
Others* 1 (2%) 2 1 - 3 8 (7%) -
No abnormal features 13 (28%) 9 3 12 3 40 (34%) 1 (3%)
Total neuroimaging scans 46 (100%) 21 (100%) 21 (100%) 24 (100%) 21 (100%) 119 (100%) 31(100%)
Legend: MRI = magnetic resonance imaging; CT = computer tomography; US = ultrasound; *=olfactory nerve, germinal matrix hemorrhage and ischemic thrombi in 
the subependymal veins, atrophic brainstem, small cava septi pellucidi

Fig. 5 Literature Review Flowchart. PKS: Pallister Killian syndrome; SBAs: structural brain abnormalities; MRI: magnetic resonance imaging; CT: com-
puter tomography; US: ultrasound
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neuroradiological alterations could help in assessing this 
hypothesis.

Qualitatively, a “shortened” appearance of the CC, 
with greater thinning at the splenium, was observed. 
The quantitative analysis confirmed a tendency toward 
smaller splenium diameters, isolated or sometimes in the 
context of global hypoplasia. Temporal horn enlargement 
and atrial widening were variably noted, and they con-
tribute to reinforce the finding of reduced posterior CC 
commissure. From a neuroanatomical and neurophysi-
ological point of view, the splenium is a key point for 
the connection of occipital, temporal, and parietal lobes; 
posterior callosal lesions involving the splenium cause an 
interhemispheric disconnection between inputs from the 
left visual field and language processing in the left hemi-
sphere [82, 83]. Auditory processing and comprehension 
impairment have also been observed in patients with 
splenial alterations, such as by interrupting the callosal 
connections of the temporal-parietal junction [84]. Chil-
dren with PKS have frequent impairment of the visual 
and auditory pathways. However, visual impairment in 
our population has not been studied systematically, and 
the correlation between visual impairment and splenium 
abnormalities was not significant. Further targeted stud-
ies are needed in this regard.

As previously reported, cerebral parenchymal abnor-
malities were common in our series, accounting for 
almost one-fifth of the cases. Namely, one individual 
presented focal cerebral T2-weighted WM hyperinten-
sities reminiscent of those seen in cerebrovascular dis-
orders; he was the oldest patient enrolled in the study 
(Case 31, 17 years old). Saito et al. described a similar 
pattern in two older PKS patients. Whether these repre-
sent acquired lesions and whether the regression of some 
motor skills encountered in some patients could mirror 
the appearance of these lesions during adulthood is still 
a matter of debate [26]. In 4 out of the 6 PKS individu-
als with cerebral parenchymal abnormalities, we found 
lesions evocative of middle cerebral artery stroke and 
perinatal hypoxic-ischemic injury. Brain clastic lesions 
have rarely been described in PKS [6, 11, 26, 85], and to 
our knowledge, there have been no previous PKS cases 
reporting neuroimaging related to large vessel stroke or 
perinatal brain vascular hypoperfusion [11]. 

Nearly half of the patients in our population had MCD, 
almost all with variable degrees of perisylvian PMG. 
PMG is one of the most common MCDs, accounting 
for approximately 20% of all MCDs [86], and the peri-
sylvian location accounts for approximately 60–70% 
of cases, particularly the posterior aspect of the fis-
sure [87]. Several genes have been found to cause PMG, 
such as WDR62, NDE1, KATNB1, TUBB2B, DYNC1H1, 
RTTN, and PIK3R2 [88]. Interestingly, CCND2, a 
gene located at 12p13.32, is also responsible for PMG. 

Its gain-of-function mutation caused megalocephaly 
PMG-polydactyly hydrocephalus syndrome (MPPHS3). 
Hiraiwa et al. speculated that increased dosages of 
CCND2 could affect neuronal migration in PKS patients, 
leading to PMG [42, 89]. 

Nongenetic causes of PMG most often include cyto-
megalovirus (CMV) infection, exposure to teratogens 
(including alcohol abuse), hypoxic-ischemic insults, or 
arterial ischemic infarct twin-to-twin transfusion syn-
drome [87, 90]. 

To date, only six PKS patients with PMG have been 
described in the literature, and among them, three of 
six cases showed unilateral or asymmetric PMG [42]. 
The much higher prevalence of PMG (14 patients, 48%) 
encountered in our study may lie in the previously men-
tioned more targeted analysis of brain MRI, as well as 
in the higher definition of currently available MRI, the 
majority of which is equipped with 3D T1 sequences. In 
our cohort, PMG were all perisylvian, most of them bilat-
eral and symmetrical, preferentially involving the deeper 
part of the fissure. It is worth discussing that between the 
four unilateral perisylvian PMGs, two individuals pre-
sented a contralateral homotopic clastic ischemic lesion, 
suggesting a possible vascular contribution to the patho-
genesis of PMG.

Perisylvian PMG has been previously associated with 
intellectual disability, impaired (mostly orofacial) motor 
skills, and epilepsy [88]. All these aspects are present in 
PKS patients to varying degrees. Izumi et al. suggested 
that PMG could be an explanation for encephalopathy 
with focal seizures in PKS [11]; however, we found no 
statistical correlations between PMG and the presence of 
epilepsy or the severity of the developmental delay.

Posterior fossa abnormalities were less often encoun-
tered in our population and were represented by the 
enlargement of the cisterna magna and cerebellar ver-
mis malrotation. These data are consistent with previous 
literature. Interestingly, Greenbaum et al. described a 
patient with vermis hypoplasia carrying a genetic altera-
tion in arr12p13.3p11.1 [91]. 

Finally, we found a slightly higher prevalence of pineal 
gland cysts in the studied population than commonly 
found in pediatric age [92]. The pineal gland regulates 
circadian rhythm through melatonin production and 
release, and its function can be impaired due to acci-
dental and developmental conditions, such as pineal 
tumors, craniopharyngiomas, injuries affecting its sym-
pathetic innervation, and rare congenital disorders. 
However, pineal cysts in children are benign, incidental 
findings, for which follow-up is not required if there are 
no referable symptoms or excessive size [92–95]. Pineal 
involvement in PKS has been previously reported in a 
15-year-old girl who developed a pineal gland tumor, very 
similar to Case 17 in our population in which a clearly 
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tumoral appearance was present and for which periodic 
follow-up was set up so far. In that case, the authors 
supposed a genetic link between the 12p anomaly and 
tumorigenesis [46], being isochromosome 12p observed 
in sporadic pineal germ cell tumors [96]. Recently, Izumi 
et al. described the cooccurrence of PKS and Burkitt lym-
phoma, strengthening the suspicion of a link between 
isochromosome 12p and tumorigenesis, with several 
genes located in the PKS 12p critical region (such as 
ETV6, KRAS, CCND2, CDKN1B, and AICDA) known to 
play roles in tumor development [20]. 

Sleep disturbances in PKS patients are common and 
often severe, and their etiology is multifactorial.9 There-
fore, the role of these abnormalities in the etiopathogen-
esis of sleep disturbances is difficult to determine, and 
should be better investigated through dedicated studies.

Limits
Due to mosaicism of the chromosomal disorder, the phe-
notype of PKS is wide and variable; milder cases often go 
undiagnosed. A main limitation is that our cohort mainly 
consisted of PKS individuals with a severe phenotype 
who were referred to the hospital for the presence of epi-
lepsy or other major neurologic or systemic involvement; 
few individuals with a mild phenotype were included. A 
future challenge is to be able to extend studies to milder 
phenotypes.

Moreover, clinical data were collected at different times 
of medical history in a non-standardized manner. Thus, 
no conclusive data can be provided in this regard.

Finally, the genetic investigation in our cohort was not 
homogeneous, therefore preventing a genotype-pheno-
type correlation.

Conclusions
SBAs are common in PKS and occur much more fre-
quently than previously reported.

Bilateral perisylvian PMG, described in only 5% of 
patients in the literature, was a main aspect of our pop-
ulation A certain rate of cerebral volume reduction was 
confirmed, but it was not possible to discern whether it 
was age-related and/or worsened with time. Moreover, 
the appearance of the CC seems distinctive.

PKS is a syndrome whose diagnosis requires specific 
genetic investigations, sometimes resulting in false nega-
tives. The broadening of knowledge on SBAs in PKS 
using qualitative and quantitative methods could provide 
in the future an additional tool for early diagnosis, also 
laying a foundation for potential future studies on pre-
natal diagnosis of the syndrome. Moreover, further tar-
geted studies to investigate the possible correlations with 
both genotype and phenotype may help to determine the 
prognostic value of these data and increasingly define 

the etiopathogenesis of the neurologic phenotype of this 
syndrome.
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