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The clinical phenotype of Cyclin-Dependent Kinase-Like 5 (CDKL5) deficiency disorder (CDD) has been delineated but neuroimaging
features have not been systematically analyzed. We studied brain magnetic resonance imaging (MRI) scans in a cohort of CDD patients
and reviewed age at seizure onset, seizure semiology, head circumference. Thirty-five brain MRI from 22 unrelated patients were
included. The median age at study entry was 13.4 years. In 14/22 patients (85.7%), MRI in the first year of life was unremarkable in
all but two. In 11/22, we performed MRI after 24 months of age (range 2.5–23 years). In 8 out of 11 (72.7%), MRI showed supratentorial
atrophy and in six cerebellar atrophy. Quantitative analysis detected volumetric reduction of the whole brain (−17.7%, P-value = 0.014),
including both white matter (−25.7%, P-value = 0.005) and cortical gray matter (−9.1%, P-value = 0.098), with a reduction of surface
area (−18.0%, P-value = 0.032), mainly involving the temporal regions, correlated with the head circumference (ρ = 0.79, P-value = 0.109).
Both the qualitative structural assessment and the quantitative analysis detected brain volume reduction involving the gray and white
matter. These neuroimaging findings may be related to either progressive changes due to CDD pathogenesis, or to the extreme severity
of epilepsy, or both. Larger prospective studies are needed to clarify the bases for the structural changes we observed.

Key words: developmental and epileptic encephalopathy; brain atrophy; cerebellar atrophy; genetic epilepsy; CDD; CDKL5.

Introduction
Cyclin-Dependent Kinase-Like 5 (CDKL5) deficiency disorder
(CDD; OMIM 300203, 300672) is an X-linked developmental and
epileptic encephalopathy (DEE) characterized by infantile-onset
refractory epilepsy, hypotonia, severe developmental delay, and
central visual impairment (Weaving et al. 2004; Bahi-Buisson et al.
2012; Olson et al. 2019; Zuberi et al. 2022). The CDKL5 protein is
widely expressed in the brain, predominantly in neurons, with
roles in neuronal proliferation, migration, axonal outgrowth,
dendritic morphogenesis, and synapse development (Rusconi
et al. 2008; Chen et al. 2010; Ricciardi et al. 2012; Zhu et al. 2013;
Zhou et al. 2017; Zhu and Xiong 2019). CDD was initially identified
as a variant of Rett syndrome; however, only 23.7% of patients
meet clinical criteria for Rett syndrome and CDD-related severe
and peculiar epilepsy phenotype have prompted its recognition
as an independent phenotype (Guerrini and Parrini 2012; Olson
et al. 2019).

Epilepsy is the earliest and predominant symptom, exhibiting
peculiar electroclinical findings and evolutive characteristics

(Bahi-Buisson et al. 2008; Melani et al. 2011; Zuberi et al.
2022; Darra et al. 2023). Seizures are resistant to anti-seizure
medications (ASMs) and, since most patients have daily seizures,
both quality of life and neurodevelopment are severely impaired
(Bahi-Buisson et al. 2008; Fehr et al. 2016; Demarest et al. 2019;
Olson et al. 2019; Darra et al. 2023). Burden of the disease is further
augmented by movement disorders, severe developmental delay,
behavioral and sleep disturbances (Hagebeuk et al. 2013; Mangatt
et al. 2016; Lo Martire et al. 2017; Arican et al. 2019; Kadam et al.
2019).

Neuroimaging has not been analyzed in CDD, except scattered
case reports that have documented either normal brain anatomy
or—less often—cortical atrophy or T2 fluid-attenuated inversion
recovery hyperintensities in the white matter (Archer et al. 2006;
Buoni et al. 2006; Bahi-Buisson et al. 2008; Bahi-Buisson et al. 2008;
Elia et al. 2008; Pintaudi et al. 2008; Russo et al. 2009; Mei et al.
2010; Melani et al. 2011; Sartori et al. 2011; Olson and Poduri 2012;
Stalpers et al. 2012; Olson et al. 2019; Tang et al. 2021). We report
brain MRI features on a cohort of 22 patients with CDD studied
across different ages.
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Materials and methods
All patients with CDD with available brain MRI images followed in
four Italian pediatric epilepsy tertiary-care centers were enrolled.
All four centers are part of the EpiCARE European Reference
Network for Rare and Complex Epilepsies. All patients carried a
pathogenic CDKL5 genetic variant identified by different meth-
ods, including single gene Sanger sequencing, multiplex ligation-
dependent probe amplification or next-generation sequencing
(NGS) (Supplementary Table 1). We reviewed clinical data of all
patients (age at seizure onset, seizure semiology presented at
the latest observation, head circumference). We also performed a
two-sample t-test analysis of the head circumference in patients
versus age and sex matched healthy females.

Two pediatric neuroradiologists with at least 5 years’ expe-
rience (C.R.E. and G.T.), and blinded to clinical data, retrospec-
tively reviewed the MRI scans and, in case of discordant findings,
reached a consensus agreement.

A common protocol was used to evaluate brain structures—
deep and cortical gray matter, deep and peripheral white matter,
commissures, midbrain, pons, medulla, cerebellar hemispheres,
vermis, ventricles, and CSF spaces were considered. The crite-
rion for atrophy was evidence of the widening of ventricles or
subarachnoid spaces. Corpus callosum thinning was evaluated
according to previously published biometric reference standards
(Garel et al. 2011).

MRI scans were acquired on different magnets (1.5 or 3 T scan-
ner) with non-standardized imaging protocols; however, all scans
included at least a sagittal SE T1-weighted (TE: 10–15 ms, TR: 515–
619 ms) or 3D MPRAGE (TE: 2.27 ms, TR: 2,060, IT: 1,040), axial TSE
T2-weighted (TE: 100–122 ms, TR: 5,449–8,600 ms), coronal T2- (TE:
100–108 ms, TR: 4,300–6,380 ms) or Fluid-Attenuated Inversion
Recovery (FLAIR), and axial FLAIR sequences (TE: 85–140 ms, TR:
9,000–11,000 ms, IT: 2,500 ms). All sequences had a slice thickness
of 2–3 mm except the volumetric sequences with an isotropic
voxel of 1 mm. The data that support the findings of this study are
not openly available due to reasons of sensitivity and are available
from the corresponding author upon reasonable request. Data
are located in controlled access data storage at Bambino Gesù
Children’s Hospital in Rome.

Quantitative MRI analysis
For a subset of five patients, we acquired high-quality T1-3D
sequences, and quantitatively analyzed the volume, surface area,
and thickness of the cortical mantle and volume of subcortical
structures. We recruited 15 controls, three for each of the five
patients, matched for sex and age. Controls had normal neurolog-
ical examination and had performed a T1-3D MRI to investigate
headache.

We assessed surface-based analysis of the cortical mantle
adopting the FreeSurfer processing pipeline (version 7.1.1,
https://surfer.nmr.mgh.harvard.edu). On both hemispheres,
we performed cortical segmentation and 3D high-resolution
reconstructions of the boundaries between white/gray and
gray/cerebrospinal fluid. After the quality check of the 3D
reconstructions by visual inspection and manual correction
(where needed), we calculated the intra-cranial volume (ICV) and
the thickness, surface area and volume of the whole cortical
mantle.

We parceled the cortical surface of each hemisphere into 34
regions of interest (ROIs) using the Desikan et al. labeling system
(Desikan et al. 2006) and calculated the averaged thickness, sur-
face area and volume of each ROI.

We conducted statistical group analysis at whole-brain and
ROI levels using FreeSurfer tools and MATLAB R2020a (Statis-
tics and Machine Learning Toolbox Version 11.7, MathWorks
Inc.).

At a whole-brain level, we smoothed cortical maps of morpho-
metric (volume, area, and thickness) features (10 mm full width
at half-maximum Gaussian kernel), clustered and corrected for
multiple comparisons using the false discovery rate (FDR) with a
cluster-wise correction approach (cluster-wise P-value < 0.05). To
perform a vertex-wise analysis between the CDKL5 and control
groups, we adopted a linear regression model with the age and
ICV as discrete covariates. We applied the same multivariable
linear regression model to assess for each ROI between-group
differences in volume, surface area and mean cortical thickness.

For subcortical analysis we used a QuickNAT neural net-
work algorithm (https://github.com/ai-med/QuickNATv2) for
automatic subcortical segmentation (Guha Roy et al. 2019). We
segmented several areas (Gray and white matter, Putamen, Tha-
lamus, Brainstem, Pallidum, Hippocampus, Amygdala, Caudate).
We computed the volume for each subcortical area and scaled by
the total intracranial volume as computed by the volume of GM
and WM together. We included the mean value between left and
right volumes of subcortical structures in the statistical analysis.

Statistical group analysis was conducted via MANOVA analy-
sis on Putamen, Thalamus, Brainstem, Pallidum, Hippocampus,
Amygdala, Caudate with the patient-control group as a fixed
factor and age as a covariate of no interest. We then considered
only significant results in the MANOVA for post hoc test with
correction for multiple comparison via the Benjamini & Hochberg
method. We also assessed the correlation between the head cir-
cumferences and estimated intra-cranial volumes.

Results
We collected 35 brain MRI from 22 unrelated patients with CDD.
The median age at study entry was 13.4 years (IQR 6.3–17.2 years).
Most patients were female—16 (72.7%).

Table 1 and Fig. 1 summarize clinical and genetic data.
Supplementary Table 1 shows all the genetic variants in the

study cohort. Head circumference of the CDKL5-mutated female
patients was significantly lower, measured at a median age of
2.9 years (IQR 1.17–4.63) (t-value = −3.35; P-value = 0.0013) if com-
pared with controls (Supplementary Fig. 1).

In 14/22 patients, we performed brain MRI within the first
year of life and considered it unremarkable for all (85.7%) but
two patients, who had T2-hyperintensity in the central tegmental
tracts. In 7 of 22 patients, we performed brain MRI between 12 and
24 months of age and observed mild supratentorial ventricular
and CSF spaces enlargement with frontal predominance in six
(85.7%) (Fig. 2A).

In 11/22 patients, we performed MRI after 24 months of age
(range 2.5–23 years). In 8 out of 11 (72.7%), MRI showed supraten-
torial atrophy of variable severity, more prominent in the frontal
lobes, at a median age of 5.5 years (IQR 2.4–11.8 years). In six of
the previous eight patients, we detected cerebellar atrophy at a
median age of 9.7 (IQR 4.3–12.9 years) (Fig. 2B–G).

Additional imaging findings were symmetric T2-hyperintensity
involving the central tegmental tracts (in 4/22 patients, 18.2%),
the posterior periventricular white matter (3/22 patients, 13.6%),
and the dentate nuclei (3/22 patients, 13.6%) (Fig. 2H-M). Corpus
callosum thinning was observed in 7/22 patients (31.8%).

Twelve patients had at least two MRIs. The median age at the
second brain MRI was 30.5 months (IQR 15.5–40.75). Between the
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Table 1. Clinical and genetic findings from the study cohort.

Characteristic Value

Patients, n 22
Sex, n (%)

Male
Female

6 (27.3)
16 (72.7)

Age at study entry, median (IQR) 13.4 years (6.3–17.3)
Age at epilepsy onset, median (IQR) 8 weeks (3–12)
Type of seizures, n (%)

Tonic
Epileptic spasms
Myoclonic
Tonic–clonic
Clonic
Hyperkinetic

18 (81.8)
17 (77.3)
7 (31.8)
5 (22.7)
4 (18.2)
3 (13.6)

Age at brain MRI, median (IQR)
First
Last

5 months (2–12)
2.9 years (2.1–8.7)

MRI findings (qualitative analysis) Patients (n) Ages at brain MRI

Mild supratentorial ventricular and CSF spaces 6/7 12–24 m
Supratentorial atrophy 8/11 > 24 m
Cerebellar atrophy 2/11 > 24 m
T2-hyperintensity of central tegmental tracts 4/22 All ages
T2-hyperintensity of posterior periventricular
white matter

3/22 All ages

T2-hyperintensity of the dentate nuclei 3/22 All ages
Corpus callosum thinning 7/22 all ages

first and the last brain MRI, we detected the following changes:
one patient developed supratentorial atrophy (time elapsed
between the two brain MRIs: 1.58 years); six patients developed
supratentorial and cerebellar atrophy (median time between the
two brain MRIs: 4.6 years, IQR 1–10.5); one patient had a stable
supratentorial and cerebellar atrophy (time elapsed between the
two brain MRI: 1.42 years); two patients had stable supratentorial
atrophy (median time between the two brain MRIs: 1.8 years, IQR
1.7–1.9); in two patients, no atrophic brain changes were present
(median time elapsed between first and second MRI: 1.29 years,
IQR 1.1–1.5).

Supplementary Fig. 2 shows the timing of MRI findings in
relation with the three stages of epilepsy in patients with
CDD. During the first stage (<10 weeks), the MRI was normal;
in the second stage, supratentorial atrophy appeared in four
patients; and in the third stage, cerebellar atrophy appeared in six
patients.

Quantitative MRI analysis
Using quantitative MRI analyses we uncovered volumetric
reductions involving different brain structures. At a whole-
brain level (Table 2), we observed a reduction in the total brain
volume (−17.7%, P-value = 0.014), the white matter (−25.7%, P-
value = 0.005), and the cortical gray-matter (−9.1%, P-value = 0.098).

Volumetric reductions in the CDKL5 group were strongly associ-
ated with a decrease of the surface area (−18.0%, P-value = 0.032),
whereas the thickness of the cortical mantle was not significantly
altered between CDKL5 and controls (+0.6%, P-value = 0.895).

Cluster analysis (Table 3 and Fig. 3A) revealed significant
volumetric reductions involving the temporal lobes bilater-
ally (the superior temporal gyrus with values: zmax = −4.02,
area = 1,414.58 mm2, in the left hemisphere; zmax = −7.16,
area = 853.37 mm2, in the right hemisphere; the left inferior

temporal gyrus, with zmax = −4.02, area = 411.30 mm2; the right
middle temporal gyrus, with zmax = −4.38, area = 254.83 mm2),
the anterior cingulate bilaterally, and the lingual gyri in the right
hemisphere. We did not find significant clusters of altered surface
area or cortical thickness.

At an ROI level (Table 3 and Supplementary Table 2), we
observed a trend toward volumetric reduction in most lobes,
bilaterally, mostly in the fronto-temporal regions (rostral middle
frontal, pars opercularis, pars triangularis, pars orbitalis, medial
orbitofrontal, rostral anterior cingulate, and superior, medial
and inferior temporal). In these cortical regions, the volumetric
reductions were associated with a significantly decreased area
of the cortical surface. We did not observe alterations of cortical
thickness.

Subcortical analysis revealed reduction of volume in three
subcortical structures: hippocampus, amygdala, and thalamus
(see the results in Table 2 and Fig. 3B).

We correlated the head circumference (cm) and the intracra-
nial volume (cm3) and observed a strong, although not significant,
correlation (coefficient ρ = 0.79, P-value = 0.109).

Discussion
Although the clinical and genetic characterization of CDD
has been intense, neuroimaging has not been systematically
analyzed. Several case reports found normal brain anatomy
and, rarely, white matter hyperintensity and cortical atrophy
(Bahi-Buisson et al. 2008; Liang et al. 2011; Melani et al. 2011;
Sartori et al. 2011).

At epilepsy onset, which is almost invariably within the sec-
ond months of life, MRI has been reported to be either normal
(Melani et al. 2011; Sartori et al. 2011) or show mild to moderate
cerebral atrophy (Sartori et al. 2011). In our cohort, most patients
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Fig. 1. Schematic representation of the CDKL5 protein (A) and genomic region (B). (A) The linear structure of the CDKL5 protein includes the protein kinase
domain (light green), the ATP-binding site (dashed in the light green), the serine–threonine S/T kinase active site (blue), the threonine-Glutammate-
tyrosine TEY phosphorylation motif (black), two nuclear localization signal 1 and 2 (red), and the nuclear export signal NES (ochre). The gray filled
lollipops show the missense substitutions, whereas the black filled lollipops represent the stopgain and frameshift variants. Red numbers between
round brackets correspond to the patients’ identifiers. aa: amino acid. (B) Schematic representation of the CDKL5 genomic region. The vertical black
lines show the CDKL5 exonic regions. The 5′—3’ UTR (untranslated regions) and the coding regions are depicted with short and long vertical lines,
respectively. Splicing variants and genomic rearrangements are reported above and below the CDKL5 genomic region, respectively. Gray dashed line
indicates that the deletion is extended beyond the CDKL5 genomic region. Red numbers between round brackets correspond to the patients’ identifiers.
ex: exon; del: deletion.

Table 2. Whole-brain analysis.

CDKL5 group Control group

t-value P-value
Difference between
mean values (%)Measurement Mean value SD Mean value SD

Total brain volume 811,098.40 221,416.83 985,153.60 118,374.56 −2.753 0.014 −17.7
Total cortical GM volume 468,313.63 142,046.20 537,273.10 52,593.15 −1.756 0.098 −9.1
Total cerebral WM volume 290,956.20 77,212.00 391,417.07 81,874.52 −3.282 0.005 −25.7
Hippocampus 0.0008 0.0002 0.0010 0.0002 0.06 −20
Thalamus 0.0046 0.0025 0.0060 0.0008 0.04 −23
Amygdala 0.00030 0.00007 0.00040 0.00006 0.02 −25
Mean surface area 135,992.72 33,883.50 164,422.93 23,283.50 −2.352 0.032 −18.0
Mean cortical thickness 2.77 0.22 2.75 0.23 −0.134 0.895 0.6

Volume is expressed in mm3, surface area in mm2, and cortical thickness in mm; SD, standard deviation; GM, gray matter; WM, white matter; bold indicates
statistical significance (P-value < 0.05) from linear regression models after controlling age (and intracranial volume for volume and area measurements).

(85.7%) had normal brain MRI at epilepsy onset, while the remain-
ing had non-specific abnormalities such as T2-hyperintensity
in the central tegmental tracts. From 12 to 24 months of age,
enlarged mild supratentorial ventricular and CSF spaces with
frontal predominance became apparent. After 3 years of age,
supratentorial atrophy was easily identifiable and associated with
cerebellar atrophy during the follow-up. Cerebral and cerebellar
atrophy have previously been described in case series. Liang et al.

(Liang et al. 2011) reported cerebral atrophy predominant across
bilateral frontal regions in 11 out of 12 patients with CDD and
Bahi-Buisson et al. (Bahi-Buisson et al. 2008) mentioned cerebral
atrophy in 13 patients with CDD (65%)—associated with mild
cerebellar atrophy in two. Sartori et al., (Sartori et al. 2011) studied
six patients and found mild to moderate cerebral atrophy in three
within the first year of life, which was documented in one to have
progressed after the age of 20 months. Fronto-temporal-insular

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhad235/7222157 by guest on 03 August 2023



Nicola Specchio et al. | 5

Fig. 2. MRI findings in CDD population of studied patients. (A) MRI of four CDKL5 patients in the first year of life. Compared with a healthy control (HC
on the right), there is mild ventricular and CSF space enlargement more prominent in the frontal regions. Sagittal sequences demonstrate absence of
cerebellar atrophy. (B–G) Progressive supratentorial and cerebellar atrophy in CDKL5. MRI performed in subject 7 at 4 (B–D) and 13 (E–G) years of life.
There is evidence of progressive enlargement of supratentorial ventricles and CSF spaces (B, E) and widening of the interfolial cerebellar spaces of both
cerebellar hemispheres (C, F) and vermis (D, G). (H–M) MRI performed in subject 6 at 3 years of age demonstrates signal alterations in central tegmental
tracts (H, arrow) associated with diffusion restriction (I–J) and signal alterations in dentate nuclei bilaterally (K, arrow). There is subtle widening of
pericerebellar CSF spaces (L) and of supratentorial ventricle and CSF spaces, more prominent in frontal regions (M).

Table 3. Volume whole-brain vertex-wise between-group cluster analysis.

LEFT HEMISPHERE RIGHT HEMISPHERE

Area z max X Y Z Brain region Area z max X Y Z Brain region

1414.58 −4.02 −44.6 6.0 −26.6 Superior temporal 853.37 −7.16 53.0 2.9 −15.5 Superior temporal
526.95 −5.87 −10.4 −42.0 −1.0 Rostral anterior cingulate 254.83 −4.38 55.7 −22.8 −16.6 Middle temporal
411.30 −4.02 −48.3 −44.4 −12.3 Inferior temporal 138.09 −3.84 31.8 −47.9 −2.4 Lingual

381.09 −3.56 11.8 −43.1 −2.1 Rostral anterior cingulate

Whole-brain statistical analysis of significant group differences in volumetric measurements, in the left and right hemispheres of patients with CDKL5
mutation and controls (CDKL5 > CTRL, false discovery rate (FDR) multiple correction with cluster wise pvalue(CWP) < 0.05). Area, surface area of the significant
clusters (mm2); X, Y, Z, MNI coordinates of the peak (mm); brain region, region parceled according to Desikan et al. (2006) labels.

brain atrophy also appeared after the age of 20 months in a patient
with previously normal brain MRI (Sartori et al. 2011).

Non-specific abnormalities have been reported less frequently,
such as T2 fluid-attenuated inversion recovery hyperintensities
in the white matter, hyperintensities in the dentate nuclei,
and delayed myelination (Archer et al. 2006; Buoni et al. 2006;
Bahi-Buisson et al. 2008; Elia et al. 2008; Pintaudi et al. 2008; Russo
et al. 2009; Stalpers et al. 2012). Neither cortical malformations
nor dysplasia have been observed (Bahi-Buisson et al. 2008).

In our cohort, we found corpus callosum thinning in 31.8% of
patients, and symmetric T2-hyperintensity involving the central
tegmental tracts (CTT) in 18.2%, the posterior periventricular
white matter in 13.6%, and the dentate nuclei in 13.6% of patients.
CTT is one of the earliest regions of myelination and its hyperin-
tensities are an unusual and aetiologically unclear neuroimaging
finding (Nathan and Smith 1982) already reported in children
with different underlying conditions, including epilepsy, cere-
bral palsy, neoplasm, various neurodevelopmental, and metabolic
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Fig. 3. (A) Statistical whole-brain group analysis of the cortical volume in CDKL5-related patients compared with healthy controls using the intra-
cranial volume as covariate. Z-value maps are superimposed on the pial surfaces of the left and right hemispheres. (B) Plots showing the differences in
hippocampus, thalamus, and amygdala between patients and controls. The P-values associated with them are reported in Table 2.

disorders (Takanashi et al. 2006; Yoshida et al. 2009; Singh et al.
2015). Neuropathological studies have suggested that CTT lesions
seen at MRI may be due to gliosis, vacuolization, neuronal loss,
demyelination, and necrosis (Shioda et al. 2011).

The most original findings of our study derive from the quan-
titative MRI analysis, where we found a volumetric reduction
of the whole brain, including both the white and cortical gray
matter, with a reduction of surface area (SA), mainly over the
temporal regions, with a maximum in the superior temporal gyri,
with no reduction in cortical thickness. Although SA is related to
the number of cortical columns (Rakic and Swaab 1988), thick-
ness (Vuoksimaa et al. 2015), rather reflects migration, and post-
migrational organization. Global cognitive abilities seem to be
primarily driven by the cortical SA (Huttenlocher 1990). Quanti-
tative analysis of brain ROIs uncovered atrophic patterns in the
frontal and temporal lobes, with more statistical significances in
the clusters located in the superior and middle temporal regions,
as assessed by the cluster-wise analysis.

Although quantitative neuroimaging in CDD patients have
not been performed before, quantitative MRI analysis in other
developmental and epileptic encephalopathies (DEEs) had already
highlighted volumetric brain reduction. Patients with Dravet
syndrome exhibit a reduction of total brain volume, including

gray and white matter, and a reduced surface area with some
difference across cerebral regions (Lee et al. 2017). A similar
finding has been described in PCDH19-related patients, with
a prominent reduction of cortical gyrification in the temporal
regions with a reduced cortical area and preserved cortical
thickness (Lenge et al. 2020).

Neurobiologically, the reduction in cortical volume we observed
in CDD might reflect reductions in dendritic arborization (Ren
et al. 2019; Zhu and Xiong 2019) and spine density, PSD-95-positive
synaptic puncta, and alterations in spine morphology (Della Sala
et al. 2016; Lupori et al. 2019; Ren et al. 2019) described in CDKL5
KO mouse models (Chen et al. 2010). CDKL5 is localized at excita-
tory synapses and contributes to correct dendritic spine structure
and synapse activity, binding and phosphorylating the cell adhe-
sion molecule NGL-1(Kim et al. 2006; Woo et al. 2009; Ricciardi
et al. 2012). Silencing CDKL5 leads to a significant reduction of
density and length of dendritic spines, both in vitro and in vivo
(Ricciardi et al. 2012). The role of CDKL5 in spine development
and synapse activity was also confirmed in iPSC-derived neurons
from patients with CDD (Ricciardi et al. 2012). In the CDKL5 null
brain, magnetic resonance spectroscopy (MRS) revealed metabolic
dysregulation, which may resemble mitochondrial dysfunction
(Carli et al. 2021).
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Neuropathological studies on a 5-year-old boy with CDD who
died of SUDEP, showed an abnormal configuration of bilateral
superior temporal gyri, which appeared deeply buried, and an
enlargement of lateral and third ventricles (Paine et al. 2012). This
report may be consistent with the abnormal findings involving
the temporal regions uncovered by our quantitative analysis. Neu-
ropathological studies detected microscopically abnormalities of
Purkinje cell layers (Paine et al. 2012), which could not be detected
by our quantitative analysis. The involvement of cerebellum was
also highlighted in a mouse model, where impaired GABAergic
cerebellar transmission was demonstrated (Sivilia et al. 2016).

Our study has the following limitations: (i) brain MRI imaging
was performed at seizure onset in all patients and additional
MRI imaging were done at different ages, according to clinical
indications; (ii) our retrospective analysis does not allow the asso-
ciation of brain MRI findings with measures of clinical severity
and EEG features; (iii) MRI was assessed by visual inspection in
most patients and quantitative or statistical techniques could
only be performed in five; (iv) the study population consists of
a subset of patients with CDD with severe refractory epilepsy, and
no data are available for seizure-free patients: these patients will
be included in following prospective studies.

CDD is not considered to be a neurodegenerative disorder, but
our study suggests a progression of brain atrophy. Although the
time-course of atrophy progression remains to be determined,
it seems to be a common finding in early onset DEEs. Prospec-
tive quantitative brain MRI analyses in an expanded series are
needed to draw conclusions on macroscopic neuroanatomy of
CDD, including structural–clinical correlates. It would be particu-
larly indicated to include this imaging analysis in prospective nat-
ural history studies on CDD, as MRI might represent an imaging
biomarker for measuring the effects of emerging gene therapies
on macroscopic brain structure.
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