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ABSTRACT

BACKGROUND: Craniosynostosis is a medical condition characterized by the premature fusion or absence of cranial sutures,
leading to an abnormal head shape and a potential risk of neurological disorders. There is a growing interest in the early
diagnosis of craniosynostosis. Delayed treatment of synostoses can impede normal cranial bone growth, resulting in cranial
deformities, craniocerebral disproportion, and microcephaly. The abnormal head shape may result in the compression of brain
tissue, meninges, and vascular structures in the affected regions. Noninvasive imaging techniques are currently available for
assessing cerebral hemodynamics. Dynamic susceptibility contrast magnetic resonance perfusion facilitates the evaluation of
relative cerebral blood flow in regions suspected of brain compression in pediatric patients with craniosynostoses.

AIM: To evaluate cerebral blood flow in children with craniosynostoses using dynamic susceptibility contrast magnetic reso-
nance perfusion to determine relative hemodynamic parameters, such as cerebral blood flow and cerebral blood volume.
METHODS: The study included a total of 52 children diagnosed with different types of craniosynostosis. The age of the partici-
pants ranged from 3 to 38 months. They were assessed using a 1.5T magnetic resonance imaging scanner with an intravenous
paramagnetic contrast agent (0.1 mmol/kg of body weight) administered during drug-induced sleep. The standard brain exami-
nation protocol was augmented with dynamic susceptibility contrast magnetic resonance perfusion pulse sequences.
RESULTS: A comprehensive analysis of the findings demonstrated that metopic, mono- and bicoronal synostosis were associ-
ated with reduced cerebral blood flow and blood volume in the compressed region when compared with the contralateral intact
region. In contrast, no significant differences in magnetic resonance perfusion findings were identified between the affected
and intact regions for the patients with sagittal craniosynostosis.

CONCLUSION: This study found that dynamic susceptibility contrast magnetic resonance perfusion can be a useful tool for
assessing changes in cerebral perfusion. This finding offers novel prospects for planning treatment strategies. The proposed
approach has the potential to serve as a valuable tool for patient assessments during both the early and late postoperative
periods.

Keywords: dynamic susceptibility contrast MR perfusion; DSC perfusion; craniosynostosis; craniocerebral disproportion;
magnetic resonance imaging.
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JuarHocTuka nepgy3noHHbIX HapyLIeHUH

roJIoBHOro Mo3ra y fieTe C KpaHMOCMHOCTO3aMU

MeTOA0M MarHMTHO-pe3O0HAHCHOW ToMorpaduu

M.B. Jlykun, A.A. Ounun, [O.A. beperosckun, E.[I. Boiweakesuy, A.10. Epumues, I'.E. TpydaHos

HauuoHanbHbIN MeaULMHCKMIA UccnefoBaTenbCeKui LeHTp M. B.A. AnMasosa, CaukT-leTepbypr, Poccus

AHHOTALIUA

AxTtyanbHocTb. KpaHMocnHOCTO3 — 3T0 COCTOSHWE, XapaKTepu3ytoLeecs 0TCYTCTBUEM UMM PaHHWUM 3aKPbITUEM LUBOB Ye-
pena, NPMBOSALLEE K ero XapaKTepHbIM fedopMaLusaM 1 BepOSTHbIM Pa3BUTUEM HEBPOJIOTMYECKUX HapyLleHun. Ha ceroa-
HALUHMIA [leHb MHTEpeC K paHHel OMarHoCTMKe KPaHUOCUHOCTO30B HEYKIIOHHO pacTeT. OTcyTcTBUE CBOEBPEMEHHOW KOPPEK-
LMW CMHOCTO30B MPMBOAMT K 3aMefNIEHNI0 POCTa KOCTel Yepena, ero fedopMauui, kpaHuouepebpanbHoi aucnponopLmm
1 Mukpouedanun. AHomanbHas opMa yepena NPUBOAMT K KOMMPECCUM BeLLeCTBa rOJIOBHOTO M03ra, ero 0605104eK 1 co-
CynoB B Haubonee AedopMUpOBaHHbIX yyacTKax. Ha coBpeMeHHOM 3Tane cyllecTByeT psg MeTOAMK, MO3BONAOWMX He-
MHBA3MBHO OLEHUTb MOKa3aTe/NiM MO3roBOro KpoBOTOKA. [uHaMuueckas KoHTpacTHas MP-nepdy3us no3BonsieT oLeHuTb
OTHOCWTENbHBIE MOKa3aTeM MO3rOBOro KPOBOTOKA B MPeANoJiaraeMblx 30Hax KOMMpECCUW rofIoBHOIO MO3ra Y AeTen C Kpa-
HWOCMHOCTO3aMM.

Lienb — npoBecT OLEHKY MO3rOBOro KpOBOTOKA Y ETel C KPaHWOCMHOCTO3aMU C MOMOLLbI0 KOHTPACTHOW AMHAMUYECKO
MarHUTHO-Pe30HaHCHOM nepdy3ui, onpeaenss OTHOCUTENbHbIE NOKa3aTenu (CKopocTb Mo3roBoro KposoToka (fCBF,) obbem
MO3roBoro KpoBoToka (rCBV)).

Matepuansl u Metoabl. O6cnefoBaHo 52 pebeHKa C pasfaMuHbIMW TUMAMM KpaHWOCMHOCTO3a. BospacT yyacTHuKoB
BapbupoBancs ot 3 Ao 38 mec. MccnepoBaHve NpoBoAMAM C MOMOLLbIO annapaTta ¢ MHAYKuMen MariutHoro nons 1,5 Tn,
C BHYTPUBEHHbLIM BBEJEHUEM MapaMarHUTHOTO KOHTPACcTHOro cpeactsa B go3e 0,1 MMonb/Kr, Npy 3TOM NauUMeHTbl Haxoau-
JMCb NOJ, MeLMKaMEHTO3HbIM CHOM. CTaHAapTHBIN MPOTOKON WUCCNEA0BaHUA FONIOBHOMO Mo3ra bbin [OMOHEH UMMYbCHOM
nocne0BaTesbHOCTbH JMHAMUYECKON KOHTpacTHoi MP-nepdy3uu.

PesynbTathl. AHanK3 pe3ynbTaToB MOKasas, YTo NPWU METONMYECKOM, MOHO- M BUKOPOHAPHOM CMHOCTO3ax MOKa3aTesn CKo-
pOCTU MO3rOBOr0 KPOBOTOKA 1 06beMa MO3roBoro KpoBOTOKa B 06/1aCTV KOMNpecchy Bbinn HUXKe, YeM B MHTaKTHOM obiacTun
NPOTUBOMOMIOKHOIO NoNylwapus. B otanume ot atoro, npu caruTTanbHOM KpaHWOCMHOCTO3€ 3HAYMMBIX PasfMuMin B AaHHbIX
MP-nepdy3un He BbisBEHO.

3aksioyeHme. B HalweM uccnefoBaHM NpoLEMOHCTPUPOBAHO, YTO MHaMUYecKas KoHTpacTHas MP-nepdy3us MoxeT cny-
XUTb NS OLEHKW U3MEHEHUI LiepebpanbHoii nepdysun. 3T0 OTKPLIBAET HOBbIE BO3MOXHOCTW Afs NAaHUPOBAHWA CTpaTerum
neyeHus nauueHToB. OnncaHHas MeTOAMKA TakXKe MOXKET CTaTb MOJE3HbIM MHCTPYMEHTOM ANS aHanu3a AMHAMUKY KaK paH-
Hero, Tak 1 NO3AHero noceonepaLuynoHHoro nepuoaa.

KnioueBble cnoBa: uHaMuyeckas KoHTpacTHas MP-nepdysus; DSC-nepdysus; KpaHMOCUHOCTO3; KpaHWoLepedpanbHas
AUCTIPOMOPLMS; MarHUTHO-pe30HaHCHas ToMorpadms.
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BACKGROUND

Craniosynostosis, also called cranial synostosis, cra-
niostenosis, or simply synostosis, is a congenital condi-
tion characterized by the premature closure of one or
more cranial sutures. This condition results in charac-
teristic skull deformities, facial asymmetry, and impaired
brain development [1]. “Single” synostosis, which involves
the premature fusion of a single cranial suture, or “com-
plex” synostosis, which involves more than one suture,
may occur as a primary condition (isolated or syndromic)
or secondary due to various underlying causes, includ-
ing metabolic, intracranial, teratogenic, and hematologic
conditions [2, 3]. Craniosynostosis may be asymptomatic;
however, it often leads to increased intracranial pressure
and persistent neurological, auditory, ophthalmologic,
and cognitive impairments [1].

Scientific data show that the incidence of craniosyn-
ostosis is approximately 1in 2100-2900 live births, with
a higher prevalence in boys than in girls (4:1). It is often
present at birth and becomes more apparent during the
first few months of life because of visible skull deformi-
ties [2]. The most common form is sagittal synostosis,
which accounts for 40%-60% of cases, followed by coro-
nal synostosis [3]. In the past two decades, the diagnosis
of craniosynostosis has markedly increased compared to
previous years.

The increasing interest in craniosynostosis is driven
by the increasing incidence of the condition and advances
in the understanding of its genetic origins [3]. Etiologi-
cally, craniosynostosis is classified as primary or sec-
ondary. Primary craniosynostosis is caused by abnormal
development during the embryonic period, resulting in
premature suture closure. In contrast, secondary cranio-
synostosis results from mechanical, metabolic, or tera-
togenic factors affecting the fetus in utero. Approximately
85% of primary craniosynostosis cases are isolated,
and 15% are associated with multisystem syndromes.
In most cases of isolated craniosynostosis, only one su-
ture is fused. Premature suture closure hinders normal
skull growth in the direction perpendicular to the fused
suture, and the remaining sutures undergo compensatory
growth [4, 5]. Moreover, craniosynostosis can be classi-
fied according to skull deformity: scaphocephaly (sagittal
suture fusion), trigonocephaly (metopic suture fusion),
anterior plagiocephaly (unilateral coronal suture fusion),
brachycephaly (bilateral coronal suture fusion), posterior
plagiocephaly (unilateral lambdoid suture fusion), turri-
cephaly (bilateral lambdoid suture fusion), oxycephaly
(fusion of sagittal and coronal sutures), and cloverleaf
skull deformity (fusion of sagittal, coronal, and lambdoid
sutures).

Although craniosynostosis can often be diagnosed
clinically, determining the full extent of cranial in-
volvement based on physical examination alone can be
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challenging. The diagnosis is typically confirmed using
radiological imaging, particularly in cases of complex
synostosis when surgery is being considered [6]. Imag-
ing is crucial for accurate diagnosis, surgical planning,
postoperative evaluation, and detection of associated
anomalies or complications [7].

Currently, various radiological techniques are em-
ployed to diagnose craniosynostosis and associated
intracranial conditions; computed tomography (CT) and
magnetic resonance imaging (MRI) are the most com-
monly used modalities [8].

Multislice computed tomography (MSCT) is widely
used alongside skull radiography, ultrasound, and MRI
for diagnosing and monitoring patients with craniosyn-
ostosis [9]. The sutures of the cranial vault and base
are most accurately visualized on axial and 3D surface-
shaded reconstructions, which are currently the gold
standard in the radiologic assessment of craniosynosto-
sis [10]. Preoperative CT imaging is employed to confirm
the clinical diagnosis, evaluate structural abnormalities
and neurovascular anatomy, and assist in precise surgi-
cal planning [11]. Postoperative CT scans can be helpful
in identifying potential complications, evaluating surgi-
cal outcomes, and assessing the adequacy of calvarial
expansion [11].

The advent of MRI has enabled new opportunities for
studying brain pathological conditions, including in pedi-
atric practice [12]. Recent technological advancements
have enabled more detailed assessment of the brain
and its meninges without radiation exposure, which is
a major advantage of MRI. However, MRl is less widely
used than CT because of limited visualization of bony
structures, high cost, long scan duration, and the need
for sedation.

Surgical intervention for craniosynostosis is often
indicated owing to increased intracranial pressure, hy-
drocephalus, and craniocerebral disproportion, which
are typically associated with syndromic or multisuture
nonsyndromic craniosynostosis [13]. Contemporary un-
derstanding of the condition indicates that in craniosyn-
ostosis, cerebral blood flow disturbances occur primarily
due to bony compression at the sites of fused sutures.
Moreover, clinical manifestations such as delayed speech
development, intracranial hypertension, and auditory and
ophthalmological disorders may present at a significantly
later stage [14].

In the scientific community, investigations are be-
ing conducted to evaluate cerebral perfusion in children
with craniosynostosis using single-photon emission CT
(SPECT) and MRI employing non-contrast arterial spin la-
beling (ASL) perfusion methods [15, 16]. However, both
techniques have limitations; SPECT involves radiation
exposure, and non-contrast MR perfusion does not allow
for comprehensive assessment of all cerebral blood flow
parameters.
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MR perfusion is widely used in diagnosing malignant
brain tumors and acute cerebrovascular events, enabling
differentiation between irreversibly damaged areas and
those with potentially reversible changes [17]. However,
this method remains to be adopted in routine clinical
practice for the diagnosis of perfusion abnormalities in
children with craniosynostosis. International scientific
data show that only a limited number of studies have
explored non-contrast ASL perfusion, which yields infor-
mation solely on cerebral blood flow (CBF) despite not
requiring contrast administration [14, 15]. Conversely,
dynamic susceptibility contrast (DSC) MR perfusion al-
lows for the evaluation of additional cerebral hemody-
namic parameters beyond CBF, including cerebral blood
volume (CBV), time to peak (TTP), and mean transit
time (MTT).

Measuring tissue perfusion depends on the ability to
sequentially determine the tracer agent concentration
within the target organ. Previously, exogenous trac-
ers such as chilled saline, iodinated radiographic con-
trast agents, and radionuclides were used [14]. In re-
cent years, with the advent of MRI, exogenous tracers
such as paramagnetic contrast agents and endogenous
tracers such as magnetically labeled blood have been
used [14].

MR perfusion methods using exogenous tracers are
based on a model wherein the tracer is restricted to the
intravascular compartment and does not diffuse into the
extracellular space. Imaging can be performed dynami-
cally (rapid acquisition during bolus injection) or in a
steady state (after achieving equilibrium concentration
in blood through continuous infusion). Dynamic imaging
takes advantage of transient alterations in the local mag-
netic field of surrounding tissue caused by the passage of
a bolus of paramagnetic tracer through the organ’s cap-
illary network. These local magnetic field changes may
appear as signal changes on MR images. Time—concen-
tration curves for the tracer can be analyzed to derive
various tissue hemodynamic parameters (CBF, CBV, MTT,
and TTP). CBF is defined as the volume of blood pass-
ing through a given volume of brain tissue per unit time,
which is typically expressed in milliliters per minute per
100 g of brain tissue. CBV refers to the volume of blood
within a given volume of brain tissue, usually reported as
milliliters per 100 g of brain tissue. MTT is calculated by
dividing CBV by CBF. TTP is the time it takes for the con-
centration of the contrast agent to reach its maximum.
CBF is obtained using the formula CBF = CBV/MTT [14].
Thus, DSC MR perfusion enables the assessment of rela-
tive cerebral perfusion indices in regions suspected of
brain compression in children with craniosynostosis.

This study aimed to evaluate CBF in children with
craniosynostosis using DSC MR perfusion by determin-
ing relative perfusion parameters, namely, relative CBF
(rCBF) and relative CBV (rCBV).
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METHODS

Fifty-two children diagnosed with various types of
craniosynostosis were examined: 12 children (23%) had
sagittal suture synostosis, 16 (31%) had metopic suture
synostosis, 10 (19%) had unilateral coronal synostosis,
6 (13%) had bicoronal synostosis, 2 (4%) had lambdoid
suture synostosis, and 6 (13%) had multisutural cra-
niosynostosis. The age of the participants ranged from
3 to 38 months. All examinations were performed using
a 1.5 Tesla MRI scanner (Magnetom Espree, Sie-
mens) under pharmacological sedation, with intrave-
nous administration of a paramagnetic contrast agent
at 0.1 mmol/kg.

The standard brain imaging protocol was supple-
mented with a DSC MR perfusion sequence—"ep2d_perf"
(Table 1).

Color-coded perfusion maps of CBF and CBV were
generated using the syngo.via software platform (Sie-
mens). Then, regions of interest (ROIs) corresponding
to the most compressed cortico-subcortical areas were
manually delineated. Subsequently, a mirrored ROl was
placed on the contralateral (“unaffected”) side for com-
parison of MR signal intensity. The perfusion index within
the compressed area was calculated relative to the intact
region as 100% (Fig. 1).

Statistical analysis was performed using the R pro-
gramming language (version 4.4.1). The mean values of
relative perfusion parameters and standard deviations
were obtained for each group.

RESULTS

In metopic craniosynostosis (trigonocephaly), the rela-
tive values of rCBV and rCBF in the region of compression
(frontal lobes) were 87.4% + 25.5% and 84.6% + 19.8%,
respectively, compared to the parieto-occipital regions
(Fig. 1).

In unicoronal synostosis (anterior plagiocephaly), the
values in the compression zone (ipsilateral frontal lobe)
were 94.5% + 4.2% (rCBV) and 94.2% + 3.4% (rCBF) rela-
tive to the contralateral frontal lobe and 85.3% + 4.8%
(rCBV) and 88.1% + 9.1% (rCBF) compared to the occipital
lobes (Fig. 2).

In bicoronal synostosis (brachycephaly), the values
in the frontal lobes were 85.1% + 18.9% (rCBV) and
87.3% + 15.3% (rCBF) relative to the parieto-occipital
regions (Fig. 3).

In sagittal suture fusion (scaphocephaly), the rela-
tive values in the parietal lobes compared to the fron-
tal and occipital lobes were 98.9% + 2.2% (rCBV) and
99.5% + 3.2% (rCBF) (Fig. 4).

Analysis showed that in metopic, unicoronal, and bi-
coronal synostosis, rCBV and rCBF values were lower in
the area of compression than in the intact region of the
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Table 1. Pulse sequences and scanning parameters
TE, TR, FoV, Slice thickness, Flip angle,
Sequences
ms ms mm mm degrees
Axial T2-WI 113 4000 230 4 140
Axial TIRM-WI 93 7000 230 4 140
Coronal T2-WI 113 4000 230 4 140
Sagittal T1-MPRAGE 283 2300 256 1 160
(pre- and post-contrast)
ep2d_perf 1440 51 230 5 90

TR 60000 L o NS TR41000
TE.0 k - TE1090
BY3700 S & By 7.0

MPR THCK : MNORMOIS20 MPR THOK: JADCIDIS2D
AURFS

CHEI-4NE2
2 _16/150

MR Neuro Mean Curve Statistics Table

Measurements RELCBV_GLOBAL ep2d__

. csy
B
B wo  Exorto
e ros

Selected 4D Series: Current MR ep2d_perf latest

ROA propagation wi not hagpen 35 Share | o vakd regisraton

© 20 2 4 6 6 7 8 W 10

Normal time (sec)

Fig. 1. CBV perfusion map in a patient with metopic synostosis. Arrows: relative perfusion values.

opposite hemisphere. In contrast, in sagittal craniosyn-
ostosis, no significant differences were detected in MR
perfusion data.

DISCUSSION

Despite the high level of diagnostic methods avail-
able, the detection rate of craniosynostosis remains low,
particularly at the outpatient stage [13]. The proportion
of “neglected” craniosynostosis cases diagnosed in old-
er children is high. Premature fusion of cranial sutures
leads to restricted skull growth; however, the brain con-
tinues to grow normally, resulting in craniocerebral dis-
proportion. The later craniosynostosis is diagnosed, the
more pronounced the disproportion becomes, potentially

DO https://doi.org/ 10.17816/ rmmar643137

leading to one of the most serious consequences, name-
ly, intracranial hypertension [18]. Owing to its high reso-
lution and tissue contrast, MRI allows excellent visualiza-
tion of brain structures and cerebrospinal fluid spaces,
enabling the identification of signs of increased intra-
cranial pressure [16]. Additionally, a standard brain MRI
protocol supplemented by dynamic contrast-enhanced
perfusion imaging provides assessment of cerebral per-
fusion parameters, serving as an additional criterion for
early surgical decision-making. According to some stu-
dies, the optimal age for surgical treatment is between
3 and 10 months [8]. Early diagnosis of craniosynostosis
during the neonatal period and the first months of life can
significantly improve cosmetic and functional treatment
outcomes.
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Fig. 4. CBF perfusion map in a patient with sagittal synostosis.

CONCLUSION

This study demonstrates that dynamic contrast-en-
hanced MR perfusion can be used to assess changes in
cerebral perfusion. This opens up new possibilities for
planning treatment strategies in patients. Moreover, the
described technique may be a valuable tool for analyz-
ing the trends of both the early and late postoperative
periods.
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AOMOJIHUTE/IbHAS UHOOPMALIUA

Bknap aBTopoB. Bce aBTOpbl BHEC/M CyLLECTBEHHDBIN BKNaZ B NPOBEAEHVE
1ccnea0BaHns M NOLATOTOBKY CTaTbk, MPOYM M 0A0OPUIM GUHaNBHYIO BEP-
C1I0 Nepea NybanKaumen.

KoHcnmkT uHTepecoB. ABTOpbI 3asBNAIOT 06 OTCYTCTBM KOHAIMKTA MHTEPECOB.
®uHaHcupoBaHmue. PuHaHCMpoOBaHWe AaHHOM paboThl He NPOBOAMIOCH.
JTuyeckan 3kcnepTu3sa. MccnepoBaHne 040BPEHO 3TUYECKUM KOMM-
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