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Editorial for “New Advances in Neurosurgery: Clinical
Diagnosis, Treatment and Prognosis”

Janez Ravnik

Department of Neurosurgery, University Medical Centre Maribor, 2000 Maribor, Slovenia;
janez.ravnik@ukc-mb.si

Neurosurgery represents one of the most rapidly evolving disciplines in modern
medicine. Technological innovations, novel imaging modalities, and emerging treatment
strategies have significantly enhanced both the understanding and management of disor-
ders affecting the brain, spine, and peripheral nervous system.

The routine application of high-resolution preoperative imaging, intraoperative neu-
ronavigation, fluorescence-guided resection, intraoperative imaging, and neurophysiologi-
cal monitoring have markedly improved the safety and efficacy of brain tumor surgery [1].
These advancements have facilitated more extensive resections of malignant primary brain
tumors [2]. In particular, the integration of 5-aminolevulinic acid (5-ALA) and intraopera-
tive imaging have become the standard of care in many neurosurgical centers. Furthermore,
endoscopic endonasal approaches have seen considerable refinement in recent years [3],
offering enhanced safety profiles and becoming the preferred approach for an increasing
number of tumors located at or near the skull base [3].

Endovascular techniques have undergone transformative progress, now allowing for
the minimally invasive management of a wide range of cerebrovascular and spinal vascular
pathologies [4]. Despite these advances, traditional open microsurgical approaches con-
tinue to play a critical role, particularly in complex cases, supported by minimally invasive
strategies, novel instrumentation, and detailed patient-specific anatomical planning [5].

The combination of sophisticated imaging technologies, precise neuronavigation,
intraoperative visualization, and refined surgical tools has enabled neurosurgical inter-
ventions to become increasingly less invasive [6]. Contemporary procedures often require
only a small cranial opening and utilize narrow operative corridors to access deep-seated
intracranial and spinal lesions, reducing patient morbidity and enhancing recovery.

Pediatric neurosurgery continues to pose unique challenges due to the complexity
and heterogeneity of childhood neurological disorders. Significant strides have been made
in understanding the biological underpinnings of various pediatric diseases. Nonetheless,
treatment outcomes for certain conditions, particularly malignant pediatric brain tumors,
remain suboptimal, underscoring the need for continued research and innovation [7].

Advanced multimodal monitoring has become increasingly widespread in the manage-
ment of TBI. Given that brain trauma remains a leading cause of morbidity and mortality
worldwide, optimal outcomes are best achieved through care delivered in specialized,
high-volume centers equipped with the necessary expertise and infrastructure [8].

In this Special Issue, we present a range of innovative solutions across various neuro-
surgical domains. The benefits of minimally invasive surgery in the treatment of sponta-
neous intracerebral hematomas are highlighted, alongside advancements in endoscopic
endonasal approaches detailed in two contributions. We introduce telementoring as a
promising strategy to enhance surgical outcomes in low-volume centers. Within pediatric

Diagnostics 2025, 15, 2000
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neurosurgery, we explore surgical outcomes for sagittal craniosynostosis and occult spinal
dysraphisms, demonstrating that specialized care in dedicated centers yields superior re-
sults. A comprehensive retrospective study spanning more than two decades offers insights
into the management of spinal dural arteriovenous fistulas, emphasizing the predictive
value of MRI findings on neurological outcomes. Two studies showcase the critical role
of advanced imaging in optimizing treatment strategies for glial tumors. Additionally,
two case reports illustrate the challenges encountered in the management of vestibular
and cervical schwannomas. Another large-scale study investigates seizure management
strategies during carotid endarterectomy. Finally, a detailed anatomical study provides
novel insights into vascular injuries sustained in firearm-related brain trauma.

Although outcomes for benign cranial tumors have improved significantly, the man-
agement of malignant brain neoplasms, particularly primary gliomas, remains a formidable
challenge. The limitations of conventional microsurgical resection underscore the need for
a dual approach: continued refinement of surgical technologies and a deeper understand-
ing of the molecular and biological mechanisms driving disease progression. A similar
paradigm applies to vascular neurosurgery. While endovascular interventions have become
safer and more effective, the overall outcomes of many acute vascular pathologies remain
unsatisfactory. For instance, an aneurysmal subarachnoid hemorrhage continues to carry
a high mortality and morbidity burden. Even with timely aneurysm exclusion, there is a
critical need for better strategies in the post-rupture management phase.

Neurosurgery is increasingly embracing a personalized medicine approach. Tailoring
treatment strategies to individual patients” anatomy, pathology, biological disease behavior,
and personal preferences, while leveraging technical innovations, allows for the formu-
lation of individualized therapeutic plans aimed at achieving optimal outcomes. The
integration of artificial intelligence is anticipated to significantly enhance future manage-
ment strategies [9].

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Sagittal craniosynostosis, a rare but fascinating craniofacial anomaly, presents a unique
challenge for both diagnosis and treatment. This condition involves premature fusion of the sagittal
suture, which alters the normal growth pattern of the skull and can affect neurological development.
Sagittal craniosynostosis is characterised by a pronounced head shape, often referred to as scapho-
cephaly. Asymmetry of the face and head, protrusion of the fontanel, and increased intracranial
pressure are common clinical manifestations. Early recognition of these features is crucial for early
intervention, and understanding the aetiology is, therefore, essential. Although the exact cause
remains unclear, genetic factors are thought to play an important role. Mutations in genes such as
FGFR2 and FGFR3, which disrupt the normal development of the skull, are suspected. Environmental
factors and various insults during pregnancy can also contribute to the occurrence of the disease.
An accurate diagnosis is crucial for treatment. Imaging studies such as ultrasound, computed to-
mography, magnetic resonance imaging, and three-dimensional reconstructions play a crucial role
in visualising the prematurely fused sagittal suture. Clinicians also rely on a physical examination
and medical history to confirm the diagnosis. Early detection allows for quick intervention and
better treatment outcomes. The treatment of sagittal craniosynostosis requires a multidisciplinary
approach that includes neurosurgery, craniofacial surgery, and paediatric care. Traditional treatment
consists of an open reconstruction of the cranial vault, where the fused suture is surgically released
to allow normal growth of the skull. However, advances in minimally invasive techniques, such
as endoscopic strip craniectomy, are becoming increasingly popular due to their lower morbidity
and shorter recovery times. This review aims to provide a comprehensive overview of sagittal
craniosynostosis, highlighting the aetiology, clinical presentation, diagnostic methods, and current

treatment options.

Keywords: craniosynostosis; scaphocephaly; cranial deformation; surgery; cranial vault remodelling

1. Introduction

The skull of vertebrates consists of the neurocranium, which surrounds and protects
the brain, and the viscerocranium, which forms the face. The neurocranium is separated
into the following:

1.  Membranous neurocranium, which forms through the process of intramembranous
ossification and creates the frontal bone, the squamous portion of the temporal bone,
the intraparietal portion of the occipital bone, and the parietal bone;

2. Cartilaginous neurocranium, which ossifies via endochondral ossification and gives
rise to the ethmoid and sphenoid bones, as well as the petrous and mastoid portions
of the temporal bone and the occipital bone.

The skull sutures form at the junctions of the skull bones. Here the bone tissue is
gradually deposited; therefore, the cranial sutures act as ossification centres of the skull [1].
The skull sutures allow unrestricted brain growth through progressive bone deposition.
Craniosynostosis occurs when the cranial sutures undergo too early ossification and no

Diagnostics 2024, 14, 435. https:/ /doi.org/10.3390/ diagnostics14040435 4
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longer function as ossification centres. In craniosynostosis, the growth of the skull is
impaired due to the ossification of one or more cranial sutures, thus giving rise to specific
skull deformations. Virchow’s law [2] states that if the growth of the skull stops in a
direction perpendicular to the ossified suture, the rapidly growing brain finds space for
its rapid growth elsewhere, and compensatory growth occurs in a direction parallel to
the affected suture and no longer in a perpendicular direction. The clinical picture varies
depending on which suture is fused [3].

Craniosynostosis is defined as syndromic or non-syndromic. Of the non-syndromic
ones, scaphocephaly, trigonocephaly, and anterior plagiocephaly are the most common.
Brachycephaly and posterior plagiocephaly are less common. Syndromic craniosynostoses
are more complex conditions, usually involving multiple sutures and usually associated
with intracranial hypertension, hydrocephalus, and Chiari malformation. Syndromic forms
of craniosynostosis usually present with multiple fused sutures and may include central
nervous system, limb, or airway malformations [4].

According to literature data, the incidence is estimated at 1/2100 births, with a male-
to-female ratio of 4 to 1. Non-syndromic craniosynostosis accounts for 85 to 95% of all
cases, while syndromic cases account for 5 to 15%. In Slovenia, the annual incidence is
estimated at 1:1500 births. The prevalence of non-syndromic craniosynostosis is 93%, and
that of syndromic craniosynostosis is 7%. The predominance of male children (78.9%) is
well known [1,3-5].

In terms of morphological phenotypes, the most common form of craniosynostosis
is non-syndromic craniosynostosis (ISS) (40 to 55%) (Figure 1). In second place is the
metopic synostosis (15 to 30%), followed by the unilateral and bilateral coronal synostosis
(15 to 20%). Lambdoid synostosis is the rarest (0 to 5%). Ossification of two or more
sutures is rare and usually occurs in syndromic cases [3]. In Slovenia, ISS accounted for
54.9% of cases, metopic craniosynostosis 25.3%, unilateral coronal craniosynostosis 14%,
bilateral coronal craniosynostosis 1.4%, and lambdoid craniosynostosis 1.4%. Multiple
suture craniosynostosis occurred in 2.8% of cases [1,5].

Figure 1. Computed tomography (CT) with 3D reconstructions showing sagittal craniosynostosis (A)
and subsequent scaphocephalic skull deformity (B).

Among the known aetiologies of craniosynostosis, genetic, metabolic, and haemato-
logical diseases, mucopolysaccharidosis, and teratogens (valproic acid, retinoic acid) are
the most important [3]. The presence of CSF drainage and microcephaly can also be a cause
of craniosynostosis, as in both cases, the growth potential of the brain itself is reduced;
the cranial sutures are not exposed to the force of the growing brain and, consequently,
ossify prematurely. Genetic studies have identified some of the genes involved in the
pathogenesis of craniosynostosis. The genes FGFR—1, FGFR—2, FGFR—3, FGFR—4, and
TGFBR—2 (associated with Loeys-Dietz syndrome) encode receptors that are involved in
the processes of differentiation, proliferation, and migration of cranial suture cells.

The genetic causes of syndromic craniosynostosis also include alterations in the
TWIST1, ERF, and EFNB1 genes, which play a specific role in the development of this
condition. Understanding the roles of these genes in syndromic craniosynostosis is crucial
for diagnosis, genetic counselling, and potentially developing targeted therapies since
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early identification of mutations in these genes can aid in personalised management and
treatment plans for affected individuals [3]. For example, mutations in the TWIST1 gene
are associated with Saethre-Chotzen syndrome, one of the syndromes causing craniosyn-
ostosis. TWIST1 is involved in the regulation of embryonic development, particularly in
the formation of bones and other tissues. Mutations in this gene disrupt normal cranial
suture development, leading to premature fusion of the skull bones. ERF (ETS2 repres-
sor factor) is a transcription factor that regulates gene expression by binding to specific
DNA sequences. Mutations in ERF have been linked to craniosynostosis, particularly
the Muenke syndrome subtype. ERF likely plays a role in controlling the balance of cell
proliferation and differentiation during cranial bone development. Disruptions in ERF
function can lead to abnormal skull growth and premature fusion of cranial sutures. EFNB1
(Ephrin—B1) is a gene that encodes a cell surface protein involved in cell signaling. Muta-
tions in EFNBL1 are associated with craniofrontonasal syndrome, another type of syndromic
craniosynostosis. EFNBI is important for the guidance of migrating neural crest cells
during embryonic development, which contribute to the formation of the skull and face.
Mutations in EFNB1 disrupt normal cranial bone development, leading to craniosynostosis
and other craniofacial abnormalities [1,5].

The diagnosis of craniosynostosis is initially clinical. Depending on the affected
suture, characteristic deformations of the cranial vault occur. Other clinical signs are the
typical ridge that appears over the ossified suture and the absence of displacement of
the two bones adjacent to the suture at palpation. The diagnosis is ultimately confirmed
radiologically. Ultrasonography (US) of the head alone confirms the ossification of the
suture (Figure 2), and computed tomography (CT) of the head with 3D reconstruction
clearly shows the craniosynostosis.

Figure 2. Cranial bone ultrasound confirms the synostosis of the cranial suture, as the hyperechoic
bone signal continues uninterrupted, whereas a hypoechoic cranial suture should be identifiable.

These two examinations are particularly important in those rare cases in which cran-
iosynostosis cannot be confirmed with certainty by clinical examination. An ocular fundus
examination is indicated to rule out the presence of increased intracranial pressure. More
detailed information about the anatomy of the brain can be obtained by magnetic reso-
nance imaging (MRI), although this is rarely indicated in isolated craniosynostosis, as
clinically significant brain abnormalities in craniosynostosis are rare and can usually be
recognised by ultrasound of the head. Genetic tests are always necessary if an underlying
syndromic condition is suspected. In syndromic forms, however, MRI imaging is frequently
used to evaluate associated Chiari malformation, syrinx, hydrocephalus, and other CNS
malformations [4,5].

The treatment of craniosynostosis is surgical and requires complex remodelling of
the deformed parts of the skull [6]. The procedure must eliminate the constricting and
deforming tendency that synostosis exerts on the growth of the head. This requires remod-
elling of the bony structures of the neurocranium and, if necessary, of the viscerocranium.
The procedure must be performed not only for cosmetic reasons but, above all, to allow
the brain to grow normally. The age at which surgical treatment of craniosynostosis is
performed depends on the involved suture, the possible presence of hydrocephalus or
Chiari malformation, and the systemic, especially respiratory, condition of the child.

When planning the treatment of a child with craniosynostosis, it is important to
consider which suture is affected, the general and neurological condition of the child, and
any associated pathologies and malformations. In the vast majority of non-syndromic
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craniosynostosis, a single procedure is sufficient to reshape the skull. Hydrocephalus or
Chiari malformations are very rare in these cases. In syndromic cases, Chiari malformation,
raised intracranial pressure, and hydrocephalus are more common [4]. Apneas are also
common and occur both due to central reasons (in association with Chiari malformation)
and peripherical reasons (in association with maxillary hypoplasia and upper airway
stenosis). These are, therefore, complex clinical conditions that need to be corrected by a
series of interventions in the correct chronological order. The treatment of such children is
time-consuming and multidisciplinary. Surgical treatment of craniosynostosis is complex
and not without complications. According to the literature, complications occur in 2 to 8%
of cases [7]. The mortality rate in all current series is less than 1%. Possible complications
include wound dehiscence, infections, subcutaneous haematomas, dural injuries, and
CSF leakage.

The evaluation of the success of craniosynostosis surgery is based on the assessment
of the aesthetic and functional outcomes. The aesthetic result is difficult to assess objec-
tively. The most useful methods for this purpose are craniometric measurements, the most
important of which is the cranial index (CI), which indicates the ratio of skull width to skull
length. In healthy, normocephalic children, the CI is between 76% and 78% [8]. The closer
the CI approaches these values after surgery, the more favourable the aesthetic results.

The cognitive outcome is assessed by neuropsychological tests performed throughout
the child’s development. In children without concomitant hydrocephalus and without
raised intracranial pressure, certain neurocognitive problems occur in 30 to 50% of cases
despite surgery [9]. These problems are most pronounced in the areas of language acquisi-
tion, writing, and reading, although the intelligence quotient (IQ) is usually within normal
limits. In this review, we discuss ISS and its management.

2. Isolated Sagittal Craniosynostosis

Scaphocephaly is a skull deformity caused by ISS, i.e., premature, non-syndromic ossi-
fication of the sagittal suture. ISS is the most common form of craniosynostosis occurring
in clinical practise (incidence 1:5000 births) and accounts for 40 to 60% of all cases [3,10].
It occurs more frequently in boys than in girls. In the neonatal period, it can be easily
recognised and diagnosed by a simple clinical examination. It presents with an elongated
and narrowed head shape, characterised mainly by frontal and occipital bossing and a
narrow bitemporal and biparietal distance (Figure 3). There is no asymmetry of the face,
orbits, or brain base in ISS. A thickening of the sagittal suture is often observed, which can
be palpated. Radiologically, the thickened suture can be confirmed by a simple X—ray of
the head or, more precisely, by CT (Figure 1) or ultrasound (Figure 2).

Figure 3. (A,B) show the scaphocephalic head shape from a bird’s eye view, characterised by
biparietal constriction and increased anteroposterior circumference. (C,D) show the lateral view, with
prominent frontal convexity and flattening of the vertex.
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Although these general data suggest that ISS is a specific, homogeneous, and well-
defined pathology, a close examination of each case and a thorough review of the literature
may show that this is not the case. In fact, during the routine clinical and radiological ex-
amination of a child with ISS, the various anatomical, genetic, and functional abnormalities
that can accompany almost every single case of ISS are easily overlooked and not evaluated.
When properly recognised, ISS can be considered a much more heterogeneous pathology,
which should be evaluated by the multidisciplinary expertise of paediatricians, geneticists,
anatomists, neurologists, radiologists, and paediatric neurosurgeons [11].

The sagittal suture does not ossify according to the all-or-nothing principle. Therefore,
different morphological forms of scaphocephaly and different clinical presentations may
develop depending on the different segments of the sagittal suture involved in the process
of craniosynostosis [8,11]:

—  Dolichocephaly occurs when the entire sagittal suture is ossified. It is characterised by
an elongated and narrow head.

— Leptocephaly occurs when the anterior third of the suture is ossified. It is characterised
by a uniform and homogeneous narrowing of the cranial vault, affecting both the
parietal and frontal bones.

— Batrocephaly occurs when the middle and anterior third of the sagittal suture are
ossified. It is characterised by pronounced occipital bossing.

— Cynocephaly occurs when the middle third of the sagittal suture is ossified. It is
characterised by a bony depression that occurs behind the coronal sutures.

— Sphenocephaly is the most common form and occurs when the middle and posterior
third of the sagittal suture are ossified. It is mainly characterised by a bossing of the
bregma and of the frontal bone. In these cases, from a bird’s eye view, the width of the
frontal bone is greater than the biparietal width.

The frontal and occipital bossing are clinical features of ISS and represent a compen-
satory phenomenon due to the limited ability of the skull to grow in a lateral direction,
according to Virchow’s law. The heterogeneity of the different forms of deformity is,
therefore, not only related to the ossification of the sagittal suture per se but, above all,
to compensatory mechanisms resulting from the limitation of the normal growth vectors
of the skull. It is important to point out that these compensatory processes differ mainly
according to the time at which ossification of the sagittal suture takes place in the prena-
tal period. Thus, early ossification of the suture is associated with a more pronounced
scaphocephalic deformity, whereas late ossification of the suture is associated with a less
pronounced deformity [12]. These compensatory processes may persist after surgery and
may also affect the outcome of surgical treatment, especially if the procedure did not
provide sufficient relief or was performed too late.

ISS and the resulting scaphocephaly, with all the morphological forms described
above, can be diagnosed at any age. Prenatal diagnosis is quite rare but possible. Prenatal
ultrasound measurements in children with ISS are usually within normal limits, although in
some cases, a reduced biparietal distance and an increased anteroposterior (fronto-occipital)
distance can be observed. Only after birth can the deformity be clearly identified, and the
characteristic bony ridge above the sagittal suture can be palpated.

3. Radiology

As we have already written, the clinical picture of ISS is not homogeneous. There are
different morphological forms of scaphocephalic deformity, and in each of these forms,
specific cranial and intracranial changes occur during development. Although CT and MRI
are not usually necessary investigations for surgical treatment planning, many surgeons
use CT scans for preoperative planning. Both imaging techniques can be useful for research
purposes as they can reveal many intracranial abnormalities or variations, not only in
relation to the shape of the cranial sulcus but also in relation to the structure of the brain
itself. It is clear that changes in the shape of the cranial sulcus can also affect the deformation
and shape of the brain itself [13], which becomes longer in ISS compared to normocephalic
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children. In addition, other deformities are characteristic of the ISS brain, in particular
the narrowing of the occipital lobes, the lengthening of the lateral ventricles, and the
lateral widening of the frontal lobes. The thalamus and other deep nuclei are slightly
displaced backward compared to the brains of children without craniosynostosis. The
subarachnoid spaces are distributed differently in children with ISS than under normal
conditions. There may be characteristic subarachnoid accumulations or widening of the
subarachnoid spaces in the frontal region (Figure 4) and in the interhemispheric fissure.
The lateral ventricles may also be slightly wider than normal, especially in the anterior part
of the lateral ventricular bodies. These findings are found in up to two-thirds of children
with ISS [11].

Figure 4. A CT scan of scaphocephaly showed enlarged frontal pericerebral subarachnoid spaces
(white arrow) and slightly wider frontal horns of the lateral ventricles (empty arrow).

Two mechanisms have been described that could explain the occurrence of these
rearrangements in the intracranial spaces. These are:

1.  the above-mentioned passive accumulation of CSF in the subarachnoid spaces as a
result of morphological enlargement in the frontal region; and
2. CSF retention as a result of a disturbance in the process of CSF resorption [14].

On the basis of this second theory, the physiopathological process of the development
of the bossing of the frontal bone could be at least partially related to the above-mentioned
CSF retention. In favour of this hypothesis [14] is the fact that CSF retention is more
frequently observed in the frontal subarachnoid cisterns when a bony ridge is seen on CT
around the synostotic sagittal suture, surrounding the superior sagittal sinus as a partial or
complete bony ring. This is referred to as an Omega sign (Figure 5).

Figure 5. The Omega sign is recognisable on CT scans. It is a bony groove in the area of the synostotic
sagittal suture, which hugs the superior sagittal sinus (refer to Ref. [14].)
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When this groove is absent and the bony surface overlying the superior sagittal sinus
is flat, the CSF accumulations mentioned above are less common. In the past, impaired CSF
resorption in children with ISS has also been demonstrated by the technique of infusion into
the lumbar subarachnoid space [15,16]. These studies have also shown a decompression of
the sagittal sinus after surgery. This improved CSF reabsorption and reduced the extent of
subarachnoid CSF collections.

In addition to all these changes, some studies have also described changes in intracra-
nial volume in children with ISS based on CT scans. The data in the literature are rather
confusing and often contradictory. In fact, studies using CT scans to assess brain volume
have shown that intracranial volume in ISS can remain within normal limits in the first
months of life despite the deformity and that it increases with age compared to normo-
cephalic children [17-19]. Other studies [20] have shown partially different results, namely
that the intracranial volume in ISS between the third and tenth months of life is lower than
in children of the same age without craniosynostosis [20]. These divergent results show
that the natural course and process of cranial growth in children with ISS are complex, only
partially understood, and unpredictable.

4. Genetics

Although ISS is the most common craniosynostosis, the aetiology of this pathology
remains unclear. In recent years, a number of genes have been identified that regulate
and control the development and process of progressive, physiological ossification of the
sagittal suture. The most important genes involved in this ossification process are FGFR-
1-3, TWIST1, RAB23, BMP, EFNB1, TCF12, and PHEX [21]. The diversity of these genes
confirms that ISS is also a heterogeneous pathological entity at the molecular level [22].

There is no autosomal inheritability for ISS, and the origin of mutations in the afore-
mentioned genes is multifactorial. In this sense, a second pregnancy will very rarely present
with the same condition [21].

Routine genetic testing in children with ISS has limited indications, and it is ques-
tionable whether it is clinically appropriate to perform these tests in all children with this
diagnosis or only in children in whom a genetic or metabolic defect is suspected. Other-
wise, in most cases where an underlying metabolic disease is present (hypophosphatasia,
hypophosphatemic rickets, mucolipidosis, mucopolysaccharidosis, osteopetrosis, pseudo-
hypoparathyroidism), this is usually diagnosed before or at the same time as ISS. More
rarely, the reverse is the case, where craniosynostosis is recognised and diagnosed first,
which serves as a trigger for further diagnoses leading to the final definition of metabolic
disease. There is no doubt that systematic genetic testing, routinely performed in the
neonatal period, will make an important contribution to the early detection of metabolic
diseases in the coming years, including with regard to the diagnosis of ISS [21,22].

5. Intracranial Pressure in ISS
ISS is usually the cause of two different problems:

1. aesthetic deformities and
2. therisk of developing increased intracranial pressure.

The occurrence of increased intracranial pressure with ISS is a complication that is
usually due to delayed surgery or poor follow-up of the child after surgery. In rare cases,
this complication is attributed to a lack of knowledge about the pathophysiology of ISS
itself and limited diagnostic capabilities. Knowledge of the correct management, treatment,
and choice of surgical technique is also limited. Opinions still differ in the literature in this
regard. Therefore, there are no clear guidelines for the ideal treatment of ISS [23].

The possibility of increased intracranial pressure varies widely, as do the consequences
of this condition in children with ISS. In Arnaud’s 1995 study, intracranial pressure values
measured in the epidural space in the head in 142 patients with ISS at one year of age were
not consistent [24]. Values between 3 and 25 mmHg were described. Routine measurement
of intracranial pressure in children with ISS is rarely performed, and elevated intracranial
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pressure is usually diagnosed on the basis of clinical and radiological signs. In this context,
it is important to emphasise the importance of diagnosing the condition of papilledema
and the resulting potential impairment of visual function. Compared to other forms of
craniosynostosis, visual impairment due to papilledema is very rare in ISS, but conversely,
in cases where ISS is associated with increased intracranial pressure, papilledema and
impaired visual function are common findings. The prevalence of papilledema in ISS is
estimated to be approximately 5% [25].

6. Neurocognitive Development in ISS

Increased intracranial pressure not only leads to visual problems but also to a delay in
neurocognitive development. As we have seen, the different forms of scaphocephaly can
vary depending on the aetiology, morphology of the cranial vault, age at diagnosis, and
intracranial findings on imaging of the head. These different conditions can result in differ-
ent neurocognitive sequelae, which can vary greatly. In this context, the outcomes in terms
of learning ability and neurocognitive function may also vary. A number of pathophys-
iological factors, alone or in combination, may explain the occurrence of neurocognitive
problems associated with ISS:

1.  increased intracranial pressure [26],

2 deformation of the brain as a result of deformation of the skull [27],

3.  problems with the normal development of the brain,

4. compression of the venous sinuses with resulting impairment of venous outflow [14,28].

The scores of the intelligence quotient (IQ) in these children are usually in the average
range [27], and there are even studies in which some children with ISS achieved high or
very high IQ scores [29,30]. Nevertheless, neurodevelopment is at least partially impaired
in children with ISS, and many authors believe that children with ISS are at increased risk of
neurodevelopmental disorders, which manifest primarily in the form of learning difficulties
in early childhood and adolescence [9,27]. In addition, several studies have shown that
the neurocognitive performance of children who have not operated ISS in intelligence
tests was in the average range but lower compared to unaffected children. While motor
and cognitive development in the first years of life may be in line with expectations, later
performance on developmental tests may be lower than expected [31].

Magge et al. described that 50% of children with ISS between the ages of 6 and 16
had learning and reading difficulties, although all of these children had normal IQ scores
on intelligence tests [9]. Other authors have also described poorer gross motor skills
and significantly lower non-verbal IQ than verbal IQ in children with ISS compared to
controls [29,32]. In another study, children operated on ISS performed better on cognitive
organisation scales than the control group, whereas they performed significantly worse on
working memory and information processing speed scales [33]. Arnaud [24] demonstrated
a negative correlation between IQ scores and high ICP values. Of the children with ISS
and elevated ICP, 16% showed a developmental delay, while of the children with ISS
and normal ICP, 6% showed a developmental delay. Although the difference was not
statistically significant, there was a trend suggesting a negative association between ICP
and cognitive development, which has been questioned by several other authors in the
past [34].

7. The Treatment of ISS

The aim of surgical treatment for sagittal craniosynostosis is to reopen the cranial
suture and allow the skull to grow and develop in all directions. This is because the growth
of the skull is based on the pressure exerted by the underlying and growing brain, which
thus directs and controls the development of the skull. There are differing opinions as to
whether the purpose of ISS surgery is purely cosmetic, i.e., aesthetic, or whether it is also
necessary to counteract the effects of increased intracranial pressure resulting from the
limited capacity of cranial growth and disturbances in physiological CSF circulation [35].

11



Diagnostics 2024, 14, 435

In seeking an answer to these questions, it is worth noting that, unlike most other
craniosynostoses, signs of scaphocephaly can also be seen in some cognitively normal
adults [11,35]. This is a rare finding but has raised some doubts and questions in the past
about the real purpose of surgical treatment, which, based on these facts, should have
a predominantly or exclusively aesthetic purpose. Against this background, the early
surgical treatment commonly offered to children with ISS cannot be considered absolutely
necessary. On the other hand, these doubts are clearly refuted by a number of other studies
that clearly show the importance of early surgical treatment. For example, it has been
shown that older children diagnosed with ISS after the age of 4 often showed signs of
chronically elevated intracranial pressure [11,30].

The two main goals and purposes of surgical treatment are:

1. prevention or treatment of brain dysfunction when clinical signs of increased intracra-
nial pressure are already present,
2. the aesthetic correction of skull deformity.

These two goals are achieved by

increasing the volume of the skull,
redirecting the vectors of cranial growth,
normalising the dynamics of the skull,
correcting the aesthetic appearance.

LS

8. Surgical Techniques

Virchow was the first to propose a modern theory of the pathophysiology of cran-
iosynostosis in 1851 [2]. Subsequently, the French surgeon Lannelongue was the first to
describe the surgical treatment of craniosynostosis in 1881 [36]. He described the linear
craniectomy, in which a bone ligament was removed parallel to the ossified sagittal suture.
Later, in 1882, the English surgeon Lane operated on a nine-month-old child who was
diagnosed with craniosynostosis in conjunction with microcephaly [37]. He removed the
ossified suture from the anterior to the posterior fontanel and performed a bilateral parietal
osteotomy so that the osteotomies formed a cross shape. In 1894, Jacobi [38] described a
high morbidity and mortality rate in a series of 33 craniosynostosis patients, which even
led to craniosynostosis surgery not being performed for the next three decades. Faber and
Towne [39] reintroduced surgical treatment for craniosynostosis patients, mainly to prevent
visual impairment and blindness. They emphasised the need for surgical intervention in
early childhood, between the ages of one and three months. Since then, many surgical
techniques have been developed and described for the treatment of ISS. Historically, the
first surgical interventions for ISS were limited to the removal of the ossified suture, known
as linear suturectomy. Over time, more and more extensive surgical steps were added
to this basic procedure, leading to invasive techniques to reshape the entire cranial vault.
Despite the more or less invasive individual surgical techniques, the main purpose of open
surgery remains the removal of the ossified suture, to which more or less invasive steps are
then added to reshape the skull deformity that constitutes the clinical picture of ISS [40—45].

A number of open surgical techniques have been demonstrated and described to
actively reshape the convexity of the forehead. All these techniques are based on the
removal, displacement, and reimplantation of free bone flaps [41,42,46-50], which allow a
more or less pronounced bilateral widening and shortening of the anteroposterior cranial
sulcus. In recent decades, this principle has been pursued less through extensive surgical
procedures and more through the use of embedding material, usually springs, to reshape
the cranial vault. Similarly, endoscopic techniques have gained popularity in the last
10 years and are commonly used for the treatment of ISS. In the endoscopic technique, the
endoscope is used to perform a sagittal suturenectomy and short parietal osteotomies. This
procedure, therefore, does not aim to radically reshape the entire vault but only to relieve
the restrictive effect that ISS has on the growth of the cranial scrotum. Further remodelling
of the vault is carried out by a corrective helmet, which is used postoperatively and controls
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growth based on the physiological growth of the brain and enables remodelling of the
skull [51,52].

The aim and objective of all these surgical techniques, both open and endoscopic, are,
of course, always the same, namely to allow the brain to develop normally and to achieve an
aesthetic state in which it is impossible to see that the child had a skull deformity at any time
in the past. The aim is, therefore, to give the child a completely normal appearance. The
basic principle of any surgical therapy is to counteract the abnormal longitudinal growth of
the skull in favour of transverse growth. There are also different opinions about the ideal
age for surgery. The general consensus is that cranial remodelling is more aesthetically
successful in children operated on before the age of six months. Neurocognitive studies on
operated children have also shown that children operated on before this age have a better
outcome than others [30,35,53]. In our institution, for example, we performed a biparietal
expansion, namely the Renier H technique (RHT), on 28 consecutive children with ISS
between 2015 and 2018. However, at the early postoperative follow-up of these children, we
found that the frontal protrusion remained visible and aesthetically disturbing (Figure 6).
We then changed the surgical protocol and introduced a more extensive reshaping, which
we called total cranial vault reshaping (TCVR), which also included the frontal bone and
offered the possibility of a better aesthetic result. In our study [1], the majority of children
underwent surgery before the age of 6 months. Such early surgery also allows bone defects
and ridges that form in the area of extensive osteotomies to be completely covered and
hidden by active overgrowth of bone tissue during the first year of life. If children are
operated on later, especially after the first year of life, these bone defects can remain
palpable or visible. This is unfavourable, especially if they are located in the forehead area,
where they are not covered by the scalp, and thus represent an aesthetic problem [11].

Figure 6. Four cases of children (A-D) with marked and persistent frontal bulging at early follow-up
after RHT surgery.

Several surgical techniques are described in the literature, but not all of them achieve
or fulfil these goals. In scaphocephaly, it is necessary to release the reduction in intracranial
space by the synostotic suture and, depending on the surgical technique used, to remodel
the entire connective neurocranium to varying degrees. This allows the brain to grow
freely in all directions and shape the skull symmetrically. The ideal age for the operation
is between three and six months, as the brain still has sufficient growth potential after
the operation to give the skull a normocephalic shape. For this reason, no osteosynthetic
material is used in these operations that could impair certain growth vectors of the skull in
one way or another [11,23].
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Despite decades of continuous research, the ideal surgical treatment has not yet been
proven, nor has it been proven that one treatment would later show clear advantages over
other techniques in the long-term follow-up of these children [23]. Many surgical techniques
have been described. The most commonly used are biparietal reshaping with the RHT [54],
total vault reshaping, and endoscopic reshaping [35,54-56]. Biparietal remodelling or
RHT, is based on the expansion of the parietal part of the skull. Many variations in
this procedure have been proposed and described, often named after the shapes of the
osteotomies performed during the procedure: Pi technique, T technique, Y technique,
inverted Y technique, inverted Pi technique, inverted T technique, double Pi technique,
double T technique, and double H technique. Even more invasive and extensive are the
techniques for reshaping the entire cranial vault, in which not only osteotomies are created,
but the entire vault is gradually reshaped more extensively and more actively (Figure 7).
These techniques are based on the removal, displacement, and reimplantation of free bone
flaps and are considered to be the most extensive and invasive [54,57-60]. They all go
under the common name of remodelling the entire cranial vault. Despite these many
well-known open surgical techniques, in recent years, many centres have focused on the
introduction of surgical techniques aimed at reducing the morbidity and overall surgical
risk of the procedure. To this end, surgical techniques based on small skin incisions have
been developed [51,52,56,61] (Figure 8).

Figure 7. The reshaping of the entire vault involves not only biparietal expansion but also the
reshaping of the frontal bone.

Figure 8. The aim of an endoscopic procedure is to minimise the invasiveness of the surgery itself. The
endoscopic approach is performed through two small incisions in the skin (arrows). The synostotic
sagittal suture is then removed with the assistance of an endoscope.
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These are mainly endoscopic techniques [55] and techniques based on the use of
implantable springs (Figure 9) and distractors [51,52,62,63].

Figure 9. One of the modern surgical methods of ISS treatment involves the insertion of springs into
the bone defect created after the suturectomy (refer to Ref. [62]).

Of these less invasive approaches, endoscopic procedures are the most commonly
used. They have the advantage of requiring fewer skin incisions and less blood loss and are
therefore considered less invasive and more child-friendly [64-70]. Endoscopic techniques
are based on the principle of a minimally invasive surgical approach in which the endoscope
is used to assist in the creation of a sagittal suturectomy and relieve osteotomies through
two small skin incisions. These new osteotomies have the functions of newly surgically
formed cranial sutures. Ideally, such procedures are performed on children at a young age,
between the first and third months of life. It is important that children wear a corrective
helmet for several months after such an operation. It is the wearing of the helmet that
determines the final success, not the primary operation itself. Endoscopic treatment is
based on the ability of the developing brain to reshape the skull, and the corrective helmet
provides adequate support by inhibiting the longitudinal growth vector of the skull and
thereby stimulating the lateral growth vector [71,72].

Several studies have shown the efficacy of endoscopic treatment of ISS and comparable
results to those after open cranial remodelling [71-73].
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The advantages and limitations of each of these individual surgical techniques have
been extensively analysed in numerous articles, mainly based on surgical criteria such as:

1. Blood loss during surgery: The amount of blood loss during endoscopic craniosynos-
tosis surgery can vary depending on factors such as the complexity of the case, the
patient’s medical condition, and the surgical technique employed. It is difficult to
provide exact quantities as they can differ widely, especially between individual cases.
Endoscopic craniosynostosis surgery is typically associated with minimal blood loss
compared to traditional open procedures. In many cases, blood loss may be limited to
a few millilitres to tens of millilitres.

2. The need for blood transfusions: The need for blood transfusions during endoscopic
craniosynostosis surgery varies depending on several factors, including the patient’s
age, medical condition, the complexity of the surgery, and the amount of blood loss
experienced during the procedure. Paediatric patients have lower blood volumes
compared to adults. As a result, even a small amount of blood loss relative to body
size can have a more significant impact and may necessitate a blood transfusion.
Despite efforts to minimise blood loss, some degree of bleeding can occur during
surgery. Patients with pre-existing anaemia or lower-than-normal haemoglobin levels
may be at higher risk of requiring blood transfusions during surgery, particularly if
significant intraoperative bleeding occurs. Endoscopy is, therefore, a suitable surgical
technique for this group of patients.

3. The duration of the operation: The duration of endoscopic craniosynostosis surgery
can vary depending on several factors, including the complexity of the case, the
specific techniques employed, the number of sutures involved, and the surgeon’s
experience. Generally, endoscopic craniosynostosis surgery tends to be shorter in
duration compared to traditional open cranial vault reconstruction. The duration
of endoscopic surgery typically ranges from 1 to 4 h, depending on various factors,
including the number of involved sutures, the experience of surgeons, and surgical
technique, among others.

4. The length of hospitalisation.

9. Clinical Outcome of the Surgical Treatment

It must be said that long-term results, both aesthetic and functional, are rarely demon-
strated in most studies. Therefore, despite the relatively large number of studies, we do not
have the data to draw firm conclusions about the long-term effectiveness of certain surgical
techniques. As far as the aesthetic outcome is concerned, the conclusions of these studies
are mainly based on postoperative measurements of the CI (ratio of skull width to skull
length), which is not a perfect indicator of the morphology of the cranial body. At the same
time, the results of the various studies are very heterogeneous, as children with different
initial stages of deformity, different ages, and different surgical techniques were included
in the studies. In any case, all studies describe an improvement in CI after surgery, and it
is generally recognised that the lateral, biparietal head circumference increases after the
surgery while the anteroposterior head circumference decreases to a lesser extent [74].

Different surgical techniques may have different effects on the final morphological
appearance of the skull. In his study, Panchal compared linear suturectomy (without
postoperative wearing of a helmet) with whole skull remodelling and described a more
significant improvement in CI after whole skull remodelling compared to suturectomy one
year after surgery. However, the long-term outcome was not analysed in this study, so no
definitive conclusions could be drawn [75].

Although the aesthetic outcome is usually only assessed on the basis of a subjective
evaluation, and these results should, therefore, be treated with caution, the literature shows
that the aesthetic outcome is rated as good or very good in most cases. Only a few children
show a poor aesthetic result and the need for a second operation. In this context, it should
be noted that surgical treatment can also lead to more or less large bony defects in the
vaulted skull, which occasionally require subsequent surgical coverage or cranioplasty.
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10. ISS Relapse and Secondary Craniosynostosis of a Different Suture

Regardless of the surgical technique used, ISS recurrence is one of the rare but impor-
tant causes of poor long-term aesthetic outcomes. In a series of 79 children who underwent
linear suturectomy [76], four children required reoperation due to the recurrence of cran-
iosynostosis and the occurrence of increased intracranial pressure. In the second series,
which included 181 children operated for ISS, eleven children had to be reoperated due
to proven recurrent synostosis [54,57-60]. Clinical and radiological evidence of increased
intracranial pressure was found in six cases [74]. It should certainly be noted that in some
of these children, sagittal craniosynostosis was part of the syndromic disease and that
the predisposition for the occurrence of increased intracranial pressure was, therefore,
increased in these children. This shows, among other things, the importance of the fact that
even in apparently simple forms of ISS, there may be an underlying syndromic disease that
is not yet recognised in the early neonatal period. On the other hand, these results indicate
that the risk of increased intracranial pressure is always present, even in children with
non-syndromic ISS. A strict follow-up after surgical treatment permits the early recognition
of a persistent scaphocephalic deformation. An ophthalmologic diagnosis of papilledema
and a radiological confirmation of a recurrent synostosis are the criteria on which the
diagnosis of a recurrent ISS is based [74,75].

Other studies have also confirmed the risk of postoperative increased intracranial
pressure and have shown that secondary craniosynostosis of another previously opened
cranial suture may occur after surgery. Postoperative synostosis of the coronal suture is the
most common in this context and can occur in up to 10% of children after removal of the
sagittal suture if both coronal sutures were not also removed at the time of surgery [77].
Secondary synostosis of the coronary or lambdoid sutures may also occur after remodelling
of the entire cranial vault, according to the literature [78]. Finally, this condition may also
occur in some children who have not undergone surgery for ISS at all [77,79].

11. The Effect of Treatment on Neurocognitive Outcome

With appropriate and successful surgical treatment of ISS, the likelihood of neurocog-
nitive impairment in children is very low and has been reported to be up to 9% in a mild
form [3]. However, as we have already seen, the narrower shape of the cranial vault can
result in the growing brain not having enough space for normal physiological development,
which can lead to clinical signs of increased intracranial pressure, i.e., visual disturbances
due to papilledema, headaches, and neurocognitive delays [80].

The impact of surgery on long-term neurocognitive functional outcomes is not clearly
known, although surgery for scaphocephaly has been performed for several decades.
The results in the literature are contradictory, and, most importantly, most studies have
significant methodological limitations so that no realistic and long-term conclusions can
be drawn. Different studies have compared different initial levels of deformity, different
ages at the time of surgery, different surgical techniques, and different ages at clinical
outcome assessment. All these factors, especially age at surgery, surgical technique, type of
anaesthesia, and duration of surgery, can influence the final clinical outcome in one way
or another. Neuroanaesthesia may also pose a risk for further cognitive delays. Taking all
these limitations into account, we can conclude that most studies agree that children with
ISS can develop long-term neurocognitive problems, particularly with regard to language
development, despite surgical treatment. In a population of 18-year-olds operated on
before the age of 30 weeks using a linear sagittal suture technique, a delay in language
development was demonstrated [81]. Similar language problems were also demonstrated
in another study [30] in which language development was delayed in 28 of the 76 children
operated on. It has also been shown that children’s motor functions generally improve
after surgery and that these improvements persist over time [32].

Age at surgery is obviously important and has an impact on postoperative status and
neurocognitive improvement. Several studies have shown that children operated on in
the first year or first six months of life have better outcomes than children operated on
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later or those operated on at a later age for objective reasons (poor general condition or
late referral to a surgical facility). Indeed, children may be referred for surgery because
of a late diagnosis of ISS at the time of hospitalisation due to a general neurocognitive
delay [1,30,32].

In the study by Hashim [35], the long-term neuropsychological outcome of children
operated on for ISS was compared by age at surgery and by the surgical technique used. He
compared linear suturectomy (without postoperative wearing of a helmet) with open total
cranial vault remodelling. Neuropsychological tests were performed on 70 children (age
range 5.75-24.42 years—mean age 10.04 years). The study included measures of 1Q, verbal
ability, reading ability, and reading comprehension. The worst results were found in the
children for whom the intervention was carried out after the age of 12 months. However,
in the two groups of children operated on before six months of age, linear suturectomy
was associated with worse outcomes (i.e., it was not possible to expand and remodel the
cranial vault sufficiently) than the remodelling of the entire vault. This showed that the
surgical technique also has an impact on the final neurocognitive outcome and that the
functional outcome varies depending on the surgical technique used and the age at surgery.
Considering all these data, it is worth considering that the choice of surgical technique has
an impact not only on the aesthetic but also on the functional outcome of children with
ISS [35].

12. Conclusions

ISS continues to be a fascinating field of research that combines genetics, radiology, em-
bryology, and clinical medicine. Advances in diagnostic methods and surgical techniques
continue to improve our understanding and patient outcomes. The long-term outcomes of
intervention for ISS are multifaceted and include not only the physical aspects of skull mor-
phology but also cognitive development and psychosocial well-being. Early intervention
has been associated with better neurocognitive outcomes, emphasising the importance of
timely diagnosis and treatment. The importance of interdisciplinary collaboration in the
comprehensive management of ISS and the need for continued research to further unravel
the complexity of this anomaly cannot be overemphasised.
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Abstract: Occult spinal dysraphisms (OSDs) are caused by various defects in the embryogenesis
of the spinal cord and represent an obstacle to the ascent of the conus, which allows the conus to
pass from the lower levels of the spinal canal to the final position between L1 and L2 during normal
foetal life. When an OSD tethers the spinal cord at the lower levels, it can lead to neurological
symptoms, better known as tethered cord syndrome. Surgical treatment of OSD is primarily aimed
at untethering the spinal cord. In asymptomatic patients, this can protect against the long-term
development of neurological deficits. In symptomatic patients, this can halt or limit the progression
of existing symptoms. The aim of this study is to examine all paediatric and adult patients diagnosed
with OSD and treated in the Department of Neurosurgery at the University Medical Centre Ljubljana
during the 5-year period of 2016-2021. All patients diagnosed with OSD during this period were
included in the study. Patient characteristics, treatment modalities and outcomes were studied with
the aim of describing the differences between the paediatric and adult population and defining
the rationality of treating these pathological conditions. We included in the study 52 patients with
64 occult dysraphic lesions. Adults (>18 years old) represented 15/52 (28.8%) of all patients, while
37/52 (71.8%) were children. The most common OSDs were conus lipomas, followed by dermal sinus
tracts, filum terminale lipomas and split cord malformations. Surgical treatment was performed
in 35/52 (67.3%) cases, while conservative management was chosen in 17/52 (32.6%) cases. The
preoperative presence of symptoms was statistically higher in adults than in children (p = 0.0098).
Surgery on complex spinal cord lipomas was statistically related to a higher rate of postoperative
neurological complications (p = 0.0002). The treatment of OSD is complex and must be based on
knowledge of the developmental anomalies of the spine and spinal cord. Successful surgical treatment
relies on microsurgical techniques and the use of neuromonitoring. Successful treatment can prevent
or limit the occurrence of neurological problems.

Keywords: dysraphisms; tethered cord; sphincter dysfunction; paresis; pain; orthopaedic deformation

1. Introduction

Occult spinal dysraphisms (OSDs) are malformations of the spinal axis of the nervous
system, caused by disorders at different stages of the embryogenesis of the nervous system.
Depending on the developmental stage at which the defect occurs, they are categorised
as gastrulation defects, primary neurulation defects and secondary neurulation defects,
which are described as follows:

— Gastrulation defects: Gastrulation is the process by which the epiblast gives rise to
the trilaminar disc (ectoderm, mesoderm and endoderm). Defects at this stage can
lead to the development of diastematomyelia (split cord malformation—SCM) and
neurenteric cysts.
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Diagnostics 2024, 14, 703

—  Primary neurulation defects: Primary neurulation is the process of neural tube closure.
A defect at this stage can lead to the development of a myelomeningocele (MMC)
(open spinal dysraphism, not discussed in this article), dermal sinus tract, limited
dorsal myeloschisis (LDM) and conus lipoma.

— Secondary neurulation defects: Secondary neurulation is the process of formation of
the most caudal part of the nervous system (conus, cauda equina and filum terminale).
Defects at this stage lead to the development of lipomas of the filum terminale (LFTs),
Currarino syndrome, caudal regression syndrome and myelocystocele.

One of the key moments in the development of the spinal cord and cauda equina is
the ascent of the conus, i.e., the process by which the conus ascends from the low, sacral
levels to the final L1-L2 position, during the last months of gestation. All forms of OSD can
interfere with this process to some degree, by impeding the ascent of the conus or spinal
cord, which remains tethered in the lower levels of the spinal canal. This condition is called
tethered spinal cord. A tethered spinal cord may be asymptomatic in early childhood. Later,
during growth, some children may develop tethered cord syndrome, which is characterised
by orthopaedic deformities, paresis, muscle atrophy, paraesthesia, pain and sphincter
dysfunction. Asymptomatic children with tethering of the spinal cord have a varying risk
of becoming symptomatic in the first 10 years of life, depending on the type of OSD. For
conus lipomas, which are one of the most common forms of OSD, this risk is estimated
at 40—43% [1-3]. Some children with OSD may already show symptoms in the neonatal
period, though cutaneous stigmata in the lumbosacral region remain the most common
cause that induce further investigations and lead to the diagnosis of OSD [1,2]. In all cases
of OSD, it must be assessed whether it is appropriate to surgically untether the spinal
cord to prevent the onset of symptoms and to prevent the progression of pre-existing
neurological deficits.

In this study we analysed the preoperative, operative and postoperative data of a
series of consecutive patients treated in a single centre for OSD. The aim was to compare the
preoperative data between adults and children and define the operative risks of different
types of OSDs.

2. Materials and Methods

In this paper, we retrospectively review all preoperative and postoperative data of
patients treated with newly diagnosed OSD in the Department of Neurosurgery at the
University Medical Centre Ljubljana between 2016 and 2021.

We collected data on the demographic, clinical and radiological characteristics of the
patients. Lipomas of the spinal cord were classified, based on the definition of Pang [3], as
dorsal (located on the dorsal side of the placode and above the conus, which is spared),
transitional (located on the dorsal side of the placode, but at the level of the conus, which
is affected) and chaotic (located on the ventral and dorsal side of the conus, which is
embedded in the fatty tissue). The treatment was divided into conservative or surgical and
the outcome of treatment was classified on the basis of new postoperative neurological
deficits. To compare the differences between paediatric and adult patients we used a
Student’s t-test for two independent means. We further analysed the operative risks for
those subtypes of OSD related to the highest surgical challenges and risks, namely the
transitional and chaotic conus lipomas. The statistical results were significant, at p < 0.05.

3. Results

Between 2016 and 2021, 52 patients were diagnosed with some form of OSD. Table 1
summarises the demographic, clinical and radiological aspects of the patients (Table 1).
Adults (>18 years old) represented 15/52 (28.8%) of all patients, while 37/52 (71.8%) were
children. Of paediatric diagnoses, 21/37 (56.7%) were made within the first 3 months of
life. Cutaneous stigmata (haemangioma, subcutaneous lipoma or dermal pit) were present
in 44/52 (84.6%) patients; they were recognized in 34/37 (91.8%) paediatric patients and in
10/15 (66.6%) adult patients.
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Table 1. Demographic characteristics of the patients included in the case series.

Total Children Adults
Total number of patients 52 37/52 (71.8%) 15/52 (28.8%)
Total number of OSDs 64 49/64 (76.5%) 15/64 (23.4%)
Cutaneous stigmata 44/52 (84.6%) 34/37 (91.8%) 10/15 (66.6%)
Conus lipoma 22 /64 (34.3%) 17/22 (77.2%) 5/22 (22.7%)
Dorsal 13/22 (59%) 12/13 (92.3%) 1/13 (7.6%)
Transitional 7/22 (31.8%) 3/7 (42.8%) 4/7 (57.1%)
Chaotic 2/22 (9%) 2/2 (100%) 0
Dermal tract 13/64 (20.3%) 12/13 (83.3%) 1/13 (7.6%)
LFT 12/64 (18.7%) 10/12 (83.3%) 2/12 (16.6%)
SCM 5/64 (7.8%) 4/5 (80%) 1/5 (20%)
Conus agenesis 3/64 (4.6%) 3/3 (100%) 0
LDM 2/64 (3.1%) 2/2 (100%) 0
Dermoid cyst 2/64 (3.1%) 2/2 (100%) 0
Presacral meningocele 2/64 (3.1%) 0 2/2 (100%)
Neurenteric cyst 1/64 (1.5%) 0 1/1 (100%)
Epithelialized MMC 1/64 (1.5%) 0 1/1 (%)
Meningocele 1/64 (1.5%) 1/1 (100%) 0

In 13/52 (25%) cases there were two different dysraphic lesions. Two patients had three
different dysraphic lesions (Figure 1). In total, there were 64 dysraphic lesions (Table 1):
22/64 (34.3%) conus lipomas (transitional in 13/22 (59%) cases, dorsal in 7/22 (31.8%) cases
and chaotic in 2/22 (9%) cases); 13/64 (20.3%) dermal tracts; 12/64 (18.7%) LFTs; 5/64
(7.8%) SCMs; 3/64 (4.6%) agenesis of the conus as part of caudal regression syndrome;
2/64 (3.1%) LDM; 2/64 (3.1%) dermoid cysts; 2/64 (3.1%) presacral meningoceles as part
of Currarino syndrome; 1/64 (1.5%) neurenteric cyst; 1/64 (1.5%) epithelialized MMC; and
1/64 (1.5%) meningocele.

Figure 1. MR scan of a paediatric patient with three concomitant dermal tracts (white arrows). The
conus is located at a physiological level L1.

The only case of epithelialized MMC (Figure 2) was included in the OSD series because
the patient presented in adulthood and the placode was completely covered with intact
skin. The spinal cord was untethered from the overlying fibrous epithelialized tissue, and
the dural sac was reconstructed using the same techniques and principles of untethering
for spinal cord lipomas.

In 8/52 (15.3%) cases, the conus was at the physiological level of L1, while, in all
other cases, the spinal cord was tethered at lower levels. The VACTERL association
(combination of spinal defects, anal atresia, cardiac defects, tracheoesophageal fistula, renal
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anomalies and orthopaedic deformities of the lower limbs) was present in 2/52 (3.8%)
cases. Genetic syndromes were present as follows: Currarino syndrome in 3/52 (5.7%)
cases (Figure 3), caudal regression syndrome in 3/52 (5.7%) cases (Figure 4) and sacral
syndrome, Down syndrome and PNET hamartoma syndrome each in 1/52 (1.9%) cases.
A Chiari malformation was present in 4/52 (7.6%) cases (Chiari 2 in two cases with an
underlying MMC). The two cases in which the primary underlying malformation was an
open neural tube defect, namely an MMC, had also associated hydrocephalus, which were
treated by means of a ventriculoperitoneal shunt. Overall, 17/52 (32.6%) patients were not
treated surgically, and 35/52 (67.3%) patients were treated with a neurosurgical procedure
(Table 2).

Figure 2. MR scan of an adult patient who presented with an epithelized MMC tethering the spinal
cord. The spinal cord was untethered and the dural sac reconstructed by means of a wide dural sac.

Figure 3. Two patients with Currarino syndrome, characterised by a presacral mass, which is most

often represented by a meningocele (A,B) (white arrows). The spinal cord can be tethered by a conus
lipoma (A) or by a LFT (C) (asterisks).

The reasons for not undergoing surgery were as follows: rejection of the risks of
surgery or an older age of the patient (the preventive potential of surgical untethering is
lower in adults than in children) [1-3]. In three cases with caudal regression syndrome, no
surgery was indicated, as magnetic resonance imaging (MRI) showed only agenesis of the
conus without spinal cord tethering.

25



Diagnostics 2024, 14, 703

Figure 4. A case of caudal regression syndrome, where the conus, cauda equina and filum terminale
are not developed, due to an absent process of secondary neurulation.

Table 2. Treatment strategies for the treatment of OSD and complications after surgical treatment.

Total Number of Children Adults
Patients
Conservative treatment 17/52 (32.6%) 10/17 (58.8%) 7/17 (41.1%)
Surgical treatment 35/52 (67.3%) 29/35 (82.8%) 6/35 (17.1%)
Transient sphincter dysfunction 2/35 (5.7%) 2/2 (100%) 0
Permanent sphincter dysfunction 1/35 (2.8%) 1/1 (100%) 0
Segmental sensory loss 3/35 (8.5%) 3/3 (100%) 0

In the preoperative neurological status, we observed the following (Table 3): spinal
deformities in 5/37 (13.5%) paediatric cases and in 3/15 (20%) adult cases (p = 0.566); urological
problems in 7/37 (18.9%) paediatric cases and 5/15 (33.3%) adult cases (p = 0.272); orthopaedic
deformities in 9/37 (24.3%) paediatric cases and 8/15 (53.3%) adult cases (p = 0.044); lower
limb paresis in 8/37 (21.6%) paediatric cases and 7/15 (46.6%) adult cases (p = 0.073); pain in
5/37 (13.5%) paediatric cases and 11/15 (73.3%) adult cases (p = 0.0001); and paraesthesia in
10/37 (27%) paediatric cases and 10/15 (66.6%) adult cases (p = 0.007). Overall, the statistical
analysis confirmed a statistically significant difference in the presence of symptoms between
children and adults (p = 0.0098).

Syringomyelia was present in 12/37 (32.4%) paediatric cases and in none of the adult
cases. In four paediatric cases (three caudal regression syndromes and one MMC), the
primary spinal cord malformation, rather than the spinal cord tethering, was the direct
cause of the neurological deficits. In the group of symptomatic children, no subtype of
dysraphism was predominant (three LFTs, four conus lipomas, two SCMs and three caudal
regression syndromes).

Neurosurgical untethering of the spinal cord was performed in 35/52 (67.3%) cases.
Postoperative transient sphincter dysfunction occurred in 2/35 (5.7%) cases and permanent
sphincter dysfunction occurred in 1/35 (2.8%) case. In 3/35 (8.5%) cases, a permanent
loss of sensation was observed in some isolated dermatomes of the lower limbs after the
untethering. All of these complications occurred after transitional conus lipoma surgery.
Wound infection occurred in 2/35 (5.7%) cases, while we observed cerebrospinal fluid (CSF)
leakage in 3/35 (8.5%) cases. A second operation was not necessary in any case. Taking
into account the complexity of surgical treatment of transitional and chaotic lipomas, we
observed that 4/9 (44.4%) of these surgeries were complicated by a permanent neurological
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deficit, compared to the 0% rate of permanent neurological deficits of the other 26 OSD
surgical procedures (p = 0.0002).

Table 3. Preoperative signs and symptoms of the tethered cord syndrome recorded in adult and
paediatric patients of our series.

Total Children Adults t-Test
Spinal deformities 8/52 (15.3%) 5/37 (13.5%) 3/15 (20%) p =0.566
Urological problems 12/52 (23%) 7/37 (18.9%) 5/15 (33.3%) p=0272
Orthopaedic deformities ~ 17/52 (32.6%) 9/37 (24.3%) 8/15 (53.3%) p=0.044
Lower limb paresis 15/52 (28.8%) 8/37 (21.6%) 7/15 (46.6%) p=0.073
Pain 16/52 (30.7%) 5/37 (13.5%) 11/15 (73.3%) p =0.0001
Paraesthesia 20/52 (38.4%) 10/37 (27%) 10/15 (66.6%) p =0.007

4. Discussion

OSDs are developmental anomalies of the spinal neural axis that can cause tethered
cord syndrome. In the last trimester of pregnancy, when the nervous system is already
developed, the physiological process of the ascent of the conus takes place. Due to the
asymmetry between the development and growth of the vertebrae and the spinal cord, the
conus ascents from its original low position to the physiological level of L1-L2. In the vast
majority of cases, OSD interferes with this process and tether the spinal cord at a low level.
In the long term, this leads to ischemia, compression and myelodysplasia of the spinal
cord, which can result in tethered cord syndrome, characterized by spinal and orthopaedic
deformities, urological problems, paresis, paraesthesia and pain in the lower limbs.

OSDs are caused by a variety of early embryological neurodevelopmental defects. The
most appropriate classification of dysraphisms is, therefore, based on knowledge of the
developmental stages of embryonic development.

4.1. Defects in the Gastrulation Stage

Gastrulation occurs between days 14 and 16 of gestational age and leads to the de-
velopment of the trilaminar embryonic disc, which consists of the endoderm, mesoderm
and ectoderm. The ectoderm is the most important from the point of view of neurosurgi-
cal pathology.

1.  Diastematomyelia—Split cord malformation (SCM):

SCM is characterised by a split, double spinal cord. It is caused by a defect in the phase
of cellular migration from the epiblast to the primitive cord, a process that normally leads
to cellular integration and the formation of the notochord. If integration does not occur,
two notochords are formed, triggering the formation of two hemicords [4]. A distinction is
made between SCM1, in which there is a bone spur between the two halves of the spinal
cord, and SCM2, in which the two hemicords are separated by a fibrous membrane. SCM1
is characterised by two dural sacs, while the dural sac in SCM2 is a single one. Both forms
hinder the normal ascent of the conus and the spinal cord. For this reason, it is necessary
to remove the bone or membrane separating the two hemicords and create a single dural
sac. In our series, SCM1 was present in three cases and SCM2 in two cases. Two patients
with SCM1 were treated surgically (Figure 5), and one patient with SCM1 rejected surgical
treatment. Both patients with SCM2 are asymptomatic and are under strict follow-up with
annual electromyographic and urodynamic tests.

2. Neurenteric cyst:

Between days 18 and 20 of gestation, the yolk sac and amniotic cavity are temporarily
connected by the neurenteric canal of Kovalevsky, which remains open for 34 days and
closes with the closure of the primitive streak, leaving the notochord behind [5]. If this chan-
nel does not close, this leads to a permanent connection between the ectodermal (neural)
and endodermal structures. This form of OSD is called a neurenteric cyst, which manifests
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as a tumour in the spinal canal (Figure 6). The cyst is surrounded by a characteristic enteric
epithelium and can compress the spinal cord, leading to neurological deficits. A neurenteric
cyst is always located on the ventral or lateral side of the spinal cord, never on the dorsal
side. It is often associated with bony abnormalities of the spine and is never located under
the S2 neurotome, as the nervous system distal to this level develops through a separate
process called secondary neurulation. The neurenteric cyst occurred in only one case in
our series: it became symptomatic in adulthood due to compression of the spinal cord
and was not associated with a definite bony abnormality of the spine. A neurenteric cyst
must be removed microsurgically. Any associated bony malformations or deformities of
the spine should be treated separately, if necessary, with spondylodesis. In our series, one
adult patient presented with a neurenteric cyst at the level of C2-3, which was successfully
removed through a posterior approach.

Figure 5. A preoperative (A) scan of a SCM1 with a bone spur separating two dural sacs and
two hemicords (white arrow). The postoperative image (B) shows the removal of the bone spur and
the reconstruction of a single dural sac.

Figure 6. A neurenteric cyst located on the ventral side of the cervical spinal cord (white arrow).
The patient presented in adulthood due to neurological symptoms related to the compression of the
spinal cord.

4.2. Defects in the Primary Neurulation Stage

Primary neurulation is a process that occurs between days 17 and 23 of gestational
age, in which two neural crests within the ectoderm elevate and fuse to form the neural
tube. Primary neurulation also includes the process of disjunction: this is the moment
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when the closed neural tube (neuroectoderm) separates from the overlying cutaneous
ectoderm. From this moment on, the closed neural tube will be surrounded by cells of
mesodermal origin.

The most common and dramatic defect that occurs at this stage of embryonic devel-
opment is MMC, which results from incomplete closure of the neural tube. MMC is an
open spinal dysraphism, in which the open neural tube is directly exposed to the outside.
MMC is a malformation that affects the entire nervous system and leads to a Chiari 2
malformation, hydrocephalus and many other malformations of the central nervous system
(polymicrogyria, agenesis of the vermis, agenesis of the corpus callosum, etc.). Since it is
an open neural tube defect, it will not be discussed here.

The other forms of OSD that occur at the stage of primary neurulation are related to
defects in the process of disjunction, which may be either incomplete or premature.

1.  Dermal tract and limited dorsal myeloschisis (LDM):

A dermal tract develops when the disjunction process is incomplete [6]. A dermal tract
is a thin fibrous band that connects the skin (dermal ectoderm) to the central nervous system
(neuroectoderm). The tract usually runs through the dysraphic dorsal elements of the spinal
column and through the dura and attaches to the spinal cord or another intradural neural
element. The dermal tract is often associated with an intradural inclusion cyst (dermoid or
epidermoid) (Figure 7), which may compress the surrounding neural structures.

Figure 7. Intraoperative view (A) and MR scan (B) of a child with a lumbosacral dermal tract (white
arrow) and an intradural dermoid cyst. The tract must be removed completely, as close as possible to
the spinal cord.

If the histological composition of the fibrous tract is predominantly neural rather than
fibrous, it is better defined as LDM (Figure 8) [7]. When there is communication between
the CSF and the subcutaneous compartment through the neural tract, the LDM can take
on a cystic morphology. In these cases, the skin overlying the subcutaneous cyst can be
very thin, so these cases may be difficult to distinguish from MMC, especially on prenatal
ultrasounds. Undoubtedly, the neurological and general prognosis is much worse in MMC
than in LDM.

Dermal tracts were a fairly common finding in our series, accounting for 20.3% of
all OSD. LDM was a rather rare diagnosis, at 3.1% of all OSD. Surgical removal of the
dermal tract or LDM is necessary to relieve the spinal cord and prevent possible infection
associated with the abnormal dermal and epidermal tissue. The aim of surgery should
be to completely remove the dermal tract or LDM, as close to the spinal cord as possible,
without causing neurological deficits. Neurophysiological monitoring is essential for these
and all other OSD operations.
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Figure 8. LDM is formed by neural tissue that is tethered toward the extraspinal mesodermal tissues.
Note the deformed dorsal aspect of the spinal cord at the level of the dysraphic lesion (white arrow),
which can be located at any level of the spinal cord.

2. Lipoma of the conus:

Premature disjunction leads to the formation of spinal cord lipomas. If the neuroecto-
derm separates from the cutaneous ectoderm too early, when the neural tube has not yet
closed, this leads to infiltration of the still open neural tube by mesodermal tissue. The
neural tube can therefore not close, and the placode (the exposed neural plate) is infiltrated
by subcutaneous fatty tissue (Figure 9). This more or less thick lipomatous stalk can migrate
from the subcutaneous tissue through the dysraphic bone and the dura into the intradural
space. Lipomas of the spinal cord can be of the dorsal type (located on the dorsal side of
the spinal cord and cranial to the still recognisable conus), of the transitional type (located
on the dorsal side of the spinal cord and at the level of the no longer recognisable conus)
or of the chaotic type (located on the dorsal and ventral side of the spinal cord, with an
unrecognisable conus). Surgery for spinal cord lipomas, especially of the transitional and
chaotic type, is complex and risky. Without surgery, 40-43% of these children develop
tethered cord syndrome within 10 years [1,2,8,9]. At the same time, partial resection is
also not recommended, as the results of subtotal removal are even worse than those of
conservative treatment (follow-up with electromyography and urodynamic examinations),
with 46% of these children developing tethered cord syndrome [8,9]. It is therefore nec-
essary to completely remove the fatty tissue, undertake neurulation of the placode and
create a wide dural sac with extensive duraplasty. Intraoperatively, it is often difficult to
recognize the border between fatty and neural tissue, which is why neurophysiological
monitoring is an absolute priority in these procedures. Using this technique, the risk of
new neurological deficits is reduced to 0.8% over 10 years [8]. It is important to note that
the risk of neurological deficits and the long-term prognosis vary, according to the type
of lipoma and the position of the conus. Transitional lipomas with a low-lying conus are
at high risk, compared to dorsal lipomas where the conus may be located at L1, L2 or L3
level. The higher risk carried by transitional and chaotic lipomas was confirmed also by our
results: adult patients, in whom neurological deficits were statistically significantly more
frequent than in children (p = 0.0098), also had a higher incidence of transitional and chaotic
lipomas at diagnosis compared to children (57.1% vs. 44.4%). In our series, 15/22 (68.1%)
conus lipomas were surgically treated (Figure 10). Our results confirm that conus lipoma
surgery is safe, although the complexity of treatment of transitional and chaotic lipomas
was evident, since permanent neurological deficits (one neurogenic bladder and three

30



Diagnostics 2024, 14, 703

dermatomal sensorial deficits) were present exclusively in four of nine (44.4%) patients
who had a transitional or chaotic lipoma (p = 0.0002).

Figure 9. Intraoperative picture of a transitional conus lipoma, attached to the neural placode.
The adipose tissue must be completely removed to guarantee a long-term protective effect against
neurological deterioration.

Figure 10. Preoperative (A) and postoperative (B) MR image of a completely removed transitional
conus lipoma.

4.3. Defects in the Secondary Neurulation Stage

While the central nervous system, cranial to the S2 neurotome, is formed by the process
of primary neurulation, a completely different process called secondary neurulation occurs
caudal to this level. Around the 25th to 27th day of gestational age, a caudal cellular mass,
consisting of undifferentiated pluripotent cells, forms in the caudal part of the embryo.
These cells undergo an extraordinary proliferation phase, followed by a phase of apoptotic
decline and regression of the caudal cell mass. This process gives rise to the conus, the
filum terminale and the cauda equina. These tissues then connect to the caudal part of the
neural tube that was formed by primary neurulation. The process of secondary neurulation
is closely linked to the development of the cloaca. Failures at this stage can therefore lead
to complex syndromes in which the nervous, urogenital and digestive organs are affected
simultaneously.

1.  Lipomas of the filum terminale:

Inadequate apoptosis and regression of the caudal cell mass can lead to a thickened,
“fatty” filum terminale. On MRI, the LFT appears as a thick, hyperintensive tract on T1
images (Figure 11). The surgical procedure for untethering is relatively simple: the LFT
must be exposed distal to the conus and cut under neurophysiological monitoring. As
the risks associated with this procedure are very low, it is worth performing it as early as
possible, i.e., in the first months of life [10], in order to protect the child from the onset of
symptoms of tethered cord syndrome. In our series, LFTs represented 12/64 (18.7%) of all
OSDs and were surgically sectioned in all cases.
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Figure 11. MR appearance of a lipoma of the filum terminale (white arrow), also known as “thickened
filum” or “fatty filum”.

2. Currarino syndrome:

Currarino syndrome is characterised by a triad: anal malformation, presacral mass
and dysgenesis (or agenesis) of the sacrum. In the case of an associated LFT or conus
lipoma, a tethered cord may be present [11]. The presacral mass is, in most cases, a
meningocele (Figure 3), but can also represent a teratoma [10]. In the absence of a tethered
cord, a conservative approach may be considered if the radiological diagnosis of a presacral
meningocele is clear and there is no suspicion of a presacral teratoma.

3.  Caudal regression syndrome:

If the process of secondary neurulation does not occur at all, there is complete age-
nesis of the conus and nerve roots caudal to the S2 level (Figure 4). These patients may
have more or less impaired lower limb function, but some can walk normally. Sphincter
function is completely absent, as the innervation of these segments is completely undevel-
oped. Surgical treatment is not indicated in these patients since the conus is absent, but
not tethered.

4. Myelocystocele:

Myelocystocele is a cystic malformation that occurs within the developing conus and
other neural structures that arise through the process of secondary neurulation. These
lesions appear as large cystic formations in the sacral and perineal region. The aim of
surgical treatment is to reconstruct the caudal segments of the spinal canal, the dural sac
and the anatomy of the pelvic floor itself, which is always severely affected.

4.4. Indication for Treatment

OSD are malformations that are specific to the neurosurgical field and for which a
neurosurgical opinion should always be sought. Any form of OSD can lead to spinal cord
tethering and is therefore a risk factor for progressive neurological symptoms. In this
context, the neurosurgeon must always assess whether it is possible to release the spinal
cord tethering by surgery. When determining the indication for an operation, the risks
of the procedure itself must always be taken into account, in particular the possibility of
neurological impairment as a result of the surgical procedure itself.

In most cases, the diagnosis is made in early childhood on the basis of cutaneous
stigmata, and the children are usually neurologically intact at birth. If the imaging diagnosis
reveals a simple form of OSD, e.g., an LFT, the beneficial effect of surgery is significantly
greater compared to a conservative approach. The diagnosis of a transitional or chaotic
conus lipoma raises more difficult questions about potential neurological complications
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associated with surgery, which may be unacceptable to many parents. However, it is
becoming increasingly clear in the literature that it is better to operate on the child than to
observe them [1,2,8].

In the adult population, the diagnosis of OSD is usually made on the basis of signs
and symptoms of neurological deterioration rather than skin manifestations. This can
be clearly seen in Table 3, where symptoms of tethered cord syndrome are much more
common in adult patients than in children (p = 0.0098). Among the symptoms of tethered
cord syndrome, pain (p = 0.0001) and paraesthesia in the lower limbs (p = 0.007) showed
the greatest and significant differences between the paediatric and adult populations. Most
cases, both paediatric and adult, present with sphincter dysfunction or paresis of the lower
limbs. As neurological problems are usually irreversible once they have occurred, it is
generally assumed that the protective effect of surgery is less pronounced in adults than in
children [1,8]. Nevertheless, certain problems, particularly pain, paresis and paraesthesia,
can disappear or at least be alleviated after successful surgical treatment. In particular, it is
possible to halt progressive neurological deterioration with surgical treatment and thus
prevent further neurological deficits [3].

Based on our results, we have to ask ourselves whether a 44.4% prevalence of per-
manent neurological deficits after the surgery of complex (transitional and chaotic) conus
lipomas is an acceptable fact for parents, compared to a 40-43% chance of having neu-
rological deficits due to the natural history of these lesions [3]. We must underline that
more than half of these neurological deficits were represented by isolated dermatomal
loss of sensorial function, which, despite being troublesome for the patients, still remains
compatible with normal life, normal gait pattern and normal urological function. Statistical
models are increasingly in favour of surgery [8], but robust and convincing results can only
be based on long-term follow-ups and the long surgical learning curve required for the
surgical treatment of the most complex forms of lipomas and, in general, OSD.

5. Conclusions

The treatment of OSD requires proper knowledge of the defects that occur during
embryological development and can lead to complex malformations. Surgical treatment
is always indicated if the OSD constricts the spinal cord below the L1 level and if the
malformation itself has a compressive effect on the surrounding nerve tissue. If spinal
cord tethering is detected radiologically, it is advisable to perform the untethering as early
as possible, to avoid neurological damage caused by spinal cord tension. In our series,
the preoperative presence of symptoms was statistically higher in adults than in children
(p = 0.0098). Surgery of complex spinal cord lipomas was statistically related to a higher
rate of postoperative neurological complications (p = 0.0002). Such procedures should be
carried out in facilities that have the relevant experience and where neurophysiological
monitoring is available at all times. After the untethering procedure, children should be
monitored throughout their lives, as tethered cord syndrome may recur due to scarring,
other associated dysraphic lesions or the incomplete removal of the primary OSD.
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Abstract: Background: Pituitary adenomas represent the most common pituitary disorder, with an
estimated prevalence as high as 20%, and they can manifest with hormone hypersecretion or defi-
ciency, neurological symptoms from mass effect, or incidental findings on imaging. Transsphenoidal
surgery, performed either microscopically or endoscopically, allows for a better extent of resection
while minimising the associated risk in comparison to the transcranial approach. Endoscopy allows
for better visualisation and improvement in tumour resection with an improved working angle
and less nasal morbidity, making it likely to become the preferred surgical treatment for pituitary
neoplasms. The learning curve can be aided by telementoring. Methods: We retrospectively analysed
the clinical records of 94 patients who underwent an endoscopic endonasal resection of a pituitary
neoplasm between the years 2011 and 2023 at Maribor University Medical Centre in Slovenia. Remote
surgical telementoring over 3 years assisted with the learning curve. Results: The proportion of
complication-free patients significantly increased over the observed period (60% vs. 79%). A grad-
ual but insignificant increase in the percentage of patients with improved endocrine function was
observed. Patients’ vision improved significantly over the observed period. By gaining experience,
the extent of gross total tumour resection increased insignificantly (67% vs. 79%). Conclusions:
Telementoring for the endoscopic endonasal approach to pituitary neoplasms enables low-volume
centres to achieve efficiency, decreasing rates of postoperative complications and increasing the extent
of tumour resection.

Keywords: pituitary neoplasms; telementoring; endoscopic endonasal approach; outcomes

1. Introduction

Over the last three decades, the endoscopic endonasal approach (EEA) has become the
predominant approach for surgical treatment of different skull base pathologies, and is cur-
rently recognised as the standard for most pituitary adenomas [1-3]. EEA enables surgery
in parasellar regions and sagittal and coronal plane corridors to the central skull base [1,4].
Microscopic transsphenoidal surgery had long been considered the “gold standard” in
the surgical treatment of pituitary neoplasms, and at the beginning, the endoscope was
used solely as an assisting tool to explore the sellar cavity for residual tumour tissue, but
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due to its wide panoramic, up-close visualisation, and recent developments of endoscopic
instrumentation and techniques, EEA has gained popularity [4,5].

EEA is associated with a steep learning curve, which is necessary to increase the
effectiveness of EEA and decrease the length of surgery [6-8]. A great deal of learning
takes place in the operating theatre; however, sufficient time has to be spent in a dissection
laboratory to acquire enough anatomical knowledge [1,9]. Additionally, EEA requires the
adoption of new technology and instrumentation with a transition from three-dimensional
to two-dimensional visualisation; however, newer three-dimensional endoscope technology
has been developed to improve visualisation and understanding of the anatomy, which
mirrors the view offered by a traditional microscope [1,10].

Telementoring, whereby an expert employs telecommunication technology to guide
a less experienced learner from a remote location, provides a unique solution to increase
quality and enhance access to surgical care in low-volume medical centres [11,12].

Collaboration between a neurosurgeon and an ear, nose, and throat (ENT) surgeon is
crucial for successful patient management in the operating theatre, as well as outside [1,2].
The development of a skull base team that is efficient in performing EEA is a demanding
task, even more-so in a low-volume centre; thus, telementoring by an experienced centre
represents a possible solution to establish proficiency in EEA when on-site mentoring
cannot be established [1,9,11].

The collaboration between neurosurgeons and ENT surgeons in endoscopic endonasal
surgery at the Maribor University Medical Center (MUMC) in Slovenia started in 2009.
The Maribor surgeons (JR and BL) were the first to establish a skull base team at this
centre. In 2010, they attended the endoscopic skull base surgery course at the University of
Pittsburgh Medical Center (UPMC), followed by a visit to the skull base centre at UPMC
for an additional two weeks. A collaboration was established with the co-authors (CS
and PG). The MUMC surgeons repeated their visit to the UPMC course and skull base
department four years later. The collaboration between the four surgeons continued with
regular consultations and an annual endoscopic skull base surgery course with lectures
and hands-on cadaver dissections conducted in Maribor attended by the two surgeons
from UPMC. The telementoring programme started in 2013 and finished in 2015.

Throughout the telementoring programme and thereafter, several adaptations and
improvements were made. The extent of safe resection gradually improved and extended
endonasal approaches for skull base pathology were introduced. Regarding pituitary
tumours, a great effort was required to improve endocrinological results for non-secretory
and secretory adenomas. The main goal was to preserve the endocrinological function
of the remaining pituitary gland with the gross total resection of the pituitary adenoma.
Important progress was achieved with skull base reconstruction with the introduction of the
nasoseptal flap [13]. A multidisciplinary team comprising a neurosurgeon, otolaryngologist-
head and neck surgeon (OHNS), endocrinologist, and ophthalmologist was established to
provide better patient care with greater continuity of care and less duplication of services.

This article analyses the results and complications after successfully applying a three-
year telementoring programme by evaluating the extent of surgery, endocrinological results,
and rate of complications after pituitary tumour surgery.

2. Material and Methods
2.1. Study Design and Patient Data
2.1.1. Study Design

We conducted a retrospective analysis of patients who underwent endoscopic en-
donasal transsphenoidal surgery performed at the MUMC between January 2011 and
December 2023. A total of 94 patients were identified, of whom 93 regularly attended
postoperative follow-up appointments. Patients included in the study analysis had to be
older than 18 years. The observed timeframe was divided into 4 periods: from 2011 to 2014,
2015 to 2017, 2018 to 2020, and 2021 to 2023. For statistical comparison, the four groups of
patients were further united into early (year 2011-2017) and late (year 2018-2023) periods.
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During the telementoring programme, which started in 2013 and finished in 2015,
10 endoscopic endonasal surgeries of the skull base were mentored preoperatively and
during the key part of the procedure. The telementoring programme required consent
and a liability waiver from both groups, and the main team was solely responsible for
the surgery and the outcome. Surgical instrumentation was standardised, and surgical
techniques were adopted from the UPMC Center for Cranial Base Surgery. An educational
programme was completed at the courses organised by the University of Pittsburgh Center
for Cranial Base Surgery.

Prior to the start of telementoring, the technological needs and capabilities of both
institutions were determined, and real-time two-way video and audio streaming was
established using existing technology (Polycom Video Conferencing Equipment, Karl Storz
Image 1 and Aida Video System, Tuttlingen, Germany). The surgical plan was laid out
before surgery, and imaging was reviewed by both groups. Operative times were adjusted
so that the key period of telementoring was in the range of 5:30-8:30 EST. Telementoring
started and continued during the critical phases of the surgery, resection and reconstruction.
Following each procedure, an evaluation form was used to document the interventions
and rates of experience. Postoperative radiographs were shared via e-mail [1].

2.1.2. Patient Data and Institutional Review Board

The local ethics committee of the MUMC reviewed and approved our study. Patient
data were collected via the online medical record system, and the imaging examination
data were collected via the local PACS system. The following data were collected from the
electronic medical record: year of surgery, gender, age, length of hospitalisation, type of
pituitary neoplasm and its location, exact cell type, postoperative complications, extent
of resection, rehospitalisation after surgery for pituitary neoplasm, hypopituitarism be-
fore surgery, tumour hormonal activity, tumour size, hormonal syndrome before surgery,
neurologic symptoms/signs before surgery, residual tumour tissue seen on control MRI 6
months after surgery, tumour recurrence after surgery and treatment, endocrine function
before and after surgery, vision before and after surgery, and presence of hypopituitarism
after surgery. Statistical data analysis was performed using the Statistical Package for
Social Sciences (IBM SPSS Statistics for Windows, Version 29.0.2.0, Armonk, NY, USA). A
Pearson Chi-Square test and Fisher’s exact test for 2 x 2 tables were used for the statis-
tical comparison of the groups’ frequencies. p value < 0.05 was considered statistically
significant.

2.1.3. Clinical Management

Each patient with a sellar pathology was presented to the multidisciplinary team,
which examined the MRI imaging, the results of the endocrinologic tests, and the results
of the neuro-ophthalmic examination. Patients with visual deficits, growing neoplasms,
and uncontrollable hormonal deficits were identified as suitable candidates for surgery.
The operative procedure, purpose, and risks were explained to every patient who chose
operative treatment or conservative management. Most patients were hospitalised at the
University Department of Otorhinolaryngology, Head and Neck Surgery, and a few at the
Department of Neurosurgery. The surgeries were performed in a dedicated endoscopic
operating room enabling a four-handed endoscopic technique. Image guidance was used
in all cases. The telementoring link was established and tested prior to the surgery. Each
surgery started with the preparation of the nasoseptal flap, usually on the right side. A
one-sided corridor was created, and bilateral sphenoidotomy was performed. At this stage,
telementoring started. The most common intervention from the overseeing team was
increased exposure at the level of the rostrum and medial opticocarotid recesses (medial
OCR) to improve suprasellar exposure. Particular care was taken to identify both carotid
and optic protuberances. The sellar floor was removed in the usual fashion. At this point,
the performing surgeons were usually advised to remove more bone in all directions to
reach optic and carotid protuberances and gain sufficient access to the intrasellar pathology.
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The resection phase was also subject to telementoring, with tips on tumour resection
in the suprasellar region. The performing surgeons were instructed to carefully inspect
the boundaries of the tumour, and they were assisted in properly identifying tumour
borders and the remnant of the pituitary gland. Special care was taken not to damage the
healthy pituitary tissue. The removal of the tumour tissue with two aspirators (one with
a neuronavagated tip) was extremely useful. Reconstruction was monitored only in the
first intradural phase. After ensuring watertight intradural reconstruction, the defect was
covered with a nasoseptal flap. After surgery, patients were transferred to the intensive
unit within the Department of Otorhinolaryngology while awake. Packing was removed
between the 3rd and 5th postoperative day.

After discharge, they were examined by an endocrinologist 3 months following
surgery, where endocrinologic tests were repeated and hormonal replacement therapy was
adjusted. After surgery, all patients had the following follow-up appointments: 3 months
after surgery, they were re-examined by an endocrinologist; and 6 months after surgery, a
control MRI was performed, which was examined by two independent neuroradiologists
to assess the extent of tumour resection, and they were later examined by a neurosurgeon
and an ophthalmologist. Patients with no radiologic and/or endocrinologic signs of tu-
mour recurrence were followed-up with an annual MRI and regular appointments with an
endocrinologist, neurosurgeon, and ophthalmologist. Patients with a recurrence of sellar
pathology were either further treated or monitored.

3. Results

From 2011 to 2023, 94 patients underwent endoscopic endonasal surgery for a sellar
pathology, and from that sample, 49 (52.1%) were women. The mean age of the included
patients was 58 years (range 20-82 years, SD = 14).

Table 1 demonstrates the number and proportion of operated patients per observed
period. During the telementoring programme (2013-2015), ten endoscopic endonasal
surgeries of the skull base were performed, and clinical follow-up was provided with
postoperative imaging diagnostics shared by e-mail between the consultants with intense
communication. No technical difficulties were encountered during the telementoring
programme with a good and stable audio-visual connection. The general results of the
telementoring programme were described in the previous publication [1].

Table 1. Number and percentage of patients operated per period.

Number Percentage
2011-2014 15 16.0%
2015-2017 21 22.3%
Period 2018-2020 24 25.5%
2021-2023 34 36.2%
Total 94 100.0%

The operations performed from 2011 to 2012 were conducted with no help of telemen-
toring from an experienced centre, and surgeries after 2015, when the telementoring period
finished, comprised discussions amongst surgeons; however, these were not live during
surgery, but were either prior to or after the operations.

Adenomas represented the most common pituitary neoplasm in the observed group,
with null cell adenomas diagnosed in 45.7% of the observed population, plurihormonal
adenomas present in 31.9%, and monohormonal adenomas in 13.8% of patients.

The majority of tumours were in the intrasellar and suprasellar regions. Most patients
were diagnosed with macroadenomas, and more than half had hypopituitarism before
surgery. The hormonal activity of the pituitary neoplasm was present in 20.2% of cases,
and from those, more than half (55.6%) were diagnosed with a growth-hormone-secreting
adenoma, followed by prolactinomas in 38.9%, adrenocorticotropic hormone-secreting
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tumours in 11.1%, and thyroid-stimulating hormone secretion in 5.6% of cases, as illustrated
in Table 2.

Table 2. Sellar pathology in the observed group of patients.

Number Percentage
Adenoma 86 91.5%
Craniopharyngioma 2 2.1%
Schwannoma 1 1.1%
Neoplasm type Metastasis 3 3.2%
Rathke cleft cyst 1 1.1%
Lymphocytic hypophysitis 1 1.1%
Total 94 100.0%
Intrasellar region 16 17.0%
Intrasellar and suprasellar region 72 76.6%
Neoplasm location Intrasellar, suprasellar and parasellar 4 439%
region
Intrasellar and parasellar region 2 2.1%
Total 94 100.0%
Hypopituitarism prior No defi.cit. . 39 41.5%
surgery Hypopituitarism 55 58.5%
Total 94 100.0%
No 75 79.8%
Hormonal activity Yes 19 20.2%
Total 94 100.0%
Microadenoma 2 2.1%
Size Macroadenoma 92 97.9%
Total 94 100.0%

Around a quarter (25.5%) were diagnosed with a hormonal syndrome before surgery,
with hyperprolactinemia being the most common one, followed by acromegaly, and 84%
had neurological symptoms and deficits, with vision impairments being the most common
ones, as illustrated in Table 3.

Table 3. Preoperative signs and symptoms.

Number Percentage
No 90 95.7%
Cushing syndrome Yes 4 4.3%
Total 94 100.0%
No 82 87.2%
Hyperprolactinemia Yes 12 12.8%
Total 94 100.0%
No 93 98.9%
Hyperthyroidism Yes 1 1.1%
Total 94 100.0%
No 84 89.4%
Acromegaly Yes 10 10.6%
Total 94 100.0%
No 28 29.8%
Vision deficits Yes 66 70.2%
Total 94 100.0%
No 81 86.2%
Apoplexy Yes 13 13.8%
Total 94 100.0%
No 93 98.9%
Seizures Yes 1 1.1%
Total 94 100.0%
No 60 63.8%
Headaches Yes 34 36.2%
Total 94 100%
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There was one death in our series of patients, as demonstrated in Table 4 and Figure 1.
The cause of death was a respiratory infection unrelated to the surgical procedure. Over
the observed period, the percentage of complication-free patients after surgery gradually
increased, as is demonstrated in Table 4. Diabetes insipidus was transient in all cases. In
the early period (from 2011 to 2017), 19 patients were complication-free, whereas in the late
period (from 2018 to 2023), 45 were complication-free. The difference in the overall number
of complications is statistically significant between the early and late period (p = 0.022,
Fisher’s Exact Test). However, the difference between the two periods (early vs. late) for
each individual complication was not statistically significant (p > 0.05, Fisher’s Exact Test).

Table 4. Occurrence of postoperative complications per observed period.

Period

2011-2014 2015-2017 2018-2020 2021-2023
Number Percentage Number Percentage Number Percentage Number Percentage
Syndrome of No 14 93.3% 21 100.0% 24 100.0% 31 91.2%
inappropriate Yes 1 6.7% 0 0.0% 0 0.0% 3 8.8%
antidiuretic Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%
hormone secretion ~ No 12 80.0% 15 71.4% 20 83.3% 31 91.2%
Diabetes insipidus  Yes 3 20.0% 6 28.6% 4 16.7% 3 8.8%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%
. . No 15 100.0% 17 81.0% 23 95.8% 33 97.1%
Cerebrospinal fluid — y, 0 0.0% 4 19.0% 1 4.2% 1 2.9%
leak Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%
No 15 100.0% 19 90.5% 23 95.8% 34 100.0%
Meningitis Yes 0 0.0% 2 9.5% 1 4.2% 0 0.0%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%
No 12 80.0% 19 90.5% 22 91.7% 34 100.0%
Haemorrhage Yes 3 20.0% 2 9.5% 2 8.3% 0 0.0%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%
No 15 100.0% 21 100.0% 23 95.8% 34 100.0%
Death Yes 0 0.0% 0 0.0% 1 42% 0 0.0%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%
Other No 15 100.0% 20 95.2% 23 95.8% 34 100.0%
complications Yes 0 0.0% 1 4.8% 1 4.2% 0 0.0%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%

Postoperative complications

Death

Haemorrhage

Meningitis
Cerebrospinal fluid leak

Diabetes inspidius

Syndrome of inappropriate antidiuretic hormone secretion

m2011-2014 m2015-2017 m2018-2020 m2021-2023

Figure 1. Postoperative complications per observed period.
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A gradual increase in improved endocrine function after surgery, which was deter-
mined by the reduction in hormonal replacement therapy or its discontinuation, was
observed, as well as an improvement in patients’ vision after surgery, as is shown in Ta-
ble 5 and Figure 2. When comparing postoperative endocrine function and postoperative
hypopituitarism, there were no statistically significant differences between the early (2011-
2017) and late period (2018-2023) (p > 0.05, Fisher’s Exact Test). However, patients’ eyesight
improved significantly (p = 0.013, Fisher’s Exact Test) in the late period.

Table 5. Postoperative endocrine function and eyesight per observed period.

Period
2011-2014 2015-2017 2018-2020 2021-2023

Number Percentage Number Percentage Number Percentage Number Percentage

Better 1 6.7% 3 14.3% 2 8.3% 6 17.6%

Endocrine Same 11 73.3% 16 76.2% 15 62.5% 24 70.6%
function Worse 3 20.0% 2 9.5% 7 29.2% 4 11.8%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%

Better 4 26.7% 6 28.6% 11 45.8% 22 64.7%

Eyesight Same 11 73.3% 15 71.4% 13 54.2% 11 32.4%
Worse 0 0.0% 0 0.0% 0 0.0% 1 2.9%

Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%

Hypopituitarism No 2 13.3% 7 33.3% 5 20.8% 16 47.1%
after surgery Yes 13 86.7% 14 66.7% 19 79.2% 18 52.9%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%

Postoperative endocrine function
100%
90%
80%
70% /—\/
60%
50%
40%

30%
20%
10%

0%

2011-2014 2015-2017 2018-2020 2021-2023

—BEllEl =———5ame e—orse

Postoperative eyesight
100%
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80%
70%
60%
50%
40%
30%
20%
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2011-2014 2015-2017 2018-2020 2021-2023
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Figure 2. Postoperative endocrine function and eyesight per observed period.

The extent of neoplasm resection, which was ascertained using MRI 6 months after
surgery, progressively increased from 66.7% in the first period to 79.4% in the last period,
as illustrated in Table 6 and Figure 3; however, a chi-square test of independence showed
that the difference was not statistically significant (X% (3, N =94) = 3.788, p = 0.285).
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Table 6. Extent of tumour resection per observed period.

Period
2011-2014 2015-2017 2018-2020 2021-2023
Number Percentage Number Percentage Number Percentage Number Percentage
Gross total 10 66.7% 15 71.4% 12 50.0% 27 79.4%
Extent of resection
xten Subtotal resection 2 13.3% 6 28.6% 10 41.7% 6 17.6%
tumour Partial resection 1 6.7% 0 0.0% 2 8.3% 1 2.9%
resection  pionsy 2 13.3% 0 0.0% 0 0.0% 0 0.0%
Total 15 100.0% 21 100.0% 24 100.0% 34 100.0%
Extent of tumor resection
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
2011-2014 2015-2017 2018-2020 2021-2023
== (Gross total resection =====Subtotal resection Partial resection

Figure 3. Extent of tumour resection per observed period.

The proportion of patients who required rehospitalisation after EEA gradually de-
creased. After being discharged, four patients (26.7%) were rehospitalised in the first
period; one was diagnosed with a nasal septal abscess and was discharged after 4 days; the
second patient was diagnosed with diabetes insipidus and was discharged after 5 days;
and two patients had suboptimal hydrocortisone therapy and were both discharged after 2
days. In the second period, one patient (4.8%) had to be rehospitalised for an additional 40
days, as they developed a cerebrospinal fluid leak and meningitis. In the third period, one
patient (4.2%) was re-admitted for 12 days for additional tumour resection after the control
MRI; there were no postoperative complications.

Out of 94 patients, 11 had recurrences of the following: Rathke cleft cysts and adenoma
that required no revision surgery each recurred in 1 patient; a craniopharyngioma that
required additional surgery was present in 1 patient; and 8 patients had adenomas that
regrew and required revision surgery. EEA was utilised in all cases of revision surgery.

The senior surgeons at Maribor operated on 22 patients before becoming proficient
enough to operate without telementoring from surgeons at UPMC. Pituitary tumours
present the ideal first step in the endoscopic learning curve based on their location in
the centre of the skull base outside the subarachnoid space and with the natural corridor
provided by the sphenoid sinus in line with the nasal cavity [14].

4. Discussion

This study demonstrates a successful implementation of EEA for pituitary neoplasms
in a low-volume centre, such as MUMC, with an emphasis on the combined efforts of a
newly established skull base team and their collaboration with an experienced skull base
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centre. The number of patients gradually increased over the observed period, with 34 pa-
tients having been operated on in the last 3 year period from 2021 to 2023 in comparison to
only 15 in the first 4 year period from 2011 to 2014. The major reason for the rise in patient
numbers was an increased referrals of patients from other hospitals to our institution. The
steady increase in the number of patients operated on each year for pituitary tumours with
the addition of other endoscopic endonasal procedures ensured a safe and efficient EEA in
a low-volume centre.

This study has potential limitations. Despite a gradual increase in the number of
operated patients, the number of patients included in the study was relatively small, since
MUMC is a midsize hospital in a country with a population of approximately 2 million.
Additionally, in this study, we included patients with different sellar pathologies, which
share distinctive behaviours and characteristics; however, the main aim of our work was
to demonstrate the acquirement of the surgical technique and the learning curve of the
newly established skull base team with the help of telementoring from an experienced
centre. Furthermore, the follow-up period for patients operated on in the last period
(2021-2023) was considerably shorter than for those in the first period (2011-2014); hence,
the comparison of long-term effects of treatment could not be performed.

Pituitary adenomas, benign neoplasms that comprise up to 15% of all intracranial
masses, represent the most common pituitary disorder, with an estimated prevalence as
high as 20% based on autopsy and radiologic studies, with the majority having no clinical
significance [14-18]. Neoplasms can manifest with syndromes of hormone hypersecretion
or deficiency, neurological symptoms from a mass effect of the expanding gland, or they can
be an incidental finding on imaging performed for unrelated issues [19-21]. In our observed
patient population, the neurological signs and symptoms were the most common, present
in more than 80% of cases. Treatment aims to reduce hormone hypersecretion, remove
the mass effect, and correct hormone deficiency [22-24]. Nonfunctioning asymptomatic
microadenomas do not require immediate treatment; however, patients require careful
monitoring with regular control MRIs [25,26].

Transsphenoidal surgery for the resection of pituitary neoplasms can be performed
either microscopically or endoscopically, and has been proven to achieve a better ex-
tent of resection while minimising the associated risks in comparison to the transcranial
approach; thus, it represents the first-line treatment for the vast majority of pituitary
adenomas [14,27,28]. Microscopic transsphenoidal surgery used to be the gold standard
for pituitary tumour removal; however, poor visualisation due to the deep location of ade-
nomas, combined with a narrow surgical space, presented a major obstacle [4]. Endoscopy,
with its panoramic view, has led to better visualisation and, thus, improvements in the
extent of tumour resection; it also provides an improved working angle and less nasal
morbidity [28-30]. The growing acceptance of endoscopic transsphenoidal surgery for
pituitary adenomas amongst surgeons is making it highly likely to become the first line of
approach for pituitary neoplasm in the future [27,31-33]. Currently, at the MUMC, with the
establishment of a proficient skull base team, EEA represents the main surgical modality in
the treatment of pituitary pathologies.

EEA allows for surgery in the parasellar regions, namely planum/tuberculum sellae,
cavernous sinus, and clivus, where larger and more complex adenomas invade, as the
endoscope can be introduced through narrow corridors to reach deep spaces, and with
angled lenses, it provides enhanced vision to achieve what is commonly known as “looking
around the corners” [4,14].

Endocrinologic outcomes after endoscopic adenoma removal have been comparable,
and in some cases even superior, to those after microsurgical tumour removal [34]. A
systematic review by Strychowsky demonstrated that EEA for pituitary neoplasms is
associated with less mean blood loss, shorter hospitalisation and operative time, fewer
nasal complications, and an increase in the proportion of gross total tumour resection with
decreasing incidence of postoperative diabetes insipidus [35].
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The learning curve for EEA to the pituitary tumour is steep and is often associated
with an increase in complications, as the surgeon is faced with unfamiliar anatomy and
new technologies, as well as new surgical skills [9,28]. The ideal number of cases to
achieve proficiency is not established and depends on the surgeon’s prior experiences
and skills, the composition of the practice, and the frequency of surgeries [36]. Based on
limited published data, it is recommended that a team should perform 30 to 50 pituitary
surgeries together to gain proficiency prior to taking on more difficult surgical cases,
namely EEA to vascular malformations and highly vascular tumours [9]. The surgeons
at MUMC performed 22 operations before becoming accomplished; however, they had
previous experience with other endonasal endoscopic procedures that they could build
on. Due to its steep learning curve, mentorship is vital for mastering the EEA; however,
centralisation of care in high-income countries can restrict access to surgical training
outside of metropolitan hubs. Telementoring can help face these challenges, as it can be
used effectively in a variety of settings [12,37,38]. Studies have shown that there was
no significant difference in outcomes for trainees who received telementoring or on-site
mentoring [11]. The advent of augmented and virtual reality utilised for telementoring
could further increase autonomy for trainee surgeons [39—41]. The main disadvantages to
a wider implementation of telementoring are costs, technical limitations, reliable internet
connection, and cyber security [11,12]. The potential drawbacks of telementoring must
be addressed before the programme starts. Both groups involved must be familiar with
surgical hands-on capabilities and dexterity, and mutual trust is paramount for success.
There is also a question of liability that must be cleared up before the surgery. In our case,
the domestic team at MUMC was solely responsible for the management of patients as well
as potential complications. A team must have a surgical plan laid out before the surgery,
as well as a backup plan in case of problems with audio-visual connection. Despite some
potential limitations, the benefits of telementoring outweigh them if the programme starts
under careful consideration and in a collaborative environment.

The primary goal of most pituitary surgeries is gross total resection. In a study con-
ducted by Dehdashti, gross total resection of macroadenomas was achieved in 96% of
cases [35]. Similarly, Wang and colleagues managed to achieve a gross total resection in 92%
of cases, whereas total resection was achieved in 76% of cases of giant adenomas [24]. Yu
and colleagues cited a gross total resection of pituitary adenomas to be achieved in 60-73%
of all cases, which was higher than expected based on a systematic review conducted by Ko-
motar, where gross total resection was achieved in 47.2% of cases [30,42—44]. In our patient
series, the proportion of cases of GTR increased from 66.7% in the first observed period
up to almost 80% (79.4%) in the last period; however, the difference was not statistically
significant when comparing the extent of resection in the early period (2011-2017) and the
late one (2018-2023). In the first period, subtotal and partial resections were present more
often than in other periods, as the primary focus was avoiding postoperative complications
rather than the extent of resection. Wang and colleagues managed to achieve the GTR of
macroadenomas in the majority of cases by using intraoperative MRI and neuronavigation
during surgery for assessing residual tumour tissue and determining further safe tumour
resection, second transcranial surgery, radiotherapy, or radiosurgery [30]. The usefulness
of intraoperative MRIs is controversial, with some studies reporting a higher rate of gross
total resection, but others showing no difference [45,46].

Patients with nonfunctioning pituitary adenomas most often present with signs and
symptoms of hypopituitarism, headaches, hemianopsia, progressive loss of vision, and
diplopia [30,45,47-52]. Headaches are present in 16% to 70% of cases, and are mainly lo-
calised in the frontal and occipital regions [45,53,54]; in our patients series, 36.2% presented
with headaches. Visual impairments, most often bitemporal visual deficits due to mid-
chiasmal compression, are present in larger adenomas, whereas diplopia is rare [3,55,56].
Amongst our patient group, 70.2% had visual deficits. Additionally, nonfunctioning pi-
tuitary adenomas, especially macroadenomas, can cause hypopituitarism with at least
one hormone deficiency [57,58]. The patients in our study were mainly diagnosed with
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macroadenomas (97.9%), and 58.5% had hypopituitarism before surgery. Asymptomatic
nonfunctioning adenomas are not recommended for surgical treatment, except for young
patients. In cases of incomplete tumour resection with no obvious symptoms, patients are
recommended for further observation rather than second surgery, which is required in
cases of tumour regrowth [30,59]. Following surgery for nonfunctioning adenomas, visual
impairments often improve, whereas data regarding hypopituitarism is inconsistent [60,61].
In our case series, the proportion of patients whose vision improved after pituitary tumour
removal increased over the observed period from 26.7% in the first period to 64.7% by
the last period. When comparing patients’ postoperative vision between the early period
(2011-2017) and the late one, there was a statistically significant improvement. An improve-
ment in postoperative endocrine function was also observed over the period; in the first
period, 6.7% experienced endocrine function improvement, whereas by the last period, that
proportion increased to 17.6%; however, it was not statistically significant.

In a study conducted by Alexopoulou, 80% of patients with nonfunctioning adenomas
had at least one pituitary axis deficiency, and following surgery, that proportion dropped
to 61%, with the improvement mostly present in cases of adenomas affecting the LH/FSH
and TSH axis [62]. Hypopituitarism was present in 58.5% of cases before surgery and 68.1%
after surgery in our series; however, over the observed period, we managed to reduce the
percentage of cases with hypopituitarism following surgery from 86.7% in the first period
to 52.9% in the last. With experience, distinguishing the normal pituitary gland from the
tumour tissue was easier.

Tumour size is recognised as a preoperative predictor of new pituitary deficiency,
with surgery of larger neoplasms more often leading to a new hormone deficiency [60].
The function of the hypothalamic-pituitary axis continues to change postoperatively, even
without radiotherapy [60]. Surgery for prolactinomas is suggested when patients are
intolerant to the side effects of medications or they are ineffective, and in cases of pituitary
apoplexy [30,63].

Complications after endoscopic surgery for pituitary adenomas occur in the range from
3.4% to 36.1% with a 1% mortality [18,30,45,64—66]. In our patient series, the percentage of
complications following surgery gradually decreased over the observed period from 40%
in the first period to 20.6% in the final period. The most often encountered postoperative
complications are diabetes insipidus, anterior lobe dysfunction, and cerebrospinal fluid
leak [30]. In our study, 16% developed diabetes insipidus after surgery, which was transient
in all cases, cerebrospinal fluid leak was present in 6.4%, and intracranial haemorrhages
that required revision surgery occurred in 7.4%.

Most cases of cerebrospinal fluid leak stop spontaneously during surgery; however, their
incidence is higher in cases of macroadenomas, and a tear in the diaphragm or arachnoid
membrane has to be appropriately reconstructed at the end of the procedure [18,64,67,68].
The risk of cerebrospinal fluid leak after EEA is increased in larger adenomas with suprasellar
extension, intraoperative leakage, repeat surgery, and high body mass index [69,70]. The rate of
cerebrospinal fluid leak after transsphenoidal surgery for pituitary adenomas is approximately
5%, with no significant difference between the endoscopic and microscopic approach [14,71,72].
Over the observed period, the percentage of patients who required rehospitalisation after
surgery also decreased from 26.7% in the first period to 2.9% in the fourth period. By effectively
reconstructing the sellar floor and utilising the multilayer techniques and nasoseptal grafts,
we managed to decrease the complication rates following EEA for pituitary tumours.

No clear evidence is available on the timing, frequency, and duration of postoperative
endocrine, radiologic, and ophthalmologic assessments, with most studies suggesting
postoperative endocrine evaluation 4 to 8 weeks after surgery and others suggesting 2 to
6 months postoperatively [45,73]. MRI imaging performed immediately after surgery can
be misleading due to debris, blood, and packing material; therefore, it is usually performed
3 to 6 months after the operation, when most postoperative changes cease [45,52,74]. In
our study, the control MRI was performed 6 months after surgery. The interval for further
MRI follow-up is decided upon residual tumour size and its distance to the optic chi-
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asm [45]. Postoperatively, 68% of patients with preoperative visual impairment experience
an overall improvement and approximately 5% deteriorate, with longer duration of visual
field deficits and severity of visual symptoms being linked to worse postoperative visual
outcomes [56,75-77]. Overall, in our study group, 2.9% of patients experienced a decline in
their postoperative vision. It has been suggested that a visual examination be performed
3 months after surgery and then from every 4 to 6 months until stabilisation of the visual
function, since visual defects tend to progressively improve, especially in the first year
following surgery [78,79]. Nonfunctioning pituitary adenomas have regrowth rates be-
tween 15% and 66% when treated with surgery or 2% to 28% when combining surgery with
radiotherapy; therefore, long-term follow-up is recommended [80,81]. Tumour recurrence
was present in 11.7% of cases in our study, with a majority (81.8%) being adenomas, and
most recurrences (81.8%) were treated using a second operation, and a minority were
monitored using regular control MRI (18.2%).

The recurrence rate peaks between 1 and 5 years after surgery and declines after
10 years; hence, 10 or more years of postoperative imagining surveillance is indicated,
with some suggesting lifelong monitoring of patients after surgery for pituitary adenoma,
especially in cases of tumour remnants [45,81]. Radiosurgery was utilised in 3.2% of cases in
our study with no further recurrence; one was a case of adenoma and two were metastases.

A grading system based on predicting factors, such as tumour invasion seen on
MRI, immunohistochemical profile, mitotic index, and Ki-67 and p53 positivity, has been
recently suggested to identify patients with a high risk of recurrence of progression [82].
Combining surgery and radiotherapy has been more effective than surgery alone in tumour
recurrence prevention; however, radiotherapy can cause significant side effects, namely
radiation-induced optic neuropathy, hypopituitarism, and secondary brain tumours; thus,
it is reserved for cases of incomplete resection of adenomas with high proliferative activity
or in cases of recurrence after repeated operations [83,84].

5. Conclusions

EEA represents a safe and effective modality for the treatment of pituitary adenomas
where GTR is vital. Telementoring from an experienced centre enables less-experienced
surgeons to establish a proficient skull base team with improving results, and it represents
a cost-effective model for the global education of surgeons.
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Abstract: (1) Background: Pituitary adenomas are benign tumors comprising about 18% of all in-
tracranial tumors, and they often require surgical intervention. Differentiating pituitary tissue from
adenoma during surgery is crucial to minimize complications. We hypothesized that using ICG dye
would reduce the hormonal complication rates. (2) Methods: A prospective randomized study (Febru-
ary 2019-October 2023) included 34 patients with non-functional macroadenomas of the pituitary
gland randomly assigned to receive intraoperative ICG or be in the control group. All underwent
endoscopic endonasal transsphenoidal surgery. Pituitary function was assessed preoperatively, imme-
diately postoperatively, and 3—6 months postoperatively. Adenohypophysis function was evaluated
with hormonal tests (Cosyntropin stimulation test, TSH, fT3, fT4, prolactin, IGF-1, FSH, LH, and
testosterone in men) and neurohypophysis function with fluid balance, plasma and urine osmolality,
and serum and urinary sodium. (3) Results: Of the 34 patients (23 men, 11 women; average age
60.9 years), 5.9% in the ICG group developed diabetes insipidus postoperatively, compared to 23.5%
in the control group. Adenohypophysis function worsened in 52.9% of the ICG group and in 35.3%
of the control group. (4) Conclusions: Our study did not confirm the benefits of using ICG in these
surgeries. Further research with a larger sample is needed.

Keywords: pituitary; adenohypophysis; neurohypophysis; non-functioning macroadenomas; ICG
dye; endoscopic endonasal surgery; diabetes insipidus; pituitary—peripheral axis

1. Introduction

Pituitary adenomas are benign tumors of the anterior lobe of the pituitary gland. They
account for approximately 18% of all intracranial neoplasms and are the most common
tumors of the sellar region [1]. The prevalence of the disease in the general population
is estimated at 16.7% [2]. They are the third most common intracranial neoplasm requir-
ing surgery after gliomas and meningiomas [1]. Most pituitary adenomas are incidental
findings and do not require intervention other than follow-up. Prolactinomas are most
common (30-60%), followed by nonfunctioning adenomas (14-55%), growth-hormone-
secreting adenomas (8-15%), and corticotropin-secreting adenomas (2-6%). Thyrotropin-
and gonadotropin-secreting adenomas are extremely rare (<1%) [3]. Most of them occur
sporadically (95%). A small minority are familial or part of a specific syndrome, such as
multiple endocrine neoplasia types 1 and 4, McCune-Albright syndrome, Carney complex,
and X-linked acrogigantism [4].

Pituitary adenomas are classified according to their size and hormonal overproduction.
Those that are less than 1 cm in size are called microadenomas, those that are 1 cm or more in
size are called macroadenomas, and those that are more than 4 cm in size are called giant [5].
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Those pituitary adenomas that do not secrete hormones or whose hormone secretion does
not cause clinical symptoms are called nonfunctioning adenomas. Hormonally active
adenomas are referred to as functioning adenomas [6].

More sophisticated classifications have been developed to describe tumor invasion
into the sella-adjacent structures. The Hardy classification describes the invasion of the
sella floor [7]. A modified version by Willson, known as Hardy-Willson classification,
describes the suprasellar invasion, but it lacks utility for the purposes of surgical cure and
complication estimation [8]. Knosp’s classification describes invasion of the parasellar
space [9].

Patients with pituitary adenoma should be evaluated by a multidisciplinary team
including endocrinologists, ophthalmologists, and neurosurgeons. Surgical therapy is
indicated in cases where adenomas cause neurologic deficits due to the mass effect of the
lesion, show growth on follow-up MRI, or cause hormonal dysfunction [10]. An exception
is prolactionoma, where the first stage of treatment is conservative with dopamine ago-
nists [11]. Historically, pituitary adenomas were removed through a transcranial approach
followed by a microscopic transsphenoidal approach. In recent years, the endoscopic
endonasal transsphenoidal approach has become the gold standard for pituitary adenoma
surgery [12].

It is very important to distinguish normal pituitary tissue from adenoma. In this way,
maximal resection of the tumor can be achieved safely and with little risk of postoperative
complications due to pituitary damage. Histologic and imaging studies have shown
that normal pituitary tissue and pituitary adenoma have different vascular densities [13].
Adenomas have significantly lower capillary density compared with normal pituitary tissue.
Advances in intraoperative tumor imaging have demonstrated that the use of indocyanine
green (ICG) is of great benefit in endoscopic endonasal transsphenoidal pituitary adenoma
surgery [14]. After intravenous application, the dye binds to serum albumin and causes
fluorescence of vascular structures. The maximum emission wavelength of ICG in plasma is
820 nm [15]. Due to the dense vasculature of the pituitary gland and the small vasculature
of the adenoma, ICG is a promising pituitary marker [16].

In this study, we hypothesized that because of the easier intraoperative differentiation
between pituitary adenoma and the normal gland through interoperative ICG, the incidence
of postoperative hypopituitarism and fluid balance disorders should be lower. If this is
true, ICG will prove to be a valuable adjunct to endoscopic endonasal pituitary adenoma
surgery as it will provide better outcomes for patients.

2. Materials and Methods

Patients

This prospective randomized study was conducted at the Departments of Neuro-
surgery and of Endocrinology, Diabetes, and Metabolic Diseases, University Medical
Centre (UMC) hospital in Ljubljana, Slovenia. It was approved by the Slovenian Medical
Ethics committee (No. 0120-56/2019/6). In total, 34 patients were included in the study
during the period between February 2019 and October 2023. Patients were randomly
placed in two groups: a group that received ICG intraoperatively and a control group. All
patients signed written informed consent forms for inclusion in this study. An endoscopic
endonasal transsphenoidal approach for pituitary adenoma removal was performed on
all patients.

Indocyanine green material

The ICG compound was acquired from Serb pharmaceuticals, Paris, France. First,
25 mg of the compound was dissolved in 10 mL of sterile water. After exposure of the
intrasellar space, 5 mL of solution (12.5 mg of ICG) was injected intravenously as a bolus
during surgery and after macroscopic removal of the macroadenoma.
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Optics

At our institution, we use the Karl Storz rigid endoscope for endoscopic transsphe-
noidal surgeries. For the purpose of this study, an endoscope with ICG light detection was
used. The light source can be switched between white and near-infrared light intraopera-
tively using a foot switch.

Hormonal testing

At the Department of Endocrinology, Diabetes and Metabolic Diseases of the UMC
Ljubljana, pituitary function was examined before surgery, immediately after surgery, and
3-6 months after surgery. The function of the pituitary—peripheral axis was determined
through routine hormone tests: Cosyntropin stimulation test with cortisol basal and after
30 min, thyrotropin (TSH), free triiodothyronine (fI3), free thyroxine (fT4), prolactin
(PRL), insulin-like growth factor-1 (IGF-1), follicle-stimulating hormone (FSH), luteinizing
hormone (LH), and, in men, testosterone. We measured the fluid balance, the osmolality of
the first morning urine, plasma osmolality, and the serum sodium with the urinary sodium
in order to check water metabolism and the function of the neurohypophysis.

Hypopituitarism was defined as a condition in which one or more aspects of the
pituitary—peripheral axis was affected and the patient required hormone replacement ther-
apy. The assessment of hypopituitarism immediately after surgery is approximate, as all
patients receive prophylactic doses of hydrocortisone (10 mg at 8.00, 5 mg at 13.00, and 5 mg
at 17.00). Improvement was defined as when the therapy was reduced 3-6 months after
surgery compared with the preoperative or postoperative state. If the therapy 3—6 months
postoperatively was equal to the preoperative or postoperative therapy, we defined the con-
dition as being as stable as before surgery or after surgery. However, if the patient required
higher doses of therapy 3—-6 months postoperatively compared with the preoperative or
postoperative state, we classified it as deterioration. Diabetes insipidus was defined as a
condition where the patient required sublingual desmopressin therapy due to polyuria.
In contrast, syndrome of inappropriate antidiuretic hormone secretion was defined as a
condition in which the patient required fluid restriction due to low serum sodium levels in
combination with other established diagnostic criteria.

Radiologic evaluation

Contrast-enhanced MRI imaging of the head was performed preoperatively and
3-6 months postoperatively in all patients according to the sella region pathology protocol.
Tumor dimensions were measured in the transverse, sagittal, and coronal planes. Tumor
volume was calculated as half of the product of all three dimensions. Knosp classification
was determined using the coronal sequences, while the Hardy classification was determined
using the sagittal sequences.

Statistical analysis of the data

We analyzed the data using the statistical software SPSS 25 (IBM Corp., Armonk, NY,
USA). We considered p-values of less than 0.05 to be statistically significant.

Demographic and clinical characteristics of the patients, which were normally dis-
tributed, are presented with the mean and the standard deviation, while asymmetrically
distributed variables are presented with the median and the first and third quartiles. The
values of the descriptive variables are presented as relative and absolute frequencies.

To compare the proportions between the patient groups with and without ICG dye,
we used the chi-square test or Fisher’s exact test. The comparison of numerical variables
between the study groups was performed using the t-test for independent samples or the
non-parametric Mann-Whitney test. To compare the frequencies, we used the extended
Fisher’s exact test according to Freeman—-Halton. To compare the total number of axes
affected to the time of the control measurement, we used the dependent samples t-test and
the Wilcoxon signed ranks test.
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3. Results

In total, 34 patients were included in this study, 23 males (67.7%) and 11 females
(23.3%), aged between 33 and 81 years, with an average of 60.9 years. Demographic and
clinical data are presented in Table 1. There were no significant differences between the
groups based on the patients’ age, sex, or Knosp or Hardy classifications of the tumor. The
sizes of tumors showed statistically significant differences.

Table 1. Demographic and clinical characteristics of patients with nonfunctioning pituitary adenoma,
stratified by ICG application.

All ICG No ICG Value 1
n=234 n=17 n=17 p-vatue
Age, years 609 +11.2 62.7+£9.9 59.1 £ 124 0.360
Gender, n (%) 0.714
Male 23 (67.7) 11 (64.7) 12 (70.6)
Female 11 (32.4) 6 (35.3) 5(29.4)
Tumor size, mm? 7802 5130 10,473 0.041
¢ (2577-11,261) (2344-6026) (3753-16,273)
Knosp classification, n (%) 0.764
0 3(8.8) 2 (11.8) 1(5.9)
1 18 (52.9) 8(47.1) 10 (58.8)
2 8 (23.5) 5(29.4) 3 (17.6)
3 5(14.7) 2 (11.8) 3 (17.6)
Hardy classification, n (%) 0.817
1 5(14.7) 3 (17.6) 2 (11.8)
2 9 (26.5) 4 (23.5) 5(29.4)
3 10 (29.4) 6 (35.3) 4 (23.5)
4 10 (29.4) 4 (23.5) 6 (35.3)

Numerical variables are presented as mean + standard deviation or median (first-third quartile). ICG = indocya-
nine green dye. ! p-value for comparison between patient groups with ICG and without ICG.

We assessed the function of the neurohypophysis by evaluating fluid balance, the
osmolality of morning urine, the plasma osmolality, and the serum sodium with the urinary
sodium. Table 2 shows a comparison of the two quantities measured between the two
groups of patients and between the controls.

Table 2. Fluid balance before surgery, immediately after surgery, and 3—6 months after surgery.

ICG Group No ICG Group P1 P2 P3
3-6 3-6 ICG v Control
Pre-OP Post-OP Months Pre-OP Post-OP Months Nol CZ Measure- Interaction
Post-OP Post-OP ment
Fluid balance, n (%)
No complication 17/17(100) 12/17(70.6) 16/17(94.1) 17/17(100) 12/17(70.6) 13/17(76.5) 0.210 0.116 0.258
Complication 0/17(0)  5/17(29.4)  1/17 (5.9) 0/17(0)  5/17(29.4)  4/17 (23.5)
Fluid balance complication, n (%) - -
Diabetes insipidus - 3/5 1/1 - 4/5 4/4 0.148 0.399 0.399
SIADH - 2/5 0/1 - 1/5 0/4 - -

ICG = indocyanine green dye, OP = operation, SIADH = syndrome of inappropriate antidiuretic hormone
secretion, p1 23 = influence of ICG dye and control measurement time (only post-OP and 3-6 months post-OP)
on fluid balance complication in a generalized linear model, p;, p, = statistical significance of main effects,
p3 = statistical significance of interaction between main effects.

The presence of hypopituitarism was assessed at all three control measurements, i.e.,
before surgery, immediately after surgery and 3—6 months after surgery. The incidence of
hypopituitarism, shown separately according to the patient group, is shown in Table 3.
If hypopituitarism was compared between all three measurements, the output was cat-
egorised in five ways 2. However, it is much less complicated if we only compare the
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preoperative state with the 3-6-month postoperative state. If we only compared those two
states, the result was categorized in three ways 3.

Table 3. Incidence of hypopituitarism before adenoma surgery, immediately after surgery, and
3-6 months postoperatively after OP, separated according to ICG application.

ICG No ICG

n=17 n=17 p-Value !
HP before OP, n (%) 0.3
No 8 (47.1) 6 (35.3)
Yes 9(52.9) 11 (64.7)
HP after OP, n (%) -
No 0 (0) 0 (0)
Yes 17 (100) 17 (100)
HP 3-6 months after OP 2, n (%) 0.822
Not detectable 5/17 (33.3) 3/17 (18.8)
Improvement 2/17 (13.3) 2/17 (12.5)
As after OP (HP already before OP) 1/17(6.7) 3/17 (12.5)
After OP (HP occurs after OP) 1/17 (6.7) 3/17 (18.8)
Deterioration 8/17 (40.0) 6/17 (37.5)
HP 3-6 months after OP 3, n (%) 1
Improvement 1/17 (5.9) 1/17 (5.9)
Steady state 6/17 (35.3) 6/17 (35.3)
Deterioration 10/17 (58.8) 10/17 (58.8)

HP = hypopituitarism, ICG = indocyanine green dye, OP = operation. ! p-values for comparison of proportions
between patient groups with ICG and without ICG ? comparison of the three control measurements. > Comparison
of preoperative and 3-6-month postoperative status.

We compared the number of affected pituitary—peripheral axes before surgery and
3-6 months after surgery. A statistically significant difference in the number of affected
axes between the two groups was confirmed in the control 3-6 months after surgery. No
significant difference in the number of affected axes between the groups was confirmed in
the preoperative examination (Table 4).

Table 4. Number of affected axes before operation (OP) and 3-6 months after OP in the groups with

and without ICG dye.
Number of Before OP 3-6 Months after OP
Axes Affected Total ICG No ICG Total ICG No ICG
0 14 (41.2) 8 (47.1) 6 (35.3) 8 (23.5) 5(29.4) 3 (17.6)
1 5(14.7) 2 (11.8) 3(17.6) 6 (17.6) 3(17.6) 3(17.6)
2 10 (29.4) 3 (17.6) 7 (41.2) 7 (20.6) 0(0) 7 (41.2)
3 3(8.8) 3 (17.6) 0 (0) 10 (29.4) 8 (47.1) 2 (11.8)
4 2 (5.9) 1(5.9) 1(.9) 3(8.8) 1(.9) 2 (11.8)
p-value 0.3 0.013

ICG = indocyanine green dye, OP = operation. Values in the table are frequencies (%). p-value for comparison
between groups with and without ICG using Fisher-Freeman-Halton exact test.

We also compared the mean number of affected axes between the two groups before
surgery and 3-6 months after surgery. The number of affected axes was statistically
significantly different between the two control groups: 3—6 months after surgery, the mean
number of affected axes was statistically significantly higher (1.82) than before surgery
(1.24). We did not confirm a difference in the mean number of axes affected between the
two patient groups (Table 5).

We were also interested in how often each type of pituitary—peripheral axis is affected
before surgery and 3-6 months after surgery. The results are presented in Table 6.
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Table 5. Comparison of the mean value of the number of affected axes between the group with ICG
and the group without ICG.

Number of Axes Before OP 3-6 Months after OP pz
Affected Total ICG No ICG p! Total ICG No ICG Pt
Average + SE 124+022 1244034 1244028 1 1.824+023 1.82+036 1.82-+0.30 1 0.003
Median 1(0,2) 1(0,2.5) 1(0,2) 0919 2(0.75,3)  3(0,3) 2(1,25) 0892  0.003

(first, third quartile)

1—p value for the comparison between the ICG group and the non-ICG group using t-test for independent
samples and Mann-Whitney test. >—p value for the comparison between the total number of affected axes
before and 3-6 months after OP with the t-test for the dependent sample and the Wilcoxon signed rank test. The
interaction between the main factors ‘control measurement’ (before and 3—6 months after OP) and “patient group”
(with and without ICG) in the repeated measures analysis of variance model was statistically non-significant (p =
1). ICG = indocyanine green dye, OP = operation, SE = standard error.

Table 6. Type of affected axis before OP and 3—-6 months after OP in groups with and without

ICG dye.
Before OP 3-6 Months after OP
Axis Type
Total I1CG No ICG Total I1CG No ICG

Tyroid axis 15 8 7 19 9 10
Adrenal axis 10 5 5 18 10 8
Gonadal axis 14 7 7 18 9 9
Somatotropic axis 2 1 1 7 3 4
Prolactin axis 0 0 0 0 0 0

The values in the table are absolute frequencies. ICG = indocyanine green dye, OP = operation.

Below are graphs comparing pituitary—peripheral axis involvement before and
3-6 months after surgery for all patients (Figure 1), the ICG group (Figure 2), and the
control group (Figure 3) according to Table 6.

We were interested in the impact of demographic and clinical characteristics of patients
on the outcome of pituitary adenoma surgery. The outcome was defined as the presence
of the following conditions: hypopituitarism 3-6 months after surgery (yes vs. no) and
diabetes insipidus 3-6 months after surgery (yes vs. no). The results are shown in Table 7.

Pituitary-peripheral axes of all patients, before and 3-
6 months after operation (OP)
20

15
| I I I
, -I

Tyroid axis Adrenal axis Gonadal axis Somatotropic axis  Prolactin axis

L]

LA

M Before OF W After OP

Figure 1. Pituitary—peripheral axis involvement before and 3-6 months after OP for all patients
according to Table 6. OP = operation.
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Pituitary-peripheral axes of ICG group, before and 3-6
months after operation (OP)
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Figure 2. Pituitary—peripheral axis involvement before and 3-6 months after OP for ICG group
according to Table 6. OP = operation.

Pituitary-peripheral axes of control group, before and
3-6 months after operation (OP)
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Figure 3. Pituitary—peripheral axis involvement before and 3-6 months after OP for control group
according to Table 6. OP = operation.

Table 7. The impact of demographic and clinical characteristics on surgical outcome, assessed using
a logistic regression model !.

Hypopituitarism Diabetes Insipidus
Factor

OR (95 % CI) 4 OR (95 % CI) 4
Age 1.04 (0.96-1.12) 0.337 1.03 (0.94-1.13) 0.518
Gender 2.86 (0.53-16.67) 0.223 2.18 (0.20-23.79) 0.522
Tumor size 1.00 (0.99-1.00) 0.101 1.00 (1.00-1.00) 0.169
Knosp 4.15 (0.96-17.86) 0.056 0.59 (0.16-2.13) 0.418
Hardy 2.48 (0.90-6.76) 0.078 0.53 (0.18-1.52) 0.235

ICG = indocyanine green dye, CI = confidence ratio, OR = odds ratio. ! p-values for each factor are adjusted for
the group of patients with and without ICG.

57



Diagnostics 2024, 14, 1863

4. Discussion

The use of ICG dye in pituitary macroadenoma surgery is a relatively new technique.
Some authors have already described the potential benefits of using this method [16-21].
We present the first prospective randomized trial comparing the outcomes of endoscopic
endonasal transsphenoidal surgery with and without the use of ICG.

In our study, we did not find a better result of the operations with ICG dye compared
to the conventional method. Litvac et al. have already shown in 2012 that ICG is a good
potential marker for the pituitary gland [16]. This was confirmed in our study, as in all
17 patients who received ICG during surgery, the pituitary gland started to fluoresce after
about half a minute, while the tumor tissue remained unstained. This is the so-called
“early window”. Jeon et al. described the concept of a late or second window [22]. If the
patient receives the dye 16-30 h before surgery, it is thought that the dye is absorbed into
the adenoma due to the increased permeability of the tumor microcirculation, but this
was not tested in our study. Despite the fact that the pituitary gland stains better with
ICG and is therefore easier to distinguish from the tumor, we did not find any statistically
significant differences in postoperative outcomes between the two groups in our study.
The differentiation between the adenoma and the pituitary gland is already reliable under
white light. The adenoma tends to be pale grey, softer, and easier to aspirate [23,24].
Therefore, the surgical technique was not significantly different between the two groups.
However, in the few cases in the control group, we encountered a piece of tissue when
removing the adenoma where we were not sure whether it was healthy pituitary tissue or a
tumor. In such cases, we are in a dilemma: either we remove the suspicious tissue and risk
hypopituitarism or we leave it and risk a remnant or recurrence. These are the cases where
the potential benefit of ICG could be demonstrated. However, as there are few such cases,
the sample size would need to be much larger to collect a sufficient number of doubtful
cases.

In our study, we did not find a lower incidence of diabetes insipidus with the use of ICG
dye. Diabetes insipidus, which may be transient or permanent, is one of the more common
complications of endoscopic transsphenoidal surgery for pituitary macroadenomas. Zhan
etal. published a large study of a total of 313 patients in whom postoperative complications
were observed after endoscopic surgery for nonfunctioning adenomas [25]. They observed
that diabetes insipidus occurred in 15.6% in the early postoperative period, while persistent
diabetes insipidus was observed in 3.8%. In our study, we observed a total of seven (20.6%)
cases of early postoperative diabetes insipidus, of which three (17.6%) were in the ICG
group and four (23.5%) were in the control group. Permanent diabetes insipidus was
present in one (5.9%) patient in the ICG group and in four (23.5%) patients in the control
group. The proportion of diabetes insipidus in the ICG group is comparable to the results
of Zhan's study, but a higher proportion of patients with both transient and permanent
insipidus was observed in the control group. Because Zhan et al. also included 53 (16.9%)
patients with pituitary microadenomas, it is not unexpected that they obtained slightly
better results. All of our patients had macroadenomas. The incidence of diabetes insipidus
after endoscopic pituitary macroadenoma surgery was also studied by Kadir et al. [26].
They included 33 patients, which is almost identical to our sample size, so the results are
more comparable. They described a 33.4% incidence of diabetes insipidus in the early
postoperative period. Persistent diabetes insipidus was not described. In our study, as
already stated above, 20.6% of patients had diabetes insipidus in the early postoperative
period, of which 3/17 (17.6%) were from the ICG group and 4/17 (23.5%) were from the
control group. Permanent diabetes insipidus was present in 1/17 (5.9%) patients from
the ICG group and in 4/17 (23.5%) patients from the control group. Nevertheless, the
statistical comparison of the samples showed no significant difference between the two
groups, as shown in Table 2. We assume that a larger sample of patients could have
shown a statistically significant difference. In their study of 271 patients with pituitary
adenoma undergoing endoscopic surgery, Nayak et al. found that tumor size, suprasellar
growth, and preoperative visual disturbances were positive predictors of the development
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of postoperative diabetes insipidus [27]. Our study partially confirmed this finding, as
we found suprasellar tumor growth in four out of a total of five patients with persistent
diabetes insipidus. Preoperative visual field loss was present in three of the five patients,
but, in contrast, only one of our five patients with persistent diabetes insipidus had a tumor
larger than the average of our sample.

In addition to diabetes insipidus, we also recorded the occurrence of SIADH. Accord-
ing to literature data, SIADH occurs in 4-23% of cases after endoscopic surgery of pituitary
adenomas [28-30]. It is usually transient and resolves within a few weeks. In our study,
we found three (8.8%) cases of STADH, with two in the ICG group and one in the control
group (Table 2). In all cases, it disappeared shortly after surgery. Our results regarding
SIADH are therefore comparable with the literature. We could not find a statistically
significant difference between the two groups, so we cannot claim that the intraoperative
use of ICG leads to a better outcome regarding the occurrence of SIADH compared to the
conventional method.

We also found no statistically significant difference between the two groups with
regard to adenohypophysis function. In the literature, postoperative hypopituitarism has
been reported in 1.4 to 19.8% [25]. In our study, the incidence of this complication was
higher (Table 3). Preoperatively, the pituitary gland was functioning normally in only
14 of 34 patients (41.2%) and 3-6 months postoperatively in only 8/34 patients (23.5%).
New-onset hypopituitarism was therefore noted in 6/14 patients (42.9%), 3 of whom were
in the ICG group and 3 of whom were in the control group.

We were interested in the number of pituitary—peripheral axes affected (Table 4).
Overall, 9/17 (52.9%) patients in the ICG group and 6/17 (35.3%) in the control group
deteriorated after surgery. There is also a statistically significant difference in the num-
ber of affected axes between the two groups 3-6 months after surgery. However, upon
closer analysis, we find that this statistically significant difference only means that the
frequencies are differently distributed between the ICG and non-ICG groups, with the ICG
group having a significantly higher proportion of cases of 0 and 3 pituitary—peripheral
axis involvement, while the control group has a significantly higher proportion of 2 axis
involvement. It cannot be argued that the final outcome of one group is better or worse
compared to the other. When we compare the mean values of the affected axes, we see
that there is no statistically significant difference between the groups (Table 6). A statis-
tically significant difference occurs when comparing the mean number of affected axes
of all patients before surgery with the mean number of affected axes after surgery. This
means that our patients had a proven higher incidence of hypopituitarism 3-6 months after
surgery regardless of the use of ICG. We also looked at the involvement of each pituitary—
peripheral axis (Table 6). Mavromati et al. published a study in which they examined the
surgical outcome of nonfunctioning pituitary macroadenomas according to the number of
axes involved [31]. Patients were operated on using a combined microscopic—endoscopic
approach. Of the 137 patients, 33% had no hypopituitarism preoperatively, 62.4% had hy-
pogonadism, 41% had hypothyroidism, 30.8% had adrenal axis insufficiency, and 29.9% had
growth hormone deficiency. Meanwhile, 3-6 months after surgery, 10% of patients had a
new insufficiency of at least one of the pituitary—peripheral axes, 40.8% had hypogonadism,
29.3% had hypothyroidism, 27.4% had adrenal insufficiency, and 17% had growth hormone
deficiency. In our study, we came to different results. The proportion of defects in the
pituitary—peripheral axis before surgery is comparable, with 44.2% having hypogonadism,
44.1% with hypothyroidism, 29.4% with adrenal insufficiency, and 5.9% with growth hor-
mone deficiency. However, 3-6 months after surgery, all of our axes showed deterioration
in contrast to the study published by Mavromati et al. Postoperatively, 52.9% had hy-
pogonadism, 55.9% had hypothyroidism, 52.9% had adrenal insufficiency, and 20.6% had
growth hormone deficiency. There were no significant differences between our two groups.
For each axis, approximately half of the patients were from the ICG group and the other
half were from the control group.
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We also investigated the influence of patient demographic and clinical characteristics
on the outcomes of surgery for nonfunctioning pituitary macroadenomas, independent of
the use of ICG. We were interested in hypopituitarism and diabetes insipidus as endpoints.
The results are shown in Table 7. We were unable to demonstrate statistical significance
in any of the parameters measured. However, borderline statistical significance (p < 0.1)
was found in some cases. Regarding age, we cannot claim that it has an influence on the
occurrence of hypopituitarism and diabetes insipidus. For gender and tumor size, we
could not even detect borderline statistical significance. However, tumor size approached
borderline statistical significance for postoperative hypopituitarism outcomes. For every
one increase in the Knosp classification level, the probability of hypopituitarism 3-6 months
after pituitary adenoma surgery increased 4.15-fold. Similarly, the probability of hypopi-
tuitarism 3—-6 months after pituitary adenoma surgery increased 2.48-fold for every one
increase in Hardy classification level. The Knosp and Hardy classifications showed no
borderline significance for diabetes insipidus.

The main weakness of our study is the small number of patients included, which is
partly due to the COVID-19 pandemic, when many patients with pituitary macroadenomas
did not undergo surgery [32]. In addition, our results were affected by the initial inexperi-
ence of the surgical team in using the new equipment supporting ICG optics. We used a
no-rinse endoscope, and it was often necessary to manually wipe the endoscopic camera
during surgery, which disrupted the thread of the procedure. Also, when using ICG dye,
the endoscope is slightly thicker than a conventional endoscope, so it provides less room
for maneuvering, which can complicate the surgery. Another weakness of the study is
the statistically significant higher volume of macroadenomas in the control group despite
randomization in the group. We calculated the volume by measuring the largest dimen-
sions of the tumor in the axial, sagittal, and coronal planes through magnetic resonance
imaging according to the protocol for pituitary tumors, multiplied these measurements,
and divided the result by half [33]. The mean volume in the ICG group was 5130 mm?,
and in the control group it was 10473 mm3. When comparing the individual cases, we
found that the largest case clearly stood out in terms of tumor size. The volume of the
largest case was 34,965 mm?>, while the average volume was 7802 mm?, which is more than
four times smaller. When we excluded the largest case from the analysis, there was no
longer a statistically significant difference in volume between the groups. Below are coronal
images showing the largest case and a case that was closest in volume to the average value
(Figure 4).

1 AV ‘

Ay -
Largest case: 34,965 mm3 Average case: 7439 mm?

Figure 4. Coronal images showing the largest case (left) and average case (right).

The advantage of our study is that all patients were operated on by the same neuro-
surgeon, so there could not have been different results between the patients due to the
different experience of the surgeons. Furthermore, the surgical approach and technique
were always the same. All of the diagnostic laboratory and radiological measurements of
the study are standard and performed in all related institutions, so the reproducibility and
comparability of the study with other studies of this kind are very simple and practically
perfect. It is also worth emphasizing once again that, to our knowledge, we present the
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first prospective, randomized study comparing conventional and fluorescence-guided
endoscopic transsphenoidal surgery for pituitary macroadenomas. We hope that it will be
a trigger for further research in this field.

5. Conclusions

The results of our study did not confirm that the use of ICG dye in endoscopic
endonasal transsphenoidal surgery of nonfunctioning pituitary macroadenomas reduces
the incidence of hypopituitarism, diabetes insipidus, or SIADH. Therefore, none of our
hypotheses can be confirmed. We suggest that the benefit of ICG dye in this type of surgery
could be better evaluated in prospective, randomized, and preferably multicenter trials
with a larger number of patients.
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Abstract: Background: Successful treatment of spinal dural arteriovenous fistulas (SDAVF) requires
prompt diagnosis with definitive fistula localization and non-delayed treatment. Magnetic resonance
imaging (MRI) is used for the screening and follow-up of SDAVF, although the value of MRI signs
such as myelopathy and flow voids is controversial. Therefore, we investigated the predictive
value of MRI signs pre- and post-treatment and their correlation with the neurological status of
SDAVF patients. Methods: We retrospectively analyzed the clinical records of 81 patients who
underwent surgical or endovascular treatment for SDAVF at our hospital between 2002 and 2023.
A total of 41 SDAVF patients with follow-up MRI of 4.6 [2.9-6.5] months (median [interquartile
range]) post-treatment and clinical follow-up of 3, 6, and 12 months were included. Results: The
extent of pretreatment myelopathy was seven [6-8] vertebral levels, with follow-up MRI showing no
myelopathy in 70.7% of cases. The pretreatment flow voids extended over seven [4.5-10] vertebral
levels and completely disappeared on follow-up MRI in 100% of cases. The modified Aminoff-Logue
scale of disability (mALS) was four [2-7] pretreatment and two [0—4.5] at the third follow-up, with
improvement in 65.9% of patients. The American Spinal Injury Association motor score (ASIA-MS)
was 97 [88-100] pretreatment and 100 [95-100] at the third follow-up assessment, with 78% of patients
improving. Pretreatment ASIA-MS correlated with the extent of myelopathy at admission (Rz: 0.179;
95% CI: —0.185, —0.033; p = 0.006) but not with flow voids at admission, while pretreatment mALS
showed no correlation with either MRI signs. The improvement in ASIA-MS and mALS between
admission and the last follow-up showed no correlation with the extent of pretreatment myelopathy
and flow voids or with pos-treatment MRI changes. The diagnostic sensitivity of magnetic resonance
angiography (MRA) for localization of the fistula was 68.3% (28/41). Conclusions: The severity of the
clinical condition in SDAVF patients has a multifactorial cause, whereby the ASIA-MS correlates with
the extent of myelopathy pretreatment. MRI changes after treatment showed no correlation with the
clinical outcome and cannot be used as a prognostic factor.

Keywords: SDAVF; spinal arteriovenous fistula; myelopathy; endovascular treatment; surgical
treatment; spinal cord edema; spinal angiography
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1. Introduction

Spinal dural arteriovenous fistula (SDAVF) results from a spinal anomalous connection
between radiculomeningeal arteries and radicular veins, leading to venous hypertension
and myelopathy [1-7]. Diagnosis is often delayed and made after misdiagnosis has led
to unnecessary invasive procedures or inadequate treatment [5,6,8]. Magnetic resonance
imaging (MRI) is used for screening and follow-up of SDAVF, although digital subtraction
angiography (DSA) remains the gold-standard diagnostic procedure and is needed to
identify the spinal location of the fistula and confirm the diagnosis [9,10]. Treatment
consists of surgical or endovascular closure of the fistula, with surgery being the treatment
of choice [11-13].

A combination of gait disturbances, lower limb weakness, back pain, sensory distur-
bances (paresthesia, hypesthesia, anesthesia, or hyperesthesia), and bowel and bladder
dysfunction characterizes the clinical manifestations of SDAVF [10]. The onset of these
symptoms is progressive, with a gradual deterioration over a period of 6 months to 2 years,
although rapid deterioration has also been reported [14]. The aim of treatment is to inter-
rupt the fistulous arterial and venous points [15-19].

Prompt diagnosis with definitive localization of the fistula and timely treatment are
required for clinical improvement in SDAVF patients [20-25]. The association between
MRI signs such as myelopathy and flow voids on pre- and post-treatment MRIs on the
one hand and the clinical condition and outcome of the SDAVF patient on the other
remains unclear [26]. Some previous studies have reported that the extent of myelopathy
and flow voids on pretreatment MRI reflects the severity of neurological dysfunction at
admission [27,28]. Other studies claim the opposite [29,30]. Few studies have addressed the
value of post-treatment MRI for the clinical outcome of SDAVF [26]. In the present study,
we used a retrospective design to evaluate the predictive value of pre- and post-treatment
MRI signs in patients with SDAVF after successful treatment.

2. Materials and Methods
2.1. Study Design and Patient Data
2.1.1. Study Design

We conducted a retrospective analysis of patients with SDAVF who underwent surgery
or endovascular treatment at our endovascular and spine center between 2002 and 2023.
Patients with suspected SDAVF on MRI (vascular myelopathy and flow voids), corre-
sponding symptoms (gait dysfunction, sensory disturbances, motor deficits, bowel and
bladder dysfunction, or back pain), and evidence of SDAVF on spinal DSA were included
in the study. A total of 81 patients with SDAVF were identified, of whom 65 underwent
follow-up MRI after surgical or endovascular occlusion of SDAVE. Follow-up MRI was only
performed in 44 patients between three weeks and one year, with 3 patients presenting
documented findings, but the images were no longer available in the picture archiving and
communication system (PACS). A total of 41 patients with a successfully treated SDAVF
and available follow-up MRI images between three weeks and one year were included
(Figure 1). Patients without evidence of SDAVF or follow-up MRI within the first three
weeks or after one year were excluded.

2.1.2. Patient Data and Institutional Review Board

The local ethics committee of the University Hospital Carl Gustav Carus in Dresden
reviewed and approved our study (Ref: BO-EK-437102023). Patient data were collected via
the ORBIS system (ORBIS, Dedalus, Bonn, Germany) and imaging examinations via the
local PACS system (IMPAX, Impax Asset Management Group plc, London, UK). Spinal
MRI, magnetic resonance angiography (MRA), and DSA were available in the IMPAX for
review and assessment.
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Figure 1. Study design: This figure shows our study design. MRI: magnetic resonance imaging;
MRA: magnetic resonance angiography; DSA: digital subtraction angiography.

The following data were collected from the electronic medical records: age; gender;
time from symptoms to MRI diagnosis; time from MRI diagnosis to surgery or embolization;
history of comorbidities (vascular disease, coronary artery disease, stroke, hypertension,
degenerative spine disease, bleeding medications, corticosteroid use and body mass index
(BMI)); pre- or post-treatment MRI/MRA /DSA; number of incomplete or failed closures;
number of secondary treatments performed (surgical or endovascular); complications
related to treatment or hospitalization; side of fistula; location of fistula; first symptom;
neurological status pretreatment, at the time of discharge, at first follow-up (3 months
after treatment), at second follow-up (6 months after treatment), and at third follow-up
(12 months after treatment); the American Spinal Injury Association motor score (ASIA-MS);
and the modified Aminoff-Logue scale of disability (mALS).

2.2. Clinical Management

Clinical symptoms such as back pain and gait, sensory, motor, bowel, or bladder
dysfunction, in conjunction with myelopathy and flow voids on MRI/MRA, are the basis
for the diagnosis of SDAVE. Each case was discussed on a multidisciplinary board with
neurointerventional radiologists and neurosurgeons, and the diagnosis was confirmed by
spinal DSA. If two therapeutic options were considered, the patient was usually informed
and educated about both treatment options, and the decision about the procedure was left
to the patient. Endovascular treatment was preferred as a less invasive procedure in our
hospital until around 2012. At that time, surgical treatment was suggested if endovascular
treatment failed or was not feasible (vertebral artery or Adamkiewicz proximity with
unintended risk of embolism). Since around 2012, surgical treatment has been the treatment
of choice in our hospital, and endovascular therapy has been considered as an alternative.

In all cases, DSA and MRI/MRA were carefully reviewed by the neurosurgeon and
a neurointerventional radiologist prior to treatment to determine the exact location and
side of the fistula. Post-treatment spinal DSA and MRA /MRA were always performed
after endovascular treatment. In most cases, a DSA and/or MRI/MRA were performed
within the first three days after surgical treatment to assess fistula closure and any post-
treatment complications. At 3, 6, and 12 months after surgical or endovascular treatment,
an MRI/MRA was recommended to assess the disappearance of myelopathy and the
regression of abnormal flow voids.
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2.3. Illustrative Case

A 54-year-old woman presented with a one-month history of progressive gait dis-
turbance, bowel and bladder dysfunction, and saddle anesthesia. The possible walking
distance without a break was 200 m. There was also a slight paresis of the hip flexor and
big toe extensor on the right side (ASIA-MS: 98, mALS: 6). The patient was admitted
to the hospital by her general practitioner. On the day of admission, we performed a
spinal MRI/MRA and DSA, which showed a DSAVF at the Th12/L1 level on the right. On
the same day, the patient developed a rapidly progressing high-grade paraparesis with
complete urinary and fecal incontinence (ASIA-MS: 70, mALS: 11). Emergency surgical
treatment was performed via hemilaminectomy and closure of the right Th12 SDAVF with-
out complications. Post-treatment DSA showed complete obliteration of the fistula, and
MRI revealed no further flow voids and a reduction in myelopathy. The patient could be
mobilized on the ward floor. After 2 months, the patient presented to the emergency room
without motor deficits (ASIA-MS 100) but with a renewed deterioration of gait (gait score
in mALS: 2) and persistent saddle anesthesia and leg paresthesia. The MRI showed further
regression of the myelopathy and no signs of SDAVF recurrence. The gait disturbance
improved spontaneously, and the patient was discharged home. At the second follow-up
assessment (after 6 months), the MRI showed no myelopathy, but the patient still had a
gait disturbance. A return to work was no longer possible. This case is the only one from
our center with a rapid deterioration within one day, which we do not know in this form
for this disease (Figures 2 and 3).

Figure 2. Case illustration: Sagittal T2-weighted MR image shows (A) preoperative spinal cord

edema and flow voids (yellow arrow), (B) decrease in spinal cord edema and disappearance of
flow voids immediately after operation (yellow arrow), (C) further decrease in spinal cord edema
two months after operation (yellow arrow), (D) no myelopathy and no flow voids six months after
operation (yellow arrow).
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Figure 3. Case illustration: The images of three-dimensionally reconstructed digital subtraction

angiography (DSA) of the spine ((A—C): coronary, (D,E): sagittal, and (F): axial) show the fistula
location at the level of Th 12 on the right side as well as the flow voids (yellow arrows). Image
(G) shows the preoperative SDAVF in conventional DSA with flow voids (yellow arrow), and image
(H) demonstrates the postoperative absence of the SDAVE. The magnetic resonance angiography
images ((I-K): coronary and (L): axial) show the fistulous point at the level of Th 12 on the right side
as well as the flow voids (yellow arrow).

2.4. Statistical Analysis

Statistical analysis of the data was performed using the SPSS software package (SPSS
Statistics 29, IBM, Armonk, New York, NY, USA). Descriptive statistics were used, and
categorical variables were tested by Fisher exact tests or chi-square tests. Numerical
variables were analyzed with Mann—Whitney U tests. All statistical tests were two-sided,
and a p value < 0.05 was considered statistically significant.

A linear regression analysis was performed to evaluate the correlation between the
extent of myelopathy and flow voids before treatment on the one hand and pretreatment
mALS and ASIA-MS, post-treatment mALS and ASIA-MS, and improvement in mALS
and ASIA-MS on the other hand. In addition, a binary logistic regression analysis was
performed to determine the correlation between the improvement in myelopathy and flow
voids at follow-up MRI and the improvement in mALS and ASIA-MS at the last follow-up.

3. Results
3.1. Patient Characteristics

Our study population consisted of 11 women (26.8%) and 30 men (73.2%) with an
age of 65.9 [54.5-73.5] years (median [interquartile range]). The duration from symptoms
to MRI diagnosis was 7 [2.5-24] months, and the time from suspected MRI diagnosis to
surgical or endovascular treatment was 15 [9-34.5] days (Table 1).
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Table 1. Baseline characteristics.

Variable

Value

Age, median [IQR]
Female gender, 1 (%)

65.9 [54.5-73.5] y
11 (26.8%)

Time from symptom to MRI diagnosis, median [IQR] 7[2.5-24] m
Time from MRI diagnosis to treatment, median [IQR] 15[9-34.5]1d
Myelopathy extension at admission on MRI, median [IQR] 7[6-8] v
Absence of myelopathy on FU MRI, 7 (%) 29 (70.7%)
Flow void extension at admission on MRI, median [IQR] 7 [4.5-10] v
Absence of flow voids on FU MRI, # (%) 41 (100%)
mALS at admission, median [IQR] 4[2-7]
mALS at third FU, median [IQR] 2 [0-4.5]
ASIA-MS at admission, median [IQR] 97 [88-100]
ASIA-MS at third FU, median [IQR] 100 [95-100]
Interval between treatment and FU MRI, median [IQR] 4.6 [2.9-6.5] m
Fistulous point:
Cervical, n (%) 3(7.3%)
Upper thoracic, 1 (%) 7 (17.1%)
Lower thoracic, n (%) 17 (41.5%)
Lumbar, n (%) 12 (29.2%)
Sacral, 1 (%) 2 (4.9%)
Side of fistula, n R:22,1:18,B: 1
Incomplete or failed occlusion, 1 (%) 2 (4.9%)
Treatment- or hospital-related complications, 1 (%) 6 (14.6%)
Improvement in mALS between admission and last FU, 1 (%) 27 (65.9%)
Improvement in ASIA-MS between admission and last FU, n 30 (789
(%) (78%)
Diagnostic sensitivity of MRA to locate the fistula, 1 (%) 28 (68.3%)
Surgery vs. embolization, 1 (%) 36 (87.8%) vs. 5 (12.2%)

BMI 27.5 [24.9-30.3] kg /m?

IQR: interquartile range; MRI: magnetic resonance imaging; MRA: magnetic resonance angiography; n: number;
y: year; m: month; d: day; v: vertebral body; mALS: modified Aminoff-Logue scale of disability; ASIA-MS:
American Spinal Injury Association motor score; FU: follow-up; BMI: body mass index; R: right; L: left; B: both.

The extent of myelopathy at admission was seven [6-8] vertebral levels, and in 70.7%
of patients (1: 29), there was no evidence of myelopathy on follow-up MRL The interval be-
tween treatment and follow-up MRI was 4.6 [2.9-6.5] months. The flow voids at admission
were extended along seven [4.5-10] vertebral levels and were 100% completely absent on
follow-up MRI (median 4.6 months).

The mALS score at admission was 4 [2-7] and 2 [0—4.5] at the third follow-up, with
an improvement in mALS between admission and the last follow-up observed in 65.9% of
patients (n: 27). The ASIA-MS at admission was 97 [88-100] and 100 [95-100] at the third
follow-up, with an improvement in ASIA-MS between admission and the last follow-up
seen in 32 patients (78%).

The majority of fistulas were located in the lower thoracic (17, 41.5%), followed by the
lumbar (12, 29.2%), upper thoracic (7, 17.1%), cervical (3, 7.3%), and sacral (2, 4.9%). There
were 18 left fistulas, 22 right fistulas, and 1 bilateral fistula. Two patients (4.9%) had an
initial incomplete or failed occlusion, which was then occluded definitively with a second
procedure.

Treatment- or hospital-related complications were reported in 14.6% of patients (n:
6). The diagnostic sensitivity of MRA to locate the fistula was 68.3% (n: 28). Surgery was
performed in 36 patients (87.8%) and embolization in 5 patients (12.2%). The BMI was 27.5
[24.9-30.3] kg/m?.

3.2. Myelopathy and Flow Voids

We used simple linear regression analysis to identify the correlation between the
extent of myelopathy at admission on the one hand and clinical symptoms before treatment
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and one year after treatment using ASIA-MS and mALS on the other. A correlation was
only observed between ASIA-MS and the extent of myelopathy (R2: 0.179; 95% CI: —0.185,
—0.033; p = 0.006, Table 2). The improvement in ASIA-MS and mALS between admission
and the last follow-up showed no correlation with the extent of myelopathy. The extent of
flow voids showed no correlation to the clinical features or outcomes of SDAVE.

Table 2. Correlation between MRI signs and clinical features and outcomes of SDAVF patients.

Simple Linear Regression

B (95% CI) SE B R? p

Associated Variable

Extent of pre. myelopathy 100 (185 0033 0037 —0423 0179  0.006

Pre. ASIA-MS
Third FU ASIA-MS —0.058 —0.187,0.071 0.062 —0.212 0.045 0.357
Improved ASIA-MS 0.410 —2.072,2.892 1.227 0.053 0.003 0.740
Pre. mALS 0.319 —0.002, 0.641 0.159 0.306  0.094 0.052
Third FU mALS 0.331 —0.172,0.834 0.240 0302 0.091 0.184
Improved mALS —0.503 —2.666, 1.661 1.070 —0.075 0.006 0.641

Extent of pre. Flow voids

Pre. ASIA-MS —0.075 —0.168, 0.018 0.046 —0.251 0.063 0.113
Third FU ASIA-MS —0.003 —0.140,0.134 0.065 —0.012 0.000 0.960
Improved ASIA-MS —0.375 —3.229, 2.479 1.411 —0.430 0.002 0.792
Pre. mALS 0.195 —0.189, 0.578 0.189 0.162 0.026 0.311
Third FU mALS 0.117 —0.429, 0.662 0.261 0.102 0.010  0.660
Improved mALS —0.011 —2.504,2.483 1.233 —0.001 0.000 0.993

B: unstandardized coefficient, CI: confidence interval; SE: standard error; : standardized coefficient; R?: co-
efficient of determination; Pre.: pretreatment; mALS: modified Aminoff-Logue scale of disability; ASIA-MS:
American Spinal Injury Association motor score; FU: follow-up. Bold values are significant results (p < 0.05) as
indicated in the methods.

3.3. Improvement in mALS and ASIA-MS

Using binary logistic regression, no correlation was found between the absence of
myelopathy in the follow-up MRI and the improvement in mALS or ASIA-MS in the last
follow-up (Table 3). The analysis of a correlation between flow voids on follow-up MRI
and the improvement in mALS or ASIA-MS in the last follow-up could not be performed
as all patients had no flow voids in the follow-up MRI.

Table 3. Correlation between the absence of myelopathy on MRI and clinical improvement.

Binary Logistic Regression

Associated Variable

OR (95% CI) p Value
Absence of myelopathy on FU MRI
Improved mALS in the last FU 0.630 (0.157-2.533) 0.515
Improved ASIA-MS in the last FU 4.190 (0.463-37.938) 0.202

OR: odds ratio; CI: confidence interval; MRI: magnetic resonance imaging; mALS: modified Aminoff-Logue scale
of disability; ASIA-MS: American Spinal Injury Association motor score; FU: follow-up.

4. Discussion

The main finding of our study and from our more than 20 years of monocentric expe-
rience with SDAVF showed that the extent of myelopathy on MRI at admission was related
to patients’ motor deficits but not to overall clinical conditions, such as gait, urination,
and defecation function. In contrast, follow-up MRI changes showed no correlation with
clinical outcome and cannot be used as a prognostic factor.

Our study population was predominantly men (three men to one woman) in the six
decades of life, as reported in previous studies [10]. In our cohort, the diagnosis of SDAVF
was delayed by a median of 7 months, and it took a median of 15 days before endovascular
or surgical treatment was performed. The interval between treatment and follow-up MRI
was 4.6 months. MRI was performed at the first follow-up (3 months) in some patients and

69



Diagnostics 2024, 14, 581

at the second follow-up (6 months) in others, so there was no consistent performance of
MRI for evaluation. Patients who received an MRI during their stay or after one year were
excluded from the study due to standardization.

The extent of myelopathy on MRI at admission in our cohort was seven vertebral
levels long. Shin et al. reported a 5.2 vertebral level average length of myelopathy in their
cohort of 15 patients [9]. Luo et al. considered the length of myelopathy over five vertebral
bodies as an indicator of severe neurological dysfunction and found a correlation with
clinical outcome [26]. From our point of view, it is difficult to determine at what length of
myelopathy severe neurological deficits are to be expected. Various factors are involved,
such as the localization of the myelopathy in the spinal cord (cervical and conus) and the
degree of spinal stenosis due to the flow voids. The absence of myelopathy on follow-up
MRI was found in 70% of our patients, as in an earlier study (73%, 4/15 patients) [9]. The
extent of flow voids in our study was similar to myelopathy and was seven vertebral levels
long, supporting the pathophysiology of myelopathy based on venous hypertension. No
flow voids were seen on follow-up MRIs in all patients. If these persist, incomplete or failed
fistula closure is conceivable.

Our cohort has shown that almost half of SDAVFs are localized in the lower thoracic
spine, and there is no side preference, although some studies claim that the pathology
occurs predominantly on the left side [31,32]. The diagnostic sensitivity of MRA for
the fistula location has not yet been investigated. We compared the results of the MRA
examination before DSA with the DSA result for the fistula location and found a diagnostic
sensitivity of 68.3% (28/41) for the fistula location and side. This is an unsatisfactory result
overall but offers good sensitivity for a non-invasive and radiation-free examination and
should be used to reduce the radiation exposure of angiography beforehand.

In our cohort, the mALS was 4 at admission and improved to 2 at the third follow-up.
Overall, 65.9% of patients had an improvement in mALS between admission and the last
follow-up. The mALS values are consistent with previous studies and showed the main
improvement between admission and hospital discharge [6,9,26]. In course, even after one
year, there was only a slight improvement in the mALS values. The median ASIA-MS
was 97 at admission and 100 at the third follow-up, with overall improvement between
admission and the last follow-up in 78% of patients. To our knowledge, the use of ASIA-MS
in SDAVF has not yet been performed. The reason we have used this detailed score is
because mALS does not provide conclusive information about the motor deficits that we
have observed more frequently in severe myelopathy. The regression analysis in our study
showed a significant correlation between ASIA-MS and the extent of myelopathy on MRI
at admission, confirming our clinical hypothesis.

In our study, we could not confirm the discussed correlation of MRI signs (myelopathy
and flow voids) with mALS at admission and the correlation of their change on follow-up
MRI with the clinical outcome. Therefore, we agree with the prevailing opinion that the
change in the follow-up MRI does not allow any conclusions to be drawn about the clinical
condition of the patients.

A post-treatment DSA is the method of choice to confirm the closure of the fistula. An
MRI examination remains optional as long as the patient shows clinical improvement. The
flow voids usually disappear after approximately one week. A reduction in myelopathy
can be observed after one week, and a complete disappearance can be seen after three
months, which shows no clinical correlation. We recommend postoperative DSA and MRI
examinations in 3 months. If the clinical symptoms worsen or persist, we recommend
prompt MRI control.

Limitations and Strengths of This Study

The monocentric, retrospective nature of our analysis, the long inclusion interval, and
the limited number of SDAVF patients (41 patients) might reduce the external validity of
our study. Furthermore, our analysis could be affected by a possible selection bias due to
our treatment flow charts, as our experience has been to favor surgery over embolization.
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Nevertheless, our cohort analysis is based on a 20-year treatment period of SDAVF in a
large university neurosurgery center, suggesting a high internal validity of our study. The
clinical follow-up and the follow-up MRI examination were not performed at the same
time. Therefore, our observations may be useful to understand the clinical and radiologic
characteristics of SDAVE.

5. Conclusions

SDAVF is a rare but well-treatable disease in which mALS and ASIA-MS improve over
the disease course. Although MRI forms the basis for the diagnosis of SDAVE, it does not
provide sufficient diagnostic sensitivity for the localization of the fistula. It offers a good
non-invasive and radiation-free option for narrowing down the potential localization in
advance and should be used to reduce the radiation exposure of angiography.

The severity of the clinical condition of SDAVF patients has a multifactorial reason,
whereby the motor deficits correlate with the extent of the myelopathy. MRI changes
at follow-up showed no correlation with the clinical outcome and cannot be used as a
prognostic factor.
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Abstract: Background: Neurosurgical interventions are often indicated for patients with
subcortical, supratentorial intracerebral hemorrhage (ICH); however, the optimal treatment
modality is controversial. Whether minimally invasive surgery (MIS) may be superior to
conventional craniotomy (CC) or decompressive craniectomy (DC) in real-world clinical
practice is unknown. Methods: This was a retrospective cohort study of hospitalization
data from the 201622 Nationwide Readmissions Database. International Classification
of Diseases—10th edition (ICD-10) codes were used to identify patients with primary
supratentorial subcortical ICH who underwent neurosurgical treatment. Patients with
ICH in other brain compartments (other than intraventricular hemorrhage) were excluded.
Coprimary outcomes were routine discharge to home without rehabilitation needs (excel-
lent outcome) and in-hospital mortality. Outcomes were compared between MIS versus
CC and MIS versus DC, with multivariable adjustments for patient demographics and
comorbidities. Results: A total of 3829 patients were identified; 418 underwent MIS (10.9%),
2167 (56.6%) underwent CC, and 1244 (32.5%) underwent DC. Compared to CC patients,
MIS patients were less likely female (p = 0.004) but otherwise had similar patient char-
acteristics; compared to DC patients, MIS patients were older, less likely female, more
likely to have mental status abnormalities, more likely to have underlying dementia, less
likely to undergo external ventricular drainage, more likely to have vascular risk factors
(hypertension, hyperlipidemia, diabetes), and less likely to have underlying coagulopathy
(all p < 0.05). After multivariable adjustments, MIS patients had higher odds of excellent
outcomes compared to CC (OR 1.99 [95%CI 1.06-3.30], p = 0.039), and similar odds com-
pared to DC (OR 1.10 [95%CI 0.66-1.86], p = 0.73). In terms of in-hospital mortality, MIS
had lower odds compared to DC (OR 0.63 [95%CI 0.41-0.96], p = 0.032) and similar odds
compared to CC (OR 0.81 [95%CI 0.56-1.18], p = 0.26). Conclusions: For patients with
subcortical, supratentorial ICH requiring surgical evacuation, MIS was associated with
higherhigher rates of excellent outcomes compared to CC and lower rates of in-hospital
mortality compared to DC. However, since key variables such as hematoma size and symp-
tom severity were not available, residual confounding could not be excluded, and results
should be interpreted cautiously. Dedicated prospective or randomized studies are needed
to confirm these findings.
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1. Introduction

Spontaneous intracranial hemorrhage (ICH) affects over 3 million patients annually
and represents nearly 30% of incident strokes and 50% of stroke-related deaths world-
wide [1]. Despite high rates of neurological disability and death, treatment options are
limited. More specifically, for patients with supratentorial, subcortical ICH, the role of surgi-
cal management is controversial. In 2005, the STICH trial reported negative results for early
surgery with conventional craniotomy (CC) versus conservative management for patients
with ICH, and subgroup analyses revealed that there may be significant treatment hetero-
geneity depending on ICH location where surgery may be less effective for subcortical
hemorrhages compared to lobar locations [2]. More recently, the SWITCH trial investigated
the effectiveness of decompressive hemicraniectomy (DC) in this population [3]; while
results were marginally positive, the efficacy of DC was primarily driven by the prevention
of extremely poor neurological outcomes (bedridden state or death), and it did not appear
to be effective in meaningfully improving the odds of good neurological recovery.

To limit procedural harms associated with surgical ICH treatments, minimally invasive
surgery (MIS), which can involve various devices and techniques, has been proposed as a
safer alternative to CC or DC [4-6]. In 2018, Scaggiante et al. reported in a meta-analysis
of randomized trials that MIS techniques may be favorable to conventional treatment
including medical management and conventional craniotomy [6]. More recently, in 2024,
the randomized controlled MSICH trial results demonstrated that ICH evacuation with
MIS techniques (either with endoscopic or stereotactic aspiration) was associated with
more favorable clinical outcomes compared with conventional craniotomy, particularly
for subcortical hemorrhages [7]. Finally, in 2024, Huan et al. reported in an updated
network meta-analysis that MIS, either using endoscopic or minimally invasive puncture
approaches, may be superior to conservative management, CC, or DC for patients with
ICH [8]. While these data are promising, they largely originate from large academic
teaching centers and outcome measurements may be biased from the investigators. Thus,
the generalizability of these findings to real-world practice is unknown.

In this retrospective study of nationwide hospitalization records in the United States,
we sought to investigate the real-world effectiveness of MIS versus CC and DC for patients
with subcortical supratentorial ICH. We hypothesized that MIS would yield superior
clinical outcomes compared to CC and DC.

2. Methods
2.1. Database Characteristics

This was a retrospective analysis of the 2016 to 2022 Nationwide Readmissions
Database (NRD), which is part of the Healthcare Cost and Utilization Project (HCUP).
The NRD provides information on all hospitalization records of admitted and readmitted
patients across 30 geographically dispersed states, representing real-world data across
all hospital types and practice settings. In total, NRD captures over 16 million records
per year, representing roughly 50% of all hospitalizations in the United States. Patient
identifiers are not included in the NRD. As such, this study was exempt from institutional
review board approval under the Health Insurance Portability and Accountability Act or
informed consent.
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2.2. Patient Population

All patient diagnoses and procedures were identified using the International Clas-
sification of Disease, 10th revision (ICD-10) codes for diagnoses and procedures. Adult
patients with a primary diagnosis code for subcortical intracerebral hemorrhage (ICH)
who underwent neurosurgical treatment were included; patients with intracranial tumor,
subdural hematoma, subarachnoid hemorrhage, ischemic stroke, multi-compartment ICH
(except intraventricular hemorrhage) or missing discharge destination data were excluded.
Patients were divided into three cohorts: minimally invasive surgery (MIS), conventional
craniotomy (CC), and decompressive craniectomy (DC). MIS patients were identified by
the presence of ICD-10 codes specifying endoscopic or percutaneous hematoma evacua-
tion, whereas CC was identified by codes specifying open evacuation. DC patients were
identified by the presence of codes specifying craniectomy, regardless of the presence of
other codes pertaining to hematoma evacuation. Patient demographics (age, sex) were
recorded. The presence of intraventricular hemorrhage and the placement of external
ventricular drain were identified. Prior anticoagulant use, prior antiplatelet use, and other
medical comorbidities (atrial fibrillation, hypertension, hyperlipidemia, diabetes, chronic
liver disease, chronic kidney disease, coagulopathy, dementia) were also recorded. Elix-
hauser comorbidity index was calculated for each patient to estimate the overall medical
comorbidity burden [9].

2.2.1. Study Outcomes

The primary outcome is routine discharge to home with self-care, which is a surrogate
marker for excellent neurological outcomes [10-12]. Other outcomes include discharge to
home (with or without in-home care services, a surrogate marker for good outcomes for
patients with pre-existing disability [13-15]), discharge to a facility (acute rehabilitation,
skilled nursing facility, long-term care or any other non-home setting), and in-hospital
death (regardless of goals-of-care or hospice services). Other outcomes included hospital
length of stay and cost of hospitalization, adjusted for inflation. All ICD-10 codes used for
this study were included in Table S1.

2.2.2. Statistical Methods

The number of patients was calculated using discharge-level weights. Patients with
missing data were excluded from the analysis. Continuous data were expressed as me-
dian and quartiles and compared using Wilcoxon rank-sum tests. Categorical data were
represented as percentages and compared using chi-squared tests. Patients treated with
MIS were compared to those treated with CC and DC. Multivariable logistic and linear
regression models accounting for patient age, sex, intraventricular hemorrhage, exter-
nal ventricular drain, antithrombotic medication use, captured comorbidities, Elixhauser
comorbidity index, and treatment year were used to provide adjusted estimates of dif-
ferences between MIS and other treatment modalities in terms of discharge outcomes,
hospital length of stay, and hospitalization costs. Overall, two-sided p-values less than
0.05 were deemed statistically significant. All statistical analyses were performed using R,
Version 3.6.2.

3. Results
3.1. Patient Characteristics

A total of 6352 patients with subcortical supratentorial ICH who underwent neuro-
surgical treatment were identified. After excluding 193 patients with intracranial tumors,
64 with endocarditis, 60 with cerebral amyloid angiopathy, 275 with concurrent subdural
hematoma, 625 with concurrent subarachnoid hemorrhage, 515 with multi-compartment
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ICH, 761 with concurrent ischemic stroke, and 30 patients with missing data, 3829 patients
were included for analysis. Overall, 418 underwent MIS (10.9%), 2167 (56.6%) underwent
CC, and 1244 (32.5%) underwent DC. The study flowchart is presented in Figure 1.

6352 adult patients with

subcortical supratentorial ICH
who underwent neurosurgical

evacuation

193 intracranial tumors

64 endocarditis

60 cerebral amyloid angiopathy
275 subdural hematoma

625 subarachnoid hemorrhage
515 multi-compartment ICH
761 acute ischemic stroke

30 missing discharge data

418 patients underwent MIS

2167 underwent CC

1244 underwent DC

Figure 1. Study flow chart. Abbreviations: ICH—intracerebral hemorrhage; MIS—minimally invasive

surgery; CC—conventional craniotomy; DC—decompressive hemicraniectomy.

In terms of patient characteristics, MIS patients were less likely female compared to

CC patients (27.2% vs. 36.1%, p < 0.001) but otherwise had similar patient characteristics

(all p > 0.05). Compared to DC patients, MIS patients were older (median 58 vs. 52 years,
p <0.001), less likely female (27.2% vs. 36.9%, p = 0.008), more likely to have underlying
dementia (2.9% vs. 0.3%, p < 0.001), less likely to undergo external ventricular drainage

(25.1% vs. 35.7%, p = 0.009), more likely to have vascular risk factors (hypertension,

hyperlipidemia, diabetes, all p < 0.05), and less likely to have underlying coagulopathy

(11.9% vs. 17.1%, p = 0.039). All patient characteristics and comparisons are detailed in

Table 1.

Table 1. Patient characteristics.

MIS CcC DC p-Values
Characteristic—Median MIS vs. MIS vs.
(Q1-Q3) or % (n) N=418 N=zl67 N=124 cc DC
Age (years) 55 (45-64) 58 (49-65) 56 (47-65) 52 (42-62) 0.34 <0.001 *
Female sex 35.4% (1356) 27.2% (114)  36.1% (783)  36.9% (459) 0.004 * 0.008 *
Intraventricular extension 31.8% (1217)  32.2% (135)  31.2% (676)  32.6% (406) 0.79 0.92
External ventricular drain 28.5% (1093) 25.1% (105)  25.1% (543)  35.7% (445) 1.00 0.009 *
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Table 1. Cont.

Total MIS CC DC p-Values
Characteristic—Median MIS vs. MIS vs.
(Q1-03) or % (n) N = 3829 N =418 N = 2167 N =1244 cC DC
Antithrombotic medications
Anticoagulant use 6.1% (233) 4.0% (17) 6.1% (133) 6.7% (83) 0.20 0.15
Antiplatelet use 2.0% (78) 0.7% (3) 2.4% (51) 1.9% (24) 0.087 0.15
Comorbidities
Atrial fibrillation 8.6% (328) 7.1% (30) 9.8% (211) 7.0% (87) 0.18 0.93
Hypertension 80.1% (3068)  83.8% (350) 83.8% (1817)  72.4% (901) 0.99 <0.001 *
Hyperlipidemia 26.4% (1010)  29.7% (124)  28.6% (620)  21.4% (266) 0.74 0.015 *
Diabetes 23.2% (890)  24.9% (104)  25.8% (559)  18.2% (227) 0.78 0.013 *
Chronic liver disease 5.3% (203) 5.6% (23) 4.8% (105) 6.1% (75) 0.61 0.75
Chronic kidney disease 17.0% (653)  16.3% (68)  17.7% (384)  16.1% (200) 0.60 0.94
Coagulopathy 15.0% (574)  11.9% (50)  14.4% (312)  17.1% (212) 0.31 0.039 *
Dementia 1.7% (63) 2.9% (12) 2.2% (47) 0.3% (4) 0.57 <0.001 *
Elixhauser comorbidity 16 (11-21)  15(11-21)  16(10-21)  17(10-23) 0.71 0.41
index
Treatment year
2016 9.1% (349) 11.3% (47)  11.3% (245) 4.6% (57)
2017 11.5% (440)  13.5% (56)  11.7% (254)  10.5% (130)
2018 13.1% (501) 9.2% (38) 14.7% (319)  11.5% (143)
2019 16.6% (636)  17.4% (73)  16.6% (360)  16.3% (203) 0.40 0.004 *
2020 17.1% (653)  19.1% (80)  14.7% (318)  20.5% (255)
2021 17.4% (667)  12.4% (52)  16.8% (364)  20.2% (252)
2022 15.2% (583)  17.2%(72)  14.1% (306)  16.4% (205)
Bold and * denotes statistical significance (p < 0.05) for emphasis.
3.2. MIS vs. CC Outcomes
In unadjusted analyses, MIS was significantly associated with higher rates of routine
discharge compared to CC (12.0% vs. 7.2%, p = 0.026; Table 2), and this association remained
statistically significant after multivariable adjustments (OR 1.99 [95%CI 1.06-3.30], p =
0.039; Table 2). MIS was also associated with higher hospitalization costs than CC (median
89,866 vs. 80,418 USD, p = 0.003; Table 2), which also remained statistically significant
after multivariable adjustments ( + 10,767 USD [95%CI +702 to +20,831], p = 0.03; Table 2).
Finally, MIS was associated with longer hospital stays (median 21 vs. 19 days, p = 0.042;
Table 2); however, this association was no longer statistically significant after multivariable
adjustments (p = 0.80, Table 2). There were no statistically significant differences between
MIS and CC for home discharge or in-hospital death, both before and after multivariable
adjustments (all p > 0.05, Table 2). Aisual representation of discharge outcomes is presented
in Figure 2.
Table 2. MIS vs. CC outcomes.
Unadjusted Comparisons With Multivariable Adjustments
Outcome MIS (n = 418) CC (n =2167) p-value OR or B [95%ClI] p-Value
Routine discharge 12.0% (50) 7.2% (157) 0.026 * 1.99 [1.06 to 3.30] 0.039 *
Home discharge 19.3% (81) 15.5% (336) 0.16 1.35[0.94 to 2.00] 0.097
In-hospital mortalit 18.5% (77) 21.4% (464) 0.30 0.81 [0.56 to 1.18] 0.26
Length of hospital stay (days) 21 (13-37) 19 (11-34) 0.042 * 0.43[—2.91 to 3.77] 0.80
Cost of hospitalization (USD) 89,866 80,418 0.003 * 10,767 [702 to 20,831] 0.036 *

(60,656-139,896)

(52,437-123,765)

Bold and * denotes statistical significance (p < 0.05) for emphasis.
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DC (n=1244)

MIS (n=418)

CC (n=2167)

Discharge outcome

1 Self-care 1 Home-care Bl Facility lll Death

0 20 40 60 80

Figure 2. Discharge outcomes of surgical supratentorial subcortical ICHs stratified by treatment
modality. Self-care indicates discharge to home with no in-home rehabilitation needs; home-care
indicates discharge to home with no in-home rehabilitation services.

3.3. MIS vs. DC Outcomes

In unadjusted analyses, MIS was significantly associated with lower rates of in-hospital
death compared to DC (18.5% vs. 26.0%, p = 0.026; Table 3), which remained statistically
significant after multivariable adjustments (OR 0.63 [95%C1 0.41-0.96], p = 0.032; Table 3).
There were no statistically significant differences between MIS and DC for routine dis-
charge, home discharge, hospital length of stay, or hospitalization cost, both before and
after multivariable adjustments (all p > 0.05; Table 3). Visual representation of discharge
outcomes are presented in Figure 2.

Table 3. MIS vs. DC outcomes.

100

Unadjusted Comparisons With Multivariable Adjustments
Outcome MIS (n = 418) DC (n =1244) p-Value OR or B [95%CI] p-Value
Routine discharge 12.0% (50) 12.2% (152) 0.94 1.10 [0.66 to 1.86] 0.73
Home discharge 19.3% (81) 23.2% (289) 0.23 0.82[0.54 to 1.25] 0.35
In-hospital mortality 18.5% (77) 26.0% (323) 0.026 * 0.63 [0.41 to 0.96] 0.032 *
Length of hospital stay (days) 21 (13-37) 19 (9-36) 0.077 2.10 [—1.59 to 5.80] 0.26

T 89,866 88,000

Cost of hospitalization (USD) (60,656-139,896)  (56,766-144,319) 0.9 2984 [—10,045 to 16,014] 0.65

Bold and * denotes statistical significance (p < 0.05) for emphasis.

4. Discussion

In this nationwide retrospective study of supratentorial subcortical ICH patients who
underwent neurosurgical treatment, we found that MIS evacuation waswas associated
with higher rates of favorable neurological outcomes compared to CC, and lower rates of
in-hospital death compared to DC. This study provides real-world data suggesting that
MIS evacuation may be preferred over conventional neurosurgical treatments for patients
undergoing surgery for supratentorial subcortical ICHs.

Our overall finding that MIS was associated with superior outcomes in real-world
clinical practice in the United States is consistent with the current literature [6-8]. Specifi-
cally, when compared to conventional craniotomy, MIS was associated with higher rates
of excellent short-term neurological outcomes; this effect may be driven by less iatrogenic
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injury to healthy brain tissue during surgical exploration. In contrast, MIS was associated
with lower rates of in-hospital mortality compared to DC. This may have been driven by
an overall less invasive nature of MIS; however, the possible effect of residual confounding
where DC patients may have larger and clinically more severe ICHs cannot be excluded.

Of note, while MIS may be preferable to other surgical modalities, whether MIS evac-
uation is superior to medical management alone is unclear. Due to the lack of information
on ICH size and neurological exam within the NRD, it was not feasible to compare medi-
cally managed patients to surgical patients as the former would inevitably be associated
with milder cases which would confound associations with discharge outcomes. Recently,
two trials have explored MIS evacuation of ICH patients compared to conservative man-
agement. ENRICH, which compared MIS evacuation (with an endoscopic, trans-sulcal,
parafascicular approach) within 24 h to medical management, found a significant treat-
ment benefit associated with MIS evacuation of lobar hemorrhages [16]; however, due to
the triggering of a pre-determined adaptation rule, recruitment of anterior basal ganglia
hemorrhages was halted early due to lack of observed clinical benefit in this subgroup
early in the trial. As such, while the overall results of ENRICH were positive in favor of
MIS, the study was underpowered to detect treatment benefits for patients with subcortical
ICH. In parallel with ENRICH, the MIND study also sought to investigate the MIS versus
medical management for ICH patients, and the study population consisted mostly of
subcortical hemorrhages [17]. However, due to the publication of ENRICH, the MIND
study was halted early due to concerns regarding equipoise, which also compromised its
statistical power. Thus, overall, there is currently a lack of high-level clinical trial data on
MIS for the treatment of subcortical supra-tentorial ICHs. Future dedicated trials of MIS
for subcortical ICHs compared to medical management are needed to further demonstrate
its effectiveness.

Another interesting finding in our study was that MIS was associated with signifi-
cantly increased cost of hospitalization compared to conventional craniotomy. The more
specialized procedure and associated equipment may likely be driving this difference
between MIS and CC. Future studies are needed to investigate the cost-effectiveness of
MIS for ICH. More importantly, the higher costs of MIS may limit the accessibility of
this treatment in rural or socio-economically challenged locales. Future studies are also
needed to identify potential discrepancies in access to MIS treatment across the United
States and worldwide, especially considering recent positive results from ENRICH and
MIND trial results for lobar hemorrhages [16,17]. One possible bottleneck for access to MIS
treatments may be the limited neurosurgery workforce in the United States [18]. Given
recent increases in the neuro-interventional workforce as a result of the advent of stroke
thrombectomy and chronic subdural hematoma treatments [19-23], it has been suggested
that, with appropriate procedural training, MIS evacuation could be performed by neuroin-
terventionalists [24]. Future efforts are needed to assess whether MIS evacuation of ICHs
can be safely performed by neurointerventionalists.

Limitations

Our study has several limitations. First, as a retrospective analysis of a large adminis-
trative database, we were unable to obtain disease-specific measures such as hemorrhage
volume, radiographic features, ICH score, clinical exam, and other hidden/unmeasured
confounders [25-27]. As such, our analysis was limited to only surgical patients, and
comparison with medically managed patients was not feasible. Importantly, lack of in-
formation on hematoma size is a major limitation, as this factor may have introduced
significant confounding by indication (larger hematomas may be associated with CC/DC
and therefore worse outcomes). Future prospective or randomized studies are needed to
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confirm our study findings. Second, while discharge destinations can be used as a surro-
gate measure of neurological outcomes following cerebrovascular events, more dedicated
long-term outcomes such as modified Rankin scale [28] and patient quality of life [29,30]
are not available. Furthermore, a majority of patients were discharged to a facility; however,
information on the type of facility (e.g., acute rehabilitation, nursing home, hospice care,
etc.) is not reported in the NRD. Third, the study period is limited to 2016 to 2022 due to
data availability, which predates the publication of ENRICH and the presentation of MIND,
which may have impacted current clinical practice. Future studies are needed to further
confirm our study findings in more contemporary settings.

5. Conclusions

In this retrospective study of nationwide real-world hospitalization data in the United
States, MIS was associated with higher rates of excellent outcomes compared to CC and
lower rates of in-hospital mortality compared to DC for patients with subcortical, supraten-
torial ICH requiring surgical evacuation. However, since key variables such as hematoma
size and symptom severity were not available, residual confounding could not be excluded,
and results should be interpreted cautiously, Dedicated prospective or randomized studies
are needed to confirm these findings.
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A G e W N

Abstract: Background: Dynamic susceptibility contrast perfusion MRI (DSC-MRI) is a
promising non-invasive examination to predict histological and molecular characteristics of
brain gliomas. However, the diagnostic accuracy of relative cerebral blood volume (rCBV)
is heterogeneously reported in the literature. This systematic review and meta-analysis
aims to assess the diagnostic accuracy of mean rCBV derived from DSC-MRI in differenti-
ating Isocitrate Dehydrogenase (IDH)-mutant from IDH-wildtype gliomas. Methods: A
comprehensive literature search was conducted in PubMed, Web of Science, and EMBASE
up to January 2025, following PRISMA guidelines. Eligible studies reported mean CBV
values in treatment-naive gliomas with histologically confirmed IDH status. Pooled esti-
mates of standardized mean differences (SMDs), diagnostic odds ratios (DOR), and area
under the receiver-operating characteristic curve (AUC) were computed using a random-
effects model. Heterogeneity was assessed via I? statistic. Meta-regression analyses were
also performed. Results: An analysis of 18 studies (n = 1733) showed that mean rCBV is
significantly lower in IDH-mutant gliomas (SMD = —0.86; p < 0.0001). The pooled AUC
was 0.80 (95% CI, 0.75-0.90), with moderate sensitivity and specificity. Meta-regression
revealed no significant influence of DSC-MRI acquisition parameters, although a flip angle
showed a trend toward significance (p = 0.055). Conclusions: Mean rCBV is a reliable
imaging biomarker for IDH mutation status in gliomas, demonstrating good diagnostic per-
formance. However, heterogeneity in acquisition parameters and post-processing methods
limits generalizability of results. Future research should focus on standardizing DSC-MRI
protocols.
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1. Introduction

Gliomas are the most common primary malignant brain tumors [1,2], prompting
extensive research to improve their characterization. Traditionally, the most relevant factors
considered in glioma classification, established by the World Health Organization, were
based on histological characteristics. However, a fundamental paradigm shift occurred in
the 2016 WHO classification, which emphasized molecular such as Isocitrate Dehydroge-
nase (IDH) mutation status and 1p/19q codeletion to improve diagnostic accuracy and
prognostic stratification of gliomas [3]. This change was consolidated and further extended
in the most recent WHO classification (2021) [4]. Therefore, differentiating IDH-mutant
from IDH-wild type gliomas is of paramount importance, since these subtypes have distinct
prognostic and therapeutic implications

Considering the need for assessing tumor biomarkers in order to establish the WHO
grade of a glioma, invasive methods to obtain a histological specimen of the tumor are
necessary, with stereotactic biopsy being the most frequent procedure [5]. However, this
technique entails patient risks, including intracranial hemorrhage, infection, or neurolog-
ical deficits [6]. Additionally, small biopsied tissue samples may not fully capture the
heterogeneity of gliomas, potentially leading to misclassification or underestimation of ag-
gressive components within the tumor [7]. These limitations have warranted the search for
non-invasive imaging techniques capable of providing reliable molecular characterization
of brain glioma without the need for tissue sampling.

Magnetic Resonance Imaging (MRI) is an essential examination in glioma assessment,
offering insights into tumor morphology, vascularization, and metabolic activity [8]. Con-
ventional MRI sequences, including T1-weighted, T2-weighted, and FLAIR imaging, are
widely used for glioma detection and anatomical delineation. However, these sequences
provide limited information regarding tumor biology as they only offer structural infor-
mation [9,10]. Advanced MRI techniques, such as Diffusion-Weighted Imaging (DWI),
Magnetic Resonance Spectroscopy (MRS), and Perfusion-Weighted Imaging (PWI), have
gained increasing attention for their ability to assess tumor microstructure, metabolism,
and hemodynamics, respectively [10]. Among these, Dynamic Susceptibility Contrast per-
fusion MRI (DSC-MRI) has demonstrated particular promise in evaluating glioma vascular
properties, distinguishing tumor subtypes [11,12], and differentiating progression from
pseudoprogression [13].

Cerebral Blood Volume (CBV), derived from DSC-MRI, has been extensively studied
as a biomarker of tumor vascularity, particularly as a normalized measure (rCBV) [14].
This perfusion metric is calculated by measuring the area under the curve (AUC) of the
signal-intensity—time curve during the first pass of a bolus of gadolinium-based contrast
agent, which is usually normalized to the mean value of normal-appearing white matter
(NAWM) in the contralateral hemisphere to account for inter-patient variability [15]. In
biological terms, rCBV measures the volume of blood within a given amount of brain
tissue, reflecting tumor vascularity. Thus, high rCBV values indicate increased tumor
angiogenesis, which is a hallmark of high-grade tumors [16].

Accordingly, brain gliomas with higher vascular proliferation, such as IDH-wildtype
glioblastomas, exhibit elevated rCBV values, whereas IDH-mutant gliomas, known for their
lower angiogenic activity, tend to have lower rCBV values [17]. This biological distinction
supports that rCBV may serve as a reliable non-invasive imaging biomarker for predicting
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IDH mutation status, offering a potential alternative to invasive biopsy. In fact, several
studies have reported promising results regarding the utility of rCBV in glioma molecular
stratification [18].

However, significant variability exists in reported diagnostic performance, likely due
to differences in imaging acquisition parameters, post-processing techniques, or tumor
segmentation strategies [19]. Similarly, there is significant variability in the reported
specific rCBV values that offer the best diagnostic performance in terms of probabilistic
distribution. Mean rCBV, max rCBV, and different specific percentiles of rCBV have been
studied, with variable outcomes across studies [20,21]. Overall, this heterogeneity limits the
generalizability and consistency of rCBV as a surrogate biomarker for IDH mutation status.

Understanding the impact of technical and methodological variations on rCBV mea-
surements is crucial for standardizing its use in clinical practice [22]. Currently, the most
widely used rCBV metric in clinical practice is mean rCBV, which is commonly calculated in
an automatic or semi-automatic fashion by most commercial software packages. Although
previous works have analyzed the role of different rCBV parameters in differentiating IDH-
mutant- vs. IDH-wild-type gliomas, to our knowledge, no previous meta-analyses have
been performed specifically aimed at assessing mean rCBV in this diagnostic challenge.

In this study, we performed a comprehensive systematic review and meta-analysis to
determine the between-group differences in CBV and the diagnostic accuracy of mean rCBV
in distinguishing IDH-mutant from IDH-wildtype gliomas. Additionally, we explored the
influence of DSC-MRI acquisition parameters on mean rCBV diagnostic performance. This
synthesis will be helpful not only in terms of increasing supporting evidence but also in
emphasizing the need for standardization of DSC-MRI performance.

2. Materials and Methods
2.1. Eligibility Criteria

The design of the meta-analysis and the selection criteria were based on the PICO
search strategy. The population was formed by patients with histologically confirmed
brain glioma; the intervention was DSC-MRI with derived CBV values; the comparator
was the IDH mutation status (mutant vs. wild-type); the primary outcomes were the
difference in mean CBV values and the predictive value of mean rCBV. The Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [23] guidelines were
followed in the design and writing of the study (the PRISMA checklist can be consulted
in Supplementary File S1). The protocol of the study was registered in the Open Science
Framework registry [24].

Accordingly, the inclusion criteria were the following: published observational or
experimental studies evaluating DSC-MRI-derived CBV values in treatment-naive gliomas
with known IDH status. The exclusion criteria were studies not providing mean (r)CBV
values or other CBV values permitting a reliable estimation of mean (r)CBYV, studies not
reporting IDH mutation status, studies solely reporting outcomes of MRI perfusion modal-
ities other than T2*-DSC, and studies focused on machine learning methods that did not
provide diagnostic yield metrics of CBV following conventional statistical approaches. In
addition, case reports, editorials, and other article formats different from original studies
were excluded.

2.2. Information Sources and Search Strategy

Two authors (FJPG and DLC) searched the PubMed, Web of Science, and EMBASE
databases. Different search equations were carried out, and a final consistent equation was
constructed, including combinations derived from a main equation as follows: “(perfusion
OR dynamic) AND (magnetic resonance imaging OR MRI) AND (brain OR cerebr* OR
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“central nervous system”) AND (glioma) AND (gene* OR IDH OR 1p/19q deletion OR
MGMT) (the full search strategies in PubMed, Web of Science, and EMBASE can be con-
sulted in Supplementary Files S2, S3 and 5S4, respectively)”. To increase the sensitivity of
the search, a cluster search was performed examining the references of all fully read articles.
No language restrictions were established. The search was updated to 1 January 2025.

All titles and abstracts of interest were screened, and those which did not meet the
eligibility criteria were excluded. Next, the screened studies were read in full to assess
whether they met all eligibility criteria. Discrepancies during the article selection process
were solved by a third author (JPMB).

2.3. Measured Variables

For each study, the main characteristics were collected, including first author, year,
country, study design, sample size (total and in each IDH group), and number of MRI
machines involved in the study. In addition, we gathered available information on MRI
acquisition parameters (TE, TR, Flip Angle, Slice Thickness, Slice Gap, Matrix, Field of View,
contrast agent dose) and post-processing information (commercial software used, arterial
input function modality, tumor segmentation modality). The primary outcomes were the
mean CBV values for mutated and wild-type IDH and the diagnostic test performance
(AUC) of mean rCBV to differentiate between them.

2.4. Data Extraction

Two authors (PMJG and FJPG) independently extracted the data from the selected
articles, and a third author (AJLRB) reviewed the data and solved any discrepancies. If a
study reported data for a subgroup of patients from the main cohort, only data related to
patients with known IDH mutation status were collected. All data were annotated in a
spreadsheet for ulterior analysis.

2.5. Meta-Regression Analyses

To explore the potential moderating influence of DSC-MRI acquisition parameters as
a source of heterogeneity in the main primary outcomes, we performed meta-regression
analyses, including echo time (TE), repetition time (TR), flip angle (FA), slice thickness (ST)
and gap (ST), acquisition time, and number of images per DSC sequence (dynamic images).

2.6. Quality and Publication Bias Assessment

The QUADAS-2 tool [25] was used to systematically assess the existence of potential
risks of bias and applicability concerns. For each study, two authors (PMJG and FJPG)
classified the risk of bias as low, unclear, or high in each of the four risk of bias items and in
the three applicability concern items. An overall risk of bias estimation was provided by
a consensus. In case of discrepancy, a third author (AJLRB) was consulted. On the other
hand, the publication bias was analyzed using funnel plots and Egger’s tests.

2.7. Statistical Analysis

To ensure a robust estimation of the overall effect size, we applied a random-effects
model using the restricted maximum likelihood (REML) method to estimate standard mean
differences (SMD) of mean (r)CBV between IDH-mutant- and IDH-wild-type gliomas. To
assess the diagnostic accuracy of rCBV, we performed a hierarchical-summary receiver-
operating characteristic (HSROC) analysis complemented with calculation of the pooled
Youden | Index (Sensitivity + Specificity — 1), as well as bivariate random-effects meta-
analysis for sensitivity and specificity. Additionally, we computed the pooled AUC, diag-
nostic odds ratio (DOR), and Youden index for each study when available. Importantly, the
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analyses were performed separately for studies reporting AUC values for continue (r)CBV
values or for specific cutoffs.

When a study reported data for a given glioma WHO grade, it was sub-divided into
different subsets as if they were individual studies for data analysis. When data were
not explicitly provided, but were presented in graphs, extraction of visual data using
the free version of PlotDigitizer tool [26] was performed. Moreover, to avoid excluding
relevant studies from analysis, when mean (r)CBV values or other essential metrics, such
as AUC, were not explicitly reported, they were estimated to obtain reliable data in accor-
dance with the recommendations of the Cochrane Handbook for Systematic Reviews of
Interventions [27,28], as follows:

e Estimation of mean and standard deviation

If a study did not provide the mean and standard deviation of (r)CBV, we estimated
these values based on the median and IQR using the method proposed by Wan et al. (2014)
for asymmetric distributions [29], as follows:

u=Q2+02(Q3—Ql)

where y is the mean; Q1, Q2, and Q3 are the first, second (i.e., median), and third quartile
values of the distribution. Similarly, for the SD (c), the following formula was applied:

~ Q3-01
135

Finally, in some studies, mean/SD (r)CBV values were provided for subgroup com-
parisons involving a third group (e.g., IDH-mutated with and without 1p19q codeletion).
In these cases, combined values were also estimated for the IDH-mutated group (merg-
ing both subgroups), weighting the means and standard deviations according to their
respective sample sizes.

e  Estimation of missing AUC values from different sources

In some studies, AUC values were not directly reported but were instead provided for
different percentiles or could be inferred from other performance metrics. Since excluding
these studies could have entailed an underestimation of the pooled AUC, we applied
well-established statistical methods (e.g., Monte Carlo simulations) to estimate AUC values
in those studies where they were not explicitly reported. Such estimations allowed us to
retain valuable data and minimize the risk of selection bias, improving the robustness of
the analyses. Specifically, based on the available information in each study, we applied the
following approaches to estimate AUC values:

If a study reported AUC values for different (r)CBV percentiles rather than a single
metric of AUC value for mean (r)CBV, we calculated an overall AUC estimate by computing
a weighted average of the reported percentiles. The initial weight was assigned assuming
that the percentiles represented equal strata of the (r)CBV distribution. This was further
refined using a weighting proportional to the total sample size. The standard error of
the estimated AUC was derived following the approach of Hanley & McNeil (1982) [30],
according to the following formula:

AUC (1 — AUC) + (N, — 1) ~(Q1 - ALICZ) +(N,—1) ~(Q2 - AUCZ)
SEauc = N N,

Similarly, a study reported mean (r)CBV values for different percentiles in each IDH
subgroup but did not provide the AUC corresponding to the mean, limiting itself to
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indicating that this metric did not differentiate (p > 0.05) between the mutated- and wild-
type IDH groups. To estimate the AUC of the mean rCBYV, a simulation method based
on Monte Carlo was used, which is widely used in diagnostic accuracy studies when
individual data are not available and only summary statistics are available [31,32].

First, normal distributions were modeled for each group using the reported mean and
SD values, under the assumption that rCBV follows an approximately normal distribution
within each group. Based on these distributions, simulated values of rCBV were generated
for each group according to their respective sample sizes, ensuring that the variability
within each group was consistent with the reported SD. Subsequently, this simulated sample
was used to calculate the receiver-operating characteristics (ROCs) curve and obtain the
estimated AUC. To evaluate the uncertainty associated with this estimate, a bootstrap
resampling analysis was performed (1000 iterations), obtaining a 95% confidence interval
(95% CI). In addition, the optimum cut-off point for the mean rCBV was determined using
the Youden index.

Finally, when only the odds ratio or 3 coefficient values were reported, an estimation of
the AUC was made based on the coefficient 3 obtained in the univariate logistic regression.
To do this, the relationship between the coefficient 3 and the OR was used, following the
method described by Zhou et al. (2002) [33], where the AUC can be calculated from the OR
using the formula:

OR"
1+ OR®

When AUC 95% ClIs were not explicitly provided in a given study, they were esti-

AUC =

mated based on the standard error (SE) according to the Hanley & McNeil formulae [30],
as follows:

¢ _ VAUC (1-AUC)
N VN

e  [bstimation of other diagnostic performance metrics

S 95%CI = AUC £1.96 -SE

Other relevant values assessed in this meta-analysis that were not directly reported
in the original study were estimated. For OR, the weighted overall OR was calculated
using an adjusted mean of the values provided at each percentile, applying a logarithmic
adjustment for the 95% confidence interval. Similarly, when the sensitivity and specificity
values were not directly reported, they were calculated from the predictive values collected
in the study.

Finally, we applied the 1> and tau? statistics to assess heterogeneity among studies with
non-relevant, moderate, and considerable cut-off values set at I? < 40%, 40% < 12 < 75%,
and 12 > 75%, respectively [34-37]. Sensitivity analyses were performed to evaluate the
robustness of the results. First, a sensitivity analysis was carried out based on the exclusion
of studies with imputed data, comparing the SMD and AUC estimates with and without
these studies, evaluating changes in effect size and heterogeneity. In addition, an overall
sensitivity analysis was performed using the leave-one-out technique, in which each study
was sequentially excluded to determine its individual impact on the pooled estimates.
Changes in point estimates and heterogeneity were analyzed to identify potentially influ-
ential studies and to assess the stability of the results. To visually display the results, forest
plots were generated, showing the effect sizes and 95% ClIs for individual studies as well as
the overall pooled estimates.
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3. Results

3.1. Search Results and Main Characteristics of the Included Studies

The initial search in the three databases identified a total of 3184 articles.

After

duplicate removal (879 articles) and title/abstract screening, 113 articles were fully read.

Following the inclusion and exclusion criteria, a total of 18 studies were finally included

in the quantitative synthesis. The PRISMA flow chart of the study can be consulted in

Figure 1.

Identification

Screening

Identification of studies via databases and registers

Records identified from
Databases (n = 3184):

PubMed (n = 602)
Web of Science (n = 1198)
EMBASE (n = 1384)

I

Records screened (n = 2305)

]

Reports assessed for eligibility
(n=113)

—>

[ Included ]

Studies included in quantitative
synthesis
(n=18)

Records removed before
screening:

Duplicate records removed
(n=879)

Records excluded (n = 2192)
No DSC-MRI perfusion (n = 1040)
Treated gliomas (n = 47)
Other metrics/outcomes (n = 128)
Review, case report, conference
proceedings etc. (n = 977)

Reports excluded (n = 95):

No IDH status provided (n = 48)
Only ML-based methods (n = 34)
No primary outcomes reported
(n=13)

Figure 1. PRISMA flow diagram of the systematic review and meta-analysis.

The main characteristics of each study are described in Table 1. Further information

regarding DSC-MRI post-processing data and MRI acquisition parameters in each study

can be consulted in Supplementary Tables S1 and S2, respectively.

Table 1. Main characteristics of the included studies. * No data provided for each subgroup, but

all gliomas were “high-grade gliomas”. " Number of women with respect to the total sample of the

study, which was larger than the analyzed patients (i.e., those with known IDH status).

Study (Year) [Reference] ~ Country N Age Women WHO-I ~ WHO-II  WHOIV  IDHM 1D
Ahn etal. (2023) [38] Republic of Korea 132 46 £13 66 54 78 0 87 45
Brendle et al. (2020) [39] Germany 56 48 +£16 23 29 20 7 32 24
Choi etal. (2019) [40] Republic of Korea 463 5224148 191 32 142 289 125 338
o 49 + 17 (IDHm);

Cindil etal. (2022) [41] Turkey 58 58 + 14 (IDHwt) 27 0 29* 29* 23 35
Guo etal. (2022) [42] China 102 43.5 (18-74) 46 37 22 43 54 48
Hempel etal. (2018) [43] Germany 100 5144152 45 40 30 30 54 46
Hong et al. (2021) [44] Republic of Korea 76 47.69 (19-68) 29 0 76 0 47 29
ﬁisclki“gereder etal. 2015 Gormany 73 43414 31 34 19 0 60 13
Leeetal. (2015) [46] Republic of Korea 52 49.8 +14.5 20 0 36 16 16 36
Leeetal. (2019) [47] Republic of Korea 110 47.44 +13.40 54 45 65 0 19 45
Lee_MH etal. (2019) [48] Republic of Korea 88 52 (20-80) 41 0 0 88 12 76
Luetal. (2021) [49] China 71 53 (18.0-74.0) 36 0 0 71 45 26
Ozturk etal. (2021) [50] USA 47 54 (20-90) 24 0 0 47 7 40
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Table 1. Cont.

Study (Year) [Reference] ~ Country N Age Women WHO-I  WHO-II  WHOIV ~ IDHM M
Pruis et al. (2022) [51] The Netherlands 99 53.4+15.3 36 78 17 4 81 18
g%’flaz}‘m“k etal. (2024) Norway 66 47.07 +14.84 36" 19 13 34 33 33
Song et al. (2020) [53] China 52 51.23 + 1559 21 16 6 30 2 30
Tan etal. (2016) (WHOTI) . 38.94 +10.31 (IDHm);

[54] China 31 5157 +1771 (IDHwt) 4 31 0 0 7 14
Tan etal. (2016) (WHOTIT) . 44.56 + 43.33 (IDHm);

[54] China 24 1333+ 13.85 (DHwe, 10 0 24 0 9 15
Tan etal. (2016) (WHOTV) . 39.50 4 10.10 (IDHm);

[54] China 36 5177+ 1357 (IDHwt) 2 0 0 36 6 30
Zhang et al. (2020) [55] China 43 47413 23 14 14 15 20 23

3.2. Quality Assessment

The 18 studies included in the meta-analysis showed a low overall risk of bias, except

for three [49,53,55] that were categorized as having an unclear risk due to some concerns in

patient selection (Figure 2). Further details on the assessment of risk of bias and applicability

concerns domains can be found in Supplementary Table S3.
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Hempel et al. (2019)
Hong et al. (2021)

Kickingereder et al. (2015) Color legend
& Lee etal. (2015) Low
% Lee etal (2019) Unclear
Lea MH stal. (2019) Hign

Lu etal. (2021)

Ozturk et al. (2021)

Pruis et al. (2022)
Prysiazhniuk et al. (2024)
Song etal. (2021)

Tan etal. (2016)

Zhang et al. (2020)

e & & & & & &

05‘/ &
&
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Figure 2. Traffic light plot of the QUADAS-2 assessment for the studies included in the meta-analysis.
Ahn et al. (2023) [38], Brendle et al. (2020) [39], Choi et al. (2019) [40], Cindil et al. (2022) [41], Guo
et al. (2022) [42], Hempel et al. (2018) [43], Hong et al. (2021) [44], Kickingereder et al. (2015) [45], Lee
et al. (2015) [46], Lee et al. (2019) [47], Lee MH et al. (2019) [48], Lu et al. (2021) [49], Ozturk et al.
(2021) [50], Pruis et al. (2022) [51], Prysiazhniuk et al. (2024) [52], Song et al. (2020) [53], Tan et al.
(2016) [54], Zhang et al. (2020) [55].

3.3. Differences in Mean Cerebral Blood Volume Based on the IDH Status

Statistically significant differences were found in the SMD, being lower in the IDH-
mutant group, both overall (SMD = —0.86; p < 0.0001) and in each individual study. The
greatest between-group difference was found in Kickingereder et al. [45]: (SMD = —1.90),
whereas the smallest difference was observed in Lee et al. (2015) [46]: (SMD = —0.30).
In five studies [44,46-48,50], the 95%CI for SMD included positive SMD values. The
overall heterogeneity was moderate (I? = 62.8%; tau® = 0.11), indicating that there are
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methodological or population differences between the included studies. Figure 3 shows
the forest plot of the studies included in the analysis.

Study Total Mean SD Total Mean sD Difference SMD 95%-Cl Weight
Ahn et al. (2023) 87 127 05400 45 161 06900 H = 057 [-093;-020] 6.7%
Brendle et al. (2020) 32 155 07200 24 270 14000 —=— -1.07 [163,-050] 50%
Choi et al. (20219) 125 219 09000 338 294 12500 == 064 [085-043] 80%
Cindil et al. (2021) 23 255 05900 35 440 18100 —i- -125 [-1.83,-068] 49%
Guo et al. (2021) 54 364 21800 48 746 19900 —=— : -181 [-228;-1.35] 58%
Hempel et al. (2019) 54 160 10700 46 260 15600 - 075 [-1.16,-0.35] 6.3%
Hong et al. (2021) 47 148 06000 29 168 05800 T 033 [-0.80; 0.13] 58%
Kickingereder etal. (2015) 60 122 04960 13 230 08000 —=— : -1.90 [-257;-1.22] 42%
Lee etal. (2015) 16 136 07230 36 154 04840 — 031 [[091, 028] 48%
Lee etal (2019) 19 154 05110 45 185 0.7500 —T 044 [-099 010] 52%
Lee_MH etal. (2019) 12 234 13300 76 309 19400 - 040 [-1.01; 021 47%
Lu et al. (2021) 45 3148 115900 26 4223 10.8400 —i— 094 [-1.45,.043] 55%
Ozturk et al. (2021) 7 467 11600 40 860 54700 —E— 076 [-157, 006] 34%
Prysiazhniuk et al. (2024) 33 150 0.6200 33 306 16900 - -1.21 [[11.74,-068] 53%
Pruis et al. (2022) 81 122 0.3600 18 1.46 05900 ——— 058 [-1.10;-0.06] 54%
Song et al. (2021) 22 121 04500 30 160 05400 —— 076 [1.33,-019] 50%
Tan et al. (2016) (WHO Il) 17 176 0.7200 14 414 25900 —— -1.28 [-206;-049] 36%
Tan et al. (2016) (WHO 1) 9 287 24000 15 516 26300 —— 087 [-1.74, 0.00) 3.2%
Tan et al. (2016) (WHO V) 6 334 15500 30 921 47200 : -1.30 [-224,-037) 29%
Zhang et al. (2020) 20 026 01700 23 038 0.1920 —— 070 [1.31,-008] 46%
Random effects model 769 964 < -0.86 [-1.08; -0.65] 100.0%

Heterogeneity I° = 62.8%, t° = 0.1095, p < 0.0001 ! ! ! !
-2 -1 0 1 2
Standardized Mean Difference (SMD)
Figure 3. Forest plot for the standard mean difference (SMD) in mean relative cerebral blood
volume between IDH-mutated- (left columns) vs. IDH-wild-type brain gliomas (right columns). The
horizontal lines indicate the 95% confidence intervals (95% CI). The pooled SMD was —0.86, indicating
significantly lower rCBV in IDH-mutant gliomas. WHO II-IV, 2007 World Health Organization
central nervous system tumor grades II-IV. Ahn et al. (2023) [38], Brendle et al. (2020) [39], Choi
et al. (2019) [40], Cindil et al. (2022) [41], Guo et al. (2022) [42], Hempel et al. (2018) [43], Hong et al.
(2021) [44], Kickingereder et al. (2015) [45], Lee et al. (2015) [46], Lee et al. (2019) [47], Lee_MH et al.
(2019) [48], Lu et al. (2021) [49], Ozturk et al. (2021) [50], Prysiazhniuk et al. (2024) [52], Pruis et al.
(2022) [51], Song et al. (2020) [53], Tan et al. (2016) (WHO II) [54], Tan et al. (2016) (WHO III) [54], Tan
etal. (2016) (WHO 1V) [54], Zhang et al. (2020) [55].

3.4. Diagnostic Performance of Mean rCBV
3.4.1. Pooled AUC Based on Reported Mean rCBV Cutoff Values

The analysis of the studies that reported an AUC for a specific cut-off value showed a
pooled AUC estimate of 0.83 (95% CI: 0.75-0.90), indicating that the mean rCBV value has
a good discriminatory capacity for differentiating gliomas with mutated vs. wild-type IDH.
However, the heterogeneity between studies was moderate (1> = 68.0%, p = 0.0009), suggest-
ing that there are methodological or population differences between the included studies.

The individual studies reported AUCs ranging from 0.50 to 0.94, reflecting variability
in the selected rCBV thresholds and in the populations studied. Figure 4 shows the forest
plot of this analysis.
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Study AUC SE(AUC) AUC AUC 95%-Cl Weight
Cindil et al. (2021) 0.8870 0.0497 —— 089 [0.79;098] 11.0%
Guo et al. (2021) 08000 0.0281 ] 0.90 [0.85;095] 14.1%
Hempel et al. (2019) 0.7800 0.0398 = 078 [070;086] 124%
Lee etal (2015) 05050 0.1010 — 050 [0.31;070] 55%
Prysiazhniuk et al. (2024) 0.8300 00587 —— 0.83 [0.72;094] 98%
Song et al. (2021) 07970 00556 - 080 [069,091] 102%
Tanetal (2016) (WHO Il) 0.8300 0.0863 —— 083 [070;096] 88%
Tan et al. (2016) (WHO Ill) 0.8600 0.0750 —%— 086 [0.71;1.01] 7.8%
Tan et al. (2016) (WHO IV) 0.9400 0.0357 i== 094 [087;1.01] 13.0%
Zhang et al. (2020) 0.7300 00793 —= 073 [057;089] 74%
Random effects model (HK) | : : <& | 0.83 [0.75; 0.90] 100.0%

) ) 1 05 0 05 1
Heterogeneity: I~ = 68.0%, 1~ = 0.0052, p = 0.0009 Area Under the Curve (AUC)
Figure 4. Forest plot of the area under the curve (AUC) in studies reporting a cut-off value for
the mean rCBV in the differentiation of gliomas with mutated- vs. wild-type IDH. Each study is
represented by a square, the size of which is proportional to the weight of the study in the meta-
analysis. The horizontal lines indicate the 95% confidence intervals (95% ClIs). The pooled AUC
estimate under a random-effects model is represented by the diamond at the bottom of the figure.
SE, standard error. Cindil et al. (2022) [41], Guo et al. (2022) [42], Hempel et al. (2018) [43], Lee et al.
(2015) [46], Prysiazhniuk et al. (2024) [52], Song et al. (2020) [53], Tan et al. (2016) (WHO II) [54], Tan
etal. (2016) (WHO III) [54], Tan et al. (2016) (WHO IV) [54], Zhang et al. (2020) [55].

3.4.2. Pooled AUC in Studies Reporting rCBV as Continuous Values

The meta-analysis of the studies that reported an AUC for rCBV as a continuous vari-
able showed a pooled AUC estimate of 0.78 (95% CI: 0.39-1.16). However, the heterogeneity
between studies was considerable (I = 91.8%, p < 0.0001). Individual studies reported
AUCs ranging from 0.60 to 0.89, indicating significant dispersion in the discriminatory
capacity of rCBV when analyzed as a continuous variable. Figure 5 shows the forest plot of
this analysis.

Study AUC SE(AUC) AUC AUC 95%-Cl Weight
Kickingereder et al. (2015) 0.8490 00482 —'— 085 [0.75;094] 332%
Lee et al (2019) 06010 00413 . 060 [052;068] 34.0%
Ozturk et al. (2021) 0.8860 0.0508 = 089 [0.79;099] 329%
Random effects model (HK) ﬁliiifb 0.78 [0.39; 1.16] 100.0%

[ I I
-1 0.5 0 05 1

Heterogeneity: /° = 91.8%, t° = 0.0243, p <0.0001  Area Under the Curve (AUC)

Figure 5. Forest plot of the area under the curve (AUC) in studies reporting the mean rCBV value
as a continuous variable to differentiate gliomas with IDH-mutant- vs. IDH-wild-type. Each study
is represented by a square, the size of which is proportional to the weight of the study in the meta-
analysis. The horizontal lines indicate the 95% confidence intervals (95% CIs). The pooled AUC
estimate under a random-effects model is represented by the diamond at the bottom of the figure. SE,
standard error. Kickingereder et al. (2015) [45], Lee et al. (2019) [47], Ozturk et al. (2021) [50].

3.4.3. Bivariate Meta-Analysis of Sensitivity and Specificity: HSROC Analysis

The forest plots in Figure 6 illustrate the pooled sensitivity and specificity of mean
rCBYV for distinguishing IDH-mutant- from IDH-wild-type gliomas across multiple studies.
Individual sensitivity values were variable, with a pooled sensitivity estimate of 0.80 (95%
CI: 0.56-0.96). Similarly, the pooled specificity was 0.80 (95% CI: 0.53-0.99). For individual
studies, the ones reporting highest sensitivity and specificity values were those by Guo
etal. (2021) [42] and Tan et al. (2016, WHO 1V) [54] (0.98 and 1, respectively). Conversely,
the studies reporting lowest sensitivity and specificity values were Hempel et al. (2019) [43]
and Lee et al. (2015) [46] (0.52 and 0.50, respectively).
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Study Sensitivity (95% CI) Study Specificity (95% Cl)
Cindil etal (2021) 0.86(0.77-0.95] —a— Cindil etal. (2021) 0.83(0.73-0.93] —a—
Guo etal. (2021) 0.98[0.95-1.01) M| Guoetal. (2021) 0.63[0.54-0.72) ——
Hempel etal. (2019) 0.52(0.42-062] == Hempel et al. (2019) 0.91[0.85-097] -
Kickingereder et al. (2015) 0:85(0.77-0.93] ==l Kickingereder etal. (2015) 0.85[0.76-0.93] —a—
Leeetal (2015) 069[0.57-082] T Leeetal (2015) 0.50[0.36- 0.64] —
Prysiazhniuk et al. (2024) 0.76[0.66-0.86] — Prysiazhniuk et al. (2024) 0.94(0.88-1.00] 8
Song etal. (2021) 0-88[080-0.07] * | songetal (2021) 071[0.59-0584] ——
Tan etal. (2016) (WHO Il) 0.86[0.73-0.98] —a— Tanetal (2016) (WHO ) 0.82[0.60 - 0.96] -
Tan etal. (2016) (WHO I) 0.87[0.73-1.00] 2" | fanetal 2016) (WHO ) 0.89[0.76- 1.01] g g
4 ——

Tan etal. (2016) (WHO IV) 0.83[0.71-0.95] Tanetal (3016) (NHOI) 1.0011.00-4.00] &
Zhang etal. (2020) 0.70[0.56 - 0.83] ——

Zhang et al. (2020) 0.75[0.62 - 0.88] ——
Pooled Sensitivity 0.80 [0.56 - 0.96] ——— -

Pooled Sp y 0.80 [0.53 - 0.99] ———

Proete —

Figure 6. Pooled estimates of sensitivity and specificity for rCBV in predicting IDH mutation status.
Left panel: Forest plot of sensitivity estimates from individual studies, together with the pooled
sensitivity derived from the meta-analysis using a random-effects model. Right panel: Forest plot of
specificity estimates from individual studies, together with the pooled specificity derived from the
meta-analysis using a random-effects model. Each square represents the point estimate of a single
study, with horizontal lines indicating the 95% confidence intervals (CI). The combined estimates are
shown as diamonds at the bottom of each panel, and their width represents the 95% CI. Cindil et al.
(2022) [41], Guo et al. (2022) [42], Hempel et al. (2018) [43], Kickingereder et al. (2015) [45], Lee et al.
(2015) [46], Prysiazhniuk et al. (2024) [52], Song et al. (2020) [53], Tan et al. (2016) (WHO II) [54], Tan
et al. (2016) (WHO III) [54], Tan et al. (2016) (WHO 1V) [54], Zhang et al. (2020) [55].

The results of the HSROC analysis were similar to those of the bivariate meta-analysis,
with pooled sensitivity and specificity values of 0.784 (95%CI, 0.674-0.865) and 0.787 (95%CI,
0.678-0.867), respectively, and a pooled AUC of 0.789 (95%Cl, 0.779-0.794). Figure 7 shows
the HSROC curve of diagnostic performance.
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False Positive Rate
Figure 7. Hierarchical-summary receiver-operating characteristics (HSROC) curve of the diagnostic

performance of mean rCBV to classify brain gliomas into IDH-mutant- vs. IDH-wild-type for the
studies reporting mean rCBV cutoff values that were included in the meta-analysis.

3.4.4. Diagnostic Odds Ratio of Mean rCBV

The individual results of the studies show considerable variability, with DOR values
ranging from 2.00 [0.62-6.43] to 93.00 [7.23-1196.69]. The combined DOR estimate using a
random-effects model was 14.21 [7.67-26.35]. The pooled Youden J Index was 0.58, with
considerable variability ranging from 0.54 to 0.62. Figure 8 shows the forest plot of the
DOR analysis, and Figure 9 shows the forest plot of the Youden ] Index of individual and
pooled data.
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Study DOR [95% CI]

Cindil et al. (2021) 22,50 [5.84 - 86.72) —
Guo et al. (2021) 44.05[9.61-201.93] ——
Hempel et al. (2019) 9.24[319-26.77] —a—
Kickingereder et al. (2015) 20.80[4.95-87.34] —a—
Lee etal. (2015) 2.00[0.62 - 6.43] —

Prysiazhniuk et al. (2024) 30.81[7.56 - 125.64] —a—
Song et al. (2021) 11.00 [2.97 - 40.69] —e—

Tan etal. (2016) (WHO Il) 23.11[3.98 - 134.30] ——
Tan et al. (2016) (WHO Il 21.00 [2.91 - 151.41] —
Tan etal. (2016) (WHO IV) 93.00 [7.23 - 1196.69)] —_———
Zhang et al. (2020) 5.51[1.58-19.27] —a—

Pooled DOR 14.21 [7.67 - 26.35] ——

— T T T T T T T
05 2 8 30 100 500
Diagnostic Odds Ratio (DOR)

Figure 8. Forest plot showing the diagnostic odds ratio (DOR) and its 95% confidence interval (95%
CI) for each individual study included in the meta-analysis. The squares represent the point estimates
of the DOR for each study, and the horizontal lines indicate the 95% CIs. The size of the squares is
proportional to the weight of each study in the analysis. The blue diamond represents the combined
estimate of the pooled DOR using a random-effects model, with its corresponding confidence interval.
Cindil et al. (2022) [41], Guo et al. (2022) [42], Hempel et al. (2018) [43], Kickingereder et al. (2015) [45],
Lee et al. (2015) [46], Prysiazhniuk et al. (2024) [52], Song et al. (2020) [53], Tan et al. (2016) (WHO
II) [54], Tan et al. (2016) (WHO 1III) [54], Tan et al. (2016) (WHO 1V) [54], Zhang et al. (2020) [55].

Study Youden Index (95% Cl)

Cindil et al. (2021) 0.69[0.57 - 0.81] —a—
Guo et al. (2021) 0.61[0.51-0.70] i
Hempel et al. (2019) 0.43[0.33-0.53] —a—
Kickingereder et al. (2015) 0.70[0.59 - 0.80] —a—
Lee etal (2015) 0.19[0.09-0.30] —a—

Prysiazhniuk et al. (2024) 0.70[0.59 - 0.81] —a—
Song et al. (2021) 0.60[0.47-0.73] -

Tan etal. (2016) (WHO Il) 0.68[0.52-0.85] —a—
Tan et al. (2016) (WHO Il 0.76 [0.58 - 0.93] —
Tan et al. (2016) (WHO IV) 0.83[0.71-0.95] —a—
Zhang et al. (2020) 0.45[0.30 - 0.59] —a—

Pooled Youden Index 0.58 [0.54 - 0.62] -

(aaansnnnnninnsnrannaniannninnnnsannnnsnl
00050.125 02 02750.350.425 0.5 0.5750650.725 08 Q875095
Youden Index

Figure 9. Forest plot of the Youden ] index and its 95% confidence interval (95% CI) for each individual
study included in the meta-analysis. The squares represent the point estimates of the DOR for each
study, and the horizontal lines indicate the 95% ClIs. The size of the squares is proportional to the
weight of each study in the analysis. The blue diamond represents the combined estimate of the
pooled DOR using a random-effects model, with its corresponding confidence interval. Cindil et al.
(2022) [41], Guo et al. (2022) [42], Hempel et al. (2018) [43], Lee et al. (2015) [46], Kickingereder et al.
(2015) [45], Prysiazhniuk et al. (2024) [52], Song et al. (2020) [53], Tan et al. (2016) (WHO II) [54], Tan
etal. (2016) (WHO III) [54], Tan et al. (2016) (WHO IV) [54], Zhang et al. (2020) [55].

3.5. Meta-Regression Analyses

None of the DSC-MRI acquisition parameters showed significant influence in the
primary outcomes, but the flip angle showed a trend toward significance (p = 0.055) in the
SMD meta-regression, with decreasing units being associated with reduced SMD values
(B) = —0.009). Heterogeneity was moderate in all cases, ranging from 66.7% to 78.27%
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in SMD, and from 44.4% to 84.2% in AUC. Tables 2 and 3 show the results of the meta-

regression analyses for SMD and AUC estimates, respectively.

Table 2. Meta-regression analysis results for standard mean difference. TRH, test for residual

heterogeneity.

Variable B Coefficient (95%CI) p-Value 2 Tau? p-Value (TRH)
TE —0.0011 (—0.0311, 0.0289) 0.9441 68.61% 0.1440 <0.0001
TR —0.0004 (—0.0012, 0.0004) 0.345 67.71% 0.1349 <0.0001
FA () —0.0091 (—0.0183, 0.0002) 0.0551 66.68% 0.1355 0.0002
Slice thickness 0.0301 (—0.3125, 0.3727) 0.8634 71.12% 0.1533 <0.0001
Slice gap 0.4497 (—0.1306, 1.0301) 0.1288 68.48% 0.1358 0.0007
N.images —0.0352 (—0.1188, 0.0484) 0.4089 76.30% 0.2355 <0.0001
Scan time 0.0031 (—0.0124, 0.0187) 0.6922 78.27% 0.1880 <0.0001

Table 3. Meta-regression analysis results for area under the curve. TRH, test for residual heterogene-

ity.

Variable B Coefficient (95%CI) p-Value ? Tau? p-Value (TRH)
TE 0.0009 (—0.0075, 0.0092) 0.8424 72.60% 0.0069 0.0007
TR 0.0001 (0.0002, 0.0004) 0.6953 72.37% 0.0069 0.0009
FA () 0(—0.0048, 0.0047) 0.9856 44.42% 0.0021 0.1047
Slice thickness 0.0102 (—0.0796, 0.0999) 0.8241 70.49% 0.0071 0.0008
Slice gap —0.0152 (—0.1863, 0.1559) 0.8620 74.03% 0.0092 0.0025
N.images —0.0032 (—0.0307, 0.0244) 0.8213 84.19% 0.0164 0.0016
Scan time 0.0021 (—0.0059, 0.0101) 0.6099 50.46% 0.0036 0.1329

3.6. Publication Bias and Sensitivity Analyses

Regarding publication bias, the shape of the funnel plot for the 20 studies included in

the SMD analysis indicated no significant biases, which was supported by the results of
the Egger’s test (t = —1.45; p = 0.166). The variance of residual heterogeneity (tau® = 2.541)
indicated high variability between studies, in agreement with the dispersion observed in

the funnel plot. Similar results were observed in the funnel plot of the 10 studies reporting

mean rCBV cutoff values that were used to estimate pooled AUC (Egger’s test, t = —2.81;

p = 0.0227; tau® = 1.765). Figure 10 shows the corresponding funnel plots.
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Excluded Study

Kickingereder et al. (2015) -

Prysiazhniuk et al. (2024) -

Tan etal. (2016) (WHO Il) -
Tan etal. (2016) (WHO IV) -
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Figure 10. Funnel plots for studies included in the standardize mean difference (top) and area under
the curve (bottom) analyses. The line centered at the vertex of the triangle indicates the estimation
according to the random-effects model, and the parallel vertical line on the left refers to the estimation
according to a common-effects model.

Finally, leave-one-out sensitivity analyses showed that the exclusion of individual
studies did not substantially alter the global estimates for SMD (range: —0.897 to —0.789) or
for AUC (range: 0.812 to 0.851), indicating stability in the results. However, heterogeneity
(1?) decreased slightly when certain studies were excluded, particularly Guo et al. (2021) [42]
for SMD and Lee et al. (2015) [46] for AUC, suggesting that they contributed more to the
observed variability. In addition, the exclusion of studies with imputed data did not
significantly alter the association between rCBV and IDH mutational status (SMD = —0.874
vs. —0.865; pooled AUC for studies with reported rCBV cutoff = 0.857 vs. 0.828) and led to
a very slight decrease in heterogeneity in SMD (I? = 59.2% vs. 62.8%) and a mild decrease
in pooled AUC (I? = 68.0% vs. 50.6%), suggesting that these studies did not significantly
contribute to the observed variability. Figure 11 shows the results of the leave-one-out
sensitivity analyses for SMD and AUC.
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Leave-One-Out Sensitivity Analysis - AUC
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Zhang et al. (2020) - } 1
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Prysiazhniuk et al. (2024) - r L
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Cinail et al. (2021) - I I

Guo et al. (2021)~ F 1

Tan etal. (2016) (WHO IV) - I |

0 :".7 0. IBO 0 "64 0 ;38 0. .92
Area Under the Curve (95% ClI)

Figure 11. This figure illustrates the results of the leave-one-out sensitivity analysis for the stan-
dardized mean difference (SMD) (top) and the area under the curve (AUC) (bottom). Each point
represents the pooled-effect estimate after excluding a single study, with horizontal lines indicating
the corresponding 95% confidence intervals (95% Cls). Ahn et al. (2023) [38], Brendle et al. (2020) [39],
Choi et al. (2019) [40], Cindil et al. (2022) [41], Guo et al. (2022) [42], Hempel et al. (2018) [43], Hong
et al. (2021) [44], Kickingereder et al. (2015) [45], Lee et al. (2015) [46], Lee et al. (2019) [47], Lee_MH
et al. (2019) [48], Lu et al. (2021) [49], Ozturk et al. (2021) [50], Prysiazhniuk et al. (2024) [52], Pruis
et al. (2022) [51], Song et al. (2020) [53], Tan et al. (2016) (WHO II) [54], Tan et al. (2016) (WHO
III) [54], Tan et al. (2016) (WHO IV) [54], Zhang et al. (2020) [55].

4. Discussion

This study focused on evaluating the diagnostic performance of mean rCBV obtained
in DSC-MRI to differentiating between IDH-mutant- and IDH-wild-type brain gliomas.
We included a total of 18 studies encompassing 1733 patients. We found that, despite
moderate heterogeneity, the overall diagnostic accuracy of mean rCBV is high, with pooled
sensitivity, specificity and AUC values of approximately 0.80. These results were consistent
between different statistical approaches (pooled AUC, sensitivity and specificity, HSROC,
and bivariate random-effects meta-analysis). Moreover, our analysis was further supported
by a pooled DOR of 14.2, indicating a moderate-to-high discriminative power. In addition,
meta-regression analyses did not reveal any significant influence of DSC-MRI acquisition
parameters, although a trend toward significance was found for the flip angle. However, the
relatively low number of included studies limit the reliability of meta-regression analyses.
In sum, this meta-analysis not only supports the utility of mean rCBV to differentiate
between IDH-mutant- vs. -wild-type gliomas but also quantifies its diagnostic performance
through consistent and complimentary analyses.

Two previous meta-analyses explored the role of DSC-MRI perfusion metrics in pre-
dicting IDH mutation status. Van Santwijk et al. [56] conducted a meta-analysis including
studies exploring T1-DCE and DSC MRI perfusion parameters in the differentiation of low-
and high-grade glioma, as well as IDH mutation status. They included 12 studies with
1384 patients and found that CBV, ktrans, Ve, and Vp values were, in general, significantly
higher in IDH-wild-type compared to IDH. The reported AUC for CBV values was 0.85
(95%-CI1 0.75-0.93), but only three studies with DSC-MRI were included in their analysis. In
addition, they included studies that reported CBV-related values not conventionally used
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in radiological practice, such as leakage (i.e., CBV-uncorrected—CBV corrected) [57], which
represents a notable limitation.

Siakallis et al. [58] reviewed 16 studies including 1819 patients and analyzed a number
of CBV-related metrics (e.g., mean rCBV, max rCBYV, 75th percentile rCBV) and reported
that the highest pooled specificity to differentiate between IDHm and IDHwt was observed
for mean rCBV (82%), whereas rCBV 10th percentile showed maximum pooled-sensitivity,
AUC, and DOR values (92%, 0.91, and 0 20.96, respectively). However, only two studies
reported the latter measure, limiting its generalizability. In clinical practice, most software
packages for image post-processing offer mean rCBV values, which seem more intuitive
and stable compared to low and high percentiles, which may be affected by errors (e.g.,
inadequate tumor segmentation).

Our results align with those of the above-mentioned meta-analyses but focused on
mean rCBV. Of note, all but one [49] of the included studies in our meta-analysis permitted
areliable estimation of mean rCBV. The study that only reported mean CBV values was only
included in the SMD meta-analysis, since the statistical assumptions of this specific analysis
allow for using mean CBV—not rCBV—to pool between-group differences. The pooled-
sensitivity, specificity, and AUC values for the mean rCBV (80%) reinforce the validity of
using mean rCBV as a biomarker for decision-making in clinical and radiological practice.

Nevertheless, the substantial variability found between the included studies calls
for caution, since the range of reported AUCs for mean rCBV ranged from almost null
(0.50 in Lee et al. (2015) [46]) to almost perfect (0.94 for Tan et al. (2016) [54] in WHO IV
patients), and significant heterogeneity (I?> ranging from 62.8% to 91.8%) was observed.
Such variability led us to explore possible modulating factors, particularly DSC-MRI
acquisition parameters, which have been previously reported to influence mean rCBV
measures. In fact, it is known that different MRI acquisition parameters may influence
signal intensity of DSC-MRI perfusion, with subsequent variations in rCBV. For instance,
Leu et al. (2017) showed that varying these parameters can impact the estimation of relative
cerebral blood volume (rCBV) in gliomas, with different acquisition strategies yielding
varying degrees of fidelity in CBV estimation [59]. Siakallis et al. [58] found that shorter
TEs and smaller slice gaps were associated with higher sensitivities of mean rCBV.

Meta-regression analyses did not identify a dominant factor explaining this hetero-
geneity, precluding us from supporting Siakallis et al.’s findings in the specific context of
mean rCBYV, probably due to the low number of studies. However, we found statistical
cues (p = 0.055) that lower flip-angle values are associated with smaller SMDs, suggesting
that technical variability may contribute to differences in reported diagnostic performance.
In fact, previous studies have found that a lower flip angle can reduce T1-weighting ef-
fects from contrast agent leakage, potentially yielding more accurate rCBV estimations
in tumors with significant blood—brain barrier disruption [60,61]. Conversely, a higher
flip angle may enhance signal-to-noise ratio (SNR), which, based on our results, seems to
improve the discriminatory ability of mean rCBV—despite potential bias due to residual
T1 effects. Notably, a balance between leakage contamination and SNR can be reached with
different acquisition parameter configurations [62]. In sum, the observed trend toward
significance in our meta-regression suggests that flip angle is a relevant parameter when
standardizing DSC-MRI acquisition protocols for glioma assessment and, future studies
should further investigate the impact of flip angle variations on rCBV reproducibility and
diagnostic accuracy.

Be that as it may, the lack of standardization in parameter acquisition is evident in
the included studies, and this underlying problem is further complicated considering the
variability depending upon magnetic field [19], contrast agent doses [63], or imaging post-
processing software [64]. In fact, another potential source of bias lies in the post-processing
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method used in each study, a problem that widely affects a number of neuroimaging-related
clinical challenges, both in CT [65] and MRI. Up to seven different software packages were
used in the included studies, the most frequent of which was Nordiclce. Each of these
packages include a specific pipeline and internal algorithms for parameter estimation.
Moreover, each software tool may include a variety of post-processing algorithms. For
instance, the NeuroPerfusion module of IntelliSpace Portal v. 11.0 (Phillips®) includes
four different reconstruction algorithms, namely gamma-variate, model-free, manual AIF,
and leakage correction [66]. Each of these reconstruction methods include mathematical
nuances that result in different rCBV quantifications. The variability in rCBV based on
different post-processing algorithms has also been demonstrated in the literature. For
instance, Kudo et al. found that rCBV values of tumor and cutoff values for discriminating
low- and high-grade gliomas differed between software packages, suggesting that optimal
software-specific cutoff values should be used for diagnosis of high-grade gliomas [67].

Although limited by the relatively low number of included studies, the significant
heterogeneity observed, along with existing knowledge on the influence of acquisition
parameters (TE, TR, FA, etc.) and post-processing strategies, calls for the need of standardiz-
ing DSC-MRI parameter acquisition and harmonization of post-processing methodologies
across different software platforms to improve the generalizability of rCBV as a biomarker
for IDH mutation status. Multi-center prospective studies using uniform imaging and anal-
ysis pipelines will be essential to validate rCBV as a reproducible and clinically actionable
biomarker. In sum, there is an emerging need for standardization not only in acquisition
parameters but also in post-processing methods.

In the context of brain gliomas, significant efforts have been made to further extend
the interpretability of rCBV in biological terms. An outstanding example is represented
by studies exploring the so-called tumor vascular habitats, which are linked to different
biological tumor features, as demonstrated by transcriptomic correlations [68-70]. For
instance, Alvarez-Torres et al. applied complex clustering algorithms to delineate four
vascular habitats within brain gliomas and peritumoral edema based on a mixture of
rCBV and rCBF data. These vascular habitats are heuristically dichotomized into high and
low angiogenic tumor habitats and have been found to significantly differentiate between
IDH-wild-type glioblastoma and IDH-mutant astrocytoma [71].

In the current Al paradigm, a number of studies are increasingly exploiting the
advantages of machine learning methods to extract information of perfusion MRI metrics
that escapes conventional approaches [72]. We excluded these studies, as they are currently
circumscribed to the research field, and the variability in methodological approaches
precludes withdrawing generalizable conclusions. Notably, the studies by Kickingereder
etal. (2015) [45] and Lee et al. (2019) [48] included in our meta-analysis applied machine
learning algorithms to improve the diagnostic yield of perfusion MRI in diagnosing IDH
mutation status as well as the 1-year overall survival in patients with brain glioma. They
found that their developed ML model significantly outperformed the diagnostic yield of
rCBV applied as per conventionally performed in clinical practice.

Similarly, radiomics has emerged as a novel methodology to extract meaningful
quantitative features from imaging studies [73]. The application of radiomics to predict
genomic data (i.e., radiogenomics) has shown promising results in the clinical problem
approached in this study [74-76]. For instance, Bhandari et al. [77] found pooled-sensitivity
and specificity values close to 90% in predicting IDH and 1p19q codeletion status of brain
gliomas. In this context, interesting insights can be drawn from the combination between
radiomics and perfusion MRI, since the latter provides temporal information that is absent
in conventional MRI sequences [78-80]. Therefore, future meta-analysis should also explore
the role of these recently developed approaches.
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This study has several limitations: First of all, this meta-analysis aimed to focus
on mean rCBV obtained in T2*-DSC perfusion MRI. This specific nature precludes us
from withdrawing any conclusion regarding other MRI sequences (e.g., dynamic contrast
enhancement, arterial spin labeling) or other rCBV metrics. Second, some studies did
not report direct mean rCBV values, which implied the need to estimate them indirectly.
Although the formulae applied for such conversion are widely accepted and used in
the literature, estimation errors cannot be excluded. Third, although we did not detect
significant publication bias, the presence of unpublished studies or studies reporting
negative results could still influence the overall conclusions. Finally, some potentially
relevant variables, such as the WHO glioma grade, were not considered in our analyses due
to the heterogeneity in the edition of the WHO classification among the included studies,
which varied from the 2007 edition [54] to the current 2021 edition [52]. These limitations
should be overcome in future studies.

5. Conclusions

Mean rCBV is a reliable DSC-MRI parameter for differentiating between IDH-mutated-
and IDH-wild-type brain gliomas, with significantly lower values in the former. Pooled
sensitivity, specificity and AUC values of 80%, and DOR of 14.21 were observed. However,
considerable heterogeneity in acquisition parameters, post-processing methods, and tumor
segmentation limit optimal comparability between studies. Our results highlight the need
for standardizing DSC-MRI perfusion to establish generalizable cutoff values of mean rCBV.
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Abstract: In this case series, we aimed to report our clinical experience with hybrid positron emission
tomography (PET) and magnetic resonance imaging (MRI) navigation in the management of recurrent
glial brain tumors. Consecutive recurrent neuroglial brain tumor patients who underwent PET/MRI
at preoperative or intraoperative periods were included, whereas patients with non-glial intracranial
tumors including metastasis, lymphoma and meningioma were excluded from the study. A total of
eight patients (mean age 50.1 £ 11.0 years) with suspicion of recurrent glioma tumor were evaluated.
Gross total tumor resection of the PET/MRI-positive area was achieved in seven patients, whereas
one patient was diagnosed with radiation necrosis, and surgery was avoided. All patients survived
at 1-year follow-up. Five (71.4%) of the recurrent patients remained free of recurrence for the entire
follow-up period. Two patients with glioblastoma had tumor recurrence at the postoperative sixth and
eighth months. According to our results, hybrid PET/MRI provides reliable and accurate information
to distinguish recurrent glial tumor from radiation necrosis. With the help of this differential diagnosis,
hybrid imaging may provide the gross total resection of recurrent tumors without harming eloquent
brain areas.

Keywords: hybrid imaging; magnetic resonance imaging; positron emission tomography; radiation
necrosis; recurrent glial tumor

1. Introduction

Gliomas are the most common malignant tumors of the brain, accounting for approx-
imately 80% of all cancers in the central nervous system, and the incidence has risen in
recent decades with improved diagnostic imaging [1,2]. The main differential diagnoses of
gliomas are lymphoma, metastasis and inflammatory/infectious diseases. The standard
care of high-grade gliomas comprises early detection and maximum safe surgical resection
followed by postoperative chemoradiotherapy [3]. Despite the advancements in diagnosis
and treatment, the survival of those with brain tumors still remains poor [4,5]. In addition
to patient characteristics including age and Karnofsky score, the histological subtype of
tumor, the level of differentiation and extent of tumor removal are important prognostic
factors [5-8]. Since the interaction of tumors with eloquent brain areas mainly determines
the surgical approach and, thereby, extent of tumor removal, there have been increasing
demands on preoperative imaging methods revealing overall extensions of tumor tissue. It
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is also important to evaluate the presence of residual tumor tissue intraoperatively, as well
as to differentiate tumor recurrence from pseudorecurrence and radiation necrosis in the
follow-up period.

Magnetic resonance imaging (MRI) and positron emission tomography (PET) are
well-established imaging modalities that are widely used in neuro-oncology. However,
considering brain tumors with structural, functional or metabolic information only is
inadequate for pathologic estimation and treatment planning. As both techniques are
complementary and essential for diagnosis and follow-up, hybrid multimodal imaging
with integrated PET/MRI might have the potential to improve glioma management [9].

In this preliminary study, we aimed to report our experience with hybrid PET/MRI
navigation in the management of recurrent brain tumors.

2. Materials and Methods

This study was approved by the IRB Committee of the Ankara University (Date:
21 May 2021, Number: 15-318-21). Written informed consent was obtained from each patient
before enrollment, and this study adhered to the tenets of the Declaration of Helsinki.

In this case series study, consecutive high-grade glioma patients who had been treated
with total or gross total resection surgery followed by chemoradiotherapy were evaluated.
Patients with a high index of suspicion for glioma recurrence during the follow-up period
who also underwent a hybrid PET/MRI scan at our hospital from October 2018 to May
2021 were included in the study. Patients with non-glial intracranial tumors including
metastasis, lymphoma and meningioma were excluded from the study. Hybrid images
were used for differential diagnosis, treatment planning and intraoperative guidance.

All patients underwent PET/MRI on a fully integrated General Electric system Signa
PET/MRI with a head coil (General Electric Healthcare, Chicago, IL, USA). This system
is equipped with a 3-T magnet and a high-resolution PET detector, integrated with Time-
Of-Flight (TOF) technology, and provides the simultaneous acquisition of PET and MRI
data [10]. The PET/MRI scans were performed 45 min after the intravenous administration
of 18F-fluorodeoxyglucose (FDG), during which the patients rested in a quiet room. At
least 6 h of fasting was required prior to its administration. The patients were placed in the
scanner, and contiguous transaxial slices were obtained.

For PET/MRI neuronavigation, all the patients included in the study had T2-weighted
propeller axial images (TR: 3570, TE:110, FOV: 240, slice thickness/gap:5/0.5), sagittal
3D FLAIR images (TR > 6000, TE:105, TI: 1500-1800, FOV: 260, slice thickness/gap:1.2/0)
and pre- and post-contrast sagittal 3DT1WI BRAVO images (3D, TR:8, TE:3, FOV: 260,
slice thickness/gap:1.2/0). For contrast-enhanced imaging, gadobutrol (Gadovist, Bayer
Schering Pharma, Berlin, Germany) or gadoterate meglumine (dotarem; Guerbet, Aulnay-
sous-Bois, France) was administered at a single dose of 0.1 mmol/kg by intravenous bolus
injection at a rate of 2 mL/s.

Data were described as the mean + standard deviation for numerical and frequency
(percentage) for categorical variables. Statistical analyses were performed with the Statisti-
cal Package for Social Sciences (SPSS Version 24.0, Chicago, IL, USA).

3. Results

Eight patients (five males), with a mean age of 50.1 & 11.0 years (range, 28-62 years),
were included in the study. Table 1 shows the clinical and demographic data of patients.

All patients underwent uneventful neurosurgical procedures and did not encounter
any neurological deficit thereafter. Hybrid PET/MRI images were used for surgical plan-
ning and intraoperative guidance in tumor resection. Gross total tumor resection of the
PET /MRI-positive area was achieved in all patients, except case 1, whose PET/MRI was
reported as radiation necrosis. The extent of resection was confirmed with postoperative
CT or MRl in all seven patients.
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Table 1. Demographical and clinical features of patients.

Case (Y‘: f:s) Sex Hlsm}:;?]:::yl?lf:g:;sw of Localization Size (cm) Tracer Surgery

1 59 M Glioblastoma L Frontal 23 x35x28 FDG None

2 48 M Diffuse Astrocytoma L Frontal 6.9 x 4.8 x 4.6 FDG Gross total resection
3 58 F Glioblastoma L Frontoparietal 3.0x32x34 FDG Gross total resection
4 45 M Gemistocytic Astrocytoma L Frontoparietal 25x20x19 FDG Gross total resection
5 53 M Glioblastoma L Temporal 2.0x20x23 FDG Gross total resection
6 47 F Oligodendroglioma R Temporal 33 x34x26 FDG Gross total resection
7 28 M Glioblastoma R Hippocampus 6.0 x 4.5 x 4.5 FDG Gross total resection
8 63 F Glioblastoma L Frontoparietal 54 x47 x37 FDG Gross total resection

Abbreviations: F: female, FDG: fluorodeoxyglucose, L: left, M: male, R: right.

A postoperative histopathological investigation of the tumors revealed recurrent
glioma (Table 1). All patients survived at 1-year follow-up. In case 1, the diameter of the
radiation necrosis area was stable, and no new neurological symptoms were encountered at
1-year follow-up. Five (71.4%) patients remained free of recurrence for the entire follow-up
period. Two patients with glioblastoma had tumor recurrence at the postoperative sixth and
eighth months.

3.1. Illustrative Cases: Case 3

A 58-year-old female patient applied to our hospital with a complaint of dysarthria
for 1 week. She had been operated on once for intracranial tumor previously, and the
postoperative histologic diagnosis was high-grade glioma, followed by radiochemotherapy
and adjuvant chemotherapy with Temozolamide. Cranial MRI revealed an enhancing mass
lesion in the left frontoparietal lobe, whereas MR spectroscopy (MRS) suggested radiation
necrosis. PET/MRI showed an F-'8FDG hot spot suggesting recurrent glioma (Figure 1).
The patient underwent gross total resection using hybrid PET/MRI neuronavigation.
Hybrid images provided data to delineate tumor margins and resection borders with high
accuracy. Histopathological evaluation confirmed the diagnosis of recurrent glioma.

Figure 1. Case 3. Magnetic resonance imaging (MRI) (A) revealed an enhancing mass lesion (black
asterisk) in the left frontoparietal lobe. A hybrid PET/MRI image (B) showed a hot spot (white
asterisk), suggesting recurrent glioma.

3.2. Illustrative Cases: Case 5

In a 53-year-old male patient with a complaint of aphasia and orobuccal seizure, a
recurrent suspicious contrast-enhancing lesion within his temporal lobe occurred 8 months
after GBM resection. T2W MRI showed a hyperintense mass lesion containing cystic
and necrotic areas. After contrast administration, the lesion enhanced heterogeneously.
PET/MRI images showed focal hot spots within the previously operated area as well as in
a different area (Figure 2). Hybrid images helped to distinguish between recurrence and
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postradiation effects and optimized re-resection. Gross total tumor removal was achieved
with hybrid neuronavigation, and histologic examination revealed glioblastoma, which
was suggested as postradiation necrosis on MRI images. At postoperative month 6, MRI
images revealed a hyperintense mass lesion, suggesting tumor recurrence, but the patient
refused re-treatment.

Figure 2. Case 5. T1-weighted magnetic resonance imaging (MRI) (A) revealed heterogenous con-
trasting lesions (arrowheads). Positron emission tomography/MRI images (B) showed focal hot
spots (arrows) within the previously operated area (asterisk) as well as in a different area.

4. Discussion

According to our results, imaging is very helpful for the differential diagnosis of tumor
recurrences from treatment-related changes, as well as the surgical planning of neuroglial
brain tumors.

Neurosurgical imaging systems are important in neuro-oncology, and they are con-
tinuously improving in diagnostic performance and patient comfort. While MRI is the
most widely used tool for the diagnosis and follow-up of high-grade glioma, the reliability
of the conventional MRI series is limited in the determination of treatment response or
tumor progression due to potential treatment-induced signal changes [11-13]. One of
the diagnostic dilemmas in the follow-up period of high-grade glioma cases is pseudo-
progression, which is defined as an enlarging or new lesion appearing on MRI after the
concurrent administration of radiotherapy and chemotherapy (i.e., temozolamide) but
without any true progression. It is attributed to radiation necrosis and inflammatory
changes or treatment-related alterations in the blood-brain barrier, leading to increased
vascular permeability [14]. It is seen in up to 36% of high-grade glioma [15,16]. There
is an increasing demand for definitive radiological criteria for a differential diagnosis of
pseudoprogression and true progression to prevent any invasive biopsy or premature
cessation of efficacious therapeutic agents. Pseudoresponse, on the other hand, is a rapid
resolution of focal enhancement on MRI without a true remission of the tumor and is
mostly caused by the anti-angiogenic effect of Bevacizumab [17,18].

In post-treatment high-grade glioma cases, the determination of metabolic activity
in enhanced areas on MRI is crucial for the differential diagnosis of true progression or
true response. Advanced MRI sequences, including perfusion MRI and MRS, provide
more metabolic information and thus better diagnostic accuracy in recurrent glioma cases
compared to conventional MRI [18]. Restricted diffusion and an elevated relative cerebral
blood volume are indicative for true progression, rather than pseudoprogression [19]. But
the cut-off values of PWI are variable in the reported studies, and clinical experience is
limited with MRS [18]. As yet, no single technique can be regarded as a gold standard.
Nevertheless, more precise information about the metabolic activity of tumor tissue can
be obtained by PET imaging. It allows for the combination of multiple diagnostic data,
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such as tumor blood volume and glucose uptake with the help of radioactive substances.
However, it is still limited by low spatial and temporal resolution [20]. There is a need
to develop new modalities integrating anatomical, functional and biological information,
leading to extremely accurate diagnostic examination and surgical planning. The hybrid
PET/MRI scanner is the first implementation of two modalities, in which PET photons and
MR signals are co-registered in multimodal images. It allows for the combination of the
high contrast and morphological resolution of MRI with the metabolic and physiological
information from the integrated PET scan in a single session [21].

There are three different options for combining PET and MRI data: (i) the retrospective
fusion of separate PET and MRI images; (ii) sequential / co-planar PET/MRI, during which
the patient remains positioned on the same table and travels from PET to MRI; and (iii) in-
tegrated hybrid PET/MRI, which provides the simultaneous acquisition of data [22]. There
are a number of technical factors limiting the accuracy of images in all combined PET/MRI
protocols, but simultaneous PET/MRI provides the best image fusion with a better spatial
and temporal resolution. Besides its technical and clinical advantages, obtaining PET and
MRI images simultaneously provides decreased examination time and increased comfort
for often severely ill patients [23]. Both retrospective fusion and sequential PET/MRI
protocols have a longer scanning time compared to hybrid PET/MRI, which may also lead
to serious artifacts from patients’ voluntary movements due to long-lasting imaging [21].

In the previous literature, Jena et al. prospectively evaluated 26 malignant glioma cases
with hybrid PET/MRI to assess glioma recurrence versus radiation necrosis and reported
that the highest diagnostic accuracy (96.9%) was achieved by a combined analysis of PET
and MRI parameters such as the mean target-to-background ratio and choline-to-creatinine
value [24]. Similarly, Sogani et al. conducted a prospective study on 32 consecutive glioma
patients with suspicions of recurrence using integrated PET/MRI and again demonstrated
that the combination of PET and MRI parameters improved the predictive value for the
differentiation of true progression from treatment-related changes, compared to any single
parameter. The reported diagnostic accuracy, sensitivity and specificity of integrated anal-
ysis were as high as 96.87%, 100% and 85.7%, respectively [25]. Furthermore, Pyka et al.
evaluated 63 lesions suggestive of glioma recurrence and performed a dynamic PET scan, as
well as morphologic MRI, perfusion MRI and diffusion MRI on the hybrid PET/MRI scan-
ner [26]. They reported that a multiparametric analysis of PET and MRI metrics provided
synergistic value for the differential diagnosis of glioma progression, with 76% sensitivity
and 100% specificity [26]. In our series, hybrid PET/MRI, morphological MRI, MRS or per-
fusion MRI images were compared in high-grade glioma patients. While all modalities were
to some extent able to discriminate between progression and pseudoprogression, hybrid
PET/MRI outcomes were highly correlated with a histopathological diagnosis of glioma
recurrences. Indeed, these were more reliable than MRS outcomes. Hybrid PET/MRI and
MRI techniques were congruent in terms of tumor size, since both techniques demonstrated
an MRI-based structure.

To date, different radiopharmaceuticals for PET scans have been used in neuro-
oncology [27]. FDG is well known and the most widely available PET tracer. It indicates
glucose uptake and metabolism and thus differentiates low- from high-grade gliomas. Its
uptake is increased in high-grade gliomas, whereas well-differentiated neuroepithelial
tumors exhibit a low level of accumulation due to a low level of glycolysis [28]. FDG uptake
was also evaluated for the assessment of the isocitrate dehydrogenase (IDH) genotype
and thereby for the prediction of prognosis in glioma patients [29]. Although it is widely
used for tumor grading and biopsy planning, non-specific FDG uptake by normal brain
tissue or during inflammation is the main disadvantage. On the other hand, radiolabeled
amino acids (i.e., '8F-deoxyphenylalanine; '8F-fluoroethlythyrosine, F-FET; ! C-methionine,
C-MET; 8F-fluoro-13 4-dehydroxyphenylalanine, F-FDOPA) indicate amino acid uptake
and protein synthesis. These tracers are recommended by international guidelines to
complement MRI in the clinical management of patients with gliomas [30,31]. Several
studies investigated the potential of amino acid PET tracers for the diagnosis of molecular
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markers of gliomas, including the IDH genotype, 1p/19q codeletion and O-methyl guanine
methyltransferase (MGMT) promoter methylation status [32-35]. In addition, these tracers
are more reliable than FDG in a postradiation assessment of recurrences, due to relatively
less uptake by inflammation. F-FET has been shown to differentiate the recurrence of brain
metastases from treatment-related changes with high accuracy [36,37], and C-MET PET and
structural MRI images were used to develop a reliable model for distinguishing recurrent
brain tumor from radiation necrosis [38,39]. Recently, an artificial amino acid tracer, anti-1-
amin0—3—18F—ﬂuorocyclobutane—l—Carboxylic acid ("8F-FACBC), was defined in brain tumors;
increased FACBC uptake was demonstrated in high-grade gliomas, compared to normal
brain tissue [40,41]. In a study conducted on recurrent glioma cases, the tumor uptake of
I8F-FACBC was reported to be correlated with C-MET but provide significantly higher
image contrast [42]. Another group of tracers are choline-labeled PET tracers (}!C-choline,
I8F-fluorocholine), which are markers for lipid metabolism and plasma membrane turnover.
They have the advantages of better tumor delineation than other tracers due to the very low
uptake by normal brain tissue [27,43]. Lastly, prostate-specific membrane antigen (PSMA),
which is a transmembrane glycoprotein and highly expressed in prostate cancer, was found
to be expressed in high-grade gliomas due to tumor neovascularization [44,45]. In the set-
ting of the suspicious recurrence of high-grade gliomas, PSMA uptake was demonstrated
to be significantly higher among tumor recurrences, compared to radiation necrosis [46].
Although there is a strong concordance between FDG and PSMA uptake in the initial
diagnosis of high-grade gliomas and evaluation of tumor recurrences, PSMA-targeting
radiopharmaceuticals were found to be more accurate than FDG, due to the absence of
physiological radiopharmaceutical uptake in normal brain parenchyma [47,48]. Overall, in
recent studies using PET/MRI for the assessment of glioma recurrence, the F-FET tracer
has been utilized most [49]. However, in our study, we were only able to use the FDG
tracer during PET scans due to local availability. Even so, FDG-PET/MRI was found to be
effective in terms of the differentiation of radiation necrosis from progression.

In addition to recent advancements in neuroimaging, the use of fluorescence agents
such as 5-aminolevulinic acid (5-ALA), indocyanine green (ICG), or sodium fluoresceine
allows for a further visualization of tumoral tissue and has been demonstrated to maximize
the extent of resection intraoperatively [50]. Furthermore, Barbagallo et al. evaluated the
extent of resection in recurrent gliomas using multimodal imaging with intraoperative CT,
MRI, PET, ultrasonography and fluoroscopy [51]. They reported increased safety and effi-
cacy with recurrent high-grade glioma and brain alterations secondary to radiochemother-
apy [51]. Fluorescence guidance helped to discriminate tumoral and non-tumoral changes
during surgery, whereas PET/MRI was used to differentiate recurrences during preopera-
tive surgical planning.

There are several limitations in our study, including a limited number of patients.
This limits the generalizability of our findings. Still, a histopathological evaluation of
PET/MRI-positive areas was performed in all patients and thereby enhanced the quality of
interpretation of hybrid PET/MRI outcomes. We believe the results of our cases may be
important to understanding the clinical role of PET/MRI in differential diagnosis as well
as surgical planning.

In conclusion, the hybrid PET/MRI of recurrent glial tumors could increase diagnostic
accuracy in the prediction of disease progression and play a game-changing role in the
management of high-grade glioma patients. Further prospective studies with a larger
number of patients may help to establish the diagnostic value and clinical implementation
of new hybrid imaging techniques.
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Abstract: Background: Seizures are a rare but potentially serious complication following
carotid endarterectomy (CEA). Understanding their prevalence and associated factors is
crucial for optimizing perioperative care and improving patient outcomes. This meta-
analysis aimed to estimate the pooled prevalence of seizures following CEA and explore
clinical and procedural factors contributing to their occurrence. Methods: We conducted
a systematic review and meta-analysis of studies reporting on seizures following CEA.
A systematic search of PubMed, Embase, and Cochrane CENTRAL databases was per-
formed, following PRISMA and MOOSE guidelines. Random-effects meta-analysis was
used to calculate the pooled prevalence of postoperative seizures. Heterogeneity was
assessed using the I? statistic. A total of 20 studies, encompassing 69,479 patients, were
included. Results: The overall pooled prevalence of seizures following CEA was 1%
(95% CI: 0-2%; p < 0.001), with significant heterogeneity (1> = 93.52%). Prospective studies
reported a higher pooled prevalence (2%, 95% CI 0-4%; I = 76.34%) compared to retro-
spective studies (0%, 95% CI 0-1%; I? = 91.51%). Male predominance was noted among
patients who experienced seizures, and hypertension was the most common comorbidity.
Cerebral hyperperfusion syndrome was identified as a key contributing factor to postoper-
ative seizures. Data on long-term outcomes, including the development of epilepsy, were
insufficient for further analysis. The methodological quality of the included studies varied,
with most studies demonstrating a moderate risk of bias. Conclusions: Seizures occur
in approximately 1% of patients following CEA, with higher rates observed in prospec-
tive studies. Cerebral hyperperfusion syndrome is an important contributor to this rare
complication. We provide evidence-based specific recommendations for seizure management
and introduce the SMART-CEA Checklist, a practical framework to guide perioperative care
and reduce complications. Future research should focus on long-term outcomes, including
epilepsy, and incorporate standardized methodologies to improve data reliability and guide
clinical practice.

Keywords: carotid endarterectomy; CEA; seizures; epilepsy; cerebrovascular disorders;
cerebral hyperperfusion syndrome; stroke prevention
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1. Background

Carotid endarterectomy (CEA) is a widely performed surgical procedure to mitigate
the risk of ischemic stroke in patients with significant carotid artery stenosis [1]. By remov-
ing atherosclerotic plaques from the carotid artery, CEA improves blood flow and reduces
cerebrovascular event recurrence [1]. Despite its proven efficacy in stroke prevention,
the procedure is not without risks, with postoperative complications posing significant
challenges to patient recovery [2]. Among these, seizures represent a rare but serious
neurological complication with the potential to adversely impact patient outcomes and
quality of life [3-6].

Seizures following CEA are believed to arise from cerebral hyperperfusion syndrome,
a condition characterized by impaired cerebral autoregulation and excessive blood flow
to previously hypoperfused brain regions [7]. This abrupt alteration in cerebral hemo-
dynamics can result in neuronal hyperactivity, leading to seizures, cerebral edema, or,
in severe cases, intracranial hemorrhage [8]. Hypertensive encephalopathy, another fre-
quently implicated factor, may exacerbate the risk of seizures in the postoperative period.
However, the exact mechanisms and risk factors underlying these events remain poorly
understood [6]. While individual studies have reported on seizure occurrence post-CEA,
no comprehensive synthesis of the available evidence has been conducted to elucidate
the prevalence, clinical characteristics, and potential long-term consequences, such as the
progression to epilepsy [4,5,9-11].

Understanding the prevalence and clinical burden of seizures following CEA is crucial
for improving perioperative management strategies and informing clinical guidelines [12].
Seizures, even when transient, are associated with increased morbidity, longer hospital
stays, and higher healthcare costs [13]. Identifying patients at higher risk for postoperative
seizures could enable targeted interventions, including closer hemodynamic monitoring
and tailored blood pressure management [14].

This study aims to address the existing knowledge gap by conducting a meta-analysis
to estimate the pooled prevalence of seizures in patients undergoing CEA [8]. Addi-
tionally, we aim to explore the clinical characteristics of seizures, risk factors, and the
potential progression to epilepsy. By synthesizing the available evidence, we seek to pro-
vide evidence-based insights that may guide therapeutic strategies, improve perioperative
care, and inform future research in this critical area of interventional neuroradiology and
vascular surgery.

Objectives
This study aims to conduct a comprehensive meta-analysis to:

(1) Investigate the pooled prevalence of seizures following CEA.
(2) Analyze the potential progression of postoperative seizures to epilepsy.

2. Materials and Methods
2.1. Literature Search and Study Selection

A systematic search for relevant studies from 1 January 1980 to December 2024 was
conducted using PubMed, Embase, and Cochrane Central Register of Controlled Trials
(CENTRAL) databases. The search terms included “carotid endarterectomy”, “CEA”,

Za7i o a7 i 7

“carotid surgery”, “endarterectomy”, “postoperative seizures”, “seizure”, “epilepsy”, “sta-

77 7 T

tus epilepticus”, “hyperperfusion”, “cerebral hyperperfusion”, “postoperative hyperper-

i 77 VA7

fusion”, “cerebral reperfusion injury”, “hypertension”, “blood pressure”, “BP control”,
“cerebral hypoperfusion”, “impaired vasoreactivity”, and “cerebral autoregulation”. A com-
prehensive and structured search strategy was implemented, with additional details pro-

vided in the Online Supplemental Information (Search Strategy). Studies not written in
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English or those not involving human participants were excluded. To identify further
relevant studies, a manual review of references from key articles, systematic reviews, and
meta-analyses was performed. The organization of studies and various subgroup analyses
included in the meta-analysis is illustrated in a flowchart, following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Figure 1) [15].
Compliance with the 2020 checklist (Supplemental Table S1) [15] and the Meta-analysis of
Observational Studies in Epidemiology (MOOSE) checklist (Supplemental Table S2) was
ensured, with these documents available in the Online Supplemental Information. This
study was registered in Open Science, registration number “hckr3” (https:/ /osf.io/hckr3/
(accessed on 21 June 2024)).
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Figure 1. PRISMA flowchart of included studies in the meta-analysis of seizures following carotid en-
darterectomy (CEA). This figure illustrates the study selection process using the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) framework, offering a clear depiction of
the studies incorporated in the meta-analysis. Abbreviations: N—number of studies; n—cohort size;
CEA—carotid endarterectomy:.

2.2. Inclusion and Exclusion Criteria

Studies were eligible for inclusion if they met the following criteria: (a) patients
diagnosed with seizures or with a history of epilepsy; (b) patients eligible for CEA; (c) par-
ticipants aged 18 years or older; (d) reporting on post-CEA seizures or epilepsy or cerebral
hyperperfusion syndrome or related complications (e.g., hypertension, hypoperfusion);
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reported data on pre-operative or postoperative blood pressure management; (e) employed
a robust methodological design, including prospective or retrospective observational stud-
ies, randomized controlled trials, or meta-analyses; and (f) included a minimum sample
size of 20 patients per group to ensure statistical reliability. Studies were excluded if they
met any of the following criteria: (a) non-human or preclinical studies; (b) studies with
overlapping datasets or duplicate publications; (c) studies where the full-text article was
unavailable; (d) studies presented solely in abstract form without sufficient data on CEA-
related outcomes or postoperative complications; (e) studies with anecdotal evidence, case
reports, or editorials lacking robust data for meta-analysis; and (f) studies with unclear
or inconsistent definitions of seizures or epilepsy. Seizures were defined as excessive
hypersynchronous neuronal discharge in the brain, leading to a paroxysmal alteration of
neurologic function, consistent with established clinical criteria to ensure uniformity across
included studies [16]. Hypertension was defined according to the American Heart Associa-
tion (AHA) guidelines as a blood pressure of >130/80 mmHg, providing a standardized
threshold for identifying hypertensive patients [17]. Postoperative cerebral hyperperfusion
syndrome was characterized as a greater-than-100% increase in cerebral blood flow or
middle cerebral artery velocity compared to pre-operative baseline levels, as measured
using transcranial Doppler or perfusion imaging [18].

2.3. Data Extraction and Methodological Quality Assessment

A meticulous data extraction and methodological quality assessment process was
conducted to ensure the reliability and validity of the findings. EndNote v. 21.0 software
(Clarivate Analytics, London, UK) was used to manage references and screen titles and
abstracts. Articles that did not meet the eligibility criteria were excluded during this
initial screening phase. Two authors independently performed the screening, and any
discrepancies were resolved through discussion or consultation with a third reviewer.
Articles that passed the initial screening were further assessed for inclusion in the systematic
review or meta-analysis based on pre-defined eligibility criteria.

A standardized data extraction form was used to systematically collect key information
from each included study. The extracted data included: (a) Study characteristics: author,
year of publication, country, and study design (prospective or retrospective). (b) Patient
demographics: age, gender distribution, sample size, and clinical characteristics of patients’
CEA. (c) CEA details: procedural characteristics, perioperative management protocols,
and follow-up durations. (d) Seizure outcomes: prevalence of seizures, seizure subtypes
(e.g., focal, generalized), severity (e.g., status epilepticus), and progression to epilepsy;, if
reported. (e) Risk factors and complications: data on cerebral hyperperfusion syndrome,
hypertension, and blood pressure control.

The methodological quality of the included studies was assessed using the modified
Jadad scale (MJA), which evaluates study design, randomization, blinding, and reporting
of withdrawals or dropouts. Each study was assigned a quality score, with higher scores in-
dicating better methodological rigor. The results of the quality assessment are summarized
in Supplemental Table S3. Two independent reviewers conducted the quality assessment,
and disagreements were resolved through joint discussions to reach consensus.

To address the study objectives, data were collected on the total number of patients
undergoing CEA, the proportion who experienced postoperative seizures (prevalence),
and those who developed epilepsy over time (incidence). However, during data extraction,
it became evident that most studies lacked sufficient longitudinal data to reliably assess the
progression from seizures to epilepsy. As a result, the analysis primarily focused on the
prevalence of seizures and associated risk factors following CEA. The incidence of epilepsy
was identified as an area for future investigation. The data extraction process adhered to
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the PRISMA guidelines, and compliance with the PRISMA 2020 checklist and the MOOSE
guidelines was ensured.

2.4. Statistical Methodology

Statistical analyses were conducted using STATA v. 13.0 (StataCorp, College Station,
TX, USA). Baseline data were extracted from all included studies, and descriptive statistics
were used to summarize patient demographics, study characteristics, and seizure preva-
lence. For studies reporting medians and interquartile ranges (IQRs), means and standard
deviations (SDs) were estimated using the method proposed by Wan et al. [19]. Adjust-
ments to 95% confidence intervals (95% Cls) were made using the ‘cimethod (exact)” and “ftt’
commands in STATA. A random-effects model was employed to pool prevalence estimates
of seizures following CEA, accounting for between-study variability. The random-effects
model was chosen due to the anticipated heterogeneity across studies in terms of study
design, patient populations, and diagnostic criteria for seizures. The pooled prevalence
was reported as a percentage with 95% Cls.

Four types of subgroup analyses were conducted to explore the prevalence and associ-
ations related to seizures following CEA: (1) the pooled prevalence of seizures post-CEA;
(2) the prevalence of pre-operative hypertension among patients who experienced seizures
post-CEA; (3) the prevalence of cerebral hyperperfusion post-CEA; and (4) the association
between pre-operative hypertension and seizures post-CEA. The organization of these
subgroup analyses and the study selection process is illustrated in Figure 1. Heterogene-
ity across studies was assessed using the I? statistic, which quantifies the proportion of
total variation in effect estimates due to between-study heterogeneity rather than chance.
Heterogeneity was categorized as follows: low: 12 < 40%; moderate: I> = 30-60%; substan-
tial: I = 50-90%; considerable: 1> = 75-100%. To explore potential sources of heterogeneity,
subgroup analyses and sensitivity analyses were performed.

Subgroup analyses were conducted to investigate differences in seizure prevalence
based on the following: study design: prospective vs. retrospective studies; follow-up
duration: short-term (<7 days) vs. longer-term (>7 days) follow-up; and geographic re-
gion: studies conducted in different regions to account for variations in clinical practice and
patient populations.

Sensitivity analyses were performed by excluding studies with high risk of bias (as
determined by the modified Jadad scale) to assess the robustness of the pooled prevalence
estimate. Additionally, a leave-one-out analysis was conducted to evaluate the influence of
individual studies on the overall results.

Publication bias was assessed using funnel plots and Egger’s test for small-study
effects. Asymmetry in the funnel plot would suggest potential publication bias, which was
further quantified using Egger’s regression test. A p-value < 0.05 was considered indicative
of significant publication bias.

All statistical tests were two-tailed, and a p-value < 0.05 was considered statistically
significant. Confidence intervals were reported at the 95% level.

3. Results
3.1. Description of Included Studies

A total of 20 studies [4-6,8-11,20-32], encompassing 69,479 patients, were included
in this meta-analysis. The cohort sizes varied widely, ranging from 25 to 51,001 patients.
The incidence of seizures post-CEA was low, with reported rates ranging from 0.01%
to 13%. The mean age of patients was 67.7 years, with SDs reported between 8.7 and
15 years across studies. Male predominance was noted in most studies where gender
data were available, particularly among patients who experienced seizures. Hypertension

119



Diagnostics 2025, 15, 6

was the most common comorbidity, affecting 71.9% of patients, followed by coronary
artery disease (23%). The prevalence of previous stroke or transient ischemic attack (TIA) var-
ied significantly, with some studies reporting rates as high as 70%. Smoking was prevalent in
8 cohorts [8,9,11,22,23,28,31,32], while diabetes was reported in 10 cohorts [4,5,8,9,11,22,23,28,31,32].

Follow-up durations for seizure detection post-CEA ranged from 1 to 8 days, reflecting
variability in study designs and monitoring protocols. Detailed clinical characteristics of
the included studies are presented in Table 1. The methodological quality of the studies,
assessed using the modified Jadad scale, revealed variable quality and risk of bias, as
summarized in Supplemental Table S3. Funding bias was identified in only one study
(Buczek et al. [5]). These findings highlight the heterogeneity in study designs, patient pop-
ulations, and reporting practices, underscoring the need for standardized methodologies
in future research.

3.2. Overall Prevalence of Seizures in Patients Undergoing CEA

The meta-analysis presented in Figure 2, comprising 69,479 patients within 20 stud-
ies [4-6,8-11,20-32], evaluates the prevalence of seizures in patients undergoing CEA. The
findings indicate that the overall prevalence of seizures post-CEA is low, with prospec-
tive studies reporting slightly higher rates compared to retrospective studies. Specifically,
seizure prevalence in prospective studies ranged from 0% to 13%, with a pooled prevalence
of 2% (95% CI 0-4) and considerable heterogeneity (I> = 76.34). Retrospective studies
reported seizure rates between 0% and 1%, with a pooled prevalence of 0% (95% CI 0-1)
and considerable heterogeneity (I = 91.51). When data from all included studies were com-
bined, the overall pooled prevalence of seizures post-CEA was 1% (95% CI 0-2; p < 0.001),
with significant heterogeneity (I> = 93.52). The pooled prevalence of seizures following CEA,
stratified by study design, revealed slightly higher rates in prospective studies compared
to retrospective studies. This stratified analysis is presented in Supplemental Figure S3.

Prevalence of Seizures Post-CEA

StudylD Author Year N c Prevalence ES (95% CI)
UsA i
7 Reigal at al 1087 32 2439 0131201 I3 0.01(0.01,0.02)
4 Kieburtz et al 1989 8 650 0123077 - 0.01(0.01,0.02)
11 Rockman et al 2000 3 2024 0014822 0.00 (0.00, 0.00)
17 Ascher et al 2003 3 404 0074257 b 0.01 (0.00, 0.02)
14 Abou-Chebl et al 2004 5 450 0111111 I+ 0.01(0.00, 0.03)
9 Wagner et al 2005 1 1602 10006242 1 0.00 (0.00, 0.00)
3 Wang et al 2017 94 51001 10018431 0.00 (0.00, 0.00)
1 Andereggen et al 2018 2 25 08 ——— 0.08 (0.01, 0.26)
Subtotal ("2 = 91.36%, p = 0.00) ] 0.00 (0.00, 0.01)
Europe |
13 Jorgenson et al 1993 2 95 0210526 fre— 0.02 (0.00, 0.07)
15 Sbarigia et al 1993 3 36 10833333 | ——— 0.08 (0.02, 0.22)
6 Nielson et al 1995 5 151 0331126 (~— 0.03 (0.01, 0.08)
18 Dalman et al 1999 2 668 002007 b 0.00 (0.00, 0.01)
10 Dimakakos et al 1999 4 30 1333333 | —— 013 (0.04, 0.31)
5 Naylor et al 2003 8 949 10084299 b 0.01 (0.00, 0.02)
12 Karapanayiotides et al 2004 5 388 0128866 - 0.01 (0.00, 0.03)
8 Bouri et al 2011 15 8130 001845 ] 0.00 (0.00, 0.00)
19 Pennekamp et al 2012 10 184 0543478 | ~— 0.05 (0.03, 0.10)
2 Buczek et al 2013 1 28 035 em— 0.04 (0.00, 0.18)
Subtotal ("2 = 89.12%, p = 0.00) © 0.02 (0.01, 0.03)
Asia :
16 Ogasawara et al 2003 1 50 02 flo— 0.02 (0.00, 0.11)
20 Hirooka et al 2008 5 158 0316456 (-— 0.03 (0.01, 0.07)
Subtotal ("2= %, p=) > 0.03 (0.01, 0.06)

i
Heterogeneity between groups: p = 0.004 |
Overall ("2 = 89.74%, p = 0.00); | 0.01 (0.00, 0.01)
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Figure 2. Pooled prevalence of seizures following carotid endarterectomy (CEA) across included
studies [4-6,8-11,20-32]. This figure displays the prevalence of seizures in patients after receiving
carotid endarterectomy. Abbreviations: CEA—carotid endarterectomy; N—number of patients with
seizures; C—overall cohort; ES—effect size; Cl—confidence interval; [2—the proportion of total
variation in effect estimate due to between-study heterogeneit.
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3.3. Prevalence of Pre-Operative Hypertension Among Patients Who Experienced Seizures Post-CEA

This subgroup comprised 178 patients drawn from 15 studies [4,6,8-11,21,22,25-28,30-32].
Figure 3 depicts the prevalence of pre-operative hypertension among patients who expe-
rienced seizures following CEA. The findings reveal that pre-operative hypertension is a
highly prevalent comorbidity in this patient population, underscoring its potential role as
a significant risk factor for postoperative seizures. In studies conducted in the USA, the
prevalence of pre-operative hypertension ranged from 67% to 100%, with a pooled preva-
lence of 95% (95% CI: 85% to 100%) and low heterogeneity (1% = 17.5%). Similarly, European
studies reported prevalence rates between 50% and 100%, with a pooled prevalence of
90% (95% CI: 76% to 99%) and no observed heterogeneity (I2 = 0%). In contrast, studies
conducted in Asia reported a lower prevalence of 60% (95% CI: 15% to 95%), although
this estimate was based on a smaller number of studies, limiting its generalizability. The
overall pooled prevalence of pre-operative hypertension among patients with post-CEA
seizures was 93% (95% CI: 85% to 98%), with low heterogeneity (I> = 13.37%), indicating
consistency across most included studies. The pooled prevalence of pre-operative hyperten-
sion among patients who experienced seizures following CEA, stratified by study design,
demonstrated consistent findings across both prospective [91%, 95% CI 77-100%; I? = 0%]
and retrospective [89%, 95% CI 76-99%; 12 = 43.95%] studies. These results are detailed in
Supplemental Figure 54.

Prevalence of Pre-operative Hypertension Amongst Patients Who Experienced Seizures Post-CEA

StudylD Author Year N C Prevalence ES (95% CI)
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17 Ascher et al 2003 8 9 8888889 —=— 0.89(0.52, 1.00)
14 Abou-Chebl et al 2004 5 5 1 ——= 1.00(0.48, 1.00)
3 Wang et al 2017 89 94 9468085 -t (.95 (0.88, 0.98)
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Figure 3. Prevalence of pre-operative hypertension among patients who experienced seizures following
carotid endarterectomy (CEA) [4,6,8-11,21,22,25-28,30-32]. Abbreviations: CEA—carotid endarterectomy;
N—number of patients with seizures; C—overall cohort; ES—effect size; CI—confidence interval; 2—the
proportion of total variation in effect estimate due to between-study heterogeneity.

3.4. Prevalence of Cerebral Hyperperfusion Post-CEA

The meta-analysis presented in Figure 4 comprises 10,868 patients from 11 studies
[4,5,20,21,23,24,26-28,30,31], evaluating the prevalence of cerebral hyperperfusion among
patients following CEA. The findings reveal notable regional variations in the reported
prevalence of cerebral hyperperfusion, with higher rates observed in European studies
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compared to those from other regions. Specifically, European studies reported prevalence
rates ranging from 2% to 70%, with a pooled prevalence of 14% (95% CI: 3% to 33%)
and considerable heterogeneity (I? = 98.16%), reflecting variability in study populations
and methodologies. In Asia, the pooled prevalence was 10% (95% CI: 7% to 15%) with
no observed heterogeneity, suggesting more consistent findings across studies in this
region. Conversely, studies conducted in the USA reported significantly lower prevalence
rates, with a pooled prevalence of 1% (95% CI: 0% to 1%) with no heterogeneity reported.
Overall, the pooled prevalence of cerebral hyperperfusion post-CEA across all studies
was 10% (95% CI: 5% to 16%), with considerable heterogeneity (I?> = 97.43%). The pooled
prevalence of cerebral hyperperfusion syndrome following CEA, stratified by study design,
highlighted significant variability between prospective [14%, 95% CI 5-26%; I? = 95.6%]
and retrospective [1%, 95% CI 1-1%; 1> = 0%] studies. This analysis is illustrated in
Supplemental Figure S5.

The Prevalence of Cerebral Hyperperfusion Post-CEA

StudyID Author Year N (& Prevalence ES (95% CI)
1
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19 Pennekamp et al 2012 22 184 1195652 — 0.12 (0.08, 0.18)
2 Buczek et al 2013 1 28 035 —— 0.04 (0.00, 0.18)
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Figure 4. Prevalence of cerebral hyperperfusion syndrome following carotid endarterectomy (CEA)
[4,5,20,21,23,24,26-28,30,31]. Abbreviations: CEA—carotid endarterectomy; N—number of patients
with seizures; C—overall cohort; ES—effect size; Cl—confidence interval; [>—the proportion of total
variation in effect estimate due to between-study heterogeneity.

3.5. Association Between Pre-Operative Hypertension and Seizures Post-CEA

Figure 5, consisting of 19 patients from five studies [21,25,26,28,32], portrays the find-
ings of the meta-analysis on the association between pre-operative hypertension and the
odds of developing seizures after CEA. The analysis suggests that pre-operative hyperten-
sion may be associated with an increased risk of seizures post-CEA, although the association
was not statistically significant. The pooled odds ratio (OR) was 2.71 (95% CI: 0.78-9.41,
p > 0.05), indicating a potential trend toward increased risk. However, the wide confidence
intervals reflect variability in sample sizes and effect estimates across the included stud-
ies. Importantly, no heterogeneity was observed among the studies (I = 0%, p = 0.921),
suggesting consistency in the reported findings despite the lack of statistical significance.
The influence of a single study on the meta-analysis for the association between pre-
operative hypertension and seizures post-CEA is illustrated in Supplemental Figure S1.
The funnel plot with pseudo 95% confidence limits for the meta-analysis is presented in
Supplemental Figure S2.
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Pre-operative Hypertension is Associated with Increased Odds of Seizures Post-CEA

Odds Ratio %
StudylD Author Year (95% ClI) Weight
13 Jorgenson etal 1993 : 1.16 (0.07, 19.15) 19.76
15 Sbarigia et al 1993 ; 1.86 (0.08, 40.68) 16.28
10 Dimakakos et al 1999 ;l‘ 2.57 (0.24,28.09) 27.14
12 Karapanayiotides et al 2004 2 7.49 (0.41, 136.40) 18.42
14 Abou-Chebl etal 2004 : 3.67 (0.20, 66.84) 18.41
Overall, DL (I' = 0.0%, p = 0.921) <<> 2.71(0.78,9.41) 100.00

Y
=0y
=
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Figure 5. Association between pre-operative hypertension and seizures following carotid endarterec-
tomy (CEA) [21,25,26,28,32]. Abbreviations: CEA—carotid endarterectomy; CI—confidence interval;
DL—DerSimonian and Laird method; I>—the proportion of total variation in effect estimate due to
between-study heterogeneity.

4. Discussion

Our study is the first to provide evidence-based insights into the prevalence of seizures
following CEA, identifying this rare but clinically significant complication in approximately
1% of patients. These findings underscore the necessity of personalized treatment strategies
for a small albeit high-risk subgroup. Pre-operative hypertension, with a pooled prevalence
of 93% among patients who experienced seizures, emerged as a key predisposing factor,
further associated with elevated odds of postoperative seizures. This association suggests
a potential mechanistic link between hypertension-related cerebral dysregulation and
adverse perioperative neurological outcomes.

Cerebral hyperperfusion syndrome (CHS), identified in 10% of patients, displayed
substantial geographic variability, likely reflecting differences in diagnostic definitions and
criteria across studies. The high heterogeneity in European studies particularly underscores
the need for standardized diagnostic approaches and consistent monitoring protocols.
These findings collectively emphasize the critical importance of stringent perioperative
blood pressure control and the implementation of tailored risk mitigation strategies in
vulnerable patients.

The observed differences in seizure prevalence between study designs may reflect
variations in monitoring intensity, follow-up durations, and diagnostic rigor. Prospective
studies, with standardized protocols, reported a broader range of seizure events compared
to retrospective analyses, which may be limited by incomplete or underreported data.
Despite the low overall prevalence, the significant heterogeneity observed calls for further
investigation into the interplay between CHS, perioperative hypertension, and patient-
specific risk factors.

The geographic differences in CHS prevalence likely stem from variations in sur-
gical techniques, patient selection, and perioperative management protocols. Tailored
approaches—including strict perioperative blood pressure control, routine use of transcra-
nial Doppler, and advanced imaging—may reduce CHS incidence and its associated com-
plications, including seizures and intracranial hemorrhage. While the evidence supporting
pre-operative hypertension as a predictor of postoperative seizures remains inconclusive,
its high prevalence in this cohort underscores the need for aggressive yet cautious man-
agement. Gradual management may be more appropriate in cases of severe symptomatic
carotid stenosis to mitigate the risk of stroke progression [33]. These findings reinforce
the critical need for optimizing blood pressure management in the perioperative period
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to improve outcomes and minimize complications. Standardized reporting practices and
extended follow-up protocols are essential for future research to refine our understanding
of this rare complication. This will enhance our ability to stratify risk, develop targeted
interventions, and ensure optimal perioperative care for patients undergoing CEA.

The pathophysiology of seizures following CEA is multifactorial and complex. Cere-
bral hyperperfusion syndrome has been identified as a primary contributor, leading to
complications such as cerebral edema and dysregulation of the brain’s autoregulatory ca-
pacity [7,34]. This syndrome results from an abrupt increase in cerebral blood flow that the
brain’s vascular system fails to modulate, causing increased intracranial pressure and sub-
sequent neuronal damage [33]. Hypertension, particularly hypertensive encephalopathy,
may also play a role [6], as it is characterized by a rapid onset of neurological symptoms,
including seizures, due to severely elevated blood pressure. Elevated middle cerebral artery
velocities (MCAVs) further complicate the clinical picture, blurring the lines between cause
and effect. Both hyperperfusion and hypertension must be carefully managed post-CEA to
reduce the risk of seizures and other complications [6,35].

Our study presents evidence-based insights into real-world prevalence data compared
to previous reports, with an estimated pooled prevalence of 1% (range: 0-2%). While
prior studies have broadly addressed cognitive decline and hyperperfusion syndrome,
they have not specifically focused on seizure prevalence, highlighting a critical gap in the
literature [36-39]. There is a substantial lack of data on the prevalence and management of
epilepsy following CEA. Current AHA guidelines do not address protocols for managing
patients at greater risk of postoperative seizures, underscoring the need for further research
in this area [39].

Cerebral hyperperfusion syndrome, although rare, can lead to high mortality due to
its association with intracranial hemorrhages. It typically presents as a unilateral headache,
confusion, seizures, or focal neurological signs [40]. Treating physicians must remain
vigilant for seizure development and implement appropriate management strategies.

Current management includes pre-operative assessments, peri-operative monitoring,
and postoperative care. Pre-operative assessments should focus on identifying and man-
aging uncontrolled hypertension, particularly in patients with systolic blood pressures
above 180 mmHg [6]. Perioperative management involves maintaining normotension and
normocarbia, adhering to anesthesia guidelines, and utilizing TCD monitoring to detect
hyperperfusion [6]. Despite these measures, some patients may still develop seizures
post-CEA, requiring prompt treatment with diazepam for seizures, labetalol for severe hy-
pertension, and dexamethasone for cerebral edema [6]. CT imaging is essential to exclude
intracranial hemorrhage in these cases [6,41]. Emerging evidence suggests that periop-
erative use of TCD monitoring can improve outcomes by identifying patients at risk of
hyperperfusion and intracerebral hemorrhage [29].

In the broader context of carotid revascularization, alternative techniques such as
carotid artery stenting (CAS) and transcarotid artery revascularization (TCAR) have
emerged as viable options, particularly for high-risk patients [42]. While CAS is asso-
ciated with a higher risk of stroke and embolization, it may have a lower incidence of
cranial nerve injuries compared to CEA [43]. TCAR, a newer technique, combines aspects
of both CEA and CAS, utilizing flow reversal to reduce embolic risk during stenting [44].
Early data suggest that TCAR may offer better outcomes in terms of stroke prevention,
with fewer complications in high-risk patients [45].

However, data on seizure prevalence specific to CAS and TCAR remain sparse [46].
Given the role of hyperperfusion and embolic phenomena in seizure pathophysiology,
these techniques may carry differential risks, warranting further investigation [47]. Fu-
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ture studies should systematically evaluate these differences to inform patient-specific
treatment strategies.

4.1. Limitations

This study has several limitations. First, data on symptom severity, diagnostic dura-
tion, and seizure phenotype (e.g., epilepsy or status epilepticus) were insufficient across
multiple studies, preventing a comprehensive meta-analysis. Discrepancies in sample sizes
and demographic data across studies compromised the validity and accuracy of our pooled
prevalence estimates. The lack of detailed information on patients’ past medical history of
seizures, which could increase their risk, further limits the generalizability of our findings.

Considerable heterogeneity was observed among the included studies, suggesting they
may have been estimating different quantities due to variations in study design, patient
populations, and methodologies. The high heterogeneity observed in the meta-analyses,
particularly for pooled prevalence estimates of seizures and cerebral hyperperfusion syn-
drome, suggests significant variability in study designs, patient populations, and diagnostic
criteria, which may have impacted the reliability of the findings. Furthermore, the inclu-
sion of studies spanning a wide time period introduces the possibility that advancements
in surgical techniques, anesthesia protocols, and perioperative care processes may have
influenced the reported prevalence of seizures. These temporal variations, along with
individual patient differences, were not accounted for in the analysis, potentially impacting
the consistency of the findings.

Another notable limitation is the lack of available data on pre-operative cerebral hy-
poperfusion or impaired vasoreactivity and their association with postoperative seizures
following CEA. Despite their potential relevance, insufficient research has explored these
variables comprehensively, leaving a significant gap in understanding their role as risk fac-
tors. Future studies should prioritize investigating cerebral hypoperfusion using advanced
imaging modalities, such as MRI and CT perfusion, alongside other emerging biomarkers,
to better identify patients at risk and develop targeted preventative strategies.

Systems-level factors, such as variations in treatment protocols, anesthesia techniques,
and diagnostic procedures, also differed across studies. Previous evidence suggests that
the type of anesthesia can impact clinical outcomes post-CEA [48], indicating the need for
further research on the effects of anesthesia techniques on seizure risk [49]. Variations in
the rigor of pre- and intra-operative assessments may also affect the reported prevalence of
seizures. Additionally, the inconsistent reporting of long-term monitoring and follow-up
durations for seizure detection post-CEA likely led to missed incidental seizures, further
complicating the interpretation of results. The inconsistent reporting of key variables, such
as follow-up durations, seizure detection methods, and regional differences in clinical
practices, further complicates the interpretation and generalizability of the results. Since
seizures are not commonly anticipated during CEA, the lack of consistent data collection
and reporting practices may have introduced potential confounding effects.

4.2. Recommendations

Table 2 provides a comprehensive summary of specific recommendations for managing
seizures and related complications following CEA, based on evidence and expert consensus.
These recommendations address critical aspects of care, such as optimizing pre-operative blood
pressure control (graded 1la for strong evidence) [30,38,50,51] and implementing smoking
cessation programs pre-operatively (graded 2b for conditional evidence) [52-55]. The grading
system highlights the strength and quality of evidence supporting each recommendation,
ensuring clarity for clinical application.
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Table 2. Evidence-based recommendations for the management of seizures and related complications

following carotid endarterectomy (CEA).

Specific Recommendation Explanation Grading Grading Justification
Optimi . Pre-operative BP control should be optimized, particularly Strong reco . endatlon_ supportgd b Y goo_d-qpahty evu.ience
ptimize pre-operative . X . . N from observational studies and clinical guidelines showing
in patients with hypertension, to reduce the risk of cerebral 1b . S - .
blood pressure (BP) control h . . hypertension as a significant risk factor for postoperative
yperperfusion syndrome and seizures post-CEA. o
complications [38,56].

. . Routine use of TCD monitoring during and after CEA to Mot}lerate-qug lity §v1d§nce from 0bser\fat10na1 St.l%dles and .
Routine use of transcranial ; : . . clinical practice guidelines demonstrating the utility of TCD in
D PP identify patients at risk of cerebral 2a . . .

oppler (TCD) monitoring ) detecting hyperperfusion and preventing
hyperperfusion syndrome. .o
complications [29,57,58].
Monltor patients with . Patients with a history of stroke or TIA should be closely Moderfite-quahty evidence from Qbservatlonal .studles mdlcates
history of stroke or transient . g . that prior cerebrovascular events increase the risk of seizures
. . monitored postoperatively for seizures, as they represent a 2b . )
ischemic attack (TIA) hi . post-CEA, though further research is needed to confirm
- igh-risk subgroup. .
postoperatively causality [59].
. Smoking cessation programs should be implemented Weaker recommendation based on lower-quality evidence from
Implement smoking . ¢ . . s .
’ pre-operatively for patients undergoing CEA to reduce observational studies linking smoking to worse vascular
cessation programs . . 2b . ! X P
. overall vascular risk and potential outcomes, though direct evidence for seizure prevention is
pre-operatively . S L
postoperative complications. limited [52-55].
. Long-term follow-up and monitoring for seizure Conditional recommendation based on emerging evidence and
Standardize long-term . . . .
€ development post-CEA should be standardized, extending expert consensus, as current studies lack consistent long-term
follow-up for seizure . ) . . 2c . . .
beyond the immediate postoperative period to capture follow-up data to assess seizure progression or epilepsy
development post-CEA
delayed events. development [60].
U rioperative anestheti Moderate-quality evidence from observational studies and
ri)e‘(gfolslssma;/netain sthetie Use of perioperative anesthetic protocols that maintain clinical practice guidelines regarding perioperative
p tensi d normotension and normocarbia to minimize the risk of 2a management studies showing that maintaining stable
NOrmotension an cerebral hyperperfusion syndrome and associated seizures. hemodynamics reduces the risk of hyperperfusion and seizures
normocarbia
[61,62].
Treat cerebral Patients with cerebral hyperperfusion syndrome should be Moderate-quality evidence from observational studies and
hyperperfusion syndrome promptly treated with antihypertensive agents (e.g., b clinical practice guidelines supports the use of these
with antihypertensive agents labetalol) or sedatives (e.g., Dexmedetomidine) to manage interventions, though randomized controlled trials are
and sedatives symptoms and prevent seizures. lacking [47,63].
Future studies should focus Future studies should focus on identifying biomarkers or No specific grade assigned due to the lack of direct evidence;
on identifying biomarkers or  imaging predictors (e.g., quantitative MRI or TCD) for Not graded this recommendation reflects the need for further research to
imaging predictors seizure risk stratification in patients undergoing CEA. improve risk prediction and patient outcomes [57,64,65].
Early identification and Implement early identification protocols for CHS using Moderate-quality evidence supports the use of TCD and
management of cerebral TCD or advanced imaging modalities (e.g., MRL, CT 2a imaging for identifying CHS, though further research is needed
hyperperfusion perfusion) to detect hyperperfusion and prevent to standardize protocols and validate their effectiveness
syndrome (CHS) complications such as seizures. [29,58,66].
Gradugl bl,OOd pressure Gradually reduce blood pressure in patients with severe Observational studies and expert consensus suggest that
reduction in severe symptomatic carotid stenosis to minimize the risk of stroke 2a gradual blood pressure management reduces complications,
symptomatic carotid . dh fusi d hough high-quality RCT: lacki 1
stenosis progression and hyperperfusion syndrome. though high-quality RCTs are lacking [61].
Use of anti lsants i Consider prophylactic use of anticonvulsants in high-risk Conditional recommendation based on limited evidence and
Se of anticonvulsants in patients (e.g., those with prior seizures, CHS, or severe 2c expert consensus, with a need for further research to establish
high-risk patients . . 3
hypertension) undergoing CEA. efficacy and safety [61].
. . . Tallqr ane stheS{a protocols to 1nc'11v1dual patient risk Moderate-quality evidence supports the benefits of regional
Tailored perioperative profiles, including the use of regional anesthesia where . . R .
! . . . 2b anesthesia, though its applicability may vary based on patient
anesthesia protocols appropriate, to reduce hemodynamic fluctuations and
: . and procedural factors [6,48,49].
seizure risk.
. . Educate patients and Caregivers on recognizing early Conditional recommendation based on expert consensus, as
Patient education on symptoms of CHS and seizures (e.g., severe headache, . . . . N
" . . L 2c evidence on the impact of patient education on outcomes is
postoperative symptoms confusion, focal neurological deficits) to ensure prompt L
. X limited [67,68].
medical attention.

. Incorporate advanced imaging techniques (e.g., . . e . .
Standardized use of uantitative MRI, CT perfusion) preoperatively to assess Emerging evidence supports the utility of advanced imaging,
advanced imaging for risk q ¢~ pertusion) preope ¥ 1o ass 2¢ but further studies are needed to validate its role in routine
stratification cerebral vasoreactivity and identify patients at high risk for clinical practice [64,69]

postoperative seizures. P .

Adopt a multidisciplinary approach involving e . . .
Multidisciplinary approach neurologists, vascular surgeons, anesthesiologists, and Not graded I];T Ot S.Fecfllﬁc tev1dencte available to %r idetthls rte'com'mendatlon,
to perioperative care radiologists to optimize perioperative care and reduce g ut 1t reflects expert consensus and best practices in

. . perioperative care.
seizure risk.
- Implement long-term monitoring for cognitive decline and Conditional recommendation based on limited evidence linking

Long-term monitoring for . o . . . . e . .

neurological complications in patients undergoing CEA, 2c seizures and CHS to cognitive decline, with a need for further

cognitive decline

particularly those with postoperative seizures.

research [70].

Recommendations are based on the findings of the meta-analysis, published evidence and expert consensus.
Implement long-term monitoring for cognitive decline and neurological complications in patients undergoing
CEA, particularly those with postoperative seizures. Grading reflects the strength of the recommendation and the
quality of supporting evidence, as outlined in the grading system. Emerging evidence and further research may
refine these recommendations. Explanation of Grading: 1a: Strong recommendation with robust evidence from
multiple randomized controlled trials (RCTs) or systematic reviews; 1b: Strong recommendation with good-quality
evidence but some variability or limitations in study design or population; 2a: Weaker recommendation based
on moderate-quality evidence, acknowledging certain limitations in the data; 2b: Weaker recommendation with
lower-quality evidence, often from observational studies or less rigorous trials; 2c: Conditional recommendation
based on emerging evidence or expert consensus, reflecting the need for further research; Not graded: Rec-
ommendations based on inconclusive or emerging evidence, often highlighting areas for future investigation.
Abbreviations: TIA—transient ischemic attack; CEA—carotid endarterectomy; CHS—cerebral hyperperfusion
syndrome; TCD—transcranial Doppler; BP—blood pressure; MRI—magnetic resonance imaging.
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To improve outcomes and address current gaps, future studies should focus on estab-
lishing standardized follow-up periods and implementing long-term monitoring protocols
to capture delayed seizure events. Consistent reporting guidelines, including detailed
documentation of follow-up timeframes and seizure occurrences, are essential for improv-
ing data reliability. Multi-center collaborations can help validate findings across diverse
populations, while advanced monitoring techniques, such as TCD and quantitative MRI,
may enhance risk stratification. Additionally, educating patients on self-monitoring and
clearly defining seizure types across studies will improve comparability and guide clinical
decision making. By addressing these limitations, future research can refine management

strategies and optimize patient care following CEA.

SMART-CEA Checklist: A Practical Framework for Preventing and Managing Postoperative
Seizures Following Carotid Endarterectomy

To bridge existing gaps and build upon evidence-based recommendations, we present
the SMART-CEA Checklist (Figure 6; also available as Supplemental S2) as a practical
framework for clinicians to optimize the screening and management of seizures and
associated complications following CEA. This tool integrates key findings from our meta-
analysis and the existing literature, focusing on pre-operative risk assessment, perioperative

monitoring, and postoperative care.

SMART-CEA Checklist for Screening and Management of Seizures and Associated Complications Post-Carotid Endarterectomy

approach

anesthesiologists, and radiologists to optimize
perioperative care.

comprehensive risk assessment, monitoring, and
management of complications.

Step Action Description Tick/Check
Preop S
1. Assess patient history Evaluate for prior seizures, epilepsy, stroke, transient Identify high-risk patients based on medical [=]
ischemic attack (TIA), or uncontrolled hypertension. history.
2. Optimize blood pressure Ensure preoperative BP control, targeting <130/80 Optimize BP to reduce the risk of cerebral [=]
(BP) mmHg. hyperperfusion syndrome and seizures.
3. Smoking cessation Advise and support smoking cessation prior to Implement smoking cessation programs to reduce [=]
counseling surgery. vascular risk and postoperative complications.
4. Evaluate comorbidities Screen for hypertension, coronary artery disease Identify and manage comorbidities that may [u]
(CAD), diabetes, and hyperlipidemia. increase perioperative risk.
5. Preoperative imaging Perform transcranial Doppler (TCD) or other imaging | Use advanced imaging (e.g., TCD, MRI, CT O
to assess cerebral autoregulation and perfusion status. | perfusion) to assess cerebral vasoreactivity and
identify high-risk patients.
Intraoperative Management
6. Maintain hemodynamic Use anesthetic protocols to maintain normotension Tailor anesthesia protocols to individual patient [u]
stability and normocarbia during surgery. risk profiles to reduce hemodynamic fluctuations
and seizure risk.
7. Monitor cerebral perfusion Use TCD monitoring intraoperatively to detect Routine use of TCD monitoring during surgery to [=]
hyperperfusion or impaired autoregulation. identify patients at risk of cerebral hyperperfusion
syndrome.
Postoperative Monitoring
8. Monitor for seizures Observe for seizures or neurological changes during Closely monitor high-risk patients, particularly =]
the first 1-8 days postoperatively. those with a history of stroke or TIA.
9. Monitor BP closely Maintain BP within target range (<140/90 mmHg) Gradual BP reduction is recommended in patients =]
using antihypertensive agents as needed. with severe symptomatic carotid stenosis to
minimize complications.
10. Assess for hyperperfusion | Monitor for symptoms such as unilateral headache, Early identification of cerebral hyperperfusion [u]
syndrome confusion, focal neurological deficits, or seizures. syndrome {CI15) is critical to prevent seizures and
other complications.
M of Sei and Ci H
11. Treat seizures promptly Administer benzodiazepines (e.g., diazepam) for acute | Prompt treatment of seizures is essential to [=]
seizures. prevent further complications.
12. Manage cerebral Use antihypertensive agents (e.g., labetalol) and ‘Ireat CHS promptly to manage symptoms and [=]
hyperperfusion syndrome corticosteroids (e.g., dexamethasone) as needed. prevent seizures.
13. Perform imaging if Conduct CT or MRI to rule out intracranial Imaging is critical to identify underlying causes of [=]
seizures occur hemorrhage or other complications. seizures, such as hemorrhage or ischemia.
14. Consider anticonvulsants Prophylactic use of anticonvulsants in patients with Conditional recommendation based on limited [=]
in high-risk patients prior seizures, CHS, or severe hypertension. evidence; consider for high-risk patients.
Long-Term Follow-Up
15. Standardize follow-up Schedule regular follow-ups to monitor for delayed Long-term follow-up is essential to capture [=]
seizures or neurological complications. delayed events and assess progression to epilepsy
or cognitive decline.
16. Educate patients Provide education on recognizing seizure symptoms Educate patients and caregivers on early [=]
and when to seek medical attention. symptoms of CHS and seizures to ensure timely
intervention.
17. Consider advanced Use advanced imaging (e.g., quantitative MRI) or Emerging evidence supports the use of advanced [=]
monitoring biomarkers for high-risk patients. imaging and biomarkers for risk stratification and
monitoring.
18. Monitor for cognitive Implement long-term monitoring for cognitive decline | Conditional recommendation based on limited [u]
decline and neurological complications, particularly in evidence linking seizures and CHS to cognitive
patients with postoperative seizures. decline.
Multidisciplinary Approach
19. Adopt a multidisciplinary | Involve neurologists, vascular surgeons, Collaboration among specialists ensures 5]

Figure 6. SMART-CEA Checklist: a practical guide for screening and management of seizures and
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associated complications post-carotid endarterectomy. SMART-CEA stands for: S—Screening: As-
sess risk factors such as hypertension, prior seizures, TIA, and smoking; M—Monitoring: Monitor
cerebral perfusion and blood pressure intraoperatively and postoperatively; A—Assessing: Assess
for hyperperfusion syndrome and seizure symptoms; R—Responding: Respond promptly to seizures
and complications with appropriate interventions; T—Tailoring: Tailor long-term follow-up and
patient education for seizure prevention and management; and CEA—carotid endarterectomy. The
SMART-CEA checklist provides a practical, step-by-step guide for clinicians to ensure comprehen-
sive screening, monitoring, and management of seizures and associated complications in patients
undergoing CEA. Each step includes a tick/check option for easy tracking and implementation in clin-
ical workflows. Abbreviations: AF—atrial fibrillation; HL—hyperlipidaemia; HTN—hypertension;
CAD—coronary artery disease; TIA—transient ischaemic attack; CEA—carotid endarterectomy;
TCD—transcranial Doppler; BP—blood pressure; CT—computed tomography; MRI—magnetic

resonance imaging.

The acronym “SMART” encapsulates five critical steps: screening for risk factors, mon-
itoring cerebral perfusion and blood pressure, assessing for hyperperfusion syndrome and
seizure symptoms, responding promptly to complications with appropriate interventions,
and tailoring long-term follow-up and education. By offering clear, actionable steps, the
checklist aims to standardize care processes, facilitate early detection of complications such
as CHS, and ensure timely and effective management of seizures.

Designed to be user-friendly and easily incorporated into routine clinical workflows,
the SMART-CEA Checklist has the potential to improve patient outcomes significantly.
However, its implementation requires further validation across diverse clinical settings to
assess its broader applicability and ensure its effectiveness in optimizing perioperative care.

5. Conclusions

In conclusion, seizures following CEA are rare but clinically significant, with an
overall pooled prevalence of 1%, as demonstrated in this meta-analysis of 69,479 patients.
The slightly higher prevalence observed in prospective studies and the identification of
cerebral hyperperfusion syndrome as a key contributing factor emphasize the need for
diligent perioperative blood pressure management and close neurological monitoring. To
address these risks, we provide evidence-based specific recommendations and introduce
the SMART-CEA Checklist, a practical framework designed to guide clinicians in optimiz-
ing perioperative care and reducing complications. However, significant heterogeneity
across studies and limited data on long-term outcomes, such as progression to epilepsy,
highlight the need for standardized diagnostic criteria, consistent follow-up protocols, and
multi-center collaborations. Future research should focus on improving data reliability,
identifying reliable predictors, and exploring long-term outcomes to enhance personalized
care and optimize patient outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics15010006/s1, Table S1: PRISMA checklist for the meta-
analysis of seizures following carotid endarterectomy; Table S2: MOOSE checklist for meta-analyses of
observational studies included in the study on seizures post-carotid endarterectomy; Table S3: Jaded
analysis for methodological quality, risk of bias, and test for funding bias in the meta-analysis;
Figure S1: Influence of a single study on the meta-analysis of the association between pre-operative
hypertension and seizures following carotid endarterectomy; Figure S2: Funnel plot with pseudo
95% confidence limits for the meta-analysis of seizures post-carotid endarterectomy; Figure S3. Meta-
analysis of pooled prevalence of seizures following carotid endarterectomy stratified by study design
(prospective vs. retrospective); Figure S4. Meta-analysis of pooled prevalence of pre-operative
hypertension among patients who experienced seizures following carotid endarterectomy stratified
by study design (prospective vs. retrospective); Figure S5. Meta-analysis of pooled prevalence
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of cerebral hyperperfusion syndrome following carotid endarterectomy stratified by study design
(prospective vs. retrospective); www.mdpi.com/xxx/s2, Supplemental SI2 SMART-CEA Checklist.
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Abstract: This article investigates the clinical and radiological characteristics of captive bolt gun
head injuries, a rare form of low-velocity penetrating brain injury. Eleven consecutive patients
were included in the study. Vascular injuries and the rate of infection were systematically analyzed.
Radiological findings reveal common bolt trajectories in the anterior cranial fossa, with identified risk
factors for a poor outcome including trajectory crossing midline, hematocephalus, and paranasal sinus
involvement. Only one patient had a good outcome. Despite meticulous microsurgical techniques,
this study highlights often unfavorable clinical outcomes in captive bolt gun injuries, with vascular
injury identified as a potential contributing risk factor for a poor outcome. Knowledge of variant
vascular tree anatomy and corresponding vascular territory is important. To avoid potential vascular
injuries, a complete removal of bone fragments was not always performed and it did not increase the
rate of infection, challenging the conventional wisdom advocating for the complete removal of bone
fragments. These findings contribute novel insights into captive bolt gun-related injuries, paving the
way for further research.

Keywords: captive bolt gun; vascular injury; low-velocity penetrating brain injury; skin-bone
imprimatum; incomplete bone fragment debridement; frontopolar artery territory; anterior cranial

fossa bolt trajectory

1. Introduction

Captive bolt gun (CBG) head injuries represent a rare form of penetrating brain
injuries with only a few documented cases in the literature [1-7]. This is a device that is
commonly employed in the meat industry to stun animals before slaughter [1,2]. A bolt
penetrates the scull, causing direct and indirect injures to the brain parenchyma through
bone fragments [1,2]. The bolt length varies among different tool brands, ranging from
60 to 90 mm in various series [1,3,4]. CBG head injuries are classified as low-velocity
penetrating brain injuries, given that the bolt’s peak velocity ranges between 30 and 60 m
per second [1,3,4]. In the rural areas of Middle and Eastern European countries, where the
GBG is the most prevalent stun device in the meat industry, it can be utilized in suicide
attempts [2,4]. CBG injuries resulting from suicide attempts are usually anticipated in the
anterior and middle cranial fossa. The trajectory depth does generally not exceed the bolt
length, as the punched-out skin and bone fragments do not act as a secondary projectile
due to the low velocity [1]. Moreover, there are typically no exit wounds. Despite being
considered low-velocity brain injuries, these patients often have unfavorable outcome [1].
The reason may be due to the additional vascular injuries that are caused directly by bolt
or bone fragments. Vascular injuries can result in ischemic lesion in the corresponding
vascular territories. These lesions are highly variable, especially in the anterior cerebral
artery territory [8,9]. Variations are greater in the smaller branches of the vascular tree [8].
The anatomic distribution of vascular territories can be radiologically assesed despite
anatomical variations in the vascular tree [8,9]. There are three known radiological factors
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of a poor outcome in penetrating head injury: trajectory crossing midline, hematocephalus,
and vascular injury [2,7].

The first case studies of CBG head injury were published in 1960 [10]. Sparse clinical
case reports, mostly featuring 1-3 case studies per paper, shed light on early clinical
findings of the pathology [5,10-12]. Following these initial 13 cases on PubMed written
in the English language, the first miniseries of 12 clinical cases was published in 2002,
augmented by supplementary experimental data in the field of forensic medicine [4]. The
ongoing period of forensic medicine research has advanced to the most developed stage
in CBG head injury research to date, expanding the knowledge of specific mechanisms
of CBG head injuries through experiments and reports with complicated cases of CBG
head injuries [13-20]. Our clinical study presents a single-center experience with CBG head
injuries. Potential clinical and radiological prognostic factors were analyzed. It is the first
report where CBG-related vascular injuries have been systematically analyzed.

2. Materials and Methods

The clinical study was conducted at the Department of Neurosurgery of the University
Medical Centre Ljubljana, Slovenia. All patients with CBG head injury who received
either conservative or operative neurosurgical care were included. From December 2016 to
December 2023, eleven consecutive patients with CBG head injuries were studied. Medical
records were retrospectively analyzed for clinical and radiological factors. Additional
telephone interviews with patient relatives were conducted on 13 December 2023, for
further clarification of treatment outcomes. General patient data and the time of the
incident were recorded. Initial neurological status was evaluated based on the Glasgow
coma scale (GCS) at the scene of the incident and on the GCS with pupillary status at the
time of admission. Radiological factors of CBG head injury were evaluated using the initial
computed tomography (CT) scan at admission. Localization of the entry wound, trajectory
length, localization of parenchymal damage, paranasal sinus involvement, hematocephalus
occurrence, and midline crossing were recorded. Treatment strategy was tailored according
to the clinical status at admission and to the initial CT scan. The surgical technique
was noted, considering the degree of bone fragment removal and the effectiveness of
paranasal sinus reconstruction. Postoperative ischemic lesions were evaluated within the
first 24 h using a CT scan. The radiological signs of secondary ischemic lesion, infection-
related injuries, and shunt-dependent hydrocephalus were evaluated by utilizing diagnostic
imaging during the postoperative period. The clinical outcome was evaluated based on the
Glasgow outcome score (GOS). A favorable outcome was determined as a GOS of 4 or 5,
an unfavorable outcome was determined as a GOS of 2 or 3, and death was determined as
a GOS of 1. Data are presented along with descriptive statistics.

3. Results
3.1. Patient Characteristics

All of the 11 patients were men (Table 1). The mean age was 59 + 12 years (with an
interval of 36-94 years). Six patients had a psychiatric history and two patients had major
comorbidities—carcinoma. While seven patients had an initial Glasgow coma scale (GCS)
score of 14 or above at the scene, only three patients maintained a GCS score of 14 or higher
at the time of hospital admission. Three patients presented with a GCS of 3 at the scene and
with dilated and unresponsive pupils at admission. The time from the injury to hospital
admission could not be reliably established. The mean GCS score at hospital admission
was7 + 5.
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3.2. Radiological Characteristics

The entry wounds were located in the pterional region in five patients, in the parasagit-
tal region in five patients, and in the temporal region in one patient (Figure 1). The mean
penetrating trajectory length was 80 4= 15 mm (an interval of 48-95 mm). The brand of
the CBG could not be determined. All patients exhibited cortico-subcortical parenchy-
mal injury while seven patients had corpus callosum involvement and four patients dis-
played involvement in the deep structures or in the brainstem. Nine patients developed
intracerebral hemorrhage.

Figure 1. Schematic representation of the points of bone entry wound location and trajectory course.

Three patients had paranasal sinuses involvement, eight patients developed hemato-
cephalus, and the CBG trajectory crossed midline in five patients. Two patients had one
proposed radiological factor for a poor outcome while six patients had two factors for a
poor outcome and a single patient had all three factors for a poor outcome (Table 1).

The head computed tomography model depicts entry bone wounds marked by circles
and corresponding trajectories marked by lines within the circles for all patients. Nine
injuries were on the right side and two were on the left side of the head. Trajectories only
show their approximate direction and not their depth. For the ease of visualization, all
injuries on the left side were symmetrically translocated to the right side. Surgically treated
cases are denoted by red circles. Cases treated with only palliative conservative care are
represented by black circles and black trajectories. Two of the surgically treated patients
with ischemic areas due to the vascular injury of the anterior circulation are presented by
green trajectories. Red trajectories indicate surgically treated cases without major vascular
injury. The blue trajectory shows the case with the injury of the superior sagittal sinus.

3.3. Primary Treatment and Surgical Technique

Out of the eleven patients, seven underwent surgical treatment (64%). The treatment
was performed within 4 h from hospital admission. In cases involving paranasal sinuses,
a cranialization of the frontal sinus was performed in all surgical cases, accompanied by
additional reconstruction of the galea aponeurotica. A craniotomy was the primary surgical
approach in six cases while craniectomy was performed in only one case. Full debridement
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of intraparenchymal bone fragments was achieved in only two patients, considering the
potential for additional iatrogenic brain or vascular injury, prompting caution for complete
removal in other cases. Four patients in poor initial condition at admission received
only palliative conservative care. Indications for conservative palliative care included a
poor clinical condition with symptoms of brain death and/or irreversible neural injuries
incompatible with a functional outcome based on the initial head CT scan. All patients
who underwent surgical treatment received prophylactic antibiotic treatment for six weeks.

3.4. Radiological and Clinical Outcome

Four patients developed diffuse brain edema without brain perfusion in the first
24 h—all of whom were under palliative conservative care. In those four patients, vascular
injury could not be determined. Two out of seven surgically treated patients developed in-
complete ischemic lesion in a named small branching artery territory in anterior circulation.
Both lesions were in the vascular territory of the frontopolar artery (Figure 2). Notably, five
surgically treated patients did not develop an ischemic lesion, as outlined in Table 1.

Figure 2. Three-dimensional head computed tomographic angiography reconstruction of patient 10.

One patient developed an intracranial abscess with secondary infection-related
parenchymal injury necessitating secondary surgery. One patient developed shunt-dependent
hydrocephalus.

The computed tomographic angiography of patient 10 reveals a typical captive bolt
gun trajectory in the anterior cranial fossa. Blue-marked bone fragments caused significant
direct injury to the brain parenchyma and the left frontopolar artery, as indicated by the
purple arrow highlighting the branching stem of the artery with an absence of distal
blood flow. Bone fragments located under the circle of Willis pose a potential risk to
both the anterior and posterior groups of the perforators. Arteries susceptible to injury
include the supraclinoid carotid artery segments, the left middle cerebral artery, and the
anterior cerebral artery (marked in red), along with the contralateral middle cerebral artery
perforators (the parent artery marked in orange). Injury of the vertebrobasilar system
(marked in green) occurs when the trajectories are deeper.

4. Discussion

Head injuries with CBG represent a rare form of low-velocity penetrating brain injury
characterized by specific clinical and radiological features. All of our case studies were
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instances of self-inflicted harm and all were men as described by other researchers [4];
therefore, all injuries were found in the anterior and middle cranial fossa and mostly on
the right side. The age range varied significantly, from 36 to 94 years. More than half of the
patients exhibited diagnosed depression, which is consistent with the literature [1,2,4,5],
and two patients had significant comorbidities.

Prompt intervention in patients with good initial neurological status may spare a
substantial portion of brain parenchyma and its vasculature from a secondary injury.
However, an initial GCS score of 3 at the scene with unresponsive and dilated pupils
at admission significantly correlates with poor outcomes [2]. In our series, despite the
absence of three proposed radiological risk factors and of a postoperative ischemic lesion,
one surgically treated patient with good initial performance status succumbed to injury,
emphasizing the impact of serious comorbidities in the very elderly (a 94-year-old man). A
larger series reported mortality rates between 60 and 90% [4-6]. Despite CBG head injuries
being categorized as low-velocity penetrating brain injuries, a high mortality is expected
due to the self-inflicted mechanism, the high probability of vascular injury, and the high
rate of infection.

Similar to the findings in the literature, common entry points were in the right pterional
and frontobasal midline areas [4]. Projections of bolt trajectories often include vascular
structures. One of the three proposed radiological factors for a poor outcome includes
vascular injury such as injury of superior sagittal sinus and its bridging veins and/or
anterior cerebral artery branches in the midline, which were injured in two cases in our
series. With a mean trajectory length of 80 mm, bolt and/or bone fragments usually do not
cause significant direct injury to the brainstem but often reach the anterior and posterior
groups of the perforators (Table 1, Figure 2) [8]. Gnjidi¢ et al. reported that the cause of
death in five out of seven successful suicides was an injury to blood vessels in the Sylvian
fissure and in one out of seven successful suicides, the injury was on the internal carotid
artery [4].

The complete removal of all bone fragments with meticulous debridement is advocated
to reduce the risk of intracranial infection [4,6]. However, contrary to these authors, our
series experienced incomplete debridement of intraparenchymal bone fragments in all
but one surgical case, without late postoperative intracranial infection. An intracranial
abscess in one case that necessitated secondary surgery, despite complete removal of all
bone fragments during the primary surgery, was likely due to latent cerebrospinal fluid
leakage through a paranasal sinus fistula. Shunt-dependent hydrocephalus developed in
this case because severe ventriculitis occurred. Also, this was a case where craniotomy
was performed. In our series, only one out of seven surgically treated cases involved
craniectomy. Described are cases with either craniotomy or craniectomy with mixed
results [2,4-7]. We consistently employed galea reconstruction and sinus cranialization to
separate cranial spaces in cases of paranasal sinus communication, mitigating cerebrospinal
fluid-related ascending infections. Complete removal of bone fragments does not seem
crucial, especially if iatrogenic injury to the perforators or small branching arteries could
occur. Due to the colonization of skin flora at the end of the trajectory in their series,
the importance of prolonged antibiotic prophylactic treatment in our surgical cases is
emphasized [4]. Geisenberger et al. further showed that almost all cases had skin-bone
imprimatum that can explain cutaneous bacterial flora [1]. In our series, the only case
requiring secondary surgery due to cerebral abscess had mixed bacterial flora, including
non-skin-related Enterococcus casseliflavus and Enterococcus durans. Unusual microbes
causing infection might explain this complication leading to secondary surgery.

Even though there was no delayed cerebral ischemia in any named artery’s territory
or in the anterior or posterior perforator group territory, according to vascular territories
described by Vogels et al. [8], two of our surgically treated patients developed an ischemic
lesion in the frontopolar artery territory. In both cases, this led to an unfavorable clinical
outcome (Table 1).
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5. Conclusions

Captive bolt gun head injuries present as low-velocity penetrating brain injuries.
This study is the first to shed light from the perspective of vascular injury. Despite a
comprehensive understanding of variant anatomy, mechanism of injury, microsurgical
techniques, appropriate antibiotic treatment, and intensive care, these injuries often result
in unfavorable clinical outcomes. The type of surgical treatment depends on the entry
wound location, paranasal sinus involvement, and bolt trajectory. Our study indicates that
incomplete removal of deep bone fragments and craniotomy do not elevate infection rates,
necessitating secondary surgery. This is important because additional iatrogenic vascular
injury due to fragment removal can lead to a worse outcome.
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Abstract: Background and Clinical Significance: Vestibular schwannomas (VS) are benign
tumors arising from Schwann cells of the eighth cranial nerve. They represent approxi-
mately 8% of all intracranial tumors and have an increasing incidence. Larger VS can cause
brainstem compression and hydrocephalus, and magnetic resonance imaging (MRI) is the
diagnostic modality of choice. Individuals with VS and an elevated body mass index (BMI)
can have more postoperative complications due to their weight, which can also negatively
impact the preoperative diagnostic process and planning, as well as the surgery itself, as
compromises must be made since optimal positioning of the patient is often not feasible.
Increased BMI is a recognized risk factor for cerebrospinal fluid (CSF) leak after microscopic
resection of a VS. Case Presentation: This report presents a case of a patient with class
III obesity who had to undergo a right VS resection with preexisting hydrocephalus and
the obstacles encountered by the surgical team throughout the diagnostics process since
MRI could not be performed and preoperative planning had to be based on computed
tomography (CT) scan; operative treatment, where suboptimal patient placement was
achieved for a planned retrosigmoid approach to the pontocerebellar angle (PCA) and
postoperative rehabilitation, which was hindered by his high BMI (55 kg/m?) with several
complications, such as CSF leak, due to his extreme weight. Conclusions: Despite barriers,
optimal tumor resection was obtained with a long neurorehabilitation process, with a
favorable outcome, emphasizing the role of a multidisciplinary team.

Keywords: vestibular schwannoma; severe obesity; postoperative complications; CSF leak

1. Introduction

Schwannomas represent benign tumors consisting of a clonal population of Schwann
cells that have undergone cystic and degenerative changes and are typically attached to
peripheral nerves, with most cases being sporadic [1,2]. Vestibular schwannomas (VSs)
are tumors arising from Schwann cells of the eighth cranial nerve, which lies next to the
seventh cranial nerve, with both nerves leaving the brainstem just below the pons and
entering the internal auditory canal with the eighth cranial nerve being responsible for
hearing and balance and VSs represent around 8% of all intracranial tumors [3-9]. The
majority of VSs are in the posterior fossa, which extends from tentorium cerebelli superiorly
to foramen magnum inferiorly, specifically in the angle between the pons and the cerebellar
hemisphere (pontocerebellar angle) [10]. Epidemiological research conducted thus far
has demonstrated an increase in the incidence [4,9]. VS are equally common in men and
women [11]. The median age of VS presentation is 50 years, and it is unilateral in more
than 90% of patients [7]. Clinical symptoms of VS vary, including asymmetrical hearing
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loss, tinnitus, vertigo, ataxia, loss of balance, and headaches [5,6]. Larger tumors can cause
hydrocephalus and brainstem compression [12]. The diagnostic modality of choice is mag-
netic resonance imagining (MRI) with contrast-enhanced T1-weighted scans considered to
be the gold standard for the initial evaluation and postoperative assessment of recurrence or
residual tumors with computed tomography (CT) playing a complementary role in the eval-
uation of VS [13]. An audiogram, which in cases of VS shows an asymmetric sensorineural
hearing loss, should also be performed in the diagnostic process [14-16]. Treatment options
include surgery, observation with serial imaging, and stereotactic radiosurgery [6].

The population of overweight and obese individuals has reached epidemic levels and
continues to rise [17]. Body mass index (BMI), based on an individual’s height and weight,
has been used as a simple tool to classify people into different groups with those whose BMI
ranges between 25 kg/m? and 29.9 kg/m? being classified as overweight and those with
BMI 30 kg/m? or over as obese, which can be subdivided into class I obesity (30 to less than
35 kg/m?), class II obesity (35 to less than 40 kg/m?), and class III obesity or severe obesity
(40 kg/m? and more) [18,19]. Elevated BMI negatively impacts postoperative outcomes in
several surgical specialties, including neurosurgery [20]. Obesity can also negatively impact
the diagnostic process, which cannot be performed optimally as diagnostic machines often
have maximal weight allowance; hence, adjustments and compromises must be made [21].
Outcomes of a neurological examination can also be impaired by obesity, especially when
assessing coordination and gait disturbances [22]. Increased BMI has been recognized as a
risk factor for postoperative cerebrospinal fluid (CSF) leak, as well as longer rehabilitation
and recovery, with patients often being readmitted or even discharged to a facility other
than their home [20,23].

In this case report, we present our unique experience with pontocerebellar schwan-
noma resection in a patient with class III obesity with the immense obstacles encountered
throughout the whole process and compromises we had to make as well as postoperative
complications. Additionally, with the literature review, we attempted to compare our
experience with the existing body of knowledge and emphasize the issues of severe obesity
in neurosurgery, especially when dealing with posterior fossa lesions.

2. Case Report
2.1. History and Diagnostic Process

A 48-year-old man presented to the neurosurgical outpatient clinic at the University
Hospital in Maribor, Slovenia, with hearing loss in his right ear that had been worsening for
4 years. An ENT consultant had previously examined him and found signs of sensorineural
hearing loss on the right side. The neurological examination revealed hearing loss in
the right ear, and on the Romberg test, he swayed to the right but did not fall. The
patient also presented with gait ataxia, limiting his daily activities, and mild signs of
intracranial hypertension. He suffered from diabetes mellitus type 2, arterial hypertension,
dyslipidemia, and obstructive sleep apnea. Before the patient came to the neurosurgical
outpatient clinic, a CT scan of his head (Figure 1) was performed, which showed a4 x 3 cm
tumor in the right cerebellopontine angle, Koos grade IV, which was pushing the right
cerebellar hemisphere and the fourth ventricle to one side, closing the Luschka foramen
and causing mild obstructive hydrocephalus. As the patient was claustrophobic and his
BMI was 55 kg/m?, MRI could not be performed.

In cases of claustrophobia, an MRI can be performed under general anesthesia; how-
ever, this was not an option with our patient. Due to the weight limit of the MRI patient
table and the size of the bore, which was too small for the patient’s upper body, a subop-
timal diagnostic modality, a CT scan, had to be utilized for presurgical planning. Based
on the lesion’s location and relative isolation from the surrounding tissues, as well as the
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patient’s neurologic status, a VS was suspected; however, our surgical team was extremely
limited with information about the relations between the tumor and surrounding structures,
such as the brainstem, cerebellar hemisphere, arteries, veins, and cranial nerves.

Figure 1. Preoperative CT scan (axial and sagittal view after contrast enhancement) showing a lesion
(VS) in the right CPA measuring 4 x 3 cm with obstructive hydrocephalus due to compression of the
4th ventricle.

2.2. Surgery

The patient was presented at a multidisciplinary meeting where different treatment
options were discussed. Due to the tumor size with an already existing hydrocephalus
and the patient’s age, surgery was suggested, and he signed the consent form after being
informed of the risk of surgery and additional complications due to his class III obesity.
Before the operation, the patient was thoroughly examined by the attending anesthetist,
as intubation and ventilation problems were to be expected. Additionally, a chest X-ray
was performed before surgery, which, due to the patient’s obesity and preexisting sleep
apnea, showed signs of poor ventilation and a wider mediastinum. On the day of the
operation, he was taken to the operating theatre and, despite the patient exceeding the
recommended weight limitations, was placed on the regular operating table. The first
obstacle was mask ventilation before induction of general anesthesia, which required
two people: one to hold the mask and the other to ventilate manually. During orotracheal
intubation, the anesthetist had to stand on a set of steps and use a video laryngoscope
at the same time. Once the airway was secured, the surgical team, with the help of the
anesthesia team, began to place the patient in a “park bench” position, as a tumor resection
was planned through a retrosigmoid approach. Due to the extreme weight, he could not be
properly positioned on his left side but was simply tilted onto his left side, strapped down
with several Velcro straps above his hips, knees, and legs. The head, which was in the
Mayfield skull clamp, was rotated 90 degrees to the left to gain access. Correct positioning
of the head for the desired retrosigmoid approach was impossible due to the weight of the
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head, a short neck, and excessive adipose tissue. As the “park bench” position was not
achieved, the approach was obstructed by the patient’s shoulder and chest. Additionally, a
surgical navigation system could not be used. Before the operation began, the electrodes
for intraoperative neuromonitoring of the facial nerve were inserted into the right side of
the face, but the signal was weak due to a thick layer of subcutaneous fat tissue. After
positioning the patient, a retrosigmoid approach was attempted to remove the tumor.
During surgery, part of the right cerebellar hemisphere had to be removed; otherwise,
visualization of the cerebellopontine angle (CPA), where the tumor was located, would
have been impossible. Due to the suboptimal patient positioning owing to his extreme
weight, the surgical trajectory was incorrect, and despite basal cisternostomy and edema
reduction, there was still not enough space to visualize the tumor in the CPA; hence, part of
the right cerebellar hemisphere had to be sacrificed. A surgical ultrasound aspiration device
was used to remove the lesion. During surgery, the posterior inferior cerebellar artery and
cranial nerves V to XI were visualized, and it transpired that the tumor was firmly attached
to the brainstem. Intraoperative neuromonitoring for the facial nerve was performed
throughout the time of tumor removal, but the signal was extremely weak and, therefore,
unreliable as the electrodes were not long enough to ensure adequate monitoring. When
most of the tumor was removed, a dural substitute was used for closure, and the previously
removed bone was not returned as the flap was small and for fear of brain edema. Due
to the patient’s weight, the preoperative preparation took 80 min, and the surgery took
9 hours and 40 min. Straight after surgery, a CT scan was performed, which showed a
postoperative condition with a removed tumor and without a significant hematoma. The
patient was transferred to the intensive care unit while still on mechanical ventilation. On
the first postoperative day, the patient was extubated. His cardiorespiratory condition was
stable, but there was peripheral facial nerve palsy on the right side of his face. On the
second postoperative day, he was transferred back to the Department of Neurosurgery,
where early postoperative neurorehabilitation was started, but it was extremely difficult
due to his weight and right limb ataxia. After one week, he was able to walk with a roller
walker. Due to the paralysis of the peripheral facial nerve, a moist chamber was used
at night, and artificial tears were administered regularly during the day. Despite great
efforts by the physiotherapist, the patient was unable to walk independently. Due to the
swelling of the right lower extremity, an ultrasound scan was performed to rule out deep
vein thrombosis or thrombophlebitis; low-molecular-weight heparin was administered
prophylactically. The dressing of the surgical wound was changed regularly, and there were
no signs of inflammation or cerebrospinal fluid leakage. 11 days after surgery, the patient
was transferred to a regional hospital for further rehabilitation. The pathohistological report
stated that the removed tumor was a VS, a benign tumor, and, therefore, no oncological
treatment was required, but complex rehabilitation was planned.

2.3. Postoperative Follow-Up and Complications

At the regional hospital, physiotherapy and rehabilitation continued as planned,
and the patient was mobile with the aid of a roller walker. After a week in the regional
hospital, the patient developed severe headaches and confusion. A CT scan was performed,
which showed postoperative changes but no dynamics compared to the previous scan
after surgery. The blood tests showed high inflammatory markers, and a urinary tract
infection was also diagnosed. As a central nervous system infection was suspected, a
course of antibiotics (metronidazole, ampicillin, ceftriaxone) was prescribed, which was
administered for 6 days and exchanged for flucloxacillin when the inflammatory markers
decreased. A lumbar puncture was also performed, but the microbiological tests showed
no microorganisms in the cerebrospinal fluid. Approximately one month after surgery, a
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CSF leak occurred through the surgical wound, and the patient was transferred back to the
tertiary center. A further CT scan showed a large soft tissue edema around the craniectomy.
Flucloxacillin was replaced by vancomycin and meropenem. During his hospitalization
at the Department of Neurosurgery, a lumbar drain was inserted to control the leakage
of cerebrospinal fluid through the surgical wound. The placement of the drainage was
challenging since the needle was barely long enough to reach the spinal canal. During
his 20-day readmission to the tertiary center, the CSF leakage stopped, and it did not
reoccur after the removal of the lumbar drainage. The wound healed completely, the
inflammatory markers were low, and he was discharged home, equipped with a roller
walker and a wheelchair, both of which he learned to use unaided. On discharge, he was
prescribed linezolid for 14 days as an extension of the previous intravenous antibiotic
treatment. As planned during his hospitalization, he underwent complex rehabilitation
in a tertiary healthcare facility and slowly regained his independence in daily activities.
Four months after his discharge from the neurosurgery department, he returned to the
outpatient clinic. The follow-up CT scan showed postoperative changes with no tumor
residue or recurrence. He was able to walk at home without the roller, but the peripheral
facial nerve palsy persisted, and he was regularly examined by an ophthalmologist and a
plastic surgeon. He continued the use of artificial tears in the day and the moister chamber
at night. Two years after the initial surgery, the control CT scan (Figure 2) showed no signs
of residual tumor or recurrence. At his last appointment in the neurosurgical outpatient
clinic, the patient was mobile with no aid, and due to a persistent facial nerve palsy to the
right side, facial reanimation surgery was performed to restore symmetry.

Figure 2. CT scan performed 2 years following the initial surgery, showing no signs of residual tumor
or reoccurrence with encephalomalacic changes in the right cerebellar hemisphere. The hypodense
subcutaneous inclusions represent the residue of bone wax and fatty tissue used to close the mastoid
air cells to prevent rhinorrhea/otorrhea.
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3. Discussion
3.1. Veestibular Schwannomas

The first successful VS surgery was performed in 1894 with an initial mortality of
almost 80%, however, with the development of the operating microscope, refinement
of surgical techniques as well as improvements in antibiotics, the current mortality is
approximately 0.2%. Despite advances in surgery, the number of patients treated surgically
has been slowly declining, especially for smaller tumors, with an increase in patients being
observed with serial imaging or treated with stereotactic radiosurgery [6].

Observation is an option for smaller tumors, older patients, and those with major
comorbidities. MR imagining is the preferred technique that provides incomparable tumor
characteristics, whereas contrast-enhanced CT of the temporal bones can be utilized as an
alternative when the patient cannot undergo MR imagining [7]. In obese individuals with
VS, stereotactic radiosurgery might be a superior treatment modality, depending on the
size of the lesion and degree of hearing loss as well as the presence of other symptoms [5];
however, that was not an option in our case due to tumor’s size, mass effect, and existing
hydrocephalus. Additionally, targeted biological therapies, such as bevacizumab, are
currently emerging as options for the treatment of VS; however, at the moment, that is only
applicable to patients with neurofibromatosis type 2 that have a VS [12].

Surgical excision remains the definitive treatment for larger lesions and younger
individuals [6]. VS may be approached by a translabyrinthine, retrosigmoid, or middle
fossa craniotomy [7]. Serious complications after surgery, such as stroke, CSF leak, wound
infection, intracranial bleeding, and meningitis, are infrequent [6]. Nowadays, the aim
of surgery has moved from total resection to functional preservation, especially in cases
where the entire tumor mass cannot be safely removed concerning cranial nerves [7].

Being a benign tumor with a slow-growing nature, VS allows a postponement of
surgical treatment to mitigate lifestyle factors, such as obesity, before deciding to operate [5].
A perioperative loss of weight is associated with a reduction in deep surgical site infections,
abscess formation, and minor wound complications [20]. Weight reduction was proposed
to our patient; however, cooperation was not great. Additionally, limited by his diabetes
and due to evolving hydrocephalus, there was not enough time for him to lose the required
weight, and surgery had to be performed despite the increased risk of complications.

3.2. Obesity in Neurosurgery

The population of overweight and obese people is rising, and in places like the United
States of America as well as Europe, it has reached epidemic levels with an estimated
prevalence of 42% [17] and has increased by around 50% per decade over the past 20 years.
This has been seen among both sexes, all age groups, and races [23,24]. In Slovenia in 2020,
39% of inhabitants were overweight, and 20% were obese, with males and poorly educated
individuals being the most affected. The patient presented in this case also comes from
a region of Slovenia that has the highest percentage of obese individuals (25.7%), which
could be due to cultural differences and mainly rural households with predominantly
meat-based diets, processed meat products, and lard used in cooking [25].

Elevated BMI negatively impacts postoperative outcomes in several surgical special-
ties, including neurosurgery, and it is proven that a BMI above 40 kg/m? represents an
independent risk factor for perioperative complications [20,26]; these individuals have a
higher incidence of obstructive sleep apnea, idiopathic hypertension and even spontaneous
CSF leaks [17]. Individuals with class III obesity (BMI above 40 kg/m?) have a higher risk
of surgical site infections, which can be a consequence of longer operating time with greater
risk of wound contamination as well as prolonged retraction-related ischemia. Additionally,
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chronic inflammation and dysfunction of the immune system that is present in obesity and
metabolic syndrome can increase the chances of surgical site infection [20,27].

CSF leak remains a common postoperative complication following the microscopic
resection of a VS [5,28], which leads to extended hospitalization as well as higher patient
morbidity and mortality. Elevated BMI has been recognized as a modifiable risk factor
for surgical site infections [28]. Additionally, there is a 22% chance of developing a CSF
leak in individuals with class III obesity [20]. Postoperative CSF leak increases the risk of
meningitis and reoperation and prolongs hospital stay [17].

It has been proven that obese individuals have elevated intraabdominal pressure,
which leads to a higher intrathoracic and cardiac filling pressure, thereby leading to an
increase in the baseline intracranial pressure (ICP), which can lead to a postoperative CSF
leak [28]. An increase in the baseline ICP could also be due to the fat pannus and its
negative effects on venous return, increased levels of serum estrogens, and hypercapnia
from obstructive sleep apnea that leads to cerebral vasodilatation, hence further increasing
the ICP [20,28].

Additionally, obese patients are likely to experience longer operative times since
obesity is linked with a difficult airway, which can prolong the induction of anesthesia.
Also, positioning for the surgical procedure can present numerous challenges, thereby
prolonging surgical duration [17,29]. Intubation of obese patients is challenging due to the
excessive facial, palatal, and pharyngeal soft tissue and impaired jaw, atlantoaxial, and
cervical mobility. Pharmacokinetics and pharmacodynamics of medications are altered in
obese individuals. Increased positive end-expiratory pressure, a higher fraction of inspired
oxygen, and inotropes are often required in obese individuals [20]. An obese patient
requires a greater diaphragmatic excursion to provide the same degree of ventilation, their
functional residual capacity, expiratory reserve volume and total lung capacity all being
decreased [30].

Proper positioning of the patient is vital for a successful neurosurgical procedure, both
for a trajectory to the lesion as well as to avoid complications to non-operated-upon tissues.
The park bench position, which allows access to the lesion of the cerebellopontine angle,
represents a modification of the lateral position with at least one arm positioned outside of
the operating table, providing a greater manipulation of the head and neck [30]. A lumbar
drain, placed at the time of surgery, can aid and allow better access to a posterior fossa in
cases of elevated baseline ICP, and if it remains in place postoperatively for a short period,
it can decrease the risk of developing a CSF leak [28].

The recovery time in obese patients tends to be longer [20]. Also, in park bench
position, axillary misplacement can lead to limb ischemia, whereas excessive flexion of the
torso can lead to brachial plexus injuries when using rigid head fixation. Obese patients
are at an increased risk of ulceration during surgery as well as position-related peripheral
nerve injury, especially ulnar and lateral femoral cutaneous nerve [30].

3.3. Our Experience with Severe Obesity and VS Surgery

Due to his class III obesity, the patient in our case report could not undergo MR
imaging, which would have been a preferable and superior technique to the CT scan
performed. As the diagnostic imaging revealed obstructive hydrocephalus, he had to
be treated despite his obesity and anticipated complications, as there was no time for
preoperative weight loss. Due to his age and the size of the neoplasm, surgical treatment
was proposed. His obesity was a major problem for both the anesthetic and surgical teams
throughout the operation. The preoperative preparation time was prolonged to 80 min, and
several issues with ventilation were encountered by the anesthetists, with two consultants
present in case of airway or breathing issues. The positioning was suboptimal, as he was
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only tilted because his extreme weight prevented him from being placed in a correct park
bench position, which is required for a retrosigmoid approach. As the position of the body
and the head were substandard, the resection was hindered by poor visibility and a lack of
maneuvering space for surgical instruments, which was also affected by the position of the
patient’s shoulder and chest. During surgery, longer instruments had to be utilized. When
comparing our surgical time with other cases of CPA VS resection, it took us almost twice
as long to resect it. In addition, the electrodes used for intraoperative neuromonitoring of
the facial nerve were not long enough due to a thick layer of subcutaneous adipose tissue,
so neuromonitoring was unreliable and could not be used as an aid during surgery, which
further complicated the resection, as we were also unable to utilize the navigation system.

His class III obesity was also a major obstacle to his postoperative neurorehabilitation,
as he required four physiotherapists to assist him with a rollator to prevent him from
falling. The nursing team also had issues with taking daily care of the patient due to his
severe obesity, as the department did not have specific hoists to help move the patient;
therefore, several nurses had to attend to him. In cases of poorly mobile obese individ-
uals, surgical wounds can be subject to less-than-optimal medical care, dehiscence, and
consecutive surgical site infection. A cerebrospinal fluid leak, which occurred due to a
combination of substandard conditions during resection surgery, increased intracranial
and intraabdominal pressure, diabetes, wound dehiscence, and infection, was successfully
treated conservatively with antibiotics and the insertion of a lumbar drain. However, the
condition significantly prolonged his hospitalization. Had we not been successful with the
lumbar drainage, the team planned to revise surgery with another attempt at duroplasty
or to try and insert ventriculoperitoneal drainage, which would have been challenging in
his case and associated with additional risks and complications, such as migration of the
peritoneal catheter and infections.

Obese patients, after surgical treatment, are readmitted more often than nonobese indi-
viduals [20,23]. Obese patients are more often discharged to a facility other than their home
compared to their normal-weight counterparts [20]. The same was true in our case since
the patient had to be hospitalized for 14 days after the first surgery, and he also required
additional rehospitalization at our tertiary institute as well as prolonged hospitalization
at his community hospital. His recovery was lengthy, with early rehabilitation orientated
towards basic everyday activities, which took him 6 months to accomplish and another
year to become unaided when walking and further surgery for his right-sided peripheral
facial nerve palsy to be corrected.

4. Conclusions

Obesity represents an important risk factor for brain tumor resection surgery as it
can mask clinical symptoms and signs typical of brain neoplasms. Due to severe obesity,
preoperative diagnostic work-up is often limited. In cases of benign brain lesions, it is vital
to preoperatively provide patients with good locomotor and respiratory physiotherapy,
an appropriate nutritional regime, and to provide good control over their comorbidities.
It is vital that preoperatively and postoperatively anesthetists are prepared for possible
complications with intubation and timely extubation. Surgical preoperative preparation
in cases of severely obese patients consists of adjustments to the placement of the patient,
careful preoperative planning of the resection, and application of additional safety nets,
such as intraoperative neuromonitoring; however, the surgical team must be prepared for
sudden and unexpected rearrangements. The patient must be made aware of the increased
risk of surgery due to their obesity. When a patient is severely obese, the operating
times are longer, postoperative neurorehabilitation is longer, and those patients tend to be
hospitalized more often than their counterparts with normal BMIL. When considering the
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risk factors, required adaptations, good teamwork, and patient cooperation, the result of
resection of benign brain lesions in severely obese individuals can have good results.

Author Contributions: Conceptualization, TS, HR. and J.R; writing—original draft preparation,
TS. and H.R; writing—review and editing, T.S.; visualization, T.5. and H.R.; supervision, T.S. and JR.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this report
due to its retrospective nature and the inability to recognize the patient and their medical data used.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

VS Vestibular schwannoma
MRI  Magneti resonance imaging
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Abstract: Schwannomas are benign nerve sheath tumours that exhibit a slow rate of growth. In the
vast majority of cases, schwannomas manifest as asymptomatic masses. The presence of symptomatic
lesions may necessitate surgical removal. The incidence of schwannomas ranges from 4.4 to 5.23 cases
per 100,000 population, accounting for approximately 7% of all primary tumours in the central
nervous system. There is a limited number of case reports describing schwannomas outside the
central nervous system. In rare instances, schwannomas may originate at the level of the thyroid
gland. In such cases, incidental neck schwannomas may be mistaken for thyroid or parathyroid
tumours. The increasing incidence of thyroid cancer draws more attention to all thyroid nodules,
both benign and malignant. Thyroid nodules are detected in up to 65% of autopsies, with only 4-6.5%
being malignant. Thyroid tumours are typically diagnosed by USG; however, they are often revealed
incidentally during neck CT or MRI for other conditions. To rule out malignancy, tumour verification
is required. The modern diagnosis of thyroid cancer is based on fine-needle aspiration (FNA) biopsy
and cytology, which is classified according to the Bethesda classification system. However, not all
FNAs are informative, and the differential diagnosis and treatment strategies in cases of unsatisfactory
results are not standardized, leading to potential intraoperative challenges. We present a case study
of a patient with a thyroid nodule that was ultimately diagnosed with a schwannoma of the neck
according to core-needle biopsy.

Keywords: thyroid; schwannoma; fine-needle aspiration; core-needle biopsy; tumours; nervous
system

1. Introduction

Schwannomas are benign nerve sheath tumours that exhibit a slow rate of growth. In
the vast majority of cases, schwannomas manifest as asymptomatic masses. The presence of
symptomatic lesions may necessitate surgical removal [1]. The incidence of schwannomas
ranges from 4.4 to 5.23 cases per 100,000 population, accounting for approximately 7%
of all primary tumours in the central nervous system [2,3]. There is a limited number of
case reports describing schwannomas outside the central nervous system. They usually
appear during the 5th-6th decade with no sex predisposition. Approximately 20-50% of
schwannomas arise in the head and neck region; however, schwannoma may be located
anywhere in the body. Of these, 10-30% originate from Schwann cells of the vagus nerve,
while another 10-20% arise from the sympathetic nervous system [4-6]. Despite the fact
that the head and neck are one of the primary sites of occurrence, only 250 patients have
been reported in the literature [7]. These cases primarily involve schwannomas affecting
cranial nerves (such as V, VII, IX, X, XI, and XII), as well as sympathetic or peripheral
nerves [6,8]. High-volume surgical centres typically see from 30 to 50 such cases every 8-
9 years [5,6]. In rare instances, schwannomas may originate at the level of the thyroid gland.
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In such cases, incidental neck schwannomas may be mistaken for thyroid or parathyroid
tumours due to their anatomical closeness to these structures [9-15].

Thyroid cancer incidence rates have increased in many countries and settings. Glob-
ally, in 2020, the incidence of thyroid cancer was 10.1 per 100,000 women and 3.1 per
100,000 men [16]. This increase in the number of thyroid cancer cases resulted in close
attention being paid to all thyroid nodules, both benign and malignant. Thyroid nodules
are detected in up to 65% of autopsies, with only 4-6.5% being cancerous [15-18]. Thyroid
tumours are typically diagnosed by USG; however, they are often revealed incidentally
during neck CT or MRI for other conditions. To rule out malignancy, tumour verification is
required. The modern diagnosis of thyroid cancer relies on fine-needle aspiration biopsy
(FNA) and cytology, which is classified according to the Bethesda classification system [19].

However, not all FNAs are informative, and the differential diagnosis and treatment
strategies in cases of unsatisfactory results are not standardized, leading to potential
intraoperative challenges. We present a case study of a patient with a thyroid nodule
that was ultimately diagnosed with a schwannoma of the neck according to core-needle
biopsy (CNB).

2. Case Description

During an annual medical examination in 2022, a patient, a 32-year-old male, was
found to have a proliferative mass in the neck area. Ultrasound examination of the thyroid
gland revealed an oval hypoechoic heterogeneous formation with a size of 18 x 21 x 31 mm,
clear, well-defined boundaries, and areas of abnormal blood flow in the projection of the
left inferior parathyroid gland along the posterior surface of the left lobe of the thyroid
gland (see Figure 1). Magnetic resonance imaging showed a volumetric formation with
clear boundaries and heterogeneous contents measuring 33 x 24 x 25 mm on the lateral
posterior surface of the left lobe of the thyroid gland, which looks hyperintensive on the
T2-weighted image and has no signs of limited diffusion (see Figure 2).

Figure 1. USG of the neck region at the level of the thyroid gland. 1—tumour, 2—trachea, 3—thyroid,
4—carotid artery, 5—jugular vein, 6—pretracheal muscles.

The computed tomography scan also revealed a mass with a size of 21 x 24 x 25 mm
with a density of 18 Hounsfield units that accumulated contrast agent and was situated
between the thyroid gland and the vertebral column (Figure 3). The parathyroid hor-
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mone level was 4.06 pmol/L, and the ionized calcium concentration was 1.22 mmol/L.
Thyroid-stimulating hormone T3 and T4 were also within the normal range and comprised
2.7 mIU/L, 1.7 nmol/L and 89 nmol/L concurrently. Therefore, the patient had normal
thyroid and parathyroid function. Also, there were no other laboratory deviations recorded
at the time of hospitalization. The patient did not have any previous medical conditions
and considered himself healthy.

Figure 3. Contrast-enhanced CT scan of the neck at the level of the thyroid gland (arrow indicates
the tumour). (A)—sagittal plane, (B)—frontal plane, (C)—axial plane.

The results of FNA were unsatisfactory and classified as Bethesda category 1. A sub-
sequent FNA was also non-diagnostic. To make a decision regarding diagnostic hemithy-
roidectomy, the patient was referred to an endocrine surgeon. Due to uncertainty about
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the diagnosis, the patient underwent CNB of the cervical region mass upon admission.
Histopathological analysis revealed a schwannoma (Figure 4). Biopsy specimens contained
spindle-shaped cells with areas of myxoid structure. Apart from that, characteristic palisade
patterns of nuclei (Verocay bodies) and rare mitoses were noted (WHO grade I tumours).
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Figure 4. Histology of the specimens. (A)—CNB specimens (x5; H&E staining), (B)—CNB histology
(%20 H&E staining).

The surgical procedure was conducted in aseptic conditions, under general anesthesia.
Following meticulous marking, a small incision in the form of a collar was made on the
left side of the neck, in the vicinity of the mass. The skin, subcutaneous fat, and platysma
were accurately dissected, allowing for the identification of the sternocleidomastoid mus-
cle and the common carotid artery, along with an adjacent volumetric mass measuring
approximately 3 cm in diameter (see Figure 5).
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Figure 5. Macroscopic tumour appearance. (A)—intraoperative image of the tumour, (B)—postoperative
specimen.

The apical margin of this formation was positioned at the level of the left lobe of the
thyroid gland, while its inferior border approached the jugular notch. Laterally, the mass
extended towards the left carotid artery, while its distal margin came into contact with
the body of the lumbar vertebrae. Utilizing a dissector and cautery pencil, the mass was
meticulously excised. A flexible drainage tube was inserted into the tumour bed, followed
by the creation of a contraperture to facilitate the removal of any exudate. Once haemostasis
was achieved in the surgical area, skin sutures were applied, and a sterile dressing was
secured over the wound. The catheter was removed one day after the surgical procedure,
and the patient was discharged two days later without any complaints.

The postoperative histological examination confirmed the findings of the CNB. Im-
munohistochemical analysis revealed that the tumour exhibited a positive reaction to S100
(100%) and a negative response to CD34 and SMA markers. The Ki67 index was 2%.

Following a two-year follow-up period, no signs of tumour recurrence or neurological
deficits were observed.

3. Discussion

In up to 90% of cases, schwannomas are usually solitary and sporadic; however,
they can be associated with type 2 neurofibromatosis or other genetic conditions [20].
Schwannomas of the cervical region stem from the vagus nerve in approximately 11-20%
of cases. They can also originate from the sympathetic chain, which comprises 11-34% of
cases, or the cervical plexus and the brachial plexus, which account for 3-50% and 17% of
cases, respectively. In rare instances, schwannomas may result from the hypoglossal nerve
(3—6%). Moreover, in some cases they can originate from the greater auricular nerve (5.6%),
the hypoglossal nerve (3-5.55%), or even the recurrent laryngeal nerve (3%). The latter
can lead to a misdiagnosis, as these tumours can be closely adjacent to the thyroid gland.
In up to 17% of cases the exact origin of the nerve cannot be determined [5,6]. Figure 6
demonstrates the nerves, possible origins of schwannoma, and other neoplasms, which are
located in close proximity to the thyroid. Tumours arising from some of these nerves can
only be misidentified when they are large, with one of the tumour poles situated close to
the thyroid gland. Schwannomas must be differentiated from paragangliomas and other
nerve-associated tumours, such as neurofibromas, granular cell myoblastomas, neurogenic
sarcomas, and melanomas [21].
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Figure 6. Nerves of the neck region that can potentially develop into schwannomas in proximity to
the thyroid gland.

The first case report of a primary schwannoma of the thyroid gland was published in
1964 by Delaney and Fry [22]. Approximately 60% of tumours in the neck region present as
asymptomatic, palpable masses, and 10% are incidentally discovered in imaging studies.
Schwannomas are usually asymptomatic and can show no signs of disease for more than
10 years. On average, the growth rate of these lesions does not exceed 1-3 mm each year [1].
In 20% of cases, patients present with neurological deficits, and in 10% of cases, pain and
obstruction of the neck veins are the prevalent symptoms. There have been a limited
number of reports regarding thyroid schwannomas (Table 1). The vast majority of patients
are 30-35-year-old females, who are typically concerned with a neck mass. Reports of
male patients affected are less common. Progressive swelling in the neck region and
Horner’s syndrome may indicate malignancy but can also occur in benign tumours [21,23].
Furthermore, as the neoplasm expands, surgical excision of the tumour may give rise to a
variety of complications, including the so-called first-bite syndrome [1]. First-bite syndrome
(FBS) is a rare complication that occurs after damage to the sympathetic chain’s superior
cervical ganglion (SCG). With destruction of the SCG, the patient can develop FBS and
Horner syndrome. This condition can be seen in patients who undergo parapharyngeal
space surgery and can result in the development of severe parotid gland pain at the first
bite of food [24].

In non-contrast computed tomography (CT) scans, schwannomas often exhibit a
decreased density compared to muscle tissue, appearing hypodense. Schwannomas con-
sist of spindle cells that have two growth patterns: Antoni type A and Antoni type B.
In contrast-enhanced CT images, schwannomas predominantly exhibiting the Antoni A
pattern manifest as solid, intensely enhancing, heterogeneous, and hypodense masses.
Schwannomas characterized by the predominance of Antoni B typically present as pseu-
docysts, with minimal or no enhancement in contrast-enhanced images. On MRI, these
lesions exhibit varying levels of intensity, ranging from low to equal intensity of normal
tissue on T1-weighted sequences and high intensity on T2-weighted images, depending
on their cellular composition. Contrast-enhanced T1-weighted MRI reveals moderate to
significant enhancement of these lesions. The appearance of these lesions is generally
homogeneous for smaller ones and becomes heterogeneous as they increase in size. In
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certain occasions, the pronounced hyperintense signal observed on T2-weighted MRI scans
serves as a means of distinguishing the mass from the adjacent, less hyperintense structures
such as the thyroid gland. The existence of a discernible boundary between the mass and
the thyroid gland is indicative of the presence of an independent neoplasm [25].

The FNA biopsy of a tumour located near the thyroid gland is often inconclusive, as in
most cases, the cytology reports fall into categories I, 1I, III, or IV according to the Bethesda
system [9,10,12,13]. The specificity of FNA and imaging studies for diagnosing schwanno-
mas is approximately 20% and 38%, respectively [6]. Table 1 presents a comparison of FNA
results, indicating that in the prevalent number of cases, they are inconclusive.

During cytological evaluation, these tumours can be mistaken for other spindle cell
lesions of the thyroid, such as smooth muscle tumours and spindle cell lesions [23]. The
differential diagnosis of spindle cell tumours is a broad field that encompasses a diverse
range of entities. These include neural-derived tumours, such as schwannomas, as well as
mesenchymal neoplasms like leiomyomas and solitary fibrous tumours. Hemangioperi-
cytomas are also included in this category. Epithelial tumours, such as anaplastic thyroid
carcinomas, medullary thyroid carcinomas, thymomas, and spindle epithelial tumours
with thymus-like features (SETTLE), are part of the spectrum as well. Moreover, hyaliniz-
ing trabecular adenomas deserve consideration. Immunohistochemical staining for S-100
protein has proven to be highly valuable for preoperative diagnosis of these neoplasms,
especially in the case of schwannomas [10].

It is worth noting that non-thyroid lesions can sometimes be misdiagnosed as primary
thyroid neoplasms if the FNA biopsy includes thyroid tissue, due to the trajectory of
the needle through the gland prior to reaching the target lesion [26]. Consequently, the
preoperative diagnosis is seldom established based on these investigations. Nonetheless,
some experts advocate for CNB, as it can detect schwannomas more accurately.

Table 1. Thyroid schwannoma cases.

Age, Sex Cytology Clinical Picture Reference
87, female Bethesda II1 Radiating pain after aspiration [9]
70, male Bethesda IV Palpable mass, hoarseness, neck discomfort [10]
30, female Bethesda I Swelling in the neck [12]
47, male Bethesda II Progressive swelling in the neck [13]
31, male Schwannoma Growing nodule in the neck [3]
60, female Schwannoma Dysphagia and a significant increase in goitre size [25]
33, female Bethesda I Palpable neck mass [27]
33, female Bethesda I Large palpable mass, compression [28]
26, female Bethesda I Neck mass [29]
35, female Bethesda I Neck mass, Horner’s syndrome [21]
63, female Bethesda I Foreign body sensation with swallowing [30]
Paucicellular sample with occasional
23, female follicular cells of equivocal Neck mass [31]
diagnostic value
32, male Bethesda I Neck mass Current case

The imaging of neck tumours that may be associated with thyroid cancer can involve
various techniques, such as ultrasonography (USG), CT with contrast enhancement, MRI
with contrast enhancement, and positron emission tomography (PET) or scintigraphy. A
comparative analysis of these imaging modalities can be found in Table 2.
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Table 2. Comparison of imaging technologies in schwannoma diagnostics.

Modality

Disease Description Reference

USsG

Hypoechoic mass, regular margins, contextual anechoic areola,
multiseptate hypoechoic lesion, macro- and microcalcifications.
Contrast-enhanced ultrasonography may be another possibility to

Schwannoma distinguish schwannomas; however, data are limited to several case

reports. The tumour usually appears as strong, inhomogeneous
enhancement both in early and in late phases. Elastography usually
indicates dense stiff tissue.

Hypoechoic mass, ill-defined margin, irregular shape, heterogeneity,

Thyroid cancer  absence of cystic lesion and/or halo sign, presence of calcification and

invasion to other anatomical structures.

CT

Mass that can extend to intervertebral foramen. Contrast enhancement

Schwannoma may be helpful as thyroid gland tends to accumulate iodine contrast

and may reveal separate plane between gland and tumour.

Thyroid cancer

Mass with ill-defined borders, extra-thyroid extension, lymph node
involvement, or invasion of surrounding structures.

MRI

Solid low-intensified and high-intensified tumour by T1- and
T2-weighted images, respectively; can be connected to the cervical

Schwannoma  spinal cord. MRI can delineate mass as distinct from less hyperintense

thyroid and enhanced T1-weighted images and demonstrate plane of
separation between lesion and thyroid gland.

Malignant nodules usually have lower apparent diffusion coefficient

Thyroid cancer ~ value and lower intensity ration on T2-weighted imaging. Similarly,

invasion to adjacent structures is indication of malignancy.

Schwannoma Cold nodule in nature or normal thyroid scan.

Sci

Thyroid cancer Cold nodule in nature or normal thyroid scan.

There are several publications that suggest CNB of the thyroid gland is a safe pro-
cedure that can provide valuable additional information in cases when cytology results
are inconclusive [32,33]. This is particularly relevant in instances of rare thyroid gland
tumours or tumours that mimic thyroid tumours. Specific diagnoses, such as “suspicious
schwannoma” and “consistent with schwannoma”, can be made in up to 96.6% of CNB
samples, while FNA yields such diagnoses in only 19.2% of cases (p < 0.001) [34].

Immunohistochemistry is crucial in this context, as the tumour should be positive for
S-100 protein and negative for calcitonin, carcinoembryonic antigen (CEA), thyroglobulin,
thyroid transcription factor 1 (TTF1), melan-A, and melanoma-associated antigen (HMB45),
which helps to rule out schwannomas, medullary thyroid cancers, and well-differentiated
thyroid cancers [25].

However, CNB remains somewhat controversial due to the potential risks of neu-
ropathic pain or neurological deficits resulting from axonal damage [35]. Some experts
recommend intracapsular resection of schwannomas with electrical nerve monitoring to
reduce the risk of nerve injury [36].

A complete excision is strongly advised in order to prevent both the progression and
recurrence of schwannomas [1,7]. These are slow-growing tumours that have a propensity
to displace adjacent fascicles. Failure to excise them can result in their continued growth,
leading to a myriad of clinical manifestations, including nerve dysfunction and paresthesia.

However, in certain cases, it is hard to distinguish between an extra-thyroidal mass and
an intrathyroidal lesion, leading to unnecessary thyroid surgery. Frozen section pathology
during surgery might be helpful in such situations to guide the surgeon [10]. Partial
resection carries a high risk of recurrence (greater than 50%), as well as the possibility
of malignant transformation (4%). A complete excision is strongly advised to prevent
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both progression and recurrence. Additionally, an increase in size can lead to potential
hemorrhage, cystic degeneration, and necrosis, as reported in the literature [1,7,37].

Therefore, in this particular case of thyroid neoplasia, the patient had undergone
several FNAs with no diagnostic result and was referred for hemithyroidectomy. CNB
allowed us to obtain preoperative diagnosis and, since the tumour was not within the
thyroid gland, abstain from hemithyroidectomy. The multidisciplinary approach that
involved a medical ultrasonographer, radiologist, pathologist, and surgeon enabled us to
obtain the diagnosis and choose adequate treatment tactics.

4. Conclusions

Schwannoma of the thyroid is a rare pathological condition, with only a handful of
cases reported in the scientific literature. FNA is the standard method for diagnosing
thyroid malignancies in the presence of suspicious nodules. However, its accuracy in the
context of rare tumours is often limited. In such cases, CNB often provides more reliable
results, albeit with a higher risk associated with the procedure. The benefit of a CNB is that
the obtained histological specimen provides a tissue sample, unlike FNA, and the specimen
can be studied by means of immunohistochemistry. The decision to proceed with CNB
must be carefully balanced against the importance of obtaining a definitive diagnosis prior
to surgery.
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