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Abstract

During the onset of Moyamoya disease (MMD), progressive occlusion occurs at the end of the
intracranial internal carotid artery, and compensatory net-like abnormal vessels develop in the
skull base, generating the corresponding clinical symptoms. MMD can affect both children and
adults, but MMD in pediatric patients exhibits distinct clinical features, and the treatment prog-
noses are different from adult patients. Children are the group at highest risk for MMD. In children,
the disease mainly manifests as ischemia, while bleeding is the primary symptom in adults. The
pathogenesis of MMD in children is still unknown, and some factors are distinct from those in
adults. MMD in children could result in progressive, irreversible nerve functional impairment, and
an earlier the onset corresponds to a worse prognosis. Therefore, active treatment at an early
stage is highly recommended. The treatment methods for MMD in children mainly include indirect
and direct surgeries. Indirect surgeries mainly include multiple burr-hole surgery (MBHS), en-
cephalomyosynangiosis (EMS), and encephaloduroarteriosynangiosis (EDAS); direct surgeries
mainly include intra- and extracranial vascular reconstructions that primarily consist of superficial
temporal artery-middle cerebral artery (STA-MCA) anastomosis. Indirect surgery, as a treatment
for MMD in children, has shown a certain level of efficacy. However, a standard treatment ap-
proach should combine both indirect and direct procedures. Compared to MMD in adults, the
treatment and prognosis of MMD in children has higher clinical significance. If the treatment is
adequate, a satisfactory outcome is often achieved.

Key words: Children; Moyamoya disease; surgical treatment; prognosis

I. Introduction

MMD was first described in the Japanese litera-
ture in 1957 0. During examinations using digital
subtraction angiography (DSA), computed tomo-
graphic angiography (CTA), and magnetic resonance
angiography (MRA), a stenosis or occlusion was dis-
covered at the end of the internal carotid artery, and
compensatory abnormal proliferation of the vascular
network was observed in the skull base 2. MMD
shows two peaks of onset in the human population:
one at approximately 40 years of age, which manifests
as bleeding during clinical onset, and another at ap-
proximately five years of age, which manifests mainly
as clinical ischemia, also known as MMD in children
Bl. The severity of MMD in children is age-related; in
younger children, the condition is more severe. Stud-

ies have shown that children younger than four years
often exhibit poor prognoses in MMD 4. The inci-
dence of MMD shows obvious regional differences.
MMD is more commonly observed in Eastern Asian
countries, such as Japan, Korea, and China. In Japan,
the incidence of MMD is 3-10/100,000, whereas the
incidence is 0.09/100,000 in the USA 5l. MMD is more
common in female patients, and the male to female
ratio ranges from 1:1.8 to 1:4.25 7], Currently, no
specialized literature has reported the epidemiology
of MMD in children, but pediatric patients have been
included in epidemiological analyses of MMD, which
suggests that MMD in children might also be con-
sistent with the epidemiological characteristics de-
scribed above.
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The pathogenic mechanism of MMD in children
has not been clarified. Based on a review of the rele-
vant literature, the pathogenesis of MMD could be
related to genetic, immune, and radiological factors,
along with the abnormal expression of angiogenesis
factors. In addition to MMD, we also reviewed studies
of children with Moyamoya syndrome (MMS) due to
the many similarities between MMD and MMS. MMS
is often pertinent to many other conditions, such as
multiple neurofibromatosis, head radiotherapy, sickle
cell anemia, and Down's syndrome 9. DSA is the
gold standard for MMD diagnosis. However, due to
the young age of affected children, the application of
DSA is limited. Therefore, many other auxiliary ex-
amination methods, such as MRA and CTA, have also
been applied. MRA and CTA have high specificities in
MMD diagnoses [1%. The treatment of children with
MMD also has its own characteristics, primarily be-
cause the vessels on the brain surface are slender and
fragile, and therefore, direct vascular reconstruction is
much more difficult in children than in adults. In ad-
dition, the blood supply area of the branches of the
superficial temporal artery (STA) is limited so that
functional cortices are often not covered. Therefore,
the application of indirect surgery has been extensive
1], Indirect surgery for children with MMD includes
surgeries such as multiple burr-hole surgery (MBHS),
encephalomyosynangiosis (EMS) and enceph-
aloduroarteriosynangiosis (EDAS). Previous studies
have reported that these procedures demonstrate
better effects in children than in adults [12I. In fact, no
standard treatment plan for children with MMD is
currently applied in clinical practice [31,

II. Possible pathogenic mechanisms of
MMD in children

The symptoms of children with MMD are pri-
marily the result of progressive vascular stenosis. The
histological characteristics of vascular stenosis include
fibrointimal hyperplasia, impairment of the elastic
layer of the media, and vascular smooth muscle cell
proliferation [4l. A previous study reported that the
small irregular wave-shaped changes at the internal
elastic membrane could be regarded as histological
characteristics of MMD [151. However, which mecha-
nism results in the discussed pathological changes in
children with MMD has yet not been determined.
Based on a literature review, the following factors
were determined to be influential in the MMD path-
ogenesis of children.

1. Genetic factors

The genetic influence of MMD is primarily due
to its familial distribution. Previous studies have re-
vealed that 10% of MMD cases occur in the same

family, and 70% occur in siblings, which involves
multiple pediatric patients [%l. The genetics of MMD
appear to involve a multiple genetic factor principle.
Papavasiliou et al. studied the genotypes of two Eu-
ropean children with MMD and discovered that the
MT3 sequence in the D-loop of the mitochondrial
DNA and the Y chromosome gene in these European
patients are consistent with the genetic sequences
found in Japanese MMD patients. These results indi-
cated that these genes might be correlated with MMD
onset [17l. HS Kang et al. discovered that the G/C hy-
brid genotype at position 418 of the TIMP2 promoter
is an inducer of familial MMD [18l. Sakurai et al. re-
vealed that autosome 8q22.3, which encodes the TIEG
genotype, could be the genetic sequence that causes
MMD 0[], Fujimura et al. found that RNF213 was an
important predisposing gene for MMD in eastern
Asian children 2. These studies did not exclude
childhood MMD cases. Therefore, MMD in children
may also include genetic variations, as discussed
above.

SH Hong et al. showed that, in the children with
MMD, the allelic genes of HLA-DRB1*1302 and
DQB1*0609 exhibit correlations with MMD occur-
rence. This study further suggested that a genetic
polymorphism in the HLA-Class-II genome was the
inducing factor of familial MMD [21. YS Park et al.
discovered that the allelic gene of VEGF-634G was
related to MMD in children [22. Hitomi et al. found
that the RNF213 R4810K mutation induced mitotic
abnormalities and increased the risk of genomic in-
stability. Ultimately, its polymorphism could increase
susceptibility to MMD, including pediatric MMD [2l.
Furthermore, the RNF213 R4810K mutation reduced
the angiogenic activity of induced pluripotent stem
cells (iPSECs) in patients with MMD, suggesting that
it may be a promising in vitro model for MMD 4. In a
rare case of a mutation of CBL associated with MMD,
Hyakuna et al. showed that both NF1 and CBL par-
ticipate in the RAS/MAPK pathway, indicating a
common underlying pathogenesis of MMD [l
Darrigo Janior LG et al. examined a pediatric patient
with multiple neurofibromatosis and discovered that
a mutation of the NF-1 gene could stimulate the ab-
normal protein function of neurofibromatosis, causing
vascular smooth muscle cell proliferation and result-
ing in MMS 91, It is worth noting that due to differ-
ences in clinical symptoms observed between children
and adults with MMD, the genotypes of the two
populations might also be different [27].

2. Abnormal angiogenesis factors

A previous study revealed that vascular endo-
thelial growth factor (VEGF) could be one of the
causes of MMD by testing cerebrospinal fluid and
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blood from MMD patients [?]. In addition, Yoshimoto
et al. found increased concentrations of basic fibro-
blast growth factor (bFGF) in cerebrospinal fluid in
children with MMD. bFGF could induce vascular
endothelial cell, smooth muscle cell, and fibroblast
proliferation and angiogenesis, which suggested that
bFGF could be a predisposing factor for MMD in
children #1. Hojo et al. showed that the serum con-
centration of transforming growth factor-betal
(TGFb1l) was extremely high in children with MMD.
TGFbl plays an important role in cell proliferation
and mutation and regulates the expression of connec-
tive tissue genes and angiogenesis, suggesting that
childhood-onset MMD may be related to TGFb1 [30].

3. Infection immune factors

The human immune response to the invasion of
microorganisms has also been suggested to cause
MMD Bl. Yamada et al. found high levels of Propi-
onibacterium acnes (P. acnes) antibody titers in the
sera of MMD patients, suggesting that P. acnes and
immune factors may be related to the occurrence of
MMD in both children and adults [32l. Sharfstein et al.
discovered that the human immunodeficiency virus
(HIV) could introduce vascular lesions in the brain,
which could result in MMD. However, this study only
included adult patients. Further study is required to
confirm whether HIV infection could result in MMD
in children 3. However, Hsiung GY et al. reported a
10-year-old MMD patient in whom the cause of onset
was related to congenital HIV infection 4. TK Kim et
al. reported an acute necrotizing encephalopathy
(ANE) case that occurred on the 24t day after birth,
which was cured. Twenty-eight months after birth (27
months after the encephalopathy was cured), the pa-
tient suffered from sudden awareness and movement
disorders and was diagnosed with childhood-onset
MMD after a DSA examination 1. H Li et al. exam-
ined 114 childhood-onset MMD cases and found that
enhanced thyroid function and increased thyroid au-
toantibody levels were closely related to MMD de-
velopment B¢l. These results suggested that the oc-
currence of childhood-onset MMD might be pertinent
to infections and immune responses.

4. Radiation-inducing factors

Radiation treatment has also been suggested as a
factor in the development of childhood-onset MMD.
Radiation therapy can degrade both vascular walls
and the elastic tissue on the inner walls of blood ves-
sels and can cause occlusions at the end of the internal
carotid artery, resulting in MMD 7. Kikuchi et al.
discovered that frequent head radiation treatments in
acute pediatric patients with lymphoblastic lympho-
ma could induce MMD 28], Ullrich et al. revealed that

radiation treatment for intracranial tumors in children
could also result in MMD. In addition, it has been
observed that in younger patients that receive higher
dosages of radiation, the probability of developing
MMD is increased 3. Kestle et al. examined 28 chil-
dren with optic glioma and found that after receiving
radiation treatment, five patients developed MMD
after surgery. In contrast, none of the 19 patients who
did not receive radiation therapy developed MMD [4].
This difference may have been observed because ra-
dioactive treatments can result in MMD-like varia-
tions in the blood vessels in the brain of patients with
affirmative causes. These cases can also be regarded
as MMS.

5. Other factors

In addition to the pathogenesis mechanisms
discussed above, other studies have also mentioned
several pathogenic factors of MMD that are primarily
related to MMS. Therefore, it is necessary to define
Moyamoya syndrome. It is an MMD-like disease in-
duced by other diseases (such as multiple neurofi-
bromatosis, sickle cell anemia, Down's syndrome,
Grave’s disease, and hemoglobin Southampton) or
adverse factors (such as radiation therapy or chemo-
therapy) #4241, For example, Buchbinder et al. per-
formed interferon-alpha chemotherapy while treating
a 12-year-old osteosarcoma patient and discovered
that the patient’s intracranial vasculature exhibited
serious MMD-like changes. This result suggested that
interferon-alpha might be correlated with MMD de-
velopment 44. Meena SS et al. reported the MRA re-
sults of a 3-year-old patient with severe iron defi-
ciency anemia with MMD-like lesions, thus implying
a correlation between the pathogeneses of the two
diseases [#3l. Vo Van P et al. reported a 5-year-old pa-
tient with hereditary spherocytosis. The patient re-
ceived an MRA exanimation due to a transient is-
chemic attack (TIA) and was found to have intracra-
nial MMD-like lesions [4¢l. Ramesh K et al. examined a
14-month-old infant with MMD and suggested that
the onset was related to renal agenesis and external
iliac artery stenosis. The authors came to the conclu-
sion that the patient had developed MMD while in the
uterus 171,

III. Diagnosis of MMD in children

1. Diagnostic criteria

In 1997, the Research Committee on MMD pub-
lished the first English guidelines for MMD diagnosis
and treatment. An MMD diagnosis should satisfy the
following three criteria: stenosis or occlusion appears
at the end of the internal carotid artery; an abnormal
vascular network (known as MMD vasoganglion) is
present; and bilateral changes occur [48l. The diagnos-
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tic criteria for MMD in children are slightly different
from those of adults. In children, an MMD diagnosis
can be confirmed if a unilateral change is observed. In
other words, both unilateral and bilateral changes can
be diagnosed as childhood-onset MMD; however, in
adult cases of MMD, the changes must be bilateral. If
a unilateral MMD-like change is observed in an adult,
it can only be diagnosed as possible or unilateral
MMD. However, the diagnostic criteria of MMS are
the same for both children and adults. Specifically,
relevant diseases are confirmed based on the diag-
nostic criteria discussed above (i.e., risk factors that
result in the vascular changes discussed above) 4],

2. Diagnostic methods.

The imaging diagnosis and evaluation of chil-
dren with MMD include DSA, MRA (MRI), CTA (CT),
cerebral perfusion imaging, and electroencephalog-
raphy (EEG), among others.

2.1 DSA

DSA is the gold standard for the development of
a diagnosis and treatment plan before surgery in
children with MMD. In addition, DSA has decisive
implications for follow-up and post-surgical vascular
reconstruction evaluations. During the diagnosis of
childhood-onset MMD, in addition to the basic char-
acteristics of stenosis and the occultation of the inter-
nal carotid artery and its major branches, the exten-
sive formation of a collateral circulation bypass is also
an important diagnostic factor. DSA can provide in-
formation regarding the hemodynamic mode. A col-
lateral circulation bypass can be classified into the
following four types: (1) basal surface of the cerebral
vascular network; @ extensive expansion of the an-
terior choroidal artery and the posterior pericallosal
artery; @ the ethmoidal artery vascular network; and
(#) the parietal vascular network 159, When evaluating
the degree of post-surgical vascular reconstruction,
Matsushima et al. defined classification standards
according to DSA to evaluate the formation of collat-
eral circulation induced by vascular anastomosis.
Grade A indicates that over two-thirds of the middle
cerebral artery (MCA) anastomosis-induced circula-
tion is fulfilled, grade B indicates one-third to
two-thirds fulfillment, and grade C represents less
than one-third fulfillment 51l. Considering the special
treatment parameters for children, the application of
DSA also exhibits obvious drawbacks, such as inva-
siveness and radiation-induced harm to the body.

2.2 MRA and CTA

Even though the accuracies of MRA and CTA are
not as high as that of DSA, these techniques are still
extensively used in the diagnosis of MMD in children.
MRA in particular has become a screening tool for the

identification of high-risk MMD-affected children 52,
The primary reason for this preference is that MRA
causes no radiation damage in pediatric patients and
achieves an ideal accuracy in diagnosis. For example,
Yamada et al. examined the accuracy of MRA in the
diagnosis of intracranial artery stenosis and discov-
ered that, compared to DSA, MRA could achieve 88%
accuracy in the internal carotid artery (ICA), 83% ac-
curacy in the anterior cerebral artery (ACA), and 88%
accuracy in the MCA, which suggested that the sensi-
tivity and specificity of MRA for artery stenosis were
close to 100% 3. MRA is not only suitable for the
diagnosis of MMD in children, but is also applicable
for both treatment and follow-up after treatment. For
example, continuous MRA examinations can trace the
post-surgical vascular reconstruction process. Houkin
et al. used MRA to observe that an MMD vascular
lesion began to degrade one month after vascular
bypass surgery. Meanwhile, the diameters of the deep
temporal artery and middle meningeal artery in-
creased accordingly. All of these transitions were ob-
served on MRA within three months after the surgery
154, The application of CTA in children with MMD is
far less common than in adults, which might be due to
the requirement of a contrast medium and the physi-
cal control required during the time window of image
acquisition. However, compared to MRA, an ad-
vantage of CTA is the short examination time, which
can be used for an emergency diagnosis of MMD in
children. In addition, the sensitivity of CTA in de-
scribing the median sizes of arteries is better than that
of MRAPI. As with MRA, CTA is not only suitable for
the diagnosis of MMD in children, it can also be used
to evaluate the degree of angiogenesis after vascular
bypass surgery 1561,

2.3 Cerebral perfusion imaging

The cerebral blood flow volume of children with
MMD is lower than that in healthy children of the
same age. Additionally, the cerebral blood flow is
mainly distributed in the posterior circulation, while
cerebral blood flow is mainly distributed in the ante-
rior circulation in healthy children. Therefore, the
blood flow volume distribution plays an important
role in the diagnosis of MMD in children B7l. Cur-
rently, common clinical examinations include sin-
gle-photon emission computed tomography (SPECT),
positron emission tomography (PET), computed to-
mography (CT) perfusion, and magnetic resonance
(MR) perfusion, among others. Kim et al. used
(68)Ga-Arg-Gly-Asp (RGD) PET to evaluate the de-
gree of post surgical blood flow reconstruction in pe-
diatric MMD patients ¥8l. Ancelet et al. determined
the importance of CT perfusion and MR perfusion in
evaluating disease severity and treatment efficacy [*l.
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Additionally, cerebral perfusion imaging has become
increasingly important in the diagnosis and treatment
of MMD in children. For example, important cerebral
perfusion pressure parameters, such as the mean
transit time, cerebral blood flow, and time to peak
(TTP), can be used to compare the hemodynamic
variations before and after vascular reconstruction [60],
For example, TJ Yun et al. found that in children with
MMD, the total average TTP values were 3.35£2.53
seconds and 1.73+1.53 seconds before and after sur-
gery, respectively. This result suggested a significant
decrease in the TTP value and a remarkable im-
provement of cerebral blood flow after surgery, which

reflects a positive outcome of the surgical treatment
l61],

24 EEG

A hyperventilation-induced diffuse high voltage
phase was observed in the EEG monitoring results for
all children. This high voltage phase consisted of a
single-phase slow wave characterized by a build up
and termination at the end of hyperventilation.
However, in children with MMD, 50% of patients
demonstrated another high voltage phase after the
end of hyperventilation. This high voltage phase was
also a single-phase slow wave and was called the re-
build-up. This phenomenon might be caused by a
decrease in the cerebral perfusion reserve, which can
be considered a characteristic change in children with
MMD [6263. However, the disadvantage of EEG is that
it is unable to quantify detailed indices of the cerebral
perfusion reserve.

IV. Clinical symptoms of MMD in chil-
dren

Maki et al. classified the clinical symptoms of
MMD in children into four types: (Dbleeding type;
(2)epileptic type; (3infarction type; and (#)transient
ischemic attack (TIA) type [¢4. In contrast to adult
MMD, ischemia is often observed at the onset of
MMD in children. Therefore, the most common types
of MMD in children are the TIA type and the infarc-
tion type, which account for 70-80% of MMD cases in
children 150631,

The infarction type is more commonly observed
than the TIA type in children with MMD. The main
reason is that pediatric patients cannot accurately
describe TIA symptoms; thus, the diagnosis is missed
1621, The ischemic damage can be classified as cortical,
subcortical, and watershed type based on the location
of the infarction. The watershed type is the most
commonly observed type of ischemia in MMD in
children, and the infarction is located in the deep wa-
tershed zone 61, H] Cho et al. found that cortical and
the watershed types were the most common types of

infarctions observed in children with MMD, while the
honeycomb type was the most common type in adults
with MMD [€7].

MMD in children is also different from MMD in
adults in terms of common symptoms such as head-
ache, mental decline or degeneration, hypertension,
and temporary or permanent blindness.

1. Headache

Headache is the most commonly observed
symptom in children with MMD and is the most
non-specific symptom. In addition, no effective clini-
cal treatment has been discovered for this condition.
A previous study revealed that possible reasons for
headache occurrence might be cerebral hypoxia or an
expanded pia mater in the collateral circulation,
which could stimulate epidural pain receptors [13. The
treatment efficacy of this type of pain is often unsat-
isfactory. H] Seol et al. evaluated 204 children with
MMD and discovered that 25% of children with MMD
presented headache symptoms. After indirect sur-
gery, over 50% of patients still exhibited headache
symptoms at least 12 months later [%8].

2. Mental decline or degeneration

Mental decline is a specific symptom of MMD in
children and is mainly due to the lack of cerebral
perfusion over a long time period. Soriani et al. per-
formed a 14-month follow-up study on MMD in chil-
dren less than four years old and discovered that all of
the children suffered from irreversible mental decline
1691, Kurokawa et al. found that four years after MMD
onset, 92% of pediatric patients had normal intelli-
gence levels. However, five to nine years later, only
40% of patients remained at normal intelligence lev-
els, and after 10-15 years, only 33% of pediatric MMD
patients remained at normal levels [7l. It can be con-
cluded that MMD has tremendous effects on the in-
telligence of children.

3. Hypertension

Hypertension is another common clinical
symptom of children with MMD. A possible cause of
this symptom could involve insufficient cerebral
blood flow perfusion, resulting in a compensatory
higher blood pressure in an effort to maintain a suffi-
cient cerebral blood supply, which manifests as hy-
pertension. Long-term hypertension can induce renal
artery stenosis, which affects 10% of children with
MMD 71,

4. Temporary or permanent blindness

Blindness in affected MMD patients is primarily
a result of posterior circulation ischemia. Clinical re-
ports that discuss this symptom are limited, but it is a
prominent clinical manifestation of MMD in children.
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Specifically, the symptom appears as visual field
hemianopia and a visual field defect. Miyamoto et al.
evaluated 178 MMD patients and found that 48 pa-
tients had visual lesions; 79.1% of these patients were
pediatric patients with MMD [72,

5. Other symptoms

In addition to common clinical symptoms, such
as those discussed above, many non-specific clinical
symptoms have also been observed, including hemi-
plegia, general paresis of the insane, loss of sensation,
aphasia, and cognitive impairment, and the mecha-
nisms might be related to ischemia in the frontal, pa-
rietal, and temporal lobes!®. DS Kim et al. found that
hemiplegia affected 86.4% of children with MMD [731,
Hsu YH et al. discovered that cognitive impairment
was related to temporal lobe lesions in children with
MMD 4. In addition, normal behaviors, including
hyperventilation, crying, and coughing, are also sus-
pected to be MMD-related symptoms in children 641,

V. Treatment of MMD in children

It is generally agreed that active surgical treat-
ment should be provided for children with MMD. The
purpose of surgical treatment is to establish external
carotid artery collateral circulation by surgical means
to prevent and treat ischemic damage in cerebral tis-
sues [5l. Based on a previous report, the incidence of
stroke in symptom-free MMD children is 3.2% each
year. If no active surgical treatment is applied, 37% of
patients exhibit symptoms related to nervous system
damage, and 3% of patients will die, which suggests
the necessity of active surgical treatment in children
with MMD U¢l. Although conservative treatment is
not the major treatment plan for MMD in children, it
can be used as an auxiliary approach to surgical
treatment. For example, the calcium channel blocker
nicardipine exhibited a positive effect in improving
the hemodynamics of children with MMD by opti-
mizing the collateral circulation to prevent ischemia
[77l. However, some medications, including cortico-
steroids, low-molecular-weight dextran, and an-
tiplatelet drugs, have shown no significant effects on
MMD in children based on clinical progression mon-
itoring and imaging analysis!’8l.

Surgical treatment is currently an effective
method to treat MMD in children and includes direct
and indirect surgeries.

1. Direct surgery

Direct surgery is primarily performed to directly
anastomose the STA and MCA. To increase the suc-
cess rate of this procedure, the cerebral blood flow
volume is tested and is the primary factor when se-
lecting the brain surface artery branches of the MCA

7. However, the current surgical success rate in
children with MMD is not ideal for two major reasons:
(Dthe vessels on the cerebral surface are slender and
fragile in children, and as a result, direct vascular re-
construction is much more difficult in children than in
adults. (2) Due to the temporary blockage of the blood
supply at the brain surface by the artery that is caus-
ing insufficient cerebral perfusion, cerebral tissue is-
chemia and infarction may occur and exacerbate the
condition M. Various complications are often ob-
served in many pediatric patients after surgery and
result in poor prognoses. For example, Hayashi et al.
found that some MMD pediatric patients showed
various degrees of short-term deterioration of the
nervous system after STA-MCA procedures [80. Ad-
ditionally, Robertson et al. observed blockage in ves-
sels near the MCA after performing STA-MCA pro-
cedures in children with MMD . These results
might be due to the shift of the watershed zone after
vascular reconstruction. Yoshida et al. completed a
78-month follow-up study on children with MMD
after STA-MCA procedures and discovered that the
STA was slender and thinner than before the surgery.
Therefore, it can be inferred that, although direct
surgery can achieve faster treatment efficacy than
indirect surgery, these changes in the STA would af-
fect the establishment of effective cerebral collateral
circulation and could result in a reduced cerebral
blood supply from the external carotid artery [#2. Ishii
et al. found that only a limited area showed im-
provement in the cerebral blood flow after STA-MCA
surgery. Although TIA symptoms could be controlled
in some children with MMD after direct surgery, their
mental disorders were exacerbated. This issue might
be related to the fact that the frontal lobe circulation
was not reconstructed after surgery [l Therefore,
despite the significant effect of STA-MCA surgery in
children, it is not able to completely alter the ischemic
conditions in children with MMD and improve their
prognosis.

2. Indirect surgery

The efficacy of indirect surgery in children with
MMD is better than that in adults #4. Takanashi et al.
reported that, after indirect surgery, almost all chil-
dren with MMD successfully established collateral
circulation, while only 50% of adult MMD patients
achieved this effect P, Compared to direct surgery,
the advantages of indirect surgery include less trau-
ma, easier technical requirements, and shorter surgi-
cal time, while a disadvantage is the longer period
required for vascular reconstruction . Therefore,
indirect surgery is not recommended for emergencies
that require immediate blood circulation improve-
ment. For example, Miyamoto et al. suggested that
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indirect surgery is not recommended for treating
MMD children with frequent TIA because it cannot
rapidly accomplish vascular reconstructions [¢l. Di-
rect surgery can only improve the cerebral circulation
in the area of the vascular reconstruction, while indi-
rect surgery can improve the cerebral circulation on a
relatively larger scale. Therefore, indirect surgery is
extensively applied in children with MMD. Thines et
al. showed that indirect surgery was favored in chil-
dren with MMD due to its simplicity and good clinical
results. In contrast, direct or preferentially combined
surgery is more effective in adults with MMD for
preventing the recurrence of ischemic or hemorrhagic
stroke 18], Currently, commonly used indirect surgical
procedures in clinical practice include encephalomy-

osynangiosis (EMS), encephalo-duro-arterio-
synangiosis (EDAS), encephalo-duro-myo-
synangiosis (EDMS), encephalo-duro-arterio-myo-

synangiosis (EDAMS), multiple burr hole surgery
(MBHS), and transplantation of the greater omentum.
However, there is no clinical evidence demonstrating
which one of the above techniques is more effective in
treating MMD in children 84871,

2.1 EMS, EDAS, EDMS and EDAMS

EMS surgery involves attaching the temporal
muscle directly onto the surface of the cerebral cortex
to establish collateral circulation and is the first-line
indirect surgical procedure [¥7. EDAS involves freeing
the superficial temporal artery, maintaining its com-
plete patency, and then attaching it onto the brain
surface. EDMS and EDAMS combine EMS and EDAS
procedures to further improve these techniques. In
theory, both are indirect vascular reconstruction pro-
cedures. In particular, EDAMS involves a variety of
anatomical structures, such as the external dura ma-
ter, with its rich blood supply, the galea aponeurotica
flap, and the temporal muscle and its deep temporal
artery to promote postoperative coronary collateral
circulation 88, For EMS, EDAS, EDMS, and EDAMS,
vascular reconstruction is restricted at the parietal
center. The reason for this restriction is that the ante-
rior branches of the STA are on the forehead and
cannot participate in vascular reconstruction. Only
the posterior branches of the STA are used in these
procedures. Touho et al. suggested that the parietal
branches of the STA have a limited blood supply area
after surgery, which could not cover an extensive cor-
tical functional area ¥l. Due to the limitations dis-
cussed above, these surgical techniques are continu-
ously being improved in clinical practice to increase
the success rates of post-surgical vascular reconstruc-
tion procedures. Touho et al. discovered that the
temporal muscle (especially calcified and thickened
temporal muscle) oppressed the corresponding cere-

bral tissues and induced brain ischemic symptoms
during an EMS procedure. Therefore, the authors
suggested prioritizing the scalp artery and the sub-
cutaneous tissue of the corresponding collateral ves-
sels to effectively treat mild hemiplegia and aphasia
caused by ischemia in the MCA blood supply area.
This procedure also improved the treatment of com-
plications such as paraparesis and urine incontinence
caused by ischemia in the ACA blood supply area [*l.
Yoshida et al. suggested an incision in the arachnoid
membrane during surgery. The reason for this step
was that the incision could activate the establishment
of collateral circulation, particularly by promoting
anastomosis between the external carotid artery sys-
tem and the brain’s surface blood vessels [°l. Baaj et al.
recommended overturning the dura mater near the
middle meningeal artery because anastomosis was
easily achieved between the exterior of the dura mater
near the middle meningeal artery and the cerebral
cortex 2,

2.2 Other surgeries

Pia mater anastomosis and MBHS. Pia mater
anastomosis involves attaching the adventitia of the
STA to the exposed pia mater after cutting open the
dura mater and the arachnoid membrane [31. The
arachnoid membrane is incised during the surgery,
and the dura mater is not blocked. However, the in-
cidence of cerebrospinal leakage is extremely low, and
the post-surgical effect is adequate [>l. For example,
Robertson et al. performed the above surgery on 13
children with MMD, and 10 patients showed stabi-
lized or improved conditions in the post-surgical fol-
low-up 4. MBHS involves drilling the skull, followed
by an incision in the dura mater and opening of the
arachnoid membrane and pia mater. The periosteum
is then attached to the surface of the cerebral cortex.
This surgery is an auxiliary procedure to STA-MCA,
EMS, and EDAM procedures, among others. For ex-
ample, Sainte-Rose et al. performed MBHS on 24
hemispheres of 14 children with MMD, resulting in no
exacerbated ischemia outcomes and only one case
with complications [%1.

Transplantation of the greater omentum. This
surgery involves transplanting the abdominal omen-
tum to the surface of the cerebral cortex. The trans-
plantation procedure directly anastomoses the gas-
troepiploic vessels in the omental free flap with the
cerebral superficial temporal vessels. This procedure
is rarely used in clinical practice and is suitable for
MMD in children for whom direct and indirect sur-
geries are not possible [°?l. The characteristics of this
surgery include effectively treating ischemia in ACA
and PCA blood supply area-induced MMD in chil-
dren, while most procedures (e.g., STA-MCA, EMS,
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EDAS, EDMS, and others) can only treat ischemia in
the MCA blood supply area-induced MMD in chil-
drenl. In recent years, Navarro et al. have improved
the success and post-surgical complication rates of
this procedure using laparoscopy. They performed
laparoscopic omental transplantation in three children
with MMD, resulting in improved ischemic condi-
tions within three months after the surgery. One year
later, MRI examinations revealed significant en-
hancements in cerebral perfusion, and no new is-
chemic lesions were observed [0l.

VI. Prognosis of MMD in children

Evidence-based medicine has demonstrated that
active surgical treatment for MMD in children can
effectively increase the quality of life and reduce the
risk of ischemic diseases. These improvements are
primarily due to improved cerebral hemodynamics in
patients. In contrast, conservative treatments resulted
in poor prognoses in children with MMD [74. For
example, Imai H et al. examined 48 children with
MMD who underwent surgical procedures and found
that perioperative complications were observed in
four of 48 patients. Moreover, except for one child
with recurrent transient ischemic attacks, the patients
showed excellent clinical outcomes®®l. Guzman et al.
performed 168 surgeries on 96 children with MMD
(76.2% STA-MCA surgeries and 23.8% involving other
indirect surgeries). Thirty days after surgery, only
three patients had poor prognoses, whereas the other
93 patients had excellent prognoses [*I. Fujimura et al.
performed STA-MCA surgery on 17 children with
MMD; 14 patients had good prognoses (82.4%), and
none of the patients showed permanent functional
nerve impairments [1%1. Ross et al. performed EDAS
on six children with MMD and reported the results
from their 0.5- to 9-year follow-up periods. None of
the patients exhibited evidence of deterioration due to
the disease 4. In conclusion, whether the surgical
treatment is direct or indirect, the significance of ac-
tive surgical treatment for children with MMD is af-
firmative. In most cases, surgical treatment results in
satisfactory efficacy. Compared to adult patients,
children with MMD can realize a good prognosis if
early diagnosis and early active surgical treatment are
achieved.

VII. Outlook of MMD in children

For childhood-onset MMD, early diagnosis and
treatment are crucial. However, the incapability of
self-description in pediatric patients produces con-
siderable difficulties for an early diagnosis. Therefore,
based on the pathogenesis of MMD in children, the
development of objective diagnostic approaches is
extremely important. Considering the special ana-

tomical and hemodynamic properties of children with
MMD, the choice of a surgical plan and the judgment
on prognosis are also important after surgery.
Meanwhile, the application of precision instruments
and monitoring hemodynamics during surgery can
greatly assist in increasing the surgical success rate. In
summary, increasing the cure rate of MMD in chil-
dren requires long-term clinical studies and practice,
which will, in turn, require the contributions and ef-
forts of numerous excellent neurological surgeons.
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