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ABSTRACT

BACKGROUND: The growth of the human body is the most significant period of development of the bone tissue, because it
is during this period that the size, shape, and architectonics of bone are formed against the background of increasing body
weight and increasing physical exertion. Considering a number of pathological factors of the underlying disease (alimentary,
neurological, hormonal, stress, and physical), bone tissue in children with cerebral palsy grows and develops with deviations
from the norm.

AIM: To present up-to-date generalized information about the features of bone tissue in children with cerebral palsy to or-
thopedic traumatologists, neurologists, and physical therapy specialists.

MATERIALS AND METHODS: Studies on the problem of bone tissue condition in patients with cerebral palsy were analyzed.
Data published over the past 20 years were searched in the scientific databases PubMed, Google Scholar, Cochrane Library,
Crossref, and eLibrary without language restrictions.

RESULTS: In the last 20 years, the number of studies about pediatric osteoporosis has increased. The gold standard for de-
termining the level of bone mineral density is dual-energy X-ray absorptiometry. However, its use in children has presented
some difficulties and limitations. In children, the relationship between bone mineral density values and the risk of fractures
has not been well studied, which does not allow us to discuss about osteoporosis based on densitometric bone mineral den-
sity data alone. In patients with cerebral palsy, a decrease in bone mineral density and bone mass during growth was found.
Previous studies showed that the main factors associated with a decrease in bone mineral density in this group of patients
include neuroendocrine causes due to growth retardation against the background of CNS damage, alimentary factors, de-
creased calcium and vitamin D concentrations, systemic use of glucocorticoids, intake of antiepileptic drugs, decreased mo-
tor activity, and low muscle mass. Increasing serum vitamin D concentrations does not have a positive effect on bone mass,
although increasing serum calcium concentrations is associated with an increase in bone mineral density.

CONCLUSIONS: Identifying and correcting factors leading to decreased bone mineral density in children with cerebral palsy
can improve bone health in this group of patients. The absence of a relationship between bone mineral density values and the
risk of fractures in children with cerebral palsy does not allow us to discuss about osteoporosis based only on bone mineral
density densitometric data. There may be more factors leading to an increased risk of bone fractures in children with cerebral
palsy that require further study.
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HayuHbIi 0630p

0co6eHHOCTU COCTOAHUA KOCTHOM TKaHMU Y AeTeM
C AETCKUM LiepebpasbHbIM NapasiuyoM.
Yactb |. 3TMonoruyeckune acnextbl. 0630p nutepatypol

B.A. Hosukos, B.B. YMHoB, [1.C. Xapkos, [.B. YMHOB, A.P. MycTtadaesa, 0.B. bapnosa

HauvoHanbHbIN MEAVLIMHCKIIA MCCNEA0BATENbCKUIA LIEHTP AETCKOW TpaBMatonorumn u optoneamu umenm [N. TypHepa, CaHkT-leTepbypr, Poccus

AHHOTALMA

06ocHoeaHue. Tepuop, pocTa opraHu3Ma YenoBeKka Haubonee 3HaUMM 1S PasBUTUSA KOCTHOM TKaHM, TaK KaK UMEHHO B 3T0
BpeMs hopMupytoTCcs pa3mepbl, hOpMa M apXUTEKTOHUKA KOCTU Ha QoHe YBENMUMBAIOLLErOCA BeCa Tena U ycunuBaloLLencs
du3mnyecKoii Harpy3ku. Ha hoHe orpoMHOro KoM4eCTBa NaTonoruyeckux GpakTopoB OCHOBHOMO 3aboneBaHns (anMMEHTapHbIE,
HEBPOJIOrUYECKME, FTOPMOHabHbIE, Harpy3o4Hble U GU3MYECKUE) KOCTHAs TKaHb Y AeTel ¢ LepebpaibHbIM NapannMyoM 3aKo-
HOMEpHO pacTeT 1 pa3BUBAETCA C OTKIIOHEHUSIMU OT HOPMbl.

Lleme — npepcTaBneHue BpayaM — TpaBMaroforaM-opTonefaM, HeBposoraM M cneumanuctam GuUsnNyeckon Tepanuu co-
BpPeMeHHOM 0000LLLeHHOM MHdOopMaLMU 00 0COOEHHOCTAX COCTOAHMS KOCTHOM TKaHMW y [ieTeii ¢ LepebpabHbIM NapannyoMm.
Mamepuanel u Memode!. [poaHanu3uMpoBaHa IUTepaTypa, NOCBALLEHHas NpobneMe COCTOSHWUA KOCTHOM TKaHM Y NaLMeHToB
C [LeTCKMM LiepebpanbHbIM napanuyoM. MoucK faHHbIX npoBoaunm B 6asax HaydHow nutepatypsl PubMed, Google Scholar,
Cochrane Library, Crossref, eLibrary 6e3 A3bIkoBbIX OrpaHMu4eHuii, NPeUMyLLECTBEHHO 0TBUpanu paboTbl, onybnMKoBaHHbIE
3a nocnegHue 20 ner.

Pesynemamel. B nocnegHue 20 neT oTMeyaeTcs 04eBMAHASA TEHAEHUMSA K YBENIMYEHUIO KONIMYECTBA UCCNe[0BaHMIA, NOCBS-
LLEHHBIX JETCKOMY 0CTeornopo3y. 30/0TbIM CTaHAAPTOM OMPefeneHns MUHEPabHOM MAOTHOCTM KOCTU CYMTAKOT PEHTreHOB-
CKY0 JBYX3HEpreTUUecKyto abcopuMoMETpHIO, HO ee NMPUMEHEHUE OrPaHUYEHO B AETCKOM BO3pacTe U BbI3bIBAET HEKOTOPbIE
CIOXKHOCTW. Y [ieTel CBA3b MEX/Y 3HAYEHUAMM MUHEPANbHOM MOTHOCTU KOCTM U PUCKOM NEPENIOMOB HEAOCTATOYHO XOPOLLO
M3y4eHa, YTo He MO3BOASET rOBOPUTL 06 0CTEONOPO3€e TOMIbKO Ha OCHOBE AEHCUMTOMETPUYECKMX LaHHBIX MUHEpabHOW NoT-
HOCTM KOCTK. Y MaLMeHTOB C AETCKUM LiepebpanbHbIM MapannyoM CHUMEH ypoBeHb BuTaMuHa D 1 KocTHOM Macckl B npoLiecce
pocTa. OCHOBHBIMM (aKTOpaMK, acCOLMMPOBAHHBIMU CO CHUXEHUEM MWUHEPANIbHOM MAOTHOCTM KOCTU Y AaHHOW rpynnbl na-
LIMEHTOB M BbISBNEHHBIMW HAaMU B IUTEPATYPHBIX MCTOUHWKAX, ABNSAIOTCA HEMPO3HAOKPUHHBIE MPUYMHBI B CBA3U C 33[€PHKON
pocTa Ha (OHe MOpaXKEHWUS LEHTPaNbHON HEPBHOW CUCTEMBI, aNiMMeHTapHble (aKTOpbl, CHUXEHWE KOHLIEHTpaLMM KanbLus
1 BUTaMuHa D, cucTeMHOE NpUMEHEHUE MTIIOKOKOPTUKOMAOB, MPUEM NPOTUBO3MMUNENTUYECKMUX NPENapaToB, YMeHbLLEHWE M-
raTefbHOW aKTUBHOCTM NaLMEHTOB, HU3KWUI YPOBEHb MBILLIEYHOM Macchl. YBennyeHue cogepkaHua ButamuHa D B cbiBopoTke
KPOBM HE OKa3blBaeT NOMOXKUTENBHOTO BAMSAHMS HA KOCTHYI0 Maccy, MpY 3TOM yBeMYeHUe KOHLIEHTPaLMM KaibLms B CbiBO-
POTKE BCE }Ke acCOLMMPOBAHO C YBENUYEHUEM MUHEPAbHOM MOTHOCTU KOCTU.

3aknioyenue. BoisBneHne v KoppeKuMs HaKTopoB, MPUBOASALLMX K CHUMEHMIO MUHEPaNbHOM KOCTHOM MIIOTHOCTU Y AeTei
C LepebpanbHbIM NapanuyoM, MOTYT YNYYLIKUTL 340POBbE KOCTEN Y NALMEHTOB AaHHOM rpynnbl. OTCYTCTBUE CBA3M MEXAY 3Ha-
YEHWUSIMU MUHEpaNbHOI NIOTHOCTM KOCTW M PUCKOM NEPeNnoMoB Y AeTel ¢ LepebpabHbIM NapasuyoM He No3BoASET FOBOPUTH
06 ocTeonopo3e TONLKO Ha OCHOBE AEHCUTOMETPUHECKMX AaHHbIX MUHEPaNbHOM MAOTHOCTM KOCTU. BeposTHo, cyliecTByoT
AONONHUTENbHbIE (PaKTOPbI, MPUBOASLLME K YBEMYEHUIO PUCKA NEpenoMoB KOCTel Y AeTeld ¢ LepebpanbHbIM napanuuoM,
TpebytoLume fanbHENLLEro UCCNef0BaHNS.

KnioueBble cnoBa: AeTCKMI LiepebpanbHblii Napanuy; MuHepanbHas MIoTHOCTb KOCTW; 0CTEONOPO3; KOCTHAA TKaHb; NepenoMbl
KocTeM.
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SCIENTIFIC REVIEWS

BACKGROUND

Infantile cerebral palsy (ICP) is the most common cause
of motor disorders in childhood. Currently, there are about
17 million patients with ICP in the world [1]. Although ICP
is a non-progressive neurological disease, patients may
develop secondary orthopedic complications that progress
during the child's growth. Such complications include limb
joint contractures, joint dislocations, or bone deformities,
and may also impair the strength, size, and architecture of
the affected bone tissue.

Human growth can be defined as a quantitative increase
in the mass of individual organs and the whole body,
an increase in the size of the body and its parts, which is
associated with a change in the number, properties or
size of cells [2]. The growth period is most important for
the development of bone tissue, since during this period
the size, shape and architecture of the bones are formed
in response to the increasing body weight and physical
activity. The attention of researchers studying the problem
of skeletal health in children is focused on the accumulation
of bone mass during human growth and the identification
of factors that influence this process. It is well-established
that the skeletal system begins to form in utero, and at birth,
the skeleton is composed of mineralized bone tissue and
cartilage elements. As the child grows, the cartilage tissue
gradually “ossifies,” increasing in size and density. For
humans, the peak bone mass is reached at approximately
30 years of age [3]. The normal growth and homeostasis of
bone tissue throughout life are ensured by the processes of
modeling and remodeling. The functioning of these complex
mechanisms influenced by a number of factors, including
genetic predisposition, dietary habits, body weight, physical
activity, blood levels of calcium and vitamin D, and factors
that contribute to bone loss (endocrine, gastrointestinal,
autoimmune, and renal diseases). A delay in achieving
the peak bone mass during the growth period increases
the risk of developing osteoporosis and experiencing bone
fractures at a later age [4]. For ICP patients, a multitude of
pathological factors associated with the underlying disease
(alimentary, neurological, hormonal, stress-related, and
physical) contributes to abnormalities in bone tissue growth
and development.

We believe that the problem of bone health in ICP pa-
tients has been overlooked in the Russian medical literature.
A comprehensive understanding of the characteristics of
bone tissue and the factors influencing bone mass accu-
mulation in ICP patients is essential for elucidating the etio-
pathogenesis of secondary osteoporosis in this population
and for developing the effective prevention and treatment
strategies.

The study aimed to present current, comprehensive
data on the characteristics of bone tissue and the factors
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influencing its development in children with infantile cerebral
palsy to orthopedic surgeons, neurologists, and physical
therapy specialists.

MATERIALS AND METHODS

The stated aim of the study was achieved by searching
for and analyzing scientific literature published primarily over
the past 20 years and focused on the problem of bone health
in ICP patients. The selection of literature for subsequent
review and analysis was based on the criterion of priority
given to the studies published in high-impact international
journals and those with a high level of evidence. The search
was conducted in the scientific databases PubMed, Google
Scholar, Cochrane Library, Crossref, and eLibrary with no
language restrictions, by keywords “ICP,” “bone mineral
density,” “osteoporosis,” and “bone tissue.” Given the extensive
scope of the problem under investigation and the variety of
data presented in the published literature, the approach of
narrative review was deemed an appropriate methodology
for their analysis and structuring. This approach facilitated
the presentation of the key facts in a consistent manner that
reflected the authors’ view of the problem.

RESULTS AND DISCUSSION

The evaluation of bone mass across different age groups
is performed using non-invasive methods for assessment
of bone mineralization. A variety of methods are available
for the assessment of bone mineral density (BMD).
Computed tomography and conventional radiography of
bone tissue are used as provisional methods suggestive
of a potential decrease in bone density and osteoporosis.
Although ultrasound densitometry is considered a promising
research method, it has had a limited specificity and
may be significantly influenced by the individual patient
characteristics. Quantitative computed densitometry is
another promising method, which assesses both BMD and
microscopic changes in bone architecture.

The current gold standard for bone mineral density
measurement is dual-energy X-ray absorptiometry (DEXA),
or densitometry. However, this method has certain limitations
when used in pediatric practice and is associated with specific
challenges [5]. These challenges are attributed to the fact
that bone size, shape and density vary with age. However,
these parameters are also influenced by other factors, such
as gender and ethnicity [6]. Current guidelines recommend
that BMD be measured in the spine rather than in the hip.
The femur measurements are limited by a lower accuracy,
supported by the paucity of reference data available, and
associated with the difficulties in identifying bone markers [7].
An age-specific standard deviation (Z-score) is calculated
by comparing BMD values with reference data for DEXA
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equipment manufactured by the same company. The most
exhaustive published reference data are currently available
for Hologic [8, 9], GE, Lunar [10, 11] and Norland [12] systems.
DEXA densitometer manufacturers emphasize the crucial
role of the reference database in ensuring the reliability of
imaging results. They highlight that variations in mean values
and standard deviations may influence BMD Z-scores. In
particular, the failure to use gender-specific reference data
may result in an underestimation of BMD in adolescent
males, who typically experience the onset of puberty later
than females [13].

Chronic or systemic diseases, such as ICP, are frequently
associated with delayed bone growth and puberty, which may
alter the expected composition of body tissues and thereby
complicate the interpretation of DEXA findings. It appears to
be a significant challenge to develop a specialized reference
database for children with ICP, given the considerable
heterogeneity of this neurological disease accompanied by
orthopedic complications. It is therefore inadvisable to rely on
DEXA bone density scans alone for clinical decision-making
in ICP patients.

Despite all the above challenges, DEXA has become
the most widely used method to measure BMD due to its
speed, accuracy, low radiation exposure, and the availability
of pediatric reference data [14-16].

In 2007, the International Society for Clinical Densitometry
revised the definition and diagnostic guidelines for
osteoporosis in children [17]. These guidelines establish
the diagnostic criteria for osteoporosis based on
the combination of reduced BMD on DEXA scans and a history
of fractures. While older people demonstrate a rather
consistent correlation between low BMD values by DEXA and
the risk of bone fractures, densitometry results can be used
directly to diagnose osteoporosis [4]. However, in the context
of pediatric practice, the situation is more complicated.
The World Health Organization defines a —-2.5 decrease
in BMD from the reference value as osteoporosis, which
reliably increases the risk of fractures [18]. The correlation
between BMD values and the risk of fractures in children
remains poorly understood, therefore osteoporosis cannot
be definitively diagnosed on the basis of densitometric BMD
data alone [7]. In both children and adults, additional factors
influence BMD and the risk of fractures. These factors include
genetic predisposition, medications, dietary habits, endocrine
disorders, lack of mobility, and puberty. However, these
factors cannot be used as a diagnostic criterion for the risk
of fracture.

Biochemical markers of bone tissue metabolism (such as
osteocalcin, bone alkaline phosphatase, and cathepsin K) have
been demonstrated to be effective predictors of both the risk
of fractures in adults [19] and the response to therapy [20].
Attempts to use these parameters in pediatric practice have
proven controversial due to the difficulties associated with
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interpreting the results [21]. Children have significantly higher
levels of bone formation and resorption markers compared
to adults. This difference is particularly evident in infancy and
early or middle adolescence, when bone growth, modeling,
and remodeling are most active [22]. In an exploratory study,
the authors investigated the correlation between blood levels
of bone markers and the size/density of bone tissue on
computed tomography scans. Their findings suggested that
there was a negative correlation between bone formation
markers and bone density, with no correlation reported for
bone size. Moreover, bone resorption markers have been
found to be negatively correlated with the size and volume of
bone tissue [23]. Similarly to adults, bone marker levels in
children vary with time of day and food intake, which further
complicates the use of this diagnostic method in pediatric
patients. In children, bone marker levels should be additionally
adjusted for age, gender, height, and puberty. Furthermore,
inter- and intraindividual variability in bone marker values
may limit the significance of single measurements and
preclude clinical decision making based on them [21]. It is
evident that bone markers can be useful in pediatric studies
to monitor the bone tissue response to pharmacological
treatment. However, the clinical utility of these markers for
the assessment of bone quality remains uncertain [4, 22].
Meanwhile, laboratory investigations are a valuable tool for
ruling out other forms and causes of osteoporosis.

It has been demonstrated that external factors such
as diet, physical and axial loads play a significant role in
the child’s bone development [24, 25] and remodeling, which
is primarily initiated once skeletal growth is completed
[26, 271.

Feeding difficulties are a common occurrence, particularly
in patients with severe ICP, and are frequently associated
with low body weight and malnutrition [28]. Consequently,
nutritional disorders represent a significant contributing
factor to the deterioration of bone quality in children with
infantile cerebral palsy. Nutritional disorders may be
attributed to feeding difficulties, including chewing and
swallowing disorders (discoordination of the lips, tongue,
palate, and pharynx muscles), delayed development due to
damage to the brain centers responsible for nutrition and
growth (hypothalamic centers). Furthermore, nutritional
disorders may result from dental caries/enamel hypoplasia
and other dental problems, negative energy balance, and
mineral deficiencies induced by chronic use of antiepileptic
drugs [29]. Insufficient food intake results in a deficiency of
macro- and micronutrients, including those are essential
for maintaining the skeletal health. It has been consistently
demonstrated that there is a correlation between BMD and
adequate nutrition (patient’s height, weight, and skinfold
thickness) [30].

The beneficial effect of Ca++ and vitamin D on bone
mass formation and achievement of peak bone mass and
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targeted BMD levels has been extensively documented in
scientific literature. It is therefore evident from the vast
majority of studies that an increase in dietary calcium intake
is associated with a significant enhancement in BMD levels
at all skeletal sites. However, the findings of the meta-
analysis (2015) on the effect of Ca++ supplementation on
bone density [31] state that an increase in dietary calcium
intake is associated with a comparable increase in BMD as
observed with calcium supplements. Both sources produce
a small (1%-2%) non-progressive increase, with no further
significant effect at one year. A subgroup analysis of baseline
clinical characteristics has demonstrated that an increase in
calcium intake is unlikely to result in a clinically significant
reduction in the risk of fracture.

The largest number of relevant scientific articles are
focused on the effect of vitamin D on bone density. Although
the high prevalence of vitamin D deficiency has been
well documented in the general population, a definitive
assessment of the significance of vitamin D deficiency in ICP
patients compared to the general population has yet to be
conducted.

The majority of the scientific publications is limited to
cross-sectional studies. In 2017, an Indian case-control
study [32] documented vitamin D insufficiency in 61% of
ICP patients, while 32% were diagnosed with vitamin D
deficiency. Seth et al. [33] reported a 60% prevalence of
vitamin D deficiency among ICP children. In their study,
Toopchizadeh et al. found that 44.6% of ICP children had
deficient levels of vitamin D [34]. A Turkish cross-sectional
study of 2021 [35] revealed no considerable difference in
the prevalence between vitamin D deficiency and insufficiency
(28.8% and 22.6%, respectively). In the study by Le Roy
et al. [36], different proportions were reported. In the cohort
of ICP patients, i.e., almost a half (47.8%) were found to
have vitamin D insufficiency, while one third (30.4%) were
diagnosed with vitamin D deficiency.

Discrepancies in the prevalence across the studies may be
primarily attributed the heterogeneity of the patient population
and variabilities in the reference thresholds used to define
vitamin D insufficiency and deficiency. E.g., Akpinar [35]
defined serum vitamin D deficiency as a level of <12 nmol/L,
while the level within the range of 12-20 nmol/L was
considered as vitamin D insufficiency. Seth et al. [33] defined
an insufficient vitamin D level as 25-50 nmol/L.

The effect of vitamin D on BMD markers also remains
inconclusive. A substantial body of research has highlighted
a pivotal role of vitamin D in maintaining normal bone tissue
and, consequently, in reducing the risk of pathological bone
fractures [32-37]. Jekovec-Vrhovsek et al. [38] reported
that a 9-month vitamin D and calcium supplementation was
found to significantly increase BMD in a group of children
with severe (Gross Motor Function Classification System
[GMFCS] IV-V) cerebral palsy and epilepsy. However, there
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was no changes in their physical or ambulatory status.
The control group of children who did not receive vitamin D
and calcium supplementation continued to lose bone mass.

In addition to these findings, research has shown
that osteoanabolic drugs or bone formation supplements
(calcium, vitamin D) are ineffective in normalizing BMD in
ICP patients [39]. This conclusion has also been corroborated
by recent reviews of the literature investigating the effect
of vitamin D on BMD. Most studies evaluating the effect of
vitamin D, either alone or in combination with calcium, on
bone health have yielded inconclusive results. The correlations
identified in prospective cohort and case-control studies were
weak and rarely supported by the findings from randomized
controlled trials. There was also a paucity of evidence
to suggest a clear dose-response relationship between
vitamin D intake and bone health. Despite the considerable
number of recent studies, the currently available evidence
too inconclusive support any definitive findings concerning
the correlation between serum 25(0H)D levels, vitamin D and
calcium supplementation (either alone or in combination),
and bone density [40, 41].

Therefore, the available evidence does not support
the suggestion that vitamin D has a beneficial effect on
BMD in this population. However, the current approach to
osteoporosis therapy in pediatric practice is based on the use
of vitamin D supplements.

Studies that investigated the relationship between
vitamin D and insulin-like growth factor 1 (IGF-1) in ICP patients
suggest a promising potential for further research [42].
IGF-1 is a hormone-like peptide synthesized in the liver and
muscles in response to the action of somatotropic hormone.
IGF-1 has been demonstrated to stimulate osteoblast activity,
increase tubular phosphate resorption, and enhance the renal
synthesis of the active form of vitamin D [42]. In ICP patients,
damage to the central nervous system can contribute
to the impaired synthesis of somatotropic hormone and
a reduction in IGF-1. In the study by Nazif et al. [42], there
was a proportional decrease in both IGF-1 and BMD levels
in response to a decline the patient’s motor functions. IGF-1
correlated positively with serum vitamin D and BMD. Patients
with GMFCS IV-V ICP or those taking anticonvulsants have
the highest risk of developing low BMD and IGF-1 levels.
In some of these studies, supplementation with higher doses
of vitamin D was associated with an increase in IGF-1 and
lumbar BMD, but not in proximal femur BMD. In contrast,
other studies demonstrated that vitamin D supplementation
enhanced proximal femoral bone density [39].

Chronic or long-term drug therapy can have both positive
and negative effects on the child’s bone health. The previously
described calcium or vitamin D supplements and agents that
improve the intestinal absorption of essential nutrients have
been demonstrated to exert a beneficial effect. However,
steroids have been identified as having a negative effect and
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resulting in extremely adverse outcomes for BMD in patients
of all ages [43]. Systemic glucocorticoids are administered
to ICP patients for the treatment of bronchopulmonary
dysplasia or specific forms of epilepsy. The long-term
use of H*K*-ATPase inhibitors has been associated with
malabsorption and an elevated risk of decreased bone
density and fractures [44]. A similar effect has been
described for aluminum-containing antacids, which bind to
phosphorus in the intestine and thereby inhibit its absorption.
These pharmaceutical agents are widely used in pediatric
patients with cerebral palsy to relieve gastroesophageal
reflux disease. However, an analysis of the effect of
pharmacotherapy on bone density in individuals with cerebral
palsy should be primarily focused on anticonvulsants, given
the higher prevalence of epileptiform activity among children
with cerebral palsy compared to the general population.

The findings of studies evaluating the effect of antiepi-
leptic drugs on skeletal health in pediatric populations are
inconclusive. In 2011, Pack [45] reported that some antiepi-
leptic drugs are associated with adverse effects, attributed to
the upregulation of cyp24 (a member of the cytochrome p450
superfamily), which is known to inactivate vitamin D. These
findings are corroborated by other researchers who have
demonstrated that some anticonvulsants (phenobarbital,
phenytoin, and valproic acid) have an adverse impact on vi-
tamin D metabolism [46].

A literature review of relevant studies, including cross-
sectional, cohort randomized controlled trials, and case-
control studies, has yielded evidence that carbamazepine and
valproic acid are associated with lower BMD [47]. Additionally,
the same review has indicated that antiepileptic drugs
combination therapy has a more significant adverse effect on
BMD than monotherapy. However, some studies demonstrate
no effect of antiepileptic drugs on bone tissue [46].

Although the plethora of studies have demonstrated
a direct correlation between epilepsy, osteoporosis, and
an elevated risk of fractures in ICP patients [48], it is not
feasible to assess the direct effect of anticonvulsants on
the incidence of fractures in isolation from other factors (such
as dietary habits, low physical activity, and increased risk of
injury), which contribute to the development of osteoporosis
and low-energy fractures and are commonly observed in
individuals with epilepsy. Linton et al. analyzed population
data and concluded that epilepsy in patients with GMFCS V-V
ICP was associated with a 7-fold increase in the incidence of
fractures [49], while such a relationship was not revealed in
patients with milder forms of ICP [50].

The motor function is a significant factor affecting
patient’s bone mass. A reduction in physical and axial load in
children with cerebral palsy results in significant differences
in the shape, length and mass of their bones compared
to their healthy peers [51]. Krick et al. have demonstrated
the age-dependent progression of growth and weight deficit
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in ICP patients. Compared to their healthy peers, they were
5% shorter at 2 years of age and more than 10% shorter
at 8 years of age [52]. Additionally, the authors revealed
a correlation between the patient's motor activity and bone
health, whereby the mean length of the measured bones
in patients with GMFCS IV-V was found to be 16% shorter
than in patients with GMFCS Il In clinical practice, however,
the patient’s height is of little clinical significance, although
it may indirectly suggest an overall reduction in bone mass.

The impaired motor function may be associated with
a proportional increase in risks of bone injury, since physical
activity has been demonstrated to enhance BMD [53, 54].
However, the contribution of physical activity and minimum
references values for ICP patients remains unclear.

In 2002, Henderson et al. reported a mean (+SD)
reduction of 1.8 and 3.8 in BMD for patients with GMFCS IlI
and GMFCS IV-V, respectively [55]. The authors concluded
that persistent motor impairment may be associated with
a reduction in BMD in the distal femur.

In their population study, Linton et al. [49] demonstrated
that the incidence and nature of fractures in ambulant ICP
patients (GMFCS I-Il) did not differ from those in healthy
children. This was consistent with the findings of a Danish
study [48]. ICP patients with severe motor impairments
(GMFCS IV-V) have a higher risk of fractures. In the study
by Whitney et al. [56], males with ICP had a 2.9-5.6-fold
higher risk of fractures compared to healthy individuals.
The published data appears to be quite logical and consistent
with the hypothesis that overall physical activity is positively
correlated with the patient’s level of motor activity. In patients
with GMFCS IlI-V ICP, physical activity is 70%—80% lower
compared to their neurologically healthy peers [27, 57].

Muscles play a pivotal role in bone growth. In 1997,
Frost [58] suggested that muscle contraction has a greater
effect on bone health than axial load. In his mechanostat
theory proposed in 1960s, Frost developed the Wolff's
law, which postulates that ‘mechanical function of bone
drives the evolution of its architecture’. Frost described
the mechanism by which mechanical load affects bone
structure by changing its mass and architecture to provide
a structure that can resist typical and regular loads
with the minimal and economical amount of energy and
structural material. Since changes in the skeleton are driven
by the balance between bone growth and bone resorption,
the mechanostat uses these processes through effector
cells (such as osteocytes, osteoblasts, and osteoclasts) to
model the effects on the skeleton. This assumption was
corroborated by other scientists [59-61], who demonstrated
a positive correlation between the muscle and bone health.
Noble et al. reported a positive relationship between thigh
muscle volume and femoral strength in ICP patients aged
10 to 23 years. However, no such correlation was identified
for the tibia [62].
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Obviously, the effect of muscles on bone health is limited
to biomechanical processes based on the mechanostat
theory. Additionally, hormonal mechanisms play a role, with
muscles functioning as an endocrine organ, contributing
to the regulation of bone metabolism. This regulation is
mediated by cytokines, including IGF-1 and osteonectin [63].
Since ICP patients have a significantly reduced muscle
mass and increased fatty infiltration of muscles [64, 65],
studies have been conducted to evaluate the effect of
adipose tissue on BMD. In previous studies, low levels of
circulating vitamin D in the blood have been attributed
to obesity and associated cardiometabolic risk factors
and pathological conditions, including diabetes mellitus
[66—68]. Obesity has been demonstrated to improve BMD in
neurologically healthy children and adolescents. However,
the authors who have identified this correlation suggest that
it is associated with active muscle gain in response to body
weight increase [69], although this effect is very unlikely to
occur in ICP. The relatively low prevalence of obesity among
ICP patients compared to those with other neurological
disorders accompanied by orthopedic complications, such as
spina bifida, and the inconsistency of findings from scientific
literature, preclude the clinical utility of this factor.

In addition to the previously mentioned determinants
of the bone health, many other factors non-specific for
ICP patients may also be relevant, including genetic
predisposition, endocrine status (growth hormone deficiency,
diabetes mellitus, hyperparathyroidism, and glucocorticoid-
induced osteoporosis), gastrointestinal disorders (celiac
disease, Crohn's disease, and anorexia nervosa), autoimmune
diseases (caused by the overexpression of osteoclastogenic
pro-inflammatory factors, such as interleukin 1, interleukin 6,
cytokines, tumor necrosis factor 1), renal diseases (in chronic
kidney disease, overexpression of fibroblast growth factor 23
suppresses osteoblast differentiation and can result in
developing osteoporosis; renal tubular acidosis is associated
with hyperchloremic acidosis). Excess of hydrogen ions
induces osteoclast activation to compensate for acidosis and
calcium mobilization from bone tissue, which also contributes
to bone loss.
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