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Abstract

Although seen frequently during dissections and autopsies, Hyperostosis frontalis interna (HFI) — a
morphological pattern of the frontal bone thickening — is often ignored and its nature and development are
not yet understood sufficiently. Current macroscopic classification defines four grades/stages of HFI based on
the morphological appearance and size of the affected area; however, it is unclear if these stages also depict
the successive phases in the HFI development. Here we assessed 3D-microarchitecture of the frontal bone in
women with various degrees of HFl expression and in an age- and sex-matched control group, hypothesizing
that the bone microarchitecture bears imprints of the pathogenesis of HFl and may clarify the phases of its
development. Frontal bone samples were collected during routine autopsies from 20 women with HFI (age:
69.9 + 11.1 years) and 14 women without HFI (age: 74.1 + 9.7 years). We classified the HFI samples into four
groups, each group demonstrating different macroscopic type or stage of HFI. All samples were scanned by
micro-computed tomography to evaluate 3D bone microarchitecture in the following regions of interest: total
sample, outer table, diploe and inner table. Our results revealed that, compared to the control group, the
women with HFI showed a significantly increased bone volume fraction in the region of diploe, along with
significantly thicker and more plate-like shaped trabeculae and reduced trabecular separation and connectivity
density. Moreover, the inner table of the frontal bone in women with HFI displayed significantly increased
total porosity and mean pore diameter compared to controls. Microstructural reorganization of the frontal
bone in women with HFI was also reflected in significantly higher porosity and lower bone volume fraction in
the inner vs. outer table due to an increased number of pores larger than 100 um. The individual comparisons
between the control group and different macroscopic stages of HFI revealed significant differences only
between the control group and the morphologically most pronounced type of HFI. Our microarchitectural
findings demonstrated clear differences between the HFI and the control group in the region of diploe and the
inner table. Macroscopic grades of HFI could not be distinguished at the level of bone microarchitecture and
their consecutive nature cannot be supported. Rather, our study suggests that only two different types of HFI
(moderate and severe HFI) have microstructural justification and should be considered further. It is essential to
record HFI systematically in human postmortem subjects to provide more data on the mechanisms of its
development.
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table of the frontal bone’ (Moore, 1955). Even though HFI
was identified almost 300 years ago, this common condition
has rarely been investigated in the medical literature.

Hyperostosis frontalis interna shows age and sex depen-
dence: the prevalence is significantly higher in females than
males, and both the prevalence and severity of HFI increase
with aging, reaching a peak in postmenopausal women
(40-60%) (Hershkovitz et al. 1999; Nikolic et al. 2010).
Although HFI is frequently seen at autopsies and during
routine radiological practice, it usually remains unrecorded.
The presence of HFI has a clinical relevance. Initially, HFI
was considered one of the entities within various clinical
syndromes that affect multiple organ systems, such as the
syndromes of Morgagni-Stewart-Morel-Moore (obesity,
virilism, neuropsychiatric symptoms, headaches), Troell-
Junet (acromegaly, toxic goiter, diabetes mellitus), Frolich
(obesity, growth retardation, pituitary hypocrinism) and
Klippel-Trenaunay-Weber (varicose veins, port-wine stain,
bone and soft tissue hypertrophy) (Raikos et al. 2011).
Recent research has suggested that various symptoms may
occur as a consequence of HFI, independent of these syn-
dromes (Attanasio et al. 2013; Djonic et al. 2016). Specifi-
cally, intrusive bone growth in patients with HFI may
reduce intracranial volume or compress the cerebral cortex,
resulting in various neurological symptoms (May et al.
2012). HFl is associated with cognitive slowing, mood distur-
bance, epilepsy, dementia, schizoaffective disorders, head-
ache and intracranial hypertension (Hershkovitz et al. 1999;
Devriendt et al. 2005; Djonic et al. 2016). In addition there
are studies that correlate HFI with Alzheimer’s and Parkin-
son’s diseases (May et al. 2012; Cetiner Batun et al. 2015).

Previous research into bone microarchitecture in patients
with HFI showed that frontal bone thickening occurs as a
result of expansion of the internal part of diploe, while the
external part remains unaffected (Ruhli et al. 2007). In
patients with HFI, apart from frontal bone thickening, there
is a trend of increased bone thickness in other cranial bones
as well (Nikolic et al. 2010; Djonic et al. 2016). Still, HFI was
shown to be a local phenomenon which affects only the
skull, other parts of the skeleton remaining unaffected
(Djonic et al. 2016). HFI shows variable morphological char-
acteristics and degree of frontal bone involvement among
different individuals, reflected in the current macroscopic
classification of HFI describing four types or stages of HFI
(Hershkovitz et al. 1999).

Although the etiology of HFI is still unclear, its higher
prevalence and severity in females has led to the suggestion
that prolonged and/or increased estrogen stimulation dur-
ing the reproductive period is the most probable cause of
HFI (Hershkovitz et al. 1999). Some authors have reported a
rapid increase in the frequency of HFI in the modern era
(Hershkovitz et al. 1999; Raikos et al. 2011). Historically,
women spent most of their reproductive life either preg-
nant or nursing, which resulted in lower estrogen expo-
sures, whereas nowadays low parity and breastfeeding, as

well as consumption of dietary phytoestrogens from sources
such as soy, grains and linseed, result in increased estrogen
stimulation (May et al. 2011; Raikos et al. 2011).

Over the years, several possible models of the HFI patho-
genesis have been put forward. The most recent is the ‘glo-
bal model’ proposed by Hershkovitz et al. (1999), who
speculated that osteogenic cells cause diploization of the
inner table and the formation of new lamellar bone. Blood
vessels from the dura penetrate the lamellar bone, which is
followed by bone proliferation, and finally the inner plate
reorganizes and expands towards both the diploic space
and cranial cavity. According to this theory, neovasculariza-
tion originating from the dura might be one of the key
processes in HFI development.

However, previous studies focusing on HFI provided lim-
ited insights into the pathogenesis of this phenomenon.
Moreover, it remains unclear whether different macroscopic
stages of HFI can be regarded as successive phases in the
process of HFlI development. Therefore in this study we
assessed microarchitecture of the frontal bone in women
with various levels of HFI expression and in an age- and sex-
matched control group, hypothesizing that bone microar-
chitecture bears imprints of the pathogenesis of HFI and
may clarify the phases of its development.

Material and method

Frontal bone samples were collected during routine autopsies from
human donor cadavers at the Institute of Forensic Medicine, School
of Medicine, University of Belgrade. Exclusion criteria encompassed
the presence of bone-related pathological conditions other than HFI
in the HFI group, as well as a history of brain tumor, meningioma,
renal disease, primary hyperparathyroidism and Paget’s disease. Eth-
ical approval for collection of the sample was granted by the Ethics
Committee of the School of Medicine, University of Belgrade.

The study sample comprised a group of women with HFI (n = 20,
mean age: 69.9 4+ 11.1) and an age-matched control group of
women (n = 14; mean age 74.1 &+ 9.7). We used macroscopic classi-
fication of HFI proposed by Hershkovitz et al. (1999), which is based
on morphological characteristics and extension of frontal bone
involvement and includes four types: type A — isolated elevated
bony islands, generally under 10 mm in size, type B — nodular bony
overgrowths, identified on less than 25% of the frontal bone sur-
face, type C — thickening of up to 50% the frontal endocranial sur-
face, and type D — bony overgrowth, involving more than 50% of
the frontal endocranial surface (Hershkovitz et al. 1999). In this con-
text, we subdivided the women with HFI in four groups, each group
demonstrating a different macroscopic type of HFI (Table 2).

Frontal bone samples of approximately 1 x 1 cm were harvested
using a slow rotating medical saw from the part where the frontal
bone was the thickest (Fig. 1). They were stored in 70% ethanol and
cleaned of adherent soft tissue. Each frontal bone specimen was
placed in a sample holder with a consistent orientation and scanned
in dry conditions by micro-computed tomography (micro-CT; Sky-
scan 1172, Bruker, Belgium). The micro-CT was operated at 80 kV,
124 pA and 1200 ps exposure time, with an isotropic resolution of
10 um and applied Al+Cu filter. The following regions of interest
were determined for each investigated sample: total sample, outer
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Outer table

Diploe

Inner table

Fig. 1 (Left panel) A macroscopic view on the internal surface of the frontal bone in a woman with HFI (black rectangle shows the location of the
analyzed frontal bone sample). (Right panel) A 3D micro-computed tomography reconstruction in a woman with HFI, showing the segmentation
of the frontal bone samples to the regions of outer table, diploe and inner table.

Table 1 Differences of microstructural parameters between control
group and women with HFI for different regions of the frontal bone.

Microstructural Control group

parameters (N =14) HFIl (N = 20)
Total sample
BV/TV 62.33 + 11.63 69.53 + 10.68
Outer table
BV/TV 95.06 + 1.55 95.06 + 2.38
Po.Dm 0.08 + 0.01 0.08 + 0.03
FD 2.38 + 0.05 2.40 + 0.06
Po.Tot 494 + 1.55 494 + 2.38
Diploe
BV/TV* 46.07 + 11.19 56.12 + 13.03
SMI* —-1.02 + 1.75 —-2.74 + 2.57
Tb.Th* 0.23 + 0.03 0.27 + 0.06
Tb.N 1.96 + 0.33 2.09 + 0.40
Tb.Sp* 0.52 + 0.14 0.44 + 0.11
DA 1.95 + 0.54 2.09 + 0.69
FD 2.60 + 0.06 2.60 + 0.05
Po.Tot 50.36 + 16.99 43.87 + 13.03
Conn.D* 39.96 + 17.74 27.28 + 14.51
Inner table
BV/TV 93.32 + 4.09 89.67 + 6.47
Po.Dm* 0.08 + 0.03 0.11 £ 0.03
FD 2.31 + 0.09 2.37 £ 0.10
Po.Tot* 5.46 + 3.09 10.27 + 6.49

BV/TV, bone volume fraction (%); Po.Dm, pore diameter (mm);
FD, fractal dimension; Po.Tot, total porosity (%); Tb.N, trabecu-
lar number (mm~"); Tb.Th, trabecular thickness (mm); Tb.Sp, tra-
becular separation (mm); SMI, structure model index; Conn.D,
connectivity density (mm~3); DA, degree of anisotropy.
*Significant difference between the groups; t-test, P < 0.05.

table, diploe and inner table (Fig. 1). The micro-architecture of the
cortical and trabecular bone was evaluated automatically using
micro-CT evaluation program CT. An - ver. 1.14 (Skyscan, Belgium),
with direct 3D morphometry. The threshold was set at 110/255.
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Fig. 2 Representative 3D micro-computed tomography reconstruc-
tions of the frontal bone in women with HFI and control group. Note
between-group differences in the regions of diploe and inner table.

Investigated microstructural parameters for each region of interest
were: total sample [bone volume fraction (BV/TV, %), outer table
(bone volume fraction (BV/TV, %), pore diameter (Po.Dm, mm),
total porosity (Po.Tot, %) and fractal dimension (FD)], diploe [bone
volume fraction (BV/TV, %), trabecular number (Tb.N, mm~"), tra-
becular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm),
structure model index (SMI), connectivity density (Conn.D, mm™3),
degree of anisotropy (DA), total porosity (Po.Tot, %) and fractal
dimension (FD)] and inner table [bone volume fraction (BV/TV, %),
pore diameter (Po.Dm, mm), total porosity (Po.Tot, %) and fractal
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Table 2 Differences of microstructural parameters between control group and types A, B, C and D of HFI for different regions of the frontal
bone.

Microstructural parameters Control group (n = 14) HFl type A (n =4) HFl type B (n =4) HFl type C(n=4) HFltype D (n = 8)

Total sample

BV/TV 62.33 + 11.63 78.11 £ 6.11 65.18 + 6.52 68.58 + 7.29 67.90 + 14.01
Outer table
BV/TV 95.06 4+ 1.55 95.72 + 1.14 93.79 + 1.93 96.38 4+ 1.00 94.71 4+ 3.24
Po.Dm 0.08 £ 0.01 0.08 + 0.02 0.10 + 0.01 0.08 £ 0.01 0.08 + 0.04
FD 2.38 £+ 0.05 2.42 + 0.04 2.43 £+ 0.04 2.40 £+ 0.05 2.39 + 0.08
Po.Tot 4.94 + 1.55 4.28 + 1.14 6.21 + 1.93 3.61 + 1.00 5.29 + 3.24
Diploe
BV/TV* 46.07 + 11.197 62.79 + 11.84 48.71 + 11.55 47.86 + 8.83 60.63 + 13.84
SMI** —-1.02 £ 1.75 —-2.83 £ 1.74 —1.23 £ 1.28 —1.58 + 1.00 —-4.04 £+ 3.40
Tb.Th** 0.23 + 0.03 0.27 + 0.06 0.24 + 0.07 0.25 + 0.03 0.30 + 0.06
Th.N 1.96 + 0.33 2.43 + 0.76 2.03 + 0.11 1.93 + 0.31 2.02 + 0.24
Tb.Sp 0.52 + 0.14 0.35 £+ 0.15 0.44 + 0.29 0.53 £+ 0.85 0.43 + 0.88
DA 1.95 + 0.54 2.16 + 0.58 2.57 + 1.01 1.90 + 0.49 1.90 + 0.66
FD 2.60 £+ 0.06 2.62 + 0.07 2.56 + 0.05 2.59 + 0.04 2.61 + 0.04
Po.Tot 50.36 + 16.99 37.20 + 11.84 51.28 + 11.55 52.14 + 8.83 39.37 + 13.84
Conn.D 39.96 + 17.74 36.74 £+ 21.05 32.75 + 21.20 28.07 + 8.94 19.42 + 3.92
Inner table
BV/TV 93.32 + 4.09 92.62 + 3.96 88.21 + 7.41 91.42 + 2.83 88.04 + 8.30
Po.Dm 0.08 £+ 0.03 0.1 + 0.03 0.12 + 0.01 0.12 £+ 0.03 0.11 £+ 0.05
FD 2.32 + 0.09 2.40 + 0.07 2.28 + 0.04 2.36 + 0.09 2.41 + 0.12
Po.Tot 5.46 + 3.09 7.37 + 3.96 11.78 £ 7.41 8.57 + 2.83 11.82 + 8.38

BV/TV, bone volume fraction (%); Po.Dm, pore diameter (mm); FD, fractal dimension; Po.Tot, total porosity (%); Tb.N, trabecular num-
ber (mm~"); Tb.Th, trabecular thickness (mm); Th.Sp, trabecular separation (mm); SMI, structure model index; Conn.D, connectivity
density (mm~3); DA, degree of anisotropy.

*Significant overall inter-group differences but not between individual groups; anova, P < 0.05.

**Significant difference between the control group and type D of HFI; anova, P < 0.05.

dimension (FD)]. The Kolmogorov-Smirnov test was used to verify
the normality of the data distribution. Independent samples t-test
was used to detect the differences in microstructural parameters
between the group of women with HFI and control group. Paired
samples t-test was used to evaluate the differences in microstruc-
tural parameters between the inner table and outer table in the

associated with a significant increase in total porosity and
mean pore diameter (Table 1; Fig. 2).

When analyzing the differences between the control
group and the types A, B, C and D of HFI, significant differ-
ences were detected only in the region of diploe (Table 2;

group with HFI, as well as in control group. One-way analysis of vari-
ance (anova) was used to assess the differences in microstructural
parameters between the control group and different types of HFI,
followed by post-hoc multiple-comparison procedures with Bonfer-
roni correction. All analyses were conducted using sss statistical soft-
ware (version 15.0) and the results were considered statistically
significant at the 0.05 level.

Results

Bone volume fraction in women with HFI significantly
increased in the region of diploe when compared with the
control group (Table 1). However, no significant inter-
group differences in bone volume fraction were detected
either in the whole analyzed volume or in the regions of
the outer and inner tables. Increased BV/TV in the region of
diploe in women with HFI was accompanied by significantly
thicker and more plate-like shaped trabeculae, along with
reduced trabecular separation and connectivity density
(Fig. 2). Conversely, in the region of the inner table HFI was

Fig. 3). Overall, bone volume fraction in the diploic region
differed significantly between the investigated groups, but
the post-hoc multiple comparison procedures revealed no
significant differences in mean values between the individ-
ual groups. Structure model index and trabecular thickness
in the region of diploe differed significantly between the
groups, with post-hoc tests revealing significant inter-group
difference between the control group and the type D of
HFI (Table 2).

Since the comparison between the control group and the
groups with different types of HFI reported significant dif-
ferences only between the control group and the group
with type D HFI, we reclassified the group with HFI into two
groups: moderate HFI (comprising original types A, B and C)
and severe HFI (type D). When comparing the control group
with the groups with moderate and severe HFI, significant
inter-group differences were detected in the regions of
diploe and the inner table (Table 3). Specifically, in the
region of diploe bone volume fraction and trabecular

© 2016 Anatomical Society
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Table 3 Differences of microstructural parameters between control group, moderate form of HFI (comprising types A, B and C of HFI) and severe
form of HFI (type D) for different regions of the frontal bone.

Moderate HFI (types A, B and C) Severe HFI (type D)

Microstructural parameters Control group (n = 14) (n=12) (n=18)
Total sample
BV/TV 62.33 + 11.63 70.62 + 8.30 67.90 + 14.01
Outer table
BV/TV 95.06 + 1.55 95.30 &+ 1.72 60.63 + 13.84
Po.Dm 0.08 + 0.01 0.08 + 0.02 0.08 + 0.04
FD 2.38 £ 0.05 2.42 + 0.04 2.39 + 0.08
Po.Tot 494 + 1.55 4,70 + 1.72 5.29 + 3.24
Diploe
BV/TV* 46.07 + 11.19 53.12 + 12.12 60.63 + 13.84
SMI* —-1.02 + 1.75 —1.88 + 1.44 —4.04 + 3.40
Tb.Th* 0.23 £+ 0.03 0.25 + 0.05 0.30 + 0.06
Tb.N 1.96 + 0.33 2.13 +£0.48 2.02 + 0.24
Tb.Sp* 0.52 + 0.14 0.44 + 0.12 0.43 + 0.88
DA 1.95 + 0.54 2.21 +£0.72 1.90 + 0.66
FD 2.60 + 0.06 2.59 + 0.06 2.61 + 0.04
Po.Tot 50.36 + 16.99 46.88 + 12.12 39.37 + 13.84
Conn.D* 39.96 + 17.74 32.52 + 16.70 19.42 + 3.92
Inner table
BV/TV 93.32 + 4.09 90.75 + 5.02 88.04 + 8.30
Po.Dm* 0.08 + 0.03 0.11 + 0.03 0.11 + 0.05
FD 2.31 £ 0.09 2.35 + 0.08 2.41 £ 0.12
Po.Tot* 5.46 + 3.09 9.24 + 5.02 11.82 + 8.38

BV/TV, bone volume fraction (%); Po.Dm, pore diameter (mm); FD, fractal dimension; Po.Tot, total porosity (%); Tb.N, trabecular num-
ber (mm~"); Th.Th, trabecular thickness (mm); Tb.Sp, trabecular separation (mm); SMI, structure model index; Conn.D, connectivity

density (mm~3); DA, degree of anisotropy.

*Significant difference between the HFIl type D and the control group; anova, P < 0.05.

thickness were significantly higher in the group with severe
HFI than in the control group, whereas structure model
index and connectivity density showed significantly lower
values in severe HFI compared with the controls (Table 3).
In the inner table region, pore diameter varied significantly
among the investigated groups, showing the highest value
in the group with severe HFI, although in post-hoc pairwise
comparisons, significant differences between the particular
groups were not reached. Total porosity in the inner table
region was generally affected by the group, with post-hoc
multiple comparisons again revealing significant inter-
group differences only between the control and severe HFI
groups.

Additionally, comparing microstructural parameters
between the outer and inner tables in the group with
HFI revealed a significantly higher porosity and lower
bone volume fraction in the inner table than in the outer
table. No significant differences in these parameters were
detected between the regions of inner and outer tables
in the control group. Distribution of pore diameters in
women with HFI suggests that the increased porosity of
the inner table compared with the outer table occurred
due to higher number of large pores (larger than
100 pum) (Fig. 4).

© 2016 Anatomical Society

Discussion

Although it could be expected that HFI ultimately leads to
bone sclerosis, our microstructural analysis of the whole
bone thickness showed no significant differences in the
total bone volume fraction between the frontal bone sam-
ples from HFl at any stage and control groups. However,
micro-CT evaluation of the bone samples showed a differ-
ent pattern of bone microarchitectural organization in
women with HFI than the age- and sex-matched control
group. Specifically, the samples with HFI displayed more
porous inner table of the frontal bone, whereas the diploic
space showed an increased bone volume fraction due to
thicker and more plate-like trabeculae (Fig. 2).
Pathogenesis of HFI is not yet well understood. The ‘glo-
bal model’ of HFI proposed by Hershkovitz et al. (1999) con-
siders vascularization originating from the dura as one of
the key factors in the pathogenesis of HFI (Hershkovitz
et al. 1999). Talarico et al. (2008) reported that in the
woman with HFI inner table exhibited extensive remodel-
ing, consisted almost exclusively of large sinuses, and
extended to the external periosteal layer of the dura (Talar-
ico et al. 2008). Our findings of significantly higher porosity
of the inner table in women with HFI than in controls may
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Fig. 4 The distribution of pore diameters in the inner and outer tables
in women with HFI. Note the dominance of larger pores in the inner
table.

suggest increased penetration of dural vessels to the inner
table. Furthermore, in women with HFI a significantly
higher porosity was evident in the inner table than in the
outer table. Analysis of the distribution of pore diameters
between the outer and inner tables in women with HFI
revealed that increased porosity of the inner table origi-
nates from more abundant pores larger than 100 um
(Fig. 4). Considering that the control group did not show
such differences between the inner and outer table it is

Fig. 3 Cross-section micro-computed
tomography images of the diploic region of
the frontal bone in women demonstrating
different macroscopic types (A, B, C and D)
of HFI.

likely that increased porosity of the inner table is related to
the pathogenesis of HFI. Therefore it is possible that larger
pores occur as a result of penetration of blood vessels from
the dura, ultimately leading to diploization of the inner
table.

The fact that HFI is more frequent in females may suggest
that estrogen is an important factor in its development.
Although direct experimental evidence is still insufficient, it
is likely that estrogen effects on development and prolifera-
tion of blood vessels may be involved. In general, estrogen
receptors are localized mostly on the vascular tissue of dura
and estrogen is known to play an important role in menin-
geal vascularity (Glinskii et al. 2007). Angiogenesis under
estrogen stimulation has been widely investigated (Yun
et al. 2009; Liu et al. 2015). It has been suggested that
estrogen activates the hypoxia-inducible factor-o (HIFa) sig-
naling pathway leading to activation of proangiogenic
genes, primarily for vascular endothelial growth factor
(VEGF; Yun et al. 2009; Peng et al. 2014). In this way estro-
gen can stimulate angiogenesis. There is much evidence
that bone turnover is related to bone vasculature (Brandi &
Collin-Osdoby, 2006; Pufe et al. 2007; Griffith et al. 2010).
In particular, the endothelium of blood vessels may be a
key factor in such a relationship, not only being an essential
barrier limiting the movement of cells and molecules
between the circulation and bone surface but also being
able to directly communicate with adjacent tissue and circu-
lating blood cells (Brandi & Collin-Osdoby, 2006).

© 2016 Anatomical Society



Endothelial cells (EC) are capable of responding to bone
modulators (such as sex steroid hormones) and can release
regulatory molecules (growth factors, BMPs, cytokines,
endothelins, free radicals, prostanoids) known to affect the
differentiation, metabolism, survival and function of bone-
forming cells (Streeten et al. 1989; Brandi & Collin-Osdoby,
2006). As EC also separate mesenchymal stem cells (MSC) in
peripheral circulation from the bone surface, MSC migra-
tion may be directly orchestrated by endothelial cells (Imai
et al. 1999). Additionally, bone marrow stromal cells exhibit
osteogenic potential under EC guidance (von Schroeder
et al. 2003).

Although the ‘global model’ of HFI pathogenesis (Her-
shkovitz et al. 1999) suggests that diploic space is not
directly involved in HFI, our microarchitectural findings
demonstrated clear differences between HFI and control
group in the region of diploe (Fig. 2). Clearly, after blood
vessels from the dura penetrate the inner table and enter
the diploic space, they can branch extensively within the
intertrabecular pores and could modulate bone remodeling
(Brandi & Collin-Osdoby, 2006). Our micro-CT analysis show-
ing thickened trabeculae and significantly increased bone
volume fraction of the diploe in women with HFI compared
with the control group clearly emphasized an osteogenic
phenotype of the diploic region in women with HFI. Based
on molecular studies, increased osteogenesis can be accom-
plished by HIFa-mediated estrogen modulation of EC func-
tional interactions (increased migration of osteoblast
precursors from circulation, increased production of VEGF,
increased proliferation and differentiation of BMSC). Thus,
the changes in bone microarchitecture in the region of
diploe observed in our study could occur as a result of previ-
ously reported effects of activated HIF-o signaling pathway,
such as an increase in BV/TV, trabecular thickness and
microvascular density (Peng et al. 2014; Weng et al. 2014).
Previous studies in the patients with HFI also demonstrated
a similar trend of altered bone structure in the region of
diploe, such as trabecular thickening (She & Szakacs, 2004)
and a sclerotic and dense internal part of diploe with small
cavities (Ruhli et al. 2007). Common macroscopic classifica-
tion of HFI describes four types of this phenomenon (A, B, C
and D) that are often regarded as ‘phases’ or consecutive
‘stages’ in the course of HFlI development. However, our
study showed that these macroscopic phases could not be
distinguished at the level of bone microarchitecture and
their consecutive nature cannot be further supported.
Specifically, the comparisons of types A, B, C and D of HFI
and control group suggested that significant inter-group
differences in microstructural parameters existed only
between the type D of HFI and the control group (Table 2).
Therefore, based on our microarchitectural evaluation of
macroscopic stages of HFl we can suggest that only two dif-
ferent types of HFI should be considered: moderate (com-
prising the types A, B and C) and severe HFI (comprising
type D).

© 2016 Anatomical Society
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This study is limited by its cross-sectional design, which
did not permit an assessment of temporal relations
among the variables; therefore, we were unable to
directly show evolution of bone changes during develop-
ment of HFI. Also, to support the association between an
increased porosity and vascularization of the frontal bone,
it is necessary to conduct further histological studies to
visualize the vasculature in conjunction with the micro-CT
findings.
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