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Abstract

The histomorphometric properties of the subtrochanteric femoral region have rarely been investigated. The
aim of this study was to investigate the age-associated variations and regional differences of
histomorphometric and osteocytic properties in the cortical bone of the subtrochanteric femoral shaft, and the
association between osteocytic and histological cortical bone parameters. Undecalcified histological sections of
the subtrochanteric femoral shaft were obtained from cadavers (n = 20, aged 18-82 years, males). They were
cut and stained using modified Masson-Goldner stain. Histomorphometric parameters of cortical bone were
analysed with x50 and x100 magnification after identifying cortical bone boundaries using our previously
validated method. Within cortical bone areas, only complete osteons with typical concentric lamellae and
cement line were selected and measured. Osteocytic parameters of cortical bone were analyzed under phase
contrast microscopy and epifluorescence within microscopic fields (0.55 mm? for each). The cortical widths of
the medial and lateral quadrants were significantly higher than other quadrants (P < 0.01). Osteonal area per
cortical bone area was lower and cortical porosities were higher in the posterior quadrant than in the other
guadrants (P < 0.05). Osteocyte lacunar number per cortical bone area was found higher in the young subjects
(< 50 years) than in the older ones (> 50 years) both before and after adjustments for body height and weight
(P < 0.05). Moreover, significant but low correlations were found between the cortical bone and osteocytic
parameters (0.20 <R?><0.35, P<0.05). It can be concluded that in healthy males, the cortical
histomorphometric parameters differ between the anatomical regions of the subtrochanteric femoral shaft, and
are correlated with the osteocytic parameters from the same site. These findings may be of use when discussing
mechanisms that predispose patients to decreasing bone strength.
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subtrochanteric femoral shaft have been less investigated
due to fact that the femoral shaft is stronger than the
femoral neck and subtrochanteric fractures occur less fre-

Introduction

The weight-bearing skeletal system is continuously sub-

jected to mechanical loading, which affects the morpho-
logical and structural features of bone (Cvijanovic et al.
2004). At the proximal femur, histomorphometric studies
have mainly focused on the femoral neck (Blain et al. 2008;
Thomas et al. 2009). Morphometric characteristics of the
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quently than femoral neck or pertrochanteric fractures
(Baumgaertner et al. 1995). Previous morphometric studies
related to the femoral shaft have focused almost exclu-
sively on the mid-femoral shaft (Thomas et al. 2005;
Cooper et al. 2007). However, recently atypical femoral
fractures (AFF), often located at the subtrochanteric
femoral shaft, have been associated with antiresorptive
osteoporotic drugs (Sayed-Noor & Sjoden, 2008; Shane
et al. 2014; Misof et al. 2015). According to Tamminen
et al. (2013), the low bone formation and changes in bone
composition may explain the poor fracture resistance in
some AFF patients on long-term bisphosphonate-therapy.
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Also because the intracortical porosity of this location was
found to increase with ageing (Zebaze et al. 2010), more
studies on subtrochanteric femoral cortex are warranted.

Osteocytes represent approximately 90-95% of all oss-
eous cells in the adult skeleton and they are multi-func-
tional cells (Bonewald, 2007). As former osteoblasts,
osteocytes express genes of both the mesenchymal and
hemapoietic lineage (Noble, 2008). In response to both
mechanical and chemical signals, they are thought to acti-
vate osteoblasts andor osteoclasts to initiate bone remod-
elling (Milovanovic et al. 2013). Osteocytes also work as
regulators of bone mineral homeostasis, e.g. orchestrating
exchange of mineral from bone surfaces (Bonewald, 2006;
Teti & Zallone, 2009). In the bone structure, osteocytes
become individually enveloped in the extracellular matrix
within spaces known as lacunae (Johnson, 1966). As osteo-
cytes are potentially difficult to study in situ in sufficient
quantities, their lacunae are commonly used as substitutes
(Carter et al. 2014). Especially in bones undergoing high
levels of modelling activity, osteocyte lacunar number may
be a close reflection of the number of osteocytes present
(Noble et al. 1997). Moreover, the osteocyte density is sug-
gested to reflect the activity of the bone remodelling pro-
cess (Hernandez et al. 2004), hence the variation in number
and viability of the osteocytes may also be linked to bone
brittleness and fragility (O'Brien et al. 2004).

In addition, young, healthy bone has been found to pre-
sent higher preserved osteocyte-lacunar characteristics, in
contrast to aged and osteoporotic bone (Kingsmill & Boyde,
1998; Carpentier et al. 2012). Ageing has also been found to
diminish the canaliculi per lacuna and interosteon connec-
tions, leading to decreased mechanosensitivity of the osteo-
cytes (Milovanovic et al. 2013). Despite long-term negative
effects, antiresorptive treatment may improve the vitality of
cortical bone osteocytes as well as the number of osteocyte
lacunae (Bernhard et al. 2013, Plotkin et al. 2008). On the
other hand, as the ability of cortical bone to resist fracture
deteriorates with increased age, the age-associated changes
of the cortical structure may explain susceptibility to frac-
tures (Chen et al. 2013). In particular, in the human femur,
the osteocyte distribution may be associated with age- and
anatomical region-dependent cortical microarchitecture.
Limited studies on this issue have been published (Frost,
1960; Vashishth et al. 2000; Power et al. 2001, 2002; Busse
et al. 2010; Carter et al. 2014). In addition, the understand-
ing of cortical bone changes across adulthood and studies
of the underlying morphometric changes that might predis-
pose to subtrochanteric fractures are limited.

The present work aimed to close these gaps by character-
izing the complete cross-section of male subtrochanteric
femoral shaft with cortical bone histomorphometry and
osteocyte analysis. Although AFFs are commonly associated
with thickening of the lateral cortex at the fracture site
(Koh et al. 2011), whether same regional characteristics
exist in normal subjects, remains unknown. We hypothesize
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that the histological properties of the lateral cortex at the
healthy subtrochanteric femoral shaft will differ from other
anatomical quadrants. Our purpose was also to study the
association between cortical microarchitectural variation
and osteocyte distribution.

Materials and methods

Subjects

Proximal femurs were obtained from 20 male cadavers (mean age,
47 + 18.2 years, range 17-82 years) at Kuopio University Hospital,
Kuopio, Finland. The subjects were divided into two sub-groups
based on their age: young (< 50 years, n = 12) and old (> 50 years,
n = 8; Table 1). There was no previous history of medical conditions
or use of drugs known to affect bone metabolism. Ethical approval
for collection of samples was granted by the National Authority for
Medicolegal Affairs (permission number: 5783/04/044/07).

Sample preparation

Transverse cross-sections (thickness: 5-10 mm) within the sub-
trochanteric region (< 5 cm below lesser trochanter) of the proxi-
mal femur were cut with a band saw (KT-210, Koneteollisuus Oy,
Helsinki, Finland). A minor cut was made on the medial bone-edge
to act as a control of orientation of the sample during processing
and measurements (Fig. 1). Samples were dehydrated in ethanol for
at least 48 h before being embedded in polymethylmethacrylate
(PMMA) according to standard protocols (Raum, 2008). After
embedding, 15-um-thick sections were cut using a microtome

Table 1 Basic anthropometric data of the cadavers. Individual values
and mean =+ SD are shown.

Age Height Weight BMI
(years) Group* (cm) (kg) (kg m™?)
17 1 178 74 23.4
22 1 186 106 30.6
29 1 184 105 31
32 1 171 69 23.6
34 1 187 102 29.2
36 1 177 74 23.6
39 1 185 84 24.5
43 1 171 98 33.5
44 1 179 96 30
46 1 185 85 24.8
48 1 178 85 26.8
50 1 185 108 31.6
52 2 180 136 42
53 2 176 73 23.6
58 2 175 73 23.8
58 2 169 96 33.6
62 2 170 68 23.5
74 2 166 64 23.2
77 2 177 72 23
82 2 165 53 19.5
47 + 18.2 177 + 6.9 84 + 20.4 27.2 £5.3

*Group 1 (< 50 years, n = 12); Group 2 (> 50 years, n = 8).
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Absolute cortex area

(Reichert-Jung; Cambridge Instruments, Heidelberg, Germany) prior
to staining with modified Masson-Goldner trichrome stain. The
entire cross-section of the femoral shaft was scanned using an auto-
image scanner (Particle Analyzer, Carl Zeiss, Jena, Germany) to
acquire a complete histological image (x50) for histomorphometric
analysis. An image program (GNU ImaGe MANIPULATION PROGRAM, ver-
sion 2.0) was utilized for delineation of different histological
boundaries in the images (Tong et al. 2015).

Cortical bone histomorphometry

Each histological image (x50) was separated into two independent
zones: the absolute cortex area and the endocortical bone area.
The former was identified based on the diameter and location of
pores, as well as the structural size of the trabeculae, with respect
to the ‘preliminary cortex boundary’; the latter was identified as
the rest of the cross-sectional subtrochanteric femoral shaft (Fig. 1).
Full details of the method used to choose the respective area was
presented in our earlier study (Tong et al. 2015).

The histomorphometric analyses of cortical bone were conducted
using Bioquant Osteo Il (Bioquant Image Analysis, Nashville, TN, USA).
The nomenclature, abbreviations and parameters follow the recom-
mendations of the American Society for Bone and Mineral Research
(ASBMR) (Dempster et al. 2013). First, the samples were analyzed
with bright light microscopy using a magnification of x50 in images,
thereby covering the complete femoral shaft. Then, the absolute cor-
tex area of femoral shaft was divided into four anatomical quadrants
(medial, posterior, lateral and anterior; Malo et al. 2013; Fig. 1).
After measuring the regional cortical width, the absolute cortex was
evaluated under bright light and polarization microscopy using a
magnification of x 100. For this analysis, in each quadrant, 10 regions
of interest (ROI: 1.51 mm? for each) were randomly imaged and
measured (Fig. 1). As a result, the x100-magnification parameters
were quantified per cortical bone area (1.51 x 10 x 4 = 60.4 mm?
for complete sample analysis and 1.51 x 10 = 15.1 mm? for regional
analysis). For osteon analysis, only complete osteons with typical con-
centric lamellae and cement line were included.

Endocortical bone area

Fig. 1 Cross-sectional femoral shaft
(thickness: 5-10 mm) extracted from the
subtrochanteric region (between lesser
trochanter and 5 c¢m distally) of proximal
femur were indicated with dashed lines and a
minor cut was circled in red on the medial
bone edge. The entire cross-sectional femoral
shaft was scanned to acquire a complete
histological image (x50), which was
separated into two independent zones: the
absolute cortex area and the endocortical
bone area. The former showed four
anatomical quadrants: medial, posterior,
lateral and anterior shaft. In each of them, 10
regions of interests (ROI: 1.51 mm? for each)
are indicated by solid yellow boxes.
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Zone 2

Based on x50 magnification imaging, the area and width param-
eters were determined. Cortical bone area [Ct.Ar. (mm?)] was mea-
sured as the area between the absolute cortex boundary and the
periosteum. The parameters of cortical bone area per bone area
[Ct.Ar/B.Ar. (%)] were also determined. Mean cortical width [Mean
Ct.Wi. (mm)] was calculated as the average value of all (average 315
measurements/sample) perpendicular widths between the absolute
cortex boundary and the periosteum. Similarly, the regional cortical
widths at four different anatomical quadrants were measured, i.e.
anterior cortical width [Ant Ct.Wi. (mm)], posterior cortical width
[Post Ct.Wi. (mm)], medial cortical width [Medial Ct.Wi. (mm)], and
lateral cortical width [Lateral Ct.Wi. (mm)]. In addition, the perios-
teal perimeter [Ps.Pm. (mm)] and endocortical perimeter [Ec.Pm.
(mm)] were measured.

Based on x 100 magnification imaging, the osteonal and cortical
pore parameters were determined. The percentage of osteonal
area per cortical bone area was calculated [On.Ar/Ct.Ar. (%)]. The
mean osteonal perimeter [On.Pm. (um)], mean Haversian canal
perimeter [H.Pm. (um)] and Haversian canal area [H.Ar. (um?)] were
determined as the average value of all (average 90 osteons/quad-
rant) measured osteonal units. The osteon number per cortical
bone area [N.On/Ct.Ar (#mm?)], the minimum osteonal diameter
[Min.On.Dm. (um)], and the maximum osteonal diameter [Max.-
On.Dm. (um)] were also determined. The mean wall width [W.Wi.
(um)] of osteons was calculated using all (average 12 measure-
ments/osteon) perpendicular distances between the Haversian
canal boundary and the outer edge of the circular osteon. More-
over, cortical pore area comprised both composite and complete
Haversian canals (Dempster et al. 2013). The former refers to the
canal of composite osteon created by adjacent osteonal clustering
and merging (Bell et al. 2000). The latter is the canal of complete
osteons which consists of typical concentric lamellae and cement
line (Tong et al. 2017). The cortical porosity [Ct.Po (%)] was calcu-
lated as the ratio of pore area divided by Ct.Ar. The porosity of
composite canals [Ct.Po; (%)] was calculated separately in addition
to overall cortical porosity [Ct.Po, (%)]. The composite canal num-
ber per cortical bone area [N.Po/Ct.Ar (#mm?)] was also deter-
mined.

© 2017 Anatomical Society



Osteocyte analysis

In each quadrant, 10 microscopic fields were selected randomly as
the region of interest (ROI: 0.55 mm? for each), with two separate
image types captured for each field. Phase contrast microscopy was
used to measure total osteocyte lacunae, and epifluoresence micro-
scopy to quantify osteocyte lacunae containing stained cell nuclei
(Power et al. 2001). Images were scale-calibrated (1587 pixels mm~")
with Imace) (Version 1.48, National Institutes of Health, USA). Quan-
tification of total number of osteocyte lacunae and osteocyte per
cortical bone area (0.55 x 10 x 4 = 22 mm? for complete sample
analysis and 0.55 x 10 = 5.5 mm? for regional analysis) were semi-
automatically performed on phase contrast and fluorescent images,
respectively (Fig. 2). The related parameters included osteocyte lacu-
nar number per cortical bone area [N.Ot.Lc/Ct.Ar (#mm?)] and
osteocyte number per cortical bone area [N.OVCt.Ar #mm?)].
Accordingly, the proportion of osteocytes remaining in their lacunae
[Occupancy (%)] was determined as the ratio of N.Ot. over N.Ot.Lc.

Correlations between cortical microarchitectural
characteristics and osteocytic parameters

The association between the cortical bone parameters and osteo-
cytic parameters was studied at the complete sample level. The
related cortical bone parameters included: Ct.Ar/B.Ar, Mean Ct.Wi,
Ps.Pm, Ec.Pm, On.Pm, N.On/Ct.Ar, H.Ar, H.Pm, N.Po/Ct.Ar, Ct.Po,,
Ct.Po,.

Statistical analysis

The Shapiro-Wilk test was used to determine whether the data
were normally distributed. Variations of histomorphometric and
osteocytic parameters between age groups (young and old) were
statistically evaluated by independent t-tests. Analysis of covariance
(general linear model) was used to adjust for subject height and
weight (Petit et al. 2008). As the x50 magnification data of four
anatomical quadrants was normally distributed and sample sizes
were equal (n = 20/region), one-way analysis of variance (anova) fol-
lowed by post hoc multiple comparison Tukey-HSD tests were used

Fig. 2 Each microscopic field (0.55 mm? for
each) was selected randomly, capturing two
separate image types, phase contrast (A) and
fluorescent (B) images, respectively.
Quantification of total osteocyte lacunae and
osteocytes per cortical bone area were semi-
automatically performed. 1: Haversian canals,
2: artificial cracks.
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to identify the regional differences of cortical width. Analyses of
histomorphometric parameters and variations of osteocyte parame-
ters between the anatomical quadrants at x 100 magnification were
statistically evaluated by the Kruskal-Wallis test followed by multi-
ple comparison Mann-Whitney tests, due to the regional non-nor-
mal data distribution. The Bonferroni correction was applied in the
multiple comparison cases. In addition, the relationship between
cortical bone and osteocytic parameters was assessed by Pearson’s
correlation coefficient. All analyses were performed using sss statis-
tical software (version 21, SPSS, Chicago, IL, USA). P-values < 0.05
were considered to be statistically significant.

Results

Age association of cortical characteristics

No significant differences in cortical microarchitectural char-
acteristics were found between the two age groups
(< 50 years and > 50 years) either before or after the adjust-
ment for height and weight (Table 2). Ct.Po; and Ct.Po,
were both positively correlated with age (P < 0.05) and no
significant correlations were found between age and other
cortical parameters.

Regional differences of cortical properties

The cortical width varied significantly in four anatomical
quadrants (P < 0.001). The cortical widths in the medial and
lateral quadrants were significantly higher than those
detected in the anterior and posterior quadrants (P < 0.01;
Fig. 3). This reflects the difference in strain pattern and
strength between quadrants.

Analysis of cortical microstructure in each of the investi-
gated quadrants revealed significant differences between
the posterior and other regions. There were no marked dif-
ferences in cortical parameters between lateral, medial and
anterior quadrants (Table 3, Fig. 4).

< Osteocyte

Epifluorescence
microscopy
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Table 2 Magnification at x50 and x 100 of cortical bone parameters of the subtrochanteric femoral shaft in two age groups (< 50 years,
> 50 years). Mean values (standard deviation) are shown.

Parameters Age <50 (n =12) Age > 50 (n = 8) P Py Py

x50 magnification
Ct.Ar (mm?)’ 386.6 (52.4) 376.4 (76.0) 0.748 0.254 0.331
Ct.Ar/B.Ar (%)? 58.9 (10.1) 55.0 (11.1) 0.435 0.108 0.277
Ps.Pm (mm)3 104.2 (7.2) 108.7 (9.9) 0.294 0.660 0.705
Mean Ct.Wi (mm)* 5.2 (1.0) 4.8 (1.1) 0.482 0.058 0.254
Ant. Ct.Wi (mm)® 4.5 (1.0) 4.5 (0.9) 0.953 0.335 0.690
Post. Ct.Wi (mm)® 4.0 (1.1) 3.6 (1.6) 0.536 0.142 0.278
Medial. Ct.Wi (mm)’ 5.9 (0.9) 5.4 (1.1) 0.383 0.469 0.441
Lateral. Ct.Wi (mm)® 5.7 (1.1) 5.5 (0.9) 0.535 0.057 0.061
Ec.Pm (mm)°® 93.9 (17.9) 105.6 (30.4) 0.347 0.155 0.308

x 100 magnification
On.Ar/Ct.Ar (%)"° 14.6 (3.1) 15.2 (3.5) 0.139 0.074 0.112
on.Pm (um)™! 658.7 (37.3) 663.1 (30.3) 0.973 0.974 0.974
Min.On.Dm (um)'? 155.5 (8.1) 155.8 (7.6) 0.806 0.989 0.907
Max.On.Dm (um)'3 201.1 (11.9) 201.8 (8.2) 0.864 0.839 0.855
W.Wi (um)'™ 71.5 (4.1) 70.7 (5.1) 0.526 0.823 0.644
N.On./Ct.Ar (#mm?)"> 6.2 (1.2) 6.2 (1.0) 0.749 0.825 0.716
H.Ar (um?)'® 1413.4 (209.3) 1514.8 (173.2) 0.254 0.095 0.143
H.Pm (um)"’ 164.8 (12.2) 167.9 (11.2) 0.077 0.058 0.055
N.Po./Ct.Ar (#/mm?)'8 151.3 (47.4) 186.8 (34.1) 0.236 0.418 0.244
Ct.Po; (%)"° 4.4 (0.7) 5.4 (1.9) 0.087 0.057 0.069
Ct.Po, (%)%° 4.2 (0.7) 5.3 (1.9) 0.079 0.056 0.068

P was obtained with an independent t-test. P, and Py, were obtained with a general linear model (univariate procedure) for height and
weight adjustments, respectively. 'Cortical Bone Area (mm?). 2Cortical Bone Area/Bone Area (%). 3Periosteal Perimeter (mm). “Mean Cor-
tical width (mm). *Anterior Cortical width (mm). ®Posterior Cortical width (mm). "Medial Cortical width (mm). 8Lateral Cortical width
(mm). °Endocortical Perimeter (mm). '°Osteonal Area/Cortical Bone Area (%). '"Mean Osteonal Perimeter (um). '?Min Osteonal Diameter
(um). "*Max Diameter Diameter (um). *Mean Wall Width (um). ">Osteon Number per Cortical Bone Area (#/mm?). "®Haversian canal Area
(um?). "Mean Haversian canal Perimeter (um). '®Pore Number/Cortical Bone Area (#/mm?) (complete Haversian canal excluded). '°Corti-

cal Porosity, (%) (complete Haversian canal excluded). 2°Cortical Porosity, (%) (complete Haversian canal included).

Age-association of osteocytic parameters

In complete sample level, each osteocytic parameter were
analyzed (Table S1). The N.Ot.Lc/Ct.Ar was higher in the
group of young subjects (< 50 years) than in the group of
old subjects (> 50 years; Fig. 5) both before and after
adjustments for body height and weight (P < 0.05). The
N.Ot.Ld/Ct.Ar was also found to correlate negatively with
age (P < 0.05). N.Ot/Ct.Ar and Occupancy showed no signif-
icant variations between the two age groups and no signifi-
cant age-association.

Regional differences of osteocytic parameters

No significant differences in osteocytic parameters were
found between the anatomical quadrants (data not shown).

Relationship between cortical structural

characteristics and osteocytic properties

The N.Ot/Ct.Ar and Occupancy were both positively corre-
lated with Ct.Ar/B.Ar and Mean Ct.Wi, but negatively

correlated with PsPm and EcPm (0.29 <R? < 0.35,
P < 0.05). The N.Ot.Lc/Ct.Ar was found to be negatively cor-
related with Ps.Pm, N.Po/Ct.Ar and both Ct.Po
(0.20 < R? < 0.29, P < 0.05; Table 4).

Discussion

Although the proximal femur has been studied actively, his-
tomorphometric and osteocytic properties of the sub-
trochanteric region have rarely been investigated. In the
present study, we examined the histological and osteocytic
properties of cortical bone structure within complete sub-
trochanteric femoral shaft cross-sections from healthy male
cadavers. The age-associated variations as well as differ-
ences between the anatomical regions were determined.
Significant differences in osteon and pore-related param-
eters between the anatomical quadrants were revealed.
This study of normal male cadavers could not find any histo-
morphometric evidence to explain why the lateral sub-
trochanteric femoral cortex is most often affected in AFF.
However, in most parameters, the posterior region differed
from the others. The posterior cortical width was lower

© 2017 Anatomical Society



*
* * *
; had
B
é 6
=
=
= 4 1
=
6 2
0
ANT MED POST LAT

¢ Significant difference between anatomical
quadrants (P < 0.01, Tukey HSD)

Fig. 3 Mean values of cortical width in four anatomical quadrants of
the subtrochanteric femoral shaft (n = 20). The error bars indicate the
standard deviation of the mean (SD). The cortical widths in the medial
and lateral quadrants were significantly higher than those detected in
the anterior and posterior quadrants (P < 0.01).

than that of other three quadrants. The thinner cortex may
explain the lower osteonal area and osteon number in pos-
terior quadrant compared with the other areas. The cortical
pore-related parameters (N.Po/Ct.Ar; both Ct.Po) in the pos-
terior quadrant were higher than those in other quadrants.
This is in line with the previous studies (Chen et al. 2010;
Chappard et al. 2013) and suggests that the higher porosity
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in the posterior quadrant was caused by the increase in
both dimension and quantity of the pores. Further, the
H.Pm was highest in the posterior quadrant. The expansion
of the Haversian canals increases both their perimeter and
the cortical porosity (Bell et al. 1999). Therefore, our find-
ings may aid to reveal the underlying morphometric mecha-
nism of higher porosity in the posterior region of
subtrochanteric femoral shaft.

At the femoral shaft, an increased periosteal apposition
compensates the bone loss caused by the endocortical
resorption with age. This effect seems to be least on the
posterior surface (Szulc et al. 2006). Minor periosteal appo-
sition may be an indication of low local loading and lower
osteon density (Skedros et al. 2001). Toughness of the
femoral shaft in tension has also been shown to depend
positively on the osteon density (Yeni et al. 1997). In the
present study, the lowest osteonal area and density in pos-
terior subtrochenteric femoral shaft cortex provide new evi-
dence for the skeletal remodelling that adjusts the bone
structure to meet different load requirements (Mori & Burr,
1993).

The N.Ot.Ld/Ct.Ar was higher in young subjects than in
the older ones. This age-associated decline in osteocyte
lacunar density is in line with previous studies indicating
risks for the structural integrity of bone (Reilly, 2000;
Vashishth et al. 2000). Osteocyte density has been sug-
gested to be related to the biomechanical quality of bone
(Ma et al. 2008) and also correlates with the initiation and
propagation of microdamage (Qiu et al. 2005). Decreased
osteocytic number can result in the deterioration of canalic-
ular fluid flow and reduced ability to detect microdamage,
leading to increased bone fragility (Burger et al. 2003; Qiu
et al. 2003; O'Brien et al. 2004). According to Busse et al.

Table 3 The median values (standard error) of x 100 magnification of cortical bone parameters in quadrants of the subtrochanteric femoral shaft.

Parameters MED ANT LAT POST H (df) P
On.Ar/Ct.Ar (%)’ 15.5 (0.8) 15.3 (0.7) 14.6 (0.8) 12.6 (0.8)* 11.4 (3) 0.01
on.Pm (um)? 652.1 (9.3) 667.1 (8.3) 644.0 (9.3) 667.8 (12.0) 2.0 (3) 0.564
Min.On.Dm (um)3 153.2 (2.2) 159.2 (2.0) 155.2 (2.0) 157.1 (2.8) 1.9 (3) 0.601
Max.On.Dm (um)* 200.0 (2.9) 202.3 (2.5) 195.9 (3.0) 206.0 (3.8) 3.8 (3) 0.285
W.Wi (um)® 71.1 (1.1) 72.2 (1.1) 70.4 (1.1) 71.1 (1.4) 0.2 (3) 0.973
N.On/Ct.Ar (#/mm?)® 92.5 (3.6) 93.0 (3.8) 99.5 (4.6) 78.0 (4.1)* 13.0 (3) 0.005
H.Ar (um?)’ 1340.0 (76.2) 1515.4 (47.8) 1284.2 (55.9) 1638.7 (68.4)" 9.8 (3) 0.021
H.Pm (um)® 163.1 (4.0) 168.0 (2.9) 158.5 (3.6) 176.9 (4.1)* 10.7 (3) 0.014
N.Po/Ct.Ar (#/mm?)° 43.0 (2.9) 37.0 (2.7) 37.0 (2.9) 48.5 (2.3)* 18.9 (3) <0.05
Ct.Poq (%) 2.8 (0.4) 3.0 (0.3) 2.7 (0.6) 5.3 (0.4)* 213 (3) <0.001
Ct.Po, (%)" 3.9 (0.4) 4.0 (0.3) 3.6 (0.6) 6.1 (0.4)* 20.0 (3) <0.001

'Osteonal Area per Cortical Bone Area (%). 2Mean Osteonal Perimeter (um). 3Min Osteonal Diameter (um). “Max Diameter Diameter
(um). *Mean Wall Width (um). ®Osteon Number per Cortical Bone Area (#mm?). "Haversian canal Area (um?). 8Mean Haversian canal
Perimeter (um). °Pore Number per Cortical Bone Area (#/mm?) (complete Haversian canal excluded). "°Cortical Porosity; (%) (complete
Haversian canal excluded). "'Cortical Porosity, (%) (complete Haversian canal included). P-values were obtained with the Kruskal-Wal-
lis test. Significance differences (P < 0.05) are highlighted in bold. *Significant difference as compared with the other three quadrants.
Significant difference as compared with lateral quadrant. *Significant difference as compared with anterior and lateral quadrants.
The post hoc multiple comparison was performed with Mann-Whitney tests.
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Fig. 4 The x 100 magnification cortical parameters of the subtrochanteric femoral shaft showed significant differences in pairwise comparisons
between anatomical quadrants (P < 0.05). The error bars indicated the standard error of the mean (SEM).

O Osteocyte lacunae

(2010), at the proximal diaphysis, compared with the perios-
teal region, endocortical bone shows a higher number of
hypermineralized lacunae and a lower number of total
lacunae. This corresponds with the microarchitectural char-
acteristic that the endocortical surface is affected by more

— 2000 pm

Fig. 5 Cortex of the subtrochanteric femoral
shaft shows the variation of osteocyte lacunar
number per cortical bone area in each age
group (young: A, < 50 years; old: B,

> 50 years). Osteocyte lacunae (circled in red)
was higher in the group of young subjects (A)
than in the group of old subjects (B). 1:
Haversian canals, 2: cortical pores. M: medial;
P: posterior; L: lateral; A: anterior.

impaired bone remodelling and much less load than the
periosteal surface (Beck et al. 2000; Tanck et al. 2006). Like-
wise, our finding that N.Ot/Ct.Ar and Occupancy were posi-
tively correlated with Ct.Ar/B.Ar and Mean Ct.Wi may also
be explained by microarchitectural features. As thicker

© 2017 Anatomical Society
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Table 4 Significant correlations between osteocytic parameters and cortical bone parameters of the subtrochanteric femoral shaft.

Ct.Ar/B.Ar Mean Ct. Ps.Pm Ec.Pm N.Po./Ct.Ar Ct.Po, Ct.Po,
(%)’ Wi (mm)? (mm)3 (mm)* (#/mm?)°® (%)® (%)
Parameters r P r P r P r P r P r P r P
N.Ot.Lc./Ct.Ar 0.308 0.186 0.215 0.364 -0.483 0.031 -0.411 0.072 -0.508 0.022 -0.45 0.047 -0.485 0.030
(#/mm?)8
N.Ot./Ct.Ar (#mm?)° 0.567 0.009 0.466 0.038 —0.531 0.016 —0.591 0.006 —0.322 0.167 —0.26 0.268 —0.261 0.267
Occupancy (%)'° 0.542 0.014 0.452 0.046 —-0.462 0.041 -0.539 0.014 -0.124 0.603 —-0.043 0.857 -0.029 0.904

P-values were obtained with Pearson’s correlation coefficient. Significance differences (P < 0.05) are highlighted in bold. Cortical
Bone Area per Bone Area (%). 2Mean Cortical Width (mm). 3Periosteal Perimeter (mm). “Endocortical Perimeter (mm). *Pore Number
per Cortical Bone Area (#/mm?). ®Cortical Porosity; (%) (complete Haversian canal excluded). “Cortical Porosity, (%) (complete Haver-
sian canal included). 80Osteocyte Lacunar Number per Cortical Bone Area (#/mm?). °Osteocyte Number per Cortical Bone Area (#/mm?).

%Occupancy (%).

cortex offers more surfaces on which cortical remodelling
may occur, recently formed and rapidly remodelled bone
could favour osteocyte survival, leading to higher osteocyte
occupancy (Bonewald, 2011).

Moreover, osteocyte apoptosis-induced lacunar hyper-
mineralization with age (Noble, 2003) would potentially
weaken the anti-osteoclastogenic function in osteocyte via-
bility, leading to greater cortical porosity (lwamoto et al.
2010) and increased skeletal fragility (Verborgt et al. 2000).
This may explain, at least in part, why the cortical bone
porosity accumulates with age, but also indicates the likeli-
hood of an indirect relationship between the osteocyte
lacunar density and cortical porosity. In the present study,
we found that the N.Ot.Lc/Ct.Ar correlated negatively with
the N.Po/Ct.Ar and both Ct.Po. As cortical porosity was
increased with age (Bousson et al. 2001) and composite
Haversian canals also tended to be found more in the older
group, the age-dependent variation of osteocyte lacunar
density is consistent with the changes of pore-related corti-
cal parameters during adulthood in the male.

In the present study, there were no significant variations
of osteocytic parameters between the anatomical quad-
rants of the subtrochanteric femoral shaft. This seems
inconsistent with the studies carried out by Carter et al.,
who demonstrated that there was a dramatic difference in
osteocyte lacunar density between regions of proximal
femora shaft (Carter et al. 2013, 2014). However, unlike the
ages of our subjects, spanning the entire male adulthood,
all their samples came from relatively young men between
the ages of 20 and 35. Therefore, the anatomical region-
associated variations may be more characteristic of young
bone.

There are some limitations to this study. Firstly, the long-
term changes in cortical dimensions and architecture cannot
be excluded, as this was a cross-sectional study. Secondly,
only male subjects were studied. Thirdly, the moderate
number of subjects within each age group means that the
power of the study to demonstrate statistically significant
differences is comparatively low.

© 2017 Anatomical Society

Conclusion

This study indicates that the cortical histomorphometric
parameters differ between the anatomical regions of the
subtrochanteric femoral shaft, and are correlated with the
osteocytic parameters from the same site. Further studies
are needed to investigate whether the variations are
related to morphometric changes that might predispose to
subtrochanteric fractures.
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