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Osteogenic Potential of Bone Callus: A Cross-sectional Study on
Microscopic Structure and Healing Stages

Sundip Hemant Charmode', Abhishek Kumar Mishra’, Simmi Mehra'

Learning Point of the Article:
In fracture patients undergoing ORIF, bone callus shows age-dependent osteoblast density and trabecular microarchitecture, being most
pronounced in younger individuals, suggesting age-related autograft potential.

Introduction: Bone callus formation is a critical phase of post-fracture osseous regeneration. Despite extensive animal-model research, human
histological data characterizing the osteogenic and osteoconductive microstructure of bone callus across different age groups and genders
remain sparse. This study aimed to evaluate the microscopic structure of bone callus with a focus on osteoblast density and osteoconductive
parametersin fracture patients ata tertiary care center.

Materials and Methods: This cross-sectional observational pilot study analyzed bone callus samples from 10 of 23 recruited fracture patients
(>18 years) who underwent open reduction and internal fixation at All India Institute of Medical Sciences, Rajkot. Samples were collected
intraoperatively, processed, and stained with hematoxylin and eosin. Five osteoconductive variables — osteoblast density, trabecular thickness,
trabecular spacing, trabecular number, and bone volume fraction — were quantified using Image analysis software (NIH, USA) and compared
across gender and two age groups (15-24 years vs. 25-64 years). An adult carpal bone (lunate) served as a control. Statistical comparison used
the unpaired Student’s t-test (Statistical Package for the Social Sciences v16.0).

Results: Male callus exhibited higher osteoblast density (426.7 £ 19.0vs. 402.5 +23.1 N/mm2) and bone volume fraction (54.6 £ 3.0%vs. S1.5
+ 2.7%) than female samples, though not statistically significant (P > 0.05). The younger age group (15-24 years) demonstrated higher
osteoblast density (431.3 + 8.5 N/mm?2), trabecular thickness (0.49 + 0.03 mm), trabecular number (1.74 + 0.06 N/mm), and bone volume
fraction (57.3 £2.5%) than the middle-aged group (25-64 years), without reaching statistical significance (P > 0.05). Both callus groups showed
higher osteoconductive parameters compared to the adult control bone (lunate).

Conclusion: Bone callus in younger individuals showed numerically higher osteogenic microstructural parameters than middle-aged
counterparts, although these pilot-phase differences did not reach statistical significance in this small cohort (n = 10), and all callus samples
showed greater osteoblast activity than mature adult bone. These preliminary histological findings suggest — but do not establish — a potential
role for bone callus as an autograft material; confirmation of its osteogenic/osteoconductive efficacy will require larger confirmatory cohorts
and immunohistochemical, micro-computed tomography, and clinical/experimental validation in the continuation phase of the study.
Keywords: Bone callus, osteoblasts, osteoconductive variables, trabecular structure, fracture healing, bone volume fraction, bone remodeling,
image analysis software (NIH, USA) analysis.
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Introduction

Bone callus formation genesis represents a cardinal phase in
post-fracture osseous regeneration, predominantly
orchestrated by immunocytes and immunomodulatory
cytokines, synergizing with osteoprogenitor cells and
osteoinductive trophic factors such as bone morphogenetic
proteins (BMPs), platelet-derived growth factor, and
transforming growth factor-beta [ 1]. The paradigm crystallized
within the osteoimmunological domain repudiates the
antecedent dogma asserting that callus augmentation is
dictated solely by osteoblastic/osteoclastic proliferation and
functionality. Inmunocompetent mediators including M1/M2
polarized macrophages, polymorphonuclear leukocytes, T
lymphocytes, and B lymphocytes infiltrate the fracture
hematoma, elaborating receptor activator of nuclear factor
kappa-B-ligand (RANKL), interleukin (IL)-6, tumor necrosis
factor-alpha (TNF-a), IL-17, IL-10, and interferon-gamma to
mediate debris phagocytosis, mesenchymal stromal cell
chemotaxis, cartilaginous callus morphogenesis, and
equilibrated remodeling dynamics [1]. Proinflammatory M1
macrophages and neutrophils initiate RANKL-driven
osteoclastogenesis through T/NK cell interplay at inception,
whereas reparative M2 phenotypes, regulatory T cells, and
Bregs through IL-10 hegemony induce inflammatory
resolution, facilitating endochondral mineralization;
dysregulation engenders non-union.

Bone callus is being recently evaluated for its potential role as
autograft material [1]. Nakase et al. achieved satisfactory
therapeutic outcomes for non-union fractures by performing in
situ grafting of excised bone callus followed by external fixation
[2]. We have limited knowledge about the immune cells, pro-
inflammatory cytokines, and senescent markers (p16 and p-
galactosidase) slowing bone regeneration in the elderly.
Samakkarnthai et al. and Hambright et al. suggested in their
respective studies that modulating the immune
microenvironment can promote bone regeneration, but the
underlying mechanisms remain unclear [3, 4]. Hence, it is
imperative to study the role of bone cells, immune cells,
osteoinductive growth factors, pro-inflammatory cytokines,
and senescent markers by histological and subsequently by
immunohistochemical and micro-computed tomography
(uCT) analyses.

In this study, the microscopic structure of bone callus was
analyzed with a focus on osteoblasts and osteoconductive
structure in fracture patients reporting to the orthopedic
outpatient department (OPD). It also assessed changesin callus
microstructure across different age groups and time periods
after injury. The present article reports the preliminary pilot-
phase findings based on the first ten adequately processed

samples from the initial 23 recruited participants, laying the
methodological framework for the continuation phase of the
study.

Materials and Methods
Studydesign and setting

This cross-sectional observational study of 2-year duration was
conducted in the Department of Anatomy in collaboration with
the Department of Orthopaedics at the All India Institute of
Medical Sciences (AIIMS), Rajkot. AIIMS, Rajkot, is a tertiary-
level medical institution recognized as an Institute of National
Importance by the Government of India, offering high-quality
patient care in the Saurashtraregion. The aim of the study was to
observe the microscopic structure of bone callus, focusing
primarily on the density of osteoblasts and the osteoconductive

structure in patients with fractures reporting to the orthopedic
OPD.

Ethicalapproval and trial registration

Ethical clearance was obtained from the Institutional Ethics
Committee (IEC) of AIIMS, Rajkot (Protocol ID:
D/NE/57/2024; OW. No.: AIIMS/Rajkot/6th IEC/FB/18
dated February 04th, 2025) (Annexure A). The study was
prospectively registered with the Clinical Trials Registry — India
(CTRI) with the registration number CTRI/2025/02/080391
on February 12,2025 (Annexure B).

Participants and sampling

Fifty patients were selected using simple random sampling from
among patients with fractures reporting to the orthopedic OPD
of AIIMS, Rajkot. Written informed consent was obtained from
each study participant. The study conducted by Kaur et al. was
taken as the reference study; based on it, a prevalence of self-
reported fracture of 2.4% and a precision of 1.2% was
considered [5].

P =2.4,Q=97.6, Precision (L) = 1.2% (one-half of prevalence)
with 95% confidence interval and power of the study: 80.0.
Sample size (n) = Z* x PQ/L*=(1.96)*x 2.4 x 97.6/(1.2)2 =
3.841x234.24/1.44

n=625.3/1.44=48.65= 50 (rounded up).

Eligibility criteria

o Inclusion: Patients aged 18 years and above; any bone
fractures treated with any modality of open reduction and
internal fixation (ORIF) with any type of fixation device;
secondary surgeries for internal fixation failures or
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hypertrophic non-union

« Exclusion: Patients under 18 years; fractures with infection,
brain injury, bone tumors, or systemic diseases; patients treated
withhormones, steroids, Vitamin D, or calcium.

Data collection methods

Patients were selected using the above eligibility criteria from
among those reporting to the Department of Orthopaedics and
written consent was obtained. Patient demographics and
medical/surgical history were collected using a specially
designed case report form. Bone callus samples were collected
by the orthopedic surgeon (co-investigator) intraoperatively
and brought to the histology laboratory. The samples were
processed and stained using standard histological methods in
the histology laboratory of the anatomy department [6]. The

Results

The estimated sample size for this study was calculated as 50
patients; however, in this article, we present the preliminary
observations based on the first 10 samples collected from the
first ten participants. The study of 2-year duration was divided
into a pilot phase (first 6 months) and a continuation phase
(remaining 18 months). Twenty-three participants were
recruited in the pilot phase, and their respective bone callus
samples were analyzed; only 10 samples were found adequate
with satisfactory microscopic findings. The remaining 13
samples were excluded from the study due to insufficient callus
tissue, inadequate processing quality, or unsatisfactory
histological characteristics and were discarded through the
institutional biomedical waste management protocol.

hematoxylin and eosin (H&E)-stained

specimens were photographed and
analyzed using Image analysis software
(NIH, USA) (Image]) software to
quantify osteoblast density, trabecular
thickness, trabecular number, trabecular
spacing, and bone volume fraction (bone
volume/total volume) [7]. The
osteoconductive variables were
compared with gender (male and female)
and different age groups - younger
(15-24 years), middle-aged (25-64 i

years), and older (>6S years). The e

variables assessed in the ten bone callus 036 |
samples (test samples) were compared =

with those of a control sample — an adult .
carpal bone (lunate).

Dataanalysis methods

Quantitative data were expressed as mean
+ standard deviation, and statistical
analysis was performed using the
Statistical Package for the Social Sciences
software, version 16.0 (IBM, Chicago, IL,
USA) [8]. Comparison of quantitative

last density (N/mm?) B) Gender and Trab
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thickness (mm)

TRABECULAR THICKNESS AND GENDER

i
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D) Gender and Trabecular number (N)
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data between the different age groups,

gender, and varying periods of reporting Figure 1: Gender-wise comparison of osteoconductive variables (a, b, ¢, d, €). Bar graphs illustrating the

was done using ana]ysis of variance mean values (+ SD) of five osteoconductive parameters in male (n = 7) and female (n = 3) bone callus

( ANOVA) and unpaire d Student’s t-test samples: (a) Osteoblast density (N/mm?2), (b) trabecular thickness (mm), (c) trabecular spacing (mm),
)

respectively. For the ANOVA test, a P <

(d) trabecular number (N/mm), and (e) bone volume fraction (%). Error bars represent standard
deviation. Statistical comparison was performed using the unpaired Student's t-test. NS: Not significant (P

0.01 was considered statistically 0.05). Male callus showed marginally higher osteoblast density and bone volume fraction compared to
Significant. For the t-test, a P < 0.05 was female samples; however, these differences did not reach statistical significance, attributed to the small
considered statistically significant; P > pilot sample size (n = 10). N/mm?2: Number per square millimeter, nm: Millimeter, N/mm: Number per

0.0S was reported as not significant.

millimeter, %: Percentage, SD: Standard deviation, M: Male, F: Female.
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Table 1: Demographic and clinical characteristics of study
participants (n=10)

Young age group Middle age group

Farameter (1524 years)  (25-64 years)
n 4 6
Gender (M:F) 03:01 04:02
Long bone (z=3),| Long bone (n=5),
Fracture type Short bone (n=1)| Short bone (n=1)
Fixation modality ORIF with ORIF/mtra.medullary
plate/screw nail
Reporting period after
- 241, A£2.1
injury (mean+SD, weeks) 6 3 8
Comorbidities None Hypertension (n=2),

Diabetes (n=1)
ORIF: Open reduction and internal fixation, SD: Standard
deviation. Age groups as per Statistics Canada classification
[9]. Comorbidities were recorded at the time of recruitment;
patients with active systemic disease or steroid/hormone use
were excluded as per eligibility criteria

Participant demographics

Of the ten adequate samples, seven were from male and three
from female patients. Four participants belonged to the young
age group (15-24 years) and six to the middle-aged group
(25-64 years). No participant from the older age group (>65
years) was recruited during the pilot phase. The mean reporting
period after fracture injury was 6.2 £ 1.5 weeks in the younger
group and 8.4 + 2.1 weeks in the middle-aged group. All patients
underwent ORIF. Demographic and clinical details are
summarized in Table 1.

Gender-wise comparison of osteoconductive variables

sample size (n = 10). These observations support the general
trend that osteoblast density correlates with trabecular density
andbone volume fraction.

Age-wise comparison of osteoconductive variables

The osteoconductive variables were studied and compared
across different age groups. (Table 3 and Fig. 2a, b, ¢, d, e)
display the age-wise comparison with calculated t and P-values.

Table 3 shows that the younger age group (15-24 years)
displays higher mean values of trabecular thickness, trabecular
number, bone volume fraction, and osteoblast count, consistent
with superior bone remodeling and callus quality. The middle-
aged group (25-64 years) has slightly reduced
microarchitectural parameters, suggesting a normal age-related
decline. These differences were not statistically significant (P >
0.05), again likely due to the small sample size.

Comparison of test samples with control adult bone

Osteoconductive variables in the ten test samples were
compared with the adult bone control (lunate). Fig. 3 displays
the callus microscopic features in the younger, middle-aged,
and control samples. A quantitative comparison of
osteoconductive variables between test samples and control is
presentedin Table 4.

Both young and middle-aged bone callus groups demonstrated
consistently higher osteoconductive parameters compared to
the quiescent adult control bone (lunate), confirming that bone
callus — irrespective of age — retains significantly greater
osteogenic activity than mature cortical bone. Young callus
showed the highest values across all parameters, underscoring
the age-dependent gradient in regenerative potential (Table 4

The osteoconductive variables — osteoblast
density, trabecular number, trabecular
thickness, trabecular spacing, and bone volume
fraction — were studied and compared by
gender. (Table 2 and Fig. 1a, b, ¢, d, e) display

the gender-wise comparison with calculated t

and P-values.

Table 2 shows that male callus samples
exhibited slightly higher osteoblast density

(426.7 £ 19.0 N/mm?2) than female
counterparts (402.5 + 23.1 N/mm2) and

higher bone volume fraction in males (54.6 +
3.0%) than females (51.5 * 2.7%), indicating

more active osteogenesis, possibly due to
higher bone turnover. The differences between

male and female samples were not statistically

Table 2: Gender-wise comparison of osteoconductive variables (»=10)
Variables Gender Mean+SD t-value P-value
Osteobl b - Male 426.7+19.0 1.57 0.15 (NS)
steoblasts number (N/mmni) Fomale 40255231
. Male 0.46+0.04 0.32 0.76 (NS)
T lar thickn
rabecular thickness (mm) Temale 0.4420.03
. Male 0.34+0.03 0.87 0.41 (NS)
T 1
rabecular spacing (mm) Female 0.3620.02
+
Trabecular number (N/mm) Male 1.67+0.06 0.94 0.37 (NS)
Female 1.61+0.05
Bone volume fraction (%) Male 54.6£3.0 1.48 0.17 (NS)
Female 51.5+£2.7
SD: Standard deviation, NS: Not significant (P>0.05). Statistical comparison by
unpaired Student's t-test. N/mnf = number per square millimeter; mm:
millimeter; N/mm: number per millimeter. Male n=7, Female n=3

significant (P > 0.05), likely due to the small
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Figure 2: Age-wise comparison of osteoconductive variables (a, b, ¢, d, €). Bar graphs comparing mean
values (£ SD) of five osteoconductive parameters between two age groups — young (15-24 years,n =4)
and middle-aged (25-64 years, n = 6) bone callus samples: (a) osteoblast density (N/mm2), (b)
trabecular thickness (mm), (c) trabecular spacing (mm), (d) trabecular number (N/mm), and (e) bone
volume fraction (%). Error bars represent standard deviation. Statistical comparison was performed
using the unpaired Student’s t-test. NS: Not significant (P > 0.05). The younger age group (15-24 years)
demonstrated consistently higher mean values across all osteoconductive parameters compared to the
middle-aged group (25-64 years), indicating a superior osteogenic and osteoconductive
microenvironmentin youngerindividuals. The absence of statistical significance is attributed to the small
pilot samplesize (n=10).N/mm2: Number per square millimeter, mm: Millimeter, N/mm: Number per
millimeter, %: Percentage, SD: Standard deviation, M: Male, F: Female, Y: Young (15-24 years), M:

Middle-aged (25-64 years).

and Fig. 3).

Discussion

There is a paucity of human studies examining the microscopic
structure of bone callus, as most callus studies have been
conducted in animal models. In addition, there is a dearth of
studies focusing on the osteogenic potential of bone callus in
different age groups and at varying reporting periods after
fracture injury. Han et al. studied the osteogenic potential of
bone callus in a nude mouse model and reported that early
callus showed regular trabecular morphology, whereas middle-
and late-stage callus showed mature lamellar bone. They
observed that osteoblast density was highest in early bone callus

B) Age and Trabecular thickness (mm)

Trabecular thickness and Age

e thickmess [mm)

D) Age and Trabecular number (N)

Trabecular number and Age

compared to the late stage; trabecular
number, spacing, and thickness decreased
with time from early to late callus [1]. Our
study findings were consistent with those
of Hanetal.

Cohn Yakubovich et al. in their study on
————  immunosuppressed rats reported that
on intermittent parathyroid hormone (PTH)
therapy promotes migration of
systemically administered hematopoietic
mesenchymal stem cells and induces
osteogenic differentiation, resulting in rib
fracture repair. Ribs healed through PTH
therapy were found to be stiffer than intact

non-fractured ribs [ 10].

Wen et al. studied the microstructure of
non-unions of human humerus shaft
fractures using scanning and transmission
electron microscopy and observed that the
non-union fracture had a trabecular
structural framework similar to that of
woven bone. They concluded that non-
crystalline calcium phosphate deposition
and inadequate mineralization of collagen
fibers are the two characteristic features
seen in non-unions of human humerus
shaft fractures, distinct from normally
repaired bone callus [11]. Our study
observations are consistent with this
theory.

Yangetal. studied 36 male Sprague-Dawley
rats and observed that application of
recombinant BMP-2 at the completion of
the rapid distraction period significantly
increased the osteogenic process of bone
callus [12]. Cattaneo et al. studied
approximately 6 samples of fracture bones
from cadavers with known time of survival between injury and
death and reported that the presence of blood clots and red
blood cell residues on the margins of fractured fragments
strongly indicates vital reaction and active bone healing [13].
Cui et al. confirmed that sclerostin antibody (Scl-Ab) promotes
fracture healingin rodent and non-human primate models [ 14].
Iwamoto et al. observed that marrow stromal cells at fracture
sites of human long bones differentiate into polygonal cells with
higher alkaline phosphatase activity and that these polygonal
cells secrete calcified matrixin bone callus [15].

The present preliminary findings, although based on a small
pilot cohort, provide a histological foundation for the
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quantity, processing artifacts, or
unsatisfactory histological quality, leaving
only 10 evaluable samples for analysis. This
high attrition substantially limits statistical
power and the generalizability of the reported
findings; the non-significant P-values
obtained for most comparisons should
therefore not be interpreted as evidence of
true equivalence between groups but rather
reflect the limited power of this pilot cohort to
detect real differences. All between-group
comparisonsin this report should be regarded
as hypothesis-generating observations rather
than confirmatory findings, pending

Table 3: Age-wise comparison of osteoconductive variables (n=10)
Variables Age group Mean+SD  #-value and P-value
Osteoblast 15-24 =4 431.3+8.5

, years (n=4, young) 1=2.18, P=0.18 (NS)
number (/mni) |25-64 years (n=6, middle)| 395.0+20.4
15-24 0.49+0.03
Trabecular years (y(.)ung) 1=1.76, P=0.22 (NS)
thickness (mm)|  25-64 years (middle) 0.43+0.04
15-24 0.33+0.01
Trapecular years (yf)ung) 1=1.95. P=0.19 (NS)
spacing (mm) | 25-64 years (middle) 0.3640.03
15-24 1.74+0.06
Trabecular years (y9ung) 1=2.10, P=0.17 (NS)
number (N/mm)  25-64 years (middle) 1.58+0.09
15-24 57.3%2.5
Bone volume years (young) 1=2.26, P=0.16 (NS)
fraction (%) 25-64 years (middle) 50.9+£3.8
SD: Standard deviation, NS: Not significant (P>0.05). Statistical comparison by
unpaired Student'sz -test. Older age group (=65 years) absent in pilot sample.
All P>0.05 attributed to small pilot sample size; continuation phase (»=50)
expected to demonstrate statistical significance

validation in the full cohort of 50 participants
planned for the continuation phase.

A related concern is potential selection bias:
Only patients who underwent ORIF and who

yielded a callus specimen of adequate quantity

continuation phase of this study, where a complete sample of 50
participants — including the older age group (>65 years) — will
be analyzed. The total planned sample size for this study is 50
participants; 10 have been analyzed and are reported here, and
recruitment and analysis of the remaining participants are
ongoing, with completion anticipated by March 2027.
Furthermore, the identification of osteoblast-rich callus in
younger patients supports the future application of
immunohistochemical analysis for cytokines (TNF-a, IL-6, IL-
10) and senescence markers (p16, B-galactosidase) to delineate
the molecular underpinnings of age-dependent differences in
fracture healing. puCT analysis is planned to provide three-
dimensional quantification of trabecular architecture,

and histological quality were retained in the
final analytic sample. Patients with smaller, fragmented, or
technically unsuitable callus — who may represent a biologically
or clinically distinct subgroup, for example those with more
comminuted fractures, poorer healing, or technically difficult
surgery — were systematically excluded. This non-random
attrition may have biased the study population toward callus
samples with more favorable histological characteristics,
potentially overestimating the apparent osteogenic quality of
bone callusreported here.
The cross-sectional design constitutes a further important

limitation. Each participant contributed a single callus
specimen obtained at one time point, precluding longitudinal

corroborating and extending the two-

dimensional histomo rph ometric | Table4: Comparison of osteoconductive variables: Test samples versus control adult bone (lunate)
findings reported herein. The Variables 31{21_1;1:! callus Mlcgle;:ged callus Cm;trol (adult Tl
methodological constraints of this ( piEs)I B G om i PCAES) (1)

. . . . . Osteoblasts number .
pilot-phase analysis — including its (Nimi) 431.348.5 395.0+20.4 310.2+15.6 | Young>Middle>Control
limited sample size, single-stain Trabecalar thickn b a

rabecular thickness rogressive decrease

i -di i i 49+0. .43+0. .39+0. .
histology, and two-dimensional image (mm) 0.49+0.03 0.43+0.04 0.39+0.02 with age
analysis — are discussed in detail in - o
Secti imifat Trabecular spacing 0.33£0.01 0.36£0.03 0.4120.03 Progresslve increase

ection S (limitations). (mm) with age

Trabefﬁif‘;ﬁ‘)‘mber 1.74+0.06 1.58+0.09 1.4240.07 | Young>Middle>Control
Limitations B 1mo fracti At P .

one volume fraction| ctive callus>quiescen
This pilot-phase study is limited (%) 37:342:5 209438 4473 bone
primarily by its very small effective Control=Adult carpal bone (lunate) from age-matched cadaveric specimen. Values expressed as
s ample size. Of the 23 patients meanztstandard deviation. Both young and middle-aged callus samples demonstrated higher
recruited durine the 6-month pilot osteoblast density, trabecular thickness, trabecular number, and bone volume fraction compared to

8 o P adult control bone, consistent with the active osteogenic phase of fracture healing. Bone volume

phase, 13 (56.5%) were excluded fraction expressed as percentage

because of inadequate callus tissue
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Control adult bone

Young-age group (15-24 yrs) Middle-age group (25-64 yrs)

Figure 1: Microscopic comparison of bone callus specimens with control adult bone (hematoxylin and eosin
[H&E], x10 and x40). Photomicrographs illustrating the histological features of bone callus and control
bone stained with H&E: (a) younger age group (15-24 years); (b) middle-aged group (25-64 years); (c)
control adult carpal bone (lunate). Panel A (young callus): Active bone remodeling with abundant
osteoblasts lining the trabeculae, a prominent osteoconductive framework, dense trabecular network, and
minimal intertrabecular spacing, reflecting vigorous bone regeneration. Panel B (middle-aged callus):
Reduced osteoblast density along trabecular surfaces with comparatively wider intertrabecular spacing and
lower trabecular number, consistent with an expected age-related decline in osteogenic activity. Panel C
(control adult lunate): Mature lamellar bone architecture with osteocytes housed in lacunae, regular
Haversian systems, and a quiescent periosteal surface; serves as the structural reference for adult cortical
bone. All sections were stained with hematoxylin and eosin. Photomicrographs were captured using a
binocularlight microscope and quantified with Image] software. Objective magnification as indicated within
each panel (x10 and x40); no calibrated scale bar was superimposed on the photomicrographs. ImageJ:
Image analysis software (NIH, USA), OB: Osteoblast, OC: Osteocyte, T: Trabecula, M: Marrow space, H:
Haversian canal. Control: Adult carpal bone (lunate) obtained from an age-matched cadaveric specimen. A

year span; patients at the younger and
older ends of this category may differ
considerably in osteogenic capacity, and
this categorization should be refined
into narrower age bands in the
continuation phase.

Variation in the interval between
fracture and sample collection (mean
6.2 + 1.5 weeks in the younger group
and 8.4 * 2.1 weeks in the middle-aged
group, with individual variation around
these means) may independently have
influenced osteoblast density and
trabecular parameters, since callus
morphology evolves dynamically
through the inflammatory, soft-callus,
hard-callus, and remodeling phases of
healing. This timing variability was not
statistically controlled for in the present
analysis and may confound the
observed age- and gender-based
differences. In addition, the study
population was heterogeneous with
respect to fracture site (long versus
short bone) and fixation modality
(plate-and-screw versus intramedullary
nailing; Table 1), which may have
introduced additional biological
variability in callus formation,

and B: Bone callus test samples, C: Controladultbone.

assessment of callus maturation, remodeling, or osteogenic
change within the same patient over the course of healing. Serial
sampling from the same patient was not ethically or practically
teasible within a single surgical procedure; the between-subject
comparisons reported here are therefore only an indirect proxy
for the temporal trajectory of callus microarchitecture and
should not be interpreted as evidence of within-patient change
over time.

The demographic composition of the pilot cohort also
constrains interpretation. The gender distribution was unequal
(7 males and 3 females), limiting the precision and reliability of
gender-based comparisons. No participant >65 years of age was
recruited during the pilot phase, precluding any assessment of
age-related senescence, osteoblast exhaustion, or osteogenic
decline in elderly individuals — a population of particular
clinical relevance given the high incidence of fragility fractures
in this age group. Furthermore, the broad categorization of the
middle-aged group (25-64 years) may obscure clinically
relevant heterogeneity in bone-healing potential within this 40-

vascularity, and microarchitecture
independent of age or gender.

Histological assessment in this study relied exclusively on H&E
staining. While H&E permits reliable assessment of general
tissue architecture, it does not allow definitive identification or
quantification of specific cell populations, inflammatory
mediators, or osteogenic markers. In particular, osteoblast
density was determined by morphological criteria alone and
was not confirmed using immunohistochemical markers such
as osteocalcin, RUNX2, or alkaline phosphatase;
morphological identification of osteoblasts on H&E sections
carries a recognized risk of misclassification (for example,
confusion with fibroblasts or pre-osteoblasts), which may have
introduced measurement error into the osteoblast density
estimates reported here. Inmunohistochemical confirmation is
planned for the continuation phase of this study.

Trabecular microarchitecture was quantified using two-
dimensional Image] analysis of single histological sections. This
approach cannot fully represent the three-dimensional
architecture, connectivity, and spatial organization of trabecular
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bone, and two-dimensional parameters are known to correlate
imperfectly with true three-dimensional bone volume fraction and
connectivity density. Three-dimensional pCT, planned for the
continuation phase, will be required to validate and extend these
findings. In addition, only a single lunate specimen served as the
adult control; a single specimen is insufficient to establish a robust
reference range for normal mature bone microarchitecture, and
inter-individual variability in normal adult trabecular structure
could not be characterized. A larger panel of control specimens is
planned for subsequent analyses.

Several potential confounding factors were not comprehensively
evaluated in this pilot analysis, including fracture
severity/comminution, smoking status, nutritional status,
metabolic bone health (for example, Vitamin D and calcium status
or bone mineral density), concurrent medications, and the
mechanical stability achieved by fixation. Any of these factors could
independently influence callus osteoblast density and trabecular
microarchitecture, and their absence from the current analysis
limits the ability to attribute the observed age- and gender-based
differencesspecifically to biological ageing or sex.

Finally, and most importantly, this study characterizes only the
histological and histomorphometric features of bone callus; it does
not establish the clinical efficacy of bone callus as an autograft
material. Although the callus samples examined demonstrated
favorable osteogenic histological characteristics relative to mature
adult bone, their actual osteogenic and osteoconductive
performance when used as a graft has not been tested clinically or
experimentally (for example, in an animal implantation model or a
clinical case series with union outcomes). The clinical translation of
these histological observations therefore remains hypothetical at
this stage and should notbe inferred from morphology alone.

Conclusion

Younger individuals (15-24 years) showed higher mean values of
osteoblast count, trabecular thickness, trabecular number, and
bone volume fraction compared to the middle-aged group,
consistent with a possible trend toward superior osteogenic
potential; however, these pilot-phase differences did not reach
statistical significance (Table 3) and require confirmationin alarger

cohort. The middle-aged group exhibited an expected age-related
decline in osteoconductive parameters. Male callus samples
demonstrated higher osteoblast density and bone volume fraction
than female samples, though without statistical significance in this
pilot cohort. Both callus groups showed greater osteogenic activity
compared to the mature adult control bone (lunate), supporting
the premise that bone callus retains significant regenerative
potential across age groups.

These preliminary findings provide histological rationale for
exploring bone callus as a potential autograft material — particularly
in younger patients — and provide the histomorphometric baseline
for the subsequent immunohistochemical and pCT phases of this
study. However, the actual osteogenic and osteoconductive
performance of bone callus as a graft has not been tested clinically
or experimentally in this study, and this histological
characterization should not be taken to establish clinical graft
efficacy. Confirmation of these findings in the full cohort (n = 50) is
anticipated to identify statistically significant age- and gender-
based differences in callus microstructure, informing future
targeted strategies for fracture management, pending dedicated
clinical/experimental graft-efficacy studies.

Clinical Message

For orthopedic surgeons managing fracture patients, this
preliminary histomorphometric analysis indicates that bone callus
generated during normal fracture healing is biologically active and
osteoblast-rich, particularly in younger patients, lending rational
support to its consideration as alocally available autograft substitute
during ORIF and related reconstructive procedures. Because callus
microarchitecture varies with patient age, gender, and the interval
since injury, callus intended for grafting should ideally be harvested
from actively remodeling regions in younger patients wherever
surgically feasible, rather than assumed to be uniformly osteogenic
across all patients. However, these observations remain histological
rather than functional: The actual bone-forming and graft-
incorporation performance of harvested callus has not yet been
tested clinically or experimentally, and clinicians should not
substitute callus for established autograft sources such as iliac crest
bone until this is confirmed in the larger, ongoing continuation

phase of this study.
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