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Abstract

Bacterial osteomyelitis and isolated bone marrow inflammation of the mandible represent
critical clinical challenges in dentistry. While cortical bone dynamics are well documented,
early intramedullary cellular events remain poorly quantified. This study quantitatively eval-
uated the temporal histopathological changes and differential inflammatory cell recruitment
in rat mandibular bone marrow following induced Staphylococcus aureus infection at 5 and
10 days post inoculation via digital histomorphometry. Twenty-four adult male Wistar rats
(200 — 250 g) were randomly allocated into Control (n = 12) and Infected (n = 12) groups,
subdivided into Day 5 and Day 10 interval endpoints (n = 6 per subgroup). Bacterial marrow
infection was induced via intraosseous injection of 1 x 107 CFU/mL S. aureus. Mandibular
specimens were processed, decalcified in EDTA, stained with Hematoxylin and Eosin (H&E),
and quantitatively analyzed using ImageJ software. At Day 5, infected marrow exhibited a
significant surge in overall cellular density (8,900 + 620 cells/mm?) compared to control
(4,250 + 310 cells/mm?, p < 0.001), driven by acute neutrophilic influx (142.5+
12.8 PMNs/HPF) and profound adipocyte depletion (4.2 +1.1% vs 52.4+4.1%, p <
0.001). By Day 10, PMN counts significantly declined (31.4 + 5.6 cells/HPF, p < 0.001), ac-
companied by a marked surge in mononuclear cells (macrophages: 68.3 + 7.2 cells/HPF;
lymphocytes: 45.2 + 5.1 cells/HPF), shifting the Neutrophil-to-Mononuclear (N/M) ratio
from 3.29 down to 0.24. Digital histomorphometry combined with differential cellular pro-
filing on H&E sections provides a very sensitive and objective dual matrix paradigm for the
quantification of the marrow space remodeling during bacterial osteomyelitis.

Introduction

Osteomyelitis of the jaws is a complicated in-
flammatory disease, caused mainly by pyo-
genic bacterial invasion and Staphylococcus
aureus is the main etiologic pathogen in more
than 80% of the clinical cases [1,2]. Unlike ap-
pendicular skeleton bones, the mandible pos-
sesses distinct anatomical features including a
heavy cortical plate, terminal end-artery in-
traosseous blood supply, and proximity to

dental structures, making its intramedullary
vascular bed exceptionally susceptible to sep-
tic thrombosis, ischemia, and rapid necrosis
[3,4].

The main causes of osteomyelitis are odonto-
genic (dental infection) or traumatic (fracture).
Patients with osteomyelitis commonly have ex-
perienced a traumatic event such as traumatic
tooth extraction, a chronically inflamed carious
tooth, a periapical abscess, an infection of ad-
jacent soft tissues, or advanced chronic

periodontitis or dental implants [5,6]. S. aureus
causes the most cases of osteomyelitis due to
its frequency, plasticity, and resistance [7-9].
Histopathologic examination of bone speci-
mens coupled with bone culture is considered
the gold standard for the diagnosis of osteomy-
elitis. Despite this, studies have demonstrated
histopathologist agreement in the diagnosis of
osteomyelitis as low as 30%, largely stemming
from a lack of specific definitions and diagnos-
tic criteria [10-12].
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Understanding the precise time-course dy-
namics of these cellular events between the
peak acute phase and the subacute transition
phase is vital for understanding pathogen-host
dynamics [13,14]. This study evaluated the hy-
pothesis that quantitative digital histomor-
phometry (H&E + Imagel analysis) provides
precise characterization of cellular density, si-
nusoidal expansion, adipocyte remodeling, and
differential leukocyte dynamics in a rat model
of mandibular bacterial bone marrow inflam-
mation.

Material and Methods

Animal Preparation and Experimental Groups
A total of 24 healthy adult male Wistar rats (8—
10 weeks old, weighing 220 + 20 g) were uti-
lized. Animals were housed in standard cages
under controlled environmental conditions
(22 £ 2°C, 12-hour light/dark cycle) with ad
libitum access to food and water [15,16].
Animals were randomly allocated into two
main experimental groups (n = 12 per group),
subdivided by sacrifice time points (n = 6 per
subgroup):

- Control Group: Received an intraosseous in-
tramedullary injection of 10 uL sterile phos-
phate-buffered saline (PBS) [10].

- Subgroup 1A: Sacrificed at Day 5 (n = 6).

- Subgroup 1B: Sacrificed at Day 10 (n = 6).

- Infected Group: Received an intraosseous in-
tramedullary injection of 10 uL S. aureus sus-
pension (1 X 107 CFU/mL) [9,10].

- Subgroup 2A: Sacrificed at Day 5 (n = 6).

- Subgroup 2B: Sacrificed at Day 10 (n = 6).
Surgical Protocol and Infection Induction
Surgical procedures were performed under
general anesthesia induced via intraperitoneal
administration of ketamine (80 mg/kg) and
xylazine (10 mg/kg) [17]. A 1 cm extraoral inci-
sion was made along the inferior border of the
left mandibular angle. The masseter muscle
was elevated to expose the cortical bone
[18]. A sub-millimeter cortical defect was cre-
ated using a round dental bur under continu-
ous cold saline irrigation [19,20]. A 27-gauge
needle was inserted directly into the medullary
canal to deliver 10 uL of bacterial suspension
or PBS. The defect was sealed with sterile bone
wax, and tissues were sutured in layers [21-23].
Tissue Processing and Histology
At days 5 and 10 post-surgery, animals were
humanely euthanized via sodium pentobarbi-
tal overdose (150 mg/kg IP). Mandibles were
harvested, fixed in 10% neutral buffered for-
malin (NBF) for 24 hours, and decalcified in
14% EDTA (pH 7.2) at 4°C for 4 weeks. Decalci-
fied specimens were paraffin-embedded, lon-
gitudinally sectioned at 4 um thickness, and
stained with Hematoxylin and Eosin (H&E) [24-
26].

http://dentistry3000.pitt.edu

Histomorphometric and Temporal Evaluation of Bacterial-Induced Mandibular Bone Marrow Inflammation (Osteomyelitis)

Digital Histomorphometry and Differential Cel-
lular Analysis

Five non-overlapping high-power fields (HPFs,
40x magnification, field area = 0.16 mm?) per
section were randomly selected within the me-
dullary cavity using an Olympus BX53 light mi-
croscope. Quantitative image processing was
conducted using Image) software (v1.53, NIH,
USA) [27]. Overall marrow parameters were
defined by the total marrow cell density
(cells/mm?), adipocyte area percentage (%),
sinusoidal area percentage (%), and semi-
quantitative marrowitis score (0—4). Differen-
tial inflammatory cell count (cells/HPF) was de-
fined by specific identification and manual
counting of polymorphonuclear neutrophils
(PMNs), macrophages/monocytes, lympho-
cytes, and plasma cells based on standard nu-
clear morphologic criteria. Neutrophil-to-mon-

onuclear (N/M) Ratio was calculated as
PMNs

Macrophages+Lymphocytes+Plasma Cells *

Statistical Analysis

Data were analyzed using GraphPad Prism
(v9.0) and presented as Mean =+ Standard De-
viation (SD). A Two-Way Analysis of Variance
(Two-Way ANOVA) was performed with two in-
dependent factors: Treatment Group and Time
Point. Post-hoc comparisons were conducted
using Tukey’s Multiple Comparisons Test [8].
Statistical significance was set at p < 0.05.

Results

Overall Histomorphometry Parameters (Table
1)

A highly significant interaction was observed
between infection status and post-inoculation
time point across all structural parameters
(p < 0.001) [8,12].

Differential Inflammatory Cell Profiling (Table
2)

To precisely quantify the immunocellular tran-
sition from acute purulent inflammation to
chronic mononuclear remodeling, differential
cell counts were performed per HPF
[15,20,23].

Histopathological Narrative

Control groups (days 5 and 10) maintained
physiological bone marrow histology with in-
tact fat vacuoles, normal hematopoietic line-
ages, and low background inflammatory
counts. Infected group at day 5 exhibited acute
purulent bone marrow inflammation marked
by massive PMN extravasation (142.5+
12.8 cells/HPF), sinusoidal dilation (31.8%),
and adipocyte collapse (4.2%), yielding a high
N/M ratio of 3.29 + 0.35. Infected group at
day 10 demonstrated a significant decline in
PMNs (31.4 + 5.6 cells/HPF, p < 0.001) along
with a major surge in macrophages (68.3 +
7.2 cells/HPF) and lymphocytes (45.2 +
5.1 cells/HPF) [15,22]. This shift dropped the

N/M ratio to 0.24 + 0.05, confirming sub-
acute/chronic immunomodulatory transition.
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Figure 3. Control 5 day (A), control 10 days (B)
both is a normal control bone marrow,
showing baseline normocellular hematopoietic
tissue and normal architecture without
stimulation or reactive changes, and a well-
organized interface with the continuous
trabecular bone.
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Figure 4. infected group (5 Days) shows
marked hypercellularity with active trilineage
hematopoiesis (Mye Myeloid precursors, Meg
Megakaryocyte), scattered Lymphocytes (L),
Neutrophils (PMN), and scarce Adipocytes (A).
The stroma exhibits Fibroblasts (Fb), Macro-
phages (M), and Vascular congestion (C), adja-
cent to Trabecular bone (TB) undergoing re-
sorption by an Osteoclast (Oc). (H&E stain)
40X.
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Figure 5. infected group (10 days) remodeling
rat bone marrow, displaying prominent
Osteoclastic activity (Oc) along the Trabecular
bone (TB), active Fibroplasia (Fb), Vascular
congestion (C),Adipocytes (A) and scattered
inflammatory/hematopoietic cells (PMN Neu-
trophils, L lymphocyte, M Macrophages). (H&E
stain) 40X.

Discussion

The current study provides a high-resolution,
quantitative temporal map of the intramedul-
lary environment during the progression of
mandibular osteomyelitis (OM). By utilizing
digital histomorphometry, we transitioned
from subjective descriptions to objective met-
rics, capturing the rapid immunocellular shifts
between the acute (Day 5) and subacute (Day
10) phases of Staphylococcus aureus infection.
The Mandibular Microenvironment and Vascu-
lar Susceptibility

Our findings demonstrate marked architec-
tural changes in the mandibular marrow within
120 hours following bacterial inoculation. The
increased susceptibility of the mandible to os-
teomyelitis has been attributed, at least in
part, to its relatively limited vascular supply
and dense cortical architecture, which may
compromise tissue perfusion and impair the
host response to infection. The mandibular
blood supply is predominantly derived from
the inferior alveolar artery, while vascular com-
promise during inflammation may contribute
to thrombosis, ischemia, and subsequent bone
necrosis [28-30].

Marrow Adipose Tissue (MAT) as an Inflamma-
tory Fuel

One of the most striking findings in our study
was the nearly total depletion of marrow adi-
pocytes at day 5 (4.2% vs. 52.4% in controls).
Historically regarded largely as an inert filler of
the marrow cavity, bone marrow adipose tis-
sue (BMAT) is now recognized as a dynamic
and metabolically active component of the
marrow microenvironment. Recent studies
have demonstrated that marrow adipocytes
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possess endocrine and paracrine functions and
interact with hematopoietic, skeletal, and im-
mune pathways. BMAT-derived adipokines
and other signaling mediators may therefore
contribute to the regulation of immune home-
ostasis and inflammatory responses within the
bone marrow [31-34].

The Neutrophil-to-Mononuclear (N/M) Ratio: A
Temporal Pivot

The marked decline in the N/M ratio from 3.29
at day 5 to 0.24 at day 10 indicates a substan-
tial shift in the cellular composition of the man-
dibular inflammatory infiltrate, from a PMN-
dominant acute response toward a predomi-
nantly mononuclear-cell infiltrate. The pro-
nounced accumulation of PMNs at day 5 is con-
sistent with the early innate response to pyo-
genic bacterial infection. During acute infec-
tion, increased neutrophil demand can activate
emergency granulopoiesis, a hematopoietic
adaptation that accelerates neutrophil produc-
tion and mobilization from the bone marrow.
Recent studies have further demonstrated the
involvement of G-CSF-dependent pathways in
murine S. aureus osteomyelitis, linking neutro-
phil responses to inflammatory signaling and
bone loss [35-37].

By day 10, the marked increase in macro-
phages (68.3 cells/HPF) and lymphocytes (45.2
cells/HPF) suggests a shift in the cellular com-
position of the inflammatory infiltrate toward
a more mononuclear-dominant response. Re-
cent studies indicate that macrophages play a
central role in determining the balance be-
tween persistent inflammation and tissue re-
pair during bone infection. In acute bacterial
infection, pro-inflammatory M1-like macro-
phage activity contributes to pathogen clear-
ance, whereas subsequent acquisition of M2-
like or pro-resolving phenotypes is associated
with inflammatory resolution and tissue repair.
In S. aureus-associated osteomyelitis, disrup-
tion of this macrophage phenotypic transition
may contribute to persistent inflammation, im-
paired bone repair, and chronic infection [38-
41].

Digital Histomorphometry: Overcoming Diag-
nostic Subjectivity

Our research findings show that using the tool
ImageJ to conduct digital image analysis consti-
tutes a replicable method. What does replica-
ble mean? It means that no matter who oper-
ates this set of procedures, consistent and sta-
ble results can be obtained in the end, and con-
clusions that diverge drastically will not be
reached due to differences in operators. This
method not only enables quantitative assess-
ment of tissue morphology—that is, converting
the morphological characteristics of tissues
into specific numerical values for description,
which differs from traditional methods that
only rely on the naked eye to assign grades and

judge quality—but also compensates for the
shortcomings of traditional qualitative histo-
logical grading methods. This set of methods
can eliminate the subjective bias of manual
judgment, objectively calculate the specific val-
ues of parameters such as bone marrow cell
density and sinus tract area, and also capture
structural changes that may not be stably de-
fined by descriptive assessment alone [42].
Clinical Implications and Future Research Direc-
tions

These findings serve as a reminder for clinical
maxillofacial surgeons: there is a critical golden
window for performing interventional therapy
on patients, and the efficacy of intervention
will be greatly diminished if this period is
missed.

Within just five days after injury, patients will
experience a large-scale disappearance of adi-
pocytes and a sharp surge in the number of
neutrophils. These two distinct changes indi-
cate that the progression of injuries within the
bone marrow is far faster than the rate that can
typically be captured by conventional X-ray im-
aging—often, before any abnormalities are de-
tected on X-rays, the injury in the bone marrow
has already progressed for a considerable pe-
riod.

The N/M ratio mentioned herein refers to the
ratio of the number of neutrophils to macro-
phages. A shift in this ratio means that by the
tenth day post-injury, the original acute lesion
has transitioned into a chronic remodeling
phase, and the body enters a long-term pro-
cess of tissue adjustment.

This study only tracked changes in the first ten
days after injury. Future research needs to ex-
plore the "third stage" of infection, with a focus
on analyzing the association between the
early-stage bone marrow remodeling that oc-
curs in this phase and the formation of a se-
questrum in the later stage—that is, the for-
mation of small necrotic bone fragments that
break away from the body's normal tissue.

In addition, it is feasible to explore the applica-
tion of Al-powered automatic cell counting
technology, which uses artificial intelligence to
automatically count cell numbers, to optimize
the digital histomorphometric system estab-
lished in this study, making this method of dig-
itally analyzing tissue morphology more accu-
rate and robust.

Conclusion

1. Intraosseous injection of S. aureus in
the rat mandible provides a consistent animal
model for acute and chronic osteomyelitis.

2. Peak acute purulent inflammation
occurs at day 5, characterized by PMN predom-
inance (N/M ratio = 3.29) and severe adipo-
cyte loss [13,20].
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3. Day 10 marks a significant transition
to chronic mononuclear infiltration (N/
M ratio = 0.24) and partial fat space recov-
ery.

4, Dual-table digital histomorphometry
offers a quantitative, reproducible methodol-
ogy for evaluating intramedullary inflamma-
tory dynamics.
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Histomorphometry Parameter
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tion Score (0-4)

Control Day 5
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* Significant vs corresponding Control (p < 0.001).
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Infected Day 10 p-value

(n=6) (ANOVA)
6,450 + 490"t p <0.001
18.6 + 2.9%*F p <0.001
19.4 + 2.1%*F p <0.001
2.33 £ 0.50*F p <0.001
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Values are presented as mean = SD; n = 6 per group. Overall ANOVA: p < 0.001 for all parameters.

Figure 1. Quantitative histomorphometry analysis of mandibular marrow parameters. Comparison of (A) marrow cell density, (B) adipocyte area, (C)
sinusoidal area, and (D) histological marrowitis score between Control and Infected groups at Day 5 and Day 10. Bars represent Mean £+ SD (n = 6

per group). Overall ANOVA indicates p < 0.001 for all parameters.

Table 2. Differential inflammatory cell counts per high-power field (HPF at 40x).

Inflammatory Cell Lineage Control Day 5
(cells/HPF) (n=6)
Polymorphonuclear Neutrophils

(PMNs) 32+11
Macrophages / Monocytes 84+ 1.8
Lymphocytes 12.1+23
Plasma Cells 1.5+0.8
Neutrophil-to-Mononuclear Ratio 0.15 + 0.04

(N/M Ratio)

* Significant vs corresponding Control (p < 0.001).
# Significant vs Infected Day 10 (p < 0.01).
\ Significant vs Infected Day 5 (p < 0.01).
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Infected Day 5
(n=6)

142.5 + 12.8*#

22.1 4 3.4

18.4 +2.9*#

28+11

3.29 + 0.35*

Control Day 10

(n=6)

3.0+£1.2

81+1.5

118+ 2.1

1.4 +£0.7

0.14 £ 0.03

Infected Day 10
(n=6)

31.4 + 5.6*T

68.3 + 7.2*1
452 + 5.1+t

16.7 + 2.4t

0.24 + 0.05*t

p-value
(ANOVA)

p < 0.001

p < 0.001

p < 0.001

p < 0.001

p < 0.001



Dentistry 38y

Vol 14, No 2 (2026)

DOI 10.5195/d3000/2026.1596

Histomorphometric and Temporal Evaluation of Bacterial-Induced Mandibular Bone Marrow Inflammation (Osteomyelitis)

Differential Inflammatory Cell Analysis of Mandibular Marrow

A. PMNs
160 A

140
120
100 -

80

cells/HPF

60 1

404

20 -

ANOVA: p < 0.001

g
Control
Day 10

¥
Control
Day 5

Infected
Day 5

D. Plasma Cells
20.0 4

17.51
15.01
12.54

10.04

cells/HPF

7.5+

5.04

2.5

0.0 -
Infected
Day 5

Control
Day 5

Control
Day 10

Infected
Day 10

ANOVA: p7F 0.001

Infected
Day 10

cells/HPF

N/M ratio

~
=}

o
=]

u
o

N
=]

w
S

N
o

=
=)

S}

3.0

25

2.0

15

1.0

0.54

0.0

B. Macrophages / Monocytes

ANOVA: pF 0.001
Control Infected Control Infected
Day 5 Day 5 Day 10 Day 10

E. Neutrophil-to-Mononuclear Ratio

ANOVA: p < 0.001

Control
Day 10

Infected
Day 5

Control
Day 5

Infected
Day 10

cells/HPF

50

40

w
=}

N
o

10

C. Lymphocytes

Control
Day 5

Infected
Day 5

Control
Day 10

Values are presented as mean + SD; n = 6 per group. Overall one-way ANOVA: p < 0.001 for each parameter.

ANOVA: pe 0.001

Infected
Day 10

Figure 2. Quantitative analysis of inflammatory cell populations and the neutrophil-to-mononuclear (N/M) ratio in mandibular bone marrow following
Staphylococcus aureus infection. Values are presented as mean * SD (n = 6); p < 0.001 by one-way ANOVA.
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