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	� INFECTION

Fracture- related infection in osteoporotic 
bone causes more severe infection and 
further delays healing

Aims
With the ageing population, fragility fractures have become one of the most common condi-
tions. The objective of this study was to investigate whether microbiological outcomes and 
fracture- healing in osteoporotic bone is worse than normal bone with fracture- related infection 
(FRI).

Methods
A total of 120 six- month- old Sprague- Dawley (SD) rats were randomized to six groups: Sham, 
sham + infection (Sham- Inf), sham with infection + antibiotics (Sham- Inf- A), ovariectomized 
(OVX), OVX + infection (OVX- Inf), and OVX + infection + antibiotics (OVX- Inf- A). Open femo-
ral diaphysis fractures with Kirschner wire fixation were performed. Staphylococcus aureus at 4 
× 104 colony- forming units (CFU)/ml was inoculated. Rats were euthanized at four and eight 
weeks post- surgery. Radiography, micro- CT, haematoxylin- eosin, mechanical testing, immuno-
histochemistry (IHC), gram staining, agar plating, crystal violet staining, and scanning electron 
microscopy were performed.

Results
Agar plating analysis revealed a higher bacterial load in bone (p = 0.002), and gram staining 
showed higher cortical bone colonization (p = 0.039) in OVX- Inf compared to Sham- Inf. OVX- 
Inf showed significantly increased callus area (p = 0.013), but decreased high- density bone 
volume (p = 0.023) compared to Sham- Inf. IHC staining showed a significantly increased ex-
pression of TNF-α in OVX- Inf compared to OVX (p = 0.049). Significantly reduced bacterial load 
on bone (p = 0.001), enhanced ultimate load (p = 0.001), and energy to failure were observed 
in Sham- Inf- A compared to Sham- Inf (p = 0.028), but not in OVX- Inf- A compared to OVX- Inf.

Conclusion
In osteoporotic bone with FRI, infection was more severe with more bone lysis and higher 
bacterial load, and fracture- healing was further delayed. Systemic antibiotics significantly 
reduced bacterial load and enhanced callus quality and strength in normal bone with FRI, 
but not in osteoporotic bone.
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Article focus
	� It is unknown whether microbiological 

outcomes and fracture- healing in osteopo-
rotic bone with fracture- related infection 
(FRI) are worse than normal bone with FRI.
	� The therapeutic effect of systemic antibi-

otic treatment was assessed for decreasing 
bacterial load and fracture- healing.

Key messages
	� Bacterial infection was more severe with 

increased periosteal bone formation and 
bone lysis in osteoporotic bone with FRI. 
A higher bacterial load and colonization of 
the osteocyte- lacuno canalicular network 
were present.
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	� Fracture- healing was further delayed in osteoporotic 
bone with FRI, which was characterized by impaired 
callus remodelling.
	� Systemic antibiotic treatment reduced bacterial load 

in bone, and improved callus quality and mechanical 
strength in normal bone with FRI. These effects were 
not observed in osteoporotic bone, warranting more 
novel treatments.

Strength and limitations
	� We are the first group to identify more severe infection 

and impaired healing in osteoporotic bone with FRI.
	� The findings require validation in clinical studies.

Introduction
Fracture- related infection (FRI) is defined as infection 
that occurs after fracture fixation, and is one of the most 
severe complications that occur in trauma surgery.1 
Current consensus on the diagnosis of FRI is the presence 
of microorganisms in deep tissue specimens confirmed 
by histopathological examination.1 Recent evidence has 
shown a rapid increase of open fractures in patients aged 
over 65 years.2 With the ageing population, fragility 
fractures have become one of the most common prob-
lems clinicians encounter.3,4 More importantly, 65% of 
wounds are often contaminated by microorganisms, 
of which 30% are symptomatic.5 Clinically, FRI can lead 
to serious clinical consequences including nonunion, 
long- term antibiotic treatment, multiple debridement 
surgeries, long- lasting disability, and even amputation.6,7 
The average cost for treatment also ranges from USD 
$17,000 to $150,000 per patient,8 leading to a significant 
socioeconomic burden.

It is well established that osteoporotic fracture- healing 
leads to impaired healing.9- 11 Interestingly, the risk of 
infection is also reportedly higher in cases with post-
menopausal and senile osteoporosis, in which early 
immune response and capacity of pathogen clearance 
are compromised,12 as oestrogen is suggested to be 
immunoprotective.13 In fact, Gjertsson et al14 found that 
mice with an ovariectomy showed more severe systemic 
trabecular bone loss in a septic arthritis model. However, 
it remains unknown whether fracture- healing in osteopo-
rotic bone is further delayed and if the level of infection is 
more severe in cases of FRI. The existing practice of anti-
biotic administration is to allow maintenance of implants, 
which has been shown to yield satisfactory results in 71% 
of cases.15 However, it remains unclear if similar thera-
peutic effects of antibiotics can be achieved in osteopo-
rotic bone with FRI.

Staphylococcus aureus is the most common pathogen 
for FRI.16 When the fracture site is contaminated, plank-
tonic bacteria cells form a matrix, and attach to an innate 
surface.17 In addition, the colonization of the osteocyte- 
lacuno canalicular network (OLCN) has also been shown 

to be another major reservoir.18 Typically, bacteria cells 
reside in biofilm in these locations and will undergo 
phenotype changes, including reduced division rate 
and metabolic activity, causing resistance to antibiotic 
treatment and phagocytosis of the host immune cells.19 
Current clinical recommendation is to retain the implant 
to allow for solid bone- healing, based on considerations 
of fixation stability, injury at FRI site, pathogens, and host 
comorbidities.20 Early removal often leads to increased 
soft- tissue damage, dead space formation, and damage to 
revascularization, which are detrimental to both fracture- 
healing and control of infection.7,20 The major difficulty for 
FRI treatment is therefore eradicating the biofilm formed 
on the implant, as well as the colony- forming units (CFUs) 
in the OLCN.18,21 It remains unknown whether systemic 
antibiotics can effectively treat and promote healing in 
osteoporotic bone with FRI.22

This study aims to assess: 1) whether osteoporotic bone 
with FRI presents with more severe infection compared to 
normal bone with FRI; and 2) fracture healing and the 
effect of systemic antibiotics on pathogen clearance in 
both osteoporotic and normal bone with FRI.

Methods
Experimental design and induction of osteoporosis. With 
approval of the ethics committee (Ref: 18 to 140- OTC), 
120 six- month- old Sprague Dawley (SD) rats were ran-
domized into six groups: sham (Sham; n = 20); sham + 
infection (Sham- Inf; n = 20); sham + infection + antibiotic 
treatment (Sham- Inf- A; n = 20); ovariectomized (OVX; n 
= 20); ovariectomized + infection (OVX- Inf; n = 20); and 
ovariectomized + infection + antibiotic treatment (OVX- 
Inf- A; n = 20). Bilateral ovariectomy and sham surgery 
were performed according to our previously established 
protocols.23 The rats were kept for three months with 
standard diet (catalogue number 50 IF/9 F, Picolab, USA) 
to develop osteoporosis, which was confirmed by bone 
mineral density (BMD) measurement with micro- CT. All 
rats underwent fracture surgery. We have included an 
ARRIVE checklist to show that we have conformed to the 
ARRIVE guidelines.
Establishment of fracture model. At nine months of age, 
all rats underwent diaphyseal fracture surgery at the fe-
mur shaft according to our established protocol.23 In 
brief, the left knee joint was exposed with a medial para-
patellar approach. The patella was dislocated, and fem-
oral condyles were exposed. Following reaming with an 
18- gauge needle, a 1.2 mm Kirschner wire (K- wire) was 
inserted through the intercondylar notch. The K- wire per-
forated through the proximal femur with the tip bent to 
prevent migration. The distal end was cut flush to allow 
movement of the knee joint. After closure, the fracture 
was made with a guillotine. Buprenorphine (0.1/100 g) 
was given before surgery and for three consecutive days 
after surgery to minimize pain.
Bacteria inoculation and antibiotic treatment. Following 
surgery, the fracture site was confirmed with radiographs. 
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A 5 mm incision was made at the mid- femur shaft to ap-
proach the fracture site. The muscle and soft- tissue were 
separated, and the fracture site was exposed. Prepared 
bacteria suspension (S. aureus ATCC25923) at 104  CFU/
ml was injected into the fracture site under direct vision. 

This strain is a clinical isolate with designation Seattle 
1945, which is sensitive to methicillin. The wound was 
then sutured in layers. Rats in Sham- Inf- A and OVX- Inf- A 
were administered with Cefazolin (5 mg/kg).24 Antibiotic 
treatment was applied daily, starting from 24  hours 

Fig. 1

Radiographs and quantitative analysis of callus width (CW) and callus area (CA) at week 4 and week 8 post- fracture. A, antibiotics; CA, callus area; CW, callus 
width; Inf, infection; OVX, ovariectomized. *p < 0.05; **p < 0.001; ***p < 0.001; ****p < 0.0001.

Fig. 2

Micro- CT analysis and quantitative analysis of high- density bone volume (BVh) and low- density bone volume (BVl) at week 4 and week 8. A, antibiotics; Inf, 
infection; OVX, ovariectomized. *p < 0.05; **p < 0.01; ***p < 0.001.
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post- surgery to the endpoint at week 4 or week 8. The 
antibiotic treatment was applied to mimic the long- term 
application of systemic antibiotics in FRIs.25

Plain radiograph for fracture healing. Rats were killed 
at week 4 and week 8 post- surgery.26 Anterior- posterior 
and lateral radiographs (Ultrafocus; Faxitron Bioptics LLC, 
USA) were obtained following initial operation and at 
euthanasia. Bone or joint destruction, bone sequestrum, 
cortical lysis, and periosteal thickening were observed. 
Quantification of callus morphology was performed with 
ImageJ software (National Institutes of Health, USA) ac-
cording to our previous established protocol.27 Callus 
width (CW) and callus area (CA) were measured.
Micro-CT analysis. After euthanasia, the femora were 
harvested and imaged with micro- CT (μCT- 40, Scanco 
Medical, Switzerland). To observe changes in cortical 
bone and periosteal bone formation at the fracture site, 
the region of interest (ROI) was defined as 8.02 mm (422 
slides) proximal and distal to the fracture according to our 
established protocol.12 The volume of low- density bone 
(BVl, threshold = 165 to 350) and volume of high- density 
bone (BVh, threshold = 350 to 1,000) were reconstruct-
ed separately to differentiate newly formed bone and old 
cortical bone.27

CFU quantification in the bone tissue and K-wire. Following 
removal of K- wire, the entire bone sample was weighed 
and grinded. The suspension was diluted in a serial man-
ner (1:1; 1:10; 1:100), and each dilution was streaked on 
agar plates and cultivated at 37°C for 24 hours. The num-
ber of CFU/g in bone was determined by the number of 

CFUs counted/initial weight of bone samples. The mean 
of all three dilutions was used to obtain the final number 
of CFU/g in bone.28

Bone histology. Bone samples were fixed with 10% 
neutral- buffered formalin and decalcified with 9% for-
mic acid. Samples were processed, embedded in paraf-
fin, and cut into 5 μm slices. Haematoxylin- eosin (H&E) 
staining was performed to observe histological signs of 
infection and bone- healing. A tissue quality score pro-
posed by Shiels et al29 was used to assess callus quality. 
In brief, callus quality was classified as 0: bony union; 1: 
most of the callus was new bone; 2: callus composed of 
new bone and spindle cells (major); 3: callus composed 
of inflammatory cells and spindle cells (major); and 4: 
most of the callus were inflammatory cells. An increasing 
score from 0 to 4 indicates decreased callus quality and 
further impaired healing. Modified gram staining, which 
targets the bacteria colonies in tissues with optimized 
contrast, was performed.30 The number of CFUs embed-
ded in the lacunae of cortical bone tissue was counted. 
Immunofluorescence was performed to confirm the pres-
ence of S. aureus in bone canals and OLCN. A primary an-
tibody targeting the S. aureus protein A (1:500, ab20920; 
Abcam, UK) was used to identify the bacteria, and sec-
ondary antibody was red fluorescent (1:500, Alexa Fluor 
594; Thermo Fisher Scientific, USA). Then, the slides were 
incubated with FITC (Fluorescein isothiocyanate isomer I, 
Sigma- Aldrich, USA), mounted with the Prolong Gold an-
tifade reagent with DAPI (Thermo Fisher Scientific, USA), 
visualized under a confocal laser scanning microscopy 

Fig. 3

Quantification of bacteria load on bone and Kirschner wire (K- wire) and biofilm mass on K- wire at week 4 and week 8. A, antibiotics; CFU, colony- forming 
unit; Inf, infection; OVX, ovariectomized. **p < 0.01; ***p < 0.001.
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(Zeiss, LSM 880, Germany) at 1,000× magnifications, and 
analyzed with ImageJ.
Inflammatory cytokines expression in serum and bone 
tissue. Enzyme- linked immunosorbent assay test was 
performed to quantify major inflammatory markers, in-
cluding tumour necrosis factor alpha (TNF-α) and inter-
leukin 6 (IL- 6) concentrations in serum.31 Expression of 
TNF-α in the bone tissue was determined by IHC staining. 
Following manufacturer’s instruction for the Mouse and 
Rabbit Specific HRP/DAB IHC detection kit, the primary 
antibody for TNF-α (1:300, ab6671, Abcam) or negative 

control buffer were applied and incubated at 4°C over-
night. Sections were counterstained with haematoxylin, 
and the positive expression of the protein at the targeted 
ROI at the fracture callus area was quantified by ImageJ 
software.
Bacterial load and biofilm mass on the K-wire. After eu-
thanasia, the K- wire was removed in a sterile technique 
and sonicated in 3  ml phosphate- buffered saline (PBS; 
Thermo Fisher Scientific) to detach the biofilm.32 The bac-
terial load on K- wire was determined by agar plating and 
CFU counting.28 For the quantification of biofilm, it was 

Fig. 4

a) As indicated by black arrows, Gram staining showed positively stained bacteria cells embedded in the ellipsoidal- shaped lacuna; b) the presence of bacteria 
in osteocyte- lacuno canalicular network was also confirmed with high resolution confocal laser scanning microscopy (1,000×); c) quantification of the 
bacteria colonization in the cortical bone tissue at week 4. A, antibiotics; CFU, colony- forming unit; DAPI, 4′,6- diamidino- 2- phenylindole; FITC, fluorescein 
isothiocyanate isomer I; Inf, infection; OVX, ovariectomized; S. aureus, Staphylococcus aureus. *p < 0.05; **p < 0.01; ***p < 0.001.
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stained with 0.01% crystal violet (C0775; Sigma- Aldrich). 
Adherent crystal violet was solubilized in 33% glacial 
acetic acid (A6283; Sigma- Aldrich) and the optical den-
sity at 590 nm was determined by the microplate reader. 
The K- wire was cut into three pieces and processed with 
Glutaraldehyde solution, air- dried, mounted, sputter- 
coated with gold/palladium, and then assessed for bio-
film formation by scanning electron microscopy (SEM).28

Mechanical testing. A four- point bending test was per-
formed at eight weeks. Harvested femur was tested to 
failure with a constant displacement rate of 5 mm/min; 
load- displacement curves were generated. Parameters 
including the ultimate load (failure force) (N), stiffness 
(N/mm), and the energy to failure (N mm) were calculat-
ed with the QMAT Professional Material testing software 
(Tinius Olsen, UK).33

Statistical analysis. Statistical analysis was performed 
with SPSS v24.0 software (IBM, USA). All quantitative data 
were presented as mean and standard deviation (SD). 
Analysis of variance (ANOVA) and post- hoc Bonferroni test 
were used to compare the data at different timepoints. A 
p- value of ≤ 0.05 was considered statistically significant.

Results
All rats resumed weightbearing as tolerated post- surgery. 
Clinical signs of infection, including swelling and redness 
of the lower limbs, were observed in all rats with infec-
tion. Nine rats died whose cause of death included sepsis 
(n = 6) and severe wound purulent infection (n = 3). 
These rats were then replaced.

Radiological findings. At week 8, fracture healing rate 
was 91.6% in Sham (11/12), 8.3% in Sham- Inf (1/12), 
66.7% in Sham- Inf- A (8/12), 91.6% in OVX (11/12), 0% 
in OVX- Inf, and 16.7% in OVX- Inf- A (2/12). At week 4, 
quantitative analysis showed a significantly higher callus 
area (CA) in OVX- Inf compared to Sham- Inf (p = 0.013). 
The callus width (CW) in OVX- Inf (p < 0.001) and OVX- 
Inf- A (p = 0.006) was significantly increased compared 
to OVX. In both OVX- Inf (p < 0.001) and OVX- Inf- A (p < 
0.001), CA was significantly increased compared to OVX. 
In Sham- Inf, CA was significantly increased compared to 
Sham (p < 0.001) and Sham- Inf- A (p = 0.046). At week 8, 
for both OVX- Inf and OVX- Inf- A, CW and CA were signifi-
cantly increased compared to OVX (p < 0.001). The CW in 
Sham- Inf was significantly increased compared to Sham 
(p < 0.001) and Sham- Inf- A (p = 0.009). Additionally, 
CA was significantly increased in Sham- Inf compared to 
Sham (p < 0.001). No other significant differences were 
observed (Figure 1). The comparison of CA and CW was 
made by ANOVA test and the p- values were generated 
with Bonferroni correction.
Micro-CT. At week 4, quantitative analysis showed a sig-
nificantly lower volume of high- density bone (BVh) in 
OVX- Inf compared to Sham- Inf (p = 0.023). Moreover, 
BVh in OVX- Inf (p < 0.001) and OVX- Inf- A (p = 0.030) 
was significantly lower than that in OVX. The BVh in 
Sham- Inf (p = 0.032) and Sham- Inf- A (p = 0.008) was sig-
nificantly higher than Sham. At week 8, BVh was signifi-
cantly lower in OVX- Inf (p < 0.001) and OVX- Inf- A (p < 
0.001) compared to OVX. BVh was significantly lower in 

Fig. 5

Scanning electron microscopy imaging of biofilm formation on the Kirschner wire at week 8. OVX, ovariectomized; Sham- Inf- W8, sham with infection at week 8.
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Sham- Inf and Sham- Inf- A compared to Sham (p < 0.001). 
The volume of low- density bone (BVl) was significantly 
increased in Sham- Inf compared to Sham (p < 0.001), as 
well as OVX- Inf compared to OVX (p < 0.001) (Figure 2). 
The comparison of Bvh and Bvl was made by ANOVA test 
and p- values were generated with Bonferroni correction.
Bacterial load in bone. Agar plating showed that bacterial 
load in bone was significantly higher in OVX- Inf compared 
to Sham- Inf (p = 0.002) at week 4. At week 8, bacterial 
load in bone was significantly lower in Sham- Inf- A com-
pared to Sham- Inf (p < 0.001) (Figure 3). Bacterial colo-
nies were observed in the bone canals of the residual cor-
tical bone (Figure 4a). Gram staining showed positively 
stained bacteria cells embedded in the ellipsoidal- shaped 
lacuna, which was arranged in parallel to the bone sur-
face. These histological features indicate bacteria coloni-
zation in the OLCN.34 The presence of bacteria in bone 
canals and OLCN was confirmed with high resolution 
confocal laser scanning microscopy (CLSM) (Figure 4b). 
Gram stain showed a significantly higher number of CFU 
embedded in the cortical bone in OVX- Inf compared to 
Sham- Inf at week 4 (p = 0.039) (Figure 4c).
SEM imaging, bacterial load, and the biofilm mass forma-
tion on K-wire. At week 8, bacteria biofilm was observed 
in all groups with infection. As shown in Figure 5, a large 
number of bacteria cells were found to be embedded in 
the polysaccharide matrix in both Sham- Inf and OVX- Inf 
by high- magnification SEM imaging. Agar plating showed 
no significant differences in bacterial load in bone among 
the four groups with infection for both weeks 4 and 8 
(Figure  3). Similarly, for biofilm mass quantification by 

crystal violet (CV) staining, no significant difference was 
found.
Histological findings. The H&E staining and quantifica-
tion is presented in Figure  6. Bone samples in all four 
groups with infection showed cortical thickening, inflam-
matory cell infiltration at the fracture site and bone mar-
row canal, and periosteal reaction. Despite no significant 
difference, the mean callus quality score was 2.4 (SD 0.6) 
in Sham- Inf, showing trend of higher callus quality than 
3.4 (SD 0.9) in OVX- Inf at week 4. A similar trend was ob-
served at week 8, with more severe inflammatory necro-
sis identified in OVX- Inf (Figure 6). Moreover, quantitative 
analysis showed a significantly enhanced callus quality 
(p < 0.001, ANOVA test with Bonferroni correction), as 
demonstrated by higher bony callus formation in Sham- 
Inf- A compared to Sham- Inf at week 8. In OVX- Inf- A, the 
fracture gap was found to be composed of spindle cells 
and inflammatory cells, with no bony callus. There was 
no significant improvement of callus quality in OVX- Inf- A 
compared to OVX- Inf.
Inflammatory cytokine expression in serum and fracture 
callus. The expression of serum inflammatory markers 
is presented in Figure 7. The comparison was made with 
ANOVA test and p- values were generated by Bonferroni 
correction. ELISA test showed a significant increase of IL- 6 
in OVX- Inf compared to OVX at week 4 (p = 0.048) and 
week 8 (p = 0.0174), and a significant increase of IL- 6 in 
Sham- Inf compared to Sham (p = 0.0397) at week 8. At 
week 8, serum TNF-α was significantly increased in OVX- 
Inf compared to OVX (p = 0.0281). IHC staining showed a 
significantly higher expression of TNF-α expression at the 

Fig. 6

Haematoxylin and eosin staining and quantification of callus quality at week 4 (W4) and week 8 (W8). A, antibiotics; Inf, infection; OVX, ovariectomized. *p < 
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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fracture callus of OVX- Inf compared to OVX at both week 
4 (p = 0.0490) and week 8 (p = 0.0334) (Figure 8).
Mechanical testing. Mechanical testing showed a signifi-
cantly decreased ultimate load in Sham- Inf compared to 
Sham (p < 0.001), and increased ultimate load in Sham- 
Inf- A compared to Sham- Inf (p < 0.001). The ultimate load 

was decreased in both OVX- Inf (p < 0.001) and OVX- Inf- A 
(p = 0.001) compared to OVX. For stiffness, both Sham- 
Inf and OVX- Inf showed a significant decrease compared 
to Sham (p = 0.032) and OVX (p = 0.020), respectively. 
Similarly, both Sham- Inf and OVX- Inf showed a decreased 
energy to failure compared to Sham (p = 0.006) and OVX 

Fig. 7

Expression of serum inflammatory markers detected by enzyme- linked immunoassay test. A, antibiotics; IL, interleukin; Inf, infection; OVX, ovariectomized; 
TNF-α, tumour necrosis factor alpha; W, week. *p < 0.05.

Fig. 8

Immunohistochemical staining of the tumour necrosis factor alpha (TNF-α) expression in fracture callus at week 4 (W4) and week 8 (W8). A, antibiotics; Inf, 
infection; OVX, ovariectomized. *p < 0.05.
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(p = 0.046), respectively. In Sham- Inf- A, the energy to 
failure showed a significant increase compared to Sham- 
Inf (p = 0.028) (Figure 9). The comparison was made with 
ANOVA test and p- values were generated by Bonferroni 
correction.

Discussion
Fracture healing is delayed in osteoporotic bone,23,35 or 
in the presence of wound contamination and FRI.36- 38 
Mounting evidence has suggested sex differences in injury 
mechanism, pain, healing, and response to therapies, but 
the biological basis for this remains unclear.39 Gjertsson 
et al14 found that OVX induced more severe systemic 
bone loss in septic arthritis, which was attributed to the 
absence of oestrogen- induced serum interleukin produc-
tion. However, it remains unknown if severity of infection 
and bone- healing is worse in osteoporotic bone with FRI. 
Clinically, the current consensus is to retain the implant if 
fixation is stable, as early implant removal will cause soft- 
tissue damage and worsening of infection.21 One recent 
animal study also showed that instability leads to more 
pronounced local immune responses in a FRI model.40 
Despite the moderate effect of systemic antibiotic treat-
ment on bacteria eradication and fracture- healing, its 
effect on FRI in osteoporosis also remains poorly under-
stood. In the current study, we are the first group to 
identify further impaired healing in osteoporotic bone, 
which is evidenced by consistent changes including more 
drastic periosteal reaction, severe cortical bone lysis, and 
higher bacterial load and colonization on bone, as well as 
a trend towards uncontrolled inflammation and necrosis 
at the fracture site. More importantly, these changes were 
partially rescued in Sham- Inf by systemic antibiotic treat-
ment, but not in OVX- Inf.

Cortical bone lysis and periosteal bone reaction are 
recognized as two key radiological features in acute 
bone infection.22 Thompson et al41 showed a similar 
pattern of BV loss and periosteal reaction in both OVX 
and Sham in a screw- related infection without fracture. 

However, BV loss between OVX- Inf and Sham- Inf were 
not compared in their study. In our study, significantly 
higher CW and lower BVh in the OVX- Inf were identified 
compared to Sham- Inf at week 4. These changes suggest 
a more robust periosteal bone reaction and cortical bone 
lysis in osteoporotic bone with FRI. Histologically, more 
severe inflammation and necrosis at the fracture site at 
week 8 also confirmed our findings on radiograph and 
micro- CT, suggesting a higher level of infection which 
further impaired callus remodelling.

The higher CFU number on bone samples indicated 
more severe infection in FRI with osteoporosis. In addition 
to bacterial contamination at the fracture site, coloniza-
tion of the OLCN in the cortical bone tissue is another key 
pathological feature of FRI in chronic infection.18 Bentley 
et al18 labelled the bacteria colonies with BrdU and traced 
the S. aureus colonization through the canaliculi system 
by SEM in chronic osteomylites, which showed active 
migration of bacteria to cortical porosities. However, 
their observation was limited to the use of growing mice 
at eight to ten weeks of age, as cortical bone containing 
primary Harversian systems undergo multiple remodel-
ling process. It remains unclear if cortical involvement still 
occurs in aged bone. In this study, we identified a higher 
CFU colonization in cortical bone tissue in osteoporotic 
bone with FRI. In addition to the fracture site, the cortical 
porosities serve as a natural reservoir for bacteria growth, 
which also protects them from phagocytosis by host 
immune cells.18 Cortical porosity is a key feature of oste-
oporosis induced by OVX,42 and this emerging evidence 
provided a possible explanation for our findings.

Biofilm formed on the K- wire in both OVX- Inf and 
Sham- Inf, which contributes to the formation of resis-
tance to host immune response and antibiotic treat-
ments.43 In addition to the physiological barrier, bacteria 
colonies embedded in the biofilm also have phenotype 
changes, leading to an altered growth rate and nutri-
tion consumption.19 With these changes, the bacteria 
can survive a 1,000- fold dosage of the minimum 

Fig. 9

Comparison of ultimate load, stiffness, and energy to failure in the mechanical test among six groups at week 8. A, antibiotics; Inf, infection; OVX, 
ovariectomized. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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inhibitive concentration of antibiotics for planktonic 
bacteria. Although cefazolin is the first- line antibiotic for 
the treatment of FRI,44 it has limited effects in shrinking the 
biofilm mass in both early and late stages, even if admin-
istered from day 0.45 Similarly, cefazolin treatment in our 
study failed to significantly reduce the biofilm formation. 
Thus, future studies on a novel therapy targeting biofilm 
formation are warranted.

Significantly increased serum inflammatory cytokines 
in bone infection are well documented in one previous 
study.31 We observed elevated serum IL- 6 and TNF-α in 
both OVX- Inf and Sham- Inf. In a sterile fracture, a well- 
orchestrated local inflammatory response plays a vital role 
in callus formation and remodelling.46 Our recent study 
demonstrated an impaired local inflammatory response 
in osteoporotic fracture callus, including decreased 
expression of TNF-α and IL- 6 at week 1.12 In the current 
study, significantly increased expression of TNF-α at week 
4 and week 8 was identified in OVX- Inf compared to OVX. 
This prolonged elevation of TNF-α differs from normal 
inflammatory response at the early stage of healing. In 
infected bone tissue, the pathogen- associated molecular 
patterns (PAMPs) and Toll- like receptors (TLRs) expressed 
on multiple type of cells increases expression of multiple 
inflammatory cytokines including TNF, IL- 1, and IL- 6, 
leading to overactivation of osteoclast and bone lysis.47 
These changes, combined with higher bacterial load, 
lead to more severe periosteal reaction and bone loss, 
suggesting a further impaired response to FRI in osteo-
porotic bone.

Despite the well- accepted clinical principle of implant 
retention when the fixation is stable, complete erad-
ication of infection is hardly achieved by systemic anti-
biotic treatment alone.20,38 Shiels et al48 identified that 
increasing the time to treat the open fracture would esca-
late the probability of biofilm maturation and diminish 
the effects of antibiotic- driven eradication. Our findings 
indicate that when started at 24 hours post- infection, an 
eight- week systemic cefazolin injection cannot eradicate 
the biofilm, but will reduce the planktonic bacteria, which 
is the phenotype that causes the immune response and 
subsequent poor healing.31 Thompson et al41 reported 
that OVX reduced antibiotic efficacy in a screw- related 
infection rat model. We have a similar observation of 
significantly reduced bacterial load in Sham- Inf at week 
8, but not in OVX- Inf. Despite incomplete eradication 
of infection, antibiotic treatment was found to improve 
the callus remodelling histologically and augment its 
mechanical property in Sham- Inf. The disparity in infec-
tion resistance has also been noted in aggravated infec-
tion in the skin and knee joint induced by OVX.14,49 In our 
study, the lower response to antibiotic treatment can be 
attributed to a high extent of cortical colonization, bone 
lysis, and disrupted local inflammatory response in oste-
oporotic bone. The CFUs in cortical porosities also have 
biofilm, which is difficult to penetrate by antibiotics.50 
Recently identified microRNA- 186 and related morpho-
genetic protein (BMP) pathways provide a mechanistic 

understanding of bone- healing.51 However, the mecha-
nisms related to the disparities in immune response and 
antibiotic effectiveness in osteoporotic bone and normal 
bone remain to be defined in further studies. Given the 
immunoprotective effects of oestrogen in ameliorating 
bone loss in septic arthritis,14 its potential effects on FRI 
also need to be further studied.

The strength of the current study is that we have eluci-
dated further delayed healing in osteoporotic bone with 
FRI, radiologically and histologically. We also identified an 
increased bacterial load and more progressive coloniza-
tion of OLCN in osteoporotic bone. The limitations are 
that only mono- antibiotic therapy was applied; further 
studies on other systemic antibiotics are required to 
examine its effect on fracture healing and bacterial load in 
FRI. Another limitation is that the molecular mechanisms 
have not yet been explored.

Our findings on the more severe infection and further 
delayed healing in osteoporotic bone with FRI revealed 
poor clinical outcomes and high rates of mortality. Given 
the biofilm formation on the implant, which cannot be 
eradicated by systemic antibiotic treatment in OVX- Inf- A, 
conventional treatment regimens including implant 
retention in elderly patients may need to be reviewed. 
Moreover, progressive colonization of OLCN also poten-
tially challenges current debridement therapies by 
removing necrotic bone tissue only, which may largely 
fail to eradicate the colonization in the cortical bone. To 
address these problems, novel therapies targeting these 
key pathological changes are warranted to improve the 
outcomes and reduce the recurrence rate of FRI in osteo-
porotic bone. In addition to postmenopausal and senile 
osteoporosis, hormones, nutritional factors, and micro-
biota were suggested to regulate bone homeostasis and 
affect healing.52,53 Smoking has also been shown to add 
to the risk of nonunion and infection in fracture treat-
ment.54,55 Future studies are needed to determine the 
potential hazardous effects of these factors on FRI, and 
provide insight into the risk management.56

In conclusion, the fracture- healing in osteoporotic 
bone with FRI was further delayed compared to normal 
bone, which was characterized by poorer callus remod-
elling, more severe periosteal reaction and bone lysis, 
and higher bacterial load on bone. In normal bone with 
FRI, systemic antibiotics were found to reduce bacterial 
load on bone, and improve callus quality and mechanical 
strength, but these effects were not observed in osteopo-
rotic bone. More importantly, the more extensive cortical 
bone colonization in osteoporotic bone, which cannot be 
eradicated by systemic antibiotic treatment, suggested a 
possible mechanism for further impaired healing. These 
findings elucidated the lower success rate of implant 
retention and systemic antibiotic treatment in osteopo-
rotic bone. To date, this is the first study that revealed 
the further impaired healing in osteoporotic bone with 
FRI. Given the increased risk of FRI in aged patients, the 
key pathological features revealed herein serve as the 
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therapeutic target for developing the future clinical treat-
ment of osteoporotic bone with FRI.

Supplementary material
  An ARRIVE checklist is included to show that the 

ARRIVE guidelines were adhered to in this study.
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