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Background: In recent years, animal models of bone infections have been used with increased frequency in order to
evaluate novel diagnostic and anti-infective technologies, like antibacterial coating of bone implants or local antibiotic
carrier products. Therefore, it is highly relevant to evaluate the scientiﬁc quality of existing bone infection models.
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Methods: We conducted a systematic review of 316 studies of large non-rodent animal models of bone infection (254
rabbit, 16 pig, 23 dog, 11 goat, and 12 sheep) and extracted data on study design, methodological quality, and postmortem evaluation of infection with respect to reporting and quantiﬁcation of pathology and microbiology.
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Results: The review demonstrated a substantial lack of study-design information, which hampers reproducibility and
continuation of the established work. Furthermore, the methodological study quality was found to be low, as the
deﬁnition of infection, randomization, power analysis, and blinding were only seldomly reported. The use of histology
increased in recent years, but a semi-quantitative scoring of the lesions was often missing, i.e. no objective quantiﬁcation of outcome. Most of the studies focused on whether the inoculated bacteria were present within the bone
tissue post mortem or not. However, very often the bacterial burden was not quantiﬁed. In many of the models,
different antimicrobial interventions were examined and, although antimicrobial effects were commonly described, a
lack of complete sterile outcome was observed in many models. On the basis of the systematic review, we established
a study template providing a guideline for the standard reporting of animal models of bone infections, including details
related to the animal, pathogen, infected animal, and postmortem analysis that are of crucial importance for validation
of results and reproducibility.
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Conclusions: As the aim of many bone infection models is to examine the effect of an intervention, the guideline
emphasizes the importance of objective quantiﬁcation of outcome, e.g., blinded quantitative scoring of histological
ﬁndings and quantiﬁcation of bacterial burden within tissue and on inserted implants. Less than 5% of the analyzed
studies adhered completely to the ideal form presented in the study template.
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Clinical Relevance: Anti-infective interventions must be tested in preclinical animal models before implementation in
human patients, and optimal design and validation is essential for a high translational value.

IN

ecently, there was a shift in the use of large animal
species in orthopaedic research, with nonhuman primates and dogs being replaced with farm animals (pigs,
goats, sheep, and cattle)1. The advantages of using farm animals
in orthopaedic research are related to large bone size, which is
suitable for the insertion of many orthopaedic devices1. Furthermore, a large body size allows for the sampling of high
quantities of blood and tissue for analyses.

The general increased tendency to use farm animals in
orthopaedic research is also seen in the area of bone infections, where goats, sheep, and pigs have become popular
choices for in vivo studies2,3. Rodents and rabbits, however,
remain the most frequently used animal species for modeling
bone infections in humans4. Regardless of species, animal
models of bone infections should serve as a strong basis for
human clinical research. Controlled animal models of bone
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TABLE I Outline of Data-Extraction and Scoring Process
Data Extracted (by Category)
Study design
Publication year, aim, intervention
Infection type*
Implant-associated
Traumatic
Animal
Species, sex, age, number, time frame†
Inoculum
Bacterial strain and origin

Power analysis
Random group allocation
No missing values in study design

Blinding (y/n)
Pathological methods
Macroscopic pathology (y/n)
Semi-quantitative scoring (y/n)
Histology (y/n)
Blinding (y/n)
Pathological registrations
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Semi-quantitative scoring (y/n)

S

Blinding (y/n)
Implant (y/n)

Macroscopic (1 point for each)
Pus
Sequestrum or necrosis
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Soft-tissue abscess
Sinus or ﬁstula

Granulation tissue
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Fibrotic tissue

infections are indispensable in the development of novel
diagnostic and therapeutic protocols, i.e., the success of any
future anti-infective technology will depend on proper evaluation in an appropriate animal model5. However, a positive
link between preclinical animal studies and clinical research
can only be achieved if the bone infection models are discriminative to the disease in humans. A discriminative animal
model represents and reproduces the disease of interest, and
the results can correctly and predictably be extrapolated to
humans. In order to disclose the discriminative nature of
animal models of bone infections, it is mandatory to describe
the bone pathology, i.e., etiology, pathogenesis, development,
and appearance of lesions. The best way to make an accurate
characterization of the bone lesions is to incorporate a
pathological analysis including macroscopic and histomorphological description and quantiﬁcation. Many bone
infection models examine the effect of an intervention, such
as antibacterial coating of bone implants or the use of locally
administrated antibacterial compounds, between study
groups6,7. Therefore, in order to present a proper evaluation of
the interventions, the local bone pathology and microbiology
have to be scored, quantiﬁed, and reported as objectively as
possible to obtain results with a reliable translational value for
clinical research and practice.
With the present systematic review, we aimed to examine
the preclinical literature involving large, non-rodent animal
models of bone infections to answer the following questions:
are there differences in study design parameters, e.g., in regard
to bacterial inoculation dose and infection time and methodological quality, among bone infection models developed using
rabbits, dogs, goats, sheep, and pigs; and is the postmortem
evaluation with respect to pathology and microbiology uniform in the recording (registration) and quantiﬁcation of
speciﬁc parameters?
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Clear deﬁnition of infection

Bone tissue (y/n)

LAPINE BONE INFECTION
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Dose†, volume, inoculation route
Methodological quality (1 point for each; 11 point if microbiology
or pathology blinded)

Quantitative microbiology
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Hematogenous

CAN IN E, OV IN E, CAPRI N E, PORC I NE,
MODELS

New-bone formation

Histological (1 point for each)
Neutrophils

IN

Macrophages

Necrosis/debris

Osteolysis/osteoclast activation
Granulation tissue
Fibrosis

New-bone formation/osteoblast proliferation
*Three types of bone infection models were deﬁned: (1) implant-associated,
based on insertion of a bone implant followed by any type of inoculation; (2)
traumatic, based on the creation of bone trauma (minor or major) followed by
any type of inoculation; and (3) hematogenous, based on inoculation into the
blood stream. While the traumatic type represents chronic osteomyelitis and
fracture-related infections (i.e., without implants), the implant-associated
type represents implant-associated osteomyelitis, fracture-related infections,
periprosthetic infections, and chronic osteomyelitis (i.e., with implants). †In
studies in which several bacterial doses and/or infection times were used,
the highest reported dose and the longest infection time were extracted.

Materials and Methods
Systematic Review
e searched 2 electronic databases (PubMed and ISI
[Institute for Scientiﬁc Information] Web of Science)
using the following search parameters: “bone infection” OR
“osteomyelitis” OR “peri-prosthetic infection” OR “peri-implant
infection” AND “animal model” OR “dog” OR “canine” OR
“ovine” OR “sheep” OR “caprine” OR “goat” OR “porcine” OR
“pig” OR “swine” OR “rabbit” NOT “guinea” OR “mouse”
OR “mice” OR “rat” OR “cow” OR “bovine” OR “cat” OR
“feline” OR “horse” OR “equine.” We excluded non-English
papers and searched the reference lists of included articles and
relevant reviews to identify additional studies not found in the
initial search. Case studies, abstracts, reviews, notes, proceedings, letters, and book chapters were also excluded. One
investigator (N.L.H.) reviewed the abstracts of all of the initially
searched articles and obtained copies of articles that met the
inclusion criteria. To be included in the systematic review data
set, the publications had to describe experimental bacterial
inoculation of animals used to model bacterial bone infections
in humans.
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Data Extraction
Table I outlines the data-extraction procedure. The data were
organized into 5 categories, namely, study design, methodological quality, quantitative microbiology, pathological methods,
and registration of speciﬁc pathological parameters. The methodological quality of the studies was assessed using a 5-point
scoring system (Table I). One point was given for each reported
parameter, resulting in a maximum score of 5 for each study.
Pathological registrations were assessed using a 7-point scoring
system (Table I). One point was given for each reported parameter, resulting in a maximum score of 7 points each for
macroscopic pathology and histology.
Results
n total, 316 studies from the period of 1938 to 2017 met the
inclusion criteria and were reviewed for data extraction (Fig. 1).
The included studies, listed by animal, are shown in the Appendix.
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Study Design
From 2005 to 2017, there was an increase in the use of rabbits,
pigs, and sheep (Fig. 2). Pigs, rabbits, and dogs were used to
model all 3 deﬁned bone infection types (hematogenous, implantassociated, and traumatic), while small ruminants were used
only to model traumatic and implant-associated osteomyelitis
(Table II). Hematogenous infections were based on intra-arterial
or intravenous inoculations, whereas traumatic or implantassociated osteomyelitis was established with intravenous, percutaneous, and intraosseous inoculation. The time frame (time
from inoculation to euthanasia) varied among the different
species; models developed in pigs and goats often involved
infection for a shorter period of time compared with models
developed in sheep, rabbits, and dogs (Table II). The time
frame was inﬂuenced by the year of publication. Studies with a
time frame of >120 days were reported only in the period of
1960 to 1995, and after 2007, the time frame was primarily
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Fig. 1

Flowchart of article selection, with exclusions and ﬁnal counts of acceptable manuscripts shown.
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Fig. 2

Fig. 2-A Reports of non-rodent animal models of bone infections in humans from 1935 to 2017. The number of publications based on lapine, porcine, and
ovine models increased, while canine models have not been used in more recent years. Note that the ﬁnal time interval spans 7 years. The broken line for
rabbits is due to an interrupted y axis in order to present more clearly the relative lower number of models based on the other species. Fig. 2-B The use of
histology in the included reports of non-rodent animal models of bone infections in humans from 1938 to 2017. Recently, the number of publications
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reporting the use of histology increased.
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<2 months. The speciﬁc age of the animals included in the
studies was seldom reported. If reported, it was as “mature”
or “adult” or between 12 and 24 months for rabbits; 12 to 36
months or 12 or 48 months for dogs; 24 to 36, 30 to 42, or 48
to 60 months for sheep; and 12 to 48 months for goats. All
pigs were conventional slaughter pigs with an age of between
3 and 8 months. Regardless of animal species, the primary
bacteria used for inoculation were Staphylococcus aureus and
S. epidermidis. However, most of the studies did not report
the origin of the inoculated strains or the volume of the
inoculum (Table II). No differences were found among the
mean inoculation doses in the 5 animal species. However,
for models with inoculation only directly into the bones
(used in traumatic and implant-associated models), there
was a decrease in inoculation dose for porcine (pig) models
compared with ovine (sheep) and lapine (rabbit) models.
In all models in which inoculation was directly into the
bones, a lower inoculation dose was used if an implant was
inserted.

Methodological Quality
The mean score for study quality was low for all species,
although a higher score was observed for ovine, caprine (goat),
and porcine models compared with lapine and canine (dog)
models (Table II). By assessing the quality score on the basis of
the year of publication, the score clearly increased in recent
years. The combined study-quality results for all species are
shown in Figure 3-A.
Quantitative Microbiology
Microbiological examinations were used to assess the presence
of bacteria within the bone tissue in 65% (dog), 91% (sheep),
72% (goat), 87% (pig), and 83% (rabbit) of the models.
However, the bacterial burden was only quantiﬁed in 40%
(dog), 54% (sheep), 75% (goat), 35% (pig), and 52% (rabbit)
of these studies. If an implant/foreign material was used, the
presence of bacteria on the surface was reported for 80%
(sheep), 80% (goat), 75% (pig), and 54% (rabbit) of the
models. The bacterial burden on the implant surface was
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TABLE II Extracted Data from Canine, Ovine, Caprine, Porcine, and Lapine Bone Infection Models
Parameters

Dog (N = 23)

Sheep (N = 12)

Goat (N = 11)

Pig (N = 16)

Rabbit (N = 254)

Type of bone infection modeled
(no./total no. of studies)
3/23

0/12

0/11

11/16

Implant-associated

5/23

10/12

5/11

4/16

73/254

15/23

2/12

6/11

1/16

178/254

Traumatic
Type of implant used (no./total no.
of studies)
Intramedullary nail/rod

2/5

1/10

2/5

Needle

0/5

0/10

0/5

Pin

0/5

3/10

3/5

Wire

1/5

0/10

0/5

Screw

1/5

1/10

0/5

Plug

0/5

4/10

Plate

0/5

0/10

Joint replacement

0/5

0/10

Loose implant

1/5

1/10

17/23

1/12

Female

0/23

10/12

Male

3/23

Both

0/12

3/23

Total no. of animals in each study*
Time frame*s (days)

1/12

37.2 ± 46.2

8/73

0/4

3/73

0/5

3/4

22/73

4/11

2/16

2/11

12/16

57/254

4/11

1/16

68/254

1/16

120/254

9/254

22.5 ± 15.3

11.2 ± 9.1

44.4 ± 38.6

12/12

10/11

15/16

224/254

0/12

1/11

0/16

13/254

0/12

1/11

0/16

8/254

0/12

0/11

0/16

4/254

0/12

0/11

1/16

33/254

S

ES

3/23

2/23

1.6·108 ± 3.6·108
±

3.7·108

R

1.8·108

-P

Animal

1/4

0/5

22/23

Escherichia coli

Laboratory

0/5

56.0 ± 60.3

2/23

Human

0/73

18.7 ± 23.4

Pseudomonas aeruginosa

Unknown

3/73

0/4

35.2 ± 38.4

2/23

Bacterial origin (no./total no. of
studies)

6/73

57.1 ± 34.7

Staphylococcus epidermidis

Inoculation dose, hematogenous
model excluded* (max. CFU)

3/73

0/4

112.1 ± 152.4

Staphylococcus aureus

Inoculation dose* (max. CFU)

0/4

0/5

1/11

17 ± 14.51

Bacterial strain (no./total no. of
studies)

Other

18/73

10/73

0/4

AR

Unknown

0/4

0/4

TI
C

Sex (no./total no. of studies)

10/254

LE

Hematogenous

9.6·108 ± 1.9·109
9.6·108

±

1.9·109

7.3·108 ± 1.6·109
7.3·108

±

1.6·109

6.2·108 ± 1.4·109

5.1·1011 ± 7.9·1012

±

5.2·1011 ± 8.0·1012

2·108

4.4·108

21/23

8/12

8/11

1/16

151/254

1/23

4/12

3/11

3/16

93/254

0/23

0/12

0/11

0/16

2/254

1/23

0/12

0/11

13/16

8/254

Inoculation route (no./total no. of
studies)

3/23

0/12

0/11

10/16

1/254

Intravenous

0/23

0/12

0/11

1/16

10/254

20/23

11/12

11/11

5/16

243/254

0/23

1/12

0/11

0/16

IN

Intra-arterial
Traumatic

Percutaneous

0/254

Study quality score*

0.34 ± 0.83

1.08 ± 1.08

1.18 ± 0.98

1.12 ± 1.02

0.63 ± 0.79

Histological registration score*

2.05 ± 2.41

4.25 ± 0.46

3.25 ± 0.5

3.09 ± 1.7

2.86 ± 1.67

Macroscopic registration score*

1.6 ± 0.84

1.89 ± 1.16

1.61 ± 1.60

1.48 ± 1.00

1.5 ± 0.83

*The values are given as the mean and standard deviation. CFU = colony-forming units.

quantiﬁed in 12% (sheep), 50% (goat), 75% (pig), and 50%
(rabbit) of these studies. In addition, blinding was seldom used
during microbiological quantiﬁcation (4% for all species
combined). In 83 of 171 studies evaluating the effect of anti-

microbials, whether systemic or locally administrated, qualitative tissue microbiology was used. Likewise, 13 of 43 studies
evaluating the effect of antimicrobials simultaneously with the
use of implants reported on quantitative implant surface
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Figs. 3-A and 3-B Combined results of study quality and methods of pathological assessment in 316 reports of non-rodent animal models of bone
infections in humans. Pathological registrations were only noted for studies in which the use of pathology was reported. Fig. 3-C The reporting of 7 speciﬁc
macroscopic pathological parameters in 150 non-rodent animal models of bone infections in humans. Figs. 3-D through 3-H The reporting of 7 speciﬁc

histological parameters in 17 canine, 8 ovine, 4 caprine, 11 porcine, and 158 lapine models of bone infections in humans.

microbiology. Among the studies in which antimicrobials were
used, a 30% rate of sterile outcome (i.e., no bacterial detection
within tissue and on implants post mortem) was reported for
all animals that were given the highest reported dose.
Pathological Methods
Macroscopic pathology was used in 81% and 75% of the pig
and sheep models, respectively. For models developed in dogs,
goats, and rabbits, the frequency of use of macroscopic

pathology was <50%. The macroscopic ﬁndings were semiquantitatively scored in 20% (dog), 30% (sheep), 60% (goat),
15% (pig), and 14% (rabbit) of the models.
Histology was used in 73% (dog), 67% (sheep), 36%
(goat), 56% (pig), and 39% (rabbit) of the models. Furthermore, the frequency of use of histological semi-quantitative
scoring was 23% (dog), 62% (sheep), 50% (goat), 27% (pig),
and 33% (rabbit). Blinding of histological examinations
occurred with a frequency of 50% in ovine and caprine models,
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but for the remaining animal species, the frequency was <10%.
In assessing the use of histology according to the year of publication, a clear increased frequency was observed after 2007
(Fig. 2). Methods used for pathological evaluations across all
species are shown in Figure 3-B.
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of osteoclast activation was commonly used in porcine, ovine,
and caprine models.
Standard Study Template Guideline
On the basis of the ﬁndings of the systematic review, we developed a study template providing a guideline for the standard
reporting of animal models of bone infection (Table III). Less
than 5% of the included studies adhered completely to the ideal
form presented in the guideline. Recently, the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines were
developed to improve the general design, analysis, and reporting
of research involving the use of animals8. The present study
template builds on the ARRIVE guidelines, as the ARRIVE
guidelines do not fulﬁll all requirements needed for the optimal
development and reporting of preclinical bone infection studies.
For example, the ARRIVE guidelines have no recommendations
regarding inoculum data or the evaluation of systemic spread of
local infection. Furthermore, the present template overlaps with
the novel published “checklist” of items to be considered when
designing and publishing an in vivo study of orthopaedic devicerelated infections9.

AR

Pathological Registrations
The mean macroscopic and histological registration scores did
not differ signiﬁcantly among the 5 animal species (Table II).
In some cases, in which the use of macroscopic pathology or
histology was reported, none of the given parameters were
reported and the paper was scored as “0.” The predominant
macroscopic parameters used were “pus,” “necrosis,” and “softtissue abscess” (Fig. 3-C). Histologically, “neutrophils” and
“necrosis” were the most frequently used parameters (Figs. 3-D
through 3-H). However, for the histological parameters, some
differences were observed among the 5 animal species (Figs.
3-D through 3-H). Fibrosis was reported in all caprine and the
vast majority of ovine models but only seldomly in the porcine,
canine, and lapine models. New-bone formation was reported
more often for rabbits than for the other species. Registration
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TABLE III Study Template: Overall Principles of Crucial Importance When Bone Infection Models Are Developed, Validated, and Reported

General aspects
Animal

S

Guideline for Standard Reporting of Animal Models of Bone Infections
Type of bone infection modeled;
Deﬁnition of infection in the model

Species, age, sex, breed, producer

Bacterial strain, including identiﬁcation number, inoculation dose, and volume

Implant or prosthesis, if used

ES

Pathogen

Pathogen (1implant) into the animal: inoculation procedure

Type, material, size, producer

Hematogenous inoculation route
• Vessel

-P

R

• Bone trauma prior to inoculation

IN

Pathogen (1implant) within the animal: infected animal

Postmortem evaluation of infection

• Insertion of bone implant prior to inoculation
Traumatic inoculation route (directly into a bone)
• Description of bone surgery (opening of the bone for inoculation)
• Description of insertion of implants
• Description of inoculation procedure

Monitoring of development of bone infection;
Monitoring of systemic disease;
Disease management (e.g., analgesic treatment);
Time frame (from inoculation to euthanasia)
Local pathology of the inoculated bone, including quantiﬁcation
Local microbiology of the inoculated bone and implant, including quantiﬁcation
Systemic pathology and microbiology (e.g., embolic spread of local infection)

Intervention

Aim
Time of intervention in relation to inoculation
Detailed description of intervention

Methodological quality

Randomization of animals into study groups
Blinding when quantifying pathology and microbiology
Power analysis
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Discussion
he present systematic review provides an overview of
contemporary non-rodent animal models of bone infections in humans. Few differences in study-design parameters
among the species were reported; however, an overall poor
reporting of design and a low methodological study quality
were found. A high degree of heterogeneity in the use of
pathology, including a lack of standardized registration and
quantiﬁcation of infection, was also exposed.
The ideal animal model of bone infections in humans
should have molecular, cellular, structural, and mechanical
features akin to human bone, a well-characterized genetic and
immunological proﬁle, and large, sufﬁciently robust bone to
endure medical and surgical interventions that reﬂect clinical
practice5. In reality, these features are highly variable among the
animal species used to model bone infections, making the
selection of animal species per se one of the most important
study design parameters5. The optimal choice of animal species
depends on the speciﬁc goal of the experiment, i.e., in which
species the human condition of interest is best replicated, and
to what extent the condition should be replicated. There was an
increase in the number of reports using rabbits, sheep, and pigs
to model bone infections in humans. While the use of ovine
and porcine models represents an alternative to the previously
preferred large-animal models developed using dogs, the
number of lapine models reﬂects the demand for easy handling, easy housing, and low-cost in vivo studies in a large
animal species compared with rodents. Nevertheless, the generalization of sheep and pigs as “large animal models” seems
implausible, as they are very different with regard to anatomy,
physiology, and immunology, which leads to diverse advantages and disadvantages for modeling bone infections in
humans10,11. In the present systematic review, the most pronounced differences in study design parameters were related to
the low number of pigs used in each study involving porcine
models, the low inoculation dose in pigs, and the short and
long experimental time frames used in porcine and canine
models, respectively. These ﬁndings can be explained by the
ﬁnancial cost of experiments using pigs, and the fact that
porcine models primarily have been used to study the initial
phase of osteomyelitis12. Moreover, most of the porcine models
were inoculated with a porcine S. aureus strain12,13. It has been
speculated that pathogenic bacterial strains have evolved separately because of the different immune defenses in different
species5,14. Therefore, human pathogens do not necessarily
cause predictable infections in animals5,15, and higher effective
inoculation doses have been reported for animal models of
infectious diseases based on human S. aureus strains compared
with species-speciﬁc S. aureus strains16. In general, study design
parameters, such as inoculation dose, inoculation volume,
identiﬁcation number of the speciﬁc bacterial strain used, and
animal age or sex were often not stated. The failure to report or
comment on these parameters seriously limits the ability to
compare and reproduce ﬁndings from one study to another.
The overall advantages of non-rodent animal models
include the opportunity to analyze the infected bones com-
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prehensively and, therefore, it was surprising that we did not
ﬁnd a higher frequency for the use of pathology. Although the
use of histology increased in recent years, a semi-quantitative
scoring of the lesions was often missing, i.e., there was no
objective quantiﬁcation of outcome. Most of the studies
investigated whether bacteria were present within the bone
tissue and on the surface of inserted implants post mortem.
However, very often, the bacterial burden was not quantiﬁed.
Many of the models examined multiple antimicrobial interventions, and the lack of quantitative microbiology makes it
difﬁcult to estimate and reproduce the given effects objectively.
Although antimicrobial effects were described for most of the
interventions, a lack of a sterile outcome was observed for
many models (sterile outcome: no bacterial detection post
mortem among infected animals administered the highest dose
of antibiotics, i.e., the result of microbiology is sterile). The
failure to report a sterile outcome reduces the possibility of
obtaining valuable knowledge about osseous-effective antibiotic doses in vivo. In a recent review by Moriarty et al., providing recommendations for the design and conduct of
preclinical bone infection studies, it was also pointed out that
complete eradication of infection from the implant and the
surrounding tissue is the ideal target for anti-infective technologies in terms of asserting efﬁcacy9. In general, the methodological study quality was found to be low, as randomization,
power calculations, and blinding were only seldomly reported.
Within other types of animal models for stroke and bone
cancer pain, for example, it has been demonstrated that studies
based on blinding and randomization show a smaller effect size
of tested drugs17-19. Therefore, an increased use of blinded
quantiﬁcation of histological and microbiological ﬁndings
could indeed improve the translational efﬁcacy of test results
obtained from animal models of bone infections. The present
systematic review provides evidence for the criticism regarding
methodological quality and missing quantiﬁcation of outcome
described in the review by Moriarty et al., which also includes a
guideline for designing and reporting of in vivo studies on bone
infections9. The overlap between the present guideline and the
review by Moriarty et al. indicates the current need for
improvement of the preclinical literature.
The etiopathogenesis is not a useful variable for classifying osteomyelitis in humans20. Likewise, in the present
analysis, the reported macroscopic and histological parameters
showed no connection to the different types of bone infections
modeled, i.e., traumatic, hematogenous, or implant-associated
inoculation. Regardless of the pathogenesis, bacterial colonization of bone tissue will result in local lesions related to acute
inﬂammation, chronic inﬂammation, and bone remodeling21.
All of these changes were covered by the pathological parameters selected for the present systematic review, and all
parameters are expected to appear during the mean time frame
reported for all 5 animal species. The preferred macroscopic
registrations were “purulent drainage” and “bone communicating sinus,” which are conﬁrmatory diagnostic criteria in the
consensus deﬁnition of periprosthetic joint infections and
fracture-related infections22,23. In contrast, a high heterogeneity
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bone infection models. As such, it might be relevant for leaders
of research laboratories basing their science on in vivo studies,
organizations and societies with a focus on bone infections, and
journal editors to encourage compliance with the guideline.
Appendix
Supporting material provided by the authors is posted
with the online version of this article as a data supplement
at jbjs.org (http://links.lww.com/XXXXXXX). n
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in the registration of histological parameters was observed
despite the increased use of histology (Fig. 2). It is important to
note that the calculated macroscopic and histological registration scores only reﬂect the number of parameters described
and, therefore, they cannot be taken as a direct measure of
progression of the disease state. Because of the lack of consensus in deﬁning acute and chronic osteomyelitis in humans24,
these terms should be avoided in animal models of bone
infections unless they are connected to a detailed description of
the bone lesions and a clear deﬁnition of bone infection.
Diagnostic criteria based on the evaluation of speciﬁc histological parameters are available for some types of bone infections in humans22,23,25-28. Therefore, further animal models of
bone infections should try to incorporate these diagnostic
histological criteria when reporting bone pathology.
For scientiﬁc, animal welfare, and economic reasons,
animal models should be appropriately designed, correctly
analyzed, and clearly described. However, this review documents a need for optimization when it comes to animal models
of bone infections. The present guideline, combined with more
uniform registration of pathological parameters, would indeed
improve the reproducibility of ﬁndings among studies based on
similar models and models in different species. Thus, the reported guideline should help authors to develop clear, comprehensive, accurate, concise, and well-written manuscripts on
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