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 Background: Osteoporosis is diagnosed by bone loss using a radiological parameter called T-score. Preclinical studies use 
DXA to evaluate bone status were the T-score is referenced on bone mineral density (BMD) values of the same 
animals before treatment. Clinically, the reference BMD represents values of an independent group of healthy 
patients around 30 years old. The present study established a clinically similar T-score standard to diagnose 
osteoporosis in a sheep model.

 Material/Methods: We used 31 female merino land sheep (average 5.5 years old) to study osteoporosis. The following groups 
were compared using DXA measurement: 1) control; 2) ovariectomized (OVX); 3) OVX combined with a defi-
cient diet (OVXD); and 4) OVXD combined with methylprednisolone administration (OVXDS). Further, an inde-
pendent group of 32 healthy sheep (4–6 years old) were measured as an independent baseline. BMD was mea-
sured at 0 months, 3 months, and 8 months after treatment.

 Results: The same significance pattern between the treated groups and either baseline groups was seen. However, us-
ing an independent baseline changed the “clinical” interpretation of the data from an osteoporotic bone sta-
tus (T-score <–2.5) after 3 months of OXDS treatment into an osteopenic bone status (T-score <–1.5 to –2.4).

 Conclusions: Using an independent baseline enhanced the statistical significance and showed the clinical relevance. 
Furthermore, an independent baseline is a reliable alternative to use of a new control group for future experi-
ments and thus reduces the number of animals needed by eliminating the need for a control and correspond-
ing to clinical practice.
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Background

Bone is a connective tissue that forms the skeleton to pro-
vide protection and mobility [1]. Bone remodeling maintains 
the integrity of bone tissue. However, different factors, such as 
menopause-related hormonal changes, affect bone homeosta-
sis [2]. Osteoporotic fractures increase morbidity and mortality 
in the elderly population, which has socio-economic effects on 
society [3,4]. Therefore, understanding the biology of osteo-
porotic bone in preclinical animal models remains crucial [5].

Preclinical studies aim to recapitulate clinically reported os-
teoporotic bone changes in animal models [6]. Bilateral ovari-
ectomy (OVX) is the usual approach of choice, either alone [7] 
or in combination with either a vitamin D-deficient diet [8], or 
a low-calcium diet [9]. The US Food and Drug Administration 
(FDA) guidelines propose that 2 species are needed for testing 
new therapies for osteoporosis [10,11]. We recently reported 
an in-depth characterization of an ovariectomized (OVX) rat 
model [12–14], which was also utilized to study the healing 
of osteoporotic metaphyseal fracture aided with newly devel-
oped bone substitutes [15,16]. The current study is the first 
step in a multi-center study to understand detailed alterations 
of bone tissue in a sheep model, which will be used to reca-
pitulate bone healing and study its enhancement using novel 
biomaterials. In both studies, the reference group was an un-
treated internal group.

Unlike rats, sheep are brought to preclinical studies direct-
ly from the flock and are not bred specifically as experimen-
tal animals. However, this diversity makes sheep in a sense 
more clinically relevant, as it mimics the diversity of human 
patients. Ovariectomy (OVX) was reported to induce bone loss 
in sheep [17]. However, the ability to develop such bone loss 
was not always described [18]. On the other hand, it is difficult 
to produce bone loss in sheep by malnutrition alone. However, 
a diet deficient in calcium and vitamin D reflected osteopo-
rotic structural parameters in sheep bone when combined to 
OVX [19]. Steroid therapy alone was reported to induce os-
teoporotic bone status in sheep [20]. Corticosteroid adminis-
tration, such as methylprednisolone, accelerates bone loss in 
combination with OVX. Structural changes and biomechanical 
impairment resulting from steroidal therapy resemble those 
found in steroid-treated patients [21]. Longitudinal in vivo bone 
loss in preclinical models is usually determined by Dual Energy 
X-Ray Absorptiometry (DXA) by assessing bone mineral con-
tent (BMC in g) and areal bone mineral density (BMD, in g/cm2).

Clinically, osteoporotic bone status is determined by T-score [22], 
which is the correlation to a baseline of a healthy, skeletally 
mature patient population. Because such a baseline does not 
exist in preclinical studies, animals before treatment are of-
ten used as the reference. The lack of a unanimous baseline, 

as in human patients, affects the interpretation of the results. 
Therefore, many studies report a percentage of bone loss to 
avoid confusion.

The present study also used an independent baseline for the 
calculation of the T-score. To do so, the relevance of T-score 
calculation in establishing a significant and rapid osteoporotic 
bone status in sheep by a triple treatment strategy is addressed.

Proving that the independent baseline is reliable would pre-
clude the future use of controls, adhering to the 3 R’s princi-
ples [23] for animal welfare. Furthermore, this would allow use 
of T-scores in osteoporosis research in addition to BMD loss 
[%], which makes it even more clinically relevant.

The motivation to use this extra group as independent con-
trol had several goals: 1) Achieving a more clinically relevant 
(real-life) control group; 2) Emphasizing that a control group 
and even the OVX group could be spared in future studies as 
in the clinical situation; and 3) The use of a pre-intervention 
time point (0 months) can be misleading in the interpretation of 
the data, especially when projected onto the clinical diagnosis.

We hypothesized that alteration of bone status due to treat-
ment in the ewe will remain visible when compared to the pre-
treated animals and the independent baseline.

Our future goal is to start an online open source panel for bone 
researchers to upload their DXA results of healthy skeletally 
mature sheep to serve as a clinically relevant baseline for the 
calculation of T-score. Thusly, a larger pool of individuals will 
allow us to assess T-score and Z-score without the need of 
operating and sacrificing a control group in upcoming studies.

Ethics statement

The study was conducted in strict accordance with the European 
Union legislation for the protection of animals used for sci-
entific purposes; therefore, it was approved by the district’s 
Animal Ethics Committee “Government Presidium of Darmstadt, 
Germany”, permit no. Gen. Nr. F31/36.

Material and Methods

Experimental design

Sheep grouping

We randomly chose 31 skeletally mature merino sheep from 
herds around Wiesbaden, Germany. One sheep was excluded 
from the study because of pregnancy, leaving 31 animals for 
the study. Those sheep were divided into 4 different treatment 
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groups with an age range of 3 to 9 years and an average of 
5.5 years. Animals were divided into 4 groups: 1) non-oper-
ated sham group (Control, n=8); 2) bilaterally ovariectomized 
group (OVX, n=7); 3) bilaterally ovariectomized and treated with 
special diet deficient of calcium and vitamin D group (OVXD, 
n=8); and 4) triple treatment group, which received a biweek-
ly dosage of subcutaneous glucocorticoid treatment (OVXDS, 
n=8) 8ml (40 mg/ml) methylprednisolone acetate in addition 
to the treatment received in OVXD (Figure 1). The accumulative 
treatment was designed to reduce number of controls. In this 
study design, the OVX acts as the direct control to the OVXD 
group to examine the dietary effect on bone. Furthermore, 
the effect of steroids alone could be deduced by having the 
OVXD as the direct control. Nonetheless, the impact of cumu-
lative treatments could be compared to the untreated controls 
and the OVX groups. During the whole experiment, OVXD and 
OVXDS groups were held in small groups in a covered outside 
barn at the central research facility of the Johann Wolfgang 
Goethe University, Frankfurt, Germany.

Sheep weight was measured at the beginning of the study 
(0 months) and at every succeeding time point (3 and 8 
months) and veterinarians regularly examined every sheep. 

Furthermore, the sheep received prophylactic doses of 1 ml/5 
kg KGW Febantel (Rintal 2.5% ad us. Vet., Bayer AG, Germany) 
against parasites.

Furthermore, an independent reference group (Ind. Baseline) 
of 18 Merino sheep between 4–6 years of age were scanned 
in vivo independently to acquire and compare T-score.

Surgical procedure preparation and anesthesia

Preoperatively, the sheep received premedication (10 mg/kg 
Ketamine hydrochloride (Ketavet® 10 mg/ml, Bela-Pharm 
GmbH und Co. KG, Germany), 0.01 ml/kg Xylazine (Rompun® 
2%, Bayer AG, Germany), 0.3 mg/kg Midazolam (Midazolam 
Rotexmedica 5 mg/ml, ROTEXMEDICA GmbH, Germany), and 
0.01 mg/kg Atropine (Atropine sulfate 0.5 mg/ml, B. Braun 
Melsungen AG, Germany) prior to anesthesia.

After a few minutes, sedation allowed body-weight measure-
ment and shaving of the ventral abdomen, and a claw inspec-
tion took place at every measuring time point.
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Figure 1.  Induction of osteoporosis bone status in sheep model. Besides the control and OVX groups alone, 2 treatment regimens 
were combined to OVX operation in ewes. The first by combining calcium- and vitamin D-deficient diet (OVXD), and the 
second by adding steroidal therapy to the dietary restriction (OVXDS). The change in bone status was compared to all groups 
pretreatment and to an independent group of young skeletally mature ewes.
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Subsequently intravenous anesthesia was administered with 
2 mg/kg Propofol (Propofol 2% (20 mg/1ml), Fresenius Kabi, 
Germany) and 2 μg/kg Fentanyl (Fentanyl-Hameln 50 μg/ml, 
Hameln pharmaceuticals GmbH, Germany). During the DXA scan 
after intubation and prior to bilateral ovariectomy, a Propofol 
perfusor with 50 ml/h was administered. Every sheep received 
a prophylactic antibiotic administration of 0.1 mL/kg penicil-
lin (Veracin® RS, Albrecht GmbH, Germany) as well as an opi-
ate for analgesia of 0.01 mg/kg buprenorphine hydrochloride 
(TEMGESIC® ampoules 0.3 mg, RB Pharmaceuticals GmbH, 
Germany) subcutaneously at all 3 time points.

Bilateral ovariectomy operation

Sheep in groups OVX, OVXD, and OVXDS were transported af-
ter the DXA measurements to the operation room and placed 
in supine position. Sheep received inhalation anesthesia with 
isoflurane. All 4 limbs were fixated with gauze bandages and 
the operation section was cleaned, disinfected, and covered 
sterilely. A skin incision cranial to the udder was performed. 
The subjacent layer of fat was then dissected and the linea 
alba was presented. A sting incision was made through the 
linea alba and the peritoneum. The uterus, fallopian tubes, 
and ovaries were exposed in situ. A transfixation ligature with 
a resorbable suture (Vicryl 4-0, Ethicon Johnson and Johnson 
Medical GmbH, Germany) was conducted and the ovaries were 
excised. Following a final abdominal inspection, the muscu-
lar layer was sutured as well as the skin. After surgery, sheep 
were put in an indoor barn, initially separated until regaining 
full consciousness. After veterinary assessment, sheep were re-
leased to pasture (OVX) or to the outside barn in small groups 
(OVXD and OVXDS) at the research facility.

Post-surgical assessment

After the operations, animals received an opiate administra-
tion for analgesia of 0.01 mg/kg buprenorphine hydrochlo-
ride (TEMGESIC® ampoules 0.3 mg, RB Pharmaceuticals GmbH, 
Germany) subcutaneously 2 times daily, as well as non-steroi-
dal anti-inflammatory drug once a day intramuscular 0.5 mg/
kg meloxicam (Metacam® 20 mg/ml ad. us. vet., Boehringer 
Ingelheim Vetmedica GmbH, Germany). Opiates were reduced 
after evaluation by the veterinarians. In the first 5 days after 
surgery, animals were injected intramuscularly with 0.1 ml/kg 
penicillin (Veracin® RS, Albrecht GmbH, Germany), every 48 h.

Sheep feeding

Two weeks after ovariectomy, sheep in groups OVXD and OVXDS 
received special diet (Cat No. S6189-S010, Sondermischung 
Schaf, 4 mm pellet, SNIFF Spezialdiäten GmbH, Germany). The 
diet was deficient in calcium and vitamin D3, and was given 
1 time in the morning and 1 time in the evening, and water 

was given ad libitum. In addition to the diet, animals had ac-
cess to straw as they were held the whole day in a covered 
outdoor barn filled with straw.

Animals of control and OVX group were fed during wintertime 
with standard feed (SNIFF Spezialdiäten GmbH, Germany) and 
in spring they were held on a pasture.

No difference in the food energy values between the standard 
feed and the special diet, both cover recommended daily re-
quirement of a mature sheep.

Administration of corticosteroids

Two weeks after ovariectomy, every 14 days sheep in the OVXDS 
group received 320 mg methylprednisolone/sheep (Depot-
Medrate® ad us. vet 40 mg/ml injection suspension, Pfizer 
Deutschland GmbH, Germany). Injections were intramuscu-
lar in alternative manner between forelimbs and hind limbs.

Euthanasia

After 8 months (end time point), animals were euthanized 
by intravenous administration of 50 mg/kg pentobarbital 
(Anestesal®, Pfizer, Mexico) under anesthesia as described 
above.

DXA measurements

To assess bone mineral density (BMD), bone mineral content 
(BMC), and BMD difference compared to baseline (T-score) and 
BMD difference compared to age-matched (Z-score), animals 
were scanned by DXA (lunar prodigy, GE Healthcare, Germany), 
as an easy, rapid, non-invasive, and precise method [24,25].

The sheep were anesthetized and placed under intubation in 
prone position with splayed limbs (Figure 1). The neck and 
head were adjusted and fixed using the provided accesso-
ries. A whole-body scan was carried out. Device calibration 
was performed according to the manufacturer’s protocol. The 
respective regions of interest (ROI) – lumbar vertebrae, and 
both proximal femora – were selected and manually contoured. 
Subsequently, BMD (g/cm2) and BMC (g) were determined.

The parameters were monitored under anesthesia at 0, 3, 
and 8 months for the experimental groups and at 0 and 12 
months for the independent reference group. The quantita-
tive analysis was done after contouring the ROI in the encore 
software (GE Healthware; v. 13.40) according to the manufac-
turer’s recommendations.
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Statistical analysis

Calculation of T-score was done by the formula 
T-score=(Measured BMD–mean BMD of baseline)/baseline 
population’s standard deviation (SD). Z-score was calculat-
ed with the formula; Z-score=(Measured BMD–mean BMD of 
age-matched)/Age-matched population SD [22]. Data were 
not normally distributed; therefore, the Mann-Whitney U test 
was used to examine the significance. Statistical analysis 
was done in IBM SPSS software V. 21.0 (CA, USA), and signif-
icance cutoff was considered P£0.05 and highlight as a£0.05, 
b£0.01, and c£0.001.

Results

Osteoporosis is diagnosed by means of DXA when showing 
inferior BMD reflected by a T-score below –2.5 and Z-score 
below –1.5.

Osteoporosis induction achieved after 3 months of triple 
treatment compared to initial bone status

BMD values in the current sheep model showed no significant 
differences between the groups at 0 months. Nonetheless, 
OVXDS group showed significant reduction of BMD at 3 months 
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Figure 2.  Combined treatment has progressive effect on bone loss in ewes. (A) BMD mean in both regions reflects the systemic effect 
of the treatment. (B) LV showed lower values in OVXDS to all groups but also OVXD compared to OVX, suggesting more 
prevalent effect of the deficient diet on the LV. (C) Femur BMD was significantly lower in OVXDS at 3 months and 8 months 
when compared to all groups. (D) BMC asserts the BMD pattern showing difference only in the triple treatment group at 
3 months and 8 months. (E) Beside lower BMC in OVXDS at 3 months and 8 months, less BMC was also seen in the OVXD 
compared to the OVX alone. (E) BMC in the femur completely reflects the BMD values (Bonferroni-corrected Mann-Whitney U 
test. P£0.05; a£0.05, b£0.01, and c£0.001).
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and 8 months in the proximal femur (subsequently called fe-
mur) and the lumbar vertebra (LV) together (Figure 2A). Both 
regions showed significant differences between all groups and 
the triple treatment group (Figure 2B, 2C). However, in the LV 
at 8 months, the OVXD is significantly lower than the Control 
and the OVX group. Intriguingly, the difference between these 
2 groups was lost when mean BMD of both regions was taken.

Changes in BMD depend on the BMC values. Both LV and fe-
mur regions showed significant differences between all groups 
at all time points (Figure 2D). LV BMC values showed signifi-
cant decrease in the OVXDS at 3 months compared to all other 
groups (Figure 2E). However, in the femur, significantly lower 

BMC in the OVXDS at 3 months and 8 months was seen in 
comparison to all groups (Figure 2F).

Z-Score is more representative in experimental data 
interpretation using age-matched controls

One of the important values in diagnosing the osteoporotic 
status in patients is the age-matched comparison using the 
Z-score. Thus, obtaining such a parameter in experimental an-
imals is useful.

The Z-score was calculated for all individuals with the mean of 
both regions and then for each region separately. The values 
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vary in pattern between the regions and their mean calcula-
tion. At 3 months, the mean Z-score reflecting the system-
ic effect of the treatment was higher but not significant in 
the OVX compared to the control. Nonetheless, the Z-score of 
OVXD was lower than both control and OVX whereas OVXDS 
was lower than OVXD (Figure 3A). The LV Z-scores were not 
significantly different at the initial time point; however, a de-
creased Z-score was seen at both 3 months in OVXDS (–2.1) 
and at 8 months in OVXD (–1.2) and OVXDS (–3.6). At the later 
time point, the OVXD group was also significantly lower than 
the OVX and control groups (Figure 3B). The femur results on 
the other hand showed only significant reduction of the Z-score 
in the OVXDS at both 3 months (–2.5) and 8 months (–4.6; 
Figure 3C). Although still not significant, the OVX increase was 
more obvious in the femur.

A clinically similar T-score using independent baseline is 
more stringent in interpreting bone status alterations

The T-score is the clinically indicative parameter of osteoporotic 
bone status. Experimentally, pretreated individuals are utilized 
for baseline calculations. The T-score reflects no differences at 
the initial time point in any region. Later, at 3 months and 8 
months, the calculated T-score on both ROIs showed a signif-
icantly lower value in the OVXDS and a non-significantly low-
er T-score in the OVXD (Figure 4A). In LV, a T-score of –3.3 and 
–4.1 was detected in OVXDS at 3 months and 8 months, respec-
tively (Figure 4B). Furthermore, a T-score of –0.2 at 3 months 
and -0.8 at 8 months in the OVXD was seen. Intriguingly, an 
increased T-score in the OVXD group femur was noted at both 
3 months and 8 months. However, the OVXDS was decreased 
with -1.5 and –2.2 T-score, respectively (Figure 4C).

On the other hand, this study utilized also an independent 
reference group as the baseline (Figure 5). T-Score was lower 
only in the OVXDS at 3M (–2.1 for LV and –2.3 for femur) and 
at 8M (–2.8 for LV and –3.3 for femur) Table 1.

Discussion

In clinical practice, DXA is the criterion standard in bone den-
sity assessment. Despite its relatively limited spatial resolu-
tion and the lack of capacity to differentiate cortical and tra-
becular bone compartments, DXA is still dependable due to 
its reproducible, rapid, and relatively low-cost ability to mea-
sure longitudinal changes in BMD. The application of quanti-
tative computer tomography (qCT) is rather less convenient 
for the volumetric BMD measurements. In preclinical bone re-
search, due to their docile nature, comparatively low cost of 
housing, and similarities to human bone structure and me-
tabolism, the ovariectomized ewe is becoming an invaluable 
model for investigating new implants and/or bone substitutes. 
Furthermore, the model could serve in testing newly developed 
anti-osteoporotic drugs.

This study was performed to establish an osteoporotic bone 
status in a sheep model resulting from combining estrogen 
deficiency via ovariectomy, malnutrition through calcium and 
vitamin D restriction, with addition to steroidal therapy by 
methylprednisolone injection. Moreover, the study highlights 
the role of an independent control group and its impact on 
stringency and interpretation of results.

Despite the lack of clinical relevance, experimental setups in 
bone research have always used the pretreated animals as the 
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baseline to study changes in their bone density [26]. Ethically, 
the setup is more convenient than adding an independent con-
trol group of research animals. However, methodological ad-
vances in radiology, especially DXA scanning, and open source 
sharing allow researchers to use an independent control group.

The deduced results offer a concept matching the clinically em-
ployed concept, which diagnose patients depending on inde-
pendently collected data form a validated baseline.

Therefore, we have conducted this study to compare the pre-
treated group as a control with an independent control that 

Table 1. T-score values according to the baseline group for LV (A) and proximal femur (B).

Group Time point Z-score T-score [OM baseline] T-Score [ind. baseline]

[A] LV

Control 0M – 0.0000 1.0812

3M 0.0000 –0.1100 0.9735

8M 0.0000 0.4599 1.5314

OVX 0M 0.3859 0.3859 1.4590

3M –0.1278 0.2977 0.7899

8M –0.3001 0.0844 1.1639

OVXD 0M 0.3640 0.3640 1.4375

3M –0.5026 –0.8478 0.2513

8M –1.2438 –1.0961 0.0083

OVXDS 0M 0.5205 0.5205 0.5908

3M –2.1835 –3.3151 –2.1638

8M –3.6016 –4.0460 –2.8793

[B] Femur

Control 0M 0.0000 0.0000 –0.0291

3M 0.0000 0.0140 –0.0082

8M 0.000 0.2707 0.3744

OVX 0M 0.1154 0.1154 0.1429

3M 0.3865 0.2522 0.3468

8M 0.6837 0.6333 0.9148

OVXD 0M 0.3219 0.3219 0.4507

3M –0.1634 –0.0867 0.1583

8M –0.0420 0.2484 0.3412

OVXDS 0M 0.2889 0.2889 0.4015

3M –2.5433 –1.5534 –2.3445

8M –4.6647 –2.2030 –3.3127

was prepared for a different experimental setup. Our study fo-
cused on 2 high fracture risk regions in an osteoporotic bone: 
femora and lumbar vertebrae (LV).

T-score and Z-score measurements depict the risk of osteo-
porosis or fracture among patients, respectively. Clinically, the 
value compares the patient’s bone status to a preset calibra-
tion based on a globally collected database utilized as base-
line. The baseline represents young, healthy, and skeletally 
mature individuals. This shows bone density changes in rela-
tion to the peak bone mass. In animal research, Z-score base-
line represents age-matched animals and this reflects the 
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bone status of the individual compared to peers. However, in 
sheep, the Z-score is a rather vague definition due to the de-
pendence on the mean age per group. As in sheep experiments, 
animals are often not bred for research purposes; therefore, 
different ages are used to reach a certain group mean age. 
However, taking only the mean age into consideration influ-
ences the deviation of the given group of 8 individuals; thus, 
the resulting data as this group can have different age homo-
geneity. For example, in this study, animals were between 3 
and 9 years old and were distributed into the groups to reach 
a mean age of 5.5 years. On the other hand, the independent 
baseline was selected out of a larger pool of animals and the 
mean age was taken from animals 4–6 years old, resulting a 
more homogenous group with less deviation. This is exactly 
what is followed in the clinic due to the larger number of in-
dividuals, and the baseline can be set for T-score and Z-score 
with less deviation.

Our measurements were focused on T-score to see the effect 
of utilizing an independent group.

The results concluded the induction of osteopenic and osteo-
porotic bone status after triple treatment at 3 months and 8 
months. Other treatment regimens were not effective in alter-
ing the bone status into a clinically recognized definition (i.e., 
osteoporotic, osteopenic). The triple treatment effect was more 
prevalent on the trabecular bone than the cortical bone. This 
is suggested by the decrease in BMD and BMC parameters in 
the LV in contrast to the proximal femur. This accords with the 
described composition of trabecular bone (95% trabecular, 5% 
cortical bone) [27,28]. Furthermore, the effect of methylpred-
nisolone on the LV is inferred by the reports of higher suscep-
tibility of vertebrae to steroidal therapy than the distal radius 
and proximal femur [29].

Our findings reflect a change in the data interpretation from 
osteoporotic into osteopenic bone status in the LV and from os-
teopenic to osteoporotic in the proximal femur when replacing 
the internal baseline with the independent one. Nonetheless, 
the main conclusion remains the same.

The use of an independent baseline showed valid data that 
can be utilized for further experiments.

Using Google Scholar search (keywords: sheep, ewe, osteo-
porosis, DXA, DXA) revealed 2016 studies in the last 10 years 

and the vast majority used DXA to assess bone quality. With 
current technological advancement and database manage-
ment, we trust that sparing the control group in any future 
or current osteoporotic sheep model is possible for both con-
trol and OVX groups.

Our data will be provided as an open source for researchers to 
be utilized in T-score calculation. A preliminary start is found at 
http://DXAdb.glycosciences.de/. Furthermore, we assigned an 
email address (DXA@chiru.med.uni-giessen.de) for those who 
would like to share their data into the open source website.

Moreover, the central research facility in Frankfurt is the main 
animal research facility in Hessen capable of housing and care. 
Taking of sheep as a large animal model, we have decided to 
keep a DXA device placed in the facility and asked the ani-
mal experiment controllers to advise research groups to scan 
their animals prior to surgery. The labor for operating the DXA 
and assessment of the data will be provided by the Institute 
of Experimental Trauma Surgery in Giessen.

Conclusions

Finding alternatives to preclinical animal experiments is urgent 
and crucial. However, such alternatives shall have the same ca-
pacities to serve the purpose and must be clinically relevant.

We showed that transferring clinical practice into the preclin-
ical research practice in this particular case will provide more 
clinically relevant results and, most importantly, reduce the 
number of research animals needed.

The current study showed that the use of an independent 
group affects the “clinical” interpretation of the bone loss 
results without changing the main significance of the data.

Beside the advances in in vivo imaging and organ culture, an 
alternative to animal experiments following the 3R principles 
can be achieved with data management.
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