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INTRODUCTION
Fracture healing is a dynamic process of bone remodeling
and its understanding is essential for achieving optimal out-
comes in clinical practice. The influence of some drugs on
fracture healing is well known, whereas other therapeutics
are less well investigated.’?

Antibiotics are frequently used for the prophylaxis and
treatment of pre- and postoperative infections in bone
surgery. However, the influence of most antibiotics on
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bone healing is not studied sufficiently.® Cefuroxime is a
second generation cephalosporin with a broad antimicro-
bial activity not only against Gram-positive bacteria,
namely staphylococcal and streptococcal strains, but also
It exhibits adequate
bone penetration and is effective against most of the bac-
terias causing deep infection.* Thus, cefuroxime is one of
the most commonly used antibiotics for perioperative pro-
phylaxis in bone surgery.”

against Gram-negative organisms.
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Other applications include bone cement impregnated
with antibiotics in cases of total joint replacement or septic
bone surgery.®’” Because drug release from the cement is
continuous, the use of antibiotic-impregnated bone cement
for prophylaxis may also lead to a prolonged antibiotic
effect on bone cells.?

However, recent in vitro studies have revealed inhibiting
and toxic effects of high concentrations of antibiotics on
osteoblasts in vitro®'® and, in particular, Salzmann et al.
showed that higher doses of cefuroxime significantly
impaired the proliferation, differentiation and metabolism of
osteoblasts in vitro.”

As bone remodeling demands the coordination of vari-
ous cell types and the activation of diverse specific signaling
pathways, cell culture might not be sufficient to imitate the
whole process that finally results in the restoration of
bone.!! Since cefuroxime is widely used, a detailed evalua-
tion of its in vivo effects on fracture healing would be of
great importance for clinical practice, since such an exami-
nation has not as yet been carried out so far to the best of
our knowledge. We have therefore evaluated the use of
cefuroxime in a standardized closed femur fracture model
to examine the following questions: (1) Does cefuroxime
treatement alter biomechanical parameters assessed by
three-point bending? (2) does cefuroxime alter quantitative
UCT parameters of the callus? (3) does cefuroxime alter his-
tological morphology in terms of the composition of the
callus?

MATERIALS AND METHODS

Animal model

All animal procedures were approved by the local animal
research committee, in accordance with German legislative
requirements, and were performed at the Institute of Exper-
imental Oncology and Therapy Research, Centre for Preclini-
cal Research at the Technical University of Munich
(reference number of Regierung von Oberbayern: 55.2-1-
54-2531-15-08).

Male 16-week-old adult Wistar rats (CRL: WI, mean
weight = SD: 500 g = 50 g) were obtained from Charles River
Laboratories (Sulzfeld, Germany). According to the standards
for animal care, the rats were housed in open cages (polysul-
fone type Il OTC), with a base area of 825 cm? (Ehret,
Emmendingen, Germany) at 23-25°C (humidity (55 = 5%)
under a 12-h light/dark cycle and allowed free access to
water and standard laboratory pellets. After acclimatisation
for at least 2 weeks, animals were randomized and allocated
to the different arms (Cefuroxime or Control) and groups
(Group A: histology and pCT, 6 animals per group; Group B:
biomechanical Testing, 11 animals for cefuroxime and 11 ani-
mals for control) of the study (Table I).

Surgery

Preoperatively, the rats were anesthetized with Medetomi-
dine (Medetomin, 0.15 mg/kg, Dechra Veterinary Products,
‘s-Hertogenbosch, Netherlands), Midazolam (Midazolam,
2 mg/kg, Hexal AG, Germany) and Fentanyl (Fentadon, 5

TABLE I. Study Setup Indicating the Corresponding Numbers
of Specimens/Group for Analysis (After Exclusions)

Group Cefuroxime Control
A: Histology/uCT 6x 6x
B: Biomechanics 9x T1x

Group A: Histology and pCT; Group B: Biomechanical testing.

ng/kg, Dechra Veterinary Products) via intramuscular (i.m.)
injection.

After preparing the approach to the intertrochanteric fos-
sa the femoral neck was grasped with a curved forceps and a
1.0 mm K-wire was drilled into the intramedullary cavity
[Figure 1(A)]. Distally, the pin reached the supracondylar
region without perforating the cortical bone, so as not to
interfere with knee function. After a radiographic control in 2
planes via C-arm (Siemens, Erlangen, Germany), the pin was
cut flush with the cortex. A standardized fracture at the mid-
dle of the diaphysis of the pinned femur was accomplished by
a specially designed blunt guillotine as described previously
by Bonnarens et al. 2. This consisted of a 500 g weight (fall
hight: 35 cm) driving a blunt guillotine downwards (travel
distance: 3 mm) onto an outstretched leg placed across an
open platform, thereby creating a 3-point bending mechanism
[Figure 1(B)]. Following this procedure, plain X-rays controls
were obtained for position control [Figure 1(C)].

At the end of the operation, an antidote combination
was given subcutaneously (s.c.), composed of Atipamezole
(Antisedan, 0.75 mg/kg, Orion Corporation, Espoo, Finland),
Flumazenil (Flumazenil, 0.2 mg/kg, Hexal AG) and Naloxone
hydrochloride (Naloxone, 0.12 mg/kg, Braun AG, Germany)
to end the anesthesia. During the postoperative period, pain
was relieved by subcutaneous administration of buprenor-
phine twice a day (Buprenodale, 0.05 mg/kg, Dechra Veteri-
nary Products). Postoperatively, no immobilization of the
operated limb was necessary. The animals were able to load
the leg immediately.

Cefuroxime (Cefuroxim Fresenius, Fresenius Kabi AG;
30 mg/kg BW) was administered daily. Control animals
received a sodium chloride solution subcutaneously. On day
5 of the experimental setup, blood samples were taken from
the venous angle of all animals under anesthesia with iso-
flurane to check the serum levels of cefuroxime (2-3 h after
administration).

Before the rats were sacrificed on day 21 by an over-
dose of Narcoren (sodium pentobarbital, 400 mg/kg BW),
they were anesthetized in plastic chambers by inhalation of
isoflurane and blood was taken once more to determine
the serum levels of cefuroxime (via puncture of the heart).
After being harvested, all femora were freed of soft tissue
[Figure 1(D)].

According to the group allocation, the bones were fixed
in 100% methanol (histology/uCT) and stored at 4°C or
were fresh-frozen and stored at —20°C (biomechanical
group). Analyses were carried out after removal of the pin,
either via biomechanical testing or pCT. All evaluations were
performed by blinded researchers.
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FIGURE 1. Surgical procedure and harvesting: A: C-arm control after insertion of the Kirschner-wire into the intramedullary cavity. Femoral neck
grasped with the forceps. B: Femur placed on a blunt guillotine to produce a closed transverse fracture. (C) Postoperative C-arm control and (D)

macroscopical control after 21 days.

Micro CT

Initially, a scout view was done and after determination of
the scanning area [Figure 2(A)], specimens were scanned
(~1 h) in methanol by using an isotropic voxel size of 10
um (55 kVp, 145pA; puCT 40, Scanco Medical, Briittisellen,
Switzerland). The integration time was set at 200 ms. For
each sample exactly 620 micro-tomographic slices with a
slice increment of 10 pm were acquired covering both sides
of the fracture gap (each 3,1 mm).!®> Because of the beam
hardening effects, a correction algorithm was applied based
on a 1200 mg hydroxyapatite (HA)/cm® phantom, which is
thought to be superior to the previously used 200 mg HA/
cm?® phantom.'*

Differences in the brightness of the pixels were evident
[Figure 2(B,C)], so that thresholds could be determined visual-
ly by two independent examiners (based on all numbers of
samples and histograms) to distinguish callus from original
cortical bone, marrow, and solution.’® A constrained three-
dimensional (3D) Gaussian filter was used to suppress the
noise partly in the volumes. All samples were binarised by
using the same parameters for callus [sigma (0.8), support (1)
and threshold (150)] and original cortical bone [sigma (1.5),
support (3), and threshold (370)]. A standard convolution-
backprojection procedure with a Shepp and Logan filter was
employed to reconstruct 3D CT images [Figure 2(D-H)].

Bone volume (BV, mm?®), tissue mineral density (TMD,
mg HA/cm®) and bone mineral content (BMC, defined as
the callus BV multiplied by TMD, mg)***® as well as struc-
ture model index (SMI, dimensionless), degree of anisotropy
(DA, dimensionless), bone surface (BS, mm?®), and trabecular
thickness (Tb. Th., mm) as structural parameters (non-vol-
ume-depending parameters) were calculated.

Scans of a HA phantom provided by the system manu-
facturer for density calibration were performed previous to
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this study to enable the calculation of TMD and BMC. To cal-
culate TMD, two-voxel “peeling” was additionally applied to
minimize partial volume effects.’>*”

Histological analysis

Following pCT analysis, the specimens were dehydrated in a
graded series of ethanol (from 70% to 100% [v/v]) and
acetone and were then embedded in methyl methacrylate
(MMA). Subsequently, coronal sections of the MMA-
embedded samples of 100 = 20 pum in thickness were made
by using a sawing microtome (Leica, Wetzlar, Germany)
technique. Selected specimens were additionally ground (70
pm) and polished (Schleifsystem 400 CS, Exakt, Germany).
Laczké and Lévai (LL) staining was applied for histological
analysis. Overview images were performed with a Wild®
Macroscope M3Z (Wild, Heerbrugg, Switzerland) in motion
function and analysis was carried out via bright-field
microscopy (Axiophot 2; Zeiss, Jena, Germany). Detailed
images were digitized with a Nikon Eclipse 50i microscope
(Nikon, Diisseldorf, Germany) and a AxioCam HRc video
camera (Zeiss, Jena, Germany, magnification 10x). Semi-
quantitative analysis was performed by using the image
analysis system Axiovision 4.8 (Zeiss, Jena, Germany), modi-
fied from Hou et al. and Krischak et al.'®'° The two central
sections were used to evaluate semi-quantitatively whether
cartilage, connective tissue or newly formed bone was pre-
sent in the area of the fracture gap. This was expressed as
the percentage (%) of the samples with cartilage, connective
tissue or bony callus in the area of the fracture gap. Fur-
thermore, we investigated whether bony bridging of the
fracture gap occurred or not. This was expressed as the per-
centage (%) of the samples with bony bridging of the frac-
ture gap. The entire width of the gap did not have to be
bridged with the osseus callus, since this was not expected



FIGURE 2. Scout view and determination of the scanning area within two reference lines (A). 2D axial pCt (B) gray value image of original corti-
cal bone, callus and air/bone marrow and (C) corresponding fully automatic segmented image (callus = red); 3D axial uCT reconstructions (Two
Thresholding Procedure): (D) Peri- and endosteal callus, (E) cortical bone and (F) callus (blue and semitransparent) and cortical bone (gray). 3D
coronar uCT as an overview image (G) and half-sliced (H). All images represent the same specimen.

after 21 days. Staining distinguished bone tissue, which was
stained red, from cartilage (blue) and fibrous connective tis-
sue (pale blue to gray/white). New bone and new cartilage
exhibited more intense staining.

Biomechanical testing

Femora were immediately tested after being thawed and
were kept moist during the tests. Biomechanical examina-
tion of the specimens was performed by three-point bend-
ing on a Wolpert TZZ 707/386 material testing machine
(Istron Wolpert GmbH, Darmstadt, Germany). According to
Turner et al. the distance between the bearing- and loading-
bars for each rat femur was 15 mm for 3-point bending
with force transmission at the middle position between the
distal and the proximal site of each femur?’ The femora
were placed on their posterior surface on the lower sup-
ports of the bending apparatus.®*

The bending load was applied by a round-ended intend-
er with a persistent test velocity of 5 mm/min until failure
(breaking load). As a termination criterion, a reduction in
the force of >50 N was defined. The failure criterion was a
reduction in force of 80%. Failure load (N) and stiffness (N/

mm) were determined from the load-displacement diagram.
The stiffness was deduced from the gradient of the linear
part of the curve. The measurement data were collected by
using the Test&Motion test program (DOLI Elektronik
GmbH, Munich, Germany).

Statistical analysis

A power analysis was used to determine the number of ani-
mals.?? By allocating at least 9 animals per group, recogni-
tion of expected treatment effects of 14.5% would be
feasible with a statistical power of 90% at a significance lev-
el of «=0.05 in the femur shaft three-point bending test
assuming a standard deviation of 13.4%. Regarding puCT and
histology, a minimal sample size of 6 animals was chosen
for exploratory investigations and the computation of
descriptive statistics with no need for a power calculation.
Statistical analysis was performed by using R 2.15.1 (The R
Foundation for Statistical Computing, Vienna, Austria) and
GraphPad Prism Version 4.00 (GraphPad Prism Software®
San Diego, USA). Differences between the treatment groups
were evaluated by unpaired two-sided Student’s t-tests. All
tests were conducted on exploratory 5% significance levels.



TABLE II. pCT Parameters Within the VOI

Mean = SD Mean difference (95%-Cl) p values

BV C 55.35 +6.74 CvsK —11.84 (—27.64-3.97) 0.120
K 67.19 = 14.90

TMD C 647.87 +13.01 Cvs K 12.38 (—5.59-30.35) 0.155
K 635.48 + 14.81

BMC C 35.84 = 4.20 Cvs K —6.70 (—15.88-2.48) 0.129
K 42.54 + 8.61

SMI C —0.24 +0.46 Cvs K 1.06 (0.26-1.86) 0.969
K -0.22+1.01

DA C 1.17 £0.04 Cvs K —0.01 (—0.07-0.05) 0.743
K 1.18 = 0.05

BS C 1369.01 = 163.86 Cvs K —267.82 (—630.86-95.21) 0.125
K 1636.83 == 340.78

Th. Th. C 0.095 = 0.004 CvsK —0.003 (—0.007-0.001) 0.116
K 0.098 == 0.003

There were no relevant differences between cefuroxime and control.

The distribution of quantitative data is presented as mean
values * standard deviation (mean =+ SD).

RESULTS

Inclusions and exclusions

A total of 32 out of 42 animals were included in the study.
No infection, weight loss >5% or severe swelling was
observed. Ten animals (24%) had to be excluded because of
complications related to the fracture model (no fracture,
comminuted fracture or wrong site of the fracture).

Cefuroxime blood levels

Cefuroxime blood levels were detectable within the target
range (2-20 pg/mL; Medizinisches Versorgungszentrum Dr.
Eberhard & Partner, Dortmund; first blood withdrawal: 3.07
pg/mL; second blood withdrawal: 5.65 pg/mL, average
values).

nCT

No relevant difference regarding bone volume (=absolute
callus volume (peri- and endosteal) minus original cortical
bone, surrounding air, and soft tissue) could be seen
between the cefuroxime and the control group. The control
group showed a wider spread of the values, which influ-
enced the mean and SD (55.35*6.74 vs. 67.19 = 14.90,
p=0.120) [Table II and Figure 3(A)]. TMD (as a surrogate
parameter for the stability and thus the quality of the newly
formed bone) revealed, with respect to cefuroxime and the
control, very homogeneous groups with only marginal dif-
ferences [647.87 +=13.01 vs. 63548 +14.81, p=0.155,
Table II and Figure 3(B)]. BMC, which is calculated as densi-
ty X volume, had analogous tendencies in values to those
for BV [Table II and Figure 3(C)].

Structural parameters are used to describe uniformly
and to quantify the microarchitecture of examined objects
(Table II). In general no relevant difference in structural
parameters was observed between the two groups.

SMI as a dimensionless parameter describes the struc-
ture of the trabeculae independently of bone mineral densi-
ty and trabecular thickness. Almost identical mean values
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were generated between the cefuroxime and the control
group (p =0.969). The cefuroxime group again showed a
smaller SD, whereas on the other hand, the control group
had a higher SD because of two considerably high and low
values [Table II and Figure 3(D)]. DA as a dimensionless
pure 3D parameter describes the predominant spatial orien-
tation of the trabeculae within the bone. Both groups were
homogeneous with respect to the mean and SD without rel-
evant differences (p =0.743). The cefuroxime group con-
tained an upward outlier [Table II and Figure 3(E)]. Bone
surface (BS) in mm? reflects the independent bone surface.
With regard to the trend, the values were similar to BV
(p =0.125), [Table II and Figure 3(F)]. Tb. Th. represents
the local bone (-trabecular) thickness in mm. The mean in
the control group was slightly higher than that of the cefur-
oxime group (p = 0.116) [Table II and Figure 3(G)].

Histological analysis

In the control group, osteochondral bone union, and active
new bone formations were determined indicating endochon-
dral ossification [Figure 4(AD,G)]. The cefuroxim group
showed bony callus in the area of the fracture gap, analo-
gous to that in the control group, in 67% of the samples
[Figure 4(B)]. Furthermore, we investigated cartilage and
fibrous connective tissue. Hyaline cartilage was mostly locat-
ed perpendicular to the original cortical bone in the area of
the gap [Figure 4(AD)]. Calcified cartilage was evident in
the transition zone from the cartilage to the woven bone
(4E and H). In the cefuroxime group, the least cartilage was
seen. In the control group, relatively more cartilage than
bone was detected [Figure 4(B) left diagram]. Connective
tissue as poor-quality tissue was detectable equally rarely
within the fracture gap, both in the control and the cephalo-
sporin group (33%). With regard to bony fracture gap
bridging, the cefuroxime group was slightly more successful
(50%) than the control group (33%) [Figure 4(B) right dia-
gram]. Nevertheless, between the original cortical bone,
mostly cartilage was detectable [Figure 4(E)]. A sample
from the cefuroxime group [Figure 4(C,EI)] revealed trabec-
ular bone structure in the area that was formerly occupied



FIGURE 3. uCT parameters as means = SD and dotplot of (A) BV, (B) TMD, (C) BMC, (D) SMI, (E) DA, (F) BS, and (G) Th. Th. Mean differences

and significances are shown in Table Il.

by cartilage, a finding that was more often seen in the cefur-
oxime group than in the control group.

Biomechanics

In all femurs both the breaking load (maximum strength
exerted on the bone) and the stiffness (regression of the
curve of the load-displacement diagram) could be
calculated.

No difference in the maximum failure load between the
controls (77.65 N=*=4182 N) and cefuroxime (78.54
N = 20.52 N) was detected [p = 0.95, Table III, Figure 5(A)].

With regard to the stiffness, almost identical mean val-
ues (p=0.97) were generated between the controls and
cefuroxime. In detail, the values obtained from the experi-
mental bones were 122.44 = 81.16 N/mm for controls and
123.74 £ 60.08 N/mm for cefuroxime [Table III, Figure

5(B)].

DISCUSSION

Bone remodeling is a complex process that can be influ-
enced by different drugs. Cefuroxime is an antibiotic widely
used in patients receiving surgical fracture treatment, but
has been shown to provoke a possible adverse effect on
osteoblast function in cell culture experiments.” Thus, a neg-
ative effect on bone remodeling in vivo was feasible, and
should be further investigated.

In our study, cefuroxime administration over a period of
three weeks during the process of fracture healing showed
no adverse effects on fracture healing compared with the
control group. Thus, the inhibition observed in vitro at high
concentrations could not be confirmed in the animal model.

Salzmann et al. showed that higher doses of cefuroxime
greatly impaired the proliferation, differentiation and metab-
olism of osteoblasts in vitro. This was most pronounced
after 72 h (the longest observation period). These side
effects seemed to be at least partially reversible. Lower con-
centrations, however, increased the proliferation, metabo-
lism and calcium deposition of the cells.” Since this
medication is often used, the study of its detailed effect in
vivo was of great importance for clinical practice.

Drugs in rats act in a similar way to those in human
bone, because cells with similar receptors to those of bone
cells in humans, e.g, osteoblasts and osteoclasts, were
detected in rats. Therefore, preclinical animal rat models
have a high prognostic value related to drug efficacy and
safety in humans.'' However, findings in animal fracture
healing studies cannot be extrapolated directly to humans
because of permanently open growth plates at the epiphy-
ses of long bones and an absent Haversian system in
rodents.!! Long bones such as the femur and tibia are
equally suitable for fracture healing studies. Because of the
thin soft tissues surrounding the tibia, this is suitable as an
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FIGURE 4. Representative histological images of fracture sites of the control (left and middle column: A, D, E, G, and H) and cefuroxime group
(right column: C, F, and ). D and F: overview (10x), A and G as well as C and I: details of the respective area (40x). E and H: higher magnification
(100x) images of the insets in G. In the control group, osteochondral bone union and active new bone formations were determined and even
the outer periosteal OC bridged the gap (A, D, and G). Proximally and distally within the callus, air and lacunae of fibrous connective tissue
were seen (A). CC was obvious indicating endochondral ossification. In the area between CB, cartilage was mostly detectable (E). Parallel-
arranged osteocytes were seen in the area of CB and chondrocytes within the CA. The periosteal callus was divided into an inner shell that had
grown over the original cortex and an outer shell that had encapsulated the callus and formed the new interface with the periosteum. In
between (in the area of the gap), an area of hyaline CA ran perpendicular to the CB (G and H). In the transition zone from CA to WB, CC was evi-
dent (E and H). In C, F, and |, the space that was occupied by CA is replaced by trabecular bone structure. This occurred more often in the cefur-
oxime group (B) than in the control group. Fatty BM was replaced by bone. The area of the Kirschner wire was still detectable (D and F). B (left):
% of samples with the respective tissue within the fracture gap; B (right): % of samples with bony bridging of the fracture gap. Staining: LL. Sin-
gle arrow: chondrocytes; dashed arrow: osteocytes. CB, original cortical bone; OC, osseus callus; CA, cartilage; CC, calcified cartilage; IC, imma-
ture cartilage; WB, woven bone; F, fracture site; BM, bone marrow; KW, Kirschner wire; AB, air bubble.

easily obtained and reproduceable closed fracture healing
model.'? However, the risk of an additional fibular fracture
is high (43%,%%). This changes a stable into an unstable frac-
ture model.?* In contrast, the femur is surrounded by a
thicker muscle layer, which makes a standardized fracture
more difficult. For this reason we detected accordingly to
Simon et al. (25.7%, 2°) an exclusion rate of 24%. Neverthe-
less, the femur model allows the use of larger implants and

may be preferred when the fracture healing of long bones
has to be examined. This standardized widely used fracture
model allows results of different studies to be more easily
compared.”®?” Instead of opening the knee joint for retro-
grade pinning,® the K-wire was inserted into the medullary
canal of the femur in an antegrade manner.'®?? We consider
this approach to be less invasive allowing an easier shorten-
ing with decreased risk of disability of movement. Because

TABLE Ill. Biomechanical Parameters

Mean = SD Mean difference (95%-Cl) p values
Breaking load C 78.54 +20.52 CvsK 0.89 (—29.67-31.44) 0.951
K 77.65 * 41.82
Stiffness C 123.74 + 60.08 CvsK 1.30 (—65.18-67.77) 0.968
K

122.44 +81.16

Regarding breaking load and stiffness almost identical mean values were generated.
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FIGURE 5. Biomechanical parameters as means = SD and dotplot of
(A) failure load and (B) stiffness. Mean differences and significances
are shown in Table Ill. With respect to the breaking load, the control
group revealed a wider spread of the single values in contrast to the
cefuroxime group; this influenced the SD (control: 41.82 vs. cefurox-
ime: 20.52).

of the lack of both axial and rotational stability,?” the K-wire
allows micromotion (in contrast to rigid fixation) at the
osteotomy site leading to healing by callus formation.?’ This
is important for the detection of the possible influence of a
therapy on healing.®® Freezing after harvesting does not
affect the biomechanical properties of the bone adversely ',
Thus, immediately after thawing, the samples underwent
biomechanical examination and were kept moist during the
tests.*> However, if the samples are not tested immediately
after sacrifice, data from biomechanical tests are relative
rather than absolute.®® Postoperatively, no NSAR or other
drugs with a suspected influence on bone metabolism were
administered.?®

After 21 days, a callus bridging was described for
untreated animals—not yet complete and stable,*3® and
we expected that, after 21 days, significant differences could
be detected, if present. Very early time points are delicate
for histological processing and inappropiate for biomechan-
ics,?”?* whereas late time points carry the risk that no dif-
ferences might be detected between the groups because
remodelling is too far advanced.?’*> However, a possible
healing delay within the late phase of fracture healing is not
covered by our test approach.!*?”

The cefuroxime dose of 30 mg/kg body weight per day
to generate human-equivalent pharmacological data was
adopted from the literature. Doses for other cephalosporines
ranged from 10 to 100 mg/kg of cefazolin®**~® or 50 mg/kg
of ceftriaxone®® but are comparable with that of cefuroxime.
The determined serum levels in our study at 2-3 h after
application as trough levels showed that the type and quan-
tity of application of cefuroxime led to values in the thera-
peutically desired range of 2-20 pg/mL (Medizinisches
Versorgungszentrum Dr. Eberhard & Partner, Dortmund).
Since other preliminary studies in rats did not determine
the serum concentrations, this fact was of great importance
for us in order to obtain more valid results. However,
whether an overdose of the human medication is needed at

least in rat models to achieve similar therapeutic results is
unknown.

With respect to the pCT, the cefuroxime group showed
similar values to the control group with only marginal dif-
ferences. Gabet et al. found, by pCT after 3 weeks, similar
callus values to those in our study (about 60 mm?®) for their
control group when using a closed femur fracture model in
rats, a finding that underlines the reproducibility of our
results.®® Histological findings were consistent with the
radiographic results. Two new surfaces within the periosteal
callus were built: an inner layer that had grown over the
original cortex and an outer surface that had encapsulated
the callus and formed the new interface with the perioste-
um. Perpendicular to these surfaces in the area of the frac-
ture gap, we found cartilage that had even been replaced by
trabecular bone structure in a few cases. The latter and the
outer periosteal callus are considered to be responsible for
the biomechanical properties.'® Biomechanically, both in
terms of maximum load (p = 0.95) and with respect to stiff-
ness (p=0.97), the mean values agreed well with those of
the control group. Our results agree well with previous
work involving the same animal model. Zhoe et al. generat-
ed similar breaking load values of about 75 N after three
weeks.*® Histologically, a bony fracture gap bridging was
shown in the cefuroxime group in 50% of the specimens,
which was more frequent than that in the control group
(33%), and the ratio bone/cartilage/connective tissue was
more favorable. The resorption of the cartilage was pro-
nounced in favor of a more advanced bone healing. Accord-
ingly, in a rabbit study, cefazolin sodium (a first generation
cephalosporine) showed a significantly higher histological
grading representing the progression of fracture healing
compared with the control group. The transition from soft
cartilage to calcified cartilage and hard callus was accelerat-
ed.?® Another study evaluated a contaminated open fracture
model and found that the earlier systemic treatment with
cefazolin reduced not only infection, but also the negative
impact of delayed surgery.*®

In our study, the positive influence on the metabolism of
osteoblasts at lower cefuroxime doses, which Salzmann
proved in vitro, could not significantly be reproduced.’
Overall, after 3 weeks, cefuroxime showed no adverse
effects on fracture healing compared with the control group,
and hence, the inhibiting in vitro observations at high con-
centrations in the animal model could not be confirmed. In
particular, this is important with regard to the duration of
the application, since the negative effects shown in vitro
were most pronounced over time. Therefore, cefuroxime
may be safely chosen for the treatment of infections in
patients with a bone fracture or in bone surgery, because it
did not influence bone healing. However, data from animal
studies cannot be directly transferred to patients.*!

After the application of antibiotic-impregnated bone
cement, antibiotics are released over several weeks: this
may additionally result in a prolonged period of action with
high concentrations acting on bone cells.*>** Such a setup
is not covered by our approach and, thus, care should be
taken in the unrestricted usage of impregnated bone cement
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as a prophylactic regimen. Further studies should be carried
out to examine the release Kkinetics of cefuroxime-
impregnated bone cement and to determine its achievable
local concentrations. Additionally, the effects of prolonged
high cefuroxime doses on implant incorporation need to be
analyzed.
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