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truction is a serious complication that could jeopar-

dize the global success of a surgery. This pain must be controlled and minimized during the first 3 to

4 postoperative days to prevent it from becoming chronic. In this study, a critical-size bone defect

was created at the femoral distal end of rats and filled by an injectable calcium phosphate cement (CPC)

loaded or not with local anesthetics (bupivacaine or ropivacaine). A functional evaluation of the gait

was performed using the CatWalk system to compare the postoperative pain relief enhanced by the dif-

ferent CPCs after such a bone filling surgery. The results demonstrated significant pain relief during the

short-term postoperative period, as shown by the print area and intensity parameters of the operated

paw. At 24 hours, the print area decreased by 65%, 42%, and 24%, and the intensity decreased by

25%, 9%, and 1% for unloaded, ropivacaine-loaded, and bupivacaine-loaded CPCs, respectively, com-

pared with the preoperative values. Bupivacaine-loaded CPC provided an earlier return to full func-

tional recovery than ropivacaine-loaded CPC. Moreover, the CPCs retained their biologic and

mechanical properties. For all these reasons, anesthetic-loaded CPCs could be part of the global pain

management protocol after bone reconstruction surgery such as iliac crest bone grafting procedures.

Perspective: Bupivacaine-loaded CPC provided an earlier return to full gait function than ropiva-

caine-loaded CPC, with preserved bone filling properties. Such analgesic CPCs deserve further in vivo

investigation and may be part of the global pain management protocol after bone reconstruction or

bone augmentation surgery such as iliac crest bone grafting.

© 2018 The American Pain Society. Published by Elsevier Inc. All rights reserved.
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P
TaggedPostoperative pain after bone reconstruction is one
of the most frequent undesirable complications,
especially in bone iliac crest graft proce-

dures.15,24,28,36,42,54 This pain significantly disrupts patient
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TaggedPrecovery by reducing their mobility, delaying their func-
tional recovery, increasing their hospital stay, and decreas-
ing their quality of life and autonomy.37,53 Furthermore,
recent data suggest that chronic pain could induce
changes at the immune system level bymodifying immune
cell gene expression.29 This could point to a potential con-
nection between the pain and discomfort felt and the
inflammatory/healing process after bone surgery.
TaggedPPain management during the first 4 postoperative

days5,41,44 should be as efficient as possible to minimize
the risk of developing chronic pain. The conventional
treatment is to administer conventional systemic analge-
sics such as acetaminophen, nonsteroidal antiinflamma-
tory drugs, and morphine-derived products. Paracetamol
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TaggedPis definitively not strong enough to relieve postoperative
pain, and nonsteroidal antiinflammatory drugs can cause
gastric complications40 and delay bone healing.21 Finally,
opioids can cause multiple complications (gastric, pulmo-
nary) that could hinder recovery and increase hospitaliza-
tion length. Furthermore, analgesic prescriptions increase
overall costs, thus adding an economic burden on the
health care system. In addition to the systemic approach,
patients are also administered local anesthetics as a bolus
dose or via catheter. Human medicine surgeons often use
continuous controlled administration of local anesthetics
at surgical sites or around nerves that innervate the site.
Local administration provides analgesia at the target site
with limited systemic effects, and some studies have dem-
onstrated the value of using local analgesia to prevent
chronic pain.3,8,43 For example, infusion of bupivacaine,
either into the wound or as a local nerve block proved to
be an effective analgesic technique for pain control dur-
ing the recovery phase after iliac crest bone grafting. This
reduced the use of opioids by 50% without decreasing
the analgesic effect,43 a finding that is of major interest in
elderly patients.
TaggedPCalcium phosphate (CaP) bone substitutes and CaP

cements (CPC) are now considered the gold standard28

treatment for many bone filling orthopedic surgery
indications. They can be resorbed by cells, present evi-
denced osteoconductive properties,2,10,28,38,39 and can
be associated with bioactive molecules and therapeutic
agents to act as local drug delivery systems.47,50 We pre-
viously validated the concept of analgesic bioactive
bone substitute combining CaP granules and bupiva-
caine, one of the most commonly used local anesthetics
in bone surgery. In vivo analgesic properties of our com-
bined device demonstrated a significant dose-depen-
dent analgesic effect on a postoperative pain rat model
using pressure algometry evaluation.48 Because CPCs
have now become the treatment of choice for many
orthopedic and trauma indications,9,55 we designed an
innovative injectable biomaterial combining CPC and
different local anesthetic drugs for orthopedic or bone
trauma indications.
TaggedPIn the last decade, the CatWalk26,52 gait analysis sys-

tem has been demonstrated as a valuable, noninvasive
method to assess chronic pain.16 It has proved to be a
reliable method to determine the onset or ongoing
nature of a disease, set up a treatment protocol, and evi-
dence rehabilitation. The CatWalk XT (Noldus, Wage-
ningen, The Netherlands) has been validated for
experimental rodent procedures to investigate many
conditions such as neurodegenerative diseases,46 myo-
fascial inflammations,31 peripheral nerve injuries,14,18

osteoarthritis,19,32 and trauma.20 This method analyzes
gait through video tracking and delivers a complete
analysis of the spatiotemporal parameters of each paw
print and dynamic interlimb coordination patterns.
TaggedPThe aims of this study were 1) to investigate postopera-

tive pain after bone filling surgery through functional
evaluation using gait analysis with the Catwalk system, 2)
to evaluate the benefit in pain relief obtained after bone
defect filling with our innovative CPCs, and 3) to assess
their mechanical and biologic properties.
Materials and Methods

Preparation of anesthetic-loaded cement
TaggedPThe apatitic calcium phosphate cement30 used in this

study was obtained from Graftys SA (Aix-en-Provence,
France). It is composed primarily of alpha-tricalcium
phosphate (78%) and was loaded with either bupiva-
caine or ropivacaine (Sigma-Aldrich, St. Louis, MO).
Local anesthetics were directly introduced into the solid
phase at 8% by weight (w/w). The cement paste was
prepared by mixing the powder obtained with an aque-
ous solution of 0.5% Na2HPO4. The liquid/powder (l/p)
ratio was adjusted to obtain an injectable cement com-
patible with use in bone surgery, presenting a typical
setting time of around 6 to 12 minutes. A 2-cm3 syringe
was used to inject the cement paste into a rat femoral
condyle defect. After the setting process, the final prod-
uct was a porous solid mainly composed of calcium defi-
cient apatite (CDA) loaded with a local anesthetic.
Before implantation, all the components were sterilized
by gamma irradiation at 25 to 33 kGy. The integrity of
the drugs was ensured by nuclear magnetic resonance
(NMR) and mass spectrometry (MS) analyses. The 1H
NMR spectra were recorded on an Advance Bruker
300 MHz (Billerica, MA) and MS spectra on an LTQ-Orbi-
trap Thermo Fisher Scientific (Charlotte, NC).
Cement handling properties
TaggedPThe initial setting time was determined by using

Gillmore’s method,1 Samples were placed in an in-
house�made cell (cylindrical form, inner diameter
20 mm, depth 4.7 mm) thermostated at 37̄C with a
water bath. The initial setting time was determined
when the small Gillmore needle (diameter 2.12 mm,
weight 113.4 g) failed to indent the surface of the sam-
ple.

TaggedPThe injectability assay was measured with an
Advanced Material Testing System (AmetekLS55kN/1124
lbf; Ametek, Inc, Berwyn, PA) equipped with a specific
syringe system, including a 2.5-mL syringe (Terumo
Corp, Shibuya, Tokyo, Japan) without a needle. This test
consists of measuring the force needed to extrude the
volume of paste using a compression rate of 1 mm/sec.
The injectability measurement was performed 3 minutes
after paste preparation.

TaggedPThe compressive strength was measured with an
Advanced Material Testing System (AmetekLS55kN/1124
lbf) at a loading rate of 1 mm/sec. The different paste
samples were prepared as described above. They were
then introduced into cylindrical polytetrafluoroethylene
molds (6 mm in diameter and 12 mm in height) and
were immersed in sodium chloride aqueous solution for
72 hours. All measurements were performed in tripli-
cate, and results were mean § SD.
Anesthetic drug release profiles
TaggedPTwo hundred milligrams of loaded cement were

deposited into a six-well culture plate. After waiting 20
minutes at room temperature, cements were immersed
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TaggedPin sodium chloride aqueous solution (0.9% w/w) and
were subsequently placed into an incubator at 37̄C
equipped with an orbital shaker (120 rpm). Aqueous sol-
utions were removed, filtered (0.45 mm), and replaced
with fresh 0.9% sodium chloride at different times.
After filtering, the amount of bupivacaine or ropiva-
caine released into the aqueous solution was deter-
mined by UV-visible spectrophotometer assays (UV-
2501PC; Shimadzu Corp, Kyoto, Japan) at 262 nm. All
experiments were performed in triplicate. Results were
expressed as percentage of bupivacaine or ropivacaine
released § SD over time.
Animal experiments and surgical model

TaggedPAnimals

TaggedPAll animal procedures were approved by the
institution’s animal welfare committee (Approval No.
5270) and were conducted in accordance with the Euro-
pean guidelines for the protection of animals used for
scientific purposes (2010/63/EU). Rats were housed in
dedicated rodent facilities (Approval No. C44015). Eigh-
teen female Wistar rats (Charles River Laboratories),
weighing 225 to 250 g, were used. A 1-week quarantine
was observed. During the experiment period, animals
were housed under standard conditions with a 12-h
light/12-h dark cycle and checked every day. Water and
food were available as desired.
TaggedPSurgical procedure

TaggedPThree different CPCs were tested:

TaggedP� One unloaded CPC with no anesthetic agent (CPC)

TaggedP� One CPC loaded with 8% bupivacaine (CPC-Bupi)

TaggedP� One CPC loaded with 8% ropivacaine (CPC-Ropi)

TaggedPThe animals (n = 18) were then randomly assigned to
one of these groups (n = 6 per group).
TaggedPSurgical procedures were conducted with the animals

under general anesthesia induced with an isoflurane/
oxygen mixture delivered into an induction chamber
and maintained through an individual nose mask. Then
a subcutaneous injection of 0.05 mg/kg of buprenor-
phine hydrochloride (Buprecare; The Cooper Compa-
nies, Inc, Pleasanton, CA) was performed as preemptive
analgesia. A critical-size cylindrical bone defect (3.1 mm
Figure 1. Implantation of cement. (A) Creation of a critical-size c
before wound closure.
TaggedP;, 5 mm depth) was created in the lateral femoral con-
dyle on the right hind limb of each animal. After hemo-
stasis and drying of the osseous cavity, the defect was
filled with one of the tested cements that was gently
injected into the cavity (Fig 1). The contralateral leg was
left intact. All surgical procedures were performed
blindly (ie, the surgeon was unaware of which cement
was being injected). Rescue analgesia with additional
buprenorphine injection was available throughout the
implantation period.
TaggedPAfter surgery, a physical examination was performed

twice daily with visual control of the surgical site and
measurements of cranial-caudal and lateral-medial
diameters to evaluate whether hematoma, edema,
swelling or biomaterial intolerance occurred. If neces-
sary, an additional injection of buprenorphine hydro-
chloride (0.05 mg/kg) was given.
TaggedPAnimals were humanely killed 3 weeks after implanta-

tion by intracardiac injection of an overdose of sodium
pentobarbital (Dolethal; Vetoquinol, Fort Worth, TX)
after general anesthesia induction.
Postoperative gait analysis with CatWalk
system

TaggedPPrinciple of the CatWalk analysis

TaggedPPostoperative gait analysis was performed using the
CatWalk XT system as previously described in rats.25,27

Briefly, the rat had a nonforced run across an illumi-
nated glass plate through an 8-cm wide corridor. Upon
contact with the glass plate, the paw reflected the
green light to a video camera below (100 Hz), which
recorded the entire run (Fig 2A). Gait-related parame-
ters were reported for each animal and each run. No
food inducement was provided.
TaggedPTest procedures

TaggedPThe gait analysis was conducted according to the fol-
lowing protocol:
TaggedPTwo weeks prior to the implantations, the rats were

habituated and trained to run freely through the corri-
dor daily. The last preoperative run, the day before sur-
gery, was considered as the preoperative reference
value. To limit interanimal variability, each operated
rat was compared with its own preoperative data. Cat-
Walk analysis was repeated after surgery at t = 2, 4, 6,
ylindrical defect. (B) Injection of the cement. (C) Filled defect



Figure 2. Gait analysis of a healthy rat by the CatWalk system. (A) Picture of the healthy rat in the Catwalk system. (B) CatWalk
footprints (print area) before surgery. The footprints on the left limbs are in red while the right limbs are in blue. The hind limbs are
represented in light color, and the front limbs are darker. (C) A normal right hind paw with manual print length measurement and
intensity scale. (D) CatWalk gait diagram before surgery.
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TaggedP24, 48, and 72 hours and t = 7 and 14 days. Gait analysis
experiments were conducted blindly by the same inves-
tigator who was unaware of which cement had been
injected. The time of biomaterial injection was referred
as t = day 0.
TaggedPParameters

TaggedPGait parameters were acquired with the CatWalk 42-
cm-long corridor. The compliant run criteria were 1) a
run duration between 1 and 5 seconds and 2) a maxi-
mum allowed speed variation of 80%. Runs longer than
5.5 seconds were automatically aborted. Runs with
backing, sniffing, cleaning, or long stops were also dis-
carded during the acquisition phase by the investigator.
Analysis of recorded runs provides 280 raw measure-
ments. A minimum of 5 compliant runs was necessary
for statistical analysis. In most cases, the first 5 or 6 runs
produced the 5 compliant runs. The number of runs was
limited to avoid exhausting the rats.
TaggedPBased on the expected properties of the CPCs tested,

the following parameters were studied:

TaggedP� Print area (in cm2) is the surface of the complete paw print

during the stance phase. The stand phase (in seconds) is the

duration of the contact between the paw and the glass

plate (Fig 2B).

TaggedP� Intensity (AU) is the mean intensity of the complete paw

during the stand phase in the whole step cycle. The print

intensity depends on the degree of contact between a paw

and the glass plate. The intensity ranges from 0 to 255 and

is converted to a color scale from green to red (Fig 2C).

TaggedP� Manual print length (in cm) is the distance between the

middle of the third toe and the heel of a paw during stance

(Fig 2C).

TaggedP� Duty cycle (in %) expresses the stance phase as a percent-

age of the step cycle. It is calculated according to the for-

mula: stance/[stance + swing]£ 100, where the stance is the

duration of the contact between the paw and the glass

plate and the swing is the duration in seconds of the no-

contact phase of a paw with the glass plate (Fig 2D).

TaggedPVariations in these parameters provided functional
data related to the analgesic effects of the implanted
cements and the expected benefits in pain relief.
Standard error of the mean (SEM) and
histologic studies

TaggedPSample preparation

TaggedPOnce explanted, the distal ends of the implanted
femurs were fixed in formalin. After this, the bone
specimens (n = 18) were dehydrated with graded etha-
nol. They were then infiltrated and embedded in glycol
methyl-methacrylate (GMMA, VWR International SAS,
Fontenay sous Bois, France) obtained by mixing 90%
purified methyl-methacrylate (VWR, Radnor, PA), 9%
polyethylene glycol (VWR) and 1% benzoyl peroxide
(Merck, Kenilworth, NJ). Polymerization was started
with a mixture of N,N-dimethylaniline, 99% (Sigma-
Aldrich) and propan-2-ol (Prolabo, France) at 4̄C for 1
week. The resulting resin blocks were then polished and
cut into 2 pieces: one half of each sample was used for
either SEM or histologic analysis.
TaggedPSEM analysis

TaggedPAfter polishing, the remaining bone-implant surfaces
were coated with gold-palladium and femoral samples
were observed by SEM (Leo 1450VP, Zeiss, magnification
x50). Images were acquired with the back-scattered
electron mode.51 A 2-dimensional micro-architectural
analysis was performed using Leica QWin Pro software.
A bioactive zone (region of interest) was drawn manually
in a ring-shape on the interface between the resorbed
surface of the CPC and the concomitant new bone
(Fig 3). The ring included the reactive part of the cement,
which was seen as lighter compared to the inactive part,
and the newly formed bone, which was seen as slightly
darker gray compared with the old bone around it. The
percentages of the newly formed bone surface in the
total ring surface were then calculated after a manual
grayscale thresholding for the elimination of pores from
the surface calculus. The values were the then recalcu-
lated from square pixels to square micrometers.
TaggedPHistologic studies

TaggedPUndecalcified serial 7-mm sections of each sample
were cut perpendicularly to the drilling axis of the



Figure 3. SEM images after femoral implantation. The ROI analyzed using Leica QWin Pro software corresponded to (A) a bioactive
zone (lighter-blue area), which included (B) the newly formed bone (green area) and (C) the resorbed surface of the cement (blue
area).
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TaggedPimplantation area using a hard tissue microtome (Leica
SM2500; Leica Biosystems Inc, Buffalo Grove, IL)
equipped with a D-profile tungsten-carbide knife
(Le€ıca). Movat’s pentachrome and hematoxylin-eosin
stains were performed on bone sections, which were
then observed under a light microscope (Axioplan 2;
ZEISS, Oberkochen, Germany). The Movat’s pentachrome
stain is bone-tissue specific and was used to distinguish
mineral bone (yellow-green), osteoid tissue (red lines),
soft tissue (light pink), and cement (blue).49,51 The hema-
toxylin-eosin stain was used as a reference to analyze
more specific tissue components. Each slice was scanned
and observed using NDP.view2 software (Hamamatsu,
Shizuoka Prefecture, Japan) for histological analysis.
Statistical analysis
TaggedPFor each animal, the mean (§ SD) of the 5 compliant

runs was calculated for the 4 selected parameters: print
area, intensity, duty cycle, and manual print length.
Mean values were then calculated for unloaded and
loaded cements. Unloaded CPC and anesthetic-loaded
CPC gait parameters were compared using analysis of
variance (ANOVA) tests. When significant effects were
found, the Fisher test was used for inter-groups compar-
isons. Each time we observed a significant difference
between 2 groups, the associated F-test was checked to
be positive. The threshold for significance was set at
99% (P < .01). SEM images were analyzed using the
Kruskal-Wallis Test.
Results

Influence of anesthetics on cement
properties
TaggedPThe addition of anesthetics did not significantly mod-

ify the setting reaction of the different cements. For the
CPC-Bupi, the setting time was identical to the CPC
(6.5�7.0 min range) without any change in the l/p ratio.
Conversely, the setting time was shorter for the CPC-
Ropi (4.0�4.5 min). The l/p ratio was then adjusted from
0.45 to 0.48 in order to have a similar setting time to the
other cements. The new setting time was in the 6.0- to
TaggedP6.5-minute range. Injectability was not significantly dif-
ferent among the 3 different cements (4.5 § 1.5 N for
the CPC and 5.2 § 0.2 N and 4.3 § 1.1 N for the CPC-Bupi
and the CPC-Ropi, respectively). The association of both
bupivacaine and ropivacaine led to a significant
decrease in compressive strength from 25.5§1.2 MPa for
CPC to 18.4 § 0.1 MPa for the CPC-Bupi and 16.3 § 1.6
MPa for the CPC-Ropi. For the CPC-Ropi, this was the
direct consequence of a greater l/p ratio.
Anesthetic release kinetics
TaggedPThe linear correlation coefficient for UV measurement

of both anesthetics was .999 at 262 nm. The release of
drugs (Fig 4) was studied over several days (up to 11
days). First, an initial burst of approximately 44% and
30% of bupivacaine and ropivacaine, respectively, was
released within the first hours (8 hours = .33 days). Dur-
ing the first 4 days, the CPC-Bupi released 72% of the
drug, whereas the CPC-Ropi released 64% of the drug
over the same period. At the end of the test (11 days),
the cumulative drug release was about 74% and 70%
for bupivacaine and ropivacaine, respectively.
Integrity of the analgesic drugs
TaggedPThe NMR (Supplementary Fig 1) and MS (Supplemen-

tary Fig 2) spectra indicated that the integrity of the
released bupivacaine and ropivacaine was preserved.
Catwalk results
TaggedPBefore surgery, the animals presented a classic gait

pattern with no significant difference between the print
area and the print length of the right hind paw com-
pared to the contralateral one. Mean preoperative val-
ues were 1.88 § 0.03 cm2 for print area, 115.28 § 0.55
AU for intensity, 1.86 § 0.02 cm for manual print length,
and 66.34% § 0.56% for duty cycle, and were consid-
ered as the reference baselines. After surgery, the ani-
mals were able to place their operated paw (right hind
limb) in step cycles at any time of the experiment, and
weight bearing on the operated limb was constant
throughout the postoperative period.



Figure 4. Release profiles from CPC loaded with (A) 8% bupivacaine and (B) 8% ropivacaine.
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TaggedPFigs 5A and 6A show the evolution of the print
area parameter during the postoperative period.
After implantation of unloaded cement, the print
area decreased from 2.04 § 0.07 cm2 before surgery
to a minimum of 0.66 § 0.06 cm2 at 24 hours postop-
eratively. The print area then increased gradually to
1.60§0.06 cm2 at 14d. With both loaded cements,
after an initial postoperative decrease, a faster return
to the baseline value than for unloaded CPC at 14d
was observed. At 24 hours postoperatively, gait mod-
ification reached its highest level for rats treated
with the unloaded cement. It can be seen that the
rats treated with both loaded cements had a signifi-
cantly (p<0.01) higher print area than rats treated
with the unloaded cement: 1.44§0.06cm2 for bupiva-
caine and 1.10§0.06 cm2 for ropivacaine. This can be
seen in the footprint pictures of the operated rats
according to the different implantation conditions
(Fig 5B). Moreover, the two loaded CPCs can be dif-
ferentiated at this point in time, with the CPC-Bupi
showing a significantly higher print area. 48 hours
Figure 5. Print area (in cm2) of the operated paw (right hind limb) f
blue (dotted line), CPC-Ropi in green (dash-dotted line), and the re
Statistical analysis used ANOVA with the Fisher test. The results are
** P < .01 anesthetic loaded-CPCs vs CPC, # P < .01 CPC-Bupi vs othe
erative (B).
TaggedPpostoperatively, it was still possible to differentiate
significantly between the unloaded CPC and loaded
CPCs. Finally at day 7 after surgery, the print area of
rats implanted with the CPC-Bupi was not signifi-
cantly different from the preoperative baseline.

TaggedPThe intensity parameter and the print area parameter
displayed similar variation patterns. 24 hours after
implantation (Fig 6B), the intensity decreased by 25% §
2%, 9§2% and 1§2 % for CPC, CPC-Ropi and CPC-Bupi
respectively compared with the baseline. The differen-
ces between the three cements were significant
(P < .01). 48 hours after surgery; the CPC provided sig-
nificantly lower intensity (79% § 2%) than both loaded
cements (96% § 2% for CPC-Ropi and 98% § 2% for
CPC-Bupi). Interestingly, during the entire evaluation
period the intensity provided by the CPC-Bupi was not
significantly different from the preoperative reference
baseline. At the end of the evaluation period (14 days
after surgery), the intensity provided by CPC and CPC-
Ropi returned to the baseline value and was no differ-
ent from the preoperative baseline.
or the 3 types of cements. CPC in yellow (plain line), CPC-Bupi in
ference preoperative baseline is the enlarged black dotted line.
the means § SD (N = 6), * P < .01 (CPC-Bupi vs CPC-Ropi vs CPC),
rs (A), print area pictures for each condition at 24 hours postop-



Figure 6. Four tested parameters for the 3 types of cements: print area in % of the preoperative baseline (A), intensity in % of the
preoperative baseline (B), manual print length in % of the preoperative baseline (C), and duty cycle in % of the preoperative base-
line (D). CPC in yellow (plain line), CPC-Bupi in blue (dotted line), CPC-Ropi in green (dash-dotted line), and the reference preopera-
tive baseline is the enlarged black dotted line. Statistical analysis used ANOVA with the Fisher test. The results are the means § SD
(N = 6), * P < .01 (CPC-Bupi vs CPC-Ropi vs CPC), ** P < .01 anesthetic loaded-CPCs vs CPC, # P < .01 CPC-Bupi vs others.
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TaggedPLike the print area parameter, the manual print length
was expected to decrease after surgery. Manual print
length was 72% § 2% at 24 hours (Fig 6C) for the CPC,
whereas for CPC-Bupi and CPC-Ropi the manual print
length was 91% § 2% and 88% § 2%, respectively. This
difference was significant (P < .01) compared with the
CPC but without any notable difference between the
two loaded CPCs. At day 7 after surgery, the print length
parameter was not found to be significantly different
from the preoperative baseline for both loaded CPCs.
TaggedPThe duty cycle parameter (Fig 6D) did not exhibit sig-

nificant variation throughout the entire implantation
period, with no significant difference between the two
loaded CPCs. Conversely, for CPC, the duty cycle
decreased postoperatively and a significant difference
(P < .01) between the unloaded cement (84% § 2%)
and the loaded CPCs (95% § 2% for ropivacaine and
99% § 2% for bupivacaine, respectively) was noted at
24 hours. At 48 hours after surgery, the duty cycle was
not significantly different for all cements and progres-
sively increased back to the reference value at 7 days
after surgery.
SEM and histologic studies
TaggedPThree weeks after implantation, the injected cements

were still present in all implantation sites and new bone
TaggedPapposition was observed on the surface of each one of
them (Fig 7A). As depicted in Fig 7B, the percentage of
the newly formed bone was not significantly different
between the 3 conditions. In accordance with this, oste-
oid tissue bordered by an osteoblast cell line was
observed for all cements. The local release of the drugs
did not modify the bone-cement interfaces and the
osteointegration of both loaded CPCs as compared to
the unloaded CPC. In addition, histological analysis did
not reveal any adverse inflammatory reaction (Fig 8).
Discussion
TaggedPPain caused by bone harvesting for reconstruction is

regarded as one of the major complications after autol-
ogous bone grafting procedures.15,24,28,36,37,42,53,54 Mul-
timodal analgesia appears to be the best method to
limit postoperative pain and its evolution to chronicity.
It includes peripheral nerve blocks through loco-
regional analgesia and systemic administration of anal-
gesic drugs.3,8,43

TaggedPCPCs are considered to be gold standard materials for
new therapeutic approaches such as percutaneous or
minimally-invasive techniques. These biomaterials are
better suited to the shape of a bone defect than gran-
ules22,23 and thanks to their moldability, they can fit



Figure 7. A. SEM images after femoral implantation. B. Results were expressed as the percentage of the newly formed bone rela-
tive to the ROI.
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TaggedPperfectly into implantation sites, thus optimizing bone-
biomaterial contact in geometrically complex bone
defects. Moreover, CPCs are based on a mixture of CaP
mineral compounds that react together to provide a
material that hardens in situ after injection, through a
nonexothermic reaction in contrast to PMMA cements.
The association of CaP bone cements with bioactive
molecules has been investigated for 3 major clinical pur-
poses in the bone environment: the local delivery of
antibiotics, the promotion of osteointegration or bone
augmentation by the release of growth factors or cyto-
kines, and the prevention of further bone resorption by
the incorporation and subsequent in vivo release of
antiresorptive agents such as bisphosphonates.49 In this
study, it was possible to incorporate local anesthetics
into CPCs to propose them as suitable candidates for
pain management after bone surgery. Such bone substi-
tutes, which can both fill the harvest site and deliver an
analgesic substance in situ, could constitute a novel
therapeutic approach.
TaggedPThe effectiveness of the analgesia and the resulting

functional recovery needed to be evaluated as objec-
tively as possible. In this study, the CatWalk automated
quantitative gait analysis system was deemed to be the
best method. It provided a functional assessment of the
pain relief provided by injecting CPC loaded with 2
TaggedPdifferent analgesic drugs, bupivacaine and ropivacaine,
and compared with the pain relief obtained with the
cement alone. Reproducible and objective gait analysis
data were obtained in an animal model that mimics the
clinical situation. In vivo studies in rats have been widely
used to evaluate both bone reconstruction ability of
CaP bone substitutes4,7,12 and neurologic and orthope-
dic pain,34,35 with the Von Frey monofilament test being
the most commonly used method to evaluate mechani-
cal allodynia in rats. Several articles6,52 have discussed
the difference between the Von Frey monofilament
method and the CatWalk system. It appears that the
major drawback of the Von Frey method is the difficulty
in establishing a correct threshold. Moreover, the force
of the filament is influenced by ambient humidity and
temperature. In addition, animals are tested under
restrictive conditions that are very different from physi-
ological gait conditions. Conversely, the Catwalk system
allows the animals to walk freely, which minimizes han-
dling and reduces confounding stress factors. Moreover,
it provides an objective, non-invasive analysis for investi-
gating a large number of gait parameters. In this study,
changes in the gait and gait expression parameters in
the operated rats were induced by surgical pain and
shown by either a reluctance or an inability to use the
operated limb.



Figure 8. Histological analysis of femoral samples 3 weeks after implantation. A. Observation of the whole cement after implantation
with Movat’s stain (blue = cement; yellow-green = bone, light pink = soft tissue). B. Detailed images of the new bone formation from
Movat’s stain (red line = osteoid tissue, purple line: osteoblast cell line). C. Bonemarrow observation from hematoxylin-eosin stain.
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Gait analysis and functional recovery
TaggedPThe chosen parameters were of great interest because

they concerned both spatial (print area, manual print
length) intensity, and temporal (duty cycle) data. Cat-
walk gait analysis showed that all these parameters
decreased after surgery. Rats treated with the unloaded
cement exhibited the highest level of pain at 24 hours
after surgery, as shown by the significant decrease
observed on all tested parameters compared with pre-
operative baselines. However, implantation of analgesic
drug-loaded cements provided a clear and continuous
improvement of the postoperative gait, especially dur-
ing the short-term postoperative period. Due to the sig-
nificant difference among CPC-Bupi, CPC-Ropi, and the
CPC observed at 24 hours, the print area and intensity
parameters revealed simple and reliable criteria to eval-
uate the postoperative weight-bearing ability and func-
tional recovery of the operated rats. These 2 parameters
reflected the induced postoperative pain by the fact
that the animals became reluctant or unable to support
weight-bearing pressure on their operated paw, and
the postoperative functional benefits provided by the
implantation of analgesic CPCs.
TaggedPDuring the short-term postoperative period, the study

of the duty cycle of the implanted hind limb revealed a
TaggedPdecrease in the paw-floor contact (stance duration)
associated with an increase in the swing duration.
Reduced manual print length was directly related to the
decrease in the print area. Moreover, the manual print
length and duty cycle parameters were not significantly
different between the 2 loaded CPCs, but still signifi-
cantly different compared to the unloaded cement,
emphasizing the ability to contrast the analgesic effect
compared to the unloaded cement. Although both CPC-
Bupi and CPC-Ropi displayed similar pain relief benefits
at 24 and 48 hours postoperative, CPC-Bupi seemed to
provide an earlier and more complete return to preop-
erative baselines than CPC-Ropi, in accordance with the
compared pharmacokinetic properties and the respec-
tive efficiency of these 2 drugs.13

TaggedPDuring surgery, for ethical and medical reasons,
buprenorphine hydrochloride was administered sub-
cutaneously as preemptive analgesia. This drug has a
longer duration of action than morphine (up to
6 hours 17). The long-acting effect of the periopera-
tive analgesia could have influenced the results
obtained during the early stages of Catwalk assess-
ment. However, all the surgical procedures and gait
analyses were performed blindly to increase the reli-
ability of the results obtained.
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Release of the drug during the critical
period
TaggedPModifications to the setting reaction kinetics along

with the mechanical and rheological properties of
loaded-CPCs could impact their future clinical perfor-
mance. The objective of this study was to provide and
validate a new approach to decrease the risk of develop-
ing chronic pain after iliac crest autologous bone graft-
ing involving the use of an original drug-biomaterial
combination device that can provide significant pain
relief during the first 3 to 4 postoperative days.
TaggedPIn this study, the release profile of the 2 tested drugs

consisted of 3 successive phases, as shown in Fig 4:

TaggedP1. An initial burst in which approximately 44% and 30% of

the drugs (bupivacaine and ropivacaine, respectively) were

released within the first 8 hours. According to the litera-

ture,23,33,45 this release corresponds to the penetration of

sodium chloride aqueous solution into the cement and fol-

lows the Higuchi model.

TaggedP2. After this initial massive release, a linear drug release was

observed from 8 hours to 4 days, with a release rate of

9.7% per day for the 2 different cements.

TaggedP3. Finally, during the third stage, the release rate slowed con-

siderably, and the drug release reached a plateau (4 and

5 days for bupivacaine and ropivacaine, respectively).

TaggedPThese in vitro results showed an efficient release from
the 2 loaded cements during the first 3 to 4 postopera-
tive days, in contrast to a previous study48 in which bupi-
vacaine-loaded CDA granules were characterized by a
burst release of the drug (80% within 5 h). The choice of
a CPC as drug delivery system appears to be of consider-
able interest to control the progressive release of the
drugs and thus the duration of the analgesic effect dur-
ing the most critical period. It could therefore be possi-
ble to include these kinds of loaded CPCs into the
multimodal analgesia protocol to fill the donor site in
autologous iliac bone grafting procedures.
Biologic response to loaded-CPC
implantation
TaggedPConsidering the cardiotoxicity and vasodilatory

effects of bupivacaine,11 both the local tolerance and
safety of loaded CPCs had to be documented in situ. A
preliminary in vivo safety study (ie, femoral implanta-
tion in rabbits) was conducted over 8 weeks (unpub-
lished work). Briefly, plasma assays were performed at
successive times following in vivo implantation. Bupiva-
caine was under the detectability threshold in all sam-
ples (<100 ng/mL). To summarize, these unpublished
preliminary data demonstrated the absence of systemic
passage, strongly suggesting that this loaded cement
TaggedPdisplayed a good safety profile. In addition, monitoring
of cardiovascular function revealed no adverse effects
from the time of femoral implantation until the animals
were sacrificed.

TaggedPIn this study, histologic analysis showed that local
release of bupivacaine or ropivacaine from the 2 tested
cements did not generate any adverse bone tissue reac-
tion. Furthermore, the loaded CPCs retained their bio-
logical properties and their bone healing and bone
filling ability due to their bioactive, osteoconductive,
and injectability properties.2,38,39 Moreover, by extrapo-
lating the drug release profile and the volume of
cement implanted, no dysfunctions were expected. No
neurological problems such as skin damage or self-
trauma, and no dysfunction such as recurrent non
weight-bearing lameness or muscle atrophy that could
have been attributed to local side-effects were observed
in the rats, regardless the time of implantation. These
data are of major interest as part of multimodal analge-
sia in orthopedic and fracture management surgery.
Conclusion
TaggedPTo our knowledge, this is the first time that the Cat-

Walk system was used to evaluate the pain relief pro-
vided by the implantation of bone substitutes loaded
with analgesic drugs. This appeared to be an appropriate
method to study functional recovery after a bone har-
vesting procedure followed by filling the bone defect
created with an analgesic-loaded biomaterial. The
method demonstrated and differentiated the potential
analgesic effects produced by the carrier alone and by
the eluted drug. In addition, this preliminary in vivo
study showed that the injectable cements were well tol-
erated and supported controlled release of local anes-
thetic over the course of several days (up to 2 weeks).
Moreover, these new cements demonstrated the proper-
ties required for use in preclinical studies and in a global
pain management protocol after bone surgery.
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