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Article focus
 � The aim of this study was to combine  

an engineering outlook with a biological 
perspective on how different methods of 
site preparation specifically impact peri-
implant strain and bone remodelling 
around an implant.

Key messages
 � bone preparing by condensation does not 

enhance stability of an implant better than 
preparation by drilling in the implant site.

 � New bone formation leads to secondary 
implant stability, so any delay in this bio-
logical process can jeopardize long-term 
implant stability.

 � This study lays the groundwork for devis-
ing new methods for implant site pre-
paration that simultaneously preserve 
the trabecular network, which provides 

implant stability, while avoiding thermal-
induced apoptosis and necrosis associ-
ated with drilling.

Strengths and limitations
 � This study combined the engineering 

outlook with a biological perspective on 
different methods of site preparation in 
the mouse model.

 � a murine model would have the added 
benefit of being amenable to a compre-
hensive tissue, cell, and molecular analy-
sis of implant site preparation.

 � although there is a difference in size, 
micro structural characteristics between 
humans and mice are similar and a mur-
ine model has the benefit of being ame-
nable to a comprehensive tissue, cell, 
and molecular analysis of implant site 
preparation.

effects of condensation and compressive 
strain on implant primary stability
a loNgiTudiNal, iN vivo, mulTiscale sTudy iN mice

Aims
surgeons and most engineers believe that bone compaction improves implant primary 
stability without causing undue damage to the bone itself. In this study, we developed a 
murine distal femoral implant model and tested this dogma.

Methods
each mouse received two femoral implants, one placed into a site prepared by drilling and 
the other into the contralateral site prepared by drilling followed by stepwise condensation.

Results
condensation significantly increased peri-implant bone density but it also produced higher 
strains at the interface between the bone and implant, which led to significantly more bone 
microdamage. Despite increased peri-implant bone density, condensation did not improve 
implant primary stability as measured by an in vivo lateral stability test. Ultimately, the con-
densed bone underwent resorption, which delayed the onset of new bone formation around 
the implant.

Conclusion
collectively, these multiscale analyses demonstrate that condensation does not positively 
contribute to implant stability or to new peri-implant bone formation.
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introduction
arthroplasty surgeries aim to reduce pain and restore 
function by replacing a damaged joint with a metal pros-
thesis. approximately 9% of these arthroplasties will fail 
within ten years, primarily because the prosthesis loosens 
over time.1 in the absence of infection, this is referred to as 
aseptic loosening and it can have multiple aetiologies. For 
example, bone resorption (osteolysis) can lead to implant 
loosening.2 likewise, ‘stress-shielding’ by the implant can 
cause a reduction in peri-implant bone density (osteopae-
nia), which can increase the likelihood of aseptic loosen-
ing.3–5 another factor implicated in aseptic loosening is an 
‘unfavourable biomechanical environment’ that interferes 
with the initial attachment of bone to the implant.6 The 
magnitude and distribution of stresses and strains can 
also have a profound impact on the biological response 
from peri-implant bone4 and these responses can range 
from osteocyte apoptosis and death, to bone resorption 
followed by active new bone formation. ultimately, these 
events culminate in either an osseointegrated implant, or 
one that becomes encapsulated in fibrous tissue, but 
what constitutes a ‘safe’ versus ‘dangerous’ level of peri-
implant stress/strain is not always clear.

Here, our goal was to combine an engineering outlook 
with a biological perspective on how different methods of 
site preparation specifically impact peri-implant strain and 
bone remodelling around an implant. in order to study 
this process at the molecular and cellular levels, we 
employed a mouse model, then modified it to align, as 
much as possible, with site preparation techniques used 
in arthroplasty surgeries. For example, in arthroplasty sur-
geries, site preparation typically involves the production 
of an initial osteotomy that is gradually enlarged.7,8 
methods for enlarging the osteotomy include drilling and 
reaming to remove bone stock and thus allow the larger 
diameter implant to be placed.9 in this case, heat gener-
ated by drilling can cause thermal necrosis in the bone;10 
consequently, irrigation is often employed in an attempt 
to cool the drill. in another method called broaching, the 
osteotomy is enlarged but, instead of removing bone 
stock, a compressive force is employed. in addition to pre-
serving bone stock, this approach is also thought to ‘inter-
lock’ the implant into the bone.11–13

We replicated both methods of site preparation in the 
mouse model. although there is a difference in size, micro-
structural characteristics such as bone volume/total vol-
ume (bv/Tv) are strikingly similar between humans and 
mice.14–16 Heat transfer in bone is dependent upon its min-
eral density, which is also comparable between humans 
and rodents.17,18 Finally, the material properties, and there-
fore the strength of both cortical and trabecular bone, are 
similar.19–21 Thus, we reasoned that a murine model would 
be suitable for this study, and it would have the added ben-
efit of being amenable to a comprehensive tissue, cell, and 
molecular analysis of implant site preparation.

Methods
Animal surgeries. This study’s protocols followed animal 
research: reporting of in vivo experiments (arrive) and 
the institutional animal care and use committee (iacuc) 
guidelines (#13146). in total, 47 wild-type balb/c male 
(three-month-old) mice were used in this study.

mice were anaesthetized with an intraperitoneal injec-
tion of ketamine/xylazine. a split-body experimental 
design was employed. an 8 mm incision was made on 
the skin of the anterior-distal aspect of the right knee, and 
the knee joint was exposed. between the condyles, a 0.8 
mm osteotomy was produced using a 0.8 mm diameter 
drill bit (drill bit city, chicago, illinois, usa) and a hand-
held dental engine, running at 100 rpm with saline irriga-
tion. immediately thereafter, a 0.8 mm diameter, 7 mm 
length, titanium-6 aluminium-4 vanadium alloy (Tial6v4) 
implant was positioned into the bone marrow cavity of 
the femur. The site was closed with non-resorbable 
sutures. osteotomies produced in the right femur served 
as controls (e.g. the ‘drilled’ cohort; Figure 1b).

on the left femur, the knee joint was exposed, and 
between the condyles, a 0.6 mm osteotomy was pro-
duced using a 0.6 mm diameter drill bit (drill bit city). 
The 0.6 mm osteotomy was increased in size using four 
tapered osteotomes of progressively increasing diameter 
(supplementary Table i). each osteotome remained in 
the osteotomy for one minute before the next largest 
osteotome was used. The final diameter of the con-
densed osteotomy was 0.8 mm (supplementary Table i). 
Thereafter, a 0.8 mm titanium implant was positioned 
into the bone marrow cavity of the femur. osteotomies 
produced in the left femur therefore served as the test 
cases in this experiment (e.g. the ‘condensed’ cohort; 
Figure 1a).

buprenorphine as an analgesic was provided to all ani-
mals immediately post-surgery and for the following 
three days. animals ambulated freely and were housed in 
a temperature-controlled environment with 12-hour 
light/dark cycles. Food and water were provided ad libi-
tum. No evidence of infection or prolonged inflammation 
was detected at any of the surgical sites.
experimental groups. in keeping with the three rs 
(replacement, refinement, and reduction), every effort 
was made to reduce animal numbers. Table i describes 
experimental groups, timepoint, and number of samples 
arranged to correspond with testing modality.
heat transfer model and finite element analyses. a detai-
led description of the heat transfer model can be found 
in the study by aghvami et al.10 To calculate tempera-
ture distributions during implant site preparation, the 
heat transfer model used a value of 20% to represent the 
mean bv/Tv of the distal femur and a drill speed of 100 
rpm. The heat dissipation and temperature distribution 
associated with irrigation were calculated to align with 
the actual surgical methods used.
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Fig. 1i

condensation increases bone volume/total volume (bv/Tv) of peri-implant bone in the distal femur. in all animals, a) on the left femur, following the pilot 
drilled, four osteotomies were used in succession. b) on the right femur, osteotomies were accomplished by drilling (grey circle). a titanium alloy implant 
was then placed in the prepared osteotomies of both sides. c) and d) volumetric rendering of peri-implant bone (yellow) and the void created by the implant 
(green) from µcT analyses performed immediately after implant placement. e) and f) representative pentachrome-stained transverse tissue sections through 
the distal femur following condensation or drilling, followed by implant placement. picrosirius red staining shows bone density increased at g) the interface of 
bone-implant of the condensation specimens, but not at h) the interface of bone-implant of drilled specimens. i) Quantification of bv/Tv, trabecular number, 
and trabecular thickness from µcT analyses of peri-implant bone following condensation (pink bars) or drilling (blue bars) prior to implant placement. scale 
bars = 50 µm. *p < 0.010. †paired t-test. im, implant.
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To estimate the strain distribution in bone due to the 
condensation procedure, a finite element model (Fem) 
was formulated in comsol 5.4 (stockholm, sweden). The 
distal end of the femur was modelled as an axisymmetric 
cylinder with an outer diameter of 1.5 mm and length 10 
mm. based on the bone’s bv/Tv of 20%, its young’s elastic 
modulus was set at 656 mpa, as computed using a power-
law relationship between modulus and bv/Tv for cancel-
lous bone in rat femora.22 The bone’s poisson’s ratio was 
set at 0.33. in the proximal region, the femur’s inner diam-
eter was initially set at 0.6 mm (to a depth of 10 mm) to 
simulate the situation after use of the 0.6 mm diameter 
pilot drill. each of the subsequent condensation steps (1 to 
4) involved stainless steel osteotomes that were tapered 
over the first 1.6 mm of their length, e.g. the osteotome in 
step 1 tapered from 0.58 mm to 0.65 mm over a 1.6 mm 
length, after which the outer diameter remained constant 
at 0.65 mm. The dimensions of the osteotomes for steps 2, 
3, and 4 of the condensation procedures were similar, with 
tapers of 0.63 mm to 0.7 mm, 0.68 mm to 0.75 mm, and 
0.73 mm to 0.8 mm, respectively. The last step in the pro-
cedure was the installation of a 0.8 mm diameter implant. 
To model the insertion of each osteotome and its effects 
on the bone, the osteotome-bone interface was modelled 
with a contact pair and coefficient of friction of zero. The 
tapered end of each osteotome was initially placed 0.35 
mm deep into the pilot hole and then displaced 9 mm into 
the hole left by the previous step. The model was run with 
geometric non-linearity (green-lagrange finite strain), and 
principal compressive strains were computed in the inter-
facial bone.
Lateral implant stability test. To assess the stability of 
the implant in bone, animals were collected immedi-
ately after implant placement, tissues were dissected, 
and were stored in 70% ethanol. a lateral stiffness test 
was employed where a lateral deflection (Δx) of ~ 30 µm 
was applied to the implant at 0.5 mm to 0.6 mm above 
the point where the implant exited the femur. The lat-
eral force (F) required to move the implant 30 µm was 
recorded. lateral stiffness, k, was computed using the 
formula k = F/Δx. This equation is derived from modelling 
the implant’s lateral tipping movement in bone accord-
ing to the behaviour of an ideal spring. When measuring 
the deflection Δx, femora containing the implants were 

rigidly clamped to a support and positioned in line with a 
stepper motor (ultra motion digit, mattituck, New york, 
usa) equipped with a 10 N load transducer on its moving 
shaft (Honeywell model 31; Honeywell, charlotte, North 
carolina, usa). a miniature displacement transducer 
(mg-dvrT-3; lord microstrain, Williston, vermont, usa) 
was positioned on the other side of the implant to directly 
measure the resulting implant displacement. in the test-
ing protocol, the displacement applied to the implant 
by the stepper motor was programmed as a triangular 
displacement versus time waveform, which ramped from 
zero to a peak displacement of ~ 30 µm in approximately 
3.5 seconds; the displacement was then held at the peak 
value for one second and subsequently returned to zero 
at the rate at which it was increased (Figure 2). The lat-
eral force on the implant in these tests was ~ 0.1 N to 
0.8 N. given the diameter of the implant and its mate-
rial (which has an elastic modulus approximately 1,000 
times greater than the surrounding bone), the lateral 
movement (Δx) of the implant was presumed to arise 
from deformation of the peri-implant bone and not from 
deformation of the metal.
image analyses. The distal femur was subjected to µcT 
analysis at a 10.5 µm resolution (micro XcT; Xradia, 
pleasanton, california, usa). To prepare tissues for scan-
ning, mice were sacrificed and tissues were fixed in 70% 
ethanol. Tissue samples were reconstructed and seg-
mented using the data visualization software scanip 
(version 7.0; simpleware, exeter, uk). a 600/1000 µm 
width/height circular volume of interest (voi) from the 
peri-implant bone was chosen for bone microarchitecture 
analysis. images were opened, and vois were cropped 
using imageJ (National institutes of Health, bethesda, 
maryland, usa), then imported into cTan (skyscan, 
billerica, massachusetts, usa), where the ratios of bv/Tv, 
trabecular number (Tb.N), and trabecular thickness (Tb.
Th) were calculated.
histology. animals were sacrificed at postsurgery day 
(psd) 0.5, 3, and 7. Tissues were fixed in 4% parafor-
maldehyde overnight at 4°c then washed in phosphate- 
buffered saline (pbs) for 30 minutes. samples were decal-
cified in 10% ethylenediaminetetraacetic acid (edTa) 
for approximately one week. after complete deminer-
alization, specimens were placed in 30% sucrose/pbs 

Table i. distribution of experimental groups across types of analyses

Testing modality Timepoint (expressed as 
post-surgery day, PSD)

Condensed bone group 
(n = number of implants)

Drilled bone group (n = 
number of implants)

micro-cT (minus implant) day of surgery 7 5
lateral stability test day of surgery 12 12
Histology, TuNel, Trap, iHc day of surgery 6 6
Histology, TuNel, Trap, alp iHc 3 6 6
Histology, alp iHc 7 6 6
in vivo bone labelling analysis 1 2.5 5 5
in vivo bone labelling analysis 2 5 5 5

alp, alkaline phosphatase; iHc, immunohistochemistry; Trap, tartrate-resistant acid phosphatase; TuNel, terminal deoxynucleotidyl transferase duTp nick 
end labelling.
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solution overnight at 4°c. at this point, implants were 
gently removed before the samples were embedded 
with Tissue-Tek ocT embedding medium (#23-730-571; 
Thermo Fisher scientific; Hampton, New Hampshire, 
usa). each transverse section of eight microns thick was 
cut and collected on superFrost plus slides (Thermo 
Fisher scientific). movat’s pentachrome and picrosirius 
red staining were performed as described.23

TUneL, TRAP, ALP, and immunohistochemistry. Terminal 
deoxynucleotidyl transferase duTp nick end labelling 
(TuNel) staining was performed with in situ cell death 
detection kit (roche, basel, switzerland) and mounted 
with 4′,6-diamidino-2-phenylindole (dapi) mounting 
medium (vector laboratories, burlingame, california, 
usa). Tartrate-resistant acid phosphatase (Trap) activity 
was detected using a leucocyte acid phosphatase stain-
ing kit (386a; sigma aldrich, st louis, missouri, usa). 
alkaline phosphatase (alp) activity was shown by incu-
bation in nitro blue tetrazolium chloride (NbT; roche), 

5-bromo-4-chloro-3-indolyl phosphate (bcip) (roche), 
and nontuberculous mycobacteria (NTm) buffer (100 
mm sodium chloride (Nacl), 100 mm Tris pH 9.0, 5 mm 
magnesium chloride (mgcl2)). Trap staining and alp 
staining slides were dehydrated in a series of ethanol 
and citrisolv (#89426-268; vWr international, radnor, 
pennsylvania, usa) and then mounted with permount 
mounting medium (Thermo Fisher scientific) .

immunostaining was performed: tissue sections were 
permeabilized with 0.5% TritonX-100 (Thermo Fisher 
scientific), and after antigen retrieval, slides were blocked 
with 5% goat serum (vector s-1000, vector laboratories) 
for one hour at room temperature. sections were incu-
bated with primary antibodies overnight at 4°c. after 
washing the slides with pbs, sections were incubated 
with cyanine5 conjugated goat anti-rabbit secondary 
antibody (a10523; invitrogen, carlsbad, california, usa) 
for 30 minutes, then mounted with dapi mounting 
medium (vector laboratories). The primary antibodies 
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condensation does not improve implant (im) primary stability. a) experimental system used to evaluate lateral stability of implants placed in osteotomies cre-
ated by drilling or condensation. a stepper motor delivered a defined displacement (Δx) at a specified height along the implant, and the resulting force was 
recorded. b) and c) representative recordings of force (measured in newtons) and displacement (measured in microns) from a trial run. initial mechanical 
(primary) stability was equivalent, regardless of whether the implant was placed into an osteotomy created by condensation or drilling bone. d) The slope of 
the F/Δx plot was calculated from the linear portion of the trace quantified. e) aniline blue staining and f) tartrate-resistant acid phosphatase (Trap) activity on 
representative tissue sections from a case where the implant was placed into condensed group on post-surgery day three; dotted line represents bone-implant 
interface. *paired t-test.
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used were anti-osterix (ab22552; abcam, cambridge, 
uk), anti-cathepsin k (ab19027; abcam), and anti-ki67 
(ab16667; abcam).
in vivo bone labelling analysis. one day before surgery, 
mice were injected intraperitoneally with calcein (10 mg/
kg, dissolved in 0.15m Nacl and 2% sodium bicarbonate 
(NaHco3)). in a subset of animals (e.g. those in analysis 
1; Figures 3n to 3q), an alizarin red injection (12.5 mg/
kg, dissolved in saline solution) was performed 1.5 days 
after the calcein injection (Timeline; Figure 3m). Two 
days later, this subset of animals was sacrificed. Tissues 
were processed for cryo-embedding (described above). 
kawamoto’s film method24 was used to collect tissue sec-
tions for analyses of vital dye labelling.

another subset of mice (e.g. those in analysis 2; Figures 
4h to 4j) was injected intraperitoneally with alizarin red 
four days after the first calcein labelling injection (see 
Timeline; Figure 4g). Two days later, this subset of mice 
was sacrificed, and tissues were processed.
histomorphometric analyses. To quantify, a region of 
interest (roi) was selected that focused on the endosteal 
bone proximal to the growth plate. This roi was rep-
resented across approximately 50 tissue sections, each 
of which was 8 μm to 10 μm thick. of those 50 tissue 
sections, a minimum of five were used for quantifica-
tion purposes. Tissue sections were photographed using 
a leica digital imaging system (buffalo grove, illinois, 
usa) by a single investigator (Zl), while quantification 
and analyses were conducted by two blinded individuals 
(ma and yl). pentachrome staining was used to detect 
new peri-implant bone. in the transverse plane, the roi 
extended from the edge of the implant circumferentially 
outward ~ 600 µm. The number of pixels corresponding 
to pentachrome-stained new bone in the roi was calcu-
lated and expressed as a percentage of the total number 
of pixels in the roi.

a similar roi was used to process quantifications by in 
vivo bone labelling. The number of calcein-positive pix-
els in the roi was expressed as a percentage of the total 
number of pixels in the roi. The same procedure was 
used to quantify alizarin red-positive pixels.
Statistical analyses. an online tool, ‘sample size calculator’ 
by clincalc, designed for calculating the minimum sam-
ple size for adequate study power, was employed.25 The 
actual number of samples generated for each experiment 
was above the minimum (Table ii).

all estimations were performed by setting parameters 
so that α (type i error) = 0.05, β (type ii error) = 0.2, enrol-
ment ratio = 1. in addition, a post hoc power analysis tool, 
‘post-hoc power calculator’26, clincalc, was employed to 
verify the power of our results. all comparisons are pow-
ered > 95%.

results were presented as means (sd). a paired t-test 
was used to determine significant differences between 
datasets. a p-value < 0.05 was considered statistically 

significant and all statistical analyses were performed 
with microsoft excel software (version 15.16; microsoft, 
redmond, Washington, usa).

Results
Condensation significantly increases peri-implant bone den-
sity. We used µcT analyses to demonstrate that condensa-
tion significantly increased the bv/Tv of peri-implant bone 
(Figures 1c and 1d; quantified in Figure 1i). Histologically, 
condensed samples showed densely packed trabeculae 
(Figure 1e) whereas the drilled samples had more mar-
row cells and less bone matrix (Figure 1f). picrosirius red 
staining demonstrated a dense, collagen-rich extracellular 
matrix around condensed samples (Figures 1g and 1h).
Condensation does not enhance primary stability of an 
implant. Thus far, our quantitative analyses demon-
strated that condensation increased the apparent den-
sity of peri-implant bone, just as has been reported in 
humans.27 We next tested whether this increase in bone 
density translated into better mechanical stability of the 
implant. lateral stability testing provided a means to 
directly measure how well an implant resists moving in 
response to a defined lateral load. in this test, the femur 
was rigidly fixed to a stage and a stepper motor was pro-
grammed to advance towards the implant; a displace-
ment transducer was positioned on the opposite side of 
the implant to directly measure this displacement (Figure 
2a). since the elastic modulus of the bone is significantly 
lower than the elastic modulus of the implant itself, any 
lateral movement of the implant can be ascribed solely to 
the deformation of the peri-implant bone.

in the condensed bone samples, a 30 µm displace-
ment (Figure 2b) required a peak force of ~ 0.2 N (Figure 
2c). For drilled bone samples, the same 30 µm displace-
ment (Figure 2b) required a peak force of ~ 0.18 N (Figure 
2c). Therefore, the mechanical stability of implants placed 
into condensed sites was not superior to those placed 
into drilled sites (Figure 2d). The reason for this lack of 
improved stability was suggested by histologic and Trap 
analyses, conducted on psd 3: in condensed samples, the 
fragments of trabecular bone that were compacted aro-
und the implant (Figure 2e) were undergoing resorption 
(Figure 2f).

Table ii. power analysis to determine sample size

experiment Minimum 
sample size, n

Actual sample 
size, n

Figures 1a to 1d, 1i 4 7/5
Figures 1e to 1h 4 6
Figures 2a to 2d 10 12
Figures 2e to 2f 4 6
Figures 3d to 3i 4 6
Figures 3j to 3n 3 5
Figures 4a to 4f, 4k 
to 4s

4 6

Figures 4g to 4j 3 5
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condensation creates high interfacial strain, which triggers osteocyte death and bone resorption. a) a representative image of the pattern and magnitude of the 
compressive strain distributions followed by its gradual enlargement by condensation. b) graph showing accumulated strain caused by condensation. c) compu-
tational model of heat transfer by the drilling protocol. d) to f) terminal deoxynucleotidyl transferase duTp nick end labelling (TuNel) staining on representative 
tissue sections from d) a case where the implant was placed into condensed bone versus e) a case where the implant was placed into drilled bone on the day 
of surgery, quantified in f) dotted line represents bone-implant interface. g) to i) cathepsin-k expression on representative tissue sections from g) a case where 
the implant was placed into condensed group and h) a case where the implant was placed into drilled group on the day of surgery, quantified in i) dotted line 
represents bone-implant interface. j) to l) Trap activity on representative tissue sections from j) a case where the implant was placed into condensed bone versus 
k) a case where the implant was placed into drilled bone on the day of surgery, quantified in l) dotted line represents bone-implant interface. m) schematic dem-
onstrating the experimental strategy of labelling analysis using calcein and alizarin red (ar). n) and o) calcein (green, labelling the previously existing trabecular 
bone) and ar (red, labelling the newly formed bone) labelling analysis on representative transverse tissue sections in peri-implant region in a n) condensation 
specimen and o) drilled specimen. p) and q) Quantification of pre-existing (green) and new peri-implant (red) bone following p) condensation or q) drilling. 
scale bars = 50 µm. *p < 0.05. †paired t-test. im, implant; roi, region of interest; Trap, tartrate-resistant acid phosphatase.
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Condensation stimulates bone resorption while drilled 
sites are associated with earlier new bone formation. so 
far, we have demonstrated that condensation significantly 
increased peri-implant density, but it simul taneously 
damaged the trabecular architecture and therefore 
weakened the bone; as a consequence, implants placed 
in these sites were no more stable than implants placed 
into drilled osteotomies. our next analyses focused on 
the biomechanical sequelae resulting from condensation 
versus drilling. From a mechanical perspective, conden-
sation produced compressive strains (Figure 3a). The 
mean compressive strain for each step was 7.7% (sd 7%), 
and the sum of compressive strains was approximately 
31% (Figure 3b). drilled cases had no compressive strain 
because the size of the osteotomy fit the external diam-
eter of the implant. another mechanical factor we con-
sidered was heat caused by drilling. The computed peak 
temperatures were well below the threshold that triggers 
osteocyte death (Figure 3c).

biological responses to these mechanical factors were 
evaluated. For example, dapi and TuNel staining, per-
formed on tissues collected within 12 hours of site prepa-
ration, showed minimal peri-implant apoptosis in drilled 
groups (Figures 3d and 3e; quantified in Figure 3f). 
condensation did, however, trigger more bone resorp-
tion: two markers of osteoclast activity, cathepsin k and 
Trap activity, were higher in condensation samples com-
pared with drilled samples (Figures 3g, 3h, 3j, and 3k; 
quantified in Figures 3i and 3l). so, while drilling pro-
duced some heat, condensation produced high strains 
that created significantly more destruction. our next anal-
yses focused on how the body coped with this damage.
Condensation delays the onset of new peri-implant bone 
formation. We used vital dye labelling to quantify bone 
turnover in condensed versus drilled osteotomies. calcein 
was delivered the day prior to surgery to label pre-existing 
bone while alizarin red was delivered one half-day after 
the surgery to monitor bone that formed in response to 
condensation or drilling. mice were sacrificed at psd 2.5 
(Figure 3m). in condensation samples, minimal calcein 
label was detectable; in contrast, calcein label was abun-
dant in drilled samples (Figures 3n and 3o; quantified in 
Figures 3p and 3q). This finding demonstrated that pre-
existing bone had undergone more resorption in the con-
densed group.

To evaluate new bone formation, alizarin red staining 
was quantified. in condensation samples, minimal 
alizarin red label was detectable; in contrast, drilled sam-
ples showed significantly more alizarin red labelling 
(Figures 3n and 3o; quantified in Figures 3p and 3q). 
These data demonstrated that new peri-implant bone 
formation was more robust in drilled samples.
Condensation is associated with slower peri-implant bone 
accrual. initially, the extent of peri-implant apoptosis 
was equal between the condensed and drilled groups 

but by psd 3, apoptosis was considerably greater in the 
condensation group (Figures 4a to 4c). Trap activity con-
tinued to be higher in the condensed group on psd 3 
(Figures 4d and 4e; quantified in Figure 4f). To validate 
these immunohistochemical findings, we turned again 
to vital dye labelling. This time, the second alizarin red 
label was delivered on psd 3 and evaluated on psd 5 
(Figure 4g). once again, the drilled group showed faster 
new bone accrual at psd 5 (Figures 4h and 4i; quantified 
in Figure 4j).

by psd 7, cell proliferation was more robust (Figures 4k 
and 4l; quantified in Figure 4m), and osteogenic protein 
expression more widespread (Figures 4n and 4o; quanti-
fied in Figure 4p) in the drilled group. Histomorphometric 
measurements showed significantly more new bone in 
peri-implant environments of those that had been drilled 
versus condensed (Figures 4q and 4r; quantified in Figure 
4s). collectively, these analyses demonstrated that early-
stage events in the peri-implant environment (e.g. less cell 
death, less bone resorption, and earlier cell proliferation) 
resulted in significantly more peri-implant bone formation 
at later stages of the osseointegration programme.

Discussion
The success of cementless femoral prostheses absolutely 
depends upon creating a environment around the 
implant, beginning at the time of insertion. From a bio-
mechanical perspective, this stable mechanical stability 
facilitates the differentiation of progenitor cells into an 
osteogenic lineage.28–31 if the peri-implant environment 
surrounds an unstable implant, the same progenitor cells 
differentiate into fibroblasts and the end result is fibrous 
encapsulation of the implant.28,32,33 bone compaction/
condensation is often used in an attempt to create a  
stable mechanical environment.34 in this procedure, a 
pilot hole is gradually enlarged through the sequential 
use of broaches, reamers, osteotomes, or similar surgical 
tools.27,35,36 some in vitro studies indicate that cementless 
femoral stems placed into condensed bone beds show 
greater stability than implants placed into drilled bone 
beds.12 a theoretical explanation for this effect has been 
proposed, namely, that the compressed/condensed 
bone ‘springs back’ and ‘locks’ the implant into place.11,37 
bone does have viscoelastic properties, but this ‘spring-
ing back’ characteristic is only relevant if the deformation 
induced by condensation/compression is lower than the 
failure/yield properties of bone.38,39 in vivo studies align 
with this viewpoint in that they show only a transient 
increase in the initial stability of femoral implants placed 
into condensed versus drilled osteotomies. our data 
demonstrated no significant increase in implant stability 
as a consequence of condensation (Figure 2).

in clinical practice, condensation produces peri-
implant strains of approximately 65%.40 in our mouse 
model, the peri-implant stains were approximately 31% 
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(Figure 3b). by ensuring that the degree of radial enlarge-
ment of the bone bed was on the conservative end of the 
spectrum in our mouse model, we were able to draw 
realistic conclusions on how condensation affects peri-
implant bone.

murine implants were purposefully positioned below 
the surface of the articular cartilage and thus were sub-
jected to nominal loading. This approach was taken for 
two reasons: first, it removed from consideration the 

effects of loading-bearing on an implant placed in a quad-
ruped; and second, it represented a conservative approach 
used by some surgeons for older patients, where bedrest 
is advised within the first days after implant placement.
Mechanical versus biological stability. in keeping with the 
clinical claims that condensation/compaction increases 
peri-implant bone density, we also observed a signifi-
cant increase in peri-implant bv/Tv (Figure 1). Thus, 
our mouse model aligned with both preclinical41 and 
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Post-surgery day 3 Quantification QuantificationPost-surgery day 7

condensation delays new peri-implant bone formation. a) and b) terminal deoxynucleotidyl transferase duTp nick end labelling (TuNel) staining, demonstrat-
ing cell apoptosis, on representative transverse tissue sections on post-surgery day (psd) 3 in a) a case where the implant was placed into condensed bone 
versus b) a case where the implant was placed into drilled bone. The dotted line represents the bone-implant interface. c) Quantification comparing the ratio 
of TuNel-positive with dapi-positive cells in peri-implant bone following condensation (pink) or drilling (blue). d) to f) Trap activity on representative tissue 
sections from d) a case where the implant was placed into condensed bone versus e) a case where the implant was placed into drilled bone on psd 3, quantified 
in f). dotted line represents bone-implant interface. g) schematic demonstrating the experimental strategy of labelling analysis using calcein and alizarin red 
(ar). h) and i) calcein (green, labelling the previously existing trabecular bone) and ar (red, labelling the newly formed bone) labelling analysis on representa-
tive transverse tissue sections in peri-implant region from h) a case where the implant was placed into condensed bone versus i) a case where the implant was 
placed into drilled bone. j) percentage of new bone in condensation (salmon pink) and drilled (red) groups. k) to m) on psd 7, the peri-implant region in the 
k) condensed specimen has fewer ki67-positive cells compared with that in the l) drilled specimen; quantified in m). n) to p) similarly, osterix activity on psd 
7 is lower in the n) condensed specimen compared with in the o) drilled specimen; quantified in p). q) and r) pentachrome in q) the peri-implant region of a 
condensed specimen versus r) the peri-implant region of a drilled specimen. s) Quantification of new peri-implant bone in condensed (pink) and drilled (blue) 
groups. scale bars = 50 µm. *p < 0.01; †paired t-test. §p < 0.05. im, implant; Trap, tartrate-resistant acid phosphatase.
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clinical42 data showing that compression/condensation 
increases bone density around an implant.

an assumption is often made that an increase in 
peri-implant bv/Tv should result in an increase in the 
elastic modulus (e.g. ‘stiffness’) of the bone, which in 
turn stabilizes the implant better than a ‘softer’ bone. 
This assumption is in alignment with the common power- 
law relationship between elastic modulus and apparent 
density.43 This assumption is unsound. The power-law 
relationships linking elastic modulus and apparent den-
sity were developed from mechanical testing of pristine 
trabecular bone43 but this relationship is not applicable 
to condensed, compacted bone. using this improper line 
of reasoning leads to an overestimate of the elastic modu-
lus of condensed bone.

our data demonstrate that despite a significant incr-
e ase in peri-implant bone density (Figure 1), there was 
no accompanying increase in mechanical (primary) sta-
bility of the implant (Figure 2). lateral stability testing 
data demonstrated that femoral implants placed into 
condensed osteotomies were no more stable than those 
placed in drilled osteotomies (Figure 2).
A mechanical perspective on implant site preparation.  
drilling generates heat and heat kills osteocytes (Figure 3), so 
perhaps the damage caused by compression/condensation 
is offset by the thermal necrosis related to drilling? We 
tested this possibility but when we examined the extent of 
programmed cell death and bone resorption, both were 
higher in the condensed group compared with the drilled 
group (Figure 3). vital dye labelling confirmed the molec-
ular/cellular analyses: compared with drilling, condensed 
sites had significantly less pre-existing bone (e.g. bone 
resorption predominated; Figure 3) and significantly less 
new bone (e.g. bone formation was delayed; Figure 4).

condensation/compaction does not produce thermal 
necrosis, but it does produce very high peri-implant com-
pressive strains (Figure 3). The act of compression/con-
densation damaged the connectivity between the bony 
trabeculae and since trabecular bone derives its strength 
from its connectivity,44–47 the end result was that the peri-
implant bone was weakened and therefore less able to 
stabilize the implant compared with the drilled bone.
improving implant site preparation. some clinicians 
believe that the condensation/compaction technique is 
required for cementless or revision arthroplasties, although 
there is a recognition that the long-term consequences 
of condensation/compaction with regard to remodel-
ling are still unclear.48 our data underscore the relation-
ship between condensation, the resulting damage, and 
peri-implant bone resorption (Figures 3 and 4). vital dye 
labelling demonstrated that the prolonged bone resorp-
tion seen in condensed samples affected the rate of sub-
sequent new bone formation (Figure 4). We speculate as 
to why this resorptive process precludes new bone for-
mation. in the early stages of bone healing, macrophages 
remove the provisional fibrin matrix and necrotic cells 

via phagocytosis, while monocyte-derived osteoclasts 
resorb the necrotic bone. in addition to removing the cell 
and extracellular debris, macrophages secrete a range of 
inflammatory mediators.49–51 We speculate that in the 
event of condensation-induced damage, this inflamma-
tory response persists and therefore delays the onset of 
new bone formation. it is the advent of new bone for-
mation that leads to secondary implant stability and any 
delay in this biological process may jeopardize long-term 
implant stability.

in conclusion, in an attempt to improve implant sta-
bility, it may initially appear reasonable to increase peri-
implant bone density via condensation. While cadaveric 
studies support this hypothesis, the biological sequelae 
of condensation argue against it. in a rodent model, con-
densation did increase peri-implant bone density, but 
this did not result in improved primary stability because 
compacted bone was weaker than an intact trabecular 
network. This study lays the groundwork for devising 
new methods for implant site preparation that simulta-
neously preserve the trabecular network-which provides 
implant stability-while avoiding thermal-induced apop-
tosis and necrosis associated with drilling.

Supplementary Material
summary of distal femur preparation and implant 
placement.
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