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Abstract

Introduction: Maximizing osteointegration potential of three-dimensionally-printed porous titanium (3DPPT) is an
ongoing focus in biomaterial research. Many strategies are proposed and tested but there is no weighted
comparison of results.

Methods: We systematically searched Pubmed and Embase to obtain two pools of 3DPPT studies that performed
mechanical implant-removal testing in animal models and whose characteristics were sufficiently similar to
compare the outcomes in meta-analyses (MAs). We expanded these MAs to multivariable meta-regressions
(moderator analysis) to verify whether statistical models including reported scaffold features (e.g., “pore-size”,

"porosity”, “type of unit cell”) or post-printing treatments (e.g., surface treatments, adding agents) could explain the
observed differences in treatment effects (expressed as shear strength of bone-titanium interface).

Results: “Animal type” (species of animal in which the 3DPPT was implanted) and “type of post-treatment”
(treatment performed after 3D printing) were moderators providing statistically significant models for differences in
mechanical removal strength. An interaction model with covariables “pore-size” and “porosity” in a rabbit subgroup
analysis (the most reported animal model) was also significant. Impact of other moderators (including “time” and
“location of implant”) was not statistically significant.

Discussion/conclusion: Our findings suggest a stronger effect from porosity in a rat than in a sheep model.
Additionally, adding a calcium-containing layer does not improve removal strength but the other post-treatments
do. Our results provide overview and new insights, but little narrowing of existing value ranges. Consequent
reporting of 3DPPT characteristics, standardized comparison, and expression of porosity in terms of surface
roughness could help tackle these existing dilemmas.
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Background

Regarding biocompatibility and appropriate biomechan-
ical behavior, titanium (Ti) and its alloys surpass most
other metals used for medical implantation purposes.
The stabile passivation of Ti into TiO, makes implants
comprising Ti and Ti alloys well shielded from the sur-
rounding tissue, preventing them from further corrosion
and protecting the surrounding tissue from possible tox-
icity [1]. Additionally the high fatigue and tensile
strength at a low density and low elastic modulus make
constructs comprising Ti6Al4V, TiALNb, and the higher
grade commercially pure Ti (CP gr 3 and 4) less prone
to causing stress-shielding and suitable for osteointegra-
tion (OI) subject to dynamic loading [2]. The commer-
cial viability of 3D metal printing has emerged in the last
decade. Because this production method is often applied
to fabricate light, thin, intricate structures, the search for
an appropriate printing metal has also granted Ti a fa-
vorable position. For implantation purposes, 3D printing
using titanium means that implants can now be fabri-
cated in a highly personalized manner because of a
digital workflow that starts from high-resolution images
that are often readily available (e.g., medical CT scans).
Another advantage (a consequence of the “additive” in-
stead of more conventional “subtractive” approach) of
3D printing is that constructs can now be fabricated that
are fully and internally porous, with open, intercon-
nected pores and reaching the full internal depth of the
construct.

Although the primary intent to print titanium im-
plants porously was to further lower the stiffness and
thus the possible stress-shielding effect (Ti6Al4V has
a Young’s modulus of 104 GPa, still approximatively 5
times higher than that of cortical bone (20 GPa) and
10 times higher than that of trabecular bone (10 GPa)
[3]), the porous surface is also believed to aid in OI
Much like the porous metal outer layers made with
conventional, subtractive production methods (such as
powder metallurgy using space-holding agents), the
3D-printed pores provide space for the surrounding
bone tissue to grow into and add contact surface (or
surface roughness) to the construct. This principle is
established and has been applied in medical devices
such as cementless hip prostheses, spinal fusion cages,
and dental implants for almost 2 decades. Achieving
total interconnectivity of the individual pores and
control of the exact number (= “porosity”), dimen-
sions (= “pore-size”), and shape (= “unit cell”) of the
pores is a new given.

3DPPT has the potential to evolve into one of the
most successful OI strategies, and the research field is
thriving. The literature reporting on well toughed-
through lattice designs and enhancing post-printing
treatments is rapidly increasing, aiming to achieve a
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maximal OI. However, the designs and treatments are
becoming increasingly specific and are often tested
in vitro or in very specific in vivo models, making it diffi-
cult to draw conclusions that apply to 3DPPT in general,
or to slightly different designs or models. Thus, regard-
ing the importance of 3DPPT features, namely lattice de-
sign parameters (e.g., “pore-size”, “porosity”, and “type of
unit-cell”) and effectiveness of applied post-printing
treatments (e.g., coatings and surface treatments), the
current literature offers broad ranges of values and few
consensuses (examples listed in the Discussion section).
However, none of these data are sharply defined and
none are the result of any systematic gathering and
weighted comparison of outcomes.

Considering that the literature is becoming extensive
and that several uncertainties remain, we subjected
3DPPT to statistical analysis. Unmistakably realizing the
difficulty in making valid comparisons in this research
field, we conducted a systematic literature review (SR)
with a meta-analysis (MA) and meta-regression (moder-
ator-analysis) to respond to our research questions
“How do the results of studies evaluating the OI of dif-
ferent 3DPPT designs and treatments compare to each
other, and to which extent are differences in the results
statistically linked to design parameters or post-printing
treatments?”

Considering all possible approaches and to provide an
overview of tangible OI results, we evaluated only
in vivo animal studies, focusing on OI evaluation using
mechanical removal testing.

Main text

Methods

Our systematic review and meta-analyses were per-
formed according to the CAMARADES (“Collaborative
Approach to Meta-Analysis and Review of Animal Data
from Experimental Studies) guidelines (http://www.dcn.
ed.ac.uk/camarades/default.htm) [4]. Our protocol was
registered at PROSPERO (https://www.crd.york.ac.uk/
prospero/display_record.php?RecordID=211733), and we
reported the information according to the PRISMA 2009
checklist.

Search strategy

We searched the electronic databases of Pubmed (Med-
line) and Embase with the search terms listed in Table 1
connected by the Boolean search words. Being careful
not to overlook any animal models, we did not include
an exhaustive list of animals, but rather manually se-
lected the in vivo studies from our search results.

Study selection
We exported the literature search into Endnote X9 and
removed duplicates. After that, study selection was


http://www.dcn.ed.ac.uk/camarades/default.htm
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Table 1 Literature search
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Pubmed Embase
"Metals"[Mesh] OR metal[tiab] OR
"Titanium"[Mesh] OR Ti[tiab] OR
titanium|[tiab] OR ti6al4v[tiab] OR
tibalv4[tiab] OR Ti-6Al-4V[tiab] OR
"Tantalum"[Mesh]

OR tantalum[tiab] OR Ta[tiab]

AND
"Porosity"[Mesh] OR porous*[tiab]
OR mesoporous[tiab] OR
microporous[tiab] OR
macroporous[tiab] OR poros*[tiab]
OR "Tissue Scaffolds"[Mesh] OR
scaffold*[tiab] OR lattice[tiab]

AND
"Printing, Three-Dimensional"[Mesh]
OR 3D-print*[tiab] OR 3-d-
print*[tiab] OR 3-dimensional-
print*[tiab] OR three-dimensional-
print*[tiab] OR additive-
manufact*[tiab] OR AM[tiab] OR
stereolithography|[tiab] OR selective-

'metal'/exp OR 'metal':ti,ab,kw OR m
'titanium'/exp OR 'titanium':ti,ab,kw OR
ti:ti,ab,kw OR 'titanium alloy':ti,ab,kw

OR 'tantalum'/exp OR 'ta':ti,ab,kw OR
'tantalium':ti,ab,kw

('porosity'/exp OR 'pore size'/exp OR -
poros*:ti,ab,kw OR porous*:ti,ab,kw OR
'microporous':ti,ab,kw OR
'mesoporous':ti,ab,kw OR
'macroporous':ti,ab,kw OR 'tissue
scaffold'/exp OR scaffold*:ti,ab,kw OR
tissue) AND scaffold*:ti,ab,kw

'three dimensional printing'/exp OR '3-d =~
printing':ti,ab,kw OR '3d
printing':ti,ab,kw OR 'additive
manufacturing'/exp OR 'selective laser
melting'/exp OR 'electron beam
melting'/exp OR 'computer aided
design'/exp OR 'computer assisted

(The focus was
titanium, but we also
included tantalum in
the search (asitisa
similar, refractory
metal), and
broadened the search
to “metals” (in order
not to overlook
anything.)

AND

(The implants had to
be some kind of
“porous” ; other terms
included “scaffold”
and lattice”.)

AND

(The implants had to
be 3D printed. We
thus included
synonyms of 3D
printing, the most
popular methods of

laser-melt*[tiab] OR SLM[tiab] OR
electron-beam-melt*[tiab] OR
EBM([tiab] OR "Computer-Aided
Design"[Mesh] OR Computer Aided

design':ti,ab,kw OR 'computer-aided
design':ti,ab,kw OR ‘computer aided
manufacturing':ti,ab,kw OR 'tissue
engineering'/exp

3D printing and 3D
design methods.)

Design*[tiab] OR Computer-Assisted
Design*[tiab] OR Computer Assisted
Design*[tiab] OR Computer-Assisted
Manufacturing*[tiab] OR Computer
Assisted Manufacturing*[tiab] OR
CAD-CAM([tiab] OR "Tissue
Engineering"[Mesh]))

1734 results

1607 results

Search last
performed on
05-09-2020

performed using Rayyan online software, applying a 3-
step approach. We included original animal studies (ana-
lytical, experimental research) that evaluated OI of
3DPPT (or Tantalum) implants mechanically in a meas-
urable, quantitative way. We exclude studies that only
performed histomorphological or radiological evaluation.

Next, we selected the studies that performed implant re-
moval testing (push-out, pull-out, or torque-out). We
excluded studies using three-point bending and range of
motion (ROM) testing because they do not allow for
clear identification of the forces applied to the bone-
implant interface. The remaining studies were divided
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into two pools to perform two separate MAs. The stud-
ies were allocated based on the type of intervention per-
formed but must be comparable to a very similar control
group. MA1 comprises studies that compared the OI of
an experimental group (Exp) of 3DPPT against a control
group (Co) of solid, non-porous, 3D printed titanium.'
MAZ2 comprises studies that compared the OI of an ex-
perimental group (Exp) of post-treated 3DPPT against a
control group (Co) of non-post treated 3DPPT.?

Data extraction

We read the full-text articles of the obtained publica-
tions and gathered the following information: study
characteristics (author, title, and year of publication); im-
plant shape and dimensions; characteristics of the 3D-
printed porous structure (pore-size, porosity, and unit
cell); 3D printing method; type of titanium (alloy) used;
post-printing treatment; animal model used; site of im-
plantation, type of bone-tissue present at the site;
method of implantation; and fit of the implant in the
bone.

We also gathered the reported outcomes of the OI
evaluation, which, depending on the type of mechanical
testing performed, were the peak removal force or load
(N) (when the implant was pushed or pulled out of a
resected bone specimen), peak removal torque (Nmm)
or torsion force (N/cm) (in the case of torque-out test-
ing) and shear strength or modulus (Mpa) (the peak re-
moval force or load divided by the bone-titanium
interface area subject to the removal force).

The selection and data extraction processes were per-
formed by two researchers (RC and SC) who worked in-
dependently and resolved discrepancies by consensus.
Whenever desired information was not reported, the au-
thors of the publication were contacted and requested to
submit information by e-mail. Twenty-four authors were
e-mailed from March 21 to May 18, 2020. Whenever a
request for an outcome value was not met, online meas-
uring software (https://apps.automeris.io/wpd/) was used
to derive an estimated value from published graphs. This
measuring process was also independently performed by
these two researchers (RC and SC), and the final values
used for statistical analyses were the calculated means of
their estimations.

Data synthesis and statistical method
We performed two separate MAs of aggregate data of
the included mechanical testing using implant removal

'Exp and Co had the same composition as Ti, with identical implant
shape and dimensions, implanted in the same way, at the same
location, in the same animal model.

2Same as ', but Exp and Co also shared the same design parameters
(“pore-size”, “porosity”, “unit cell”, and “Struth-size”) for their porous
structure.
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studies. We chose to convert all the obtained outcomes
and standard deviations (SDs) that were not already
expressed as such to the common unit “shear strength”
(Mpa) because this unit balances discrepancies caused
by differences in size—that is, the contact surface of the
implants. For this task, we applied Eq. 1), with force (F)
representing the obtained outcome or SD and area (A)
representing the shear surface of the implant and bone
during implant removal testing. The shear surface (A) it-
self was calculated from the obtained “implant dimen-
sions” (height and diameter) according to Eq. 2), most
often as the mantle surface of the implant (perpendicular
to the direction of the removal force applied) and always
in strict accordance with the study specifications (con-
sidering the depth of implantation or possible non-
geometric shape). In the case of torque-out testing, (F)
was calculated according to Eq. 3), as the torque value
(tau) divided by the radius of the implant (cylinder or
screw).
Formulae and equations

shear strenght = force/surface SS = F/A (1)

Acylinder,screw,prism or block = base x hElght A=bxh
(2)

Torque out force = torque/distance

cylinder screw

F = tﬂu/rﬂdiuscylinder,screw
(3)

From the obtained or converted outcomes and SDs,
standardized mean differences (SMDs) and 95% confi-
dence intervals (Cls) were calculated using Hedges' g
method. We used 1> (calculated using the Hartung-
Knapp-Sidik-Jonkman (HKSJ) method) and I? to quantify
heterogeneity. The obtained MAs were tested for outliers
and finally expanded to multivariable meta-regressions
(moderator analyses) to examine the effects of the vari-
ables “time”, “animal model”, “location of implantation”,
“pore-size”, “porosity”, “Struth size” and “type of unit cell”
(for MA 1) and “time”, “animal model”, “location of
implantation”, and “type of surface treatment” (for MA 2)
on the calculated treatment effect (TE).

Quality and risk of bias assessment

We used Syrcle’s Risk of Bias tool (ROB) to evaluate the
methodological quality of the studies included in the 2
MAs. This tool is derived from Cochrane’s ROB tool
and is preferred by CAMARADES [4].

Results

Study selection

As shown in Fig. 1, step 1 in our selection process ob-
tained 97 studies, of which 43 remained after step 2.
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Identification

Screening

Eligibility

Records identified through
database searching

- Pubmed results: 1734
- Embase results: 1607

Total results n= 3341

Step 1

Records after duplicates
removed
= records screened

n=2862

Included

(n=2765)

v

A 4

Full-text articles assessed for
eligibility
n= 97

Articles excluded, based on title and abstract

Reasons for exclusion:

- scaffold not 3DPPT (or Ta)
- no implantation in bone tissue in animal (other than human)
- evaluation of Ol not measured or quantified
- full article not available, or not available in English

Articles eligible based on
type of mechanical testing
performed n=43

In vivo Ol studies with 3DPPT (n=97)

Histomorpho-
logical
evaluation
performed

Step 2

Radiological
evaluation
(microCT)
performed

Articles excluded because not fulfilling criteria of MA pools (n=17)

v

v

Studies included in
quantitative synthesis
n=21(+3)*
MA1n=10
MA2n=14

Articles excluded because of occurring incidences or circumstances
not allowing comparison (n=7)

Step 3

(+ x)* indicating that x studies appeared in multiple groups

Fig. 1 PRISMA flow-chart. (+ x)* indicating that x studies appeared in multiple groups
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Data extraction allowed the allocation of 26 articles
among two MA pools, and further narrowing (to obtain
truly comparable groups of studies) brought the total to
10 studies in MA1 [5-14] (providing 32 observations)
and 14 studies in MA2 [7-9, 15-24] (providing 40 ob-
servations). Three studies were included in both MAs
[7-9].

Study characteristics

The study characteristics included in MA1 and MA?2 are
listed in Tables 2 and 3. We included different animal
models [rat, rabbit (regular and osteoporotic OVX), dog,
and sheep], with sample sizes between 2 and 12 and
follow-up periods between 2weeks and 6 months. Al-
most all the studies used a trabecular bone model (femur
condyle, pelvis, and tibia), except for [8], which used a
cortical (calvaria onlay) model (with perforations of the
bone at the implantation site). The implants were most
often regular and cylindrical (otherwise screw, prism, or
block shaped) with reported dimensions, allowing the
calculation of the shear surface (A). The implant re-
ported by Amin Yavari et al. was irregularly shaped but
was included because the bone-implant contact surface
of this construct was a clearly defined circle, which cor-
responded to the shear surface during the performed
torque-out testing [15]. The study reported by Xu et al.
was approached similarly because the implant was cup-
shaped but with a clearly defined circle as the bone-
contact surface, corresponding to the shear surface
during pull-out testing [21].

Quality of research

The results of the ROB evaluation are shown in Fig. 2.
Our studies showed only few actual predispositions to-
ward bias (namely one case of selective reporting [12]).
Furthermore, eight studies mentioned financial support
of industry partners. In general, “random sequence gen-
eration”, “blinding of personnel”, and “allocation con-
cealment” were poorly reported, causing uncertainty.
Most publications mentioned institutional approval of
study protocols and concordance to institutional guide-
lines concerning animal use and care.

Results of quantitative synthesis

The studies included in MA1 were all very small and
showed considerable heterogeneity (I> =76.3%; i.e., the
percentage of variability in ES not caused by sampling
error). Thus, we applied a mixed-effects model, which
offered a between-study variance estimate (t?) of 3.0710
(CI [1.3639; 5.8734]) and estimated the SMD (of the
shear strength of the bone-titanium interface between
the 3DPPT and dense Ti groups) to be 2.79 (p <0.0001
and CI [2.0613; 3.5090]). The forest plot of MA1 is dis-
played in. 3a and shows that most of the studies have a
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positive TE with widespread overlap in Cls. Removing
statistical outliers from the MA (a total of 6 observa-
tions, for which the CIs did not lie within the CI of the
pooled effect) elevated the SMD to 3.39 (and lowered
the I” to 24). However, because there was no evidence
that these study results were invalid for our study, we
did not exclude these outliers. Figure 3b shows the fun-
nel plot of MA1, displaying noticeable asymmetry (with
confirmation by Egger’s test).

To extend this MA to a meta-regression, we first con-
ducted an exploratory AICc-based ranking of modera-
tors but ultimately performed step-down selection based
on the offering of a significant p-value for the test of
moderators. Our final (most appropriate) model only in-
cluded the predictor “animal type” as the independent
variable [test of moderators F (dfl =2, df2 =293.8722),
p =0.0323, R* =33.24%). In this model, the regression
coefficient (RC) for the animal type “rabbit” was esti-
mated to be 2.7 times higher than for the “rat” model
(intercept = 5.6009) and the “sheep” model was esti-
mated to be 4.7 times lower. These findings are shown
in Fig. 3c. Extending this model to multivariable meta-
regression by adding “pore-size” as a covariable also
yielded a significant p-value for the test of moderators [F
(df1 = 3, df2 =28) =3.0419, p =0.0453] as well as that of
a model involving the interaction of “pore-size” and “ani-
mal type”’[F (dfl =5, df2=26)=2.8876, p =0.0333].
These combinations raised the accounted heterogene-
ities (R?) to 38.55 and 52.78%, respectively. However, the
likelihood ratio test comparing all three models found
no superiority of the extended models; thus, the simpler
“animal type only” model was favored. To offer a better
understanding of their relationship, Fig. 3d shows the
TE of all observations in MA1 as a function of the
variable “pore-size” reported in the study.

Because “rabbit” was our most represented model, we
performed subgroup analysis to exclude the aforemen-
tioned effect of “animal type” and further investigate the
role of other possible moderators. Here, a multivariable
regression model with the interaction of covariables
“pore-size” and “porosity” provided the most significant
p-value (p =0.0130) for the test of moderators [F (dfl =
3, df2 = 15) = 5.0371], with the likelihood ratio test favor-
ing it over a reduced “pore-size only” or “pore-size and
porosity but no-interaction” model. We noted that
“pore-size” and “porosity” were correlated (0.79), making
it impossible to fully distinguish between both. This
model accounted for 66.44% of the heterogeneity (R2)
and RC=-0.0022 [p =0.0803 (not significant, but
strongly associated)]. This finding is illustrated in Fig.
3e, which shows a coplot of the covariates “pore-size”
and “porosity”.

MAZ2 showed a similar, moderately high heterogeneity
(12 =72.2%) and a between-study variance (t?) of 3.8944
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Fig. 2 ROB Plot
A

(CI[1.5477; 6.5609]) for which a mixed-effects model
was applied again. The data, in turn, provided an SMD
of 1.63 (p <0.0001, CI [0.9612; 2.2975], PI [-2.4212;
5.6799]). The forest plot of MA2 is shown in Fig. 4a and
shows even greater overlap in Cls than that of MA1. Re-
moving outliers [10] would have lowered I? to 36.6% and
kept the SMD at 1.64 (while narrowing the CI to
[1.2036; 2.0893]. However, we excluded this procedure
because we had no evidence that these study results did
not affect our studies. Similar to MA1, MA2 showed no-
ticeable funnel plot asymmetry, displayed in Fig. 4b.
Regarding MA2, we included the single moderator
“treatment type” to provide the model with the best p-
value for the test of moderators (F (dfl =5, df2 =34) =
2.5932, p =0.0432). The likelihood ratio test favored this
model over a combined “animal type and treatment
type” model, and it provided an R* of 44.58%. The RCs
for the individual “treatment types” were not significant.

Discussion

Many reports have been published concerning 3DPPT
[6, 9, 12, 14, 25], and reviews have revealed the difficulty
of decision making based on the interpretation of this
information [26-28]. Publications attempting to provide
an overview almost always rely on either a biomimetic

approach (3DPPT printed so that the lattice provides an
optimized mechanical and biological match to bone tis-
sue) or optimal printability/producibility. When 3DPPT
is approached from this biomimetic starting point, ellips-
oidal pores of 300-600 pm should match cancellous
bone and cylindrical canals of pore-size 10-50 um
should match cortical bone [29]. The porosities of can-
cellous and cortical bone are 50-90% and 3-10%, re-
spectively. However, in 3DPPT, “porosity” is more often
approached as the parameter to adjust the Young’s
modulus and is varied in the function of desired mech-
anical stiffness. A recent review by Martinez-Marquez
et al. on experimental 3DPPT research reported the
three most used types of unit cells as “diamond”, “gyroid
TPMS”, and “cubic”, with 56.6% of studies using a por-
osity of 30-70% and 86.8% applying pore sizes between
100 and 1000 um [29]. Some studies experimenting
within these ranges have stated that, for cell ingrowth, a
100-pum pore-size diameter would be a minimum value;
for vascular invasion and the formation of capillaries,
this value would more likely be approximately 300 um
[12]. The ideal ranges for OI are most often defined be-
tween 200 and 400 um [9] and 50-400 pum for soft-tissue
integration [14]. Larger diameters would permit better
initial cell migration and nutrient diffusion but rapidly
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Fig. 3 (See legend on next page.)

Pore-size

Experimental Control Standardised Mean o |
Study Total Mean  SD Total Mean  SD Difference SMD 95%-Cl Weight °
Tikhilov (at 13 weeks) 5 10600635 5 08400635 = 305 [093517) 32%
MacBarb (at 6 weeks) 6 58125872 6 658 1.593 <033 [-147,081] 4.0%
MacBarb (at 12 weeks) 6 749 16789 6 77313211 015 [-129; 098] 4.0%
Ran 1 (at 4 weeks) 4 28001993 4 23701157 230 [020; 440] 32%
Ran 1 (at 12 weeks) 4 36402030 4 30002734 231 [020;441] 32%
Wang 3 (at 2 weeks) 6 18204176 6 1.08 0.1783 i 213 [059; 367] 37%
Wang 3 (at 4 weeks) 6 307 02154 6 162 03580 - 454 [205702] 29% 3
Wang 3 (at 8 weeks) 6 33202348 6 19104798 k3 344 [ 142, 547) 33%
Wang 2 (at 2 weeks) 6 150 03752 6 108 0.1783 i 131 [001;261] 39%
Wang 2 (at 4 weeks) 6 34704427 6 16203580 = 423 [188 659 3.0%
Wang 2 (at 8 weeks) 6 394 04547 6 19104798 5 400 [ 174,625 31%
Wang 1 (at 2 weeks) 6 18102974 6 10801783 = 274 [099; 449] 35%
Wang 1 (at 4 weeks) 6 36004295 6 16203580 8- 462 [210;7.14] 29% 5
Wang 1 (at 8 weeks) 6 409 02763 6 19104798 - 513 [238,787] 27% &
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Wang 4 (at 4 weeks) 6 3.00 05037 6 162 0.3580 = 290 [109;472] 35% g -
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Stubinger (at 2 weeks) 6 330 06175 6 28503761 i 081 [-039,201] 4.0% L
Stubinger (at 8 weeks) 6 79612979 6 307 06302 = 441 (198684 30%
Cheng (at 10 weeks) 8 08801120 8 034 0.0576 = 575 [ 326 8.2 29%
Ran 2 (at 4 weeks) 4 320 02966 4 23701157 - 320 [060;581] 28%
Ran 2 (at 12 weeks) 4 42703105 4 30002734 = 379 (084674 26%
Hara (at 4 weeks) 6 28705724 6 321 0609% 2 053 [-170; 063] 4.0%
Hara (at 12 weeks) 6 37408074 6 31008716 070 [-048;1.89] 4.0% o
Ran 3 (at 4 weeks) 4 29302503 4 23701157 [ 250 [029;471] 31%
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Huang (at 24 weeks) 6 088 00734 6 068 0.0422 - 320 [127,51 3.4%
Chang (at 6 weeks) 6 213 0.1984 6 090 0.0588 —— 776 [381,1171] 19%
Chang (at 12 weeks) 6 22302131 6 096 0.1029 —— 701 [340,1061] 21% o |
& °
Random effects model 77 177 4 279 [ 2.06; 3.51] 100.0% —
Prediction interval [-087; 6.44] s
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(See figure on previous page.)
Fig. 3 Graphics from MA1: a Forest plot displaying included studies and calculated treatment effects (SMD). b Funnel plot displaying publication
bias. ¢ Regression model of moderator analysis 1 showing the relationship between the treatment effect and the moderator “animal type”. d
Pore-sizes of all the studies included in MA1 (weighted with the inverse of their variance for their size, represented with a dotted line in the case
of the reported pore-size range) vs. their corresponding calculated TE. e Coplot displaying pore-sizes of all the studies included in the rabbit
subgroup analysis vs. their corresponding TE (SMD) (below), but allocated to three graphs, corresponding to three clusters of porosity
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diminish mechanical strength [25]. Studies then compar-
ing different pore sizes at a set porosity have found su-
perior pull-out strength of pore-size 600 um over
300 um and 900 um in rabbits at a 2-week observation
point [30]. Wang et al. used implants with similar pore
sizes, Struth sizes and porosities but varying distribu-
tions and configurations of unit cells and found no sig-
nificant differences in the pullout strength in rabbits at
either time point [11]. Li et al. also confirmed these find-
ings, applying gradients of pore sizes 300—500 pm, 200—
600 um, and 100-700 um for a 5-week observation in
mini-pigs [25].

Here, we conducted an SR and 2 separate MAs. The
SMDs calculated (2.79 for MA1 and 1.63 for MA2) were
not the focus of our search. They express a difference in
the mechanical removal strength between porous and
non-porous 3D-printed titanium implants and between
post-treated and non-post-treated 3DPPT implants,
expressed as the difference in the of SDs of TE; these
differences are reasonable and have never been chal-
lenged, particularly concerning the former. However, the
asymmetry in the funnel plots (Figs. 3b and 4b) should
temper these assumptions. Because the funnel plots dis-
play a negative, almost linear regression between the
standard error (SE) and treatment effect (TE) (i.e., large
treatment effects are reported by less precise (smaller)
studies, while more reliable (large) studies show little to
no TE), it appears that the results of our MAs show evi-
dence of publication bias.

In MA1, we found that the “animal model” as a mod-
erator may explain a difference in TE. Because our TE
indicates improvement in the mechanical removal
strength when making the implants porous vs not por-
ous, less improvement is expected when implanting a
porous implant in a sheep than in a rat. For the rabbit
model, we had many more observations than those for
rats or sheep (26/32 observations), and the TE values
enclosed a wider reach (Fig. 3d; observations in gray).
Here, the best fitting model involved the interaction of
“porosity” and “pore-size”. The strong relationship be-
tween these covariables (correlation coefficient of ap-
proximately 0.8) reflects that these factors may not be
fully distinguishable characteristics of the included stud-
ies [31]. Regarding content and in a context of 3DPPT,
the influence of “pore-size” on mechanical removal
strength should be investigated considering the number
of pores. Thus, we included “porosity” to represent this
measure, although it is more accurately a measure of the
porous volume fraction; our MAs do not allow us to de-
rive an accurate estimate of the number of pores for
each lattice reported. For the actual representation of
these covariables, we used a coplot, displaying the
regression-lines of “pore-size” to “TE” at three corre-
sponding (but overlapping) ranges of “porosity” (Fig. 3e).
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In summary, the three curves formed describe the fol-
lowing: 1) an ascent, with a peak at a “pore-size 400 um”
and then a decline in the TE of implants with a “pore-
size” of 300—-500 pum and a “porosity” of 15-61.6%; 2) a
slight decline and again sharp ascent in the TE of im-
plants with a “pore-size” of 400—-500 um and a “porosity”
of 61.1-66.2%; and 3) a small peak, rapid decline at a
“pore-size” of 400-500 um and a slower decline (reach-
ing TE = 0) at a “pore-size” > 500 pum and a “porosity” of
62.5-70%. Our study found the highest TE at a pore size
of 400 um and a porosity of 55%; however, considering
precision, it is likely safer to conclude that a pore-size of
300-450 um, with a porosity of 50-65%, consistently
shows improved OI (Fig. 3e), at least in a rabbit model.
We have no observations at less than 300 um but ob-
served a decline at greater than 450 pm. Literature de-
scribing tested animal models states that the bone
microanatomy of rabbits and sheep differ from that of
the humans and also from each other; for example, the
average diameter of the long bone trabecula of sheep is
less than 100 um and that of rabbits is 50-220 pm [32].
Walsh et al. [33] observed significantly more bone in-
growth in 3DPPT implanted in a cortical sheep tibia
model than in a trabecular femur model, indicating that
the implantation site might be important for OI. Garcia-
Gareta et al. [16] also noticed a reduced push-out
strength of 3DPPT implanted in a sheep gap model vs. a
press-fitted model (regardless of the addition of stem
cells). However, to our knowledge, no study has explored
differences in the mechanical strength of the OI of
3DPPT using scaffold parameters more closely adjusted
to the animal (bone) type or implantation site.

In MA2, the only significant moderator was “type of
treatment”, which showed that the treatments compris-
ing adding a Ca-containing layer had a significantly
lower TE than the other treatment types. This finding is
likely controversial because the beneficial effect of these
types of coatings (CaP, hydroxy-apatite) on the bone-
titanium interface strength of solid titanium is well
established [34-37]. A possible explanation could be
sought for the supposed pore-filling effect of the Ca-
containing layer that might negatively affect the mechan-
ical bone-titanium interface in short-term evaluations.
Because these Ca-containing layers are biodegradable
and diminish over time, a supposed changed influence
over time (exceeding the 6-month maximum span of
our reported studies) might also be worth exploring.

However, because certain caveats apply to our study,
our findings should be interpreted with caution. First,
substantial heterogeneity was found among the included
studies, as demonstrated by the high I* values. An ex-
planation could be the discrepancy between grouping
different animal models at the MA level and extreme
genetic similarity of the individual animals at the study
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level [4]. The Cochran Q value in the rabbit subgroup
analysis was lower (85; p <0.0001) but still significant.
The SMDs from MA1 and MA2 both show high between-
study variance values, indicating that the estimated effects
differ across studies. Another explanation could be an
overlooked effect due to variation in the observation
methods (i.e., non-correspondence of pull-out, push-out,
and torque-out testing). However, because the included
studies were small (12 samples at best), there is no
straightforward explanation for the heterogeneity and we
should conclude that both MAs are sensitive to biasing
animalities [38]. Second, our allocation of studies between
the two MA pools is debatable. In MA1, in the study of
Huang et al, the Exp group was porous but also HA
coated (1-um thick) [13]. However, our study considered
1 pm as a thin layer [36]. In MA2, the allocation of “simi-
lar types of post-treatment” into six categories could not
be performed completely unambiguously because some
studies had characteristics compatible with multiple cat-
egories [24]. Third, because MA1 and 2 comprised sample
sizes of 177 and 196 animals in 32 and 40 observations, re-
spectively, we had sufficient samples to perform MAs.
With this level of observation, applying models with up to
two predictors and an interaction effect is considered a
valid practice [4]. However, multivariable meta-regression
of the rabbit subgroup analysis was based on only 19 ob-
servations, which might be at the lower limit of what is ac-
ceptable [4]. A full comparison of all forementioned
moderators was restricted to only 12 observations (studies
always reported “pore-size”, and most often only “poros-
ity” or “Struth-size”, seldomly both, and many authors did
not respond to our requests for extra specification). The
final caveat, though obvious, would be not to confuse stat-
istical associations for causality.

Conclusion

We performed two separate MAs with moderator analyses
to determine whether statistical models including reported
scaffold features (“pore-size”, “porosity”, and” type of unit
cell”) or post-printing treatments (adding stem cells, growth
factors, drugs, and surface treatments) could explain the ob-
served differences in the treatment effect. Our findings sug-
gest a stronger effect from porosity in a rat model than that
in a sheep model. Additionally, adding a calcium-containing
layer does not improve the mechanical removal strength but
the other post-treatment types do. Our results provide an
overview and some new insights but little narrowing of the
existing value ranges. We would advocate more research in-
volving comparing implantation to similar, “standardized”
control groups and expressing “pore-size” and “porosity” in
terms of surface roughness to help address existing di-
lemmas, along with the consequent reporting of 3DPPT
characteristics.
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