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Abstract

Introduction The number of surgical interventions using additive technologies in medicine has been growing both in Russia and with every year.
Due to the development of printing customized implants, the use of standard (imported) designs has decreased by an average of 7 % in the provision
of high-tech medical care. However, the issue of the pore size of customized implants for management of post-traumatic defects in the acetabulum remains
open. Objective To evaluate the results of the treatment of patients with post-traumatic acetabulum defects and deformities with the implementation
in clinical practice of customized implants with structure and size porous surface that are optimal from the point of view of biological fixation.
Material and methods Porous implants with different types of porous structure were produced by direct laser sintering using Ti-6Al-4V titanium
alloy powders. Experimental work was carried out in vitro to determine the ability of living fibroblasts to penetrate the pores of different sizes.
Next, the clinical part of this study was conducted in order to determine the signs of biological fixation of customized acetabular implants in a group
of patients (n = 30). Results The results of this experiment performed to analyze the penetration of living fibroblasts into the porous structure of implants
with different pore size demonstrated that metal structures with a pore size of 400-499 um can be singled out from all others. Discussion Analysis
of the literature data shows that there is no consensus on the structure and size of the pores of a customized implant. In our work, we investigated
the ability of human living fibroblasts to penetrate into the surface structure of a customized implant, as a result of which we determined their optimal
pore size of 400-499 microns. It should be noted that this study was conducted for a definite anatomical location: the acetabulum. However, it cannot
be excluded that the data obtained are relevant for other anatomical locations. Conclusion Management of bone defects in the acetabulum area with
customized implants featuring the surface pore size of 400-499 microns is a justified and relevant method. A prerequisite for the use of such implants is
strict compliance with the indications for their use, careful preoperative planning and correct positioning.
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Bgegenue. EkeroqHo 4mciio onepaTyBHbIX BMELIATETbCTB C TPUMEHEeHMEeM aIJUTYBHBIX TEXHOJIOIMI PACTET KaK B POCCUIICKOI MEIMLIMHE, TaK 1 B MUPOBOI
npakTyke. C MosiBIeHeM BO3MOKHOCTY [TeUaTyt MHAMBUAYAIbHBIX MMIUIAHTATOB COKPATMIIOCH MCIIONIb30BaHYe CTAHAAPTHBIX (MMIIOPTHBIX) KOHCTPYKLIVIA
B cpenHeM Ha 7 % B paMKax OKa3aHVsl BHICOKOTEXHOJIOTMUYHONM MeIUIMHCKONM momony. OZHAKO BOMPOC pasmepa IMOp MHAMBMIAYAIbHOTO MMIUIAHTATa
MIpY 3aMeLleHNY TIOCTTPAaBMaTUUECKMX 1e(eKTOB 06IaCTH BEPTIIYKHOM BIIAAMHbI OCTAeTCst OTKPBITHIM. Llenb. OLeHNTh PesysbTaThl JIeUeHus MaleHToB
C OCTTpaBMaTiyeckumy gedexramu 1 gedopMarysiMy BepT/TYKHOM BIIQAVHbI C BHEAPEHMEM B KIIVHMYECKYIO TIPAKTUKY MHAMBULYAIBHBIX MMILUIAHTATOB
CO CTPYKTYPOI U PasMepoM TIOPUCTOI TOBEPXHOCTH, ONTUMAIbHBIMY C TOUKM 3peHust Grosorndeckoit ukcauym. Marepuassl u MeToabl. VMrutaHTarsr
C PasIMYHBIMM TUIAMMU TIOPUCTON CTPYKTYPbI MPOU3BOAMINCH METOLOM MPSIMOTO JIA3€PHOTO CIIeKaHMsI U3 TOPOIIKOB TUTAHOBOrO crutaBa Ti-6Al-4V.
[TpoBezmeHa sKCIIepUMMeHTaIbHAs PaboTa in Vitro Mo onpeneneHunio CIIOCOOHOCTHM MTPOHMKHOBEHMST JKUBBIX (1OPOGIACTOB B CTPYKTYPY MOP Pa3IMuHOM
BEJIMYMHBL. 3aTeM IPOBENEHA KIIMHMYECKAs YacTb MCCIENOBAaHMsI C LEIbI0 OMpeNeseHNs MPU3HAKOB OMONOTMUYeCKOl (MUKCAIMA MHAMBULYATHHBIX
MMIUTAaHTAaTOB B 06JIACTM BEPTIIY’KHOM BIIAAMHbI Y rPyIbl naiyeHToB (n = 30). Pe3ynbrarbl. Pe3ysbraThl SKCIIEpUMEHTA 110 U3YYEHMIO TIPOHMKHOBEHMS
SKUBBIX (DMOPOGIACTOB B MOPUCTYIO CTPYKTYPY MMIUIAHTATOB C Pas/IMYHBIM PasMepoM IIOp IOKasajy, YTO META/UIOKOHCTPYKLMM C PasMepoM Iop
400-499 MKM MOKHO BBIIEJUTb M3 BCEX OCTaJbHBIX, MOCKOJIBKY MPM HAHHOM pasMepe IMOp MPOHMKHOBEHME KMBBIX (MOPOGIACTOB B CTPYKTYPY
MOBEPXHOCTY MMILIaHTaTa Haubosbliee. 3amelieHne 1edeKToB KOCTHOM TKaHM B 00JIaCT BEPT/IY>KHOI BIIAAMHbI C MCIIOIb30BAHMEM VHAMBUILYATbHbBIX
VIMIUTAHTAaTOB, MMEIOLIVX MOBEPXHOCTD B BUZIE€ CETUATOl MOPUCTON CTPYKTYpbI (400-499 MKM), MOKa3aI0 HaJIMuye MPU3HAKOB GMOIOrnueckoit Ghukcanmm
B OKPY’KaIoIleli MHAMBUAYAIbHBIN VMIUIAHTAT KOCTHON TKAaHM Yy TPYIIbI MCCIELyeMbIX ciycTst 12 mecsiueB. O6cyskaeHue. AHaamM3 JIuMTepaTypHbIX
JTAHHBIX ITOKa3bIBAeT, YTO EAMHOIO MHEHMS 10 ONTMMAJIbHOM CTPYKTYPe M pasMepy IOp MHAMBMAYaJIbHOIO MMIUIAHTAaTa He CYIIeCTByeT. B Haiieit
paboTe MblI MCC/IENOBAIM CIIOCOOHOCTh MPOHMKHOBEHMSI SKUBbIX (DMOPOGIACTOB UesioBeKa B CTPYKTYPY MOBEPXHOCTY MHAMBUAYaIbHOTO MMIUIAHTATa,
B pe3yJIbTaTe 4ero OIpenesi ONTUMaIbHbI pasmep mop — 400-499 mrm. Heo6xommmo OTMeTHTB, UTO JaHHOE MCCIIeNOBaHe IIPOBOAWIOCH B MIPeiesiax
Y3KOV aHaTOMUYECKOH JIOKaIM3aLMM — BEPTIIY)KHON BIIaJMHbI, COOTBETCTBEHHO, HEJIb3sl MCKJIFOUATh, YTO TOTyUeHHbIe JaHHbIe aKTyalbHbI U IS APYTUX
aHATOMMYECKMX 30H. 3aKiaodeHue. 3ameleHne nedeKToB KOCTel 06JacTy BepPTIYKHOV BHAAVHbI MHAVBMIYAJIbHBIMM MMIUIAHTaTAMM C PasMepoM
mop 400-499 MKM SIBJISIETCST OMPABIAHHBIM ¥ aKTyaJabHbIM MeToroM. O6s13aTesIbHbIM YCIOBMEM UCIIOIb30BaHMsI TAKMX MMIUIAHTATOB SIBJSIETCSI CTPOTOe
COOIONEHYIe TOKA3aHMI K VX MPYIMEHEHNIO, TIaTeIbHOe MPefonepalyioHHOe IUIaHVPOBaHKe U MPABUIIbHOE MO3UIMOHMPOBAHNE.
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INTRODUCTION

The total incidence of acetabulum fractures among 100 thousand people per year. [1]. According to several
the adult population reported by literature sources authors, primary total hip arthroplasty may be a surgery
ranges from 1 case per 50 thousand people to 3 cases per  of choice in the presence of risk factors for osteosynthesis.
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Such factors include multi-fragment fractures, massive
damage to the articular cartilage in loaded parts, femoral head
impaction [2, 3]. Due to untimely or incorrect treatment, there
is a high risk of developing complications of acetabulum
fractures such as aseptic necrosis of the femoral head,
or degenerative ischemic damage to intra-articular
cartilage [4-6]. The main difficulties faced by a surgeon
in the treatment of post-traumatic coxarthrosis are primarily
acetabulum bone tissue defects that do not allow achieving
strong primary fixation of standard acetabulum components
[7, 8]. Different autografts can be used to replace acetabulum
defects; however, in case of the treatment of the consequences
acetabulum fractures, the development of post-traumatic
aseptic necrosis of the femoral head does not allow the
use of autobone. In such cases, concomitant acetabulum
deformation requires the use of augments and individual
acetabulum components. The main issues during the planning
of such surgical interventions are the following: absence
of a common classification of pathological acetabulum
changes [9], low reliability of the standard methods
of preoperative planning using plain radiographs [10, 11].
Therefore, multispiral computed tomography is required, and
the surgery is planned according to the developed 3D models.
In several cases, when standard acetabular components and
augments do not help in replacing the defect and achieving

stable biological fixation, customized implants printed
on a 3D printer are used [12].

One of the most important conditions for the implant
surface formation is the possibility of the integration of bone
tissue into the porous structure of a customized implant [12].
The size and structure of implant surface pores are essential
for interacting with bone tissue in terms of primary and
subsequent biological fixation of customized implants
[13]. The absence of a unified approach to determining
the size and geometry of the porous structure of implants
is primarily associated with the analysis of bone tissue in
different anatomical zones — lower and upper extremities,
bones of facial and cerebral skull - since bone tissue has
different macro- and micro architecture due to its organo-
specificity [14, 15]. In addition to providing stable biological
fixation of the acetabular component, an important condition
for achieving good functional results is the restoration
of anatomical relationships in the affected joint that are close
to a healthy countralateral side.

Objective To evaluate the results of the treatment
of patients with post-traumatic acetabulum defects and
deformities with the implementation in clinical practice
of customized implants with the structure and size of their
porous surface that are optimal from the point of view
of biological fixation

MATERIALS AND METHODS

The study was carried out in two stages to solve
the task. Stage 1 included the experiment to determine
the optimal pore size and shape of titanium coating
for implants. Samples of porous implants with different
surface pore size were obtained by direct laser sintering
using Ti-6Al-4V titanium alloy powder. Twenty samples
with different sizes of porous surface were prepared for this
experiment: 4 batches of 5 plates (10 mm x 10 mm x 5 mm)
(Table 1).

Table 1
Description of test samples
Sample | Pore size, micron | Pore depth, Sample size (L x W x H)
No. (um) mm

1 200-299
2 300-399

3 400-499 4 10 mm x 10 mm x 5 mm
4 500-599
5 600-699

An in vitro experiment was conducted to determine
the ability of living fibroblasts to enter the pore structure
of different size. This experiment was carried out
together with the Novosibirsk Federal Research Center
of Fundamental and Translational Medicine. 3D printed
surgical hardware samples were colonized with fibroblasts
(human living fibroblast culture), then stained with
fluorescent stains: Hoechst 33342 (nuclei staining), DiOC6
(mitochondria staining) and Propidium Iodide (PI, nuclei
of necrotic cells staining). Fluorescence intensity was
registered using a LSM710 confocal microscope (Carl Zeiss);
mean fluorescence intensity (mean RFU) for each section
along the Z axis (depth, um) was evaluated; the depth
analyzed was up to 2 mm. At the end of the incubation
period, the medium in chamber cells was replaced with

FluoroBrite DMEM Media (Gibco, USA) that contains
fluorescent stains: 5 pg/mL DiOC6, 5 pg/mL Hoechst 33342,
1 pg/mL Propidium lodide (manufacturer: Sigma, Germany).
Incubation continued 30 minutes. The medium was replaced
with fresh FluoroBrite DMEM Media (Gibco, USA) and
analyzed using a LSM710 confocal microscope (Carl Zeiss)
in z-stack mode. Photo processing was performed using
Fiji Image] software (NIH, USA) algorithms.

For detailed qualitative and quantitative description
of such pathological acetabulum changes as deformation
and bone defects, our clinic uses the method of layered
3D visualization. Choice of the tactic of implanting
acetabuluar components is based on the original
method developed at the Novosibirsk Research Institute
of Traumatology and Orthopedics [16]. The method
is carried out as follows. Based on the MSCT data,
a volumetric 3D model is developed that helps to determine
reference angles and lines, and the hemisphere of a healthy
joint by mirror transfer of marks to the pathological
side. The hemisphere is divided into three sectors that
correspond to the pubic, ischial and supra-acetabular
parts of the acetabulum. To determine the sector
of the corresponding size, a geometric figure is selected
from the pre-formed library at 1 mm intervals. The sector
is spatially located in such way that at least 75 %
of the surface of its base is in contact with the supporting
dense bone tissue, and the apex matches the rotation center.
After selecting a properly oriented sector with known
values of volume and surface area, these parameters are
described for each sector corresponding to the pubic,
ischial and supacetabular surfaces of the acetabulum. Area
difference in percentage is specified as the deformation
of supporting bone tissue, and the volume difference -
as the defect of the abnormal segment (Fig. 1)
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Fig. 1. Appearance of a 3D pelvic model with a sector-by-sector determination of acetabulum bone defect

In significant defects (bone deficiency of more
than 40 %), it is essential to use customized acetabular
components with a set polyaxial insertion of screws,
or to use augments with a set direction of fixing screws.

The stage 2 of the study was carried out to determine
the clinical efficacy of the proposed method: preoperative
planning and surgical management of acetabulum defects
with customized implants. A test group was formed that
included 30 patients with significant post-traumatic
acetabulum defects of grade I1I and IV according to AAOS
classification. All patients underwent preoperative planning

results, analyzed parameters included the state of bone
tissue surrounding the customized implant, restoration
of anatomical relationships in the hip joint, such as three-
dimensional spatial displacement of the rotation center
and change in femoral offset in relation to the healthy
contralateral joint parameters. Gender and age composition
as well as distribution according to the defect type are
presented in Table 2.

Table 2

General characteristics of the test group

Test group (n = 30)

according to the developed algorithm [17]; customized Parameters Type Il AAOS (n = 11) | Type IV AAOS (n = 19)

implants with the pore size determined in the experiment Average age, years 6124 49 £ 22

(400-499 um) were created, and surgical treatment of the Gender (m) 6 (20 %) 10 (33 %)

defects was carried out. In addition to clinical and functional Gender (f) 5(17 %) 9 (30 %)
RESULTS

Together with the Research Institute of Experimental
and Clinical Medicine (Novosibirsk), an in vitro experiment
was conducted in order to analyze the ability of living
fibroblasts to enter the pores of different sizes. The results
obtained were subjected to statistical analysis (Table 3).

Figure 2a shows the results of implant surface confocal
microscopy in the 3D mode: sample 3 (400-499 um) - even
stained, homogeneous arrangement of living fibroblasts
at the depth of up to 2 mm; meanwhile, Figure 2b
shows the results of the confocal microscopy of sample
2 (300-399 pm) - uneven, predominantly along pore edges,
distribution of living fibroblasts at a depth of up to 2 mm
in the structure of sample surface is observed.

Considering the results obtained during in vitro
experiment, we observed the best penetration capacity
of living human fibroblasts in sample 4 with a pore size
of 400-499 um. In the experiment, this sample was evenly

colonized by living fibroblasts at a depth of up to 2 mm,
while the cells remained viable with probability that was
twice higher than in other samples.

In the clinical part of this study, the above approach was
used in the test group (n = 30 clinical cases) for management
of post-traumatic acetabulum defects grade III and IV
according to AAOS with customized implants [18].

The average time of the surgery was 96.74 * 43.57 minutes;
intraoperative blood loss was 392.39 + 198.6 mL. No revision
interventions for component loosening or recurrent dislocation
were required during 12 months following the surgery.

One vyear after the surgical treatment, the signs
of biological fixation of customized implants were evaluated
using the technique developed by Moore et al. [19].
Their method for assessing the biological fixation
of the acetabular component of hip arthroplasty involves
the analysis of five radiographic signs (Table 4).

Table 3

Results of the experiment performed to analyze the penetration of living fibroblasts into the porous structure of implants with
different pore size structure

Sample | Pore size, | Maximum depth of implant | Evenness of colonization | Staining of mitochondria with Conditional living/necrotic cell
No. um colonization by culture, ym at a depth of 200 um DiOC6, conditional unit ratio (Hoechst/ Propidium Iodide)
1 100-299 50 even 1 172
2 300-399 50 uneven 1 1/1.8
3 400-499 under 250 oven ﬂ}mrescence intensity is twice 11.3
higher

500-599 300 even 1 1/16

5 600-699 under 400 uneven 1 1/1.7
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Fig. 2. Confocal microscopy in 3D mode: a - sample 3, fibroblasts are stained with green, 400-499 pm; b - sample 2, fibroblasts are stained

with green, 300-399 pm

Table 4
Distribution of the number of radiographic signs
of bone tissue change in the acetabulum region corresponding
to the biological fixation of customized implants in the sample

Number of Rg signs of piological Patients %
bone tissue fixation (n =30)
5 4 13.4
4 10 33.2
3 12 39.8
2 2 6.8
1 2 6.8

Moore et al. in their work proved that implants
with three or more biological fixation signs had
no manifestations of loosening [19]. Thus, after one
year following the surgery, 86.8 % of patients had
3 or more radiographic signs; this fact indicates that
there was no loosening of the customized components
in the acetabulum area.

Tendency in the recovery of anatomical relationships
were registered according to radiographs and MSCT before
surgery and 12 months after it (Table 5).

The results obtained prove that due to the rational
preoperative planning and use of customized implants,
the most accurate restoration of anatomical relationships
in the replaced joint was achieved in relation to a healthy
contralateral joint.

In the test group (n=30), VAS parameters were
evaluated, as well as the results of Harris and SF-36
questionnaires over time, i.e. before surgical treatment,
at discharge and a year after surgical intervention. Results
are shown in Table 6.

In the test group (n = 30), there was a significant
decrease in VAS score from 7.4 to 2.7 twelve months
after surgery with the use of customized implants
(on average by 47 %); this fact demonstrates an effective
reduction in pain syndrome. Assessment of the changes
in Harris Hip Score demonstrates that the average
value increased from 48 to 75 points over 12 months
(on average by 23 %), so, it can be characterized as
excellent and good results. SF-36 questionnaire also
showed a significant increase in the quality of physical
and mental health: average PH value increased

Table 5 by 46.7 %, MH value - by 38 %.
Shift of anatomical parameters in regard to healthy contralateral The pore size of a customized implant surface equal
joint in mm t0 400-499 um is optimal from the point of view of expected
Value 12 months biological integration of bone tissue into implant surface up
Parameter Value before surgery . .
after surgery to 2 mm depth and, as a result, it determines good subsequent
Vertical shift 12.89 £12.42 3.72 % 3.69 fixation of the implant that is confirmed by the X-ray signs
Horizontal shift 11.09 * 12.93 5.87+3.96 of the changes in bone tissue of the acetabulum region.
Anterior-posterior shift 841781 209+1.21 These data were also supported by an in vitro experiment
Offset 7.37+8.54 420 * 2.85 conducted with the use of confocal microscopy.
Table 6
Evaluation of Harris and VAS scores and SF-36 questionnaire in the test subgroup (n = 30) over time
P . Before surgery 12 months after surgery Intragroup comparison, Mann - Whitney U test
arameter
Me [Q1; Q3] Me [Q1; Q3] Difference [95 % CI] p value

0-1: -3.5 [-4.0; -3.0] 0-1: < 0.001*

VAS, points 81[7; 8] 2.5[2; 3] 0-2: -5 [-5.5; -4.5] 0-2: < 0.001*

1-2: -1.5 [-2.0; -1.0] 1-2: < 0.001*

0-1: 57 [48.0; 61.5] 0-1: < 0.001*

Harris, points 48 [38.2; 52] 75 [73.2; 78] 0-2: 56.5 [46.0; 60.5] 0-2: < 0.001*

1-2: -1.5[-6.0; 4.5] 1-2: < 0.469

0-1: 26 [22.0; 29.0] 0-1: < 0.001*

PH 27.5[24;29.7] 65.5[61;71] 0-2: 39.5 [32.0; 43.0] 0-2: < 0.001*

1-2: 12.5 [8.5; 15.5] 1-2: < 0.001*

SF-36, % -

0-1: 27.5 [25.0; 30.0 0-1: < 0.001*

MH 31.5[29.2;35] 67 [65; 69.7] 0-2: 33.5 [28.0; 39.0] 0-2: < 0.001*

1-2: 8.5 [4.5; 11.5] 1-2: < 0.001*

lenHuii opmoneduu. 2023;29(6) 612



Bonpocsi opmoneduu

OpMI'MHaanble CTaTbn

Assessment of social and clinical adaptation parameters
(VAS, Harris, SF36 questionnaires) confirmed the high
effectiveness of customized implants with set surface
structure over time. However, it should be mentioned that

this study was carried out within a narrow anatomical
location, i.e. the acetabulum, accordingly, it cannot be
ruled out that the data obtained are also relevant for other
anatomical areas.

DISCUSSION

Laser selective sintering technology enables
to manufacture implants with pore size control up
to 20 microns [20, 21, 22].

However, the authors note that the optimal pore size
of a customized implant surface has not been determined.
The lack of a unified approach to determining the size and
geometry of the porous structure of the implant is primarily due
tothe study of bonetissue of various anatomical zones - the lower
and upper extremities, the bones of the facial and cerebral
skull - because bone tissue, depending on organ specificity,
differs in its macro- and microarchitectonics [15, 23]. Taniguchi
Naoya in his work examined three samples of porous titanium
implants (with an estimated porosity of 65 % and a pore size
of 300, 600 and 900 microns), designated as implants P300,
P600 and P900 [23].

Accordingly, the P600 implant (632 microns)
demonstrated significantly higher fixation ability after
2 weeks than the other implants. After 4 weeks, all models
showed a sufficiently high fixation ability in the detach test.

Ran Qichun et al. work studied the effect of the pore
size of implants on biological characteristics (in particular
osseointegration), conducted a number of experiments
on implants with a pore size of 500-699 and
700-900 microns, both in vivo and in vitro [24, 25, 26].
According to the study, implants printed on a 3D printer

with a given pore size up to 600 microns outperform
the other groups in terms of osseointegration of bone tissue
into the porous structure of the implant surface.

Yuhao Zheng, Jing Zhang et al. in their study
of the porous surface of customized implants noted that
the issue of the implant surface with a pore size of less
than 300 microns was not well investigated at the moment.
Yuhao Zheng, examining the average pore sizes
of cylindrical implants 542, 366, and 134 microns, indicated
that with a porosity of more than 60 %, the optimal pore
size is 366 microns; however, they did not describe the pore
geometry [27, 28, 29, 30].

The pore size of 400-499 microns of the surface
of a customized implant is optimal for managing
post-traumatic acetabular defects from the point
of view of the predicted biological fixation of the bone.
This approach determines a good subsequent fixation
of the implant, which is confirmed by the presence
of radiological signs of changes in the bone tissue
of the acetabulum area. The findings are also confirmed
by an in vitro experiment conducted using confocal
microscopy. However, it is worth noting that this study
was conducted for a definite anatomical location -
the acetabulum. However, it cannot be excluded that
the data obtained are relevant for other anatomical zones.

CONCLUSION

The analysis of porous structure size in this
experimental work led to conclusion that the optimized
parameter of implant surface porous structure for better
osteogenic result is 400-499 um. Too small or too large
pore size may more or less interfere with cellular behavior
and bone regeneration. Thus, the management of bone
defects in the acetabulum region using customized

Conflict of interest All authors declare no conflict of interest.

implants with the surface of a mesh porous structure
(400-499 pm) is a justified method that is also relevant and
socially significant due to the increasing number of patients
requiring such surgical interventions. A mandatory
condition for using such implants is strict compliance with
the indications for their use, careful preoperative planning,
and correct positioning.
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