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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 μm 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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Аннотация
Введение. Ежегодно число оперативных вмешательств с применением аддитивных технологий растет как в российской медицине, так и в мировой 
практике. С появлением возможности печати индивидуальных имплантатов сократилось использование стандартных (импортных) конструкций 
в среднем на 7 % в рамках оказания высокотехнологичной медицинской помощи. Однако вопрос размера пор индивидуального имплантата 
при замещении посттравматических дефектов области вертлужной впадины остается открытым. Цель. Оценить результаты лечения пациентов 
с посттравматическими дефектами и деформациями вертлужной впадины с внедрением в клиническую практику индивидуальных имплантатов 
со структурой и размером пористой поверхности, оптимальными с точки зрения биологической фиксации. Материалы и методы. Имплантаты 
с различными типами пористой структуры производились методом прямого лазерного спекания из порошков титанового сплава Ti-6Al-4V. 
Проведена экспериментальная работа in vitro по определению способности проникновения живых фибробластов в структуру пор различной 
величины. Затем проведена клиническая часть исследования с целью определения признаков биологической фиксации индивидуальных 
имплантатов в области вертлужной впадины у группы пациентов (n = 30). Результаты. Результаты эксперимента по изучению проникновения 
живых фибробластов в пористую структуру имплантатов с различным размером пор показали, что металлоконструкции с размером пор 
400-499 мкм можно выделить из всех остальных, поскольку при данном размере пор проникновение живых фибробластов в структуру 
поверхности имплантата наибольшее. Замещение дефектов костной ткани в области вертлужной впадины с использованием индивидуальных 
имплантатов, имеющих поверхность в виде сетчатой пористой структуры (400-499 мкм), показало наличие признаков биологической фиксации 
в окружающей индивидуальный имплантат костной ткани у группы исследуемых спустя 12 месяцев. Обсуждение. Анализ литературных 
данных показывает, что единого мнения по оптимальной структуре и размеру пор индивидуального имплантата не существует. В нашей 
работе мы исследовали способность проникновения живых фибробластов человека в структуру поверхности индивидуального имплантата, 
в результате чего определили оптимальный размер пор – 400-499 мкм. Необходимо отметить, что данное исследование проводилось в пределах 
узкой анатомической локализации – вертлужной впадины, соответственно, нельзя исключать, что полученные данные актуальны и для других 
анатомических зон. Заключение. Замещение дефектов костей области вертлужной впадины индивидуальными имплантатами с размером 
пор 400-499 мкм является оправданным и актуальным методом. Обязательным условием использования таких имплантатов является строгое 
соблюдение показаний к их применению, тщательное предоперационное планирование и правильное позиционирование.
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INTRODUCTION
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The total incidence of acetabulum fractures among 
the adult population reported by literature sources 
ranges from 1 case per 50 thousand people to 3 cases per 

100 thousand people per year. [1]. According to several 
authors, primary total hip arthroplasty may be a surgery 
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 × 10 mm × 5 mm) 
(Table 1). 

Table 1
Description of test samples

Sample 
No.

Pore size, micron 
(μm)

Pore depth, 
mm Sample size (L × W × H)

1 200-299

4 10 mm × 10 mm × 5 mm
2 300-399
3 400-499
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, μm) 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 μg/mL DiOC6, 5 μg/mL Hoechst 33342, 
1 μg/mL Propidium Iodide (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 ImageJ 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 III and IV according to AAOS 
classification. All patients underwent preoperative planning 
according to the developed algorithm [17]; customized 
implants with the pore size determined in the experiment 
(400-499 μm) were created, and surgical treatment of the 
defects was carried out. In addition to clinical and functional 

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

Parameters
Test group (n = 30)

Type III AAOS (n = 11) Type IV AAOS (n = 19)
Average age, years 61 ± 24 49 ± 22
Gender (m) 6 (20 %) 10 (33 %)
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 µm) – 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 µm) – 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 μm. 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 year 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 
No.

Pore size, 
μm

Maximum depth of implant 
colonization by culture, µm

Evenness of colonization 
at a depth of 200 μm

Staining of mitochondria with 
DiOC6, conditional unit

Conditional living/necrotic cell 
ratio (Hoechst/ Propidium Iodide)

1 100-299 50 even 1 1/2
2 300-399 50 uneven 1 1/1.8

3 400-499 under 250 even fluorescence intensity is twice 
higher 1/1.3

4 500-599 300 even 1 1/16
5 600-699 under 400 uneven 1 1/1.7
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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 biological 
bone tissue fixation

Patients 
(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).

Table 5
Shift of anatomical parameters in regard to healthy contralateral 

joint in mm

Parameter Value before surgery Value 12 months 
after surgery

Vertical shift 12.89 ± 12.42 3.72 ± 3.69
Horizontal shift 11.09 ± 12.93 5.87 ± 3.96
Anterior-posterior shift 8.41 ± 7.81 2.09 ± 1.21
Offset 7.37 ± 8.54 4.20 ± 2.85

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 
by 46.7 %, MH value – by 38 %.

The pore size of a customized implant surface equal 
to 400-499 μm is optimal from the point of view of expected 
biological integration of bone tissue into implant surface up 
to 2 mm depth and, as a result, it determines good subsequent 
fixation of the implant that is confirmed by the X-ray signs 
of the changes in bone tissue of the acetabulum region. 
These data were also supported by an in vitro experiment 
conducted with the use of confocal microscopy.

Fig. 2. Confocal microscopy in 3D mode: a – sample 3, fibroblasts are stained with green, 400-499 μm; b – sample 2, fibroblasts are stained 
with green, 300-399 μm

Table 6
Evaluation of Harris and VAS scores and SF-36 questionnaire in the test subgroup (n = 30) over time

Parameter
Before surgery 12 months after surgery Intragroup comparison, Mann – Whitney U test
Me [Q1; Q3] Me [Q1; Q3] Difference [95 % CI] p value

VAS, points 8 [7; 8] 2.5 [2; 3]
0-1: -3.5 [-4.0; -3.0]
0-2: -5 [-5.5; -4.5]

1-2: -1.5 [-2.0; -1.0]

0-1: < 0.001*
0-2: < 0.001*
1-2: < 0.001*

Harris, points 48 [38.2; 52] 75 [73.2; 78]
0-1: 57 [48.0; 61.5]

0-2: 56.5 [46.0; 60.5]
1-2: -1.5[-6.0; 4.5]

0-1: < 0.001*
0-2: < 0.001*
1-2: < 0.469

SF-36, %

PH 27.5 [24;29.7] 65.5 [61;71]
0-1: 26 [22.0; 29.0]

0-2: 39.5 [32.0; 43.0]
1-2: 12.5 [8.5; 15.5]

0-1: < 0.001*
0-2: < 0.001*
1-2: < 0.001*

MH 31.5 [29.2;35] 67 [65; 69.7]
0-1: 27.5 [25.0; 30.0
0-2: 33.5 [28.0; 39.0]

1-2: 8.5 [4.5; 11.5]

0-1: < 0.001*
0-2: < 0.001*
1-2: < 0.001*
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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 
to the study of bone tissue 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 μm. 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 

implants with the surface of a mesh porous structure 
(400-499 μm) 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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