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Abstract

Background. Vertebral body replacement is one of the key surgical methods for the treatment of spinal tumors.
One of its most common complications is vertebral body implant subsidence.

The aim of the review — to compare the subsidence rates of various types of vertebral body implants used in
the surgical treatment of thoracic and lumbar spinal tumors in order to determine the optimal reconstruction
methods for patients with spinal tumors.

Methods. A systematic literature review was conducted in accordance with the PRISMA guidelines. The
search was performed in the PubMed, Google Scholar, and eLIBRARY databases. Studies were included if they
involved vertebral body replacement in patients aged 18 years and older with oncologic lesions, provided a
clear definition of subsidence, and analyzed risk factors. Various implant types were evaluated, including
expandable, mesh, 3D-printed commercial, and patient-specific prostheses.

Results. Thirteen studies were included in the analysis (12 retrospective and 1 prospective) comprising a
total of 661 patients. The highest subsidence rates were observed with titanium mesh cages, ranging from
63.8 to 71.4%. Expandable implants demonstrated more favorable outcomes, with subsidence rates from 5.3
to 35.3%. The results for 3D-printed implants were the most inconsistent, ranging from 0 to 100% across
studies. The follow-up period varied from 7.4 to 101 months.

Conclusions. Expandable implants demonstrate the most favorable subsidence rates in vertebral body
replacement for patients with spinal tumors. The high subsidence rates of titanium mesh cages may be
attributed to a mismatch between the elastic modulus of the implant and bone tissue. 3D-printed implants
require further investigation to optimize their design and clinical use. An individualized approach to
prosthesis selection considering risk factors is essential.
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Pedepar

AxmyansHocms. [IpoTe3upoBaHye Tesl MO3BOHKOB SIB/SIETCSI OOHUM M3 K/IIOUEBBIX METOLOB XUPYPTUUECKOTO
JIedeHMsI OITyXO0JIeBbIX MOpakeHN i MO3BOHOUHMKA. OgHMM U3 Haubosee pacrpoCTPaHEeHHBIX €r0 OCI0KHEeHM
SIBJISIETCS TIPOCeaHNe IpoTe3a Tejla 03BOHKa.

Ilenv 0630pa — CPaBHUTH YACTOTY MPOCEJAHNS PA3IMIHBIX TUIIOB IIPOTE30B TeJl I03BOHKOB TP XUpypruye-
CKOM JIeUeHUM ONyXOJIEBbIX MTOPakKeHMI IPyIHOTO U MOSICHUYHOTO OTE/0B I0O3BOHOYHMKA JJI51 Opee/ieHs
ONTUMAJIbHBIX METOJOB PEKOHCTPYKI[MM ITO3BOHOYHOTO CTOJIOA Y TTALIIEHTOB C OIYXOJISIMM TTO3BOHOYHMKA.
Mamepuan u memodet. IIpoBefieH cuCTEMATUUECKUIT 0630p TUTEPATYPhI B COOTBETCTBUM C PEKOMEH AU -
vy PRISMA. TTouck ocymiecTBisiiics B 6a3ax maHHbIXx PubMed, Google Scholar 1 eLIBRARY. Bbuiu BKITIOU€HBI
Mccaef0BaHMs, IOCBSILeHHbIE TPOTEe3MPOBAHMIO TeJl TIO3BOHKOB IIPY OITYX0JIEBbIX TOPasKeHUSX Y TallMeHTOB
18 neT u crapiie, ¢ YeTKUM OIpeneeHNeM ITPocedanusl U aHaanu3oM (GakTopoB pucKka. AHATU3UPOBAINCH
pasiuYHble TUIIbI UMIJIAHTATOB: Pa3ABIOKHbBIE, CeTUaThIe, CEPUITHbIE U MHAUBUAYa/IbHbIE 3D-TIpOTE3bI.
Pe3ynomamet. B aHanmu3 BKIOYEHO 13 uccnemoBanuii (12 peTpOCIIEKTUBHBIX, 1 MIPOCHEKTUBHOE) C YYaCTU-
eM 661 mauyenTa. Hambosnpinast yactora mpocemanust 3aMKCUPOBaHA IJISI TUTAHOBBIX CETUATHIX ITPOTE30B
— oT 63,8 no 71,4%. Pa3nBuskKHbIE MMIUIAHTATHI POAEMOHCTPUPOBAIN 6osee GIaronpusiTHbie pe3yabTaThl
C YacTOTOi mpocemauus oT 5,3 mo 35,3%. Pe3ynbTaTsl MpuMeHeHNUsT 3D-MMIIJIAaHTATOB OKa3aaMch Hambosee
MPOTUBOpPeuMBbIMHU, Bapbupyst oT 0 mo 100% B pas3nnuHbIX MUccaeqoBaHMsIX. [lepuos HaGMIOmeHMS COCTABIISIT
ot 7,4 no 101 mec.

3axmoyerue. Pa3gBusKHbIE MMIUIAHTATHI EMOHCTPUPYIOT Hamnbosee 6arompusiTHbIe Pe3yIbTaThl B OTHOIIIE-
HMM 4acCTOTbI NpOCefaHus IIpU MPOTEe3UPOBAHUM TeJl TIO3BOHKOB Y MallMeHTOB C OMYyXOJISIMM MTO3BOHOYHMKA.
Bricokas yacToTa mpocenaHuss TUTAHOBBIX CETUATHIX MPOTE30B MOKET ObITh 0OYCI0BIeHA HECOOTBETCTBUEM
MOZAYJIS YIIPYTOCTY MMILIAHTATa M KOCTHOV TKaHu. 3D-1rpoTe3bl TpeOyIOT JaabHeMIIero u3ydeHus OJis OmTy -
MM3alyuM UX Ou3aiiHa M KIMHUYECKOTO mpuMeHeHMs. Heo6XonyuM MHAMBUAYAJIbHBIN MOAX0 K BEIOOPY TUITA
mpoTe3a ¢ yueToM (HakTOPOB PUCKA.

KnroueBbie cioBa: npoTe3upoBaHMe TeJl IMO3BOHKOB; OITYXOJ/IM ITO3BOHOYHMKA,; IIpOCedaHVe MMIIJIAHTATOB;
pa3aBM>KHbBIE ITPOTE3bl; TUTAHOBLIE CETUYATBIE ITPOTE3bI; 3D-UMNIaHTAThl; CIIOHAUI3KTOMMUSI.
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INTRODUCTION

Vertebral body replacement is one of the key
surgical methods for the treatment of spinal
tumors. This procedure restores the load-bearing
function and stability of the spinal column after
the resection of the affected vertebra [1, 2]. The
long-term effectiveness of the method largely
depends on the stability of the implanted device
and its integration with the adjacent bone
structures [3]. Vertebral body implant subsidence
is one of the most common complications, which
can lead to sagittal imbalance, compression of
neural structures, pain syndrome, and, ultimately,
the need for revision surgery [4].

Assessing the incidence of implant sub-
sidence and identifying the factors influen-
cing its development is critically important for
optimizing surgical strategies and improving
long-term treatment outcomes [5]. Modern
spinal surgery utilizes a wide range of vertebral
body implants, including traditional titanium
mesh cages,expandableimplants,and innovative
3D-printed and patient-specific prostheses [6].
Each implant type has unique biomechanical
properties that may differentially affect the risk
of subsidence.

Despite significant advances in the develop-
ment of new implant types, the literature
lacks systematized data on the comparative
effectiveness of different vertebral body prosthe-
ses in terms of subsidence rates in spinal tumor
cases.

The aim of the review — to compare the
subsidence rates of various types of vertebral
body implants used in the surgical treatment of
thoracic and lumbar spinal tumors in order to
determine the optimal reconstruction methods
for patients with spinal tumors.

METHODS

This study is a systematic literature review
conducted in accordance with the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines. A literature

search was performed in the PubMed, Google
Scholar, and eLIBRARY electronic databases in
both Russian and English using the following
keywords: vertebral body replacement, vertebral
body prosthesis, vertebral body reconstruction,
spinal tumor, spine tumor, vertebral tumor, spinal
metastases, implant subsidence, prosthesis
subsidence, cage subsidence, spondylectomy,
corpectomy, vertebrectomy, titanium mesh,
expandable cage, 3D printed implant, spinal
reconstruction, anterior spinal fusion. The
initial search identified 1054 potentially relevant
articles (Figure 1).

The selection of studies was based on the
PICO framework (Population, Intervention,
Comparison, Outcome). The Population (P)
included adult patients (18 years and older) with
primary or metastatic tumors of the thoracic
and/or lumbar spine. The Intervention (I) was
vertebral body replacement using various types
of implants (expandable, mesh, 3D-printed
commercial, or pacient-specific). The Comparison
(C) was made between different implant types.
The primary Outcome (O) was the incidence of
implant subsidence.

Inclusion criteria:

1) language of publication — English or
Russian;

2) publication period — from 2010 to 2025
inclusive;

3) study design — randomized controlled
trial, cohort study, case-control study, or case
series with at least 10 patients;

4) full-text article available.

Exclusion criteria: review articles, editorials,
letters to the editor, and poster presentation.

Studies were included if they focused on
vertebral body replacement for spinal tumors,
contained a clear definition and measurement
methods of subsidence, and analyzed risk factors
associated with subsidence. Studies dedicated
exclusively to traumatic or infectious spinal
conditions, as well as duplicate publications,
were excluded.
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Records identified by title in databases:
» PubMed (n = 345)
¢ Google Scholar (n = 504)
» eLIBRARY (n = 205)

Records excluded by title before screening:
« duplicate titles (n = 453)

\ 4

Records included in screening
based on title (n = 550)

Y

» removed for other reasons (n = 51)

Records excluded

Y

\ 4

Records selected for full text
analysis (n = 48)

based on abstract (n = 502)

Records excluded due to unavailability

Y

Y

Full-text records assessed
for eligibility (n = 45)

of full text (n = 3)

Records excluded:
 reviews (n = 20)

Y

L Records included in review (n=13)

\

e irrelevant topic (n =12)

Figure 1. Flow diagram of article search and selection

Two independent reviewers performed the
screening of titles and abstracts, followed by a
full-text review of selected articles. Disagree-
ments were resolved through discussion with
a third reviewer when necessary. The following
data were extracted from each included study:
study design, patient characteristics (number,
age, sex, tumor type and location), implant
type, definition and measurement methods of
subsidence, subsidence rate, risk factors, and
follow-up duration.

Data analysis was performed using
quantitative and descriptive methods. Par-
ticular attention was paid to comparing sub-
sidence rates among different implant types
and analyzing the risk factors associated with
subsidence.

RESULTS

In the course of a systematic literature review,
13 studies on vertebral body replacement in
case of spinal tumors were analyzed. The vast
majority (12 out of 13) had a retrospective
design, while only one was prospective. The pre-

dominance of retrospective studies limits the
ability to establish causal relationships based on
the obtained results (Table 1).

Information on tumor type was provided
in 11 out of 13 studies. Across these studies,
258 patients had primary tumors and 267 had
metastatic lesions. For 136 patients from two
studies, the tumor type was not specified.
The mixed nature of tumor involvement (both
primary and metastatic) in the analyzed studies
indicates heterogeneity of the patient po-
pulation, which may affect the generalizability
of the findings to specific tumor types.

Regarding the types of implants used,
3D-printed vertebral body prostheses were the
most frequently reported — mentioned in 7 out of
13 studies. Titanium mesh cages were used in four
studies, expandable implants in three, patient-
specific prostheses in five, and carbon fiber-
reinforced polyetheretherketone (CFR-PEEK)
implants in two studies. The diversity of implant
types reflects the evolving nature of spinal
reconstruction technologies and complicates
direct comparison of outcomes across studies.
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Characteristics of included studies

Table 1

Study Study design Patient population Implant type Follow-up period
Viswanathan A. | Retrospective 95 patients (24% with primary Expandable titanium Median 7.4
etal., 2012 [7] | cohort study tumors, 76% with metastatic prosthesis months (range
lesions) 1-62 months)
Yoshioka K. Retrospective 47 patients (15 with primary Titanium mesh cage Mean 70.2 months
etal., 2017 [8] | cohort study spinal tumors, 32 with metastatic (range

Girolami M.
etal., 2018 [9]

LiZ.etal.,
2020 [10]

Tang X. et al.,
2021 [11]

Shen F.H. etal.,
2022 [12]

Zhou H. et al.,
2022 [13]

CaoY.etal.,
2023 [14]

Chen Z.etal.,
2023 [15]

Shimizu T.
et al., 2023 [16]

Hu]J.etal.,
2023 [17]

Hu X. et al.,

2023 [18]

Schwendner M.
etal., 2023 [19]

Prospective case
series

Retrospective
cohort study

Retrospective
cohort study

Case series,
retrospective
multi-center review

Retrospective
cohort study, case
series

Retrospective
cohort study,
comparative study

Retrospective
comparative study

Retrospective
cohort study

Retrospective
cohort study

Retrospective
cohort study

Retrospective
cohort study, case
series

lesions)

13 patients (8 with primary
bone tumors, 5 with solitary
metastases)

30 patients (23 with primary
spinal tumors, 7 with metastatic
lesions)

27 patients (predominantly with
primary spinal tumors, 4 with
metastatic lesions)

13 patients (8 with primary
tumors, 5 with metastatic
lesions)

23 patients (18 with primary
spinal tumors, 5 with metastatic
lesions)

20 patients with metastases in
the thoracolumbar region

35 patients (26 with primary
malignant tumors, 9 with
metastatic lesions)

136 patients (tumor type not
specified)

51 patients (33 with primary
tumors, 18 with metastatic
lesions)

145 patients (79 with primary
spinal tumors, 66 with metastatic
lesions)

25 patients (8% with primary
spinal tumors, 92% with
metastatic lesions)

Patient-specific
3D-printed titanium
prosthesis

Titanium mesh cage

3D modular prosthesis

Patient-specific implant
made of CFR PEEK

3D-printed prostheses
(patient-specific and
commercial)

Artificial 3D-printed
prosthesis

Commercial 3D-printed
prosthesis, titanium
mesh cage

Titanium mesh cage

3D-printed prostheses
(patient-specific and
commercial)

Titanium mesh cage,
expandable titanium
prosthesis, patient-
specific 3D-printed
prosthesis

Expandable prosthesis
made of carbon
fiber-reinforced
polyetheretherketone
(CFR-PEEK)

17-120 months)

Mean 10 months
(range
2-16 months)

Mean 41.8 months
(range
13-120 months)

Mean 22 months
(range
12-41 months)

Mean 8 months
(range
1-21 months)

Median 37 months
(range
24-58 months)

Median 21.8
months (range
12-38 months)

Mean 24.6 months
(range
12-60 months)

Mean 101 months
(range
36-232 months)

Median 21 months
(range
7-57 months)

Mean

53.61 months
(range

12-149 months)

Median
295 days (range
13-491 days)
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The duration of follow-up also varied among
the studies. Five out of 13 studies reported
median follow-up periods ranging from 7.4 to 37
months (with conversion of days to months for
the study by M. Schwendner et al.). Eight studies
reported mean follow-up durations ranging from
8 to 101 months. This wide variation in follow-
up duration may influence the assessment of
long-term outcomes and complication rates
across studies.

The rates of implant subsidence varied
considerably depending on the type of verteb-
ral body prosthesis used. For titanium mesh
cages, the incidence of subsidence ranged from
63.8 to 71.4%, as reported by K. Yoshioka et al.
and Z. Chen et al., respectively [8, 15]. In
the same study by Z. Chen et al., the perfor-
mance of a 3D-printed commercial prosthesis
was also evaluated, showing a subsidence rate
of 64.3% [15].

Expandable implants demonstrated variable
rates of subsidence. In the study by A. Viswanathan
et al., the rate for a titanium implant was 12.6%,
while in the study by M. Schwendner et al., the rate
reached 35.3% for a CFR-PEEK implant [7, 19].

The results of 3D-printed implants were
heterogeneous. In the study by X. Hu et al., no
cases of subsidence were reported among 51
patients who received 3D-printed prostheses
(both patient-specific and commercial) [18].
Similarly, F.H. Shen et al. reported no subsidence
with CFR-PEEK implants featuring custom
titanium endplates [12]. However, in the study
by M. Girolami et al., subsidence occurred in all
patients (100%) who received patient-specific
titanium 3D-printed prostheses [9]. In the study
by H. Zhou et al., the subsidence rate of 3D
implants was 21.7%, while X. Tang et al. reported
a rate of 38.5% for modular 3D-printed prosthe-
ses [11, 13] (Table 2).

Table 2
Subsidence rates by implant type
Study Implant type Subsidence rate Definition of subsidence Time of detection
Viswanathan A. | Expandable titanium 12/95 (12.6%) Migration > 1 mm Immediately after
etal.,, 2012 [7] | prosthesis surgery and more
than 30 days
postoperatively
Yoshioka K. Titanium mesh cage 30/47 (63.8%) > 2 mm One month
etal., 2017 [8] after surgery
Girolami M. Patient-specific 3D-printed 13/13 (100%) 4.3£5.7 mm At the last
etal.,, 2018 [9] | titanium prosthesis follow-up
LiZ.etal., Titanium mesh cage 8/52 (15.4%) 10.9%4.5 mm At the last
2020 [10] follow-up
Tang X. et al., 3D modular prosthesis 10/26 (38.5%) Migration > 2 mm During the
2021 [11] follow-up period
Shen F.H. et al., | Patient-specific implant 0/13 (0%) Not applicable Not applicable
2022 [12] made of CFR PEEK
Zhou H. et al., | Patient-specific 3D-printed 1/10 (10%) Migration > 2 mm At the last
2022 [13] prostheses follow-up
Commercial 3D-printed 4/13 (30.8%) Migration > 2 mm At the last
prostheses follow-up
CaoY.etal, 3D-printed self-stabilizing 7/10 (70%) 1.8%2.1 mm At the last
2023 [14] artificial vertebra follow-up
Titanium mesh cage 9/10 (90%) 5.2+5.1 mm At the last
follow-up
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End of Table 2
Study Implant type Subsidence rate Definition of subsidence Time of detection
Chen Z.etal., Commercial 3D-printed 9/14 (64.3%) Decrease in mean vertebral | At the last
2023 [15] prostheses body height > 3 mm follow-up
Titanium mesh cage 15/21 (71.4%) Decrease in mean vertebral | At the last
body height > 3 mm follow-up
Shimizu T. Titanium mesh cage 44/136 (32.4%) 2-18 mm One month
et al., 2023 [16] after surgery
Hu]J.etal., 3D-printed prostheses 0/51 (0%) Not applicable Not applicable
2023 [17] (patient-specific and
commercial)
Hu X. et al., Titanium mesh cage 18/70 (25.7%) Not defined At the last
2023 18] follow-up
Expandable titanium 4/75 (5.3%) Not defined At the last
prosthesis follow-up
Schwendner M. | Expandable prosthesis 6/17 (35.3%) 3.8%3.1 (1-8) mm At the last
etal., 2023 [19] | made of CFR-PEEK follow-up

The degree of subsidence varied across studi-
es, ranging from implant migration of more than
1 mm to segmental height loss exceeding 3 mm.
The timing of subsidence detection also differed
— from the immediate postoperative period to
the final follow-up. In most studies, subsidence
was assessed either one month postoperatively
or during subsequent follow-up visits.

Implant instability rates were reported in 12 of
the 13 studies. Recorded instability rates ranged
from 0 to 32.4%, reflecting substantial variabili-
ty in implant performance among studies. Infor-
mation on the timing of implant instability was
available in only three studies: one reported a
mean time of 37.41 months, another a median
of 31 months, and the third provided specific
values of 24 and 36 months. In nine studies,
no information on the timing of instability was
provided, and in one study, this parameter was
not applicable due to the absence of instability
cases. The lack of consistent reporting on the
timing of implant instability limits the ability
to draw conclusions about the long-term
performance of different implant types.

DISCUSSION

The present systematic review provides the first
comprehensive analysis of vertebral body prosthe-
sis subsidence in spinal tumors, encompassing
various implant types and their clinical outcomes.
The data demonstrate considerable variability
in the incidence of subsidence across different
prosthesis types, which has important clinical

implications for selecting the optimal method of
spinal reconstruction in oncologic patients.

The highest subsidence rates were observed
with titanium mesh cages — ranging from 15.4
to 90.0%. These findings are consistent with
previous reports indicating a high incidence of
subsidence in titanium implants, particularly in
the presence of osteoporosis or weakened
endplates [20]. The high subsidence rates
associated with titanium mesh cages may be
attributed to the mismatch in elastic modulus
between the implant and bone tissue, as well
as stress concentration over a relatively small
contact area with the vertebral endplates.
These results align with biomechanical studies
demonstrating that the high stiffness of
titanium creates unfa-vorable conditions for
load distribution at the implant-bone interface,
especially in patients with com-promised bone
quality due to oncologic disease [21, 22].

Expandable prostheses demonstrated more
favorable outcomes, with subsidence rates
ranging from 5.3 to 35.3%. The advantage of
expandable designs lies in their ability to restore
vertebral height accurately and distribute loads
evenly across the endplates. Furthermore,
expandable implants allow intraoperative height
adjustment, promoting optimal contact with the
surrounding bone structures.

The outcomes of using 3D-printed implants
proved to be the most inconsistent, with reported
subsidence rates ranging from 0 to 100% across
studies. This considerable variability may be
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attributed to differences in implant design,
manufacturing materials, and patient-specific
characteristics. ~ Although  patient-specific
3D-printed prostheses are theoretically expected
to achieve superior anatomical conformity,
clinical results do not always confirm this
assumption.

Titanium alloy remains the standard material for
fabricating patient-specific 3D implants. Despite its
biocompatibility and mechanical strength, titani-
um possesses notable biomechanical disadvanta-
ges. Even porous titanium structures exhibit a
substantial mismatch in elastic modulus compared
to bone tissue — approximately 110 GPa for
titanium versus 3.78-14.64 GPa for bone [22, 23].
This discrepancy leads to a stress-shielding effect,
in which the stiffer implant bears the majority of
the mechanical load, thereby reducing stimulation
of the surrounding bone. According to Wolff’s
law, insufficient mechanical loading induces
bone resorption and weakening, which ultimately
promotes implant subsidence and structural in-
stability [24]. Additionally, stress concentration
over a relatively small contact area between a
rigid titanium implant and compromised vertebral
endplates further predisposes to subsidence.
In oncologic settings, where bone quality is often
impaired by tumor involvement, chemotherapy, or
radiotherapy, these biomechanical factors become
even more critical.

Paradoxically, while the patient-specific
geometry of 3D-printed prostheses was intended
to optimize load distribution, it does not
address the fundamental mismatch in material
mechanical properties. This may explain why
even anatomically precise custom implants
can show high subsidence rates, as reported by
M. Girolami et al., where the incidence reached
100% [9]. This issue underscores the need for
developing novel materials for 3D printing, such
as PEEK-based composites, that could better
approximate the mechanical characteristics of
bone while retaining the advantages of patient-
specific design.

Study limitations

This systematic review has several limitations.
First, significant heterogeneity among the
included studies in terms of design, patient
populations, and implant types limits the

feasibility of performing a quantitative meta-
analysis. Second, differences in the definition
of subsidence and measurement methods
complicate direct comparison of outcomes.
Third, the relatively short follow-up periods in
some studies may not adequately reflect long-
term results.

CONCLUSIONS

This systematic review highlights the need
for an individualized approach to selecting
vertebral body replacement implants in patients
with spinal tumors, taking into account various
risk factors. Expandable implants demonstrate
the most favorable outcomes with respect to
subsidence rates, whereas 3D-printed prostheses
require further investigation to optimize their
design and clinical application.
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