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Abstract
Purpose  Radiolucent anterior and posterior implants by carbon fiber–reinforced polyetheretherketone (CFR PEEK) aim to 
improve treatment of primary and secondary tumors of the spine during the last years. The aim of this study was to evaluate 
clinical and radiological outcomes after dorsoventral instrumentation using a CFR PEEK implant in a cohort of patients 
representing clinical reality.
Methods  A total of 25 patients with tumor manifestation of the thoracic and lumbar spine underwent vertebral body replace-
ment (VBR) using an expandable CFR PEEK implant between January 2021 and January 2022. Patient outcome, complica-
tions, and radiographic follow-up were analyzed.
Results  A consecutive series aged 65.8 ± 14.7 (27.6–91.2) years were treated at 37 vertebrae of tumor manifestation, includ-
ing two cases (8.0%) of primary tumor as well as 23 cases (92.0%) of spinal metastases. Overall, 26 cages covering a median 
of 1 level (1–4) were implanted. Duration of surgery was 134 ± 104 (65–576) min, with a blood loss of 792 ± 785 (100–4000) 
ml. No intraoperative cage revision was required. Surgical complications were reported in three (12.0%) cases including 
hemothorax in two cases (one intraoperative, one postoperative) and atrophic wound healing disorder in one case. In two 
cases (8.0%), revision surgery was performed (fracture of the adjacent tumorous vertebrae, progressive construct failure 
regarding cage subsidence). No implant failure was observed.
Conclusion  VBR using CFR PEEK cages represents a legitimate surgical strategy which opens a variety of improvements—
especially in patients in need of postoperative radiotherapy of the spine and MRI-based follow-up examinations.

Keywords  Polyetheretherketone · Dorsoventral instrumentation · Vertebral body replacement · Spinal metastases · En-bloc 
resection

Abbreviations
3D	� Three-dimensional
ASA-PS	� American Society of Anaesthesiologists 

physical status
CFR PEEK	� Carbon fiber–reinforced 

polyetheretherketone
CT	� Computed tomography
MARS	� Metal artifact reduction sequences
MRI	� Magnetic resonance imaging

RT	� Radiotherapy
VBR	� Vertebral body replacement

Introduction

Over the past decades, great advances in tumor treatment 
have been accomplished. This leads to an exponential rise 
in the incidence of metastatic cancer including manifesta-
tions in the spine. Bone is the third most common site for 
metastasis after the lung and liver with the spine being the 
most common region for skeletal metastases [3, 16]. An 
interdisciplinary management for optimal patient treatment 
including chemotherapy and immunotherapy, radiotherapy, 
and surgical treatment is crucial [5, 18]. Surgery is indicated 
in cases of mechanic instability, spinal cord compression, 
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and severe pain as well as for oncological indications such 
as biopsy for histopathological analysis and tumor resec-
tion. In cases of extensive tumor manifestation or planned 
total vertebrectomy, anterior tumor removal and dorsoven-
tral instrumentation including vertebral body replacement 
(VBR) are mandatory [2, 4]. For traumatic or osteoporotic 
fractures, titanium implants are routinely being used at mul-
tiple centers worldwide. However, titanium leads to artifacts 
on postoperative imaging impairing postoperative adjuvant 
radiotherapy planning and radiological follow-up to rule out 
tumor progression especially at the surgical site.

Until today, there have been considerable attempts to opti-
mize surgical treatment enabling improved imaging for follow-
up. In the last years, radiolucent anterior and posterior implants 
by carbon fiber–reinforced polyetheretherketone (CFR PEEK) 
entered the market allowing for superior radiotherapy planning 
and follow-up imaging. Regarding dorsal instrumentation, pre-
vious studies showed that CFR PEEK pedicle screws improved 
postoperative imaging quality and radiotherapy dose calcula-
tion accuracy while maintaining a risk profile and implant fail-
ure rates comparable to conventional metallic instrumentation 
[14, 19, 21]. Yet, analysis especially of anterior CFR PEEK 
implants in tumor surgery remains sparse.

The aim of this study was to examine the clinical and 
radiological outcome of patients with tumor manifestation 
of the thoracic and lumbar spine treated with vertebral body 
replacement using CFR PEEK implants.

Methods

Hypothesis

Our hypothesis is that the use of CFR PEEK cages for 
(VBR) is a feasible and safe surgical treatment, especially 
for patients requiring adjuvant cancer treatment.

Study protocol

Patients with tumor manifestation of the thoracolumbar 
spine treated with dorsoventral instrumentation including a 
CFR PEEK VBR were considered eligible for this study and 
retrospectively included. Subsequently, patients undergoing 
dorsal instrumentation only or VBR using a titanium-based 
cage were not included in this study. Perioperative complica-
tions requiring medical attention regarding further treatment 
and diagnostics were analyzed during the whole inpatient 
stay. Cage positioning was analyzed postoperatively as well 
as at follow-up examinations.

Surgical procedure

Indications for the operative procedure were discussed at 
our neurosurgical department meeting consisting of seven 
experienced neurosurgeons with spinal focus. Surgical 
experience regarding indication and operative procedures 
was persistent over recruitment time. Dorsal instrumenta-
tion was routinely performed with navigated CFR PEEK 
pedicle screw (Vader®, Icotec AG, Altstaetten, Switzer-
land) instrumentation two segments above and two seg-
ments below the diseased vertebrae. No hooks or wires 
were implanted. VBR surgery was performed mostly via 
an open lateral retroperitoneal or transthoracic approach 
depending on the level of surgery. In two patients with 
tumor manifestation of the upper thoracic spine, cage 
implantation was performed via dorsolateral approach 
and costotransversectomy. For lateral retroperitoneal or 
transthoracic approach, the patient was rotated in a 90° 
lateral position using a vacuum mat molded to the body. 
No access surgeon was required. In cases of navigated 
cage placement, a reference array was attached to the pel-
vis, three-dimensional (3D) imaging was performed intra-
operatively, and spinal navigation was applied throughout 
the surgery for skin incision planning, surgical prepara-
tion, and implant placement. An expendable CFR PEEK 
implant (Kong®, Icotec AG, Altstaetten, Switzerland) 
was placed under guidance of neuronavigation or X-ray 
in lateral and anterior–posterior orientation after the ver-
tebrae and adjacent vertebral discs were resected. The 
size of the body and endplates of the implant were deter-
mined on preoperative imaging and verified using intra-
operative test implants. Intraoperative cage expansion was 
performed until the cage showed proper positioning and 
retaining force. This procedure does not differ from the 
routine procedure in the case of the application of tita-
nium implants.

Radiographic analysis

Imaging preoperatively, intraoperatively, and at follow-
up examinations were reviewed for radiographic analysis. 
Regarding sagittal correction, the anterior and posterior 
height of the interspace between the lower endplate of 
the vertebrae above and the upper endplate of the verte-
brae below the diseased level were measured. The result-
ing angle between the upper endplate of the vertebrae 
above and upper endplate of the vertebrae below of the 
diseased level in a sagittal view was acquired in addi-
tion. Cage placement was evaluated in sagittal and ante-
rior–posterior direction. Measurements were performed 
on preoperative and postoperative CT scans as well as on 
CT scans at follow-up.
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Data analysis

Statistical analyses were performed using Prism (version 
8.4.1; GraphPad Software, La Jolla, CA, USA). Descriptive 
statistics including mean, median, minimum, maximum, and 
standard deviation were calculated for patient- and fracture-
related characteristics including radiographic measurements.

Results

Patient characteristics

A consecutive series of 25 patients (8 women, 17 men) aged 
65.8 ± 14.7 (27.6–91.2) years with 37 vertebrae of tumor 
manifestation requiring dorsoventral instrumentation of the 
thoracic and lumbar spine were analyzed. Median ASA-PS 
(American Society of Anaesthesiologists physical status) 
class was 3 (1–4). Symptoms at diagnosis were pain (88.0%), 
neurological deficits (32.0%) such as spinal ataxia (20.0%) 
or sensory-motor deficits (12.0%), and asymptomatic pro-
gressive spinal metastasis at follow-up examinations (4.0%) 
(Table 1). Two cases (8.0%) of primary spinal tumor (chon-
drosarcoma and aneurysmal bone cyst) as well as 23 cases 
(92.0%) of spinal metastases were treated (Table 1).

Surgical data

All patients underwent navigated posterior instrumentation 
prior to surgery, a PEEK-based pedicle screw-rod system 
was implanted in 22 cases, while titanium implants were 
used in one patient treated in another hospital and in two 
patients due to osteoblastic metastases. Overall, 26 expand-
able cages with an individually adjusted size of 44 ± 14 
(21–85) mm were implanted covering a median of 1 verte-
bra (1–4). Cage placement was performed using CT-based 
neuronavigation in 14 (56%) cases; in 11 cases (44%), con-
ventional X-ray was used. Duration of surgery was 136 ± 102 
(65–577) min with two cases undergoing dorsoventral instru-
mentation in one surgery (292 min, 577 min) and three cases 
of vertebrectomy. Blood loss was 800 ± 771 (100–4000) ml 
(Table 2). No intraoperative cage revision was necessary. 
Intraoperatively, one patient suffered a hemothorax leading 
to sudden cardiopulmonary decompensation during extubat-
ing requiring immediate surgical revision.

Clinical outcome

Regarding surgery-related complications, rebleeding was 
reported in 2 cases (8.0%) with two cases of hemothorax 

Table 1   Patient data and risk factors

Table  1 shows patient data for patients undergoing vertebral body 
replacement including the ASA-PS (American Society of Anaesthesi-
ologists physical status) class as well as the tumor entity

n (%)

Number of patients 25
Female gender 8 (32.0)
Age at surgery (y; mean ± SD; range) 65.8 ± 14.7 

(27.6–
91.2)

ASA-PS class
Median
  • Class 1
  • Class 2
  • Class 3
  • Class 4

3
0 (0.0)
7 (28.0)
16 (64.0)
2 (8.0)

Symptoms at diagnosis
  • Pain
  • Neurological deficits
    - Spinal ataxia
    - Sensory-motor deficits
  • Asymptomatic (follow-up)

22 (88.0)
8 (32.0)
5 (20.0)
3 (12.0)
1 (4.0)

Tumor
  • Prostate cancer
  • Lung cancer
  • Breast cancer
  • Myeloma
  • Adeno carcinoma
  • Renal cell carcinoma
  • Urothelial carcinoma
  • Chondrosarcoma
  • Primitive neuroectodermal tumor
  • Lymphoma
  • Malignant melanoma
  • Aneurysmal bone cyst

4 (16.0)
3 (12.0)
3 (12.0)
3 (12.0)
2 (8.0)
2 (8.0)
2 (8.0)
2 (8.0)
1 (4.0)
1 (4.0)
1 (4.0)
1 (4.0)

Table 2   Surgical data

This table outlines data regarding levels of instrumentation as well as 
intraoperative data

Number of cages implanted
  • Total vertebrectomy

26
4 (15.4%)

Blood loss (ml)
(Minimum–maximum)

800 ± 771
(100–4000)

Duration of surgery (min)
(Minimum–maximum)

136 ± 102
(65–577)

Intraoperative imaging
  • Computed tomography
  • X-ray

14 (56.0%)
11 (44.0%)

Number of vertebrae instrumented by vertebral body replacement
  • 1
  • 2
  • 3
  • 4

19 (73.1%)
5 (19.2%)
1 (3.8%)
1 (3.8%)
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(one intraoperatively, one postoperatively) and wound heal-
ing disorders due to atrophic tissue occurred in one case 
(4.0%). A postoperative intensive care treatment was neces-
sary in five cases (20.0%) (Supplementary Table 1).

Systemic infections occurred in six cases (24.0%). In 
detail, two cases of pneumonia and two cases of urinary tract 
infection were reported, as well as one patient suffering from 
a blood stream infection due to a catheter infection and one 
patient diagnosed with a bacterial superinfection of a metas-
tasis of the shoulder (Supplementary Table 1). Furthermore, 
medical conditions occurred in five cases (20.0%), including 
pleural effusion not related to the VBR surgery in four cases 
(16.0%) and thromboembolic lung artery embolism as well 
as spontaneous thrombocytopenia after VBR in one case 
(4.0%) each (Supplementary Table 1). Overall, 10 patients 
(40.0%) developed complications postoperatively.

Regarding adjuvant tumor-specific oncological treatment, 
all cases were discussed in our interdisciplinary neuroonco-
logical tumor board. Thirteen patients were treated with an 
adjuvant combined radiochemotherapy, while five patients 
obtained adjuvant chemotherapy and two patients obtained 

adjuvant radiotherapy. No further tumor-specific treatment 
was performed postoperatively due to poor general condition 
or will of the patient in two cases, as well as due to tumor 
entity in one case. Two patients advised adjuvant radiochem-
otherapy were lost to follow-up.

No case of mechanic failure of the implant was observed. 
Surgical revision of the VBR was performed in two cases 
(8.0%). One patient presented 21 days postoperatively due 
to new ataxia. Imaging showed a fracture of the adjacent 
tumorous vertebrae resulting in cage loosening as well as 
an epidural formation. Another patient showed progres-
sive back pain 6 months postoperatively. Imaging revealed 
progressive kyphosis and spinal canal stenosis due to cage 
subsidence (Fig. 1). Local tumor recurrence was observed 
in two cases 244 and 257 days after surgery.

Radiological outcome

Radiographic analysis on preoperative and postoperative 
imaging was performed. Radiographic evaluation of the 
cages intraoperatively was sufficient in all cases, showing 

Fig. 1   Perioperative imaging. This figure shows computed tomogra-
phy imaging postoperatively (A) and at follow-up (B) with cage sub-
sidence. Furthermore, magnetic resonance imaging (C = T2 in sagittal 
view and T2 in axial view) was acquired. Revision surgery including 
additional cement-augmented pedicle screw placement and cage revi-

sion (D) was indicated. Cage revision was performed under spinal 
navigation. Therefore intraoperative computed tomography imaging 
(E) was acquired, with an reference array attached to the pelvis (1) 
and registration matrix (2) installed to the surgical field during reg-
istration
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correct cage placement of all 26 cages. In the sagittal view, 
a correction of 6.3 ± 4.4 (0.2–17) degree was achieved com-
paring preoperative imaging and imaging after dorsoventral 
instrumentation (Fig. 2).

Data of radiographic follow-up was available in 17 
patients for a median follow-up of 295 (13–491) days. In the 
sagittal view, an adaption of the sagittal angle of 5.7 ± 3.9 
(0.3–13.9) degree was achieved comparing preoperative and 
postoperative imaging. In follow-up examination, an adap-
tion of 4.6 ± 4.0 (0.1–13.0) degree was measured, result-
ing in a change in correction of 3.3 ± 3.1 (0–10.5) degree 
between postoperative imaging and imaging at follow-
up (Fig. 2). Cage subsidence of 3.8 + 3.1 (1–8) mm was 
observed in six cases (35.3%) at follow-up imaging.

Discussion

Multiple aspects must be considered choosing a suitable 
implant for a vertebral body replacement implant of the 
thoracic or lumbar spine.

High biomechanical performance is warranted as the 
implant has to provide mechanical stabilization and bear 
loads exceeding body weight by more than 250% [20]. 
For anterior column spine implants, mechanical stress is 
generally experienced by compression forces. Stability is 
increased by using carbon fiber to enforce the construct of 
the CFR PEEK VBR. Sufficient stability postoperatively is 
essential to enable early postoperative mobilization, which 
reduces postoperative complications and facilitates further 
oncological treatment.

Regarding the surgical procedure, no implant-related 
complications occurred intraoperatively regarding the CFR 
PEEK implant. Cage placement can be performed in a 
comparable manner as titanium cages, which are routinely 
being used. The expandable cages used in this cohort are 
composed of an expandable body combined with two end-
plates and an additional extension body if necessary. This 
enables an individual cage size for every patient, covering 
a range of 21 to 85 mm in this study.

Titanium-based pins and markers integrated in the radio-
lucent implant offer precise localization of the cage on imag-
ing (Fig. 3). The positioning of the endplates can be clearly 
determined in 3D imaging as well as 2D X-ray which ena-
bles visualization of all crucial elements of the implant and 
clearly helps to exclude insufficient cage placement. Com-
parable issues as described for the assessment of CFR PEEK 
pedicle screw placement on intraoperative imaging were 
not found [7]. No case of intraoperative cage revision was 
required with intraoperative imaging being sufficient in all 
cases. Dorsoventral instrumentation resulted in a correction 
of 6.3 ± 4.4 (0.2–17) degree in the sagittal view. Regarding 
follow-up examinations, a change of 3.3 degree in the sagit-
tal angle on average was found. No case of mechanic implant 
failure occurred. Cage revision was performed in one case 
due to a new fracture of the adjacent tumorous vertebrae and 
in one case due to cage subsidence.

Patients undergoing surgery due to spinal tumor mani-
festation typically suffer from multiple comorbidities due to 
their advanced age. The corresponding mean ASA-PS was 
three in this study. This leads to increased rates of periopera-
tive complications as high as 40.0% in this cohort, including 
systemic infections, further medical conditions, and surgery-
related complications. Luksanapruksa et al. reported com-
plication rates ranging from 5.3 to 76.2% [12]. For an early 
and accurate detection of postoperative complications such 
as postoperative hematoma or infection, MRI of high quality 
is essential (Fig. 2).

Fig. 2   Change in the sagittal angle. This figure illustrates the change 
in the sagittal angle between preoperative imaging (preop), postop-
erative imaging (postop), and latest imaging at follow-up examination 
(FU). Therefore, the resulting angle between the upper endplate of the 
vertebrae above and upper endplate of the vertebrae below of the dis-
eased level in a sagittal view was acquired
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Adjuvant stereotactic radiotherapy is necessary to provide 
durable local control and was performed in 60% of patients 
in this study [1, 18]. This requires minimal to no interference 
with radiotherapy (RT) planning as well as RT delivery, espe-
cially in the case of newer modalities such as proton beams, 
where these issues have a major impact [17]. In RT plan-
ning, target segmentation on planning CT might be impaired 
due to implants. Image artifacts might reduce the quality of 
the scan, potentially obscure target and risk structures, and 
lead to inaccuracies regarding image fusion [6, 11]. Further-
more, CT artifacts surrounding metallic implants lead to inac-
curate estimation of Hounsfield Units and electron density, 
resulting in dose calculation errors [10, 11]. Regarding RT 
delivery, the high electron density of metallic implants leads 
to dose perturbation [11, 13]. This might result in compro-
mised tumor control of structures located distal to the implant 
and lead to overdosing of potential adjacent risk structures 
such as the spinal cord [11, 13]. CFR PEEK–based implants 
show reduced artifacts on CT imaging and help to minimize 
effects of dose perturbation in RT delivery [11, 13, 14]. This 
has been mainly investigated for CFR PEEK–based pedicle 
screws; however, technical considerations have been made 
regarding CFR PEEK–based implants in general [11, 14, 22]. 
Effects like CT artifacts and dose perturbation surrounding 
metallic implants are mostly related to the size and location of 
the implant; the benefits found in CFR PEEK–based pedicle 
screws and other implants can therefore also be transferred to 
CFR PEEK VBR implants [11, 14, 22].

Furthermore, MRI is the main imaging modality, used in 
the detection of tumor recurrence. Minimizing interference 
of the implant with MRI using CFR PEEK subsequently 
improves early detection of tumor recurrence (Fig. 1). Metal 
artifact reduction sequences (MARS) have been developed 
aiming to reduce metal-induced artifacts [9, 15]. However, 

MARS leads to increased scanning time and reduced image 
resolution and the availability is limited [8].

Conclusion

CFR PEEK implants of the thoracic and lumbar spine enable 
advantageous postoperative surveillance imaging and effec-
tive delivery of postoperative adjuvant radiotherapy. Our data 
confirms that CFR PEEK VBR represents a legitimate surgical 
strategy if dorsoventral instrumentation for construct stability is 
needed in patients suffering from spinal tumor manifestations.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00701-​023-​05502-z.

Funding  Open Access funding enabled and organized by Projekt DEAL.

Data availability  The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Ethical approval  The study was approved by the local ethics board 
(registration number: 22/22 S). We performed the study in accordance 
with the Declaration of Helsinki.

Consent to participate  Not applicable.

Conflict of interest  Dr. Meyer received honoraria, consulting fees, and re-
search grants from Medtronic, Icotec AG, and Relievant Medsystems Inc.; 
honoraria and research grants from Ulrich Medical; honoraria and consult-
ing fees from Spineart Deutschland GmbH and DePuy Synthes; and royal-
ties from Spineart Deutschland GmbH; and is a consultant for Medacta.
Dr. Krieg is a consultant for Ulrich Medical and received honoraria 
from Nexstim Plc, Spine-art Deutschland GmbH, Medtronic, and Carl 
Zeiss Meditec.

Fig. 3   Intraoperative imaging. 
This figure shows intraoperative 
three-dimensional imag-
ing. Titanium-based markers 
and pins (white circles) are 
integrated in the radiolucent 
implant for improved intraop-
erative visualization in X-ray 
imaging

902 Acta Neurochirurgica (2023) 165:897–904

https://doi.org/10.1007/s00701-023-05502-z


1 3

Drs. Krieg and Meyer received research grants and are consultants for 
Brainlab AG.
Jan S. Kirschke is Co-Founder of Bonescreen GmbH, received grants 
from Nvidia Corp and honoraria from Philips Healthcare.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Blakaj DM, Palmer JD, Dibs K, Olausson A, Bourekas EC, 
Boulter D, Ayan AS, Cochran E, Marras WS, Mageswaran P, 
Katzir M, Yildiz VO, Grecula J, Arnett A, Raval R, Scharschmidt 
T, Elder JB, Lonser R, Chakravarti A, Mendel E (2021) Postop-
erative stereotactic body radiotherapy for spinal metastasis and 
predictors of local control. Neurosurgery 88:1021–1027. https://​
doi.​org/​10.​1093/​neuros/​nyaa5​87

	 2.	 Bohinski RJ, Rhines LD (2003) Principles and techniques of en bloc ver-
tebrectomy for bone tumors of the thoracolumbar spine: an overview. 
Neurosurg Focus 15:E7. https://​doi.​org/​10.​3171/​foc.​2003.​15.5.7

	 3.	 Bohm P, Huber J (2002) The surgical treatment of bony metastases 
of the spine and limbs. J Bone Joint Surg Br 84:521–529. https://​
doi.​org/​10.​1302/​0301-​620x.​84b4.​12495

	 4.	 Choi D, Bilsky M, Fehlings M, Fisher C, Gokaslan Z (2017) Spine 
oncology-metastatic spine tumors. Neurosurgery 80:S131–S137. 
https://​doi.​org/​10.​1093/​neuros/​nyw084

	 5.	 Conti A, Acker G, Kluge A, Loebel F, Kreimeier A, Budach V, 
Vajkoczy P, Ghetti I, Germano AF, Senger C (2019) Decision 
making in patients with metastatic spine. The role of minimally 
invasive treatment modalities. Front Oncol 9:915. https://​doi.​org/​
10.​3389/​fonc.​2019.​00915

	 6.	 Giantsoudi D, De Man B, Verburg J, Trofimov A, Jin Y, Wang 
G, Gjesteby L, Paganetti H (2017) Metal artifacts in computed 
tomography for radiation therapy planning: dosimetric effects and 
impact of metal artifact reduction. Phys Med Biol 62:R49–R80. 
https://​doi.​org/​10.​1088/​1361-​6560/​aa5293

	 7.	 Hubertus V, Wessels L, Fruh A, Tkatschenko D, Nulis I, Bohner G, Prinz 
V, Onken J, Czabanka M, Vajkoczy P, Hecht N (2022) Navigation 
accuracy and assessability of carbon fiber-reinforced PEEK instrumen-
tation with multimodal intraoperative imaging in spinal oncology. Sci 
Rep 12:15816. https://​doi.​org/​10.​1038/​s41598-​022-​20222-7

	 8.	 Jungmann PM, Agten CA, Pfirrmann CW, Sutter R (2017) 
Advances in MRI around metal. J Magn Reson Imaging 46:972–
991. https://​doi.​org/​10.​1002/​jmri.​25708

	 9.	 Kaushik SS, Karr R, Runquist M, Marszalkowski C, Sharma 
A, Rand SD, Maiman D, Koch KM (2017) Quantifying metal-
induced susceptibility artifacts of the instrumented spine at 1.5T 
using fast-spin echo and 3D-multispectral MRI. J Magn Reson 
Imaging 45:51–58. https://​doi.​org/​10.​1002/​jmri.​25321

	10.	 Kovacs DG, Rechner LA, Appelt AL, Berthelsen AK, Costa 
JC, Friborg J, Persson GF, Bangsgaard JP, Specht L, Aznar MC 

(2018) Metal artefact reduction for accurate tumour delineation 
in radiotherapy. Radiother Oncol 126:479–486. https://​doi.​org/​10.​
1016/j.​radonc.​2017.​09.​029

	11.	 Kumar N, Lopez KG, Alathur Ramakrishnan S, Hallinan J, Fuh 
JYH, Pandita N, Madhu S, Kumar A, Benneker LM, Vellayappan 
BA (2021) Evolution of materials for implants in metastatic spine 
disease till date - have we found an ideal material? Radiother 
Oncol 163:93–104. https://​doi.​org/​10.​1016/j.​radonc.​2021.​08.​007

	12.	 Luksanapruksa P, Buchowski JM, Zebala LP, Kepler CK, Singha-
tanadgige W, Bumpass DB (2017) Perioperative complications of 
spinal metastases surgery. Clin Spine Surg 30:4–13. https://​doi.​
org/​10.​1097/​BSD.​00000​00000​000484

	13.	 Mastella E, Molinelli S, Magro G, Mirandola A, Russo S, Vai A, 
Mairani A, Choi K, Fiore MR, Fossati P, Cuzzocrea F, Gasbarrini 
A, Benazzo F, Boriani S, Valvo F, Orecchia R, Ciocca M (2017) 
Dosimetric characterization of carbon fiber stabilization devices 
for post-operative particle therapy. Phys Med 44:18–25. https://​
doi.​org/​10.​1016/j.​ejmp.​2017.​11.​008

	14.	 Muller BS, Ryang YM, Oechsner M, Dusberg M, Meyer B, 
Combs SE, Wilkens JJ (2020) The dosimetric impact of stabiliz-
ing spinal implants in radiotherapy treatment planning with pro-
tons and photons: standard titanium alloy vs. radiolucent carbon-
fiber-reinforced PEEK systems. J Appl Clin Med Phys 21:6–14. 
https://​doi.​org/​10.​1002/​acm2.​12905

	15.	 Olsen RV, Munk PL, Lee MJ, Janzen DL, MacKay AL, Xiang QS, 
Masri B (2000) Metal artifact reduction sequence: early clinical 
applications. Radiographics 20:699–712. https://​doi.​org/​10.​1148/​
radio​graph​ics.​20.3.​g00ma​10699

	16.	 Perrin RG, Laxton AW (2004) Metastatic spine disease: epide-
miology, pathophysiology, and evaluation of patients. Neurosurg 
Clin N Am 15:365–373. https://​doi.​org/​10.​1016/j.​nec.​2004.​04.​018

	17.	 Poel R, Belosi F, Albertini F, Walser M, Gisep A, Lomax AJ, 
Weber DC (2020) Assessing the advantages of CFR-PEEK over 
titanium spinal stabilization implants in proton therapy-a phantom 
study. Phys Med Biol 65:245031. https://​doi.​org/​10.​1088/​1361-​
6560/​ab8ba0

	18.	 Redmond KJ, Lo SS, Soltys SG, Yamada Y, Barani IJ, Brown PD, 
Chang EL, Gerszten PC, Chao ST, Amdur RJ, De Salles AA, Guck-
enberger M, Teh BS, Sheehan J, Kersh CR, Fehlings MG, Sohn MJ, 
Chang UK, Ryu S, Gibbs IC, Sahgal A (2017) Consensus guide-
lines for postoperative stereotactic body radiation therapy for spinal 
metastases: results of an international survey. J Neurosurg Spine 
26:299–306. https://​doi.​org/​10.​3171/​2016.8.​SPINE​16121

	19.	 Ringel F, Ryang YM, Kirschke JS, Muller BS, Wilkens JJ, Brod-
ard J, Combs SE, Meyer B (2017) Radiolucent carbon fiber-rein-
forced pedicle screws for treatment of spinal tumors: advantages 
for radiation planning and follow-up imaging. World Neurosurg 
105:294–301. https://​doi.​org/​10.​1016/j.​wneu.​2017.​04.​091

	20.	 Rohlmann A, Dreischarf M, Zander T, Graichen F, Bergmann G 
(2014) Loads on a vertebral body replacement during locomotion 
measured in vivo. Gait Posture 39:750–755. https://​doi.​org/​10.​
1016/j.​gaitp​ost.​2013.​10.​010

	21.	 Wagner A, Haag E, Joerger AK, Gempt J, Krieg SM, Wostrack 
M, Meyer B (2021) Cement-augmented carbon fiber-reinforced 
pedicle screw instrumentation for spinal metastases: safety and 
efficacy. World Neurosurg 154:e536–e546. https://​doi.​org/​10.​
1016/j.​wneu.​2021.​07.​092

	22.	 Xin-ye N, Xiao-bin T, Chang-ran G, Da C (2012) The prospect 
of carbon fiber implants in radiotherapy. J Appl Clin Med Phys 
13:3821. https://​doi.​org/​10.​1120/​jacmp.​v13i4.​3821

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

903Acta Neurochirurgica (2023) 165:897–904

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/neuros/nyaa587
https://doi.org/10.1093/neuros/nyaa587
https://doi.org/10.3171/foc.2003.15.5.7
https://doi.org/10.1302/0301-620x.84b4.12495
https://doi.org/10.1302/0301-620x.84b4.12495
https://doi.org/10.1093/neuros/nyw084
https://doi.org/10.3389/fonc.2019.00915
https://doi.org/10.3389/fonc.2019.00915
https://doi.org/10.1088/1361-6560/aa5293
https://doi.org/10.1038/s41598-022-20222-7
https://doi.org/10.1002/jmri.25708
https://doi.org/10.1002/jmri.25321
https://doi.org/10.1016/j.radonc.2017.09.029
https://doi.org/10.1016/j.radonc.2017.09.029
https://doi.org/10.1016/j.radonc.2021.08.007
https://doi.org/10.1097/BSD.0000000000000484
https://doi.org/10.1097/BSD.0000000000000484
https://doi.org/10.1016/j.ejmp.2017.11.008
https://doi.org/10.1016/j.ejmp.2017.11.008
https://doi.org/10.1002/acm2.12905
https://doi.org/10.1148/radiographics.20.3.g00ma10699
https://doi.org/10.1148/radiographics.20.3.g00ma10699
https://doi.org/10.1016/j.nec.2004.04.018
https://doi.org/10.1088/1361-6560/ab8ba0
https://doi.org/10.1088/1361-6560/ab8ba0
https://doi.org/10.3171/2016.8.SPINE16121
https://doi.org/10.1016/j.wneu.2017.04.091
https://doi.org/10.1016/j.gaitpost.2013.10.010
https://doi.org/10.1016/j.gaitpost.2013.10.010
https://doi.org/10.1016/j.wneu.2021.07.092
https://doi.org/10.1016/j.wneu.2021.07.092
https://doi.org/10.1120/jacmp.v13i4.3821


1 3

Authors and Affiliations

Maximilian Schwendner1,2 · Sebastian Ille1,2 · Jan S. Kirschke2,3 · Denise Bernhardt4,5,6 · Stephanie E. Combs4,5,6 · 
Bernhard Meyer1 · Sandro M. Krieg1,2 

	 Maximilian Schwendner 
	 Maximilian.Schwendner@tum.de

	 Sebastian Ille 
	 Sebastian.Ille@tum.de

	 Jan S. Kirschke 
	 Jan.Kirschke@tum.de

	 Denise Bernhardt 
	 Denise.Bernhardt@tum.de

	 Stephanie E. Combs 
	 Stephanie.Combs@tum.de

	 Bernhard Meyer 
	 Bernhard.Meyer@tum.de

1	 Department of Neurosurgery, School of Medicine, 
Klinikum Rechts Der Isar, Technische Universität München, 
Ismaninger Str. 22, 81675 Munich, Germany

2	 TUM Neuroimaging Center, School of Medicine, Klinikum 
Rechts Der Isar, Technische Universität München, 
Ismaninger Str. 22, 81675 Munich, Germany

3	 Department of Diagnostic and Interventional Neuroradiology, 
School of Medicine, Klinikum Rechts Der Isar, Technische 
Universität München, Ismaninger Str. 22, 81675 Munich, 
Germany

4	 Department of Radiation Oncology, School of Medicine, 
Klinikum Rechts Der Isar, Technische Universität München, 
Ismaninger Str. 22, 81675 Munich, Germany

5	 Deutsches Konsortium Für Translationale Krebsforschung 
(DKTK), Partner Site Munich, Munich, Germany

6	 Department of Radiation Sciences (DRS), Institute 
of Radiation Medicine (IRM), Ingolstädter Landstraße 1, 
Neuherberg, Germany

904 Acta Neurochirurgica (2023) 165:897–904

http://orcid.org/0000-0003-4050-1531

	Clinical evaluation of vertebral body replacement of carbon fiber–reinforced polyetheretherketone in patients with tumor manifestation of the thoracic and lumbar spine
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Hypothesis
	Study protocol
	Surgical procedure
	Radiographic analysis
	Data analysis

	Results
	Patient characteristics
	Surgical data
	Clinical outcome
	Radiological outcome

	Discussion
	Conclusion
	References


