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Abstract
Purpose Prevention of implant subsidence in osteoporotic (thoraco)lumbar spines is still a major challenge in spinal surgery. 
In this study, a new biomechanical in vitro test method was developed to simulate patient activities in order to determine the 
subsidence risk of vertebral body replacements during physiologic loading conditions.
Methods The study included 12 (thoraco)lumbar (T11-L1, L2-L4) human specimens. After dorsal stabilisation and cor-
pectomy, vertebral body replacements (VBR) with (a) round centrally located and (b) lateral end pieces with apophyseal 
support were implanted, equally distributed regarding segment, sex, mean BMD ((a) 64.2 mgCaHA/cm3, (b) 66.7 mgCaHA/
cm3) and age ((a) 78 years, (b) 73.5 years). The specimens were then subjected to everyday activities (climbing stairs, tying 
shoes, lifting 20 kg) simulated by a custom-made dynamic loading simulator combining corresponding axial loads with flex-
ion–extension and lateral bending movements. They were applied in oscillating waves at 0.5 Hz and raised every 100 cycles 
phase-shifted to each other by 50 N or 0.25°, respectively. The range of motion (ROM) of the specimens was determined in 
all three motion planes under pure moments of 3.75 Nm prior to and after implantation as well as subsequently following 
activities. Simultaneously, subsidence depth was quantified from fluoroscope films. A mixed model (significance level: 0.05) 
was established to relate subsidence risk to implant geometries and patients’ activities.
Results With this new test method, simulating everyday activities provoked clinically relevant subsidence schemes. Gen-
erally, severe everyday activities caused deeper subsidence which resulted in increased ROM. Subsidence of lateral end 
pieces was remarkably less pronounced which was accompanied by a smaller ROM in flexion–extension and higher motion 
possibilities in axial rotation (p = 0.05).
Conclusion In this study, a new biomechanical test method was developed that simulates physiologic activities to examine 
implant subsidence. It appears that the highest risk of subsidence occurs most when lifting heavy weights, and into the 
ventral part of the caudal vertebra. The results indicate that lateral end pieces may better prevent from implant subsidence 
because of the additional cortical support. Generally, patients that are treated with a VBR should avoid activities that create 
high loading on the spine.
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Introduction

Due to the increase in the prevalence of osteoporosis [1] and 
the resulting increase in the number of osteoporotic vertebral 
body fractures, the treatment for these fractures is becoming 
more important. In addition to conservative therapy, there 
are less invasive surgical options for cement augmentation, 
such as vertebroplasty, kyphoplasty and the application of 
intravertebral force carriers. In case of type A fractures 
(classified according to Magerl et al. [2]), additive dorsal 
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instrumentation or a combination of dorsal instrumentation 
and vertebral body replacement may be required to restore 
stability [3, 4]. The poor bone quality of osteoporotic ver-
tebral bodies poses a particular challenge in these surgical 
procedures. Through further development towards pedicle 
screws with central cannulation, initial cement augmentation 
of the screws significantly increased the pull-out force bio-
mechanically and increases the stability between the ventral 
implant and the vertebral bodies occupied with cement-aug-
mented screws compared to noncement-augmented screw 
restorations [5, 6]. However, mere augmentation of the pedi-
cle screws does not appear to sufficiently prevent sintering of 
vertebral replacement implants into the adjacent end plates 
[3]. Thus, design changes of the vertebral body implants 
were carried out in order to increase the apophyseal support 
of the implants on the vertebral endplates.

The present study should now investigate from a biome-
chanical point of view, whether implants with additional 
apophyseal support are able to reduce the sintering of ver-
tebral replacement implants during daily life.

In most studies, such vertebral body implants were tested 
dynamically by applying pure axial loads. Only few stud-
ies also represented flexion movements within the dynamic 
test protocol [7, 8]. For the additional simulation of pure 
and combined flexion–extension and lateral bending, Ket-
tler and Wilke et al. developed a new test protocol where the 
axial load ranging from 100 to 600 N was applied eccentri-
cally at a lever arm of 30 mm on the specimen mounted on 
a rotating base platform [9, 10]. However, none of these 
dynamic loading protocols refers to physiologic loading con-
ditions that occur in vivo during daily life. Therefore, the 
aim of this study was to develop a new, more physiologic 
test method which simulates typical daily-life motions of 
patients being treated with vertebral body implants. With 
this new test method, typical clinical sintering schemes 
should be replicated and related to patients’ activities. This 
should further allow for evidence-based recommendations 

for post-operative therapy and rehabilitation of patients with 
vertebral body replacements.

Methods

Specimens

Twelve fresh frozen human thoracolumbar spinal segments 
(T11-L1, L2-L4) were obtained from ten different donors 
(median age 78 years (36–83 years), median bone mineral 
density (BMD) (64.2 mgCaHA/cm3 (0.0–103.6 mgCaHA/
cm3) 6f:4 m). Quantitative computed tomography (QCT, 
Siemens Somatom Definition AS + , Siemens Healthineers 
Erlangen, Germany) was performed to measure the trabecu-
lar BMD. Computed tomography (CT, Siemens Somatom 
Definition AS + , Siemens Healthineers Erlangen, Germany) 
scans were taken to identify possible fractures, tumours 
and other disorders that might influence the biomechani-
cal properties. All remaining spines have been included and 
prepared for testing. All soft tissue was removed preserv-
ing all bony structures, the intervertebral discs, ligaments 
and facet capsules. Screws were inserted into the cranial 
endplate of the upper and the caudal endplate of the lower 
vertebrae before embedding in polymethylmethacrylate 
(PMMA, Technovit 3040, Heraeus Kulzer, Wehrheim, Ger-
many). Flanges were mounted on the PMMA embedment 
for proper mounting into the testing machines. The speci-
mens were then stratified into two groups by median age ((a) 
78 years (36–83 years), (b) 73.5 years (36– 87 years)) and 
median BMD ((a) 64.2 mgCaHA/cm3 (49.3–92.2 mgCaHA/
cm3), (b) 66.7 mgCaHA/cm3 (0.0–103.6 mgCaHA/cm3)), 
as well as segment level (3:3) and sex (3:3) (Fig. 1). Until 
testing, specimens were stored in triple sealed polyethylene 
bags at − 20 °C. Prior to testing, the specimens have been 
carefully thawed overnight at + 4 °C.

Fig. 1  Distribution of BMD 
and age of the specimens in 
the two groups: implantation 
of vertebral body replacements 
with round, centrally located 
endplates, BMD 64.2 mgCaHA/
cm3 (49.3—92.2), age 78 yrs 
(36—83) (blue) or lateral 
endplates with apophyseal 
support, BMD 66.7 mgCaHA/
cm3 (0.0—103.6), age 73.5 yrs 
(36—87) (yellow)
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Test protocol

Range of motion (ROM) and neutral zone (NZ) were meas-
ured during a quasistatic flexibility test in a universal spine 
tester [11] (Fig. 2) at three phases of the experiment: first 
in the intact state, then postoperatively and finally after 
dynamic loading simulating different physiologic activities. 
Pure moments of ± 3.75 Nm were applied in flexion–exten-
sion, lateral bending and axial rotation. ROM and NZ were 
assessed by simultaneous optical motion tracking with the 
Vicon MX13 system (Vicon Motion Systems Ltd., Oxford, 
UK). While performing the flexibility tests, fluoroscope 
films (Fig. 2) were taken to assess subsidence depth of the 
implants inside the adjacent vertebrae. The subsidence depth 
was measured in flexion, extension, left and right lateral 
bending, for the implant subsidence into the anterior and 
posterior part of the caudal and cranial adjacent vertebrae.

After assessing the intact biomechanical properties of 
the specimens, a partial corpectomy and implantation of 
the vertebral body replacement were performed. A poste-
rior rod-screw stabilisation system was implanted into the 
cranial and caudal vertebra of the specimen with cement 
augmentation of the pedicle screws with 2 ml cement per 
screw. Subsequently, approximately two-thirds of the mid-
vertebra (T12 or L3, respectively) and the adjacent discs 
were removed keeping the last third of the posterior corti-
cal wall intact. The expandable vertebral body replacement 
was implanted and distracted until the original height of 
the mid vertebral body and discs was reached. According 
to the group affiliation of the specimens (Fig. 1), the verte-
bral body implants for each specimen were either equipped 
with (1) round, centrally located endplates or (2) so-called 
lateral endplates that have a rectangular shape and thus 
additional apophyseal support. Generally, for the replace-
ment of the thoracic vertebrae (T12), round endplates with 

the diameter of 29 mm and lateral endplates with a width 
of 45 mm were used. For the replacement of the lumbar 
vertebrae (L3), a diameter of 32 mm and width of 55 mm 
were used, respectively. The angulation of the endplates 
was chosen individually according to the lordosis of each 
specimen.

For the simulation of the different physiologic activi-
ties, a new test method was developed using the dynamic 
spine loading machine [12] in order to combine motion 
and axial loading that acts on the spine during those 
activities.

To determine the axial load that usually acts on a healthy 
spine during daily-life activities, in vivo intradiscal pres-
sure measurements from Wilke et al. were used and con-
verted into axial loading with conversion factors proposed 
by Brinckmann and Grootenboer (Fig. 3, [14]). These con-
version factors depend on the anatomical differences of 
the transverse cross section of the individual intervertebral 
disc of the patient and therefore varied between 1.3 and 1.8 
[14]. For the simulation of climbing stairs and tying shoes, 
the minimum calculated loads were used. The worst-case 
scenario of lifting heavy weights (e.g. a box of 20 kg) was 
simulated by applying the maximum load. In each protocol, 
the load increased in steps of 100 N each 100 cycles from the 
maximum load of the latter tested activity to the maximum 
load of the following tested activity, starting with 500 N for 
a relaxed standing patient (Figs. 3, 4). Superimposed on the 
axial load was rotation in flexion–extension and left–right 
lateral bending, which was applied at phase-shifted sine 
and cosine waves, thus producing a complex coupled three-
dimensional movement. The rotational motion increased in 
steps of 0.25° each 100 cycles until a maximum value of 
1°, phase-shifted to the load increase. The load and motion 
cycles were applied at a frequency of 0.5 Hz.

Fig. 2  Universal spine tester [11] where the flexibility test was per-
formed to measure ROM by applying pure moments of ± 3.75 Nm in 
flexion–extension, lateral bending and axial rotation

Fig. 3  Calculated axial loads in N for the simulation of the physio-
logical activities (relaxed standing, climbing stairs, tying shoes and 
lifting heavy weights), based on intradiscal pressure data acquired by 
Wilke et al. [13] and converted with factors proposed by Brinckmann 
and Grootenboer, 1991 [14]
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Statistical analysis

Statistical analysis was performed with SPSS (IBM® 
SPSS® Statistics Version 24; IBM Corp., Armonk, NY) for 
the ROM and NZ measurements, as well as subsidence depth 
of the tested segments in every testing condition. Normal 
distribution could not be proven by Shapiro–Wilk test with 
a p value of 0.05. Therefore, median and ranges are provided 
for all data and nonparametric tests for distribution-free data 
were performed. Significant differences and dependencies 
from BMD, age and segment were assessed using a linear 
mixed model with a significance level set to α = 0.05.

Results

A new test method for the simulation of everyday activi-
ties such as climbing stairs, tying shoes and lifting heavy 
weights (up to 20 kg) could be developed and validated. 
In the dynamic loading protocol of this test method, axial 
loads that were calculated from in vivo intradiscal pressure 
measurements were applied to the fused specimens. Addi-
tionally, combined motions of up to ± 1° in flexion–exten-
sion and lateral bending were created in order to provoke 
circumferential subsidence effects. This test method was 
successfully used to provoke typical subsidence schemes 
that are reported clinically (Fig. 5). Macroscopically, signs 
of subsidence could be seen in both groups with the differ-
ent endplate geometries. Implants with round endplates sub-
sided remarkably deeper into the adjacent vertebra than their 
lateral endplate implant counterparts, which primarily began 

Fig. 4  Dynamic spine loading simulator and sinusoidal loading 
scheme used for the simulation of the physiological activities, exem-
plarily shown for tying shoes starting with axial loading of the previ-
ous activity only (750 N for climbing stairs) and rising the rotation 
angle and the axial load phase-shifted to each other until the maxi-
mum values are reached (1150 N axial load for tying shoes and ± 1° 
rotation)

Fig. 5  Exemplary subsidence 
behaviour of round and lateral 
endplates in the lateral view
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subsiding when simulating lifting heavy weights. This dif-
ference presumably derives from the additional apophyseal 
support gained by the geometry of the endplate. The subsid-
ence depth only showed noticeable tendencies for implant 
subsidence in flexion and only into the caudal adjacent verte-
bra (Fig. 6). The initial subsidence depth was evaluated after 
implantation. The implants with round endplates have been 
implanted into the segments with proper posterior fixation of 
0.0 mm subsidence into the vertebrae, whereas the anterior 
part was implanted slightly loose without any contact to the 
vertebral endplate (1.5 mm). In the segments with lateral 
endplate geometry, the anterior part was slightly loose, as 
well (0.7 mm) and the posterior part proper fitted (0.0 mm). 
Subsidence increased further with more severe loading con-
ditions during the physiological activities. The simulation of 
lifting heavy weights finally led to a subsidence of − 4.2 mm 
in the anterior part of the caudal vertebra and − 3.8 mm into 
the posterior part for the round endplates, compared to the 
initial position of the implant. Interestingly, the lateral end-
plates subsided − 0.7 mm and − 1.8 mm, into the anterior 
and posterior part of the caudal vertebra, respectively. An 
increased subsidence predominantly into the caudal vertebra 
was first observed when simulating stair climbing of speci-
men installed with round endplates, where this effect was not 
seen in the lateral endplate group. Subsidence progressed 
into the posterior aspect of the caudal vertebra, generating a 
more pronounced imprint after simulating tying shoes.

Vertebral body replacement implantation was successful 
in all specimens achieving primary stability with only ± 1° 
remaining ROM in all motion planes in both implant shape 
groups (Fig.  7). The simulation of daily-life activities 
reversed initial stabilisation, resulting in decreased fusion 
and increased ROM. The increase was more pronounced 

with more severe loading conditions of the different activi-
ties. The simulation of climbing stairs led to a steady 
increase of ROM in all motion planes for both endplate 
geometries to median values from ± 1.3° to ± 1.9°. After 
simulating tying shoes, flexion–extension and lateral bend-
ing ROM increased in both groups, again, with median 
values ranging from ± 3.3° to ± 4.3°. In axial rotation, the 
stepwise increase in ROM across simulations was smaller 
for both groups with a larger observed for the lateral end-
plates (2.3° for left axial rotation and − 2.4° for right axial 
rotation), versus ± 1.9° in the round endplates.

Axial rotation, ROM further increased after simulating 
heavy weightlifting, where left axial rotation increased to 
3.1° versus 1.7° (p = 0.108) for the lateral endplates and 
round endplates, respectively. Right axial rotation ROM 
increased to − 3.3° versus − 1.7° (p = 0.05).

In general, no differences of the results of the ROM nor 
subsidence depth showed statistically dependence on BMD, 
instrumented level or age of the specimens.

Discussion

In the present study, a new in vitro test method was devel-
oped that permits dynamic simulation of distinct physiologic 
loading scenarios of patients’ daily life. In comparison with 
previous dynamic test methods, this new test method rep-
licates typical activities that a patient could perform after 
fusion and vertebral body replacement. Previous studies usu-
ally examined fused segments or vertebral body implants by 
applying either pure axial loads [15, 16] or applying axial 
loads in the anterior part of the specimen [7, 8]. In the latter 
case also, flexion movements were simulated dynamically. 

Fig. 6  Subsidence depth in mm 
into the a posterior and b ante-
rior part of the caudal adjacent 
vertebra of round and lateral 
endplates after implantation and 
after the simulation of climbing 
stairs, tying shoes and lifting 
heavy weights, assessed with 
fluoroscope films taken while 
the flexibility test in flexion–
extension
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However, this did not completely represent the complex-
ity of spinal loading scenarios that occur during daily-life 
activities. With the new dynamic test method, such activi-
ties could be simulated directly. Influences that result from 
combined flexion–extension and lateral bending could 
be examined as well. Motion in axial rotation was not be 
applied in this study due to the very small ROM compared 
to the ROM in other motion directions in the (thoraco)lum-
bar spine [17–19]. Furthermore, the loads that were applied 
could be directly related to the simulated activities. How-
ever, these activities are only symbolic and may vary greatly 
under realistic conditions. The activities that were replicated 
in this study addressed the clinical issue of implant subsid-
ence after treatments with vertebral body replacements. For 

other studies, relevant postures and activities should be care-
fully selected according to the clinical setting. Additionally, 
in vivo data about forces that act on a spine during motion 
cannot be easily achieved. The forces highly depend on the 
anatomy as well as the individual spine [14]. This was taken 
into account by applying certain ranges of the axial load that 
was calculated from in vivo intradiscal pressure values [13] 
using different conversion factors [14].

Because of our ageing society, osteoporosis and hence 
the treatment for osteoporotic spinal fractures are highly 
clinically relevant. With the new test method, it was pos-
sible to provoke clinical subsidence patterns of vertebral 
endplates into osteoporotic spinal segments and further, to 
predict the risk of implant subsidence depending on different 

Fig. 7  Range of motion (ROM) 
and neutral zone (NZ) of round 
and lateral endplates in a 
flexion–extension, b left/right 
lateral bending and c in left/
right axial rotation in the intact 
state, after implantation and 
after the simulation of climbing 
stairs, tying shoes and lifting 
heavy weights, assessed with 
the universal spine tester apply-
ing pure moments of ± 3.75 Nm, 
respectively. *p-value ≤ 0.05
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physiological activities. Based on the results gained with this 
study, an optimisation of the treatment for each individual 
patient could be reached by careful selection of the vertebral 
body replacement regarding geometry, size and angulation 
as well as proper implantation. In this context, the subsid-
ence risk of different endplate geometries of the implants has 
been investigated. It seemed that the risk of implant subsid-
ence is lower, the higher the apophyseal support. During 
this study, severe complications like very deep subsidence 
or implant dislocation [20–24] that are reported in clinics 
and would require reoperation could not be observed in the 
segments treated with the lateral endplates, but with round 
endplates. With increased loads while simulating physiologi-
cal activities, rather a proper fixation than subsidence could 
be seen between in the lateral implant towards the vertebral 
endplate. Particularly when taking into account the high ini-
tial instability of the lateral endplate group, these segments 
were sufficiently stabilised by the implantation, as well. 
The instability that resurfaced during the simulation of the 
daily-life activities seemed to happen predominantly when 
performing activities with high movements in flexion such 
as tying shoes or lifting heavy weights. On the contrary, in 
the round endplate group, instability because of subsidence 
began to resurface already when climbing stairs. Interest-
ingly, the severe implant subsidence of the round endplate 
group further resulted in a blocking in axial rotation. Less 
implant subsidence like what could be observed in vertebral 
body replacements with lateral endplates still allowed a cer-
tain range of motion in axial rotation.

Regarding the development of the new test method, limi-
tations result from the conversion of the intradiscal pressure 
into the axial loads. The divisor for calculating the axial 
loads acting on the segments was not adjusted for every 
segment. Brinckmann and Grootenboer proposed different 
conversion factors for individual segments [14] but the con-
version depends on the cross section of each individual disc. 
In this study, 12 individual segments from ten donors were 
used which generated a high anatomical variability. This was 
one reason why the whole range of conversion factors were 
covered by setting up a standardised loading protocol with 
increasing loads. Additionally, that the true axial forces that 
act on an intact segment are not the same as the axial forces 
that act on the implant. Because of the smaller cross section 
of the implant, the actual axial force acting on the implant 
may be higher.

Limitations raised from the heterogeneous sample that 
has been tested. However, the specimens were divided into 
the two groups, stratified equally by important biomechani-
cal characteristics including BMD, age, segment and sex. 
Furthermore, the group with the wider range of BMD values 
and the worst specimen (trabecular BMD of 0 mgCaHA/
cm3) was set to be treated with the lateral endplate. This 
endplate geometry was hypothesised to have the better 

surgical outcome because of the additional apophyseal sup-
port. Besides this, the implantation was performed and the 
instrumentation was then visually checked by the same and 
experienced spine surgeon in order to minimise deviations in 
implant positioning. Furthermore, the instrumentation of the 
specimens was performed blindly until the point of insertion 
of the vertebral body replacement in order to minimise a bias 
during the implantation procedure.

Another limitation lies in possible screw loosening within 
the osteoporotic bone which may have been provoked by the 
aggressive test method producing deeper subsidence. How-
ever, screw loosening is a known complication in osteoporo-
tic patients [25, 26] and therefore should not depend on the 
vertebral replacement geometry.

Conclusion

In this study, a new physiological test method was developed 
and used to provoke relevant subsidence patterns of vertebral 
body replacements that are reported in the clinical setting. 
In this context, it seems that vertebral body implants with 
lateral endplates provide superior apophyseal support com-
pared to round, centrally located endplates. Furthermore, 
this study shows that avoiding extreme flexion and heavy 
weight lifting should be avoided during post-operative physi-
cal therapy in order to maintain implant fixation.
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