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Abstract

Purpose To determine the postoperative temporal course

of the forces acting on a vertebral body replacement (VBR)

for two well reproducible activities.

Methods A telemeterised VBR was implanted in five

patients. It allows the measurement of six load compo-

nents. Implant loads were measured in up to 28 measuring

sessions for different activities, including standing and

walking.

Results The postoperative temporal course of the resul-

tant implant forces measured during standing and walking

was similar in each patient, but the patterns varied strongly

from patient to patient. In one patient, the forces decreased

in the first year and then increased in the following 4 years.

In another patient, the forces increased in the first few

months and then decreased. In a third patient, the forces

varied only slightly in the postoperative time. In two

patients, there was a strong drop of the implant force in the

first two postoperative months. The force was on average

approximately 100 N or 71 % higher for walking than for

standing.

Conclusions The strong force reduction in the first

2 months is most likely caused by implant subsidence, and

the force reduction over a period of more than 6 months is

most likely caused by fusion of the vertebrae adjacent to

the VBR. The short-term force increase could be attributed

to bone atrophy at the index level, and the long-term force

increase could be attributed to an increase in the thoracic

spine kyphosis angle.

Keywords Vertebral body replacement � Load

measurement � Implant loading � Telemetry �
Temporal course � Fusion

Introduction

Severe compression fractures of a vertebral body are

often stabilised posteriorly with internal spinal fixation

devices and anteriorly with a vertebral body replacement

(VBR). Autologous bone material is usually added to

enhance the fusion process between the adjacent verte-

brae. The temporal course of the spinal loads acting on a

VBR during the initial fusion phase and the subsequent

post fusion phase is completely unknown. With increas-

ing postoperative time, it is assumed that the added bone

material stiffens and thus takes over a larger part of the

spinal loads [1]. However, no reliable data exist regard-

ing the real long-term temporal course of forces on the

VBR. Such data are important for the following

purposes:

• designing and testing fusion implants,

• a better understanding of the fusion and remodelling

processes,

• the validation of in silico fusion simulation,

• the understanding of the load sharing within the

instrumented spine, and

• advising patients regarding the activity level necessary

to reduce the risk for implant subsidence, especially in

elderly patients with osteoporosis.
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Only a few in vivo load measurements exist. Intradiscal

pressure measurements have been collected by several

groups [2–4] to gain essential information of the internal

spinal loads for selected body positions and activities.

These measurements provide valuable information on

healthy subjects. However, they cannot be used to under-

stand basic clinical questions concerning the fusion of

vertebral bodies. Furthermore, they are not able to assess

the huge variability of the spinal loading, which differs

from measuring session to session in realistic daily activ-

ities because of the great number of factors involved. These

factors include the relative positions of the upper body

segments (including the head) and the relaxation state of

the muscles. Elfstrom and Nachemson [5] measured the

axial forces in inductively powered, telemeterised Har-

rington distraction rods in 11 patients with scoliosis for a

2-week period. They found that the axial force decreased

rapidly within the first 3 days and reached a steady state

after 11 days. This force decrease is most likely caused by

relaxation of some tissues and has nothing to do with

fusion.

Instrumented spinal implants allow the in vivo load

measurement in many sessions and can, therefore, be used

for a differentiated analysis of the factors that influence

spinal loading. Although the transfer of the results to

healthy persons has to be handled with care, its conformity

with short-term measurements in healthy subjects has been

shown several times [6, 7]. In addition to basic science,

in vivo measurements from implants are a unique way to

obtain clinically relevant information within a patient

during the fusion process.

The loads on a telemeterised bisegmental internal spinal

fixation device were monitored up to 21 months in ten

patients by Rohlmann et al. [8]. They found an increase in

fixator loads shortly after anterior interbody fusion with

one or two autologous iliac-crest bone grafts but without an

anterior implant. In most patients, the loads retained the

same high level even after fusion had taken place. From the

spinal fixator loading curves, the time of fusion could not

be pinpointed.

The loads on a VBR have been measured by Rohlmann

et al. [9–11] for several activities such as sitting, standing,

physiotherapy, whole-body vibration, and lifting up and

laying down a weight. The long-term load changes on a

VBR, however, have not been studied.

The aim of this study was to determine the loads on a

VBR in the postoperative temporal course for standing and

walking. We hypothesised that the force on the VBR

remains constant in the first few postoperative months,

gradually decreases over a period between 6 and

12 months, and then remains constant afterwards.

Materials and methods

Telemeterised implant and patients

A clinically established VBR (Synex, Synthes, Bettlach,

Switzerland) was modified. Six strain gauges, a telemetry

unit, and a coil for the inductive power supply were inte-

grated in a hermetically closed cylinder (Fig. 1). Screwed-

on endplates of various heights allowed intraoperative

adapting of the implant height to the defect dimensions.

The instrumented VBR allows the measurement of all force

and moment components. Prior to implantation, the

implants were extensively calibrated. Compressive and

shear forces were applied on the implant at 21 points

causing defined combinations of forces and moments of up

to 3,000 N and 20 Nm. The measurement accuracy was

better than 2 % for forces and 5 % for moments relative to

the calibration ranges. The sensitivity of the measuring

implant is smaller than 1 N for the force components and

smaller than 0.01 Nm for the moments. The implant has

been described in detail elsewhere [12].

Instrumented VBRs were implanted in five patients

(WP1–WP5) who had A3 type compression fractures

(classification after Magerl et al. [13]) of a vertebral body.

In four patients, the L1 vertebral body was fractured, and in

one patient (WP5) the L3 vertebral body was fractured.

Detailed information about the patients is provided in

Table 1. In a first surgery, the fracture was stabilised from

the posterior using an internal spinal fixation device. In a

second surgery, parts of the fractured vertebral body and

the adjacent intervertebral discs were removed, and the

VBR was inserted in the corpectomy defect. To enhance

Antenna

Strain gauge

PEEK cap

Power coil

Telemetry

Seal plate

Adapter plateFeedthrough

Fig. 1 Sectioned image of the instrumented vertebral body replace-

ment (from Rohlmann et al. [10])
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the interbody fusion process, autologous bone material was

added.

For the measurements, a coil was placed around the

patient’s trunk at the level of the implant to supply power.

An antenna on the patient’s back received the signals from

the telemetry and transmitted them to a notebook. The

patients were videotaped during the measurements, and the

load-dependent telemetry signals were stored on the same

videotape. The load components on the VBR were calcu-

lated from the telemetric signals, and the force and moment

curves were displayed simultaneously on a notebook

monitor. The telemetry and the external equipment have

been described in detail elsewhere [14].

The Ethics Committee of our hospital approved

implantation of the instrumented implant in the patients

(Reference Number 213-01/225-20). Before surgery, the

procedure was explained to the patients, and they gave

their written, informed consent to the implantation of the

telemeterised VBR, taking load measurements, and publi-

cation of their images.

Exercises

Initial measurements started 3–7 days after surgery and

were repeated 15–28 times in follow-up sessions taking

place for up to 65 months. In 97 measuring sessions, the

loads for approximately 1,000 different activity and

parameter combinations were measured. During most of

the sessions, the patient stood relaxed and walked at a self-

chosen speed (Table 1). Compared to other exercises such

as bending the upper body in different directions, twisting

the upper body, and sitting on different seating furniture,

the exercises chosen for the current study are well repro-

ducible. Therefore, standing relaxed and walking were the

two exercises evaluated in this study.

Evaluation

For the described exercises, the measured moments and the

shear forces were mostly small. Thus, mainly the resultant

forces (geometrical sum of the three force components) on

the implant are reported here.

During each measuring session, the patients stood

relaxed an average of nine times for several seconds. For

each of these nine trials, the median resultant force was

recorded. From the medians of these nine measurements,

the median value for that day was determined. The data

from the first postoperative days, when the patients still had

wound pain and could not stand without support, were not

considered in this study. Overall, approximately 730 trials

were used to determine the temporal course of the force of

standing. The average force for the following time periods

was calculated for each patient: 1–2, 3–6, 7–12, 13–24,

25–36, and more than 36 months. These values were then

compared with the value from the first time period. In

addition, the average values for all patients were

determined.

For walking, the maximum force of approximately five

typical steps was determined for several trials of a mea-

suring session, and their median and range are presented.

For better interpretation of the temporal course of the

implant loads, X-rays and CTs (taken routinely) were

evaluated by an independent spine surgeon (P.S.). Fur-

thermore, the shape of the spine was estimated using ras-

terstereography (Formetric, Germany).

Results

For relaxed standing, the resultant forces on the implant

were not constant during the investigated time period but

Table 1 Data on patients, surgical procedures, and number of measurements

Parameter Patient

WP1 WP2 WP3 WP4 WP5

Sex (M/F) M M F M M

Age at the time of surgery (years) 62 71 69 63 66

Height (cm) 168 169 168 170 180

Body mass (kg) 66 74 64 60 63

Fractured vertebra L1 L1 L1 L1 L3

Level of internal fixation device T12–L2 T12–L2 T11–L3 T11–L3 L2–L4

Implantation date (month/year) 09/2006 11/2006 03/2007 01/2008 07/2008

Total no. of load measuring sessions 28 18 20 16 15

No. of measuring sessions with standing 22 15 17 14 14

No. of measuring sessions with walking 17 12 12 10 9

No. of evaluated trials for standing 199 127 156 127 122

No. of evaluated trials for walking 156 114 120 98 84
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varied within a patient on average by 180 N (range

77–261 N). The loading direction remained almost con-

stant and in a nearly axial direction. The average resultant

shear forces between the implant endplate and the vertebra

varied by only 48 N (32–63 N). The measured bending

moment in a patient varied on average by 0.9 Nm (0.4–1.0

Nm) and the torsional moment varied by 0.7 Nm (0.3–1.7

Nm) throughout the postoperative time.

Figure 2 shows the postoperative temporal courses of

the resultant forces on the VBR for relaxed standing. The

curves for the five patients differ strongly and display

completely different characteristics. In patient WP1, the

force decreased during the first 12 months from approxi-

mately 225–100 N and then increased to approximately

330 N at five postoperative years. In patient WP2, the

implant force increased in the first 10 postoperative months

from 300 N to approximately 370 N. Afterwards, the force

decreased to approximately 200 N at 21 months. Patient

WP3 showed a force decrease from approximately

170–70 N in the first 3 months. At 11 months, a force of

210 N was measured. However, this value decreased

within 6 months to approximately 80 N and was then

nearly constant for the measurements taken in the follow-

ing 3 years. In patient WP4, the average force was nearly

unchanged for all measurements. Over 49 months, it varied

only between 180 and 235 N without a clear trend. In

patient WP5, the median of the measured force dropped

within the first 6 weeks from 250 N to approximately

100 N and was then constant for nearly 2 years. In the last

20 months, there was a gradual increase in the median by

approximately 50 N.

The average resultant force of the five patients decreased

for the different time periods studied relative to the value

measured in the first 2 months (Fig. 3). On average, it was

12 % lower at three to six postoperative months, 4 % lower

at 6–12 postoperative months, 17 % lower in the second

year, 22 % lower in the third year, and 11 % lower

thereafter. However, there was a great inter-individual

variation.

For walking, the forces changed postoperatively in a

similar way as those for relaxed standing in all five patients

(Fig. 4). Their magnitudes, however, were higher than

Fig. 2 Temporal course of the average and range of resultant force

on the VBR during relaxed standing for the five patients (WP1–WP5)

Fig. 3 Changes of the resultant force for different time periods

relative to the time period 1–2 months. The data for the five patients

WP1–WP5 and their average values are shown

Fig. 4 Temporal course of the average and range of the maximum

resultant force for walking for the five patients WP1–WP5

Fig. 5 Increase in the resultant force for walking relative to standing.

The medians and the ranges are given for the five patients WP1–WP5

and for an average patient
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when standing. The differences in the forces between these

two activities were less than 100 N for each patient in the

temporal course, except for the first two measuring sessions

of patient WP2. This suggests that there is just an offset

between the curves for walking and standing. Relative to

standing, the resultant force was on the average approxi-

mately 100 N or 71 % higher for walking (Fig. 5). How-

ever, there is also a large variation in these forces between

the patients.

Discussion

The loads on VBR during standing and walking have been

monitored postoperatively for up to 65 months. The post-

operative force pattern varied considerably between

patients and showed no consistent trend. Thus, our

hypothesis that the VBR force will generally be constant in

the first few postoperative months and then decrease

gradually over a period of 6–12 months could not be

confirmed. Relative to standing, the force magnitudes for

walking had a nearly constant offset, which demonstrate

the consistency of our findings for two of the most

important activities of daily life.

Effect of global and local factors on the forces

At the level of the VBR, the spinal load is shared by the

VBR, the spinal fixation device, the remaining bony

structures, and the added bone material. The VBR force is

affected by local factors (fusion, pedicle screw loosening,

implant subsidence, and bone atrophy) as well as global

factors (body weight and change in the upper body centre

of mass).

Fusion of the vertebral bodies adjacent to the VBR is a

local factor that reduces the loads on the implant. Bony

fusion usually requires several months. In a finite element

simulation, the compressive force on the VBR decreased

by approximately 140 N when the stiffness of the fused

bone increased [15]. Loosening of a pedicle screw also

reduces the force transferred by the dorsal implant, and

thus, it usually leads to an increase in the VBR force.

However, if the VBR is prestressed by the fixators, screw

loosening reduces the VBR forces. Subsidence of the VBR

reduces the implant loads. This usually happens within a

short period of time. Atrophy of the non-removed bone

during surgery increases VBR forces.

Increased body weight is a global factor that will lead to

a force increase on the implant while losing weight will

decrease the force [2]. The body weight of each patient

varied by no more than 10 % within the measuring period.

Thus, this variation can only partly explain the large force

changes that occur in the postoperative time. An increase in

the kyphosis angle of the thoracic spine leads to an anterior

shift of the centre of mass [16]. Therefore, higher back-

muscle forces are required to stabilise the upper body.

Higher muscle forces also increase the force on the bridged

joints and consequently the force on the VBR as well. One

has to keep in mind that the patients were between 62 and

71 years old at the time of surgery.

So then in theory, it can be concluded that VBR forces

increase by an increase in body weight, by an anterior shift

in the body’s centre of mass, by pedicle screw loosening,

and by atrophy of the bone remaining at the implant level.

The VBR forces are decreased by VBR subsidence, bony

fusion, reduced body weight, and pedicle screw loosening

(if the VBR is prestressed).

In addition to the afore-mentioned systematic effects on

the VBR load, there are some parameters that randomly

affect the implant loads during a measurement. The per-

formance of the exercise may vary, e.g. the relative posi-

tion of arms and head is not always perfectly the same. The

inclination of the upper body may also vary slightly. Fur-

thermore, the muscle tonus may differ depending on how

relaxed the person is during the measurement [11].

The measured load pattern alone surely cannot explain

what actually happened in a patient. Therefore, routinely

taken X-rays and CTs were used in addition to load mea-

surements to better interpret and consider the loading on

the implant. Furthermore, the body weight was checked

several times, and the back shape was measured using a

rasterstereographic method.

Discussion of the curves for the different patients

Patient WP1

The force decrease by approximately 120 N for standing

within the first 12 months can be explained by fusion of the

adjacent vertebrae. This could be confirmed radiologically.

The subsequent force increase is most likely caused by an

increase in the kyphosis angle. This was confirmed by

rasterstereographic measurements. The kyphosis angle

increased by 12� between the 30th and 63rd month.

Patient WP2

The force increase within the first few months could be due

to bone atrophy of the bone that was not removed during

surgery and degeneration of the remaining disc material

adjacent to the index level. The force decrease by

approximately 150 N between the 10 and 19th months

suggests that fusion occurred in this period and that the

added bone material took over a larger part of the spinal

load. No routine X-ray was available for this time period.

The patient died 22 months after surgery because of heart
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failure that was unrelated to the spinal fracture and the load

measurements.

Patient WP3

The force decrease within the first 2 months can be

explained by a slight implant subsidence, and the sub-

sequent small force increase can be explained by pedicle

screw loosening. The loose screws in combination with

pain led to new dorsal instrumentation. Loosening of the

screws was confirmed during the surgery. The high force at

11 months is caused by this posterior reinstrumentation.

The gradual force decrease by approximately 130 N

thereafter until the 17th postoperative month is most likely

caused by bony fusion. This was confirmed radiologically.

Patient WP4

The implant loads did not change significantly. An X-ray

taken after more than five postoperative years revealed that

bony fusion had occurred, but the exact time point could

not be pinpointed from the force pattern.

Patient WP5

The rapid force decrease within the first 2 months can only

be explained by implant subsidence. The gradual force

increase after two postoperative years suggests an anterior

displacement in the upper body’s centre of mass due to an

increase in the kyphosis angle. Unfortunately that patient

was not available for a second rasterstereographic mea-

surement. Fusion was confirmed radiologically at the

eighth postoperative month.

General discussion

Until now, it was generally assumed that the implant forces

decrease within the first postoperative year due to fusion of

the adjacent vertebra and then remain nearly constant. The

different loading patterns for the five patients show that this

is often not the case. The maximum implant load also does

not necessarily occur within the first postoperative weeks

but may sometimes occur several years later. This has to be

taken into account for many situations, e.g. when designing

spinal implants.

Surprisingly, throughout the whole postoperative period,

walking caused a nearly constant force offset relative to

standing. We had expected a nearly constant force ratio for

these exercises. Walking has only a minor effect on the

in vivo measured loads in the spinal fixators because the

axial stiffness of both the VBR and the bone at that level is

much higher than the bending stiffness of the spinal fix-

ators [17–19]. Thus, the load increase during this exercise

is mainly shared between the VBR and the surrounding

bone.

The rapid force decrease found in patients WP3 and

WP5 can only be explained by VBR subsidence. However,

subsidence could not be detected on standard X-rays. A

small amount is obviously sufficient to strongly reduce the

force on the VBR. The bone around the VBR must take

over most of the load increase because due to the small

amount of subsidence, only a minor part can be shared by

the posterior implant, which has a low bending stiffness

[17]. This implies that for the patients in this study, the

implant subsidence was not accompanied by macroscopic

bone damage.

The magnitude of the VBR loads varied strongly from

patient to patient. Previous measurements with instru-

mented internal spinal fixation devices also revealed a

large variation in the load magnitude [8]. Sato et al. [3]

measured the intradiscal pressure in eight healthy volun-

teers aged 22–29 years. The pressure in the non-degen-

erated disc, L4–L5, varied between 215 and 754 kPa for

upright standing. A much smaller range is usually

expected in such a homogeneous group. The spinal loads

obviously depend on several parameters, which are all

difficult to control.

Load measurements using telemeterised implants have

the great advantage that they allow repeated measurements

over a long period of time. In patient WP1, for example,

the load while standing was measured 199 times in 22

sessions (Table 1). Other methods, such as the intradiscal

pressure measurement, usually permit only one session of

measurements. Thus, they just deliver singular results. As

our measurements have shown, loads may vary strongly

not only within a session but also with time. This is in

agreement with a previous study on internal spinal fixation

devices [8].

The current study has the limitation that the measure-

ments with this unique technique could be performed only

in a small cohort of five patients that were older than

60 years at the time of surgery.

In summary, the temporal course of the resultant VBR

force varies strongly from patient to patient. On average,

the force decreases slightly over the postoperative time

compared to the first 2 months. For walking, there is

nearly a constant force offset relative to standing. How

the loads are distributed among the two implants, the

added bone material, and the non-removed bone depends

on several local factors. The desired course of implant

load with a continuous decrease within the first postop-

erative year is clearly not often achieved due to the

complexity of the mechanical and biological factors

involved. This has to be taken into account when

designing spinal fusion implants and also during fusion

surgery.
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