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Abstract

Purpose Accelerated degenerative changes at interverte-
bral levels adjacent to a spinal fusion, the so-called adja-
cent segment degeneration (ASD), have been reported in
many clinical studies. Even though the pathogenesis of
ASD is still widely unknown, biomechanical in vitro
approaches have often been used to investigate the impact
of spinal instrumentation on the adjacent segments. The
goal of this review is (1) to summarize the results of these
studies with respect to the applied protocol and loads and
(2) to discuss if the assumptions made for the different
protocols match the patients’ postoperative situation.
Methods A systematic MEDLINE search was performed
using the keywords “adjacent”, “in vitro” and “spine” in
combination. This revealed a total of 247 articles of which
33 met the inclusion criteria. In addition, a mechanical
model was developed to evaluate the effects of the current
in vitro biomechanical test protocols on the changes in the
adjacent segments resulting from different stiffnesses of
the “treated” segment.
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Results The surgical treatments reported in biome-
chanical in vitro studies investigating ASD can be cat-
egorized into fusion procedures, total disc replacement
(TDR), and dynamic implants. Three different test pro-
tocols (i.e. flexibility, stiffness, hybrid) with different
loading scenarios (e.g. pure moment or eccentric load)
are used in current biomechanical in vitro studies
investigating ASD. According to the findings with the
mechanical model, we found that the results for fusion
procedures highly depend on the test protocol and
method of load application, whereas for TDR and
dynamic implants, most studies did not find significant
changes in the adjacent segments, independent of which
test protocol was used.

Conclusions The three test protocols mainly differ in the
assumption on the postoperative motion behavior of the
patients, which is the main reason for the conflicting
findings. However, the protocols have never been vali-
dated using in vivo kinematic data. In a parallel review on
in vivo kinematics by Malakoutian et al., it was found that
the assumption that the patients move exactly the same
after fusion implemented with the stiffness- and hybrid
protocol does not match the patients’ behavior. They
showed that the motion of the whole lumbar spine rather
tends to decrease in most studies, which could be pre-
dicted by the flexibility protocol. However, when the
flexibility protocol is used with the “gold standard” pure
moment, the difference in the kinematic changes between
the cranial and caudal adjacent segment cannot be
reproduced, putting the validity of current in vitro pro-
tocols into question.

Keywords In vitro experiments - Kinematics -
Range of motion - Adjacent segment degeneration -
Biomechanics
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Introduction

Accelerated degenerative changes at intervertebral levels
adjacent to a spinal fusion, the so-called adjacent segment
degeneration (ASD), have been reported in clinical studies
with a steadily increasing rate [1, 2]. Radiographic changes
in the lumbosacral spine at segments cranial and caudal to
a previous fusion span a broad range from 11 to 100 %,
whereas clinical complaints appeared in only 0-28 % [1].

Controversy exists about the actual rate of ASD and the
assumption of a fusion-related disease [1-3]. Although
several risk factors have been identified, the pathogenesis
of ASD is still widely unknown. However, it is often
anticipated that the development of ASD is related to an
adaptive hypermobility in segments adjacent to an instru-
mented fusion.

To scrutinize this hypothesis, in vivo motion of the
patients’ spine has been primarily evaluated using static
radiography and videofluoroscopy. For fusion procedures,
it was shown in a parallel review article by Malakoutian
et al. that the cranial adjacent segment can be susceptible to
the development of hypermobility in some cases, whereas
at the inferior segment, either no changes were found or the
motion decreased in the sagittal plane [4]. For total disc
replacement (TDR) and other flexible implants, compen-
satory alterations in adjacent segments were seen rarely,
apparently corroborating the protective potential of these
devices.

To investigate implant-related biomechanical changes in
the adjacent segments, in vitro studies have primarily
focused on motion parameters such as range of motion
(ROM) and neutral zone (NZ). Additionally, the load
sharing between the anterior and posterior column of the
spine, characterized by absolute facet loads as well as
intradiscal pressure (IDP) and lamina strains, has been
investigated after varying surgical treatments. However,
conflicting results were found for the different parameters.

In vivo animal studies offer the opportunity to perform
arthrodeses in spines unaffected from a pre-existing
degeneration, thereby allowing one to discriminate
between changes due to fusion or naturally progressing
degeneration. Canine studies revealed that the susceptibil-
ity of neighboring intervertebral discs to adverse cellular
and metabolic stimuli strongly depends on the genetics of
the respective breed [5, 6]. In a rabbit model, changes in
the structure of the anulus fibrosus at adjacent segments
were noted already 3 months after surgical immobilization
[8], whilst in a goat model, no signs of degeneration were
found after 6 months [7]. These conflicting results high-
light the limited transferability of these data to human, due
to deviations in anatomy [9], biology [10] and loading
condition [11] in animal models.

The goal of this review is to discuss the limitations of the
current in vitro biomechanical test protocols developed for
investigation of the adjacent segment degeneration due to
spinal instrumentation. To support the reader with a basic
knowledge of the theoretical background, an overview of
experimental designs is given. The characteristics of differ-
ent experimental protocols are demonstrated by means of a
mechanical model. Thereafter, literature of in vitro biome-
chanical studies on adjacent segment effects is summarized.
The studies are critically analyzed with respect to the
experimental set-ups, applied loads, and underlying biome-
chanical principles. Finally, the validity of the assumptions
made for the different protocols is discussed.

Materials and methods

A MEDLINE search was performed using the keywords
“adjacent”, “in vitro”, and “spine” in combination. This
revealed a total of 247 articles. The terms were chosen
generically to avoid restriction of the search screen. Each
article was screened by title, abstract or, if necessary, full
text. Only original articles statistically comparing in vitro
effects of varying surgical treatments on neighboring levels
in human lumbar spinal specimens were included. Values
needed to be provided as absolute data, i.e. not normalized
to the motion of the whole specimen. Furthermore, a sta-
tistical comparison to the intact condition was required.
Twenty-five articles fulfilled these criteria. A review of the
references revealed eight additional studies, leading to a
total of 33 studies.

Basic concepts

The term “adjacent level effects” (ALE) defines all effects
of a surgical treatment on adjacent intervertebral segments,
immediately neighboring or more distant to the treatment
site (modified from Panjabi 2007 [12]). The observed
effects involve changes in kinematics and/or alterations in
load transfer in the discs and the facet joints.

Testing protocols

To reveal ALEs in vitro, diverse test protocols have been
used that differ mainly in the way the movement of a spec-
imen is introduced or controlled. To objectively evaluate the
literature, a basic knowledge of the different methods is
crucial. Hence, the three approaches adopted for quasistatic
testing are presented in the following paragraphs:

1. Flexibility protocol
2. Stiffness protocol
3. Hybrid protocol
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With the flexibility protocol, a predefined load is applied
to the free end of spinal specimens, while the other end is
rigidly fixed [13]. The resulting displacements are recor-
ded. The load applied to the intact specimen is maintained
in all subsequent testing conditions.

With the stiffness protocol, a predefined displacement is
applied to the free end of the specimen, while the other end
is rigidly fixed [13]. The resulting loads (i.e. forces and
moments) and intervertebral motions are measured. The
displacement in the primary motion direction is maintained
in all testing conditions.

The hybrid protocol represents a combination of the
flexibility and stiffness protocols and was exclusively
designed to investigate ALEs in vitro. Published in 2007 by
Panjabi [12], the hybrid protocol gained widespread pop-
ularity. As reference, the total ROM of the intact specimen
is measured under application of appropriate pure
moments. Subsequently, the specimen is surgically treated
and the construct is moved under moment control until the
ROM of the intact specimen is reached. Intervertebral
specimen kinematics and/or loads may be compared as
outcome variables.

Fig. 1 The illustration shows

the distribution of bending

moment along the specimen,

dependent on the manner of

load application. In the two

lines, the effect of the two n
principal conceptions of

primary load application (pure

moment and eccentric force) on

the resulting bending moment is

demonstrated. These loads are

applied to move the spine. In the Pure

columns, the effect of an moment

additional preload or ideal

follower load on the bending

moment is demonstrated. The —~
first line represents the pure load

cases. These compressive

secondary loads are considered

to achieve a more physiologic

loading condition of the

specimen. The cable of the l
follower load is rigidly fixed at

the uppermost vertebra and

ideally passes through the center

of rotation (COR) of each

vertebra (concept adapted from Eccentric

Panjabi, 1988 [13]) force
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Loading conditions

Secondary to the test protocol, the choice of appropriate
loads or displacements plays an essential role for the extent
of ALEs, as well as the reproducibility of data. The primary
loads or displacements are used to move the specimen,
whereas additional compressive loads (axial preload or
follower load [14]) that are intended to simulate physio-
logic compression may modify this motion.

Today, the application of pure moments is accepted as
the ‘gold standard’ [13, 15]. When pure moments are
applied, the loading along the length of the specimen is
always of constant magnitude (i.e. the moment applied to
the segment of interest is known) (Fig. 1). This ensures
high reproducibility and comparability of data.

Bending of a specimen can also be induced by an
eccentric compressive force. The resulting moment can be
calculated by multiplying the lever arm (i.e. distance of the
compressive force to the center of rotation (COR) of each
intervertebral segment) by the compressive force. As long
as the specimen is straight, the lever arm at each cross
section is of the same length, evoking the same moment at

+ +
Axial Follower
preload load

bending
movent f§\ N

(ideally)




Eur Spine J (2015) 24:1882-1892

1885

each spinal segment. Flexing or tilting the specimen
changes the lever arm at each segment, resulting in altered,
variable moments. Furthermore, it is known that the COR
migrates when the specimen is moving [16]. In this case,
the determination of the resulting loading along the length
of the specimen becomes even more complex (Fig. 1).

Infrequently, a shear force perpendicular to the cranial
vertebra was used to move the specimen [17, 18]. Due to
the uncommonness of this approach in recent years, it is
not taken into further consideration.

An additional axial preload can be used to simulate
physiologic compression of the specimen. As long as the
axial preload passes through the COR of each vertebral level,
no additional bending moment is produced. However, this
criterion can only be fulfilled when the specimen is straight.
For this reason, longer specimens with natural kyphosis or
lordosis start to bend or buckle at relatively low axial pre-
loads, thereby complicating this testing approach [19, 20].

The so-called “follower load”, suggested by Patwardhan
etal. [14], is used to achieve a more physiologic compression
of the specimen compared to a simple axial preload. In
contrast to an axial preload, the path of the follower load is
ideally guided through the COR of each motion segment,
leading to a pure compression in each segment without

Hinge joint

Linear
compression
springs

a

Fig. 2 a CAD-model (Pro/ENGINEER Wildfire 4.0, PTC, Needham,
USA) of the mechanical model for evaluation of the three flexibility-,
stiffness-, and hybrid-testing protocols. Solid bodies are connected by
hinge joints. The stiffness in each segment can be adjusted by varying
the number of linear compression springs or by rigidly screwing a
plate to the front and back. In the “treated” segment, the stiffness was
changed by varying the number of springs to mimic intact (two

Superior
adjacent segments

<+— Treated segment

adjacent segments

undesired superimposed load components (Fig. 1). This
method increases the load-carrying capacity of the specimen.

Influence of the testing protocols on the kinematics
of adjacent segments—a mechanical model

To demonstrate the general characteristics of the basic qua-
sistatic testing protocols discussed in this review article in a
simplified manner, a mechanical model with five linkages of
the same stiffness at each segment was developed (Fig. 2). To
keep the model easily comprehensible, it only accounts for
motion in one principal plane and does not mimic the three-
dimensional and coupled motion of the spine. Four defined
stiffnesses of the “treated” level were simulated by varying
the number of linear compression springs at each side of the
segment (i.e. one for hypermobile, two for intact, or three for
hypomobile). This ensured a symmetric behavior of the
model. Fusion was achieved by screwing two rigid plates to
the front and back of the “treated” segment. The main
advantage of the model is that defined stiffness properties can
be simulated without influencing the stiffness of the adjacent
segments, enabling one to compare different loading protocols
in a standardized manner. The model was consecutively
subjected to the flexibility, stiffness, and hybrid protocols

Inferior

springs at each side), hypermobile (one spring at each side),
hypomobile (3 springs at each side), and fused conditions (rigidly
screwed). In the picture, the hypomobile condition is shown.
b Detailed view of the model. The springs in light green show how
the stiffness of the treated segment was adjusted to simulate the
different conditions. In this case, the hypomobile case is shown.
¢ Model in maximal deflection in the universal spine tester [50]
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Fig. 3 ROM results for the three flexibility-, stiffness-, and hybrid-
testing protocols. A pure moment of +7.5 Nm was used for the
flexibility protocol, as well as for the intact condition of the hybrid
protocol. For the stiffness protocol, a total ROM of 55° was targeted.
Green bars represent the intact condition; all red bars represent the

under the application of pure moments. Three retroreflective
markers were mounted on each “vertebral body” of the
model. Motion was captured using 6 infrared cameras (Vicon
MX13, Vicon, Oxford, UK) with a resolution of
1280 x 1024 pixel. The resulting intersegmental and total
ROM was evaluated for each test protocol.

Results

In the following section, the results of the mechanical spine
model are presented first because they form an important
basis to understand the results of the published in vitro
studies. Subsequently, the findings of the literature review are
shown and compared to the findings of the mechanical model.

Influence of the testing protocols on the kinematics
of adjacent segments—a mechanical model

Using the flexibility protocol, the mechanical model clearly
demonstrated that the stiffness of the “treated” segment
does not have an effect on the ROM of the adjacent seg-
ments (Fig. 3). The total ROM hence was reduced by the
amount of motion restriction of the “treated” segment.
With the stiffness protocol, the total ROM did not
change, which is in accordance with the definition of this
protocol. Therefore, the increase or decrease in ROM at the
“treated” level was equally redistributed among the four

@ Springer
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results when the stiffness of the treated segments was altered. The
ROM of all four adjacent segments (immediately neighboring and one
segment more distant) was almost identical and is therefore expressed
as median value. The error bars represent the maximal and minimal
values

adjacent levels (Fig. 3). The required applied moment
therefore had to decrease or increase proportionally.

For the hybrid protocol, the segmental motions were, as
expected, again equally distributed the same way as for the
stiffness protocol (Fig. 3). The only difference is that for
the stiffness protocol the target ROM was arbitrarily
defined, whereas for the hybrid protocol, it is determined
by the individual total ROM of the intact specimen.

Review of in vitro papers

The surgical treatments reported in biomechanical in vitro
studies investigating ALEs can be categorized into fusion
procedures (Table 1), TDR (Table 2), and dynamic
implants (Table 3).

The parameters most frequently investigated were ROM
and IDP, whereas parameters like neutral and elastic zone
(NZ and EZ), center of rotation (COR), strains in bony
structures, loading and motion pattern of the facet joints, as
well as applied load (in case of the hybrid and stiffness
protocol) were analyzed rarely.

Fusion procedures

When the flexibility protocol was used with pure moments,
most studies did not find a consistent significant impact of
the fusion procedure on the adjacent segments, independent
of which fusion technique was used [21-27]. This is in
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Table 1 Short summary of the gross ALEs found in biomechanical articles after spinal fusion (for more detailed depiction see electronic

supplementary)
Test protocol  Primary load Secondary load  Parameter ALEs
Decrease  Unchanged Increase No tendency
Flexibility Pure moment - ROM 5 [21-24, 26, 27] 1 [47] 1 [46]
EZ 1[22]
NZ 2 [22, 23] 2 [27, 46]
IDP 1 [25]
w/axial preload ROM 1 [28]
w/follower load ROM 1 [48]
Eccentric force - ROM 1 [30] 1 [29]
IDP 1 [30]
Lamina strain 1 [30]
w/axial preload  —
w/follower load -
Stiffness Pure moment - -
w/axial preload —
w/follower load -
Eccentric force - ROM 1 [32]
IDP 1 [33] 2 [31, 32]
w/axial preload —
w/follower load -
Hybrid Pure moment - ROM 7 [34-38, 50, 511 1 [39]
IDP 1 [39]
Applied moment 1 [37]
w/follower load ROM 1 [34] 3 [34, 35, 38]

The table summarizes the effects of different fusion procedures on the adjacent segments. The effects for one parameter of one single study are
summarized to represent tendencies. When no clear tendency was found, the studies were assigned to the category “No tendency”. In the first
column, the three different protocols are discriminated. The flexibility- and stiffness protocol can be used with different loads, whereas the hybrid
protocol is defined to be solely used with pure moments, eventually supplemented by a “follower load”. For this reason, the hybrid protocol is
only shown with these two options. Primary loads move the specimen, whereas secondary loads may modify this motion. The category
“Parameter” includes all effects in the adjacent levels, which were investigated for the respective protocol and load combination. Raws with no
parameter show that no study included in this review used this combination

ALEs adjacent level effects, ROM range of motion, EZ elastic zone, NZ neutral zone, IDP intradiscal pressure

accordance with the results of our mechanical model
(Fig. 3).

In one study included in this article, the pure moment
was combined with an axial preload. Similarly to most
studies applying pure moments, Cheng et al. [28] did not
find significant changes in ROM at the first cranial adjacent
segment after single-level posterior fusion with and with-
out BAK cage.

When the flexibility protocol was used in combination
with an eccentric force, the results were less homogeneous
than with pure moments. Akamaru et al. [29] investigated
the effect of implant alignment in a 360° construct. For the
hypolordotic and neutral alignment, a significant increase
in ROM at the cranial level was found, whereas the first
caudal segment did not show significant alterations. An
opposite trend with an unchanged ROM at the cranial
segment and a significant increase at the caudal level was

seen for the hyperlordotic instrumentation. Contrarily,
Umehara et al. [30] did not find significant changes in
ROM and IDP caused by a neutral or hypolordotic
instrumentation, while the lamina strain was significantly
increased.

All studies using the stiffness protocol included in this
review applied an eccentric force to move the specimen. In
the majority of studies investigating IDP or ROM, either an
increase or unchanged results were found [31-33].

With the hybrid protocol using long specimens, Panjabi
et al. [34-36] predominantly found significant increases
and in few cases no changes in ROM in several adjacent
segments above and below a posterior fusion. Using short
specimens, Molz et al. [37] and Strube et al. [38] showed
that the applied load had to be increased significantly to
reproduce the ROM of the intact specimen after posterior
fixation.
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Table 2 Short summary of the gross ALEs found in biomechanical articles after TDR (for more detailed depiction see electronic supplementary)

Test protocol Primary load Secondary load Parameter ALEs
Decrease Unchanged Increase No tendency
Flexibility Pure moment - -
w/axial preload -
w/follower load -
Eccentric force - -
w/axial preload -
w/follower load -
Stiffness Pure moment - -
w/axial preload -
w/follower load -
Eccentric force - -
w/axial preload -
w/follower load -
Hybrid Pure moment - ROM 3 [34, 35, 39] 1 [40]
IDP 1 [39] 1 [40]
COR 1 [40]
w/follower load ROM 2 [34, 35]

The table summarizes the effects of TDR on the adjacent segments. The effects for one parameter of one single study are summarized to
represent tendencies. When no clear tendency was found, the studies were assigned to the category “No tendency”. In the first column, the three
different protocols are discriminated. The flexibility- and stiffness protocol can be used with different loads, whereas the hybrid protocol is
defined to be solely used with pure moments, eventually supplemented by a “follower load”. For this reason, the hybrid protocol is only shown
with these two options. Primary loads move the specimen, whereas secondary loads may modify this motion. The category “Parameter” includes
all effects in the adjacent levels, which were investigated for the respective protocol and load combination. Raws with no parameter show that no

study included in this review used this combination

ALEs adjacent level effects, ROM range of motion, EZ elastic zone, NZ neutral zone; IDP intradiscal pressure

Total disc replacement

Studies investigating ALEs after TDR are rare compared to
fusion procedures. All studies meeting the inclusion criteria
found that the absolute ROM [34, 35, 39, 40], NZ [40] and
IDP [39] of the adjacent segments was unchanged. Fur-
thermore, in contrast to the fusion procedure, TDR pre-
served the location of the COR at the first cranial segment
[40].

Dynamic implants

The studies investigating ALEs with dynamic implants can
be divided into two subgroups: 8 studies investigated the
effect of pedicle-screw-based systems such as Dynesys® or
StabilimaxNZ®, 5 studies investigated interspinous dis-
traction devices (ISDD) such as X-Stop® spacer, Coﬁex®,
and Aspen ISA. Comparable to TDR, the majority of these
studies did not find a general impact on absolute adjacent
levels’ ROM [23, 26, 28, 36, 41, 42], NZ [23], IDP [25,
43], facet pressure [44], and facet force [44].

@ Springer

Discussion

Testing the effect of surgical treatments in vitro offers
the opportunity to investigate characteristics of implants
in conjunction with its natural mechanical environment.
However, for investigation of ASD, no conclusive con-
sensus exists regarding test protocol and load
application.

Explanations for contradictory results of in vitro
biomechanical studies

This review on in vitro biomechanical studies investigating
ALEs revealed a wide variety of methodological approa-
ches. Principally, based on the differing assumptions on the
patients’ postoperative behavior embedded in the proto-
cols, discrepancies in ALEs between these protocols can be
expected. However, the review showed that even when the
same protocol and load application was used, the results
varied in some cases. These differences might be explained
by the following issues:
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Table 3 Short summary of the gross ALEs found in biomechanical articles after dynamic instrumentation (for more detailed depiction see

electronic supplementary)

Test protocol Primary load Secondary load Parameter ALEs
Decrease Unchanged Increase No tendency
Flexibility Pure moment - ROM 4 [21, 23, 26, 41] 1 [47]
NZ 1 [23]
IDP 1 [25]
w/axial preload ROM 1 [42]
IDP 1 [43]
w/follower load ROM 1 [47]
Eccentric force - -
w/axial preload -
w/follower load -
Stiffness Pure moment - -
w/axial preload -
w/follower load -
Eccentric force - -
w/axial preload -
w/follower load -
Hybrid Pure moment - ROM 1 [36] 1 [38]
Applied moment 1 [38]
ROM 1 [36] 2 [38, 51]
w/follower load Applied moment 1 [38]

The table summarizes the effects of dynamic instrumentation on the adjacent segments. The effects for one parameter of one single study are
summarized to represent tendencies. When no clear tendency was found, the studies were assigned to the category “No tendency”. In the first
column, the three different protocols are discriminated. The flexibility- and stiffness protocol can be used with different loads, whereas the hybrid
protocol is defined to be solely used with pure moments, eventually supplemented by a “follower load”. For this reason, the hybrid protocol is
only shown with these two options. Primary loads move the specimen, whereas secondary loads may modify this motion. The category
“Parameter” includes all effects in the adjacent levels, which were investigated for the respective protocol and load combination. Raws with no
parameter show that no study included in this review used this combination

ALEs adjacent level effects, ROM range of motion, EZ elastic zone, NZ neutral zone, IDP intradiscal pressure

Testing apparatus

Generally, the spine testers differed in the way the load was
generated and applied to the spine. Eccentric loads and
shear forces were most commonly generated in a modified
materials testing machine or by tensioning cables affixed to
the spine with dead weights. To apply pure moments, three
basic constructions were identified among the studies: two
systems using cables and pulleys and one system applied
pure moments via stepper motors. Cable-driven systems
were either integrated into materials testing machines as
established by Crawford et al. [45] or custom-built with
loads generated by dead weights or pneumatic cylinders
tensioning the cables. Theoretically, all these apparatus
have the ability to apply pure moments. When the flexi-
bility method is used with pure moments, isolated alter-
ations of the stiffness of certain segments do not affect
adjacent levels (Fig. 3). However, several studies found
partly inconsistent or unexpected results in the adjacent
segments [27, 46, 47]. As long as the procedure does not

influence the integrity of structures attached to adjacent
segments (e.g. ligaments spanning multiple levels or joint
capsules), the only explanation for consistent trends in
kinematic changes in the adjacent segments is a deviation
from the pure moment condition. As shown by Panjabi in
2007 [12], the cables of pulley-systems need to be read-
justed after each increment of motion to be parallel and
perpendicular to the uppermost vertebra. If this is not or
improperly done, impure moments with undesired forces
will result.

Load application

The second potential key factor for differing results is the
choice of loads applied to the specimen. When pure
moments are used, the results in the untreated segments are
independent of the length and condition of the specimens.
This likely explains why the findings for this load case
were most homogeneous among the different load scenar-
ios (i.e. eccentric force or pure moments supplemented by
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an axial preload or follower load). When the loads are
supplemented by an axial preload, the loading situation of
the specimen becomes more complex (Fig. 1), whereas a
follower load theoretically does not have adverse effects on
the pure moment condition.

However, even within the group of studies combining
pure moments with a vertical preload or a follower load,
variations in the set-ups can lead to substantially different
findings. For vertical preloads, it was shown that resulting
artefact loads and movements highly depend on the con-
straints of the preload path [48]. To achieve a pure com-
pression without artefact moments, the path of the follower
load needs to be guided through the COR of each spinal
segment. However, when the path is adjusted in neutral
standing position and the specimen is moving, the migra-
tion of the COR inevitably leads to artefact moments,
potentially influencing the findings in the adjacent seg-
ments. In summary, in vitro biomechanical studies inves-
tigating ALEs require careful interpretation, not only with
regard to the test protocols, but also concerning the appa-
ratus and manner of load application.

Limitations of the test protocols

The use of pure moments allows a high reproducibility and
comparability; the reason why it is internationally consid-
ered the “gold standard” [15]. The hybrid protocol was
developed to be solely used with pure moments, eventually
supplemented by a compressive follower load [12]. To
reach the preoperative total ROM, fusion inevitably causes
the adjacent segments to compensate for the motion
restriction of the treated segment by an adaptive hyper-
mobility (Fig. 3). This entails some major limitations.

First, the moment applied to the specimen increases
proportionally to the additional adjacent segment motion.
Hence, a stiff implant forces adjacent segments to com-
pensate more than a mobile device. This means that the
results of this method are highly predictable.

Second, the motion distribution among adjacent seg-
ments is directly related to their stiffness. Due to the non-
linear mechanical behavior of the spine, ROM is not
increasing linearly with the loading of a segment. Close to
the neutral position of the spine, it exhibits low stiffness
and can be moved without applying significant loads.
When the specimen is further moved, it gradually stiffens
[15]. Hence, the ROM of an inherently stiff adjacent seg-
ment will increase less than the motion of a mobile seg-
ment. This explains why the fraction of hypermobility may
vary among adjacent segments despite all segments expe-
riencing the same load.

Another difficulty of this method is that, when testing a
short spinal specimen after fusion, the motion reduction is
redistributed to only few segments with correspondingly
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high moments. Strube et al. [38] reported that with a two-
level rigid instrumentation with two open segments, a
moment of up to 35 Nm was reached, which brings high
potential to structurally damage the specimen or any bone-
implant interfaces. Additionally, results become more
pronounced with reducing the number of remaining open
segments. Unfortunately, no consensus was found on
standardization of this issue yet. Therefore, special care has
to be taken on the use of specimens with adequate length to
allow redistribution over multiple levels. The same is true
when the stiffness protocol is used.

Independent of the test protocol with respective specific
assumptions, all in vitro studies using spinal specimens can
only reflect the directly postoperative state. Therefore,
effects of tissue remodeling such as fusion consolidation
and scar formation cannot be considered. For the reasons
mentioned above, interpretation of biomechanical in vitro
experiments investigating ALEs requires proper consider-
ation of the test protocol. Otherwise the results of these
studies might be misleading.

Biomechanical premises for the test protocols

In vitro biomechanical testing protocols mainly focus on
the role of increased stresses due to hypermobility as one of
the suspected main causes for fusion-related ASD. These
alterations were studied in vitro using varying protocols
differing in their underlying assumptions on the patients’
postoperative motion behavior. These test protocols can be
validated by clinical in vivo kinematic studies using static
and dynamic roentgenographic techniques.

For the flexibility protocol, the loads applied to the spine
are of constant magnitude for each test step, independent of
the manipulation of the specimen. This represents a sce-
nario where the patient accepts the fusion-related confine-
ments and tries not to overload the spine by applying the
same preoperative loads. Consequently, the motion of the
whole spine is decreased by the amount of movement
restricted at the treated segment when pure moments are
used (Fig. 3). In contrast, both hybrid and stiffness proto-
cols assume that a patient does not accept the restricted
motion and compensates the motion loss of the fused
segment by redistributing the motion to adjacent levels to
reach the preoperative limits.

A systematic analysis of in vivo kinematic studies by
Malakoutian et al. [4] showed a partly inconsistent post-
operative motion behavior of the patients. Furthermore, it
was pointed out that cranial and caudal adjacent segments
responded differently to surgical treatments. In that review,
after a fusion procedure, most studies either found an
unchanged or increased ROM for the first cranial level,
while the more distal cranial segments showed no increase
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in flexion—extension ROM. The caudal segment seems to
be either unaffected or even experience a decrease in
motion. When the ROM of the whole lumbar spine was
investigated, most studies reported a significant decrease,
indicating a protective adaptation to the fusion-related
reduction of motion at the treated segment. When the
results of the different test protocols (Fig. 3) are compared
to the in vivo ROM, it can be seen that the assumption that
the patient moves the same after fusion, which is imple-
mented in the stiffness and the hybrid protocols, appears to
be incorrect. For this parameter, the flexibility protocol
replicates the postoperative kinematics of patients much
better. However, when this protocol is used with pure
moments, the differences between the cranial and caudal
adjacent segments found in vivo cannot be reproduced.

In conclusion, none of the current test protocols can
replicate the in vivo kinematics, putting the findings of the
current in vitro biomechanical studies on ASD into ques-
tion. This raises the question if focusing on pure motion
behavior of the patients disregards important factors con-
tributing to the pathogenesis of ASD.

Conclusions

Three different test protocols are used in current biome-
chanical in vitro studies investigating ASD. Each protocol
produces different biomechanical changes at the adjacent
levels to spinal instrumentation and the results are somewhat
obvious, based upon the basic principles of each approach.
Further, these protocols differ in the assumption on the
postoperative motion behavior of the patients. In a parallel
review on in vivo kinematics by Malakoutian et al. [4], it was
shown that the motion of the lumbar spine in patients tends to
decrease after fusion in most studies, demonstrating that the
notion that patients move the same after fusion as imple-
mented with the stiffness and hybrid protocol does not appear
to be correct. The decrease in motion shown in vivo could be
predicted by the flexibility protocol. However, when this
protocol is used with pure moments, which is the current
“gold standard”, the difference in the kinematic changes
between the cranial and caudal adjacent segment cannot be
replicated, putting the findings of current in vitro biome-
chanical literature into question.
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