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The human cervical spine supports substantial compressive load in vivo. However, the traditional in vitro
testing methods rarely include compressive loads, especially in investigations of multi-segment cervical
spine constructs. Previously, a systematic comparison was performed between the standard pure
moment with no compressive loading and published compressive loading techniques (follower load –
FL, axial load – AL, and combined load – CL). The systematic comparison was structured a priori using
a statistical design of experiments and the desirability function approach, which was chosen based on
the goal of determining the optimal compressive loading parameters necessary to mimic the segmental
contribution patterns exhibited in vivo. The optimized set of compressive loading parameters resulted in
in vitro segmental rotations that were within one standard deviation and 10% of average percent error of
the in vivo mean throughout the entire motion path. As hypothesized, the values for the optimized inde-
pendent variables of FL and AL varied dynamically throughout the motion path. FL was not necessary at
the extremes of the flexion–extension (FE) motion path but peaked through the neutral position,
whereas, a large negative value of AL was necessary in extension and increased linearly to a large positive
value in flexion. Although further validation is required, the long-term goal is to develop a ‘‘physiologic”
in vitro testing method, which will be valuable for evaluating adjacent segment effect following spinal
fusion surgery, disc arthroplasty instrumentation testing and design, as well as mechanobiology experi-
ments where correct kinematics and arthrokinematics are critical.

� 2019 Elsevier Ltd. All rights reserved.
1. Background

The human cervical spine supports substantial compressive
load in vivo resulting from muscle forces and the weight of the
head. However, the traditional in vitro testing methods rarely
include compressive loads, especially in investigations of multi-
segment cervical spine constructs. Various methods of modeling
physiologic loading have been reported in the literature, including
axial forces produced with inclined loading plates, eccentric axial
force application, follower load, and attempts to individually apply
or model muscle forces in vitro (Adams and Dolan, 2005; Cook and
University of Pittsburgh. School of Engineering, 2009; Cripton et al.,
2000; DiAngelo and Foley, 2004; Goel et al., 2006; Miura et al.,
2002; Panjabi, 1988, 2007; Panjabi et al., 2001; Patwardhan
et al., 2000; Wilke et al., 1994, 1998, 2001). The importance of cor-
rectly applying compressive loading to recreate the segmental
motion patterns exhibited in vivo has been highlighted in previous
studies (DiAngelo and Foley, 2004; Miura et al., 2002; Panjabi et al.,
2001). However, appropriate methods of representing the weight
of head and muscle loading are still subject to debate.

Previously, a systematic comparison was performed between
standard pure moment with no compressive loading and published
compressive loading techniques (follower load – FL, axial load – AL,
and combined load – CL) (Bell et al., 2016). The pure moment test-
ing protocol without compression, or with the application of FL,
was not able to replicate the typical in vivo segmental motion pat-
terns throughout the entire motion path. AL, or a combination of
axial and follower load (combined load – CL), was necessary to
mimic the in vivo segmental contributions at the extremes of the
extension-flexion motion path. It was hypothesized that
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dynamically altering the compressive loading throughout the
motion path was necessary to mimic the segmental contribution
patterns exhibited in vivo.

The systematic comparison of the compressive loading tech-
niques was structured a priori using a statistical design of experi-
ments (DOE). DOE is a statistical technique, used primarily in
quality control, wherein experiments are intentionally planned at
the data collection stage to ensure valid and defensible conclusions
are determined with minimal cost (Anderson and Whitcomb,
2000). This technique is particularly beneficial at the screening
phase of experimentation when there is a hypothesized effect of
some input factor, but the parameters surrounding the anticipated
effect are largely unknown.

The DOE methodology was also chosen based on the goal of
determining the optimal compressive loading parameters (multi-
ple inputs) required to mimic the segmental motion patterns
exhibited in vivo (multiple outputs). The desirability function
approach, which optimizes multiple response processes, searches
for the optimal input conditions that provide the ‘‘most desirable”
outputs (National Institute of Standards and International). In the
desirability function any output parameter outside of the desired
limits is unacceptable, and results in a desirability score of zero
(0), whereas complete agreement for all response values results
in a desirability score of one (1).

The DOE and desirability function were employed to further
explore the finding that either AL or CL was necessary to mimic
in vivo segmental contributions at the extremes of the extension-
flexion motion path. The objective of this study was to determine
the optimal compressive loading parameters to confirm or reject
the hypothesis that dynamically altering loading throughout the
motion path is necessary to mimic the segmental contribution pat-
terns exhibited in vivo.
2. Materials and methods

2.1. In vitro dataset

The previously reported in vitro dataset, consisting of twelve
fresh-frozen human cervical cadaveric specimens (N = 12, C3-7, 2
female and 10 male, 51.8 years ± 7.3), were pre-screened with
computed tomography (CT) and dissected, preserving osteoliga-
mentous structures (Bell et al., 2016). Specimens were mounted
on a robotic spine testing system as previously described (Bell
et al., 2013). The robot was controlled via custom PC software
(MATLAB, Mathworks, Inc., Natick, MA) and operated under adap-
tive displacement control to a pure moment target of 2.0 Nm for
flexion and extension (FE) for each state in a randomized order
(no compression, FL = 100 N, AR = 50 N, and CL = 150 N). Segmental
motion was recorded using a five-camera motion tracking system
(VICON Inc., Denver, CO) with passive reflective markers rigidly
attached to each vertebral body. A handheld VICON digitizer was
utilized to digitize the anatomical coordinate system for each ver-
tebral body relative to the marker group, and the Euler angle rota-
tions of C34, C45, C56, and C67 were determined and reported.
2.2. Load application

As previously reported, FL, AL, and CL were applied to the spec-
imen (Bell et al., 2016). FL of 100 N was accomplished by loading
the specimen using bilateral cables that passed through cable
guides inserted into the vertebral bodies and over pulleys attached
to the base. Optimization of FL path to align with the specimen’s
center of rotation was accomplished through an offline iterative
feedback process using the moment output of the testing system’s
on-board six-axis load cell. The position of the cable guide was
then adjusted to counteract the moment change and the process
was repeated until less than 0.1 Nm change in moment was
observed. Based on previous reports that show that the cervical
spine buckles at very low loads when AL is applied globally, AL
was applied along a locally fixed axis (perpendicular to the robot
end effector) or globally fixed to the world coordinate system
(Patwardhan et al., 2000). AL with a target of 50 N (DiAngelo and
Foley, 2004) was applied using the robotic arm to represent the
approximate weight of the head. CL, the combination of FL and
AL, was applied based on the hypothesis that the combination
would have a synergistic effect, producing more physiologic
kinematics.
2.3. In vivo dataset

The previously reported in vivo dataset (Anderst et al., 2013a,
2013b) utilized in the present study was reanalyzed for direct com-
parison with the current in vitro data. In vivo data consisted of
N = 20 asymptomatic control patients (13 female and 7 male,
45.5 years ± 5.8) who consented to participate in an Institutional
Review Board-approved protocol. Subjects performed continuous,
full range of motion (ROM) flexion-extension at a rate of one com-
plete cycle every three seconds. Subject-specific bone models of
C3-C7 were created from CT scans. A previously validated tracking
process determined three-dimensional vertebral position with
sub-millimeter accuracy by matching bone models from the CT
scan to the biplane X-rays (Anderst et al., 2011). As reported previ-
ously, the in vitro ROM was on average 12.3% smaller than the
in vivo dataset (Bell et al., 2016). Therefore, the in vivo segmental
rotation was uniformly ‘‘scaled” by a factor of 87.7% prior to
optimization.
2.4. Data analysis

The data was analyzed using the DOE methodology, in which
physiologic values of the independent variables (FL and AL) were
tested individually, then in combination, in order to explore their
effect on the dependent variables (C34, C45, C56, and C67 segmen-
tal kinematics). An analysis of variance (ANOVA) was performed to
determine percentage of the variance in the dependent variables
that is attributed to the independent variables. The results were
quantified in terms of percent contribution and standardized effect
size of the independent variables.

The in vivo data was uniformly scaled to match the in vitro data
by adjusting for mean differences between in vitro and in vivo ROM
then normalizing to percent ROM. Optimization was then per-
formed based on the output of the ANOVA using the desirability
function approach. The desirability function approach searched
for the optimal independent variables (FL and AL) that provided
the ‘‘most desirable” independent variables (segmental kinemat-
ics). It was previously reported that effects of the loading condi-
tions were dependent on percentage of ROM and segmental
level, therefore the optimization was performed at 20%, 40%, 60%,
80%, and 100% of the overall extension-flexion motion path (Bell
et al., 2016).

Since the goal was to optimize the in vitro data using the in vivo
data as the target, the ‘‘target is best” desirability function was
used (Eq. (1)) (Derringer and Suich, 1980). The segment-specific
target was defined as the mean of the in vivo data, and the upper
and lower limits were defined as the in vivo mean plus or minus
the in vivo standard deviation respectively (Eq. (1)). The overall
desirability (Eq. (2)) was determined by calculating the geometric
mean of the individual desirability values. The implication of the
multiplicative term in the equation for calculating the overall
desirability was that if any of the individual desirability values fell
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outside the acceptable limits (one standard deviation of the mean)
then the overall desirability equaled zero (0).

‘‘Target is Best” Desirability Function

Target ¼ Ti ¼ In-vivomean

Upper Limit ¼ Ui ¼ In-vivomean þ In-vivoSTD

Lower Limit ¼ Li ¼ In-vivomean � In-vivoSTD

s; t ¼ weights

di
bY i

� �
¼

0; if bY i xð Þ < LibY i xð Þ�Li

� �
Ti�Li

� �s

; if Li � bY i xð Þ � Ti

bY i xð Þ�Ui

� �
Ti�Ui

� �t

; if Ti � bY i xð Þ � Ui

0; if bY i xð Þ < Li

8>>>>>>>>><
>>>>>>>>>:

ð1Þ

Overall desirability

D ¼ d1 Y1ð Þ � d2 Y2ð Þ � d3 Y3ð Þ � d4 Y4ð Þð Þ1=4 ð2Þ
A Shapiro-Wilk test was performed, which indicated that not all
data were normally distributed, therefore a non-parametric Wil-
Fig. 1. Line graphs detailing the standardized effect size of FL, AL, and CL at C34, C45, C
coxon signed-rank test for paired design was used to identify signif-
icant (*p < 0.05) differences between the experimental and
optimized results.
3. Results

Overall, the application of AL was shown to have the largest
effect in altering the segmental motion patterns (Fig. 1). The largest
effects were observed throughout the middle of the motion path
(40%, 60%, and 80%). The effect of AL varied in magnitude through-
out the motion path, but the overall trend was preserved with an
increase of ROM of C34 and C45 and decrease of ROM of C56 and
C67. Applying AL is an ideal candidate for optimization based on
its relatively large effect size.

With regards to overall desirability, greater than 0.7 desir-
ability was observed at all points in the motion path indicating
large agreement with the in vivo dataset (Fig. 2). The lowest
overall desirability was observed at 20% and 60% of the
overall motion path and the best agreement was observed at
40%, 80%, and 100%—each of which had close to a 0.9 overall
desirability.
56, and C67 at 20%, 40%, 60%, 80%, and 100% of the extension-flexion motion path.



Fig. 2. A bar graph of the overall desirability, an indication of the agreement with
the in vivo dataset, shown at 20%, 40%, 60%, 80%, and 100% of the extension-flexion
motion path.
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Based on the optimized loading parameters that were deter-
mined, FL was found to be equal to zero at the extremes of the
extension-flexion motion path, but peaked near the middle portion
of the motion path with a maximum value of 100 N at 60% ROM
(Fig. 3). Conversely, AL increased linearly throughout the motion
path with a range of �69.8 N to 92.8 N with the 60% ROM resulting
in 0 N of AL.

As shown in the scatterplot of the optimized rotations relative
to the in vivomean values and the four in vitro compressive loading
states, none of the un-optimized compressive loading states are
individually able to replicate the in vivo segmental motion patterns
(Fig. 4). However, the optimized compressive loading parameters
were able to mimic the in vivo segmental motion patterns through-
out the entire motion path.

The agreement between compressive loading states, including
the optimized compressive loading parameters and the in vivo seg-
mental rotation was quantified using root mean square error
(RMSE) (Fig. 5A). All compressive loading states had significantly
higher RMSE (p < 0.05) than the optimized loading parameters.
Normalization of RMSE was performed and quantified as average
percent error, which is defined as the RMSE divided by the
in vivo mean ROM (Fig. 5B). Again, all un-optimized compressive
load states had a significantly higher (p < 0.05) average percent
error than the optimized compressive loading parameters. Addi-
tionally, the optimized compressive loading parameters were the
only states resulting in an average percent error of less than 10%.

4. Discussion

Recent critical reviews of the in vitro biomechanic (Volkheimer
et al., 2015) and in vivo kinematic (Malakoutian et al., 2015) liter-
Fig. 3. Line graph of the optimized loading parameters for FL (blue) and AL (red) at
20%, 40%, 60%, 80%, and 100% of the extension-flexion motion path.
ature demonstrated a notable disconnect, bringing into question
the current ‘‘gold standard” in vitro biomechanical methodologies.
Based on the observed limitations of the current in vitro testing
methods, the review concluded that ‘‘. . .none of the current test pro-
tocols can replicate the in-vivo kinematics. . .” (Volkheimer et al.,
2015). Therefore, the objective of the present study was to deter-
mine the optimal compressive loading parameters necessary to
mimic the segmental contribution patterns exhibited in vivo.

In this study, the DOE and desirability function were employed
to determine the optimal compressive loading parameters neces-
sary to mimic the segmental contribution patterns exhibited
in vivo. The optimized set of compressive loading parameters were
within plus or minus one standard deviation of the in vivo mean
throughout the entire motion path. In terms of average percent
error, the optimized compressive loading parameters resulted in
in vitro segmental contributions that were within 10% of the
in vivo mean. As hypothesized, the values for the optimized inde-
pendent variables of FL and AL varied dynamically throughout
the motion path. FL was not necessary at the extremes of the
extension-flexion motion path but peaked through the neutral
position. FL is critical through the ‘‘Neutral Zone” (NZ) for stability
but detrimental in the ‘‘Elastic Zone” (EZ), whereas a large negative
value of AL was necessary in extension and increased linearly to a
large positive value in flexion.

The linear increasing value for AL may be reflective of the in vivo
influence of increased muscular contribution with increasing rota-
tion. This is consistent with muscular models of the cervical spine,
which illustrate that the resultant load experienced on the head
increases with rotation (Cheng et al., 2008; Johnston et al., 2008;
Schuldt, 1988). In the present study the AL force was applied per-
pendicular to the most superior vertebral body (C3), which mimics
the resultant muscular force on the head as it is transmitted to the
vertebral column through the occiput.

This study was based upon in vitro (Bell et al., 2016) and in vivo
(Anderst et al., 2013a, 2013b) data previously collected and
reported. Therefore, this study is also subject to the same limita-
tions as the primary manuscripts. More specifically, this study
focused on flexion and extension due to the limitations of the fol-
lower load methodology, therefore future work is necessary to
determine the applicability of the present methodologies to axial
rotation and lateral bending of the cervical spine (Bell et al.,
2018; Cripton et al., 2000; Dreischarf et al., 2011, 2012; Kim
et al., 2011; Patwardhan et al., 2000). However, the negative
impacts of FL for axial rotation and lateral bending are exaggerated
at the extremes of motion. Therefore, a dynamic compressive load-
ing that prioritizes AL at the extremes of motion does merit future
investigation for all rotational degrees of freedom. Additionally, the
rate of the in vitro testing system was at least one order of magni-
tude slower than the rate at which the in vivo data was recorded,
due to the quasi-static testing algorithm. This discrepancy will
affect the kinematics, but the influence should be minimized due
to the in vitro preconditioning protocol. Moreover, Woo et al. has
demonstrated previously that changing the loading rate two orders
of magnitude had minimal effect of the measured biomechanical
properties (Woo et al., 1999, 1990).

One additional limitation of the present study is that the in vivo
data had to be scaled prior to optimization. It is hypothesized that
the reason for the higher ROM in the in vivo data resulted from a
disagreement in the mechanism for determining the end ROM. In
the in vivo dataset, the subjects were asked to rotate to a self-
determined maximum rotation stopping point; whereas in the
in vitro dataset, end ROM was defined as ±2.0 Nm. Optimization
of the scaled segmental rotation data resulted in the large negative
value for AL in the extreme extension portion of the motion path,
which was well outside of the tested parameters for the model.
To better understand and possibly avoid the large negative values



Fig. 4. Line graph of the optimized segmental rotations plotted relative to the segmental rotation for the individual compressive loading conditions and the in vivo segmental
rotation at 20%, 40%, 60%, 80%, and 100% of the extension-flexion motion path. Error bars represent the in vivo standard deviation.

K.M. Bell et al. / Journal of Biomechanics 87 (2019) 107–113 111
for AL, optimization was also performed with AL restricted to a
range of �10 N to 100 N. Using the scaled in vivo dataset, restrict-
ing AL to a range of �10 N to 100 N resulted in zero desirability at
20% and 40% ROM. To explore this further, instead of scaling the
in vivo dataset, a secondary analysis was performed wherein the
in vivo dataset was ‘‘trimmed” based on the average flexion and
extension endpoints relative to the neutral position. Approxi-
mately 10% of the overall trimming occurred on the extension side
and approximately 2% of the trimming occurred on the flexion side.
When the optimization procedure was repeated with the
‘‘trimmed” data, and AL restricted to a range of �10 N to 100 N,
acceptable optimized solutions were found within one standard
deviation of the in vivo mean for all portions of the motion path
(20% = 0.42 desirability, 40% = 0.61 desirability, 60% = 0.76 desir-
ability, 80% = 0.91 desirability, 100% = 0.83 desirability). In com-
parison to the scaled optimized loading parameters (AL �10 N to
100 N), the optimized values for FL still began and ended at 0 N
at the extremes of extension-flexion, but the peak was broadened,
extending across 40–60% (Fig. 6). The optimized values for AL were
now restricted to �10 N and they increased non-linearly to a max-
imum value of 100 N at 100% ROM.

Another possible explanation the observed differences in ROM
between the in vivo and in vitro datasets is the differences in sam-
ple size and demographics between groups. Most notably, the age
of the specimen in vitro dataset was (on average) approximately
6 years older than the age of the participants in the in vivo data
set. It has been reported that cervical ROM decreases with age,
which is consistent with our findings (Pan et al., 2018). Addition-
ally, the in vitro dataset contained majority males and the in vivo
dataset contained majority females. Females normally display
greater ROM than males, which is also supports the ROM differ-
ences we observed. Due to the limited sample size of the present



Fig. 5. (A) The average root mean square error (RMSE) and the (B) average percent
error relative to in vivo for the optimized loading conditions and the individual
compressive loading conditions. Error bars represent the standard deviations and *
represents significant differences (p 0.05) compared to the optimized values.

Fig. 6. Line graph of the optimized loading parameters for FL and AL at 20%, 40%,
60%, 80%, and 100% of the extension-flexion motion path using the ‘‘Trimmed” data
rather than the ‘‘Scaled” in vivo data.
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study, it was not possible to conduct a sensitivity analysis with the
present data, but work is ongoing to expand the in vivo dataset and
conduct a factor/regression analysis to identify the critical demo-
graphic and anatomical factors that impact cervical kinematics
and systematically scale (or match) the data accordingly
(Anderst, 2015).

In the present study the kinematic data was presented as a
change in kinematics throughout the motion path from full exten-
sion to full flexion, where full extension was defined as zero. This
methodology was chosen due to a lack of confidence in the align-
ment of the neutral positions between the in vivo and in vitro data-
sets. In the in vivo dataset the subjects were asked to self-select a
comfortable starting position, whereas in the in vitro dataset the
neutral position was defined as the point of zero moment. In both
scenarios subjectivity and sensitivity lead to low intra- and inter-
testing repeatability in the neutral position, making independent
analysis of the extension and flexion tails of the motion path diffi-
cult. A previous report focused on comparing in vivo and in vitro FE
rotation and found that in vitro studies generally overestimate
extension ROM and underestimate flexion ROM (Adams, 2004).
However, the study performed by Adams (2004) was performed
in the lumbar spine and it is unclear if this observation can be
applied to the cervical spine. Work is ongoing to develop and val-
idate a methodology to align the in vitro and in vivo datasets using
the model-based tracking software currently utilized to analyze
the in vivo dataset singly. Using the model-based tracking software
to define consistent anatomical coordinate systems between the
in vitro and in vivo datasets would not only address this limitation,
but would also expand the kinematic and arthrokinematics param-
eters that could be evaluated.

Finally, future work should also aim to validate the optimized
parameters presented here to ensure confidence in the overall
model. Specifically, the effect of independent and combined appli-
cation of dynamic FL and AL, which will require increasing the
range of the AL and exploring the influence of negative AL. It would
also be valuable to further refine the resolution for the comparison
between the in vivo and in vitro data and the resulting optimiza-
tion. Currently, comparison only occurs at 20% increments
throughout the extension-flexion path and although the predicted
optimized loading parameters appear to change continuously
throughout the motion path, the intermediate data has not been
analyzed. Anderst et al. (2013a) used a mixed-model analysis to
model the percent contributions from each motion segment
throughout the motion path. Research aimed at optimizing the
loading parameters based on a continuous model would highlight
one of the largest strengths of this study: direct access to dynamic
muscle-driven in vivo kinematic data.

Ultimately, optimization could be performed such that an opti-
mized set of compressive loads would be determined for each seg-
ment. Implementation of a segment-specific loading scheme is less
intuitive and may ultimately be difficult, or impossible, to achieve
with the described loading schemes. However, it is theoretically
possible to alter the moment each segment is experiencing
throughout the motion path by optimizing/altering the line of
action of AL. This segment-specific optimization would be best per-
formed using a computational model of the cervical spine with
simulated compression and rotational loads (Ahn and DiAngelo,
2007; de Jongh et al., 2007; Marin et al., 2010) and iterative learn-
ing control algorithms (Son et al., 2013). The resulting ‘‘physio-
logic” in vitro testing method would be valuable for evaluating
adjacent segment effect following spinal fusion surgery, disc
arthroplasty instrumentation testing and design, as well as
mechanobiology experiments where correct kinematics and
arthrokinematics are critical.
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