PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Fidalgo-Herrera AJ, Jové-Blanco C,
Martinez-Beltran MJ, Moreno-Ruiz JA, de la Torre-
Montero JC (2020) Improving the staging of neck
injuries using a new index, the Neck Functional
Holistic Analysis Score: Clustering approach to
determine degrees of impairment. PLoS ONE
15(9): 0238424. https://doi.org/10.1371/journal.
pone.0238424

Editor: Gregory W.J. Hawryluk, University of
Manitoba Faculty of Health Sciences, CANADA

Received: October 10,2019
Accepted: August 17, 2020
Published: September 9, 2020

Copyright: © 2020 Fidalgo-Herrera et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All data used in this
investigation is available from the figshare
database with public doi 10.6084/m9.figshare.
12681746. The link will be active after acceptance
of the article.

Funding: Fisi(ON) Health Group provided support
in the form of salaries for the authors AJFH and
CJB, but did not have any additional role in the
study design, data collection and analysis, decision

RESEARCH ARTICLE

Improving the staging of neck injuries using a
new index, the Neck Functional Holistic
Analysis Score: Clustering approach to
determine degrees of impairment

Alberto J. Fidalgo-Herrera®'*, Carlos Jové-Blanco', M? Jesus Martinez-Beltran?, José
A. Moreno-Ruiz?, Julio C. de la Torre-Montero?

1 Biomechanics Department, Fisi(ON) Health Group, RetiaTech, Las Rozas, Spain, 2 San Juan de Dios
School of Nursing and Physical Therapy, Comillas Pontifical University, Madrid, Spain, 3 Department of
Informatics and Computation, University of Aimeria, Almeria, Spain

* afidalgo @fisi-on.com

Abstract

Background

Traumatic cervical spine injuries are amongst the traffic injuries that can cause most harm to
a person. Classifying subtypes of clinical presentations has been a method used in other
pathologies to diagnose more efficiently and to address the appropriate treatment and the
prognosis. The management of patients suffering from cervical injuries could be improved
by classifying the severity of the impairment. This will allow clinicians to propose better treat-
ment modalities according to the severity of the injury.

Materials and methods

The present study is a retrospective cohort study performed with the clinical data from 772
patients stored at Fisi-(ON) Health Group. All the patients treated for cervical spine injuries
are evaluated using the EBI-5® system, which is based on inertial measurement unit (IMU)
technology. The normalized range of motion of each patient was incorporated into a single
index, the Neck Functional Holistic Analysis Score (NFHAS).

Results

Clustering analysis of the patients according to their NFHAS resulted in five groups. The
Kruskal-Wallis H test showed that there were statistically relevant differences in the ROM
values and NFHAS of the patients depending on the cluster they were assigned to: FE X3(4)
=551.59, p = 0.0005; LB ROM X?(4) = 484.58, p = 0.0005; RT ROM X2(4) = 557.14, p =
0.0005; NFHAS X?(4) = 737.41, p = 0.0005. Effect size with np? for the comparison of
groups were: FE =0.76, LB = 0.68, RT = 0.76 and NFHAS = 0.96.
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Conclusion

The NFHAS is directly correlated to the available ROM of the patient. The NFHAS serves as
a good tool for the classification of cervical injury patients. The degree of impairment shown
by the cervical injury can now be staged correctly using this new classification.

Introduction

Traumatic cervical spine injuries are amongst the traffic injuries that can cause most harm to a
person. Traumatisms to the cervical spine can potentially injury the spinal cord, cause respira-
tory disfunction or produce internal bleeding, all of which could be fatal to the patient. Most
of neck injuries result from an acceleration / deceleration of the head because of the collision.
The injury results from a whiplash mechanism that takes the following sequence: in the first 50
milliseconds (ms) the head moves directly back; between 50 and 75 ms the spine takes the
shape of an "S", the upper part of the spine would be in flexion while the lower part would
remain in extension; finally, from 75 to 100 ms the head goes to hyperextension in relation to
the spine. The severity of the injury increases with the impact speed since the head experiences
twice the deceleration of the car at the moment of impact [1]. Exhaustive attention is made to
discard severe injuries, with different protocols such as the Canadian C-Spine, the Low risk
criteria, and the flexion-extension radiography. All these protocols make relationships between
the movement of the cervical spine and the integrity of the structure. However, discarding
structural damage does not imply that no damage has been done to the cervical spine.

The ICD-11 includes many diagnostic terms to address cervical spine injuries [2]. The most
identifiable pathology from traffic car accidents is Whiplash Associated Disorder (WAD). This
injury exemplifies the presence of pathology in the absence of identifiable structural damage.
A preliminary investigation in 2015 highlighted the possibility of having spinal cord injuries in
subsamples of WAD patients [3], while others argue about the existence of morphologic and
compositional changes in the neck muscles of WAD patients [4-6]. None of these findings are
definitive and normally radiological signs are negative. The usual examination of this patients
mainly involves visual examination and the evaluation of patient reported symptoms. Diagno-
sis, severity, and prognosis are established relying on subjective information gathered and
reported by both the clinician and the patient, respectively.

Neck injuries pose a challenge for health professionals because of their high incidence (300
cases/100000 inhabitants per year), the absence of conclusive clinical tests, the controversial
relationship with insurance compensations and the malingering [7, 8]. The given diagnosis is
mainly based on the subjective complaints from the patient and the causal factor of being
involved in a traffic collision [9]. Some studies indicate that almost 85% of injured people from
car accidents report neck complaints after the accident [10, 11]. It has also been noted that the
incidence of patients reporting neck injuries increases with decreasing severity of the collision
[7].

Some attempts have been made to classify patients into degrees of injury such as the Quebec
Task Force (QTF) classification for WAD. This grading is made relying on gross kinematic
observations and reported symptomatology [12]. Grades 3 or 4 are easily identifiable because
the first one implies the existence of neurological signs and the second one implies structural
compromises. However, grades 1 and 2 are not easily distinguishable since it is difficult to
draw a line that clearly separates stiffness from decreased range of motion (ROM) [13]. Visual
examination demonstrated poor reliability for ROM assessment [14] and hand held goniome-
ters do not provide good reliability either for the assessment of neck ROM [15]. Assigning a
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QTF grade 1 or 2 is quite an arbitrary decision based upon consensus rather than on the objec-
tive measurement of the ROM and the proper appraisal of what is a ROM limitation and what
is not. Furthermore, decreased ROM in grade 2 is not further stratified. Mild reductions of
ROM are being equated to severe reductions, while both situations can imply very different
outcomes for the patient and handling difficulties for the health professional.

Other investigations have already used the kinematics for the subclassification of pain [16]
or the identification of different types of abnormal movement patterns in a joint [17]. Classify-
ing subtypes of clinical presentations can help to diagnose more efficiently, propose the best
treatment and address prognosis. Subclassifying can highlight different disfunctions that used
to be present under the same diagnostic label and allow for a full understanding of the problem
[18]. This classification will give the best results if it is based on objective measures. With the
increasing availability of cheap and reliable measuring devices based on inertial measurement
units (IMU) and the advancement of health informatics, more professionals start to rely on
objective evaluations [19]. Still, there is a lack of a clear consensus on which main variables
from neck movement should be addressed on a basis [16, 20-25] and which is their association
to the blunt trauma suffered [26]. Even the previous state of the cervical spine of the patient,
difficult linking the trauma to the findings obtained [7]. Nevertheless, some investigators have
been able to use kinematics to correctly differentiate patients suffering from WAD from others
that do not [27]. As kinematics can differentiate healthy from injured patients, there could be
also differences between the kinematics of the injured ones. Moreover, the progression of pain
along treatment has shown to correlate with the progression of kinematics such as ROM [28].
A classification based on ROM impairment could help with the management of these patients
since it could identify the ones with more severe symptoms.

According to the previous information, three main objectives will be sought in this
research:

1. Evaluate if the different classical diagnoses show differences in the ROM of the included
patients. Finding differences between the groups would show that different diagnoses are
describing different degrees of injury.

2. Create an index that can describe the ROM of all the three planes of motion of the neck.
This new index would help on the interpretation of the severity of ROM limitation and
allow for a classification based on the degree of impairment.

3. Propose a classification based on the index created for the neck ROM if classical diagnoses
do not cluster patients according to severity of ROM impairment.

Methods
Study design

The present research is a retrospective cohort study formulated with the clinical data from 772
patients. All the patients had suffered a traffic car accident and have been diagnosed with neck
pathology. None of the included patients was still in treatment during the time this investiga-
tion was undertaken.

Personal data from the patients was anonymized from their medical records before the
research team could work with the data. The principles of the Helsinki declaration were con-
sidered throughout the design and performance of the investigation. The project received eth-
ics approval from Hospital Clinico Universitario San Carlos, Madrid, Espafia (Spain), with
identification code 18/405-E under the name “Estudio de datos cinematicos de la columna
cervical”.
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This investigation has a single blind nature. The ROM measurements of the patients were
performed by teams independent to the research team, no contact existed between them. All
the teams were trained alike in the use of the EBI-5", which is an IMU based system.

Subjects

The inclusion criteria were: age over 18 years old, injuries due to a traffic car accident, diagno-
sis of a cervical spine pathology, evaluated between August and October 2018, measured with
the EBI-5® [29]. Only the initial ROM evaluation conducted before rehabilitation was
selected. The exclusion criteria were: rehabilitation prior to ROM assessment, neurological
signs or structural compromise of the neck.

Information from all patients in this investigation was comprised into the medical records
of Fisi(ON) Health group, a provider of medical services. Convenience sampling was used. All
the subjects had signed an informed consent form prior to evaluation and treatment. Patients
in the database are from all over Spain, 90 possible measuring spots were available at the time.

All the included patients followed the same steps through medical care provided by Fisi
(ON) Health group. Within a period of ten days from the accident, the patients are appointed
for medical examination. If the patients are diagnosed with a neck injury and rehabilitation is
prescribed, they are appointed for biomechanical evaluation before starting the treatment. The
information from that biomechanical assessment was gathered for this investigation. This flux
is represented in Fig 1.

Data acquisition and variables

The EBI-5™ is an accelerometry based system with a precision of +0.1° validated and indepen-
dently tested by an audit from App™ metrological company. The device uses two IMU for the
recordings. One is placed upon the occiput with an elastic headband, and the other one
between the spinous processes of T2 and T3 with a double-sided hypoallergenic sticker. All
participants perform the maximum number of repetitions in a period of 45 seconds for each
plane of motion: flexion-extension (FE), lateral bending (LB) and rotations (RT). All motions
are performed in an upright sitting position at a self-determined velocity. The selection of 45
seconds of measuring time allows for all patients to have enough time to perform enough
number of repetitions of the movement to have a clear picture of their actual mobility. The
patients can make the movements at their own pace depending on the degree of injury or age
capability, without external interference to adapt to preset procedures.

Traffic car accident

v

Medical examination
(within a period of ten days from the accident)

Inclusion criteria:
- age over 18 years old
v - injured due to a traffic car accident
- diagnosis of a cervical spine pathology having been
evaluated between August and October 2018 with the EBI-5@
IMU system
Exclusion criteria:
- having had received rehabilitation prior to ROM assessment
-presenting neurological signs
-having structural compromise of the neck

Biomechanical > Medical records of |
evaluation Fisi(ON) Health group

v

Rehabilitation Y
Research information
N=772

Fig 1. Flow of the subject through medical care and information recovery. The participants were examined by a
medical doctor within 10 days of the accident. Biomechanical assessments were made and stored. The participant
received normal rehabilitation. None of the data in this investigation came from active cases.

https://doi.org/10.1371/journal.pone.0238424.9001
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Table 1. Variables chosen in the study.

Since the device uses two IMUs, all compensation movements are excluded from the
recording. The measure given by the system is the difference between the measure of one IMU
against the other.

To accomplish our objectives several variables were gathered. All variables used in this
investigation are described in Table 1.

Five categories of medical diagnoses were identified in the sample, with an additional “oth-
ers” category for diagnoses that could not be contained in the previous five. The ICD-11 code
is included to link the individual diagnoses with the global reference [2]. Diagnoses where
matched to the closest term on ICD-11, the investigators did not reevaluate the diagnose of

Variable Type Measuring Categories Obtention
Unit
Age Independent Years Age of the patient recorded on the medical records
Quantitative
Continuous
Age group Independent | Dimensionless 1 = 18-29 years old Assignation to a group depending on age
Qualitative 2 =30-39 years old
Ordinal 3 = 40-49 years old
4 = 50< years old
Diagnosis Independent | Dimensionless | 1= Cervical sprain grade I (ICD-11: | Diagnosis written in the medical records of the patient
NA 23.4) correlated with ICD11 [2]
2 = Cervical sprain grade II (ICD-11:
NA 23.4)
Qualitative 3 = Cervical sprain grade III (ICD-
11: NA 23.4)
Nominal 4 = Cervicalgia (ICD-11: ME 84.0)
5 = Whiplash (ICD-11: NA 23.4)
6 = Others (ICD-11: NA 23.4Z)
Normalized Flexion-extension ROM | Independent |  Percentage Normalization of ROM against reference values
Quantitative
Continuous
Normalized Lateral Bending ROM | Independent |  Percentage Normalization of ROM against reference values
Quantitative
Continuous
Normalized Rotation ROM Independent | Percentage Normalization of ROM against reference values
Quantitative
Continuous
Neck Functional Holistic Analysis | Dependent Percentage NFHAS formula
Score (NFHAS) Quantitative
Continuous
NFHAS Type Dependent | Dimensionless 1 = Type I, Cluster K-means algorithm
Centroid = 91.7172
2 = Type II, Cluster
Centroid = 72.4324
Qualitative 3 = Type I1I, Cluster
Centroid = 56.6505
Discrete 4 = Type IV, Cluster
Centroid = 38.7712
5 =Type V, Cluster
Centroid = 17.8583

https://doi.org/10.1371/journal.pone.0238424.t001
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any patient. All the diagnoses used were the ones given by medical doctors during routine
care.
The normalized ROM values for each plane of motion where obtained using the following

equations:
ROM
ROM > ROMVonnmvf + SDNm‘mnﬁw - nROM = X 100
A o o ROMNovmatwe + SDNowmatz'Ue
ROM
ROM < ROMVonnmvf - SDNm‘mnﬁw - nROM = X 100
A o o ROMNovmatwe - SDNowmatz'Ue
ROMNOTma/,Mre - SDNm“m,alwe S ROM S ROMNommlme + SDNorma/,iw? — nROM = 100%

Where ROM represents the full mean range of motion of each plane of motion, SD the stan-
dard deviation and nROM the normalized ROM. Normative data was obtained from the work
of Swinkels et al. [30].

The values of the nROM (FE, LB, RT) are employed as vertices of a polygon located in a car-
tesian coordinate system. Since the coordinate system axis are orthogonal to each other, the
distance between the vertices can be calculated using the Pythagoras theorem. Each of the
ROM values was placed in the coordinate system as: (FE, 0, 0), (0, LB, 0), (0, 0, RT). The equa-
tion to calculate the sides of this polygon is:

2 2 2
Drowm, rom, = \/(xROMa — Xgoms) T (Vroma = Yrows)” + (Zroma = Zroms)

Where a and b are any two of the ROM with their x, y and z coordinates. The letter D repre-
sents the distance between two ROM vertices.

With the three sides obtained, the area of the polygon can be calculated using Heron’s for-
mula:

A=/s(s—a)(s—b)(s—c)

Where g, b and c are the sides of the polygon, and s represents the semiperimeter calculated
by:

a+b+c
§=—
2

The index created to encompass the ROM of all the three planes (FE, LB, RT) is the Neck
Functional Holistic Analysis Score (NFHAS). This index is calculated by dividing the area cre-
ated with the value of the three ROM (FE, LB, RT) by the area of the regular triangle that
would be obtained with a perfect score of 100% in all three ROM.

NFHAS = x 100

100%

The clustering of the patients was performed with MATLAB 2018b with the k-means func-
tion. This function was used to iteratively obtain 20 clusters. Within cluster variance helped to
determine the final optimal number of clusters. Silhouette analysis confirmed the decision of
the most appropriate number of clusters.

Statistical analysis

IBM SPSS, Version 20.0 (IBM Corp. Released 2011. IBM SPSS Statistics for Windows, Version
20.0. Armonk, NY: IBM Corp.) was used for the statistical analysis. Homoscedasticity of the
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data was checked using the Kolmogorov-Smirnov test. None of the studied variables followed
anormal distribution according to this test.

Two different classifications were tested in this investigation to find differences in the
impairment of the patients. The first classified patients using classical diagnoses, the second
classified the patients according to the NFHAS. The ROM of the created groups was used to
assess the differences.

Statistical inference was made using Kruskal-Wallis test. The o value was set at 0.05. In the
event that statistically relevant differences were encountered, post-hoc comparisons were
made using Mann-Whitney’s U test. Alfa value was adjusted by a Bonferroni correction. This
correction is made with the following formula:

o/m

acorrected =

Where the m value is the number of tested hypothesis and « is the original significance
level.

Effect sizes were presented by means of np” for the Kruskal-Wallis H test, and r in the case
of Mann-Whitney’s U [31-33].

Spearman’s rank-order correlation was used to test the relationship of age with every ROM.
It was also used to test the relationship of age and every ROM with the NFHAS.

Results
Descriptive statistics

A total of 772 patients were included in this research. In order to have a balanced sampling,
researchers requested that this database was a gender-balanced sample [34]. Descriptive statis-
tics of the analyzed variables can be seen in Table 2. Young people suffer more accidents; there-
fore, the skewness observed in age answers to the natural behavior of the phenomenon. The
skewness of the ROM data is conditioned by the natural limit of ROM since few people present
values larger than 100% of the normative data interval.

Median age was 38 years old with an inter quartile range (IQR) of 20. There are 27.2% of
patients between 18-29, 27.2% of patients between 30-39, 21.6% between 40-49% and 24%
over 50 years old. The data was positively skewed because of the higher incidence of neck inju-
ries due to a traffic car accident amongst young people [7].

Normalized values for the ROM where obtained with reference values from the matching
age interval [30]. Median value for the normalized flexion-extension is 76.05% with an IQR of
30.83, median value for the normalized lateral bending is 78.94° and an IQR of 29.94; median
value for the normalized rotation is 77.04° and an IQR of 30.74.

Analysis of the groups defined by classical diagnosis

According to the ICD-11 five different types of classical diagnoses were identified plus the
extra category labeled as others. A 29.6% of patients were diagnosed with cervical sprain (ICD-
11:NA23.4), those where further stratified into grades I (26.6%), grade II (1.7%) and grade III
(1.3%). A 60.1% of patients were diagnosed with cervicalgia (ICD-11:ME84.0). Only 2.7% of
patients were identified with WAD (ICD-11:NA23.4). Finally, 7.6% of the diagnoses had to be
grouped into a various category (ICD-11:NA23.4Z) due to the lack of resemblance to any item
in the ICD-11.

The Kruskal-Wallis H test was applied to compare the age and ROM from the different
groups created by medical diagnosis. This test ranks the variables and compares the mean
ranks of these variables between the different groups. The comparison of the ranks made by
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Table 2. Descriptive statistics of the normalized ROM values and the age of the patients.

N=772 Statistic Value
Age Mean 39.82
Confidence Interval 95% 38.83-40.82
Median 38.00
Standard deviation 14.07
Minimum 18.00
Maximum 87.00
Interquartile range 69.00
Skewness 0.608
FE ROM Mean 72.35
Confidence Interval 95% 70.84-73.86
Median 76.05
Standard deviation 21.32
Minimum 6.02
Maximum 110.45
Interquartile range 104.43
Skewness -0.25
LB ROM Mean 76.02
Confidence Interval 95% 74,56-77,47
Median 78.94
Standard deviation 20.62
Minimum 10.58
Maximum 111.10
Interquartile range 100.52
Skewness -0.15
RT ROM Mean 72.57
Confidence Interval 95% 71,06-74,09
Median 77.04
Standard deviation 21.48
Minimum 0.00
Maximum 108.03
Interquartile range 108.03
Skewness -0.47

https://doi.org/10.1371/journal.pone.0238424.t1002

the test can be seen in Table 3. The distribution of the patients is asymmetric, thus reflecting a
possible overdiagnosis of some pathologies and an underdiagnosis of others.
The Kruskal-Wallis H test shows that there was no statistical difference in the age or ROM
values of the patients depending on the medical diagnosis: age X*(5) = 7.670, p = 0.175; flex-
ion-extension ROM X*(5) = 9.179,p = 0.102; lateral bending ROM X*(5) = 8.372, p = 0.137;
rotation ROM X*(5) = 10.731, p = 0.057. Mean ranks are depicted in Table 1. The effect size

(np?) of the differences between groups regarding ROM was: FE = 0.01, LB = 0.01 and

RT =0.01.

Spearman’s rank-order correlation was run to determine the relationships of every ROM
and age. Between age and ROM, only the LB showed a significant correlation with r, _ -0.81
and p = 0.024. however, all ROM showed moderate positive correlations between themselves.
The FE with the LB resulted in a ry - 0.54 and p = 0.0005 FE with RT resulted in a r, - 0.65 and
p = 0.0005. The LB with RT resulted in a ry = 0.56 and p = 0.0005.
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Table 3. Mean ranks of the classical diagnosis statistical hypothesis testing.

N=772 Classical Diagnosis N Mean Rank
Age Grade I sprain 205 360,01
Grade II sprain 13 507,19
Grade III sprain 10 393,15
Cervicalgia 464 392,69
Whiplash 21 423,98
Others 59 388,76
FE ROM Grade I sprain 205 412,73
Grade II sprain 13 286,15
Grade III sprain 10 456,05
Cervicalgia 464 380,01
Whiplash 21 312,29
Others 59 383,13
LB ROM Grade I sprain 205 419,02
Grade II sprain 13 313,35
Grade III sprain 10 403,55
Cervicalgia 464 372,30
Whiplash 21 364,90
Others 59 406,08
RT ROM Grade I sprain 205 410,23
Grade II sprain 13 392,65
Grade III sprain 10 44325
Cervicalgia 464 378,00
Whiplash 21 260,71
Others 59 404,73

https://doi.org/10.1371/journal.pone.0238424.t1003

Clustering based on functional results

Within cluster variance was calculated from having just 1 cluster, up to 20 (Fig 2). By applying
the elbow technique, two optimal options were obtained: 5 or 6 clusters. When using 5 clusters,
the sum of squares equaled 1.177x10°, while with 6 clusters the sum of squares results in
1.066x10°, which results in a difference of just 0.111x10°. This difference in variance is smaller
than the one previously achieved by increasing the number of clusters. When performing a sil-
houette analysis, the use of 5 clusters resulted in an average silhouette value of 0.7236, while

x10° Variance with different number of clusters
T T T T

2

5
3
35

e
5

=

Il 1
2 4 6 8 10 12 M4 16 18 20
Number of k-mean clusters

S

Fig 2. Number of clusters. The diminution of the within cluster variance relents beyond the use of 5 clusters. A more
clinically relevant staging would not be obtained by using 6 instead of 5 clusters. Reducing the number of clusters to 4
would result in a grouping of patients with clinically different presentations.

https://doi.org/10.1371/journal.pone.0238424.9002
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the average value of 6 clusters was 0.6949. These results suggested choosing 5 groups instead
of 6.

With the 5 groups, the different clinical stages of ROM impairment in neck injury are as
follow:

o NFHAS type I, mean NFHAS of 91.7% with SD 5.89, normalized FE mean value 95.6% with
SD 5.53, normalized LB mean value of 96.5% and SD 6.01, normalized RT mean value of
94.96% and SD 6.11. The number of patients included in this cluster is 140.

o NFHAS type II, mean NFHAS of 72.43% with SD 4.76, normalized FE mean value 83.46%
with SD 10.3, normalized LB mean value of 86.79%% and SD 11.67, normalized RT mean
value of 84.79% and SD 9.77. The number of patients included in this cluster is 194.

o NFHAS type III, mean NFHAS of 56.6% with SD 4.74, normalized FE mean value 74.28%
with SD 11.86, normalized LB mean value of 76.9% and SD 13.22, normalized RT mean
value of 74.21% and SD 11.32. The number of patients included in this cluster is 174.

o NFHAS type IV, mean NFHAS of 38.77% with SD 5.39, normalized FE mean value 59.75%
with SD 12.91, normalized LB mean value of 65.84% and SD 14.63, normalized RT mean
value of 60.32% and SD 14.42. The number of patients included in this cluster is 145.

o NFHAS type V, mean NFHAS of 17.85% with SD 6.91, normalized FE mean value 39.35%
with SD 14.26, normalized LB mean value of 45.47% and SD 15.38, normalized RT mean
value of 38.86% and SD 14.07. The number of patients included in this cluster is 118.

The Fig 3 shows and compares the results of classifying the patients both by classical diag-
nosis and the NFHAS categories.

The Kruskal-Wallis H test shows that there was a statistically relevant difference between
the ROM values and NFHAS of the patients depending on the cluster in which they were
included: FE X*(4) = 551.59, p = 0.0005; LB ROM X*(4) = 484.58, p = 0.0005; RT ROM X*(4)
= 557.14, p = 0.0005; NFHAS X*(4) = 737.41, p = 0.0005. Mean ranks are shown in Table 1.
The age showed no statistical difference between groups: age X*(4) = 3.67, p = 0.452. Effect
size (npz) of the differences was: FE = 0.76, LB = 0.68, RT = 0.76 and NFHAS = 0.96.

Post-hoc tests with a Bonferroni adjustment of o. = 0.05/10 = 0.005 on the ROM and
NFHAS using Mann-Whitney’s U test are shown in Table 4.

All the post-hoc comparisons reflect statistical differences between the groups. Effect sizes
are lower between adjacent groups. All the NFHAS values of each group present a large effect
size of the difference.

Spearman’s rank-order correlation was run to determine the relationship of the NFHAS
with every ROM (FE, LB, RT) and the age of the patients. There was no significative correla-
tion between NFHAS and age r, = -0.37, p = 0.308. On the other hand, strong and significant
positive correlations were found for every ROM with the NFHAS. Results for the FE and
NFHAS were r, = 0.85, p = 0.0005, for the LB and NFHAS r, = 0.81, p = 0.0005 and for the RT
and NFHAS r, ~ 0.86, p = 0.0005.

Discussion
The NFHAS relation to the movement

The neck movements of daily living tasks rarely involve just one plane of motion [35] or a single
joint. These daily living tasks depend on available range of motion, strength, and appropriate
motor control. When the motion of the neck is evaluated, addressing three separate planes of
motion greatly increases the difficulty of determining the overall degree of ROM impairment.
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Fig 3. Classification with classical diagnosis vs NFHAS. Classification using the NFHAS provides clearly defined
groups that follow a direct distribution according to ROM values. Panel (A) depicts the ROM values of each patient in
a 3D space and the color represents the classical diagnosis received. Panel (B) shows the segregation of patients
according to their functional ROM values.

https://doi.org/10.1371/journal.pone.0238424.9003

The normalized values of the ROM present high correlation coefficients between them-
selves. Therefore, a combination of them in a single value can facilitate the evaluation of the
global range of motion. One option to join all the information into a single value would be to
use arithmetical averages; however, these are less robust in the presence of outliers. The imple-
mentation of the NFHAS mitigates the effect of outliers on the interpretation of ROM
impairment.

Furthermore, Spearman’s rank-order correlation analysis of the NFHAS with the original
normalized ROM demonstrates a high correspondence. The NFHAS fluctuates consistently
with the variations of ROM in each plane. This relationship shows that the NFHAS provides a
full picture of the overall ROM limitation and, therefore, can be used to stage the patient into
degrees of ROM impairment.

The classical diagnoses as stages of movement impairment

Health professionals use classical diagnoses to explain the problems experienced by the victim
of a traffic car accident. It was within the scope of this research to check whether the classical
diagnoses for the neck injuries are given depending on the severity of signs assessed with the
clinical exploration. Inference statistics showed that there was no difference in the ROM
impairment between groups with different diagnoses. The scatter plot presented in panel (A)
of Fig 2 shows that the multiple diagnoses do not clearly distinguish patients with different
impairments of movement. If the classical diagnoses had any relation to the impairment, some
clustering should be observed in the data. However, patients with poor results can be seen
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Table 4. Post-hoc analysis of the functional outcomes of the NFHAS groups.

Mann-Whitney’s U test results

FE
U p-value Effect size (r)
NFHAS type I vs NFHAS type II 4363 0.0005* 0.58
NFHAS type I vs NFHAS type III 1107 0.0005* 0.78
NFHAS type I vs NFHAS type IV 53 0.0005* 0.86
NFHAS type I vs NFHAS type V 1 0.0005* 0.86
NFHAS type II vs NFHAS type III 9574 0.0005* 0.37
NFHAS type II vs NFHAS type IV 2190 0.0005* 0.72
NFHAS type II vs NFHAS type V 160 0.0005* 0.79
NFHAS type III vs NFHAS type IV 5169 0.0005* 0.5
NFHAS type III vs NFHAS type V 664.5 0.0005* 0.79
NFHAS type IV vs NFHAS type V 2485.5 0.0005* 0.61
LB
U p-value Effect size (r)
NFHAS type I vs NFHAS type II 6064 0.0005* 0.47
NFHAS type I vs NFHAS type III 2083 0.0005* 0.71
NFHAS type I vs NFHAS type IV 523.5 0.0005* 0.82
NFHAS type I vs NFHAS type V 10 0.0005* 0.86
NFHAS type II vs NFHAS type I11 9388.5 0.0005* 0.38
NFHAS type II vs NFHAS type IV 3507 0.0005* 0.64
NFHAS type II vs NFHAS type V 471.5 0.0005* 0.77
NFHAS type III vs NFHAS type IV 7113.5 0.0005* 0.37
NFHAS type III vs NFHAS type V 1319.5 0.0005* 0.74
NFHAS type IV vs NFHAS type V 2907.5 0.0005* 0.56
RT
U p-value Effect size (r)
NFHAS type I vs NFHAS type 11 5042 0.0005* 0.53
NFHAS type I vs NFHAS type 111 1057 0.0005* 0.78
NFHAS type I vs NFHAS type IV 172 0.0005* 0.85
NFHAS type I vs NFHAS type V 2 0.0005* 0.86
NFHAS type II vs NFHAS type I11 7706 0.0005* 0.46
NFHAS type II vs NFHAS type IV 2114.5 0.0005* 0.72
NFHAS type II vs NFHAS type V 122 0.0005* 0.79
NFHAS type III vs NFHAS type IV 5.383 0.0005* 0.49
NFHAS type III vs NFHAS type V 600 0.0005* 0.79
NFHAS type IV vs NFHAS type V 2341.5 0.0005* 0.62
NFHAS
U p-value Effect size (r)
NFHAS type I vs NFHAS type II 0.000 0.0005* 0.85
NFHAS type I vs NFHAS type III 0.000 0.0005* 0.85
NFHAS type I vs NFHAS type IV 0.000 0.0005* 0.86
NFHAS type I vs NFHAS type V 0.000 0.0005* 0.86
NFHAS type II vs NFHAS type III 0.000 0.0005* 0.86
NFHAS type II vs NFHAS type IV 0.000 0.0005* 0.85
NFHAS type II vs NFHAS type V 0.000 0.0005* 0.8
NFHAS type III vs NFHAS type IV 0.000 0.0005* 0.86
NFHAS type III vs NFHAS type V 0.000 0.0005* 0.84
(Continued)

PLOS ONE | https://doi.org/10.1371/journal.pone.0238424  September 9, 2020

12/17


https://doi.org/10.1371/journal.pone.0238424

PLOS ONE

Improving the staging of neck injuries using the NFHAS

Table 4. (Continued)

Mann-Whitney’s U test results
FE
U p-value Effect size (r)
NFHAS type IV vs NFHAS type V 0.000 0.00005* 0.85

*Significance is set at p<0.005.

Bold effect sizes present a large effect according to Cohen.

https://doi.org/10.1371/journal.pone.0238424.1004

clustered together with others that have milder ROM loses. The results portraited in Fig 2
panel (A) even show that diagnoses 1, 2 and 3, which are cervical sprains with different catego-
ries of severity, do not display statistically relevant differences. There are patients with all levels
of impairment inside each cluster. The low effect sizes recovered using the np” also suggest
that there is no relationship between giving a specific diagnosis and the degree of ROM
impairment. Since the ROM integrity will later be used to decide the best treatment and the
end of rehabilitation, it would be desirable to have a true reflection of the impairment severity
in the diagnosis. Based on these results, classical diagnoses lack information regarding the
degree of the patient’s injury. This uncertainty in the assignment of a diagnosis matching the
actual capabilities of the patient empowers the “cured by a verdict” myth present in the insur-
ance environment. The way the patients are diagnosed in each country affects the global con-
sideration of the pathology and, therefore, might predispose health professionals to face the
patient with mistrust [36]. Guidelines for the assessment of the WAD advise to objectively
quantify the signs of the patient with the objective of correctly staging them and proposing the
best therapeutic options [37]. It seems, however, that the staging of the patient according to
objective signs is not done on a basis in the gathered sample of cases. The degree of
impairment should be in combination with the QTF classification to give a more complete
overview of the patient’s health. Current guidelines focus mainly on patient reported measures
[38] but could benefit from the addition of objective measures in their workflows.

The NFHAS as clustering tool

Since the classical diagnosis of neck injuries does not have relation to the degree of
impairment, the NFHAS was proposed as a quantitative value to perform clustering.

Using the K-means algorithm, 5 main groups were generated. These groups demonstrate
statistically relevant differences between them and can allocate different types of impairments.
The key differentiating characteristics do not overlap between groups, which indicates a good
classification system [39]. Study of the effect sizes reveals that differences between adjacent
groups have a low effect, while for groups that are further apart the effect size of the differences
becomes moderate to high. It is important to notice that the effect size of the comparison is
always high regarding the NFHAS. The associated ROM values vary in a lower proportion
between adjacent groups. While the global movement of the patient is highly different between
groups, individual ROM values show smaller differences between adjacent groups.

The grading given to the patient is inverse to the NFHAS value. NFHAS type I patients
have greater ROM than NFHAS type V patients. This grading of the patients is highly corre-
lated to all the original ROM normalized values and the NFHAS score. The number of stages
was decided using the elbow technique, the silhouette analysis, and the clinical meaning of the
number of stages. There is not much difference in the within clusters sum of squares between
5 or 6 clusters, nevertheless, there is a clearly lower slope beyond 6 clusters. Silhouette analysis
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had a greater mean value with 5 clusters than with 6. However, the final decision of choosing 5
clusters answers to the clinical relevance of having an additional cluster. When 6 clusters were
made, the division did not give a sufficiently different group regarding impairment. The classi-
fication would not benefit from an additional staging of these patients. With 5 groups, patients
inside group I are mainly over 90% of the total normalized ROM in every plane, and therefore
can be considered as not ROM limited; type II patients have a mild ROM loss; type III a mod-
erate ROM loss; type IV a grave ROM loss and type V a severe loss of ROM. This staging is like
the one already used in the decision of the degree of final impairment. The QTF also identifies
five categories with increasing severity; however, their grading just considers three categories
as uncomplicated damage to soft tissues. This widely used classification only matches the
degree of severity of the signs with the staging of the patient on a qualitative basis rather than a
quantitative one. This makes possible that a patient with low disability and no neurological
signs is classified in the same group as one with high disability and no neurological signs either
[9].

A study in patients with low back pain had similar results when staging their patients
according to magnetic resonance findings. The study reports a classification where they had
one group labeled as ‘no or few findings’, a second group as ‘mild spinal degeneration’, a third
group as ‘moderate/severe spinal degeneration’, a fourth group as ‘moderate/severe spinal
degeneration and mild sacroiliac joint findings’, and a fifth group as ‘mild spinal degeneration
and moderate/severe sacroiliac joint findings’ [40]. It seems appropriate that we have 1 group
with no injury or patients considered as not significantly injured, and latter groups with scal-
ing seriousness. The lower bound of the first group lies at 85% of the global functionality,
which equates to a mean 90% of the ROM in each plane of motion. A study performed in a
WAD population using the NDI identified the 15% of disability as the optimal cutoft for differ-
entiating between real injured and not injured. Although the NDI reflects self-reported disabil-
ity and not the objective ROM exploration, it is interesting to see that their cutoff matches
numerically the one we proposed for the NFHAS type I [41]. Even more, some literature
reports that 29 to 38% of the individuals exposed to rear end low energy impacts present symp-
toms of minimal severity that would disappear within 24 hours of the impact [42]. None of the
patients considered in the present study was measured before 48 hours of the impact, since
they had to be attended first in the emergency room and later be visited by a physician who
prescribed the biomechanical assessment.

Having a more appropriate staging of impairments, like the one proposed, may allow for a
proper modelling of the expected outcome of each group depending on the treatments applied.
By clustering the neck injured by their ROM impairment, the quality and specificity of the
treatments offered to these groups of patients can be improved [39].

Limitations

It is difficult to gather equal numbers of patients with every diagnosis, so the first limitation is
the extreme asymmetry of the groups depending on the clinical diagnosis. This investigation
has also highlighted that there is a growing trend to include neck injured patients into the cer-
vicalgia generic diagnosis more than in any other. The diagnosis of the patients was not con-
trolled by the investigation team, and there was no interaction between the investigation team
and any of the medical doctors that prescribed those diagnoses, therefore, it only reflects the
situation. However, we do not expect that the results would change substantially if we had
matching groups for every diagnosis.

Another limitation is that the NFHAS only contains information about the ROM. In pros-
pect investigations, more relevant attributes related to function should be evaluated to be
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included in the NFHAS and improve the classification. Correlating information of pain level,
strength, psychosocial factors, or the function capability of other extremities (such as the
upper limb) with the NFHAS could further improve the insight on the WAD pathology.

As it was out of the scope of this paper, no longitudinal assessment of these patients was
made. In future studies, patients into each NFHAS group must be examined for their response
to rehabilitation. Studying if the groups respond differently to rehabilitation can help in the
management of these patients.

Patients are appointed with a medical doctor within ten days of the traffic car accident,
however, the information of the exact number of days since the accident was not controlled.
This investigation identified degrees of injury that could be present at any stage of the injury,
so not having controlled the number of days from the accident should not affect the results
substantially. However, in future longitudinal investigations, the information on the time
passed since the accident could have influence on the patient’s recovery and should be there-
fore gathered.

Conclusions

Classical cervical neck pathology diagnoses are not sensitive enough to correctly stage patients
according to their impairment. The NFHAS is directly correlated to the available ROM of the
patient. The NFHAS serves as a good tool for the classification of patients into meaningful
groups according to movement impairment.

Author Contributions

Conceptualization: Alberto J. Fidalgo-Herrera, M2 Jestis Martinez-Beltran, Julio C. de la
Torre-Montero.

Data curation: Alberto J. Fidalgo-Herrera.
Formal analysis: Alberto J. Fidalgo-Herrera.
Investigation: Alberto J. Fidalgo-Herrera, M Jesus Martinez-Beltran.

Methodology: Alberto J. Fidalgo-Herrera, M2 Jesis Martinez-Beltran, Julio C. de la Torre-
Montero.

Project administration: Alberto J. Fidalgo-Herrera.

Resources: Alberto J. Fidalgo-Herrera.

Software: José A. Moreno-Ruiz.

Supervision: Julio C. de la Torre-Montero.

Writing - original draft: Alberto J. Fidalgo-Herrera, Carlos Jové-Blanco.

Writing - review & editing: Alberto J. Fidalgo-Herrera, Carlos Jové-Blanco, M? Jesus Marti-
nez-Beltran, Julio C. de la Torre-Montero.

References
1. Erbulut DU. Biomechanics of neck injuries resulting from rear-end vehicle collisions. Turk Neurosurg.
2014; 24: 466-70. https://doi.org/10.5137/1019-5149.JTN.9218-13.1
2. World Health Organization W. International Classification of Diseases 11th Revision [Internet]. 2019
[cited 15 Apr 2019]. Available: https://icd.who.int/en

3. Smith A, Parrish T, Hoggarth M, McPherson J, Tysseling V, Wasielewski M, et al. Potential associations
between chronic whiplash and incomplete spinal cord injury. Spinal Cord Ser Cases. 2015; 1: 4-9.
https://doi.org/10.1038/scsandc.2015.24

PLOS ONE | https://doi.org/10.1371/journal.pone.0238424  September 9, 2020 15/17


https://doi.org/10.5137/1019-5149.JTN.9218-13.1
https://icd.who.int/en
https://doi.org/10.1038/scsandc.2015.24
https://doi.org/10.1371/journal.pone.0238424

PLOS ONE

Improving the staging of neck injuries using the NFHAS

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Elliott JM, Cornwall J, Kennedy E, Abbott R, Crawford RJ. Towards defining muscular regions of interest
from axial magnetic resonance imaging with anatomical cross-reference: Part l—Cervical spine mus-
culature. BMC Musculoskelet Disord. BMC Musculoskeletal Disorders; 2018; 19: 1-14. https://doi.org/
10.1186/s12891-018-2074-y

Owers DS, Perriman DM, Smith PN, Neeman T, Webb AL. Evidence for cervical muscle morphometric
changes on magnetic resonance images after whiplash: A systematic review and meta-analysis. Injury.
Elsevier Ltd; 2018; 49: 165—176. https://doi.org/10.1016/j.injury.2017.12.001

De Pauw R, Coppieters |, Kregel J, De Meulemeester K, Danneels L, Cagnie B. Does muscle morphol-
ogy change in chronic neck pain patients?—A systematic review. Man Ther. Elsevier Ltd; 2016; 22: 42—
49. https://doi.org/10.1016/j.math.2015.11.006

Teresinski G. Verification of whiplash-associated disorders in forensic medical practice. part |—assess-
ment of the injury circumstances and biomechanics. Arch Med sgdowej i Kryminol. 2016; 63: 79-92,
69-78. Available: http://www.ncbi.nlm.nih.gov/pubmed/24261258

Leahy PD, Puttlitz CM. Addition of lateral bending range of motion measurement to standard sagittal
measurement to improve diagnosis sensitivity of ligamentous injury in the human lower cervical spine.
Eur Spine J. 2016; 25: 122—126. https://doi.org/10.1007/s00586-015-4110-z

Bono G, Antonaci F, Ghirmai S, D’Angelo F, Berger M, Nappi G. Whiplash injuries: Clinical picture and
diagnostic work-up. Clin Exp Rheumatol. 2000; 18: 23-28.

Bussieres AE, Stewart G, Al-Zoubi F, Decina P, Descarreaux M, Hayden J, et al. The Treatment of
Neck Pain-Associated Disorders and Whiplash-Associated Disorders: A Clinical Practice Guideline. J
Manipulative Physiol Ther. 2016; 39: 523-564.€27. https://doi.org/10.1016/j.jmpt.2016.08.007

Styrke J, Stalnacke B-M, Bylund P-O, Sojka P, Bjérnstig U. A 10-year incidence of acute whiplash inju-
ries after road traffic crashes in a defined population in northern Sweden. PM R. Elsevier Inc.; 2012; 4:
739-47. https://doi.org/10.1016/j.pmrj.2012.05.010

Dvir Z, Gal-Eshel N, Shamir B, Pevzner E, Peretz C, Knoller N. Simulated pain and cervical motion in
patients with chronic disorders of the cervical spine. Pain Res Manag. 2004; 9: 131-136. https://doi.org/
10.1155/2004/926453

Pastakia K, Kumar S. Acute whiplash associated disorders (WAD). Open Access Emerg Med. 2011; 3:
29-32. https://doi.org/10.2147/OAEM.S17853

Youdas JW, Carey JR, Garrett TR. Reliability of Measurements of Cervical Spine Range of Motion—
Comparison of Three Methods. Phys Ther. 1991; 71: 98—104. https://doi.org/10.1093/ptj/71.2.98

Reynolds J, Marsh D, Koller H, Zenenr J, Bannister G. Cervical range of movement in relation to neck
dimension. Eur Spine J. 2009; 18: 863-8. https://doi.org/10.1007/s00586-009-0894-z

Lascurain-Aguirrebefia I, Newham DJ, Irazusta J, Seco J, Critchley DJ. Reliability of a Method to Mea-
sure Neck Surface Electromyography, Kinematics, and Pain Occurrence in Participants With Neck
Pain. J Manip Physiol Ther. Elsevier; 2018; 41: 413—-424. https://doi.org/10.1016/j.jmpt.2017.10.013

Huang TS, Ou HL, Huang CY, Lin JJ. Specific kinematics and associated muscle activation in individu-
als with scapular dyskinesis. J Shoulder Elb Surg. Elsevier Ltd; 2015; 24: 1227—1234. https://doi.org/10.
1016/j.jse.2014.12.022

Warner MB, Whatling G, Worsley PR, Mottram S, Chappell PH, Holt CA, et al. Objective classification
of scapular kinematics in participants with movement faults of the scapula on clinical assessment. Com-
put Methods Biomech Biomed Engin. 2015; 18: 782—789. https://doi.org/10.1080/10255842.2013.
847093

Whelan D, O’Reilly M, Huang B, Giggins O, Kechadi T, Caulfield B. Leveraging IMU data for accurate
exercise performance classification and musculoskeletal injury risk screening. 2016 38th Annual Inter-
national Conference of the IEEE Engineering in Medicine and Biology Society (EMBC). IEEE;

2016. pp. 659-662. https://doi.org/10.1109/EMBC.2016.7590788

Niederer D, Vogt L, Wilke J, Rickert M, Banzer W. Age-related cutoffs for cervical movement behaviour
to distinguish chronic idiopathic neck pain patients from unimpaired subjects. Eur Spine J. 2015; 24:
493-502. https://doi.org/10.1007/s00586-014-3715-y

Woodhouse A, Vasseljen O. Altered motor control patterns in whiplash and chronic neck pain. BMC
Musculoskelet Disord. 2008; 9: 1-10. https://doi.org/10.1186/1471-2474-9-90

Grip H, Sundelin G. Variations in the axis of motion during head repositioning—A comparison of subjects
with whiplash-associated disorders or non-specific neck pain and healthy controls. 2007; 22: 865-873.
https://doi.org/10.1016/j.clinbiomech.2007.05.008

Waeyaert P, Jansen D, Bastiaansen M, Scafoglieri A, Buyl R, Schmitt M, et al. Three-dimensional cervi-
cal movement characteristics in healthy subjects and subgroups of chronic neck pain patients based on
their pain location. Spine (Phila Pa 1976). 2016; 41: E908—-E914. https://doi.org/10.1097/BRS.
0000000000001500

PLOS ONE | https://doi.org/10.1371/journal.pone.0238424  September 9, 2020 16/17


https://doi.org/10.1186/s12891-018-2074-y
https://doi.org/10.1186/s12891-018-2074-y
https://doi.org/10.1016/j.injury.2017.12.001
https://doi.org/10.1016/j.math.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24261258
https://doi.org/10.1007/s00586-015-4110-z
https://doi.org/10.1016/j.jmpt.2016.08.007
https://doi.org/10.1016/j.pmrj.2012.05.010
https://doi.org/10.1155/2004/926453
https://doi.org/10.1155/2004/926453
https://doi.org/10.2147/OAEM.S17853
https://doi.org/10.1093/ptj/71.2.98
https://doi.org/10.1007/s00586-009-0894-z
https://doi.org/10.1016/j.jmpt.2017.10.013
https://doi.org/10.1016/j.jse.2014.12.022
https://doi.org/10.1016/j.jse.2014.12.022
https://doi.org/10.1080/10255842.2013.847093
https://doi.org/10.1080/10255842.2013.847093
https://doi.org/10.1109/EMBC.2016.7590788
https://doi.org/10.1007/s00586-014-3715-y
https://doi.org/10.1186/1471-2474-9-90
https://doi.org/10.1016/j.clinbiomech.2007.05.008
https://doi.org/10.1097/BRS.0000000000001500
https://doi.org/10.1097/BRS.0000000000001500
https://doi.org/10.1371/journal.pone.0238424

PLOS ONE

Improving the staging of neck injuries using the NFHAS

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Antonaci F, Bulgheroni M, Ghirmai S, Lanfranchi S, Toffola ED, Sandrini G, et al. 3D Kinematic Analysis
and Clinical Evaluation of Neck Movements in Patients with Whiplash Injury. Cephalalgia. 2002; 22:
533-542. https://doi.org/10.1046/j.1468-2982.2002.00405.x

Meisingset |, Stensdotter AK, Woodhouse A, Vasselien O. Neck motion, motor control, pain and disabil-
ity: A longitudinal study of associations in neck pain patients in physiotherapy treatment. Man Ther.
Elsevier Ltd; 2016; 22: 94—100. https://doi.org/10.1016/j.math.2015.10.013

Clayton JL, Harris MB, Weintraub SL, Marr AB, Timmer J, Stuke LE, et al. Risk factors for cervical spine
injury. Injury. 2012; 43: 431-435. https://doi.org/10.1016/j.injury.2011.06.022

Grip H, Ohberg F, Wiklund U, Sterner Y, Karlsson JS, Gerdle B. Classification of neck movement pat-
terns related to whiplash-associated disorders using neural networks. IEEE Trans Inf Technol Biomed.
20083; 7: 412—418. https://doi.org/10.1109/TITB.2003.821322

De Rosario H, Vivas MJ, Sinovas MI, Page A Relationship between neck motion and self-reported pain
in patients with whiplash associated disorders during the acute phase. Musculoskelet Sci Pract. Else-
vier; 2018; 38: 23-29. https://doi.org/10.1016/j.msksp.2018.09.004

Martinez-Beltran MJ, Fidalgo-Herrera A, Lépez-Moreno C, Blanco-Méndez R, Pérez-Mallada N, de la
Torre-Montero J. Validation of an inertial based movement system: a pilot study. Dublin: 8th World
Congress of Biomechanics; 2018.

Swinkels RAHM, Swinkels-Meewisse IEJCM. Normal Values for Cervical Range of Motion. Spine
(Phila Pa 1976). 2014; 39. https://doi.org/10.1097/BRS.0000000000000158

Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-
tests and ANOVAs. Front Psychol. 2013; 4. https://doi.org/10.3389/fpsyg.2013.00863

Rosenthal R, DiMatteo MR. Meta-Analysis: Recent Developments in Quantitative Methods for Litera-
ture Reviews. Annu Rev Psychol. 2001; 52: 59-82. https://doi.org/10.1146/annurev.psych.52.1.59

Murphy K, Myors B, Wolach A. Statistical Power Analysis: A Simple and General Model for Traditional
and Modern Hypothesis Tests, Fourth Edition [Internet]. 4th ed. Francis Tand, editor. New York: Rout-
ledge; 2003. https://doi.org/10.4324/9781410609267

Tillé Y. Balanced Sampling. International Encyclopedia of Statistical Science. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2011. pp. 81-82. https://doi.org/10.1007/978-3-642-04898-2_130

Bible D.; Miller C.P.; Whang P.G.; and Grauer J.N. B JE. Normal Functional Range of Motion of the Cer-
vical Spine During 15 Activities of Daily Living. J Spinal Disord Tech. 2010; 23: 15-21. Available: https://
insights.ovid.com/pubmed?pmid=20051924

Spearing NM, Gyrd-Hansen D, Pobereskin LH, Rowell DS, Connelly LB. Are people who claim compen-
sation “cured by a verdict”? A longitudinal study of health outcomes after whiplash. J Law Med. 2012;
20: 82-92. Available: http://www.ncbi.nlm.nih.gov/pubmed/23156650

Ferrara SD, Ananian V, Baccino E, Banczerowski P, Bordignon D, Boscolo-Berto R, et al. Whiplash-
Associated Disorders: Clinical and medico-legal guidelines on the methods of ascertainment. Int J
Legal Med. 2016; 130: 13—22. https://doi.org/10.1007/s00414-015-1243-x

State Insurance Regulatory Authority. Guidelines for the management of acute whiplash associated dis-
orders for health professionals. 3rd editio. Sidney; 2014.

Kent P, Jensen RK, Kongsted A. A comparison of three clustering methods for finding subgroups in
MRI, SMS or clinical data: SPSS TwoStep Cluster analysis, Latent Gold and SNOB. BMC Med Res
Methodol. 2014; 14: 1—-14. https://doi.org/10.1186/1471-2288-14-113

Arnbak B, Jensen RK, Manniche C, Hendricks O, Kent P, Jurik AG, et al. Identification of subgroups of
inflammatory and degenerative MRI findings in the spine and sacroiliac joints: A latent class analysis of
1037 patients with persistent low back pain. Arthritis Res Ther. Arthritis Research & Therapy; 2016; 18:
1-10. https://doi.org/10.1186/s13075-016-1131-x

Croft AC, Workman JA, Szatalowicz MP, Roberts PE, Suiter LR. Classifying Whiplash Recovery Status
Using the Neck Disability Index: Optimized Cutoff Points Derived From Receiver Operating Characteris-
tic. J Chiropr Med. Elsevier B.V.; 2016; 15: 95—101. https://doi.org/10.1016/j.jcm.2016.04.011

Brault JR, Wheeler JB, Siegmund GP, Brault EJ. Clinical response of human subjects to rear-end auto-
mobile collisions. Arch Phys Med Rehabil. 1998; 79: 72—-80. https://doi.org/10.1016/S0003-9993(98)
90212-X

PLOS ONE | https://doi.org/10.1371/journal.pone.0238424  September 9, 2020 17/17


https://doi.org/10.1046/j.1468-2982.2002.00405.x
https://doi.org/10.1016/j.math.2015.10.013
https://doi.org/10.1016/j.injury.2011.06.022
https://doi.org/10.1109/TITB.2003.821322
https://doi.org/10.1016/j.msksp.2018.09.004
https://doi.org/10.1097/BRS.0000000000000158
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1146/annurev.psych.52.1.59
https://doi.org/10.4324/9781410609267
https://doi.org/10.1007/978-3-642-04898-2%5F130
https://insights.ovid.com/pubmed?pmid=20051924
https://insights.ovid.com/pubmed?pmid=20051924
http://www.ncbi.nlm.nih.gov/pubmed/23156650
https://doi.org/10.1007/s00414-015-1243-x
https://doi.org/10.1186/1471-2288-14-113
https://doi.org/10.1186/s13075-016-1131-x
https://doi.org/10.1016/j.jcm.2016.04.011
https://doi.org/10.1016/S0003-9993%2898%2990212-X
https://doi.org/10.1016/S0003-9993%2898%2990212-X
https://doi.org/10.1371/journal.pone.0238424

