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Abstract

Background Patients with craniocervical pain have shown reduced performance in the craniocervical flexion test
(CCFT). However, there is limited evidence of other possible kinematic alterations not assessed in the context of the
CCFT. Previous studies on other functional or planar movements have reported alterations in sensorimotor control
(e.g., range of motion [ROM], velocity, or smoothness) in subjects with neck pain. The objective of this study was to
explore the association between sensorimotor control variables associated with craniocervical flexion movement and
different characteristics related to pain, age, disability, and fear of movement in individuals with non-traumatic chronic
neck pain and asymptomatic controls.

Methods This was an observational, cross-sectional study in patients with non-traumatic neck pain and asympto-
matic participants. Regression models were used to assess whether descriptive characteristics of the sample, includ-
ing: (a) age, (b) intensity of pain, (c) neck disability, (d) chronicity of pain, and (e) fear of movement could explain
sensorimotor control variables such as ROM, velocity, jerk, head repositioning accuracy, and conjunct motion. All
these variables were recorded by means of light inertial measurement unit sensors during the performance of three
maximal repetitions of full range craniocervical flexion in the supine position.

Results A total of 211 individuals were screened and 192 participants finished the protocol and were included in
the analyses. Participants had an average age of 34.55 4 13.93 years and included 124 patients with non-traumatic
neck pain and 68 asymptomatic subjects. Kinesiophobia partially explained lower craniocervical flexion ROM
(p=.01) and lower peak velocity in flexion (P <.001). Age partially explained increased craniocervical extension ROM
(P<.007) and lower peak velocity in flexion (P =.03). Chronicity partially explained increased lateral flexion conjunct
motion (P =.008). All models showed low values of explained variance (< 32%) and low absolute values of regression
coefficients.

Conclusions This study did not find a clear relationship between population characteristics and sensorimotor control
variables associated with the craniocervical flexion movement. Kinesiophobia might have some association with
reduced ROM in craniocervical flexion, but further research in this field is needed in large samples of patients with
higher levels of kinesiophobia pain or disability.
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Background

Neck pain is a very common musculoskeletal disorder
and a major public health burden with high prevalence,
incidence, and years lived with disability worldwide
[1]. The annual prevalence of neck pain ranges from
15-75.1% [2] and has been estimated to be as high as
71% of the adult population having at least one epi-
sode of neck pain in their lifetime [3]. This represents a
major public health problem associated with high socio-
economic costs in terms of absenteeism from work and
medical expenses [4]. Between 50 and 75% of people
who have suffered from neck pain continue to experience
symptoms 1-5 years after the onset of symptoms or suf-
fer recurrent episodes [5].

Previous studies have related the onset and perpetua-
tion of craniocervical pain to multiple alterations of the
cervical sensorimotor system compared to asympto-
matic population, such as reduced muscular strength and
endurance of the cervical muscles [6-8], altered proprio-
ception [9, 10], impaired kinematics [11, 12], or changes
in muscle morphology [13]. Decreased active range of
motion (ROM), impaired movement accuracy, impaired
repositioning accuracy, reduced speed of movement, or
decreased smoothness of neck movement have also been
observed [14—18].

The craniocervical flexion test (CCFT) specifically
assesses the function of the deep neck muscles of the cer-
vical region. [10, 19, 20]. It consists of a controlled upper
cervical flexion action performed during five incremen-
tal stages of pressure, increasing the range of motion of
craniocervical flexion in the supine position [20]. Correct
performance of the test implies the ability to achieve and
maintain an isometric contraction in each of the incre-
menting stages without compensatory movements such
as retraction, lift of the head off the table, or overuse of
the superficial cervical flexors [20]. Patients with crani-
ocervical pain have shown reduced performance in the
CCFT compared to asymptomatic individuals [21-24].
Therefore, the performance of the deep flexor muscles is
frequently considered in the evaluation of patients with
neck pain [25, 26], as well as in the prescription of spe-
cific therapeutic exercise programs [19].

Although CCFT has been frequently investigated in
patients with craniocervical pain, it is unclear whether this
specific craniocervical flexion movement might be altered
in relation to other parameters (e.g., speed, smoothness.
or joint position error) than those currently obtained from
the CCFT, as well as the relevance of measuring these
parameters. Several studies have evaluated the aspects

of sensorimotor control in multiple cervical movements
rather than during craniocervical flexion [16-18]. How-
ever, to our knowledge, the kinematics of the craniocervical
flexion movement specifically have not been explored by
assessing variables of sensorimotor control, such as speed
or smoothness, by comparing subjects with non-traumatic
neck pain with asymptomatic controls. Moreover, it is
unclear whether other factors of the studied population dif-
ferent than pain, such as disability, chronicity, age or fear of
motion could influence the performance of this movement.
Previous research has observed alterations in the perfor-
mance of the CCFT in elderly subjects when compared to
young participants [27]. Also, a recent study of Devecchi
et al. have highlighted the association between fear of pain
and neuromuscular and kinematic adaptations observed in
people with a history of neck pain [28]. Previous research
specifically investigated the ROM of the craniocervical
flexion, and observed that patients with neck pain or head-
ache had reduced ROM when compared with asympto-
matic subjects during full range movement [29] or during
the stages of CFFT [21]. Ernst et al. [29] emphasized the
need for a separate ROM assessment of the upper cervical
spine and recommended examining the capability of upper
craniocervical ROM to discriminate between healthy sub-
jects and symptomatic patients in future studies.

It is possible that kinematic analysis of sensorimotor
control of this specific movement may provide relevant
information for understanding the mechanisms underly-
ing craniocervical pain or assessing the effects of therapies
in relation to changes in patients” sensorimotor control.
Moreover, the kinematics of craniocervical flexion assessed
as an independent movement could potentially be used as a
alternative form of assessment of the deep cervical flexors,
since the limited reliability of the CCFT has recently con-
sidered to affect its suitability [30]

Therefore, this study aimed to explore whether differ-
ent characteristics related to pain intensity, age, neck-
pain related disability, and fear of movement explain
sensorimotor control performance (ROM, velocity, jerk,
head repositioning accuracy, and conjunct motion) during
the craniocervical flexion movement on a sample of non-
traumatic chronic neck pain patients and asymptomatic
controls.

Methods

Design

This was a descriptive, observational, cross-sectional
study, including patients with non-traumatic neck pain
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and a control group of asymptomatic participants based
on a previously described study protocol [31].

This study was designed and the findings are reported
in accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) [32].

The study was approved by the Research Ethics Com-
mittee of CEU San Pablo University (495/21/39). Partici-
pants provided informed written consent before being
enrolled into the study and they were able to withdraw
their consent at any time during the study, in compliance
with the WHO standards and the Declaration of Helsinki
[33].

Sample and selection

The sample was composed of a group of patients with
non-traumatic subacute and chronic neck pain and
another group of asymptomatic subjects. We recruited
a non-probabilistic convenience sample via flyers, online
forms through social networks, e-mail, or direct verbal
communication at San Pablo-CEU University, the CEU
San Pablo University clinic, as well as in private physi-
otherapy clinics in the Community of Madrid.

Patients with neck pain were eligible to be included in
the study if they were 18—65 years old and fulfill the fol-
lowing selection criteria: (a) neck pain of at least 1 month
of evolution, (b) neck pain from non-specific mechani-
cal origin associated or not with primary headache (e.g.
migraine or tension-type headache), shoulder pain, or
upper limb pain. Patients with neck pain were excluded if
they presented any of the following criteria: (a) complex
regional syndrome, (b) previous surgeries in the neck
and/or head region, (c) vestibular alterations, (d) otogenic
or idiopathic vertigo/dizziness, (e) presence of tumors
in the craniocervical region, (f) previous fracture in the
head or neck region, (g) osseous deformities in the tho-
racic, cervical, or cranial region.

Asymptomatic subjects should not have any pain in the
cervical region during the last year and no previous treat-
ment for neck pain. The exclusion criteria were the same
as described for patients with neck pain.

Once deemed eligible, subjects were asked to read and
sign the informed consent prior to participation and then
were invited to participate in the study, consisting of
one session in which all variables described below were
assessed.

Instrumentation and measures

Prior to sensorimotor control testing, subject demo-
graphic characteristics such as age, gender, weight,
height, and dominant side were recorded. In addition, the
following pain or descriptive variables were collected for
all participants: (a) mean intensity of pain during the last
month (visual analog scale), (b) neck disability measured
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using the Spanish version of the Neck Disability Index
(NDI) [34], (c) duration of pain since pain started
(months). Participants were considered asymptomatic in
case these three variables were recorded with a score of 0.
Then, these variables were included in the regression sta-
tistical analysis described below as continuous variables.

Primary outcomes: sensorimotor control assessment
Sensorimotor control kinematic variables were recorded
by means of small (4 cm x4 c¢cm x 8 cm), light (<200 g)
Inertial Measurement Unit (IMU) sensors (Werium Solu-
tions©, Madrid, Spain), which integrate a 3D accelerome-
ter, a gyroscope, and a magnetometer. This inertial sensor
technology has previously shown good to excellent intra-
rater and inter-rater reliability in the measurement of
general cervical ROM (ICC=0.93) [35] and craniocervi-
cal flexion (ICC>0.80) [36].

An independent assessor administered testing pro-
cedures, blinded to subject group status (neck pain or
asymptomatic). Another researcher recorded the demo-
graphic variables and was aware of the subject’s pain
status. As reported by similar previous research [37,
38] performance and detection biases during this type
of testing procedure are less likely, since these proce-
dures use automatic computerized data collection and
processing.

The kinematics of the craniocervical flexion move-
ment in supine position were evaluated for each subject
enrolled in the study. Participants received instructions
on testing procedures (see below). During the test, the
assessor was able to monitor on real time the values of
ROM displayed on a computer screen (Fig. 1).

Before starting with the test, participants were asked
to sit naturally in a standard chair with the feet well sup-
ported on the floor and the neck and head in a neutral
comfortable position with their hands resting on their
thighs. Patients performed three repetitions of flexion/
extension, lateral inclination, and rotations (to both
sides), serving as a warm-up exercise before the measure-
ment of craniocervical flexion.

Then, the assessor asked the subjects whether they had
any questions before starting the test. Then subjects were
asked to perform three consecutive active movements of
the craniocervical flexion movement in supine position
as described in the section below.

Secondary outcomes

All participants completed a questionnaire related to fear
of movement, which is also described below. The Spanish
version of the Tampa Scale for Kinesiophobia (TSK11)
[42] was used to assess fear of movement and injury. This
self-reporting questionnaire includes 11 items that are
rated on a four-point scale, where 4 represents “strongly
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Fig. 1 Displayed computer biofeedback screen for real-time monitoring of craniocervical flexion movement

agree” with the statement and 1 represents “strongly dis-
agree”. Scores range from 11 to 44, where higher scores
indicate higher fear of movement. This Spanish version
showed good reliability and validity, with an internal con-
sistency of a=0.79.

Craniocervical flexion in supine position
One wireless wearable sensor was adhered to the center
of the forehead (defined as the place where the lines that
bisect the forehead longitudinally and horizontally cross
in supine position) before starting the test (Fig. 2a).
Placement of the sensor with these landmarks has
shown to be a reliable method for measuring craniocer-
vical flexion ROM in previous research [36]. Participants
were placed in a relaxed supine position with the fore-
arms resting on the abdomen, the knees flexed, and the
neck in a neutral comfortable position. The assessor visu-
ally assessed that the cranio-cervical spine was in a mid-
position in which the subjects’ chin and forehead were

horizontal and an imaginary line, which extended from
the tragus of the ear to bisect the neck longitudinally,
was parallel to the plinth[39]. Subjects were reminded
to stay and memorize the starting neutral position of the
head (Fig. 2a) and return to this position as accurately
as possible after each of the three repetitions. Once the
participant was in this position, the sensor was set and
calibrated to the starting position. At this moment,
patients were asked to perform three repetitions of the
full-range craniocervical flexion movement (Fig. 2b),
consisting of an anterior rotation of the head in a nod-
ding action, feeling the back of their heads sliding up on
the table. During the test, the assessor provided stand-
ardized verbal cues to guide the process with a correct
technique if necessary.

Additionally, the movement was repeated in case the
assessor detected signs of compensation, such as lower
cervical flexion, neck retraction, or overuse of the super-
ficial flexor muscles.

Fig. 2 a Starting neutral position and inertial sensor placement. b Full-range craniocervical flexion and inertial sensor placement
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This procedure was verbally explained to partici-
pants through the following standardized instructions
to ensure same information was explained to all sub-
jects: “Please lie on your back with your knees bent and
your feet resting on the table. The starting position will
be relaxed with the gaze directed vertically towards the
ceiling. Then, please perform an anterior rotation of the
head in a controlled manner without moving your neck,
such that the head rotates slightly, reaching as far as pos-
sible. The posterior side of the head will slide smoothly
on the table during the movement and the head should
not separate from the table or push into the table during
the movement. You must perform this movement three
times, returning to the starting position after each one
and holding the position of maximum flexion for three
seconds in each repetition”.

Sensorimotor control data processing

A software application computed and exported the com-
plete ROM of the participants, expressed as angles from
the calibrating starting position in the three axes, sam-
pled every 20 ms. In addition, data smoothing filters were
applied to avoid peaks and variations not corresponding
to the trend of each data set. The analysis of these data
allowed for the calculation of the following variables dur-
ing three repetitions of craniocervical flexion:

— Active craniocervical flexion ROM expressed as the
maximal angular displacement (°) achieved in any of
the three repetitions

— Active craniocervical extension ROM when trying to
return to the neutral position from the craniocervical
flexion motion, also expressed as the maximal angu-
lar displacement (°). This variable represents poorer
accuracy when trying to achieve the neutral position.
It is different from the variable “Head repositioning
accuracy’, since this excessive extension motion was
frequently observed immediately before the patient
tried to further change the position to come to the
point in which they were supposed to have achieved
the real neutral position between repetitions.

— Deak velocity in craniocervical flexion and extension
independently, expressed as the maximal angular
velocity (°/s): calculated as the discrete derivative of
angular orientation applying a standard smooth fil-
tering algorithm.

— Smoothness of motion expressed as maximal move-
ment jerk peak (°/s): calculated as the third discrete
derivative of the angular orientation (change in accel-
eration) [40, 41].

— Head repositioning accuracy expressed as angular
displacement (°): calculated as the absolute repo-
sitioning error considering the maximal difference
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between the neutral starting position (set up at the
beginning of each movement) and the positions
reached when the patient tried to come back again to
the neutral after returning from flexion. The maximal
difference observed during all the three repetitions
was used for the analysis.

— Peak conjunct motion (°): calculated as the angu-
lar displacement occurring in a different anatomical
plane to the one that is being tested (movement in
frontal or transverse plane during sagittal plane flex-
ion—extension).

Data analysis plan

All data were analyzed using the Statistical Package for
Social Sciences (SPSS) software version 24.0 (SPSS Inc,
233 S WackerDr, 11th Fl, Chicago, IL 60606) and R Ver.
4.1.3 program. (R Foundation for Statistical Computing,
Institute for Statistics and Mathematics, Welthandel-
splatz 1, 1020 Vienna, Austria). The level of significance
was established at p<0.05. The distribution of the quan-
titative variables was tested with the Kolmogorov—
Smirnov test with Lillierfors correction, which showed
the absence of normality. Quantitative variables are
shown as mean +standard deviation and categorical vari-
ables with absolute and relative values (%).

Nine multivariate linear regression models were built
between each of the sensorimotor control dependent var-
iables (i.e., active maximal ROM in flexion and extension,
peak velocity in flexion and extension, peak jerk in flex-
ion and extension, peak conjunct motion in lateral and
rotation movements, and head repositioning accuracy)
and the secondary variables of age, previous month visual
analog scale (VAS), TSK11 score, pain duration, and NDI
score. The VAS score was included in the model instead
of the group categorical variable (pain or asymptomatic)
in order to maintain the power inherent in a continuous
variable, which could be lost in a discrete categorical var-
iable with few levels defined [43]. All patients with neck
pain reported some degree of pain in the last month.

The assumption of linearity between all dependent and
independent variables was tested by visual inspection of
the correlation graph and a value of the effective degrees
of freedom (EDF) close to 1. When this assumption
was not met, a generalized additive model (GAM) was
applied with the double penalty method in the selection
of variables, modelling the variables with the parametric
or smoothed model based on fulfilling the assumption.
In all models, compliance with concurrency assumptions
was tested for the smoothed terms, eliminating those
with a value greater than 0.8, and multicollinearity in
the parametric terms, eliminating those with a variance
inflation factor (VIF) greater than 2. The distribution of
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residuals and adjusted values around the null value and
adequacy of the number of basic functions with a non-
significant K index were also checked.

In the case of the peak velocity variable, a linear model
was applied when the assumptions of linearity, homosce-
dasticity, normality of the residuals, and absence of auto-
correlation were fulfilled, while in the maximum lateral
flexion a weighted least square (WLS) model was applied
to be able to handle the non-normality of the residuals.

Sample size

The sample size of this study was determined using
G*Power, Version 3.1.9.2 (Franz Faul et al. University at
Kiel, Germany), considering the results from a pilot study
with 20 subjects: 10 asymptomatic and 10 subjects with
neck pain. Sample size was calculated using a linear mul-
tiple regression (fixed model), with 0.95 power (1- beta
error probability) and an alpha level of 0.05 [44]. Consid-
ering craniocervical flexion ROM as a dependent variable
in a model with five independent variables, a total sample
size of 160 subjects was estimated considering a partial
R?=0.076 and an effect size of 0.082. Considering the
probability of technical errors related to the automatic
record of data from inertial sensors, an additional 20% of
patients was estimated (n=192).

Results
Of a total of 211 participants who were screened, 19 of
them were excluded due to previous surgeries in the neck
and/or head region (n=4), vestibular alterations (n=2),
otogenic or idiopathic vertigo/dizziness (n=09), previous
fracture in the head or neck region (n=1), and osseous
deformities in the thoracic, cervical, or cranial region
(n=3).

The study involved 192 participants with an aver-
age age of 34.55+13.93 years (Table 1), including 124

Table 1 Clinical and demographic characteristics of all participants
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subjects with non-traumatic neck pain and 68 asympto-
matic subjects.

The descriptive data of the sensorimotor control in
neck pain patients and asymptomatic controls is repre-
sented in Table 2.

Significant explanatory variables were found in four of
the models (craniocervical flexion ROM, craniocervical
extension ROM, peak velocity in craniocervical flexion
and lateral flexion conjunct motion). None of the remain-
ing models found any significant explanatory variable.
Table 3 shows coefficients, standard error (SE), t-values
and p values for linear multivariate regression and effec-
tive degrees of freedom (EDF), reference degrees of free-
dom (df,g), F values and p values for smooth regression
analysis that showed any significant explanatory variable.

Craniocervical flexion ROM

A generalized additive model (GAM) for craniocervi-
cal flexion ROM using a linear regression adjusted for
pain duration, and NDI and a smooth regression model
adjusted for age, pain intensity (previous month), and
TSK11 only showed TSK11 as a significant explanatory
variable of craniocervical flexion ROM (Table 3). The
effect plot (Fig. 3) shows that participants with higher
scores of TSK11 have lower values of craniocervical flex-
ion ROM. This model explained 31.8% of the variance for
flexion ROM.

Craniocervical extension ROM

A linear model showed that age and pain duration signifi-
cantly explain craniocervical extension ROM (Table 3).
Specifically, older subjects and those with less duration of
neck pain had higher craniocervical extension ROM. This
model explained 15.5% of the variance of the craniocervi-
cal extension ROM.

Variable

Neck pain (n=124)

Asymptomatic (n=68)

Gender n(%)

Female 87 (70.2%) 37 (54.4%)
Male 37 (29.8%) 31 (45.6%)
Age 34.42+£14. 346+139
Height (cm) (Mean £ SD) 1688+9.6 165.6+£37.6
Weight (Mean £ SD) 66.8+14.0 726+158
Previous month VAS (Mean & SD) 38+23 0
Pain duration in months (Mean 4 SD) 57.1£809 0
NDI (Mean = SD) 87+54 0
TSK11 SD 198+64 174+£59
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Table 2 Sensorimotor control characteristics in neck pain patients and asymptomatic controls

Group

Neck pain Asymptomatic
Craniocervical flexion ROM (degrees) 1374118 1484129
Craniocervical extension ROM (degrees) 33+29 32438
Peak velocity in craniocervical flexion (degrees/ second) 27741186 31.14+187
Peak velocity in craniocervical extension (degrees/ second) 254411 2834135
Peak jerk in craniocervical flexion (degrees/second?) 453642475 56544384
Peak jerk in craniocervical extension (degrees/second3) 462.54260.6 572.1+3732
Conjunct motion (rotation) (degrees) 22438 26+£36
Conjunct motion (lateral flexion) (degrees) 23+24 25432
Head repositioning accuracy (degrees) 06+6.38 1+£3
Data expressed as mean =+ standard deviation or with absolute and relative values (%)
Table 3 GAM models
Linear regression Smooth regression

Coefficient (SE) t ?p value EDF (df ) F ?p value

Craniocervical flexion ROM
Intercept —178(26) —69 <0.001 Age 5.9(7) 2 0.08
Pain duration 0.014 (0.015) 1 03 Previous month VAS 4.2(5.1) 14 0.2
NDI 04(0.2) 13 0.2 TSK11 2303) 43 0.01*
Craniocervical extension ROM
Intercept 07 (1) 1.1 0.3 TSK11 124 (1.442) 0.1 0.9
Age 0.1(0.02) 3.7 <0.001* - - - -
Previous month VAS .1 (0.2) 0.9 04 - - - -
Pain duration (months) — 0.01(0.004) —24 0.02* - - - -
NDI —0.1(0.1) —08 04 - - - -
Peak velocity in craniocervical flexion
Intercept —31.14.2) —74 <0.001 Age 6.1(7.2) 24 0.03*
Previous month VAS —05(1) —05 0.6 Pain duration 2(25) 1.7 0.2
NDI 0.6 (0.4) 14 0.2 TSK11 85(09) 43 <0.001*
Conjunct motion (Lateral flexion)
Intercept 1(0.4) 2 0.04 - - - -
Age 0.007 (0.01) 0.8 04 - - - -
Previous month VAS .1(0.1) 0.9 04 - - - -
Pain duration (months) — 0.004 (0.002) —27 0.01* - - - -
NDI — 0.1(0.03) —22 0.03
TSK11 —0.001 (0.02) —0.1 1

SE standard error, EDF effective degrees of freedom, df, reference degrees of freedom

" Significant if p<0.05

Peak velocity in craniocervical flexion

A smoothed model showed that the variables age and
TSK11 scores significantly explained the peak velocity in
craniocervical flexion (Table 3). The effect plots suggest
that peak velocity remains stable against age for subjects
with TSK11 scores below approximately 27 points, but the
few subjects with higher scores than 27 points in the TSK11
show alternate trends of association between both variables
(Fig. 4). This model explained 15.5% of the variance.

Conjunct motion (lateral flexion)

Finally, a linear model showed that pain duration and
NDI significantly explained maximum conjunct motion
lateral flexion (Table 3). That is, subjects with less pain
duration and higher NDI scores showed increased con-
junct motion. The variance explained by this model was
very low (R?4;=0.084).
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Fig. 3 Craniocervical flexion ROM smoothed model: TSK11
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Fig. 4 Craniocervical flexion peak velocity smoothed model: TSK11

Discussion

This study has found that sensorimotor characteristics of
the craniocervical flexién movement, such as ROM, peak
velocity or conjunct motion can partially be explained by
the population characteristics of chronicity, age or kine-
siophobia. However, the models should be interpreted
with caution due to the low values of variance explained
and the low absolute values of regression coefficients in
the linear regression models. Therefore, the kinematic
analysis of craniocervical flexion performed in this study
might not be suitable to identify clear variables that could
be considered relevant to explain the kinematics of the
craniocervical flexion. The characteristics of the popula-
tion included in this study could also have influenced our
results and future research should investigate including
samples with a larger proportion of neck pain patients
presenting higher levels of pain, disability or kinesiopho-
bia. Interestingly, pain intensity and self-reported disabil-
ity did not partially explain any of the kinematic variables
of craniocervical flexion, but other characteristics of the
population, specially kinesiophobia, seemed to be more
relevant factors that partially explained the kinemat-
ics features of the movement. These results agree with
previous research that also observed that kinesiophobia
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showed stronger associations with kinematic measures of
neck movement than pain intensity or disability did [45].
A recent study by Devecchi et al. [28] also observed that
kinesiophobia was the most relevant factor associated
with the kinematic features of patients with neck pain,
supporting the fear-avoidance model, which considers
fear of motion as a potential driver for physical decon-
ditioning and a mediator between pain and disability in
people with neck pain [46].

Craniocervical flexion range of motion

Maximum ROM in craniocervical flexion was only sig-
nificantly explained by kinesiophobia. In this smoothed
model, higher scores in the TSK11 were associated with
lower values of ROM (Fig. 3). This trend seemed to occur
only for high scores of TSK11 superior to approximately
20 points (Fig. 3). This is the model that showed the high-
est values of explained variance in our study (31.8%).
Although the explained variance is limited, it should be
considered that we observed a great amount of inher-
ent variation in sensorimotor control values between
individuals with similar characteristics, including maxi-
mal craniocervical flexion ROM (Table 1), which may be
associated with the low percentages of explained variance
in the regression models [47].

It can be hypothesized that patients in our study with
higher fear of movement may perceive the final degrees
of craniocervical flexion as a more threatening demand
due to the feeling of reaching the end of the ROM, usu-
ally perceiving the sensation of tension of the cervical
myodural bridge [48] or stretch of structures of the neck.
However, the results on this relationship should be inter-
preted with caution and this possible association should
be further investigated in large samples of patients with
higher levels of kinesiophobia.

To the authors’ knowledge, the possible association
between kinesiophobia and reduced ROM in craniocervi-
cal flexion have been scarcely investigated, and there has
not been an association observed between these variables
[49]. Studies investigating other global cervical move-
ments have showed variable results, since kinesiopho-
bia seemed to influence the ROM during task-oriented
movements [45], but did not associate with flexion—
extension ROM during active planar movements [50].

Other factors were investigated in this model, includ-
ing the intensity or chronicity of pain, age, or the level of
disability, but these did not associate with the maximal
ROM in craniocervical flexion. To the authors’ knowl-
edge, there is sparse research that has investigated the
influence of pain, disability, or psychological variables
on the maximal active ROM during the craniocervical
flexion movement specifically, nor on any other of the
sensorimotor control variables analyzed in this study. In
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agreement with our results, a study by Rudolfsson et al.
[49] did not observe an evident difference between neck
pain patients and healthy controls on the maximum
ROM in craniocervical flexion. Moreover, a study by
Ernst et al. [29] did not show a clear correlation between
neck pain intensity and craniocervical flexion ROM in
a sample of neck pain patients. However, it should be
noted that our study could not be directly compared
with these studies, since the measuring position, the
measuring instrument, the instructions provided to
participants, and/or the values of ROM reported are
different compared to our study. Moreover, out study
considered pain and disability levels as continuous vari-
ables and not as categories of the sample.

Results from previous studies in the analysis of full
cervical active ROM during planar movements (flex-
ion—extension, rotations and lateral flexion) have showed
good quality of evidence that there is a significantly, clini-
cally relevant decrease in cervical ROM in patients with
non-traumatic neck pain when compared to asympto-
matic controls [15]. In our study, an influence of pain
on active craniocervical flexion ROM was not observed,
suggesting that the specific assessment of craniocervi-
cal flexion active ROM may not be a clinically relevant
parameter when evaluating patients with neck pain.
However, the levels of pain and disability of our study
population were low or moderate in most cases, which
limits the generalizability of our results.

The method used in our study to guide participants in
order to perform the craniocervical flexion movement
is based on several aspects considered when perform-
ing the CCFT, in terms of the patient position or the
set of verbal instructions provided. A systematic review
and meta-analysis by Romeo et al. [30] recently reported
that the CCFT has shown a good ability to discriminate
between individuals who are asymptomatic and individu-
als with neck pain. It should be noted that the sensori-
motor demands assessed by the CCFT may be different
compared to the performance of the full-range active
craniocervical flexion evaluated in the present study. The
CCFT demands the performance and maintenance of
progressive activations of DCF in time based on a set of
stages with high precision and increasing load, while in
our study participants performed three repetitions of a
maximal craniocervical flexion, which were maintained
for a few seconds, likely a different and less demanding
task for the sensorimotor system. Future research should
investigate the kinematics of craniocervical flexion dur-
ing the more demanding versions of the CCFT.

Craniocervical extension ROM
The analysis of the craniocervical extension ROM in this
study does not represent the maximal craniocervical
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extension participants can reach in an independent
motion analysis, but rather the maximal ROM reached
when the participant is trying to return to the neutral
position from the craniocervical flexion motion. There-
fore, we hypothesize that higher values in this variable
could be considered as a lack of control when trying to
progressively come from flexion to extension when try-
ing to reach the neutral position. Most of the patients
performed few degrees of craniocervical extension when
returning to the neutral position and then progressively
performed a small craniocervical flexion motion to try to
more accurately reach the neutral position.

The results of this linear model showed that increased
age and lower chronicity of pain were significant explana-
tory variables of higher values of craniocervical extension.
However, these results are limited by the low explained
variance (15.5%) of the model. Moreover, when looking at
the regression coefficients, described as the change in the
dependent variable for each one-unit change in the inde-
pendent variable [51], the observed values of ROM do
not seem to be clinically meaningful for pain chronicity
measured in months (coefficient=— 0.009). Therefore,
only age (coefficient=0.081) could have some considera-
tion as a explanatory variable. It can be hypothesized that
older patients could have reduced sensorimotor control
when trying to return to the neutral position. However,
the low values of explained variance of the model require
further research with older populations to draw definitive
conclusions.

To the authors’ knowledge, no previous research has
investigated the factors that can influence this specific
craniocervical extension ROM when returning from
maximal craniocervical flexion.

Velocity and jerk

Velocity and jerk were evaluated both during the move-
ment from neutral to craniocervical flexion (flexion
movement) and during the maximal craniocervical
flexion to the neutral (extension movement). Only the
smoothed model for velocity during craniocervical flex-
ion showed the significant explanatory variables of age
(p=0.028) and kinesiophobia (p <0.001). However, these
results could only explain 15.5% of the variance. Moreo-
ver, the smoothed terms partial effect plot for age do not
show a clear trend for its interpretation, since it remains
stable with alternative small variations across different
ages (Fig. 5). The plot for kinesiophobia (Fig. 4) shows
a decreasing tendency from scores of 30 to 35 and an
inversion of this tendency from scores of 35 to 40, but
the relevance of these observations may not be meaning-
ful because there are only a few cases in the sample with
scores above 30 or 35 in the TSK11.
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These results of this study suggest that the specific
assessment of craniocervical flexion velocity or jerk may
not be a clinically relevant parameter to assess in patients
with neck pain. Future research is needed to further
confirm this perception in a population with higher lev-
els of pain or disability. To our knowledge, no previous
research has investigated the factors that can explain
velocity or jerk variables during the craniocervical flexion
movement. However, there is some evidence of altera-
tions of movement velocity or jerk during other global
cervical planar or functional movements in patients with
mechanical neck pain compared to asymptomatic con-
trols [16—18].

Conjunct motion

Conjunct motion was analyzed as the maximal ROM
achieved in any other plane that is not the flexion—exten-
sion sagittal plane during the craniocervical flexion. This
variable has been investigated in previous research dur-
ing other movements and considered as an alteration
in sensorimotor control that might reflect protective or
learned strategies [41, 50, 52]. None of the independ-
ent variables explained conjunct motion in the rotation
plane. Pain duration and neck disability significantly
explained less conjunct motion in lateral flexion. How-
ever, the explained variance of the model is very low
(R2adj=0.084), which limits the relevance of these find-
ings. Previous studies have not observed increased con-
junct motion in patients with neck pain when assessed
during other global cervical movements, or have
observed reduced conjunct motion in patients with neck
pain [16]. Similar to other variables analyzed in previ-
ous models, the results of our study do not support the
assessment of conjunct motion during maximal crani-
ocervical flexion movement in patients with neck pain.
It can hypothesized that the low-range guided crani-
ocervical flexion motion analyzed in our study might not

0
L

-50

-100
|

T T T T T
20 30 40 50 60

Age (years)

Craniocervical flexion peak velocity B,(t)

Fig. 5 Craniocervical flexion peak velocity smoothed model: Age
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facilitate the occurrence of large conjunct motion when
compared to other wide range global movements per-
formed freely and unsupported. However, future research
could investigate this variable in larger samples of neck
pain patients with high pain or disability levels.

Head reposition accuracy

None of the independent variables significantly explained
the joint position error when patients returned to the
neutral starting position. Head repositioning accuracy
during the performance of maximal craniocervical flex-
ion divided in three independent repetitions may not be
a clinically relevant variable to assess in patients with
neck pain. However, future research is needed to further
investigate its influence in large samples of patients with
high levels of pain,disability and kinesiophobia. Previous
systematic reviews evaluating head repositioning accu-
racy when returning to a neutral head position following
planar movements of rotation or flexion—extension have
suggested differences between idiopathic neck pain and
healthy groups [10, 14]. However, the clinical relevance of
these differences was considered questionable, showing
the need of further research on the clinical meaning of
statistically significant differences [14].

Limitations

To our knowledge, this is the first study to investigate
the use of a novel inertial technology to assess further
sensorimotor control characteristics during the perfor-
mance of the craniocervical flexion movement. However,
the present study has various limitations. First, associa-
tions across variables were investigated through a cross-
sectional design, so no inferences can be made in terms
of causality. Future data from longitudinal studies could
provide more evidence on the possible causal direction
of the relationship between variables. Second, the study
population characteristics may be limited to young indi-
viduals of European descent with low to moderate lev-
els of pain, disability, or kinesiophobia. Future research
could investigate larger samples with high levels of these
variables. Third, although the instructions to perform the
craniocervical flexion movement were standardized, sub-
jects of older age or with a lower educational level may
present more difficulties in understanding the correct
performance of the movement. Fourth, the muscle activa-
tion of deep and superficial muscles while performing the
craniocervical flexion was not monitored by electromy-
ography. It is possible that patients could have changed
their motor strategies to achieve similar kinematic per-
formance during the movement. Previous research has
shown the complexity and variability of neuromuscular
adaptations in patients with pain [53]. Fourth, our study
did not analyze the sensorimotor control during the
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performance of the CCFT, but only during three repeti-
tions of the full-range craniocervical flexion movement.
Future research could use inertial sensor technology to
further investigate the kinematics during the perfor-
mance of the original CCFT.

Conclusion

The results of this study did not show a clear relationship
between the population characteristics and the sensori-
motor control performance. Therefore, the kinematic
analysis of craniocervical flexion performed might not
be suitable to identify clear variables that could be con-
sidered to relevantly explain the kinematics of the crani-
ocervical flexion. Kinesiophobia might show some degree
of association with reduced ROM, but further research
in large samples of patients with higher levels of chronic
pain, disability and kinesiophobia is needed.

Abbreviations

CCFT Craniocervical flexion test

EDF Effective degrees of freedom
GAM Generalized additive model

NDI Neck disability index

ROM Range of motion

TSK11 Tampa scale of kinesiophobia-11
VAS Visual analog scale

Acknowledgements

The study was supported by the Agencia Estatal de Investigacion, Span-

ish Ministry of Science, Innovation and Universities (Reference number:
PID2019-108616RA-I00/AEI/10. 13039/ 501100011033). The funding body had
no role in the design of the study; collection, analysis, and interpretation of
data; and in writing and submitting the manuscript

Author contributions

TPF, AMPZ, EBC, FM, JFC, SAO: conception and design of the study; FM, EBC,
AMPZ: recruitment and testing; EBC, AMPZ: writing/editing of final manuscript;
JFC, SAO, TPF: critical review and revision of manuscript; CS, NC: technical
support and statistical analyses. All authors reviewed, read and approved the
final manuscript.

Funding

The study was financially supported by the Agencia Estatal de Investigacion,
Spanish Ministry of Science, Innovation and Universities (Reference number:
PID2019-108616RA-I00/AEI/10. 13039/ 501100011033).

Availability of data and materials
The datasets generated during the current study are available from the cor-
responding author upon request.

Declarations

Ethics approval and consent to participate

This study has the formal ethical approval from Ceu San Pablo University
(495/21/39). The potential risks and benefits of participation in this study were
explained to each participant in advance. All participants provided signed
informed consent before participation.

Consent for publication
Not applicable.

(2023) 20:8

Page 11 of 12

Competing interests
The authors declared that they do not have any competing interests.

Author details

'Departamento de Fisioterapia, Facultad de Medicina, Universidad San
Pablo-CEU, CEU Universities, Madrid, Spain. 2Faculty of Business and Social
Sciences, University of Applied Sciences, Caprivistr. 30A, 49076 Osnabriick,
Germany. >Department of Physical Therapy, Faculty of Rehabilitation Medicine,
University of Alberta, 3-48 Corbett Hall, Edmonton, AB, Canada. *Depart-

ment of Physical Therapy, Occupational Therapy, Rehabilitation and Physical
Medicine, Rey Juan Carlos University, Madrid, Spain. °La Paz Hospital Institute
for Health Research, IdiPAZ, Madrid, Spain. °Grupo de investigacién en Neuro-
ciencia cognitiva, dolor y rehabilitacién en ciencias de la salud, Universidad
Rey Juan Carlos, NECODOR, Madrid, Spain. ’Departmento de Ingenierfa de
Sistemnas de Informacién, Universidad San Pablo-CEU, CEU Universities, Madrid,
Spain. 8Universidad de Alcalé, Facultad de Medicina y Ciencias de la Salud,
Departamento de Enfermeria y Fisioterapia, Grupo de Investigacion en Fisi-
oterapia y Dolor, 28801 Alcala de Henares, Spain. °Research Group in Nursing
and Health Care, Puerta de Hierro Health Research Institute-Segovia de Arana
(IDIPHISA), Madrid, Spain. '°Primary Health Center, “El Abajén’, Las Rozas de
Madrid, Madrid, Spain.

Received: 5 August 2022 Accepted: 7 January 2023
Published online: 17 January 2023

References

1. Shin DW, Shin JI, Koyanagi A, Jacob L, Smith L, Lee H, et al. Global,
regional, and national neck pain burden in the general population,
1990-2019: an analysis of the global burden of disease study 2019. Front
Neurol. 2022. https://doi.org/10.3389/fneur.2022.955367.

2. Fejer R, Kyvik KO, Hartvigsen J. The prevalence of neck pain in the world
population: a systematic critical review of the literature. Eur Spine J.
2006;15:834-48.

3. Cohen SP. Epidemiology, diagnosis, and treatment of neck pain. Mayo
Clin Proc. 2015;90:284-99.

4. Hoy D, March L, Woolf A, Blyth F, Brooks P, Smith E, et al. The global
burden of neck pain: estimates from the global burden of disease 2010
study. Ann Rheum Dis. 2014;73:1309-15.

5. Carroll LJ, Hogg-Johnson S, van der Velde G, Haldeman S, Holm LW, Car-
ragee EJ, et al. Course and prognostic factors for neck pain in the general
population. Results of the bone and joint decade 2000-2010 task force
on neck pain and its associated disorders. J Manipulative Physiol Ther.
2009;32:587-96.

6. O'Leary S, Hoogman C, Solberg @M, Sundberg S, Pedler A, Van Wyk L.
Comparative strength and endurance parameters of the craniocervical
and cervicothoracic extensors and flexors in females with and without
idiopathic neck. J Appl Biomech. 2019;35:209-15.

7. Cagnie B, Cools A, De Loose V, Cambier D, Danneels L. Differences in
isometric neck muscle strength between healthy controls and women
with chronic neck pain: the use of a reliable measurement. Arch Phys
Med Rehabil. 2007,88:1441-5.

8. Lindstroem R, Graven-Nielsen T, Falla D. Current pain and fear of pain con-
tribute to reduced maximum voluntary contraction of neck muscles in
patients with chronic neck pain. Arch Phys Med Rehabil. 2012;93:2042-8.

9. Stanton TR, Leake HB, Chalmers KJ, Moseley GL. Evidence of impaired
proprioception in chronic, idiopathic neck pain: systematic review and
meta-analysis. Phys Ther. 2016,96:876-87.

10. de Vries J, Ischebeck BK, Voogt LP, van der Geest JN, Janssen M, Frens MA,
et al. Joint position sense error in people with neck pain: a systematic
review. Man Ther. 2015,20:736-44.

11. Bahat HS, Weiss PL, Laufer Y. The effect of neck pain on cervical kin-
ematics, as assessed in a virtual environment. Arch Phys Med Rehabil.
2010;91:1884-90.

12. Treleaven J, Chen X, Sarig BH. Factors associated with cervical kinematic
impairments in patients with neck pain. Man Ther. 2016;22:109-15.

13. De Pauw R, Coppieters |, Kregel J, De Meulemeester K, Danneels L, Cagnie
B. Does muscle morphology change in chronic neck pain patients?—a
systematic review. Man Ther. 2016,22:42-9.


https://doi.org/10.3389/fneur.2022.955367

Bocos-Corredor et al. Journal of NeuroEngineering and Rehabilitation

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

de Zoete RMJ, Osmotherly PG, Rivett DA, Farrell SF, Snodgrass SJ. Sen-
sorimotor control in individuals with idiopathic neck pain and healthy
individuals: a systematic review and meta-analysis. Arch Phys Med Rehabil.
2017,98:1257-71.

Stenneberg MS, Rood M, de Bie R, Schmitt MA, Cattrysse E, Scholten-Peeters
GG.To what degree does active cervical range of motion differ between
patients with neck pain, patients with whiplash, and those without neck
pain? A systematic review and meta-analysis. Arch Phys Med Rehabil.
2017,98:1407-34.

Hesby BB, Hartvigsen J, Rasmussen H, Kjaer P. Electronic measures of move-
ment impairment, repositioning, and posture in people with and without
neck pain—a systematic review. Syst Rev. 2019. https://doi.org/10.1186/
513643-019-1125-2.

Moghaddas D, de Zoete RMJ, Edwards S, Snodgrass SJ. Differences in the
kinematics of the cervical and thoracic spine during functional movement
in individuals with or without chronic neck pain: a systematic review. Physi-
other (United Kingdom). 2019;105:421-33.

Franov E, Straub M, Bauer CM, Ernst MJ. Head kinematics in patients with
neck pain compared to asymptomatic controls: a systematic review. BMC
Musculoskelet Disord. 2022. https://doi.org/10.1186/512891-022-05097-z.
Blomgren J, Strandell E, Jull G, Vikman |, Réijezon U. Effects of deep cervical
flexor training on impaired physiological functions associated with chronic
neck pain : a systematic review. BMC Musculoskelet Disord. 2018. https://
doi.org/10.1186/512891-018-2324-z.

Jull GA, O'Leary SP, Falla DL. Clinical assessment of the deep cervical

flexor muscles: the craniocervical flexion test. J Manipulative Physiol Ther.
2008;31:525-33.

Falla DL, Jull GA, Hodges PW. Patients with neck pain demonstrate reduced
electromyographic activity of the deep cervical flexor muscles during
performance of the craniocervical flexion test. Spine (Phila Pa 1976).
2004;29:2108-14.

Jull G, Falla D. Does increased superficial neck flexor activity in the craniocer-
vical flexion test reflect reduced deep flexor activity in people with neck
pain? Man Ther. 2016,25:43-7.

ChiuTT, Law EY, Chiu TH. Performance of the craniocervical flexion test in
subjects with and without chronic neck pain. J Orthop Sport Phys Ther.
2005;35:567-71.

Jun I, Kim K. A comparison of the deep cervical flexor muscle thicknesses in
subjects with and without neck pain during craniocervical flexion exercises.
JPhys Ther Sci. 2013;25:1373-5.

Jorgensen R, Ris |, Falla D, Juul-Kristensen B. Reliability, construct and dis-
criminative validity of clinical testing in subjects with and without chronic
neck pain. BMC Musculoskelet Disord. 2014;15:1-15.

von Piekartz H, Schwiddessen J, Reineke L, Armijo-Olivio S, Bevilaqua-Grossi
D, Biasotto Gonzalez D, et al. International consensus on the most useful
assessments used by physical therapists to evaluate patients with temporo-
mandibular disorders: a Delphi study. J Oral Rehabil. 2020;47:685-702.
Uthaikhup S, Jull G. Performance in the cranio-cervical flexion test is altered
in elderly subjects. Man Ther. 2009;14:475-9.

DevecchiV, Alalawi A, Liew B, Falla D. A network analysis reveals the interac-
tion between fear and physical features in people with neck pain. Sci Rep.
2022;12:11304.

Ernst MJ, Crawford RJ, Schelldorfer S, Rausch-Osthoff AK, Barbero M, Kool J,
et al. Extension and flexion in the upper cervical spine in neck pain patients.
Man Ther. 2015;20:547-52.

Romeo A, Baccini M, Carreras G, Sagripanti M, Ruggeri M, Pillastrini P, et al.
Reliability, validity, and responsiveness of the craniocervical flexion test in
people who are asymptomatic and patients with nonspecific neck pain: a
systematic review and meta-analysis. Phys Ther. 2022. https://doi.org/10.
1093/ptj/pzac054.

Moggioli F, Pérez-Ferndndez T, Liébana S, Corredor EB, Armijo-Olivo S,
Fernandez-Carnero J, et al. Analysis of sensorimotor control in people with
and without neck pain using inertial sensor technology: study protocol

for a 1-year longitudinal prospective observational study. BMJ Open.
2022;12:58190.

Vandenbroucke JP, von Elm E, Altman DG, Ggtzsche PC, Mulrow CD,
Pocock SJ, et al. Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE): explanation and elaboration. Int J Surg Int J Surg.
2014;12:1500-24.

World Medical Association Declaration of Helsinki. Ethical principles for
medical research involving human subjects. JAMA. 2013;310:2191-4.

(2023) 20:8

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 12 of 12

Andrade Ortega JA, Delgado Martinez AD, Ruiz RA. Validation of the Spanish
version of the neck disability index. Spine (Phila Pa 1976). 2010. https://doi.
0rg/10.1097/BRS.0b013e3181afea5d.

Raya R, Garcia-Carmona R, Sanchez C, Urendes E, Ramirez O, Martin A, et al.
An inexpensive and easy to use cervical range of motion measurement
solution using inertial sensors. Sensors (Basel). 2018. https://doi.org/10.
3390/518082582.

Pérez-Ferndndez T, Armijo-Olivo S, Liébana S, de la Torre Ortiz PJ, Fernandez-
Carnero J, Raya R, et al. A novel use of inertial sensors to measure the crani-
ocervical flexion range of motion associated to the craniocervical flexion
test: an observational study. J Neuroeng Rehabil. 2020. https://doi.org/10.
1186/512984-020-00784-1.

de Zoete RMJ, Osmotherly PG, Rivett SISDA. Cervical sensorimotor control
does not change over time and is not related to chronic idiopathic neck
pain characteristics: a 6-month longitudinal observational study. Phys Ther.
2020;66:37-9.

De Zoete RMJ, Osmotherly PG, Rivett DA, Snodgrass SJ. No differences
between individuals with chronic idiopathic neck pain and asymptomatic
individuals on 7 cervical sensorimotor control tests: a cross-sectional study. J
Orthop Sports Phys Ther. 2019;50:33-43.

Falla DL, Campbell CD, Fagan AE, Thompson DC, Jull GA. Relationship
between cranio-cervical flexion range of motion and pressure change dur-
ing the cranio-cervical flexion test. Man Ther. 2003;8:92-6.

Sjolander P, Michaelson P, Jaric S, Djupsjobacka M. Sensorimotor distur-
bances in chronic neck pain-Range of motion, peak velocity, smoothness of
movement, and repositioning acuity. Man Ther. 2008;13:122-31.

Waeyaert P, Jansen D, Bastiaansen M, Scafoglieri A, Buyl R, Schmitt M, et al.
Three-dimensional cervical movement characteristics in healthy subjects
and subgroups of chronic neck pain patients based on their pain location.
Spine (Phila Pa 1976). 2016;41:E908-14.

Goémez-Pérez L, Lopez-Martinez AE, Ruiz-Pérraga GT. Psychometric proper-
ties of the Spanish version of the Tampa scale for kinesiophobia (TSK). J pain
J Pain. 2011;12:425-35.

Fritz CO, Morris PE, Richler JJ. Effect size estimates: current use, calculations,
and interpretation. J Exp Psychol Gen. 2012;141:2-18.

Faul F, Erdfelder E, Buchner A, Lang A. Statistical power analyses using G *
Power 3.1: tests for correlation and regression analyses. Behav Res method.
2009. https://doi.org/10.3758/BRM.41.4.1149.

SarigBahat H, Weiss PL, Sprecher ET, Krasovsky A, Laufer Y. Do neck kinemat-
ics correlate with pain intensity, neck disability or with fear of motion? Man
Ther. 2014;19:252-8.

Lee H, Hibscher M, Moseley GL, Kamper SJ, Traeger AC, Mansell G, et al.
How does pain lead to disability? A systematic review and meta-analysis

of mediation studies in people with back and neck pain. Pain Pain.
2015;156:988-97.

Frost J. Regression analysis: an intuitive guide for using an interpreting linear
models. Life Course Res. Soc. Policies. 2020.

Enix DE, Scali F, Pontell ME. The cervical myodural bridge, a review of litera-
ture and clinical implications. J Can Chiropr Assoc. 2014;58.

Rudolfsson T, Bjorklund M, Djupsjobacka M. Range of motion in the upper
and lower cervical spine in people with chronic neck pain. Man Ther.
2012;,17:53-9.

Meisingset |, Woodhouse A, Stensdotter AK, Stavdahl @, Loras H, Gismervik
S, et al. Evidence for a general stiffening motor control pattern in neck pain:
a cross sectional study pathophysiology of musculoskeletal disorders. BMC
Musculoskelet Disord. 2015;16:1-14.

Bzovsky S, Phillips MR, Guymer RH, Wykoff CC, Thabane L, Bhandari M,

et al. The clinician’s guide to interpreting a regression analysis. Eye. 2022.
2022;,1-3.

Woodhouse A, Vasseljen O. Altered motor control patterns in whiplash and
chronic neck pain. BMC Musculoskelet Disord. 2008;9:90.

Falla D, Hodges PW. Individualized exercise interventions for spinal pain.
Exerc Sport Sci Rev. 2017:45:105-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1186/s13643-019-1125-2
https://doi.org/10.1186/s13643-019-1125-2
https://doi.org/10.1186/s12891-022-05097-z
https://doi.org/10.1186/s12891-018-2324-z
https://doi.org/10.1186/s12891-018-2324-z
https://doi.org/10.1093/ptj/pzac054
https://doi.org/10.1093/ptj/pzac054
https://doi.org/10.1097/BRS.0b013e3181afea5d
https://doi.org/10.1097/BRS.0b013e3181afea5d
https://doi.org/10.3390/s18082582
https://doi.org/10.3390/s18082582
https://doi.org/10.1186/s12984-020-00784-1
https://doi.org/10.1186/s12984-020-00784-1
https://doi.org/10.3758/BRM.41.4.1149

	Kinematic analysis of sensorimotor control during the craniocervical flexion movement in patients with neck pain and asymptomatic individuals: a cross-sectional study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Design
	Sample and selection
	Instrumentation and measures
	Primary outcomes: sensorimotor control assessment
	Secondary outcomes
	Craniocervical flexion in supine position
	Sensorimotor control data processing
	Data analysis plan
	Sample size

	Results
	Craniocervical flexion ROM
	Craniocervical extension ROM
	Peak velocity in craniocervical flexion
	Conjunct motion (lateral flexion)

	Discussion
	Craniocervical flexion range of motion
	Craniocervical extension ROM
	Velocity and jerk
	Conjunct motion
	Head reposition accuracy
	Limitations

	Conclusion
	Acknowledgements
	References


