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Real time ultrasound imaging shows changes
in deep neck flexor activation during exercise
in individuals with mechanical neck pain
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Abstract.
BACKGROUND: Deep neck flexor muscle atrophy and increased superficial neck muscle activation are associated with disability
and pain intensity in individuals with neck pain. There is a lack of evidence to support direct assessment of deep neck flexor
muscles in a non-invasive way during exercise performance to help determine the effectiveness of different neck strengthening
exercises.
OBJECTIVE: Compare longus colli (LC) and sternocleidomastoid (SCM) activation between individuals with and without neck
pain using real time ultrasound (RTUS) during a series of craniocervical exercises.
METHODS: This cross-sectional cohort study recruited 10 control and 10 neck pain participants to complete four deep neck
flexor activation activities involving varying levels of craniocervical flexion. Dimensions of the LC and SCM were measured using
RTUS at rest and during exercise. Independent t-tests assessed baseline differences and analysis of variance examined activation
changes.
RESULTS: At rest, the neck pain group had significantly smaller cross-sectional area and thickness of the LC compared to
the control group (p < 0.05). During exercise, the neck pain group showed significantly larger increases in LC thickness and
cross-sectional area across exercise compared to the control group, with no differences in SCM activation between groups.
CONCLUSIONS: Despite atrophy, individuals with neck pain can activate their deep neck flexor muscles appropriately without
activating their superficial neck flexor muscles in a supine series of craniocervical flexion exercise as measured by non-invasive
ultrasound imaging.
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1. Introduction

Mechanical neck pain is a significant musculoskele-
tal disorder affecting adults with an estimated preva-
lence ranging from 16.7% to 75.1% [1–3]. Between
50% and 85% of those who experience neck pain will
report neck pain again 1 to 5 years later [4]. Individuals
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with chronic neck pain have demonstrated atrophy in
specific muscles of the neck that assist with cervical
stabilization [5–8]. Specific to the neck flexors, indi-
viduals with chronic neck pain have demonstrated at-
rophy in the deep neck flexor muscles including the
longus colli (LC) compared to individuals without neck
pain [7–10]. It has been suggested that weakness in
these muscles may cause unwanted rotary forces on
the vertebral joints in this region due to compensatory
muscle activation from extensor muscles [11,12]. This
deep neck flexor weakness paired with increased super-
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ficial neck muscle compensation has been shown to be
negatively associated with self-reported disability and
intensity of pain [9].

To prevent injury to cervical structures and the de-
velopment of unwanted compensatory muscle tension,
one rehabilitation target of intervention in individuals
with neck pain is improvement in the stabilization of the
spine by engaging muscle activity. This has been inves-
tigated in cadaveric specimens [13] and in vivo for both
neck flexor and extensor muscles [14–16]. Exercises
designed to target the deep neck flexor muscles have
shown favorable responses in individuals with neck dys-
function to improve muscle function, pain, and disabil-
ity [15–17]. During normal neck flexion function, there
is an expected coordination of muscle activity between
the deep neck flexors to stabilize the vertebra, and the
superficial neck flexor muscles [sternocleidomastoid
(SCM) and anterior scalenes] to produce force with
which to allow the neck to move [18–20]. Compared to
the superficial neck flexor muscles, the biomechanical
contributions of the longus colli and capitis to force pro-
duction at the neck is small [21]. Research has shown
that in individuals with chronic neck pain, neck muscles
can be weaker [22], activation of the deep neck flexor
muscles is significantly reduced, and cervical feed for-
ward neural activity is delayed compared to individuals
without neck pain [23,24]. Accompanying this reduc-
tion in deep neck flexor muscle activity is a compen-
satory increased activation in the superficial neck flexor
muscles [25,26]. Increased activity of superficial neck
flexor muscles may contribute to the development of
and persistence of neck pain in some individuals.

Given altered muscle activation patterns in individ-
uals with chronic neck pain, there have been efforts
to examine the effect of focused exercise programs on
strengthening the deep neck flexors to decrease pain
and increase function [27–30]. Most work to date has
focused on the craniocervical flexion test (CCFT) to
promote increased activation and recruitment of deep
neck flexors [31–34]. The CCFT is a precise and con-
trolled performance and maintenance of a series of low
load craniocervical flexion exercises in a supine posi-
tion [33]. Assessment of muscle activation and vali-
dation of exercise prescription using exercises like the
craniocervical flexion has traditionally relied on elec-
tromyography (EMG) [35,36]. However, assessment of
neck flexor muscle activation has either relied on sur-
face EMG to assess activation of superficial neck mus-
cles as an inverse of deep neck flexor activity [25,37,38]
or an invasive EMG approach using swallowed elec-
trodes to place them in the pharynx [39,40]. Lacking

thus far are studies which directly assess deep neck
flexor muscle activation in a non-invasive way during
neck exercises to help determine the effectiveness of
different exercises in targeting increased activation of
deep neck flexor muscles in individuals with neck pain.
A clearer understanding of how different exercises can
progressively target deep neck flexor muscle activation
could promote more effective rehabilitation strategies
for individuals with chronic neck pain.

Real time ultrasound imaging (RTUS) is a non-
invasive and valid tool to measure muscle activa-
tion, including activation of the deep neck muscles
[18,19,41–43]. Ultrasound imaging can be used to as-
sess changes in muscle morphology (e.g., thickness,
cross sectional area) in real time as an individual
completes specific exercises. Increased activation of
a muscle is associated with increased muscle thick-
ness [18,44]. There have been no studies that have com-
pared changes in deep neck flexor muscle morphology
using RTUS with different exercise that are designed to
require increasing levels of muscle activation. The pur-
pose of the current study was to compare LC and SCM
activation between individuals with and without neck
pain using real time ultrasound (RTUS) during a series
of craniocervical exercises designed to progressively
increase the need for deep neck flexor muscle activa-
tion in individuals with neck pain compared to controls.
Results of this study will help to inform rehabilitation
activities and exercise prescription in individuals with
neck pain.

2. Methods

2.1. Design

A prospective cross-sectional cohort study was con-
ducted from September 2021 to September 2022 in the
Physical Therapy Institute at Midwestern University.
The study was approved by the Institutional Review
Board at Midwestern University (approval code 20031),
and study procedures followed the ethical standards of
the Declaration of Helsinki.

2.2. Participants

Adults 18–65 years old with and without neck pain
were recruited for participation by posted flyer. Twenty
participants (14 female, 6 male) were recruited and
completed the study: 10 individuals with nonspecific
mechanical neck pain previously (8 female, 2 male) and
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10 individuals without neck pain (6 female, 4 male).
Neck pain has previously been diagnosed by a physician
and participants met the criteria of neck pain with mo-
bility deficits [45]. An a priori power analysis was con-
ducted using G*Power version 3.1.9.2 [46] for sample
size estimation based on data from 3 subjects with neck
pain and 3 subjects without neck pain (mean thickness
11.1 and 12.8 mm respectively with a standard devia-
tion of 1.0). With a significance criterion of α = 0.05
and power = 0.95, the minimum sample size needed
with this effect size was 18 participants (9 per group)
for a significant difference between means of two inde-
pendent groups. One additional participant per group
was recruited to account for potential drop out after
recruitment. All included participants understood the
purpose of the study and provided written informed
consent prior to participation in the study in accordance
with the ethical standards of the Midwestern Univer-
sity IRB. The study involved one 60-minute-long study
visit.

The mean intensity of neck pain was assessed on a
numerical scale (NPRS, 0: no pain, 10: maximum pain).
Functional disability was determined using the Neck
Disability Index (NDI) which addresses activities of
daily living, pain, and concentration. The numeric score
for each item was totaled for a score between 0–50 with
a higher score reflecting a higher level of disability.
The neck pain participants were eligible for inclusion if
they were 18–65 years old, scored 5 or more points on
the NDI [47], and had chronic intermittent neck pain
within the previous 3 months. They were excluded if
they had undergone cervical spine surgery, presented
with any neurological signs, or were currently involved
in a neck exercise physical therapy program. Control
group participants were included if they were between
18–65 years old, scored under 5 points on the NDI and
had not experienced chronic intermittent neck pain.

2.3. Exercises

Participants completed 4 exercise activities which
aimed to target progressive activation of the LC while
RTUS images were taken. All exercises were per-
formed in supine with an inflatable cuff (StabilizerTM,
Chattanooga R©, USA) underneath the neck but not un-
derneath the occiput. The lowest level exercise involved
a gaze change only. Looking down to the feet in supine
induces cranial flexion but only a very low level of cran-
iocervical flexion. In contrast, using the CCFT to the
highest-pressure level of 30 mmHg and adding the need
to maintain arm position against resistance was thought

to be the most challenging exercise to maintaining cran-
iocervical flexion and recruiting the deep neck flex-
ors [33]. Six repetitions of each of the 4 exercises were
completed: 3 repetitions with the ultrasound transducer
in short axis and 3 repetitions in long-axis with adequate
rests periods. Ultrasound images of the LC and SCM
were captured at rest immediately prior to each exercise
activity. The exercise activity sequence was as follows:
looking down with the eyes towards their feet (Eyes),
craniocervical flexion to 24 mmHg against the pressure
cuff (CCF Low), craniocervical flexion to 30 mmHg
against the pressure cuff (CCF High), craniocervical
flexion to 30 mmHg against the pressure cuff while
also maintaining a triceps extension with their right arm
against an elastic resistance band (TherabandTM, USA)
(CCF High arm). Participants were instructed to per-
form each exercise and hold the position for 5 seconds.
Ultrasound images were captured at rest and during the
hold phase of each exercise.

2.4. Ultrasound imaging

Ultrasound images were captured using B-mode, 2-D
ultrasound imaging (Sonosite M-Turbo R©, USA) with
a 12.5 MHz linear array transducer. One trained re-
searcher captured all ultrasound images. They com-
pleted training over a 6-month period in cervical neck
muscle ultrasound imaging with a physical therapist
trained and experienced in musculoskeletal imaging.
Training was concluded when reproducibility of images
between researchers was achieved. Images of the LC
and SCM muscles were captured consistent with pre-
viously established methods [10,44,48]. Images were
captured at C6 where there is limited overlap between
LC and longus capitis. A skin marker was used to draw
a line from C6 to just inferior to the thyroid cartilage
to promote consistent transducer placement during data
collection. The transducer was applied centrally in short
axis along this line and then moved laterally over the
thyroid gland until the carotid artery and C6 vertebrae
were fully visible and the left LC and SCM muscles
could be clearly visualized (Fig. 1). After image cap-
ture, the transducer was rotated on point to a long axis
view at the same level with the carotid artery in the
middle of the screen to capture resting and exercise
images.

2.5. Outcome measures

Morphological activation changes were measured of-
fline using ImageJ software [49] by a rater blinded to
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Fig. 1. Ultrasonograms from one participant demonstrating measurement of (a) sternocleidomastoid and longus colli thickness in long axis, and
(b) cross sectional area of longus colli in short axis. Abbreviations: LC (longus colli), SCM (sternocleidomastoid), CA (carotid artery), RPS
(retropharyngeal space), VB (vertebral body).

Fig. 2. Percent change of longus colli muscle thickness (a), longus colli cross sectional area (b), sternocleidomastoid muscle thickness (c) between
control (grey diamonds) and neck pain group (black squares). Data shown are the mean and standard error of the mean. Abbreviations: LC (longus
colli), SCM (sternocleidomastoid), CSA (cross-sectional area). Abbreviations: LC (longus colli), SCM (sternocleidomastoid), CSA (cross-sectional
area); Yes, looking down with the eyes towards the feet; CCF Low, craniocervical flexion to 24 mmHg against the pressure cuff; CCF High,
craniocervical flexion to 30 mmHg against the pressure cuff; CCF High arm, craniocervical flexion to 30 mmHg against the pressure cuff while
also completing an arms extension against an elastic resistance band. ∗represent significant post hoc pairwise comparisons.
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Table 1
Baseline characteristics of control and neck pain groups

Control (n = 10) Neck pain (n = 10)
Variable Baseline mean (SD) Baseline mean (SD) t value p value
NDI score (0–50) 2.00 (1.40) 9.10 (3.00) −8.80 < 0.001
LC CSA (cm2) 1.20 (0.18) 0.97 (0.21) 3.05 0.007
LC muscle thickness (mm) 12.60 (1.80) 10.17 (1.25) 3.57 0.002
SCM muscle thickness (mm) 8.00 (1.60) 7.50 (1.40) 0.85 0.410
Participant age 24.40 (1.30) 28.10 (6.80) −1.43 0.170
Participant height (in) 68.50 (2.92) 65.40 (5.78) 1.51 0.143
Participant weight (lbs) 163.20 (20.56) 149.40 (24.14) 1.38 0.186
Participant BMI 24.55 (2.56) 23.65 (1.34) 0.75 0.466
NPRS (0–10) 0.00 (0) 3.40 (1.29) −8.00 < 0.001

Abbreviations: LC (longus colli), SCM (sternocleidomastoid), CSA (cross-sectional area), NDI (neck
disability index), BMI (body mass index), NPRS (neck pain rating scale).

Table 2
Results of 2-way (Group by Exercise) Analysis of Variance on change of muscle thickness

Muscle f value p value Post-hoc
LC Group × exercise % Change CSA 4.89 0.004 C: CCF High > CCF High arm

NP: CCF Low, CCF High, CCF High arm > Eyes
% Change thickness 2.38 0.063

Group % Change CSA 3.38 0.083
% Change thickness 10.15 0.005 NP > C

Exercise % Change CSA 7.04 0.003 CCF High arm > CCF Low
% Change thickness 2.38 0.08

SCM Group × exercise % Change thickness 0.6 0.619
Group % Change thickness 0.44 0.518
Exercise % Change thickness 2.18 0.101

Key: LC (longus coli), SCM (sternocleidomastoid), CSA (cross-sectional area), C (control group), NP (neck pain), CCF (craniocer-
vical flexion).

group and exercise. Measurements were assessed for
LC muscle thickness and SCM muscle thickness in
long-axis view (Fig. 1a) and LC cross-sectional area
(CSA) in short-axis view (Fig. 1b). The percent change
in activation from rest was computed and assessed for
LC CSA (Fig. 2a), LC thickness (Fig. 2b), and SCM
thickness (Fig. 2c). The borders of the LC in short-axis
were determined by the most distant fascial borders
using the following landmarks: inferiorly and medially
by the body of the C6 vertebrae, laterally by the carotid
artery, and superiorly by the retropharyngeal space [10].
The borders of LC in long axis were determined by
the most distant fascial borders using the carotid artery
anteriorly and the body of the C6 vertebrae posteriorly.
C6 was chosen because of its clear visualization and
less overlap between the longus colli and longus capitis
muscles. The borders of SCM in long axis were de-
termined by the most distant fascial borders between
the carotid artery posteriorly and the superficial fascia
anteriorly in the same segment of the image where LC
was measured. Data were averaged over 3 trials. Ab-
solute values of thickness and CSA were obtained and
used to compare baseline differences. Percent change
in activation from rest to activation was computed to

assess changes in activation during each exercise and to
compare activation between groups.

2.6. Data analysis

Statistical analysis was conducted using SPSS ver-
sion 28.0 (SPSS Inc., Chicago, IL, USA). Independent
t-tests were used to compare baseline differences be-
tween groups (control vs neck pain). Two-way repeated
measures analysis of variance (ANOVA) was used to
examine differences in percent change activation be-
tween individuals with and without neck pain (Group)
and across exercise conditions (Eyes, CCF Low, CCF
High, and CCF High arm). A statistical significance
level alpha was set as p < 0.05 and Bonferroni post-
hoc comparisons were used to follow up significant
interactions and main effects.

3. Results

3.1. Baseline differences

The neck pain group had significantly higher NDI
scores (p < 0.001, Table 1) and significantly higher
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pain ratings (p < 0.001, Table 1) than the control group.
At rest, the neck pain group had a significantly smaller
CSA (p = 0.007) and thickness (p = 0.002) of the LC
compared to the control group (Table 1). There was
no significant difference in SCM thickness between
groups at baseline (p = 0.410). Taken together, these
results show higher neck disability, higher pain rating,
and smaller muscle size of LC but not SCM in the neck
pain group compared to the control group at rest.

3.2. Longus colli activation differences between
control and neck pain groups

There was an interaction effect between exercise and
group for change in activation of CSA for LC (Table 2).
The neck pain group showed a significantly larger in-
crease in LC CSA across exercise compared to the con-
trol group (p = 0.004, Table 2, Fig. 2). Post hoc com-
parisons explored this interaction and showed signif-
icant differences in the control group between CCF
high and CCF arms, while the neck pain group showed
significant differences between Eyes and each of the
other three exercises conditions (Table 2, Fig. 2a). For
change in LC thickness, the interaction between group
and exercise was not significant (p = 0.063, Table 2,
Fig. 2b).

When considering differences within each group
across exercises, there were significant main effects of
group in change of LC thickness but not CSA (Table 2,
Fig. 2). The neck pain group showed a significantly
higher percent change in LC muscle thickness activa-
tion compared to the control group across exercise (p =
0.005, Table 2, Fig. 2b). Post hoc analysis showed that
the neck pain group had larger changes in LC thickness
compared to the control group.

When considering how exercise changed muscle ac-
tivation regardless of group, there was a main effect of
exercise on percent change LC CSA (p = 0.003) but
not LC thickness (p = 0.08). CCF High Arms showed
the largest change in LC CSA across group compared
to CCF Low (Table 2).

3.3. Sternocleidomastoid activation differences
between control and neck pain groups

Consistent with no baseline differences between neck
pain and control groups in SCM thickness, both groups
showed similar activation levels of the SCM throughout
all exercises and there were no between group differ-
ences in SCM activation between exercises (Table 2,
Fig. 2c).

4. Discussion

The purpose of this study was to compare deep and
superficial neck flexor muscle activation between in-
dividuals with and without neck pain using real time
RTUS during a series of craniocervical exercises de-
signed to progressively increase the need for deep neck
flexor muscle activation in individuals with neck pain
compared to controls. The novel findings of this study
were that individuals with neck pain were able to ro-
bustly activate the LC, a deep neck flexor muscle, with-
out activating the SCM, a superficial neck flexor muscle
using this series of supine exercises. However, using
a deliberate craniocervical flexion action rather than a
secondary craniocervical flexion action through an eye
gaze task (cranial flexion only) was needed to produce
the most robust change in deep neck flexor activation.
Across group, adding arm resistance to craniocervical
flexion was a robust way of increasing cross-sectional
area of the deep neck flexor muscles beyond just in-
ducing craniocervical flexion. Results of this study will
help to inform rehabilitation activities and exercise pre-
scription in individuals with neck pain.

The results from the current study showed that, com-
pared to individuals without neck pain, individuals with
neck pain had approximately a 20% reduction in size of
the LC at rest (Table 1). Neck pain has been associated
with small, atrophic deep neck flexors leading to cer-
vical stabilization concerns [7,50,51] and the results of
the current study support atrophy of LC in individual
with neck pain. It is unclear however if the deep neck
flexor atrophy contributes to neck pain or is a conse-
quence of it. Regardless of atrophy, neck pain partici-
pants in the current study were able to activate their LC
during each of the exercise activities. Indeed, the neck
pain group showed significantly larger changes in LC
activation compared to the control group across exer-
cise. This demonstrates that the supine craniocervical
flexion exercises actively engaged the deep neck flexors
in individuals with neck pain despite their lower resting
thickness.

Neck pain is the target population for the craniocer-
vical flexion test from which the exercises in the cur-
rent study were drawn [15,25,33,34]. Previous studies
have shown that individuals with chronic neck pain may
compensate for weakness or dysfunction of the deep
neck flexor muscles by utilizing superficial neck flexors
to produce craniocervical flexion [25]. In the current
study, individuals with neck pain were able to effec-
tively activate their deep neck flexors without activat-
ing the SCM, a superficial neck flexor muscle during
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the exercise series. The craniocervical flexion test was
designed to isolate activation of the deep neck flexors,
and utilizes a pressure cuff to target activation of the
deep neck flexors progressively from lower levels of
required force (22–24 mm Hg) to progressively higher
levels of required force (28–30 mm Hg) and it is from
this validated test that the high and low pressures used
in the current study were drawn [33]. However, there
was not a linear response in deep neck flexor muscle
activation as anticipated across the series of exercises
in the current study. The lowest force demand on the
deep neck flexors was the eye gaze only. Previous stud-
ies suggested that changing eye gaze may engage the
deep neck flexors since gazing down is accompanied by
slight cranial flexion [52,53], and an optimal gaze angle
of 20 degrees has been recommended to promote deep
neck flexor activation [52]. However, just moving the
eyes without an active attempt at craniocervical flexion
in the current study was the least effective at activating
the LC in both groups in the current study: eye gaze
produced significantly smaller changes in longus colli
activation compared to all the other exercises. The re-
sults of this study suggest that to robustly activate the
deep neck flexors, a clear craniocervical component is
needed for an exercise. When comparing the cranio-
cervical flexion exercises (CCF Low, CCF High and
CCF High with arm), activation results did not differ
between the craniocervical flexion with a lower flexion
force requirement (24 mm Hg) and the exercise that had
a higher flexion force requirement (30 mm Hg). Adding
resistance to the arm from a resistance band in the CCF
High arm condition was an attempt to increase the com-
plexity of the task beyond the highest level of the cran-
iocervical flexion series. However, while adding arm re-
sistance significantly increased activation across group,
supporting that it was a more challenging exercise, it
did not increase deep neck flexor muscle activation in
the neck pain group more than craniocervical flexion
alone. Adding a secondary task during craniocervical
flexion, however, may be useful for other neuromuscu-
lar reeducation goals not captured by changes in muscle
thickness. Dual-tasking, either cognitive motor interfer-
ence or motor-motor interferences, can alter kinematic
spatial-temporal parameters during movement [54,55].
This potentially is a higher level of motor control not
captured by observing changes in muscle thickness with
exercise.

The deep neck flexor muscles, which include the LC,
are more technically challenging to image than the neck
extensor muscle using RTUS. Despite this, the ultra-
sound scanning protocol used in the current study was

effective at capturing activation changes of the LC in
both neck pain and healthy participants, despite resting
measurement differences between groups. A prior study
validated ultrasound CSA of the LC against MRI mea-
surements in asymptomatic subjects and reported an
average LC CSA of 1.22 cm SD ± 0.37 [48] which is
consistent with the rest measurements of LC CSA in the
control group. Measurements of resting LC thickness
in the current study were consistent with one previous
study [44] but were higher in both neck pain and con-
trol groups than two previous studies [10,18]. However,
these differences may be due to population differences
such as age and body mass since anatomical studies on
human cadavers have shown wide individual variation
in LC muscle thickness from 5mm to over 10mm [56]
which could help to account for differences in findings
across studies. Given this variability in normal thick-
ness of the longus colli, capturing resting muscle thick-
ness in an individual with neck pain at baseline may
be useful to track improvements across time with reha-
bilitation activities and justify the use of neuromuscu-
lar reeducation activities. While diagnostic ultrasound
imaging has been recommended to be used for screen-
ing of cervical artery dissection prior to cervical ma-
nipulation [57], its use as a tool to support neck pain
rehabilitation activities should be explored further as
this technology becomes more affordable and readily
available. Practically speaking, use of ultrasound imag-
ing in rehabilitation can provide a non-invasive way to
assess deep neck muscle activation, providing an ob-
jective way to track changes in muscle function with
therapeutic activities.

Strengths of the current study include powering the
study based on pilot data using the exercises chosen
in this study, having age matched groups to minimize
age related group differences, and bias reduction efforts
by having a rater blinded to group complete the offline
measurements. Additionally, using ultrasound imaging
provided a practical, non-invasive measurement method
to assess deep neck muscle activation. However, sev-
eral limitations exist, including the sample size. Despite
being adequately powered based on an a priori power
analysis, power was assessed using absolute thickness
values and not percent change in activation which raises
a concern about the study being underpowered. Given
the importance of obtaining valid ultrasound measure-
ments, adding a formal intrarater reliability component
to the study would increase confidence in the results.
Another limitation is that the exercises chosen to study
were all in supine. Future studies are recommended to
include non-supine activities to promote muscle activa-
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tion in more functional upright positions. Additionally,
expanding the sample population to include other forms
of neck pain, particularly whiplash associated disorders
would be beneficial.

5. Conclusion

Despite apparent atrophy in the deep neck flexor
muscles, individuals with neck pain can activate their
deep neck flexor muscles appropriately without acti-
vating their superficial neck flexor muscles in a supine
series of craniocervical flexion exercises. However,
adding a higher force load or introducing a secondary
arm task does not proportionally increase muscle acti-
vation in individuals with or without neck pain. Instead,
using a deliberate craniocervical flexion action rather
than a cranial flexion action produces the most robust
deep neck flexor activation.

Acknowledgments

The authors acknowledge all participants in this
study.

Conflict of interest

The authors declare that they have no conflict of
interest.

Funding

None to report.

Ethical approval

The study was given ethical approval from the institu-
tional review board at Midwestern University (approval
code 20031).

References

[1] 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(6): 834-48.

[2] 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(7):
1309-15.

[3] Safiri S, Kolahi AA, Hoy D, Buchbinder R, Mansournia MA,
Bettampadi D, et al. Global, regional, and national burden of
neck pain in the general population, 1990-2017: systematic

analysis of the Global Burden of Disease Study 2017. BMJ.
2020; 368: m791.

[4] Haldeman S, Carroll L, Cassidy JD. Findings from the bone
and joint decade 2000 to 2010 task force on neck pain and
its associated disorders. J Occup Environ Med. 2010; 52(4):
424-7.

[5] McPartland JM, Brodeur RR, Hallgren RC. Chronic neck pain,
standing balance, and suboccipital muscle atrophy–a pilot
study. J Manipulative Physiol Ther. 1997; 20(1): 24-9.

[6] Rezasoltani A, Ahmadipoor A, Khademi-Kalantari K, Javan-
shir K. The sign of unilateral neck semispinalis capitis muscle
atrophy in patients with chronic non-specific neck pain. J Back
Musculoskelet Rehabil. 2012; 25(1): 67-72.

[7] Noormohammadpour P, Dehghani-Firouzabadi A, Mansour-
nia MA, Mohseni-Bandpei MA, Moghaddam N, Miri M, et
al. Comparison of the Cross-Sectional Area of Longus Colli
Muscle Between Patients With Cervical Radicular Pain and
Healthy Controls. Pm R. 2017; 9(2): 120-6.

[8] Amiri-Arimi S, Mohseni Bandpei MA, Rezasoltani A, Javan-
shir K, Biglarian A. Measurement of Cervical Multifidus and
Longus Colli Muscle Dimensions in Patients With Cervical
Radiculopathy and Healthy Controls Using Ultrasonography:
A Reliability Study. Pm R. 2019; 11(3): 236-42.

[9] Javanshir K, Rezasoltani A, Mohseni-Bandpei MA, Amiri M,
Ortega-Santiago R, Fernandez-de-Las-Penas C. Ultrasound
assessment of bilateral longus colli muscles in subjects with
chronic bilateral neck pain. Am J Phys Med Rehabil. 2011;
90(4): 293-301.

[10] Javanshir K, Mohseni-Bandpei MA, Rezasoltani A, Amiri
M, Rahgozar M. Ultrasonography of longus colli muscle: A
reliability study on healthy subjects and patients with chronic
neck pain. J Bodyw Mov Ther. 2011; 15(1): 50-6.

[11] O’Leary S, Falla D, Elliott JM, Jull G. Muscle dysfunction in
cervical spine pain: implications for assessment and manage-
ment. J Orthop Sports Phys Ther. 2009; 39(5): 324-33.

[12] Winters JM, Peles JD, editors. Neck Muscle Activity and 3-D
Head Kinematics During Quasi-Static and Dynamic Tracking
Movements. New York, NY: Springer; 1990.

[13] Kettler A, Hartwig E, Schultheiss M, Claes L, Wilke HJ. Me-
chanically simulated muscle forces strongly stabilize intact
and injured upper cervical spine specimens. J Biomech. 2002;
35(3): 339-46.

[14] Ylinen J, Takala EP, Nykanen M, Hakkinen A, Malkia E, Po-
hjolainen T, et al. Active neck muscle training in the treatment
of chronic neck pain in women: a randomized controlled trial.
JAMA. 2003; 289(19): 2509-16.

[15] Jull G, Trott P, Potter H, Zito G, Niere K, Shirley D, et al.
A randomized controlled trial of exercise and manipulative
therapy for cervicogenic headache. Spine (Phila Pa 1976).
2002; 27(17): 1835-43; discussion 43.

[16] Akkan H, Gelecek N. The effect of stabilization exercise train-
ing on pain and functional status in patients with cervical
radiculopathy. J Back Musculoskelet Rehabil. 2018; 31(2):
247-52.

[17] Buyukturan B, Guclu-Gunduz A, Buyukturan O, Dadali Y,
Bilgin S, Kurt EE. Cervical stability training with and without
core stability training for patients with cervical disc herniation:
A randomized, single-blind study. Eur J Pain. 2017; 21(10):
1678-87.

[18] Ishida H, Suehiro T, Ono K, Kurozumi C, Watanabe S. Corre-
lation between deep cervical flexor muscle thickness at rest and
sternocleidomastoid activity during the craniocervical flexion
test. J Bodyw Mov Ther. 2016; 20(1): 208-13.

[19] Jun I, Kim K. A Comparison of the Deep Cervical Flexor



AUTHOR C
OPY

E. Daly and J. Prodoehl / Ultrasound and deep neck flexor exercises 155

Muscle Thicknesses in Subjects with and without Neck Pain
during Craniocervical Flexion Exercises. J Phys Ther Sci.
2013; 25(11): 1373-5.

[20] Vitti M, Fujiwara M, Basmanjian JM, Iida M. The integrated
roles of longus colli and sternocleidomastoid muscles: an elec-
tromyographic study. Anat Rec. 1973; 177(4): 471-84.

[21] Vasavada AN, Li S, Delp SL. Influence of muscle morphom-
etry and moment arms on the moment-generating capacity
of human neck muscles. Spine (Phila Pa 1976). 1998; 23(4):
412-22.

[22] Ylinen J, Salo P, Nykänen M, Kautiainen H, Häkkinen A.
Decreased isometric neck strength in women with chronic neck
pain and the repeatability of neck strength measurements. Arch
Phys Med Rehabil. 2004; 85(8): 1303-8.

[23] Falla D, Jull G, Hodges PW. Feedforward activity of the cervi-
cal flexor muscles during voluntary arm movements is delayed
in chronic neck pain. Exp Brain Res. 2004; 157(1): 43-8.

[24] Barton PM, Hayes KC. Neck flexor muscle strength, efficiency,
and relaxation times in normal subjects and subjects with uni-
lateral neck pain and headache. Arch Phys Med Rehabil. 1996;
77(7): 680-7.

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

[26] Jull G, Kristjansson E, Dall’Alba P. Impairment in the cervical
flexors: a comparison of whiplash and insidious onset neck
pain patients. Man Ther. 2004; 9(2): 89-94.

[27] Celenay ST, Akbayrak T, Kaya DO. A Comparison of the
Effects of Stabilization Exercises Plus Manual Therapy to
Those of Stabilization Exercises Alone in Patients With Non-
specific Mechanical Neck Pain: A Randomized Clinical Trial.
The Journal of orthopaedic and sports physical therapy. 2016;
46(2): 44-55.

[28] Gupta BD, Aggarwal S, Gupta B, Gupta M, Gupta N. Effect
of Deep Cervical Flexor Training vs. Conventional Isometric
Training on Forward Head Posture, Pain, Neck Disability Index
In Dentists Suffering from Chronic Neck Pain. J Clin Diagn
Res. 2013; 7(10): 2261-4.

[29] Javanshir K, Amiri M, Mohseni Bandpei MA, De las Penas
CF, Rezasoltani A. The effect of different exercise programs
on cervical flexor muscles dimensions in patients with chronic
neck pain. J Back Musculoskelet Rehabil. 2015; 28(4): 833-40.

[30] Borisut S, Vongsirinavarat M, Vachalathiti R, Sakulsriprasert
P. Effects of strength and endurance training of superficial
and deep neck muscles on muscle activities and pain levels of
females with chronic neck pain. J Phys Ther Sci. 2013; 25(9):
1157-62.

[31] Gallego Izquierdo T, Pecos-Martin D, Lluch Girbés E, Plaza-
Manzano G, Rodríguez Caldentey R, Mayor Melús R, et al.
Comparison of cranio-cervical flexion training versus cervical
proprioception training in patients with chronic neck pain:
A randomized controlled clinical trial. J Rehabil Med. 2016;
48(1): 48-55.

[32] Jull GA, Falla D, Vicenzino B, Hodges PW. The effect of
therapeutic exercise on activation of the deep cervical flexor
muscles in people with chronic neck pain. Man Ther. 2009;
14(6): 696-701.

[33] 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(7): 525-33.

[34] Park J, Hur J, Ko T. Influence of pressure changes on recruit-
ment pattern and neck muscle activities during Cranio-Cervical
Flexion Tests (CCFTs). J Back Musculoskelet Rehabil. 2015;
28(2): 255-9.

[35] DeLuca CJ. The use of surface electromyography in biomet-
rics. Journal of Applied Biomechanics. 1997; 13: 135-63.

[36] Herrington L. EMG biofeedback: what can it actually show?
Physiotherapy. 1996; 82(10): 581-3.

[37] Lluch E, Schomacher J, Gizzi L, Petzke F, Seegar D, Falla
D. Immediate effects of active cranio-cervical flexion exercise
versus passive mobilisation of the upper cervical spine on pain
and performance on the cranio-cervical flexion test. Man Ther.
2014; 19(1): 25-31.

[38] Falla D, Jull G, Hodges P. Training the cervical muscles with
prescribed motor tasks does not change muscle activation dur-
ing a functional activity. Man Ther. 2008; 13(6): 507-12.

[39] Falla D, Jull G, O’Leary S, Dall’Alba P. Further evaluation of
an EMG technique for assessment of the deep cervical flexor
muscles. Journal of Electromyography & Kinesiology. 2006;
16(6): 621-8.

[40] Falla D, Jull G, Dall’Alba P, Rainoldi A, Merletti R. An elec-
tromyographic analysis of the deep cervical flexor muscles
in performance of craniocervical flexion. Phys Ther. 2003;
83(10): 899-906.

[41] Javanshir K, Amiri M, Mohseni-Bandpei MA, Rezasoltani
A, Ferníndez-de-las-Peñas C. Ultrasonography of the cervical
muscles: a critical review of the literature. J Manipulative
Physiol Ther. 2010; 33(8): 630-7.

[42] Stokes M, Hides J, Elliott J, Kiesel K, Hodges P. Rehabilita-
tive ultrasound imaging of the posterior paraspinal muscles. J
Orthop Sports Phys Ther. 2007; 37(10): 581-95.

[43] Amiri Arimi S, Rezasoltani A, Sakhaei SY, Tabatabaei SM,
Khalkhali M. Reliability of Ultrasonographic Measurement
of Cervical Multifidus Muscle Dimensions during Isometric
Contraction of Neck Muscles. The Scientific Journal of Reha-
bilitation Medicine. 2012; 1(2): 36-44.

[44] Øverås CK, Myhrvold BL, Røsok G, Magnesen E. Muscu-
loskeletal diagnostic ultrasound imaging for thickness mea-
surement of four principal muscles of the cervical spine – a
reliability and agreement study. Chiropr Man Therap. 2017;
25: 2.

[45] Blanpied PR, Gross AR, Elliott JM, Devaney LL, Clewley D,
Walton DM, et al. Neck Pain: Revision 2017. J Orthop Sports
Phys Ther. 2017; 47(7): A1-a83.

[46] Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flex-
ible statistical power analysis program for the social, behav-
ioral, and biomedical sciences. Behav Res Methods. 2007;
39(2): 175-91.

[47] Vernon H, Mior S. The Neck Disability Index: a study of
reliability and validity. J Manipulative Physiol Ther. 1991;
14(7): 409-15.

[48] Cagnie B, Derese E, Vandamme L, Verstraete K, Cambier D,
Danneels L. Validity and reliability of ultrasonography for the
longus colli in asymptomatic subjects. Man Ther. 2009; 14(4):
421-6.

[49] Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Im-
ageJ: 25 years of image analysis. Nat Methods. 2012; 9(7):
671-5.

[50] Elliott JM. Are there implications for morphological changes
in neck muscles after whiplash injury? Spine (Phila Pa 1976).
2011; 36(25 Suppl): S205-10.

[51] Amiri-Arimi S, Mohseni Bandpei MA, Rezasoltani A, Javan-
shir K, Biglarian A. Asymmetry of Cervical Multifidus and
Longus Colli Muscles Size in Participants With and Without
Cervical Radicular Pain. J Manipulative Physiol Ther. 2020;
43(3): 206-11.

[52] Lee BK, Seo DK. The Importance of Optimal Gaze Direc-
tion on Deep Neck Flexor Activation in Chronic Neck Pain.



AUTHOR C
OPY

156 E. Daly and J. Prodoehl / Ultrasound and deep neck flexor exercises

Healthcare (Basel). 2020; 8(4).
[53] Moon HJ, Goo BO, Kwon HY, Jang JH. The effects of eye

coordination during deep cervical flexor training on the thick-
ness of the cervical flexors. J Phys Ther Sci. 2015; 27(12):
3799-801.

[54] Guzmán-González B, Bustos-Briones C, Calatayud J, Tapia C,
Torres-Elgueta J, García-Massó X, et al. Effects of dual-task
demands on the complexity and task performance of submax-
imal isometric handgrip force control. Eur J Appl Physiol.
2020; 120(6): 1251-61.

[55] Norrie JP, Larson DJ, Brown SHM. Think about it: Cognitive-

motor dual-tasking affects sub-regional spine responses to un-
expected trunk perturbations. Hum Mov Sci. 2021; 76: 102766.
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