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Abstract: There is great interest in thoracic kyphosis, as it is thought to be a contributor to neck pain, 

neck disability, and sensorimotor control measures; however, this has not been completely investi-

gated in treatment or case control studies. This case control design investigated participants with 

non-specific chronic neck pain. Eighty participants with a defined hyper-kyphosis (>55°) were com-

pared to eighty matched participants with normal thoracic kyphosis (<55°). Participants were 

matched for age and neck pain duration. Hyper-kyphosis was further categorized into two distinct 

types: postural kyphosis (PK) and Scheuermann’s kyphosis (SK). Posture measures included for-

metric thoracic kyphosis and the craniovertebral angle (CVA) to assess forward head posture. Sen-

sorimotor control was assessed by the following measures: smooth pursuit neck torsion test (SPNT), 

overall stability index (OSI), and left and right rotation repositioning accuracy. A measure of auto-

nomic nervous system function included the amplitude and latency of skin sympathetic response 

(SSR). Differences in variable measures were examined using the Student’s t-test to compare the 

means of continuous variables between the two groups. One-way ANOVA was used to compare 

mean values in the three groups: postural kyphosis, Scheuermann’s kyphosis, and normal kyphosis 

group. Pearson correlation was used to evaluate the relationship between participant’s thoracic ky-

phosis magnitude (in each group separately and as an entire population) and their CVA, SPNT, OSI, 

head repositioning accuracy, and SSR latency and amplitude. Hyper-kyphosis participants had a 

significantly greater neck disability index compared to the normal kyphosis group (p < 0.001) with 

the SK group having greatest disability (p < 0.001). Statistically significant differences between the 

two kyphosis groups and the normal kyphosis group for all the sensorimotor measured variables 

were identified with the SK group having the most decreased efficiency of the measures in the hy-

per-kyphosis group, including: SPNT, OSI, and left and right rotation repositioning accuracy. In 

addition, there was a significant difference in neurophysiological findings for SSR amplitude (entire 

sample of kyphosis vs. normal kyphosis, p < 0.001), but there was no significant difference for SSR 

latency (p = 0.07). The CVA was significantly greater in the hyper-kyphosis group (p < 0.001). The 

magnitude of the thoracic kyphosis correlated with worsening CVA (with the SK group having the 

smallest CVA; p < 0.001) and the magnitude of the decreased efficiency of the sensorimotor control 

measures and the amplitude and latency of the SSR. The PK group, overall, showed the greatest 

correlations between thoracic kyphosis and measured variables. Participants with hyper-thoracic 

kyphosis exhibited abnormal sensorimotor control and autonomic nervous system dysfunction 

compared to those with normal thoracic kyphosis. 
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1. Introduction 

Neck pain is the fourth leading cause of long-term disability with an annual preva-

lence exceeding 30%, most often in females [1]. Neck pain is a common condition with 

several proposed biomechanical and psycho-social contributing factors [2]. While the me-

chanical causes of neck pain are not completely understood, they are thought to be linked 

to the interconnected functions of anatomical components of the cervical spine [2]. Neck 

discomfort can be caused by any incident that alters joint mechanics or muscle function 

via alterations and increases in general loading and load sharing of the various tissues [2–

4]. For instance, several studies have demonstrated the impact of thoracic spine abnormal-

ities on the kinematics of the cervical spine and overall neck mobility [5–7]. In particular, 

studies have demonstrated a link to movement coordination between the cervical and tho-

racic spines [3,5,6,8]. While the prevalence of neck disorders is greater in older persons, 

who also have a higher prevalence of thoracic hyper-kyphosis [6], neck pain is also one of 

the most common musculoskeletal disorders in young adult populations, with a reported 

12-month prevalence ranging from 42 to 67% [9–11]. An explanation for such a high rate 

of neck pain in young and older populations is possible concomitant impairments in the 

thoracic spine leading to a dysfunction of the cervico-thoracic musculature such as the 

serratus anterior, levator scapulae, and trapezius [12,13]. 

Since changes in sagittal thoracic alignment have been reported to alter the mechan-

ical loading of the cervical spine [14,15], this may subtly or overtly impair proprioceptive 

afferentation from spine ligaments, muscles, and discs, which are considered to be major 

components of sensorimotor control supplying the essential neurophysiological infor-

mation for feedforward and feedback responses via linkages to the vestibular, visual, and 

central nervous systems [16–18]. Sensorimotor control is altered in neck pain populations 

compared to healthy controls, where slower reaction times in visual acuity, cervical move-

ment, and inefficient motor control in general has been reported [19,20]. It is unclear if the 

altered sensorimotor control is causative of neck pain and disability or a result due to 

kinesiophobia (fear-based movement variables) [21]; however, it is clear that inefficient 

sensorimotor control is part of the cycle of chronicity and likely influences recovery [16–

21]. In addition to sensorimotor control influences, several studies show that the cervical 

receptors and the sympathetic nervous system have direct interactions [22–24]. However, 

there is limited evidence suggesting that the autonomic nervous system is sensitive to 

alterations in articular afferent input driven by thoracic hyper-kyphosis and joint dysfunc-

tion [22,23,25]. 

It is known that thoracic hyper-kyphosis is related to a patients’ pain, disability, 

shoulder kinematics, and general health status [26–31]. The threshold for hyper-kyphosis 

has been reported to be 45° on x-rays (T4-T12 and T5-T12) for pain and disability [26,27], 

while the 60° value has been reported to be the threshold for more severe disability as in 

adult spine deformity cases [28,29]. The assumption that a normal thoracic alignment and 

normal cervical kinematics are important for a better afferentation process has some pre-

liminary evidence [5–8,12–14]. However, studies have not fully investigated the relation-

ship between hyper-kyphosis, forward head posture, and the correlation (if any) on sen-

sorimotor control measurements and the autonomic nervous system. 

In general, there is a lack of studies assessing the effect of the thoracic spine sagittal 

alignment on cervical pain, autonomic nervous system function, disability, and sen-

sorimotor control. Therefore, the purpose of this study was to investigate the correlation 

in sensorimotor control, neck disability index, and autonomic dysfunction in chronic non-

specific neck patients with a thoracic hyper-kyphosis compared to a matched group of 

normal kyphosis participants but also having chronic nonspecific neck pain. We hypoth-

esized that patients with chronic neck pain and a thoracic hyper-kyphosis would have 
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impaired sensorimotor control and autonomic dysfunction compared to those chronic 

neck pain patients with a normal thoracic alignment. Secondarily, we hypothesized that 

the magnitude of thoracic kyphosis would be correlated to the measures of sensorimotor 

control and autonomic nervous system function as performed herein. 

2. Materials and Methods 

In this cross-sectional study, we compared 80 young adults over the age of 18 years 

with chronic nonspecific neck pain and thoracic hyper-kyphosis to 80 matched individu-

als with chronic nonspecific neck pain who had a normal thoracic kyphotic alignment. 

Participants were considered matched if their age difference was within 2 years and if 

their duration of neck pain was of a similar length of time. When the pain duration varied 

by less than two months, participants were deemed to be matched. Participants were pa-

tients recruited from a specialized pain and rehabilitation unit at the Farouk Hospital, 

Cairo, Egypt from January to August 2022. All cases received a thorough examination in 

the pain clinic, and all hyper-kyphotic cases underwent radiological assessment. Ethical 

approval was obtained from the Research and Ethics Committee at Cairo University (CA-

REC-22-5-20), with informed consent obtained from all participants prior to data collec-

tion in accordance with relevant guidelines and regulations. A flow chart of the recruit-

ment process is shown in Figure 1. 

 

Figure 1. Participant study flow chart for group inclusion and exclusion. 
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2.1. Participant Inclusion and Exclusion Criteria 

2.1.1. Inclusion 

All participants had to have the diagnosis of chronic non-specific neck pain (CNSNP) 

with reduced cervical spine range of motion. Thoracic hyper-kyphotic participants were 

screened with a thorough examination by an orthopedic surgeon, including spine radiog-

raphy, to rule out serious spine pathologies. However, participants with mild to moderate 

Scheuermann’s kyphosis (SK) (SK participants were diagnosed via radiography and clin-

ical examination with the orthopedic surgeon) were permitted in the hyper-kyphotic sam-

ple, though SK participants were also analyzed as a subgroup of hyper-kyphosis to iden-

tify any possible differences. See the results section for details. Participants with normal 

kyphosis did not receive thoracic spine radiographic imaging, as there was no clinical ra-

tionale for imaging in these participants; thus, an external measurement of thoracic ky-

phosis was chosen to make comparisons in all participants. Prior to inclusion, participants 

were evaluated by measuring the sagittal thoracic kyphotic angle ICT-ITL (max) using the 

4D formetric system (note it is a 4D system, as it allows for a time variable to capture any 

sagittal shift and sway over 60 s) where ICT-ITL (max) is measured between tangents from 

the cervicothoracic junction (ICT-T1) and that of the thoracolumbar junction (ITL-T12). 

The reproducibility of results is excellent, making this non-invasive system appropriate 

for clinical assessment, as the reliability of thoracic kyphosis measurement is excellent 

with coefficients of variation of approximately 7% (3.5 degrees) for angulations [32,33]. 

Figure 2 depicts this measurement. Hyper-kyphosis participants were included if the ICT-

ITL (max) angle measured more than 55°. Normal kyphosis participants were defined as 

the ICT-ITL (max) angle being less than 55° [33]. There is good correlation between the 

formetric vs. Cobb angle of thoracic kyphosis, but formetric measurements consistently 

overestimates kyphosis by an average of 5–7°, indicating that the radiographic kyphosis 

would be approximately 48–50°, which is the upper end of normal and the cutoff value 

for where thoracic kyphosis begins to be associated with pain and disability 

[26,27,30,31,33–35]. 

 

Figure 2. 4D formetric device measurement of thoracic kyphosis and trunk inclination where ky-

photic angle ICT-ITL (max) is measured between tangents of cervicothoracic junction (ICT) and of 



J. Clin. Med. 2023, 12, 3707 5 of 21 
 

 

thoracolumbar junction (ITL). ICT: inflectional points from cervical to thoracic spine. ITL: inflec-

tional points from thoracic to lumbar spine. KA: kyphosis angle. LA: lordosis angle. VP: vertebra 

prominence. DM: dimple. 

2.1.2. Exclusion 

Exclusion criteria included the presence of any signs or symptoms of medical “red 

flags”, a history of previous spine surgery, vertebral fracture, signs or symptoms of upper 

motor neuron disease, vertebrobasilar insufficiency, amyotrophic lateral sclerosis, and bi-

lateral upper extremity radicular symptoms. Detailed exclusions were: 

• Neck pain associated with whiplash injury; 

• Neck pain with bilateral cervical radiculopathy; 

• Fibromyalgia syndrome; 

• Surgery in the neck area, regardless of the cause; 

• Neck pain accompanied by vertigo caused by vertebra-basilar insufficiency or accom-

panied with non-cervicogenic headaches; 

• Recent or recurrent middle ear infections or any hearing impairment requiring the 

use of a hearing aid; 

• Visual impairment not corrected by glasses; 

• Any disorder of the central nervous system. 

2.2. Measurement Procedures 

2.2.1. ICT-ITL (max) 

The thoracic posture was measured in a neutral position to ensure consistency be-

tween repeated images captured in the same session; also, this would aid comparison with 

other studies that measured Cobb’s angle for thoracic kyphosis in radiographic studies. 

Each participant was positioned 2 m from the measurement system in front of a black 

background screen, and a valid and reliable formetric system [32,33,35] was used to ana-

lyze 3D body posture displacements (DIERS Medical Systems, Chicago, IL, USA). The col-

umn height was aligned to move the relevant parts of the patient’s back into the center of 

the control monitor by using the column up/down button of the control unit. A permanent 

mark fixed with a tape on the floor was used to ensure the best lateral and longitudinal 

position of the patient. The participant’s back (including the upper gluteal region) was 

uncovered to allow better imaging of the back. The participants’ hair was tied up (when 

needed) to allow visualization of the vertebral prominences. The system was ready for 

image recording when the participant was correctly positioned in the participant’s per-

ception of their neutral resting, relaxed posture position, being defined as the relaxed up-

right stance, with feet hip width apart and barefooted, where the participant was in-

structed to: 

• look straight ahead in a relaxed breathing state with their head in a neutral position, 

not being twisted or bent; 

• relax their shoulders, do not hunch them or rotate them forward; 

• keep their upper arms, elbows and hands comfortably at their sides; 

• stand with their legs straight, but with knees relaxed, not locked back (preventing 

hyperextension). 

Thoracic kyphosis was measured as the maximum kyphosis between tangents from 

the cervicothoracic junction (ICT-T1) and that of the thoracolumbar junction (ITL-T12). 

This would be considered a total thoracic kyphosis from T1–T12 vertebral levels. Kyphotic 

participants were included if the angle measured 55° or more and normal kyphosis if the 

angle measured less than 55° [26,27,30,33–35]. There is a good correlation between the 

formetric measurement and Cobb angle of thoracic kyphosis, but the former one consist-

ently overestimates kyphosis by an average of 5–7° [33,35]. 
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2.2.2. Craniovertebral Angle (CVA) 

To assess the influence of thoracic kyphosis on forward head posture (FHP), we 

measured the craniovertebral angle (CVA) in both groups. The CVA is constructed using 

C7 spinous process and drawing a line from it to the tragus of the ear. Next, a horizontal 

line is drawn through C7 spinous, where the CVA is the acute angle between the two lines. 

Typically, when the CVA is less than 50°, then a participant is classified as having signifi-

cant forward head posture [36,37]. The CVA has excellent reliability to assess forward 

head posture [36,37]. Figure 3 presents the CVA. 

 

Figure 3. Measurement of the craniovertebral angle (CVA). Two markers are utilized and placed at 

the level of the C7 spinous process and the tragus of the ear; then a line is constructed connecting 

these two points. Finally, a horizontal line is drawn using the C7 marker as the reference, and the 

CVA is measured as angle A between the two lines [36,37]. 

2.2.3. Numerical Rating Score (NRS) 

Neck pain average intensity over the previous week was assessed using a 0–10 NRS 

score ranging from 0 = no pain to 10 = bed ridden and incapacitated. The reliability and 

validity of the NRS has been found to be good to high [38]. 

2.2.4. Neck Disability Index 

The neck disability index (NDI) to assess activities of daily living impact was admin-

istered. The NDI has good reliability, validity, and responsiveness to change [39]. 

2.2.5. Sensorimotor Control Measures 

There is a detailed interplay between proprioception and postural control, such that 

normal posture alignment is likely a major component driving the afferentation process 

leading to improved sensorimotor integration and motor control. To assess the effects of 

thoracic kyphosis and forward head posture on the sensorimotor system, we measured 

three common measures of sensorimotor control herein, including the assessment of the 

following: (a) cervical joint position sense testing, (b) head and eye movement control, and 

(c) evaluation of postural stability. 

a. Cervical Joint Position Sense Testing 

Head repositioning accuracy (HRA) was assessed with the cervical range of motion 

(CROM) device as previously described in the literature (CROM deluxe device by Frabi-

cation: https://www.amazon.com/Fabrication-12-1156-Crom-Deluxe/dp/B00BRCGCNO, 

accessed on 19 May 2023). We followed the protocol of Loudon et al., as this is reliable and 

valid [40]. The CROM was placed on the participants’ head while they were seated upright 

https://www.amazon.com/Fabrication-12-1156-Crom-Deluxe/dp/B00BRCGCNO
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on a stool without a backrest, with both feet supported on the floor with knees flexed to 

≈90°. The participant was asked to sit upright in a neutral, non-slouched, and comfortable 

thoracic posture attempting to keep the thoracic spine perpendicular to the plane of the 

stool. The neutral head position (NHP) was considered as the starting and reference posi-

tion, where the CROM was adjusted to zero for the primary plane of rotational movement. 

Patients were instructed to close their eyes, memorize the starting position, actively rotate 

their head to 30° about the vertical axis, and reposition their head to the starting position 

with no restrictions for speed; only repositioning accuracy was encouraged. HRA was de-

fined as the difference in degrees between the starting and the return positions [41]. Three 

repetitions were performed within 60 s for both the left and right directions; for a total of 

six sets. The test is reported as error in degrees (°), where less than 10% or 3° is normal 

[40,41]. 

b. Head and eye movement control: smooth pursuit neck torsion test (SPNT) 

Assessment of disturbances in eye movement control by the electro-oculography was 

adopted from Tjell et al. [42]. The test was performed with the participant’s head and 

trunk in a neutral straight ahead position and then two trunk rotation positions (head 

neutral, trunk in 45° rotation to each side). Patients were asked to blink three times (for 

recognition and elimination in data analysis) and then follow the path of a light as closely 

as possible with their eyes. The SPNT test value was defined as the difference between the 

average gain in the neutral and torsion positions for left vs. right rotation. Findings are 

reported as a percentage (%) of error of corrective saccades (eye movements), where 100% 

is perfect (0% error), 10–20% error is normal, and greater than 20% error is abnormal. The 

videonystagmography system VisualEyes™ 525 by Interacoustics A/S in Denmark was 

utilized to conduct the SPNT test. 

c. Postural stability 

The Biodex Balance System SD (Biodex Medical Systems, Inc., Shirley, NY, USA) was 

used to assess postural stability. Dynamic balance was assessed by simulating displace-

ments in both anterior/posterior (AP) and medial/lateral (ML) directions by changing the 

device platform level of stability. The platform provides an objective assessment of bal-

ance using three indices: the overall stability index (OSI), an anteroposterior stability in-

dex (APSI), and a mediolateral stability index (MLSI). These indices are calculated accord-

ing to the degree of platform oscillation. Smaller values indicate a good stability level of 

the participants. The reported inter-examiner reliability coefficients range between 0.77 

and 0.99 [43,44]. Balance indices were calculated over three 10 s trials, with 20 s rest be-

tween trials. The average of three trials was recorded. The balance system was set to a 

dynamic position of 4 out of 8. 

2.2.6. Sympathetic Skin Response (SSR) 

On the day of the study, patients were asked to avoid using medicated lotions and 

cosmetics (on the hands), not to engage in physical activity, and avoid smoking, eating, 

and drinking coffee two hours prior to the recordings. To acclimatize patients to the ex-

perimental environment, all participants spent 20 min in a room with a temperature of 

22–24 °C just before the measurements were taken. 

The EMG was used to measure the SSR. Room temperature was maintained at 26 °C 

in order to maintain a stable skin temperature [45,46]. The active surface electrodes were 

attached on the palmar side, and the references were placed on the dorsum of the hand. 

The stimulus was given at the wrist contralateral to the recording side. Measurements 

were taken from both left and right sides. An intensity of 20–30 mA with an irregular 

interval of more than one minute was applied to prevent habituation. When habituation 

occurred, stimulation was delayed for about three or four minutes. Skin potentials were 

recorded for a 10 s analysis period. The latency and peak-to-peak amplitude SSR were 
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determined. Mean values of three trials were used for each parameter. Sweep speed was 

500 ms/div. 

SSR was considered absent if there was no response after 10 stimuli [47]. In the SSR 

trace, the latency and amplitude character points markers placement was corrected man-

ually if the ones automatically generated by the EMG software were inaccurately placed. 

Latencies were measured from the stimulation artifact to the initiation of the response 

which is defined as the earliest point where the amplitude begins to increase. The ampli-

tude is measured from the peak of the first deflection to the peak of the next one (peak-to-

peak) [48]. 

2.3. Sample Size Determination 

A priori sample size calculation based on a pilot study conducted for 10 patients in-

dicated that 70 participants per each group would be required to detect an effect size of 

0.6. Pain was used as the outcome measure for this calculation. To insure robust data, the 

sample size was increased by 14% in order to attain 80 participants per group. 

2.4. Statistical Analysis 

The one-sample Kolmogorov–Smirnov normality test was used to determine 

whether the data were normally distributed, and homogeneity of variance assumption 

was assessed by the Levene statistic. Descriptive data were presented as mean ± standard 

deviation. The Student’s t-test was used to compare the means of continuous variables, 

and the Chi-squared test for categorical variables was used to assess any differences be-

tween the two groups, the entire hyperkyphotic and normal groups. When separating the 

hyper-kyphosis sample into the two subgroups, the one-way ANOVA was used to com-

pare the mean values in the three groups: postural kyphosis, Scheuermann’s kyphosis, 

and normal kyphosis group. Post hoc Tukey’s analysis was performed to determine dif-

ferences between groups, when ANOVA revealed a significant difference. 

A p-value < 0.05 was considered statistically significant. Correlations (Pearson’s r) 

were used to examine the relationships between the ICT-ITL (KA-max) in both groups 

and the measured variables: SSR amplitude and latency, OSI, left and right rotation repo-

sitioning accuracy, NDI, SPNT, and NRS. The minimal clinically important difference 

(MCID) of the of the SSR and NDI outcomes were compared to the existing literature 

[45,46]. Whereas the MCID of the sensorimotor control variables were not available in the 

literature to our knowledge thus, effect sizes for all variables were measured using Co-

hen’s d, where d ≈ 0.2 is limited effect, d ≈ 0.5 is a moderate effect, and d ≈ 0.8 is a large 

effect with very significant clinical relevance. Correlations were investigated for each 

group (postural kyphosis, Scheuermann’s kyphosis, and normal kyphosis) separately and 

then as an entire sample of 160 participants to identify possible differences. SPSS version 

20.0 software (SPSS Inc., Chicago, IL, USA) was used for analyzing data with normality 

and equal variance assumptions ensured before the analysis. 

3. Results 

3.1. Participant Demographics and Characteristics 

Descriptive data for the demographic and clinical variables for the entire sample of 

80 hyper-kyphotic and the 80 normal kyphosis participants are presented in Table 1. No 

statistically significant differences between the hyper-kyphotic group and the normal ky-

phosis group were found at baseline for their demographic and clinical variables. No data 

were missing for any of measured variables in any of the participants in this study. We 

separated the hyper-kyphotic participants into two groups: 35 postural kyphosis and 45 

Scheuermann’s kyphosis categories, and Table 2 presents this demographic and clinical 

data. No statistically significant baseline differences for the clinical and demographic var-

iables was found for these two subgroups of thoracic hyper-kyphosis. 
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Table 1. Baseline participant demographics. The statistical significance between groups is shown. 

Here both the postural and Scheuermann’s kyphosis group are combined into an entire kyphotic 

sample. The Student’s t-test to compare the continuous variables and the Chi-squared test for cate-

gorical variables were used. Values are expressed as means ± standard deviation where indicated. 

Variables Entire Kyphotic (n = 80) Normal (n = 80) p Value 

Age (years) 25.1 ± 3 24 ± 4.6 0.07 

Weight (kg) 66 ± 10 60 ± 9 0.9 

Sex 

Male 38 32 
0.2 

Female 42 48 

Marital status 

Single 61 59 

0.3 Married 19 21 

Separated, divorced, or widowed 0 0 

Pain duration (months) 18 ± 4 17 ± 5 0.16 

Smoking 

Light smoker 29 32 

0.4 Heavy smoker 14 15 

No Smoker 37 33 

Table 2. Participant demographics of the hyper-kyphotic group separated by type of kyphosis with 

either a postural kyphosis or a Scheuermann’s kyphosis. Statistical significance was tested using the 

ANOVA test to compare continuous variables, and the Chi-squared test for categorical variables. 

Values are expressed as means ± standard deviation. * is a statistically significant difference. 

Variables 
Postural Kyphosis 

N = 35 

Scheuermann’s kyphosis 

N = 45 
Normal (n = 80) p Value 

Age (years) 25 ± 3.2 25.3 ± 3 24 ± 4.6 0.16 

Weight (kg) 65 ± 11 67 ± 9 60 ± 9 0.6 

Sex  

Male 18 20 32 
0.5 

Female 17 25 48 

Marital status  

Single 27 33 59 

0.6 Married 8 12 21 

Separated, divorced, or widowed 0 0 0 

Pain duration (months) 17 ± 3 18.7 ±4 .5 17 ± 5 0.1 

Smoking  

Light smoker 15 14 32 

0.15 Heavy smoker 8 6 15 

No Smoker 12 25 33 

Kyphotic angle 66.5 ± 3 67.5 ± 4.9 49 ± 3 <0.001 * 

3.2. Between Group Analysis 

3.2.1. ICT-ITL (Max) 

Box and whisker plots of the ICT-ITL (max) in the two hyper-kyphotic groups com-

pared to the normal group are presented in Figure 4. As designed by our inclusion criteria, 

both hyper-kyphotic groups had the largest ICT-ITL (max) angles indicating an exagger-

ated kyphotic posture (entire hyper-kyphotic group, 67° ± 4; postural kyphosis group, 

66.5° ± 3; and Scheuermann’s kyphosis group, 67.5° ± 4.9). The normal kyphosis group 

had the smallest ICT-ITL (max) angles (normal kyphosis, 49° ± 3). As can be seen in Figure 
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4, there was no overlap between the kyphotic angles of the normal and kyphotic groups. 

Those with thoracic hyper-kyphosis were well above the threshold of 55°, thus eliminating 

any overlap within the standard error of measurement of the formetric system. 

 

Figure 4. Box and whisker plots shown of the magnitude of thoracic kyphosis, ICT-ITL (max), in 

both hyper-kyphotic groups (postural kyphosis, 66.5° ± 3; Scheuermann’s kyphosis; 67.5° ± 4.9) and 

the normal kyphosis (49° ± 3) groups. A statistically significant difference for these variables between 

normal kyphosis and total hyper-kyphosis (but not for hyper-kyphosis type) was forced by study 

design, where 55° (shown as red-dashed line) was the absolute cutoff for kyphosis between groups. 

3.2.2. NRS and NDI 

For pain level on the NRS, we found no statistically significant differences in pain 

intensity between groups (p > 0.05). However, the entire sample of the hyper-kyphotic 

group showed an increase in neck disability (NDI) scores compared to the normal kypho-

sis group (p < 0.001). When separating the hyper-kyphosis sample into the two subgroups, 

we identified a statistically significant difference in the NDI, where the Scheuermann’s 

kyphosis group had a higher disability. Tables 3 and 4 presents these results. 

Table 3. Between-group comparisons of pain and disability outcomes. 

Variables 
Entire Kyphotic 

Group (n = 80) 

Normal Group 

(n = 80) 

Cohen’s d 

Effect Size  

p Value 

(95% CI) 

NDI 37.3 ± 4.1 29.8 ± 2.4 2.2 
<0.001 * 

[−8.5, −6.45] 

Pain intensity 5.3 ± 2.0 4.9 ± 1.8 0.20 
0.18 

[−0.99, 0.19] 

CI = confidence interval; NDI = neck disability index; Pain intensity is 0–10 where 0 is no pain and 

10 is incapacitated; all values are expressed as means ± standard deviation. * = statistically signifi-

cant. 
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Table 4. Results of one-way-ANOVA and post hoc (Tukey) test. * = statistically significant. 

 
Postural  

Kyphosis N = 35  

Scheuermann’s  

Kyphosis N = 45 

Normal Group 

(n = 80) 

F-Value/ 

p-Value 
Post Hoc 

NDI 35.2 ± 2.4 39.1 ± 4.5 29.8 ± 2.4 
132.67/ 

<0.001 * 

Group 1 vs. Group 2: Diff = 3.9, 

95% CI = 2.22 to 5.57, p < 0.001 * 

Group 1 vs. Group 3: Diff = −5.4, 

95% CI = −6.90 to −3.89, p < 0.001 * 

Group 2 vs. Group 3: Diff=−9.3, 

95%CI = −10.68 to −7.91, p < 0.001 * 

Pain inten-

sity 
4.6 ± 1.4 5.9 ± 2.3 4.9 ± 1.8 2.68/0.07  

3.2.3. Sensorimotor Control Variables 

The unpaired t-test analysis showed that there were statistically significant differ-

ences in the hyper-kyphotic group versus the normal kyphosis group for the sensorimotor 

control variables. For OSI, we found significant abnormality (less stability) in dynamic 

stability for the hyper-kyphotic group compared to the normal kyphosis group (p < 0.001); 

smaller values indicate a good stability level of the participants. Larger errors were evi-

dent for right and left rotation repositioning accuracy (p < 0.001) in the hyper-kyphotic 

group as well; results are reported as error in degrees (°) where less than 10% or 3° is 

normal. For SPNT, we found a significant difference between the two groups with a larger 

average gain for the hyper-kyphotic group; results are reported as a percentage (%) of 

error of corrective saccades, where 100% is perfect (0% error), 10–20% error is normal, and 

greater than 20% error is abnormal. Table 5 presents this data. 

Between group comparisons for the postural kyphosis, Scheuermann’s kyphosis and 

normal groups are presented separately for sensorimotor control variables and the CVA 

in Table 6. Overall, the Scheuermann’s kyphosis group is shown to have statistically and 

clinically significant worse sensorimotor control variables. Similarly, the Scheuermann’s 

kyphosis group has a statistically significant reduction in the CVA indicating more for-

ward head posture; p < 0.001, Table 6. 

3.2.4. SSR Latency and Amplitude 

For neurophysiological variables, we found an increase in SSR amplitude in the entire 

hyper-kyphotic group compared to the normal kyphosis group (p < 0.001). In contrast, no 

such difference was evident for in SSR latency (p = 0.07) as presented in Table 5. Between 

group comparisons for the postural kyphosis, Scheuermann’s kyphosis, and normal 

groups are presented for SSR latency and amplitude in Table 6. SSR data show a statisti-

cally significant increased amplitude and a faster latency for the Scheuermann’s kyphosis; 

however, the latency difference is a rather weak clinically and non-significant (effect size 

0.2; p = 0.29). See Table 5. 

Table 5. Between group comparisons of the entire sample of the kyphotic group vs. normal group 

for sensorimotor control and CVA outcomes. 

Variables 
Kyphotic 

Group 

Normal 

Group 

Cohen’s d 

Effect Size 

p Value 

[95% CI] 

CVA (°) 41 ± 5 53 ± 4 2.65 
<0.001 * 

[10.6, 13.4] 

Smooth pursuit neck 

torsion test (% error) 
0.41 ± 0.17 0.31 ± 0.14 0.6 

<0.001 * 

[−0.15, −0.05] 
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** Overall stability in-

dex (refer to meth-

ods) 

0.62 ± 0.2 0.42 ± 0.1 1.26 
<0.001 * 

[−0.05, −0.14] 

Head repositioning  

accuracy (°) Right 
4.0 ± 1.5 3.0 ± 1.2 0.74 

<0.001 * 

[−0.57, −1.42] 

Head repositioning  

accuracy (°) Left 
4.3 ± 1.8 3.3 ± 1.5 0.6 

<0.001 * 

[−0.45, −1.58] 

Sympathetic skin re-

sistance Amplitude 
2.9 ± 0.9 2.1 ± 0.7 0.87 

<0.001 * 

[−0.54, −1.05] 

Sympathetic skin re-

sistance Latency 
1.2 ± 0.4 1.3 ± 0.3 0.2 

0.07 

[−0.01, 0.21] 

* Denotes statistically significant differences. ** These indices are calculated according to the degree 

of platform oscillation; smaller values indicate a good stability level of the participants. CVA = cra-

niovertebral angle. All values are expressed as means ± standard deviation. CI [] = 95% confidence 

interval. 

Table 6. Results of one-way-ANOVA and post hoc (Tukey) test. * = statistically significant. 

Variables 

Postural  

Kyphosis 

N = 35 

Scheuermann’s  

Kyphosis N = 45 

Normal 

Group N = 80 

F-Value/ 

p-Value 
Post Hoc 

CVA (°) 44 ± 4 38.5 ± 4.5 53 ± 4 
187.4/ 

<0.001 * 

Group 1 vs. Group 2: Diff = −5.5, 

95% CI = −8.58 to −2.4, p = 0.0002 * 

Group 1 vs. Group 3: Diff = 9, 95% 

CI = 5.7 to 12.27, p < 0.001 * 

Group 2 vs. Group 3: Diff = 14.5, 

95% CI = 11.3 to 17.6, p < 0.001 * 

Smooth pursuit neck 

torsion test (% error) 
0.34 ± 0.13 0.48 ± 0.18 0.31 ± 0.14 

19.1/<0.001 

* 

group 1 vs. Group 2: Diff = 0.14, 

95% CI = 0.059 to 0.22, p = 0.0002 * 

Group 1 vs. Group 3: Diff = −0.03, 

95% CI = −0.10 to 0.04, p = 0.5 

Group 2 vs. Group 3: Diff = −0.17, 

95% CI = −0.24 to −0.10, p < 0.001 * 

** Overall stability index (re-

fer to methods) 
0.56 ± 0.2 0.68 ± 0.3 0.42 ± 0.1 

25.7/<0.001 

* 

Group 1 vs. Group 2: Diff = 0.12, 

95% CI = 0.015 to 0.23, p = 0.02 * 

Group 1 vs. Group 3: Diff = −0.14, 

95% CI = −0.23 to −0.045, p = 

0.0017 * 

Group 2 vs. Group 3: Diff = −0.26, 

95% CI = −0.35 to −0.17, p < 0.001 * 

Head repositioning 

accuracy (°) Right 
3 ± 0.7 4.8 ± 1.6 3.0 ± 1.2 

33.84/ 

<0.001 * 

Group 1 vs. Group 2: Diff = 1.8, 

95% CI = 1.14 to 2.5, p < 0.001 * 

Group 1 vs. Group 3: Diff = 0.0, 

95% CI = −0.59 to 0.59, p = 0.99 

Group 2 vs. Group 3: Diff = −1.8, 

95% CI = −2.34 to −1.25, p < 0.001 * 

Head repositioning 

accuracy (°) Left 
3.8 ± 2 4.7 ± 1.6 3.3 ± 1.5 10.39/0.04 * 

Group 1 vs. Group 2: Diff = 0.9, 

95% CI = 0.02 to 1.77, p = 0.04 * 

Group 1 vs. Group 3: Diff = −0.5, 

95% CI = −1.29 to 0.29, p = 0.29 

Group 2 vs. Group 3: Diff = −1.4, 

95% CI = −2.12 to −0.67, p < 0.001 * 
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Sympathetic skin 

resistance Amplitude 
2.4 ± 0.6 3.3 ± 1 2.1 ± 0.7 

34.68/<0.00

1 * 

Group 1 vs. Group 2: Diff = 0.9, 

95% CI = 0.48 to 1.31, p < 0.001 * 

Group 1 vs. Group 3: Diff = −0.3, 

95% CI = −0.67 to 0.07, p = 0.14 

Group 2 vs. Group 3: Diff = −1.2, 

95% CI = −1.54 to −0.85, p < 0.001 * 

Sympathetic skin resistance 

Latency 
1.3 ± 0.3 1.2 ± 0.5 1.3 ± 0.3 1.19/0.3 NA 

* Denotes statistically significant differences. ** These indices are calculated according to the degree 

of platform oscillation; smaller values indicate a good stability level of the participants. CVA = cra-

niovertebral angle. All values are expressed as means ± standard deviation. 

3.3. Correlations 

Pearson r correlations between the magnitude of thoracic kyphosis are presented in 

Table 7 for both subgroups of thoracic hyper-kyphosis, the normal kyphosis group, and 

the entire sample of 160 participants. The kyphotic angle showed a moderate positive cor-

relation for all sensorimotor control variables (SPNT, OSI, and right and left rotation re-

positioning accuracy) with the postural kyphosis group showing significantly greater cor-

relations than the other groups. We found a moderate positive correlation between the 

thoracic kyphotic angle and SSR amplitude for the entire sample of 180 participants (r = 

0.69, p < 0.001), indicating as the kyphotic angles increased, the SSR amplitude increased 

in our population. Again, the strongest correlation was found for the postural kyphosis 

group. In contrast, we found a low negative correlation between the kyphotic angle and 

SSR latency for the entire sample of 180 participants (r = −0.49, p < 0.001), with the smallest 

correlation found in the postural kyphosis group. Additionally, pain and disability scores 

were moderately linearly correlated to the magnitude of kyphosis in the entire sample 

(NRS: r = 0.53, p < 0.001; NDI: r = 0.67; p < 0.001) with the postural kyphosis group showing 

slightly stronger correlations than the other participants. Table 7 presents this data in de-

tail. 

Table 7. Correlations (Pearson’s r) between the postural kyphosis, the Scheuermann’s kyphosis, the 

normal group, and the entire sample for all measured outcomes. 

Correlation between 

Variables 

Postural  

Kyphosis r (p Value) 

N = 35 

Scheuermann’s  

Kyphosis r (p Value)  

N = 45 

Normal Group 

r (p Value)  

N = 80 

Entire Sample  

r (p Value)  

N = 160 

CVA  
−0.7 

(<0.001) 

−0.6 

(<0.001) 

−0.51 

(<0.001) 

−0.61 

(<0.001) 

NDI 
0.58 

(<0.001) 

0.50 

(<0.001) 

0.51 

(<0.001) 

0.67 

(<0.001) 

Pain intensity  

(NRS) 

0.5 

(<0.001) 

0.35 

(0.03) 

0.34 

(0.043) 

0.53 

(<0.001) 

Smooth pursuit neck tor-

sion test 

0.54 

(<0.001) 

0.50 

(<0.001) 

0.50 

(<0.001) 

0.58 

(<0.001) 

Overall stability  

index 

0.61 

(<0.001) 

0.49 

(<0.001) 

0.52 

(<0.001) 

0.59 

(<0.001) 

Head repositioning accu-

racy (Right) 

0.7 

(<0.001) 

0.54 

(<0.001) 

0.61 

(<0.001) 

0.74 

(<0.001) 

Head repositioning accu-

racy (Left) 

0.67 

(<0.001) 

0.52 

(<0.001) 

0.61 

(<0.001) 

0.71 

(<0.001) 

Sympathetic skin  

resistance amplitude  

0.7 

(<0.001) 

0.56 

(<0.001) 

0.61 

(<0.001) 

0.69 

(<0.001) 

Sympathetic skin  −0.2 −0.5 −0.36 −0.49 
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resistance latency  (0.05) (<0.001) (<0.001) (<0.001) 

CVA = Craniovertebral angle; NDI = neck disability index; NRS = numerical rating scale. 

Craniovertebral Angle (CVA) 

Box and whisker plots of the CVA in both hyper-kyphosis groups (postural kyphosis 

and Scheuermann’s kyphosis) and the normal kyphosis group are presented in Figure 5. 

Overall, the Scheuermann’s kyphosis group had the smallest CVA indicating greater for-

ward head posture than the other two groups; CVA 38.5° ± 4.5. The normal kyphosis group 

had the greatest CVA indicating a more neutral sagittal head posture; CVA 53° ± 4. These 

results were statistically significant (p < 0.001). Lastly, the CVA is negatively correlated 

with the magnitude of thoracic kyphosis in all groups, with the strongest correlation 

found in the posture kyphosis group, indicating that as the magnitude of thoracic kypho-

sis increases, the CVA decreases and forward head posture increases (entire sample r = 

−0.061, p < 0.001). See Table 7. 

 

Figure 5. Box and whisker plots of the craniovertebral angle measured in degrees (CVA°) in the 

postural kyphosis groups (CVA, 44° ± 4), the Scheuermann’s kyphosis group (CVA, 38° ± 4.5), and 

the normal kyphosis (CVA, 53° ± 4) groups. 

4. Discussion 

The results of the current study demonstrate that the sensorimotor control, disability, 

and autonomic nervous system function of patients with chronic nonspecific neck pain 

and thoracic kyphosis are distinctly different compared to those patients with normal tho-

racic alignment. Thus, our study’s primary hypotheses are confirmed by these findings. 

As far as we know, this is the first study to provide objective evidence that these specific 

outcomes are differently affected by altered sagittal thoracic alignment. These differences 

cannot be explained in the context of the proposed different pain intensity or pain dura-

tion differences among groups, as the between group analysis revealed a non-significant 

difference between groups for both these variables. Most importantly, the difference be-

tween groups appear of clinical importance, as reflected by their effect sizes (d > 0.5) and 



J. Clin. Med. 2023, 12, 3707 15 of 21 
 

 

the mean differences between groups, which are greater than the minimal clinically im-

portant difference (2.77 × SEM) for the SSR and the NDI outcomes [49–51]. 

4.1. Thoracic Kyphosis 

Thoracic hyper-kyphosis represents one of the top four spine abnormalities associ-

ated with adult spine deformity (ASD), a world-wide, known set of spine deformities and 

associated disabilities affecting adults over the age of 18 years [28,29]. For example, Pellise 

et al. [28] identified that patients with radiographically determined thoracic hyper-ky-

phosis ≥60° had significantly lower health-related quality of life scores compared to pa-

tients afflicted with four other major health disorders (type II diabetes, rheumatoid arthri-

tis, heart disease, or pulmonary disease). There are currently different proposed cut-off 

values that distinguish between normal and hyper-kyphosis. For example, 50° is sug-

gested by some studies as a cut-point for thoracic hyper-kyphosis [30,31], while other in-

vestigations have identified that the cut-point between those with pain, lower self-image, 

and decreased function is 45° [26,27,52]. In the current investigation, we used a 4-D for-

metric scanner to evaluate the external measurement of thoracic kyphosis, and in the hy-

per-kyphosis group our average participants’ kyphosis was 67°, while it was 49° in the 

normal kyphosis group. For comparison, it is known that the formetric and inclinometry 

measures of external thoracic kyphosis overestimate the radiographic determined thoracic 

kyphosis by approximately 5–7° and maybe more depending on the unique patient pop-

ulation [33,35,53,54]. Using this information, we estimate that our hyper-kyphosis group 

had a radiographic measured thoracic kyphosis averaging 60° (depending on the vertebral 

levels of measurement) meaning that this group would be at the threshold for ASD and 

that they would certainly be classified as an abnormal spine deformity group [28,29]. 

4.2. CVA, Pain, Disability, and Sensorimotor Control 

In Table 7, we separated our study’s findings into four separate correlation analyses: 

postural kyphosis, Scheuermann’s kyphosis, normal kyphosis, and the entire population. 

This was chosen due to the possibility of identifying a stronger correlation between a spe-

cific variable within the hyper-kyphosis groups compared to the normal group. In this 

regard, most variables showed stronger correlations within the postural hyper-kyphosis 

group compared to the other two populations. It is unclear what this means in terms of 

chronic neck pain and neck disability in our study, but it may prove significant in future 

investigations. Between group differences in sensorimotor control and neck disability 

scores were identified, while there were no differences in pain intensity and duration be-

tween groups. The relationship between pain intensity and thoracic alignment has been 

detailed in several studies, where some investigations have reported significant positive 

associations, while other studies demonstrated no association between the two variables 

[14,55–57]. One such investigation concluded that neck pain was positively associated 

with hyper-kyphosis during a functional typing task [58]. These conflicting results might 

be due to multiple factors, such as the severity of chronic pain determined by a variety of 

other physical and psychosocial contributing factors [59]. Therefore, it is difficult to pre-

dict any linear relationship between thoracic kyphosis and neck pain intensity. Since the 

differences in disability and sensorimotor control found between our hyper-kyphosis and 

normal groups are not due to differences in pain intensity or pain duration, we propose 

the possible mechanism driving these changes might be dysafferentation mediated by ab-

normal forward head malalignment and increased thoracic kyphosis. 

Increased thoracic kyphosis leads to the anterior shift of the trunk mass through an 

alteration of the thoracic spine loading, thereby resulting in forward head posture of the 

cervical spine as a direct compensation [14]. This has been confirmed in the current study 

by the fact that the mean CVA for the kyphotic group was significantly lower than that of 

the control (non-kyphotic) group indicating considerably larger forward head posture in 

the kyphotic group. Sustained forward head posture is implicated in the alteration of cer-

vical motor control and the development of myofascial dysfunction. The assumption that 
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abnormal forward head posture alignment is important for the afferentation process has 

some preliminary evidence. For instance, two modeling studies have predicted that as 

forward head posture increases, increased stress and strain are placed upon the muscles 

and ligaments of the cervical and thoracic region [60–62]. Increased forward head posture 

results in altered cervical spine alignment and shoulder joint position, causing abnormal 

kinematics and neurophysiologic afferent input (the so-called dysafferentation) [63–65]. 

We suggest that this information is consistent with and may partially explain the findings 

from Stanton and colleagues [66], where chronic idiopathic neck populations were iden-

tified to have an abnormal ability to return the cervical spine to the neutral position (al-

tered sensorimotor control). 

In the current investigation, it is difficult to discern between the effects of increased 

forward head posture (the CVA) versus increased thoracic kyphosis on the variables we 

have assessed, and conflicting results have been reported in the literature regarding the 

significance of sensorimotor control measures in neck pain populations. For example, in 

a recent systematic review with meta-analysis, it was found that increased forward head 

posture is associated with the presence of neck pain in adults [67,68]. However, Pacheco 

and colleagues [68] found that forward head posture was not different between young 

collegiate adults with ”subclinical neck pain” compared to asymptomatic controls. This 

later investigation [69] used a very different participant population in both age (college 

students only 18–22 years) and a non-clinically relevant pain condition (treatment was not 

sought) as compared to our current investigation (significantly older and participants 

were seeking intervention from our pain clinic); thus, we believe our results to be more in 

line with the two recent systematic reviews with meta-analysis [67,68]. 

A significant negative correlation was found in the current study between the mag-

nitude of thoracic kyphosis and a participant’s CVA. This finding was previously reported 

in the study by Quek et al. [13]. Moreover, a multitude of biomechanics analysis have 

revealed that increased forward head posture along with thoracic hyper-kyphosis is asso-

ciated with mobility limitations in the cervical spine [15]. Given the preliminary evidence 

for the significant role of normal sagittal configuration in normalizing the afferentation 

processes, it is not surprising that there was a considerable between group difference in 

the sensorimotor control variables. The current study’s findings of increased disability 

and more disturbed sensorimotor control add credence to the above biomechanics and 

clinical investigations detailing the effects of thoracic spine abnormalities on the cervical 

spine. The relationship between increased forward head posture, that is, a smaller CVA, 

and thoracic kyphosis has been investigated in previous studies [14,15]. Lau et al. [14] 

reported a smaller CVA in participants with neck pain compared to a healthy control 

group. Lau et al. [14] suggested that a smaller CVA and upper thoracic angle were thought 

to be predictors of neck pain and disability in terms of their participants pain intensity. 

However, in the current study, it was not surprising that there were no significant varia-

tions in pain intensity between our two groups, because pain is a multidimensional phe-

nomenon affected by many factors other than sagittal alignment. Moreover, symptoms 

caused by abnormal spine biomechanics likely appear after the consequences of mechan-

ical distortions have progressed to the point where the body’s adaptive ability has been 

overcome (as is the case with heart disease, cancer, hypertension, etc.). Since the partici-

pants in our study were much younger than those in the other study [14], the age differ-

ences between the two studies could explain the disparity in pain intensity findings. In-

terestingly, although the different postural alignments between our groups had no effect 

on pain intensity, it had a significant impact on the other measurement outcomes, as 

shown by the strong correlation between spinal alignment and those outcomes (disability, 

sensorimotor control measures, and sympathetic skin resistance). Our finding is con-

sistent with that of Moustafa et al., who found that even in asymptomatic individuals with 

a forward head posture, there are significant abnormal neurophysiological responses, in-

cluding prolonged central conduction time and abnormal sensorimotor integration [70]. 
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4.3. SSR 

Our choice of the sympathetic skin response (SSR) as an indicator for autonomic 

nervous system (ANS) function in the current study instead of other measures such as 

heart rate variability (HRV) measurement might by questioned. HRV is a commonly used 

and standardized method for assessing ANS function, as it provides separate metrics for 

sympathetic and parasympathetic functions through the low-frequency (LF) and high-

frequency (HF) spectral components of HRV. However, recent studies have shown that 

the traditional HRV framework established in the 1980s has limitations in dealing with 

the evidence accumulated over the past half-century. As pointed out by Hayano and Yuda 

[71], using HRV without criticism may lead to incorrect conclusions or judgments. More-

over, a study by Ke et al. [72] has shown that both SSR and HRV parameters are sensitive 

in determining ANS dysfunction. Therefore, we chose SSR as an alternative and easily 

assessed measure for ANS function in our study. We acknowledge that HRV may provide 

additional information about ANS function, and future studies should use this to assess 

the influence of thoracic kyphosis and increasing FHP on HRV. However, our current 

findings using SSR highlight the potential clinical value of this measure in assessing ANS 

dysfunction. 

We believe that a significant between group difference in SSR indicates the consider-

able role of spinal sagittal alignment in maintaining the normal function of the autonomic 

nervous system. Oakley et al. [73] detailed information indicating that restoring normal 

posture and spine alignment has important influences on neurophysiology, sensorimotor 

control, and autonomic nervous system function. There is limited but high-quality re-

search identifying that sagittal spine alignment restoration plays an important role in im-

proving neurophysiology, sensorimotor control, and autonomic nervous system function 

[73,74]. Disturbances in the afferentation process may be the possible explanation under-

pinning spine-related autonomic dysfunction. An adverse mechanical tension acting on 

the brainstem and cranial nerves 5–12, specially the 10th cranial nerve, may be one of the 

fundamental mechanisms that explain the autonomic dysfunction in the kyphotic group 

compared to the control group. 

4.4. Clinical Relevance 

Clinically, our study findings would implicate the thoracic hyper-kyphosis as a con-

tributing factor in the disability levels reported in chronic non-specific neck pain disor-

ders. We identified that increased FHP (a decreased CVA) is corelated to the magnitude of 

thoracic kyphosis. Since it is known that increasing FHP causes a simultaneous increased 

loading of the upper thoracic and lower cervical spine, it would be logical that this in-

creased loading affects the ability of a person’s cervical spine to perform complex and 

simple tasks that create further functional demands on the spine tissues [60,61]. Further-

more, increased FHP alters both the total range of motion and segmental kinematics of 

the cervical spine during movements, and this would further exacerbate cervical spine 

pain and create limits to functional movements as a result [13–15]. Similarly, the general 

results of our sensorimotor control assessments indicate that participants with increased 

thoracic kyphosis have a generally poorer ability to perform efficient tasks requiring sta-

bility (balance), movement accuracy (HRA), and ocular motor control (SPENT). The find-

ings of inefficient sensorimotor control would have significant implications for continued 

injury (increased and altered stresses and strains on various spine tissues) of a participants 

cervical spine tissues, where a vicious cycle is set up of spine tissue damage due to ineffi-

cient motor control or coordination of movement. In general, our findings would suggest 

that structural rehabilitation (rehabilitation aimed at improving spine alignment) of the 

hyper-kyphotic spine should be a primary goal of patient treatment procedures. In fact, 

in a recent randomized trial, it was identified that structural rehabilitation of the thoracic 

hyper-kyphosis had positive effects on improving chronic non-specific neck pain, 
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disability, and sensorimotor control as compared to standard rehabilitative care that did 

not improve the alignment of the thoracic hyper-kyphosis [74]. 

4.5. Limitations 

The current study has limitations to consider which should lead to future investiga-

tions. First, the outcome measures used to verify if thoracic kyphosis affects sensorimotor 

control, pain, and disability may not be the only ones or the ideal assessment for chronic 

neck pain outcomes. Additionally, we measured the thoracic kyphosis using an external 

posture assessment device, and this does not provide the same quantitative data as radi-

ographic or other imaging methods used for the measurement of thoracic kyphosis. Sim-

ilarly, although the CVA is a valid and reliable method for measuring forward head align-

ment [14,36,37], it might not adequately describe the actual sagittal cervical vertebral 

alignment. Using the sagittal radiological profile would thus give further insights into ex-

act rotation and translation displacements of individual vertebral and overall cervical cur-

vature geometry and magnitude. Furthermore, our study did not include a true normal 

control group without chronic non-specific neck pain and a normal thoracic kyphosis; 

thus, comparison to populations without chronic non-specific neck pain cannot be made. 

Finally, although we demonstrated that increasing kyphotic magnitudes of the thoracic 

spine are correlated with sensorimotor control measurements and the autonomic nervous 

system function, it must be emphasized that correlation does not imply causation. Future 

investigations that are prospective and longitudinal in design along with randomized in-

terventional trials are needed to confirm the relationship between the magnitude of tho-

racic hyper-kyphosis and the measures reported herein. 

5. Conclusions 

This case control on a chronic non-specific neck pain population identified that those 

with thoracic hyper-kyphosis also have an increased forward head posture (reduced CVA) 

and that this is related to abnormal autonomic nervous system function. Furthermore, 

increased thoracic kyphosis is correlated to disturbances of a variety of sensorimotor con-

trol measures. Our findings may have important implications for the assessment and re-

habilitation of these populations of patients with hyper-kyphosis of the thoracic spine, 

increased forward head posture, and chronic non-specific neck pain. 

Author Contributions: Conceptualization, I.M.M., T.S., A.A., D.E.H.; methodology, I.M.M., T.S., 

A.A., D.E.H.; software, I.M.M., T.S., A.A.; validation, I.M.M., T.S., A.A., D.E.H.; formal analysis, 

I.M.M., T.S., A.A., D.E.H.; investigation, I.M.M., T.S., A.A.; resources, I.M.M., T.S., A.A.; data cura-

tion, I.M.M., T.S., A.A.; writing—I.M.M., T.S., A.A., D.E.H.; I.M.M., T.S., A.A., D.E.H.; visualization, 

I.M.M., T.S., A.A., D.E.H.; supervision, I.M.M., T.S., A.A.; project administration, I.M.M., T.S., A.A. 

All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-

tion of Helsinki. Ethical approval was obtained from the Research and Ethics Committee at Cairo 

University (CA-REC-22-5-20), with informed consent obtained from all participants prior to data 

collection in accordance with relevant guidelines and regulations. 

Informed Consent Statement: Written informed consent was obtained from all subjects involved in 

the study. 

Data Availability Statement: Data supporting reported results can be ascertained by emailing the 

lead author of this study: Professor Ibrahim Moustafa at iabuamr@sharjah.ac.ae. 

Conflicts of Interest: Dr. Deed Harrison (DEH) lectures to health care providers on rehabilitation 

methods and is the CEO of a company that sells products to physicians for patient care to aid in 

improvement of postural and spine ailments as described in this manuscript. All other authors de-

clare no conflict of interest related to this project. 

mailto:iabuamr@sharjah.ac.ae


J. Clin. Med. 2023, 12, 3707 19 of 21 
 

 

References 

1. Cohen, S.P. Epidemiology, diagnosis, and treatment of neck pain. In Mayo Clinic Proceedings; Elsevier: Amsterdam, The Neth-

erlands, 2015; pp. 284–299. 

2. Oxland, T.R. Fundamental biomechanics of the spine-What we have learned in the past 25 years and future directions. J. Biomech. 

2016, 49, 817–832. 

3. Kaya, F.; Celenay, S. An investigation of sagittal thoracic spinal curvature and mobility in subjects with and without chronic 

neck pain: Cut-off points and pain relationship. Turk. J. Med. Sci. 2017, 47, 891–896. 

4. Bergmann, T.F.; Peterson, D.H. Chiropractic Technique Principles and Procedures; Elsevier: Amsterdam, The Netherlands, 2011. 

5. Norlander, S.; Gustavsson, B.; Lindell, J.; Nordgren, B. Reduced mobility in the cervico-thoracic motion segment: A risk factor 

for musculoskeletal neck-shoulder pain: A two-year prospective follow-up study. Scand. J. Rehabil. Med. 1997, 29, 167–174. 

6. Norlander, S.; Aste-Norlander, U.; Nordgren, B.; Sahlstedt, B. Mobility in the cervico-thoracic motion segment: An indicative 

factor of musculo-skeletal neckshoulder pain. Scand. J. Rehabil. Med. 1996, 28, 183–192. 

7. Fernández-de-las-Peñas, C.; Fernández-Carnero, J.; Fernández, A.P.; Lomas-Vega, R.; Miangolarra-Page, J.C. Dorsal manipula-

tion in whiplash injury treatment. J. Whiplash Relat. Disord. 2004, 3, 55–72. 

8. Tsang, S.M.H.; Szeto, G.P.Y.; Lee, R.Y.W. Normal kinematics of the neck: The interplay between the cervical and thoracic spines. 

Man. Ther. 2013, 18, 431–437. 

9. Garni, A.D.; Al-Saran, Y.; Al-Moawi, A.; Bin Dous, A.; Al-Ahaideb, A.; Kachanathu, S.J. The prevalence of and factors associated 

with neck, shoulder, and low-back pains among medical students at university hospitals in central Saudi Arabia. Pain Res. Treat. 

2017, 2017, 1235706. 

10. Alshagga, M.A.; Nimer, A.R.; Yan, L.P.; Ibrahim, I.A.; Al-Ghamdi, S.S.; Radman Al-Dubai, S.A. Prevalence and factors associ-

ated with neck, shoulder and low back pains among medical students in a Malaysian medical college. BMC Res. Notes 2013, 6, 

244. 

11. Almhdawi, K.A.; Mathiowetz, V.; Al-Hourani, Z.; Khader, Y.; Kanaan, S.F.; Alhasan, M. Musculoskeletal pain symptoms among 

allied health professions’ students: Prevalence rates and associated factors. J. Back Musculoskelet. Rehabil. 2017, 30, 1291–1301. 

12. Cleland, J.; Selleck, B.; Stowell, T. Short-term effects of thoracic manipulation on lower trapezius muscle strength. J. Man. Manip. 

Ther. 2004, 12, 82–90. 

13. Quek, J.; Pua, Y.H.; Clark, R.A.; Bryant, A.L. Effects of thoracic kyphosis and forward head posture on cervical range of motion 

in older adults. Man. Ther. 2013, 18, 65–71. 

14. Lau, K.T.; Cheung, K.Y.; Chan kwok, B.; Chan, M.H.; Lo, K.Y.; Wing Chiu, T.T. Relationships between sagittal postures of 

thoracic and cervical spine, presence of neck pain, neck pain severity and disability. Man. Ther. 2010, 15, 457–462. 

15. Joshi, S.; Balthillaya, G.; Neelapala, Y.V.R. Thoracic posture and mobility in mechanical neck pain population: A review of the 

literature. Asian Spine J. 2019, 13, 849–860. 

16. Artz, N.J.; Adams, M.A.; Dolan, P. Sensorimotor function of the cervical spine in healthy volunteers. Clin. Biomech. 2015, 30, 

260–268. https://doi.org/10.1016/j.clinbiomech.2015.01.005. 

17. Treleaven, J. Sensorimotor disturbances in neck disorders affecting postural stability, head and eye movement control. Man. 

Ther. 2008, 13, 2–11. 

18. Kristjansson, E.; Treleaven, J. Sensorimotor function and dizziness in neck pain: Implications for assessment and management. 

J. Orthop. Sport. Phys. Ther. 2009, 39, 364–377. 

19. Röijezon, U.; Jull, G.; Blandford, C.; Daniels, A.; Michaelson, P.; Karvelis, P.; Treleaven, J. Proprioceptive disturbance in chronic 

neck pain: Discriminate validity and reliability of performance of the clinical cervical movement sense test. Front. Pain. Res. 2022, 

3, 908414. https://doi.org/10.3389/fpain.2022.908414.  

20. Sittikraipong, K.; Silsupadol, P.; Uthaikhup, S. Slower reaction and response times and impaired hand-eye coordination in in-

dividuals with neck pain. Musculoskelet. Sci. Pract. 2020, 50, 102273. https://doi.org/10.1016/j.msksp.2020.102273.  

21. Asiri, F.; Reddy, R.S.; Tedla, J.S.; ALMohiza, M.A.; Alshahrani, M.S.; Govindappa, S.C.; Sangadala, D.R. Kinesiophobia and its 

correlations with pain, proprioception, and functional performance among individuals with chronic neck pain. PLoS ONE 2021, 

16, e0254262. https://doi.org/10.1371/journal.pone.0254262.  

22. Hellström, F.; Roatta, S.; Thunberg, J.; Passatore, M.; Djupsjöbacka, M. Responses of muscle spindles in feline dorsal neck mus-

cles to electrical stimulation of the cervical sympathetic nerve. Exp. Brain Res. 2005, 165, 328–342. https://doi.org/10.1007/s00221-

005-2309-7. 

23. Corneil, B.D.; Olivier, E.; Munoz, D.P. Neck muscle responses to stimulation of monkey superior colliculus. II. Gaze shift initi-

ation and volitional head movements. J. Neurophysiol. 2002, 88, 2000–2018. https://doi.org/10.1152/jn.2002.88.4.2000. 

24. Bolton, P.S.; Kerman, I.A.; Woodring, S.F.; Yates, B.J. Influences of neck afferents on sympathetic and respiratory nerve activity. 

Brain Res. Bull. 1998, 47, 413–419.  

25. Budgell, B.S. Reflex effects of subluxation: The autonomic nervous system. J. Manip. Physiol. Ther. 2000, 23, 104–106. 

26. Petcharaporn, M.; Pawelek, J.; Bastrom, T.; Lonner, B.; Newton, P.O. The relationship between thoracic hyperkyphosis and the 

scoliosis research society outcomes instrument. Spine 2007, 32, 2226–2231. https://doi.org/10.1097/BRS.0B013E31814B1BEF. 

27. Nissinen, M.; Heliövaara, M.; Seitsamo, J.; Poussa, M. Left handedness and risk of thoracic hyperkyphosis in prepubertal school-

children. Int. J. Epidemiol. 1995, 24, 1178–1181. https://doi.org/10.1093/IJE/24.6.1178. 



J. Clin. Med. 2023, 12, 3707 20 of 21 
 

 

28. Pellisé, F.; Vila-Casademunt, A.; Ferrer, M.; Domingo-Sàbat, M.; Bagó, J.; Pérez-Grueso, F.J.S.; Alanay, A.; Mannion, A.F.; Aca-

roglu, E.; European Spine Study Group; et al. Impact on health related quality of life of adult spinal deformity (ASD) compared 

with other chronic conditions. Eur. Spine J. 2015, 24, 3–11. 

29. Bess, S.; Line, B.; Fu, K.M.; McCarthy, I.; Lafage, V.; Schwab, F.; Shaffrey, C.; Ames, C.; Akbarnia, B.; Jo, H.; et al. The health 

impact of symptomatic adult spinal deformity: Comparison of deformity types to United States population norms and chronic 

diseases. Spine 2016, 41, 224–233. https://doi.org/10.1097/BRS.0000000000001202. 

30. McDaniels-Davidson, C.; Davis, A.; Wing, D.; Macera, C.; Lindsay, S.P.; Schousboe, J.T.; Nichols, J.F.; Kado, D.M. Kyphosis and 

incident falls among community-dwelling older adults. Osteoporos Int. 2018, 29, 163–169. https://doi.org/10.1007/S00198-017-

4253-3. 

31. Van Der Jagt-Willems, H.C.; De Groot, M.H.; Van Campen, J.P.C.M.; Lamoth, C.J.C.; Lems, W.F. Associations between vertebral 

fractures, increased thoracic kyphosis, a flexed posture and falls in older adults: A prospective cohort study. BMC Geriatr. 2015, 

15, 34. https://doi.org/10.1186/S12877-015-0018-Z. 

32. Lason, G.; Peeters, L.; Vandenberghe, K.; Byttebier, G.; Comhaire, F. Reassessing the accuracy and reproducibility of Diers for-

metric measurements in healthy volunteers. Int. J. Osteopath. Med. 2015, 18, 247–254. https://doi.org/10.1016/J.IJOSM.2015.04.002. 

33. Knott, P.; Sturm, P.; Lonner, B.; Cahill, P.; Betsch, M.; McCarthy, R.; Kelly, M.; Lenke, L.; Betz, R. Multicenter comparison of 3D 

spinal measurements using surface topography with those from conventional radiography. Spine Deform. 2016, 4, 98–103. 

https://doi.org/10.1016/j.jspd.2015.08.008.  

34. Harrison, D.E.; Janik, T.J.; Harrison, D.D.; Cailliet, R.; Harmon, S.F. Can the thoracic kyphosis be modeled with a simple geo-

metric shape. J. Spinal Disord. Technol. 2002, 15, 2130220. 

35. Krott, N.L.; Wild, M.; Betsch, M. Meta-analysis of the validity and reliability of rasterstereographic measurements of spinal 

posture. Eur. Spine J. 2020, 29, 2392–2401. https://doi.org/10.1007/s00586-020-06402-x. 

36. Yip, C.H.T.; Chiu, T.T.W.; Poon, A.T.K. The relationship between head posture and severity and disability of patients with neck 

pain. Man Ther. 2008, 13, 148–154. 

37. Van Niekerk, S.M.; Louw, Q.; Vaughan, C.; Grimmer-Somers, K.; Schreve, K. Photographic measurement of upper-body sitting 

posture of high school students: A reliability and validity study. BMC Musculoskelet Disord. 2008, 9, 113. 

38. Lundeberg, T.; Lund, I.; Dahlin, L.; Borg, E.; Gustafsson, C.; Sandin, L.; Rosén, A.; Kowalski, J.; Eriksson, S.V. Reliability and 

responsiveness of three different pain assessments. J. Rehabil. Med. 2001, 33, 279–283. 

39. MacDermid, J.C.; Walton, D.M.; Avery, S.; Blanchard, A.; Etruw, E.; McAlpine, C.; Goldsmith, C.H. Measurement properties of 

the neck disability index: A systematic review. J. Orthop. Sports Phys. Ther. 2009, 39, 400–417. 

https://doi.org/10.2519/jospt.2009.2930. 

40. Loudon, J.K.; Ruhl, M.; Field, E. Ability to reproduce head position after whiplash injury. Spine 1997, 22, 865–868. 

41. Treleaven, J.; Jull, G.; Sterling, M. Dizziness and unsteadiness following whiplash injury: Characteristic features and relation-

ship with cervical joint position error. J. Rehabil. Med. 2003, 35, 36–43. 

42. Tjell, C.; Rosenhall, U. Smooth pursuit neck torsion test: A specific test for cervical dizziness. Am. J. Otol. 1998, 19, 76–81. 

43. Arnold, B.L.; Schmitz, R.J. Examination of balance measures produced by the biodex stability system. J. Athl. Train. 1998, 33, 

323. 

44. Schmitz, R.; Arnold, B. Intertester and intratester reliability of a dynamic balance protocol using the biodex stability system. J. 

Sport Rehabil. 1998, 7, 95–101. 

45. Elie, B.; Guiheneuc, P. Sympathetic skin response: Normal results in different experimental conditions. Electroencephalogr. Clin. 

Neurophysiol. 1990, 76, 258–267. 

46. On, A.Y.; Colakoglu, Z.; Hepguler, S.; Aksit, R. Local heat effect on sympathetic skin responses after pain of electrical stimulus. 

Arch. Phys. Med. Rehabil. 1997, 78, 1196–1199. 

47. Kucera, P.; Goldenberg, Z.; Kurca, E. Sympathetic skin response: Review of the method and its clinical use. Bratisl. Lek Listy. 

2004, 105, 108–116.  

48. Chroni, E.; Argyriou, A.A.; Polychronopoulos, P.; Sirrou, V. The effect of stimulation technique on sympathetic skin responses 

in healthy subjects. Clin. Auton. Res. 2006, 16, 396–400. 

49. Wyrwich, K.W.; Tierney, W.M.; Wolinsky, F.D. Further evidence supporting an SEM-based criterion for identifying meaningful 

intra-individual changes in health-related quality of life. J. Clin. Epidemiol. 1999, 52, 861–873. https://doi.org/10.1016/S0895-

4356(99)00071-2. 

50. Wolinsky, F.D.; Wan, G.J.; Tierney, W.M. Changes in the SF-36 in 12 months in a clinical sample of disadvantaged older adults. 

Med. Care 1998, 36, 1589–1598. https://doi.org/10.1097/00005650-199811000-00008. 

51. McHorney, C.A.; Tarlov, A.R. Individual-patient monitoring in clinical practice: Are available health status surveys adequate? 

Qual. Life Res. 1995, 4, 293–307. https://doi.org/10.1007/BF01593882. 

52. González-Gálvez, N.; Gea-García, G.M.; Marcos-Pardo, P.J. Effects of exercise programs on kyphosis and lordosis angle: A sys-

tematic review and meta-analysis. PLoS ONE 2019, 14, e0216180. https://doi.org/10.1371/JOURNAL.PONE.0216180. 

53. Bezalel, T.; Carmeli, E.; Levi, D.; Kalichman, L. The effect of Schroth therapy on thoracic kyphotic curve and quality of life in 

Scheuermann’s patients: A randomized controlled trial. Asian Spine J. 2019, 13, 490–499. https://doi.org/10.31616/ASJ.2018.0097. 

54. Hunter, D.J.; Rivett, D.A.; McKiernan, S.; Weerasekara, I.; Snodgrass, S.J. Is the inclinometer a valid measure of thoracic kyphosis? 

A cross-sectional study. Braz. J. Phys. Ther. 2018, 22, 310–317. https://doi.org/10.1016/J.BJPT.2018.02.005. 



J. Clin. Med. 2023, 12, 3707 21 of 21 
 

 

55. Tsunoda, D.; Iizuka, Y.; Iizuka, H.; Nishinome, M.; Kobayashi, R.; Ara, T.; Yamamoto, A.; Takagishi, K. Associations between 

neck and shoulder pain (called katakori in Japanese) and sagittal spinal alignment parameters among the general population. 

J. Orthop. Sci. 2013, 18, 216–219. https://doi.org/10.1007/S00776-012-0341-6. 

56. Szeto, G.P.Y.; Straker, L.M.; O’Sullivan, P.B. A comparison of symptomatic and asymptomatic office workers performing mo-

notonous keyboard work - 2: Neck and shoulder kinematics. Man. Ther. 2005, 10, 281–291. 

57. Cross, K.M.; Kuenze, C.; Grindstaff, T.; Hertel, J. Thoracic spine thrust manipulation improves pain, range of motion, and self-

reported function in patients with mechanical neck pain: A systematic review. J. Orthop. Sports Phys. Ther. 2011, 41, 633–643. 

https://doi.org/10.2519/JOSPT.2011.3670. 

58. Nejati, P.; Lotfian, S.; Moezy, A.; Nejati, M. The study of correlation between forward head posture and neck pain in Iranian 

office workers. Int. J. Occup. Med. Environ. Health 2015, 28, 295–303. 

59. Smart, K.M.; Blake, C.; Staines, A.; Doody, C. Clinical indicators of “nociceptive”, “peripheral neuropathic” and “central” mech-

anisms of musculoskeletal pain. A delphi survey of expert clinicians. Man Ther. 2010, 15, 80–87. 

https://doi.org/10.1016/J.MATH.2009.07.005. 

60. Harrison, D.E.; Jones, E.W.; Janik, T.J.; Harrison, D.D. Evaluation of axial and flexural stresses in the vertebral body cortex and 

trabecular bone in lordosis and two sagittal cervical translation configurations with an elliptical shell model. J. Manip. Physiol. 

Ther. 2002, 25, 391–401.  

61. Patwardhan, A.G.; Khayatzadeh, S.; Havey, R.M.; Voronov, L.I.; Smith, Z.A.; Kalmanson, O.; Ghanayem, A.J.; Sears, W. Cervical 

sagittal balance: A biomechanical perspective can help clinical practice. Eur. Spine J. 2018, 27 (Suppl. S1), 25–38. 

https://doi.org/10.1007/s00586-017-5367-1. 

62. Smith, J.S.; Lafage, V.; Ryan, D.J.; Shaffrey, C.I.; Schwab, F.J.; Patel, A.A.; Brodke, D.S.; Arnold, P.M.; Riew, K.D.; Traynelis, V.C.; 

et al. Association of myelopathy scores with cervical sagittal balance and normalized spinal cord volume: Analysis of 56 pre-

operative cases from the AOSpine North America myelopathy study. Spine 2013, 38 (Suppl. S1), S161–S70, 

https://doi.org/10.1097/BRS.0b013e3182a7eb9e. 

63. Fernández-de-las-Peñas, C.; Alonso-Blanco, C.; Cuadrado, M.; Pareja, J. Forward head posture and neck mobility in chronic 

tension-type headache. Cephalalgia 2006, 26, 314–319. 

64. Khayatzadeh, S.; Kalmanson, O.A.; Schuit, D.; Havey, R.M.; Voronov, L.I.; Ghanayem, A.J.; Patwardhan, A.G. Cervical spine 

muscle-tendon unit length differences between neutral and forward head postures: Biomechanical study using human cadav-

eric specimens. Phys. Ther. 2017, 97, 756–766. https://doi.org/10.1093/ptj/pzx040. 

65. Thigpen, C.A.; Padua, D.A.; Michener, L.A.; Guskiewicz, K.; Giuliani, C.; Keener, J.D.; Stergiou, N. Head and shoulder posture 

affect scapular mechanics and muscle activity in overhead tasks. J. Electromyogr. Kinesiol. 2010, 20, 701–709. 

https://doi.org/10.1016/j.jelekin.2009.12.003. 

66. Stanton, T.R.; Leake, H.B.; Chalmers, K.J.; Moseley, G.L. Evidence of impaired proprioception in chronic, idiopathic neck pain: 

Systematic review and meta-analysis. Phys. Ther. 2016, 96, 876–887. https://doi.org/10.2522/ptj.20150241. 

67. Mahmoud, N.F.; Hassan, K.A.; Abdelmajeed, S.F.; Moustafa, I.M.; Silva, A.G. The relationship between forward head posture 

and neck pain: A systematic review and meta-analysis. Curr. Rev. Musculoskelet. Med. 2019, 12, 562–577. 

https://doi.org/10.1007/s12178-019-09594-y. 

68. Rani, B.; Paul, A.; Chauhan, A.; Pradhan, P.; Dhillon, M.S. Is neck pain related to sagittal head and neck posture? A systematic 

review and meta-analysis. Indian J. Orthop. 2023, 57, 371–403. https://doi.org/10.1007/s43465-023-00820-x.  

69. Pacheco, J.; Raimundo, J.; Santos, F.; Ferreira, M.; Lopes, T.; Ramos, L.; Silva, A.G. Forward head posture is associated with 

pressure pain threshold and neck pain duration in university students with subclinical neck pain. Somat. Mot. Res. 2018, 35, 103–

108. https://doi.org/10.1080/08990220.2018.1475352.  

70. Moustafa, I.M.; Diab, A.A.; Hegazy, F.; Harrison, D.E. Demonstration of central conduction time and neuroplastic changes after 

cervical lordosis rehabilitation in asymptomatic subjects: A randomized, placebo-controlled trial. Sci. Rep. 2021, 11, 15379. 

https://doi.org/10.1038/s41598-021-94548-z. 

71. Hayano, J.; Yuda, E. Pitfalls of Assessment of Autonomic Function by Heart Rate Variability. J. Physiol. Anthropol. 2019, 38, 3. 

72. Ke, J.Q.; Shao, S.M.; Zheng, Y.Y.; Fu, F.W.; Zheng, G.Q.; Liu, C.F. Sympathetic Skin Response and Heart Rate Variability in 

Predicting Autonomic Disorders in Patients with Parkinson Disease. Medicine 2017, 96, e6523.  

73. Oakley, P.A.; Moustafa, I.M.; Harrison, D.E. The influence of sagittal plane spine alignment on neurophysiology and sensorimo-

tor control measures: Optimization of function through structural correction. In Therapy Approaches in Neurological Disorders; 

Bernardo-Filho, M., Ed.; IntechOpen: London, UK, 2021. https://doi.org/10.5772/intechopen.95890. 

74. Moustafa, I.M.; Shousha, T.M.; Walton, L.M.; Raigangar, V.; Harrison, D.E. Reduction of thoracic hyper-kyphosis improves 

short and long term outcomes in patients with chronic nonspecific neck pain: A randomized controlled trial. J. Clin. Med. 2022, 

11, 6028. https://doi.org/10.3390/jcm11206028. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


