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ABSTRACT

Background: The Neuromuscular Cranio-Cervical Device (NOD) was originally designed to evaluate Cranio-Cervical Flexion Test performance but can also be used as a handheld dynamometer for testing other muscle groups, including neck muscle strength. It offers a potential alternative to the Multi-Cervical Unit (MCU), a fixed dynamometer, more closely aligned with isokinetic dynamometry, the gold standard. However, its validity and reliability need to be established. This study aimed to evaluate concurrent validity compared to the MCU and inter- and intra-rater reliability of the NOD for measuring neck flexion and extension muscle strength.

Methods: Twenty participants were assessed for neck flexion/extension strength whilst in a seated position, with the measurements repeated over three sessions. Concurrent validity was assessed by comparing NOD measurements to the MCU using Pearson correlation coefficients, and reliability was determined using Intraclass Correlation Coefficients (ICCs).

Results: Concurrent validity was strong for extension (r = 0.954) but lower for flexion (r = 0.705), indicating some variability in flexion measurements. Inter-rater reliability was good to excellent for both flexion (ICC = 0.931) and extension (ICC = 0.896). Intra-rater reliability for extension was good to excellent (ICC = 0.893), while flexion ranged from moderate to excellent (ICC = 0.844).

Conclusions: The NOD is a valid tool, particularly for extension measurements, although further refinement of testing is needed to improve the accuracy for flexion strength measurements. It is also reliable for both extension and flexion, showing promise as a practical, affordable, portable tool with real-time feedback for the assessment of neck muscle strength in clinical settings.
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What is already known about this topic:

• The NOD, initially designed for use during the Cranio-Cervical Flexion Test, can also be used as a handheld dynamometer for neck strength testing, though its validity and reliability remain unclear.




What does the study add:

• This study establishes the NOD as a valid and reliable tool for assessing neck strength, particularly neck extension strength, providing a portable, practical alternative to fixed devices for clinical and research applications.




Introduction

Muscle strength, typically defined as the force generated by muscles during a maximal isometric contraction (1), is a crucial measure in clinical practice for the assessment of physical function and for guiding rehabilitation progress (2). People with neck pain, like other musculoskeletal disorders, commonly present with reduced strength (3), and resistance training programmes are often prescribed to address these deficits (4,5). Additionally, individuals in remission from neck pain, particularly following a whiplash injury, frequently display reduced neck strength, with lower flexion strength being a predictor of higher neck disability at a 6-month follow-up (6). Assessing neck muscle strength is therefore essential to establish baseline physical function, monitor rehabilitation progress, and guide prognostic decisions. However, traditional manual muscle testing (MMT) methods, where clinicians provide resistance and estimate the force generated by the individual, have been criticized for their subjectivity, variability in application based on clinician skill, and lack of standardization (7). These limitations are especially problematic when testing neck flexion and extension, where no opposite side or limb is available for comparison, and factors like individual positioning and clinician experience further affect measurement accuracy (7). A recent systematic review and meta-analysis (8) confirmed that manual neck strength measurements lack clinical reliability, raising concerns about their ability to track changes in muscle function over time.

With advancements in technology, more objective methods for measuring muscle strength have emerged, such as force transducers, fixed frame dynamometry, and isokinetic dynamometry. Isokinetic dynamometers are devices that control movement speed and provide accommodating resistance throughout a predetermined range of motion (9). Isokinetic dynamometry, provides valuable insights into muscle strength across varying speeds, allowing for detailed analysis of muscle performance under controlled conditions. It is widely used for peripheral joints (10-14) but is also applied to the spine, particularly for assessing trunk muscles (15-21). For neck strength measurements, fixed frame dynamometry is more commonly used, with the Multi-Cervical Rehabilitation Unit (MCU) being a well-known example, due to its high reliability and validity (22). The MCU is a more sophisticated device, offering controlled testing conditions and greater stability, making it more comparable to isokinetic dynamometers, the gold standard (23) for objective muscle strength assessment. However, handheld dynamometers (HHDs) have become popular among clinicians due to their convenience, affordability, and ease of use. Various studies have assessed the reliability (2,24-33) and validity (24,29,30,32) of different HHDs. These studies used different protocols, including variations in participant positioning, which can significantly affect results. For example, Krause et al., (2018) demonstrated that neck strength measurements differ significantly between sitting and lying positions (28). Studies evaluating HHDs in seated positions, the position used when evaluating neck muscle strength with the MCU, are particularly relevant. However, only five studies (24,27-29,33) have assessed neck strength in seated participants, with only two (24,29) evaluating the concurrent validity of the HHD. Although these studies demonstrated high validity and reliability, neither directly compared an HHD to the MCU (i.e., they compared between HHDs and handheld mode versus a wall-mounted configuration), leaving a gap in the understanding of the accuracy of HHDs for the measurement of neck muscle strength.

Recently, a new handheld dynamometer called “Neuro­muscular Cranio-Cervical Device” (NOD; OT Bioelettronica, Turin, Italy) was developed, offering distinct advantages over existing HHDs. The NOD provides greater stability through its two-handed operation and allows real-time visualization of the force produced via Bluetooth, enhancing interaction, as individuals can see their force output. The NOD’s portability and enhanced features make it a promising candidate, but its validity, specifically concurrent validity, and reliability need to be rigorously tested. Therefore, this study aims to evaluate the validity of the NOD handheld dynamometer for measuring neck flexor and extensor muscle strength, in comparison to the MCU, and to also assess its reliability. This comparison will provide essential insights into the NOD’s potential use in both clinical and research settings.



Methods


Design and setting

This validity and reliability study was conducted in accordance with the Declaration of Helsinki, approved by the Ethics Committee of the University of Birmingham (approval number: MCR2122_05). The methods and reporting of findings were carried out in accordance with the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) (34).

Data was collected between 01 April 2022 and 01 July 2022 at a laboratory located within the Centre of Precision Rehabilitation for Spinal Pain, School of Sport, Exercise and Rehabilitation Sciences at the University of Birmingham, UK. All participants provided written, informed consent before participating in the study and attended the laboratory on three separate days.

The study involved two raters and three sessions. Session 1 was conducted by Rater A (HHKM), who tested the participants using the handheld dynamometer (NOD) and the MCU (randomized order; rest of 15 mins between). This session was used to assess the validity of the handheld dynamometer compared to the MCU device. After 48 hours (session 2), Rater B (MA) performed the same neck muscle strength measurements using the handheld dynamometer to evaluate inter-rater reliability. The final session (session 3), conducted seven days after session one, was performed by Rater A using the handheld dynamometer to assess intra-rater reliability, capturing potential variability over different days while ensuring no significant changes in strength.

Session 2 was carried out within 48 hours after session 1 to achieve a balance between fatigue recovery and homogeneity, as conducting both measurements within the same session might over-exert participants and introduce performance bias (35). A time interval longer than one day allows for sufficient recovery while maintaining consistency in the maximal voluntary contraction (MVC). Session 3 took place seven days after session 1, which was five days after session 2, to further ensure adequate recovery and minimize the effects of fatigue, ensuring stability in MVC measurements over time.



Participants

A total of 20 participants (8 males, 12 females) were recruited from the student and staff population of the University of Birmingham using various recruitment methods, including email, posters, and peer contacts. To ensure a homogeneous sample and minimize confounding factors, this initial validation study was conducted exclusively with individuals without neck pain.

The sample size was calculated based on a moderate expected effect size of Pearson’s r = 0.6 (36) for the assessment of concurrent validity using G*Power software version 3.1 (37,38). The parameters included an expected power (β) of 0.8, a significance level (α) of 0.05, and a two-tailed test. An initial sample size of 17 participants was determined. To account for a potential drop rate of 15%, the final required sample size was increased to 20 participants.



Inclusion and exclusion criteria

The study included individuals between the ages of 18 and 60 years old who reported pain-free neck movements. Individuals were excluded from the study if they had a history of neck pain that required treatment from a healthcare professional, cervical radiculopathy or myelopathy, spinal fractures or dislocation, spinal or thoracic surgery, osteoporosis, spinal infection, previous whiplash injury or spinal trauma, or any condition that required hospital medical care in the past 12 months. These criteria aimed to recruit an asymptomatic population with no significant prior history of neck conditions or injuries, ensuring participant safety and minimizing potential confounding factors.



Instrumentation and raters

The NOD dynamometer (OT Bioelettronica, Turin, Italy) is a 2-in-1 handheld dynamometer and biofeedback device consisting of a force cell with magnetic attachments. To record neck muscle strength, the NOD was connected to an Android tablet via Bluetooth, and its associated app was used. A silicon pad was magnetically attached to the force cell to enhance grip and participant comfort. The MCU consists of an armchair with an adjustable seat, back support and armrest, and a head fixation/assembly system where a force cell is positioned to measure the force of participants (22).

The neck muscle strength measurements from the NOD were recorded directly using the Android app in Newtons (NOD app, OT Bioelettronica, Turin, Italy). For the MCU device, the force signal was extracted via an Ethernet cable connected to a Forza device (OT Bioelettronica, Turin, Italy), which amplified the force signal (sampling rate: 100 Hz). The Forza was then connected to a data acquisition board (National Instruments/Emerson, Austin, Texas, USA), which was connected to a laptop, allowing real-time visualization, recording, and calculation of the peak force through a custom MATLAB script (version 9.9.0.1718557, R2020b, The MathWorks Inc., Natick, Massachusetts, USA). The force signal from the MCU was initially recorded in volts and subsequently converted into Newtons. Both dynamometers were calibrated once at the start of the study.

Both raters were male and experienced in using each device. Rater A had one year of experience using dynamometers, while Rater B had five years of clinical and research experience using dynamometers.



NOD measurements

The NOD handheld dynamometer (OT Bioelettronica, Turin, Italy) was used to assess MVCs of neck flexion and neck extension (randomized a priori using a randomization app). For these measurements, participants were secured with a strap around their waist while seated in a specific chair to minimize upper body compensation during force exertion (Fig. 1). For the measurement of neck flexion, the NOD was placed just superior to the participants’ eyebrows (Fig. 1A), while for neck extension, the NOD was positioned against the occipital region of the skull (Fig. 1B). For each pre-determined direction, participants performed one practice trial (one submaximal and one MVC contraction) to familiarize themselves with the procedure and to ensure the raters exerted a static force equal to the participants’ force. After this familiarization, participants performed three MVCs in the specified direction. Verbal prompts were also provided by the raters to encourage a true maximal contraction. Participants were instructed to rest for two minutes between each MVC. The same procedure was then repeated for the opposite direction. These measurements were performed by Rater A (Session 1 and Session 3) and by Rater B (Session 2, 48 hours after Session 1).



Multi-Cervical Unit measurements

Participants were seated and stabilized using straps across their chest to prevent excessive upper body compensation during force exertion. Cervical flexion was measured by positioning the force cell of the MCU machine just above the participants’ eyebrows, with a stabilization band placed behind the occipital protuberance and a stabilization clamp securing the back of the head (Fig. 1C, D). For neck extension, the force cell was positioned perpendicular to the occipital protuberance, and a stabilization band was secured just superior to the eyebrows (Fig. 1D). To familiarize participants with the testing procedure, they performed one submaximal and one MVC in the pre-determined direction (e.g., flexion). Participants were then instructed to perform three MVCs in that direction, with verbal encouragement provided by the rater, and a two-minute rest between each MVC. This protocol was repeated in the opposite direction (e.g., extension). These measurements were performed only during session 1, by Rater A.



Outcome measures and statistical analyses

Appropriate outcome measures and statistical analyses were selected in line with the GRRAS guidelines (34). Descriptive analysis was conducted to summarize the participants’ demographics, with data presented as mean ± standard deviation. For statistical analysis, the mean peak isometric force from three measurements in both flexion and extension MVCs was used. Data normality was assessed using the Shapiro-Wilk test. Once normality was confirmed, parametric tests were used.

Concurrent validity was assessed by calculating Pearson’s correlation coefficients (r) and the corresponding 95% CIs between the NOD and MCU measurements taken by rater 1 in session 1. Validity thresholds were classified as poor (r < 0.50), moderate (0.50 ≤ r < 0.70), good (0.70 ≤ r < 0.90), or excellent (r ≥ 0.90), similarly to others (24). Pearson’s correlation (r) coefficients were computed using SPSS Statistics, version 29 (IBM, USA).

The reliability of the NOD handheld dynamometer was evaluated using ICCs (3, k) and their 95% Confidence Intervals (CIs), calculated using a single-rating, absolute-agreement, two-way mixed-effects model, with two raters across 20 subjects. ICC values and their 95% CIs were calculated for inter-rater reliability (rater 1 vs rater 2 in session 2) and intra-rater reliability (rater 1 between sessions 1 and 3). Based on the criteria from (39), reliability was classified as poor (ICC < 0.50), moderate (0.50 ≤ ICC < 0.75), good (0.75 ≤ ICC < 0.90), or excellent (ICC ≥ 0.90).

To assess measurement precision and interpretability, the Standard Error of Measurement (SEM) and Minimal Detectable Change (MDC) were calculated. SEM provides an estimate of the expected random variation in scores when no real change has occurred, reflecting the standard deviation of measurement error associated with each specific movement (flexion or extension) due to variability either between raters (inter-rater reliability) or across different sessions with the same rater (intra-rater reliability) (40,41).
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FIGURE 1 - Neck muscle strength testing for flexion and extension using two different methods: a handheld dynamometer (NOD) (A, B) and the Multi-Cervical Unit (MCU) (C, D). In panels A and B, the individual was seated with their arms crossed and a belt around the waist to stabilize the trunk, minimizing compensatory movements. The experimenter held the handheld dynamometer (NOD) on the forehead (A) for flexion and on the occiput (B) for extension, applying force while ensuring consistent contact with the head. In panels C and D, the individual is seated with their arms crossed and secured at the waist and chest with belts to stabilize the trunk and prevent extraneous movement. The head is positioned within the adjustable frame of the MCU, with the device set to the appropriate attachment for each movement. For extension (D), the attachment is tilted 15 degrees so that the point of force application is correctly aligned on the occiput.


For each movement, the pooled standard deviation (SDpooled) was calculated by combining the standard deviations of the measurements across raters (for inter-rater reliability) or across sessions with the same rater (for intra-rater reliability). This represents the overall variability due to differences between or within raters and was calculated as:

SDpooled=∑ (ni−1)×SDi2∑ (ni−1)

where: SDi is the standard deviation of measurements for each set, and ni is the sample size for that set. The SEM was calculated as:

SEM=SDpooled×1−ICC

where the ICC reflects the test–retest reliability of the measurement. The MDC, representing the smallest real change beyond measurement error with 95% confidence (40,41), was then calculated as:

MDC=SEM×2×1.96

These metrics are crucial for identifying meaningful changes in clinical assessments and research, ensuring that observed differences are not due to random variability.

Values for SEM and MDC are reported in Newtons (N) for both flexion and extension, with separate calculations for inter-rater and intra-rater reliability. These measures provide insights into the consistency and accuracy of the NOD for assessing neck muscle strength across different testing conditions and serve as benchmarks for interpreting significant changes in muscle performance.

Scatter plots with their respective regression lines were created to visually assess the concurrent validity between MCU and NOD measurements, illustrating the strength and direction of their relationship. Additionally, Bland-Altman plots were created using GraphPad Prism version 10.3.1 (GraphPad Software, San Diego, California, USA) to visually assess the agreements and biases for the validity between the NOD and MCU measurements, as well as between the inter- and intra-rater NOD measurements for reliability. For all analyses, statistical significance was set at α = 0.05.




Results


Participants and neck muscle strength

All 20 recruited participants (8M, 12F) attended all three sessions of the study. The characteristics of the participants are documented in Table 1. Additionally, the mean isometric neck muscle force of participants measured in each session are presented in Table 2.


TABLE 1 - Characteristics of participants



	Participants’ characteristics (N = 20)
	Mean ± SD





	Age (years)
	20.7 ± 2.23



	Height (cm)
	165.2 ± 8.88



	Weight (kg)
	56.6 ± 8.07



	BMI (kg/m2)
	20.61 ± 1.77







TABLE 2 - Mean isometric neck muscle forces of all participants across sessions measures by both instruments. Data is reported as mean ± SD



	Session
	Equipment
	Movement
	Force





	Session 1
	NOD
	Flexion
	22.0 ± 5.97 N



	Extension
	30.5 ± 6.63 N



	MCU
	Flexion
	19.2 ± 5.31 N



	Extension
	30.7 ± 7.16 N



	Session 2
	NOD
	Flexion
	22.8 ± 5.82 N



	Extension
	31.0 ± 5.99 N



	Session 3
	NOD
	Flexion
	23.4 ± 5.16 N



	Extension
	30.3 ± 6.32 N








Concurrent validity

Poor to good agreement was found between the measurements of NOD and MCU for neck flexion strength. There was a significant positive correlation between the two variables, r(18) = 0.705 [0.382, 0.875], p<0.001. (Fig. 2A). Good to excellent agreement was found for neck extension strength. There was a significant positive correlation between the two variables, r(18) = 0.954 [0.885, 0.982], p<0.001. (Fig. 2B)

Bland-Altman plots are presented in Figure 2C for neck flexion strength and 2D for neck extension strength. For flexion, the mean bias was −2.87 N, with limits of agreement ranging from −11.44 N to 5.70 N. For extension, the mean bias was 0.22 N, with limits of agreement ranging from −4.44 N to 4.88 N. For neck flexion, the bias suggests that NOD tends to slightly underestimate the values compared to MCU. However, for neck extension, the bias is very small, indicating a close agreement between the two methods. Most of the data points for both flexion and extension fall within the limits of agreement, showing good agreement overall, but the wider range for flexion indicates more variability in the measurements.



Reliability


Inter-rater reliability

Good to excellent reliability was found for neck flexion; the mean ICC was 0.931, with a 95% CI ranging from 0.833 to 0.972 (F(19,19) = 30.0, p<0.001). Similarly, good to excellent reliability was observed for neck extension; the mean ICC was 0.896, with a 95% CI ranging from 0.760 to 0.957 (F(19,19) = 17.9, p<0.001).

Bland-Altman plots are presented in Figure 3A and 3B. For both flexion and extension, most of the data points fall within the limits of agreement, suggesting no significant mean biases in the inter-rater measurements of NOD for either flexion (−0.75 N) or extension (−0.48 N).



Intra-rater reliability

Moderate to excellent intra-rater reliability was observed for neck flexion measurements; the mean ICC was 0.844, with a 95% CI ranging from 0.626 to 0.937 (F(19,19) = 13.8, p<0.001). Good to excellent intra-rater reliability was found for neck extension; the mean ICC was 0.893, with a 95% CI ranging from 0.751 to 0.956 (F(19,19) = 17.0, p<0.001).

Bland-Altman plots are shown in Figure 3C and 3D. For flexion, most of the data points fell within the limits of agreement, but a higher mean bias of −1.38 N was found when comparing the NOD measurements of neck flexion in session 1 against session 3. For extension, most of the data points also fell within the limits of agreement, with no significant bias observed (mean bias = 0.22 N).

The ICC (95% CI), SEM, and MDC values for both inter-rater and intra-rater reliability for neck flexion and extension strength measurements are summarized in Table 3.


TABLE 3 - Reliability measures



	Characteristic
	Movement
	ICC (95% CI)
	SEM (N)
	MDC (N)





	Inter-rater reliability
	Flexion
	0.931 [0.833, 0.972]
	1.549
	4.292



	Extension
	0.896 [0.760, 0.957]
	2.037
	5.646



	Intra-rater reliability
	Flexion
	0.844 [0.626, 0.937]
	2.204
	6.110



	Extension
	0.893 [0.751, 0.956]
	2.118
	5.869










Discussion

The NOD showed good to excellent agreement with the MCU for neck extension, but the agreement for flexion was lower, ranging from poor to good. Overall, the NOD proved to be a reliable instrument, especially for neck extension, though some methodological refinements may be needed to improve its accuracy for neck flexion strength measurements.


Concurrent validity

The agreement between the NOD and MCU for neck flexion strength was lower than expected, ranging from only poor to good. One explanation for this lies in the different measurement setups for each device. The MCU employs a more rigid setup with a metal head brace and multiple chest straps, providing greater stabilization of the head and trunk. In contrast, the NOD relies on the rater to provide static resistance, which is inherently more variable. Moreover, the lack of precise head positioning markers in the NOD setup may introduce small discrepancies in initial positioning of the dynamometer against the person’s forehead. It is also possible that the MCU setup, by restricting movement, encourages participants to perform a combined movement of neck flexion and protraction, whereas the NOD, with its greater freedom of movement, allows participants to perform a more natural neck flexion. This difference in movement direction could potentially affect the direction of force applied and contribute to the variability in force measurements. These findings are consistent with Ashall’s et al., (2021) (24), who observed similar challenges when comparing measurements obtained with a HHD versus a wall-mounted dynamometer for neck flexion strength. In their study, the Pearson correlation for flexion strength was comparable to our results, with reduced agreement in flexion compared to extension. This suggests that the nature of handheld dynamometry introduces greater variability in flexion measurements due to the increased challenge in maintaining a stable, neutral head position. In addition, flexion movements tend to involve more compensatory muscle activity, especially if the head position deviates from neutral (42). These compensatory movements may lead to inconsistent force generation, resulting in lower agreement between the NOD and MCU.
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FIGURE 2 - Scatter plots with regression lines (A, B) and Bland-Altman plots (C, D) comparing NOD measurements with MCU for both neck flexion (A, C) and neck extension (B, D). In panels A and B, the x-axis represents the NOD measurements, and the y-axis represents the MCU measurements. The solid black lines indicate the regression lines, while the shaded areas represent the 95% CIs. These plots illustrate the relationship between the two methods, highlighting the strength and direction of their correlation for both flexion (A) and extension (B). In panels C and D, the x-axis represents the average of the measurements from the NOD and MCU methods, while the y-axis shows the difference between the NOD and MCU measurements. The red dashed line indicates the mean bias, reflecting the average difference between the two methods, and the black dotted lines represent the 95% limits of agreement, showing the range within which most differences are expected to fall. These plots assess the validity of the NOD method by comparing its measurements to the MCU for both flexion (C) and extension (D), highlighting any systematic bias and the level of agreement between the two methods.


In contrast, the NOD demonstrated good to excellent agreement with the MCU for neck extension strength. The rigidity provided by the seated posture and back support likely contributed to the higher consistency in extension measurements. Additionally, extension movements are generally less prone to compensatory trunk and head movements compared to flexion, resulting in more stable muscle recruitment patterns (43,44). Interestingly, these findings align with those of González-Rosalén et al., (2021) (45), who demonstrated that handheld dynamometry performs well for extension across different joints when forces remain below 200 N. Given that the neck extensors are less prone to fatigue due to their higher proportion of slow-twitch fibres (46), this could also explain the better agreement observed in extension compared to flexion, where fatigue may play a more significant role.



Reliability


Inter-rater reliability

The inter-rater reliability of the NOD was found to be good to excellent for both flexion and extension, consistent with the available literature on using HHDs to assess neck muscle strength in a seated position. For example, Kubas et al., (2017) (29) reported similar reliability for the measurements of neck flexion and extension using an HHD. However, our study had a smaller 95% CI (0.760-0.957 vs 0.53-0.97), likely due to the larger sample size, which reduces the variability of the estimations. In contrast, the study by Kubas et al., (2021) (29) had a smaller sample (n = 10), which may have contributed to greater variability. Additionally, their study tested multiple directions (flexion, extension, side flexion, and rotation), possibly increasing muscle fatigue, which is known to affect force output (47). Our protocol limited the number of MVCs, likely reducing fatigue and contributing to more consistent reliability.
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FIGURE 3 - Bland-Altman plots for inter-rater (A, B) and intra-rater (C, D) measurements of neck flexion and extension. In panels A and B, the x-axis represents the average of the two raters’ measurements, while the y-axis indicates the difference between their measurements. The red dashed line represents the mean bias, showing the average difference between raters, and the black dotted lines indicate the upper and lower 95% limits of agreement, outlining the range within which most of the differences between the raters are expected to fall. In panels C and D, the x-axis represents the average of the measurements taken by the same rater across sessions 1 and 3, while the y-axis represents the difference between those repeated measurements. The red dashed line represents the mean bias, indicating the average difference between the repeated measurements by the same rater, and the black dotted lines mark the upper and lower 95% limits of agreement, showing the range within which most differences are expected to fall. Panels A and C correspond to neck flexion measurements, while panels B and D correspond to neck extension measurements.




Intra-Rater Reliability

Moderate to excellent intra-rater reliability was observed for flexion using the NOD. This aligns with five previous studies examining the intra-rater reliability of HHD measurements for neck flexion in a seated position (24,27-29,33), all of which reported good reliability (ICC > 0.75). However, the 95%CIs in these studies varied substantially. For example, the study by Kubas et al., (2021) (29) reported a wide CI (0.08 to 0.96), while Vannebo et al., (2018) (33) reported a much narrower CI (0.92 to 0.97), indicating more consistent measurements. The differences in study design, including participant characteristics, time intervals between sessions, and the types of HHDs used, likely contributed to the variability in CIs. The study by Vannebo et al., (2018) (33) stands out for its higher intra-rater reliability, potentially due to participants being seated against a wall, which provided better proprioceptive input and trunk control, reducing compensatory movements and leading to more consistent measurements.

The intra-rater reliability of the NOD for neck extension strength was demonstrated to be good to excellent, aligning with four previous studies on neck extension strength assessed using HHDs with the participant in a seated position (24,27-29). Most of these studies reported similar results, except for the study by Krause et al., (2019) (28), who reported a much wider CI range (0.21 to 0.82). This discrepancy could be due to over-exertion and muscular fatigue, as their study involved a higher number of submaximal holds and MVCs across multiple directions. In contrast, the current study required fewer MVCs, likely reducing fatigue and contributing to more consistent intra-rater measurements, as also mentioned for inter-rater reliability.




Systematic bias and learning Effect

A key finding in this study was the presence of systematic bias, particularly for the neck flexion measurements. Bland-Altman plots revealed a high bias in intra-rater flexion measurements, where force output increased by 6.27% from session 1 to session 3. This likely reflects a learning effect, where participants become more familiar with the testing procedure (33,48). The learning effect has been well documented in isometric dynamometry, where participants exhibit greater force production in later sessions due to improved technique and familiarity with the equipment (49). The absence of a similar bias in extension measurements may be due to the greater stability and consistency of extension movements as mentioned above. The back support provided during testing limits compensatory movements, ensuring that the neck extensors are more consistently recruited in the same manner across sessions.



Clinical implications

The NOD’s portability and real-time feedback make it a valuable tool for clinical and research settings. However, the neck flexion results should be interpreted with some caution, as the lower agreement with the MCU suggests that variability in the testing setup may impact the accuracy of neck flexion strength measurements. Further refinement of the NOD’s design or the development of standardized protocols for flexion testing could help mitigate this issue. Despite the challenges with neck flexion strength measurement, the NOD’s excellent reliability and validity in extension suggest it is a reliable tool for tracking changes in neck strength over time, particularly in rehabilitation settings or in environments where portability is critical.



Methodological considerations

While this study demonstrated the validity and reliability of the NOD for the measurement of neck strength in a seated position, the sample was limited to young, asymptomatic individuals, which may restrict the generalisability of the findings to clinical populations with neck pain or older adults. The modest overall sample size, given that larger cohorts are typically advised to strengthen reliability estimates, and the relatively narrow range of demographics, particularly in terms of age and BMI, further limit the external validity of the results, as these factors are known to influence both muscle strength and measurement reliability (50). Inter- and intra-rater reliability were assessed with only one pair of raters, so variability introduced by different examiner combinations remains to be explored. Although the use of the NOD in the testing procedure adopted in this study could be considered to be reliant on the experience and physical strength of the examiner, we mitigated this by stabilizing the trunk with a strap, visually monitoring participants to ensure that they were primarily using their neck muscles with minimal trunk movement, and having both an experienced and a less experienced examiner perform the measurements, which increased our confidence in the reliability of the results. Lastly, the observed learning effect in flexion measurements suggests that further refinement of testing protocols may be needed to minimize systematic bias over multiple sessions.




Conclusions

This study provides preliminary evidence that the NOD is a reliable and valid tool for measuring neck muscle strength, particularly for neck extension. The good to excellent reliability across both inter-rater and intra-rater measurements confirms its consistency and potential suitability for clinical and research applications. Although its accuracy for neck flexion strength is influenced by some systematic bias and variability, the NOD remains a promising and reliable instrument. It may serve as a practical tool for frequent, reliable assessments in both clinical and research settings.
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