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A B S T R A C T   

Background: The sensation of spinal stiffness is a commonly reported symptom among back pain patients, with 
the clinical assessment of spinal stiffness usually being part of the decision-making process when deciding on 
providing manual treatment of low back pain. While any relationship between spinal stiffness and low back pain 
is likely to be multifactorial, prior exploration of this relationship has been overly simplistic (e.g., univariate 
regression analyses). The purpose of this study was to address this gap by taking a broader approach to compare 
instrumented measures of spinal stiffness to demographic characteristics, pain phenotypes, psychometrics, and 
spine-related disability in a sample of secondary care low back pain patients using multivariate regression 
analysis. 
Methods: Instrumented spinal stiffness measures from 127 patients in secondary care were used to calculate 
terminal and global spinal stiffness scores. A best subset analysis was used to find the subsets of 14 independent 
variables that most accurately predicted stiffness based on the evaluation of the adjusted R-square, Akaike In-
formation Criteria, and the Bayesian Information Criteria. 
Findings: In the resulting multivariate models, sex (p < 0.001) and age (p < 0.001) were the primary de-
terminants of terminal stiffness, while global stiffness was primarily determined by age (p = 0.003) and disability 
(p = 0.024). 
Interpretation: Instrumented measures of spinal stiffness are multifactorial in nature, and future research into this 
area should make use of multivariate analyses.   

1. Introduction 

Spinal pain is common worldwide and a major cause of disability in 
people of all age groups, with lifetime prevalence rates between 60% 
and 80% (GBD, 2016). Despite careful clinical examination and 
advanced imaging, the underlying cause and mechanism of back pain 
remain undetermined in 80–90% of spinal pain cases (Hartvigsen et al., 
2018; Thakral et al., 2014). Furthermore, the subjective experience of 
pain depends on the complex modulation of nociceptive signals, locally, 
segmentally, and supra-spinally (Cawley et al., 2018; Sions and Hicks, 
2017). Spinal pain is thus often considered in a broader biopsychosocial 

perspective. This lack of diagnostic certainty is of particular importance 
considering how difficult spinal pain is to treat effectively and that 
repeated unsuccessful treatment attempts may set the patient on a 
course of chronicity and more invasive, expensive, and potentially 
harmful treatment (Hartvigsen et al., 2018). 

A commonly reported symptom accompanying spinal pain is the 
sensation of spinal stiffness. Self-reported spinal stiffness is a significant 
predictor of disability (Sions and Hicks, 2017; Thakral et al., 2014) and 
functional impairment (Cawley et al., 2018). An assessment of spinal 
stiffness usually constitutes part of the clinical decision-making before 
manual treatment of low back pain (Fritz et al., 2005; Triano et al., 
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2013). However, the validity and reliability of a subjective manual 
stiffness assessment is poor (Kawchuk et al., 2019; Maher et al., 1998; 
Seffinger et al., 2004; Stolz et al., 2020). 

More recently, research efforts to assess spinal stiffness objectively 
via instrumented measurements have allowed new insights into the 
relation between stiffness and pain (Hadizadeh et al., 2019; Hofstetter 
et al., 2018). Many of these devices measure the resulting spinal tissue 
deformation during applied posterior to anterior pressure (Owens et al., 
2007; Stanton and Kawchuk, 2009). From these data, two measures of 
spinal stiffness are normally calculated. Global stiffness is defined as the 
relationship between the displacement of the spine and the force of the 
resistance to that movement; mathematically defined as the slope of the 
linear region of the corresponding force-displacement curve (Snodgrass 
et al., 2006). Terminal spinal stiffness is calculated as the ratio of the 
final loading force and the overall displacement of the spine (Wong 
et al., 2016). 

Positive correlations between pain and instrumented spinal stiffness 
measures have been found in several studies (Brodeur and Delre, 1999; 
Fritz et al., 2011; Latimer et al., 1996; Wong et al., 2015), and have been 
explained by altered spinal biomechanics due to reflex muscle guarding 
and structural (degenerative) processes (Crisco et al., 1992; Hodges 
et al., 2009). In contrast, the relationship between subjectively reported 
spinal stiffness and instrumented measures has been investigated in two 
studies that found a poor correlation (Nielsen et al., 2020; Stanton et al., 
2017). It is unclear whether the experience of spinal stiffness may be 
related to altered individual perceptions rather than actual biome-
chanical characteristics (Mackie et al., 2015; Stanton et al., 2017). 

As a result, knowledge regarding the association between spinal 
stiffness and patient characteristics is sparse, and methods of analysis 
have so far been limited to simple linear regression and correlation. 
Owens et al. used a hand-held, mechanical indentation device to collect 
separate stiffness measures at each lumbar spinal level in low back pain 
patients and found stiffness to be weakly correlated to gender, age, and 
BMI, but found no significant relationship to the severity or chronicity of 
low back pain (Owens et al., 2007). Pagé et al. have investigated cor-
relations between spinal stiffness and individual characteristics across 
three datasets containing adults with and without spinal pain (Pagé 
et al., 2018). Their main findings were lower global and terminal stiff-
ness scores for females and a positive but weak association between 
height and spinal stiffness. However, they did not assess correlations 
between spinal stiffness and clinical and psychometric values. 

Given this, the concept of spinal stiffness as a quantitative measure 
requires further investigation in both research and clinical settings. As 
an initial step in this process, it is essential to explore how objective 
measures of spinal stiffness are related to clinically relevant variables 
such as demographic characteristics, pain phenotypes, psychometrics, 
and spine-related disability, especially in patients with persistent spinal 
pain where distinct subgroups may be of great importance (Saragiotto 
et al., 2017). 

The purpose of this study was to compare instrumented measures of 
spinal stiffness to demographic characteristics, pain phenotypes, psy-
chometrics, and spine-related disability in a sample of secondary care 
low back pain patients from a hospital setting using multivariate 
regression analysis. 

2. Methods 

2.1. Study design and settings 

This is a secondary analysis of a cross-sectional study of a consecu-
tive sample of patients seen at the Spine Center of Southern Denmark 
between February and August (2019). The Spine Center is a public, 
regional hospital department that specializes in secondary care for spi-
nal pain syndromes. We conducted the study at the Experimental Pain 
Laboratory at the Spine Center. The study was approved by The Regional 
Committee on Health Research Ethics for Southern Denmark (ID: S- 

20180098). The manuscript is prepared using the STROBE format (von 
Elm et al., 2007). 

2.2. Participants 

All patients referred to the Spine Center in the inclusion period were 
invited to partake in the study. Written information about the project 
was included along with the standard clinical booking information. 
Interested patients were enrolled using one of two methods. i) Patients 
responding by telephone to the written invitation were screened by a 
member of the research team and enrolled if eligible, and ii) eligible 
patients identified by the examining clinician were informed/reminded 
of the written invitation. Once enrolled, consenting participants were 
booked for testing in the laboratory at their earliest convenience. 

The inclusion criteria included: primary low back pain related dis-
order (defined as dorsal pain, muscle tension, or stiffness localized 
below the lower costal margin and above the inferior gluteal folds, with 
or without sciatica/claudication), eighteen years of age or above, and 
able to read and understand Danish. Exclusion criteria were: competing 
diagnosis that would interfere with the experimental testing. 

2.3. Data collection and variables of interest 

2.3.1. Patient-reported variables 
Demographic, clinical, and psychological patient-reported measures 

were obtained through the SpineData clinical registry (Kent et al., 
2015). This included sex, age, weight and height, low back pain episode 
duration and intensity, Oswestry Disability Index, anxiety, catastroph-
izing, and depression. The current self-reported stiffness score was also 
captured using Research Electronic Data Capture (REDCap) (Harris 
et al., 2009; Harris et al., 2019). 

2.3.2. Experimental protocol 
In the laboratory, participants underwent two standardized test 

procedures to obtain instrumented measurements of lumbar spinal 
stiffness and a quantitative sensory pain test. 

2.3.2.1. Lumbar spinal stiffness. We obtained objective measures of 
spinal stiffness using a VerteTrack (VT) device (Fig. 1). The VT is an 
automated mechanical rolling indentation device. Initially, the spinal 
processes of each vertebra between S1 and T12 were located via 
palpation, and the overlying skin was marked with a “permanent” ink 
pen. The VT places a weighted indenter with two side-by-side contact 
wheels 3 cm apart either side of the midline, over the target starting site 
(S1), and slowly rolls along the paravertebral muscles guided by the skin 
markings until it reaches the target ending (lift-off) point (T12) while 
collecting indentation measurements with a sampling rate of 30 Hz. The 
process begins with 0 kg of added weight and is repeated in discrete 
incremental increases of 1 kg up to 6 kg. The spinal indentation (mm) 
measured at a given load (kg) can be used to calculate spinal stiffness 
(N/mm). The posterior-to-anterior displacement is measured continu-
ously by a string potentiometer (TE Connectivity, USA), and stiffness 
measures are available along the rolling trajectory (i.e., along the lum-
bar spine’s full length) (Nim et al., 2020). 

Before testing, participants were placed in a relaxed, prone position 
and were instructed to inhale and exhale, then hold their breath at the 
residual air volume while relaxing the abdominal and back muscles until 
the test was completed (8 s). The procedure was repeated with incre-
mental loads until the procedure was perceived as uncomfortable by the 
participant or until 6 kg of additional load was reached. Only pain-free 
trials were included in the analysis. The data were extracted using a 
custom-made LabView analysis program (version 15.0f3 for windows 
10, National Instruments, USA). The data (stiffness curves) were 
graphically smoothed using the polynomial function available in the VT 
software using default settings (SVD algorithm, a polynomial order of 2, 
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a least squares method, and a tolerance of 0.0001). The smoothing 
allowed us to compare different loads within the same participant and 
inspect the loads visually for any abnormalities arising during data 
collection (e.g., muscle guarding, breathing, or other factors that 
potentially could affect the trial); abnormal trials identified in this way 
were discarded. 

The VT has been validated as reliable (Hadizadeh et al., 2019), safe 
(Brown et al., 2017), and has similar abilities (Wong et al., 2013) and 
benchmark performance (Young et al., 2020) as the single indentation 
devices that have been tested in a population with low back pain pa-
tients (Wong et al., 2013). 

2.3.2.2. Quantitative sensory pain testing 
2.3.2.2.1. Pressure pain detection threshold. We measured pressure 

pain detection threshold (PPT) using a series of ten custom-built, spring- 
loaded pressure probes at the lumbar paraspinal muscle next to the most 
clinically painful vertebra or L4 if the participant was unable to estimate 
the most painful vertebra. The applied pressure ranged from 1 to 10 kg 
in discrete incremental steps of 1 kg (Larsen et al., 2019) and was 
applied perpendicular to the skin over 0.5 s and maintained for 1 s 
before being released. We obtained the PPT score by initially applying a 
pressure of 5 kg, and the participant responded verbally whether the 
pressure was perceived as painful or not. If not, we used the 10 kg probe 
next. If the participant perceived that pressure as painful, we used the 
middle pressure (between 5 kg and 10 kg, rounded up 8 kg). We 
repeated the procedure until adding 1 kg separated a non-painful 
response from a painful response. If the participant did not perceive 
the 10 kg as painful, we recorded this as the PPT. Each repeated pressure 
contact area overlapped by half the probe head area, which attempted to 
limit skin sensitization. Similarly, if the initial 5 kg probe was perceived 
as painful, the next probe used would be the 1 kg probe. 

With approximately a 30 s pause, we repeated the test and calculated 
a mean value of the two as the final PPT score. 

2.3.2.2.2. Pressure pain intensity. We measured pressure pain in-
tensity (PPI) by applying the PPT + 2 kg pressure contralaterally from 
the initial location of the clinically most painful vertebra/L4. During 
pressure application, the participant recorded the perceived intensity of 

pain using an electronic visual analog scale, ranging from 0 (no pain) to 
100 (worst imaginable pain). We conducted the test twice with 
approximately 30 s rest in between. The mean value was the final PPI 
score (O’Neill et al., 2014). 

2.4. Variables of interest 

2.4.1. Dependent variables 

2.4.1.1. Terminal stiffness. Terminal stiffness was calculated by 
dividing the highest applied load (N) by the maximal displacement 
(mm), indicating an endpoint stiffness score at the highest available load 
(N/mm). 

2.4.1.2. Global stiffness. Global stiffness was calculated as the slope of 
force-displacement (N/mm) from the second load to the second-highest 
load. This indicated a stiffness score throughout the available loads 
while removing the terminal points, e.g., 0 N and 60 N. 

Both terminal stiffness and global stiffness were measured at the 
trajectory point of maximal indentation, i.e., the most anterior point of 
the lumbar lordosis. A higher score indicates higher stiffness; both 
variables were continuous and started at zero. 

2.4.2. Independent variables 
Sex, age, height, and weight were recorded, and BMI (kg/m2) was 

calculated. 

2.4.2.1. Pain duration. Pain duration was recorded as the self-reported 
duration in months and was dichotomized as less than or greater-or- 
equal-to 12 months. 

2.4.2.2. Disability. LBP-related disability was recorded using the 
Oswestry Disability Index (ODI) version 2.1 (Fairbank et al., 2000). A 
10-item questionnaire with a five-point Likert rating scale, ranging from 
no disability to high disability. The items were combined and converted 
into percentages [0–100%]. The ODI has been translated into Danish 
and is responsive to clinical changes (Lauridsen et al., 2006). One 

Fig. 1. Left image: The experimental setup with the VerteTrack. 
Right image: The rolling indentation part of the VerteTrack. 
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measure concerning sexual activity was elective, and if not answered, 
we converted the score from the nine items instead. 

2.4.2.3. Current pain intensity. The participants’ current patient- 
reported LBP intensity was recorded using an 11-point numerical rat-
ing scale, 0 indicated no pain, and 10 indicated the worst imaginable 
pain. This scale is often used in LBP research and is reliable when 
assessing LBP intensity (Manniche et al., 1994). 

2.4.2.4. Quantitative sensory pain testing. The participants’ PPT ranged 
from 0 kg to 10 kg. The PPI scores ranged from 0 (no pain) - 100 (worst 
imaginable pain). See Section 2.3.2.2. 

2.4.2.5. Self-reported stiffness. The participants’ rated their perceived 
current stiffness on a visual analog scale ranging from 0 (no stiffness) to 
100 (worst imaginable stiffness) (Stanton et al., 2017). 

2.4.2.6. Psychological variables. Eight different short-item variables 
describing a range of psychological issues related to back pain were 
available for the analyses. However, to avoid multicollinearity, we only 
selected three distinct categories i) anxiety, ii) catastrophization, and iii) 
depression. We chose these variables because they have been shown to 
distinguish secondary-care patients from primary-care patients (Morsø 
et al., 2013) and are associated with long-term disability loss (Chen 
et al., 2018; Ranger et al., 2020). The Concurrent validity for these brief 
screening questions conducted on a similar sample is comparable to the 
original questionnaires (Kent et al., 2014). 

2.4.2.6.1. Anxiety. Anxiety was recorded as a one-item score from 
presenting the phrase “do you feel anxious?” then obtaining the pa-
tient’s report an 11-point numerical rating scale where 0 indicates “not 
at all” to 10 “quite anxious” (Kent et al., 2014). 

2.4.2.6.2. Catastrophizing. Catastrophizing was scored as the arith-
metic mean of two short items previously validated as an indicator for 
catastrophization (Kent et al., 2014; Ranger et al., 2020). This was 
recorded on an 11-point numerical rating scale, where 0 indicates 
“never” and 10 indicates “always”. 

2.4.2.6.3. Depression. Depression was scored as the arithmetic mean 
of two short items previously validated as an estimate for depressive 
symptoms (Kent et al., 2014). This was recorded on an 11-point nu-
merical rating scale, where 0 indicates “never” and 10 indicates “all the 
time”. 

2.5. Statistical methods 

Both of the dependent stiffness variables (terminal and global spinal 
stiffness) were log-normalized to avoid right skewness. All variables 
were reported using medians and interquartile ranges. Before proceed-
ing to the regression analysis, the 14 independent variables were 
assessed for collinearity using Pearson Product-Moment correlations. 
The association between each of the two dependent variables and the 14 
independent variables were calculated by first using simple linear 
regression, and thereafter, by using multiple linear regression based on a 
best subset approach to find the groups of variables that most accurately 
predicted terminal and global spinal stiffness. A number of potential 
model candidates were initially identified based on goodness of fit sta-
tistics (high adjusted R-squared, lowest Akaike Information Criteria 
(AIC), lowest Bayesian Information Criteria (BIC)), and model parsi-
mony. Final models (one for each of terminal and global spinal stiffness) 
were selected based on partial F-tests, low multicollinearity (variance 
inflation factor below 5), and visualization of the residuals for normality 
and homoskedasticity. The alpha level for all statistical tests was a priori 
set to 0.05. The analysis was performed in R (R Core Team, 2020) 
version 4.0 with R-studio version 1.3 for Windows 10, using the tidy-
verse (Wickham et al., 2019), GGally (Schloerke et al., 2020), olsrr 
(Hebbali, 2020), gt (Iannone et al., 2020), and gtsummary (Sjoberg 

et al., 2020) packages. 

3. Results 

One-hundred-and-seventy (170) patients agreed to participate in the 
original study. In total, 43 participants were found to have insufficient 
data to be included in the analysis. Of these, 26 participants had no 
recorded stiffness scores, 8 were missing basic information such as age 
and sex, and 27 participants were missing data on 7 or more of the 14 
independent variables. Descriptive statistics on the remaining 127 par-
ticipants are included in the analysis presented in Table 1. 

3.1. Regression analysis 

An analysis of collinearity revealed product-moment correlations 
ranging between 0.48 and 0.55 for the three psychological variables 
(depression, anxiety, and catastrophizing), and − 0.47 for PPT and PPI, 
while weight had significant correlations with height (0.53) and BMI 
(0.85). A correlation matrix of the 14 independent variables can be 
found in the supplementary materials section. 

3.1.1. Univariate analysis 
In the univariate analysis, the variables Age (p < 0.001), Sex (p <

0.001), Height (p = 0.005), and PPT (p = 0.013) had statistically 
significantly associations with the log of terminal stiffness. The only 
variable found to have a statistically significant association with the log 
of global stiffness was the Oswestry Disability Index (p = 0.04). Results 
from the univariate regression are presented in Table 2. 

3.1.2. Multivariate analysis 
The best fit multivariate model candidates for terminal stiffness 

comprised: (a) Sex and Age; and (b) Sex, Age, Self-reported stiffness, and 
PPI (See Table 3). Subsequent partial F-tests revealed that model (b) was 
not superior to the more parsimonious model (a) (p = 0.06). Therefore, 
the final model for terminal stiffness comprised the variables Sex and 
Age. 

The best fit multivariate model candidates for global stiffness 
comprised: (a) Age and ODI; (b) Age, ODI, and Catastrophizing; and (c) 
Age, ODI, Catastrophizing, and Self-reported stiffness (See Table 4). 
Subsequent partial F-tests revealed that the three or four variable models 
(c, d) were not superior to the more parsimonious model (a) (p = 0.06; p 
= 0.13, respectively). Therefore, the final model for global stiffness 
comprised the variables Age and ODI. 

Table 1 
Descriptive statistics of the included variables.  

Characteristic N = 1271 Missing values 

Sex  0 
Female 50 (39%)  
Male 77 (61%)  

Age (years) 57 (44, 67) 0 
Weight (kg) 84 (74, 95) 2 
Height (cm) 176 (169, 183) 1 
Body Mass Index 26.5 (24.0, 30.4) 2 
Pain duration  3 
≤12 m 63 (51%)  
>12 m 61 (49%)  

Pain Current 5.00 (3.00, 7.00) 0 
Pressure Pain Threshold 5.50 (4.00, 7.25) 0 
Pressure Pain Intensity 18 (4, 34) 0 
Log of Terminal spinal stiffness 1.02 (0.84, 1.21) 0 
Log of Global spinal stiffness 1.56 (1.42, 1.71) 10 
Self-reported current stiffness 65 (39, 75) 1 
Oswestry Disability Index 27 (20, 36) 11 
Anxiety score 3.00 (1.00, 7.00) 3 
Catastrophizing score 8.0 (5.0, 12.0) 4 
Depression score 8.0 (2.5, 12.0) 4  

1 Statistics presented: n (%); Median (IQR). 
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We found the residuals from all the candidate models to have a 
normal and homoscedastic distribution, and the variance inflation factor 
was below 1.17 across all variables in all models. 

4. Discussion 

To our knowledge, this is the first study to explore the multidimen-
sional aspects of spinal stiffness characteristics in a large group of sec-
ondary care LBP patients. We performed both a univariate and 

multivariate analysis of variables associated with global and terminal 
spinal stiffness. In general, our findings from the univariate analysis of 
terminal stiffness agree with previously published results, namely, sig-
nificant correlations between terminal stiffness and sex, age, and height 
(Owens et al., 2007; Pagé et al., 2018). However, the only statistically 
significant univariate predictor of global spinal stiffness was ODI. The 
present study is the first to include multivariate regression models in the 
analysis of spinal stiffness. The explanatory power of the generated 
multivariate models, expressed in terms of the adjusted R-squared (R2), 
was low (R2 ≤ 0.32), especially for the global stiffness models (R2 ≤

0.12). The low R2 values indicate that most of the variables collected in 
this study have insignificant contributions to spinal stiffness, and re-
searchers may not need to collect these variables in future studies into 
this area. Nevertheless, our results from the multivariate analysis indi-
cate that terminal spinal stiffness is primarily determined by sex and 
age, while global spinal stiffness may be determined by age and 
disability. Furthermore, our results indicate that subjective feelings of 
spinal stiffness may, to some extent, be indicative of instrumented spinal 
stiffness if other factors are controlled for. 

4.1. Univariate analysis 

Our results suggests that terminal stiffness is partly explained by 
univariate factors such as sex (beta = 0.306, p < 0.001), age (beta =
0.008, p < 0.001), height (beta = 0.009, p = 0.005), and PPT (beta =
0.032, p = 0.013). Global stiffness and the Oswestry Disability Index had 
an inverse relationship (beta = − 0.004, p = 0.04), with higher scores of 
disability being associated with lower scores of global spinal stiffness. 
The main findings of Page et al. (Pagé et al., 2018) were lower terminal 

Table 2 
Univariate predictors of terminal and global spinal stiffness.  

Characteristic Log of Terminal Stiffness Log of Global Stiffness 

Beta 95% CI R2 p-value Beta 95% CI R2 p-value 

Sex         
Female – –   – –   
Male 0.306 0.195, 0.417 0.19 <0.001 − 0.003 − 0.097, 0.091 <0.01 >0.9 

Age (years) 0.008 0.005, 0.012 0.13 <0.001 0.003 − 0.000, 0.006 0.03 0.061 
Weight (kg) − 0.000 − 0.003, 0.003 <0.01 >0.9 − 0.001 − 0.003, 0.002 0.01 0.4 
Height (cm) 0.009 0.003, 0.016 0.06 0.005 0.002 − 0.003, 0.007 0.01 0.4 
Body Mass Index − 0.012 − 0.024, 0.001 0.03 0.068 − 0.007 − 0.017, 0.003 0.02 0.14 
Pain duration         
≤12 m – –   – –   
>12 m 0.044 − 0.074, 0.162 <0.01 0.5 0.014 − 0.079, 0.107 <0.01 0.8 

Pain current 0.000 − 0.023, 0.024 <0.01 >0.9 0.001 − 0.017, 0.019 <0.01 >0.9 
Self-reported current stiffness − 0.000 − 0.003, 0.002 <0.01 >0.9 0.000 − 0.002, 0.002 <0.01 0.8 
Pressure Pain Threshold 0.032 0.007, 0.058 0.05 0.013 0.006 − 0.015, 0.026 <0.01 0.6 
Pressure Pain Intensity − 0.003 − 0.006, 0.003 0.03 0.070 0.000 − 0.002, 0.003 <0.01 0.7 
Oswestry Disability Index − 0.002 − 0.007, 0.003 0.01 0.4 − 0.004 − 0.007, − 0.000 0.04 0.040 
Anxiety score − 0.013 − 0.033, 0.006 0.01 0.2 − 0.004 − 0.019, 0.010 <0.01 0.6 
Catastrophizing score 0.004 − 0.008, 0.015 <0.01 0.5 − 0.001 − 0.010, 0.008 <0.01 0.9 
Depression score − 0.005 − 0.016, 0.006 0.01 0.3 − 0.002 − 0.010, 0.005 <0.01 0.5 

CI = Confidence Interval; R2 = R-squared. 
Values in bold indicate statistically significant results. 

Table 3 
Best fit multivariate predictors of the log of terminal spinal stiffness.  

Characteristic Model (a) Model (b) 

Beta 95% 
CI1 

p-value Beta 95% CI1 p-value 

Sex       
Female – –  – –  
Male 0.292 0.189, 

0.396 
<0.001 0.292 0.189, 

0.396 
<0.001 

Age (years) 0.008 0.004, 
0.011 

<0.001 0.009 0.005, 
0.013 

<0.001 

Self-reported 
current 
stiffness    

0.002 − 0.000, 
0.004 

0.084 

Pressure Pain 
Intensity    

− 0.002 − 0.006, 
− 0.000 

0.045 

The adjusted R square was 0.30 and 0.32 for Model (a) and (b), respectively. 
The p-value from the partial F-test comparing the two models was 0.06. 
Values in bold indicate statistically significant results. 

1 CI = Confidence Interval. 

Table 4 
Best fit multivariate predictors of the log of global spinal stiffness.  

Characteristic Model (a) Model (b) Model (c) 

Beta 95% CI1 p-value Beta 95% CI1 p-value Beta 95% CI1 p-value 

Age (years) 0.005 0.001, 0.008 0.003 0.005 0.002, 0.008 0.001 0.005 0.002, 0.009 <0.001 
Oswestry Disability Index − 0.004 − 0.008, − 0.001 0.024 − 0.005 − 0.009, − 0.002 0.005 − 0.006 − 0.009, − 0.002 0.004 
Catastrophizing score    0.008 − 0.007, 0.017 0.071 0.007 − 0.001, 0.016 0.091 
Self-reported current stiffness       0.001 − 0.001, 0.003 0.4 

The adjusted R square was 0.1, 0.12, and 0.13 for Model (a), (b), and (c), respectively. 
The p-values from the partial F-tests comparing the models were: (a) vs (b) (0.08), (b) vs (c) (0.37), (a) vs (c) (0.14). 
Values in bold indicate statistically significant results. 

1 CI = Confidence Interval. 
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and global spinal stiffness scores for females and a positive but weak 
association between height and both types of spinal stiffness (Pagé et al., 
2018), while Owens et al. (Owens et al., 2007) found lumbar spinal 
stiffness to be associated with sex, age, and BMI. Our findings of lower 
terminal spinal stiffness for females and a statistically significant rela-
tionship between terminal spinal stiffness and age and height are 
therefore in agreement with previous results. However, our univariate 
analysis of global spinal stiffness did not reproduce the same findings as 
those from Page et al. or Owens et al. In contrast, we found non- 
significant relationships between global spinal stiffness and sex, age, 
height, and BMI and a negative but weak association between global 
spinal stiffness and ODI. The cause of this difference is unknown but may 
reflect that our study population only includes patients from a secondary 
care hospital setting, or that the VT includes a rolling weighted inden-
tion as opposed to the single indentation device used in previous 
research. Furthermore, two speculative and one statistical argument can 
be made for the negative association between the global stiffness mea-
sures and disability scores: i) the negative association may reflect 
increased levels of spinal instability among patients with high disability 
(Fritz et al., 2005), ii) a stiffer spine could lead to decreases in disability 
due to a psychological constraint where increased levels of stiffness 
could lead patients to perceive themselves as less vulnerable (Fritz et al., 
2005; Millican et al., 2020), and iii) given that we included 14 inde-
pendent variables in our study, the statistically significant relationship 
between disability and global spinal stiffness may simply reflect a type-I 
error, and the finding should, therefore, be seen as exploratory until 
confirmed in future research. Given our findings that a multi-variate 
approach to spinal stiffness is superior, we will limit our discussion of 
univariate analysis to the points made here. 

4.2. Multivariate analysis 

Previous research into the relationships between spinal stiffness and 
additional variables has typically used simple product-moment corre-
lations (Pagé et al., 2018; Stanton et al., 2017), limiting their control for 
other variables. In the present study, we used a robust best-subset 
approach to identify multivariate model candidates of best fit. The 
adjusted r-squared for the proposed best-fit models ranges from 0.30 to 
0.32 for terminal spinal stiffness and from 0.10 to 0.13 for global spinal 
stiffness. Although the models are limited in their explanatory value, 
they may provide additional insight into the complex nature of spinal 
stiffness. By investigating and controlling for demographic characteris-
tics, pain phenotypes, psychometrics, and spine-related disability, our 
results indicate that components from each domain influence the 
magnitude of spinal stiffness, which suggests that spinal stiffness is a 
complex multidimensional construct. 

Both of the candidate models for terminal spinal stiffness contain the 
variables of sex and age. Interestingly, neither PPT nor height, which 
were significant in the univariate analysis, are included in either of the 
two candidate models. Posthoc t-tests reveal that both PPT (p < 0.001) 
and height (p < 0.001) have significant sex-differences. Therefore, the 
predictive value of these variables is likely reduced when we control for 
sex (see the supplementary material section). It is also possible that 
previously identified weak correlations between height and spinal 
stiffness across multiple datasets (Pagé et al., 2018) may simply reflect 
that males tend to be taller than females and that males have more spinal 
stiffness than females irrespective of height. 

Previous studies have pointed towards an apparent disconnect be-
tween subjective feelings of spinal stiffness and biomechanical proper-
ties of the spine (Nielsen et al., 2020; Stanton et al., 2017). Our 
univariate analysis supports this conclusion as we found low beta scores 
and high p-values for self-reported spinal stiffness (see Table 2). How-
ever, self-reported spinal stiffness is included in the four-variable models 
for both terminal and global spinal stiffness. By using the method of 
comparing regression covariates within the models (Vach, 2013), we see 
that self-reported current stiffness has an effect size of roughly ⅕ of that 

of Age (i.e., five points on a scale from 1 to 100 roughly equates to the 
increase in stiffness associated with being one year older). These results 
may indicate a more complicated relationship between the subjective 
feelings and objective measurements of spinal stiffness than previous 
research suggests. Our findings may also reflect how test subjects or 
patients perceive stiffness. When asked to report their current stiffness, it 
is possible that patients will compare their current state of stiffness with 
how stiff they normally perceive themselves to be. Such a psychological 
mechanism is likely to produce a low signal to noise ratio as important 
factors such as sex and age will not be taken into account. Importantly, 
our results suggest that subjective feelings of spinal stiffness may, to 
some extent, be indicative of biomechanical spinal stiffness when other 
factors such as age, sex, disability, and catastrophizing are controlled for 
statistically. 

5. Strengths and limitations 

This study is the first to apply multivariate modeling to instrumented 
spinal stiffness. Importantly, we used a robust best-subset approach to 
first identify candidate models of best fit from all possible regression 
solutions, followed by both data-driven and pragmatic criteria to select 
the final models. The best-subset procedure has been criticized for 
producing biased estimates of regression coefficients and under-
estimating standard errors, with professional judgment recommended to 
overcome this limitation through selection of explanatory variables 
(Olejnik and Keselman, 2000). We found the proposed models of best fit 
to be both clinically intuitive and sensible. Nevertheless, the proposed 
models should be seen as exploratory until confirmed in future research. 

6. Conclusion 

The best-fit models suggest that both global and terminal spinal 
stiffness is partly explained by age. Furthermore, sex plays a significant 
role in terminal spinal stiffness, with men’s spines being stiffer than 
females, while disability is associated with lower scores of global spinal 
stiffness. Furthermore, our results indicate that subjective feelings of 
spinal stiffness may, to some extent, be more related to instrumented 
spinal stiffness measures than previously thought if other factors are 
controlled for. Our results reflect that instrumented measures of spinal 
stiffness are of a multifactorial nature, and we suggest that future 
research into this area includes multivariate analyses. 
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