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A B S T R A C T   

Objectives: To describe low dose Computed Tomography (ldCT) Hounsfield Units (HU) two-year change-from- 
baseline values (expressing trabecular bone density changes) and analyse their inter-reader reliability per 
vertebra in radiographic axial spondyloarthritis (r-axSpA). 
Methods: We used 49 patients with r-axSpA from the multicentre two-year Sensitive Imaging in Ankylosing 
Spondylitis (SIAS) study. LdCT HU were independently measured by two trained readers at baseline and two 
years. Mean (standard deviation, SD) for the change-from-baseline HU values were provided per vertebra by 
reader. Intraclass correlation coefficients (ICC; absolute agreement, two-way random effect), Bland-Altman plots 
and smallest detectable change (SDC) were obtained. Percentages of vertebrae in which readers agreed on the 
direction of change and on change >|SDC| were computed. 
Results: Overall, 1,053 (98% of all possible) vertebrae were assessed by each reader both at baseline and two 
years. Over two years, HU mean change values varied from -23 to 28 and 29 for reader 1 and 2, respectively. 
Inter-reader reliability of the two-year change-from-baseline values per vertebra was excellent: ICC:0.91-0.99; 
SDC:6-10; Bland-Altman plots were homoscedastic, with negligible systematic error between readers. Readers 
agreed on the direction of change in 88-96% and on change >|SDC| in 58-94% of vertebrae, per vertebral level, 
from C3 to L5. Overall, similar results were obtained across all vertebrae. 
Conclusion: LdCT measurement of HU is a reliable method to assess two-year changes in trabecular bone density 
at each vertebra from C3-L5. Being reliable across all vertebrae, this methodology can aid the study of trabecular 
bone density changes over time in r-axSpA, a disease affecting the whole spine.   

Introduction 

Radiographic axial spondyloarthritis (r-axSpA) is a chronic inflam-
matory disease of the sacroiliac joints and spine, characterized by 
inflammation and new bone formation both substantially contributing 
to the burden of disease [1,2]. New bone formation can lead to spinal or 
sacroiliac joint ankylosis, reduced mobility, and increased disability [2]. 
Paradoxically, bone formation coexists with bone loss, both contributing 
to the morbidity of the disease [3]. 

Osteoporosis with increased fracture risk, has been widely reported 

as a comorbidity in patients with r-axSpA [2,4,5]. Particularly, a higher 
prevalence of vertebral fractures (but not hip fractures) has been 
described in patients with r-axSpA when compared to healthy in-
dividuals [4,6]. Disease-specific aspects, such as local inflammation and 
reduced mobility, add to the traditional risk factors associated with 
systemic bone loss [6]. 

In r-axSpA, trabecular vertebral bone loss is hypothesized as a 
pathological phenomenon occurring locally throughout the whole spine, 
which has been suggested as a possible trigger for syndesmophyte-linked 
ankylosis [7]. Yet, important questions regarding the local vertebral 
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bone changes and their relationship with the disease- and 
treatment-related aspects are poorly understood [3]. Remarkably, while 
significant imaging advances have been observed in the assessment of 
inflammation and bone formation over the past years [8,9], local 
vertebral trabecular bone density changes remain challenging to assess 
in r-axSpA due to imaging limitations [6,10]. 

Conventionally, imaging techniques, namely Dual-energy X-ray ab-
sorptiometry (DXA), assess the patient́s systemic bone loss status in 
comparison with data from healthy subjects matched by age and gender 
[11]. The possible underestimation of bone loss by the presence of bone 
formation is well-known in r-axSpA [4,12]. Moreover, most imaging 
techniques, even when able to exclude bone formation and, therefore, 
measuring trabecular bone only (e.g., quantitate Computed Tomogra-
phy (qCT)), assess few vertebrae, mostly in the lumbar spine [10,13,14]. 
Since r-axSpA affects the whole spine, substantial data regarding local 
vertebral trabecular bone density changes is lacking. 

Assessing local bone quality using CT scans with Hounsfield units 
(HU) quantification is possible and has been shown to correlate with 
DXA bone mineral density measurements [15–17]. HU assess the tissue 
density on CT, based on a defined scale of zero for water and -1,000 for 
air. Trabecular bone HU typically ranges from 200 up to 800 HU [16]. 
Modern imaging software programs allow HU to be calculated from a 
region of interest on CT scans without additional costs or radiation 
exposure [16,18]. 

Low dose CT (ldCT) has arisen as a promising tool to assess not only 
bone formation, but also vertebral trabecular bone density throughout 
the whole spine, using acceptable levels of ionizing radiation exposure. 
(21) Using ldCT scans, we have recently shown the excellent cross- 
sectional reliability of the trabecular HU measurements from C3 to L5 
in patients with r-axSpA [19]. However, ldCT HU changes over time and 
their relation to measurement error have never been studied. 

In the present study, we aimed to describe ldCT HU two-year change- 
from-baseline values and to analyse their inter-reader reliability per 
vertebra in patients with r-axSpA. 

Methods 

Study design and population 

We used data from the Sensitive Imaging in Ankylosing Spondylitis 
(SIAS) study, a multicentre two-year prospective cohort of patients with 
r-axSpA recruited in Leiden (Netherlands) and Herne (Germany). Ethics 
approval was obtained at each centre. An informed consent was 
voluntarily signed by participants before enrolment, and coded data was 
used. The cohort was previously described in detail [9]. 

For the current analysis, we used baseline and two-year spine ldCT 
scans of 50 patients. This allowed us to include a maximum of 50 
vertebrae per vertebral level (C3-L5), which was considered adequate 
according to a sample size calculation performed focusing on inter- 
reader reliability (for measurements of two readers, using pre-defined 
intra-class correlation coefficient (ICCs) of 0.80 or higher with a 95% 
CI±0.1) - Online supplementary text S1 [20]. 

Imaging assessments of bone density changes 

In both centres, a standardized protocol was applied for ldCT im-
aging acquisition. The ldCT scanners used in Leiden and Herne were 
Aquilion one (Canon, Otawara, Japan), and Somatom Emotion 16 
(Siemens, Erlangen, Germany), respectively. Patients were placed in the 
supine position, feet first. Helical CT scans were performed from the 
superior endplate of C2 to the inferior endplate of S1 using pre-defined 
settings: 60 mAs at 120 kVp and a pitch of 53/65 using automatic 
exposure control with SD 30 – Filter FC 18 – slice thickness 5 mm (min 
10 mA, max 60mA). Reconstructions were obtained for three orthogonal 
planes: for the axial plane, with 1- and 3-mm slices, while for coronal 
and sagittal planes, with 2 mm slices. Imaging reconstructions were 

performed using iterative reconstruction algorithms for noise suppres-
sion (adaptive iterative dose reduction 3D enhanced, eAIDR 3D). The 
effective dose estimates for the whole spine were 3.8 (2.6) mSv and 4.7 
(2.4) mSv per ldCT, respectively. Differences between 16- and 64-slice 
scanners, for a similar-sized patient (i.e., CTDIvol), were around 10%. 
The 64-slice scanner involved less ionizing radiation exposure, which in 
addition to the scanner settings and performance, can be explained by 
the area scanned (higher on the 16-slice scanner) [19]. 

Vertebral ldCT HU (continuous value for the whole vertebra) were 
assessed for each vertebra (C3 -L5) by two trained readers using OsiriX 
software (v6.5.1). The used methodology was validated in trauma pa-
tients and spine surgery candidates and was recently adapted for the 
whole spine of patients with r-axSpA [15–17,19]. The HU value ob-
tained at each vertebra corresponded to the average image density 
within a manually selected region of interest centrally positioned in the 
vertebral trabecular bone, avoiding peripheral bone (periosteum and 
ectopic bone) (Fig. 1). Therefore, when we refer to bone density or HU 
hereafter, these terms pertain to vertebral trabecular bone. 

First, baseline vertebral HU were independently measured by each 
reader to assess the feasibility and cross-sectional reliability of the HU 
methodology in r-axSpA patients. Given the excellent cross-sectional 
reliability [19], the two-year ldCT scans were subsequently assessed. 
The readers independently measured HU from the two time-point im-
ages blinded to the previous measurement values. 

Statistical analysis 

LdCT scans (C3-L5) from 50 patients were available. Only vertebrae 
from which HU were measured at baseline and two years by both readers 
could be included. Poor imaging quality precluded the assessment of HU 
at two years in all vertebrae from one patient. Thus, that patient was 
excluded. 

Mean HU change values (HU measurement at two-years – HU mea-
surement at baseline) by reader, and mean differences between readerś
change values were provided per vertebra. The number and type of 
incident density abnormalities or artefacts were described per vertebra 
at each time-point, if reported by at least one reader. 

Reliability and agreement of HU change values 
Inter-reader reliability and agreement were assessed per vertebra 

(C3-L5). ICC single measurements, absolute agreement were used, 
applying two-way random effect models [21]. Agreement was assessed 
using Bland-Altman plots and the smallest detectable change (SDC =
1.96 x SDdifference /(√k)) [22]. SDdifference is the standard deviation 
of the differences in HU change values between the two readers and k is 
the number of readers (n=2). The HU measurements are independently 
performed at each time point. Indeed, since the software automatically 
gives the HU in the manually selected region of interest, the comparison 
with previous images is not required. Therefore, the part of the SDC 
formula accounting for differences coming from two simultaneous 
measurements (dividing by √2) was not applicable here, the formula 
being adjusted accordingly. 

The percentages of vertebrae in which readers agreed on the direc-
tion of change were computed. To be considered a significant bone 
density loss (negative change value: HU measurement at baseline > HU 
measurement at two years) or increase (positive change value: HU mea-
surement at baseline < HU measurement at two years), the HU change 
value must surpass the SDC [22]. Therefore, the percentages of agree-
ment on HU change values > |SDC|, i.e., above the absolute value of the 
SDC (>SDC and <-SDC) were also computed per vertebra. 

As sensitivity analyses, the reliability and agreement were also tested 
for 1) each centre separately (external validity) and, 2) excluding 
vertebrae with incident density abnormalities or artefacts, therefore 
excluding potentially extreme HU change values due to these features. 

Statistical analyses were performed using STATA software version 
16.0. 
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Results 

Whole spine ldCT scans from 49 patients with r-axSpA (mean (SD) 
age of 49 (10) years; 88% male and 86% HLA-B27 positive) were 
included in the final analysis – 26 from Leiden and 23 from Herne. 
Demographic and clinical characteristics of the included patients were 
provided in Table 1. 

Extreme imaging quality artefacts (not possible to identify the limits 
of the vertebra) precluded the assessment of 25 vertebrae, all in the 
cervical spine. Therefore, a total of 1,053 vertebrae (98% of all possible 
vertebrae) could be assessed for HU measurements at both time-points 
(220 cervical, 588 thoracic, and 245 lumbar vertebrae). 

The HU mean (SD) change values varied from -23 (59) to 28 (70) and 
-23 (60) to 29 (70) for reader 1 and 2, respectively (Table 2). Negative 
change values were mostly observed in the thoracolumbar vertebrae 
rather than cervical vertebrae (Table 2). The HU values decreased from 
cranial to caudal vertebrae at both time-points. Data regarding vertebral 
HU values at each time-point by reader were provided in Supplementary 
Table S1. 

Density abnormalities or artefacts were identified by at least one of 
the readers in 72 (7%) and 222 (21%) vertebrae, at baseline and two 

years, respectively. Imaging noise, photon starvation artefact (typical at 
the shoulder level) and sclerotic changes of the vertebral body (most 
prevalent at L5) were the most frequently reported at both time-points 
(Supplementary Tables S2 and S3). 

Reliability and agreement of HU change values 

ICCs for the HU two-year change-from-baseline values were between 
0.91 to 0.99 (Table 2). The two readers agreed on the direction of the 
change in 88-96% of vertebrae, SDC varying from 6 to 10, with mean 
and median of 7 (Table 3). Bland-Altman plots showed homoscedasticity 
throughout the whole spine, with negligible systematic error between 
the readers (Supplementary Figs. S1–S22). Most vertebrae have shown 
HU changes beyond measurement error, with agreement of both readers 
on change values >|SDC| obtained in 58-94% of the vertebra per 
vertebral level (Table 2). 

In sensitivity analysis, the HU mean change values and direction of 
change varied per centre, though with the same pattern of higher 
prevalence of negative change values in the thoracolumbar vertebrae 
than in the cervical ones. For both centres, most vertebrae HU change- 
from-baseline values were beyond measurement error. In Leiden, the 

Fig. 1. Methodology of Hounsfield Units (HU) measurement. A: Using a three-dimensional curved-multiplanar reconstruction, the spinal curve was manually 
delimited. B: On the sagittal image, after identifying each vertebra (C3-L5), two lines of reference were manually positioned at the superior (yellow-line A) and 
inferior (yellow-line C) vertebral limits. Equidistant to A and C, the yellow-line B was automatically positioned by the software. C: HU measurements were taken from 
a single reconstructed cross-sectional slice at the level of yellow line B. After manually delimiting the vertebra, a circular region of interest was selected based on 
manually defined reference lines, having a diameter of 75% of the anteroposterior and transverse diameters. The vertebral average density within the sample region 
was displayed by the software in HU. 
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agreement in change values > |SDC| was obtained for 58-95% of 
vertebrae (Supplementary Table S4), and in Herne for 43-96% of 
vertebrae (Supplementary Table S5). The reliability remained excellent 
(Supplementary Tables S4 and S5). 

The HU mean change values for vertebrae without incident density 
abnormalities or artefacts were identical to whole vertebrae data (Sup-
plementary Table S6). After excluding vertebrae with these potential 
extreme change values, similar high percentages of agreement in 
changes >|SDC| were observed, with 56-93% of vertebrae changing HU 
values above measurement error (Supplementary Table S6). 

Discussion 

In the present study, we assessed the two-year change-from-baseline 
vertebral trabecular bone density as measured by ldCT HU in patients 
with r-axSpA. Excellent inter-reader reliability and agreement were 
found at the same vertebral level, from C3 to L5, most changes in HU 
occurring beyond measurement error. 

The direction and magnitude of HU mean change values varied per 
vertebra and by centre. Notably, unlike the unidirectional nature of 
changes in syndesmophyte scoring, in which only progression is possible 
[9,23], bone density HU can decrease or increase over time. Lower HU 
values imply a lower ldCT attenuation, and therefore less-dense bones 
[16]. Negative change values meant bone density loss over two years, 
while positive change values represented bone density gain. The higher 
the HU change value, the greater magnitude of bone density change. 

Despite the variability in change values observed by vertebra, 
readers agreed on the direction of the change in most vertebrae (88 to 
96%). Inter-reader reliability was excellent. In addition to ICCs (0.91 to 
0.99), whose results could be spuriously high due to the large spread of 
the HU change values [21], importantly, Bland-Altman plots showed 
homoscedasticity throughout the spine, and negligible systematic errors 
between readers [24]. 

For consistency, we used the mean/median SDC of seven as a cut-off 
to assess changes beyond measurement error in all vertebrae. Readers 
agreed on changes above the absolute value of SDC in most vertebrae 
(58-94%), with few changes in HU values attributable to measurement 
error [22]. Remarkably, sensitivity analysis performed in vertebrae 
without incident density abnormalities or artefacts has shown similar 
results, suggesting that significant bone density changes occurred 
despite the absence of these features. 

Of note, features such as bone marrow edema (water-based), and fat 
deposition, which can interfere with CT attenuation, yielding lower HU 
values, are poorly identifiable in ldCT images [25]. Both bone marrow 
edema and fat deposition have been widely described in magnetic 
resonance imaging (MRI) of patients with axSpA, including in the SIAS 
cohort [26–28]. However, both bone marrow edema and fat deposition 

Table 1 
Baseline characteristics of patients with r-axSpA.  

Assessment§ N=49 

Male 43 (88) 
Age, years 49.1 (9.9) 
Body Mass Index, kg/m2 26.6 (4.2) 
HLA-B27 positive 42 (86) 
ASDAS-CRP 2.6 (1.2) 
TNFi treatment 12 (25) 
NSAIDs treatment 32 (65) 
Patients with syndesmophytes# 49 (100) 
Patients with MRI BME¥ 47 (96) 
Cervical spine HU* 320 (104.7) 
Thoracic spine HU* 197 (70.7) 
Lumbar spine HU* 157 (63.5) 

ASDAS, Ankylosing Spondylitis Disease Activity Score; BME, bone 
marrow edema; CRP, C-reactive protein levels; HLA, human leucocyte 
antigen; HU, Hounsfield units; NSAIDs, non-steroidal anti-inflam-
matory drugs; TNFi, Tumor necrosis factor inhibitors. 

§ Data is presented as mean (standard deviation) or no. (%). 
# Defined as a patient with at least one quadrant that received a CT 

Syndesmophytes Score ≥1 (absolute agreement of two readers). 
¥ Defined as a patient with at least one quadrant with MRI BME 

(agreement of 2 out of 3 readers). 
* Average of the two readerś measurements. 

Table 2 
Two-year Hounsfield Units (HU) change values per reader, inter-reader reliability and agreement on changes beyond measurement error, from C3-L5.  

Vertebra§ HU mean change values 
(SD) 

Mean Difference (SD) between the readers ICC No agreement % Agreement % 
Change >|7|# Change <|7|* 
Change > 7 # Change < -7 # Total 

Reader 1 Reader 2 

C3 18 (56) 17 (56) 0.2 (5.0) 0.97 5 52 32 84 11 
C4 18 (53) 17 (52) 0.3 (5.5) 0.98 2 59 32 91 7 
C5 28 (70) 29 (70) -0.7 (5.0) 0.99 5 59 32 91 5 
C6 23 (62) 23 (62) 0.4 (5.8) 0.99 7 50 34 84 9 
C7 -3 (60) -2 (59) -0.7 (6.9) 0.98 12 40 46 86 2 
T1 -6 (87) -6 (88) 0.6 (5.0) 0.98 4 45 49 94 2 
T2 3 (45) 3 (45) 0.7 (4.0) 0.97 10 37 39 76 14 
T3 1 (43) 2 (43) 0.6 (4.4) 0.95 12 27 31 58 31 
T4 -2 (48) -1 (47) 0.2 (5.3) 0.94 6 35 45 80 14 
T5 0.02 (48) -0.3 (48) 0.3 (5.1) 0.91 6 39 39 78 16 
T6 -3 (44) -3 (45) -0.1 (4.6) 0.95 8 35 43 78 14 
T7 -4 (43) -4 (43) -0.1 (4.5) 0.99 8 27 49 76 16 
T8 -1 (38) -1 (40) 0.1 (4.6) 0.98 10 33 41 74 16 
T9 -9 (50) -9 (50) 0.02 (5.4) 0.99 20 20 55 75 4 
T10 0.2 (59) 1 (59) -0.4 (5.2) 0.96 16 31 39 70 14 
T11 -8 (53) -7 (53) -0.6 (4.3) 0.94 10 33 37 70 20 
T12 -23 (59) -23 (60) -0.3 (4.4) 0.99 6 31 53 84 10 
L1 -9 (33) -7 (33) -1.9 (6.3) 0.97 20 27 41 68 12 
L2 1 (46) 2 (45) -1.1 (4.6) 0.98 10 25 39 64 27 
L3 -4 (35) -2 (34) -1.2 (6.3) 0.92 14 25 39 64 22 
L4 -2 (24) 1 (22) -1.5 (5.4) 0.91 12 29 37 66 22 
L5 8 (43) 9 (43) -1.0 (6.0) 0.97 14 43 31 74 12  

§ C3-C7: n=44; T1-L5: n=49. 
# Percentages of agreement on change beyond measurement error, i.e., on HU change values above the absolute value of the smallest detectable change (>|SDC|=

>SDC and <-SDC). For consistency, the mean/median SDC of 7 was used as a cut-off to assess changes beyond measurement error in all vertebrae. 
* Percentages of agreement on HU change values within measurement error, i.e., below the absolute value of the smallest detectable change (<|SDC|= ≤SDC and 

≥-SDC). ICC – intraclass correlation coefficient; SD – standard deviation. 
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have also been reported in the trabecular vertebral bone of patients with 
osteoporosis and compression vertebral fractures [29,30]. Vertebral 
trabecular bone loss may itself encompass much more than calcium loss. 

In measuring HU at the centre of each vertebra from C3 to L5, we 
likely avoided the peripherally located axSpA-related bone marrow 
edema and fat deposition. Although these features can still be present 
centrally in the vertebrae, we would not expect drastic between- 
vertebrae differences (at each level) since the axSpA patients from the 
SIAS cohort had similarly advanced disease stages and a narrow age 
range [28]. 

New techniques such as DECT can detect water and fat content, 
subtracting calcium, and therefore allowing for a more accurate mea-
surement of bone mineral density loss [31,32]. Several studies have 
shown the application of DECT for detecting bone marrow edema in 
trauma settings or osteoporosis [30,33]. However, data on arthritis, 
especially of the axial skeleton, is sparse and focusing on the sacroiliac 
joints [34–36]. DECT evaluation of bone marrow edema in the spine of 
patients with axSpA is lacking. Moreover, DECT depicts high contrast 
imaging at the cost of high ionizing radiation exposure (in line with the 
dose for standard CT), which makes it unacceptable for the assessment of 
the entire spine [25,33]. 

In all analyses, thoracic and lumbar vertebrae had more frequently 
negative two-year change-from-baseline values (bone density loss), 
contrasting with vertebrae from the cervical spine. The faster decrease of 
bone mass caudally than cranially within vertebrae was previously re-
ported in normal spine histomorphometry data [37]. Using whole spine 
vertebrae from autopsies, structural differences between opposite sides 
of the spine (lumbar vs cervical) were shown to increase with age, with 
bone mass decreasing faster caudally than cranially within vertebrae 
[37]. 

In r-axSpA, the decrease in caudal HU change-from-baseline values 
shown over a relatively short follow-up (two years) may also be related 
with disease-specific features, such as local inflammation or impairment 
in mobility. In the same cohort, SIAS, thoracic and lumbar vertebrae 
were shown to have higher levels of bone marrow edema on MRI [27], 
and higher prevalence and incidence of syndesmophytes on ldCT scans 
[9,27]. Other factors, namely treatment with tumour necrosis factor 
inhibitors [38], may influence trabecular bone density. However, 

whether changes in trabecular bone density over time are associated 
with disease- or treatment-specific factors is beyond the scope of the 
present study. 

Although not the focus of the present work, we showed for the first 
time that the gradient in HU values, decreasing from cranial to caudal 
vertebrae [19], persists over time (present at baseline and two-year 
measurements). This gradient is possibly related to inter-vertebral 
variability in dynamic forces, mobility, and size [37]. 

This study is not without limitations. The accuracy of HU measure-
ments does not benefit from having a previous image, as occurs, for 
instance, in scoring of the syndesmophyteś progression. Therefore, the 
SDC formula required adjustments (not dividing by √2) [22]. Never-
theless, SDC values, which ranged between 6 and 10, were relatively 
small in comparison to the full range of HU values. Conversely, as HU 
can be independently measured, no re-measurement of previous images 
is needed when new time points become available. The HU values may 
be difficult to interpret by clinicians who are used to cut-off definitions 
for osteoporosis. However, it is important to note that this technique is 
intended for the local assessment of trabecular bone changes and not for 
the clinical diagnosis of osteoporosis [19]. Therefore, its validation 
against a gold standard for the diagnosis of osteoporosis, namely DXA or 
QCT, although previously performed in trauma subjects and spine sur-
gery candidates [15–17], was not repeated in r-axSpA. Importantly, 
previously proposed HU cut-offs in relation to osteoporosis definitions 
have shown to be heterogeneous across studies, which imposes caution 
in their usage [17]. In addition, r-axSpA poses specific challenges. A 
possible validation against DXA would not be accurate as DXA mea-
surements cannot avoid ectopic bone formation, while HU as measured 
by ldCT assess the trabecular central bone only, excluding ectopic bone 
formation. Moreover, a validation against QCT would be unfeasible for 
the whole spine due to unacceptable ionizing radiation exposure. 
Therefore, for the time being, HU values should be used to reliably 
compare bone density changes between vertebrae throughout the whole 
spine, for research purposes only. 

This study has several strengths. First, the whole spine was assessed 
using low ionizing radiation exposure (the effective dose estimates were 
around 4 to 5 mSV per ldCT in SIAS but are currently estimated to be as 
low as 1.4 to 1.7 mSV per ldCT, using technical optimisation in the 64- 

Table 3 
Number (%) of vertebrae with positive and negative two-year Hounsfield Units (HU) change values for each reader separately, percentage of agreement between 
readers, and smallest detectable change (SDC) per vertebra.  

Vertebra§ Reader 1 Reader 2 No agreement (%) Agreement % SDC 
Positive Negative Positive Negative Positive Negative 

C3 27 (61) 17 (39) 28 (63) 16 (36) 7 59 34 7 
C4 29 (66) 15 (34) 28 (63) 16 (36) 7 61 32 8 
C5 29 (65) 15 (34) 27 (61) 17 (39) 5 61 34 7 
C6 22 (50) 22 (50) 25 (57) 19 (43) 7 50 43 8 
C7 20 (45) 24 (55) 21 (48) 23 (52) 5 43 52 10 
T1 24 (49) 25 (51) 23 (47) 26 (53) 2 47 51 7 
T2 24 (49) 25 (51) 26 (53) 23 (47) 8 47 45 6 
T3 22 (45) 27 (55) 22 (45) 27 (55) 12 39 49 6 
T4 21 (43) 28 (57) 23 (47) 26 (53) 8 41 51 7 
T5 23 (47) 26 (53) 24 (49) 25 (51) 10 43 47 7 
T6 24 (48) 25 (51) 18 (37) 31 (63) 12 37 51 6 
T7 18 (37) 31 (63) 19 (39) 30 (61) 10 33 57 6 
T8 22 (45) 27 (55) 23 (47) 26 (53) 6 43 51 6 
T9 13 (27) 36 (73) 14 (29) 35 (71) 6 25 69 7 
T10 23 (47) 26 (53) 21 (43) 28 (57) 8 41 51 7 
T11 25 (51) 24 (49) 21 (43) 28 (57) 8 43 49 6 
T12 21 (43) 28 (57) 22 (45) 27 (55) 2 43 55 6 
L1 24 (49) 25 (51) 23 (47) 26 (53) 6 45 49 9 
L2 21 (43) 28 (57) 21 (43) 28 (57) 12 37 51 6 
L3 20 (41) 29 (59) 20 (41) 29 (59) 12 35 53 9 
L4 22 (45) 27 (55) 18 (37) 31 (63) 8 37 55 7 
L5 28 (57) 21 (43) 28 (57) 21 (43) 4 55 41 8 

Positive change value: HU measurement at two years > HU measurement at baseline. 
Negative change value: HU measurement at two years < HU measurement at baseline. 

§ C3-C7: n=44; T1-L5: n=49. 
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slice scanners), without noticeable imaging quality loss [19]. The 
methodology used to measure HU prevents artificially increased values 
due to peripheral ectopic bone formation, being easy to be used by 
others than radiologists within a limited number of hours of training. A 
comprehensive statistical methodology to test inter-reader reliability 
and agreement was used. Since the cross-sectional reliability of HU 
measurements was shown to be excellent [19], in the present study we 
assessed ICCs applying two-way random effects models [21]. The results 
mimicked those obtained in two-way mixed effects models (data not 
shown) but allow generalizability to any potential reader assessing the 
images [21]. The sensitivity analysis excluding vertebrae with incident 
density abnormalities and artefacts added robustness to the assessment 
of true changes in trabecular bone density. On the other hand, the 
sensitivity analysis stratified by centres from different countries (Leiden, 
Netherlands and Herne, Germany) added to the external validity of the 
results, limiting the concerns regarding HU values obtained from 
distinct automatic exposure control implementation and iterative 
reconstruction algorithms [18,39]. Moreover, the results coming from 
different CT scanners in different centres (Canon in Leiden, and Siemens 
in Herne), likely represent the most feasible approach for HU mea-
surements in future studies (especially if multicentric). Of note, each 
patient was re-assessed using the same CT scanner and imaging acqui-
sition settings, warranting less impact on the individual 
change-from-baseline HU values. This principle must be ensured in 
future studies aiming at assessing changes in HU over time. The HU 
measurements express the CT “bone density” and not the traditionally 
used calcium-related “bone mineral density”, depicting the broad 
spectrum of changes occurring in the trabecular bone (e.g., age-related 
bone marrow changes) [28]. The continuous values of HU (as pro-
posed by us) can be reliably compared between vertebrae throughout 
the whole spine in patients with axSpA for research purposes. 

In summary, ldCT measurement of HU is a reliable method to assess 
changes in trabecular bone density over two years at each vertebra from 
C3 to L5. As reliable across all vertebrae, this innovative methodology 
can aid the comprehensive study of bone density changes over time in r- 
axSpA, a disease affecting the entire spine. 
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