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patients were significantly lower compared to healthy sub-
jects (−20.7 and −21.1 %, respectively). Depending on the 
severity of RA-related joint damage, DXR-BMD revealed 
a significant reduction of –28.1 % and DXR-MCI –28.2 %, 
comparing score 1 and score 5 of the modified Larsen 
score. Both DXR-BMD and DXR-MCI had a high sensitiv-
ity (DXR-BMD 91  %, DXR-MCI 87  %) and a moderate 
specificity (DXR-BMD 47 %, DXR-MCI 49 %) to identify 
RA-related cortical hand bone loss. The DXR technique 
seems to be able to quantify RA-related periarticular bone 
loss as a characteristic feature in the course of RA. Con-
sequently, periarticular osteoporosis seems to function as 
a reliable diagnostic approach comparable to erosions and 
joint space narrowing in the diagnosis of RA and as a sur-
rogate marker for the progression of bone loss in RA.

Keywords  Digital X-ray radiogrammetry · Bone mineral 
density · Rheumatoid arthritis · Sensitivity · Osteoporosis

Abbreviations
BMD	� Bone mineral density (g/cm2)
DXR	� Digital X-ray radiogrammetry
MCI	� Metacarpal index
RA	� Rheumatoid arthritis

Introduction

Rheumatoid arthritis (RA) is an inflammatory disease char-
acterized by progressive joint destruction, in particular of 
the small joints of the hands and feet [1, 2]. Joint destruc-
tion includes cartilage dissolution and bone resorption. 
On radiographs, both features are visualized as joint space 
narrowing and erosions, the later serving as the radio-
graphic hallmark of RA disease manifestation [1]. The 

Abstract  Digital X-ray radiogrammetry (DXR) is a com-
puter-assisted diagnosis technique for quantifying cortical 
hand bone mineral density (BMD) as well as the metacar-
pal index (MCI) in the metacarpal bones from radiographs. 
The objective was to compare DXR-BMD and DXR-MCI 
between healthy individuals and patients with rheuma-
toid arthritis (RA) and verify the sensitivity and specific-
ity of this technique for the identification of cortical hand 
bone loss as an additional diagnostic approach in RA. 618 
patients were enrolled and divided into two groups: those 
with RA (n = 309) and a healthy control group (n = 309) 
as a reference database. DXR-BMD and the DXR-MCI 
were measured by DXR using hand radiographs. The 
severity of RA was evaluated by the modified Larsen 
score. Mean values for DXR-BMD and DXR-MCI in RA 
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inflammatory origin of RA provokes generalized and also 
periarticular osteoporosis [3]. Periarticular osteoporosis has 
been shown to occur only at the early stage of RA [4, 5].

In recent years digital X-ray radiogrammetry (DXR), a 
feasible quantitative measure of metacarpal cortical bone 
mass, has been evaluated for the potential to quantify RA-
related inflammatory hand bone loss reflecting periarticu-
lar osteoporosis [6]. DXR hand bone loss in RA patients 
has been shown to be associated with markers of disease 
severity (rheumatoid factor, antibodies to cyclic citrulli-
nated peptide) and with markers of disease activity (disease 
activity score, C-reactive protein and erythrocyte sedimen-
tation rate) [7, 8]. Furthermore, DXR bone mineral den-
sity (BMD) has been shown to be a marker of response to 
anti-inflammatory treatment [9–11]. Cross-sectional stud-
ies have shown a strong association between reduced bone 
mineral density as measured by DXR and radiographically 
visible joint destruction [6, 12–15], indicating that DXR 
estimates function as a surrogate marker of radiographic 
progression [8]. Longitudinal studies have also confirmed 
that early hand bone loss may be a predictor of subsequent 
radiographic joint damage [16–20].

Beside erosions, cortical thinning and cortical hand bone 
loss are characteristic features of RA [21, 22]. However, 
there is a persistent lack of data exploring the diagnostic 
power of quantified inflammatory bone loss as well as the 
value of the DXR method in identifying RA patients with 
disease-related periarticular bone loss.

The aim of this study was to evaluate the sensitivity and 
specificity of the DXR estimates for the quantification of 
cortical hand bone loss which could appear as the third 
characteristic sign (besides erosions and joint space nar-
rowing) of RA in the interpretation of hand radiographs as 
well as in the diagnosis of RA.

Materials and methods

Study cohort

A total of 618 individuals were enrolled in the study, 
divided into a reference group of healthy subjects and a 
group of patients suffering from RA (see Table 1). The RA 

group comprised 309 Caucasian patients with verified RA 
diagnosed according to the revised criteria of the Ameri-
can College of Rheumatology in 1987 [23]. The median 
disease duration was 7.6  years. No pre-selection regard-
ing severity of RA or steroid therapy was performed. All 
patients were treated with disease-modifying antirheu-
matic drugs. 36  % of the patients received prednisolone 
(mean dose 4, 5 mg per day). Patients with osteosynthetic 
material involving the hands and with a Disease Activity 
Score 28  >3.1 and/or C-reactive protein  >7.5  mg/L and/
or erythrocyte sedimentation rate in the first hour >15 mm 
were excluded to preserve stable and established disease 
conditions.

The control group comprised 309 healthy Caucasian 
subjects who were part of the German DXR reference 
cohort [24]. All subjects had been admitted to the univer-
sity clinic due to trauma and subsequently underwent X-ray 
imaging of the non-dominant non-injured hand to exclude 
fractures due to trauma. Based on a questionnaire, all sub-
jects with disease- or drug-related alterations of peripheral 
and axial bone were excluded. Furthermore, subjects with 
fractures of the upper extremity were excluded, to eliminate 
the influence of immobility-induced osteopenia. Further 
details regarding this study group can be found in Böttcher 
et al. (2006) [24]. Exclusion criteria were determined by an 
extensive questionnaire focusing on visible metallic mate-
rial, any endocrine diseases known to affect bone metabo-
lism, rheumatic disease, renal disease, genetic and oncol-
ogy diseases, and Kellgren–Lawrence grade greater than 1, 
as well as incorrect hand positioning.

Methods

Acquisition of hand radiographs

All plain radiographs of the non-dominant left hand were 
acquired by comparable X-ray devices using standardized 
conditions. After the radiographs were scanned (Scanner 
UMAX Power Look 1100, resolution 300 dots per inch) 
into the DXR system, digitized images were available. 
DXR digitally performed a continual self-check to main-
tain the quality of the digital X-ray imaging; the analysis 
process was halted if the X-ray imaging became inferior 

Table 1   Baseline 
characteristics of total study 
cohort (n = 618)

NS No significant difference for the mean age between the healthy group and RA group was observed

Healthy group RA group Significance

Total number of subjects 309 309 p = NS

Women 240 240 p = NS

Men 69 69 p = NS

Mean age in years ± standard deviation 56.6 ± 13.6 56.7 ± 11.6 p = NS

Age range 18–95 years 18–95 years



194	 J Bone Miner Metab (2017) 35:192–198

1 3

during the depiction process (i.e. incorrect contour finding 
and identification of bone structures).

Measurement of cortical hand bone mass by digital X‑ray 
radiogrammetry

DXR (Pronosco X-Posure System™, Version 2.0; Sectra; 
Linköping, Sweden) was applied to estimate the BMD (g/
cm2) and metacarpal index (MCI; a dimensionless param-
eter based on the mean cortical thickness normalized with 
the mean outer bone diameter of the metacarpals), requir-
ing conventional or digital radiographs of the hand in an 
anterior–posterior projection [25]. After digitalization 
of the hand radiographs, the computer algorithms auto-
matically defined regions of interest around the narrowest 
bone parts of metacarpals II, III and IV and subsequently 
determined the outer and inner cortical edges of the iden-
tified cortical bone parts. There is no operator interaction 
connected to the DXR measurements [26]. The mean of 
the cortical thickness and overall cortical thickness of the 
second, third and fourth metacarpals were estimated. The 
cortical volume per area was subsequently calculated for 
each bone. Based on the mean cortical volume per area, 
the DXR-BMD is calculated with a correction for the esti-
mated porosity index [25]. DXR is not affected by varia-
tion in exposure level, film brand or sensitivity, nor by 
film–focus distance during the image capture [27]. Thus, 
the short-time precision error (0.28 %) [19] and the repro-
ducibility (ranging between 0.05 and 1.50 %) is very low 
[28]. The DXR method has also been proven to be stable 
for long-term follow-up based on an in vitro long-term pre-
cision ranging between 0.22 and 0.43 % [29]. Focusing on 
these observations, the estimated bone loss is not based on 
‘precision error’ or ‘reproducibility error’ of the osteoden-
sitometric method itself, resulting in a very small detect-
able difference (0.0012–0.0028  g/cm2) [30]. Additionally, 
the hand positioning and hand rotation has no influence on 
DXR-BMD measurements using standardized anterior–
posterior radiographs [31].

Scoring of hand radiographs

Each radiograph of the RA cohort was scored by two radi-
ologists in a separated blinded manner using the modified 
Larsen score which evaluates 32 joints of the feet and hands 
(total sum of points: 160): score 0 =  normal joint; score 
1  =  periarticular demineralization, soft tissue affected, 
initial reduction of the joint space width; score 2 =  ini-
tial erosions and reduction of the joint space width; score 
3 = multiple erosions and advanced reduction of the joint 
space width; score 4 = partial ankylosis; score 5 = ankylo-
sis or mutilation [22]. The sum of the individual scores is 

then divided by the number of joints evaluated. In cases of 
ambiguity, a third highly experienced radiologist reviewed 
the radiographs for a final decision.

Ethical committee

All examinations were performed in accordance with 
the rules and regulations of the local Human Research 
and Ethics Committee. As a special note, the authors 
emphasize that all radiographs (including the refer-
ence group of healthy participants) used for the DXR 
calculations were performed as part of routine clinical 
care; no additional radiographs were obtained for study 
purposes.

Statistical analysis

The statistical analysis was performed using SPSS for 
Windows version 14.0® (SPSS, Chicago, IL, USA). (1) 
The differences in age and DXR parameters between the 
reference group and the matched RA group as well as the 
reduction in DXR parameters between Larsen score 0 
and 5 were assessed using the Mann–Whitney U test. (2) 
Sensitivity and specificity of DXR concerning the quanti-
fication of cortical hand bone loss was based on receiver 
operating characteristic (ROC) curve analysis, including 
positive predictive values and accuracy. For the evalua-
tion of gender-associated demineralization the gender-
specific mean values of DXR-BMD and DXR-MCI in 
the RA cohort were used as cut-off points. Regarding the 
RA-associated metacarpal bone loss, the mean values of 
DXR-BMD and DXR-MCI in the RA group were defined 
as the cut-off to identify RA patients with disease-related 
cortical hand bone loss. The area under the curve was 
calculated with 95  % confidence intervals for the ROC 
curves. Additionally, the overall significance level was 
p < 0.05.

Results

Comparison of DXR parameters between healthy 
subjects and patients with rheumatoid arthritis

As shown in Table 2, DXR-BMD and DXR-MCI was sig-
nificantly lower in RA patients than in the healthy individ-
uals (−20.7 %, p < 0.01) and −21.1 %, p < 0.01). Com-
pared with healthy individuals, men and women suffering 
from RA had a significantly lower DXR-BMD (−26.8 vs. 
−18.2 %, p < 0.01) and DXR-MCI (−26.3 vs. −19.5 %, 
p < 0.01).
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Cortical bone loss estimated by digital X‑ray 
radiogrammetry depending on severity of rheumatoid 
arthritis

As summarized in Table  3, DXR-BMD and DXR-MCI 
declined with an increasing Larsen score. DXR-BMD was 
28.1 % and DXR-MCI 28.2 % lower in RA patients with 
Larsen score 5 than in RA patients with Larsen score 1.

When RA patients grouped according to Larsen score 
were compared with healthy individuals, DXR-BMD 
declined continuously from −5.4 % in patients with Larsen 
score 0 to −31.9  % in RA patients with Larsen score 5. 
Similar results were observed for the DXR-MCI.

Sensitivity and specificity of digital X‑ray 
radiogrammetry in the diagnosis of rheumatoid 
arthritis (Tables 4, 5)

DXR-BMD provided a sensitivity of 91  %, specificity of 
47 % and an accuracy of 83 %. A similar specificity was 
observed for the DXR-MCI (49  %), with a sensitivity of 
87  %. The accuracy for the DXR-MCI was calculated to 
be 80 %. The positive predictive value for DXR-BMD and 
DXR-MCI was 84 and 79 %, respectively.
In the context of lower DXR-BMD for men and women 
with RA, the sensitivity and specificity of the DXR-
BMD based on a gender-specific detection of RA was  
88 % vs. 47 % for women and 100 % vs. 41 % for men. 
Similar results were detected for the DXR-MCI, with 
a sensitivity of 83  % (women) versus 99  % (men) and 

a specificity of 51  % (women) versus 45  % (men), as 
shown in Table 5.

Discussion

In recent years, the DXR technique has been introduced as 
an innovative computer-assisted diagnostic technique and 
gold standard for the measurement of cortical BMD at the 
metacarpal bones, based on its high precision and reproduc-
ibility [29, 30]. In this context, dual energy X-ray absorpti-
ometry showed a lower reproducibility (1.23–2.48  %) for 
the quantification of metacarpal BMD [32], which often 
results in an inadequate detection of therapeutic effects. 
High-resolution peripheral quantitative computed tomog-
raphy (HR-pQCT) is now available for the volumetric 
quantification of BMD and bone structure at the metacar-
pal heads. Some initial studies present promising results 
regarding the reduced BMD and detailed bone structure in 
RA patients [33, 34], based on a more time- and cost-inten-
sive analysis.

Although a strong relationship between reduced BMD 
as measured by DXR and radiographic joint destruction has 
been noted, DXR has been explored for its potential diag-
nostic value for assessment of RA in clinical care.

For healthy women and those with RA, the study pre-
sented a significantly lower DXR-BMD compared to men; 
these findings are comparable to the published reference 
values [24] and a further German reference cohort of the 
initial DXR version by Wüster et al. [35].

Table 2   Differences in parameters estimated by digital X-ray radiogrammetry between healthy subjects and patients with rheumatoid arthritis

Values are mean ± standard deviation

DXR digital X-ray radiogrammetry, BMD bone mineral density, MCI metacarpal index

Reference group (healthy controls) (n = 309) Rheumatoid arthritis group (n = 309) Difference (significance)

DXR-BMD (g/cm2) 0.576 ± 0.090 0.457 ± 0.081 −20.7 % (p < 0.01)

DXR-MCI 0.455 ± 0.078 0.359 ± 0.085 −21.1 % (p < 0.01)

Table 3   Reduction in parameters estimated by digital X-ray radiogrammetry based on the modified Larsen score

DXR digital X-ray radiogrammetry, BMD bone mineral density, MCI metacarpal index

Larsen score DXR-BMD (g/cm2) DXR-MCI

Mean (standard deviation) Mean (standard deviation)

Score 0 (n = 27) 0.545 (0.043) 0.422 (0.056)

Score 1 (n = 51) 0.483 (0.086) 0.394 (0.084)

Score 2 (n = 93) 0.471 (0.072) 0.371 (0.079)

Score 3 (n = 67) 0.443 (0.062) 0.343 (0.073)

Score 4 (n = 34) 0.414 (0.067) 0.315 (0.070)

Score 5 (n = 37) 0.392 (0.075) 0.303 (0.085)

Difference between score 1 and score 5 (significance) −28.1 % (p < 0.01) −28.2 % (p < 0.01)
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Our data shows that DXR-BMD (−20.7 %) and DXR-
MCI (−21.1  %) are considerably reduced in RA patients 
compared to healthy subjects. These results indicate that 
periarticular demineralization of the metacarpal bone, 
which is specifically an early radiographic sign in RA, can 
be reliably quantified by DXR. Periarticular demineraliza-
tion of the metacarpals has been implemented as a diagnos-
tic method for classifying bone involvement in RA, both in 
the Steinbroker SCORE and the Larsen score [21, 36, 37]. 
Periarticular loss at the metacarpal bones has traditionally 
been the first radiological sign of RA considered by the 
scoring methods, and can be found before erosions or joint 
space narrowing occur.

The results of this study point to a continuous reduc-
tion in periarticular BMD as measured by DXR for the 

different stages of the modified Larsen score in comparison 
to healthy subjects, with a decline of −5.4 % (Larsen score 
0) to −31.9 % (Larsen score 5), confirming our previously 
published findings [17, 38]. These results confirm that 
periarticular demineralization not only occurs in the early 
stage of RA, but also continues during the later stages of 
prolonged RA, as indicated by a significant BMD reduction 
from Larsen score 0 to 5. Additionally, different cross-sec-
tional studies have observed a strong relationship between 
reduced BMD as measured by DXR and radiographic joint 
destruction [12, 17, 38]. With regard to the Larsen score, 
DXR-BMD and DXR-MCI are significantly decreased 
at –28.1 and –28.2 %, respectively, between Larsen score 
0 and 5 in this study. A study of Haugeberg et  al. (2004) 
revealed a comparable reduction of DXR-BMD of –26 % 
between Larsen score 1 and 5 [12]. In a cohort of 313 
RA patients, DXR-BMD showed a significant decline of 
–27.7 % (Sharp Joint Space Narrowing Score) and –20.4 % 
(Sharp Erosion Score) [38]. Consequently, periarticu-
lar demineralization, which is a characteristic feature of 
inflammatory bone involvement in RA, may be comparable 
to the diagnostic impact of joint space narrowing and ero-
sions. As demineralization is difficult to ascertain by simple 
visualization of radiographs [37], DXR offers the benefit of 
a reliable quantification of periarticular bone mass in an 
observer-independent and highly reproducible manner [28].

To our knowledge, this is the first study which evaluates 
the diagnostic performance of an imaging technique using 
a comparison of healthy subjects and RA patients. Our data 
has revealed a high sensitivity of 91  % and accuracy of 
83 % for DXR-BMD, enabling a reliable diagnosis of RA 
without the diagnostic input of erosions and joint space nar-
rowing. These results clearly demonstrate that the diagnosis 
of periarticular osteoporosis can be significantly improved 
using DXR; this method is superior to the diagnostic power 
of the established scoring methods due to their lack of sen-
sitivity and their impaired inter-observer variability.

Other studies have also investigated the association 
of periarticular bone loss as detected by DXR and the 
assessment of RA progression. The association between 
DXR-BMD and functional disability as measured by the 
Modified Health Assessment Questionnaire score showed 
a reduced DXR-BMD in association with a poorer func-
tional outcome [19]. The measurement of periarticular 
bone loss can be considered as a complementary approach 
to verify RA-related changes in bone involvement, as well 
as functioning as a potentially important tool in the daily 
clinical routine supplementing the levels of antibodies to 
cyclic citrullinated peptide, inflammatory blood markers 
and radiographs which identify patients with an increased 
risk of a progressive course of RA [16]. In summary, these 
investigations indicate that DXR-BMD could be used as a 

Table 4   Sensitivity and specificity of digital X-ray radiogrammetry 
to identify rheumatoid arthritis patients with cortical hand bone loss

DXR digital X-ray radiogrammetry, BMD bone mineral density, MCI 
metacarpal index

DXR-BMD DXR-MCI

DXR cut-off value (mean value of RA 
group)

0.457 g/cm2 0.359

Sensitivity 91 % 87 %

Specificity 47 % 49 %

Positive predictive value 84 % 79 %

Accuracy 83 % 80 %

Area under the curve 0.830 0.797

Confidence interval (95 %) 0.799–0.861 0.762–0.831

Significance 0.000 0.000

Table 5   Gender-related sensitivity and specificity of digital X-ray 
radiogrammetry

DXR digital X-ray radiogrammetry, BMD bone mineral density, MCI 
metacarpal index

Gender DXR-BMD DXR-MCI

Female

 DXR cut-off value (mean value  
of RA group)

0.449 g/cm2 0.362

 Sensitivity 88 % 83 %

 Specificity 47 % 51 %

 Accuracy 82 % 77 %

 Significance 0.000 0.000

Male

 DXR cut-off value (mean value  
of RA group)

0.490 g/cm2 0.347

 Sensitivity 100 % 99 %

 Specificity 41 % 45 %

 Accuracy 96 % 90 %

 Significance 0.000 0.000
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surrogate marker of RA progression, and also correlate to 
the functional outcome in RA patients [20].

A further potential advantage of DXR consists of the 
detection of therapy-induced alterations of the hand BMD 
[39] in RA patients with disease-modifying anti-rheumatic 
drugs [40] and anti-tumour necrosis factor-α therapy [10, 
11].

A limitation of our study is the lack of a gold standard 
for BMD measurements at the metacarpal bones which 
would allow a comparison between the DXR technique and 
a gold standard like DXA. Bejarano et al. showed a limited 
value of hand DXA measurements in the first year of RA 
as an additional prognostic tool and concluded for patients 
with early RA that the DXA technique does not provide 
any more information than baseline radiographs of hands 
and feet [41]. In addition, the use of a scanner for the digi-
talization of hand X-rays bears limitations due to smear-
ing artefacts based on the scanning process. A fully digi-
tal version of DXR is now available (Sectra DXR-online) 
which may compensate for possible influences on image 
quality during the printing and scanning procedures. A pos-
sible limitation could be the analysis of hand radiographs 
of the non-dominant left hand. The study of Toledo and 
Jergas presented a highly significant coefficient of correla-
tion (r = 0.953, p < 0.001) of the DXR-BMD between the 
right and left hand. Additionally, no significant difference 
was detectable for the DXR-MCI [42]. A further limita-
tion of the study is the absence of information regarding 
the influence of menstrual status and anthropometric data 
on the DXR measurement. A possible solution is to intro-
duce a new parameter named the Bone Health Index which 
includes the size of the metacarpal bones and offers the 
advantage of an body-size-independent quantification of 
cortical thickness and periarticular demineralization with a 
better understanding of the cortical changes (own unpub-
lished data). Another limitation of the study is the absence 
of information of the postmenopausal status of the women, 
whereas Desai et al. presented an association of hand bone 
loss as measured by DXR and BMD of the lumbar spine 
estimated by dual energy X-ray absorptiometry in postmen-
opausal women with RA [43].

In conclusion, the development of digital imaging and 
computer-assisted diagnostic techniques has advanced the 
precise quantification of hand BMD calculated by DXR. 
The clinical use of the DXR technology allows the meas-
urement of cortical BMD in patients suffering from RA 
with high sensitivity and moderate specificity, enabling a 
reliable diagnosis of RA. Cortical hand bone loss functions 
as a diagnostic sign during the entire course of RA progres-
sion, comparable with other radiographically visible signs 
such as joint space narrowing and erosions. Consequently, 
RA-related cortical bone loss of the metacarpals is a char-
acteristic surrogate marker for manifestation of RA which 

also may improve the planning of appropriate individual 
therapeutic strategies.
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