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Figure 1

Comparison of bone strength parameters between healthy controls, patients with anti-citrullinated protein antibody (ACPA)-negative

(RA-) and ACPA-positive (RA+) rheumatoid arthritis (RA) and impact of disease duration. Axial stiffness (upper row) and failure load (bottom row)
are shown as mean+SD. Comparison between healthy controls (HC, white bars) and RA (RA—, grey/striped bars; RA+, black bars) are shown in A and
F; between healthy men and men with RA in B and G; between healthy women and RA in C and H. Mean=+SD values of three different RA+ disease

duration subgroups are depicted in column D and H; for RA— in E and J.

significantly higher in men with RA+ than in women with RA+.
Similar differences, although at an overall higher level, were also
found in HC and RA— with men showing higher failure load
and stiffness than women. Even more importantly, healthy men
showed significantly stiffer (57.2+10.1kN/mm; P=0.006) and
stronger (2752+445N; P=0.002) bones than men with RA+
(48.0£13.5kIN/mm and 2331+584N), respectively (figure 1).
Furthermore, also healthy women showed significantly stiffer
(37.5£11.4kIN/mm; P=0.009) and stronger bones (1813508 N;
P=0.006) than women with RA+ (table 3). No such differences
were found in RA—. Bone size (cross-sectional area) was not
different between RA+ (340+56mm?) and HC (326+86mm?)
but was related to sex in RA+ (men: 421+75mm” vs women:
310+87mm?, P<0.001) and HC (men: 398+81 mm? vs women:

279+50mm?, P<0.001). Detailed information on density and
microstructural parameters of HC and patients with RA and their
relation to sex are listed in table 3.

Impact of disease duration on bone strength

We next analysed whether bone strength in RA is associated
with disease duration. We compared stiffness and failure load
in three groups of patients with RA+ and RA— with different
disease durations (<2 years: n=24; >2—<6 years: n=18; =6
years: n=54). In patients with RA+, stiffness of bone signifi-
cantly declined with disease duration from 43.4=10.6 kN/mm
(=2 years) to 33.2+13.4kN/mm (>2—<6 years; P=0.001)
and 34.4+14.5kN/mm (=6 years: P=0.003). Similarly,

Figure 2 Depiction of a finite element analysis-derived stress distribution image of a healthy control (HC) and anti-citrullinated protein antibody
(ACPA)-negative (RA-) and ACPA-positive (RA+) rheumatoid arthritis (RA). Right and middle column display the right radius of a female patient with
RA+ and RA-. Left column shows a gender-comparable and age-comparable HC. For comparison, full pFEA models (bottom) and cut through the
radial bone (top) are shown to reveal differences in stress distribution for cortical and trabecular network. Colour map labels the von Mises stress

(MPa) for described loading scenario.
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Table 3 Comparison of bone strength and structure in male and female healthy controls and patients with rheumatoid arthritis

HC (n=96) RA+ (n=96) RA- (n=84)
Groups Male (n=38) Female (n=58) Male (n=26) Female (n=70) Male (n=22) Female (n=62)
WFEA
Stiffness, kN/mm 57.2+10.1*t 37.5+11.4% 48.0£13.5* 32.1+11.4% 51.9+11.6* 37.8+10.8
Failure load, N 2752+445*1 1813508t 2331+584* 1563+492% 2502+517* 1803+484
Bone structure (HR-pQCT)
Volumetric bone mineral density
Dtotal, mg HA/cm? 301+52% 282+57 259+50 255+61% 288+56 286+63
Dtrab, mg HA/cm3 185+28*t 151+361 145+42 124+474 170+30* 142+43
Dmeta, mg HA/cm? 240+30*t 211437t 21243 191+46 227+25* 200+43
Dinn, mg HA/cm? 147+27*t 109+38t 116+4* 291+43 131+16* 102+44
Dcomp, mg HA/cm? 767+51* 799+71 73491 756+108% 776+77* 827+62
Meta/Inn, % 1.66+0.17* 2.15+0.7 2.17+1.3 2.32+0.93 1.86+0.47 2.14+0.70
Bone microstructure
BV/TV, % 0.15+0.02*t 0.13+0.03 0.13+0.03* 0.11+0.04 0.14+0.03* 0.12+0.04
Th.N, 1/mm 2.18+0.21* 1.95+0.32t 1.93+0.42* 1.76+0.41 2.17+0.27* 1.84+0.37
Th.Th, mm 0.07+0.01* 0.06+0.01 0.07+0.01 0.06+0.01 0.07+0.01 0.06+0.01
Th.Sp, mm 0.39+0.04* 0.47+0.131 0.49+0.18 0.55+0.24 0.40+0.06* 0.52+0.23
Th.1/N.SD, mm 0.16+0.03 0.20+0.08t 0.27+0.22 0.29+0.25 0.18+0.06 0.25+0.17
Ct.Th, mm 0.70+0.17 0.64+0.18 0.61+0.21 0.58+0.21% 0.70+0.23 0.69+0.18

Bonferroni-Holm adjustment: critical P values indicating significant results for all investigated parameters were as follows: P1=0.0056, P2=0.0063, P3=0.0071, P4=0.0083,

P5=0.01, P6=0.0125, P7=0.0167, P8=0.025, P9=0.05.
*Significance between men vs women in the same group.
tSignificance between HC vs RA+ of same sex.
1Significance between RA+ vs RA— of same sex.
§Significance between HC vs RA— of same sex.

BV/TV, trabecular bone volume per tissue volume; Ct.Th, cortical thickness; Dcomp, compact (cortical) volumetric bone mineral density (vBMD); Dinn, inner trabecular vBMD;
Dmeta, meta-trabecular vBMD; Dtotal, total vBMD; Dtrab, trabecular vBMD; HC, healthy controls; HR-pQCT, high-resolution peripheral CT; Meta/Inn, ratio of meta-to-inner
density; RA+, anti-citrullinated protein autoantibody-positive rheumatoid arthritis (RA); RA—, anti-citrullinated protein autoantibody-negative RA; Th.1/N.SD, inhomogeneity of
network; Th.N, trabecular number; Th.Sp, trabecular separation; Th.Th, trabecular thickness; pFEA, micro-finite element analysis.

failure load of bone declined from 2065+443 N (<2 years) to
1615+619N (>2—<6 years; P=0.001) and 1693 +652N (=6
years: P=0.003) (table 4, figure 1). No such decline of stiffness
and failure load was found in RA— (table 4). Furthermore, age
of patients with RA+ with <2 years in disease duration did
not differ from the ones with >2 years in disease duration.
In accordance with the decline of biomechanical properties,
also the volumetric and microstructural characteristics of bone
declined with disease duration. Hence, especially volumetric
BMD and microstructural parameters of the trabecular bone
continuously decreased the longer patients with RA+ had been
afflicted by disease (table 4).

Lower bone strength in patients with RA+ with low-impact
fractures

We hypothesised that bone strength in patients with RA is
associated with prevalent fractures and particularly focused
on low-impact fractures that occurred after the diagnosis
of RA. Although the absolute number of patients with RA+
with fractures was limited (n=9), those patients had signifi-
cantly lower bone stiffness (28.0+9.4 kN/mm; P=0.020) and
failure load (1374+412N; P=0.012) along with lower trabec-
ular vBMD (99+33; P=0.012) compared with patients with
RA+ without fractures (stiffness: 39.1+14.2kN/mm; failure
load: 1890638 N; trabecular vBMD: 138=+45) suggesting
that poor biomechanical properties of bone are associated
with fracture. In contrast, very few fractures (n=3) occurred
in patients with RA— with no association to bone strength.

Factors determining bone strength in RA

In order to search for parameters that influence failure load
in patients with RA, we calculated linear regression models
with sex, age, BMI, disease duration, biological DMARD use
and ACPA status as independent variables. The first model
accounted for 31.9% of the variance of failure load. Sex
(P<0.001), age (P=0.040) and ACPA status (P=0.007) were
independently associated with failure load of bone in RA. We
calculated a similar model for bone stiffness using the same
independent variables. This model accounted for a similar
amount of variance (28.3%), again showing sex (P<0.001),
age (P=0.038) and ACPA status (P=0.007) to be negatively
and independently associated with reduced biomechanical
properties of bone in patients with RA.

Two further regression models of failure load and stiffness
including the total sample accounted for 43.9% of the vari-
ance of failure load and 40.4% of the variance of stiffness.
In both models, sex, age and RA+ versus HC (ie, ACPA posi-
tivity) were negatively associated with the dependent variables
(all P<0.006). All results of regression models are depicted in
online supplementary table 1.

DISCUSSION

The vast majority of knowledge on systemic bone loss in RA
comes from dual energy X-ray absorptiometry studies, which
do not take into account potential changes of bone microstruc-
ture. More recent analyses supported the notion that RA is
characterised by substantial impairment of bone microstruc-
ture suggesting that its biomechanical properties may indeed
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Table 4 Impact of RA disease duration on bone strength and structure

RA+ RA-
Disease duration <2years >2-<6years =6years <2years >2-<6years >6years
N 24 18 54 43 21 20
Age, years 49.2+14.4 54.6+11.6 56.3+10.8 49.7£12.6*1 57.5+11.9 59.0+8.3
Sex, n male/n female 915 414 13141 9/34 ma 6/14
PFEA
Stiffness, kN/mm 43.4+10.6*t 33.2+13.4 34.4+14.5 42.6+12.0 40.2+10.2 40.5+16.0
Failure load, N 2065+433*t 1615620 1693652 2023542 1935475 1942+754
Bone structure (HR-pQCT)
Volumetric bone mineral density
Dtotal, mg HA/cm3 28355t 251+60 246+57 292456 284+53 276+79
Dtrab, mg HA/cm? 165401 133142 113+42 152+37 155+30 139+58
Dmeta, mg HA/cm3 223+35%t 19141 186+43 210+34 213+33 195+58
Dinn, mg HA/cm3 129+36*t 95+41 85+42 11241 11430 100+59
Dcomp, mg HA/cm? 772+98 752+100 740+106 830+63 802+74 793+74
Meta/lnn, % 1.79+£0.35*+ 2.25+0.79 2.50+1.21 2.04+0.51 1.95+0.41 2.24+1.07
Bone microstructure
BV/TV, % 0.14+0.03*t 0.11+0.03 0.11+0.03 0.13+0.03 0.13+0.03 0.12+0.05
Th.N, 1/mm 2.04+0.30*t 1.70+0.48 1.74+0.41 1.96+0.24 2.01+0.30 1.75+0.58
Th.Th, mm 0.07+0.01t 0.07+0.01% 0.06+0.01 0.06+0.01 0.06+0.01 0.06+0.01
Th.Sp, mm 0.43+0.09*t 0.57+0.20 0.57+0.27 0.45+0.07 0.44+0.08 0.61+0.40
Th.1/N.SD, mm 0.19+0.06*t 0.34+0.27 0.31+0.28 0.20+0.05 0.19+0.06 0.34+0.28
Ct.Th, mm 0.61+0.20 0.56+0.22 0.59+0.21 0.71+£0.18 0.66+0.18 0.66+0.24

Bonferroni-Holm adjustment: critical P values indicating significant results for all investigated parameters were as follows: P1=0.0167, P2=0.025, P3=0.05.

*Significance between <2 years' and >2-<6 years' disease duration.
tSignificance between <2 years’ and =6 years' disease duration.
tSignificance between >2—<6 years’ and =6 years' disease duration.

BV/TV, trabecular bone volume per tissue volume; Ct.Th, cortical thickness; Dcomp, compact (cortical) volumetric bone mineral density (vBMD); Dinn, inner trabecular vBMD;
Dmeta, meta-trabecular vBMD; Dtotal, total vBMD; Dtrab, trabecular vBMD; HR-pQCT, high-resolution peripheral CT; Meta/Inn, ratio of meta-to-inner density; RA+, anti-
citrullinated protein autoantibody positive rheumatoid arthritis (RA); RA—, anti-citrullinated protein autoantibody negative RA; Th.N, trabecular number; Th.1/N.SD, inhomogeneity
of network; Th.Sp, trabecular separation; Th.Th, trabecular thickness; pFEA, micro-finite element analysis.

be significantly altered. Nonetheless, the biomechanical prop-
erties of bone in patients with RA have not been characterised.
This study now clearly shows that failure load and stiffness
of bone are significantly impaired in both female and male
patients with RA.

We used uFEA to define the biomechanical properties of bone
in RA, which is currently the most advanced method to define
the functional qualities of bone. To date, pFEA has been largely
applied in healthy individuals,”'*’ where fracture risk association
has been described,””*’ and small cohorts of various non-inflam-
matory diseases such as Turner syndrome,* type 1 diabetes,’’ male
osteoporosis,”* idiopathic scoliosis,” chronic obstructive lung
disease®® and end-stage renal failure.** In contrast, biomechan-
ical properties of bone in inflammatory diseases, especially in RA,
remained inadequately characterised. While one small study found
reduced bone strength in patients with ankylosing spondylitis,*®
another study performed in RA failed to show such changes.’”
However, these latter data need to be seen with caution as they
are based on a rather small number of patients, who were charac-
terised by surprisingly high bone mass—potentially based on their
ethnic background, which makes differentiation from controls
challenging.”® Furthermore, the study lacked important disease
characteristics of RA such as ACPA status, which is essential since
ACPA have shown to play a causal role in RA-related bone loss by
inducing osteoclast differentiation.”™

In our study comprising more than 250 patients and controls,
bone strength was significantly reduced in patients with RA+. Our
analyses showed that only patients with RA+ but not patients with
RA— had a lower failure load and stiffness underlining the concept

that patients with RA+ are a distinct population with respect to
genetic background, pathogenesis and clinical manifestation of the
disease." The differences in bone strength between patients with
RA+ andRA— are likely based on the previously shown functional
properties of ACPA and RF in inducing osteoclast differentia-
tion and provide solid clinical evidence that the bone compo-
sition and strength in patients with RA depends on the presence
of autoantibodies. In accordance and reflecting our previous data
total, trabecular and cortical volumetric bone mineral densities as
well as microstructural parameters of bone were all reduced in
patients with RA+."! Importantly, the differences in bone strength
between RA+ and HC groups were found in both women and men
and were related to disease duration. Most strikingly, however, low
failure load and stiffness in patients with RA+ were associated with
higher prevalence of osteoporotic fractures. This latter finding
suggests that measurement of bone strength identified patients
with RA at risk for fragility fracture.

Total, trabecular and cortical volumetric bone density in patients
with RA+ were lower than those previously described in anky-
losing spondylitis,*® ** inflammatory bowel diseases,*' psoriatic
arthritis and psoriasis* or even osteogenesis imperfecta.” Simi-
larl compromised bone was only described in postmenopausal
women with fractures'® %® ** and for men with pathological frac-
tures.*”> Notably, however, patients with RA+ in our study were
approximately 20 years younger than the participants included in
the aforementioned studies. Published normative data on radial
bones from healthy individuals measured by HR-pQCT also show
substantially higher bone densities for comparable ages."” * From
these normative data, it appears that bone in patients with RA+
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has adopted the properties that are characteristic for the bone of a
healthy individual 20 years older.

In summary, this study shows that bone strength is signifi-
cantly reduced in both female and male patients with RA+ and
associated with the development of osteoporotic fractures.
Reduced bone strength in patients with RA+ results from
profound changes in bone volumetric density and microarchi-
tecture resembling the structural features of bone of a healthy
individual 20 years older.
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