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Abstract 

Rheumatoid arthritis (RA) is a chronic, systemic, autoimmune disease of unknown etiology with erosive, symmet-
ric polyarthritis as the main clinical manifestations. Its basic pathological changes are the formation of synovitis, 
and patients gradually develop destruction of articular cartilage destruction and bone erosion, which eventually leads 
to joint deformity, disability, and various extra-articular manifestations. Clinical prediction models (CPMs), also known 
as risk prediction models or risk scores, are mathematical formulas used to estimate the probability that a given 
individual will have a disease or an outcome in the future. The models are mainly divided into two categories: diag-
nostic models and prognostic models, which can be used to provide information on disease diagnosis or prognosis 
to help make better medical decisions. Currently, there is no cure for RA, but effective early diagnosis and treatment 
are crucial for limiting the severity of the disease and preventing the occurrence and development of complications. 
This paper reviews the CPMs associated with RA and its related complications, including cardiovascular disease (CVD) 
and interstitial lung disease (ILD), in order to provide reference and evidence for the early diagnosis and treatment 
of these diseases and personalized medicine for patients. In addition, the possible pathogenesis and risk factors 
of these comorbidities are summarized, and possible directions for future related research are prospected.
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Background
Rheumatoid arthritis (RA) is a chronic, systemic, auto-
immune disease of unknown etiology with erosive, sym-
metric polyarthritis as the main clinical manifestations 
[1]. Its basic pathological changes are the formation of 
synovitis, and patients gradually develop destruction of 
articular cartilage destruction and bone erosion, which 
eventually leads to joint deformity, disability, and various 
extra-articular manifestations [2]. Chronic, persistent, 
and systemic inflammation in RA is characterized by an 
increase in specific inflammatory mediators, cytokines, 
and related antibodies, and a combination of genetic 
and environmental factors predisposes patients to differ-
ent comorbidities and increases the risk of disability and 
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death [3]. It is estimated that comorbidities are present 
in nearly 80% of inpatients with RA [4], such as cardio-
vascular disease (CVD), respiratory diseases including 
interstitial lung disease (ILD), infectious diseases, psy-
chiatric diseases, gastrointestinal diseases, malignancies, 
chronic kidney disease, and osteoporosis (OP) et  al. [3, 
5] (Fig.  1). CVD is a prevalent complication of RA and 
represents the leading cause of mortality for patients [3]. 
Additionally, ILD is both the most common and severe 
manifestation of RA-related lung diseases [3]. The occur-
rence of these comorbidities will not only aggravate the 
condition of RA, but also further reduce the quality of 
life of patients and lead to a shortened life expectancy 
[2]. Currently, there is no cure for RA, and the goal of 
treatment is to maximize remission [6, 7]. Effective early 
diagnosis and treatment are of great significance to limit 
disease severity and prevent the occurrence and develop-
ment of complications [3]. Therefore, in addition to new 
drug development and mechanism research, it is equally 
important to predict the effective response of RA patients 
to therapeutic drugs and early identification of patients 
who are prone to various complications.

When the medical model develops from empirical 
medicine through evidence-based medicine to precision 
medicine, the acquisition, storage, analysis, and predic-
tion technology of medical data has developed rapidly, 

making the vision of personalized medicine more and 
more possible [8]. Clinical prediction models (CPMs), 
also known as risk prediction models or risk scores, are 
mathematical formulas used to estimate the probability 
that a given individual will have a disease or an outcome 
in the future [9], mainly divided into diagnostic models 
and prognostic models, which can be used to provide 
information on disease diagnosis or prognosis to help 
make better medical decisions. In recent years, there 
have been several studies reporting on CPMs related 
to RA, RA-CVD, and RA-ILD. However, there is a lack 
of comprehensive summaries regarding these models. 
This paper reviews the CPMs related to RA, RA-CVD, 
and RA-ILD, in order to provide reference and evidence 
for the early diagnosis and treatment of these diseases 
and personalized medicine for patients, and the pos-
sible pathogenesis and risk factors of RA-CVD and 
RA-ILD are summarized, and possible directions for 
future-related research are prospected.

RA
Models predicting the risk of RA
Due to the characteristics of RA that cannot be cured at 
present, treatment should be initiated as soon as possi-
ble once RA is diagnosed, as early treatment can signifi-
cantly slow disease progression and prevent irreparable 

Fig. 1 Schematic illustration of systemic complications of rheumatoid arthritis. The most frequent comorbidities of patients with rheumatoid 
arthritis include cardiovascular disease, respiratory diseases, infectious diseases, psychiatric diseases, gastrointestinal diseases, malignancies, chronic 
kidney disease, and osteoporosis
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joint damage and disability [2, 10]. Therefore, identify-
ing individuals at high risk for RA and making an early 
diagnosis are particularly important.

Karlson et  al. [11] developed predictive models for 
RA (Table  1). These models were constructed using 
8 human leucocyte antigen (HLA) alleles, 14 single 
nucleotide polymorphisms (SNPs), and clinical fac-
tors and generated an integrated, weighted genetic 
risk score (GRS) calculated as the product of individ-
ual-locus odds ratios. The model including genetic 
variables has a higher predictive ability than the model 
containing only clinical factors. The group went on to 
extend this research by incorporating 17 newly vali-
dated RA risk alleles into the GRS and assessing the 
GRS in relation to the more specific phenotypes of RA 
along the severity continuum [12] (Table 1). New mod-
els were able to forecast seronegative, seropositive, ero-
sive and seropositive, and erosive RA, achieving area 
under the curve (AUC) values of 0.56, 0.65, 0.64, and 
0.712 respectively. The results indicate that the GRS 
has virtually no ability to distinguish between the con-
trol group and seronegative RA, and the addition of 17 
new alleles does not improve the predictive capability 
of the GRS. In contrast, this also suggests that sero-
positive RA and seronegative RA have distinct genetic 
foundations. Therefore, conducting separate studies on 
these two phenotypes in future research would provide 
a deeper comprehension of the genetic and functional 
composition of the disease.

Several other studies [10, 13, 14] (Table  1) have con-
ducted comparable predictive analyses, utilizing a blend 
of clinical and genetic risk factors to devise models with 
good discriminative ability. A study [15] (Table 1) intro-
duced a novel modeling approach, with model devel-
opment facilitated by an R package [33]. This program 
incorporates published gene environment risk factor and 
disease statistics to categorize risk using a confidence 
interval (CI)-based approach within a simulated popula-
tion. This study found that HLA and smoking status can 
be used to predict the risk of younger and older onset 
RA, respectively.

The involvement of genetic variables remains a dou-
ble-edged sword, as it can enhance predictive capabil-
ity on the one hand, but on the other hand, its difficulty 
in acquisition can hinder clinical application. A model 
devoid of genetic variables for RA has been developed, 
which solely utilizes common risk factors as predictors, 
including comorbidities, demographic, socioeconomic, 
and behavioral risk factors [16] (Table 1). In addition to 
delivering high predictive accuracy, the model has the 
ability to capture the impacts of individual variables along 
with the crucial higher-order interactions among them. 
For instance, age not only serves as a crucial predictor 

for RA, but it also exhibits strong interactive effects with 
variables such as smoking and depression.

Recently, an optimized polygenic risk score calcula-
tor using machine learning (ML) for RA was developed 
based on 9 ML-identified SNPs [17] (Table 1), which can 
be accessed through this link: https:// xista nce. shiny apps. 
io/ prs- ra/ [17]. This model has extremely high predic-
tive capability (AUC > 0.9), and it is very user-friendly. 
However, the fact that the derivation and validation data 
are both derived from the Singaporean Chinese under-
scores the need for continuous validation across different 
regions and ethnicities.

Models predicting insufficient response to methotrexate 
(MTX)
Currently, methotrexate (MTX) is recommended as a 
first-line treatment for RA [6]; however, approximately 
one-third of patients do not respond sufficiently to this 
medication [34]. Identifying who are likely to have a sub-
optimal response to MTX treatment prior to initiating 
therapy could potentially lead to better initial treatment 
decisions for patients with RA.

A clinical pharmacogenetic model was to predict the 
efficacy of MTX in RA [18] (Table 1). A scoring system 
ranging from 0 to 11.5 has been developed for conveni-
ent clinical use. The model combines clinical and genetic 
variables and demonstrates good discrimination with an 
AUC of 85%. Removing the genetic variables results in 
a decrease in discriminative ability, as evidenced by an 
AUC of 0.79. This study demonstrates that it is possible 
to predict the response to MTX therapy in patients with 
recent-onset RA. Since patients in the model are treated 
with MTX monotherapy only, this may not be consist-
ent with current principles of combination therapy, and 
subsequent studies have shown that it has an inadequate 
performance for the prediction of nonresponse to MTX 
in RA patients treated with combination therapies [35].

A similar predictive analysis was conducted in a study 
that established a discriminative model with good per-
formance by combining genetic, metabolic, clinical, and 
lifestyle variables [19] (Table  1). The AUC of the model 
was 0.8 in both the derivation and validation cohorts. 
Another study not only predicted the efficacy of MTX 
in patients with RA, but also predicted its hepatotoxic-
ity [20] (Table 1). The model showed moderate diagnostic 
accuracy for MTX efficacy (AUC = 0.84) and high diag-
nostic accuracy for liver toxicity (AUC = 0.91). However, 
there is currently a lack of external validation.

While the above models have indicated that genetic 
variables contribute to the improvement of the models’ 
discrimination, their involvement may indeed make the 
routine use of the models challenging. Taking this into 
account, Gosselt et  al. [21] enhanced the applicability 

https://xistance.shinyapps.io/prs-ra/
https://xistance.shinyapps.io/prs-ra/


Page 4 of 14Shao et al. Arthritis Research & Therapy          (2023) 25:159 

Ta
bl

e 
1 

Su
m

m
ar

y 
of

 c
lin

ic
al

 p
re

di
ct

io
n 

m
od

el
s 

of
 R

A
, R

A
-C

VD
, a

nd
 R

A
-IL

D

St
ud

y 
di

se
as

es
St

ud
y 

po
pu

la
tio

n/
sa

m
pl

e 
si

ze
Pr

ed
ic

to
rs

O
ut

co
m

e 
m

ea
su

re
s

M
od

el
M

od
el

 re
pr

es
en

ta
tio

n
Ex

te
rn

al
 

va
lid

at
io

n
Re

fe
re

nc
e

RA
A

m
er

ic
an

 a
nd

 S
w

ed
-

is
h/

28
9–

62
9

14
 S

N
Ps

, 8
 H

LA
 a

lle
le

s, 
ag

e,
 

ge
nd

er
, s

m
ok

in
g

O
cc

ur
re

nc
e 

of
 R

A
Lo

gi
st

ic
 re

gr
es

si
on

N
R

Ye
s

Ka
rls

on
/2

01
0 

[1
1]

RA
A

m
er

ic
an

/5
42

31
 S

N
Ps

, 8
 H

LA
 a

lle
le

s, 
sm

ok
in

g
Se

ro
ne

ga
tiv

e,
 s

er
op

os
i-

tiv
e,

 e
ro

si
ve

, s
er

op
os

iti
ve

 
an

d 
er

os
iv

e 
RA

 p
he

no
ty

pe
s

Lo
gi

st
ic

 re
gr

es
si

on
N

R
Ye

s
C

hi
bn

ik
/2

01
0 

[1
2]

RA
5 

co
un

tr
ie

s/
11

,3
66

45
 R

A
 n

on
-H

LA
 s

us
ce

pt
ib

il-
ity

 lo
ci

, i
m

pu
te

d 
am

in
o 

ac
id

s 
at

 H
LA

-D
RB

1 
(1

1,
 7

1,
 

an
d 

74
), 

H
LA

-D
PB

1 
(p

os
i-

tio
n 

9)
, H

LA
-B

 (p
os

iti
on

 9
), 

ge
nd

er

O
cc

ur
re

nc
e 

of
 R

A
Lo

gi
st

ic
 re

gr
es

si
on

N
R

Ye
s

Ya
rw

oo
d/

20
15

 [1
3]

RA
A

m
er

ic
an

 a
nd

 S
w

ed
-

is
h/

31
7–

98
7

31
 n

on
-H

LA
 a

lle
le

s, 
8 

H
LA

-D
RB

1 
al

le
le

s, 
H

LA
-

SE
*s

m
ok

in
g,

 a
ge

, s
m

ok
in

g,
 

al
co

ho
l, 

ed
uc

at
io

n,
 p

ar
ity

, 
re

gi
on

, m
en

op
au

se
, e

xp
o-

su
re

 to
 s

ili
ca

O
cc

ur
re

nc
e 

of
 R

A
Lo

gi
st

ic
 re

gr
es

si
on

N
R

Ye
s

Ka
rls

on
/2

01
3 

[1
4]

RA
A

m
er

ic
an

 a
nd

 S
w

ed
-

is
h/

38
1–

12
44

31
 n

on
-H

LA
 a

lle
le

s, 
8 

H
LA

-
D

RB
1 

al
le

le
s, 

ag
e,

 s
m

ok
in

g,
 

al
co

ho
l, 

ed
uc

at
io

n,
 p

ar
ity

, 
BM

I, 
fa

m
ily

 h
is

to
ry

O
cc

ur
re

nc
e 

of
 R

A
Lo

gi
st

ic
 re

gr
es

si
on

N
R

Ye
s

Sp
ar

ks
/2

01
5 

[1
0]

RA
En

gl
an

d/
80

–2
62

3
15

 fo
ur

-d
ig

it/
10

 tw
o-

di
gi

t 
H

LA
-D

RB
1 

al
le

le
s, 

31
 S

N
Ps

, 
m

al
e 

ev
er

-s
m

ok
in

g 
st

at
us

Ri
sk

 a
nd

 a
ge

 o
f o

ns
et

 o
f R

A
CO

X 
re

gr
es

si
on

D
ia

gr
am

N
o

Sc
ot

t/
20

13
 [1

5]

RA
M

ul
tip

le
 e

th
ni

ci
tie

s/
86

83
di

ab
et

es
, d

ep
re

ss
io

n,
 B

M
I, 

hy
pe

rt
en

si
on

, g
ou

t, 
ge

nd
er

, 
et

hn
ic

ity
, s

m
ok

in
g,

 s
le

ep
 

ho
ur

s, 
in

co
m

e 
to

 p
ov

er
ty

 
ra

tio

O
cc

ur
re

nc
e 

of
 R

A
Ba

ye
si

an
 lo

gi
st

ic
 re

gr
es

si
on

N
R

Ye
s

Lu
fk

in
/2

02
1 

[1
6]

RA
Si

ng
ap

or
ea

n 
C

hi
ne

se
/5

99
9 

SN
Ps

O
cc

ur
re

nc
e 

of
 R

A
M

ac
hi

ne
 le

ar
ni

ng
W

eb
pa

ge
Ye

s
Li

m
/2

02
3 

[1
7]

RA
N

et
he

rla
nd

er
/2

05
RF

, g
en

de
r, 

sm
ok

in
g 

st
at

us
, 

D
A

S,
 A

M
PD

1,
 A

TI
C

, I
TP

A
, 

M
TH

FD
1

In
su

ffi
ci

en
t r

es
po

ns
e 

to
 M

TX
Lo

gi
st

ic
 re

gr
es

si
on

Ri
sk

 s
co

re
Ye

s
W

es
se

ls
/2

00
7 

[1
8]

RA
N

et
he

rla
nd

er
/2

85
A

BC
B1

 rs
10

45
64

2 
ge

no
ty

pe
, 

A
BC

C
3 

rs
47

93
66

5 
ge

no
ty

pe
, 

er
yt

hr
oc

yt
e-

fo
la

te
, D

A
S2

8,
 

H
A

Q
, c

ur
re

nt
 s

m
ok

in
g,

 B
M

I

In
su

ffi
ci

en
t r

es
po

ns
e 

to
 M

TX
Lo

gi
st

ic
 re

gr
es

si
on

Ri
sk

 s
co

re
Ye

s
D

e 
Ro

tt
e/

20
18

 [1
9]

RA
Ja

pa
ne

se
/1

34
SL

CO
3A

1,
 C

YP
7A

1,
 C

H
ST

10
, 

G
G

H
, S

LC
22

A
1,

 E
PH

X1
, 

AT
P7

B,
 D

A
S2

8,
 fo

lic
 a

ci
d

Effi
ca

cy
 a

nd
 h

ep
at

ot
ox

ic
ity

 
of

 M
TX

Lo
gi

st
ic

 re
gr

es
si

on
N

R
N

o
O

ni
sh

i/2
02

0 
[2

0]

RA
N

et
he

rla
nd

er
/9

1
Er

yt
hr

oc
yt

e-
fo

la
te

, D
A

S2
8,

 
H

A
Q

, c
ur

re
nt

 s
m

ok
in

g,
 B

M
I

In
su

ffi
ci

en
t r

es
po

ns
e 

to
 M

TX
Lo

gi
st

ic
 re

gr
es

si
on

W
eb

pa
ge

N
o

G
os

se
lt/

20
20

 [2
1]



Page 5 of 14Shao et al. Arthritis Research & Therapy          (2023) 25:159  

Ab
br

ev
ia

tio
ns

: A
CP

A 
an

ti-
ci

tr
ul

lin
at

ed
 p

ro
te

in
 a

nt
ib

od
ie

s, 
AE

 a
cu

te
 e

xa
ce

rb
at

io
n,

 B
M

I b
od

y 
m

as
s 

in
de

x,
 c

fP
W

V 
ca

ro
tid

-fe
m

or
al

 p
ul

se
 w

av
e 

ve
lo

ci
ty

, C
H

D
 c

or
on

ar
y 

he
ar

t d
is

ea
se

, C
RP

 C
-r

ea
ct

iv
e 

pr
ot

ei
n,

 C
VD

 c
ar

di
ov

as
cu

la
r 

di
se

as
e,

 C
D

AI
 c

lin
ic

al
 d

is
ea

se
 a

ct
iv

ity
 in

de
x,

 D
AS

28
 d

is
ea

se
 a

ct
iv

ity
 s

co
re

 2
8,

 D
M

AR
D

s d
is

ea
se

-m
od

ify
in

g 
an

tir
he

um
at

ic
 d

ru
gs

,E
CG

 e
le

ct
ro

ca
rd

io
gr

ap
hi

c,
 E

SR
 e

ry
th

ro
cy

te
 s

ed
im

en
ta

tio
n 

ra
te

, F
VC

 fo
rc

ed
 v

ita
l c

ap
ac

ity
, G

BM
 

gr
ad

ie
nt

-b
oo

st
ed

 m
ac

hi
ne

, G
C 

gl
uc

oc
or

tic
oi

d,
 H

AQ
 h

ea
lth

 a
ss

es
sm

en
t q

ue
st

io
nn

ai
re

, H
D

L 
hi

gh
-d

en
si

ty
 li

po
pr

ot
ei

n 
ch

ol
es

te
ro

l, 
H

LA
 h

um
an

 le
uc

oc
yt

e 
an

tig
en

, I
LD

 in
te

rs
tit

ia
l l

un
g 

di
se

as
e,

 L
D

L 
lo

w
-d

en
si

ty
 li

po
pr

ot
ei

n 
ch

ol
es

te
ro

l, 
M

BD
A 

m
ul

ti-
bi

om
ar

ke
r d

is
ea

se
 a

ct
iv

ity
,M

I m
yo

ca
rd

ia
l i

nf
ar

ct
io

n,
 M

M
P 

m
at

rix
 m

et
al

lo
pr

ot
ei

na
se

, M
RI

 m
ag

ne
tic

 re
so

na
nc

e 
im

ag
in

g,
 M

TX
 m

et
ho

tr
ex

at
e,

 N
R 

no
t r

ep
or

te
d,

 P
G

A 
pa

tie
nt

 g
lo

ba
l a

ss
es

sm
en

t, 
RA

 
rh

eu
m

at
oi

d 
ar

th
rit

is
, R

AI
 R

itc
hi

e 
ar

tic
ul

ar
 in

de
x,

 R
F 

rh
eu

m
at

oi
d 

fa
ct

or
, S

JC
 s

w
ol

le
n 

jo
in

t c
ou

nt
, S

N
Ps

 s
in

gl
e 

nu
cl

eo
tid

e 
po

ly
m

or
ph

is
m

s, 
TG

 tr
ig

ly
ce

rid
e,

 T
JC

 te
nd

er
 jo

in
t c

ou
nt

, T
N

F 
tu

m
or

 n
ec

ro
si

s 
fa

ct
or

, U
S 

ul
tr

as
ou

nd
, U

S7
 

7-
jo

in
t u

ltr
as

on
ic

 e
ro

si
on

s 
sc

or
e,

 V
C 

ve
lc

ro
 c

ra
ck

le

Ta
bl

e 
1 

(c
on

tin
ue

d)

St
ud

y 
di

se
as

es
St

ud
y 

po
pu

la
tio

n/
sa

m
pl

e 
si

ze
Pr

ed
ic

to
rs

O
ut

co
m

e 
m

ea
su

re
s

M
od

el
M

od
el

 re
pr

es
en

ta
tio

n
Ex

te
rn

al
 

va
lid

at
io

n
Re

fe
re

nc
e

RA
N

or
w

ay
/2

18
G

en
de

r, 
SJ

C
, R

A
I, 

PG
A

, A
C

PA
, 

C
RP

, r
ad

io
gr

ap
hi

c 
er

os
io

ns
, 

U
S,

 a
nd

 M
RI

 v
ar

ia
bl

es

In
su

ffi
ci

en
t r

es
po

ns
e 

to
 M

TX
 a

nd
 fu

tu
re

 s
tr

uc
tu

ra
l 

da
m

ag
e 

pr
og

re
ss

io
n

Lo
gi

st
ic

 re
gr

es
si

on
N

R
N

o
Su

nd
in

/2
02

1 
[2

2]

RA
40

 c
ou

nt
rie

s/
32

80
G

en
de

r, 
H

A
Q

, p
re

se
nc

e 
of

 c
om

or
bi

di
tie

s, 
ag

e,
 T

JC
, 

ES
R

Tr
ea

tm
en

t r
es

po
ns

e 
to

 g
ol

i-
m

um
ab

Lo
gi

st
ic

 re
gr

es
si

on
D

ia
gr

am
Ye

s
Va

st
es

ae
ge

r/
20

16
 [2

3]

RA
N

et
he

rla
nd

er
/8

0
C

D
14

+
, T

 c
el

ls
, C

D
4+

 T
 c

el
ls

, 
PB

M
C

 R
N

A
, P

BM
C

 D
N

A
Tr

ea
tm

en
t r

es
po

ns
e 

to
 a

da
l-

im
um

ab
 o

r e
ta

ne
rc

ep
t

Ra
nd

om
 fo

re
st

D
ia

gr
am

Ye
s

Ta
o/

20
21

 [2
4]

RA
N

et
he

rla
nd

er
/9

3
D

A
S2

8,
 in

te
rf

er
on

 s
co

re
, 

D
M

A
RD

s 
us

e
Tr

ea
tm

en
t r

es
po

ns
e 

to
 ri

tu
xi

m
ab

Lo
gi

st
ic

 re
gr

es
si

on
N

R
Ye

s
D

e 
Jo

ng
/2

01
8 

[2
5]

RA
M

ul
tip

le
 c

ou
nt

rie
s/

16
4

Sy
no

vi
al

 b
io

ps
y-

ba
se

d 
ge

ne
 

ex
pr

es
si

on
 a

nd
 h

is
to

lo
gi

-
ca

l d
at

a

Re
sp

on
se

 to
 ri

tu
xi

m
ab

, 
to

ci
liz

um
ab

 a
nd

 m
ul

tid
ru

g 
re

si
st

an
ce

El
as

tic
 n

et
 re

gr
es

si
on

 
an

d 
G

BM
N

R
N

o
Ri

ve
lle

se
/2

02
2 

[2
6]

RA
-C

VD
A

m
er

ic
an

/1
5,

74
4

A
ge

, s
ex

, d
ia

be
te

s, 
hy

pe
r-

lip
id

em
ia

, h
yp

er
te

ns
io

n,
 

to
ba

cc
o 

us
e,

 C
D

A
I, 

m
od

ifi
ed

 
H

A
Q

, p
re

dn
is

on
e 

us
e,

 R
A

 
du

ra
tio

n

O
cc

ur
re

nc
e 

of
 C

VD
 e

ve
nt

s, 
in

cl
ud

in
g 

M
I, 

st
ro

ke
, o

r f
at

al
 

C
VD

 in
 th

e 
ne

xt
 1

0 
ye

ar
s

CO
X 

re
gr

es
si

on
Ri

sk
 s

co
re

Ye
s

So
lo

m
on

/2
01

5 
[2

7]

RA
-C

VD
A

m
er

ic
an

/2
0,

46
7

M
BD

A
 s

co
re

, a
ge

, d
ia

be
te

s, 
hy

pe
rt

en
si

on
, t

ob
ac

co
 u

se
, 

C
VD

 h
is

to
ry

, l
ep

tin
, M

M
P-

3,
 

an
d 

TN
F-

R1

O
cc

ur
re

nc
e 

of
 C

VD
 e

ve
nt

s, 
in

cl
ud

in
g 

M
I, 

st
ro

ke
, o

r f
at

al
 

C
VD

 in
 th

e 
ne

xt
 3

 y
ea

rs

CO
X 

re
gr

es
si

on
M

at
he

m
at

ic
al

 fo
rm

ul
a

N
o

Cu
rt

is
/2

02
0 

[2
8]

RA
-C

H
D

C
hi

ne
se

/1
01

2
A

ge
, h

yp
er

te
ns

io
n,

 A
C

PA
, 

LD
L,

 H
D

L,
 T

G
, E

SR
O

cc
ur

re
nc

e 
of

 C
H

D
Lo

gi
st

ic
 re

gr
es

si
on

N
om

og
ra

m
Ye

s
W

ei
/2

02
2 

[2
9]

RA
-IL

D
Ita

lia
ns

/9
0

VC
O

cc
ur

re
nc

e 
of

 IL
D

N
R

N
R

Ye
s

Pa
nc

al
di

/2
01

8 
[3

0]

RA
-IL

D
C

hi
ne

se
/1

83
M

al
e,

 s
m

ok
e,

 c
ou

gh
, V

C
, 

ha
ve

 ta
ke

n 
M

TX
, R

F, 
A

C
PA

, 
co

ld
 w

et
 p

ar
al

ys
is

 o
bs

tr
uc

-
tio

n

O
cc

ur
re

nc
e 

of
 IL

D
Lo

gi
st

ic
 re

gr
es

si
on

N
om

og
ra

m
N

o
G

e/
20

21
 [3

1]

RA
-IL

D
Ja

pa
ne

se
/5

8
FV

C
, P

aO
2/

Fi
O

2 
ra

tio
m

or
ta

lit
y 

of
 a

ft
er

 9
0 

da
ys

 
of

 A
E-

RA
-IL

D
Re

cu
rs

iv
e 

pa
rt

iti
on

in
g

D
ec

is
io

n 
tr

ee
N

o
H

oz
um

i/2
02

2 
[3

2]



Page 6 of 14Shao et al. Arthritis Research & Therapy          (2023) 25:159 

of the original model [19] by removing genetic variables 
and validating the model in cohort data from different 
regions (Table  1). The simplified model has an AUC of 
0.75 and is successfully integrated in an online tool “Evi-
dencio,” which can be available by https:// www. evide 
ncio. com/ models/ show/ 2191 [21]. The updated model 
is user-friendly and can be further validated and utilized 
in clinical practice to identify individuals who are insuffi-
cient responders to MTX. The goal is to promptly initiate 
additional biologic or JAK pathway inhibitor therapies 
for these individuals in order to minimize disease activity 
and slow disease progression.

A model involving imaging variables has been estab-
lished [22] (Table  1). The study investigated if magnetic 
resonance imaging (MRI) or ultrasound (US) examina-
tion is useful in anticipating poor response to MTX, or 
future structural damage progression. The results indi-
cate that the detection of inflammation by MRI or US 
is unrelated to predicting MTX response, but is rather 
associated with elements related to future disease 
progression.

Models predicting insufficient response to tumor necrosis 
factor inhibitors (TNFi)
Upon conventional synthesis DMARDs (csDMARDs) 
such as MTX failure or loss of efficacy, the patients are 
switched to biologic DMARDs (bDMARDs), such as 
necrosis factor inhibitors (TNFi), for further treatment 
[6], but 30% of patients do not respond well to their ini-
tial TNFi therapy [36]. Therefore, the development of 
tools that can assist in providing practical guidance for 
the selection of candidate drugs for anti-tumor necrosis 
factor therapy is crucial.

A model was established to predict treatment response 
of RA patients to golimumab, a monoclonal anti-TNFα 
antibody [23] (Table 1). The AUC of this model is 0.648–
0.809, when predicting 1-, 3-, and 6-month low disease 
activity or remission. A series of prediction matrix tools 
were created to facilitate the use of the model, which can 
be available at Rheumatology Online [23]. Although the 
model lacked external validation when it was published, 
follow-up research examined these tools in real-world 
RA patients undergoing anti-TNFα therapy and cor-
roborated their effectiveness [37]. The data sources for 
establishing the model are large-sample studies across 
multiple countries, so they have great representativeness. 
Moreover, the readily accessible predictive factors facili-
tate the practical application of the model.

However, the study did not elucidate the biologi-
cal mechanisms underlying this differential response to 
golimumab. Tao et al. [24] investigated the mechanisms 
of how RA patients respond differently to adalimumab 
or etanercept by analyzing gene expression and DNA 

methylation data, and established machine learning mod-
els to predict which therapy is effective for which patients 
before commencing therapy (Table 1). Adalimumab rep-
resents the initial fully human therapeutic monoclonal 
anti-TNFα antibody, whereas etanercept is a recombi-
nant human TNF receptor (p75)–Fc fusion protein that 
functions as a competitive inhibitor of TNF [38]. This 
study suggests that response towards these two classes of 
TNFi is defined by the genetic and epigenetic differences 
between individual patients. However, whether the dif-
ferential response to different drugs of monoclonal TNFi 
antibody or the inter-individual variability in response to 
a single drug is also determined by distinct genetic sig-
natures remains a question that should be addressed in 
future studies.

Models predicting insufficient response to rituximab 
or tocilizumab
Rituximab, anti-CD20 antibody, has been approved for 
use in RA patients who have failed or appeared intol-
erant to TNFi therapy [39]; however, approximately 
30–40% of RA patients display a poor response to rituxi-
mab therapy [40]. A model composed of disease activity 
score (DAS) in 28 joints, interferon score, and DMARDs 
use was developed to predict non-response to rituximab 
in RA and exhibited an AUC of 0.82 [25] (Table 1). The 
use of prednisolone had a significant impact on the pre-
dictive performance of the model, which could be due to 
the impact of prednisolone on the interferon score. The 
mechanism underlying the association between a high 
interferon score and poor response to rituximab is yet to 
be elucidated. Future studies could optimize the model 
by elucidating this impact and its mechanism.

Another study established models for predicting 
treatment response to rituximab (AUC = 0.74), as well 
as response to tocilizumab, an anti-IL6R monoclo-
nal antibody  (AUC = 0.68), and multidrug resistance 
(AUC = 0.69), through in-depth histological and molec-
ular analyses of synovial biopsies in RA patients [26] 
(Table  1). The post-treatment modifications in synovial 
gene expression and cell infiltration have revealed signifi-
cant differences in the response/non-response mecha-
nisms between rituximab and tocilizumab. The discovery 
of genes and cell types related to multidrug resistance is 
a significant development that could facilitate the crea-
tion of novel drugs for refractory patients who are unre-
sponsive to available medications targeting conventional 
immune pathways. Further research can be conducted to 
elucidate the biological mechanisms underlying the dif-
ferential response of patients to rituximab, tocilizumab, 
or multidrug resistance and to improve the performance 
of the model by optimizing the genetic variables.

https://www.evidencio.com/models/show/2191
https://www.evidencio.com/models/show/2191
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RA‑CVD
The possible pathogenesis and risk factors of RA‑CVD
CVD is one of the most common complications of 
RA and the leading cause of mortality for patients 
[3], accounting for 30–40% of deaths [41], affecting 
approximately 2.4 to 18.6% of patients with RA [42]. 
Patients with RA have approximately 50% greater risk 
for CVD compared to the general population [43]. The 
main clinical manifestations of CVD are ischemic car-
diomyopathy and congestive heart failure (CHF). CHF 
and myocardial infarction (MI) may occur twice as 
often in RA patients compared to the general popula-
tion [44]. Due to the increased risk of MI, heart sudden 
death and stroke in patients with RA have been esti-
mated to be twofold and 1.7-fold, respectively [45]. The 
pathogenesis of RA-ILD has not been fully elucidated, 
which may be associated with endothelial dysfunction 
(ED) and atherosclerosis due to inflammation-associ-
ated loss of elasticity of the vascular wall [46] (Fig. 2). 
Compared with the matched healthy control group, the 
levels of peripheral endothelial progenitor cells (EPCs) 
are lower in RA patients [47]. However, the lower the 
EPCs’ number, the worst the endothelial function [48], 
which could partly explain the ED observed in patients 
with RA. C-reactive protein (CRP) can inhibit EPCs 

differentiation, survival, and function, which eventu-
ally leads to ED [49]. The endothelium plays a central 
role in atherosclerosis because it produces vasoactive 
substances including nitric oxide (NO) that acts on the 
vascular tone and affects homeostasis between the cir-
culating blood cells and the vessel wall [3]. Inflamma-
tion is the common link between atherosclerosis and 
RA, which can alter the balance between the produc-
tion of NO and other vasoactive substances, causing 
ED and consequently promoting atherosclerosis [50]. 
The endothelial-activating cytokines presumably syn-
ovitis-derived, including interleukins (IL)-6 and TNF-
α, play important roles in endothelial damage since 
they inhibit the production of NO, which, in turn, are 
responsible for maintaining a healthy endothelium [46]. 
In addition, an association has been found between ED 
and HLA-DRB1*04 shared epitope [51], the strong-
est genetic risk factor for RA. ACPA positivity also can 
contribute to the development of CVD and may induce 
subclinical atherosclerotic damage [52]. All of these 
factors, coupled with traditional risk factors for CVD 
such as hypertension, hyperlipidemia, diabetes mel-
litus, and smoking [53], may underlie pro-atherogenic 
and pro-thrombotic changes, the promotion of car-
diac remodeling, alterations in lipid blood profiles, and 

Fig. 2 Schematic illustration of the pathogenesis of cardiovascular disease in rheumatoid arthritis. Levels of peripheral endothelial progenitor 
cells (EPCs) in RA are inhibited compared with general population, which could trigger the endothelial dysfunction (ED). C-reactive protein 
(CRP) can inhibit EPCs’ differentiation, survival, and function, which further leads to ED. The endothelial-activating cytokines presumably 
synovitis-derived, including interleukins (IL)-6 and necrosis factor inhibitors (TNF)-α, play important roles in endothelial damage since they inhibit 
the production of nitric oxide (NO), which, in turn, are responsible for maintaining a healthy endothelium. In addition, RA susceptibility genes 
human leucocyte antigen (HLA)-DRB1*04 and anti-citrullinated protein antibodies (ACPA) positivity also can contribute to ED. The endothelium 
plays a central role in atherosclerosis because it produces vasoactive substances including NO that act on the vascular tone and affects homeostasis 
between the circulating blood cells and the vessel wall. All of these factors, coupled with traditional risk factors for CVD such as hypertension, 
hyperlipidemia, diabetes mellitus, and smoking, may underlie pro-atherogenic and pro-thrombotic changes, the promotion of cardiac remodeling, 
alterations in lipid blood profiles, and changes to the morphology of red blood cells, which favor accelerated development of CVD in patients 
with RA
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changes to the morphology of red blood cells, which 
favor accelerated development of CVD in patients with 
RA [5, 46].

Traditional CVD risk prediction models are not suitable 
for RA patients
Compared with traditional risk factors for CVD, patients 
with RA are more likely to cause CVD due to disease 
activity, ESR, CRP, RF, and ACPA [41, 54] (Table  2). 
Therefore, current methods for assessing CVD risk 
tend to underestimate the risk when applied to patients 
with RA. When the Framingham risk score and system-
atic coronary risk evaluation (SCORE) were applied to 
patients with RA, up to twofold risk underestimation was 
observed [55]. The risk of excess CVD is still attributed 
to inflammation, and current methods of assessing CVD 
risk do not account for RA patients who are chronically 
exposed to inflammatory environments [54]. To consider 
the effect of systemic inflammation of RA on CV risk, 
EULAR has suggested that the SCORE scoring system 
risk value be multiplied by 1.5 in RA patients who show 
at least two of the following: (1) RA disease of more than 
10 years, (2) positive RF, (3) positive ACPA, and (4) pres-
ence of extraarticular manifestations [56]. It is, however, 
possible that even with the modified SCORE, a large 
number of RA patients still may not be identified and are 
at high risk for CVD [57]. The QRISK-2 scoring system 
includes RA as a risk factor for CVD, so there exist also 
expert consensus to recommend the use of QRISK-2 as 
a calculator for estimating the 10-year CVD risk of RA 
patients [58]. The study has shown cardiovascular risk 
age model and vascular age mode developed based on the 
SCORE model also has good performance when used in 
RA patients [59]. A limitation of these methods is that it 
treats all RA patients the same, regardless of the level of 
disease activity; therefore, there exists an urgent need for 
risk prediction models for CVD in RA patients.

CPMs of CVD for RA patients
An expanded risk score model for CVD in RA (ERS-RA) 
derived to predict 10-year probability of a CV event, 
such as MI, stroke, or CV-related death [27] (Table 1). To 
facilitate the use of the ERS-RA, a risk score calculator 

has been developed which can be downloaded at https:// 
www. verit yrese arch. org/ cvd- risk- calcu lator/ [27]. 
Although the model development data were derived from 
the cohort study in the USA, follow-up studies demon-
strated the effectiveness of the ERS-RA in the European 
RA population [60]. The large sample size of the model’s 
data source and its validation in populations from dif-
ferent regions make the model highly reliable. Future 
research should focus on validating and continuously 
updating the model in populations of different races and 
regions.

A study [28] conducted a similar predictive analysis, 
establishing a prognostic model for CVD in RA patients 
by integrating clinical variables, laboratory indicators, 
and the multi-biomarker disease activity (MBDA) score 
(Table  1). The MBDA score evaluates the disease activ-
ity of rheumatoid arthritis by measuring 12 serum pro-
tein biomarkers and is associated with the risk of CVD 
in RA patients [61]. This may partially explain the addi-
tional CVD risk in RA patients caused by inflamma-
tion. Another study [29] reported a model to predict 
the occurrence of coronary heart disease (CHD) in RA 
patients (Table  1). This model differs from the above 
prognostic models in that it has the potential to screen 
out RA patients with concomitant CHD. It demonstrates 
superior performance in predicting RA-CHD compared 
to the Framingham risk score. The AUC for the model 
was 0.77, along with a 63.9% sensitivity and 77.2% speci-
ficity. However, its retrospective design and use of data 
from a single center highlight the need for continuous 
validation before its clinical use.

RA‑ILD
The possible pathogenesis and risk factors of RA‑ILD
The second major cause of death in patients with RA is 
respiratory disease, which occurs in 30–40% of patients 
[62]. ILD is the most common and severe manifesta-
tion of RA lung diseases [3], affecting approximately 2.2 
to 10% of patients with RA [63, 64], and median sur-
vival after diagnosis keeps approximately 7 years [65]. 
Compared with general people, patients with RA have 
a much higher probability of developing ILD [66], but 
the possible pathogenesis of RA-ILD has not been fully 

Table 2 Risk factors for CVD and ILD in the general population and specific to rheumatoid arthritis

Abbreviations: ACPA anti-citrullinated protein antibodies, CRP C-reactive protein, CVD cardiovascular disease, ESR erythrocyte sedimentation rate, ILD interstitial lung 
disease, RA rheumatoid arthritis, RF rheumatoid factor

Disease General population RA

CVD Age, sex, hypertension, hyperlipidemia, diabetes mellitus, alcohol consump-
tion, smoking, obesity

ESR, CRP, RF, ACPA, RA duration, RA disease activity

ILD Age, smoking, male, certain occupational, environmental exposures RF, ACPA, RA duration, RA disease activity, radio-
graphic joint damage

https://www.verityresearch.org/cvd-risk-calculator/
https://www.verityresearch.org/cvd-risk-calculator/
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elucidated, which can be summarized as the consequence 
of a combination of genetic, environmental, and autoim-
mune factors [67] (Fig. 3). The interaction of these factors 
contributes to the aberrant tissue response in the alveolar 
wall and pulmonary parenchyma, which include airways 
and alveolar epithelial cells, lung fibroblasts, and compo-
nents of extracellular matrix [67]. MUC5B promoter var-
iant rs35705950 [68] and rs12702634 at RPA3-UMAD1 
[69] lead to genetic susceptibility in the West and East 
Asian populations, respectively. Smoking keeps the most 
significant risk factor for the development of ILD in 
patients with RA. Alveolar epithelium injury from ciga-
rette smoking characterized by cellular infiltration and 
release of pro-fibrotic cytokines including IL-17, IL-13, 
and transforming growth factor (TGF)-β, chemokines, 
and growth factors, such as vascular endothelial growth 
factor (VEGF) and platelet-derived growth factor (PDGF) 
that promote lung fibroblast proliferation and differen-
tiation to myofibroblasts [70]. Smoking also leads to the 
generation of citrullinated proteins in lung alveolar cells 
[71], which means higher levels of RF or ACPA can be 
found in the affected lungs of RA patients in genetically 
susceptible individuals. Mechanistic study demonstrated 
ACPA is pathogenic and induces the release of neutro-
phil extracellular traps (NETs) which trigger activation of 

lung fibroblasts to differentiate into myofibroblast, even-
tually leading to lung fibrosis formation [72, 73]. In addi-
tion, other risk factors including males, elder, and longer 
duration of RA can also contribute to the development of 
RA-ILD [64, 70] (Table 2).

CPMs related to RA‑ILD
The diagnosis of RA-ILD proves difficult, because 
approximately 5–10% of patients have significant clini-
cal signs, and an additional 20–30% may have subclini-
cal RA-ILD [66]. High-resolution computed tomography 
(HRCT) represents the gold standard for diagnosing 
the disease [74], but ILD can appear in any stage of RA, 
entailing the need for a systematic assessment of lung 
involvement. It is not advisable to use routinely HRCT for 
screening programs because of both high cost and X-ray 
exposure [75], and therefore, there exists an urgent need 
for a way to screen patients with RA who may develop 
ILD to target HRCT to patients who need it more. Lung 
auscultation represents an economical and radiation-free 
screening method for RA-ILD; the detection of the velcro 
crackle (VC) in lung sounds can effectively raise the sus-
picion of an ILD and speed up diagnosis [30]. However, 
this task largely relies on the experience of physicians and 
requires standardization in clinical practice.

Fig. 3 Schematic illustration of the pathogenesis of interstitial lung disease in rheumatoid arthritis. Alveolar epithelium injury from cigarette 
smoking characterized by cellular infiltration and release of pro-fibrotic cytokines including interleukins (IL)-17, IL-13, and transforming growth 
factor (TGF)-β, chemokines, and growth factors, such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) 
that promote lung fibroblast proliferation and differentiation to myofibroblasts. Smoking also leads to the generation of citrullinated proteins 
in lung alveolar cell, which means higher levels of rheumatoid factor (RF) or anti-citrullinated protein antibodies (ACPA) can be found in the affected 
lungs of RA patients in the genetically susceptible individuals. Mechanistic study demonstrated ACPA is pathogenic and induces the release 
of neutrophil extracellular traps (NETs) which trigger the activation of lung fibroblasts to differentiate into myofibroblast, eventually leading to lung 
fibrosis formation. In addition, other risk factors including males, elder, and longer duration of RA, can also contribute to the development of RA-ILD. 
All this eventually leads to the development of lung fibrosis in patients with RA
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Pancaldi et  al. [30] investigated the problem of the 
automatic detection of VC in lung sounds and developed 
an algorithm called velcro sound detector (VECTOR) to 
detect the presence of VC in lung sounds recorded by 
electronic stethoscope to infer the presence of ILD in RA 
patients (Table  1). The VECTOR demonstrates higher 
accuracy than clinical physicians in diagnosing RA-ILD. 
When VECTOR was validated in different populations, 
it showed a diagnostic accuracy of 83.9% and a sensitiv-
ity and specificity of 93.2 and 76.9%, respectively [76]. In 
general, the identification of VC has always been qualita-
tive and subjective, but the proposal of VECTOR has the 
potential to transform it into a quantitative and objective 
process. Because the auscultation of lung sounds is inex-
pensive and non-invasive, VECTOR can be used as a rou-
tine screening tool for RA-ILD.

A study [31] analyzed the influencing factors of RA-
ILD and constructed a diagnostic model with good 
discriminative ability (Table 1). The study included tradi-
tional Chinese medicine (TCM) variables as predictors, 
meaning that variables from complementary and alterna-
tive medicine may also contribute to model development. 
Another study [32] reported a prognostic model for RA-
ILD (Table 1). Unlike the RA-ILD screening model men-
tioned above, this prognostic model provides a predicted 
probability of death after 90 days of acute exacerbation 
(AE)-RA-ILD. This study identified forced vital capac-
ity (FVC) within the 12 months preceding AE and the 
ratio of arterial partial pressure of oxygen to fraction of 
inspired oxygen (PaO2/FiO2) during AE onset as inde-
pendent predictive factors for mortality, which may con-
tribute to the prognostic management of RA-ILD.

Discussion
This review aims to summarize CPMs related to RA, 
RA-CVD, and RA-ILD, in order to provide reference 
and evidence for the early diagnosis and treatment of 
these diseases and personalized medicine for patients. 
Moreover, the pathogenesis and risk factors of RA-CVD 
and RA-ILD are summarized. Recently, some literature 
has provided separate overviews of the risk factors and 
pathogenesis of RA-CVD [77] and RA-ILD [78], which 
bear similarities to our research. However, in addition 
to this, our study highlights the development of predic-
tive models for these diseases. Interestingly, these studies 
have mentioned the necessity of screening RA patients 
for CVD or ILD, but currently, there is a lack of effective 
screening methods or tools in routine clinical practice, 
which is the problem our study aims to address.

The pathogenesis of RA-CVD and RA-ILD have not 
been fully elucidated, and genetic characteristics and 
inflammation may play an essential role in these pro-
cesses [3]. Disease activity and systemic inflammation 

are the most common implicated non-traditional cardio-
vascular risk factors in inflammatory joint diseases [79]. 
Research by Solomon et al. [80] has proved that there was 
a 21% reduction in CVD risk for every 10-point reduction 
of the Clinical Disease Activity Index (CDAI) in patients 
with RA. Similar to RA-CVD, RA-ILD risk increased by 
35% for each additional unit of DAS28 [81]. ACPA, as 
the most representative autoimmune antibody for RA, 
also seems to be involved in the development of vari-
ous comorbidities. ACPA can lead to the development 
of CVD by contributing to ED in RA patients [29, 49] 
(Fig. 2). In the process of RA-ILD, NETs were released by 
the impact of ACPA, which trigger the activation of lung 
fibroblasts to differentiate into myofibroblast, eventually 
leading to lung fibrosis formation [72, 73] (Fig. 3).

CPMs use information about a patient at baseline to 
predict the risk of a current (diagnostic) or future (prog-
nostic, e.g., non-response/adverse events) clinical event 
[82], which can not only provide high-quality evidence 
for evidence-based medicine [83], but also serve as a 
favorable tool for the application and popularization of 
precision medicine. With the advent of the era of preci-
sion medicine, clinical prediction models are increas-
ingly used in medical diagnosis and treatment decisions, 
patient prognosis management, and public health 
resource allocation, so their value is becoming more and 
more important [9].

At present, the CPMs that predict drug response in 
the treatment of RA mainly concentrate on MTX and 
bDMARDs. It is worth noting that genetic variations 
have a certain impact on the therapeutic response to 
MTX [18–20], adalimumab [24], etanercept [24], rituxi-
mab [26], or tocilizumab [26]. The high cost of genetic 
testing may present a challenge for the routine use of 
the models. In future studies, it would be of interest to 
perform comprehensive cost–benefit analyses, examin-
ing the cost of genetic testing in relation to long-term 
medical treatment expenses and clinical and functional 
outcomes. There is currently no model that is effective in 
predicting the treatment response of JAK inhibitors (such 
as tofacitinib, baricitinib, and upadacitinib). JAK inhibi-
tors are new targeted synthetic DMARDs used in the 
treatment of RA and are an important approach for treat-
ing the condition. However, their safety has been the sub-
ject of controversy [84]. Therefore, future research should 
not only focus on predicting the therapeutic response of 
these drugs but also consider their potential side effects 
and make predictions accordingly.

CVD is the most urgent and serious complication of 
RA because it is strongly associated with an increased 
risk of death [44]. In addition to traditional and RA-
specific risk factors for CVD, biomarkers of cardiac dys-
function, including N-terminal pro-brain natriuretic 
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peptide (NT-proBNP) and cardiac troponin T, have also 
been reported to predict CVD risk and mortality in RA 
patients [46]. It is noteworthy that although ED plays a 
crucial role in the development of RA-CVD [46], it has 
not been included in the current models as a predictive 
factor. This may be attributed to the fact that current 
research mainly focuses on traditional CVD risk factors 
and additional risk factors caused by systemic inflamma-
tion in RA, without delving into the underlying mecha-
nisms of RA-CVD. This may explain why these models 
only have moderate discriminative ability, with an AUC 
of less than 0.8 [27–29]. Currently, there are several feasi-
ble approaches to assess ED, such as non-invasive exami-
nations (flow-mediated dilation, subcutaneous adipose 
tissue thickness, and carotid intima-media thickness) as 
well as biomarkers (ischemia-modified albumin, pen-
traxin-3, E-selectin, endothelin-1, von Willebrand fac-
tor, endothelial microparticles, and EPCs) [85]. Among 
them, EPCs, E-selectin, and von Willebrand factor have 
been measured in RA patients and are associated with 
RA-CVD [86]. Identifying the optimal method for meas-
uring endothelial function, which can be used to predict 
the risk of RA-CVD, is a crucial area for future research.

In 20–30% of patients with RA, a pulmonary complica-
tion is the first manifestation, rather than joint symptoms 
[87]. Therefore, some scholars also proposed another 
possible pathogenesis of RA-ILD that idiopathic pulmo-
nary fibrosis-like pathology triggers an immune response 
to citrullinated proteins that promotes articular disease 
indicative of RA [88]. Interestingly, although RA is more 
common in females, with a female-to-male sex ratio 
ranging as high as 4:1 [89], RA-ILD is more prevalent 
in males, with a male-to-female ratio of 2:1 [67]. There-
fore, men with RA should be highly alert for the devel-
opment of ILD, and smoking cessation should be put 
on the agenda as early as possible. Smoking as a com-
mon risk factor for RA and RA-ILD, recent studies have 
shown that smoking may exhibit a threshold effect in its 
relationship with RA-ILD that smoking 30 pack-years 
or more was associated with a sixfold increase in RA-
ILD risk, whereas smoking under this threshold was not 
associated with increased risk [90]. Therefore, it is not 
enough to focus on whether patients smoke, and future 
studies should further explore the relationship between 
the number of cigarettes smoked and RA-ILD. Several 
new biomarkers can enhance the detection of RA-ILD, 
including matrix metalloproteinase, surfactant protein D, 
and pulmonary and activation-regulated chemokine [91], 
which may be promising for the development of new pre-
dictors in future research.

It is noteworthy that only a few models have been 
updated in subsequent clinical practices in this review 
[11, 19]. Therefore, in addition to the development of new 

predictors and models, validation and updates of existing 
models should also be an area of future research focus. 
Every study has limitations; this study is no exception. 
Firstly, the comorbidities only focus on CVD and ILD 
and were not all-inclusive; some important comorbidities 
such as osteoporosis depression and malignancies were 
not included. Secondly, we only evaluated the predictive 
ability of the models and did not assess whether their 
methods are reliable.

Conclusions
In summary, the pathogenesis of RA-CVD and RA-ILD 
prove undoubtedly complex. Inflammation, disease activ-
ity, and specific autoimmune antibody are all inextricably 
associated with the development of these complications. 
We attempt to summarize the possible pathogenesis of 
these diseases that the combination of inflammation, 
autoimmune response, disease activity, and related tra-
ditional risk factors under the impact of susceptibility 
genes can lead to ED, and maturation of myofibroblasts, 
and ultimately to the occurrence in RA patients of CVD 
and ILD, respectively.

CPMs have the advantage of early detection of compli-
cations and prediction of drug response even in RA with 
complex pathological mechanisms. Therefore, in addition 
to new drug development, it is equally important to pre-
dict the effective response of RA patients to therapeutic 
drugs and early identification of patients who are prone 
to various complications. We hope that the future devel-
opment of CPMs will take us from the current trial-and-
error drug prescribing and into an emerging era where 
the selection of the optimal drug is based on pre-treat-
ment predictions.
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