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Development of prediction 
model for alanine transaminase 
elevations during the first 6 months 
of conventional synthetic DMARD 
treatment
Laura Kuusalo 1,6*, Mikko S. Venäläinen 2,3,6, Heidi Kirjala 1, Sofia Saranpää 1, 
Laura L. Elo 2,4,5,6 & Laura Pirilä 1,6

Frequent laboratory monitoring is recommended for early identification of toxicity when initiating 
conventional synthetic disease-modifying antirheumatic drugs (csDMARDs). We aimed at developing 
a risk prediction model to individualize laboratory testing at csDMARD initiation. We identified 
inflammatory joint disease patients (N = 1196) initiating a csDMARD in Turku University Hospital 
2013–2019. Baseline and follow-up safety monitoring results were drawn from electronic health 
records. For rheumatoid arthritis patients, diagnoses and csDMARD initiation/cessation dates were 
manually confirmed. Primary endpoint was alanine transaminase (ALT) elevation of more than twice 
the upper limit of normal (ULN) within 6 months after treatment initiation. Computational models for 
predicting incident ALT elevations were developed using Lasso Cox proportional hazards regression 
with stable iterative variable selection (SIVS) and were internally validated against a randomly 
selected test cohort (1/3 of the data) that was not used for training the models. Primary endpoint was 
reached in 82 patients (6.9%). Among baseline variables, Lasso model with SIVS predicted subsequent 
ALT elevations of > 2 × ULN using higher ALT, csDMARD other than methotrexate or sulfasalazine 
and psoriatic arthritis diagnosis as important predictors, with a concordance index of 0.71 in the test 
cohort. Respectively, at first follow-up, in addition to baseline ALT and psoriatic arthritis diagnosis, 
also ALT change from baseline was identified as an important predictor resulting in a test concordance 
index of 0.72. Our computational model predicts ALT elevations after the first follow-up test with good 
accuracy and can help in optimizing individual testing frequency.

Routine laboratory monitoring is recommended for early identification of toxicity during treatment with conven-
tional synthetic disease modifying antirheumatic drugs (csDMARDs). Currently, multiple national laboratory 
monitoring recommendations  exist1–5. Most of these recommendations, which are based on literature reviews 
and expert consensus, suggest monitoring for toxicity every 2–4 weeks for the first 3 months and 1–3 monthly 
thereafter. Overly frequent monitoring should be avoided as it causes burden for patients and healthcare systems. 
However, data on optimal timing of monitoring remains elusive.

The 2017 British Society for Rheumatology guideline for monitoring non-biologic DMARD therapy recom-
mendations advise that laboratory tests should be taken every 2 weeks when initiating a new csDMARD until 
on a stable dose for 6 weeks, and quarterly  thereafter5. In addition, more frequent monitoring should be consid-
ered for patients at high risk for toxicity. In general, most recommendations advocate measuring a minimum of 
complete blood count (CBC), creatinine or calculated glomerular filtration rate, and alanine amino transferase 
(ALT) at baseline and at follow-up1–3,5.
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Previous studies addressing safety monitoring have focused on methotrexate. Busger et al. compared the 
influence of monitoring on methotrexate survival in psoriasis and psoriatic arthritis  patients6. They found that 
more frequent monitoring, recommended for psoriasis by dermatologists, led to reduced drug survival without 
differences in severe adverse events compared to a less stringent monitoring strategy. Malley et al. studied inflam-
matory arthritis patients on stable dose of methotrexate alone or in combination with other DMARDs, and Karls-
son Sundbaum et al. and Schmajuk et al. focused on risk factors for ALT elevation in users of  methotrexate7–9. 
Two latter studies recognized pre-treatment ALT elevation as a risk factor for later elevations. Other previously 
identified risk factors for ALT elevation in methotrexate users include  obesity7,10,11, high cholesterol, and lack of 
folic acid  supplementation7,10. Findings on rheumatoid arthritis (RA) seropositivity, biologic DMARDs, statins, 
and female sex have been  inconsistent7,9,12. However, defining which patients could be monitored less often is 
difficult based on previous literature.

In the current study, we aimed to develop a computational model using electronic health record (EHR) 
data for prediction of ALT elevations at csDMARD initiation. Our second aim was to evaluate the incidence of 
laboratory abnormalities, with special interest in ALT elevations, in patients who initiated 1–2 csDMARDs in 
routine rheumatology clinical practice.

Materials and methods
Study sample. We identified patients aged at least 18 years with inflammatory joint disease who visited the 
rheumatology clinic of Turku University Hospital in 2013–2019 and were prescribed a new csDMARD course 
requiring laboratory monitoring (methotrexate with folic acid supplementation, sulfasalazine, leflunomide or 
azathioprine) using EHR data. Dates of birth and death were drawn from the EHR data together with baseline 
and follow-up safety monitoring results. After csDMARD initiation, data on a minimum of three laboratory 
tests (baseline and two follow-up tests including CBC values and ALT) during the first 6 months were required 
for confirming an initiated csDMARD course and cohort inclusion. For rheumatoid arthritis patients diagnoses 
(clinical diagnosis by treating rheumatologist) and csDMARD initiation and cessation dates were also manually 
confirmed from the EHR. Finally, all patients were randomly divided in a 2:1 ratio into two cohorts: training 
cohort for model development and test cohort for internal validation. This retrospective register-based study was 
approved by the institutional review board of Turku University Hospital (T86/2019) and conducted in accord-
ance with the Declaration of Helsinki. Due to the retrospective study design, informed patient consent was 
waived by the institutional review board of Turku University Hospital.

Reference ranges for laboratory monitoring and study endpoints. Toxicity events, defined as 
laboratory values beyond nationally determined decision/action  limits4, i.e. values requiring rheumatology team 
consultation or interruption in treatment, at any time point during the first 6 months after treatment initiation, 
were considered as primary outcomes of interest. The following limits for toxicity events were applied: white 
blood cell count (WBC) < 3.0 ×  109/l, absolute neutrophil count (ANC) < 1.0 ×  109/l, platelet count < 100 ×  109/l, 
and ALT > 2 × upper limit of normal (ULN; i.e. > 2 × 50 U/l = 100 U/l for men and > 2 × 35 U/l = 70 U/l for women). 
Creatinine values were measured, as recommended by national  guidelines4, at baseline and at 6 months in most 
patients. Therefore, data on creatinine values during the follow-up were scarce and not included in the analyses.

Statistical analyses and development of prediction models for toxicity events. For the predic-
tion of each toxicity event, we considered age, sex, diagnosis, used csDMARDs as well as baseline laboratory 
values used for defining the event as candidate predictors. To explore the initial regression coefficients before 
penalization with Lasso regression and to provide easily interpretable estimates of relative risk as hazard ratios 
(HRs), we performed multivariable Cox proportional hazards regression analysis with all candidate predictors 
included in the model. Additionally, we performed unadjusted analyses to demonstrate the relative risks in the 
case when only a single variable would have been used for risk prediction. In the comparisons, female sex, a 
diagnosis of seropositive RA, or the use of methotrexate as the primary treatment regimen were used as refer-
ence groups due to being the largest groups in our study population. Patients with a toxicity event at baseline 
were excluded from the analyses. Additionally, time from beginning of the treatment to first toxicity event was 
visualized using the Kaplan–Meier estimator for selected variables of interest and compared between different 
patient groups using the log-rank test. In survival analyses, patients who did not reach 6-month follow-up time 
point were censored at potential date of death, csDMARD cessation, or date of data extraction [April 30th 2019 
for RA patients and December 31st 2019 for patients with other inflammatory joint disease (IJD)], whichever 
occurred first.

Besides the baseline laboratory values, we also used the result of the first follow-up test as an explanatory 
variable for later toxicity events. We considered the rate of change, defined as change in test result with respect to 
baseline, divided by time elapsed, as an additional explanatory variable and repeated the search for potential risk 
factors. In these analyses, only patients without a toxicity event at baseline or first follow-up point were included.

To develop computational models for predicting the probability of surviving 180 days of csDMARD therapy 
without laboratory abnormalities, we applied Lasso penalized Cox proportional hazards regression together with 
stable iterative variable selection (SIVS) to the data in the training cohort to identify the most influential variables 
on the outcome and to develop a simple-to-use computational model for clinical  use13. Previously, penalized 
regression with SIVS has been reported to be an effective method for developing accurate, well-generalizable 
models with minimum number of  variables14,15. In SIVS, model training with fivefold cross-validation was 
repeated 100 times. Discrimination performance of the models was reported for the internal validation cohort 
in terms of Harrell’s concordance index using the final model coefficients derived from training data.
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All statistical analyses and modelling were carried out using the R statistical computing environment version 
4.0.3 (R Core Team, 2016. R: A language and environment for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria. URL https:// www.R- proje ct. org/). R packages survival (version 3.2-10)16, 
ggplot2 (version 3.3.3)17, sivs (version 0.2.5) and glmnet (version 4.1-1)18 were used for time-to-event analysis, 
visualization of results, variable selection and penalized regression, respectively. The level of significance was 
set at P < 0.05.

Results
We identified 1541 patients with a diagnosis of RA and a new csDMARD course from the Turku University Hos-
pital EHR. Diagnosis and initiation of a csDMARD was manually confirmed in 1107 RA patients. Of these, 869 
who initiated a pre-specified csDMARD and had a minimum of three safety monitoring tests available (Fig. 1). 
Additionally, using the same criteria, we added 327 of the 1163 patients extracted directly from the EHR, with 
inflammatory joint disease other than RA, to the overall patient cohort (Fig. 1). Finally, all included patients were 
randomly divided into separate training (797 patients) and test (399 patients) cohorts for model development 
and internal validation, respectively. Baseline characteristics of the cohorts are presented in Table 1.

Although the majority of the patients’ baseline laboratory values were within the reference range, we identi-
fied several patients with abnormal values at baseline. In the overall patient cohort, 4 patients had low WBC, 3 
patients low ANC, 4 patient low platelets, and 19 patients elevated ALT at baseline.

The most common laboratory abnormality during the follow-up was elevated ALT (Table 2). In the training 
cohort, 56 (7.0%) patients, and respectively in the test cohort 26 (6.5%) patients, experienced an ALT elevation at 
follow-up. Furthermore, in 31 of 54 (57%) ALT elevations among RA patients, including four patients initiating 
two csDMARDs, elevated ALT led to csDMARD cessation during the first 6 months. For the patients with IJD 
other than RA, we present no data on medication cessations as they were not manually confirmed. Abnormali-
ties in other laboratory tests were rare (occurrence < 1.0%). Therefore, we focused only on evaluating risk factors 
and developing prediction models for ALT elevations in the subsequent analyses. Per patient a median of four 
follow-up tests were available (Table 2).

In the initial Cox proportional hazards regression analysis, of the baseline variables, ALT [unadjusted hazard 
ratio (HR) 7.60 per increase by sex-specific reference range, 95% confidence interval (CI) 4.26–13.6, P < 0.001; 
adjusted HR 7.01 per increase by sex-specific reference range, 95% CI 3.81–12.9, P < 0.001], a diagnosis of pso-
riatic arthritis [unadjusted HR 3.73, 95% CI 1.82–7.62, P < 0.001; adjusted HR 2.70, 95% CI 1.20–6.07, P = 0.02] 
and initiating a csDMARD course other than methotrexate, sulfasalazine, or their combination [adjusted HR 

Turku University Hospital
Electronic Health Record

(EHR)

Rheumatoid Arthritis Other Inflammatory
Joint Disease

1,107 Manually verified patients
with a new csDMARD
course and pre-treatment
diagnosis of inflammatory
joint disease

1,163 Patients with a csDMARD
prescription and with pre-
treatment diagnoses
other than rheumatoid
arthritis

238 Excluded
80 Prescribed drug other

than methotrexate,
sulfasalazine, leflunomide
or azathioprine

158 Baseline test missing or
less than two follow-up
tests available

837 Excluded
328 Prescribed drug other

than methotrexate,
sulfasalazine, leflunomide
or azathioprine

508 Baseline test missing or
less than two follow-up
tests available

797 Training cohort 399 Test cohort

1196 Included in analyses
Randomized
in a 2:1 ratio

Figure 1.  Selection of patients.
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2.81, 95% CI 1.24–6.37, P = 0.01], were associated with incident ALT-elevations (Table 3). In addition to these, 
greater rate of ALT change from baseline to first follow-up test was associated with subsequent ALT elevations 
in both univariable [HR 2.12 per change in normalized ALT (with respect to sex-specific reference range) per 
30 days, 95% CI 1.34–3.35, P = 0.001] and multivariable analyses (HR 2.83 per change in normalized ALT per 
30 days, 95% CI 1.80–4.42, P < 0.001) for ALT elevations occurring after the first follow-up test (Table 3).

By applying Lasso penalized Cox proportional hazards regression to the baseline data, ALT, psoriatic arthritis 
diagnosis, and the use of csDMARD other than methotrexate or sulfasalazine were identified as the strongest 
predictors of subsequent ALT elevations reaching together a concordance index of 0.71 (95% CI 0.60–0.82) in 
the test cohort. From the initial regression coefficients, the corresponding risk equation was reduced to

Table 1.  Baseline characteristics of the study population according to cohort type. Comparisons between 
the cohorts were tested using the Mann–Whitney test for continuous variables and the chi-squared test or 
Fisher’s exact test (N < 5) for categorical variables. RA rheumatoid arthritis, IQR interquartile range, csDMARD 
conventional synthetic disease-modifying antirheumatic drug.

Characteristic Training cohort (N = 797) Test cohort (N = 399) P value

Age, median (range) 57 (18–93) 58 (18–91) 0.79

Sex, N (%) 0.80

 Men 291 (36.5) 142 (35.6)

 Women 506 (63.5) 257 (64.4)

Diagnosis, N (%) 0.47

 Seropositive RA 388 (48.7) 179 (44.9)

 Seronegative RA 192 (24.1) 110 (27.6)

 Psoriatic arthritis 65 (8.2) 39 (9.8)

 Axial spondyloarthritis 62 (7.8) 26 (6.5)

 Unspecified arthritis 55 (6.9) 25 (6.3)

 Reactive arthritis 24 (3.0) 15 (3.8)

 Juvenile idiopathic arthritis 8 (1.0) 4 (1.0)

 Inflammatory bowel disease associated arthritis 3 (0.4) 1 (0.3)

Laboratory test result, median (IQR)

 White blood cell count [×  109/l] 7.6 (6.2–9.4) 7.3 (6.2–9.1) 0.24

 Platelet count [×  109/l] 288 (245–346) 289 (242–343) 0.82

 Absolute neutrophil count [×  109/l] 4.7 (3.3–6.2) 4.4 (3.3–5.8) 0.09

 Alanine amino transferase [U/l] 20.0 (15.0–29.0) 21.0 (15.0–29.0) 0.60

csDMARDs, N (%) 0.57

 Methotrexate (MTX) 357 (44.8) 183 (45.9)

 Sulfasalazine (SSZ) 207 (26.0) 113 (28.3)

 Azathioprine (AZA) 21 (2.6) 14 (3.5)

 Leflunomide (LEF) 36 (4.5) 20 (5.0)

 Combination therapy (MTX + SSZ) 172 (21.6) 68 (17.0)

 Combination therapy (AZA/LEF + SSZ) 4 (0.5) 1 (0.3)

Table 2.  Number of follow-up laboratory monitoring tests performed during the first 6 months after 
treatment initiation and number of detected alanine amino transferase elevations of more than twice the 
upper limit of normal (toxicity events). *Toxicity events were defined using the following reference ranges: 
WBC < 3.0 ×  109/l, ANC < 1.0 ×  109/l, platelet count < 100 ×  109/l, and ALT > 2 × reference range (i.e. > 2 × 50 
U/l = 100 U/l for men and > 2 × 35 U/l = 70 U/l for women). Patients with toxicity detected at baseline were 
excluded from the analysis.

Laboratory test

Training cohort (N = 797) Test cohort (N = 399)

Tests total

Tests per patient

Patients 
with 
toxicity 
event*

Tests total

Tests per patient

Patients 
with 
toxicity 
event*

Median (range) N (%) Median (range) N (%)

White blood cell count (WBC) 3429 4 (2–25) 4 (0.5) 1629 4 (2–22) 1 (0.3)

Platelet count 3428 4 (2–25) 2 (0.3) 1626 4 (2–22) 1 (0.3)

Absolute neutrophil count (ANC) 3283 4 (2–14) 1 (0.1) 1573 4 (2–12) 3 (0.8)

Alanine amino transferase (ALT) 3371 4 (2–26) 56 (7.0) 1586 4 (3–26) 26 (6.5)
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where ALT0 indicates normalized baseline ALT, DiagPsA is a binary indicator for psoriatic arthritis diagnosis (0 
if no, 1 if yes), and csDMARDother is a binary indicator for csDMARD group (0 if methotrexate, sulfasalazine or 
their combination, 1 otherwise). Among all selected predictors, ALT level was the most influential one and we 
observed that patients with moderately elevated baseline ALT (1–2 × ULN) had significantly higher incidence of 
significant ALT elevations (> 2 × ULN) during follow-up compared to patients with normal baseline ALT (Fig. 2).

For events occurring after the first follow-up test, we repeated the model development process with additional 
input data and Lasso regression identified also change in ALT as an important predictor instead of csDMARDs, 
reaching slightly higher internal validation AUROC of 0.72 (95% CI 0.59–0.84) in the test cohort. The obtained 
risk equation for later ALT elevations was

where ALT0 indicates normalized baseline ALT, ALT1 is normalized follow-up ALT, t time elapsed between base-
line and follow-up tests (in months), and DiagPsA is a binary indicator for psoriatic arthritis diagnosis (0 if no, 1 if 
yes). The predicted survival estimates obtained in the training cohort using this equation ranged between 80 and 
98% with median value of 96% (Fig. 3). After stratification, if the survival estimate was over 96%, the observed 

Survival (%) = 0.954exp (1.900×ALT0+0.824×DiagPsA+0.985×csDMARDother−1.110)
× 100%

Survival (%) = 0.962
exp

(

1.709×ALT0+0.834×
ALT1−ALT0

t +0.971×DiagPsA−1.029
)

× 100%

Table 3.  Associations of potential explanatory baseline and first follow-up variables and subsequent alanine 
amino transferase (ALT) elevations of more than twice the upper limit of normal (ULN) in the training 
cohort consisting of rheumatoid arthritis patients using univariable and multivariable Cox proportional 
hazards regression. *Normalized according to sex-specific reference range (35 U/l for women, 50 U/l for men). 
**Change in normalized ALT values between the baseline and the first follow-up measurement scaled by 
time elapsed (in months). Patients with ALT > 2 × ULN at baseline were excluded from the baseline analysis 
(9 patients) and respectively, patients with ALT > 2 × ULN at baseline or at first follow-up were excluded from 
the analysis using baseline and first follow-up data (38 patients). Overall, 50 toxicity events were detected 
at follow-up. At first follow-up, a total of 34 toxicity events remained to be detected at later follow-up 
measurements. § Other csDMARDs; azathioprine or leflunomide alone or in combination with sulfasalazine.

Explanatory variables

Unadjusted Adjusted

HR (95% CI) P value HR (95% CI) P value

At baseline (N = 860)

 Age (per year) 1.00 (0.98–1.01) 0.70 1.01 (0.99–1.03) 0.59

 Sex (male) 0.71 (0.39–1.29) 0.26 0.75 (0.41–1.40) 0.37

 Baseline ALT* 7.60 (4.26–13.6) < 0.001 7.01 (3.81–12.9) < 0.001

 Diagnosis

  Seropositive RA Ref – – – – –

  Seronegative RA 1.02 (0.48–2.19) 0.95 1.01 (0.47–2.20) 0.97

  Psoriatic arthritis 3.73 (1.82–7.62) < 0.001 2.70 (1.20–6.07) 0.02

  Other inflammatory joint disease or unspecified arthritis 1.22 (0.57–2.61) 0.60 1.27 (0.55–2.95) 0.58

 csDMARDs

  Methotrexate (MTX) Ref – – Ref – –

  Sulfasalazine (SSZ) 0.83 (0.42–1.65) 0.59 1.11 (0.53–2.34) 0.78

  MTX and SSZ 0.58 (0.25–1.34) 0.20 0.78 (0.32–1.88) 0.57

   Other§ 2.08 (0.94–4.62) 0.07 2.81 (1.24–6.37) 0.01

After 2nd test (N = 831)

 Age (per year) 1.00 (0.98–1.01) 0.65 1.00 (0.98–1.02) 0.80

 Sex (male) 0.48 (0.22–1.06) 0.07 0.42 (0.19–0.97) 0.04

 Baseline ALT* 4.56 (2.09–9.96) < 0.001 6.42 (2.64–15.63) < 0.001

 ALT rate of change** 2.12 (1.34–3.35) 0.001 2.83 (1.80–4.42) < 0.001

 Diagnosis

  Seropositive RA Ref – – Ref – –

  Seronegative RA 0.77 (0.30–1.96) 0.58 0.69 (0.26–1.85) 0.47

  Psoriatic arthritis 3.20 (1.37–7.48) 0.007 2.86 (1.12–7.34) 0.03

  Other inflammatory joint disease or unspecified arthritis 1.09 (0.45–2.64) 0.86 1.15 (0.42–3.12) 0.78

 csDMARDs

  Methotrexate (MTX) Ref – – Ref – –

  Sulfasalazine (SSZ) 0.77 (0.34–1.77) 0.54 1.18 (0.47–2.93) 0.73

  MTX and SSZ 037 (0.21–1.54) 0.27 0.80 (0.28–2.26) 0.67

   Other§ 2.32 (0.92–5.85) 0.07 3.81 (1.45–10.00) 0.007
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cumulative incidence of ALT elevations was only 2.3% in the training cohort and 1.8% in the test cohort. In 
contrast, if the survival estimate was lower than 96%, likelihood of ALT elevations was substantially higher and 
increased towards lower survival estimates.

Discussion
In the current study, patients with low normal ALT at baseline and no rising trend at first follow-up were unlikely 
to develop significant liver toxicity during the first 6 months of csDMARD treatment. Compared to other csD-
MARDs, the risk for incident ALT elevations was lower among users of methotrexate and sulfasalazine. Increased 
risk was observed in patients with psoriatic arthritis. Other laboratory abnormalities were rare. We created a 
simple computational model for predicting ALT elevations, which can be used for individual optimization of 
laboratory testing during csDMARD initiation.

In our analyses, predictions effectively reflected the occurrence of ALT elevations suggesting that individuali-
zation of monitoring is possible. This challenges most guidelines, which suggest safety monitoring of csDMARD 
treatment every 2–4 weeks for the first 3 months and every 4–12 weeks  thereafter1,2,5. Based on our results, more 
intensive monitoring could be targeted at patients with elevated ALT (or other laboratory abnormalities) at 
baseline or a rising trend at first follow-up after reaching the desired csDMARD dose. Based on our own experi-
ence less frequent monitoring is likely sufficient for most patients. Since reaching a national consensus in 2015, 
monitoring intervals at csDMARD initiation were prolonged from biweekly to 3, 6 and 12 weeks in  Finland4. 
In these national guidelines, ALT-elevations above 2–2.5 times the sex-specific ULN were set as the decision 
limit for temporary DMARD pause or cessation for health care professionals. Some clinicians may, however, use 
lower, individualized ALT-thresholds. So far, no signals suggesting a significant increase in severe adverse events 
have emerged. Admittedly, less frequent testing likely leads to lower number of detected mild, intermittent ALT 
elevations. Most of these normalize without change in csDMARD treatment and are unlikely to cause harm to 
patients. In contrast, constant ALT elevations are usually seen before development of significant liver  toxicity19. 
These will be detected despite less frequent monitoring.

We found that elevated baseline ALT and rising trend at first follow-up were associated with increased risk of 
ALT elevations. This is in line with previous studies, which have found elevated baseline ALT to be the strongest 
predictor of future ALT elevations during methotrexate  treatment7,9,12. Further, we found an association between 
a diagnosis of psoriatic arthritis and ALT-elevations. Obesity and non-alcoholic fatty liver disease (NAFLD) are 
common comorbidities in patients with plaque psoriasis and psoriatic arthritis and may potentially explain the 
increased risk of ALT-elevations20–22. Obesity has also been recognized as a risk factor for incident  psoriasis21. 
Recent research has suggested that psoriasis and NAFDL may even share common disease  pathways23. Unfortu-
nately, we were not able to adjust the analyses for weight due to lack of reliable EHR data to study these associa-
tions further. We did not find associations between ALT elevation and anti-citrullinated antibody  positivity12 
or female  sex7,9, and had no reliable EHR data on other possible risk factors like high  cholesterol7, and statin 
 treatment7,9. We also found that patients initiating other csDMARDs than methotrexate, sulfasalazine or their 
combination were at higher risk for ALT elevation. Although methotrexate and sulfasalazine are generally well 
tolerated, the observed risk reduction may be explained by a selection bias and should be confirmed in other 
cohorts. Methotrexate alone (or in combination with sulfasalazine) is usually the first-line treatment of RA and 
respectively, sulfasalazine is used commonly in axial spondyloarthritis. In contrast, leflunomide and azathioprine 

Figure 2.  Kaplan–Meier survival curves for alanine amino transferase (ALT) elevations of more than twice the 
upper limit of normal grouped according to normalized baseline ALT. The normalization was done with respect 
to sex-specific reference range (35 U/l for women, 50 U/l for men). Patients with elevated ALT at baseline were 
excluded from the analysis.
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are often prescribed as second- or third-line options for patients who have contraindications or intolerance to 
first line treatments and may thus be already more prone to toxicity.

Prevalence of significant ALT elevations (> 2 × ULN) during the 6-month follow-up was 6.9% in the overall 
patient cohort, which is in accordance with previous studies. A 2015 meta-analysis of 32 clinical trials found 
mild liver enzyme elevations (< 3 × ULN) in 7.9% and respectively, significant elevations (> 3 × ULN) in 3.3% of 
 patients24. In the largest study of low-dose methotrexate associated adverse events, ALT elevations (> 2 × ULN) 
were detected in 10.7% of 2391 patients with increased cardiovascular risk and no IJD over 3  years25. Previous 
studies suggest that extending monitoring intervals in long-term treatment is a presumably safe alternative 
for select patients noting that persistent liver enzyme elevations are most likely detected despite less frequent 
 monitoring7–9. In addition, we suggest more individual monitoring already at treatment initiation based on 
predicted risk of ALT elevation. Our simple computational model is well suited for identifying patients at high 
risk for liver toxicity.

Our study has limitations, like the retrospective single-center design. However, our cohort of inflammatory 
joint disease patients from seven consecutive years represents a typical rheumatology outpatient clinic patient 
population, making our results generalizable to everyday clinical practice. It should be noted that, for patients 
with IJD other than RA, we used data drawn directly from EHR without ascertainment of diagnoses and medi-
cation initiation/cessation dates. Further, reliable data on patients’ complete medication, weight and previous 
medical history were not available and therefore not included in the analyses, which is a possible cause of bias. 
However, we chose to use only a limited number of variables and aimed at creating a simple, EHR data based 
prediction model that can be easily instituted to everyday clinical practice. Despite above mentioned factors, 
predictions in the internal validation cohort had good accuracy, suggesting sufficient data quality. Taking these 
limitations into account, we suggest that the reliability of our prediction model should be confirmed in a larger 
cohort.

In summary, we found that most ALT elevations during the first 6 months of csDMARD treatment can be 
predicted based on two first safety monitoring tests. In patients initiating a csDMARD course, other laboratory 
abnormalities were rare. We suggest that clinicians may consider individualized testing strategies after the first 
follow-up test based on predicted risk of ALT elevations.
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Figure 3.  Evaluation of survival estimates for treatment without elevated alanine amino transferase (ALT) 
obtained using the Lasso penalized Cox proportional hazards regression model trained using data from baseline 
and the first follow-up measurement. Using the survival estimates (a,c), we stratified patients into groups (b,d) 
based on predicted probability (< 92%, 92–96%, > 96%) to observe the cumulative incidence of ALT elevations 
during the following 180 days of conventional synthetic disease-modifying anti-rheumatic drug treatment.
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Data availability
The Finnish law does not allow open sharing of the data used in this study, but data access is possible via formal 
material transfer agreements (MTA). Investigators that wish to access the data are encouraged to contact the 
corresponding author.

Received: 12 February 2023; Accepted: 29 July 2023

References
 1. Saag, K. G. et al. American College of Rheumatology 2008 recommendations for the use of nonbiologic and biologic disease-

modifying antirheumatic drugs in rheumatoid arthritis. Arthritis Care Res. 59, 762–784. https:// doi. org/ 10. 1002/ art. 23721 (2008).
 2. Visser, K. et al. Multinational evidence-based recommendations for the use of methotrexate in rheumatic disorders with a focus on 

rheumatoid arthritis: Integrating systematic literature research and expert opinion of a broad international panel of rheumatolo-
gists in the 3E Initiative. Ann. Rheum. Dis. 68, 1086–1093. https:// doi. org/ 10. 1136/ ard. 2008. 094474 (2009).

 3. Singh, J. A. et al. 2012 update of the 2008 American College of Rheumatology recommendations for the use of disease-modifying 
antirheumatic drugs and biologic agents in the treatment of rheumatoid arthritis. Arthritis Care Res. 64, 625–639. https:// doi. org/ 
10. 1002/ acr. 21641 (2012).

 4. Taimen, K., Eklund, K., Kaipiainen-Seppänen, O., Karjalainen, A. & Mäkinen, H. Reumalääkityksen laboratorioseuranta—Ohjeet 
päivitetty. Finn. Med. J. 74, 249–251 (2019).

 5. Ledingham, J. et al. BSR and BHPR guideline for the prescription and monitoring of non-biologic disease-modifying anti-rheumatic 
drugs. Rheumatology (Oxford) 56, 865–868. https:// doi. org/ 10. 1093/ rheum atolo gy/ kew479 (2017).

 6. Busger op Vollenbroek, F. T. M., Doggen, C. J. M., Janssens, R. W. A. & Bernelot Moens, H. J. Dermatological guidelines for moni-
toring methotrexate treatment reduce drug-survival compared to rheumatological guidelines. PLoS ONE 13, e0194401. https:// 
doi. org/ 10. 1371/ journ al. pone. 01944 01 (2018).

 7. Schmajuk, G. et al. Identification of risk factors for elevated transaminases in methotrexate users through an electronic health 
record. Arthritis Care Res. 66, 1159–1166. https:// doi. org/ 10. 1002/ acr. 22294 (2014).

 8. Malley, T., Corfield, G., Fung, P., Heneghan, D. & Kitchen, J. Transaminitis and neutropenia are rare in patients on methotrexate: 
Evidence from a large cohort of inflammatory arthritis patients. Rheumatology (Oxford) 58, 2061–2062. https:// doi. org/ 10. 1093/ 
rheum atolo gy/ kez168 (2019).

 9. Karlsson Sundbaum, J. et al. Methotrexate treatment in rheumatoid arthritis and elevated liver enzymes: A long-term follow-up of 
predictors, surveillance, and outcome in clinical practice. Int. J. Rheum. Dis. 22, 1226–1232. https:// doi. org/ 10. 1111/ 1756- 185X. 
13576 (2019).

 10. Kent, P. D., Luthra, H. S. & Michet, C. Jr. Risk factors for methotrexate-induced abnormal laboratory monitoring results in patients 
with rheumatoid arthritis. J. Rheumatol. 31, 1727–1731 (2004).

 11. Mori, S. et al. Incidence, predictive factors and severity of methotrexate-related liver injury in rheumatoid arthritis: A longitudinal 
cohort study. Rheumatol. Adv. Pract. 4, rkaa020. https:// doi. org/ 10. 1093/ rap/ rkaa0 20 (2020).

 12. Dirven, L. et al. Risk of alanine transferase (ALT) elevation in patients with rheumatoid arthritis treated with methotrexate in a 
DAS-steered strategy. Clin. Rheumatol. 32, 585–590. https:// doi. org/ 10. 1007/ s10067- 012- 2136-8 (2013).

 13. Mahmoudian, M., Venäläinen, M. S., Klén, R. & Elo, L. L. Stable iterative variable selection. Bioinformatics 37, 4810–4817. https:// 
doi. org/ 10. 1093/ bioin forma tics/ btab5 01 (2021).

 14. Venäläinen, M. S., Klén, R., Mahmoudian, M., Raitakari, O. T. & Elo, L. L. Easy-to-use tool for evaluating the elevated acute kidney 
injury risk against reduced cardiovascular disease risk during intensive blood pressure control. J. Hypertens. 38, 511–518. https:// 
doi. org/ 10. 1097/ HJH. 00000 00000 002282 (2020).

 15. Venäläinen, M. S. et al. Improved risk prediction of chemotherapy-induced neutropenia-model development and validation with 
real-world data. Cancer Med. 11, 654–663. https:// doi. org/ 10. 1002/ cam4. 4465 (2022).

 16. Therneau, T. & Grambsch, P. Modeling Survival Data: Extending the Cox Model (Springer, 2000).
 17. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, 2009).
 18. Friedman, J., Hastie, T. & Tibshirani, R. Regularization paths for generalized linear models via coordinate descent. J. Stat. Softw. 

33, 1–22 (2010).
 19. Kremer, J. M., Lee, R. G. & Tolman, K. G. Liver histology in rheumatoid arthritis patients receiving long-term methotrexate therapy. 

A prospective study with baseline and sequential biopsy samples. Arthritis Rheum. 32, 121–127. https:// doi. org/ 10. 1002/ anr. 17803 
20202 (1989).

 20. Jensen, P. & Skov, L. Psoriasis and obesity. Dermatology 232, 633–639. https:// doi. org/ 10. 1159/ 00045 5840 (2016).
 21. Li, W., Han, J. & Qureshi, A. A. Obesity and risk of incident psoriatic arthritis in US women. Ann. Rheum. Dis. 71, 1267–1272. 

https:// doi. org/ 10. 1136/ annrh eumdis- 2011- 201273 (2012).
 22. Pakchotanon, R., Ye, J. Y., Cook, R. J., Chandran, V. & Gladman, D. D. Liver abnormalities in patients with psoriatic arthritis. J. 

Rheumatol. 47, 847–853. https:// doi. org/ 10. 3899/ jrheum. 181312 (2020).
 23. Torosian, K. et al. Psoriatic disease and non-alcoholic fatty liver disease shared pathogenesis review. Semin. Arthritis Rheum. 59, 

152165. https:// doi. org/ 10. 1016/j. semar thrit. 2023. 152165 (2023).
 24. Conway, R., Low, C., Coughlan, R. J., O’Donnell, M. J. & Carey, J. J. Risk of liver injury among methotrexate users: A meta-analysis 

of randomised controlled trials. Semin. Arthritis Rheum. 45, 156–162. https:// doi. org/ 10. 1016/j. semar thrit. 2015. 05. 003 (2015).
 25. Solomon, D. H. et al. Adverse effects of low-dose methotrexate: A randomized trial. Ann. Intern. Med. 172, 369–380. https:// doi. 

org/ 10. 7326/ M19- 3369 (2020).

Author contributions
L.K., M.V., L.E. and L.P. designed the study. L.K., H.K., S.S. and L.P. acquired the data. M.V. analyzed the data 
and developed the models with L.E. L.K., M.V., L.E. and L.P. interpreted the data. L.K. and M.V. drafted the 
manuscript. All authors were involved in revising the manuscript critically for important intellectual content 
and approved the final submitted version.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.K.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1002/art.23721
https://doi.org/10.1136/ard.2008.094474
https://doi.org/10.1002/acr.21641
https://doi.org/10.1002/acr.21641
https://doi.org/10.1093/rheumatology/kew479
https://doi.org/10.1371/journal.pone.0194401
https://doi.org/10.1371/journal.pone.0194401
https://doi.org/10.1002/acr.22294
https://doi.org/10.1093/rheumatology/kez168
https://doi.org/10.1093/rheumatology/kez168
https://doi.org/10.1111/1756-185X.13576
https://doi.org/10.1111/1756-185X.13576
https://doi.org/10.1093/rap/rkaa020
https://doi.org/10.1007/s10067-012-2136-8
https://doi.org/10.1093/bioinformatics/btab501
https://doi.org/10.1093/bioinformatics/btab501
https://doi.org/10.1097/HJH.0000000000002282
https://doi.org/10.1097/HJH.0000000000002282
https://doi.org/10.1002/cam4.4465
https://doi.org/10.1002/anr.1780320202
https://doi.org/10.1002/anr.1780320202
https://doi.org/10.1159/000455840
https://doi.org/10.1136/annrheumdis-2011-201273
https://doi.org/10.3899/jrheum.181312
https://doi.org/10.1016/j.semarthrit.2023.152165
https://doi.org/10.1016/j.semarthrit.2015.05.003
https://doi.org/10.7326/M19-3369
https://doi.org/10.7326/M19-3369
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12943  | https://doi.org/10.1038/s41598-023-39694-2

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Development of prediction model for alanine transaminase elevations during the first 6 months of conventional synthetic DMARD treatment
	Materials and methods
	Study sample. 
	Reference ranges for laboratory monitoring and study endpoints. 
	Statistical analyses and development of prediction models for toxicity events. 

	Results
	Discussion
	References


