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Abstract

Objective—To study bidirectional change and predictors of change in estimated glomerular 

filtration rate (GFR) and proteinuria in lupus nephritis (LN) using a multistate modeling approach.

Methods—Patients in the Systemic Lupus International Collaborating Clinics inception cohort 

were classified annually into estimated GFR state 1 (>60 ml/minute), state 2 (30–60 ml/minute), or 

state 3 (<30 ml/minute) and estimated proteinuria state 1 (<0.25 gm/day), state 2 (0.25–3.0 gm/

day), or state 3 (>3.0 gm/day), or end-stage renal disease (ESRD) or death. Using multistate 

modeling, relative transition rates between states indicated improvement and deterioration.

Results—Of 1,826 lupus patients, 700 (38.3%) developed LN. During a mean ± SD follow-up of 

5.2 ± 3.5 years, the likelihood of improvement in estimated GFR and estimated proteinuria was 

greater than the likelihood of deterioration. After 5 years, 62% of patients initially in estimated 

GFR state 3 and 11% of patients initially in estimated proteinuria state 3 transitioned to ESRD. 

The probability of remaining in the initial states 1, 2, and 3 was 85%, 11%, and 3%, respectively, 

for estimated GFR and 62%, 29%, and 4%, respectively, for estimated proteinuria. Male sex 

predicted improvement in estimated GFR states; older age, race/ethnicity, higher estimated 

proteinuria state, and higher renal biopsy chronicity scores predicted deterioration. For estimated 

proteinuria, race/ethnicity, earlier calendar years, damage scores without renal variables, and 

higher renal biopsy chronicity scores predicted deterioration; male sex, presence of lupus 

anticoagulant, class V nephritis, and mycophenolic acid use predicted less improvement.
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Conclusion—In LN, the expected improvement or deterioration in renal outcomes can be 

estimated by multistate modeling and is preceded by identifiable risk factors. New therapeutic 

interventions for LN should meet or exceed these expectations.

Lupus nephritis (LN) is a cardinal feature of systemic lupus erythematosus (SLE). The 

overall frequency is ~40%, and it is most frequent in patients of younger age, male sex, and 

non-Caucasian ancestry (1). The majority of patients present with LN within 5 years after 

the diagnosis of SLE. Initially associated with a 50% 4-year survival rate in the 1950s (2), 

both life expectancy and renal outcome have steadily improved (3–5). This is attributed to 

advances in diagnosis, access to care, and treatment protocols. However, some studies 

suggest that improvements in the most serious outcomes of LN, end-stage renal disease 

(ESRD) and associated mortality, have reached a plateau over the past 2 decades (6,7).

The prognosis of LN has been studied in clinical trials of therapeutic interventions, cross-

sectional studies, and longitudinal observational cohort studies. Clinical outcomes have 

included overall survival, renal survival, and remission, variously defined. Potential 

bidirectional change in LN, reflecting improvement or deterioration in renal status, which 

sometimes occurs several times in an individual patient, has not been optimally captured.

Our aim was 2-fold: to characterize changes in kidney function and proteinuria states over 

time, and to identify potential predictors of these changes, in an international, observational 

disease inception cohort of SLE patients. In order to capture the range of dynamic change in 

renal status over time, we adopted a reversible multistate model that allows for transitions 

between renal disease states defined by estimated glomerular filtration rate (GFR) and 

proteinuria.

Multistate models (8) offer a convenient and flexible framework to characterize disease 

progression in LN, reflecting the clinical reality that both improvement and deterioration are 

observed over time. Unlike the usual regression approaches which focus on “snapshots” of 

disease states at various time points, multistate models provide a dynamic representation of 

the disease in continuous time. They also estimate the duration spent in different states and 

provide predictive probabilities of being in particular states at the end of specified periods of 

time. Such summary inferences are more informative than models that focus on single, often 

dichotomous, outcomes such as the time to a specific clinical event (e.g., ESRD). In 

addition, estimated probabilities are based on all follow-up data, not simply on data from 

subsets of patients with a specific followup time. This provides a similar advantage to that of 

estimated survival curves over proportions of patients with a specific follow-up time 

experiencing an event.

Patients and Methods

Research study network

The study was conducted by the Systemic Lupus International Collaborating Clinics 

(SLICC), which comprises 32 academic medical centers in 11 countries (9). Between 

October 1999 and October 2011, SLICC established an inception cohort for the long-term 

study of clinical outcomes in SLE. The initial focus was on the study of atherosclerosis and 
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neuropsychiatric disease, but other outcomes were subsequently added, including nephritis 

(10). Data were collected per protocol at enrollment and annually (±6 months), and entered 

into a centralized database. Each of the participating centers’ institutional research ethics 

boards approved the study.

Patients

Patients fulfilled the American College of Rheumatology (ACR) revised classification 

criteria for SLE (11) (the date the criteria were met was taken as the date of diagnosis) and 

provided written informed consent. Enrollment occurred up to 15 months following the 

diagnosis of SLE. Demographic variables included age, sex, race/ethnicity, and education. 

Lupus-related medications included oral and intravenous corticosteroids, antimalarials, and 

immunosuppressants (azathioprine, cyclophosphamide, methotrexate, and mycophenolic 

acid), taken at the time of or between assessments. Other medications included 

antihypertensives and, separately, angiotensin-converting enzyme (ACE) inhibitors and ACE 

receptor blockers. Lupus-related variables, such as the SLE Disease Activity Index 2000 

(SLEDAI-2K) (12) and SLICC/ACR Damage Index (SDI) (13), were also recorded. With 

the exception of the SLEDAI-2K scores, which were temporarily linked to an interval of 10 

days prior to the assessment, all other clinical, diagnostic, and medication data from any 

time since the preceding assessment were recorded.

Lupus nephritis

Patients with nephritis, the focus of the study, were identified by the “renal disorder” 

variable of the ACR classification criteria (11,14) and/or biopsy evidence of nephritis as per 

the International Society of Nephrology (ISN)/Renal Pathology Society (RPS) criteria (15).

Renal variables and data collection

The ISN/RPS classification (15) and activity/chronicity scores (16) were derived from renal 

biopsy reports. The estimated GFR was determined using the Modification of Diet in Renal 

Disease equation (17). Proteinuria was estimated using either 24-hour urine collection or 

spot urine total protein-to-creatinine ratio (18,19). ESRD was identified by the SDI (13). At 

each assessment, patients were assigned to 1 of 3 GFR states and 1 of 3 proteinuria states or 

were classified as having ESRD or as having died (Figure 1).

Autoantibodies

Lupus anticoagulant, IgG anticardiolipin (aCL), anti–β2-glycoprotein I, and anti–ribosomal 

P (anti-P) antibodies, which have been linked to LN (20,21), were measured in baseline sera 

in a central laboratory (22–25).

Statistical analysis

Two multistate Markov models examined transitions between estimated GFR and estimated 

proteinuria states and into the ESRD and death states (Figure 1). It was assumed that death 

could occur when a patient was in any estimated GFR and estimated proteinuria state. 

Transition to ESRD could occur from estimated GFR state 3 and from any estimated 

proteinuria state. The modeling was done in continuous time, and therefore an individual 
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observed to move from estimated GFR states 1 or 2 at one assessment to ESRD at the next 

assessment was assumed to have passed through all states up to state 3 before developing 

ESRD. This assumption is not clinically defensible for estimated proteinuria states, and 

hence that model included more possible transitions to ESRD. Similarly, direct transition 

from an estimated GFR or estimated proteinuria state to any nonadjacent state except for 

ESRD or death (e.g., transition from estimated GFR or estimated proteinuria state 1 to 3) 

was not allowed in continuous time. When such changes did occur between assessments, the 

model assumed that the transition occurred through adjacent states (e.g., transition from 

estimated GFR or estimated proteinuria state 1 to state 2 to state 3).

In the absence of ESRD or death, transitions could occur into higher and lower estimated 

GFR and estimated proteinuria states, and each rate of transition was assumed to be constant 

over time. For a transition between state i and j, the rate of transition at any time t, denoted 

rij(t | x1, x2, …, xk) was modeled with a relative rate regression model as follows:

Thus, the logarithm of the i-to-j transition rate had a baseline value of aij, which was 

modified by the product of the value of explanatory, or what we will term predictor, 

variables (that were coded as x1, x2, …xk) and associated regression coefficients bij1, bij2, … 

bijk that were estimated. Each regression coefficient represents a log relative rate comparing 

patients differing by 1 unit in the associated predictor variable. A value of 0 for a regression 

coefficient represents no effect of the variable on the transition rate and corresponds to a 

relative rate (RR) value of 1. Explanatory variables, or predictors, were examined for all 

transitions between estimated GFR and estimated proteinuria states, but, due to limited 

events, predictors were not examined for transitions to ESRD and death.

Individual predictors potentially associated with transitions to either a worse or better 

estimated GFR or estimated proteinuria state were examined in the multistate model. 

Relative rates, but not baseline rates, associated with all forward transitions (i.e., from state 1 

to state 2 and from state 2 to state 3) were initially assumed to be identical, as were those for 

backward transitions (i.e., from state 2 to state 1 and from state 3 to state 2). “Forward” and 

“backward” transitions are synonymous with deterioration and improvement, respectively, in 

renal status. If the null hypothesis of this common relative rate assumption was rejected at a 

0.05 level through a likelihood ratio test, we allowed the relative rates to differ for all 

transitions in the model. Predictor variables examined were sex, age at SLE diagnosis, 

geographic site, race/ethnicity, calendar year, alcohol consumption, smoking, medications 

(antimalarials, steroids, any immunosuppressant, ACE inhibitors or receptor blockers 

separately), hypertension, SLEDAI-2K and SDI scores without renal variables, estimated 

proteinuria/estimated GFR states, diabetes, baseline autoantibodies, ISN/RPS classification, 

and activity and chronicity scores from renal biopsies. Where appropriate, predictor 

variables, such as medications, hypertension, SLEDAI-2K, SDI, diabetes, biopsy 

information, and renal states, were allowed to vary over time.
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The analysis used maximum likelihood estimation of the regression coefficients. It can 

accommodate intermittent missing data (assuming the data are missing at random), right 

censoring as well as different time between any 2 study assessments (irregular measurement 

times), assuming that these are unrelated to the estimated GFR and estimated proteinuria 

states given the observed data.

Results

Characteristics of the LN patients

Between October 1999 and December 2012, LN occurred in 700 (38.3%) of 1,826 patients 

(Table 1) from SLICC centers in the US (22.9%; n = 160), Europe (22.6%; n = 158), Canada 

(21.0%; n = 147), Mexico (22.7%; n = 159), and Korea (10.9%; n = 76). Of the 700 patients, 

566 (80.9%) were identified at enrollment and 134 (19.1%) were identified during follow-

up. Renal biopsies were performed on 395 (56.4%) of the patients, the majority (86.6%) 

having been performed when nephritis was first suspected, and 377 (95.4%) of the 395 

biopsy specimens were of sufficient quality to assign an ISN/RPS class. According to the 

ISN/RPS criteria, 9 patients (2.4%) had class I, 36 (9.5%) had class II, 101 (26.8%) had 

class III, 163 (43.2%) had class IV, 120 (31.8%) had class V, and 3 (0.8%) had class VI 

nephritis. Twenty-one biopsy specimens were classified as class III/V, and 34 were classified 

as class IV/V. For all 377 biopsy specimens, the mean ± SD activity index was 4.3 ± 3.3, and 

the mean ± SD chronicity index was 2.7 ± 2.6. In addition to patients with LN, a total of 302 

patients had an abnormal estimated GFR (102 had an estimated GFR state of 2 and 11 had 

an estimated GFR state of 3) and/or abnormal estimated proteinuria (209 had an estimated 

proteinuria state of 2 and 8 had an estimated proteinuria state of 3) at some time during the 

study for reasons other than LN (e.g., hypertension, diabetes mellitus, or renal vascular 

disease). None of these patients progressed to ESRD.

Transition rates for estimated GFR and estimated proteinuria states in LN

For patients with LN, there were 3,407 assessments available for analysis, of which 3,254 

(95.5%) included both estimated GFR and estimated proteinuria measurements and only 4 

(0.1%) were missing both. For patients without LN, there were 5,183 assessments, of which 

4,999 (96.4%) included both estimated GFR and estimated proteinuria measurements and 

only 14 (0.3%) were missing both. For patients with LN, transitions in estimated GFR and 

estimated proteinuria states, and transitions to ESRD or death, are summarized in Table 2. 

Some patients remained in the same state over time, while others changed states between 1 

or more visits. There was no change in estimated GFR state for 94.8%, 53.3%, and 47.3% of 

consecutive visit pairs when the initial estimated GFR state was 1, 2, and 3, respectively. 

The comparable percentages for estimated proteinuria states were 79.9%, 55.6%, and 28.8%. 

At the patient rather than the visit level, for LN patients who had 2 or more visits there was 

no observed change in estimated GFR state, over their entire follow-up period, for 71%, 2%, 

and 0.3% of patients with an initial estimated GFR state at diagnosis of LN of 1, 2, and 3, 

respectively. For estimated proteinuria states, 22%, 6%, and 0.8% of patients remained in 

their initial state of estimated proteinuria of 1, 2, or 3 throughout the duration of the study.
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Predictive probabilities for estimated GFR and estimated proteinuria states in LN

The same multistate models without explanatory variables provided estimates of the 

probability of transitioning from states 1, 2, or 3 to other estimated GFR and estimated 

proteinuria states, and to ESRD and death, after 1, 2, and 5 years (Tables 3 and 4). At year 1, 

the outcome with the highest probability was to remain in the initial estimated GFR or 

estimated proteinuria state. Following 2 and 5 years, the estimated probabilities indicated 

that improvement in either estimated GFR or estimated proteinuria was more likely than 

deterioration. For example, patients in estimated GFR state 1 at diagnosis of LN have a 95% 

probability of remaining in state 1 after 1 year and an 85% probability of remaining in state 

1 after 5 years. As another example, patients in estimated GFR state 2 at diagnosis of LN 

have a 61% chance of improving to state 1 at 5 years and a 3.8% chance of deteriorating to 

state 3 at 5 years. The expected time that patients remain in these states over 5 years is 2.257 

years for state 1, 1.743 years for state 2, 0.349 years for state 3, and 0.497 years for ESRD 

(Table 3).

Regression analysis for changes in estimated GFR states

Complete results for univariate analyses are available from the corresponding author upon 

request. The significant predictors from univariate analyses, including age at SLE diagnosis, 

geographic site, race/ethnicity, calendar year, and immunosuppressant use, in addition to sex 

and antimalarial use (for adjustment purposes), were included in a primary model for 

multivariate regression analysis (Table 5). Other important predictors, such as baseline lupus 

anticoagulant and aCL antibody status, ISN/RPS classes III–VI, and renal biopsy chronicity 

scores, were initially excluded since they substantially reduced the sample size. Estimated 

proteinuria states were excluded, since including another measure of kidney function as an 

explanatory variable is a potential confounder.

In the multivariate analysis, older age at SLE diagnosis (P < 0.001), and Hispanic, Asian, 

and/or African ancestry (P < 0.001 versus Caucasian) were associated with higher rates of 

both deterioration and improvement of estimated GFR states. Men had higher rates of 

improvement than women (P = 0.04).

During the study period, there were changes in standard of care in the treatment of LN, 

which we anticipated would be reflected in our data. In order to incorporate these changes in 

our model, apart from including calendar years as a predictor, we further examined whether 

the outcome varied with the type of immunosuppressant used (azathioprine, oral or 

intravenous cyclophosphamide, mycophenolic acid, and other immunosuppressants). 

Overall, there was no evidence for differential effects of the various immunosuppressants on 

deterioration and improvement rates between estimated GFR states (global P = 0.113). The 

only suggestive association was between mycophenolic acid (versus azathioprine as the 

baseline category) and a lower rate of improvement from estimated GFR state 2 to state 1 

(RR 0.36 [95% confidence interval (95% CI) 0.18–0.73]).

To examine other potentially important predictors, estimated proteinuria states, baseline aCL 

antibody status, ISN/RPS classes III–VI, renal biopsy chronicity scores, and the adjustment 

variables sex, age at SLE diagnosis, geographic site, ethnicity, calendar year, antimalarial 
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use, and immunosuppressant use were included in further multivariate regression models. 

Higher estimated proteinuria states had a positive association with deterioration as well as a 

negative association with improvement with regard to estimated GFR states (estimated 

proteinuria state 2 versus estimated proteinuria state 1 for estimated GFR transition from 

state 1 to state 2 or from state 2 to state 3: RR 2.28 [95% CI 1.402–3.71]; estimated 

proteinuria state 2 versus estimated proteinuria state 1 for estimated GFR transition from 

state 2 to state 1 or from state 3 to state 2: RR 0.53 [95% CI 0.31–0.91]; estimated 

proteinuria state 3 versus estimated proteinuria state 1 for estimated GFR transition from 

state 1 to state 2 or from state 2 to state 3: RR 4.88 [95% CI 2.75–8.66]; estimated 

proteinuria state 3 versus estimated proteinuria state 1 for estimated GFR transition from 

state 2 to state 1 or from state 3 to state 2: RR 0.42 [95% CI 0.18–0.95]; global P < 0.001).

Further analyses revealed higher rates in the following specific transitions: estimated 

proteinuria state 2 versus estimated proteinuria state 1 for estimated GFR transition from 

state 1 to state 2 (RR 1.71 [95% CI 1.02–2.86]), estimated proteinuria state 3 versus 

estimated proteinuria state 1 for estimated GFR transition from state 1 to state 2 (RR 3.58 

[95% CI 1.81–7.11]), and estimated proteinuria state 3 versus estimated proteinuria state 1 

for estimated GFR transition from state 2 to state 3 (RR 4.16 [95% CI 1.04–16.70]). In 

addition, there was a lower rate for estimated GFR transition from state 2 to state 1 for 

estimated proteinuria state 2 versus estimated proteinuria state 1 (RR 0.56 [95% CI 0.31–

0.99]).

The presence of aCL antibodies at baseline was associated with transition rates between 

estimated GFR states in the multivariate analysis with a borderline global P value of 0.083, 

and the most notable effect was lower rates of improvement (aCL present versus absent for 

transitions from state 2 to state 1 and state 3 to state 2: RR 0.41 [95% CI 0.17–0.96]). Higher 

renal biopsy chronicity scores were associated with a higher deterioration rate from 

estimated GFR state 1 to state 2 (RR 1.22 [95% CI 1.026–1.45]; global P = 0.002).

Regression analysis for changes in estimated proteinuria states

The methodology used and predictor variables examined for the univariate analyses of 

estimated proteinuria were identical to those used in the analyses of estimated GFR. 

Detailed results are available from the corresponding author upon request. Similar to the 

estimated GFR analyses, important predictors from univariate analyses, such as age at SLE 

diagnosis, geographic site, race/ethnicity, calendar year, use of antimalarials, use of 

immunosuppressants and steroids, SLEDAI-2K score (without renal variables), and SDI 

score (without renal variables), as well as sex (for adjustment purposes) were initially 

included in a primary model for multivariate regression analysis of estimated proteinuria 

states (Table 5).

In the multivariate analysis, Hispanics and patients with African ancestry (P = 0.013), earlier 

calendar years (P = 0.017), and higher SDI scores (without renal variables) (P = 0.045) were 

associated with higher deterioration and lower improvement in estimated proteinuria states, 

while men had lower rates of improvement than women (P = 0.016). Immunosuppressant 

use was linked to a higher deterioration rate from state 1 to state 2 (P = 0.046), and steroid 

use was linked to higher deterioration rates (P = 0.016).
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Age at SLE diagnosis, geographic site, antimalarial use, and SLEDAI-2K score (without 

renal variables) were no longer significant in the multivariate analysis. Removing 

geographic site from the model revealed a highly significant effect of race/ethnicity (P < 

0.001), which suggests that race/ethnicity predominated when both were included. As was 

done for estimated GFR states, we also examined whether the outcome in the model for 

estimated proteinuria states varied with the type of immunosuppressant used. The most 

notable effect was that patients taking mycophenolic acid (versus azathioprine) had lower 

estimated improvement rates between estimated proteinuria states (common RR 0.58 [95% 

CI 0.42–0.79]), and the global test for any differential effects generated a P value of 0.003, 

primarily on the basis of this effect.

The association with steroid use was studied further. After categorizing the average daily 

oral prednisone dosage between diagnosis and enrollment or between assessments as low 

(≤7.5 mg/day), moderate (7.5–30 mg/day), or high (>30 mg/day) and the average daily 

intravenous pulse methylprednisolone dosage as low (0–100 mg), moderate (101–500 mg), 

or high (>500 mg), the highest of oral or pulse steroid dosage was assigned to each transition 

in estimated proteinuria. There were 740 assessment visits with no steroid use and 977, 

1,357, and 333 visits with low, moderate, and high dosages, respectively. Compared with no 

steroid use, there was no association with low and moderate steroid dosage. There was a 

positive association of high dosages of steroids with improvement from state 2 to state 1 (RR 

2.07 [95% CI 1.13–3.78]), but no associations were found for other transitions.

To examine other predictors, such as estimated GFR states, baseline autoantibody status, 

ISN/RPS classes III–VI, and renal biopsy chronicity scores, we included sex, age at SLE 

diagnosis, ethnicity, calendar year, antimalarial use, immunosuppressant use, steroid use, 

SLEDAI-2K score (without renal variables), and SDI score (without renal variables) as 

adjustment variables in further multivariate regression analyses. Geographic site was not 

included, since the effect of geography was primarily manifested through race/ethnicity, as 

described above.

Higher estimated GFR states demonstrated some association with deterioration from 

estimated proteinuria state 1 to state 2 (estimated GFR state 2 versus estimated GFR state 1: 

RR 1.93 [95% CI 1.07–3.50]; estimated GFR state 3 versus estimated GFR state 1: RR 2.43 

[95% CI 0.77–7.63]), but the overall effect of estimated GFR states on the transition 

between estimated proteinuria states was not significant (global P = 0.17). The presence of 

lupus anticoagulant at baseline remained significantly associated (P = 0.007) with lower 

improvement rates in estimated proteinuria states (lupus anticoagulant present versus absent 

for estimated proteinuria transitions from state 2 to state 1 and from state 3 to state 2: RR 

0.61 [95% CI 0.44–0.87]). The presence of anti-P antibodies at baseline was no longer 

significant in the multivariate analyses (P = 0.35). Higher renal biopsy chronicity scores 

remained associated with higher deterioration rates from estimated proteinuria state 1 to 

state 2 (RR 1.15 [95% CI 1.04–1.27], P = 0.014). ISN/RPS class V remained associated with 

lower improvement rates for estimated proteinuria state 2 to state 1 and state 3 to state 2 (RR 

0.65 [95% CI 0.48–0.90], global P = 0.012). ISN/RPS class III also had a suggestive 

association with lower improvement rates for estimated proteinuria transitions from state 2 
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to state 1 and state 3 to state 2 (RR 0.67 [95% CI 0.45– 1.00]) after adjusting for other 

factors.

Lost to follow-up

Since estimated GFR and estimated proteinuria data were available from a high percentage 

of assessment visits, there is little intermittent missingness in the data. Thirteen LN patients 

had an interval between their last assessment and the study cutoff date of >1.5 years, did not 

have a subsequent study assessment, and were not classified into the ESRD or death state at 

their last study visit. When a variable identifying these 13 patients was introduced into the 

multistate models, based on a 2 degrees of freedom test of common forward and backward 

relative rate estimates, it was not significant in the estimated GFR (P = 0.34) and estimated 

proteinuria (P = 0.37) multivariate models presented in Table 5. Thus, for transitions 

between estimated GFR and estimated proteinuria states, there is no evidence that these 

patients had a different disease course after adjustment for other variables. There was also no 

significant effect when the variable was added to unadjusted estimated GFR and estimated 

proteinuria models (P = 0.93 for each). Thus, assumptions that data for patients who were 

lost to follow-up is missing at random or missing completely at random are plausible, 

although only the former is needed for the validity of our findings.

Discussion

Nephritis is a pivotal manifestation of SLE and accounts for significant morbidity and 

mortality. Large observational cohort studies with long-term follow-up provide real-world 

experience of LN outcomes. This is the first study of LN to examine a reversible multistate 

model of transitions between disease states. Changes in clinically relevant renal outcomes 

were evaluated in 700 patients with LN receiving standard of care over a mean of 5 years 

and a total span of 13 years in an international disease inception cohort. The results provide 

estimates for improvement or deterioration in estimated GFR and estimated proteinuria and 

identify predictors of change in renal status. Documenting the probability of change in renal 

outcomes in patients receiving standard of care provides a target for projected outcomes in 

clinical trials of new therapeutic interventions.

The SLICC inception cohort has been well characterized previously (26–29). It represents a 

general lupus population without major selection bias and is well suited to address the 

objectives of our study. The cumulative frequency of nephritis of 38.3% is almost identical 

to the overall incidence of 37.8% in 2,290 SLE patients from studies in North America, 

Europe, and the Middle East (1). The predilection for nephritis to present early in the disease 

course (30), the higher frequency of nephritis at a younger age (31,32) and in patients of 

non-Caucasian race/ethnicity (30–33), and the higher frequency of comorbidities such as 

hypertension (34,35) indicate the validity of the cohort and generalizability of the findings.

In the present study, ESRD and estimates of GFR and proteinuria were selected as the 

primary renal outcomes. The estimated GFR and estimated proteinuria states reflect 

clinically meaningful normal and abnormal renal function. Transition rates were derived 

from the actual change between states over time. Potential applications of multistate 

modeling include using transition rates as a primary outcome in clinical trials and projecting 
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the cost of care for LN according to the status of the disease. For example, the estimated 

probability of improving from estimated GFR state 3 to state 1 at 5 years is 0.19. In order to 

detect a doubling of the odds of achieving this improvement in a clinical trial of LN, the 

sample size required (with an alpha level of 0.05 and 80% power) would be 362 patients 

(181 in each group). With only 2 years of follow-up, the corresponding probability is 0.095, 

and the required sample size would be almost double at 608. Furthermore, by determining 

the actual costs for each estimated GFR state and knowing the projected proportion of 

patients and the duration of time in each state, one can predict the costs of care for patients 

in each estimated GFR state.

Overall, there was more improvement than deterioration in estimated GFR and estimated 

proteinuria states, as would be expected for patients receiving standard of care. The longer 

the duration of observation, the greater the likelihood of transitions reflecting improvement 

(e.g., estimated GFR state 3 to state 1) or deterioration (e.g., estimated GFR state 3 to 

ESRD), which emphasizes the need for long-term studies in LN. Analyses based on 

multistate models provide a larger number of effects linked to predictor variables than other 

regression models. Thus, multivariate analyses are probably the most informative for the 

identification of the primary associations, and borderline significant effects should be 

regarded with caution and interpreted in light of the estimated RRs and 95% confidence 

intervals.

In multivariate analysis the significant predictors of deterioration in estimated GFR state 

included older age, race/ethnicity (Hispanic, Asian, or African ancestry), higher estimated 

proteinuria state, higher renal biopsy chronicity scores, and the presence of aCL antibodies 

at enrollment. Curiously, male sex was the only predictor of improvement in estimated GFR. 

Multivariate analyses also identified predictors of deterioration in estimated proteinuria 

state, which included race/ethnicity (Hispanic, Asian, or African ancestry) and higher renal 

biopsy chronicity score. Lower rates of improvement were associated with the presence of 

lupus anticoagulant at enrollment and ISN/RPS class V nephritis. The counterintuitive 

association between any steroid use and deterioration in estimated proteinuria states was no 

longer apparent when the dosage of medication was included in the analysis, which revealed 

an association between high-dose steroids and improvement in estimated proteinuria state. 

Other studies (21,36–41) have reported similar predictors for improvement and deterioration 

in the outcome of LN over time.

There are a number of limitations to the present study. First, the selection of specific 

therapies was the result of the treating physician’s recommendation and patient preference 

rather than study protocol. While this reflects what occurs in routine clinical practice, the 

apparent impact of medication in an observational study may be confounded by the rationale 

(e.g., disease severity) for selecting the treatment. When drug allocation is related to the 

outcome, confounding can also occur. Second, the investigators within the SLICC network 

practice in academic medical centers and have a special interest in lupus. Thus, our data may 

not fully reflect community clinical practice. Third, our multistate model approach can 

handle both intermittent missing data and right censoring under the assumption that they are 

unrelated to the missing estimated GFR and estimated proteinuria states given the observed 

data. However, this assumption cannot be verified. Finally, it is inevitable that patients in a 
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disease inception cohort will have a shorter disease duration and younger age at enrollment 

than prevalent lupus cases. Both factors are associated with chronic kidney disease, and 

further follow-up is necessary to determine the long-term outcome of LN in this cohort.

Despite these limitations, our study provides very useful information on the change in 

clinically relevant renal outcomes in patients with LN receiving current standard of care. The 

multistate model approach is novel and generates probability estimates of transitions 

between disease states that reflect improvement or deterioration in renal outcomes. This 

approach can identify predictors of change in renal status and can inform clinical trial design 

by providing minimum expectations for benefit from new therapeutic interventions for LN.
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Figure 1. 
Reversible multistate Markov model for observed transitions in estimated glomerular 

filtration rate (eGFR) states and estimated proteinuria (ePrU) states in patients with lupus 

nephritis. ESRD = end-stage renal disease.
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Table 1

Characteristics of SLE patients at diagnosis of LN*

No. of patients 700

Age, mean ± SD years 31.8 ± 12.0

Sex, no. (%) female/male 599 (85.6)/101(14.4)

Race/ethnicity, no. (%)

    Caucasian 232 (33.1)

    Hispanic 172 (24.6)

    Asian 123 (17.6)

    African 147 (21.0)

    Other 26 (3.7)

Disease duration, mean ± SD years 1 ± 1.5

ACR classification criteria, no. %

    Malar rash 223 (31.9)

    Discoid rash 61 (8.7)

    Photosensitivity 156 (22.3)

    Oral/nasopharyngeal ulcers 194 (27.7)

    Serositis 189 (27.0)

    Arthritis 416 (59.4)

    Renal disorder 675 (96.4)

    Neurologic disorder 43 (6.1)

    Hematologic disorder 413 (59.0)

    Immunologic disorder 532 (76.0)

    Antinuclear antibody 654 (93.4)

SLEDAI-2K, mean ± SD† 8.2 ± 6.5

SLEDAI-2K without renal variables, mean ± SD 3.5 ± 3.7

SDI score, mean ± SD‡ 0.5 ± 0.9

SDI score without renal variables, mean ± SD 0.4 ± 0.7

Medications, no. (%)

    Steroids 619 (89.2)

    Antimalarials 376 (54.0)

    Immunosuppressants 487 (70.1)

Comorbidities/lifestyle factors

    Diabetes, no. (%) 29 (4.2)

    Hypertension, no. (%) 370 (52.9)

    Current smoker, no. (%) 83 (11.9)

    Alcohol consumption, mean ± SD units/week 0.7 ± 2.7

    BMI, mean ± SD kg/m2 24.9 ± 5.7

Duration of follow-up, mean ± SD years 5.2 ± 3.5

Calendar years of follow-up 1999–2012

*
Percentages are of the number of patients for whom information was available. SLE = systemic lupus erythematosus; LN = lupus nephritis; BMI = 

body mass index.
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†
The range of possible scores for the SLE Disease Activity Index 2000 (SLEDAI-2K) is 0–105, with higher scores indicating more disease activity.

‡
The range of possible scores for the Systemic Lupus International Collaborating Clinics/American College of Rheumatology (ACR) Damage 

Index (SDI) is 0–49, with higher scores indicating more organ damage.
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Table 2

Observed transitions in estimated GFR and estimated proteinuria states between assessments*

Transition to state

Transition from state

Estimated 
GFR state 

1

Estimated 
GFR state 

2

Estimated 
GFR state 

3

Estimated 
proteinuria 

state 1

Estimated 
proteinuria 

state 2

Estimated 
proteinuria 

state 3 ESRD Death

Estimated GFR state 1 2,303 95 5 – – – 13 14

Estimated GFR state 2 86 136 21 – – – 8 4

Estimated GFR state 3 1 10 26 – – - 15 3

Estimated proteinuria 
state 1

– – – 1,167 257 20 6 10

Estimated proteinuria 
state 2

– – – 355 547 56 18 7

Estimated proteinuria 
state 3

– – – 45 85 59 12 4

ESRD 0 0 0 0 0 0 87 1

*
Proteinuria was evaluated by estimated 24-hour urine protein excretion. Values are the number of transitions. GFR = glomerular filtration rate; 

ESRD = end-stage renal disease.
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Table 3

Predictive probabilities of transitioning between states and the time spent in each state for estimated GFR*

Estimated probability (95% CI) of being in estimated GFR 
state Expected time spent in estimated GFR state, years

Initial state

Estimated 
GFR state 

1

Estimated 
GFR state 

2

Estimated 
GFR state 

3 ESRD Death

Estimated 
GFR state 

1

Estimated 
GFR state 

2

Estimated 
GFR state 

3 ESRD Death

1 year

   Estimated 
GFR state 1

0.95 
(0.94–
0.96)

0.039 
(0.033–
0.047)

0.003 
(0.002–
0.005)

0.0007 
(0.0004–
0.001)

0.005 
(0.003–
0.009)

0.974 0.022 0.001 0 0.003

   Estimated 
GFR state 2

0.31 
(0.26–
0.37)

0.55 
(0.49–0.6)

0.095 
(0.071–
0.13)

0.033 
(0.022–
0.047)

0.013 
(0.007–
0.043)

0.172 0.747 0.062 0.012 0.007

   Estimated 
GFR state 3

0.038 
(0.021–
0.064)

0.14 
(0.079–
0.23)

0.42 (0.3–
0.52)

0.36 
(0.26–
0.45)

0.041 
(0.018–
0.12)

0.014 0.091 0.668 0.204 0.023

   ESRD 0 0 0 0.99 
(0.94–1)

0.01 
(0.002–
0.064)

0 0 0 0.995 0.005

2 years

   Estimated 
GFR state 1

0.92 (0.9–
0.93)

0.06 
(0.049–
0.07)

0.008 
(0.006–
0.011)

0.004 
(0.003–
0.006)

0.011 
(0.007–
0.018)

1.908 0.073 0.007 0.002 0.011

   Estimated 
GFR state 2

0.47 (0.4–
0.54)

0.33 
(0.27–
0.39)

0.093 
(0.064–
0.12)

0.085 
(0.058–
0.12)

0.027 
(0.015–
0.062)

0.569 1.174 0.159 0.072 0.027

   Estimated 
GFR state 3

0.095 
(0.056–
0.17)

0.14 
(0.082–
0.22)

0.19 
(0.11–
0.29)

0.51 
(0.38–
0.62)

0.065 
(0.031–
0.17)

0.082 0.235 0.959 0.648 0.077

   ESRD 0 0 0 0.98 
(0.87–1)

0.02 
(0.003–
0.13)

0 0 0 1.98 0.02

5 years

   Estimated 
GFR state 1

0.85 
(0.83–
0.87)

0.078 
(0.063–
0.094)

0.016 
(0.011–
0.023)

0.025 
(0.016–
0.033)

0.029 
(0.02–
0.048)

4.554 0.288 0.046 0.042 0.071

   Estimated 
GFR state 2

0.61 
(0.53–
0.67)

0.11 
(0.081–
0.15)

0.038 
(0.022–
0.058)

0.18 
(0.12–
0.24)

0.057 
(0.038–
0.13)

2.257 1.743 0.349 0.497 0.155

   Estimated 
GFR state 3

0.19 
(0.11–
0.29)

0.056 
(0.03–
0.089)

0.029 
(0.012–
0.058)

0.62 
(0.42–
0.73)

0.1 
(0.052–

0.3)

0.538 0.515 1.206 2.408 0.334

   ESRD 0 0 0 0.95 
(0.68–
0.99)

0.05 
(0.008–
0.32)

0 0 0 4.875 0.125

*
GFR = glomerular filtration rate; 95% CI = 95% confidence interval; ESRD = end-stage renal disease.
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Table 4

Predictive probabilities of transitioning between states and the time spent in each state for estimated 

proteinuria*

Estimated probability (95% CI) of being in estimated 
proteinuria state Expected time spent in estimated proteinuria state, years

Initial state

Estimated 
proteinuria 

state 1

Estimated 
proteinuria 

state 2

Estimated 
proteinuria 

state 3 ESRD Death

Estimated 
proteinuria 

state 1

Estimated 
proteinuria 

state 2

Estimated 
proteinuria 

state 3 ESRD Death

1 year

    Estimated 
proteinuria 
state 1

0.81 (0.78–
0.83)

0.17 (0.15–
0.19)

0.011 
(0.008–
0.013)

0.004 
(0.002–
0.016)

0.006 
(0.003–
0.011)

0.892 0.1 0.004 0.001 0.003

    Estimated 
proteinuria 
state 2

0.35 (0.33–
0.38)

0.56 (0.53–
0.59)

0.062 
(0.05–
0.077)

0.016 
(0.011–
0.027)

0.007 
(0.004–
0.013)

0.205 0.74 0.043 0.008 0.003

    Estimated 
proteinuria 
state 3

0.16 (0.13–
0.19)

0.46 (0.41–
0.51)

0.31 (0.24–
0.38)

0.056 
(0.035–
0.099)

0.016 
(0.008–
0.044)

0.064 0.32 0.575 0.032 0.009

    ESRD 0 0 0 0.99 
(0.94–

1)

0.010 
(0.001–
0.063)

0 0 0 0.995 0.005

2 years

    Estimated 
proteinuria 
state 1

0.72 (0.69–
0.74)

0.24 (0.22–
0.26)

0.022 
(0.018–
0.028)

0.010 
(0.007–
0.027)

0.012 
(0.007–
0.02)

1.649 0.311 0.021 0.008 0.012

    Estimated 
proteinuria 
state 2

0.49 (0.46–
0.52)

0.4 (0.37–
0.43)

0.058 
(0.046–
0.07)

0.029 
(0.021–
0.047)

0.014 
(0.009–
0.025)

0.64 1.21 0.105 0.031 0.014

    Estimated 
proteinuria 
state 3

0.34 (0.3–
0.38)

0.43 (0.39–
0.46)

0.12 
(0.091–
0.17)

0.08 
(0.05–
0.14)

0.026 
(0.014–
0.058)

0.321 0.775 0.772 0.101 0.03

    ESRD 0 0 0 0.98 
(0.88–

1)

0.019 
(0.002–
0.12)

0 0 0 1.981 0.019

5 years

    Estimated 
proteinuria 
state 1

0.62 (0.57–
0.64)

0.28 (0.25–
0.3)

0.034 
(0.027–
0.043)

0.033 
(0.025–
0.078)

0.031 
(0.021–
0.053)

3.618 1.122 0.112 0.071 0.076

    Estimated 
proteinuria 
state 2

0.58 (0.54–
0.6)

0.29 (0.26–
0.31)

0.038 
(0.029–
0.048)

0.059 
(0.043–
0.096)

0.034 
(0.024–
0.06)

2.31 2.195 0.242 0.166 0.087

    Estimated 
proteinuria 
state 3

0.52 (0.47–
0.55)

0.28 (0.25–
0.31)

0.039 
(0.029–
0.05)

0.11 
(0.078–
0.17)

0.047 
(0.031–
0.097)

1.709 1.789 0.964 0.397 0.141

    ESRD 0 0 0 0.95 
(0.71–
0.99)

0.047 
(0.006–
0.29)

0 0 0 4.882 0.118

*
Estimated proteinuria was defined as estimated 24-hour urine protein excretion. 95% CI = 95% confidence interval; ESRD = end-stage renal 

disease.
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Table 5

Results from the multivariate analysis that identified predictors of transitions between estimated GFR and 

estimated proteinuria states*

Estimated GFR analysis Estimated proteinuria analysis

Transition RR (95% CI) P RR (95% CI) P

Sex 0.043 0.016

    Female 1 1

    Male

        1→2, 2→3 1.168 (0.684–2.00) 0.858 (0.603–1.22)

        2→1, 3→2 2.159 (1.183–3.94) 0.594 (0.417–0.85)

Age at diagnosis† <0.001‡ 0.268

    1→2 1.259 (0.929–1.71) 0.845 (0.714–1.00)

    2→1 1.545 (1.071–2.23) 0.962 (0.826–1.12)

    2→3 1.206 (0.526–2.76) 0.806 (0.554–1.17)

    3→2 2.741 (0.653–11.51) 0.922 (0.650–1.31)

Age at diagnosis

    1→2 1.061 (0.920–1.22) –

    2→1 0.743 (0.631–0.87) –

    2→3 0.976 (0.696–1.37) –

    3→2 0.64 (0.348–1.18) –

Geographic site 0.289 0.122

    Canada 1 1

    US

        1→2, 2→3 1.105 (0.579–2.11) 1.283 (0.800–2.06)

        2→1, 3→2 2.098 (0.970–4.54) 1.191 (0.768–1.85)

    Mexico

        1→2, 2→3 0.794 (0.142–4.45) 1.112 (0.408–3.03)

        2→1, 3→2 0.475 (0.060–3.78) 0.764 (0.250–2.33)

    Europe

        1→2, 2→3 0.68 (0.349–1.33) 1.116 (0.691–1.80)

        2→1, 3→2 1.623 (0.769–3.42) 1.433 (0.941–2.18)

    Korea

        1→2, 2→3 0.479 (0.160–1.43) 1.304 (0.624–2.73)

        2→1, 3→2 1.038 (0.335–3.21) 0.566 (0.312–1.03)

Race/ethnicity <0.001 0.013

    Caucasian 1 1

    Hispanic

        1→2, 2→3 2.888 (0.514–16.23) 1.317 (0.483–3.59)

        2→1, 3→2 4.521 (0.584–34.99) 0.637 (0.215–1.89)

    Asian

        1→2, 2→3 4.117 (1.726–9.82) 1.011 (0.510–2.00)

        2→1, 3→2 7.393 (2.786–19.61) 1.036 (0.610–1.76)
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Estimated GFR analysis Estimated proteinuria analysis

Transition RR (95% CI) P RR (95% CI) P

    African

        1→2, 2→3 2.818 (1.573–5.05) 1.142 (0.752–1.73)

        2→1, 3→2 1.528 (0.769–3.04) 0.506 (0.340–0.75)

    Other

        1→2, 2→3 0.839 (0.165–4.28) 1.097 (0.499–2.41)

        2→1, 3→2 2.327 (0.451–12.02) 0.607 (0.285–1.29)

Calendar year§ 0.168 0.017

        1→2, 2→3 0.55 (0.251–1.21) 0.831 (0.449–1.54)

        2→1, 3→2 1.554 (0.566–4.27) 2.122 (1.163–3.87)

Antimalarial use 0.387 0.145

    No 1

    Yes

        1→2 0.764 (0.487–1.20) 0.824 (0.605–1.12)

        2→1 1.202 (0.712–2.03) 0.854 (0.635–1.15)

        2→3 1.954 (0.608–6.28) 0.735 (0.372–1.46)

        3→2 2.678 (0.465–15.41) 1.467 (0.773–2.78)

Immunosuppressant use 0.113 0.046

    No 1 1

    Yes

        1→2 1.448 (0.818–2.57) 1.538 (1.076–2.20)

        2→1 0.895 (0.490–1.63) 0.905 (0.635–1.29)

        2→3 11.684 (1.218–112.11) 0.635 (0.261–1.55)

        3→2 3.962 (0.564–27.83) 0.809 (0.315–2.08)

Steroid use 0.016

    No – 1

    Yes –

        1→2 – 1.264 (0.893–1.79)

        2→1 – 1.243 (0.885–1.75)

        2→3 – 2.718 (0.858–8.61)

        3→2 – 0.53 (0.201–1.39)

SLEDAI-2K (without renal variables) 0.90

    1→2, 2→3 – 1.009 (0.963–1.06)

    2→1, 3→2 – 0.998 (0.955–1.04)

SDI (without renal variables) 0.045

    0 – 1

    1 –

        1→2, 2→3 – 1.494 (1.103–2.02)

        2→1, 3→2 – 0.794 (0.580–1.09)

    2 –

        1→2, 2→3 – 1.269 (0.879–1.83)

        2→1, 3→2 – 0.792 (0.555–1.13)
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Estimated GFR analysis Estimated proteinuria analysis

Transition RR (95% CI) P RR (95% CI) P

    3 –

        1→2, 2→3 – 1.626 (0.965–2.74)

        2→1, 3→2 – 1.004 (0.603–1.67)

    ≥4 –

        1→2, 2→3 – 1.193 (0.596–2.39)

        2→1, 3→2 – 0.878 (0.496–1.56)

*
GFR = glomerular filtration rate; RR = relative rate; 95% CI = 95% confidence interval; SLEDAI-2K = Systemic Lupus Erythematosus Disease 

Activity Index 2000; SDI = Systemic Lupus International Collaborating Clinics/American College of Rheumatology Damage Index.

†
Standardized as (age – 30)/12.

‡
Global test including quadratic terms for age at diagnosis.

§
Standardized as (year – 1999)/(2012 – 1999).
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