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Abstract
Background  To investigate a patient-level single imputation approach for patient reported outcomes (PROs) 
that express similar contents or associated PROs, where a PRO whose value is missing at a particular timepoint is 
substituted by another PRO whose value is available at the same timepoint.

Methods  We performed a simulation study on registry-based spondyloarthritis data to explore the potential 
interchangeability between the patient pain (PPA) and fatigue (PFA) assessment scores and relevant Bath Ankylosing 
Spondylitis Disease Activity Index (BASDAI) individual questions, and between PPA, PFA and patient global assessment 
(PGA). Performance was assessed per imputation method in terms of relative bias and coverage. Sample size, level of 
missingness and missing data pattern were included as parameters in the simulations.

Results  All applied scenarios to interchange PPA with BASDAI question 2 (axial pain), BASDAI question 3 (peripheral 
joint pain/swelling) or their average failed. Interchangeability between PFA and BASDAI question 1 (fatigue/tiredness) 
was acceptable for partially (up to 50%) missing data. When interchanging patient assessment scores (PPA, PFA and 
PGA), we observed inconsistent results in terms of performance. The performance of the applied methods depended 
on the sample size and the level of missingness, but not heavily on the underlying missing data pattern.

Conclusions  Interchanging PFA and the BASDAI fatigue question was justified for partially missing data, while 
interchangeability between PPA, PFA and PGA, and between PPA and the BASDAI pain questions was not advised. Our 
findings suggest that registering patient assessment scores and BASDAI questions is recommended.
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Background
Patient reported outcomes (PROs) are key features in the 
clinical assessment of patients with spondyloarthritis, 
including axial spondyloarthritis (axSpA) and psoriatic 
arthritis (PsA) [1–4]. The single-item PROs of patient 
pain assessment (PPA), patient fatigue assessment (PFA) 
and patient global assessment (PGA) are frequently 
used in both diagnoses [5, 6]. Besides, multi-item PROs 
combining several questions on patient’s disease activity 
and related health status have been developed, such as 
the Bath Ankylosing Spondylitis Disease Activity Index 
(BASDAI), a 6-item questionnaire on fatigue, axial pain, 
peripheral joint pain/swelling, discomfort and morning 
stiffness typically used in axSpA [7]. PRO items are also 
part of most composite outcome scores along with phy-
sician reported measures and laboratory values, e.g., the 
Axial Spondyloarthritis Disease Activity Score (ASDAS) 
that includes PGA and questions 2, 3 and 6 from BASDAI 
[8], and the Disease Activity index for PSoriatic Arthritis 
(DAPSA) which includes PPA and PGA [9, 10].

Missing data is a challenge in all types of studies, 
including clinical trials [11] and epidemiological studies 
[12]. This issue may be particularly prevalent in obser-
vational studies with data collected in clinical practice, 
where reasons for missing data may include: missing vis-
its, patients lost to follow-up, a variable not registered 
at a certain time or center, or lack of resources to ensure 
data collection in clinical care. Additionally, in multi-
cohort collaboration studies, a variable of interest may be 
missing in one or some of these cohorts. In a real-world 
setting, missing data are usually not random but depend 
on other observed variables [13].

Several approaches for the handling of missing data 
have been proposed for observational studies [14, 15]. 
Complete case analysis (CCA) is a common approach in 
clinical research [16]. A popular alternative is multiple 
imputation which is considered to be an improvement 
over CCA [17, 18]. Another approach to handle missing 
data is single imputation and various single imputation 
methods, such as last observation carried forward, have 
been suggested [19]. Single imputation may be preferred 
over CCA because no observations are sacrificed, but this 
approach performs poorer than multiple imputation [17]. 
Multiple imputation, however, can be a difficult method 
to implement correctly [20], which might make single 
imputation a valuable alternative. In rheumatology, CCA 
and multiple imputation are the most frequently methods 
for dealing with missing observational data [21], while 
last observation carried forward and non-responder 
imputation are two commonly used single imputation 
methods in randomised controlled trials [22, 23].

An unexplored potential option to handle missing data 
in PROs is to leverage the fact that the same domain is 
assessed in multiple PROs and that different PROs are 
strongly associated. For example, the BASDAI evaluates 
patient’s overall level of fatigue/tiredness (BASDAI ques-
tion 1; Q1) and patient’s overall level of axial pain (BAS-
DAI question 2; Q2) and peripheral joint pain/swelling 
(BASDAI question 3; Q3), meanwhile fatigue and pain 
are also assessed by PFA and PPA. Moreover, PPA and 
PFA have been identified as drivers of PGA in rheuma-
toid arthritis [24, 25], while fatigue has been linked to 
pain [26]. In light of this, the purpose of this study was to 
explore a patient-level single imputation approach, where 
PROs that express similar contents or associated PROs 
may be potentially interchangeable, i.e., whether one 
variable whose value is missing at a particular timepoint 
is substituted by a second variable whose value is avail-
able at the same timepoint, and vice versa.

Thus, we conducted a simulation study to investigate 
the potential interchangeability of patient pain, fatigue 
and global scores: (i) PPA and the BASDAI pain ques-
tions; (ii) PFA and the BASDAI fatigue question; and 
secondarily (iii) the three single-item patient assessment 
scores PPA, PFA and PGA. Objective (i) was addressed 
separately for axSpA and PsA patients, while objectives 
(ii) and (iii) are axSpA-specific.

Methods
EuroSpA data
Analyses relied on anonymised prospectively collected 
data of patients registered with a diagnosis of axSpA 
or PsA in 15 European registries participating in the 
European Spondyloarthritis (EuroSpA) Research Col-
laboration Network (RCN) [27–29]; ARC (Netherlands), 
ATTRA (Czech Republic), BIOBADASER (Spain), Biorx.
si (Slovenia), BSRBR-AS (United Kingdom), DANBIO 
(Denmark), GISEA (Italy), ICEBIO (Iceland), NOR-
DMARD (Norway), Reuma.pt (Portugal), ROB-FIN 
(Finland), RRBR (Romania), SCQM (Switzerland), SRQ 
(Sweden) and TURKBIO (Turkey).

The inclusion criteria were a clinical diagnosis of 
axSpA or PsA at an age of ≥ 18 years and the initiation 
of a tumour necrosis factor inhibitor (TNFi) as first bio-
logical treatment, with a start date until December 31st, 
2018. Only the first three TNFi treatment series for each 
patient were included in the data. Data at baseline and 
three follow-up visits (6, 12 and 24 months) per treat-
ment were collected within specified time windows [27, 
28].

The registration of patient assessment scores was 
not homogeneous across the registries in the EuroSpA 
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RCN. Questions varied to some degree in their word-
ing, reflecting also different time frames (see Table SA1 
in supplementary material A). Furthermore, PROs were 
registered on different scales (0–10 numeric rating scale 
versus 0–100  mm visual analogue scale) across and 
within registries. Since PROs were used in a 0–10 scale in 
the disease activity scores, we harmonised PRO data to a 
common standard by rounding 0-100 scales to the near-
est 10 and thus converting 0-100 values to a 0–10 scale 
for all registries.

Simulation framework
We conducted a simulation study [30, 31] to evaluate the 
potential interchangeability of patient pain, fatigue and 
global scores. The conceptual simulation framework used 
in this study is illustrated in Supplementary figure SA1. 
We denote the patient assessment scores and the individ-
ual BASDAI questions as outcomes of interest for each 
objective of the study.

Data-generating mechanism
Simulations were conducted on complete case data for 
the relevant outcomes (i.e., pooled registrations with 
complete data for each relevant outcomes of interest at 
baseline, 6, 12 or 24 months after treatment), where nsim 
simulated datasets of size nobs were drawn at random. 
We set nsim = 1000. Different sizes nobs for the simu-
lated datasets were applied, i.e., nobs = 100, 200, 500, 
1000, 1500 and 2000. Next, for each of the simulated 
datasets, missing values were introduced at a specific 
level of missingness (λ), i.e., the proportion of missing 
data to be created, and according to a chosen missing 
data pattern. In this simulation study, we varied the level 
of missingness λ = 10%, 20%, …, 100%.

Three different missing data patterns exist [32]: (a) 
missing completely at random (MCAR), when the prob-
ability of an observation being missing does not depend 
on any observed and unobserved (missing) variable; (b) 
missing at random (MAR), when the probability of an 
observation being missing depends only on the observed 
variables; and (c) missing not at random (MNAR), when 
the probability of an observation being missing addition-
ally depends on one or more unobserved variables.

For each outcome of interest, MCAR or MAR data 
were generated. To generate MCAR data, registrations 
with missing data were selected from complete case data 
by random sampling without replacement. Simulating 
MAR data makes use of all registrations from patients 
with at least one available registration of any relevant out-
come of interest (noted as aim-specific data) and involves 
the following process. For a given outcome of interest, 
each registration received a propensity score, i.e., a prob-
ability that the given outcome of interest was missing 
conditional on observed variables [33]. The propensity 

score was estimated using a logistic regression model on 
aim-specific data. We considered the following complete 
variables in the model generating MAR values: gender, 
age1, registration year of visit and treatment series num-
ber. Registrations with missing data were sampled with-
out replacement and with unequal probabilities (i.e., the 
propensity scores) via random systematic sampling [34]. 
As missing data are commonly MAR in real world, rather 
than MCAR or MNAR [13], results on MAR data were 
chosen to be primarily presented.

Missing values were then imputed according to the 
suggested imputation method, i.e., substitution of a miss-
ing patient assessment score with one of the remaining 
scores in the same registration, and a complete dataset 
with imputed missing values was eventually created. In 
addition, we assessed CCA as a comparator method.

Performance
For each parameter of the data-generating mechanism 
(sample size, level of missingness, missing data pattern 
and imputation method), the performance of applied 
methods was assessed. The population parameter of 
interest was the expected value of the outcomes of inter-
est and the true value of the expected value of the out-
comes of interest was determined using the complete 
case data. We assessed performance of a method in terms 
of relative bias (to the true value) and coverage of 95% 
confidence intervals (CIs). CIs based on Monte Carlo 
standard errors were also calculated to reflect the uncer-
tainty in estimated performance measures.

We chose coverage of 95% CIs (e.g., the proportion of 
times that the 95% CI contains the true parameter value) 
as the primary endpoint for this study. By its definition, 
coverage should be approximately equal to the nominal 
coverage rate (e.g., 95%) and thus coverage was consid-
ered acceptable if Monte Carlo CIs of coverage included 
the nominal coverage rate. An upper limit of the Monte 
Carlo CI below 0.95 was an indication of under-coverage 
for the applied method, while a lower limit of the Monte 
Carlo CI above 0.95 indicated over-coverage. Before con-
cluding the acceptance of an imputation method, relative 
bias was also inspected.

Results
Patient reported outcomes and data
Patient pain, fatigue and global scores, as expected, had 
in general higher values at baseline than those at follow-
up visits. Descriptive statistics for PROs under consid-
eration and available data per registry and visit in the 
overall data are given in Supplementary tables SA2a and 

1  Since the exact date of birth was not provided in the data, we assume that: 
age at 6 months after treatment start = age at baseline; age at 12 months = age 
at baseline + 1 year; and age at 24 months = age at baseline + 2 years.
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SA2b for axSpA and PsA, respectively. Furthermore, 
PROs displayed similar distributions at the 6-, 12- and 
24-month visits across registries (results not shown). 
Therefore, we performed all simulations on baseline and 
aggregated follow-up data separately. Table 1 provides an 
overview of the data used in the analyses per objective. 
Supplementary figures SA2a-d illustrate the distributions 
of the PROs per objective at baseline and follow-up visits 
in complete case data.

Interchanging patient pain assessment and BASDAI pain 
questions
We assessed the interchangeability between PPA and 
the two BASDAI questions about pain (BASDAI Q2 and 
BASDAI Q3), and we also considered the average of the 
two BASDAI pain questions as an additional scenario. In 

terms of coverage and relative bias, none of the two BAS-
DAI questions nor their average had acceptable perfor-
mance (Fig. 1 and Figure SA3 in supplementary material 
A). Among the three scenarios, BASDAI Q2 performed 
best. For missing values at follow-up visits, substituting 
PPA with the average of the two BASDAI pain questions 
had an acceptable coverage only with very low levels of 
missing data, i.e., 10% (Fig.  2.D), and resulted in a fair 
under-estimation of the relative bias (Figure SA4.D in 
supplementary material A). Moreover, we evaluated the 
interchangeability between BASDAI Q2 and Q3, but this 
scenario performed extremely poorly (Figs. 1.G and J and 
Figs. 2.G and J).

Table 1  Overview of data used in the analyses per objective
Objective Outcomes 

of interest
Diagnosis Num-

ber of 
registries

Registries Number of 
patients with at 
least one avail-
able registration

Number of 
registrations 
in aim-specif-
ic data

Number of 
registrations 
in complete 
case data

Outcomes of inter-
est in complete case 
data, mean (SD)

(i) PPA
BASDAI Q2
BASDAI Q3

axSpA 10 ATTRA
Biorx.si
BSRBR-AS
DANBIO
ICEBIO
NOR-DMARD
ROB-FIN
SCQM
SRQ
TURKBIO

20,336 25,852
(baseline)

15,151
(baseline)

PPA 6.0 (2.4)
BASDAI Q2 6.4 (2.5)
BASDAI Q3 4.6 (3.0)

46,751
(follow-up)

31,016
(follow-up)

PPA 3.2 (2.6)
BASDAI Q2 3.5 (2.8)
BASDAI Q3 2.6 (2.7)

(ii) PFA
BASDAI Q1

axSpA 5 DANBIO
ICEBIO
NOR-DMARD
SRQ
TURKBIO

12,484 16,252
(baseline)

9,433
(baseline)

PFA 6.1 (2.7)
BASDAI Q1 5.9 (2.7)

28,754
(follow-up)

19,432
(follow-up)

PFA 3.9 (3.0)
BASDAI Q1 3.9 (3.0)

(iii) PPA
PFA
PGA

axSpA 5 DANBIO
ICEBIO
NOR-DMARD
SRQ
TURKBIO

13,887 18,234
(baseline)

12,080
(baseline)

PPA 5.9 (2.4)
PFA 6.1 (2.7)
PGA 6.1 (2.5)

31,308
(follow-up)

23,685
(follow-up)

PPA 3.2 (2.7)
PFA 3.9 (3.0)
PGA 3.5 (2.8)

(i) PPA
PFA
PGA

PsA 7 ATTRA DANBIO
ICEBIO
NOR-DMARD
SCQM
SRQ
TURKBIO

11,906 15,716
(baseline)

9,323
(baseline)

PPA 5.9 (2.4)
PFA 6.1 (2.7)
PGA 6.1 (2.5)

25,852
(follow-up)

16,977
(follow-up)

PPA 3.5 (2.7)
PFA 4.2 (3.0)
PGA 3.8 (2.8)

Objectives: (i) interchangeability between PPA and BASDAI pain questions; (ii) interchangeability between PFA and BASDAI fatigue question; and (iii) interchangeability 
between PPA, PFA and PGA. Aim-specific data: registrations from patients with at least one available registration of any relevant outcome of interest. Complete case 
data: pooled registrations with complete data for each relevant outcomes of interest at baseline, 6, 12 or 24 months after treatment

Phrasing of the individual BASDAI questions:

BASDAI Q1: How would you describe the overall level of fatigue/tiredness you have experienced?

BASDAI Q2: How would you describe the overall level of inflammatory neck, back or hip pain you have had?

BASDAI Q3: How would you describe the overall level of pain/swelling in joints other than neck, back or hips you have had?

axSpA: axial spondyloarthritis; BASDAI: Bath Ankylosing Spondylitis Disease Activity Index; BASDAI Q1: BASDAI question 1; BASDAI Q2: BASDAI question 2; BASDAI 
Q3: BASDAI question 3; PFA: patient fatigue assessment; PGA: patient global assessment; PPA: patient pain assessment; PsA: psoriatic arthritis; SD: standard deviation
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Interchanging patient fatigue assessment and BASDAI 
fatigue question
When interchanging PFA and BASDAI Q1, the coverage 
was acceptable for levels of missingness up to 70% and 
50% for missing values at either baseline or follow-up, 
respectively, while under-coverage was observed above 
these levels of missingness (Figs.  3 and 4). However, 
over-coverage was detected for a sample size of 2,000 at 
baseline. Although the relative bias was very low at all 
timepoints, the Monte Carlo CIs did not include zero, as 
seen in Figures SA5 and SA6 in supplementary material 
A.

Interchanging patient assessment scores
When interchanging patient assessment scores (PPA, 
PFA and PGA) in patients with axSpA, we observed 
inconsistent results between baseline and follow-up vis-
its. The results of our simulations showed that for MAR 
values at baseline, coverage of 95% CIs when interchang-
ing PFA and PGA was acceptable for levels of missing-
ness up to 60%, but some over-coverage was observed 
for large sample sizes (Figures SA7a.F and I in supple-
mentary material A). Low levels of bias were observed 

for interchangeability between PFA and PGA, albeit at 
a relative bias below 0.01, as can be seen in the Monte 
Carlo CIs for relative bias that did not include zero (Fig-
ures SA7b.F and I in supplementary material A). On the 
contrary, the performance of the simulations was poor, 
with a high degree of under-coverage, when interchang-
ing either PPA and PFA or PPA and PGA (Figures SA7a.B 
and E and Figures SA7a.C and H, respectively), especially 
for levels of missingness above 20%. When values at fol-
low-up visits were missing, interchangeability between all 
patient assessment scores performed poorly in terms of 
coverage and relative bias (Figures SA8a-b in supplemen-
tary material A). Among the three pairwise comparisons, 
interchanging PPA and PGA displayed better results with 
acceptable performance for a level of missingness of 10% 
(Figures SA8a.C and H).

When assessing the interchangeability of the patient 
assessment scores in PsA, no major differences were 
observed as compared to axSpA (Figures SA9a-b and Fig-
ures SA10a-b in supplementary material A).

Fig. 1  Coverage of 95% CIs (points) and corresponding Monte Carlo 95% CIs (line segments) per applied method for patient pain assessment scores (PPA, 
BASDAI Q2 and BASDAI Q3) for axSpA patients at baseline in MAR data. We varied the sample size nobs = 100, 200, 500, 1000, 1500 and 2000, and the level 
of missingness λ = 10%, 20%, …, 100%. The number of simulations was nsim = 1000. Coverage of 95% CIs is defined as the proportion of times that the 
95% CI contains the true parameter value. axSpA: axial spondyloarthritis; BASDAI: Bath Ankylosing Spondylitis Disease Activity Index; BASDAI Q2: BASDAI 
question 2; BASDAI Q3: BASDAI question 3; BASDAI Q2/3: average of BASDAI Q2 and BASDAI Q3; CCA: complete case analyses; CI: confidence interval; 
MAR: missing at random; PPA: patient pain assessment
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Single imputation versus complete case analysis
CCA outperformed interchangeability methods in terms 
of coverage and relative bias when assessing the patient 
assessment (PPA, PFA and PGA) and patient pain assess-
ment scores (PPA, BASDAI Q2 and BASDAI Q3). How-
ever, for patient fatigue assessment scores (PFA and 
BASDAI Q1), CCA did not show superior performance.

Analyses on MCAR data
The MCAR missing data pattern was also assessed (see 
supplementary material B). The estimates of the perfor-
mance measures were not drastically affected when the 
interchangeability approach was applied. In addition, 
CCA provided unbiased results for MCAR data.

Impact of imputation in registry data
The potential impact of the interchangeability approach 
in our data was examined by comparing descriptive sta-
tistics before and after imputing the data from patients 
with at least one available registration of relevant out-
comes of interest (Tables SA3a-d in supplementary mate-
rial A). Among the patient assessment scores (PPA, PFA 
and PGA), PFA had the lowest availability. The simulation 

results showed that the mean value of PFA remained 
consistent when imputed by PGA at baseline, with 
approximately 25% and 35% missing data in axSpA and 
PsA patients, respectively. This was also the case when 
interchanging PFA and BASDAI Q1 at both baseline and 
follow-up visits.

Discussion
We conducted a simulation study on real-world data to 
investigate whether interchanging PROs reflecting simi-
lar contents was feasible in axSpA and PsA in order to 
increase the availability of PROs and derived outcome 
measures in observational studies. Our findings highlight 
the complexities of a single imputation approach in PROs 
and the limitations of interchanging PFA, PPA, PGA, and 
BASDAI questions.

In the first part of our analyses, we explored the poten-
tial interchangeability of patient assessment scores (PPA 
and PFA) with relevant BASDAI questions (Q1, Q2 and 
Q3). We demonstrated that PFA and BASDAI Q1 were 
interchangeable at both baseline and follow-up visits up 
to an extended missingness (i.e., 50%). Regarding patient 
pain assessment scores (PPA, BASDAI Q2 and BASDAI 

Fig. 2  Coverage of 95% CIs (points) and corresponding Monte Carlo 95% CIs (line segments) per applied method for patient pain assessment scores (PPA, 
BASDAI Q2 and BASDAI Q3) for axSpA patients at follow-up in MAR data. We varied the sample size nobs = 100, 200, 500, 1000, 1500 and 2000, and the 
level of missingness λ = 10%, 20%, …, 100%. The number of simulations was nsim = 1000. Coverage of 95% CIs is defined as the proportion of times 
that the 95% CI contains the true parameter value. axSpA: axial spondyloarthritis; BASDAI: Bath Ankylosing Spondylitis Disease Activity Index; BASDAI Q2: 
BASDAI question 2; BASDAI Q3: BASDAI question 3; BASDAI Q2/3: average of BASDAI Q2 and BASDAI Q3; CCA: complete case analyses; CI: confidence 
interval; MAR: missing at random; PPA: patient pain assessment
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Q3), results were not consistent between analyses at 
baseline and follow-up, and none of the interchangeabil-
ity approaches yielded acceptable performance. Similar 
results were obtained when interchanging BASDAI Q2 
and BASDAI Q3.

In the second part of our analyses, we examined the 
single-item PPA, PFA and PGA. We found that for miss-
ing values at baseline, PFA and PGA were interchange-
able in terms of relative bias and coverage for extended 
levels of missingness (i.e., up to 60%). Nevertheless, when 
values were missing at follow-up, no method showed an 
acceptable performance for substantial amounts of miss-
ing data. For both axSpA and PsA, we observed similar 
patterns.

The preceding results were supported by the PRO 
distributions and the descriptive statistics before and 
after imputing the relevant data. The main results of 
our study assumed a MAR missing data pattern, but we 
also assessed the MCAR pattern. The fact that indepen-
dent variables in the logistic regression models used for 

simulating MAR data were significant for all objectives 
supported the assumption that our data were not MCAR.

We aimed to establish the interchangeability of patient 
pain, fatigue and global scores that are either strongly 
associated or assess the same domain. We examined the 
interchangeability between PPA, PFA and PGA. PGA 
covers the broad concepts of global health and overall 
disease activity in clinical practice and is linked to pain 
and fatigue [35]. Nevertheless, PGA was not found over-
all interchangeable with either PPA or PFA based on the 
criteria used in this study. When PROs assess the same 
domain, PFA was interchangeable with the BASDAI 
fatigue question only when partially missing (i.e., 50%), 
but not when one of them was entirely missing (i.e., level 
of missingness of 100%). In contrast, neither BASDAI 
pain questions nor their average were interchangeable 
with PPA at any level of missingness. These findings sug-
gest that in datasets with partially missing information 
on fatigue assessment it is feasible to impute the missing 
scores with available scores on BASDAI Q1; or vice versa. 
However, in the setting of multi-center studies where a 

Fig. 3  Coverage of 95% CIs (points) and corresponding Monte Carlo 95% CIs (line segments) per applied method for patient fatigue assessment scores 
(PFA and BASDAI Q1) for axSpA patients at baseline in MAR data. We varied the sample size nobs = 100, 200, 500, 1000, 1500 and 2000, and the level of 
missingness λ = 10%, 20%, …, 100%. The number of simulations was nsim = 1000. Coverage of 95% CIs is defined as the proportion of times that the 
95% CI contains the true parameter value. axSpA: axial spondyloarthritis; BASDAI: Bath Ankylosing Spondylitis Disease Activity Index; BASDAI Q1: BASDAI 
question 1; CCA: complete case analyses; CI: confidence interval; MAR: missing at random; PFA: patient fatigue assessment
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single center does not register fatigue or BASDAI, this 
imputation approach is not valid. Also, interchangeabil-
ity of PPA and either BASDAI Q2 or Q3 is not recom-
mended based on our chosen endpoint.

A potential reason for the varying results across PROs 
could be that the domain of fatigue is more specific than 
the pain domain, leading to greater similarity between 
fatigue assessments than in pain assessments that con-
sider axial, peripheral and overall pain. Moreover, dif-
ferences in the phrasing and recall periods of the three 
assessment scores (PPA, PFA and PGA) in the different 
countries is expected to influence the interchangeability 
results in the various scenarios. To promote future multi-
cohort collaborative research, it would be beneficial to 
work towards harmonization of the phrasing and recall 
period of patient assessment scores. Overall, our findings 
support the registration practice of both patient assess-
ment scores and BASDAI questions being collected. Nev-
ertheless, the registration of PFA may be redundant when 
BASDAI Q1 is collected.

An interesting finding in our analyses was that the 
baseline patient assessment scores (i.e., PPA, PFA and 
PGA) showed higher degrees of interchangeability than 
the follow-up scores. This finding may reflect that high 
levels of disease activity can affect all domains, while the 
initiated treatment could impact each domain to a differ-
ent extent. In line with this, Deodhar et al. [36] showed 
larger improvements in pain and global assessments than 
in fatigue assessment in axSpA patients after initiation 
of secukinumab treatment. Also, we observed the same 
pattern of interchangeability in both axSpA and PsA 
patients, supporting the generalizability of our results.

In the context of this study, interchangeability between 
two variables was defined as the substitution of one vari-
able whose value is missing at a particular timepoint 
with the second variable whose value was available at 
the same timepoint (and vice versa). Interchangeability 
is in fact a patient-level single imputation method. Sin-
gle imputation approaches may result in bias, but they 
are considered reasonable and may perform better than 
CCA [17, 37, 38]. Furthermore, since only one estimate 

Fig. 4  Coverage of 95% CIs (points) and corresponding Monte Carlo 95% CIs (line segments) per applied method for patient fatigue assessment scores 
(PFA and BASDAI Q1) for axSpA patients at follow-up in MAR data. We varied the sample size nobs = 100, 200, 500, 1000, 1500 and 2000, and the level of 
missingness λ = 10%, 20%, …, 100%. The number of simulations was nsim = 1000. Coverage of 95% CIs is defined as the proportion of times that the 
95% CI contains the true parameter value. axSpA: axial spondyloarthritis; BASDAI: Bath Ankylosing Spondylitis Disease Activity Index; BASDAI Q1: BASDAI 
question 1; CCA: complete case analyses; CI: confidence interval; MAR: missing at random; PFA: patient fatigue assessment
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is calculated, single imputation methods are alluring as 
compared to other more sophisticated methods, such as 
multiple imputation. Multiple imputation is known to be 
superior to single imputation methods regarding perfor-
mance [13, 17]. However, correct implementation of mul-
tiple imputation is challenging, especially when applied 
under MNAR mechanisms, as standard implementa-
tions assume MAR [17, 39]. Hence, single imputation 
approaches can be of great value.

Compared to the suggested interchangeability meth-
ods, CCA performed better in terms of relative bias and 
coverage for patient assessment scores (PPA, PFA and 
PGA) and patient pain assessment scores (PPA, BAS-
DAI Q2 and BASDAI Q3). On the contrary, for the inter-
changeability of PFA and BASDAI Q1, CCA performed 
worse. Notably, the performance of CCA was affected by 
the missing data pattern more evidently than the corre-
sponding interchangeability approach. While CCA pro-
duced unbiased estimates for MCAR data, this was not 
always the case for MAR data, as expected [17]. In prac-
tice, applying CCA in observational studies with a high 
level of missingness may be unfeasible or lead to a crucial 
loss of power.

Analyses relied on real-world data from multiple reg-
istries which enhanced the relevance and generalizability 
of this study. However, the heterogeneity in the wording 
and the time frame of the patient assessment score ques-
tions across registries may have influenced the results. 
Another limitation of this study was the lack of consider-
ation for MNAR data.

Conclusions
Interchangeability between PFA and BASDAI Q1 was 
justified for partially (up to 50%) missing data, which 
provides researchers with a new option to increase data 
availability of fatigue assessment scores. However, we 
did not find consistent results in terms of performance 
when interchanging patient assessment scores (i.e., PPA, 
PFA and PGA) between baseline and follow-up visits. 
Hence, interchangeability between these patient assess-
ment scores was not recommended in either axSpA 
or PsA patients. Furthermore, all applied scenarios to 
interchange PPA with BASDAI Q2, BASDAI Q3 or their 
average failed. Our findings thus support the current reg-
istration practice in most clinical registries where both 
patient assessment scores and BASDAI questions are 
collected.
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