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ABSTRACT

Background: Identifying people with relapsing-remitting multiple sclerosis (pwRRMS) at risk of progression independent of
relapse activity (PIRA) remains an unmet clinical need. Optical coherence tomography (OCT)-derived measures of retinal
neuroaxonal damage may provide prognostic value. This study aimed to evaluate whether peripapillary retinal nerve fiber layer
(pRNFL) and ganglion cell-inner plexiform layer (GCIP) thickness predict PIRA within a heterogenous group of pwRRMS.
Methods: We retrospectively screened pwRRMS with > 2 years relapse-free follow-up from prospective observational cohort
studies in Berlin (n = 74) and Munich (n = 146). PIRA was defined as disability worsening, determined by method-specific
thresholds across multimodal assessments, sustained until end of follow-up. Analyses were restricted to non-optic neuritis eyes.
Cox hazard models were used to assess the adjusted hazard (aHR) of PIRA with age-adjusted pRNFL or GCIP Z-scores.

Results: Out of 220 pwRRMS (age: 38.1 + 9.9 years), 65 (29.5%) developed PIRA over a follow-up of 2.9 [IQR: 1.6-4.1] years. No
associations between OCT measures and PIRA were found within the overall study population or Munich cohort. In the Berlin
cohort, thinner pRNFL predicted PIRA (aHR [95% CI] = 1.41 [1.03-1.92], p = 0.032), while GCIP did not (aHR [95% CI] = 1.38
[0.90-2.10], p = 0.140).

Conclusions: OCT measurements do not predict the hazard of PIRA within a heterogeneous group of pwRRMS. However, they
have potential prognostic value in early disease stages. Clinical characteristics might influence the association and require further
investigation.

Benjamin Knier and Ting-Yi Lin are equally contributing as senior authors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
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1 | Introduction

Progression independent of relapse activity (PIRA) is increas-
ingly recognized as a major contributor to disability accrual in
people with relapsing-remitting multiple sclerosis (pwRRMS),
challenging the current clinical dichotomy between relapsing and
progressive multiple sclerosis (MS) phenotypes (Kappos et al.
2020; Lublin et al. 2014; 2022; Miiller et al., 2023). It is suggested
to be a clinical representation of an insidious neurodegenerative
process occurring from disease onset (Giovannoni et al., 2022;
Cagol et al., 2022; 2024; Portaccio et al., 2022; Tur et al., 2023).

Disease progression is clinically assessed in retrospect, leading
to a delayed detection and reevaluation of treatment (Lublin
et al., 2014; Portaccio et al., 2022). PWRRMS with PIRA have
been shown to reach higher levels of disability in shorter time
as compared to pwRRMS without PIRA (Tur et al., 2023). These
highlights the clinical need for biomarkers that can prospectively
identify pwRRMS at risk of developing PIRA.

The Expanded Disability Status Scale (EDSS) is, despite its low
intra- and inter-rater reliability and overemphasize on ambula-
tion, the most commonly used clinical measurement to assess
disability in pwRRMS (Meyer-Moock et al., 2014). Composite per-
formance measures incorporating multiple functional domains,
including Timed 25-foot Walk (T25FW), 9-Hole Peg Test (9-HPT),
and Symbol Digit Modalities Test (SDMT), have demonstrated
superior sensitivity in detecting PIRA events (Kappos et al., 2020)

Given the fluctuating nature of MS disability with periods of
transient worsening or improvement, the concept of sustained
PIRA has been proposed to capture persistent deteriorations with-
out recovery, thus identifying clinically meaningful long-term
disability accrual (Lublin et al., 2022; Miiller et al., 2023).

Optical coherence tomography (OCT) offers unique insights into
MS-related neurodegeneration through high-resolution retinal
imaging. The peripapillary retinal nerve fiber layer (pRNFL)
reflects axonal integrity, while the ganglion cell-inner plexiform
layer (GCIP) represents neuronal health. Multiple studies have
shown that pRNFL and GCIP thinning can reflect and predict dis-
ability accrual, as well as other disease activity markers including
relapses and magnetic resonance imaging (MRI) lesion formation
in MS (Zimmermann et al., 2018; Lin et al., 2021). However, data
on risk stratification and prediction of PIRA remain scarce (Bsteh
et al., 2023; Ingwersen et al., 2023).

This study aimed to evaluate OCT-derived pRNFL and GCIP
thicknesses as potential prognostic biomarkers for identifying
individuals at risk of sustained PIRA within a heterogenous
group of pwRRMS, mimicking real-world data, and using com-
posite clinical disability measures to comprehensively capture
progression across multiple functional domains.

2 | Methods
2.1 | Study Design

Participants were retrospectively screened from prospective
observational cohort studies conducted at two study centers in

Germany: (1) The Berlin cohort at Charité—Universitidtsmedizin
Berlin, recruited between 2011 and 2021 (CIS-Cohort [Clinical-
Trials.gov: NCT01371071], VIMS) and followed up from 2021
within the BERLimmun study (German Clinical Trial Register:
DRKS00026761) (Sperber et al., 2022); (2)The Munich cohort at
Technical University of Munich (TUM-MS), recruited between
2013 and 2021.

The inclusion criteria for this retrospective analysis were (1)
a diagnosis of RRMS according to the 2017 revised McDon-
ald criteria (Thompson et al., 2018), (2) age between 18
and 65 years at study inclusion, and (3) at least three vis-
its over a follow-up period of minimum 2 years. Exclusion
criteria were (1) relapses within 3 months prior to base-
line and during the follow-up period, (2) history of bilateral
optic neuritis (ON), (3) ophthalmic or systemic comorbidi-
ties with potential retinopathy unrelated to MS or potential
adverse impact on OCT image acquisition, (4) bilateral refractive
errors above +6 diopters, and (5) no OCT scans acquired at
baseline.

The primary outcome was sustained PIRA. The detection is
illustrated in Figure 1 and described in Supporting Information
Text S1.

Disability was detected using a composite measurement con-
sisting of the EDSS (> 1.5 points increase if reference = 0, >
1.0 points increase if reference 1.0-5.0, > 0.5 points increase
if reference > 5.5) (Miiller et al., 2023), the T25FW (> 20%
increase) assessing lower limb function (Meyer-Moock et al.,
2014), the 9HPT (> 20% increase) assessing upper limb function
(dominant and nondominant hand) (Meyer-Moock et al., 2014),
the SDMT (> 4 points or >10% decrease) assessing cognitive
function (Benedict et al., 2017), and 2.5% low-contrast letter
acuity (LCLA, > 7 letters decrease) assessing visual function
(monocular and binocular) (Balcer et al., 2017). A worsen-
ing in either one of the measurements can lead to a PIRA
event.

2.2 | Ethics

This study was conducted in accordance with the Declaration of
Helsinki in its currently applicable version. All cohort studies
were approved by their respective institutional ethics commit-
tees at Charité—Universitdtsmedizin Berlin (CIS: EA1/182/10,
VIMS: EA1/163/12, BERLimmun: EA1/362/20) and the Techni-
cal University of Munich (TUM-MS: 166-16S/464-21S/9-15S). All
participants signed a written informed consent prior to study
enrolment. We report in adherence to the STROBE (strength-
ening the reporting of observational studies in epidemiology)
Statement.

2.3 | Optical Coherence Tomography

All OCT scans were quality controlled according to the OSCAR-IB
criteria and are reported based on the APOSTEL 2.0 recommen-
dations (Tewarie et al., 2012; Schippling et al., 2015; Aytulun et al.,
2021).

20f14

Brain and Behavior, 2026



Disability

Disability worsening
threshold

Visits

1 2 3 4 5 6 7
Baseline Reference Event Confirmation End of follow-up
Sustainment

FIGURE 1 |
is set at baseline (A). However, if the disability improves and is confirmed at the subsequent visit, the reference score is updated to the improved value

Detection of sustained progression independent of relapse activity (PIRA). Initially, the reference score for each disability measurement

(B). At this reference, the disability worsening threshold (purple horizontal dashed line) is set for all the following visits. Based on the temporal evolution
of disability, two scenarios can occur. Scenario 1 (orange): Sustained PIRA (primary outcome). It is defined as a disability worsening in the absence of
relapses above the threshold of clinical significance (C, Event), confirmed at the next consecutive visit (D, Confirmation) and lasting until the end of
follow-up (E, Sustainment). Scenario 2 (blue): Disability worsening below the threshold of clinical significance. This may be the case if the disability
worsens but remains below the threshold from the outset (F) or if falls back beneath the threshold during the follow-up after having previously exceeded

it (G). Time between visits > 3 months.

Two distinct scans were analyzed: (1) A peripapillary ring scan
centered on the optic nerve head for measuring the pRNFL
thickness and (2) a macular volume scan centered on the
fovea centralis for calculating the GCIP thickness. Further
details regarding the OCT protocol are described in Supporting
Information Text S2.

Only eyes without a clinical history of ON were included in the
analysis (Petzold et al., 2017). Additionally, to detect subclinical
optic nerve involvement, we assessed inter-eye differences of
retinal layer thicknesses with cutoffs of > 6 um for pRNFL and >
4 um for GCIP. In case of inter-eye differences, only the eye with
the respective higher values was included (Montalban et al., 2025;
Saidha et al., 2025). Furthermore, only eyes without retinopathy
unrelated to MS or refractive errors above +6 diopters were
included to ensure independence of other potential confounders.
If both eyes of a participant could be included, the mean of
both eyes for each retinal layer was calculated and included into
analysis.

2.4 | Age-adjusted Z-scores

Retinal layer thicknesses are impacted by methodological dif-
ferences in OCT data acquisition and image post-processing, as
well as by neurodegenerative processes of aging. Therefore, we
ensured comparability between study centers and participants
by transforming the absolute retinal layer thicknesses of pRNFL
and GCIP into age-adjusted Z-scores as previously described (Lin
etal.,2024). Age-adjusted Z-scores were calculated independently
for each study center using generalized additive models for loca-

tion, scale, and shape, based on center-specific healthy control
cohorts.

2.5 | Statistical Analysis

The main analysis combined pwRRMS from both study centers
into a single cohort. Secondary analyses were then conducted for
each study center independently. Exploratory analyses stratified
participants by disease duration (< 1year or > 1year) and sensitiv-
ity analyses used different composites of disability measurements
(EDSS alone, EDSS or T25FW or 9HPT).

We investigated the association between future risk of sustained
PIRA and baseline pRNFL/GCIP age-adjusted Z-scores by com-
puting univariable and multivariable Cox regression models.
The multivariable models were adjusted for age, EDSS, and
disease duration (defined as time since the first clinical attack)
at baseline, as well as for disease modifying therapy (DMT),
treated as a time-dependent dichotomous variable (yes or no).
The selection of covariables was based on reported risk factors
for PIRA (Portaccio et al., 2022). We first assessed the adjusted
hazard ratios (aHR) and their 95% confidence interval (CI) on a
continuous scale, and second, by dichotomizing participants at an
age-adjusted Z-score of —1, —1.5, and —2 into thicker and thinner
groups, respectively.

The statistical analysis was performed in R (version 4.4.2).
Statistical significance was set as two-tailed p < 0.05. Group com-
parisons were carried out with Student’s t-test, Mann-Whitney
U-test or Fisher’s exact test as appropriate.
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3 | Results

3.1 | Baseline Characteristics

As presented in Figure 2, a total of 755 participants were screened,
314 in Berlin and 441 in Munich. Of the screened participants,
220 fulfilled all the inclusion criteria and were included into our
analyses, 74 from Berlin and 146 from Munich. Of these included
participants, 329 eyes met the inclusion criteria, 115 from Berlin
and 214 from Munich.

The baseline characteristics are described and compared between
both study centers in Table 1. Information regarding missing data
at baseline and during the follow-up is provided in Supporting
Information Table S1.

3.2 | Distribution of sustained PIRA during
Follow-Up

After a median follow-up duration of 2.9 [IQR 1.6-4.1] years, 65
(29.5%) pwRRMS developed sustained PIRA. Of these, 31 (47.7%)
were detected by EDSS increase, 24 (36.9%) by T25FW increase,
seven (10.8%) by 9HPT increase, seven (10.8%) by SDMT decrease,
and none by LCLA decrease. Sustained PIRA was captured in four
(6.2%) pwRRMS by multiple measurements simultaneously.

3.3 | Association of Baseline pRNFL and GCIP
Z-scores with sustained PIRA

First, we investigated the association of baseline pRNFL and
GCIP age-adjusted Z-scores on a continuous scale with the
hazard for sustained PIRA during follow-up. No associations were
found between baseline pRNFL thickness (aHR [95% CI] = 1.05
[0.88-1.24], p = 0.612) or GCIP thickness (aHR [95% CI]| = 1.08
[0.92-1.28], p = 0.344) with sustained PIRA during the follow-up
(Figure 3).

After dichotomizing the participants into two groups at a Z-score
cutoff of —2 for each OCT measure, we found no increased risk for

sustained PIRA in pwRRMS with thinner pRNFL (aHR [95% CI]
=1.08 [0.52-2.24], p = 0.840) or GCIP (aHR [95% CI] = 1.51 [0.78—
2.91], p = 0.221) at baseline compared to pwRRMS with thicker
PRNFL or GCIP (Table 2). Dichotomization at Z-score cutoffs of
—1or —1.5 also showed no risk differences with thinner pRNFL or
GCIP respectively but revealed the trend of an increasing aHR for
decreasing GCIP Z-score cutoffs (Table 2).

Univariable analyses of Z-score cutoffs are provided in Supporting
Information Table S2. Baseline characteristics of pwRRMS with
or without sustained PIRA during the follow-up are compared in
Supporting Information Table S3.

3.4 | Center Differences

We observed clinical differences at baseline between both study
centers. In Berlin, more pwRRMS received no DMT (29 [39.2%]
vs. 27 [18.5%], p < 0.001), had a higher level of disability in 9HPT,
a shorter disease duration (1.3 [0.5-9.9] vs. 4.4 [2.2-7.7] years, p
= 0.034), as well as a numerical higher, though not statistically
significant EDSS score (1.5 [1.0-2.5] vs. 1.0 [0-2.0], p = 0.051) as
compared to the Munich cohort.

After a median follow-up duration of 2.1 [IQR 1.3-4.0] years, 21
(28.4%) pwRRMS in Berlin experienced an event of sustained
PIRA. Of these, seven (33.3%) were detected by EDSS increase,
seven (33.3%) by T25FW increase, two (9.5%) by 9HPT increase,
and seven (33.3%) by SDMT decrease. After a median follow-up
duration of 3.0 [2.1-4.1] years, 44 (30.1%) pwRRMS in Munich
experienced an event of sustained PIRA. Of these, 24 (54.5%) were
detected by EDSS increase, 17 (38.6%) by T25FW increase, and five
(11.4%) by 9HPT increase.

In Berlin, lower age-adjusted pRNFL Z-scores on a continuous
scale were associated with higher risk for sustained PIRA (aHR
[95% CI] = 1.41 [1.03-1.92], p = 0.032). A similar association
was observed with GCIP, though it did not reach statistical
significance in the multivariable analysis (aHR [95% CI] = 1.38
[0.90-2.10], p = 0.140). In contrast, pwRRMS in Munich showed
no risk differences with either pRNFL or GCIP age-adjusted
Z-scores (Table 3).

After dichotomizing the participants at Z-score of —2, pwRRMS
in Berlin with thinner pRNFL (aHR [95% CI] = 2.63 [0.82-8.47],
p = 0.105) or thinner GCIP (aHR [95% CI] = 3.24 [0.95-11.1], p =
0.061) had a higher risk for sustained PIRA compared to those
above the Z-score cutoff, but both missing statistical significance
in the multivariable analysis. Dichotomization at Z-score cutoffs
of —1 or —1.5 also showed no significant risk differences with
thinner pRNFL or GCIP, respectively but revealed the trend of an
increasing aHR for decreasing GCIP Z-score cutoffs (Table 4). In
Munich, we observed no associations between risk of sustained
PIRA with either pRNFL or GCIP strata (Supporting Information
Table S2).

In Berlin, pwRRMS who developed sustained PIRA during
follow-up had lower baseline pRNFL and GCIP thicknesses and
performed worse on monocular and binocular LCLA compared
to those without sustained PIRA (Figure 4). In Munich, pwRRMS
with sustained PIRA during the follow-up were older at baseline

40f14

Brain and Behavior, 2026



'50°0 > d e 20uBOHIUSIS [EONISTIBIS,

1S9, e J00,]-G7 PAWILL, = MSZ, 1S9, SONIePOIA JISI [OqQUIAS = LINS ‘UONIASD pIepue)s = (S ‘IoAe[ 10q1f aa1au [eunjal Arefidedirod = T,INYd ‘O[qerreae jou = /N
“)Ioe 19391 JSENUO0d MO] = VDT ‘d8uer a[nrenbrajur = YOI “1oke] uriojxard 1ouur-[[9d uordues = J1D9 ‘0eds snyels Aiqesiq papuedxy = SSAH ‘Aderay; Suikjipowr aseasIp = LN IS3L Sod 9[0H-6 = LdH6 :SUONEIAIqQY

*SHLINAU o13do JO AI0ISTY JNOYIIM SIS JO ATUO SSIUNOIY) JOAR] [eUNY [9ION

$60°0 [TL-++]T9 [v'L-T€] ¥'S [TL-0v] 19 [Y0O1] uerpaw ‘(s1eak) uonernp dn-mof[og
SSL°0 [0'2-051 09 [oL-0¥] s [02-05] 09 [YOI] uerpaw ‘sjIsia Jo 1oquInN
dn-morjog
906°0 09’1 F 610~ SETF 9v'0— WSTF8Y0— ds F ueaw ‘9100s-7 10O
°2L9°0 SHTF9¢0— SYIFLTO— SHTF €£°0— ds F ueaw ‘2109s-7 TINYA
L50°0 99 F 0L L'9F 89 L9F L'69 as F uesw ‘(wr) 410D
£920°0 'L F 0°001 TTLFE96 9T FL'86 as F uesw ‘(wr) TANY
SSaUIIYl Hv%dﬁ Teunay
V/N V/N [8'1s-0'S¥] 061 [815-0°S¥] 0'6¥ [YO1] uerpaw ‘(s19119]) V1T Te[nooulg
V/N V/N [¢'Lv-0"07] 0's¥ [¢'Ly-0'0F] 0S¥ [MOI1] uerpawr ‘(s1919[) V'IDT IB[NOOUO
wUTo €SI F 099 0 €I F 709 TEIF 809 ds F ueaw ‘(31008) LINAS
+8€0°0 [0'Tc-6'9T] 98T [8Tz-9L1] 8'61 [cTe-vLT] T'61 [MO1] uerpaw (s) puey yueurwiopuou ,LdH6
+100°0 > [s'61-0'91] T'LT [s'1z-¢L1] 881 [+'0z-€'91] 8'L1 [901] uerpsw ‘(s) puey jueurwiop LJH6
v€6°0 [8v-9¢lTv [ov-8€l Ty [Lv-L€l T [9OT1] uerpawr (s) MASTL
150°0 [oz-0] 0T [sz-0TlST [0Z-0T] ST [¥01] uerpaw ‘(2100s) SSAA
(0°LE) ¥S (6vD 11 (5'62) 59 Koeonyze ySIH
(S'¥b) 59 (6'sv) e (0's¥) 66 Aoeo1Jo 9)BIPOULIAIUL/MO']
«100°0 > (s'8D) LT (T6g) 6T (5°s2) 95 LINA ON (%) v “LNA
+7€0°0 [LL-Te] vy [6:6-50] €T [e8-6'0] L€ [JO1] uerpaw ‘(s1eak) 3[o€))E [EDIUI[D ISITF SOUIS UORIND ISEISIQ
©Jep [ROIUI]D
oo (4904 BDY 10
+C10°0 (0'001) 9%1 (9'76) OL (2'86) 91C UBISEONED (%) u Kyruyg
(T'TH) 09 (so¥) og (6'0v) 06 SN
000'T (685) 98 (5'69) v (T'65) O€T olewa] (%) u *XaS
430} S6F8LE 8°0L F L8 6'6 FT'SE as F ueaus (sreak) a3y
vyep orydeaSowraq
yoTunjA 9p1 = U ‘YOTUN\ YL = U ‘UrpIg [\ Y44

*SA ur[rdg ‘d

= u ‘uonendod Apnmig

‘uonendod Apnis a3 Jo sonsueORIRYD SUIPseT | T HTIAVL

50f14

Brain and Behavior, 2026



A
pRNFL Z-score | : 1.02 [0.87-1.21]
continuous p=0.791
B
pRNFL Z-score | i 1.05 [0.88-1.24]
continuous p=0612
| 1.05 [1.02-1.08]
Age et p =0.001
Disease | Lol 0.97 [0.93-1.01]
duration p=0.159
DMT | 1.19[0.64-2.19]
yes p=0.584
1.09 [0.86-1.38]
1 —O———
EDSS ] p=0474
05 1.0 15 2.0 25
Hazard ratio [95% Confidence interval]
C
GCIP Z-score | 0 1.07 [0.92-1.24]
continuous H p=0.377
D
GCIP Z-score | o 1.08 [0.92-1.28]
continuous . p=0.344
] 1.05 [1.02-1.08]
Age et p =0.002
Disease | 0.97 [0.92-1.01]
duration A p=0.171
DMT | 1.12 [0.6-2.09]
yes p=0.71
1.07 [0.84-1.37]
B '__O—{
EDSS p =0.583
05 1.0 15 20 25

Hazard ratio [95% Confidence interval]

FIGURE 3 | Associations of pRNFL and GCIP age-adjusted Z-scores on a continuous scale with sustained PIRA for the study population.
Univariable (A and C) and multivariable (B and D) Cox proportional hazard models. Dependent variable: Sustained PIRA (progression independent
of relapse activity). Independent variable: pRNFL (peripapillary retinal nerve, A and B) or GCIP (ganglion cell-inner plexiform layer, C and D) as age-
adjusted Z-scores on a continuous scale. Covariables: Age, disease duration since first clinical attack, DMT (disease modifying therapy, dichotomized as
yes or no, time-dependent variable), and EDSS (Expanded Disability Status Scale).
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FIGURE 4 |

Sustained PIRA during follow-up

Boxplots of baseline differences in visual measures between people with relapsing-remitting multiple sclerosis in Berlin who developed

sustained progression independent of relapse activity (PIRA) during the follow-up (orange) compared to those who did not (blue). (A) Thicknesses of
the peripapillary retinal nerve fiber layer (pRNFL; as Z-scores: —0.86 + 1.44 vs. —0.04 + 1.40, p = 0.027; in um: 91.0 + 10.8 vs. 98.4 + 12.3 um, p = 0.019)
and ganglion cell-inner plexiform layer (GCIP; as Z-scores: —1.08 + 1.29 vs. —0.23 + 1.30, p = 0.016; in pm: 65.2 & 6.5 vs. 69.7 & 6.4 um, p = 0.010). (B)
Low-contrast letter acuity (LCLA) monocular (41.0 [28.0-46.0] vs. 45.5 [42.0-48.0] letters, p = 0.002) and binocular (47.0 [42.0-48.0] vs. 50.0 [46.0-53.0]

letters, p = 0.003).

as compared to those without sustained PIRA (40.9 + 8.9 vs. 36.5
+ 9.4 years, p = 0.008).

3.5 | Differences between earlier and later Disease

Stages

After dividing pwRRMS by disease duration across both study
centers, we observed that pwRRMS within the first year after
disease onset (n = 57 [Berlin 63.2%, Munich 36.8%]) did not
have an increased risk for sustained PIRA with decreasing age-
adjusted Z-scores of pRNFL (aHR [95% CI] = 1.28 [0.88-1.88],
p = 0.202) or GCIP (aHR [95% CI] = 116 [0.77-1.73], p =
0.474) (Supporting Information Table S4). Similarly, we found no
associations between pRNFL or GCIP thickness and sustained
PIRA in pwRRMS at a later disease stage (> 1 year, n = 162 [Berlin
22.8%, Munich 77.2%]).

3.6 | Defining sustained PIRA by other
composites of Disability Measurements

We observed substantial differences in missing data for LCLA
and SDMT between Berlin and Munich (Supporting Information
Table S1). After defining sustained PIRA solely by worsening in
EDSS, T25FW, and 9HPT, which all had similar proportions of
missing data across both study centers, decreasing age-adjusted
Z-scores of pRNFL (aHR [95% CI] = 1.02 [0.85-1.22], p = 0.834)

or GCIP (aHR [95% CI] = 1.07 [0.90-1.27], p = 0.439) remained
not associated with sustained PIRA within the overall study
population (Supporting Information Table S5).

4 | Discussion

We retrospectively analyzed OCT-derived age-adjusted pRNFL
and GCIP Z-scores as predictive biomarkers for sustained PIRA
in pwRRMS, using data from prospective observational cohorts
conducted at two German study centers. No associations were
found between baseline pRNFL or GCIP thickness and sustained
PIRA within the overall study population. However, subgroup
analyses revealed contradictory results. In the Berlin cohort,
characterized by shorter disease durations and higher disability
levels compared to the Munich cohort, pwRRMS with thinner
PRNFL or GCIP had an increased risk for sustained PIRA
compared to those with thicker measures. In contrast, no such
associations were found within the Munich cohort.

Only a few studies have previously analyzed associations between
OCT-derived measures and PIRA (Bsteh et al., 2020, 2023;
Ingwersen et al., 2023; Burguet Villena et al., 2025). Two aimed
to predict the hazard of PIRA with baseline pRNFL and GCIP
thickness. (Bsteh et al., 2023; Ingwersen et al., 2023) These studies
had contradictory results that parallel our findings: The first study
analyzed 231 pwRRMS shortly after diagnosis (mean age: 30.3
years, median disease duration: 45 days, females: 74%, moderate
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efficacy DMT: 59.7%, high efficacy DMT: 27.3%, median EDSS: 0,
mean pRNFL: 91.9 um, mean GCIP: 80.2 um) and showed that
thinner pRNFL and GCIP predicted PIRA (Bsteh et al., 2023).
The second study analyzed 97 pwRRMS at later disease stages
(mean age: 42.3 years, mean disease duration: 10.5 years, females:
48.6%, DMT Ocrelizumab: 100%, mean EDSS: 3.5, mean pRNFL:
81 um, mean GCIP: 59 um [1.68 mm?]) and found no associations
between pRNFL or GCIP and PIRA (Ingwersen et al., 2023).

These findings suggest a potential prognostic value of pRNFL and
GCIP thickness for predicting PIRA. The clinical differences hint
that they are particularly promising in earlier, but not later disease
stages. However, exploratory analyses stratifying our entire study
population by disease duration (below or above 1 year) did
not confirm this, questioning the validity of our center-specific
observation. Since pRNFL and GCIP reflect neuroaxonal damage,
our findings might add to the emerging evidence of neurodegen-
erative processes occurring from disease onset and emphasize
the beginning of the disease course as a vulnerable phase for
the long-term outcome, which current treatment options might
not properly address. These mechanisms of progression include
chronic active inflammation, chronic demyelination, as well
as metabolic and mitochondrial dysfunction (Kuhlmann et al.,
2023). Because retinal layer thickness and atrophy reflect a
common final pathway of neuroaxonal damage, OCT-derived
measures cannot distinguish between the underlying patholog-
ical drivers and will be required to be combined with other
biomarkers to properly capture the underlying disease processes
(Lin and Saidha, 2025).

Besides clinical heterogeneity, further aspects limit the compa-
rability of previous studies (Bsteh et al., 2023; Ingwersen et al.,
2023) with each other and with our findings, which should be
taken into consideration when interpreting the evidence. Most
importantly, the definition of PIRA varies considerably across
studies. The rapid emergence of this concept in recent years has
sparked an ongoing debate regarding the definition as multiple
studies have shown that the definition used impacts the incidence
and persistence of PIRA events (Kappos et al., 2018, 2020; Miiller
et al., 2025; Satyanarayan et al., 2023; Sharrad et al., 2023). This
issue has recently been addressed (Miiller et al., 2023, 2025). The
two previous studies defined PIRA solely by EDSS worsening
confirmed after 3 or 6 months respectively, using a fixed baseline
and allowing relapses except within certain intervals (Bsteh et al.,
2023; Ingwersen et al., 2023). In contrast, a major strength of
our study is the alignment of PIRA with core pillars of recently
proposed harmonizing definitions (Miiller et al., 2023, 2025). We
increased sensitivity for detecting PIRA by examining clinical
measurements beyond the EDSS to account for multiple dimen-
sions of disability within a composite, and applying a roving
baseline to adjust for improvements in disability (Kappos et al.,
2018, 2020; Miiller et al., 2023). To avoid overestimation of PIRA,
we also increased specificity by requiring PIRA to be sustained
until the end of follow-up to capture clinically meaningful long-
term disability worsening, and excluding pwRRMS with relapses
during the follow-up to mitigate the influence of clinical disease
activity (Lublin et al., 2022; Satyanarayan et al., 2023). However,
a critical limitation shared by both previous studies and ours is
the absence of MRI analyses to assess subclinical disease activity.
(Bsteh et al., 2023; Ingwersen et al., 2023). Recent studies have
shown, that up to half of pwRRMS with PIRA, especially those

under low-efficacy DMTSs, continue to show focal inflammatory
MRI activity in temporal relation to a PIRA event (Tur et al., 2023;
Strijbis et al., 2025). This challenges whether the pure clinical
definition of PIRA truly reflects an underlying neurodegeneration
independent of focal inflammation (Ciccarelli et al., 2024). This
emphasizes the importance of incorporating MRI to account for
different pathological disease processes within MS and PIRA,
leading to the refined concept of progression independent of
relapse and MRI activity (PIRMA), which may better isolate true
progression outside the bounds of focal inflammation (Lin and
Saidha, 2025; Calabrese et al., 2024).

Another key aspect concerns the OCT methodology and retinal
layer thickness measures. Both previously mentioned studies
used spectral domain OCT (Spectralis OCT1 or OCT2) with
Heidelberg Eye Explorer (both by Heidelberg Engineering, Hei-
delberg, Germany) for image acquisition and postprocessing
(Bsteh et al., 2023; Ingwersen et al., 2023). We used the same
devices and software in our study, with the exception of the
SAMIRIX pipeline for segmenting GCIP in the Berlin cohort
(Motamedi et al., 2019). Despite that, we see large differences in
the pRNFL and GCIP thicknesses across all studies and cohorts,
only to certain extent explainable by different OCT software
versions and post-processing pipelines or different clinical char-
acteristics mentioned beforehand. We tried to address this issue
by transforming absolute thicknesses of pRNFL and GCIP into
age-adjusted Z-scores, which have been shown to outperform
absolute values as predictors and improve the comparability
between different OCT devices (Lin et al., 2024). With this, we
equalized center differences regarding OCT methodology and
improved comparability between both cohorts for pRNFL and
GCIP (Berlin vs. Munich; Table 1).

Our study has several crucial limitations. First, and most impor-
tantly, we did not detect subclinical inflammatory disease activity
through MRI to ensure PIRMA (Strijbis et al., 2025; Ciccarelli
et al., 2024). Due to inconsistent MRI protocols within the follow-
up period, we refrained ourselves from including them into
the analyses. As such, mild or unspecific symptoms may have
gone unrecognized, potentially leading to inclusion of partici-
pants with subtle inflammatory disease activity. Furthermore,
the exclusion of pwRRMS with relapses raises the question of
whether the occurrence of sustained PIRA marks a transition to
secondary-progressive MS (Portaccio et al., 2024). Second, despite
our multidimensional approach to disability, the measurements
used only assess fractions of certain disability domains. For
example, SDMT detected only half of cognitive PIRA events
in a recent study (Fuchs et al., 2024). Nevertheless, a balance
between comprehensive testing and clinical practicability must
be maintained. Additionally, we observed substantial differences
in missing data for LCLA and SDMT between Berlin and Munich.
Therefore, we conducted sensitivity analyses defining sustained
PIRA solely by worsening in EDSS, T25FW, or 9HPT, which all
had similar proportions of missing data, and observed consistent
results with our main analyses. Third, we did not analyze the
effects of distinct DMTs or treatment hierarchies, although they
influence the occurrence of PIRA (Miiller et al., 2023). However,
we adjusted for treatment duration by including DMT (yes/no)
as a time-dependent variable into our models and found no
associations with sustained PIRA. Last, our study population
predominantly consists of pwRRMS with Caucasian ethnicity,
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which limits generalizability. Furthermore, the small number
of pwRRMS with disease duration < 1 year impairs exploratory
analyses on the utility of pRNFL and GCIP as biomarkers for
PIRA in early MS. Therefore, the inconsistent findings across
centers may also be attributable to sample noise rather than true
biological differences.

Future studies should address these limitations through larger,
prospective and multicentric designs with the inclusion of MRI
to improve our understanding of PIRA/PIRMA and the utility
of pRNFL and GCIP thickness as biomarkers for risk strati-
fication. Additionally, age-matched healthy controls should be
incorporated, since age is the single risk factor for PIRA in
pwWRRMS that remains consistent across most studies (Portaccio
et al., 2022; Tur et al., 2023; Miiller et al., 2025; Prosperini et al.,
2024), and was also seen in ours. Including age-matched controls
would further advance our understanding of the relationships
among MS, PIRA/PIRMA, and age. Furthermore, other OCT-
based methods such as OCT-Angiography might harbor potential
to be investigated in the future.

In conclusion, OCT-derived pRNFL and GCIP measures may
serve as prognostic imaging biomarkers to identify pwRRMS at
risk of PIRA. While they do not predict the hazard of PIRA within
a heterogenous group of pwRRMS, they appear to be particularly
promising in early disease stages. Further research is required
to establish a foundation for the application of OCT measures,
focusing on the influence of clinical characteristics, to find out
which patient groups could benefit from routine assessments to
reliably predict PIRA/PIRMA.
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