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Magnetic resonance imaging (MRI) is paramount
for the differential diagnosis of neuromyelitis
optica spectrum disorders (NMOSD).!
Furthermore, MRI volumetry is increasingly
investigated in NMOSD?3 and demonstrated that
patients with NMOSD have reduced white mat-
ter* and specific gray matter structural volumes
compared to healthy controls (HC).>7
Specifically, thalamic atrophy has consistently
been detected in patients with NMOSD,58 and
thalamic and hippocampal atrophy have been
linked to cognitive impairment in NMOSD.8°

Glial fibrillary acidic protein (GFAP) is an inter-
mediate filament abundant in astrocytes.!?
Accumulating evidence suggests that serum
GFAP (sGFAP) represents a biomarker for disa-
bilityand disease activityin AQP4-IgG+NMOSD,
reflecting disease-specific end-organ damage.!?
Additionally, sGFAP may be predictive for attack
risk in AQP4-IgG+NMOSD.11:12 sGFAP levels
are associated with complementary biomarker
candidates in AQP4-IgG+NMOSD, including
serum neurofilament light chain (sNfL),!? a
marker for neuroaxonal injury, and retinal nerve
fiber layer thickness.13

However, while limited evidence suggests an
association of higher sGFAP with spinal and cer-
ebral lesions in AQP4-IgG+NMOSD,!1:1415 gyg-
tematic investigations of the association of sSGFAP
with MRI volumes in patients with NMOSD
have so far not been conducted. Therefore, it
remains unclear whether structural damage
detected by MRI in patients with AQP4-
IgG+NMOSD may be reflected by sGFAP.

Here, we performed an explorative investigation
of cross-sectional and longitudinal associations
between brain MRI volumes and sGFAP in clini-
cally stable patients with AQP4-IgG+NMOSD.
In addition, we analyzed the association of MRI
volumes and sNfL. To evaluate the specificity of
our findings, we also included patients with mye-
lin oligodendrocyte glycoprotein antibody-associ-
ated disease (MOGAD) and HC.

Participants and methods

Participants and study design

This is a monocentric, retrospective, observa-
tional investigation. Thirty-three patients with
AQP4-IgG+NMOSD and 17 with MOGAD

diagnosed according to current criteria,!»16:17 were
included in a prospective longitudinal observa-
tional study. Inclusion criteria for the present
analysis were age of at least 18years at inclusion
and ability to give informed consent. Exclusion
criteria were contraindications or inability to
undergo MRI and optical coherence tomography
(Supplemental Figure 1). Additionally, 15 HC
were included. No sample size calculation was
performed, as all available persons fulfilling the
criteria were included. Participants of this study
were previously reported in studies on either
sGFAP and sNfL or MRI in NMOSD, MOGAD,
and HC, as described in detail in the Supplemental
Material. All patients with AQP4-IgG+NMOSD
and MOGAD enrolled in the abovementioned
prospective observational study at the time of
sGFAP and sNfLL measurement and with availa-
ble serum samples and MRI scans at the respec-
tive time point were included; therefore, no
further inclusion or exclusion criteria were applied
(Supplemental Figure 1). HCs were selected to
match as close as possible the age and sex distri-
bution of patients on a cohort level.

The study design is depicted in Figure 1. Identical
procedures were applied at each study visit to
obtain serum samples and MRI scans. All patients
(NMOSD and MOGAD) were in clinical remis-
sion (as defined by a time interval >30days since
onset of last attack) at visit 1 (V1) and visit 2 (V2).

Methods

Laboratory procedures. Serum AQP4-IgG and
MOG-IgG were determined using fixed or live
cell-based assays.!8 SGFAP and sNfL concentra-
tions were measured by Simoa, as previously
described. !4

Magnetic resonance imaging. All 3D TI1- and
T2-weighted cerebral MRI scans were obtained as
previously reported® on a 3-Tesla Siemens Trio
scanner, with T2-hyperintense lesion segmenta-
tion manually performed by two expert MRI-
technicians (>10years of experience) on
T2-weighted fluid attenuated inversion recovery
scans. Volumes of brain structures and cranial
MRI cerebrospinal fluid (CSF) volume were
determined based on lesion-filled T1-weighted
magnetization-prepared rapid gradient echo scans
by application of FSL SIENAX! and FSL
FIRST?20 and then multiplied with the SIENAX
V-Scaling factor for normalization. As a measure
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Figure 1. Study design.

Arrows indicate study visits (V) at the respective time point (0/1/2/3). Detailed clinical data were obtained at V1, V2, and V3.
AQP4-1gG+NMOSD, aquaporin-4-immunoglobulin G-seropositive neuromyelitis optica spectrum disorder; HC, healthy
controls; IQR, interquartile range; MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; MRI, magnetic
resonance imaging; NMOSD, neuromyelitis optica spectrum disorders; nNMOSD/MOGAD/HC, number of AQP4-1gG+NMOSD
patients/MOGAD patients/HC; PBVC, percent brain volume change; sGFAP, serum glial fibrillary acidic protein; sNfL, serum

neurofilament light chain; V, visits.

of longitudinal brain atrophy, we calculated per-
cent brain volume change (PBVC) using FSL
SIENA.19 To differentiate between past and future
brain atrophy relative to the time of serum sam-
pling, we calculated PBVC,_y, between the first
available brain MRI scan (VO, or V1 if VO was not
available) of each patient and the scan at V2 as
well as PBVCy,;_y, between the scan atV1 and the
last available scan (V3) of each patient (Figure 1).

Statistical analyses. Log-transformation was per-
formed for sGFAP and sNfL, and rank-transfor-
mation for delta sGFAP and delta sNfL, enabling
the use of parametric tests. For intergroup differ-
ences, standardized mean differences (SMD) were
calculated. For descriptive group comparisons,
unadjusted p-values were derived from Chi-square
test, one-way-ANOVA, and Kruskal-Wallis test, as
applicable. Cross-sectional associations between
sGFAP or sNfLL and MRI measures were analyzed
using multivariable linear models adjusted for age
and sex and including an interaction term of diag-
nosis with MRI measure. For longitudinal analy-
ses, similar linear models were calculated, with
delta sGFAP/sNfL. (V2-V1) as independent or
PBVC as dependent variables. Marginal effect

estimates beta (B) were calculated (package
“emmeans”). For models, all MRI parameters
were rescaled by division through the respective
maximum. Standardized effect sizes (SES) were
calculated for interaction effects (package “effect-
size”). Due to the exploratory design of this study,
interpretations are based on effect sizes (f, SMD,
SES) and no correction for multiple testing was
applied. Accordingly, all p-values should be inter-
preted cautiously. As per inclusion criteria, there
were no missing SGFAP/sNfL data at V1. For lon-
gitudinal analyses, only complete datasets were
used, no imputation of missing values was con-
ducted. All statistical analyses were performed
using R (version 4.2.2).21

Further details of the study design, study partici-
pants, laboratory procedures, MRI, and statistical
analyses are provided in the Supplemental Material.

Results
Study participants

Baseline demographic and clinical characteristics of
the study participants are summarized in Table 1.
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Table 1. Baseline demographic and clinical characteristics.
Demographic and clinical NMOSD MOGAD HC SMD p
characteristics
NMOSD vs NMOSD MOGAD NMOSDvs NMOSD MOGAD
MOGAD vs HC vs HC MOGAD vs HC vs HC
N 33 17 15
Age (years), median (IQR) 50 (40,59)  481(34,55) 36(32,60) 0.26 0.40 0.14 0.37 0.16 0.71
Female (%) 30 (90.9) 11 (64.7) 12 (80.0) 0.66 0.31 0.35 0.06 0.56 0.57
Ever smoked (%) 15 (45.5) 12 (75.0) 0.63 0.10
Arterial hypertension (%) 7(21.2) 4(23.5) 0.06 1.00
Diabetes mellitus (%) 0(0) 0(0)
Months since last attack, median 31(12,56)  61(5,19) 0.63 0.002
(IQR)
Disease duration (months), median 76 (52, 96) 43 (10, 0.07 0.13
(IQR) 132)
EDSS, median (IQR) 4.0 (2.0, 2.5 (2.0, 0.66 0.04
4.5) 3.0
Current IMT (%) 29 (87.9) 13(76.5) 0.30 0.53

p-Values are unadjusted, derived from Chi-square test for categorical variables, from one-way-ANOVA for continuous normally distributed
variables, and from Kruskal-Wallis test for continuous nonnormally distributed variables.

CSF, cerebrospinal fluid; EDSS, expanded disability status scale; HC, healthy controls; IMT, immunotherapy; IQR, interquartile range; MOGAD,
myelin oligodendrocyte glycoprotein antibody-associated disease; NMOSD, neuromyelitis optica spectrum disorder; sGFAP, serum glial fibrillary
acidic protein; SMD, standardized mean difference; sNfL, serum neurofilament light chain; vol., volume.

Patients with AQP4-IgG+NMOSD were older
and more often female than HC and patients with
MOGAD (Table 1). Disease duration and time
since the last attack at V1 were longer, and the
expanded disability status scale score was higher in
patients with AQP4-IgG+NMOSD compared to
MOGAD (Table 1). The frequency of the cardio-
vascular risk factors diabetes and hypertension was
similar in AQP4-IgG+NMOSD and MOGAD,
while smoking was more prevalent in MOGAD
(Table 1). Six 0of 28 (21.4%) AQP4-IgG+NMOSD
patients and 5 of 15 (33%, SMD=0.27, p=0.27)
MOGAD patients with 1year follow-up had an
attack during this period (V1 —V2), no patient had
more than one attack.

sGFAP and sNfL concentrations as well as MRI
volumes are shown in Table 2. Patients with
AQP4-IgG+NMOSD had a higher median base-
line sGFAP concentration (109.2pg/ml) than
HC (66.4pg/ml, SMD=0.8, p=0.03) and, to a
lesser degree, than patients with MOGAD
(77.7pg/ml, SMD =0.1, p=0.31). sNfLL concen-
trations were similar between all three groups

(Table 2). The median intraindividual percentual
change, that is the intraindividual variability, of
sGFAP between baseline and V2 was similar in
AQP4-IgG+NMOSD (17% (IQR 7%—22%))
and MOGAD (16% (12%-18%), SMD=0.3,
p»=0.80), as was the median intraindividual per-
centual change of sNfLL (AQP4-IgG+NMOSD:
24% (9%-33%), MOGAD: 17% (10%-35%),
SMD=0.4, p=1.00). Baseline brain volume
(SMD=0.8, p=0.01), gray matter volume
(SMD=0.7, p=0.04), and pallidal volume
(SMD=0.8, p=0.03) were lower, and thalamic
(SMD=0.6, p=0.06) and white matter
(SMD=0.6, p=0.07) volumes were nonsignifi-
cantly lower in AQP4-IgG+NMOSD than in
HCs. Moreover, amygdala volume was lower in
AQP4-IgG+NMOSD than in MOGAD
(SMD=0.8, p=0.007). Mean upper cervical spi-
nal cord area was lower in patients with AQP4-
IgG+NMOSD than in HCs (SMD=0.9,
p»=0.008), and nonsignificantly lower in AQP4-
IgG+NMOSD than in MOGAD (SMD=0.5,
p»=0.08). The cerebral T2-lesion count was
higher in patients with AQP4-IgG+NMOSD

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

P Schindler, U Grittner et al.

"3WNJOA “]0A ‘SHSIA ‘A ‘Uleyd 3ybI) JUBWE)IJOINSU WNISS “TYN'S ‘9IUSI3YIP UBSW PIZIPJEPUE)S
‘QINS ‘urayod d1pioe Aueiugly 1enb wnias ‘qy49s ‘UoIBIASP pJepue)s ‘gs ‘abueyd awn)oA ulelq Juadiad ‘QAgd ‘Japosip wnJioads eando siyjaAwolnau ‘{gSOWN ‘eaJe pJod jeulds 1ea1A180 Jaddn uesw ‘yIININ
‘buibew adueuosal dl3auUbEW ‘YN ‘8Seasip pajeldosse-Apogiiue uia3oidodk)b a3koolpuapobio unakw ‘qyoo ‘abued aydenbiaul Y| ‘Adesayjounwiwl ‘| | ‘S)043u0d Ayneay ‘QH ‘pinyy 1euldsolqauad ‘459

‘sjasejep 1euipnyibuo)

(OAGd PUB ‘ZA PUB | A 1B TINS PUB dy49s ""a'1) 9191dwod yym syusned ul passasse sem Aydodje ulelq jeuipnyibuoT ‘se)qeliea payngiisip A)JeWouuou SNONUIIUOD 10j }S8) SIJEA\-]B)SNIY WO} pue ‘sajgeliea
pa1nqlsip A)jewlou snonunuod 10j YAQONY-AeM-auo wodj ‘sajgelleA |edliobaied 1oy 1sa) alenbs-1yg wod) paaliap ‘paisnipeun aie sanjep-d ‘(| A) @Ulaseq 1e paulelqo eiep 0] Jajal S3INSeaW 1eU0I}29S-SS0.D )Y

(6°0) L°0- (0°1) 6°0-
09°0 1Z°0 oL=u 6L=u (@s) ueaw A EAgAg
(8°0) L0~ (80 L'L-
L10 050 ZL=u Zz=u (s) ueaw M hoagy
Aydouje ureaq jeuipniyibuo
99°0 1000 100°0> 0€°0 L0 L0°0 (7'0'90°0) 20 (9°0'50°0) L0 (6'L'G0) L'L (YD) Uelpaw ‘(Jui) 10A UoIsa)-Z | Ulelg
LYo 200 100°0> L€0 070 890 (GZ '€) v (LY (82 '0L) L1 (4DI) UBIpBW JUN0 UOIS?)-Z| UleJg
780 8000 80°0 L0°0 060 67°0 (58 L2L (ZzloeL (99 2°L9 (@S] ueaw ‘(;ww) yaoNW
79°0 6L°0 770 AN 600 €2°0 (8L) 762 (82) 062 (7°2) 962 (@S) ueaw ‘(ju) 10A Wajsulelg
790 ¥5'0 00l 8L°0 020 2000 zoet (€0 1L o)LL (@S) uBdW ‘(Jw) "10A SUSGUINDDY
Z€0 AN £00°0 9€°0 z70 ¥8'0 (9'009°€ (G0 7e (S0 8€ (@s) ueaw ‘(Ju) oA ejepbAuwy
£€°0 A 650 9€°0 €920 1’0 (8°0) G0l (L'1yool (L'1zol (@s) ueaw ‘(ju) joa snduwiedsoddiy
90°0 €0°0 96°0 040 LLO 100 €08y (G016 (70 sy (@S) ueaw ‘(ju) oA Wnpijed
62°0 zL10 G50 6€°0 280 610 (60 zel (o1eel (7'1) 92l (@S) ueswW ‘(ju) oA UsWeINg
070 600 97°0 00 660 220 (0°1)96 (1126 (90°1) 0'6 (@S) ueaw ‘(jw) oA snjepney
120 90°0 L9°0 070 190 zLo0 (Lrie (€z)Loe (L) 70T (@S) ueaw ‘(ju) oA snwejey |
6€°0 710 GL0 €0 97°0 600 (8°L7) 1'597 (8°65) 8'18Y (€°97) L7987 (@s) ueaw ‘(jw) oA 4S9
50 L0°0 62°0 720 LG50 €0 (1°9€) 7°0EL (7°07) 67LCL (6€€) €°0LL (QS) ueaw ‘(jw) oA JaNeW BIYM
Ly0 700 62°0 92°0 £9°0 LE0 (9°95) 8'1Z8 (¢8L) 6'€08 (6€9) 9°18L (aS) ueaw ‘(jw) ‘oA sayew Aeig
A 100 020 0€°0 280 LE0 (€°69) 2'25G1 (€°201) 8'6ZG1 (7'LL) 671671 (@S) ueaw ‘(ju) oA uledg
Kuyawinon |y uleag
790 96°0 680 GZ'0 80°0 8L'0  (97E'8LL) LY (967 "7'6l) £°GZ (68€“L'LL) €7 (4oI) uetpaw ‘(Jui/bd) NS
220 €00 L€0 67°0 080 800  (CL6°T9S)799  (LYOL'9L9)L'LL (77651 '8°69) C'60L (4O1) uerpaw ‘(Jw/6d) dv49s
SJsyJewolq wnldsg
Gl Ll €€ N
OH JH sA avoow JH sA OH sA avoow
SAQVOOW  QaSOWN SAQSOWN  aVOOW QSOWN  SAQSOWN
d ans JH avoow asonN SjUBWaINSEAW [YW PUE WNIDS

"S3WNO0A [Y|N UlBJQ pUB SUOI}BIIUSIUOD JBYJBeWOIq WNJaG "7 d)qel

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in

(a) HC (b) AQP4-IgG+ NMOSD (c) MOGAD
' ' '
amyg.vol — amyg.vol —— amyg.vol ——
' ' '
caud.vol -—10—< caud.vol -—f—~ caud.vol : —_——
' ] '
putam.vol —_—— putam.vol —— putam.vol —_——
' ' '
pall.vol —_——— pall.vol — pall.vol B —
' ' '
hippo.vol ——— hippo.vol —— hippo.vol ——
o ' o ' o '
5 accumb.vol —— 5 accumb.vol —. 5 accumb.vol —r
8 ! 8 ! 8 !
o) ! o) ! o) U
s thal.vol —_——— = thal.vol —— = thal.vol —
= i = ] = i
% mucca —_—— n§f mucca —— D§f mucca ——
' ' '
brainstem.vol —_—— brainstem.vol —— brainstem.vol —_———
' ] '
csfvol —_—— csfvol | —— csfvol —_——
' ' '
wm.vol .—._:—. wm.vol -—‘0—~ wm.vol '—?—
' ] |
gm.vol —_—— gm.vol —_—— gm.vol —_——
' ' I
brain.vol —_— brain.vol —_— brain.vol —_—
L ; '
75 -50 -25 0.0 25 5.0 75 75 -50 -25 00 25 5.0 75 75 -50 -25 0.0 25 5.0 75
Beta Beta Beta
(d) (e) ()
HC AQP4-1gG+ NMOSD MOGAD
' ' '
amyg.vol —— amyg.vol —— amyg.vol —_—
' ' I
caud.vol —0:—' caud.vol -—.-:—- caud.vol -—o—:-
' i '
putam.vol —— putam.vol — putam.vol ———
' ] '
pall.vol B pall.vol — pall.vol —_—
' ' I
hippo.vol —_— hippo.vol ——! hippo.vol —e
o | o I o 1
5 accumb.vol —— 5 accumb.vol —.— 5 accumb.vol ——
@ | @ ) @ !
3 thal.vol —_— 3 thal.vol — 3 thal.vol —
= ! = ! = '
= 1 = ' = '
% mucca -—0—:—- % mucca -—0:—~ % mucca -—'ro—-
' | '
brainstem.vol —_——— brainstem.vol — brainstem.vol ——
' I '
csfvol — csfvol —— csfvol —_—
' ' '
wm.vol -—o—l< wm.vol -—:—0—< wm.vol -—:—o—<
' i '
gm.vol —_—— gm.vol —_— gm.vol ——
' ] '
brain.vol e brain.vol —_—— brain.vol —_—
: ; ;
75 -50 -25 00 2.5 5.0 7.5 7.5 50 -25 00 25 5.0 7.5 75 50 -25 0.0 2.5 5.0 75
Beta Beta Beta

Figure 2. Effect sizes of baseline associations of sGFAP (a-c) and sNfL (d-f) with brain MRI structural measuresDots indicate

the comparable coefficient B, derived from linear models, one model per MRI parameter, adjusted for age and sex and with an
interaction term of MRI parameter and diagnosis. Horizontal lines indicate the corresponding 95% confidence interval. One model
was calculated for each MRI parameter, each including all three groups. sGFAP or sNfL were used as dependent and MRI parameter
as independent variables. Number of included individuals: NMOSD n=33, MOGAD n=17, HC n=15.

Accumb.vol, accumbens volume; amyg.vol, amygdala volume; AQP4-IgG+NMOSD, aquaporin 4-immunoglobulin G-seropositive neuromyelitis optica
spectrum disorder; brain.vol, brain volume; brainstem.vol, brainstem volume; caud.vol, caudate volume; csf.vol, cranial MRI cerebrospinal fluid
volume; gm.vol, gray matter volume; HC, healthy controls; hippo.vol, hippocampus volume; MOGAD, myelin oligodendrocyte glycoprotein antibody-
associated disease; MRI, magnetic resonance imaging; MUCCA, mean upper cervical spinal cord area; NMOSD, neuromyelitis optica spectrum
disorders; putam.vol, putaminal volume; sGFAP, serum glial fibrillary acidic protein; sNfL, serum neurofilament light chain; thal.vol, thalamus
volume; wm.vol, white matter volume.

compared to HCs (SMD=0.4, p=0.02) and
patients with MOGAD (SMD=0.7, p<0.001).

Longitudinal brain atrophy, as assessed by PBVC,
did not substantially differ between patients with
AQP4-IgG+NMOSD and MOGAD (Table 2).

Baseline associations between sGFAP,

sNfL, and structural brain MRl measures

We analyzed the association of sSGFAP and sNfL
with structural brain MRI measures in patients

with AQP4-IgG+NMOSD, MOGAD, and HC
at the baseline visit (V1) by calculating compara-
ble coefficients (B) adjusted for age and sex
(Figure 2). Corresponding scatterplots are pro-
vided in Supplemental Figure 2.

In AQP4-IgG+NMOSD, higher sGFAP was
associated with lower hippocampus volume
(B=-2.0 (95% confidence interval: —3.4, —0.7),
$»=0.004), lower thalamus volume (fB=-2.5
(4.3, —0.7), p=0.006), and higher cranial MRI
CSF volume (f=1.8 (0.7, 3.2), p=0.01). A
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statistically less robust association was detected
between higher sGFAP and lower whole brain
volume (p=-2.3 (-5.3, 0.8), p=0.15), which
was driven by a nonsignificant association of
higher sGFAP with lower gray matter volume
(B=-1.8 (4.0, 0.4), p=0.10), but not white
matter volume (§=0.03 (—2.8, 2.9), p=0.98).

In patients with MOGAD, the associations with
sGFAP observed in AQP4-IgG+NMOSD were
either less pronounced or absent (Figure 2). The
difference between AQP4-IgG+NMOSD and
MOGAD was strongest regarding the associa-
tions of sSGFAP with hippocampus (SES, .. .ction
@ = 0.7 (0.3, 1.2), p;,,=0.002) and thalamus vol-
ume (SES,,=0.5 (-0.03, 1.0), p,,,=0.07). Of
note, higher caudate volume was associated with
higher sGFAP in MOGAD (f=2.5 (0.4, 4.5),
»=0.02), but not in AQP4-IgG+NMOSD
(B=-0.02 (-1.5, 1.5), p=0.97, SES,,=-0.6
(-1.1, —0.05), p;,,=0.03).

Likewise, the associations between sGFAP and
structural brain measures were either less pro-
nounced or absent in HC. Again, interaction
effects by group were detected for the association
of sGFAP with hippocampus volume (SES, ,=0.8
(0.04, 1.6), p,,,=0.04) and with thalamus volume
(SES,,=0.6 (-0.01, 1.2), p;,,=0.06).

Higher sNfL. was associated with lower hip-
pocampus volume in AQP4-IgG+NMOSD
(B=-1.6 (2.8, -0.4), p=0.01), and, statistically
less robust, in MOGAD (=-0.8 (1.9, 0.3),
»=0.17, SES,,=0.2 (-0.2, 0.6), p,,,=0.25) and
HC (B=-1.8 (-4.2, 0.6), p=0.14, SES, ,=-0.05
(-0.7, 0.6), p;,,=0.88). No clear further associa-
tions between sNfLL and MRI parameters were
observed.

Association of sGFAP and sNfL with

longitudinal brain atrophy

To assess the association of sGFAP and sNFL
with longitudinal brain atrophy, we analyzed
PBVC in the subset of patients with complete
longitudinal datasets, that is PBVC, longitudinal
sGFAP, and longitudinal sNfL. data. The median
interval for determination of PBVCy,_y, was 39
(IQR 28-41)months for AQP4-IgG+NMOSD
(n=22) and 12 (12-20)months for MOGAD
(n=12). For PBVCy;_y,, the median interval was
26 (25-36)months for AQP4-IgG+NMOSD

(n=19) and 25 (24-26)months for MOGAD
(n=10). We investigated the association (1) of
change in sGFAP and sNfL levels with brain atro-
phy, (2) of sGFAP and sNfL at a given point of
time with prior brain atrophy, and (3) of sGFAP
and sNfL at a given point of time with future
brain atrophy.

First, we analyzed the association between change
in SGFAP and sNfL (V2-V1) with PBVC. We
found no association of change in sGFAP or in
sNfL. with longitudinal brain atrophy up to V2
(PBVCy,_yy; Figure 3(a) and (e)) in patients with
AQP4-IgG+NMOSD or MOGAD. Likewise, no
association was detected between change in
sGFAP or in sNfL and longitudinal brain atrophy
between V1 and V3 (PBVCy;_y,; Figure 3(b)
and (f)) in patients with AQP4-IgG+NMOSD or
MOGAD.

Next, we investigated the association of SGFAP and
sNfL. measured at V2 with brain atrophy up to this
time point (PBVCy,_y, Figure 3(c) and (g)).
Higher sGFAP at V2 was strongly associated with
more extensive longitudinal brain atrophy in
patients with AQP4-IgG+NMOSD (B=-0.06
(=0.11, —0.002), p=0.04), while no such associa-
tion was observed in patients with MOGAD
(B=-0.02 (—0.08, 0.05), p=0.55, SES,,=0.2
(—0.3, 0.8), p,,,=0.37, Figure 3(c)). Similar results
were obtained when additionally adjusting for the
number of attacks between VO and V2 (NMOSD:
(B=-0.06 (-0.11, —0.0004), p=0.048; MOGAD:
f=-0.02 (-0.09, 0.05), p=0.54, SES, ,=0.2 (0.3,
0.8), p,,,=0.42). sNfL. was not associated with prior
longitudinal brain atrophy in patients with AQP4-
IgG+NMOSD (f=-0.02 (-0.08, 0.03), p=0.38).
In patients with MOGAD, higher sNfL. was associ-
ated with less longitudinal brain atrophy (=0.09
(0.02, 0.15), p=0.01, Figure 3(g)).

Lastly, we assessed whether sGFAP and sNfL
measured at V1 are prognostic for future longitu-
dinal brain atrophy (PBVCy;_y,; Figure 3(d) and
(h)). No associations were observed between
sGFAP at V1 and PBVCy;_y, in patients with
AQP4-IgG+NMOSD ($=0.07 (-0.05, 0.20),
»=0.24) or MOGAD ($=0.02 (-0.19, 0.23),
p=0.84, Figure 3(d)). Likewise, sNfLL at V1 was
not associated with PBVCy;_y; in AQP4-
IgG+NMOSD (p=-0.02 (-0.15, 0.10),
»=0.68) or MOGAD ($=0.06 (—0.14, 0.26),
p=0.53, Figure 3(h)).
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Figure 3. Association of change in sGFAP (a, b) and sGFAP at V2 or V1 (c, d), or change in sNfL (e, f) and sNfL at V2 or V1 (g, h] with
longitudinal brain atrophy lines indicate unadjusted associations derived from linear models between log transformed sGFAP or
sNfL, or change in sGFAP or sNfL and PBVC. VO-V3 indicate the time points between which PBVC was determined, as detailed in
Figure 1. The coefficient B with 95% confidence intervals (in brackets) as well as p-values are derived from linear models adjusted
for age and sex and with an interaction term of MRI parameter and diagnosis. n(AQP4-1gG+NMOSD) =22 and n(MOGAD) =12 for (a, c,
e, g); n[AQP4-1gG+NMOSD) =19 and n([MOGAD)=10 for (b, d, f, h).
AQP4-IgG+NMOSD, aquaporin 4-immunoglobulin G-seropositive neuromyelitis optica spectrum disorder; MOGAD, myelin oligodendrocyte
glycoprotein antibody-associated disease; MRI, magnetic resonance imaging; PBVC, percent brain volume change; sGFAP, serum glial fibrillary
acidic protein; sNfL, serum neurofilament light chain; V, visits.

Association of sGFAP and sNfL with brain
T2-lesion count and volume

Cross-sectional analyses. We analyzed the asso-
ciation between sGFAP and sNfL. with brain
T2-lesion count and volume at baseline. In
patients with AQP4-IgG+NMOSD, higher
sGFAP was clearly associated with a higher brain
T2-lesion volume (B=1.7 (0.3, 3.2), p=0.02),
but not with a higher brain T2-lesion count
(B=0.3 (-0.2, 0.9), p=0.24). In contrast, there
was no clear association of higher sGFAP with
brain T2-lesion volume (f=0.5 (-0.2, 1.2),
$=0.16) or count (§=0.6 (—0.6, 1.9), p=0.30) in
patients with MOGAD or in HC (volume: f=4.4
(-5.8, 14.6), p=0.39; count: B=0.2 (1.0, 1.3),
p»=0.78).

No relevant associations were detected between
sNfLL. and brain T2-lesion count in AQP4-
IgG+NMOSD (=-0.3 (-0.8, 0.1), p=0.15),
MOGAD ($=0.1(-9.8, 1.2), p=0.87), and HC
(B=-0.3 (-1.3, 0.7), p=0.55). Likewise, no
associations were observed between sNfL and

brain T2-lesion volume in AQP4-IgG+NMOSD
(=0.01 (1.4, 1.4), p=0.99), MOGAD
(B=-0.04 (-0.7, 0.6), p=0.91), and HC
B=-1.8(-11.2,7.7), p=0.72).

Longitudinal analyses. We also analyzed the asso-
ciation of sGFAP and sNfL with the occurrence
of new brain T2-lesions between V1 and V2 in
patients with AQP4-IgG+NMOSD. We refrained
from analyzing patients with MOGAD and HC,
as only three patients with MOGAD showed new
T2-lesions and no longitudinal data were avail-
able from HC.

We grouped patients with AQP4-IgG+NMOSD
into those who had or had not at least one new
cerebral T2-lesion at V2 compared to V1. Neither
sGFAP nor sNfLL at V1 nor at V2 differed sub-
stantially between patients with or without new
brain T2-lesions at V2 (Figure 4). However,
median sGFAP between V1 and V2 increased
slightly in patients with new T2-lesions (+7 (IQR
3, 25)pg/ml), whereas it decreased slightly in

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

P Schindler, U Grittner et al.

(a)

500

(b)

500

(c)

©
o 200
400 p=032 400
- N T
> > = .
= ] = > 100 p=0.13
= = p =047 o
€ 300 € 300 =
= = o o
o) o3 <
£ £ w
o o o 0]
£ a0 Taol : Co
% Q ° Q ° 3 o % 'y
Ba Q
] &
o S
100 000 100 S
pood [SS9) V=N
[0oe] S5 [@6) g -100 o
No new T2 lesion ~ New T2 lesion No new T2 lesion ~ New T2 lesion No new T2 lesion  New T2 lesion
(d) (e) ()
100 100 o p=0.40
p=0.45 o
o 20
p=082 (@)
75 o) 75 A . (@]
S e S £ o
= = D (0]
< € o £ o
S S 2 o0
ER B e A SR
= o) = T 8 o ®
R : s o 3 °
[00) (0@ o
25 25
@® 8 ==5= 2
° Secom
o
0 0 (@]

No new T2 lesion ~ New T2 lesion

No new T2 lesion

New T2 lesion No new T2 lesion  New T2 lesion

Figure 4. Concentrations and changes in sGFAP (a-c) and sNfL (d-f] in patients with AQP4-1gG+NMOSD with
or without new brain MRI T2-lesions. New brain T2-lesion was defined as an increase in the brain T2-lesions
count by at least 1 at V2 compared to V1. Delta sGFAP and Delta sNfL indicate the change in sSGFAP or sNfL
between V2 and V1. Green dots indicate patients with at least one acute attack between V1 and V2, red dots
indicate patients without an attack between V1 and V2. p-Values are derived from linear models with age, sex,
log-transformed sGFAP or sNfL at V1, and new lesion (yes/no) as independent variables. Number of included
patients for (a, c] No new T2-lesion, n=18; New T2-lesions, n=10. (b, d] No new T2-lesion, n=16, New T2-

lesion, n=6.

AQP4-1gG+NMOSD, aquaporin-4-immunoglobulin G-seropositive neuromyelitis optica spectrum disorder; MRI, magnetic
resonance imaging; sGFAP, serum glial fibrillary acidic protein; sNfL, serum neurofilament light chain; V, visits.

patients without new T2-lesions (—2.8 (-15,
11) pg/ml; p=0.13, Figure 4). sNfLL change did
not differ between patients with (+1 (=4, 7) pg/
ml) and without new T2-lesions (—0.3 (=3, 3) pg/
ml; p=0.40; Figure 4). Adjustment for occur-
rence of an attack between V1 and V2 had no
substantial impact on the results (Supplemental
Table 1).

Discussion

In this explorative study, we investigated the asso-
ciations of sSGFAP and sNfL with quantitative brain
MRI measures in clinically stable patients with
AQP4-IgG+NMOSD as well as MOGAD and
HC. The main findings of this investigation are (1)
sGFAP is associated with lower thalamus and hip-
pocampus volumes in AQP4-IgG+NMOSD, (2)
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sGFAP is associated with a higher brain T2-lesion
volume in AQP4-IgG+NMOSD, (3) sGFAP is
associated with longitudinal brain atrophy in AQP4-
IgG+NMOSD. All these findings were either
absent or less pronounced in patients with MOGAD
and HC, and no similar associations were observed
for sNfL.

The selective association of reduced volumes of
the thalami and hippocampi, but not other deep
gray matter structures, with higher sGFAP in
patients with AQP4-IgG+NMOSD is likely to
represent a disease-specific phenomenon. Indeed,
similar associations were absent in patients with
MOGAD and HC. Furthermore, sNfL, which is
an unspecific marker of neuroaxonal damage less
closely linked to AQP4-IgG+NMOSD patho-
physiology than sGFAP, was not associated with
thalamic volume in AQP4-IgG+NMOSD.
Interestingly, pronounced GFAP expression in
morphologically distinct astrocytes has been
observed in thalami from general population
donors?? and thalamic lesions are visible on con-
ventional cerebral MRIs in a proportion of
patients with AQP4-IgG+NMOSD.23 Together,
these findings could indicate a damage of tha-
lamic astrocytes in AQP4-IgG+NMOSD, lead-
ing to reduced thalamic volume and elevated
sGFAP concentrations. On a functional level,
cognitive impairment, which is a frequent symp-
tom in AQP4-IgG+NMOSD, has previously
been linked to gray matter, thalamic, and hip-
pocampal volume loss.3% We are not aware of
studies on the association of sSGFAP with cogni-
tive impairment in AQP4-IgG+NMOSD, which
may be an interesting subject of future research.

The association of sGFAP with brain structural
volumes in clinically stable patients with AQP4-
IgG+NMOSD implies either (a) that both persis-
tent astrocytopathy and volume loss are sequelae
of previous disease activity, that is acute attacks,
or (b) that they are related to ongoing subclinical
disease activity. The fact that following acute
brain damage initially elevated sGFAP levels rap-
idly decrease?* appears consistent with ongoing
subclinical disease activity. However, dedicated
longitudinal investigations are warranted to fur-
ther elucidate both possibilities.

We interpret the unexpected association of
sGFAP and caudate volume in MOGAD with
caution. However, deep gray matter involve-
ment,!” including caudate nucleus involvement,2>

is relatively common in MOGAD and a delayed
increase of caudate (as well as thalamic and pal-
lidal) volume has been described in children with
MOGAD.26 Therefore, further investigation of
caudate pathology and its association with fluid
biomarkers in independent cohorts appears
warranted.

The association of higher sGFAP with higher
brain T2-lesion volume in clinically stable patients
with AQP4-IgG+NMOSD confirms and extends
previous findings. Nonsignificantly higher sGFAP
concentrations were previously found in AQP4-
IgG+NMOSD patients with versus without brain
T2-lesions.15 Likewise, CSF GFAP levels,?” but
not sGFAP levels,?® were shown to correlate with
spinal cord lesion length. While astrocyte damage
and loss as well as secondary neuroaxonal dam-
age are hallmark features of acute lesions in
AQP4-IgG+NMOSD, chronic lesions are char-
acterized by astrocytic fibrous gliosis.?%:3% Such an
astrocytic fibrous gliosis might underlie the asso-
ciation of chronic brain T2-lesions with sGFAP,
but not sNfL, in AQP4-IgG+NMOSD.

The slight, statistically nonsignificant, sGFAP
increase in AQP4-IgG+NMOSD patients with
new brain T2-lesions over 1year would likewise
be consistent with astrocytic fibrous gliosis in
those lesions. Nevertheless, given the low number
of newly occurring brain lesions in this cohort, the
observed sGFAP increase should be interpreted
cautiously.

The relative specificity of extensive astrocyte
damage known to occur in AQP4-IgG+NMOSD,
which is much less severe in MOGAD,3! might
underlie the absence of any association between
brain T2-lesions and sGFAP in MOGAD and
HC. However, we cannot exclude an influence of
a higher number of brain T2-lesions in patients
with AQP4-IgG+NMOSD compared to patients
with MOGAD and HC on this finding.
Nevertheless, the strong association between
sGFAP and brain T2-lesions volume underscores
the need for a better understanding of “unspe-
cific” brain MRI lesions in AQP4-IgG+NMOSD,
whose pathogenesis is currently not completely
understood.??

The association of longitudinal brain atrophy
with sGFAP suggests a possible link between
astrocyte damage and subtle neurodegeneration
in AQP4-IgG+NMOSD. Interestingly, brain
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atrophy has recently been recognized in clinically
stable patients with AQP4-IgG+NMOSD,33
which is not explained by normal aging,3*
although the extent of this phenomenon remains
controversial.?> Similarly, subclinical retinal neu-
rodegeneration has been demonstrated in AQP4-
IgG+NMOSD.3%:37 While the mechanisms
underlying brain and retinal atrophy in AQP4-
IgG+NMOSD have not been fully elucidated,
retinal thinning in eyes without a history of optic
neuritis has been shown to correlate with higher
sGFAP,!3 supporting a possible relation between
ongoing subclinical astrocytic damage and subtle
neurodegeneration in AQP4-IgG+NMOSD.

Both sGFAP levels and longitudinal brain atro-
phy reflect biological processes taking place dur-
ing a period of time that starts in the past and
terminates at the timepoint of interest. The over-
lap of these periods might underlie the association
between sGFAP and past, but not future brain
atrophy. Since change in sGFAP reflects the
change in the extent of astrocytopathy rather than
the extent itself, we speculate that change in
sGFAP could correlate with the change in the
brain atrophy rate (which could not be assessed in
the present investigation) rather than with brain
atrophy.

The absence of an association between sGFAP
and longitudinal brain atrophy in MOGAD as
well as between sNfL. and longitudinal brain
atrophy in AQP4-IgG+NMOSD suggests a dis-
ease-specific process. In several nonprimarily
astrocyte-targeting conditions, such as multiple
sclerosis®® or traumatic brain injury3® sNfL is at
least as strongly associated with brain atrophy as
sGFAP. Speculatively, a recently described
extra-lesional sublytic astrocytopathy3? in
NMOSD might constitute the pathologic cor-
relate of the association between sGFAP and
brain atrophy.

This retrospective, monocentric, observational
study has several limitations. First, the available
cohort size was limited as a result of the low pop-
ulation prevalence of NMOSD and MOGAD.
Larger, multicentric studies should thus be con-
ducted to validate the present findings. Second,
as we included all patients with available data no
sample size calculation was performed. Third,
group sizes and demographic metrics, especially
age, were unevenly distributed. Fourth, we did
not differentiate between “disease-specific” and

“unspecific” brain lesions as the identity of
“unspecific” brain lesions in NMOSD and
MOGAD is subject to current debate. Fifth,
intra-individual variability in sGFAP and sNfL
could be a potential source for false-positive asso-
ciations. However, in the present investigation,
the intraindividual variability of sSGFAP and sNfL
was compatible to previous reports.40-41
Furthermore, (1) the variability was not different
between NMOSD and MOGAD, and (2) was
slightly smaller for sNfL. than sGFAP while the
detected associations were consistently larger for
sGFAP, and (3) the group size was smaller for
MOGAD than NMOSD, while the detected
effects were consistently larger for NMOSD than
MOGAD. For these reasons, we assume the
impact of intraindividual biomarker variability as
a potential confounder is limited in the current
investigation.

A strength of this work is the homogenous, well-
characterized, longitudinal and clinically stable
AQP4-IgG+NMOSD cohort. The inclusion of
an HC group and a phenotypically similar, yet
pathogenically distinct, disease control group of
patients with MOGAD strengthens the specificity
of our findings for AQP4-IgG+NMOSD. Finally,
brain atrophy was analyzed in a longitudinal fash-
ion, increasing the validity of its association with
sGFAP in AQP4-IgG+NMOSD.

Conclusion

Altogether, we conducted the first systematic
evaluation of the association of sGFAP, sNfL,
and advanced MRI measures in patients with
AQP4-IgG+NMOSD. The findings of this study
corroborate sGFAP as a pathophysiology-based
biomarker of AQP4-IgG+NMOSD and are com-
patible with the concept of subclinical disease
activity in AQP4-IgG+NMOSD.
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