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ABSTRACT

Introduction: The superoxide dismutase type 1 (SODI) gene has been implicated in both sporadic and familial forms of amyo-
trophic lateral sclerosis (ALS). We report four ALS cases carrying pathogenic or likely pathogenic SODI variants, characterized
by albuminocytologic dissociation and nerve root enhancement.

Methods: We present the results of the diagnostic work-up, including lumbosacral magnetic resonance imaging (MRI) with
gadolinium, electromyography (EMG), and cerebrospinal fluid (CSF) analysis. We also assessed the relationship between the
albumin quotient (Q-Alb)—an index of blood-brain barrier (BBB) dysfunction—and the disease progression rate (DPR) in 12
SODI-linked ALS patients (including the four described above) and in a cohort of 137 non-genetic ALS (NgALS) cases.
Results: The four patients presented with spinal onset (progressive lower limb weakness). The EMG ultimately showed diffuse
subacute neurogenic changes, while CSF analysis revealed albuminocytologic dissociation. Lumbosacral MRI demonstrated
contrast enhancement of the cauda equina roots. Immunomodulatory treatment was administered due to suspected immune-
mediated neuropathy, but all patients continued to deteriorate. Genetic testing revealed pathogenic or likely pathogenic variants
in the SODI gene, confirming the diagnosis of ALS. CSF Q-Alb and protein levels were similarly distributed between SODI-
linked and NgALS patients. Q-Alb and CSF protein levels showed a positive correlation with DPR in SODI-linked patients
(Rho=0.625, p=0.03; Rho=10.755, p=0.005), but not in NgALS patients.

Conclusion: Albuminocytologic dissociation and nerve root enhancement may occur in SODI-related ALS, expanding the spec-
trum of atypical ALS phenotypes.
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1 | Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegen-
erative disorder characterized by progressive degenera-
tion of upper and lower motor neurons (UMNs and LMNs).
Mutations in the Cu/Zn superoxide dismutase 1 (SODI)
gene are responsible for approximately 20% of familial and
1%-2% of sporadic ALS cases [1]. Although the diagnosis
of typical ALS is relatively straightforward, variants pre-
senting with focal involvement or atypical features may be
underdiagnosed.

We describe four ALS patients carrying SODI gene variants who
were initially misdiagnosed and treated for immune-mediated
neuropathy due to some atypical features, including lumbar
nerve root enhancement on magnetic resonance imaging (MRI),
as well as elevated protein and albumin quotient (Q-Alb) values
in the cerebrospinal fluid (CSF).

The pathophysiological mechanisms underlying these atypical
features remain unclear, with possible explanations including
disruption of the blood-brain barrier (BBB) [2].

2 | Methods

We described the disease course and diagnostic work-up of
four atypical ALS cases. We compared CSF protein concen-
trations and Q-Alb values between a cohort of SODI-linked
ALS patients and a cohort of non-genetic ALS (NgALS) cases,
defined as ALS patients testing negative for the major ALS-
related genes (SOD1, FUS, TARDBP, C9orf72). We explored the
correlation between CSF protein and Q-Alb values with the
clinical features of both cohorts. The following clinical vari-
ables were collected at the time of diagnosis: age at onset; age
at diagnosis; sex; disease duration (time elapsed between the
disease onset and diagnosis); type of onset; ALSFRS-R scale;
phenotype categories [3]. The disease progression rate (DPR)
was calculated as (48—ALSFRS-R score at diagnosis)/disease
duration.

From routine CSF analysis, we extracted protein and albumin
concentrations to calculate the Q-Alb index as follows: CSF al-
bumin concentration (mg/dL)/serum albumin concentration
(mg/dL). To facilitate statistical analysis, the obtained value was
multiplied by 103.

Statistical analyses were performed using IBM SPSS Statistics,
version 27 (IBM Corp., Armonk, NY, USA).

The Mann-Whitney U test was used for continuous variables
and the chi-square test for categorical variables. Spearman'’s
rank correlations were used to examine associations between
CSF protein, Q-Alb values and continuous clinical variables.
Multivariate linear regression analyses were performed to con-
firm the associations between Q-Alb and clinical variables, ad-
justing for covariates identified as significant in the Spearman
correlation. p-values <0.05 were considered statistically
significant.

3 | Results

Detailed clinical histories and diagnostic workups of the four
ALS patients are summarized in Table 1. All patients presented
with lower-limb weakness as the initial symptom; in cases 2
and 4, this was preceded or accompanied by cramps and fas-
ciculations. In two patients (cases 3 and 4), weakness rapidly
progressed to involve the upper limbs, trunk, and bulbar mus-
cles, resulting in severe disability within the first 18 months.
Neurological examination consistently showed LMN signs, in-
cluding diffuse muscle atrophy and weakness, while UMN signs
subsequently emerged in three cases (1, 2, 4). Brain MRI was
unremarkable in three patients, while case 2 showed a few white
matter changes resembling demyelinating lesions. Lumbosacral
MRI with gadolinium demonstrated mild-to-marked enhance-
ment of the cauda equina roots in all patients (Figure 1). CSF
analysis consistently revealed albuminocytologic dissociation,
with elevated protein levels and increased Q-Alb values, while
white blood cell counts remained within normal limits.

Electrophysiological studies ultimately supported the diagnosis
of a motor neuron disorder in all cases. In case 1, electromyog-
raphy (EMG) revealed subacute neurogenic changes restricted
to the tibialis anterior and gastrocnemius muscles, while nerve
conduction studies (NCS) showed reduced CMAP amplitudes
and absent late responses in the lower limbs, with preserva-
tion of sensory conduction. Case 2 demonstrated widespread
subacute neurogenic changes involving bulbar, cervical, and
lumbosacral regions, with normal NCS. Case 3 exhibited sub-
acute neurogenic changes affecting bulbar, cervical, thoracic,
and lumbosacral regions. In case 4, initial EMG showed only
diffuse fasciculation potentials, whereas follow-up studies re-
vealed widespread subacute neurogenic changes across all body
regions. None of the cases fulfilled the diagnostic criteria for
chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP) established by the Peripheral Nerve Society (PNS) [4].

Given the suspicion of immune-mediated neuropathy, all pa-
tients received immunomodulatory therapy; however, none
showed clinical improvement, and disease progression contin-
ued. Genetic analysis confirmed pathogenic or likely pathogenic
heterozygous SODI variants in all patients (Table 1).

3.1 | Correlation Between Q-Alb Index and Clinical
Variables in SODI1-Linked and Non-Genetic ALS
Patients

To further investigate the significance of BBB dysfunction in
ALS, we evaluated the associations between CSF protein and Q-
Alb values and clinical features in 12 SODI-linked ALS patients
and a cohort of 137 NgALS cases. The SODI cohort included the
four previously described cases. Demographic and clinical char-
acteristics of both groups are presented in Table 2.

CSF Q-Alb and protein levels were similarly distributed be-
tween SODI-linked and NgALS patients (Table 2). In the
NgALS group, Q-Alb values did not correlate with age at
onset (p=0.068), age at diagnosis (p=0.06), disease duration
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FIGURE 1 | Sagittal (left) and axial (right) contrast-enhanced T1-weighted lumbosacral MRI images (case 2) showing subtle thickening of the
cauda equina nerve roots extending from the epiconus tract, with diffuse and intense contrast enhancement (arrows).

TABLE 2 | Comparison of demographic and clinical features of SODI ALS and NgALS patients.

SOD1 ALS, n (%),

NgALS, n (%), median

median [IQR] N=12 [IQR] N=137 P
Age at onset, years 58 (42.75-66.25) 65 (55-71) 0.109
Age at diagnosis, years 59.5(52-73.5) 66 (56-72) 0.435
Diagnostic delay, month 14 (8.25-34) 13 (8-24) 0.783
Sex (males) 9 (75%) 88 (64.2%) 0.341
ALSFRS-R at diagnosis 37(25.5-42.75) 41 (38-44) 0.063
DPR at diagnosis (points/month) 0.37 (0.23-1.01) 0.5(0.21-1) 0.986
Site of onset (bulbar/spinal) 0%/100% 28 (20.4%)/109 (79.6%) 0.074
Phenotype (bulbar/classic/PUMN/ 0%/7 (58.3%)/0%/5 (41.7%) 17 (12.4%)/85 (62%)/14 0.062
PLMN) (10.2%)/21 (15.3%)
Q-Alb index 7.3 (5.67-12.68) 7.13 (5.54-10.8) 0.665
CSF protein values 44 (36.5-90) 50 (40-60) 1

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, Revised Amyotrophic Lateral Sclerosis Rating Scale; CSF, cerebrospinal fluid; DPR, disease progression
rate; NgALS, non-genetic ALS patients; PLMN, prevalent lower motor neuron; PUMN, prevalent upper motor neuron; Q-Alb, albumin quotient.

(p=0.44), ALSFRS-R score (p=0.91), or DPR (p=0.54), and
did not differ by phenotype or type of onset (p=0.472 and
p=0.835). Male patients exhibited higher Q-Alb values than
females (median 7.89 [IQR 5.95-11.49] vs. 6.06 [IQR 4.81-7.87];
p<0.001). After adjusting for sex, linear regression analyses
revealed no significant associations between Q-Alb values
and clinical variables.

CSF protein values resulted correlated with age at onset and di-
agnosis (Rho=-0.179, p=0.037 and Rho=-0.19, p=0.026, re-
spectively), but not with disease duration (p =0.296), ALSFRS-R
score (p=0.953), DPR (p=0.498), phenotype (p=0.478), or
type of onset (p=0.951). Male patients showed higher CSF
protein levels than females (median 53 [IQR 44.5-73.75] vs. 43
[IQR 34.5-53]; p<0.001). After adjustment for sex and age at

diagnosis, multivariate regression analyses confirmed no signif-
icant associations with clinical variables.

In the SODI cohort, Q-Alb values were not associated with
age at onset (p=0.158), age at diagnosis (p=0.072), sex
(p=0.282), ALSFRS-R score (p=0.217), or phenotypes
(p=0.876). Interestingly, Q-Alb values were positively cor-
related with DPR (Rho=0.755, p=0.005) and inversely cor-
related with disease duration (Rho=-0.607, p=0.036). After
adjustment for disease duration, Q-Alb values remained sig-
nificantly associated with DPR (p =0.031), but not with other
clinical variables.

CSF protein levels were not associated with age at onset
(p=0.195), age at diagnosis (p=0.096), disease duration
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(p=0.083), ALSFRS-R score (p=0.224), phenotypes (p=1), or
sex (p=0.373). However, CSF protein levels showed a positive
correlation with DPR (RHO =0.625, p=0.03).

4 | Discussion

In this study, we described four ALS patients carrying patho-
genic or likely pathogenic variants in the SODI gene who pre-
sented with atypical features, including contrast enhancement
of the lumbar nerve roots and albuminocytologic dissociation.
The pathophysiological mechanisms underlying these atypical
features remain unclear.

Elevation of CSF protein and Q-Alb levels has been reported
in ALS patients, suggesting these could represent epiphenom-
ena of neurodegeneration [5-8]. In familial ALS, elevated CSF
protein levels correlated with poorer survival, although genetic
data were not available [5]; no such correlation was observed in
sporadic cases [5].

Q-Alb values have not been consistently associated with disease
aggressiveness in sporadic ALS patients [6, 7], although one
study demonstrated a relationship between BBB dysfunction and
poor prognosis, specifically in the spinal phenotype [8]. These
findings support blood-spinal cord barrier dysfunction as a po-
tential contributor to ALS pathogenesis in spinal phenotypes.
Indeed, early microvascular alterations in motor neuron-dense
regions of the spinal cord might facilitate the extravasation of
toxic blood components [9]; alternatively, neuroinflammatory
pathways and astrocytic dysfunction may exacerbate barrier hy-
perpermeability [2, 10].

Conversely, nerve root enhancement is observed in a wide spec-
trum of disorders, including autoimmune polyneuropathies
such as CIDP, as well as neoplastic and infectious processes.
However, this finding does not exclude an ALS diagnosis.
Indeed, root enhancement has been documented in a few ALS
cases [11-13].

Notably, two isolated SODI-related ALS patients exhibited albu-
minocytologic dissociation and nerve root enhancement on spi-
nal MRI [14, 15], while another SOD1-ALS patient with subacute
facial nerve palsy showed cranial nerve enhancement [13].

In this context, this radiological finding may reflect BBB disrup-
tion secondary to rapid neuronal degeneration [12] or neuroin-
flammatory processes [10].

Interestingly, in our SODI-ALS cohort, Q-Alb values—reflect-
ing BBB dysfunction—were associated with a faster disease pro-
gression rate. This association was not observed in non-genetic
ALS patients, corroborating previous findings [6, 7]. Notably,
despite the atypical findings of increased CSF protein and lum-
bar root enhancement, none of these patients met the PNS cri-
teria for the diagnosis of CIDP [4], underscoring that clinicians
should not rely solely on protein levels or root enhancement
when evaluating patients with suspected CIDP.

Our case series expands the phenotypic spectrum associ-
ated with SODI-linked ALS and demonstrates an association

between BBB disruption indices and disease aggressiveness in
this group.

Nevertheless, the limited size of the SODI cohort did not allow
definitive conclusions as to whether SODI variants themselves
significantly contributed to the presence of these atypical fea-
tures or to BBB dysfunction. Additionally, we did not perform
lumbosacral MRI with gadolinium in all SODI patients, as this
test is not routinely performed for ALS diagnosis.

In conclusion, contrast enhancement and albuminocytologic
dissociation are not specific for primarily immune-mediated
neuropathies. Patients without a sustained response to immu-
nomodulatory treatments should undergo longitudinal evalua-
tion to detect clinical/neurophysiological signs of motor neuron
disease. Future studies are needed to determine whether root
enhancement and BBB dysfunction are more closely associated
with rapid ALS progression or with specific SODI-related ALS
phenotypes.
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