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Abstract

We studied the biomarker patterns related to axonal injury, astrogliosis and amyloid
metabolism in cerebrospinal fluid (CSF) of children and adolescents with mitochondrial
encephalopathy and identified correlations with phenotype and survival outcome. Forty-six
pediatric patients with genetically verified mitochondrial encephalopathy and twenty-two
controls investigated at the Queen Silvia Children’s Hospital, Sweden, were included. CSF
lactate and neurofilament light (NF-L) were significantly increased in patients with
mitochondrial encephalopathy compared to controls. Elevated CSF NF-L was associated with
abnormal brain MRI and poorer survival. We suggest that CSF NF-L may be used in both
clinical and research settings for monitoring the neurodegenerative process in mitochondrial

disease.
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1. Introduction

Mitochondrial diseases are a group of clinically and genetically heterogeneous disorders
caused by dysfunction in the mitochondria, leading to impaired cellular energy production
[Moslemi and Darin, 2007]. Mitochondrial disease can present at any age with symptoms from
any organ or tissue although the central nervous system (CNS) and the skeletal muscles are
typically more severely affected owing to their high-energy demands. In infancy and early
childhood the disease is often multi-systemic, characterized by progressive encephalopathy,
refractory seizures, psychomotor regression, failure to thrive, muscular hypotonia, movement

disorder, cardiomyopathy or liver failure [Tulinius et al., 1991a].

The underlying genetics of mitochondrial diseases is either mutations in the mitochondrial
DNA or nuclear DNA [Moslemi and Darin, 2007; Tulinius et al., 1991b]. The range of
mitochondrial and nuclear DNA mutations that impair the assembly, synthesis or maintenance
of proteins necessary for the function of the mitochondrial respiratory chain is large and
growing. Mitochondrial dysfunction due to mechanisms that are not yet completely understood
may also play an important role in numerous degenerative diseases, including amyotrophic

lateral sclerosis and Alzheimer’s disease (AD) [Lin and Beal, 2006; Reddy, 2009].

Due to the multifaceted and complex nature of mitochondrial diseases, the diagnostic process,
especially in the pediatric population, can be highly challenging. At present, the diagnostic
arsenal includes neuroimaging upon suspicion of CNS involvement, analysis of blood, urine
and cerebrospinal fluid (CSF), muscle biopsy, skin biopsy, and molecular genetics [Haas et al.,
2008]. Neuroimaging typically includes structural magnetic resonance imaging (MRI) of the
brain, diffusion weighted imaging (DWI) and magnetic resonance spectroscopy (MRS).

Combined with clinical indices, neuroimaging has great diagnostic utility in mitochondrial



diseases. However, especially in early stages of disease, neuroimaging can be normal or show
non-specific abnormalities [Sofou et al., 2013]. The muscle biopsy may show normal
respiratory chain enzyme activities as respiratory chain defects are not always expressed in the

skeletal muscle, or non-specific histopathological findings [Sofou et al., 2014].

Fluid biomarkers such as lactate levels in blood and CSF are important but non-specific
markers of mitochondrial disease. Many patients with mitochondrial disease may have normal
lactate levels unless undergoing metabolic crisis or following exercise [Sofou et al., 2014;
Debray et al., 2007]. Other CSF biomarkers have been extensively studied in neurological
diseases. For example, CSF biomarkers reflecting amyloid and tau pathology have been studied
in the context of AD, and are now used in clinical practice to support diagnosis and prognosis
of AD [Olsson et al., 2016]. Recently, studies have also assessed the axonal injury biomarker
neurofilament light protein (NF-L) in neurodegenerative diseases, including AD, as well as
individuals with traumatic brain injury (TBI), where CSF NF-L shows both diagnostic and
prognostic utility [Zetterberg et al., 2016; Skillback et al., 2014; Shahim et al., 2016a; Shahim

et al., 2016b; Zetterberg et al., 2006].

As mitochondrial diseases with CNS involvement often present as a progressive
neurodegenerative disease, we assessed whether CSF biomarkers of axonal and astroglial
injury, as well as amyloid metabolism would also be altered in children and adolescents with
mitochondrial diseases [Lin and Beal, 2006; Reddy, 2009]. We specifically tested the
hypotheses that CSF biomarkers of axonal and astroglial injury, and amyloid metabolism,
would (1) have a greater clinical utility for mitochondrial disease compared with the
conventionally used CSF lactate, and (2) correlate with overall survival. We expected the

effects to be strongest for CSF NF-L, because of the promising findings for this biomarker in



other conditions.

2. Methods

2.1. Ethical Approval

The study was approved by the Regional Ethics Committee at the University of Gothenburg,
Sweden. Signed informed consent was obtained for the publication of MRI images by the

patient’s guardian.

2.2. Study Population

This was a cross-sectional study, involving children and adolescents (N = 594) referred to the
Queen Silvia Children’s Hospital during the period 1984 - 2014 for suspected mitochondrial
disease. As part of the standard medical assessment upon referral, all patients underwent
clinical investigation, muscle biopsy and laboratory investigations, while neuroimaging was
performed in patients with CNS disease when applicable. All patients underwent medical and
family history assessment for other hereditary disorders. Patients diagnosed with mitochondrial
disease underwent annual clinical follow-ups. In our study, we included follow-up data until
the end of December 2016.

The patient flow is shown in Figure 1. Sixteen patients without mitochondrial respiratory chain

deficiencies or CNS disease were included as controls [Darin et al., 2001].

2.3. Brain Imaging

A total of 35 patients were radiologically assessed based on a specific MRI protocol, including
conventional T1- and T2-weighted images. Axial and coronal T2-weighted images, including
fluid attenuated inversion recovery (FLAIR) images, were assessed to identify changes in
signal intensity. Additional imaging sequences, such as DWI and MRS, were performed when

applicable to help differentiate among observed signal changes and detect metabolic



abnormalities. Abnormal MRI findings were categorized as abnormal signal intensity, atrophy,
hemorrhage, calcifications, abnormal ventricular size, dysgenesis/agenesis of the corpus
callosum and abnormal myelination. The findings were topographically categorized as
focal/diffuse/global and unilateral/bilateral. In the case of focal findings, these were
categorized on the basis of their predominant localization, i.e. cerebral cortex; supratentorial
white matter; corpus callosum, basal ganglia, diencephalon, midbrain, pons, medulla oblongata

and cerebellum.

2.4. Biochemical, Morphological and Genetic Analyses

All patients underwent muscle biopsy obtained from the vastus lateralis muscle as described
elsewhere [Lin and Beal, 2006]. Polarographic and spectrophotometric measurements of the
respiratory chain were performed in isolated mitochondria, while morphological,
histochemical, immunohistochemical and electron microscopy analyses were performed on
fresh-frozen muscle tissue. A skin biopsy was performed at the same time to obtain fibroblasts
for molecular analyses. Genetic investigations included a panel of common mitochondrial
DNA point mutations (mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episodes [MELAS], myoclonic epilepsy with ragged red fibers [MERRF], neuropathy, ataxia,
and retinitis pigmentosa [NARP]), and if negative, sequencing of the entire mitochondrial
genome was performed. Once a causative mutation in mitochondrial DNA was excluded,

whole exome sequencing was performed.

2.5. CSF Biomarker Analysis
CSF was collected in polypropylene tubes by lumbar puncture (LP) through the L3-4 or L4-5
interspace. All CSF samples were stored at —80 °C pending analysis. The XMAP assay INNO-

TEST AlzBio3 (Fujirebio, Ghent, Belgium) was used for quantification of Af1-42, T-tau, and



P-tau, as described previously [Olsson et al., 2005]. NFL was analyzed using NF-light ELISA
from UmanDiagnostics (Umed, Sweden). GFAp concentration was measured using a
previously described in house ELISA [Rosengren et al., 1994]. Lactate concentrations in blood
and CSF were measured using enzyme-based spectrophotometric assay. All samples were
analyzed at the same time using the same batch of reagents by board-certified laboratory

technicians who were blinded to clinical information.

2.6. Statistical Analysis

The Mann-Whitney U test and y? test was used to examine differences in continuous variables
and categorical variables between the mitochondrial disease groups versus healthy controls.
Linear regression models were constructed for comparison between the subgroups of
mitochondrial disease and controls co-varied for age at the time of LP and sex. The subgroup
analysis was based on distinct phenotypic subgroups summarized in Supplementary Table 1.
Comparison of biomarker concentrations between the various genetic subgroups was not
feasible due to the limited number of patients per genetic subgroup. For association between
the MRI findings and biomarkers concentrations, linear regression models were constructed
co-varied for age at the time of LP and sex. We assessed the overall diagnostic utility of the
biomarkers by assessing the area under the receiver operating-characteristic curve (AUROC).
Survival analysis was conducted using Cox regression, where the last known date alive was
used for censoring when date of death was unknown, and biomarker, age, sex, and diagnosis,
were used as predictors. All tests were two-sided and statistical significance was determined at
P < 0.05 (two-sided). All statistical analyses were performed using R (v. 3.0.3, The R

Foundation for Statistical Computing).

3. Results

3.1. Demographic Characteristics



A total of 52 patients (23 males; 29 females) with clinically and genetically verified
mitochondrial disease, 46 with mitochondrial encephalopathy and 6 with mitochondrial
myopathy without CNS involvement, were included in the final study cohort along with 16
controls (10 males; 6 females) (Figure 1). There was no significant difference in the levels of
CSF biomarkers between patients with mitochondrial myopathy (n=6) and controls (n=16; data
not shown). We therefore included the mitochondrial myopathy patients in the control group
(n=22). The phenotype and genetic defects of patients with mitochondrial encephalopathy
(ME, n=46) are summarized in Table 2. An overview of the syndromic and non-syndromic

mitochondrial encephalopathies is provided in Supplementary Table 1.

3.2. Increased CSF NF-L in Mitochondrial Encephalopathy

The levels of CSF lactate were mildly increased in patients with ME compared with controls
(P < 0.001, Figure 2 and Table 1). However, there was no difference in the levels of blood
lactate between the groups (P = 0.21; Figure 2 and Table 1). CSF lactate could differentiate
between patients with ME and controls with AUROC 0.88, while blood lactate had AUROC
0.60 (Figure 3). The CSF levels of NF-L showed a marked increase in the ME group compared
with controls (P < 0.001; Figure 2 and Table 1). CSF NF-L could separate between patients
with ME and controls with AUROC 0.90 (Figure 3). There were no significant differences in
the concentrations of the other biomarkers between patients with ME and controls (Figure 3

and Table 1).

In a subgroup analysis, significantly increased CSF lactate was observed in all the subgroups
of ME patients except MERRF and non-syndromic ME (Table 2). Increased concentrations of
NF-L were found in patients with Leigh syndrome, MELAS, and pyruvate dehydrogenase

complex (PDC) deficiency as compared to controls (Table 2). Patients with PDC deficiency
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and Kearns-Sayre syndrome (KSS) had reduced concentrations of AB42 compared with
controls, with the latter also having increased concentrations of P-tau as well (Table 2). There

were no significant differences in the CSF concentrations of T-tau or GFAp (Table 2).

3.3. Associations Between Abnormal CSF and MRI Biomarker Findings and Diagnosis

Of the 35 assessed patients, abnormal MRI findings were found in 28 patients upon referral.
These included either one of the following regions: cerebral cortex (n=12), basal ganglia
(n=12), diencephalon (n=12), supratentorial white matter (n=10), cerebellum (n=8), midbrain
(n=7), medulla oblongata (n=5), pons (n=4) and corpus callosum (n=4). The majority of the
MRI investigations showed increased signal intensity on T2-weighted images in singular or
combined regions of the brain (n=20, Figure 4), while atrophy without signal changes was
found in 5 patients, all with PDC deficiency. An overview of the brain regions affected in each
mitochondrial subgroup is shown in Table 2. Overall, the patients with abnormal brain MRI
had increased concentrations of CSF NF-L as compared to those with normal MRI (P =0.001).
Specifically, increased NF-L was associated with abnormalities in the cerebral cortex (P =
0.027), medulla (P = 0.014), and midbrain (P = 0.0003). The overall concentrations of the other
biomarkers did not differ significantly between patients with normal and abnormal MRI.
However, increased CSF lactate concentrations showed associations with MRI abnormalities
in cortex (P = 0.0016), while abnormalities in medulla and midbrain were also associated with
increased concentrations of CSF T-tau and GFAp (P < 0.001, all). There was no significant

association between the MRI findings and concentrations of P-tau and AB42.

3.4. NF-L was Predictive of Outcome in Patients with Mitochondrial Encephalopathy
There was no significant difference in the concentrations of the biomarkers between the

survivor and non-survivors, except for CSF NF-L (P < 0.001). There was no association
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between CSF lactate concentrations and poorer survival with estimated hazard ratio (HR) of
1.4 (95 % CI 0.8-2.5, P = 0.25; Figure 5A). In contrast, higher CSF NF-L levels were
associated with poorer survival adjusted for age, diagnosis, and sex, with estimated HR of 3.23
(95 % CI 1.5-7.0, P = 0.0030; Figure 5B). Higher concentrations CSF GFAp were associated
with poorer survival with estimated HR of 2.7 (95 % CI 1.25-5.8, P = 0.011; Figure 5C-D).
There was no significant association between the CSF concentrations of P-tau or Ap42 and

survival (Supplementary figure 1).
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4. Discussion

In this study, we present the CSF biomarker profile in relation to underlying phenotypic,
genotypic and imaging findings in a large cohort of children and adolescents with
mitochondrial disease. We found that: 1) CSF lactate was increased in patients with ME as
compared with controls, however, the increase was mild to moderate, and did not show any
association to outcome, 2) CSF NF-L was significantly increased in patients with ME and was
associated with poorer survival outcome; (3) specifically patients with Leigh syndrome,
MELAS and PDC deficiency had a marked increase in the concentrations of CSF NF-L as
compared to controls, 4) CSF GFAp did not differ between patients with ME and controls, but
was associated with poorer survival outcome, and 5) CSF NF-L was the only biomarker

associated with abnormal MRI findings in patients with ME.

Elevated CSF lactate has been proposed as a reliable diagnostic biomarker for mitochondrial
diseases [Magner et al., 2011]. In the present study, we found increased CSF lactate in patients
with ME as compared to controls, without any association to outcome. Our results are in
agreement with the results from another recent study, suggesting that CSF lactate is a less

reliable biomarker for mitochondrial diseases [Lunsing et al., 2017].

NF-L is a structural protein that is highly expressed in the large-caliber myelinated subcortical
axons of the white matter [Zetterberg et al., 2016; Skillback et al., 2014]. Our finding that CSF
NF-L increases in patients with mitochondrial disease is in concordance with previous studies
of CSF NF-L in axonal degenerative disease such as AD, multiple sclerosis, amyotrophic
lateral sclerosis, and frontotemporal dementia [Zetterberg et al., 2016; Skillback et al., 2014;
Magnoni et al., 2012; Tortorella et al., 2015; Lu et al., 2015]. Also, increased CSF NF-L has

been reported in patients with ischemic stroke, as well as traumatic brain injury [Shahim et al.,
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2016b; Nylen et al., 2006]. Among patients with mitochondrial disease, significantly increased
concentrations of CSF NF-L were observed in patients with Leigh syndrome, MELAS and
PDC deficiency. Patients with PDC deficiency often exhibit severe decrease in white matter
volume, and in turn dilated ventricles with ventricular septations, or parenchymal cysts and
partial to complete agenesis of the corpus callosum [Sofou et al., 2013; Ah Mew et al., 2011].
An ongoing white matter degeneration may explain the increased NF-L levels seen in these
patients. A plausible explanation to the increase in CSF NF-L in Leigh syndrome and MELAS
could be that these diseases are characterized by cytotoxic edema in the cortical (MELAS) or
deep gray matter (Leigh syndrome) in either the acute or subacute stages of the disease [Sofou
et al., 2013; Cecchini et al., 2007]. In contrast to lactate that may normalize after an increase
following metabolic decompensation, it seems from other studies of neurodegenerative
diseases that release of CSF NF-L is associated with the progression of neurodegeneration

[Zetterberg et al., 2016; Mattsson et al., 2017].

We found CSF NF-L to be significantly increased in patients with abnormal brain MRI as
compared to those with normal MRI, more specifically in relation to abnormalities in the
cerebral cortex, medulla and midbrain. Interestingly, our patient with Alpers-Huttenlocher
syndrome had normal brain MRI but higher levels than controls in all biomarkers, especially
NF-L, but normal lactate. Our findings suggest that NF-L may serve as an early prognostic
marker, much better than lactate, indicating signs of axonal injury in the brain already in the

early phase of the disease and before these become apparent on neuroimaging.

Another CSF protein measured was GFAp which is predominantly expressed in astrocytes and
plays a role in the formation of astroglial scaring [Shahim et al., 2013a]. Overall there were no

significant changes in the level of CSF GFAp between patients with ME and controls.
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However, in the subgroup analysis, patients with KSS had significantly increased
concentrations of CSF GFAp. Also, increased CSF GFAp was associated with poorer survival.
A previous study has reported increased CSF GFAp in patients with Alexander disease, which
is characterized by white matter degeneration or astrogliosis [Shahim et al., 2013a]. Similar to
Alexander disease, patients with KSS may also display white matter cerebral abnormalities,
which could explain the increased concentrations of CSF GFAp in these cases [Serrano et al.,

2010].

Similar to lactate, we did not find any changes in the concentrations of T-tau or P-tau. A
plausible explanation could be that mitochondrial disease may foremost affect the white matter
and deeper brain structures rather than the superficial cortex where tau is predominantly
expressed. The lack of effect on AB42 argues against significant abnormalities in or A
metabolism in these patients. Similar results, where the concentrations of NF-L, but not T-tau
or P-tau or AB42 have been elevated in adults with TBI [Shahim et al., 2016b; Zetterberg et

al., 2006].

There are limitations to this study. Although the overall sample size is large considering the
rarity of mitochondrial diseases, our results in the subgroup analysis should be interpreted with
caution due to the small number of patients per subgroup. Furthermore, comparison at the
single disease level could not be performed for specific phenotypes such as Alpers-
Huttenlocher and leukoencephalopathy. Additional limitations include lack of follow-up CSF
sampling on all the patients allowing biochemically monitoring of the progression of the

disease.
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The results of this study suggest that CSF NF-L may be used in the clinical setting as a
biomarker of diagnostic and prognostic value in ME. Additionally, CSF NF-L may also be

used in clinical trials for selection and evaluation of novel therapies for mitochondrial diseases.
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Figure Legends
Figure 1. Flow chart of enrolled patients.

Figure 2. Concentrations of blood lactate, CSF lactate and CSF NF-L between patients
with mitochondrial encephalopathy (n=46) and controls (n=22)

Patients with mitochondrial encephalopathy showed elevated CSF lactate and NF-L but
unchanged blood lactate. Error bars indicate median and interquartile range.

CSF, cerebrospinal fluid; NF-L, neurofilament light.

Figure 3. Diagnostic utility of the biomarkers. AUROC for CSF lactate, NF-L and other
biomarkers.

AUROC, areas under the receiver-operating characteristics; CSF, cerebrospinal fluid; NF-L,
neurofilament light; T-tau, total-tau; P-tau; phosphorylated tau; GFAp; glial fibrillary acidic
protein; Ab42, amyloid-542.

Figure 4. Brain MRI of a 2.5 years old boy with Leigh syndrome and SLC19A3 mutation.
Axial T2-weighted image (a) shows increased signal intensity in putamen, caudate nuclei and
ventromedial thalamic nuclei bilaterally. Elevated lactate peak (thick arrow) is seen in
magnetic resonance spectroscopy at the region of the basal ganglia (b,c).

Figure 5. Estimated survival based on the Cox proportional hazard models.

(A) CSF NF-L, (B) CSF-lactate, (C) T-tau, (D) P-tau, (E) GFAp, and (F) Ab42. The models
were adjusted for age, diagnosis and sex. The survival estimates are shown for quartiles of
biomarker concentrations.

CSF, cerebrospinal fluid; NF-L, neurofilament light; T-tau, total-tau; P-tau; phosphorylated
tau; GFAp; glial fibrillary acidic protein; Ab42, amyloid-542.



Table 1

Table 1. Demographic data and concentrations of CSF biochemical proteins
(N=68)
Characteristics Controls Mitochondrial P value

(N=22) encephalopathy

(N = 46)

Age at LP, years 8.0 (4-15) 4.0 (1.5-14) 0.25
Sex, M:F (% F) 13:9 (41) 20:26 (56) 0.23
Blood lactate, mmol/L 1.1 (0.7-2.1) 1.5(0.7-2.4) 0.21
CSF lactate, mmol/L 1.5 (1.4-2.0) 2.8 (2.1-3.7) <0.001
NF-L, ng/L 210 (127-379) 2011 (746-7194) | <0.001
T-tau, ng/L 75 (68-137) 75 (75-267) 0.17
P-tau, ng/L 42 (29-56) 40 (27-57) 0.86
GFAp, ng/L 184 (127-277) 265 (112-407) 0.13
AP42, ng/L 611 (455-763) 497 (411-649) 0.20
LP, lumbar puncture; M, males; F, females; CSF; cerebrospinal fluid; T-tau, total-
tau; NF-L, neurofilament light; GFAp; glial fibrillary acidic protein; P-tau;
phosphorylated tau; Ab42, amyloid-p42. Values are presented as median
(interquartile range).
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Table 2
Table 2. Phenotype, genotype, brain MRI findings and biomarkers of enrolled patients (N=68)
Variables Alpers- | PDC deficiency KSS Leigh syndrome | LE MELAS MERRF Non-syndromic ME Mitochondri | Controls
Huttenl al myopathy
ocher
syndro
me
N 1 6 5 16 1 9 4 4 6 16
Genetic findings POLG1 | PDHAL, PDHX Mitochondrial MT-ATP6, MT- NDU | MT-TL1 MT-TK MT-ATP6, POLG1, Mitochondrial | NA
DNA deletion ND1, MT-NDS5, Fv1 MT-TL1 DNA
MT-TW, SURF1, depletion,
SLC19A3, MT-TN, MT-
BCSI1L, SUCLGL, TL1, ISCU
SUCLA?2
Lesions on brain None BG, CB, CC, BG, CB, BG, CB, CB, CB, cortex, WM None Cortex, thalamus NA NA
neuroimaging cortex, thalamus, midbrain, pons, midbrain, pons, WM
(signal changes WM medulla, WM
and/or atrophy) thalamus, WM
CSF-lactate, 1.4 3.1(2.6-4.8) 3.2(1.8-4.0) 2.9(1.2-5.7) 35 4.7 (1.7-7.8) 1.9 (1.4-2.5) 2.5(2.1-2.8) 2.3(1.6-2.5) 1.5(1.2-
mmol/L - P=0.011 P =0.017 P =0.00017 - P <0.0001 P =0.58 P=0.14 2.5)
NF-L, ng/L 3152 1812 (127-18391) | 2117 (313-5467) | 1662 (210-29146) | 7058 | 4675 (154-16347) | 818 (500-1904) | 1277 (887-14192) 301 (121 - 210 (127-
- P =0.038 P =0.53 P=0.011 - P =0.033 P=0.83 P=0.30 1224) 379)
T-tau, ng/L 152 106 (60-727) 127 (75-1443) 90 (5-12247) 13 263 (9-1404) 75 (26-75) 106 (28-158) 78 (30-136) 75 (68-137)
- P =0.56 P =0.45 P =0.077 - P =0.47 P =0.89 P=0.76
P-tau, ng/L 170 42 (27-242) 79 (35-327) 49 (24-626) 51 40 (25-77) 41 (25-156) 106 (28-158) 78 (30-136) 42 (29-56)
- P =0.99 P=0.035 P=0.50 - P=0.49 P=0.75 P=0.45
GFAp, ng/L 408 225 (112-672) 407 (244-1370) | 197 (106-14282) | 271 389 (112-7605) 139 (112-308) | 195 (108-839) 178 (112-352) | 184 (127-
- P=0.75 P=0.80 P=10.16 - P=0.43 P=0.80 P=0.97 277)
AB42, ng/L 971 400 (259-598) 1239 (501-884) | 480 (301-780) 560 486 (370-884) 535 (366-765) | 548 (391-1178) 562 (377-673) | 611 (455-
P =0.019 P =0.0006 P =0.080 - P =0.69 P=0.84 P=0.35 763)

NA, not available/applicable; PDC, pyruvate dehydrogenase complex; LE, leukoencephalopathy; MELAS, mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes; MERRF,

myoclonic epilepsy with ragged red fibers; ME, mitochondrial encephalopathy; WM, white matter; BG, basal ganglia; CB, cerebellum; CSF; cerebrospinal fluid; T-tau, total-tau; NF-L, neurofilament
light; GFAp; glial fibrillary acidic protein; P-tau; phosphorylated tau; Ab42, amyloid-B42.
Values are presented as median (range). P values are from linear regression models co-varied for age at the time of lumbar puncture and sex, with the control group as reference.
Alpers-Huttenlocher syndrome and LE were excluded from the models due to limited number of patients.




