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Abstract:  There is a need for a blood biomarker of disease activity in ALS. This marker needs 

to measure the loss of motor neurones. Phosphorylated neurofilament heavy chain (pNfH) in the 

serum is a biomarker of axonal injury. Previous studies have found that levels of pNfH are 

elevated in ALS. We have performed a serial study of pNfH levels in 98 subjects from our ALS 

clinic. There was significant elevation of levels of pNfH in subjects with ALS compared to 

controls, although there was considerable variability. In studies of individuals who had two or 

more serial samples, we found that the levels of pNfH increased over time in the early stage of 

disease. Levels were low in subjects with long survival. The rate of rise of pNfH was inversely 

correlated with survival. We suggest that the initial level of pNfH is a marker of disease severity 

and that changes in pNfH levels are markers of disease progression.  

 

Key Words: amyotrophic lateral sclerosis; motor neurone disease; biomarkers; neurofilament; 

survival, prognosis 
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1.  Introduction 

There is a need for a biomarker of disease progression in amyotrophic lateral sclerosis (ALS), to 

assist with prognosis and for use in clinical trials [1;2] with a blood biomarker being most 

convenient [3]. Neurofilament (Nf) heavy protein (NfH) is one of the three neuronal cytoskeleton 

intermediate filament subunit proteins; the others being neurofilament medium protein and light 

protein  [4].  Phosphorylated NfH (pNfH) is a major constituent of axons and release of pNfH 

protein is considered to be a biomarker of axonal injury [5]. In cerebrospinal fluid (CSF), 

accumulation of pNfH has been demonstrated in animal models of spinal cord injury and brain 

injury [5;6]. In the blood, elevated levels of pNfH have been demonstrated in animals with focal 

brain injury [7] and focal brain ischaemia  [8]. In human subjects, elevated levels of pNfH have 

been found in the serum of subjects with acute ischaemic stroke [9;10] and subjects with acute 

brain injury after cardiac arrest [11]. Since the pathology of ALS is death of motor neurones and 

loss of their axons, pNfH is a possible biomarker of disease progression in ALS. 

Studies to date have found elevation of pNfH in CSF in animal models [5;6] and in humans with 

ALS [12;13]. Elevated levels of pNfH have also been demonstrated in the blood of subjects with 

ALS [14;15].  There is one study showing that CSF and plasma levels of pNfH are correlated 

[16]. Histological studies have demonstrated the loss of NfH and pNfH from brain and spinal 

cord tissue in ALS subjects [17], and that there is aggregation of Nf within cells as disease 

progresses [18].  Levels of pNfH have been linked to disease severity, with the rate of change of 

ALS functional rating scale (ALSFRS) being greater in subjects with higher levels of pNfH in 

the blood [18] and high levels early in disease being linked with more rapid progression [15]. We 

have performed a study of subjects from our ALS clinic, to measure pNfH levels over time and 
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to correlate these with survival. Even in subjects who fulfil the diagnostic criteria for clinically 

definite disease [19], ALS is heterogenous [20].  The variable features of ALS include length of 

survival, with a subgroup of patients with ALS showing survival greater than 5 years [21],  site 

of onset and relative severity of upper and lower motor neurone signs [20;22-24].  These features 

could be associated with different rate of progression of disease, so  we have also studied levels 

of pNfH in subjects with different clinical features.  

2.  Materials and Methods 

2.1 Subjects and Blood Collection 

For this study we used samples from 98 consecutive subjects from our ALS clinic who consented 

to the study. Subjects with typical ALS fulfilled the criteria for diagnosis of ALS at the time of 

blood collection, and had mixed upper and lower motor neurone signs [19]. We also included 

patients from the clinic who had both upper and lower motor neurone signs, and fulfilled the 

diagnostic criteria, but had predominant upper motor neurone (UMN) weakness, as previously 

described [22;25] or predominant lower motor neurone  (LMN) weakness, as described [25;26].  

At the end of the study, 65 patients were deceased. Survival was calculated from the onset of 

disease until death or the end of the study. Blood was collected every 3 months when possible. 

Blood was collected on up to 9 occasions with a total of 223 ALS samples. We also collected 

blood from 61 healthy controls. The details of the subjects are shown in Table 1. The subjects 

with typical ALS, and UMN and LMN predominant disease are shown in Table 2. The site of 

onset (bulbar, upper limb or lower limb) was noted and the numbers in these groups are also 

shown in Table 2. Subjects were evaluated with the ALS functional rating scale-revised 
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(ALSFRS-R) [27]. This was was not done systematically, but the ALSFRS-R score was recorded 

at the time of blood collection on at least one occasion on 50 subjects and on multiple occasions 

on 24 of those subjects. For the subjects with multiple recorded values, we calculated the rate of 

change of ALSFRS-R. Our study included subjects with typical ALS with short survival and also 

included subjects with clincally definite ALS who had prolonged survival. To study these two 

groups separately, we used an arbitrary cutoff, and classed subjects into those with survival of 

<1500 days and those with >1500 days.  

2.2 Blood Collection  

Venous blood (6 ml) was taken into a serum tube (BD Vacutainer Plus Red Serum Tube, Cat# 

367837) and the tube was left in a standing position at room temperature for 30 min to allow 

blood clotting. The sample was then centrifuged at 1500 rpm for 10 min at room temperature. 

The serum was separated and aliquots were stored at -80
o
C.   

2.3  pNfH ELISA  

The serum concentrations of pNfH were detected with a pre-coated pNfH enzyme linked 

immune-sorbent assay (ELISA) kit, using polyclonal antibody to NfH (EnCor Biotechnology 

Inc., Gainesville, FL, USA) [5]. We used undiluted serum. The assay was performed according  

to the manufacturer’s instructions. In brief, 50 μL of undiluted serum from patients and controls 

was added in triplicate. A standard curve was prepared for each plate using 12 serial doubling 

dilutions of purified bovine pNfH protein (provided by the kit), ranging from 0 –12.5 ng/ml.  The 

reaction was developed using 100 µL of Trimethylbenzidine (TMB)-peroxidase, and 
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subsequently stopped using 50 µL of 2N sulphuric acid. Between the loading of the serum and 

the addition of the detection antibody and also between the addition of the detection antibody 

and the addition of TMB-peroxidase, the ELISA plate was incubated for one hour at room 

temperature.  Plates were washed 10x between incubation steps using the recommended wash 

buffer. Absorbance values were determined by reading the plates at 450 nm using a Paradigm 

Plate Reader (Beckman Coulter, Gladesville, Sydney, Australia). Serum pNfH levels for all 

groups were calculated from the standard curve.  

We selected samples from one subject with a high values and one with a low value of pNfH and 

studied these samples  in multiple ELISA plates. The co-efficients of variation were  0.33 and 

0.38, respectively. We did not make a systematic study of the possibility of a "hook effect", 

whereby the concentration of protein measured by the assay is greater when samples are diluted 

[28;29]. However, we studied two samples undiluted, and in 1:2 and 1;4 dilutions. For these 

samples, there was an increase in the concentration of pNfH after dilution, suggestive of a "hook 

effect".  

 

2.4  Calculation of Rate of Rise of pNfH and Rate of Change of ALSFRS-R 

We calculated the rate of rise of pNfH, by using the slope of the linear regression curve for all 

available values. We calculated the rate of change of ALSFRS-R by using the slope of the linear 

regression curve for all available values.  
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2.5  Statistical Methods and Graphs  

Statistical analysis, curve fitting and graphs were done with GraphPad Prism version 5.00 for 

Windows (GraphPad Software, San Diego California USA).  Groups were compared using 

Kruskal Wallis one-way ANOVA corrected for multiple comparisons, and Mann Whitney test 

for comparing two groups.  The rate of change of pNfH and of the ALSFRS-R was the slope of 

the linear regression curve. Linear regression analysis was used to correlate pNfH levels and rate 

of rise of pNfH with survival and ALSFRS-R and rate of change of ALSFRS-R.  

3. Results  

3.1 Serum Levels of pNfH are Elevated in Subjects with ALS 

Figure 1 shows the levels of pNfH in all samples combined, for the first sample and for the peak 

samples, which were the highest recorded level for subjects with multiple samples, and the first 

value for subjects with only one sample. The levels were significantly greater in subjects with 

ALS than in healthy controls. A value greater than 1.5 ng/ml was only seen in ALS subjects. As 

with clinical trials of ALS, our study included subjects with long survival. When the subjects are 

subdivided into those who survived until death or censoring for less than 1500 days, and those 

with survival greater than 1500 days, it can be seen that those with a shorter survival time have 

higher pNfH levels and peak pNfH levels. This suggests that higher levels are found in more 

severe and rapidly progressing disease with shorter survival. 

 3.2   pNfH Levels Change Over Time 
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For those subjects with serial samples, the results are shown in Figure 2A. In 33 of 55 subjects 

(60%) there was a rise of pNfH levels from the first to the second sample, and in 21 of 34 

subjects (62%) there was a rise from the first to the third sample.  For all samples that were 

collected, Figure 2B and Figure 2C show the average trajectories of pNfH levels for subjects 

with survival less than 1500 days, and those with survival greater than 1500 days, respectively, 

fitting a second order polynomial curve. These  show that, on average, there was a rise and then a 

fall in pNfH levels, but there is considerable variability among subjects.  

Figure 3A shows the values for the first, second, third and fourth and later samples. The levels at 

each collection were greater than for controls. The levels of pNfH were greater in the later 

samples.  For all samples that were collected, as shown in Figures 3B and 3C, when subjectswere 

subdivided into those with survival less than or greater than 1500 days, and the samples stratified 

according to the time after onset of disease in 6 monthly epochs, there was a rise in levels as 

disease progressed, and a fall later in disease.  

 3.3   Relationship to Survival of  pNfH levels and of the Rate of Change of pNfH levels 

To determine whether the levels of pNfH are related to survival from symptom onset, in the 

upper panel of Figure 4A we plot all of the pNfH levels against survival time. This shows an 

inverse relationship between pNfH levels and survival, with linear regression analysis, although 

some subjects with short survival had low pNfH levels. There was also an inverse relationship 

between survival and the first pNfH level (Figure 4B) and the peak pNfH level (Figure 4C).  To 

determine if the rate of rise in pNfH is related to survival, for those subjects with serial samples, 

we also calculated the rate of rise of pNfH, using all available values, and plotted this against 
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survival.  In subjects where there was a decline in pNfH, the rate of rise was taken to be zero. 

This is shown in the lower panel of Figure 4D. There is a significant relationship between the 

rate of rise of pNfH and survival.  

Having shown that the values of pNfH rise with time, and that there is a relationship between 

survival and the peak pNfH level, but not the first pNfH level, we have also plotted the 

relationship of survival and pNfH for samples collected at different times after onset of disease. 

This is shown in Figure 5. For the samples collected 0–12 months after onset, the survival was 

generally less than 1000 days, and there was no correlation with survival. For the samples 

collected at 12–24  months after onset, and those collected at 24–36 months after onset, higher 

values of pNfH were associated with reduced survival. The samples collected after 36 months 

from onset were from subjects with long survival, and  for these samples, there was no 

correlation with survival. These data accord with our serial studies that show that levels of pNfH 

increase in the first part of the disease course,  and that the rate of rise of pNfH may be a better 

predictor of survival.   

 

3.4 Relationship to Clinical Features of ALS Subjects 

We examined the relationship of pNfH levels and  the rate of rise of pNfH  to clinical features of 

the ALS subjects. There was no significant difference between males and females in pNfH levels 

or the rate of rise of pNfH (Supplementary Figure 1).   Table 2 gives the numbers of subjects 

with typical ALS, UMN predominant and LMN predominant phenotypes. There was no 

significant difference among the groups in the levels of pNfH or the rate of rise of pNfH 
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(Supplementary Figure 2). The numbers of subjects with onset in bulbar, upper limbs and lower 

limbs are shown in Table 2. There was no difference in the pNfH levels or the rate of rise of 

pNfH among these groups (Supplementary Figure 3). There was no significant difference 

between the Rilutek treated subjects and untreated subjects in the levels of pNfH. There was a 

reduction in the rate of rise of pNfH in subjects on Rilutek, this was not statistically significant  

(Supplementary Figure 4). In Figure 6A we  show that there was no association between age and 

pNfH levels in healthy controls, but there was was a significant association between the age and 

the peak levels of pNfH protein (Figure 6B). There was  no significant association between age 

and the rate of rise of pNfH protein (Figure 6C). In our subjects there was a significant inverse 

association between age at onset and survival from onset (Supplementary Figure 5). 

 

We examined the relationship of pNfH and rate of change of pNfH to the ALSFRS-R score at 

the time of blood collection and to the rate of change of ALSFRS-R. There was no relationship 

of the pNfH level to the ALSFRS-R at the time of blood collection (data not shown).  As shown 

in Figure 7A, there was an apparent inverse relationship between peak pNfH levels and rate of 

change of ALSFRS-R. For the small number of subjects for whom this data was available, there 

was a greater rate of rise of pNfH in those with a greater rate of decline of ALSFRS-R, but this 

was not statistically significant (Figure 7B).   

4.  Discussion 
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We report the results of a serial study of levels of pNfH in subjects with ALS, using a 

commercially available ELISA kit, with a polyclonal antibody to pNfH. Overall, serum pNfH 

levels were significantly higher in ALS subjects than in control subjects, as has been shown 

previously [14;18]. After CNS injury, pNfH is released into the extracellular fluid from where it 

diffuses into the CSF and finally enters the blood stream via the arachnoid villi. We have 

previously shown that pNfH levels are elevated after stroke [9] and others have found that pNfH 

levels are elevated in multiple sclerosis [30] which indicates that pNfH can enter the blood after 

CNS damage in humans  After degeneration of peripheral axons, we expect that pNfH could 

readily enter the blood stream. Therefore we expect that the pNfH levels in ALS will reflect 

damage of both upper and lower motor neurones. 

In our serial study, we found that, in many subjects, the levels of pNfH increased over time in 

the early stage of disease. It also shows a possible decline in levels in the later part of disease. 

There have been two previous serial studies of pNfH levels in humans. One study followed 

patients monthly for 4 months and found no change in levels of pNfH [18]. This is a short time 

frame compared to our study, and does not show what happens with prolonged observation. The 

only other serial study, which followed patients for three years, also showed that levels changed 

with time, and that for some subjects the levels increased and for others the levels decreased 

[15].  Our study gives similar results. The novel aspect of our study is that we followed patients 

for prolonged periods, and in 68 of the 98 subjects, the folowup was until death. In a study in 

SOD1 mutant mice, it has been shown that pNfH levels increase as disease progresses up to day 

120 [31]. This study did not extend to the end stage of disease (150-180 days) when, as we have 

shown,  few axons remain [32], and we suggest that it is possible that the levels would decline if 

mice were samples at this later stage.  
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Our study included some subjects with ALS with prolonged survival, as has been reported in 

14% of ALS subjects [21]. We found that pNfH levels were greater in subjects with shorter 

survival, and that there was an inverse correlation between pNfH levels and survival. It has 

previously reported that high levels early in disease are linked with more rapid progression [15]. 

We calculated the rate of rise of pNfH levels and found that this was inversely correlated with 

survival. These data suggest that high levels and a rapid increase in pNfH levels are related to 

disease severity and are associated with poor prognosis.  We note that some patients with low 

pNfH levels had short survival. This could occur if the levels were underestimated because of the 

development of antibodies to pNfH, as has been described [15;33]. However, another issue is 

that survival is not always related to disease severity, and can be shorter in subjects with early 

respiratory involvement and  longer in subjects treated with non-invasive or invasive ventilation.  

To account for the increase in levels of pNfH as disease progresses, and the possible decline 

in levels at the end of the disease course, we suggest that the level of pNfH in the blood would be 

related to the number of axons being degraded in per unit of time, which would add pNfH to the 

blood. Neurofilaments are susceptible to proteolysis within cells [34;35] and are likely to be 

removed from the circulation by proteolysis, which would clear pNfH from the blood. In human 

ALS, little is known about the kinetics of the loss of motor neurones, but this would be 

dependent on the number of axons remaining and the rate of axonal degeneration.  Possible 

mathematical models of the loss of motor neurones include a linear decay, an exponential decay 

or an accelerating process.  There has been a  theoretical study of this topic  [36] but there is little 

data to indicate which of these models applies to human ALS, although in inherited 

neurodegenerative conditions there is support for the one-hit model [37],which implies 

exponential decline. For the lower motor neurone, we have data suggesting that the loss of axons 
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from a single muscle follows an exponential decay  [38].  However, the disease spreads from the 

region of onset to other regions and as more regions become involved in the initial stage of 

disease, the number of degenerating motor neurons would be expected to increase. Later in the 

disease, when few motor neurons remain, we would argue that fewer cells would die per day, 

and this would be consistent with our data and the data of Lu et al. showing that levels decline 

later in the course of disease [15].   

Another issue is whether the decline in levels in the later stage of disease could be due to 

increased aggregation of Nf in the later stage of disease, which could reduce the number of 

binding sites available for antibody binding. There is evidence of aggregation of neurofilament in 

neurodegerative disease [17]. However, we think this is less likely as an explanation for a decline 

in levels as disease progresses. We suggest that Nf may progressively aggregate within a neurone, 

until that neurone dies, releasing aggregated protein. If all cells die in a similar fashion, then all the Nf 

released from dead neurones would be expected to show similar levels of aggregation. Therefore, higher 

levels should still represent greater numbers of neurones dying in a given time, and lower levels would 

indicate fewer cells dying.    

To categorize our subjects into those with shorter disease duration and those with longer 

disease duration, we used an arbitrary cutoff of 1500 days (4.1 years) because patients with 

typical ALS are usually thought to have a life expectancy of 3-5 years, and those with longer 

disease duration can be considered to have longer than expected survival. In more rapidly 

progressing disease, we would expect higher levels of pNfH, particularly in the early stages of 

disease, as we have shown, with higher initial of pNfH levels in subjects with survival less than 

1500 days than in subjects with survival more than 1500 days.  
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We found no correlation between the levels of pNfH and ALSFRS-R, which is similar to the 

results of others [14].  We found some association between the initial pNfH levels with the rate 

of change of ALSFRS-R, as has previously been shown [18].  There was also a relationship 

between the rate of rise of pNfH and the rate of change of ALSFRS-R, again suggesting that the 

rate of change of pNfH holds promise as a marker of disease progression. 

We found an association of pNfH levels with age, as has been found previously [18]. This does 

not appear to be due to greater background levels in older subjects, since we found no significant 

association between pNfH levels and age in the control subjects. There was no significnat 

association of age with the rate of rise of pNfH, which could be related to the lower number of 

subjects in this group. Older age is known to be associated with worse prognosis of ALS [39], 

and in our cohort this was the case. This is consistent with our finding of increased pNfH levels 

in older subjects and that pNfH levels are associated with survival. We found no association 

between pNfH levels, or the rate of rise of pNfH levels, and  the site of onset, the phenotype of 

subjects or the use of Rilutek. We have previously found that subjects with upper or lower motor 

neurone predominant disease have a longer half life of motor units   [25], but this was not 

reflected in the levels of pNfH, suggesting that pNfH levels are not as sensitive as measurements 

of neuronal half life.  We did not find an effect of Rilutek  on pNfH levels in ALS patients, 

which was in contrast to the previous findings [14].  There was a slight decrease in the rate of 

rise of pNfH in subjects on Rilutek, but this was not statistically significant.   

There are some limitations of our study. One limitation is that we did not use any methods to 

disrupt Nf aggregates that may occur in ALS as part of the pathological process [28].  This could 

lead to an underestimation of the levels of pNfH, if binding sites are blocked in aggregated 
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protein. Indeed, we found that the levels measured in diluted serum were higher than in undiluted 

serum, suggesting that the “hook  effect” was present.  This needs to be addressed in further 

studies, and there needs to be standardization of assay for multi-centre studies  [29]. [40]. 

Another limitation of our study is that we collected blood from the first visit to our ALS clinic 

and this meant that, for some subjects, the first sample was collected late in the course of disease, 

and it would be preferable if all the first samples were collected as soon as possible after 

diagnosis. Other limitations of our study are that we did not collect serial samples for all 

patients.For consistency, we plotted a straight line to obtain the rate of rise of pNfH, and it is 

possible that the relationship between pNfH levels and time is more complex, and this should be 

further explored. 

In summary, we have confirmed that levels of pNfH are elevated in ALS, and that high levels are 

associated with worse survival, and warrants further exploration as a prognostic marker in ALS,. 

We have shown that the rate of rise of pNfH levels is inversely related to survival, and we 

suggest that this is a measurement that could be used in clincal trials of therapies to reduce 

disease progression. In the future more prospective studies are required and it would be helpful 

to the field if methods could be standardized, including the use of measures to overcome protein 

aggregation.  

Acknowledgements: The support of the Motor Neurone Disease Research Institute of Australia 

and the Royal Brisbane and Women's Hospital Foundation is gratefully acknowledged. The 

assistance of Susan Heggie, Kate Thorpe and Helen Woodhouse in collecting the data is 

gratefully acknowledged. The generosity of the ALS subjects who participated in the study is 

also gratefully acknowledged.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

16 
 

 

Reference List 

 

 1     Turner MR, Kiernan MC, Leigh PN, Talbot K: Biomarkers in amyotrophic lateral 

sclerosis. Lancet Neurol 2009;8:94-109. 

 2     Turner MR, Bowser R, Bruijn L, Dupuis L, Ludolph A, McGrath M, Manfredi G, 

Maragakis N, Miller RG, Pullman SL, Rutkove SB, Shaw PJ, Shefner J, Fischbeck KH: 

Mechanisms, models and biomarkers in amyotrophic lateral sclerosis. Amyotroph Lateral 

Scler Frontotemporal Degener 2013;14 Suppl 1:19-32. 

 3     Robelin L, Gonzalez De Aguilar JL: Blood biomarkers for amyotrophic lateral 

sclerosis: myth or reality? Biomed Res Int 2014;2014:525097. 

 4     Shea TB, Jung C, Pant HC: Does neurofilament phosphorylation regulate axonal 

transport? Trends Neurosci 2003;26:397-400. 

 5     Shaw G, Yang C, Ellis R, Anderson K, Parker MJ, Scheff S, Pike B, Anderson 

DK, Howland DR: Hyperphosphorylated neurofilament NF-H is a serum biomarker of 

axonal injury. Biochem Biophys Res Commun 2005;336:1268-1277. 

 6     Brettschneider J, Petzold A, Sussmuth SD, Ludolph AC, Tumani H: Axonal 

damage markers in cerebrospinal fluid are increased in ALS. Neurology 2006;66:852-

856. 

 7     Huh JW, Laurer HL, Raghupathi R, Helfaer MA, Saatman KE: Rapid loss and 

partial recovery of neurofilament immunostaining following focal brain injury in mice. 

Exp Neurol 2002;175:198-208. 

 8     Aronowski J, Cho KH, Strong R, Grotta JC: Neurofilament proteolysis after focal 

ischemia; when do cells die after experimental stroke? J Cereb Blood Flow Metab 

1999;19:652-660. 

 9     Singh P, Yan J, Hull R, Read SJ, O'sullivan JD, Henderson RD, Rose S, Greer 

JM, McCombe PA: Levels of phosphorylated axonal neurofilament subunit H (pNfH) are 

increased in acute ischaemic stroke. J Neurol Sci 2011;304:117-121. 

 10     Sellner J, Patel A, Dassan P, Brown MM, Petzold A: Hyperacute detection of 

neurofilament heavy chain in serum following stroke: a transient sign. Neurochem Res 

2011;36:2287-2291. 

 11     Rundgren M, Friberg H, Cronberg T, Romner B, Petzold A: Serial soluble 

neurofilamnet heavy chain in plasma as a marker of brain injury after cardiac arrest. Crit 

Care 2012;16:R45. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

17 
 

 12     Ganesalingam J, An J, Bowser R, Andersen PM, Shaw CE: pNfH is a promising 

biomarker for ALS. Amyotroph Lateral Scler Frontotemporal Degener 2013;14:146-149. 

 13     Mendonca DM, Martins SC, Higashi R, Muscara MN, Neto VM, Chimelli L, 

Martinez AM: Neurofilament heavy subunit in cerebrospinal fluid: a biomarker of 

amyotrophic lateral sclerosis? Amyotroph Lateral Scler 2011;12:144-147. 

 14     Boylan K, Yang C, Crook J, Overstreet K, Heckman M, Wang Y, Borchelt D, 

Shaw G: Immunoreactivity of the phosphorylated axonal neurofilament H subunit (pNF-

H) in blood of ALS model rodents and ALS patients: evaluation of blood pNF-H as a 

potential ALS biomarker. J Neurochem 2009;111:1182-1191. 

 15     Lu CH, Petzold A, Topping J, Allen K, Macdonald-Wallis C, Clarke J, Pearce N, 

Kuhle J, Giovannoni G, Fratta P, Sidle K, Fish M, Orrell R, Howard R, Greensmith L, 

Malaspina A: Plasma neurofilament heavy chain levels and disease progression in 

amyotrophic lateral sclerosis: insights from a longitudinal study. J Neurol Neurosurg 

Psychiatry 2014. 

 16     Ganesalingam J, An J, Shaw CE, Shaw G, Lacomis D, Bowser R: Combination of 

neurofilament heavy chain and complement C3 as CSF biomarkers for ALS. J 

Neurochem 2011;117:528-537. 

 17     Petzold A: Neurofilament phosphoforms: surrogate markers for axonal injury, 

degeneration and loss. J Neurol Sci 2005;233:183-198. 

 18     Boylan KB, Glass JD, Crook JE, Yang C, Thomas CS, Desaro P, Johnston A, 

Overstreet K, Kelly C, Polak M, Shaw G: Phosphorylated neurofilament heavy subunit 

(pNF-H) in peripheral blood and CSF as a potential prognostic biomarker in amyotrophic 

lateral sclerosis. J Neurol Neurosurg Psychiatry 2013;84:467-472. 

 19     Brooks BR, Miller RG, Swash M, Munsat TL: El Escorial revisited: revised 

criteria for the diagnosis of amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other 

Motor Neuron Disord 2000;1:293-299. 

 20     Beghi E, Chio A, Couratier P, Esteban J, Hardiman O, Logroscino G, Millul A, 

Mitchell D, Preux PM, Pupillo E, Stevic Z, Swingler R, Traynor BJ, van den Berg LH, 

Veldink JH, Zoccolella S: The epidemiology and treatment of ALS: Focus on the 

heterogeneity of the disease and critical appraisal of therapeutic trials. Amyotroph Lateral 

Scler 2011;12:1-10. 

 21     Mateen FJ, Carone M, Sorenson EJ: Patients who survive 5 years or more with 

ALS in Olmsted County, 1925-2004. J Neurol Neurosurg Psychiatry 2010;81:1144-1146. 

 22     Gordon PH, Cheng B, Katz IB, Pinto M, Hays AP, Mitsumoto H, Rowland LP: 

The natural history of primary lateral sclerosis. Neurology 2006;66:647-653. 

 23     Gouveia LO, de Carvalho M: Young-onset sporadic amyotrophic lateral sclerosis: 

a distinct nosological entity? Amyotroph Lateral Scler 2007;8:323-327. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

18 
 

 24     Talman P, Forbes A, Mathers S: Clinical phenotypes and natural progression for 

motor neuron disease: analysis from an Australian database. Amyotroph Lateral Scler 

2009;10:79-84. 

 25     Baumann F, Henderson RD, Ridall PG, Pettitt AN, McCombe PA: Use of 

Bayesian MUNE to show differing rate of loss of motor units in subgroups of ALS. Clin 

Neurophysiol 2012;123:2446-2453. 

 26     Van den Berg-Vos R, Visser J, Kalmijn S, Fischer K, de Visser M, de Jong V, de 

Haan RJ, Franssen H, Wokke JH, van den Berg LH: A long-term prospective study of the 

natural course of sporadic adult-onset lower motor neuron syndromes. Arch Neurol 

2009;66:751-757. 

 27     Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D, Thurmond B, Nakanishi 

A: The ALSFRS-R: a revised ALS functional rating scale that incorporates assessments 

of respiratory function. BDNF ALS Study Group (Phase III). J Neurol Sci 1999;169:13-

21. 

 28     Lu CH, Kalmar B, Malaspina A, Greensmith L, Petzold A: A method to solubilise 

protein aggregates for immunoassay quantification which overcomes the neurofilament 

"hook" effect. J Neurosci Methods 2011;195:143-150. 

 29     Stevenson L, Kelley M, Gorovits B, Kingsley C, Myler H, Osterlund K, 

Muruganandam A, Minamide Y, Dominguez M: Large molecule specific assay 

operation: recommendation for best practices and harmonization from the global 

bioanalysis consortium harmonization team. AAPS J 2014;16:83-88. 

 30     Gresle MM, Liu Y, Dagley LF, Haartsen J, Pearson F, Purcell AW, Laverick L, 

Petzold A, Lucas RM, Van der Walt A, Prime H, Morris DR, Taylor BV, Shaw G, 

Butzkueven H: Serum phosphorylated neurofilament-heavy chain levels in multiple 

sclerosis patients. J Neurol Neurosurg Psychiatry 2014;85:1209-1213. 

 31     Lu CH, Petzold A, Kalmar B, Dick J, Malaspina A, Greensmith L: Plasma 

neurofilament heavy chain levels correlate to markers of late stage disease progression 

and treatment response in SOD1(G93A) mice that model ALS. PLoS ONE 

2012;7:e40998. 

 32     Ngo ST, Baumann F, Ridall PG, Pettitt AN, Henderson RD, Bellingham MC, 

McCombe PA: The relationship between Bayesian motor unit number estimation and 

histological measurements of motor neurons in wild-type and SOD1(G93A) mice. Clin 

Neurophysiol 2012;123:2080-2091. 

 33     Couratier P, Yi FH, Preud'homme JL, Clavelou P, White A, Sindou P, Vallat JM, 

Jauberteau MO: Serum autoantibodies to neurofilament proteins in sporadic amyotrophic 

lateral sclerosis. J Neurol Sci 1998;154:137-145. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

19 
 

 34     Johnson GV, Greenwood JA, Costello AC, Troncoso JC: The regulatory role of 

calmodulin in the proteolysis of individual neurofilament proteins by calpain. Neurochem 

Res 1991;16:869-873. 

 35     Schlaepfer WW, Lee C, Lee VM, Zimmerman UJ: An immunoblot study of 

neurofilament degradation in situ and during calcium-activated proteolysis. J Neurochem 

1985;44:502-509. 

 36     Kuether G, Lipinski HG: The dynamics of motor neuron degeneration in motor 

neuron disease. A theoretical approach.; in Smith RA, (ed): Handbook of amyotrophic 

lateral sclerosis. New York, Marcel Dekker, 1991, pp 391-432. 

 37     Clarke G, Collins RA, Leavitt BR, Andrews DF, Hayden MR, Lumsden CJ, 

McInnes RR: A one-hit model of cell death in inherited neuronal degenerations. Nature 

2000;406:195-199. 

 38     Baumann F, Henderson RD, Gareth RP, Pettitt AN, McCombe PA: Quantitative 

studies of lower motor neuron degeneration in amyotrophic lateral sclerosis: Evidence for 

exponential decay of motor unit numbers and greatest rate of loss at the site of onset. Clin 

Neurophysiol 2012;123:2092-2098. 

 39     del Aguila MA, Longstreth WT, Jr., McGuire V, Koepsell TD, van Belle G: 

Prognosis in amyotrophic lateral sclerosis: a population-based study. Neurology 

2003;60:813-819. 

 40     Lehnert S, Costa J, de CM, Kirby J, Kuzma-Kozakiewicz M, Morelli C, 

Robberecht W, Shaw P, Silani V, Steinacker P, Tumani H, Van DP, Ludolph A, Otto M: 

Multicentre quality control evaluation of different biomarker candidates for amyotrophic 

lateral sclerosis. Amyotroph Lateral Scler Frontotemporal Degener 2014;15:344-350. 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

20 
 

Table and Figure legends  

Table 1: Clinical features of subjects 

This table shows the clinical details of the healthy controls and the ALS subjects. The healthy 

controls (HC)  had only one sample of blood collected. The ALS subjects had up to 9 samples 

collected.  

 

Table 2: Subgroups of ALS subjects 

Patients were divided according to whether they had typical ALS with mixed upper and lower 

motor neurone signs, or had ALS with predominant upper or lower motor neurone weakness, and 

according to the site of onset. The number of subjects in each group is shown. The median 

(interquartile range) of the age and the survival of the subjects in these groups are also shown.  
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Figure 1: pNfH levels  

This shows the levels of pNfH in healthy controls (HC), the total ALS group, the ALS subjects 

with survival less than 1500 days and the ALS subjects with survival more than 1500 days. We 

show the results for all the samples that were collected (ALL) and the first samples (1
st
) and the 

peak levels (PEAK), which are the peak levels if more than one sample was collected, and the 

first level if only one sample was collected. Individual results are shown as open circles and the 

median value for each group is shown as a horizontal line. There is significant elevation of pNfH 

levels in subjects with ALS, compared to controls.  (Kruskal Wallis one-way ANOVA corrected 

for multiple comparisons, asterisk indicates p<0.0001) The greatest levels are seen in the 

subjects with survival <1500 days. 

 

Figure 2:  pNfH serial studies  

Panel A shows the pNfH levels for the subjects who had serial samples, according to the time 

after onset that the sample was collected. Individual results are shown as black circles and the 

serial samples for each individual are linked by a line. Many subjects showed an increase in 

levels with time, but later in the disease the levels were low.  In Panels B and C we show all of 

the samples, including those where only one sample was collected and those with serial samples. 

Panel B shows the values for all subejcts with survival less than 1500 days, with a second order 

polynomial curve fitted.  Panel C shows the values for all subjects with survival more than 1500 

days with a second order polynomial curve fitted.  These curves show that on average there is a 

rise and fall of pNfH levels over time, but it must be noted that there is considerable variability 

among subjects. 
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Figure 3:  pNfH levels over time  

Panel A  shows the levels of pNfH in the first, second, third and fourth or later samples. The 

horizontal bars represent the median values. The subjects were divided into those with survival 

less than 1500 days and those with longer survival. The later samples showed higher values than 

the first sample. (Kruskal Wallis one-way ANOVA corrected for multiple comparisons, asterisk 

indicates p<0.05). In Panels B and C we show all of the samples, including those where only one 

sample was collected and those with serial samples. Panels B and C, which show the results from  

subjects with survival less than 1500 days and more than 1500 days, respectively, show the 

samples grouped according to the time after onset of disease that the sample was collected, in 6 

monthly epochs. There was a rise in levels as disease progressed, and a later decline.  

 

 

 

Figure 4: Survival and pNfH levels  

Panel A shows the relationship between pNfH levels and survival time, for all samples, using 

linear regression analysis. There was a significant inverse correlation. Note that a logarithmic 

scale is used for the survival time.  Panel B shows the relationship between the value of pNfH in 

the first sample collected from each subject and the survival. There was a trend to higher values 

of pNfH being associated with reduced survival, but this was not clinically significant. Panel C 

shows the inverse relationship between the peak value of pNfH and survival. This was 

significant.  Panel D shows the relationship of the rate of rise of pNfH and survival. There was a 

significant inverse relationship between the rate of rise of pNfH and survival, using linear 

regression analysis. Note that a logarithmic scale is used for the rate of rise of pNfH. 
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Figure 5  Effect of timing of sample on relationship between pNfH levels and survival. 

In this figure we have grouped all the samples according to the time after onset of symptoms that 

the samples were collected. We then plotted the relationship between the pNfH level and 

survival for each of these groups of samples. For the samples collected 0-12 months after onset 

(Panel A), the survival was generally less than 1000 days, and there was no correlation with 

survival. For the samples collected at 12-24 months after onset (Panel B), and those collected at 

24-36 months after onset (Panel C), higher values of pNfH were associated with reduced 

survival. The samples collected after 36 months from onset were from subjects with long 

survival (Panel D) and for these samples, there was no correlation with survival. These data 

accord with our serial studies that show that levels of pNfH increase as disease progresses, and 

that the rate of rise of pNfH may be a better predictor of survival.   

 

Figure 6:  pNfH levels and age  

Panel A shows that there was no relationship between pNfH levels and age in the control 

subjects. Panel B shows the relationship between age of the subject at the time of sample 

collection and the levels of pNfH. This was significant, using linear regression analysis.  Panel C 

shows that there was no significant  relationship between age and rate of rise of pNfH.    
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Figure 7:  pNfH levels and ALSFRS-R  

Panel A shows the relation between the peak pNfH level and the rate of rise of ALSFRS-R, for 

the subjects who had serial measurements of ALS-FRS-R. There was a significant inverse 

correlation. Panel B shows the relationship between the rate of change of ALSFRS-R and the 

rate of rise of pNfH. There was an apparent inverse correlation, but this was not statistically 

significant. Note that a logarithmic scale is used for the rate of rise of pNfH.  
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Table 1: Clinical details 

 

 

Total 

Number 

Mean 

Age 

(range) 

Percent 

female 

Num

ber 

with 

single 

samp

le 

Number 

with two 

samples 

Number 

with 

three 

samples 

Number 

with 

four or 

more 

samples 

Healthy 

Subjects  

 

59 48 

(21-95) 

61 - - - - 

ALS 

Subjects 

98 61  

(32-81) 

44 43 55 34 14 
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Table 2: Subgroups of ALS subjects 

 

    Number of 

subjects 

Median (IQR) age at 

onset (years) 

Median (IQR) 

survival from onset 

until death or 

censoring (years) 

 

Phenotypes 

 

Typical ALS 

 

63 60.86 (15.85) 3.16 (2.18) 

UMN predominant 

 

10 56.29 (24.48) 6.32 (1.99) 

LMN predominant 

 

25 57.57 (14.17) 4.77 (3.14) 

 

Site of Onset 

 

Bulbar 

 

32 62.79 (9.54) 2.81 (1.76) 

Upper limb 

 

32 58.00 (17.05) 4.05 (2.65) 

Lower limb 

 

34 57.11 (12.59) 4.64 (3.51) 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Graphical abstract 
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Highlights 

 

Levels of phosphorylated neurofilament heavy (pNfH)  were increased in the serum of subjects 

with amytotrophic lateral sclerosis 

Levels of pNfH increased over time in most subjects 

Levels of pNfH and the rate of rise of pNfH were correlated with survival  

 

 


