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Diagnostic Value of Serum Levels of GFAP, pNF-H,
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Study Design. An analytical cohort study.

Objective. This study aimed to evaluate severity of traumatic
spinal cord injury (SCI) based on the serum levels of phosphorylated
form of heavy subunit of neurofilament (pNF-H), neuron-specific
enolase (NSE), and glial fibrillary acidic protein (GFAP), which
are axonal, neural cell body, and glial cell injury markers,
respectively.

Summary of Background Data. Prior studies have reported
elevated serum levels of pNF-H, NSE, and GFAP as biomarkers for
the detection of traumatic SCI in animals. However, in this study,
these biomarkers were studied in humans and with an extended
level of timing.

Methods. The study included 35 patients with SCI with a mean age
of 36.5 years. All patients were evaluated using the American Spinal
Injury Association Impairment Scale, followed by examinations
including radiography and spinal computed tomography for
determining the injury level. Serum levels of NSE, pNF-H, and GFAP
were determined using enzyme-linked immunosorbent assay.
Results. The mean serum level of GFAP was significantly higher
in patients with SCI than in the control group. Mean serum levels of
pNF-H and NSE were significantly higher during 24 and 48 hours
after injury in patients with SCI than in the control group. The serum
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level of GFAP was appropriate for estimating the severity of SCI in
the first 24 hours after injury.

Conclusion. Our findings suggest that increased serum levels of
GFAP, NSE, and pNF-H can be used for the diagnosis and degree
of SCI severity in trauma patients. During 48 hours after injury,
estimation of serum levels of pNF-H, NSE, and GFAP, combined with
neurological testing, could predict the presence of SCI and severity
prior to spinal computed tomography and surgical or conservative
interventions.

Key words: traumatic, spinal cord injury, severity, biomarker,
pNF-H, GFAP, NSE, computed tomographic scan, MRI, human.
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cord injury (SCI), there is no method for rapid assess-

ment of its severity. Clinical examinations, followed
by medical imaging, are critical in detecting spinal fractures,
but they do not have optimal sensitivity and specificity for
assessing spinal cord tissue injury and severity and predict-
ing patient outcome, especially in patients with SCIL. Although
multidetector computed tomography (CT) with multiplanar
and 3-dimensional reconstructions can demonstrate subtle
abnormalities of the spinal column, it is very helpful in detect-
ing unstable injuries of the bones of spine and paraspinal soft
tissues. Neurochemical responses to SCI are complex and
characterized by changing levels of mediators and biomarkers
of primary and secondary spinal cord damage. Many studies
conducted on animal and human traumatic SCI have focused
on the detection of specific biomarkers in serum or cerebrospi-
nal fluid (CSF) to predict the presence and severity of SCI in
trauma patients.! Detection and validation of the so-called SCI
biomarkers allow the prediction of severity and monitoring of
spinal cord damage and disease states in animal models, and
evaluating the effectiveness of some neuroprotective drug treat-
ments in the animal SCI model may provide quick and simple
clinical diagnosis and prognosis of traumatic SCI in human.>
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Despite the difficulty associated with traumatic spinal
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Evaluation of the specific biomarkers for neural tissue and
non-neural cells including neural cell body, axonal protein
components, and glial cells may help diagnose the severity
of SCIs. Neurofilament subunits (NF-L, NF-M, and NF-H)
are important protein components of axonal structure, and
an increased level of neurofilaments has been shown in CSF
or serum of different SCI models in laboratory animals.**
Hyperphosphorylated form of NF-H has been confirmed as a
serum biomarker of axonal injury in rats.**

Neuron-specific enolase (NSE) is a glycolytic enzyme
(2-phospho-p-glycerate hydrolase) that catalyzes the con-
version of 2-phosphoglycerate to phosphorenol pyruvate. It
consists of homo- or heterodimers of 3 different monomer
isoforms (a, B, and «y). NSE is a 78-kD vy-homodimer and
represents the dominant enolase isoenzyme found in neu-
ronal and neuroendocrine tissues. Its levels in other tissues,
except erythrocytes, are negligible. Its biological half-life in
body fluids is approximately 24 hours.” Loy et al'® reported
that serum levels of NSE increased in 6 hours after SCI in the
weight-drop SCI model and this enzyme can be used as a rap-
idly elevated biomarker for acute SCI.

Glial fibrillary acidic protein (GFAP), which was first iso-
lated from the astrocyte skeleton by Eng et al in 1971, is a
class III intermediate protein found in the structural network
of glial cells.!™'? Elevated serum levels of GFAP have been
reported as a biomarker for the detection of traumatic SCI,
traumatic brain injury, and brain hemorrhage in the acute
phase of stroke.'> Guéz et al** and Brisby et al'* have shown
that levels of GFAP and NFL increase in CSF of patients with
SCL

This study was aimed to evaluate the diagnostic value of
serum levels of NF-H, NSE, and GFAP for the prediction of
SCI severity in trauma patients.

MATERIALS AND METHODS

This study was conducted at the Department of Emergency
Medicine, Shohadye Haftom Tir Hospital and Neuroscience
Research Center. The study was conducted from January to
April 2013. After approval of the study design by the uni-
versity ethical committee, informed written consent from
patients and their nearest relatives was obtained. Patients who
had spinal fracture and SCI were enrolled in the study. Sixteen
patients had severe SCI and underwent immediate spinal trac-
tion or surgical interference for decompression. Patient exclu-
sion criteria included brain injury, death, and referral to other
centers after admission. All patients with suspected SCI were
clinically evaluated using the American Spinal Injury Associa-
tion (ASTA) Impairment Scale and spinal CT using the Toshiba
16 Aquilion system. In this study, 9 case patients with spinal
fractures but without neurological symptoms were considered
as the control group. Patients were divided into 3 age-groups,
16 to 25, 26 to 45, and 46 to 65 years, and serum samples
were obtained from all patients.

Imaging Assessment
Spinal CT scans were obtained with the Toshiba 16 Aquilion
multidetector CT scanner, working at 50 to 150 mA, pitch
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factor 1.2 to 1.5, and 120 kV. Scans of the thoracolumbar spine
were obtained at 100 to 150 mA, whereas those of the upper
cervical spine were obtained at 50 to 100 mA. For all patients,
multiplanar reconstruction (MPR) images in both coronal and
sagittal planes were obtained whereas 3-dimensional images
for some case patients were reconstructed. Diameter of the
spinal canal at the level of injury in axial and sagittal MPR
images was measured. The sagittal diameter of the spinal canal
at midline on the level of injury and the adjacent normal spine
at above and below the injury was measured.

Laboratory Assays

After confirmation of SCI by neurological examinations and
CT, venous blood samples were obtained from patients and
clot formation was allowed and then serum was separated
by centrifugation at 2000 rpm for 5 to 8 minutes. Serum was
removed and placed in Eppendorf microtubes and stored at
—20°C and then at —80°C until enzyme-linked immunosor-
bent assay (ELISA) was performed. The following ELISA
kits were used: Abnova (Taipei, Taiwan), for NF-H protein;
Millipore (Billerica, MA), for GFAP; and Eagle Biosciences
(Nashua, NH), for NSE.

RESULTS

In total, 35 patients including 30 males and 5 females with a
mean age of 36.5 (range, 16-64) years were evaluated. Nine
case patients with spinal fracture and no evident trauma were
considered as the control group. Of 26 patients with con-
firmed traumatic SCI, 8 patients had cervical injury, 8 case
patients had thoracic injury, and 10 patients had lumbar
injury. According to the neurological test before CT scan,
10 patients had severe (grade A), 7 patients had moderate
(grade B), and 9 patients had mild (grades C and D) spinal
injury. On the basis of the Hashimoto formula, the percentage
of spinal canal narrowing on CT scans was calculated. The
mean percentage of canal narrowing in patients was 57.5%,
with a range from 18% to 100% (Table 1).

During the study period, the mean serum level of GFAP
was significantly higher in patients with SCI than in the con-
trol group (Figure 1). Serum levels of GFAP in patients with
severe SCI (grade A) were higher than those in patients with
moderate (grade B) (P < 0.05) or mild SCI (P < 0.01). The
level of GFAP was also different between patients with mod-
erate SCI and those with mild SCI (P < 0.05; Figure 2).

Distribution of the Patients With

Spinal Cord Injury According to Injury
Segments and Canal Compromise

Mean Canal
Injury Segment % n Compromise, %
Cervical 30.7 8 70
Thoracic 30.7 8 50
Lumbar 38.4 10 63
Total 100 26 64.3
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Figure 1. Serum level of GFAP (mean = SEM) in patients with SCI
compared with that in the control group during 72 hours after injury:
24, 48, and 72 hours after injury, serum level of GFAP in patients with
SCl is significantly higher than that in the control group (*P < 0.001,
tP < 0.01, and #P < 0.05), respectively. Decrease in the level of GFAP
is observed 24 hours after injury, which is significantly lower at 48 and
72 hours after injury (§P < 0.001, §P < 0.05). GFAP indicates glial
fibrillary acidic protein; SCI, spinal cord injury; SEM, standard error
of mean.

Generally, mean serum levels of NSE and phosphorylated
form of heavy subunit of neurofilament (pNF-H) were signifi-
cantly higher in patients with SCI than in the control group.
Mean serum levels of pNF-H were significantly higher dur-
ing the first and second 24 hours in patients with SCI than
in the control group (P < 0.001), but there was no signifi-
cant difference compared with the control group during the
third 24 hours after injury. Because serum level of NF-H in
the first 24 hours was significantly higher than in the second
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Figure 2. Serum level of GFAP (mean * SEM) 24 hours after injury in
patients with SCI according to the ASIA score. There is no significant
difference in the level of GFAP between groups A (severe lesion) and
B (moderate), but the level of GFAP is significantly lower in the C and
D (mild) groups than in group A (*P < 0.01). Serum level of pNF-H in
the second 24 hour is significantly higher than the control group (+P
< 0.01). GFAP indicates glial fibrillary acidic protein; SCI, spinal cord
injury; ASIA, American Spinal Injury Association; SEM, standard error
of mean.
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Figure 3. Serum level of pNF-H (mean = SEM) in patients compared
with control during 3 time courses: in the first and second 24 hours,
serum level of pNF-H is significantly higher than that in the control
group (*P < 0.01, tP < 0.05). After 24 hours, pNF-H decreased. In the
first 24 hours, the level of pNF-H is significantly higher than that in the
third 24 hours (P < 0.001). PNF-H indicates phosphorylated form of
heavy subunit of neurofilament; SEM, standard error of mean.

24 hours (P < 0.05), it seems that the best time for NF-H
sampling should be considered in the first 24 hours. More-
over, serum level of NF-H in the first 24 hours was higher
than in the third 24 hours (P < 0.001) and that in the second
24 hours is significantly higher (P < 0.05) than in the third
24 hours (Figure 3). Serum level of pNF-H in patients with
severe SCI compared with patients with moderate or mild SCI
was not significantly different. However, serum level of pNFH
in patients with severe (grade A) and moderate SCI (grade B)
compared with those who had mild (grade D) injury was also
significantly higher (P < 0.05; Figure 4). Serum levels of NSE
in the first and second 24 hours in patients with SCI were
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Figure 4. Serum levels of pNF-H (mean = SEM) in the first 24 hours in
patients with SCI according to the ASIA score. There is no difference
in groups A (severe lesion) and B (moderate) and C. But serum level of
NSE in the A, B, and C groups is significantly higher than that in group
D (*P < 0.05). NSE indicates neuron-specific enolase; SCI, spinal cord
injury ASIA, American Spinal Injury Association; SEM, standard error of
mean; pNF-H, phosphorylated form of heavy subunit of neurofilament.
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Figure 5. Serum level of NSE (mean * SEM) during 72 hours after
injury in patients with SCI (n = 23). The level of NSE is significantly
higher in the control group at 24 and 48 hours after injury (*P < 0. 01
and tP < 0.05, respectively). As shown, the level of NSE decreased 24
hours after injury, which is significantly lowered during 72 hours (P <
0.001, §P < 0.05). NSE indicates neuron-specific enolase; SCI, spinal
cord injury; SEM, standard error of mean.

significantly higher than those in the control group (P < 0.01
and P < 0.035, respectively). After 24 hours, the level of NSE
had a decreasing pattern; somehow in the second and third
24 hours, it was significantly lower (P < 0.001 and P < 0.035,
respectively; Figure 5). Serum level of NSE in patients with
SCI was not appropriate according to the ASIA Impairment
Scale score, but it was significant between those with grade C
and grade D injury (P <0.035; Figure 6).

Serum level of GFAP in patients with SCI tended to
decrease with increasing age, but the difference was not sig-
nificant between groups (Figure 7). There was no significant
difference in serum levels of pNF-H based on age in patients
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Figure 6. Serum level of NSE (mean = SEM) in the first 24 hours in
patients with SCI according to the ASIA score. There is no difference
between groups A (severe lesion) and B (moderate) and C. But serum
level of NSE in group C is significantly higher than that in group D
(*P < 0.05). NSE indicates neuron-specific enolase; SCI, spinal cord
injury; ASIA, American Spinal Injury Association; SEM, standard error
of mean.
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Figure 7. Serum levels of GFAP (mean = SEM) in patients with SCI show
decreasing pattern with increase in age. But the differences among the
3 age groups were not significant. GFAP indicates glial fibrillary acidic
protein; SCI, spinal cord injury; SEM, standard error of mean.

with SCI (Figure 8). Serum level of NSE in patients with SCI
showed an increasing pattern with increasing age because it
was significantly higher in older case patients (46—635 yr) than
in younger ones (16-25 yr) (Figure 9).

Unfortunately, 8 patients with SCI died postoperatively;
7 case patients had severe SCI at C5-C6 level and 1 case at
T8 level. As an important point, nonsurvivors had signifi-
cantly higher serum levels of GFAP than survivors in the first
24 hours (Figure 10). Serum levels of pNF-H in nonsurvivors
compared with survivors were not significant in the first 24
hours. On the contrary, the level of pNF-H did not decrease in
the second 24 hours (Figure 11). Serum level of NSE increased
in the second 24 hours in nonsurvivors compared with survi-
vors (Figure 12).

DISCUSSION

This study aimed to evaluate the diagnostic value of serum
levels of NF-H, NSE, and GFAP in comparison with neuro-
logical tests and spinal CT findings to assess the severity of
damage in patients with SCI. Cervical spine injuries often
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Figure 8. Serum levels of pNF-H (mean * SEM) in patients with SCI
show increasing pattern with increase in age. But the differences
among the 3 age groups were not significant. PNF-H indicates phos-
phorylated form of heavy subunit of neurofilament; SCI, spinal cord
injury; SEM, standard error of mean.

July 2015

Copyright © 2015 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



NTONSH ClinicAL CASE SERIES

Minimally Invasive Facet Fusion ® Ahadi et al

50- *
. | EA (16-25)yr
E 404 _ &8 (26-45)yr
2 B (46-65)yr
T 30-
3
£ 20
o
L
&
Z .

&
&

&

Figure 9. Serum levels of NSE (mean *+ SEM) in patients with SCI show
increasing pattern with increase in age. The level of NSE in older case
patients (46-65 yr) was significantly higher than that in younger case
patients (16-25 yr). But the differences between patients aged 16 and
25 years and those aged 26 and 45 years and the differences between
patients aged 26 and 45 years and those aged 56 and 65 years were
not significant. NSE indicates neuron-specific enolase; SCI, spinal cord
injury; SEM, standard error of mean.

occur at 2 spinal levels: C2 in the upper part and CS5, Cé,
or C7 in the lower part, and T12-L1 in the thoracolumbar
spine.'®!”

Lesions in patients who were included in this study were
often located in the lower cervical, lower thoracic, and lumbar
sections (Table 1). Although multidetector CT is sufficient to
rule out traumatic spinal injuries, the use of spinal CT, espe-
cially in the cervical region, in high-risk traumatic patients is
a cost-effective imaging modality and prevents complications.
Magnetic resonance imaging (MRI) is the only modality that
shows the spinal cord and soft-tissue injuries of the spines.'®"

MRI is less sensitive than CT for bone injuries and should
be used in addition to CT in some patients; however, it has
disadvantages in unconscious patients, due to difficulty moni-
toring vital signs in severely injured patients during transport
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Figure 10. Serum level of GFAP (mean = SEM) in survivors and non-
survivors. Serum level of GFAP in nonsurvivors (n = 8) is significant-
ly higher than that in survivors during 24 hours after injury (n = 15)
(*P < 0.05), but there was no significant difference between nonsurvi-
vors and survivors after 48 hours. GFAP indicates glial fibrillary acidic
protein; SEM, standard error of mean.
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Figure 11. Serum level of pNF-H (mean = SEM) in survivors and non-
survivors. Serum level of NF-H in nonsurvivors (n = 8) is significantly
higher than that in survivors in the second 24 hours (n = 15) (*P <
0.05). PNF-H indicates phosphorylated form of heavy subunit of neu-
rofilament; SEM, standard error of mean.

and the imaging procedure.?’ The presence of metallic equip-
ment or non—-MRI-compatible prosthesis and bone fixatives
can decrease image quality and sometimes make it impos-
sible,! but MRI can detect new cord damages such as con-
tusions, especially in SCIWORA (spinal cord injury without
radiological abnormality) cases.??3

Several biomarkers have been introduced as candidate for
the assessment of nervous system injury in trauma, inflamma-
tion, neurodegeneration, neurotoxicity, and tumors.>**

Our findings indicated that the first 24 hours is the best
time period for sampling and assessment of biomarkers
in human SCI. Serum levels of GFAP, NSE, and pNF-H
decreased in the second and third 24 hours. Shaw et al,” in an
animal model of SCI, reported that the level of pNF-H rises
rapidly and reaches its peak value in about 16 hours after
injury. The levels then decline to baseline slowly. We observed
that the biomarker serum levels were not similar during the
first, second, and third 24 hours after injury. This could be
due to several reasons. One of these reasons is transporta-
tion of patients between the emergency department, imaging
room, and operation room that causes more movement of the
spinal bone fragment at the lesion site or may be due to sur-
gical interventions in the first 24 hours. The decrease in the
next time course could be due to spinal cord decompression,
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Figure 12. Serum level of NSE (mean = SEM) in survivors and nonsurvi-
vors. Serum level of NSE in nonsurvivors (n = 8) is significantly higher
than that in survivors in the second 24 hours (n = 15) (*P < 0.05). NSE
indicates neuron-specific enolase; SEM, standard error of mean.
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Figure 13. Serum level of GFAP (mean = SEM) in patients categorized
according to spinal segments. Levels of GFAP in patients with cervical
and thoracic lesions are significantly higher than in those with lum-
bar lesions (*P < 0.05), but no significant difference was observed
between serum level of GFAP in patients with cervical and thoracic
lesions. GFAP indicates glial fibrillary acidic protein; SEM, standard
error of mean.

drug administrations (e.g., methyl prednisolone and dexa-
methasone), and other treatments including patient stabili-
zation and bed rest after the first 24 hours. Treatment with
methyl prednisolone decreases the expression of GFAP and
prevents neurofilament degradation and therefore decreases
serum levels of neurofilament in rats after SCL.2¢ Moreover,
it might be due to half-life of the biomarker, which returns to
the basal level after reaching its peak concentration. Second,
patients with SCI had significantly elevated mean serum levels
of GFAP compared with the control group and significantly
higher levels in those with severe and moderate SCI than in
the controls who had just spinal fractures. This finding is con-
sistent with that of Kwon et al,*” who reported injury sever-
ity—dependent pattern of GFAP expression at 24 hours after
injury in patients with SCL. Our findings indicate that SCI is
associated with the release of these biomarkers in accordance
with severity of spinal cord trauma and canal compression
related to the injury site. Higher levels of GFAP in patients
with injury at the cervical and thoracic segments rather than
at the lumbar segment may be due to the lower density of
glial cells in the lumbar segment than in the upper spinal seg-
ment as shown in Figure 13. Therefore, it can be concluded
that GFAP is an optimal biomarker for upper SCI and brain
injury. This is in agreement with the findings of Missler et
al?® and Pelinka et al,”® who reported that the level of GFAP
is increased after brain injury and its level is proportional to
the severity of central nervous system injury. Foerch et al*
also showed that in hemorrhagic stroke, serum levels of GFAP
can be used as a biomarker for the detection of brain hemor-
rhage in the acute phase of stroke. On the basis of our results,
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among 3 biomarkers (GFAP, NF-H, and NSE) measured by
ELISA, only serum levels of GFAP showed changes in a time-
dependent manner in the first 24 hours after injury. These find-
ings indicate that the level of GFAP slowly increases in serum
and reaches its maximum level slower than those of NSE
and pNF-H. For the first time, Petzold and Rejdak®' showed
pNF-H in blood in patients with acute optic neuritis. Petzold
et al? also presented an ELISA kit for NF-H, which was sensi-
tive to phosphorylated forms of NF-H, the kit that was very
similar in specificity to the kit that we used in the present
study. In the other study, Hu et al*3 reported an increase in
CSF level of pNF-H in Alzheimer disease. NSE is expressed in
platelets and blood cells. This biomarker is increased in serum
of patients with active systemic sclerosis and also expressed in
some kind of tumors such as small cell lung carcinoma, carci-
noids, islet cell tumors, and neuroblastoma.?*3

Although these reports decrease the specificity of NSE in
traumatic SCI, there is enough evidence that NSE can be used
as an SCI biomarker. Brisby et al'* reported an increased level
of NSE in patients with disk herniation compared with con-
trol cases.

Zhang et alP® reported that serum and CSF levels of
NSE were increased in the animal model of SCI. Loy et al’’
reported that increases in serum levels of NSE were observed
at 6 hours after injury. Our findings are in accordance with
other research findings that revealed that NSE can be used as
a rapid biomarker of SCI.

We did not observe significant difference in serum levels
of pNF-H and NSE between patients categorized according
to the ASIA Impairment Scale score. This may be due to the
timing of blood sampling because in approximately all cases,
their peak reached after some hours.

Shaw et al’ confirmed pNF-H as a serum biomarker of axo-
nal injury in rats and concluded that about 1% of the urea-
soluble protein in rat spinal cord is pNF-H. They observed 2
peaks for pNF-H expression; a sharper one at about 16 hours,
which is similar to our finding in human SCL

Together, our results showed certain findings; first, these
biomarkers could not replace neurological examination and
imaging modality for emergency diagnosis, but they could be
used only as an adjuvant diagnostic factor in patients with
SCL Second, serum levels of GFAP and NF-H are more spe-
cific biomarkers for SCI than NSE.

Evaluation of serum levels of NSE, GFAP, and pNF-H in
survivors and nonsurvivors showed that nonsurvivors had
sever SCI and had significantly higher serum levels of GFAP
in the first 24 hours than survivors. In nonsurvivors, not
only there is significant decrease in the 48-hour serum lev-
els of GFAP, NSE, and pNF-H compared with survivors but
also there are increased serum levels of NSE and pNF-H at
48 hours after injury (Figures 10, 11). This increase in serum
levels of biomarkers can be a predictor for future outcome.
Therefore, serum levels of GFAP, NSE, and NF-H in death
case patients were significantly higher than those in survivors.
In agreement, Honda et al’® reported an increased level of
GFAP as a biomarker for morbidity and mortality in trau-
matic brain injury.
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All survivors showed decreased levels of NSE, GFAP,
and pNF-H within the first 48 hours after trauma, whereas
in nonsurvivors, levels of biomarkers were decreased
nonsignificantly.

This study is more focused on SCI. However, future studies
can be conducted on brain injuries and might have different
results in comparison with SCIs. Moreover, in future studies,
more evidence can be helpful for the outcome and recovery
status of SCL

CONCLUSION

Serum levels of GFAP, NF-H, and NSE, combined with clini-
cal examinations and subsequently CT scans, could predict
spinal cord damage in trauma patients irrespective of the
extent of anatomical trauma. Serum biomarker research in
patients with SCI is a new field, and our report about bio-
markers of SCI may provide a better insight of potentials for
biomarker research. More studies are required to determine
which biomarkers are prominent in different features of SCI
such as severity, outcome, recovery, and therapeutic interven-
tions. Nowadays, the validation of SCI biomarkers is related
to other examinations such as CT, MRI, and ASIA standards;
however, in the future, biomarkers will provide accurate
information in patients with SCIL.

> Key Points

O We proposed to evaluate severity of traumatic
SCl based on serum levels of pNF-H, NSE, and
GFAP.

O Serum levels of NSE, pNF-H, and GFAP were
determined using ELISA.

O Increased serum levels of GFAP, NSE, and pNF-H
can be used for the diagnosis and degree of SCI
severity in trauma patients.

References

1. Yokobori S, Zhang Z, Moghieb A, et al. Biomarkers for spinal cord
injury [published online ahead of print March 19, 2013]. World
Neurosurg. doi:10.1016/j.wneu.2013.03.012.

2. Tator CH, Hashimoto R, Raich A, et al. Translational potential of
preclinical trials of neuroprotection through pharmacotherapy for
spinal cord injury. | Neurosurg Spine 2012;17:157-229.

3. Stammers A, Liu J, Kwon B. Expression of inflammatory cytokines
following acute spinal cord injury in a rodent model. ] Neurosci Res
2012;90:782-90.

4. Al-Chalabi A, Miller CC. Neurofilaments and neurological disease.
Bioessays 2003;25:346-55.

5. Petzold A, Neurofilament phosphoforms: surrogate markers for
axonal injury, degeneration, and loss. | Neurol Sci 2005;233:
183-98.

6. Siman R, Toraskar N, Dang A, et al. A panel of neuron-enriched
proteins as markers for traumatic brain injury in humans. | Neu-
rotrauma 2009;26:1867-77.

7. Shaw G, Yang C, Ellis R, et al. Hyperphosphorylated neurofilament
NF-H is a serum biomarker of axonal injury. Biochem Biophys Res
Commun 2005;336:1268-77.

Spine

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Petzold A, Shaw G. Comparison of two ELISA methods for mea-
suring levels of the phosphorylated neurofilament heavy chain.
J Immunol Methods 2007;319:34-40.

Li X-Y, Feng D-E. Diffuse axonal injury: novel insights into detec-
tion and treatment. | Clin Neurosci 2009;16:614-9.

Loy DN, Sroufe AR, Pelt L], et al. Serum biomarkers for experi-
mental acute spinal cord injury: rapid elevation of neuron-specific
enolase and S-100 [beta]. Neurosurgery 2005;56:391-7.

Bignami A, Eng LF, Dahl D, et al. Localization of the glial fibril-
lary acidic protein in astrocytes by immunofluorescence. Brain Res
1972;43:429-35.

Bignami A, Dahl D. Astrocyte-specific protein and neuroglial dif-
ferentiation. An immunofluorescence study with antibodies to the
glial fibrillary acidic protein. | Comp Neurol 1974;153:27-37.
Nylen K, Ost M, Csajbok LZ, et al. Increased serum-GFAP in
patients with severe traumatic brain injury is related to outcome.
J Neurol Sci 2006;240:85-91.

Guéz M, Hildingsson C, Rosengren L, et al. Nervous tissue dam-
age markers in cerebrospinal fluid after cervical spine injuries and
whiplash trauma. | Neurotrauma 2003;20:853-8.

Brisby H, Olmarker K, Rosengren L, et al. Markers of nerve tissue
injury in the cerebrospinal fluid in patients with lumbar disc hernia-
tion and sciatica. Spine 1999;24:742—6.

Hashimoto T, Kaneda K, Abumi K. Relationship between trau-
matic spinal canal stenosis and neurologic deficits in thoracolumbar
burst fractures. Spine 1988;13:1268-72.

Daffner R, Sciulli RL, Rodriguez A, et al. Imaging for evalua-
tion of suspected cervical spine trauma: a 2-year analysis. Injury
2006;37:652-8.

Munera F, Rivas LA, Nunez DB Jr, et al. Imaging evaluation of
adult spinal injuries: emphasis on multidetector CT in cervical spine
trauma. Radiology 2012;263:645-60.

Benzel EC, Hart BL, Ball PA, et al. Magnetic resonance imaging for
the evaluation of patients with occult cervical spine injury. | Neuro-
surg 1996;85:824-9.

Holmes JF, Mirvis SE, Panacek EA, et al. Variability in computed
tomography and magnetic resonance imaging in patients with cer-
vical spine injuries. | Trauma 2002;53:524-9; discussion 530.
Saltzherr T, Fung Kon Jin PH, Beenen LEF, et al. Diagnostic imaging
of cervical spine injuries following blunt trauma: a review of the
literature and practical guideline. Inzjury 2009;40:795-800.
D’Alise MD, Benzel EC, Hart BL. Magnetic resonance imaging
evaluation of the cervical spine in the comatose or obtunded trauma
patient. | Neurosurg Spine 1999;91:54-9.

Ghanta MK, Smith LM, Polin RS, et al. An analysis of Eastern
Association for the Surgery of Trauma practice guidelines for cervi-
cal spine evaluation in a series of patients with multiple imaging
techniques. Am Surg 2002;68:563-8.

Ziemann U, Wahl M, Hattingen E, et al. Development of biomark-
ers for multiple sclerosis as a neurodegenerative disorder. Prog Neu-
robiol 2011;95:670-85.

Kwon BK, Casha S, Hurlbert R], et al. Inflammatory and structural
biomarkers in acute traumatic spinal cord injury. Clin Chem Lab
Med 2011;49:425-33.

Liu Q, Xie F, Siedlak SL, et al. Neurofilament proteins in neurode-
generative diseases. Cell Mol Life Sci 2004;61:3057-75.

Kwon BK, Stammers AM, Belanger LM, et al. Cerebrospinal fluid
inflammatory cytokines and biomarkers of injury severity in acute
human spinal cord injury. | Neurotrauma 2010;27:669-82.
Missler U, Wiesmann M, Wittmann G, et al. Measurement of glial
fibrillary acidic protein in human blood: analytical method and pre-
liminary clinical results. Clin Chem 1999;45:138-41.

Pelinka LE, Kroepfl A, Schmidhammer R, et al. Glial fibrillary
acidic protein in serum after traumatic brain injury and multiple
trauma. | Trauma 2004;57:1006-12.

Foerch C, Montaner J, Furie KL, et al. Invited article: search-
ing for oracles? Blood biomarkers in acute stroke. Neurology
2009;73:393-9.

Petzold A, Rejdak K, Plant G. Axonal degeneration and inflam-
mation in acute optic neuritis. | Neurol Neurosurg Psychiatry
2004;75:1178-80.

E829

www.spinejournal.com

Copyright © 2015 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



TONEH ClinicAL CASE SERIES

32.

33.

34.

35.

E830

Minimally Invasive Facet Fusion ® Ahadi et al

Petzold A, Keir G, Green AJ, et al. A specific ELISA for measur-
ing neurofilament heavy chain phosphoforms. J Immunol Methods
2003;278:179-90.

Hu Y-Y, He SS, Wang XC, et al. Elevated levels of phos-

phorylated neurofilament proteins in cerebrospinal fluid
of Alzheimer disease patients. Newurosc Lett 2002;320:
156-60.

Burghuber O, Worofka B, Schernthaner G, et al. Serum neuron-
specific enolase is a useful tumor marker for small cell lung cancer.
Cancer 1990;65:1386-90.

Lima J, Takayanagui OM, Garcia LV, et al. Use of neuron-
specific enolase for assessing the severity and outcome of

www.spinejournal.com

36.

37.

38.

neurological disorders in patients. Braz | Med Biol Res 2004;37:
19-26.

Zhang B, Huang Y, Su Z, et al. Neurological, functional, and bio-
mechanical characteristics after high velocity behind armor blunt
trauma of the spine. | Trauma 2011;71:1680-8.

Loy DN, Whittemore SR. Serum biomarkers for experimental
acute spinal cord injury: rapid elevation of neuron-specific enolase
and S-100 [beta]. Neurosurgery 2006;58:E590.

Honda M, Tsuruta R, Kaneko T, et al. Serum glial fibrillary acidic
protein is a highly specific biomarker for traumatic brain injury
in humans compared with S-100B and neuron-specific enolase.

J Trauma 2010;69:104-9.

July 2015

Copyright © 2015 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



