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in human cerebrospinal fluid to
differentiate myelopathy from
cauda equina syndrome
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Spinal stenosis frequently involves multiple regions, particularly the cervical and lumbar spine.
Therefore, it is essential to identify biomarkers that can distinguish between central and peripheral
neuropathy. Lysophosphatidylcholine (LPC), a biomarker involved in neuropathic pain, has been
proposed as a potential diagnostic biomarker for distinguishing these conditions. This study aimed to
evaluate the diagnostic utility of LPC levels in the cerebrospinal fluid (CSF) for differentiating peripheral
neuropathy from central neuropathy. This study included 198 patients: 77 with cauda equina syndrome
(CES), 34 with myelopathy, and 87 controls. CSF samples were collected by lumbar puncture. Using
liquid chromatography-tandem mass spectrometry, six LPC species, including (16:0), (18:0), (18:1),
(18:2), (20:4), and (22:6), were measured in the CSF. These LPC levels were compared among the
groups, and the cutoff levels that could efficiently discriminate between the groups with high accuracy
were determined. All levels of LPC species were significantly higher in the CES and myelopathy groups
than in the controls, with CES showing the highest levels. LPC (18:1) and LPC (22:6) demonstrated high
diagnostic accuracy in distinguishing CES from myelopathy. LPC (18:1), LPC (18:2), LPC (20:4), and LPC
(22:6) demonstrated high diagnostic accuracy in distinguishing myelopathy from controls. The LPC
species levels in CSF offer a reliable biomarker for differentiating CES from myelopathy. Measuring LPC
species can enhance diagnostic accuracy, enabling precise treatment strategies.
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Characteristic symptoms and signs of myelopathy include loss of hand dexterity, weakness, stiffness, spastic
extremities, and gait dysfunction, such as a rigid or spastic gait'. The estimated rate of hospitalizations related to
cervical spondylotic myelopathy is 4.04 per 100,000 person-years®. Conservative therapy is often applied to mild
myelopathy, whereas operative treatment is needed for moderate-to-severe myelopathy'.

Characteristic symptoms and signs of cauda equina syndrome (CES) include bilateral neurogenic sciatica,
reduced perineal sensation, altered bladder function leading to painless urinary retention, and anal tone loss>.
CES affects 0.3-7 per 100,000 individuals*. Early diagnoses and treatment were found to result in satisfactory
patient outcomes’.

Spinal stenosis can affect more than one level. Tandem spinal stenosis (TSS) is characterized by distinct
concomitant stenosis in at least two regions of the cervical, thoracic, and lumbar spine. Patients may present
with both upper and lower motor neuron symptoms and neurogenic claudication ®’. Previous studies have
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reported that radiological TSS occurs in 7-60% of the population with spinal stenosis; however, symptomatic
TSS affects 5-28% %*°. Diagnosing TSS can be challenging because its signs and symptoms often present as a
combination of those of both CES and myelopathy 8. Furthermore, asymptomatic cervical cord compression
was reported in approximately one-third of patients with lumbar spinal stenosis'. Patients with TSS who are
not well managed during conservative therapy require surgical intervention. The optimal surgical strategy for
TSS is still debatable, including region selection, surgical patterns, and order®. The differentiation between CES
and myelopathy is based on physical and imaging findings; however, a few objective indicators can be employed.
Therefore, in TSS, a simple tool to differentiate between central and peripheral neuropathy is highly desirable.
However, no biomarker utilized in clinical practice can reliably differentiate central from peripheral neuropathy
or distinguish these conditions from healthy controls. Lysophosphatidylcholine (LPC) in the cerebrospinal fluid
(CSF) has been reported to be useful in the diagnosis of neuropathic pain caused by spinal canal stenosis (SCS)
IL12 Based on these previous findings, this study aimed to evaluate the clinical utility of LPC species in the CSF
to distinguish patients with CES from those with myelopathy.

Materials and methods

The Ethics Committee of Tokyo Medical and Dental University Hospital approved this study (M2021-323) and
all participants provided written informed consent. All the methods were conducted in accordance with the
relevant guidelines and regulations.

Diagnosis

CES and myelopathy were diagnosed based on medical history; typical clinical symptoms, such as intermittent
claudication, upper or lower extremity pain, numbness, fine motor dysfunction, and spastic gait; and physical
findings, including muscle weakness, sensory deficits, abnormal tendon reflexes, pathological reflexes, and
clonus. Additionally, diagnoses were supported by magnetic resonance imaging (MRI) showing spinal nerve
compression or cauda equina. The myelopathy group was defined as patients presenting with clinical myelopathy
who demonstrated consolidation at the spinal cord level, as evaluated by T2-weighted sagittal and axial MRI.
The CES group was defined as patients presenting with clinical CES who demonstrated consolidation at the
cauda equina level, as evaluated by corresponding T2-weighted MRI. Patients were eligible for inclusion
if they presented with a chief complaint of nerve pain of spinal origin, if the severity of this pain warranted
consideration for surgical intervention, and if they had undergone myelography. Cases with co-occurrence of
CES and myelopathy based on imaging findings and cases in which distinguishing between the two during
physical examination was difficult, and patients with myelopathy and CES whose chief complaint was not of
spinal origin were excluded. These diagnoses were made by medical advisors from the Japanese Society for Spine
Surgery and Related Research and specialists from the Japanese Orthopedic Association. The control group,
which included patients with prostate hypertrophy or bladder cancer did not exhibit neuropathic pain; this
absence of neuropathic pain was confirmed by anesthesiologists. The control group with neuropathic pain was
excluded. CSF was collected during lumbar anesthesia. This study included 198 patients: 77 with CES, 34 with
myelopathy, and 87 controls. The patients with myelopathy included 28 with cervical myelopathy and 6 with
thoracic myelopathy. All patients with cervical myelopathy had pain and numbness in the upper extremities, with
79% of this group also experiencing numbness in the lower extremities; all patients with thoracic myelopathy
presented with numbness in the lower extremities; and all those with CES exhibited pain and numbness in the
lower extremities. To investigate the association between LPC levels and patient-reported outcomes, we assessed
health-related quality of life (HRQoL) using the EuroQol 5-Dimension 3-Level questionnaire (EQ-5D-3 L)*?
and pain characteristics using the Brief Pain Inventory (BPI)!* in CES and myelopathy groups. We utilized the
average pain score obtained from the Brief Pain Inventory (BPI), which was rated on a 10-point numerical rating
scale (NRS).

CSF measurement

All participants provided CSF samples collected through lumbar puncture. Preliminary MRI scans were
assessed, and the stenosis-free intervertebral space was selected for puncture. The CSF samples were sonicated
and centrifuged, and the supernatants were collected and analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). A reliable and validated method for measuring LPC in CSF using LC-MS/MS had
already been established!!. Briefly, LC-MS/MS was performed using a Nexera HPLC System (Shimadzu Co.,
Kyoto, Japan) and LCMS-8060 (Shimadzu Co., Kyoto, Japan). The LC-MS/MS system was controlled using the
LabSolutions software (Shimadzu Co., Kyoto, Japan), and data were collected using the same software. The LPC
types were determined by the type of acyl chain. In this study, six LPC types—LPC [16:0], [18:0], [18:1], [18:2],
[20:4], and [22:6]—were monitored and analyzed. Both within-run and between-run coefficient of variation
(CV) (%) were nearly < 10%, suggesting a sufficient performance for clinical introduction. We further evaluated
LPC levels among the three groups by matching their age and sex (CES: 18 males, 9 females; Myelopathy: 18
males, 9 females; Control: 18 males, 9 females).

Statistical analysis

Spearman’s rank correlation coefficient analysis was performed to determine the correlation between LPC
species levels and the EQ-5D-3 L index value and BPI Score. To examine the differences among the groups, the
significance of the differences was evaluated using the Kruskal-Wallis test, followed by Benjamini-Krieger-
Yekutieli two-stage false discovery rate correction'® as a post hoc test. The effect size for significant Kruskal-
Wallis tests was calculated using eta-squared (n?). The false discovery rate (FDR) was calculated to address type
I error inflation due to multiple testing. To investigate the ability of LPC species to discriminate among the
pain groups, a receiver operating characteristic (ROC) curve analysis was performed. The cutoff values were
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Characteristic | CES Myelopathy Control P Effect size
No. of patients | 77 34 87

Age, years=SD | 68.9+10.3 62.7+12.7 69.4+11.9 0.031* 0.03
Sex Male, 41; female, 36 | Male, 24; female, 10 | Male, 54; female, 33 | 0.14 0.01
LPC (16:0) +SD | 365.3+892.4 159.9+580.4 11.0+45.1 <0.001* | 0.59
LPC (18:0)+SD | 172.6+409.5 71.0+£222.1 11.0+£12.0 <0.001* | 0.33
LPC (18:1)+SD | 189.4+424.7 54.7+182.9 3.1+£6.7 <0.001* | 0.70
LPC (18:2) +SD | 24.5+64.5 14.9+60.7 0.7+1.8 <0.001* | 0.67
LPC (20:4)+SD | 14.3+21.0 7.0+28.6 0.4+0.5 <0.001* | 0.66
LPC (22:6)£SD | 10.3+14.3 34+9.8 02+0.4 <0.001* | 0.65
Demographic data of the patients after matching of age and sex

No. of patients | 27 27 27

Age, years+SD | 66.7+9.0 67.0£9.3 67.5+10.2 0.88 -0.01
Sex Male, 18; female, 9 | Male, 18; female, 9 | Male, 18; female,9 | 1.0 -0.01
LPC (16:0)£SD | 41.3+25.4 23.8+27.6 34+1.6 <0.001* | 0.23
LPC (18:0)+SD | 21.2+13.2 18.5+19.5 7.2%22 0.002* 0.05
LPC (18:1)+SD | 32.9+22.3 12.5+9.7 1.2+0.8 <0.001* | 0.28
LPC (18:2)+SD | 8.9+7.8 2220 02+0.2 <0.001* | 0.27
LPC (20:4)£SD | 5.7£4.5 15+1.7 02+0.2 <0.001* | 0.28
LPC (22:6)+SD | 3.6+2.8 14+25 0.1+0.1 <0.001* | 0.24

Table 1. Demographic data of the patients and measured lysophosphatidylcholine Species. CES, cauda equina
syndrome; SD, standard deviation. *P<0.05.

LPC species | Clinical outcome | Correlation coefficient | P

EQ-5D-3L -0.285 0.005*
LPC (16:0)

BPI 0.408 <0.001*

EQ-5D-3L -0.176 0.090
LPC (18:0)

BPI 0.395 <0.001*

EQ-5D-3L -0.370 <0.001*
LPC (18:1)

BPI 0.388 <0.001*

EQ-5D-3L -0.350 <0.001*
LPC (18:2)

BPI 0.405 <0.001*

EQ-5D-3L -0.351 <0.001*
LPC (20:4)

BPI 0.424 <0.001*

EQ-5D-3L -0.418 <0.001*
LPC (22:6)

BPI 0.396 <0.001*

Table 2. Spearman’s rank correlation coeflicients between LPC species and clinical outcomes. BPI, Brief Pain
Inventory; EQ-5D-3 L, EuroQol 5 dimensions 3-level; LPC, lysophosphatidylcholine. *P< 0.05.

determined by the Youden index. Clinical outcomes including EQ-5D-3 L and BPI were compared between
patients with CES and myelopathy using the Mann-Whitney U test. JMP version 12 (SAS Institute, Cary, North
Carolina, USA) was used for statistical analyses, and the graphic figures were prepared using Graphpad Prism
10 (GraphPad Software). A p-value and adjusted p-value (q) of <0.05 were considered to indicate significance.

Results
Table 1 shows the demographic characteristics of the patients. Patients with myelopathy were younger than the
other groups. Table 2 presents the correlations between LPC species levels and clinical outcomes. All levels of
LPC species showed significant positive correlations with BPI scores, and nearly all LPC species levels, except
for LPC (18:0), showed significant negative correlations with EQ-5D-3 L scores. BPI was higher and EQ-5D-3 L
was lower in patients with CES than in those with myelopathy (Table S1). Figure 1 presents the CSF LPC species
levels in the CES, myelopathy, and control groups. All levels of LPC species were higher in the CES group than
in the myelopathy and control groups, and all LPC species levels were higher in the myelopathy group than in
the control group. Figure 2 presents the CSF LPC species levels in the CES, myelopathy, and control groups after
matching of age and sex. The results were, except for LPC (18:0), similar to those prior to age and sex matching.
Table 3 shows the ROC curve analyses for the LPC species in the CSF for discriminating CES from myelopathy.
LPC (18:1) and (22:6), which demonstrated high diagnostic accuracy, showed significant discriminating ability
for the differential diagnosis of CES and myelopathy. The areas under the curve in the ROC analyses of LPC
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Fig. 1. Concentrations of LPC species in the CSF of the CES, myelopathy, and control groups. The differences
were evaluated using the Kruskal-Wallis test, followed by Benjamini-Krieger—Yekutieli two-stage false
discovery rate correction as a post hoc test. Adjusted P value (q) of <0.05 was considered to indicate

significance.
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Fig. 2. Concentrations of LPC species in the CSF of the CES, myelopathy, and control groups after matching
of age and sex. The differences were evaluated using the Kruskal-Wallis test, followed by Benjamini-Krieger-
Yekutieli two-stage false discovery rate correction as a post hoc test. Adjusted P value (q) of <0.05 was

considered to indicate significance.
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Characteristic | ROC Cutoff | Sensitivity | Specificity | P

LPC (16:0) 0.80481 | 47.1 0.662 0.853 0.17
LPC (18:0) 0.71658 | 11.8 0.870 0.500 0.12
LPC (18:1) 0.82850 | 39.3 0.688 0.941 0.026*
LPC (18:2) 0.84759 | 5.86 |0.727 0.912 0.41
LPC (20:4) 0.83346 | 6.53 | 0.675 0.941 0.060
LPC (22:6) 0.83117 | 2.37 |0.818 0.794 <0.001*

Table 3. ROC curve analyses for LPC species in the CSF for discriminating CES from myelopathy. CES,
cauda equina syndrome; CSE, cerebrospinal fluids; LPC, lysophosphatidylcholine; ROC, receiver operating
characteristic. *P<0.05.
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Fig. 3. Usefulness of measuring the CSF concentrations of LPC (18:1) and (22:6) for the differential diagnosis
of neuropathic pain. The ROC curve analyses were performed to discriminate CES from myelopathy.

Characteristic | ROC Cutoff | Sensitivity | Specificity | P

LPC (16:0) 0.77992 | 7.58 0.735 0.770 0.009*
LPC (18:0) 0.58215 | 16.3 0.471 0.943 0.001*
LPC (18:1) 0.93036 | 5.45 0.882 0.931 <0.001*
LPC (18:2) 0.84584 | 0.529 | 0.824 0.782 <0.001*
LPC (20:4) 0.85970 | 0.546 | 0.735 0.885 <0.001*
LPC (22:6) 0.80595 | 0.291 | 0.677 0.874 <0.001*

Table 4. ROC curve analyses for LPC species in the CSF for discriminating myelopathy from control. CSE,
cerebrospinal fluid; LPC, lysophosphatidylcholine; ROC, receiver operating characteristic. *P <0.05.

(18:1) and (22:6) were 0.829 and 0.831, respectively. The ROC curves for LPC (18:1) and (22:6) are shown in
Fig. 3.

Table 4 presents the ROC curve analyses for the CSF LPC species for differentiating myelopathy from
control. LPC (18:1), (18:2), (20:4), and (22:6), which demonstrated high diagnostic accuracy, and LPC (16:0)
with moderate diagnostic accuracy showed significant discriminating ability for the differential diagnosis of
myelopathy and control. The areas under the curve in the ROC analyses of LPC (18:1), (18:2), (20:4), and (22:6)
were 0.930, 0.846, 0.860, and 0.806, respectively. The ROC curves for LPC (18:1), (18:2), and (20:4) are presented
in Fig. 4.
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Fig. 4. Usefulness of measuring the CSF concentrations of LPC (18:1), (18:2), and (20:4) for the differential
diagnosis of neuropathic pain. ROC curve analyses were performed to discriminate myelopathy from control.

Case presentation

A 53-year-old female presented with chief complaints of bilateral lower extremity pain, numbness, and
intermittent claudication. MRI of the lumbar spine revealed nerve compression and central stenosis at the L4/5
level (Fig. 5A-1,A-2). Based on these clinical and radiological findings, she was diagnosed with CES.

A 75-year-old female presented with bilateral upper extremity numbness and impaired manual dexterity.
MRI of the cervical spine demonstrated multi-level spinal cord compression. Specifically, sagittal views showed
compression at C3/4, C5/6, and C6/7 (Fig. 5B-1). Axial images further detailed severe spinal cord compression
at the C3/4 level (Fig. 5B-2) and the C5/6 level (Fig. 5B-3), with mild compression noted at the C6/7 level (Fig.
5B-4). She was subsequently diagnosed with cervical myelopathy.

Discussion

This study was conducted to differentiate CES from myelopathy by evaluating LPC in the CSE. All LPC species
levels were higher in the CES group than in the myelopathy and control groups, and all LPC species levels were
higher in the myelopathy group than in the control group. These results were similar after age/sex matching,
except for LPC (18:0). All levels of LPC species showed significant positive correlations with pain scores. The
ROC curve analyses revealed that LPC (18:1) and (22:6) were particularly useful in differentiating CES from
myelopathy and LPC (18:1), (18:2), (20:4), and (22:6) in differentiating myelopathy from controls.

LPC is mainly generated from phosphatidylcholine through the enzymatic action of phospholipase A216.
Extracellularly released LPC is converted into lysophosphatidic acid (LPA) by autotaxin (ATX) present in the
CSF'7and LPA is involved in neuropathic pain through LPA1 and LPA3!3!° Indeed, the triad of LPC-ATX-LPA
has been identified as a significant candidate in the development and maintenance of neuropathic pain?’. LPC,
locally produced due to cauda equina compression, is converted by ATX to LPA, which subsequently enters the
CSF?!. Regarding neuropathic pain of the spine, previous studies have shown a positive correlation between
the CSF levels of lysophospholipids and the clinical severity of lumbar spinal stenosis'2. Measuring CSF LPC
levels is also considered useful for the differential diagnosis of SCS-related neuropathic pain''"?? and persistent
spinal pain syndrome?2. Even in SCS, neuropathic pains originating from CES and myelopathy are different. The
measurement of central motor conduction time (CMCT), derived from motor evoked potentials (MEP) and
motor conduction studies, is widely used as an objective and highly sensitive method for evaluating myelopathy
2324 MEP is recorded by transcranial magnetic stimulation. However, CMCT and MEP measurements
are technically complex and require specialization, making them not universally accessible. While MRI can
independently confirm the presence of CES and myelopathy, it offers restricted insight into the underlying
pathology. In this study, LPC can be measured by simply collecting CSF samples. LPC measurement allowed for
the differentiation of CES from myelopathy and patients with pathologies from healthy controls. In cases where
determining whether the pathology is CES or myelopathy is difficult through imaging or physical examination,
LPC measurement can help in identifying the pathology.

In the treatment of TSS, patients with TSS who are not well managed conservatively require surgical
intervention. A study recommended performing simultaneous surgery due to advantages, such as operating time,
blood loss, and position-related complications®. Conversely, other reports recommend staged surgery because
of its advantages, including long-term outcomes, invasiveness, and ability to avoid unnecessary procedures by
considering the recovery time?*~?’. Regarding surgical order, cervical procedures not only resolve typical cervical
spinal stenosis symptoms but can also improve lumbar symptoms, including radiculopathy and low back pain,
which decreases the need for subsequent lumbar surgery?®?. Conversely, in patients with cervicolumbar TSS
who predominantly present with lumbar symptoms, lumbar surgery alone provides better outcomes than cervical
surgery or both procedures®. Therefore, the final decision on where to perform the surgery first should be made
by evaluating the clinical manifestations and results of radiological and electrophysiological examinations®.
However, such evaluations are often difficult. In this study, evaluation was performed by measuring LPC levels
in the CSE. CES is suspected if LPC (18:1) is >39.3 nM and LPC (22:6) is 22.37 nM. If these criteria are not met,
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A-1

Fig. 5. (A-1) Sagittal T2-weighted MRI showing nerve compression at L4/5. (A-2) Axial T2-weighted MRI
at the L4/5 level showing central stenosis. (B-1) Sagittal T2-weighted MRI showing spinal cord compression
at C3/4, C5/6, and C6/7. (B-2) Axial T2-weighted MRI at the C3/4 level, showing severe spinal cord
compression. (B-3) Axial T2-weighted MRI at the C5/6 level, showing spinal cord compression. (B-4) Axial
T2-weighted MRI at the C6/7 level, showing mild spinal cord compression.

but LPC (18:1) is >5.45 nM, LPC (18:2) is >0.529 nM, LPC (20:4) is >0.546 nM, and LPC (22:6) is >0.291 nM,
myelopathy is suspected. If none of the above criteria are met, both CES and myelopathy are considered negative
as potential pathophysiological causes (Tables 3 and 4). These observed differences may be attributed to the
distinct nature of pain presentation in CES and myelopathy. No studies have specifically reported on differences
in pain profiles between CES and myelopathy. Most CES cases are characterized by low back pain and severe leg
pain®!. In contrast, myelopathy presentations are more varied, typically ranging from chronic symptoms to acute
exacerbations, with numbness frequently being the predominant symptom®. Consequently, this divergence in
primary clinical features—CES being largely pain-driven versus myelopathy often being numbness-driven—
could plausibly explain or contribute to the variations observed in LPC levels, particularly when considering LPC
as a potential indicator of pain. This can be attributed to the correlations identified between LPC and HRQoL,
and between LPC and pain scores, and BPI was higher in patients with CES than in those with myelopathy
(Table 2 and Table S1). Even spine specialists may find it difficult to determine whether the pathology is caused
by CES or myelopathy. However, simply measuring LPC levels in the CSF and confirming the values can enable
a non-spine specialist to make an accurate diagnosis. Previous reports have shown high LPC levels in patients
with neuropathic pain caused by conditions other than SCS, such as postherpetic neuralgia and chemotherapy-
induced peripheral neuropathy . Although LPC measurements can distinguish SCS from neuropathic pain
caused by other pathologies'!, physical examination and imaging findings should also be considered. Conversely,
among the LPC species, LPC (18:1) is the best indicator in distinguishing SCS from non-SCS neuropathic pain'’.
When considering collectively the results of previous studies 1?2 and the present study, LPC (18:1) may appear
to be the most reliable indicator among LPC species for distinguishing among the four groups: CES, myelopathy,
neuropathic pain caused by conditions other than SCS, and healthy groups.

This study has some limitations. First, the myelopathy group was relatively small and younger. However, most
of the important comparisons reached a significant difference and the results were similar after age/sex matching,
except for LPC (18:0). Second, if both CES and myelopathy are present, the interpretation of LPC levels may be
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difficult. Third, a limitation of this study is the exclusion of radiological assessments, electrophysiological testing.
It should be noted, however, that within CES and myelopathy groups, myelography was generally performed on
patients whose pain and numbness were sufficiently severe to meet indications for surgical intervention. This
suggests that these groups likely presented with a significant symptom burden. Furthermore, considering that
LPC levels have been previously reported to correlate with neuropathic pain'?and given that imaging findings
in spinal diseases often demonstrate a poor correlation with clinical symptoms -3¢, we believe that the absence
of dedicated imaging evaluations in this study imposes a relatively minor constraint on the interpretation of
our findings. Fourth, this study included patients primarily presenting with neuropathic pain attributed
to CES or myelopathy, and patients without neuropathic pain. However, potential confounding by other
diseases, nutritional factors, disease duration, or standard CSF parameters that might affect LPC levels was not
systematically evaluated. Ideally, control patients with spinal stenosis but without neurological symptoms should
have been included to more precisely differentiate the biochemical changes attributable solely to myelopathy
or CES from those potentially related to spinal stenosis itself. Future studies may be needed to evaluate cases
of CES and myelopathy. For the future clinical application of LC-MS/MS analysis, continuous improvements
in accuracy and more rigorous diagnostic criteria will be essential. Moreover, realizing its widespread clinical
utility will also require addressing practical challenges, including the standardization of LC-MS/MS analytical
protocols across facilities and the overall cost associated with this specialized methodology, to ensure broader
accessibility.

In conclusion, LPC levels were higher in the CES and myelopathy groups than in the control group, with
CES showing the highest levels. LPC (18:1) and LPC (22:6) effectively differentiated CES from myelopathy, and
LPC (18:1), LPC (18:2), LPC (20:4), and LPC (22:6) effectively differentiated myelopathy from the controls. The
present findings indicate that CSF LPC levels are useful for the differential diagnosis of neuropathic pain caused
by CES and myelopathy and evaluation of surgical application.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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