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ABSTRACT

Background: Closed spinal dysraphism of primary neurulation failure could be associated with filar anomalies,
such as filar lipoma or thickened and tight filum terminale (TFT), resulting from impaired secondary neurulation.
Retained medullary cord (RMC) is a remnant of the cavitary medullary cord originating from the secondary
neurulation failure. Some filar lipomas are known to contain a central canal-like ependyma-lined lumen with
surrounding neuroglial tissues (E-LC w/NGT), that is, a characteristic histopathology of RMC. To clarify the
embryological background of these filar anomalies, we evaluated the histopathological findings.
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Department of Neurosurgery, Methods: Among 41 patients with lesions of primary neurulation failure who underwent initial untethering
Fukuoka Children’s Hospital, surgery, the filum including cord-like structure (C-LS) was additionally resected in 10 patients (five dorsal and
Fukuoka, Japan. transitional lipomas; five limited dorsal myeloschisis). We retrospectively analyzed the clinical, neuroradiological,

intraoperative, and histopathological findings.
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Results: Among 10 patients, two patients were diagnosed with RMC based on morphological features and
intraoperative neurophysiological monitoring. The diagnosis of filar lipoma was made in six patients, since
various amounts of fibroadipose tissue were histopathologically noted in the filum. Two patients were diagnosed
with TFT, since the filum was composed solely of fibrocollagenous tissue. E-LC w/NGT was noted not only in
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DOI Conclusion: These findings provide further evidence for the idea that entities, such as filar lipoma, TFT, and RMC,
10.25259/SNI_340_2021 can be considered consequences of a continuum of regression failure occurring during late secondary neurulation.
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INTRODUCTION

The central nervous system and vertebrae are formed during the neurulation process that occurs
early in embryonic life and are responsible for the transformation of the flat neural plate into
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the neural tube. Primary neurulation allows the formation of
the brain and the spinal cord down to the junction between
the SI and S2 segments, whereas secondary neurulation is
responsible for the formation of the spinal cord segments
distal to the S1-2 junction. Although primary neurulation is
relatively well understood, less is known about the process
of secondary neurulation or its clinical importance.!'>202
It is generally speculated that secondary neurulation begins
with mesenchymal epithelium transformation within a
pluripotential blastema called the caudal cell mass or
caudal eminence. A sequence of events then proceeds from
the condensation of mesenchyme into a solid medullary
cord to intrachordal lumen formation and eventual partial
degeneration of the cavitary medullary cord until only the
conus and filum remain.”?!

Failure of primary neurulation leads to open neural tube
defects, including myelomeningocele and myeloschisis, or
closed neural tube defects, including spinal lipoma of dorsal
and transitional type, limited dorsal myeloschisis (LDM),
and congenital dermal sinus (CDS). When the secondary
neurulation process is impaired, the result is either a defect
of formation that leads to an absent conus and a short
spinal cord, a condition known as caudal agenesis,” or a
defect during its regression, as we can see in the terminal
myelocystocele, spinal lipoma of caudal and filar type,
thickened and tight filum terminale (TFT), and retained
medullary cord (RMC).[>2021]

RMC s a newly defined entity of closed spinal dysraphism
that is thought to originate from an almost complete
arrest of apoptosis during the last phase of secondary
neurulation.?*?"! The morphological feature of RMC is
a redundant nonfunctional cord-like structure (C-LS)
continuous from the conus medullaris and extends to
the dural cul-de-sac, which can produce neurological
deficits by tethering.[>1*18202L351  As a nonfunctional
RMC is indistinguishable from the functional conus
on neuroimaging and in the intraoperative view,
confirmation of the presence of a nonfunctional C-LS
with intraoperative neurophysiological monitoring
(IONM) is essential for the diagnosis of RMC.[7*10:20:21,23]
Histopathology of the C-LS resected at surgery typically
shows a central canal-like, ependyma-lined canal
with surrounding neuroglial tissues (E-LC w/NGT),
corroborating the picture of a remnant of the cavitary
medullary cord, which is normally regressed but can
remain due to late arrest of secondary neurulation before
the degenerative phase.[22!

When there are alterations present in both the primary
and secondary neurulation, we can find the coexistence of
dysraphism that presents with elements from the two forms
of neural tube defects.®'>?!l While Gupta and Rajshekhar!*!
stressed that closed spinal dysraphism of primary
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neurulation failure could be associated with filar anomalies,
such as filar lipoma (or fatty filum) or TFT, resulting from
impaired secondary neurulation, as an additional tethering
element, detailed histopathological findings have not been
tully demonstrated. Our previous report demonstrated that
some filar lipomas also contain E-LC w/NGT, which is the
characteristic histopathology of the C-LS of RMC.I'"**I To
clarify the embryological background of these filar anomalies,
we evaluated the histopathological findings, paying special
attention to E-LC w/NGT.

MATERIALS AND METHODS

From January 2015 to December 2020, 41 patients with
closed spinal dysraphic lesions of primary neurulation failure
underwent initial untethering surgery at Fukuoka Children’s
Hospital and related hospitals under supervision of the first
author (T.M.). There were 16 spinal lipomas at the lumbosacral
region (six dorsal lipomas and 10 transitional lipomas), 23
LDMs, and two CDSs with dermoid/epidermoid cysts. Split
cord malformation, which is caused by developmental failure
of the notochord, was not involved in the present study. At
our institute, the classification of spinal lipoma was based on
Arai et al. Because lipomyelomeningocele based on Arai’s
classification is thought to result from failed neurulation
between the primary and secondary stages (junctional
neurulation),!™ lipomyelomeningocele was not included in
this study.

In all patients, preoperative and postoperative magnetic
resonance imaging (MRI), including three-dimensional T1-
weighted spoiled gradient-recalled echo images or variable
flip angle three-dimensional turbo spin echo T1-weighted
images, and three-dimensional heavily T2-weighted images,
were performed as described in our previous report.!”

The decision to sever the filum was based on whether the
filum was involved as an additional tethering element, judging
from the preoperative MRI and intraoperative findings. Based
on the intraoperative morphological findings, the fila were
classified into three types; CL-S, fatty filum (short fatty filum,
tight fatty filum, or fatty filum), and short or tight filum.
Before cutting the filum, for IONM, we confirmed that no
compound muscle action potentials (CMAPs) were evoked at
the external anal sphincter, hamstrings, and gastrocunemius
muscles following the stimulation of the filum to be severed.
In cases of suspected RMC, the border between the true
cord and nonfunctional C-LS was determined by tracing the
evoked CMAPs by stimulation in the rostrocaudal direction,
beginning from the functional cord, and proceeding to the
nonfunctional C-LS, as described previously.*'%

Among these 41 patients, the filum was additionally
resected in 10 patients. Of the six patients with dorsal
lipomas, the filum was resected in Patient 1 [Table 1],
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Table 1: Clinical and histopathological findings of five patients with dorsal and transitional lipoma and associated filar anomaly.

Histopathological findings of filum

Intraoperative findings

Preoperative MRI findings

of filum
Appearance IONM

Final

Fibro-

adipose collagenous

E-LC Fibro-

Spinal Location Filum

Type of

Skin findings

Patient Age/

diagnosis of

w/
NGT

diameter/

entry of of conus

lipoma

lipoma

Gender

no

filar anomaly

tissue
RMC

tissue

intensity

L5 2 mm/ C-LS Determined +
border*

L4-5

Dorsal

2 months/F  Subcutaneous mass

continuous
from conus

isointensity

TFT

+

Short filum No CMAP

L5-S1 L4 1 mm/

Transitional

4 months/F  Subcutaneous mass

isointensity

Filar lipoma
Filar lipoma

+

+(3:7)

Not determined Short filum No CMAP

Not determined = Short fatty

S1 L5

Transitional

Subcutaneous mass
4 months/F  Tail-like appendage Transitional

3 years/F

No CMAP

L5

S1

filum

Filar lipoma

+

+(8:2)

Short fatty ~ No CMAP -

Hyperintensity ~ filum

1.5 mm/

L3-4

L5

6 month/M Tail-like appendage Transitional

MRI: Magnetic resonance images, IONM: Intraoperative neurophysiological monitoring, ELC w/NGT: Ependyma-lined canal with surrounding neuroglial tissues, M: Month; y: Year, F: Female, M:

Male, C-LS: Cord-like structure, CMAP: Compound muscle action potentials, *The border between true conus and nonfunctional CL-S was determined with IONMy, (:): Ratio of the fibroadipose

and fibrocollagenous tissues, RMC: Retained medullary cord, TFT: Tight filum terminale

since preoperative MRI and intraoperative findings
demonstrated a low-lying conus medullaris, which was
tethered by C-LS, extended from the conus and terminated
at the dural cul-de-sac without much tapering, in addition
to the dorsal lipoma. Of the 10 patients with transitional
lipomas, the filum was resected in four patients (Patients
2-5), [Table 1], because the untethering procedure of
the cord from the lipoma intraoperatively revealed that
the cord was also tethered with a short or short fatty
filum that was rarely demonstrated by preoperative MRI.
Out of 23 LDM patients, the filum was resected in five
patients (Patients 6-10), [Table 2]. The preoperative MRI
demonstrated a low-lying conus, which was tethered by
C-LS in Patient 6, tight filum in Patients 7 and 9, and fatty
filum in Patients 8 and 10, in addition to LDM stalk. The
detailed clinicopathological findings of LDM in Patients
6-10 have been described before [Table 2].[6%1214]

In all patients, the filum was resected as a column and placed
in formalin. Routinely prepared histopathological sections
were stained with hematoxylin and eosin or immunostained
for glial fibrillary acidic protein (GFAP) and S-100 protein as
part of the standard diagnostic analysis. Histopathological
examination was performed with particular attention to the
presence or absence of fibroadipose tissue, fibrocollagenous
tissue, and E-LC w/NGT. When fibroadipose and
fibrocollagenous tissues were present, the ratio of both was
visually determined. The final differential diagnosis of filar
lipoma from TFT was made with the histopathological
presence of fibroadipose tissue. In all 10 patients, no
postoperative neurological worsening was noted. We
retrospectively analyzed the clinical, neuroradiological,
intraoperative, and histopathological findings of these
10 patients.

RESULTS

On histopathological examination of the resected filum
including C-LS, E-LC w/NGT was noted in two out of five
patients (Patients 1 and 2) with dorsal [Figure la-g] and
transitional lipomas [Figure 2], and in three out of five
patients (Patients 7-9) with LDM [Figure 3a-e]. In Patient 6,
there was no E-LC but NGT. We think that small islands of
E-LC may have been missed during routine sectioning of the
surgical specimen, as were described elsewhere;® hence, it
was determined to be positive E-LC w/NGT. Thus, E-LC w/
NGT was noted in 8 (66.7%) out of 10 fila, including C-LSs.

Among these eight patients with positive E-LC w/NGT, the
final diagnosis of RMC was made in two patients (Patient 1
with dorsal lipoma and Patient 6 with LDM), based on the
morphological features and IONM findings [Figure 1b-
f]. In these two patients, E-LC w/NGT was noted in the
marginal part of the fibrocollagenous tissue [Figure le-g].
On preoperative T1-weighted MRI, C-LS was demonstrated
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Figure 1: (Patient 1) (a) Photograph showing a subcutaneous lipoma at the lumbosacral region. Sagittal views of a three-dimensional heavily T2-
weighted image (3D-hT2WI, slice thickness of 1.25 mm) (b) and a 3D variable flip angle T1-weighted image (3D-T1WI, slice thickness of 1.25 mm)
(c) depict a low-lying conus medullaris at the vertebral level of L5 that is tethered by dorsal lipoma, and cord-like structure (C-LS) extends from the
conus and terminates at the dural cul-de-sac at S4-5 level without much tapering. Schematic drawings (d) and microscopic view of the operative
findings (e), and intraoperative neurophysiological monitoring (f). (d-1) A linear skin incision on the subcutaneous lipoma and a subsequent incision
on the rostral side are made. (d-2) Passage of the lipoma through the dura mater is noted at L4 level, and the dura incision is made on the rostral
site to the lipoma passage. (d-3) With the dura opened, the intradural component of lipoma is exposed. (d-4) Lumbar cord is untethered from the
lipoma. The dura incision is made on the caudal site to the lipoma passage and extended to the dural cul-de-sac. (d-5, e) With the dura opened, C-LS
is continuous from the conus to the dural cul-de-sac. The exact border between the C-LS and the true conus is determined by tracing the evoked
compound muscle action potentials of the external anal sphincter muscle (f) with direct stimulation starting from the functional portion of the conus
(1-4) and continuing to the nonfunctional portion of the C-LS (5 and 6), and indicated by the yellow line in (e). C-LS is severed immediately caudal to
the exact border (indicated with red line in (e)). (d-6) Caudal end of the C-LS is also severed, and the C-LS is resected as column. Finally, the lipoma is
debulked, and the pial surface is reconstructed with sutures. (e-g) Photomicrograph of longitudinal sections of the C-LS stained with hematoxylin and
eosin (H and E) (e) and immunostained for glial fibrillary acidic protein (GFAP) (f and g). A higher magnification view of the area indicated by the
dotted square in (f) is shown in (g). In the marginal part of the fibrocollagenous tissue of the C-LS, a central canal-like, ependyma (Epen)-lined canal
with surrounding GFAP-immunopositive neuroglial tissues is noted (indicated with red arrows in (e) and (f)). No adipose tissue is noted.
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Table 2: Clinical and histopathological findings of five patients with limited dorsal myeloschisis and associated filar anomaly.

Intraoperative findings Histopathological findings of filum

Preoperative MRI findings

of filum
Appearance IONM

References

Final

E-LC Fibroadipose Fibrocollagenous Others

w/NGT

Location Filum

DM

L

Skin

Patient Age/

diagnosis
of filar

tissue

tissue

of conus diameter/

Spinal

entry/cord
attachment

Gender  findings

no

intensity

pathology

Peripheral RMC

nerves

(1]

(N(;T+)

Determined
border*

1.5 mm/ C-LS

L3

Tail-like T8/T8

months/M appendage/

2

continuous
from conus

isointensity

dimple

Patient 4

TFT

Tight filum No CMAP +

1.5 mm/

S1

S1-2/14

Cigarette
burn

5 years/F

7

[19]

in

isointensity
2 mm/slight

[18]

Filar

+

+ + (4:6)

No CMAP

Tight fatty

L5

L4/1L3

Cigarette

months/F  burn

lipoma
Filar

hyperintensity filum

Patient 1

in2!

+(3:7)

+

Fatty filum No CMAP

1.5 mm/

L4-5

L2/11

Saccular
lesion

1 day/F

9

lipoma
Filar

isointensity

1.5 mm/

Patient 5

in[zz]

+(8:2)

Fatty filum No CMAP

L3

S1/L3

Cigarette
burn

2 years/6

month/F

10

lipoma

hyperintensity

MRI: Magnetic resonance images, LDM: Limited dorsal myeloschisis, IONM: Intraoperative neurophysiological monitoring, E-LC w/NGT: Ependyma-lined canal with surrounding neuroglial

tissues, m: Month, y: Year, F: Female, M: Male, C-LS: Cord-like structure, CMAP: Compound muscle action potentials, *: The border between true conus and nonfunctional cord or filum was

determined with IONM, *: Associated with split cord malformation type II; (:): Ratio of the fibroadipose and fibrocollagenous tissues

as isointensity, with a diameter of 2 mm in Patient 1 and
1.5 mm in Patient 6.

The final diagnosis of filar lipoma was made in eight patients
(Patients 3-5 with transitional lipoma and Patients 8-10
with LDM), since various amounts of fibroadipose tissue
were histopathologically noted in the filum. There was only
one filum in Patient 4 composed solely of fibroadipose
tissue; however, the remaining seven patients had a mixture
of fibroadipose and fibrocollagenous tissues. When the
ratio of fibroadipose and fibrocollagenous tissues was 4:6
or more, the filum was demonstrated as high intensity
on T1-weighted MRI and looked like fatty filum in the
intraoperative view. However, when the ratio was 3:7, the
filum was demonstrated as isointensity on T1-weighted
MRI, as seen in Patient 9 [Figure 3¢ and d] and did not look
like a fatty filum in the operative view, as seen in Patient
3. On preoperative MRI, the diameter of the filar lipoma
was 1.5 mm in three patients and 2 mm in two patients. In
Patients 3 and 4, who had transitional lipoma, the filum was
not demonstrated on MRI. In six filar lipomas, two patients
(Patients 8 and 9 with LDM) had E-LC w/NGT in the
fibroadipose tissue with various amounts of fibrocollagenous
tissue [Figure 3d and e].

In the remaining two patients (Patient 2 with transitional
lipoma and Patient 7 with LDM), the final diagnosis of
TFT was made, since the filum was composed solely of
dense fibrocollagenous tissue without fibroadipose tissue
[Figure 2]. On preoperative MRI, the TFT was isointense
with a diameter of 1 mm in Patient 2 and 1.5 mm in Patient
7. Both TFT had E-LC w/NGT in the fibrocollagenous tissue
[Figure 2].

DISCUSSION

In this study, E-LC w/NGT was histopathologically observed
in 6 (60%) out of 10 fila, including C-LSs, which were
resected, as an additional tethering element, in 41 patients
with closed spinal dysraphism of primary neurulation failure.
However, the histopathological confirmation of E-LC w/NGT
alone does not lead to the diagnosis of RMC, and the IONM
confirmation of the functional conus and nonfunctional
C-LS is essential.”92°23] Kim et al.”’ proposed the term
“possible RMC,” in which the presence of nonfunctional
C-LS could not be confirmed by IONM because of limited
operative exposure, but they also agreed that there may be
an overuse or abuse of the term. In this study, the diagnosis
of RMC could be made in two patients with dorsal lipoma or
LDM. In the original description by Pang et al.,*"! one out of
seven RMC patients had an LDM stalk that was attached to
the dorsal cord, rostral to the conus, and RMC. Our finding
provides further evidence for the coexistence of primary
neurulation failure and RMC,*" in addition to filar lipoma
and TFT.
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Figure 2: (Patient 2) (a) Photograph showing a subcutaneous lipoma at the lumbosacral region. Sagittal view of 3D-T1WI (slice thickness
of 1.25 mm) (b) and serial coronal views of 3D-hT2WT (slice thickness of 1.25 mm) (c) depict a low-lying conus at the vertebral level of
L3-4 that is tethered by the spinal lipoma of transitional type and short filum, which is barely seen (b-2, yellow arrow). Schematic drawings
(d) and microscopic view of the operative findings (e and f). (d and e) With the dura opened, the subcutaneous lipoma is continuous with
the spinal lipoma. Following untethering of the cord from the lipoma, the short filum (red arrows) is exposed, severed immediately rostral
and caudal to the dural cul-de-sac and the spinal lipoma, respectively, and resected as column. (f) Following resection of the filum and
debulking of the lipoma, the conus is slightly elevated, and spinal roots, which was involved with transitional lipoma, are stretched. (g-i)
Photomicrograph of longitudinal sections of the filum stained with H and E (g and i) and immunostained for glial fibrillary acidic protein
(h) A higher magnification view of the area indicated by the dotted square in (g) is shown in (i). In the marginal part of the fibrocollagenous
tissue containing large vessel (ves), E-LC w/NGT is noted. No adipose tissue is observed.

In the present study, E-LC w/NGT was also noted in two out
of six filar lipomas and in both TFTs. While E-LC w/NGT
was reported to be present in the surgically resected filum
associated with tethered cord syndrome®*! and even normal
filum obtained at autopsy,?! its embryological significance has
not been fully discussed. In our previous study,"” we showed
that 13.9% of the patients with filar and caudal lipomas had
E-LC w/NGT, while none of the patients with dorsal and
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transitional lipomas had E-LC w/NGT, suggesting that filar
and caudal lipomas had the same embryological background
as that of RMC during late secondary neurulation. The
previous studies”!#2*2!l also demonstrated that entities such
as filar lipoma, TFT, and RMC can be considered members
of a continuum of regression failure disorders occurring
during late secondary neurulation. They speculated that
they differ from each other in terms of timing and severity
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Figure 3: (Patient 9) (a) Sagittal view of 3D-hT2WI (slice thickness
of 1.25 mm) depicts a low-lying conus at the vertebral level of L4-5
that is tethered by the stalk of limited dorsal myeloschisis (LDM),
which starts at the dome of the meningocele sac, travels down in the
sac, enters the spinal canal, and join the dorsal cord, and terminal
filum of 1.5 mm in diameter. A syringomyelic cavity is noted
immediately rostral to the cord LDM stalk attachment. This image
is 1.25 mm lateral to the left side to the image in Figure 1b of our
previous report.[9] (b and c) Axial views of T2WTI (slice thickness of
2.60 mm) (b) and T1WI (slice thickness of 2.60 mm) (c) show that
no lipomatous intensity is not noted in the terminal filum. (d and
e) Photomicrograph of longitudinal sections of the resected filum
stained with H and E (d) and immunostained for glial fibrillary
acidic protein (e) A higher magnification view of the area indicated
by the dotted square in (d) is shown in (e). E-LC w/NGT is noted in
the fibrocollagenous tissue (FCT) with a small amount of FAT. The
ratio of FAT to FCT is estimated to be 3:7

of apoptosis failure. Therefore, the histopathological
coexistence of the E-LC w/NGT with filar lipoma and TFT
demonstrated in this study, is not a surprising finding."%!*-
21 As the terminology for RMC, and lipoma and TFT was
based on different backgrounds, namely, embryological and
morphological backgrounds, respectively, it may be difficult
in clinical practice to make a distinct diagnosis between these
three entities.

Preoperative differential diagnosis is even more difficult. For
example, it is generally accepted that differential diagnosis
between the lipoma and TFT can be made from the intensity
on preoperative T1-weighted MRL;!"" however, in this study,
the ratio of fibroadipose and fibrocollagenous tissues was
3:7 or less, and the filum was demonstrated as isointense
rather than hyperintense. It is also necessary to consider
the possibility that the MRI signal abnormality site and the

excised site of the filum do not always match. Thickened
filum can be diagnosed when it has a diameter >2 mm;!”
however, the diameter of the TFT was <1.5 mm in this study.
Furthermore, the diameter of the C-LS with RMC was <2 mm,
probably depending on the age of the patient. We previously
reported two cases with cystic RMC associated with terminal
lipoma," which was difficult to make a correct preoperative
diagnosis. The more important issue is to diagnose the filar
anomaly involved as an additional tethering tract and make
an appropriate decision regarding untethering procedures.

This study was a retrospective study with a small number of
the patients. Although further studies with large numbers
of patients are needed, this study revealed that E-LC w/
NGT was noted not only in the two C-LS of RMCs but
also in four fila with filar lipomas and TFTs. These findings
provide further evidence for the idea that entities such as
filar lipoma, TFT, and RMC can be considered consequences
of a continuum of regression failure occurring during late
secondary neurulation.

CONCLUSION

Our findings provide further evidence for the idea that
entities, such as filar lipoma, TFT, and RMC, can be
considered consequences of a continuum of regression
failure occurring during late secondary neurulation.
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