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Dynamic magnetic resonance imaging parameters for objective
assessment of the magnitude of tethered cord syndrome in patients
with spinal dysraphism
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Abstract
Background Dynamic magnetic resonance imaging (MRI)-based criteria for diagnosing magnitude of tethered cord syndrome
(TCS) in occult spinal dysraphism are proposed.
Methods In this prospective, case-control design study, MRI lumbosacral spine was performed in 51 subjects [pilot group (n =
10) without TCS (for defining radiological parameters), control group (n = 10) without TCS (for baseline assessment), and study
group (n = 31) with spinal dysraphism (thick filum terminale [n = 12], lumbar/lumbosacral meningomyelocoele [n = 6], and
lipomyelomeningocoele [n = 13])]. The parameters compared in control and study groups included oscillatory frequency (OF),
difference in ratio, in supine/prone position, of distance between posterior margin of vertebral body and anterior margin of spinal
cord (oscillatory distance [OD]), with canal diameter, at the level of conus as well as superior border of contiguous two vertebrae
above that level; delta bending angle (ΔBA), difference, in supine/prone position, of angle between longitudinal axis of conus
and that of lower spinal cord; and sagittal and axial root angles, subtended between exiting ventral nerve roots and longitudinal
axis of cord. An outcome assessment at follow-up was also done.
Results In the study group (cord tethered), significantly less movement at the level of conus (OF0, p = 0.013) and one level above
(OF1, p = 0.03) and significant difference inΔBA (p = 0.0) were observed in supine and prone positions, compared to controls.
Ventral nerve root stretching resulted in sagittal/axial root angle changes. Median OF (0.04) in the lipomyelomeningocoele group
was significantly less than that in control group (0.23). Median OF was also lesser in patients with thick filum terminale or
meningomyelocele. Difference in median sagittal and axial root angles among the study and control groups was statistically
significant (p = 0.00).
Conclusion New dynamic MRI-based parameters to establish the presence and magnitude of TCS have been defined. OF
measured the extent of loss of translational cord displacement in supine and prone positions;ΔBA defined the relative angulation
of conus with lower spinal cord, and sagittal and axial root angles represented ventral nerve root stretching. The difference in OF
or ΔBA was minimum in the group with thick filum terminale and progressively increased in the groups with
lipomyelomeningocele and meningomyelocele.
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Introduction

Spinal dysraphic states may lead to the clinical manifestations
of tethered cord syndrome including neurological deficits,
back pain, sphincteric dysfunction, and orthopedic abnormities
such as congenital talipes equinovarus, limb shortening, and
scoliosis [6, 19]. Although the presence of tethered cord syn-
drome (TCS) may be detectable based on the conventionally
described anatomical parameters such as a low-lying cord or
the associated presence of occult or overt spinal dysraphism,
dynamic parameters based on supine and prone positions of the
patients that conclusively indicate the presence of this condi-
tion have not been established. Even when a dysraphic state
exists in a patient, information on whether or not its presence
will later on lead to neurological deficits due to coexistent cord
stretching is still nebulous. Following surgery for detethering,
symptomatic retethering may occur in 7–9% of patients who
have undergone sectioning of a thick filum terminale, and in
nearly 35% patients in whom meningomyelocele or
lipomyelomeningocele repair has been performed [21]. In this
situation, the anatomical criteria that define the presence of a
dysraphic entity or that of a low-lying conus are no longer
relevant in establishing the diagnosis of retethering of the spi-
nal cord. This study aims to establish novel magnetic reso-
nance (MR)-based dynamic criteria based on evaluation for
evidence of TCS in both supine and prone positions of the
patient and to correlate them with the neurological outcome.

Material and methods

The article is written according to the Strengthening the
Reporting of Observational Studies in Epidemiology
(STROBE) Statement guidelines. Individual consent from
the patient to use clinical and radiological details for publica-
tion was taken. Institutional ethical clearance (IEC 2017-95-
MCh-EXP) was obtained, and there was no conflict of
interest.

Patient spectrum

In this prospective case-control design study, conducted from
January 1, 2016 to December 31, 2017, a magnetic resonance
imaging (MRI) of the lumbosacral spine was performed in 51
subjects. This included a pilot group consisting of 10 patients
with either cervical spondylosis (n = 6) or an intradural,
extramedullary lesion (n = 4) without any evidence of cord
tethering, in whom an MRI was done in supine position only

to define the radiological parameters (oscillatory distance and
bending angle) used in the study. This group did not form a
part of the study analysis. The control group consisted of 10
patients without cord tethering (who were undergoing anMRI
for either a posterior fossa tumor [n = 6] or congenital hydro-
cephalus [n = 4]). In this group, a craniospinal MRI was un-
dertaken, and our predefined parameters, in supine and prone
positions of the patient, were noted. The radiological parame-
ters obtained from this group of patients formed the baseline
parameters for comparison with the study group. The study
group consisted of 31 patients of spinal dysraphism with teth-
ered cord (12 patients with a thick filum terminale, 6 patients
with lumbar/lumbosacral meningomyelocoele, and 13 pa-
tients with lipomyelomeningocoele), in whom a lumbosacral
MRI was done in supine and prone positions. A 3-T MRI
(General Electric; Boston, MA 02210) machine was used.
The patients underwent a MRI, including sagittal T1 and T2
and axial T1 and T2-weighted (W) sequences of the lumbar
spine in the supine position, with sagittal and axial T2W se-
quences also being repeated in the prone position. Two radi-
ologists independently measured the study parameters using
the same MRI software, digital imaging and communications
in medicine-advantage workstation (DICOM-ADW). General
anesthesia was not required by any patient in the group.

Study parameters

Tethered cord was considered when one of the three radiological
entities existed in the patients: a thick and short filum terminale, a
meningomyelocoele, or a lipomyelomeningocoele. This was ei-
ther associated with a low-lying conus below the lower border of
L3 vertebra (n = 17, 54.8%) or the conus at the normal level (n=
14, 45.2%). In case a patient had the simultaneous association of
a thick filum terminale with either a meningomyelococele (n = 5)
or a lipomyelomeningocele (n= 3), then he/she was considered
in the category of meningomyelococele or lipomyelo-
meningocele, respectively. Therewas no patient in the series with
purely a thick and short filum terminale with the conus at the
normal level. Among patients with a meningomyelococele (n=
6), the conus was in its normal position in 5 patients and low-
lying in 1 patient, whereas among patients with a
lipomyelomeningocele, the conus was in its normal position in
3 patients and low-lying in 10 patients (Table 1).

Table 2 defines the radiological parameters used in the
study. In the pilot group, the methodology for measuring the
new radiological parameters (oscillatory distance and bending
angle) to define tethering was identified in supine position of
the subject.
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Following this, the lumbosacral sagittal (for assessment of
the oscillatory distance, oscillatory frequency, bending angle,
delta bending angle, and sagittal root angle) and axial (for
assessment of axial root angle) T2W MRI imaging in the
control as well as study groups was done in both supine and
prone positions of the subject. The parameters were measured
based on the following rationale:

A. Oscillatory distance and oscillatory frequency:

The forward movement of lower end of the cord with
change in position from supine to prone is likely to be of a
greater magnitude in a normal individual than in a patient with

tethered cord syndrome. In the latter group of patients, the
traction on the cord as a result of tethering inhibits this natural
translational movement with respect to the supine and prone
positions of the patient [21].

Oscillatory distance (OD) was defined as the ratio of the
distance between the posterior margin of the vertebral body
and the anterior margin of the spinal cord, with the canal diam-
eter at the same level, taken at the level of the conus as well as
the superior border of the contiguous two vertebrae above that
level. This ratio at the level of the tip of conus was labeled as
OD0, and the measured ratios at the superior border of the
contiguous two vertebrae above that level, respectively, were
labeled as OD1 andOD2. TheOD at all these contiguous levels
was measured in both supine and prone positions (Fig. 1a, b).

Oscillatory frequency (OF) was defined as the difference in
OD in supine and prone positions at the three levels: the index
level, i.e., OD0, and the superior borders of the contiguous
two vertebrae above the index level, i.e., OD 1 and OD2. An
OF less than 10% signified more traction on the cord in pa-
tients with TCS. An OF more than 10% signified a lax cord
(that is usually associated in a cord without tethering).

B. Bending angle and delta bending angle:

Bending angle (BA) was defined as the acute angle
(measured along the posterior aspect of the two axes)
subtended by the longitudinal axis of the conus with the
mid-sagittal plumb line drawn along the longitudinal axis
of the lower spinal cord. In the control subjects, this angle
was nearly 0°; in patients with a tethered cord (the study
group), however, the longitudinal axis of the conus formed
a posterior angulation with the mid-sagittal plumb line
drawn along the longitudinal axis of the lower spinal cord,
and therefore, an angle is subtended. This angle was mea-
sured on magnetic resonance (MR) images undertaken both
in the supine and prone positions of the patient (Fig. 1c).

Delta (Δ) bending angle was defined as the change in the
BA with the change in the patient’s position from supine to
prone. The cases with tethered cord syndrome were divided
into three groups: those with ΔBA less than 1 (either no or
less tethering), between 1 and 10 (moderate tethering), and
more than 10 (maximum tethering).

C. Sagittal root angle and axial root angle:

The relaxed ventral nerve roots in a normal individual fol-
low a lax course in the horizontal plane creating an Binverted
U^ appearance. In a patient with tethered cord, bilateral ven-
tral nerve roots are stretched creating a BV^ shape on the T2W
axial MR images, as they exit through their respective inter-
vertebral foramina.

Sagittal root angle was defined, on the lumbosacral sagittal
T2W MRI imaging in the control as well as study groups, as

Table 1 Clinical features and associated anomalies among 31 patients
of the study group with tethered cord syndrome

Patient spectrum Number

Clinical signs and symptoms
• Asymptomatic swelling

8 (25.8%)

• Difficulty in walking 15 (48.4%)

○ Unilateral or bilateral limb weakness 9 (29.03%)

○ Orthopedic deformities 2 (6.5%)

○ Limb shortening 4 (12.9%)

• Sphincteric involvement
(retention with overflow)

5 (16.12%)

• Sphincteric involvement
(incontinence with loss of
bladder sensation)

4 (12.9%)

Associated anomalies

Split cord malformation 3 (9.7%)

Hydrocephalus 2 (6.5%)

Chiari malformation type I 2 (6.5%)

Tethered cord syndrome

Thick filum terminale
with low-lying cord

12 (38.7%)

Meningomyelocele 06 (19.4%) [5 had conus at
normal level, 1 had a
low-lying cord]

Lipomyelomeningocele 13 (41.9%) [3 had conus at
normal level, 10 had a
low-lying cord]

Level of conus

Cord above L3 14 (45.2%)

Cord below L4 17 (54.8%)

Postoperative course

Improvement 12 (38.7%)

Deterioration 5 (16.1%)

Same 14 (45.2%)

Postoperative complications

Motor deterioration 2 (6.5%)

Bladder involvement 1 (3.2%)

Wound-related complications 4 (12.9%)

L lumbar
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the angle between a line drawn along the exiting nerve root and
the vertical plumb line in the mid-sagittal plane of the cord
(Fig. 2).

Axial root angle was defined, on the lumbosacral axial
T2WMRI imaging in the control as well as study groups, done
in both supine and prone positions of the subject, as the angle
between a line drawn along the longitudinal axis of the exiting
ventral nerve root in the horizontal plane and the vertical line
bisecting the cord at the level of the conus (Fig. 3).

The above parameters were measured in the three dif-
ferent subgroups of patients with tethered cord syndrome,
namely, a thick filum terminale with a low-lying cord,
lipomyelomeningocoele, and meningomyelocoele. The

differences of the parameters in these subgroups were not-
ed and also compared with the control group.

Exclusion parameters

Patients who had already undergone a preoperative MRI prior
to their admission to our institution, those with flaccid paraple-
gia with sphincteric involvement, those who were having an
active cerebrospinal fluid leak from their posterior
meningomyelocoele sac at the time of admission, and those
with coexisting two-level cervical/upper thoracic cord tethering
alongwith lumbar level tethering were excluded from the study.

Fig. 1 Schematic representation of the MRI parameters (oscillatory
distance [OD] and bending angle [BA]) proposed for assessing the
presence and magnitude of tethered cord syndrome. a OD0: the
distance from the posterior margin of the vertebral body at the level of
tip of conus. The canal diameter at same level is also measured. b

OD1and OD2: The distance from the posterior margin of the vertebral
body at the level of upper margins of the contiguous two vertebrae above
is alsomeasured. The canal diameter at same levels is also assessed. cBA:
angle subtended by the longitudinal axis of the lower cord (black line)
with the longitudinal axis of conus (orange line)

Table 2 Definitions used in the study for defining magnetic resonance imaging (MRI) parameters evaluating for tethered cord syndrome

Tethered cord syndrome (TCS) TCS was considered when one of the three radiological entities existed in the patients,
a thick and short filum terminale, a meningomyelocoele, or a lipomyelomeningocoelea

Oscillatory distance (OD) The ratio of the distance between the posterior margin of vertebral body and the anterior margin
of spinal cord with the canal diameter at the same level, taken at the level of conus as well
as superior border of the contiguous two vertebrae above the level of conus

Oscillatory frequency (OF) The difference in oscillatory distance in supine and prone position

Bending angle (BA) The acute angle subtended by the vertical axis of the conus with the midsagittal plumb line
drawn along the vertical axis of the lower spinal cord

Delta bending angle (ΔBA) The change in bending angle was measured with change in position of the body from supine to prone.

Sagittal root angle The superior angle between a line drawn along the exiting nerve root and the vertical plumb line in
midsagittal plane of the cord

Axial root angle The angle between a line drawn along the longitudinal axis of the exiting nerve root and vertical line
bisecting the cord in axial plane at the level of tip of conus

a If a meningomyelocele or lipomyelomeningocele coexisted with a short filum terminale, then the entity was considered in either of the former two
categories (based on whether a meningomyelocele or lipomyelomeningocele, respectively, coexisted)
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Radiological outcome assessment

The radiological assessment was done at the time of dis-
charge as well as the final follow-up of the patients ranging
from 1 to 21 months (mean follow-up 9.48 ± standard de-
viation [SD] 6.9 months).

Statistical analysis

The Statistical Package for the Social Sciences (SPSS) version
22.00 (IBM, New York) was used for statistical analysis. The
confounding effect of age and gender distribution was com-
pared using Fisher exact test and logistic regression, respective-
ly. Independent Mann-WhitneyU test was used to compare the

median distribution of study parameters among the cases and
controls. Kruskal-Wallis test was used to compare the median
distribution of study parameters among different subgroups. A
p value of less than 0.05 was considered as significant.

Results

Patient spectrum

Among the 31 patients in the study group (21 [67.7%] male
patients, median age 14 months, with 3 patients of age more
than 10 years [aged 10, 12, and 21 years]) and the 10 subjects
in the control group (6 [60%] male patients, median age

Fig. 2 a Schematic representation
of sagittal image of the spine to
demonstrate the sagittal nerve
root angle. a Normal cord: The
longitudinal axis of the lower cord
is almost in line with the ventral
nerve roots (black wavy lines)
emerging from the level of the
conus. b Tethered cord: The
longitudinal axis (red arrow) of
the emerging ventral roots is at an
angulation with the longitudinal
axis of the lower cord (orange
arrow)

Fig. 3 Schematic representation
of the axial section of the spinal
canal showing a in a normal
individual, the lax ventral nerve
roots form a BU^-shaped course
prior to emerging from the
intervertebral foramen; and, b in
the presence of tethered cord, the
axial sections show the stretched
bilateral ventral nerve roots
forming a BV -̂shaped course
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78 months, with 2 patients more than 10 years [aged 20 years
and 25 years]), the age and gender distribution were compa-
rable with no confounding effects on the outcome analysis
(p = 0.35 using Fischer exact test) (Table 3).

Table 1 summarizes the clinical spectrum in the study
group consisting of patients with spinal dysraphism. The main
presentations were a lumbar/lumbosacral swelling (n = 8,
25.8%), difficulty in walking (n = 15, 48.8%) due to unilateral
or bilateral distal limb weakness (n = 9, 29.03%), orthopedic
deformities like talipes equinovarus (n = 2, 6.5%) or limb
shortening (n = 4, 12.9%), or sphincteric involvement (n = 9,
29%) in the form of retention with overflow (n = 5, 16.12%),
or incontinence with loss of urinary bladder sensations (n = 4,
12.9%).

The patients in the series also had associated anomalies like
spilt cord malformation (n = 3, 9.7%), hydrocephalus (n = 2,
6.5%), and Chiari I malformation (n = 2, 6.5%).

Radiological parameters defined in the initial pilot
study

Among the 10 patients in whom the baseline study parameters
were defined on anMRI only in supine position of the patient,
the median OD0 was 0.63 ± interquartile range (IQR) 0.3, the
median OD1 was 0.35 ± 0.15, and the median OD2 was 0.27
± 0.20. The median BA in this group in supine position only
was 0.00 ± 0.95 (range 0–12.2) degrees. These numerical
values were only used to define the baseline parameters and
not used for comparison with the values of the study group.

Comparison between the study and the control group

The 10 patients in the control group included those whose
MRI parameters in the supine and prone positions were mea-
sured (Table 4). The differences between OD0, OD1, and
OD2 in supine and prone positions of the normal subjects
were found to be statistically significant with the p values
being 0.00 for all three levels. This demonstrated a significant
change in position of the lower part of the spinal cord when
there is a change in the normal subjects’ position from supine
to prone. The medianΔBAwas 0.05 ± IQR 1.00 (range 0.00–

3.00) degrees. The median distribution in study group and
comparison is shown in Table 4 (Fig. 4).

A comparison of the radiological parameters was done
using Mann-Whitney test (Table 4). The median distributions
of OD, OF, and ΔBA were compared between the control
group and the study group. The median value of OD0 in
supine position was higher than the values of OD1 and OD2
in the study and the control group due to the normal lordotic
curvature of the lower cord and conus relative to the spine at
that level. The comparison of median value of OD0 in supine
position in the study and control groups was not significant
(p = 0.21).

The comparison of median value of OD0 in prone position
in the study and control groups was, however, statistically
significant (p = 0.00). The OD1 and OD2 values in both su-
pine and prone positions were also found to be significantly
more in the patients in the study group when compared to the
subjects in the control group.

The findings (Table 4) suggest that in the patients belong-
ing to the study group, the difference in translational move-
ments of the cord in supine and prone positions (OF) is sig-
nificantly less when compared to the control group. At a
higher level (OF2), the cord is relatively fixed by the dentic-
ulate ligaments or by the exiting nerve roots through the in-
tervertebral foramina, so this movement at that level is less
appreciable in normal subjects also (p = 0.135).

TheΔBAwas also statistically significant when compared
between the study and control groups (p = 0.0) (Fig. 5).

Among the 31 patients in the study group, the sagittal and
axial nerve root angles could be measured on MRI in 22 pa-
tients. In nine patients, the roots were not properly visible. The
median sagittal root angle was 172.65 ± IQR6.58 (range
155.10–178.00) degrees, the median left axial root angle was
43.05 ± 15.75 (range 12.3–121.40) degrees, and median right
axial root angle was 43.7 ± 21.93 (range 18.0–134.0) degrees.
Among the control group, all 10 root angles on both the sides
could be measured. The median sagittal root angle was 180°.
The median left axial root angle was 111.35 ± 25.75 (range
67.7–121.0) degrees, and median right axial root angle was
113.05 ± 50.05 (range 69.4–141.8) degrees. We found that bi-
lateral ventrally exiting nerve roots were making an acute angle

Table 3 Age and gender have no
confounding effect on outcome
when case and control groups
were compared

Parameters Study group Control group

Total number of
cases

31 10

Age Median = 14 months ± IQR
100 (range 1–252)

Median = 78.00 months ± IQR
234 (range 5–300)

p = 0.353

Gender Males = 67.7% Males = 60.0% p = 0.654

The distribution of age among cases and controls had no confounding effect on results. Themedian of both groups
were compared using Fischer exact t test and Mann-Whitney test. Similarly, the gender among cases and controls
had no confounding effect. The median distribution was compared using logistic regression analysis and it was
found that in case group, 67.7% were males and in control group, 60% were males. IQR interquartile range
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(V shape) in patients of tethered cord syndrome as compared to
the inverted U-shaped angle in the control group. The differ-
ence in the median sagittal and axial root angles among the
study and control groups was statistically significant (p =
0.00). This formation of an acute angulation at the level of
conus in the study group implies that the nerve roots are in a
state of traction in patients with TCS.

Comparison between the subgroups

Details of median and interquartile range of the radiological
parameters (OF and delta bending angle) in each subgroup are
shown in Table 5.

The Kruskal-Wallis independent sample t test was used
to compare the median distribution of OF0 among the
groups, and the median OF0 in the lipomyelomeningocoele
group (0.04) was significantly lesser when compared to
that in the control group (0.23). The median values of
OF0 were also lesser in patients with a thick filum
terminale and meningomyelocele subgroups, though not
reaching statistical significance. The result implies that
translational movement of conus decreases with increase
in severity of tethering.

Similarly, on comparing the ΔBA, the p value was
found to be statistically significant for all the subgroups
when compared with the control group. This implies that

Table 4 Comparing median distribution of study parameters among the study and the control groups

Parameters Control Cases Significance based on
independent Mann-
Whitney U test

1. OD0 in supine position Median = 0.47 ± IQR 0.19
(range = 0.25–0.69)

Median = 0.58 ± IQR 0.33
(range = 0.06–0.89)

p = 0.21

2. OD0 in prone position Median = 0.22 ± IQR 0.08
(range = 0.15–0.47)

Median = 0.53 ± IQR 0.36
(range = 0.05–0.83)

p = 0.000

3. OD1 in supine position Median = 0.34 ± IQR 0.10
(range = 0.22–0.40)

Median = 0.43 ± IQR 0.29
(range = 0.08–0.77)

p = 0.049

4. OD1 in prone position Median = 0.18 ± IQR 0.02
(range = 0.14–0.22)

Median = 0.49 ± IQR 0.27
(range = 0.10–1.13)

p = 0.00

5. OD2 in supine position Median = 0.26 ± IQR 0.07
(range = 0.17–0.37)

Median = 0.39 ± IQR 0.22
(range = 0.11–0.61)

p = 0.024

6. OD2 in prone position Median = 0.18 ± IQR 0.04
(range = 0.15–0.23)

Median = 0.39 ± IQR 0.16
(range = 0.12–0.70)

p = 0.000

7. OF0 Median = 0.23 ± IQR 0.17
(range = 0.05–0.28)

Median = 0.09 ± IQR 0.13
(range = 0.00–0.69)

p = 0.013

8. OF1 Median = 0.16 ± IQR 0.12
(range = 0.06–0.22)

Median = 0.08 ± IQR 0.09
(range = 0.00–0.43)

p = 0.031

9. OF2 Median = 0.07 ± IQR 0.06
(range = 0.01–0.14)

Median = 0.04 ± IQR 0.08
(range = 0.00–0.29)

p = 0.135

10. ΔBA Median = 0.05 ± IQR 1.00
(range = 0.00–3.00)

Median = 7.65 ± IQR 6.0
(range = 0.00–35.00)

p = 0.00

Values in italics were found to be significant

OD oscillatory distance, OF oscillatory frequency, ΔBA change in bending angle in supine and prone position, IQR interquartile range

Fig. 4 Oscillatory frequency
assessed on sagittal T2W MRI in
a patient with tethered cord
syndrome by calculating the
oscillatory distance between the
supine and prone positions
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with cord tethering, there is significant angulation of the
conus compared with the longitudinal axis of the lower
cord in all the three subgroups when compared with the
control group.

Immediate clinical outcome analysis using our
radiological parameters

Table 6 focuses on analysis of the clinical outcome at follow-
up with the preoperative oscillatory frequency and delta bend-
ing angle. There was no statistical significance between the
radiological extent of tethering found in the study group in our
patients and the clinical outcome at follow-up (Figs. 6a, b and
7a, b). Figure 6 shows postoperative improvement in OF.

Discussion

A dire need has been felt to propose dynamic radiological
parameters that may unequivocally determine the presence
of a TCS. There are several reasons for this requirement.
First, the existing protocols to diagnose the anatomical entities
responsible for TCS often do not have a correlation with the
existing symptom complex of TCS. Second, there are several
combinations of anomalies that come under the category of
either occult or overt spinal dyraphism whose individual or
simultaneous presence may contribute to the symptom com-
plex of TCS. These include a thick filum terminale with a
normal or low-lying spinal cord, an occult or overt spinal
dysraphism with a normal or low-lying spinal cord [11], the
simultaneous presence of an occult or overt spinal dysraphism
with a thick filum terminale, and finally the simultaneous
presence of an occult and overt spinal dysraphism with a nor-
mal or low-lying spinal cord [1]. All of them may or may not
be associated with the clinical manifestations of TCS. Third,
following the surgical procedure for detethering of the
cord, the cord may or may not ascend up, and this phenom-
enon has no correlation with the relief in the clinical symp-
tomatology obtained. Fourth, in patients with persistent or
additional complaints at follow-up, there is no irrefutable
parameter to determine whether or not spinal cord
retethering has actually taken place, and that this phenom-
enon may have been responsible for the persistence or
worsening of the neurological status of the patients.

The persistent stretching of distal spinal cord by inelas-
tic tissue leading to functional loss and neurological dete-
rioration is termed as tethered cord syndrome [7]. Several
mechanisms have been proposed to explain the clinical
manifestations of TCS in patients with a tethered cord [5,
9, 18, 26].

Several parameters have been proposed in the literature to
help in diagnosing the presence of TCS. These include both
static and dynamic parameters. Yamada and Lonser gaveMRI

Fig. 5 Difference in bending angle (called delta bending angle) assessed
on sagittal T2W MRI in a patient with tethered cord syndrome in supine
and prone positions

Table 5 Subgroup analysis of study patients with radiological parameters

Radiological
parameters

Control group Thick filum terminale Meningomyelocoele Lipomyelomeningocele

OF0 Median = 0.23 ± IQR 0.17
(range = 0.05–0.28)

Median = 0.12 ± IQR 0.16
(range = 0.00–0.69) p = 0.09

Median = 0.03 ± IQR 0.28
(range = 0.02–0.36) p = 0.253

Median = 0.04 ± IQR 0.11
(range = 0.01–0.37) p = 0.005

OF1 Median = 0.16 ± IQR 0.12
(range = 0.06–0.22)

Median = 0.07 ± IQR 0.10
(range = 0.01–0.17) p = 0.053

Median = 0.15 ± IQR 0.27
(range = 0.01–0.43) p = 0.81

Median = 0.06 ± IQR 0.09
(range = 0.00–0.31) p = 0.014

OF2 Median = 0.07 ± IQR 0.06
(range = 0.01–0.14)

Median = 0.25 ± IQR 0.07
(range = 0.00–0.13) p = 0.41*

Median = 0.03 ± IQR 0.19
(range = 0.00–0.29) p = 0.41*

Median = 0.05 ± IQR 0.10
(range = 0.01–0.22) p = 0.41*

ΔBA Median = 0.05 ± IQR 1.00
(range = 0.00–3.00)

Median = 8.05 ± IQR 7.00
(range = 3.0–30.00) p = 0.00

Median = 10.00 ± IQR 26.00
(range = 1.0–35.0) p = 0.003

Median = 7.00 ± IQR 6.00
(range = 0.0–12.0) p = 0.018

Kruskal-Wallis independent sample t test was used to compare median distribution among the groups. Values in italics were found to be significant

OD oscillatory distance, OF oscillatory frequency, ΔBA change in bending angle in supine and prone position, IQR interquartile range

*The distribution of OF2 is the same across the subgroups with a p value of 0.41

154 Acta Neurochir (2019) 161:147–159



imaging clues to aid in the diagnoses of TCS [4]. Still, a conus
level at L3 is indeterminate, since it is possible for normal or
tethered conus to be located at this level. The patients with a
surgically proven tethered cord have the conus located at
levels ranging from L3 to S4, with the average level of termi-
nation at L4–L5 [10, 15, 24].

The spinal cord has physiological movements in all three
(anterior, posterior, and lateral) directions [10]. The normal
rhythm of the spinal cord is maintained by pulsations of cere-
brospinal fluid (CSF) flow, which in turn is maintained by the
transmitted cardiac pulsations. Exploiting the physiological
movements of the spinal cord, Takiguchi and colleagues tried
to measure the shift of the spinal cord in various positions
(supine, prone, and lateral) but could not measure the accurate
distances in prone position due to motion and pulsation arti-
fact [22]. Winklhofer et al., measured the distance from the
vertebral body to anterior border of spinal cord (oscillatory
distance) and found that the measurements differed signifi-
cantly between the scans conducted during breath-holding,
normal breathing, and forced breathing. They also found that
the effects of respiration and CSF pulsation artifacts decrease
at the level of the lower cord [25]. Real-time sonography may
be used to detect tethering and retethering. It detects the loss of
transverse oscillations of spinal cord. Gray scale (B mode)
imaging has been shown to be comparable to MRI in the
assessment of TCS [2, 10, 17, 23].

Brunelle et al., proved that the CSF and spinal cord show
certain oscillatory motions, and the motion is reduced in pa-
tients having a lipoma [3]. Nakanishi et al., studied the use of
prone positioning in detecting TCS and concluded that the ter-
minal filum was more posterior and the cauda equina was more
anterior on prone MRI in patients with TCS than in healthy
individuals [13]. By turning the patient in a prone position,
the dynamicity of cord can be better assessed and the exact
degree of tethering can be commented upon. Oliver and col-
leagues highlighted the importance of the prone sequence of
MRI in patients in whom retethering occurred. The prone MRI
protocol helps in the early detection of these cases [23].

Significance of various findings in our study

In the control group, we found that the OD in both supine and
prone positions, at the index level and two consecutive levels
above, was statistically significant [16]. This demonstrates
that there is a significant change in the displacement of the
lower end of cord when there is a change in the position of the
body from supine to prone position [12, 14]. On the contrary,
the numerical value of OD in the study group was not statis-
tically significant. Therefore, the cord does not move anteri-
orly when patients having TCS are evaluated in the prone
position.

The difference in the OD between the study and the control
groups was found to be significant at the level of conus and
one vertebral level above but not at two vertebral levels above
the conus tip. This might be because the lower spinal cord is
relatively fixed being tethered by the denticulate ligaments
and the exiting nerve roots and the canal diameter is also
narrower at the latter level. In contrast, the conus is tethered
to the posterior dura, thus increasing the relative OD in these
patients.

The reduction of OF gives an evidence of stretching as well
as posterior attachment of the lower end of the spinal cord [20].
In the postoperative imaging, therefore, assessement of OF in
addition to the evaluation of the ascent of cord may provide
better information.

Another novel parameter that was introduced was the
ΔBA. Normally, the longitudinal axis of the conus is aligned
with the longitudinal axis of the lower end of the cord, without
or with a minimal angulation, present between them. In TCS,
due to the stretching and adhesion of the lower end of the cord
to the posterior dural surface, a significant measurable angu-
lation is present between the two longitudinal axes, respective-
ly. It was found that the difference in theΔBAwas significant
among the patients of all the three subgroups.

The lax and long-winding course of the exiting ventral
roots becomes straightened due to the stretch and downward
displacement of the spinal cord in patients with TCS. This is

Table 6 Comparison, using Kruskal-Wallis test, of the mean distribution of the oscillatory frequency at the index level, and the delta bending angle,
with group of patients who improved, deteriorated, or remained the same at the follow-up visit

Number of patients
in subgroups

Urinary
involvement

Difficulty
in walking

Follow-up

Improvement Deterioration Same

Oscillatory frequency
p = 0.707

< 0.1 16 (51.6%) 5/16 4/16 4 (25%) 2 (12.5%) 10 (62.5%)

> 0.1 15 (48.4%) 4/15 11/15 8 (53.3%) 3 (20%) 4 (26.6%)

Delta bending angle
p = 0.448

< 1 3 (9.7%) 2/3 1/3 0 1 2

1–10 20 (64.5%) 4/20 10/20 9 (45%) 3 (15%) 8 (40%)

> 10 8 (22.6%) 2/7 3/7 3 (37.5%) 1 4 (50%)

No significant difference in the patients’ clinical outcome was obtained among patients who had different oscillatory frequency and delta bending angle
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apparent in the significant difference in the root angulation
obtained on both sagittal and axial MR images at the level
of the conus in the study and control groups.

In the subgroup analysis, it was also possible to differ-
entiate between the extent of tethering based on our radio-
logical parameters. According to our study, in the
meningomyelocoele and the lipomyelomeningocele sub-
groups, the extent of posterior tethering was much more

compared to the thick filum terminale group and the con-
trol group, with the tractional force being directed posteri-
orly; therefore, the translatory movement (OF) was the
minimum in the former two groups. TheΔBA also became
progressively more acute when one compared the thick
fi lum terminale , l ipomyelomeningocele, and the
myelomeningocoele subgroups. The surgical dilemma of
whether or not to detether the spinal cord in these

Fig. 6 Representative sagittal T2W MRI showing calculation of
oscillatory frequency by measuring the difference in the ratio of
oscillatory distance and spinal canal diameter in the preoperative and

postoperative supine and prone positions at the tip of the conus, as well
as the upper border of two contiguous vertebrae above in the preoperative
(a) and follow-up scans (b)
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subgroups, especially when the spinal cord is not below the
level of L3, can be objectively resolved using the proposed
parameters. Two patients in our series had hydrocephalus,
and two had associated Chiari I malformation. There was
no apparent difference between the values obtained in
these patients when compared to rest of the patients in
the series; however, the recruitment of a greater number
of patients in these groups would have led to a more mean-
ingful inference.

Strengths of our study

The emphasis on ratios and differences between the measured
findings, rather than on absolute values, overcomes the disad-
vantages of variability in the measured diameters in the adults
and children and between different ethnic groups. The objec-
tive definitions provide an easy measurability of the

parameters on routine MRI sequences and their easy repro-
ducibility and comparison by different radiologists. During
the prospective study, we discovered a very important addi-
tional point that in prone position, the patients, especially chil-
dren, feel less fearful and claustrophobic while undergoing the
MRI scan. We did not objectively assess the claustrophobia
level, but definitely observed that the patients in our study
were found better compliant while undergoingMRI in a prone
position. This has also been the observation in a previous
study by Hricak et al. [8].

Limitations of our study

A larger number of patients in each subgroup would have
unequivocally established the statistical significance of the
differences in the proposed parameters between the control
and study groups, as well as the subgroups evaluated.

Fig. 7 Representative axial T2WMRI showing calculation of axial root angle in the preoperative supine image (a) as well as the follow-up scans (b) in
supine and prone positions of the patient
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However, utilizing non-parametric tests, we obtained an over-
all significance which was not confounded by age and gender.
Our study also revealed a trend between various subgroups
responsible for TCS, suggesting that as the degree of tethering
increases, the evaluation of spinal cord movements reveals a
progressive lesser OF, a greater ΔBA, and a greater traction
on nerve roots. Inclusion of the postoperative evaluation of
these parameters in the radiological assessment following the
cord detethering procedure, as well as the study of the param-
eters obtained on detecting clinical evidence of further
retethering of the cord at the follow-up visit and its subsequent
detethering, would have comprehensively established the role
of our study parameters. The follow-up MRI studies were not
routinely performed as continuously repeating an MRI study
in the follow-up period translated into a significant economic
burden for our patients. A longer follow-up with more number
of cases is required to ascertain the relevance of our study
parameters on the clinical outcome in patients.

The effect of cardiac and respiratory movements on natural
cord pulsations was not eliminated in the study; however,
previous studies in literature have shown that their effects
are lesser at the lower cord levels, which was the focus of
our study [25]. Placing the patient in supine followed by prone
position requires additional time, an occasional requirement of
sedation especially in children, and relocalization sequencing.
In our patient set, we always had an anesthetic backup in the
MRI suite, in case it was ever required. None of the patients in
our study faced any minor or major complications during the
conduction of the dynamic MRI scans. We did not calculate
the additional time requirement for the procedure because dif-
ferent technicians performed MRI on different days but esti-
mated that the imaging in prone position only required 5 to 10-
min additional sequence acquiring time. Finally, our parame-
ters are not real-time, intraoperative measurements but were
obtained on a preoperative MRI evaluation. An intraoperative
ultrasonography or anMRI would perhaps bemore relevant in
obtaining real-time values of OF,ΔBA, and root angle. In the
future, perhaps software could be developed to evaluate these
parameters automatically as a part of the BMRI-based,
dysraphic state evaluation protocol.^

Conclusions

Multiple newMRI-based parameters to establish the evidence
of TCS have been defined. Each of them evaluated a different
aspect of cord tethering: the OF measured the extent of loss of
cord displacement in the supine and prone positions, theΔBA
defined the angulation that the longitudinal axis of the conus
makes with the plumb line drawn along the longitudinal axis
of the lower spinal cord, and the sagittal and axial root angles
represent the ventral nerve stretching due to the stretched spi-
nal cord. These parameters will help in defining the evidence

of a stretched cord that is vulnerable to exhibit symptoms of
TCS, even when the lower level of cord is not below the
conventionally defined level of L3.

Funding No funding was received for this research.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and/or national research committee (Sanjay Gandhi Postgraduate
Institute of Medical Sciences, Lucknow, India) and with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

Additional informed consent was obtained from all individual partic-
ipants for whom identifying information is included in this article.

References

1. Akgun B, Ozturk S, Ucer O, Erol FS (2017) Intradural sacral ma-
ture teratoma associated with a low-lying conus. Neurol India
65(1):216–217

2. Alamdaran SA, Mohammadpanah N, Zabihian S, Esmaeeli M,
Ghane F, Feyzi A (2017) Diagnostic value of ultrasonography in
spinal abnormalities among children with neurogenic bladder.
Electronic Physician 9(6):4571–4576

3. Brunelle F, Sebag G, Baraton J, CarteretM,Martinat P, Pierre-Kahn
A (1996) Lumbar spinal cord motion measurement with phase-
contrast MR imaging in normal children and in children with spinal
lipomas. Pediatr Radiol 26(4):265–270

4. Dadlani R, Atal AA (2017) Occult sacral meningocoele associated
with spinal dysraphism: report of an unusual case and a review of
literature. Neurol India 65(2):414–416

5. Filippidis AS, Kalani MY, Theodore N, Rekate HL (2010) Spinal
cord traction, vascular compromise, hypoxia, and metabolic de-
rangements in the pathophysiology of tethered cord syndrome.
Neurosurg Focus 29(1):E9

6. Garg K, Tandon V, Kumar R, Sharma BS, Mahapatra AK (2014)
Management of adult tethered cord syndrome: our experience and
review of literature. Neurol India 62(2):137–143

7. Hertzler DA, DePowell JJ, Stevenson CB, Mangano FT (2010)
Tethered cord syndrome: a review of the literature from embryolo-
gy to adult presentation. Neurosurg Focus 29(1):E1. https://doi.org/
10.3171/2010.3.FOCUS1079

8. Hricak H, Amparo EG (1984) Body MRI: alleviation of claustro-
phobia by prone positioning. Radiology 152(3):819

9. Huang SL, Peng J, Yuan GL, Ding XY, He XJ, Lan BS (2015) A
new model of tethered cord syndrome produced by slow traction.
Sci Rep 13(5):9116. https://doi.org/10.1038/srep09116

10. Jokich PM, Rubin JM, Dohrmann GJ (1984) Intraoperative ul-
trasonic evaluation of spinal cord motion. J Neurosurg 60:707–
711

11. Khoury AE, Hendrick EB,McLorie GA, Kulkarni A, Churchill BM
(1990) Occult spinal dysraphism: clinical and urodynamic outcome
after division of the filum terminale. J Urol 144:426–429

158 Acta Neurochir (2019) 161:147–159

https://doi.org/10.3171/2010.3.FOCUS1079
https://doi.org/10.3171/2010.3.FOCUS1079
https://doi.org/10.1038/srep09116


12. Krishnan P, Kartikueyan R, Chowdhury D, Saha M (2013) Ventral
herniation of the dorsal spinal cord: a rare cause of myelopathy.
Neurol India 61:453–454

13. Nakanishi K, Tanaka N, Kamei N, Nakamae T, Izumi B, Ohta R,
Fujioka Y, Ochi M (2013) Use of prone position magnetic reso-
nance imaging for detecting the terminal filum in patients with
occult tethered cord syndrome. J Neurosurg Spine 18(1):76–84

14. Niggemann P, Sarikaya-Seiwert S, Beyer HK, Sobottke R (2011)
Features of positional magnetic resonance imaging in tethered cord
syndrome. Clin Neuroradiol 21(1):11–15

15. Raghavan N, Barkovich A, Edwards M, Norman D (1989) MR
imaging in the tethered spinal cord syndrome. AJNR Am J
Neuroradiol 10:27–36

16. Ranger MR, Irwin GJ, Bunbury KM, Peutrell JM (2008) Changing
body position alters the location of the spinal cord within the ver-
tebral canal: a magnetic resonance imaging study. Br J Anaesth
101(6):804–809

17. Rohrschneider WK, Forsting M, Darge K, Tröger J (1996)
Diagnostic value of spinal US: comparative study with MR imag-
ing in pediatric patients. Radiology 200(2):383–388

18. Sarwar M, Crelin ES, El K, Virapongse C (1983) Experimental
cord stretchability and the tethered cord syndrome. AJNR 4:
641–643

19. Schmidt DM, Robinson B, Jones DA (1990) The tethered spinal
cord Etiology and clinical manifestations. Orthop Rev 19(10):870–
876

20. Singh S, Kline-Fath B, Bierbrauer K, Racadio JM, Salisbury S,
Macaluso M, Jackson EC, Egelhoff JC (2012) Comparison of stan-
dard, prone and cineMRI in the evaluation of tethered cord. Pediatr
Radiol 42(6):685–691

21. Stamates MM, Frim DM, Yang CW, Katzman GL, Ali S (2018)
Magnetic resonance imaging in the prone position and the diagnosis
of tethered spinal cord. J Neurosurg Pediatr 21(1):4–10

22. Takiguchi T, Shigeki Y, TezukaM, Kitajima T (2009)Measurement
of shift of the cauda equina in the subarachnoid space by changing
position. Reg Anesth Pain Med 34(4):326–329

23. Vernet O, O’Gorman AM, Farmer JP, McPhillips M, Montes JL
(1996) Use of the prone position in the MRI evaluation of spinal
cord retethering. Pediatr Neurosurg 25(6):286–294

24. Wilson DA, Prince JR (1989) MR imaging determination of the
location of the normal conus medullaris throughout childhood.
AJR Am J Roentgenol 152(5):1029–1032

25. Winklhofer S, Schoth F, Stolzmann P, Krings T,Mull M,Wiesmann
M, Stracke CP (2014) Spinal cord motion: influence of respiration
and cardiac cycle. RöFo 186(11):1016–1021

26. Yamada S, Won DJ (2007) What is the true tethered cord syn-
drome? Childs Nerv Syst 23:371–375

Acta Neurochir (2019) 161:147–159 159


	Dynamic...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Patient spectrum
	Study parameters
	Exclusion parameters
	Radiological outcome assessment
	Statistical analysis

	Results
	Patient spectrum
	Radiological parameters defined in the initial pilot study
	Comparison between the study and the control group
	Comparison between the subgroups
	Immediate clinical outcome analysis using our radiological parameters

	Discussion
	Significance of various findings in our study
	Strengths of our study
	Limitations of our study

	Conclusions
	References


