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Abstract
Study design Cross-sectional descriptive study.
Objectives To compare the diffusion tensor imaging (DTI) changes of the sacral cord in people with complete cervical
spinal cord injury (SCI) and neurogenic bladder versus people without SCI, and to explore the relationship between sacral
cord DTI changes and bladder contractility.
Setting First Affiliated Hospital of Soochow University, Jiangsu Province, China.
Methods Forty participants were included: 25 participants with complete cervical SCI and 15 without SCI. Fractional
anisotropy (FA) and apparent diffusion coefficient (ADC) values were calculated by DTI for ventral horn and intermediate
column of sacral cord at S2–S4 level. All participants underwent urodynamic examination. The urodynamic parameters
(voiding efficiency (VE), and bladder contractility index (BCI)) and DTI parameters were compared between people with
and without SCI. The correlations between DTI values (FA and ADC) and urodynamic parameters were analyzed.
Results The FA values were significantly lower and the ADC values were significantly higher in the intermediate column
and ventral horn at S2–S4 level of the participants with SCI compared with their able-bodied counterparts (p < 0.05). VE and
BCI were significantly different between the two groups (p < 0.05). The FA values of intermediate column positively
correlated with BCI (r= 0.749, p < 0.05) and the ADC values negatively correlated with BCI (r=−0.471, p < 0.05) in
participants with SCI. The DTI values of sacral cord were not correlated with each urodynamic parameter in participants
without SCI (p > 0.05).
Conclusions Complete cervical SCI might lead to microstructural changes of the sacral cord, which might further affect
bladder contraction.

Introduction

Neurogenic bladder is the most common complication fol-
lowing spinal cord injury (SCI). The regions remote to
injury site show permanent anatomic changes and

functional reorganization [1]. Some investigators have
reported decreases in both the size and numbers of corti-
cospinal neurons as well as changes in synaptic spine
density and neuronal morphology following SCI [2]. Many
studies have investigated the changes in the brain after SCI
in people with imaging [3], but changes in the sacral cord
following SCI have not been well studied. The sacral
micturition center is located at the S2–S4 level. Para-
sympathetic efferents from the sacral cord at the S2–S4
level via the pelvic nerves provide excitatory input to the
bladder. The external urethral sphincter is regulated through
somatic nerves via the pudendal nerve. The detrusor and
external urethral sphincter are essential for the function of
the lower urethra [4]. Reflex voiding is dependent on the
integrity of the sacral micturition center at S2–S4 in people
with SCI. Therefore, we need to understand the pathophy-
siological condition of sacral cord following SCI. Indeed, a
better understanding of the pathophysiological condition of
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sacral cord might provide vital information for the treatment
of neurogenic bladder after SCI.

Diffusion tensor imaging (DTI) is a noninvasive MRI
method for the quantitative detection of changes in regional
neural structures. DTI measures the motion of water
molecules in multiple directions and provides indications of
tissue integrity. DTI indices such as fractional anisotropy
(FA), apparent diffusion coefficient (ADC), axial diffusiv-
ity, and radial diffusivity have the potential to quantify
biologically relevant diffusion changes in the spinal cord.
FA is a parameter of anisotropic strength, ranging from 0 to
1, with values close to 1 indicated relatively strong aniso-
tropy, whereas a value of 0 indicates complete isotropy. FA
is a summary measure of microstructural integrity and it is
highly sensitive to microstructural changes. A decreased FA
value often suggests axonal degeneration or demyelination.
ADC values are used to indicate the magnitude of diffusion
[3]. DTI assessment of neurological changes rostral to the
site of injury had been reported in people with cervical SCI
[5]. However, DTI changes of the sacral cord following SCI
have not been fully studied. Previous studies reported that
DTI values at injury site correlated with motor function and
could be used in predicting long-term neurological and
functional outcome in people with SCI [6]. Therefore, it
might provide further insights into the pathophysiological
changes of neurogenic bladder after SCI to reveal the
relation between DTI values and bladder function.

The purpose of this study was to investigate DTI changes
of the sacral cord in people with complete cervical SCI and
neurogenic bladder, comparing with people without SCI,
and to explore the DTI value in evaluating the sacral cord
microstructure changes and its relation with bladder
contractility.

Methods

People with complete cervical SCI with voiding dysfunc-
tion were enrolled and designated as the experimental
group. All the participants underwent urodynamic studies
before enrollment. The inclusion criteria were as follows:
(1) the SCI caused by trauma; (2) no concurrent brain
injury; (3) clear consciousness and stable vital signs. The
exclusion criteria included: (1) sacral cord involved in SCI;
(2) more than one incidence of SCI; (3) contraindication for
MRI; (4) taking antimuscarinic drugs and skeletal muscle
relaxants. Completeness of injury was recorded using the
American Spinal Injury Association Classification (ASIA)
scale, wherein “A” represents complete injury. The people
with SCI included in the experimental group were all with
scale “A.” In addition, people without SCI were recruited
into the control group, who were from physical examination
center, with normal physical examination results. Physical

examination items at least contained blood pressure mea-
surement, fasting blood glucose, glycated hemoglobin, lipid
analysis, liver and kidney function, blood routine, urine
routine, fundus photography, and electrocardiogram. A
sufficient detailed interrogation was then followed, to
exclude any history disease such as pelvic fractures and
prior urinary tract surgery and a history of diabetes. This
study was conducted in accordance with the declaration of
Helsinki. This study was approved by the Independent
Ethics Committee of First Affiliated Hospital of Soochow
University. Informed consent was obtained from each par-
ticipant in the study.

The age and gender of the participants, as well as some
clinical characteristics of experimental group (time since
injury, neurological level of SCI, ASIA scale, fixation
segment, and bladder management) were recorded.

Urodynamic assessment

All participants received urodynamic measurements with
the urodynamic instrument (Laborie Delphis B type,
Canada). The cystometry and pressure-flow measures were
taken with the participants in a seated position. One 8
French (F) triple lumen catheter was transurethrally inserted
to detect bladder pressure, and 18F balloon catheter was
inserted through the anus to measure abdominal pressure.
Sphincter electromyography was performed using surface
patch electrodes, which were placed at the 3 and 9 o’clock
position around the anus. Detrusor sphincter dyssynergia
(DSD) was defined as the presence of involuntary con-
tractions of the external sphincter during detrusor contrac-
tions. The following urodynamic parameters were
measured: volume voided, postvoid residual, maximum
flow rate (Qmax), detrusor pressure at Qmax (PdetQmax),
and maximum urethral pressure (MUP). Bladder con-
tractility index (BCI) was calculated using the formula:
PdetQmax +5 Qmax. Voiding efficiency (VE) was calcu-
lated as: volume voided/(volume voided+ postvoid resi-
dual) × 100. Participants were asked to avoid abdominal
straining during the pressure-flow measurements. All the
urodynamic parameters mentioned above were recorded.

MR examination

After emptying the bladder, all the participants underwent
MR scans using a 3-Tesla MR scanner (Signa HDxt, GE
Healthcare, Milwaukee, WI). A tight girdle was used
around the lower abdomen to reduce the respiratory arti-
facts. Conventional sacral spine MRI (sagittal fast spin echo
T1- and T2-weighted sequences, axial fast spin echo T2-
weighted sequence) and DTI were obtained. The scan
parameters of the DTI sequence were diffusion directions
20, b value 600 mm2/s, repetition time/echo time 6000/80.7
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ms, field of view 256 × 256 mm, matrix 128 × 48, slice
thickness 2 mm without gap, and number of signal averages
(NEX) 3.

Image analysis

The DTI images were sent to Advanced Workstation (ver-
sion 4.4). Imaging analyses were performed double-blinded
by two attending neuroradiologists. First, DTI images were
merged onto the T2-weighted structural images by function
tools in the workstation. Then, circular regions of interest
(ROI) were manually placed on axial images of the color-
coded FA maps at proximately S2–4 sacral cord level,
which were respectively and symmetrically placed in
bilateral ventral horn and intermediate column of the gray
matter of sacral spinal marrow. The ROIs were sequentially
named from ROI 1 to ROI 4, with ROI 1 centered in the
right ventral horn and ROI 2 in the left side, so were the
ROI 3–4 in intermediate column. ROI 1–4 were set care-
fully to avoid the border areas between the gray matter and
white matter of sacral spinal marrow. Finally, the mean FA
and ADC values of bilateral ventral horn and intermediate
column were respectively calculated and recorded (Fig. 1).

Statistical analysis

The sample size for two independent samples, continuous
outcome was calculated according to the formula ni ¼
2 Zσ

ES

� �2
where ni is the sample size required in each group

(i= 1, 2), Z is the value from the standard normal dis-
tribution reflecting the confidence level that will be used
and E is the desired margin of error. All statistical analyses
were performed with standard statistical analysis software
(SPSS version 26.0, SPSS). Mann–Whitney U test and two-
sample T test were used respectively for nonnormal dis-
tributed and normal distributed data, to compare the age,
DTI values and urodynamic parameters between the
experimental and control groups. Pearson Chi-square test

was used to test the difference of the gender between the
groups. The Pearson correlation analysis was used to ana-
lyze the correlations between DTI values and urodynamic
parameters. A p value less than 0.05 was considered sta-
tistically significant. The mean value of nonnormal dis-
tributed data was recorded as median (IQR) and the mean
value of normal distributed data was recorded as
mean (SD).

Results

A total of 40 participants (25 people with SCI and 15
without SCI) were enrolled in this study. There were 20
men and 5 women in the experimental group, with a median
age 39.0 (12.5) years (mean 95% CI 36.7–47.8 years), and
there were 12 men and 3 women in the control group, with a
mean age 39.6 (12.7) years (mean 95% CI 32.6–46.6 years).
No significant differences were noted with regard to the
gender and age (p > 0.05).

In the experimental group, the details of time since
injury, neurological level of SCI, fixation segment, and
bladder management were showed in the Table 1. All par-
ticipants with SCI demonstrated neurogenic lower urinary
tract dysfunction, among which 4 participants with urinary
retention and 21 participants with urinary incontinence. The
volumes were less than 100 ml in three participants. Three
(12%) participants in the experimental group showed
hyporeflexic detrusor, while 20 (80%) presented hyperre-
flexic detrusor and/or DSD.

The primary outcome of the study was that the people
with SCI showed reduced FA value both in intermediate
column and ventral horn of sacral cord (p < 0.05) (Table 2),
and the FA value of intermediate column was positively
correlated with BCI (r= 0.749, p < 0.05) (Fig. 2). The
secondary outcomes of the study were as following: (1)
the people with SCI showed increased ADC value both
in intermediate column and ventral horn of sacral cord

Fig. 1 MR image of sacral
cord. Left: axial T2-weighted
image of sacral cord proximately
at S2–S4 level; right: DTI image
(color-coded FA maps of sacral
cord at the same level. ROI 1
and 2 located in ventral horn
while ROI 3 and 4 in
intermediate column.
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(p < 0.05) (Table 2), and the ADC value of intermediate
column was negatively correlated with BCI (r=−0.471,
p < 0.05) (Fig. 2). (2) The urodynamic parameters (VE and
BCI) were significantly different between the experimental
group and control group (p < 0.05) (Table 2). (3) Neither
FA value nor ADC of ventral horn was statistically

associated with MUP in experimental group (respectively
r= 0.344, r=−0.154, p > 0.05) (Fig. 3). (4) The DTI
values of intermediate column and ventral horn were not
correlated with each urodynamic parameter in people
without SCI (p > 0.05).

Discussion

In present study, we found that the DTI values of the
intermediate column and ventral horn of the sacral cord
were significantly different between individuals with and
without SCI. The FA value of the intermediate column of
the sacral spinal cord showed a positive correlation with
BCI, while the ADC value showed a negative correlation
with BCI in participants with SCI.

SCI produces a physiologic disconnection with the distal
motor targets and disassociation with the sensorimotor
areas, which are related to the changes of neural structure
and function at the sites remote from the primary injury [5].
Gray and white matter volume is decreased in people with
cervical SCI compared with people without SCI [7].
Wrigley et al. reported structural changes in the cortical
motor regions and descending motor tracts in people with
complete SCI. They speculated that these brain anatomical
changes may limit motor recovery following SCI [8]. In
another study, Sun et al. found that the value of FA
decreased dramatically in the cerebral peduncle of people
with cervical ASIA-A/B, and demonstrated both axonal
injury and edema/tissue loss occurred in cerebral peduncle
of people with cervical ASIA-A/B, but not with cervical
ASIA-D and thoracic SCI, as compared with the people
without SCI [9]. There were also some reports about the
changes of DTI values at the regions near the injury site.
The spinal cord area above the injury level showed
decreased FA value and it was correlated with poorer motor
and sensory function [10]. There were differences of DTI
indexes at the injury site and the areas remote from injury
site between the injured and control groups [11]. Reduced

Table 2 The differences of urodynamic parameters and DTI values between the participants in experimental and control group.

VE (%) BCI FA ADC (×10−3 mm2/s)

IC VH IC VH

Experimental group (n= 25) 46.42 (23.22) 68.44 (42.45) 0.20 (0.03)* 0.21 (0.03)* 2.58 (0.95)* 2.33 (0.31)

Control group (n= 15) 96.37 (1.91) 118.82 (12.43) 0.30 (0.07) 0.32 (0.07) 1.58 (0.36) 1.47 (0.31)

Between-groups differences −62.18 to −37.73 −68.91to −31.85 −0.13 to −0.048 −0.13 to −0.06 0.62 to 1.19 0.66 to 1.06

p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

The mean values with * on the upper right were recorded as Median (IQR) for nonnormal distributed data, the others without * were recorded as
Mean (SD) of normal distributed data. Between-groups differences were recorded as mean (95% CI).

VE voiding efficiency, BCI bladder contractility index, FA fractional anisotropy, ADC apparent diffusion coefficient, IC intermediate column, VH
ventral horn.

Table 1 Clinical characteristics of subjects in experimental group.

Variables Experimental group (n= 25)

Median (range) 10 (7-15)

Neurological level, n (%)

C5 6 (24%)

C6 8 (32%)

C7 7 (28%)

C8 4 (16%)

ASIA, n (%) 25 (100%)

Fixation segment, n (%)

C4–C6 4 (16%)

C5–C6 1 (4%)

C5-C7 6 (24%)

C5–C8 2 (8%)

C6–C8 5 (20%)

C6–T1 2 (8%)

C7–T1 4 (16%)

C8–T2 1 (4%)

Bladder management, n (%)

IC 7 (28%)

CIC 13 (52%)

CC 3 (12%)

IP 2 (8%)

Neurological level was determined according to the International
Standards for Neurological Classification of SCI.

AIS American Spinal Injury Association Impairment Scale; scale
“A”—complete injury according to ASI, IC indwelling catheterization,
CIC clean intermittent catheterization, CC condom catheter, IP
incontinence pad.
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FA and increased ADC were found in the sacral cord of
people with complete cervical SCI in present study, which
were consistent with the previous studies [10, 11]. How-
ever, Facon et al. found that there was no difference of FA
and ADC values in the remote sites away from compression
site compared with controls [12]. This inconsistence was
mainly due to the different research participants—incom-
plete SCI and spinal cord compression in Facon’s study
verse complete cervical SCI in present study. Mulcahey
et al. found significant differences in DTI values between
controls and participants with complete SCI while no dif-
ferences between controls and participants with incomplete
SCI at regions above and below injury level [13]. However,
none of these studies extended to the microstructural

changes of the sacral cord. To the best of our knowledge,
this is the first report of decreased FA values and increased
ADC values at sacral cord in people with complete cervical
SCI. The pathological events that occur at the sites remote
to the lesion in people with chronic SCI had been reported
[14]. Yokota et al. studied the histological and biological
changes in sites remote to the lesion in thoracic SCI mice.
They found the number of presynaptic boutons and the
expression of neuronal activity makers were significantly
lower in lumber motor neurons. The decreased presynaptic
input from descending fibers might be responsible for the
changes [15].

DTI had been used for the diagnosis and evaluation of
various diseases. Decreased FA and the increased ADC

Fig. 3 Correlations between DTI values in ventral horn of sacral
cord and MUP. Graphs showing no significant correlations between
DTI values in ventral horn of sacral cord and MUP in EG. a FA and

MUP. b ADC and MUP. DTI diffusion tensor imaging, MUP max-
imum urethral pressure, EG experimental group, FA fractional aniso-
tropy, ADC apparent diffusion coefficient.

Fig. 2 Correlations between DTI values in intermediate column of
sacral cord and BCI. Graphs showing significant correlations
between DTI values in intermediate column of sacral cord and BCI in

EG. a FA and BCI. b ADC and BCI. DTI diffusion tensor imaging,
BCI bladder contractility index, EG experimental group, FA fractional
anisotropy, ADC apparent diffusion coefficient.
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generally suggested nerve injury [3]. There was a significant
reduction in FA at the whole-cord level in people with acute
cervical injury. This finding suggested that DTI might
depict the microstructural modifications of the sacral cord
(remote from the injury site), even though there was no
abnormality detected by conventional MRI [11]. In people
with cervical spondylotic myelopathy, FA values of the
cervical cord were well correlated with the clinical scores
obtained by using the modified Japanese Orthopedic
Association scoring system [16]. Moreover, higher FA
values were correlated with functional recovery in people
with cervical SCI [6].

ADC is affected by cellular size, shape, and integrity and
increased in the lesions with edema, demyelination, and
axonal loss. FA is a main parameter reflecting the degree of
tissue’s anisotropy. Decreased FA indicates fewer axons or
less demyelination [3]. In present study, the decreased FA
and increased ADC values at the sacral cord suggested that
there were microstructural changes of the sacral cord in
people with complete cervical SCI and neurogenic bladder.
There might be fewer barriers to water molecular move-
ment, indicating a loss of similarly orientated fibers (axons
and/or dendrites) and possible cell death in people with
complete cervical SCI. In chronic SCI, cellular inflamma-
tion and edema were assumed to be less relevant, while
axon and myelin loss were thought to be the primary sub-
strate of functional disability [17, 18]. Therefore, our results
indicated the pathological changes at sacral cord in people
with complete cervical SCI.

Bladder contractility, consisting of contractile strength
and contractile duration, was a crucial element for bladder
voiding function. Bladder contractility was usually assessed
by contractile strength, because it was not well validated to
measure contractile duration. Currently, several parameters
including Schafer nomogram (pressure/flow), BCI, and
Watts Factor may be used to characterize bladder con-
tractility, of which BCI was more commonly used [19]. In
this study, reduced BCI was found in the experimental
group compared with control group. The intermediate col-
umn of gray matter at S2–S4 level was directly pertained to
detrusor contraction, because the sacral parasympathetic
nervous system, which was originated from the detrusor
nucleus located in lamina V–VII of sacral cord, transmitted
the major excitatory input to the urinary bladder [4]. After
suprasacral SCI, the voluntary control of the lower urinary
tract was lost and the spinal reflex control of micturition was
presented [20]. It implied that BCI in experimental group
was mainly managed by spinal cord micturition center. DTI
values at injury site were related with long-term neurolo-
gical and functional outcome in people with cervical SCI
[6]. The present study showed similar results that BCI had a
positive correlation with FA and negative correlation with
ADC values of intermediate column at S2–S4 level,

suggesting that the pathological changes occurring in sacral
cord (S2–S4, spinal cord micturition center) might be the
cause of reduced BCI in people with complete cervical SCI.
Six participants in the experimental group showed normal
BCI (>100), while they showed poor empty (postvoid
residual volume more than 100 ml) due to DSD. According
to the BCI formula, BCI was partially depended on Qmax.
Since the abdominal strain during voiding would increase
BCI artificially, it was excluded by asking participants to
relax the abdominal muscles during pressure-flow study.
Contractility was a physiologic term used to describe
muscle performance. Currently used parameters of bladder
contractility were derived from pressure-flow studies in
people without SCI. Since each parameter was not the direct
index to measure detrusor contractility and has its certain
limitations, there was no universally accepted method to
assess bladder contractility so far [21]. Although BCI was
used to assess detrusor contractility in this study as in some
previous studies [22, 23], further assessments were still
needed in future study design. It was possible that BCI
might partially describe bladder voiding function in people
with SCI. In order to gain a more accurate assessment of
bladder voiding function, VE was also selected and ana-
lyzed in this study. Given the anatomical differences of
genitourinary system, there was such a view that BCI
should be used with caution in women as it might be highly
influenced by reduced outflow resistance [24]. Hence, it was
advisable to explore and define a urodynamic-based para-
meter without gender-related difference to reflect physio-
logical bladder contractility in people with SCI.

VE was an indicator of bladder voiding function. VE was
affected by coordinated actions between the detrusor and
the urethral sphincter, which was controlled by the central
nervous and peripheral and autonomic nervous system.
Complete suprasacral injuries disrupt the neuronal pathways
between the brain and sacral micturition center. The VE was
46% and showed no significant correlation with DTI values
in the experimental group. This might be due to DSD,
which results in a large residual volume of urine. Contrary
to the findings of the experimental group, no obvious cor-
relation was found between DTI values in sacral cord and
BCI in control group. This suggests that effects of sacral
micturition center on micturition may be different in people
with SCI and without SCI.

The external urethral sphincter played a major role in
MUP. Although the external urethral sphincter was inner-
vated by somatic nervous system, which was arising from
the pudendal (Onuf’s) nucleus located in lamina IX of sacral
cord [4], our results showed that there was no obvious
correlation between DTI values of the ventral horn in the
sacral cord and MUP in people with complete cervical SCI.
This result might be due to the following two reasons. First,
the urethral pressure measured in this study was static, but
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actually the urethral pressure varied throughout voiding in
people with neurogenic bladder and these changes of ure-
thral pressure were more obvious in people with SCI with
detrusor external sphincter dyssynergia [25]. Second,
prostate was an important factor affecting the urinary
pressure of male participants [26] and 80% of participants
(20/25) in this study were male. Therefore, the MUP may
not fully reflect the function of the external urinary
sphincter in people with SCI.

There was a general correlation between the neurological
level of injury and bladder behavior in people with SCI.
Theoretically, participants with high thoracic or cervical
SCI normally have uninhibited detrusors contraction.
Eighty percent of people with cervical SCI showed hyper-
reflexic detrusor and/or DSD in this study, which was
similar to previous research [27]. But some of them show
atypical signs and symptoms, such as urinary retention,
hyporeflexic, and areflexic bladder [28]. Tosi’s study
reported that five participants (14%) high thoracic or cer-
vical SCI showed bladder hyporeflexia [29]. They found
that the whole-cord distal to injury site became atrophic in
two cases, and the sacral cord showed multiple cystic cav-
ities in other cases with MRI. In our study, no abnormality
was found in the sacral cord except for the changes of DTI
values with MRI. It was suggested that multiple factors,
especially the different structural changes of spinal cord
might be responsible for the atypical symptoms.

The main limitation of this study was the relatively small
sample size of the two groups, which may lead to less
reliable results. A higher number of people with SCI should
be gathered for a more robust data set in the future. Fur-
thermore, we focused on the people with complete SCI.
However, the differences of DTI values between individuals
with complete and incomplete SCI were not included. In
addition, there are different types of neurogenic bladder,
which may affect the DTI value of the sacral cord in people
with SCI. A further study needs to be designed on DTI
changes of the sacral cord in individuals with SCI and
different types of neurogenic bladder.

In conclusion, there are DTI changes of the sacral cord in
people with complete cervical SCI and neurogenic bladder,
and these changes significantly correlate with detrusor
contraction. It suggests that DTI might be a noninvasive and
promising method to reflect the severity of the sacral
microstructural change, and to explore the etiology of
neurogenic lower urinary tract dysfunction after SCI, but
further studies are needed to confirm this hypothesis.
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