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ABSTRACT
Background: Spinal cord tethering and syringomyelia after trauma are well- known pathologies in patients suffering 

from spinal cord injury (SCI). In symptomatic cases, various surgical options are available, but untethering and expansion 
duraplasty is the currently preferred treatment strategy. However, patient outcomes are usually limited by rather high rates of 
surgical revisions. The aim of the present study was to identify risk factors in SCI patients who underwent multiple surgeries for 
symptomatic spinal cord tethering and syringomyelia.

Methods: We retrospectively investigated 25 patients who received at least 2 untethering surgeries of the spinal cord. All 
patients were treated by untethering and expansion duraplasty and/or clinically followed between 2012 and 2022 at the Swiss 
Paraplegic Center.

Results: A higher location of SCI correlates with a more rapid development of symptomatic spinal cord retethering in 
need of surgical revision (r = 0.406 and P = 0.044). Interestingly, the extent of spinal cord tethering is lower in those patients 
who underwent an early surgical intervention (r = 0.462 and P = 0.030), which points toward an increased vulnerability of the 
spinal cord at higher levels. Ninety- two percent of the patients displayed a potentially chronic inflammatory condition with a 
mean level of C- reactive protein of 28.4 ± 4.1 mg/L, while the white blood cell count was identified as an independent predictor 
for surgical interventions in symptomatic cases.

Conclusions: Revision surgery in posttraumatic spinal cord tethering and syringomyelia patients is associated with the 
location of SCI and the extent of spinal cord tethering. It appears that chronic inflammatory conditions might play an important 
role in promoting spinal cord retethering and thus warrant further investigation.

Clinical Relevance: SCI patients with chronic inflammatory conditions and SCI at upper levels should be clinically 
monitored more carefully as they appear to be more susceptible to progressive forms of posttraumatic spinal cord tethering and 
syringomyelia.

Level of Evidence: 3.

Other and Special Categories

Keywords: inflammation, posttraumatic, revisions, spinal cord tethering, syringomyelia

INTRODUCTION

Posttraumatic spinal cord tethering and syringomyelia 
are rare and disabling pathologies in spinal cord injury 
(SCI) patients1–5 with an overall incidence of approxi-
mately 7%.6 In symptomatic and deteriorating cases, a sur-
gical strategy is indicated, typically favoring the approach 
of spinal untethering and expansion duraplasty.7–9 
However, surgical outcome is often frustrating, and com-
plication rates are rather high.10 In particular, revision rates 
due to retethering in progressive disease account for up 
to 50%, with surgical reinterventions becoming increas-
ingly demanding and time consuming. At present, the 

understanding of the pathophysiological mechanisms of 
progressive posttraumatic spinal cord tethering and syrin-
gomyelia is limited. Moreover, strategies to reduce revi-
sion rates like expansion duraplasty and/or placement of 
drainages are unspecific measures that are only partially 
successful.11

The process of spinal cord tethering is considered a pro-
gressive scarring of the meninges due to an inflammatory 
cascade, frequently triggered by a traumatic event.12 The 
arachnoiditis and the subsequent tethering of the spinal 
cord gradually lead to an impairment of pulse pressure 
waves of the cerebrospinal fluid (CSF), which disturbs 
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central nerve conduction. To some extent, this might 
additionally alter the vascular resistance of spinal cord 
vessels.13 As a consequence, intravascular fluid eventually 
starts to leak from the vascular structures and accumulates 
within the spinal cord. This phenomenon is known as 
myelomalacia or “soft cord” and can evolve into syringo-
myelia as an end point of this process.

Different studies have focused on regenerative capac-
ities and neuroprotective effects of neural precursor cells 
for SCI patients.14,15 Indeed, improved functional outcome 
was observed in experimental animal models. These 
promising results might partially be explained by neuro-
modulation through differentiated astrocytes (and other 
regulatory cells) involved in the immune response of the 
injured central nervous system.16 However, results in clin-
ical trials are less encouraging with conflicting results.17 
Nevertheless, as inflammation after trauma appears to play 
a critical role in SCI patients and in the development of 
posttraumatic spinal cord tethering and syringomyelia, a 
chronic inflammatory state could possibly be associated 
with retethering and thus disease progression. As a conse-
quence, we investigated a cohort of patients suffering from 
posttraumatic spinal cord tethering and syringomyelia 
who underwent multiple untethering surgeries. The indi-
cation to perform surgery followed the recommendations 
stated by Bonfield et al11 and was based on both magnetic 
resonance evaluation and failure to preserve the patient’s 
function (ie, achieve a stable neurological level). The aim 
was to identify outcome predictors to select patients at risk 
for spinal retethering and thus personalize and improve 
patient care. The hypothesis was that chronic inflamma-
tory conditions might be a risk factor for progressive forms 
of posttraumatic spinal cord tethering and syringomyelia 
in need of surgical revisions.

MATERIALS AND METHODS

Patient Population and Data Collection

In this investigation, we retrospectively included 25 
patients (22 men and 3 women) who underwent surgical 
revisions (spinal untethering and expansion duraplasty) 
out of a larger cohort of patients with surgical treatment 
of symptomatic spinal cord retethering and syringomyelia 
after trauma.9 Only patients with recurrent surgeries (n ≥ 
2) were included, while all the other patients with only 1 
surgical intervention (n < 2) were excluded from further 
investigations (n = 42).

All patients were initially treated by untethering 
and expansion duraplasty and/or clinically followed up 
between 2012 and 2022 at the Swiss Paraplegic Center. 
The clinical and imaging data were electronically retrieved 

by the available patient’s medical and imaging records. 
The indication to perform surgical interventions in symp-
tomatic spinal cord tethering and syringomyelia followed 
the recommendations by the consensus panel in 2010.11 
All patients have been evaluated by the same criteria that 
arose from the best available evidence as well as practice 
preference. Syringoperitoneal shunts were either newly 
introduced or revised whenever the intraoperative collapse 
of the syringomyelia (as controlled by ultrasound) was less 
than 50% of its initial size after concluding the surgical 
untethering. To estimate potential chronic inflammation, 
all available C- reactive protein (CRP) and white blood cell 
(WBC) counts were collected from each patient over the 
whole follow- up period.

The study was approved by the local ethics commit-
tee (Ethikkommission Nordwest- und Zentralschweiz, 
EKNZ; KEK- 2021–00890). The need for written informed 
consent for further use of patient’s medical records for 
research purposes was waived by the local ethics commit-
tee. All investigations were performed in accordance with 
the Declaration of Helsinki (as revised in 2013) and thus 
respect ethical principles for medical research involving 
human subjects.

Statistical Analysis

Quantitative parameters are expressed as mean ± SE 
and categorical variables as frequencies or percentages. As 
test for normal distribution of the data, the Shapiro–Wilk 
test was used. Pearson’s correlation analysis was applied 
to identify a relationship between the parameters of inter-
est. Furthermore, step- wise multivariate linear regression 
models were used to determine independent predictor 
variables. Due to the explorative nature of this investiga-
tion, no prespecified level of significance was selected. 
Therefore, the level of evidence was graded on a contin-
uous scale as previously recommended,18 and P values 
were quantified according to their level of evidence. All 
statistical investigations were conducted using SPSS 28 
(SPSS, Chicago, IL, USA).

RESULTS

Of the investigated 25 patients (22 men and 3 
women), the mean ages at the time of SCI and at 
first and second surgical interventions were 27.7 ± 
2.3 years, 41.6 ± 2.3 years, and 47.9 ± 2.2 years, 
respectively. The mean intervals between the SCI and 
the first surgery and the first and the second surgery 
were 13.9 ± 2.8 years and 6.3 ± 1.5 years. Almost 
all included patients had 2 surgical interventions (n = 
20, 80%), while 5 patients had 3 or more surgeries (n 
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= 5, 20%). The mean follow- up of patients after the 
last surgical intervention was 6.3 ± 1.2 years. Most 
patients had an ASIA Impairment Scale grade of A 
(n = 18, 72%), and 92% (n = 23) of patients were 
initially classified as polytrauma at the time of SCI. 
The majority of the patients displayed a potentially 
chronic inflammatory condition (n = 23, 92%), while 
most frequently, a chronic prostatitis or urinary tract 
infection (n = 23, 92%) and/or pressure ulcers (n = 
14, 56%) were present. Some patients (n = 12, 48%) 
suffered from other chronic inflammatory disorders 
like dermatological, neoplastic, and/or rheumatologi-
cal diseases. Finally, patients showed mildly elevated 
levels of CRP of 28.4 ± 4.1 mg/L with a WBC count 
of 7.7 ± 0.4 × 109/L over the whole follow- up period. 
Fourteen of the 25 patients (56%) received either a 
new syringoperitoneal or a revision of the already 
implanted shunt system. An overview of the available 
patient baseline characteristics is given in Table 1. As 
only 3 of the 25 patients in this cohort were women, 
a statistical comparison of the demographics between 
men vs women was not possible.

The higher the location of SCI, the more rapid was 
the development of symptomatic spinal cord tether-
ing in need of surgical intervention (r = 0.462; P = 
0.020; Figure A). Interestingly, the extent of spinal 
cord tethering was less severe in patients who under-
went early untethering surgery (r = 0.462; P = 0.030; 
Figure B), pointing toward an increased vulnerability 
of the spinal cord at upper levels for the development 
of symptomatic spinal cord tethering and syringomy-
elia. In accordance with these findings, the level of 
SCI positively correlated with the interval between 
the first surgical intervention and revision surgery 
(r = 0.406; P = 0.044; Figure C). Therefore, SCI 
lesions at higher levels appear to be more prone to 
develop symptomatic spinal cord tethering in need of 

Table 1. Patient baseline characteristics.

Characteristic Cohort (n = 25)

Age SCI, y, mean ± SD 27.7 ± 2.3
Age at first surgery, y, mean ± SD 41.6 ± 2.3
Age at revision surgery, y, mean ± SD 47.9 ± 2.2
AIS grade A, n (%) 18 (72.0%)
Polytrauma, n (%) 23 (92.0%)
Chronic prostatitis and/or recurrent UTI, n (%) 23 (92.0%)
Pressure ulcers, n (%) 14 (56.0%)
Other inflammatory diseases, n (%) 12 (48.0%)
CRP, mg/L, mean ± SD 28.4 ± 4.1
WBC count, 109/L, mean ± SD 7.7 ± 0.4

Abbreviations: AIS, ASIA impairment scale; CRP, C- reactive protein; SCI, spinal 
cord injury; UTI, urinary tract infection; WBC, white blood cell.
Note: Because only 3 of the 25 patients in this cohort were women, statistical 
comparison of the demographics between men vs women was not possible.

Figure. Rate of development of symptomatic spinal cord tethering and 
syringomyelia in patients with surgical revisions. The interval between spinal 
cord injury (SCI) and the first surgical intervention correlated with the location 
of the SCI lesion (panel A; P = 0.020) and with the extent of spinal cord tethering 
(panel B; P = 0.030). Furthermore, the velocity of development of spinal cord 
retethering was correlated to the segmental height of the SCI lesion (panel C; P 
= 0.044). The 95% confidence interval of the linear line fitting including the SE 
of regression is given for panels A–C. Regarding the location of SCI lesion, the 
vertebral segments are displayed in anatomical order from C0 to S1, while the 
displayed locations refer to the middle of the respective SCI lesion.
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surgical intervention and might be a risk factor for 
surgical revisions. Subgroup analysis by various ana-
tomic groups (cervical, C0–C7; cervicothoracic, C6–
Th2; thoracic, Th1–Th12; thoracolumbar, Th10–L2; 
lumbar, L1–L5) did not allow any statistically robust 
conclusions due to lack of both sample and effect 
sizes.

In the first stepwise multivariate linear regres-
sion model adjusted for risk factors that potentially 
promote arachnoiditis, including age, the extent of 
spinal cord tethering/syringomyelia, and location of 
SCI, both age (B- coefficient 0.478 and P = 0.013) 
and extent of spinal cord tethering/syringomyelia (B- 
coefficient 0.396 and P = 0.034) were independent 
predictors for the rate of development of a symptom-
atic tethered cord and syringomyelia (Table 2, Model 
1). In the second stepwise multivariate linear regres-
sion model including age, location of SCI, CRP, and 
WBC, both location of SCI (B- coefficient 0.621 and 
P = 0.002) and WBC (B- coefficient 0.357 and P = 
0.048) were selected as independent predictors for 
the rate of development of a symptomatic tethered 
cord and syringomyelia (Table 2, Model 2). In the 
final stepwise multivariate linear regression model, 
which included age, type of duraplasty, and location 
of SCI as risk factors for developing retethering, the 
location of SCI was selected as an independent pre-
dictor (B- coefficient 0.406 and P = 0.044; Table 3).

DISCUSSION

Surgical revisions due to retethering in SCI patients 
with symptomatic spinal cord tethering and syringo-
myelia are a great challenge in the treatment of this 
disabling pathology. It appears that patients with SCI 
lesions located in the upper spinal cord are more 

susceptible in developing symptomatic spinal cord 
tethering and syringomyelia in need for surgery. Inter-
estingly, minor or circumscribed adhesions situated at 
higher levels of the spinal cord are already sufficient 
to deteriorate the patients’ condition. In particular, 
the location of SCI has been identified as an inde-
pendent predictor for surgical revisions. Moreover, it 
seems that almost all patients in this study most likely 
displayed a chronic inflammatory condition with 
high rates of chronic prostatitis and/or urinary tract 
infections and pressure ulcers. Therefore, low- grade 
inflammatory processes might promote arachnoid-
itis and spinal cord scaring and impose a potential 
risk factor for surgical revisions. This is additionally 
supported by the selection of WBC count as an inde-
pendent predictor for the velocity of development of 
spinal tethering in need for surgery. Consequently, 
chronic inflammatory conditions may be perceived 
as a trigger for the high revision and retethering rates 
in patients with posttraumatic spinal cord tethering 
and syringomyelia.

There are several challenges regarding the treat-
ment of posttraumatic spinal cord tethering and syrin-
gomyelia. First, the selection of patients who should 
be treated surgically is demanding. A consensus 
panel by Bonfield et al11 proposed to treat patients 
who demonstrate a motor deterioration with surgery, 
while there is evidence against surgery in patients 
suffering solely from sensory loss, neuropathic pain, 
and/or asymptomatic but expanding syringomyelia. 
Second, once the indication for a surgical interven-
tion is given, disagreement exists concerning the 
most suitable surgical technique. Nevertheless, a 
weak recommendation exists toward untethering and 
expansion duraplasty for the treatment of spinal cord 
tethering and syringomyelia with the aim to dimin-
ish the rate of retethering.7,8,11 Finally, the surgical 
outcome, and consequently the benefit of surgery, is 
intensively debated.10 In particular, the high reteth-
ering and complication rates of up to 50% or more 

Table 2. Stepwise linear regression models for the development of 
symptomatic spinal cord tethering and syringomyelia after trauma in need for 
surgical intervention (n = 25).

Stepwise Linear Regression Model B Coefficient (SE) P

Model 1
  Age 0.478 (0.169) 0.013
  Extent of spinal cord tethering/

syringomyelia
0.396 (0.468) 0.034

  Location of SCI 0.254 (NA) 0.200
Model 2
  Location of SCI 0.621 (0.404) 0.002
  WBC count 0.357 (1.032) 0.048
  Age 0.319 (NA) 0.080
  CRP –0.103 (NA) 0.585

Abbreviations: CRP, C- reactive protein; NA, not applicable; SCI, spinal cord injury; 
WBC, white blood cell.
Note: Stepwise method was performed including the predictor variables age, location 
of SCI, and extent of spinal cord tethering/syringomyelia in model 1 and age, sex, 
location of SCI, CRP, and WBC in model 2.

Table 3. Stepwise linear regression model for the development of 
symptomatic spinal cord retethering and syringomyelia after trauma in need 
for surgical revision (n = 25).

Stepwise Linear Regression Model B- Coefficient (SE) P

Location of SCI 0.406 (0.273) 0.044
Age 0.087 (NA) 0.718
Duraplasty (Gore- Tex) −0.315 0.105
Duraplasty (polyesterurethane) 0.295 0.147
Duraplasty (bovine pericardium) 0.316 0.104

Abbreviations: NA, not applicable; SCI, spinal cord injury.
Note: Stepwise method was performed including the predictor variables age, type of 
duraplasty, and location of SCI.
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are a great challenge following surgical treatment. 
However, in SCI patients with progressive neurolog-
ical loss endangering activities of daily life and thus 
failure of conservative measures, the evaluation of a 
surgical strategy as the last line option to improve the 
patient’s condition is usually justified. Unfortunately, 
any kind of conservative or surgical measures are 
presently perceived to be palliative with the aim to 
stop or slow down a progressive arachnoiditis result-
ing from a probable autoinflammatory disease of the 
meninges.12 As a consequence of usually frustrating 
clinical outcomes, independent of the applied thera-
peutic measures, the validity of a surgical strategy is 
seen critically. Nevertheless, by performing a spinal 
cord untethering and expansion duraplasty, neuro-
logical deterioration can frequently be arrested in 
approximately 80% of cases, while in at least 50% 
of cases, a functional improvement has been docu-
mented.1,5,8,9,19

Chronic inflammatory processes or conditions are 
generally acknowledged to negatively impact various 
body functions, thus rendering the human organ-
ism prone for adverse reactions like autoimmune 
responses.20 Considering that SCI is usually accom-
panied by polytrauma, the body is entering a state of 
systemic inflammatory reaction (systemic inflamma-
tory response syndrome [SIRS]).21 Heterogeneous 
biomechanical forces on the spinal cord resulting 
from traumatic fractures and/or dislocations in SCI 
patients lead to damage of the cord and the menin-
ges, thus resulting in subarachnoid inflammation 
(arachnoiditis).12 Indeed, inflammatory cytokines 
like tumor necrosis factor α, interleukin 1β, and inter-
leukin 6 reach abnormal levels for several days after 
SCI22,23 before returning to baseline levels. More-
over, the systemic inflammatory response appears to 
be more robust if SCI is located in the upper part of 
the spinal cord. This is supported by the fact that the 
hepatocellular damage as a secondary effect of SCI 
at higher levels is more intense.24 Considering that 
not all patients develop symptomatic spinal cord teth-
ering and syringomyelia after traumatic SCI, either 
arachnoiditis is cleared before significant scarring 
occurs or the trauma severity inducing parenchymal 
alterations is rather mild. However, in SCI patients 
with more severe degrees of trauma, the development 
of symptomatic spinal cord tethering and syringo-
myelia might be more likely due to extensive SIRS 
for several days or weeks. This goes along with the 
finding that younger patients with SCI in the upper 
part of the spinal cord and thus usually higher trauma 

severity appear to develop symptomatic spinal cord 
tethering and syringomyelia in need of surgical inter-
vention more rapidly.9 Thus, the formation of fibrous 
scarring within the spinal cord parenchyma and thus 
disturbance of nerve conduction and CSF flow seems 
to be related to trauma severity, location of SCI, and 
the consecutive inflammatory response. Indeed, pro-
liferating meningeal cells are able to enter the spinal 
cord parenchyma following SCI.25,26

Unfortunately, no long- term investigations of 
parenchymal tissue surrounding the spinal cord after 
trauma are available so far. Thus, it must be hypothe-
sized that in those SCI patients developing symptom-
atic spinal cord tethering and syringomyelia several 
years or even decades after SCI, a low- grade or poten-
tially chronic (probably autoimmune) inflammatory 
process of the arachnoid tissue has to persist. To some 
extent, this might lead to a clinically relevant impair-
ment of CSF flow and/or nerve conduction with the 
development of symptomatic spinal cord tethering. 
Interestingly, this fits with the findings in our study 
in which the WBC count was an independent predic-
tor for the velocity of development of symptomatic 
spinal cord tethering and syringomyelia in need for 
surgery. Moreover, a high rate of most likely chronic 
inflammatory pathologies of 92% in those SCI 
patients undergoing surgical revisions for retethering 
additionally supports our findings. Furthermore, in 
our patient cohort, the mean levels of CRP as an acute 
phase response protein are slightly elevated, which 
underlines the hypothesis that a low- grade or chronic 
inflammatory process might be predictive concern-
ing surgical outcome in patients with retethering. 
Although only the location of SCI has been identified 
as an independent predictor for retethering cases in 
need of surgical revision, our data show that the rate 
of development of symptomatic spinal cord tether-
ing and syringomyelia in need of surgery is faster in 
those patients with traumatic lesions in the upper part 
of the spinal cord. Conclusively, as trauma severity is 
usually more severe in upper parts of the spinal cord 
and inflammatory parameters might play an import-
ant role in the development of posttraumatic spinal 
cord tethering and syringomyelia, a major SIRS and 
thus a persistent chronic inflammatory reaction could 
be a plausible explanation in progressive spinal cord 
tethering cases with surgical revisions.

Limitations

As with any study, we acknowledge that the present 
study has some limitations. This is a retrospective and 
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single- center cohort trial of a rare pathology with a 
low number of patients and no control group. This lim-
itation was due to the fact that the available data were 
limited, and no standardized comparison between 
patients with 1 surgical intervention (excluded from 
this investigation) to those with multiple surgeries 
was feasible. As a consequence, the statistical power 
of this investigation is limited. In our opinion, larger 
investigations should be performed with additional 
measurement of more sensitive and representative 
inflammatory parameters such as blood sedimenta-
tion rate, high- sensitivity CRP, and/or procalcitonin 
of affected patients.

In addition, the shown relationships between “level 
of SCI lesion” and “number of tethered segments” to 
“interval between SCI to first surgery” or “interval 
between first surgery to revision” have to be regarded 
critically. Statistically, a relationship is present when 
a change of 1 variable leads to an increase or decrease 
of the other variable. To understand the strength of 
this relationship, the r- value plays an important 
role. While a positive/negative r- value of 1 means a 
perfect positive/negative linear correlation, a posi-
tive/negative r- value of 0.8 ≤ 1, 0.4 ≤ 0.8, and 0 ≤ 0.4 
refer to a strong, moderate, or weak positive/negative 
linear correlation, respectively. Our data showed only 
a moderate positive linear correlation with r- values 
between 0.4 and 0.8, and thus, the suggested relation-
ships should be perceived with caution.

Furthermore, as expansion duraplasty, both syn-
thetic (expanded polytetrafluoroethylene [Gore- Tex] 
or polyesterurethane [Neuro- Patch]) and organic 
(bovine pericardium [Dura- Guard]) products were 
applied. Although various studies state high bio-
compatibility for all of these products,27–30 and our 
multivariate regression model excluded the different 
types of patches as independent predictors for surgi-
cal revisions, we cannot completely exclude reteth-
ering due to a potential adverse immune reaction 
against the patch material. In particular, inflamma-
tory events and adverse reactions such as ossifica-
tion have been associated with the use of Gore- Tex 
as dural substitutes.31,32 To avoid local inflammatory 
response against synthetic or xenograft patch mate-
rial, autologous tissue (ie, patient’s harvested fascia 
lata or pericranium) should still be considered as a 
safe and well- established alternative for expansion 
duroplasty.33

Additionally, the size of the syrinx could not be reli-
ably estimated due to limited imaging data with regard 
to standardized measurements. Also, the conduction 

of surgical techniques might vary among the cases as 
different surgeon teams were involved in the treat-
ment of the reported patients. Thus, this explorative 
and noncontrolled investigation has to be considered 
as concept generating with the aim of laying the basis 
for further prospectively designed investigations with 
appropriate size and control groups to confirm our 
findings. Thus, our results cannot be generalized to 
the whole population of SCI patients suffering from 
spinal cord tethering and syringomyelia. Finally, it is 
also clear that the value of the retrospectively avail-
able parameters is limited, and multivariate analysis 
integrating all potential confounders was not feasible.

CONCLUSIONS

Revision surgery in posttraumatic spinal cord teth-
ering and syringomyelia patients is associated with 
the location of SCI and the extent of spinal cord 
tethering. In particular, in SCI patients with lesions 
located in the upper spinal cord, the development of 
symptomatic spinal cord tethering and syringomyelia 
in need for surgery is more rapid, with an increased 
susceptibility for retethering and thus surgical revi-
sions. It further seems that chronic or low- grade 
inflammatory conditions might play an important role 
in promoting spinal cord tethering and, thus, inflam-
matory pathways, in particular within the spinal cord, 
need to be further investigated. Conclusively, SCI 
patients with chronic inflammatory conditions and 
SCI at upper levels should be clinically monitored 
more carefully as they might possess the tendency 
to develop progressive forms of posttraumatic spinal 
cord tethering and syringomyelia with an increased 
risk for symptomatic retethering in need of surgical 
revisions.
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