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Spinal cord tethering is a significant complication of 
myelomeningocele (MMC). Spinal cord untethering 
procedures are performed in approximately 10%–

32% of this population, second in frequency only to op-
erations for hydrocephalus.1–5 Sensorimotor decline; wors-
ening of urological or bowel function; back, leg, or groin 
pain; and/or progressive orthopedic deformities are all a 

result of symptomatic spinal cord tethering. The mecha-
nism of deterioration is thought to involve mechanical 
stretching of the distal spinal cord with continued growth 
of the spinal column, leading to a shift from oxidative to 
anaerobic metabolism and metabolic failure.6–8

The Centers for Disease Control and Prevention estab-
lished the National Spina Bifida Patient Registry (NSBPR) 
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OBJECTIVE  The aims of this study were to review the National Spina Bifida Patient Registry (NSBPR) data set to 
study the rates of tethered spinal cord release (TCR) among patients with myelomeningocele and variability between 
centers, to compare TCR rates between males and females, and to study the relationships between TCR rates and other 
condition-specific characteristics.
METHODS  The NSBPR registry was queried to identify all patients with myelomeningocele. TCR rates were calculated 
over time using survival analyses; rates between centers and between males and females were compared. Cox pro-
portional hazards models were constructed to identify relationships between TCR rates and sex, functional lesion level, 
ambulation status, treated hydrocephalus, and prior Chiari decompression.
RESULTS  Of 6339 patients with information about their operations, 1366 (21.5%) underwent TCR, with significant vari-
ability between centers. The majority (75.8%) underwent a single TCR. The annual TCR rate was linear between birth 
and 13 years (1.8%/year) but declined sharply from 14 to 21 years (0.7%/year). There was no period of time at which the 
TCR rate accelerated. There were no significant differences in TCR rates between males and females. TCR rate was not 
related to functional lesion level but was lower among nonambulators compared with community ambulators (p = 0.005) 
and among those with treated hydrocephalus (HR 0.30, p < 0.001), and higher among those having prior Chiari decom-
pression (HR 1.71, p < 0.001).
CONCLUSIONS  These results extend the results of prior single-institution studies, demonstrate significant treatment 
variability between institutions, and challenge the traditional concept that tethering is related to spinal cord stretching due 
to spinal growth.
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in 2008 to facilitate research and improve clinical care for 
children and adults with spina bifida.9,10 The NSBPR began 
in 2009 with 10 participating spina bifida clinics and ex-
panded to include a total of 19 clinics and 35 clinic sites by 
2017. The NSBPR collects data longitudinally, using both 
family/patient reports and medical record review at the 
time of routine clinic visits. It includes multiple checks on 
data integrity and quality, as has been reported previously.10 
The majority of participants in the NSBPR have MMC. 
The goal of the present study was to use data collected 
in the NSBPR to better understand the treatment of spinal 
cord tethering among individuals with MMC. The NSBPR 
represents the largest repository of information about indi-
viduals with MMC in the world; at the time of this study, 
there were 35 participating clinics (including both adults 
and pediatric clinics) involving 6768 individuals.

We used NSBPR registry data to 1) examine the time 
course for tethered cord release (TCR) among individu-
als with MMC; 2) establish the variability in the time 
course for TCR among each of the 35 participating clin-
ics; 3) probe the relationship between functional lesion 
level, ambulation status, prior treatment for hydrocepha-
lus, and prior treatment for Chiari malformation on the 
time course for TCR; and 4) examine the influence of sex 
on age-related rates for TCR, the hypothesis being that if 
tethering is related to linear spine growth, then girls, who 
enter puberty on average 2 years prior to boys, would un-
dergo TCR earlier than boys.

Methods
All patients with the primary diagnosis of MMC at-

tending participating clinics for whom consent had been 
given were eligible to participate in the NSBPR. The de-
tails of enrollment have previously been described.11 All 
data are entered at each clinic by a data registrar at the 
time of initial enrollment and annually or at each clinic 
visit thereafter, both by review of medical records and 
direct interviews with enrollees. Data quality checks are 
performed monthly. Surgery for initial repair and initial 
treatment for hydrocephalus are documented at the time of 
enrollment. TCR and decompression of Chiari II malfor-
mation are documented also at the time of enrollment and 
later if subsequent surgeries are performed after initial 
registry enrollment. The data for this serial cross-sectional 
study were collected from patients as they enrolled in the 
registry and completed annual follow-up visits.

After approval of the data analysis proposal by the 
NSBPR Committee on Science and Publication and 
the institutional review board at Penn State College of 
Medicine, the NSBPR was queried for all patients with 
a diagnosis of MMC enrolled between January 2009 and 
December 2017 inclusive. Data for each patient were ex-
tracted and collated for analyses. The variables in the data 
set included age, sex, clinic site, height (including sitting 
or standing height and/or arm span length), number of 
TCR operations and age at each TCR, best ambulatory 
status and functional level prior to the first TCR, and prior 
treatment of hydrocephalus (shunt and/or endoscopic pro-
cedure) and Chiari decompression.

Analyses were performed both for the entire group and 

for the group who were children (i.e., < 21 years of age). 
For the entire group, calculated TCR rates were expressed 
as the number of patients at each site who underwent TCR 
divided by the total number of patients (those with and 
those without TCR) at each site. For children < 21 years, 
the calculated TCR rates were expressed as the number of 
patients at each site who underwent TCR before the age of 
21 years divided by the total number of patients younger 
than 21 years at that site.

Survival curves were constructed for the entire group, 
as well as for males and females independently, using time 
to first TCR as the primary endpoint. Survival curves were 
also constructed individually for each participating clinic 
site to examine the degree of variability among sites. The 
influence of ambulation status, functional level, and prior 
surgical treatments for hydrocephalus and/or Chiari mal-
formation on age-related TCR rates for the first TCR was 
examined.

Means, medians, and standard deviations are presented 
for continuous variables, and frequencies and percentages 
for categorical variables. For those patients who under-
went TCR, the time to the first TCR (in months) was cal-
culated based on surgery date and date of birth. We also 
conducted a subgroup analysis that included only children 
younger than 21 years. Within this subgroup analysis, pa-
tients who experienced their first TCR at ≥ 21 years of age 
(i.e., as adults) were treated as censoring and the censoring 
time as 21 years, and those who never underwent TCR 
were also treated as censoring with the time to the last 
visit date or 21 years, whichever was earlier, considered 
the censoring time. Kaplan-Meier curves stratified by fac-
tors (e.g., facility) were plotted for the time to the first TCR 
with log-rank tests for stratified group comparison of sur-
vival curves. Variability between clinics was calculated 
after adjustment for mean clinic age (since clinics having 
older patient populations have higher TCR rates). In the 
first analysis, the percentage of TCR at any age was calcu-
lated as the number of patients at each site with TCR at the 
time of last clinic follow-up divided by the total number of 
clinic patients (those with and those without TCR). In the 
second analysis, the percentage of TCR in childhood (< 21 
years) was calculated as the number of patients with TCR 
before the age of 21 years divided by all clinic patients, 
both with and without TCR before 21 years.

Cox proportional hazards models were constructed 
to further evaluate the effects of 5 variables (sex, high-
est recorded functional lesion level [using upper lumbar 
as reference] and best ambulation status [using commu-
nity ambulation as reference] prior to the first TCR, prior 
[shunt or endoscopic] treatment for hydrocephalus, and 
prior Chiari decompression) on the risk of experiencing 
the first TCR. Hazard ratio estimates with 95% confidence 
intervals as well as adjusted p values based on Wald tests 
were obtained. All hypothesis tests were two-sided with 
a significance level of 0.05. Data were analyzed using R 
statistical software (version 3.6.1).

Results
At the time of the study, the NSBPR contained the re-

cords of 6768 patients with MMC; of these records, 6339 
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included information on unique patients regarding their 
neurosurgical operations. These patients form the basis for 
this study. Of this group, 1366 (21.5%) unique patients un-
derwent at least one TCR procedure, including 652 males 
(47.7%) and 714 females (52.3%). The majority (1035/1366; 
75.8%) underwent a single TCR, 233 (17.1%) had 2 TCRs, 
73 (5.3%) had 3 TCRs, 23 (1.7%) had 4 procedures, and 1 
patient each had 5 and 6 TCRs. The calculated retethering 
rates following each TCR were therefore as follows: fol-
lowing the first TCR, the retethering rates for the second, 
third, fourth, and fifth TCRs were 331 of 1366 (24.2%), 98 
of 331 (29.6%), 25 of 98 (25.5%), 2 of 25 (8.0%), and 1 of 2 
(50%), respectively. For the 47 adults, the majority (32/47; 
68%) underwent a single TCR, 11 (23.4%) had 2 TCRs, 
3 (6.4%) had 3 TCRs, and 1 (2.1%) had 4 TCRs. Simi-
larly, for adults, the calculated retethering rates following 
each TCR were as follows: following the first TCR, the 
retethering rates for the second, third, and fourth TCRs 
were 15 of 47 (31.9%), 4 of 11 (36.4%), and 1 of 3 (33%), 
respectively.

Survival curves are constructed in Fig. 1 for those 
undergoing the first TCR. For 87 patients, the age at the 
time of first TCR was not available; among the remain-
ing 1279 patients, the mean age at the time of first TCR 

was 7.8 years (median 6 years, range 0–74 years, SD 7.22 
years). The mean age to first TCR was 7.5 years (median 
6, SD 6.54) among males and 8.1 years (median 6, SD 
7.78) among females (p = 0.11). For children younger than 
21 years, the mean age to first TCR was 6.7 years (me-
dian 6, SD 4.70) among males and 6.9 years (median 6, 
SD 4.58) among females (p = 0.48). The annual TCR rate 
remained relatively linear (1.8%/year) between 0 and 13 
years of age, after which it dropped to 0.7%/year between 
14 and 21 years of age; there was no time period during 
which the TCR rate accelerated. Annual TCR rates were 
compared with annual spine growth rates extracted from 
normal growth curves;12 there was no correlation between 
annual TCR rates and spine growth for either boys or girls 
(Pearson’s correlation coefficients 0.35 [p = 0.15] and 0.38 
[p = 0.14], respectively). When stratified by sex, Kaplan-
Meier curves for the time to first TCR (Fig. 1) and second 
TCR (data not shown) were not significantly different ei-
ther among all patients (p = 0.7) or for children younger 
than 21 years (p = 0.9).

Kaplan-Meier curves for time to first TCR were con-
structed for each of the 35 clinic sites (Fig. 2), and regres-
sion analyses were performed to assess the degree of vari-
ability after controlling for the mean age at last follow-up 

FIG. 1. Kaplan-Meier curves for time to first TCR by sex among individuals younger than 21 years (log-rank comparison p = 0.9; A) 
and among all individuals (log-rank comparison p = 0.7; B). Figure is available in color online only.

FIG. 2. Kaplan-Meier curves for time to first TCR by site among 35 clinics (each labeled by clinic code) for individuals younger than 
21 years (log-rank comparison p < 0.001; A) and for all individuals (log-rank comparison p < 0.001; B). Figure is available in color 
online only.
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for patients at each clinic. As expected, the TCR rate rose 
when plotted against the age at last follow-up, but there 
was significant variability between clinics even after ad-
justing for age (Fig. 3) (Spearman’s correlation coeffi-
cient for all subjects regardless of age at TCR = 0.497, 
p = 0.003; Spearman’s correlation coefficient for children 
undergoing TCR at < 21 years = 0.430, p = 0.011).

The TCR rate was 17.2% among patients with and 
39.9% among those without prior treatment for hydro-
cephalus. The TCR rate was 30.9% among patients with 
and 20.7% among those without prior Chiari decompres-
sion.

The Cox proportional hazards model is provided in Fig. 

4. There was no consistent effect of lesion level on TCR 
rates (using upper lumbar level as reference). Relative to 
nonambulators, independent ambulators were significant-
ly more likely, and community ambulators less likely, to 
undergo TCR. There were highly significant effects on 
TCR for both prior treatment for hydrocephalus (HR 0.30, 
95% CI 0.26–0.34; p < 0.001) and prior Chiari decompres-
sion (HR 1.71, 95% CI 1.41–2.07; p < 0.001).

Discussion
This is the largest analysis of TCR among patients with 

MMC ever reported; our analyses confirm and extend the 

FIG. 3. Percentage of first TCR versus mean age of each of 35 clinics as plotted against mean clinic age at last follow-up for 
individuals younger than 21 years (A) and for all individuals (B).

FIG. 4. Cox proportional hazards regression analysis on time to first TCR. Functional motor levels were referenced to upper lum-
bar rather than to thoracic levels, as subjects with thoracic-level lesions, lacking any significant motor function, would not be able 
to exhibit motor deterioration.
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results of prior studies.1,2,​5,​13–24 Both the overall 21.5% rate 
of TCR and mean age of 7.8 years at the time of TCR in the 
present study are similar to the 10%–45% incidence and 
average age of 6–13 years reported in prior, smaller stud-
ies.1,4,​13,​20,​25–27 However, there remained significant vari-
ability in TCR rates between institutions after correcting 
for the average age of each clinic’s population (Figs. 2 and 
3). The reason(s) for this variability is not clear, although 
the diligence with which clinical deterioration is sought 
and treated and the accepted clinical indications for TCR 
are obvious potential factors that might vary between clin-
ics. For example, some clinics commonly perform TCR 
in advance of corrective scoliosis surgery; in one study, 
40% of TCRs were performed for progressive scoliosis 
(although in only 11% was this the only indication).2 Other 
clinics may have more restrictive indications for TCR. Un-
fortunately, the indications for TCR among the majority 
of our study patients were unknown. A second possibility 
is variability among clinics in the rigor with which shunt 
malfunction was ruled out before performing TCR.

The results of the present study are also consistent with 
reoperation rates for second, third, fourth, and fifth TCRs. 
Among Bowman and colleagues’ series of 502 patients 
who underwent MMC closure and follow-up at Ann and 
Robert H. Lurie Children’s Hospital, 81% of those who 
underwent a TCR had only a single TCR, 17% a second 
TCR, 10% a third TCR, and 3% a fourth TCR.1

The age distribution of TCR was not linear in a prior 
study by Al-Holou et al.,13 which has supported a widely 
held belief among pediatric neurosurgeons that symp-
tomatic tethering occurs more frequently during periods 
of greater spinal growth, particularly during early ado-
lescence, due to greater spinal cord traction. However, to 
what degree increased somatic growth is due to vertebral 
column versus leg elongation is not clear. The annual 
growth of the vertebral column among normal children 
is greatest during the 1st postnatal year, decelerates some-
what during the first 5 years of life, remains stable until 
early adolescence, accelerates again for about 2–3 years 
during the adolescent growth spurt, and declines again 
thereafter (Fig. 5).12 Females, who normally enter puberty 
on average 2 years earlier than males, undergo accelerated 
vertebral column growth 2 years earlier than males (Fig. 
5).12,28–31 However, the growth rate among normal individu-
als may not be applicable to the MMC population; a study 
by Duval-Beaupère and Soulignac found no sex-specific 
differences in the growth rate of either the spine or lower 
extremities in children with lower-extremity paralysis.32

However, the somatic growth of individuals with spina 
bifida is influenced by a number of other factors. First, 
half of individuals with spina bifida have short stature and 
growth hormone deficiency33–35 that leads to shortened 
growth of both the spine and lower extremities, but with a 
greater proportion attributed to shortened lower extremi-
ties. Short stature is also greater among those with higher-
level lesions (at least during the first 7 years of life and 
perhaps later as well).32–34,36 With advancing age, somatic 
growth among individuals with MMC lags further behind 
age-matched controls; one study found greater disparities 
in vertebral column length over time compared with leg 
length,32 although another study demonstrated appropriate 

vertebral column growth.34 People with spina bifida also 
have spinal deformities (scoliosis, kyphosis and/or lordo-
sis), and others have vertebral abnormalities, which may 
impact spine length measurements. Precocious puberty 
occurs in nearly 20% of persons with spina bifida (much 
more commonly in girls)33,37,38 and may alter the growth 
trajectory in this population.37,39,40 Finally, tethering may 
itself influence the rate of somatic growth.41

One of the most significant findings of the present study 
is that there was no accelerated frequency of TCR at any 
time during childhood and, in particular, during periods 
in which accelerated somatic growth would be expected, 
such as the 1st postnatal year and the adolescent growth 
spurt. Moreover, the TCR rate among girls was no earlier 
than among boys, despite girls entering puberty 2 years 
earlier; this is in keeping with results of an earlier study by 
Duval-Beaupère and Soulignac, who found no sex-specific 
differences in the growth rate of either the spine or lower 
extremities in children with lower-extremity paralysis.32 In 
contrast to the results of Al-Holou et al.,13 the annual TCR 
rate in the present study was actually linear up to early 
adolescence and declined rather abruptly beginning after 
the age of 13 years, when accelerated spine growth would 
be expected to occur. The lack of an increased TCR rate 
during the first few years of life when somatic growth is 
greatest could be due to a protective effect of prophylac-
tic untethering at the time of initial MMC closure. It is 
also possible that variability in pubertal onset among the 
study population could mask the adolescent growth spurt. 
However, our findings, along with the fact that symptom-
atic retethering occurs in adults after spine growth is com-
pleted, challenge the concept that tethered cord is solely 
a function of spinal cord stretching due to spine growth. 
Additional pathophysiological mechanisms may also con-
tribute, including repeated microtrauma from stretching 
associated with dynamic spine movements, spinal cord 
compression, ischemia related to other causes, and poten-
tially others. Unfortunately, our results are hampered by 
a lack of information about somatic growth and pubertal 
development among the study population.

The present study also did not find any consistent rela-

FIG. 5. Linear growth of sitting height (representing spine growth) during 
childhood in girls and boys. Figure is based on data from DiMeglio et 
al.12
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tionship between functional lesion level and TCR rates, in 
contrast to the results of Al-Holou et al.13 and Marreiros et 
al.,20 who found higher TCR rates for people with lower-
level lesions, but consistent with the results of Bowman and 
colleagues,1 who also found no relationship between func-
tional lesion level and TCR rates. On the other hand, we 
did find a relationship between ambulatory status and TCR 
rates; with reference to the TCR rate among community 
ambulators, household ambulators were significantly more 
likely, and nonambulators less likely, to undergo TCR. One 
reason for the reduced TCR rate among nonambulators is 
that sensorimotor deterioration in this group may be less 
likely to be discovered and/or treated as aggressively in 
the absence of other symptoms such as pain or bowel/blad-
der dysfunction. Another reason may be that TCR may be 
less commonly performed for progressive scoliosis in this 
group compared with those who are ambulatory. It is not 
clear why household ambulators would be more likely to 
undergo TCR than community ambulators.

Finally, the results of this study demonstrated two other 
interesting and perhaps nonintuitive findings. The first, not 
previously reported to our knowledge, is that individuals 
with treated hydrocephalus are significantly less likely to 
undergo TCR than those without treated hydrocephalus. In 
contrast, those who had previously undergone a Chiari de-
compression are more likely to undergo subsequent TCR. 
This second result was also noted previously by Kellogg 
and colleagues.5 The increased incidence of TCR among 
those without treated hydrocephalus might reflect the pos-
sibility that hydrocephalus is rarely considered as a cause 
of deterioration among this group, whereas it would com-
monly be considered (and addressed first) among those 
with previously treated hydrocephalus. As for the impact 
of previous Chiari decompression, we have no ready expla-
nation other than the possibility of a correlation between 
a more aggressive (or proactive) approach to neurosurgical 
interventions (including both Chiari decompressions and 
TCR) among some clinic sites. We plan to investigate this 
further by comparing rates of the three neurosurgical in-
terventions (shunt operations, Chiari decompressions, and 
TCR) among sites in the NSBPR.

There are multiple limitations to this study. First, the 
NSBPR is a registry of patients who are followed in spina 
bifida clinics and, as such, may not represent the MMC 
population at large. In particular, those who are followed 
in a spina bifida clinic may represent a more complicated 
group than those who are not. However, unlike individu-
als with occult dysraphic malformations, many of whom 
are followed outside of a standard spina bifida clinic, pro-
portionately more (at least most children) with MMC are 
more likely to be followed in a multidisciplinary clinic. 
Second, this study involves only those who gave consent 
to be in the registry, and, although some information is 
sought from those who did not give consent to determine 
comparability, it is possible that these results could be al-
tered if the remaining spina bifida clinic patients were to 
be included. Third, although neurosurgical operations are 
considered “if ever” procedures in the registry, it is pos-
sible that some procedures performed before enrollment, 
and their dates, are incorrect. Fourth, the indications for 
various neurosurgical procedures are not included in this 

study, as they have only recently been documented. Fifth, 
we do not have sufficient information on somatic growth 
in general, vertebral column growth in particular, nor the 
pubertal status of individuals in the registry so that we can-
not correlate TCR rates with these parameters and instead 
had to rely on normative data on pubertal development as 
a proxy to compare TCR rates among males and females.

Conclusions
This, the largest study of TCR among patients with 

MMC, confirms and expands on the results of prior, 
smaller and single-institutional studies in terms of the fre-
quency of TCR (21.5%), the average age at first TCR (7.8 
years), and the frequency of repeated TCR. One significant 
difference between this and prior studies is that the fre-
quency of TCR in the present study was linear throughout 
early childhood up to about 13 years of age and actually 
declined during adolescence, in contrast to the widespread 
belief that TCR increases during a presumed growth spurt 
during preadolescence and early puberty. We also found 
no difference in the TCR rates for males and females, 
despite the fact that females enter puberty 2 years earlier 
than males. Together, these findings challenge the widely 
held assumption that TCR is related to somatic growth, 
although much more information is needed on vertebral 
growth and pubertal development in this population to 
better address the reason(s) for these findings. We also 
found wide and significant variability among clinic sites 
in the frequency of TCR; moreover, we demonstrated a 
relative protective effect of prior hydrocephalus treatment 
and a deleterious effect of prior Chiari decompression on 
subsequent TCR rates; the NSBPR is presently seeking the 
indication(s) for neurosurgical operations, which may in-
crease our understanding as to why this is so.
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