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In spina bifida aperta, muscle ultrasound can quantify

the “second hit of damage”
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Abstract

Purpose In spina bifida aperta (SBA), the “second-hit hy-
pothesis” addresses consequences by delayed neurological
damage superimposed upon the congenital myelomeningo-
cele (MMC). This secondary damage is postulated to under-
lie the disappearance of leg movements shortly after birth.
Innovative fetal surgery might prevent this, but results are
methodologically hard to prove in small and heterogeneous
treatment groups. We reasoned that delayed postnatal alter-
ations in muscle ultrasound density (MUD = muscle echo-
genicity) could quantitatively reflect consequences by “the
second hit” of damage. In the present study, we investigated
whether delayed postnatal leg-MUD alterations are associ-
ated with postnatal muscle function loss.

Methods We cross-sectionally assessed leg-MUD in 16 postna-
tally operated SBA children (MMC-LS5; at 0, 6, and 12 months;
in n=11/16; 11/16, and 15/16 children, respectively) and com-
pared outcomes with 13 healthy control children. Additionally,
we assessed SBA MUD caudal and cranial to the MMC
and calculated MMC-L5 impact by: dMUDwmc-Ls)=

[MUDcalf muscle/Sl—Z]_[MUunadriceps muscle/L2—4] and
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associated outcomes with leg muscle function caudal
to the MMC.

Results At 0 month, clinically discernible dMUD was more
often increased in SBA than in control newborns (p<.05),
but a relationship between absolute quantitative differences
and leg muscle dysfunction was still lacking. At 6—
12 months, additionally increased dMUD outcomes coin-
cided with SBA leg muscle dysfunction (p<.05).
Conclusions In post-neonatal SBA, secondarily increased
dMUD (i.e., MMC impact) coincides with leg muscle dys-
function. This may implicate that muscle ultrasound could
provide a quantitative tool to assess the neuromuscular
impact by the second hit of damage.

Keywords Spina bifida - Myelomeningocele - Muscle
ultrasound density - Second-hit hypothesis - Fetal surgery -
Muscle damage

Introduction

In spina bifida aperta (SBA), leg movements caudal to the
myelomeningocele (MMC) are transiently present before
birth but disappear shortly thereafter [24-26]. This phe-
nomenon has been attributed to the “second hit of dam-
age” involving delayed, secondary neurological damage
(for instance by the consequences of spinal bleedings,
neurotoxicity, and mechanical trauma) superimposed upon
the congenital MMC [5, 8, 12, 13, 18-20, 24, 27]. Inno-
vative fetal therapies may reduce the consequences by the
second hit of damage and (partly) preserve motor function
[1, 6, 7, 14]. Although the randomized controlled, multi-
center Management of Myelomeningocele Study (MOMS)
trial [1, 7] has proven this gain, smaller European studies
may still warrant more explicit quantitative parameters for
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neuromuscular validation [29]. Especially regarding
inter-individual heterogeneity concerning underlying spi-
nal and cerebral defects and iatrogenic morbidity, trans-
parent and objective quantitative parameters are needed
[2, 4, 24-26].

The muscle ultrasound technique may provide a
quantitative tool for neuromuscular assessment after
the second hit of damage [9, 10, 15-17, 21, 22]. In
SBA fetuses, we have shown that the parameter “mus-
cle ultrasound density” (MUD) can reflect histological
muscle impairment (involving muscle fibrosis, fat de-
position, and atrophy [28]). After the “second hit”
upon the neuromuscular condition, histological muscle
alterations would be expected after a latent time inter-
val of weeks to months. In this perspective, we hy-
pothesized that SBA newborns would reveal relatively
small congenital MUD increases, whereas secondarily
increased MUD in association with leg muscle dys-
function would be expected later. If so, leg-MUD could
provide a quantitative tool to assess and compare the
consequences by the second hit of damage between
treatment strategies.

Patients and methods

The medical ethical committee of the University Medi-
cal Center Groningen approved the study. With in-
formed parental consent, we retrospectively compared
leg-MUD parameters between 16 SBA (MMC at LS5
(range L4-S1)) and 13 control infants. SBA infants

were born at 38 (35-40) weeks and controls at 40
(38—41) weeks gestational age (medians (ranges)). In
all SBA infants, the MMC was closed during the first
postnatal week. All SBA infants, except one, revealed
Chiari II malformations. Delivery mode involved vagi-
nal delivery or cesarean section (11 vs 12 and 5 vs 1;
SBA vs controls, respectively). Cesarean section was
either performed electively (two vs zero) or after the
initiation of labor (three vs one; SBA vs controls, re-
spectively). Clinical data are indicated in Table 1. All
control infants were delivered after an uneventful preg-
nancy in the absence of perinatal complications or neu-
rological abnormalities.

Muscle ultrasound and neurological assessments

In SBA and healthy control children, we assessed leg-
MUD at 0, 6, and 12 months postnatal age (11, 11, and
15 vs 13 children; SBA vs controls, respectively). Since
assessments were not possible in all SBA children at all
time points, we performed cross-sectional comparison
between SBA and healthy control children at 0, 6, and
12 months postnatal age. We determined segmental
MMC levels by spinal MRI. By deliberately selective
inclusion of MMC levels at L5 (MMC range L4-S1),
MUD caudal to the MMC was uniformly standardized
as MUD of calf muscle (innervated by S1-2, i.e., cau-
dal to the MMCp5) and MUD cranial to the MMC were
uniformly standardized as MUD of the quadriceps mus-
cle (innervated by L2-4, i.e., cranial to the MMC5s),

Table 1 Clinical data of includ-

ed SBA infants Infant ~ ASat 1 Upper level Shunt No. of shunt Other cerebral ~ Other spinal

no. and 5min  MMC dependency  dysfunctions pathology pathology

at 6/12 months

1 x/10 L4 + 2/2 CCA -

2 7/9 L4 2 =2 H Syrinx

3 9/10 L4 + 0/1 CCA, HT Syrinx

4 x/x L4 + 2/2 - Syrinx, TC

5 8/9 L5 + 373 - Syrinx

6 9/10 L5 + 2/2 CCAH Syrinx

7 5/9 L5 + 2/2 CCA, H Syrinx

8 8/10 L5 + 0/2 CCA TC

9 4/8 L5 + 4/4 H Syrinx, TC
SBA spina bifida aperta, AS 10 6/9 L5 + 1/1 HT -
apgar score, x missing data, 11 7/9 L5 + 23 HT Syrinx
MMC myelomeningocele, L 12 9/10 S1 " 4/4 CCA _
lumbar, S sacral, + present, —
absent, CCA corpus callosum 13 9/10 S1 + - - TC
agenesis, H hemorrhage, HT 14 x/x S1 + 4/4 - Syrinx
heterotopies, 7C tethered cord 15 9/10 S1 _ _ _ TC
“Perinatal decease due to cere- 16 6/8 S1 _ _ Syrinx, TC

bral/cardiopulmonary instability
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Fig. 1 Schematic representation of muscle involvement cranial and
caudal to the MMC. In SBA-MMC 5 infants, the quadriceps muscle
(L2—4) is innervated cranial to the MMC and the calf muscle (S1-2) is
innervated caudal to the MMC. To derive the impact by the MMC, we
calculated the intra-individual difference between MUD caudal and
cranial to the MMC by dMUD(MMc_LS):[MUDCMf musc]e/5172]

Fig. 1. The intra-individual neuromuscular impact by the
MMC (dMUD) can thus be calculated as: dMUD of
MMC-L5= [MUDcalf muscle/Sl—2] - [MUunadriceps muscle/LZ%]:
Fig. 1. Subsequently, we compared dMUD between SBA and
control children.

Neurological assessment of leg muscle function was
performed by an independent clinical pediatric neurolo-
gist who was not involved in the study. For the associ-
ation between MUD calf muscle and calf muscle
function, we subdivided all SBA infants into two groups
with either dysfunctional or functional calf muscle con-
tractions (i.e., muscle force grade <3 and grade >3,
respectively).

All muscle ultrasound recordings were performed
under standardized conditions by an independent tech-
nician using General Electric Healthcare LOGIQ 9
ultrasound equipment (Jiangsu, China) with a 14-MHz
linear probe [16, 17]. According to standardized refer-
ence points, the technician recorded transverse ultra-
sound images of the quadriceps muscle in supine
(probe placed halfway between trochanter major and
lateral knee joint cleft) and of the calf muscle in prone
position (probe placed at position of maximum circum-
ference). All muscles were recorded during muscle
relaxation [16, 17]. MUD assessment was performed
(off line) by an independent investigator who was
neither informed about the clinical condition of the
child or nor about the muscle ultrasound recording.

quadriceps muscle

S,

dMUD of MMC'L!; = [MUDcalr-lmere.fSLZ] - [MUunadﬂcepsﬂwsﬂe\fLZdﬂJ

—[MUD guadriceps muscie/L2-4]- The images on the right side of the figure
represent examples of the quadriceps (a) and calf muscles (b) in
MMC s infants. SBA spina bifida aperta, MMC myelomeningocele, L
lumbar, S sacral, MUD muscle ultrasound density, dMUD intra-
individual difference in muscle ultrasound density

For digital quantification, the assessor determined five
muscle ultrasound images per muscle and excluded the
highest and lowest values and calculated the mean of
the three remaining MUD values.

Since dMUD needs to be substantial enough to be
clinically relevant (i.e., needs to represent outcomes that
can be clinically visualized by the “naked” eye), we
applied a MUD cutoff point for clinical relevance. In
a previous study concerning the visual detection by 20
observers of 100 SBA MUD image sets, we have pre-
viously shown that a dMUD difference of 10-15 gray
values can be visualized with a sensitivity of 86-92 %
(i.e., representing the cutoff point for a sensitivity ex-
ceeding 80 %) [3].

Statistical analysis

We performed statistical analysis by PASW Statistics
version 18.0 (SPSS, Chicago, IL). We compared the
frequency of visibly discernible dMUD outcomes be-
tween SBA and controls by Chi-square test (cutoff point
of 10-15 gray values). Since MUD values were not
normally distributed (according to Q-Q plots and the
Shapiro—Wilk test), we used the nonparametric Mann—
Whitney U test for MUD and dMUD comparison with
calf muscle function. Statistical significance was set at
a=.05.
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Results

The impact by the MMC (dMUD) at 0, 6, and 12 months
postnatal age

At all three time points (0, 6, and 12 months), dMUD was
more often clinically significantly increased in SBA than in
controls (p<.05, Chi-square test). However, especially at
0 months, SBA and control dMUD revealed a quantitative
overlap, with only small differences between the means,
outside the visually detectable range (Fig. 2)'. At 6 and
12 months, SBA leg-dMUD outcomes increased within the
clinically significantly detectable range, which was con-
trasted by control outcomes.

Association between the MMC impact (dIMUD) and muscle
dysfunction caudal to MMC

At 0 month, SBA dMUD subdivision in accordance
with newborn functional and dysfunctional calf muscles
revealed no significant differences (Fig. 3). At 6 and
12 months, SBA dMUD was higher in the subgroup
with dysfunctional than with functional calf muscles (p
<.05, Mann—Whitney); Fig. 3a. All children with dys-
functional calf muscles revealed dMUD outcomes at, or
above, visual detection levels [6 months, 31 (16—40) vs
6 (—6-25) and 12 months, 27 (10-39) vs 5 (1-24);
medians (ranges); absent vs present plantar flexion, re-
spectively; both p<.05], Fig. 3a.

Association between muscle ultrasound density and muscle
function caudal to the MMC

At 0 month, SBA MUD caudal to the MMC (repre-
sented by MUD calf muscle) was not associated with
muscle dysfunction caudal to the MMC (i.e., calf mus-
cle dysfunction). At 6 and 12 months, SBA MUD was
higher in the subgroup with dysfunctional than with
functional calf muscles [6 months, 120 (94-133) vs
89 (82-104) and 12 months, 118 (72—-145) vs 96 (70—
113); medians (ranges); functional vs dysfunctional
plantar flexion, respectively; both p<.05], Fig. 3b.

Discussion

In SBA, the randomized MOMS trial has shown a
significant neuroprotective treatment effect [1, 7]. How-
ever, quantitatively objective neuromuscular parameters

! Leg-dMUD in SBA vs controls [0 months, 3 (—15 to 29) vs 0 (-5 to

10); 6 months, 22 (—6 to 40) vs 11 (=6 to 19); and 12 months, 18 (1-
39) vs 8 (—6—13); medians (ranges)]

@ Springer

dMuD
80

50

40 .
30 el

20

10

1 g

0 months

& months 12 months

Postnatal age

[ Control infants Il SBA-L, infants * p<,05

Fig. 2 Age-related comparison of dMUD between SBA and control
infants. The x-axis indicates 0, 6, and 12 months postnatal time inter-
vals. The y-axis indicates the intra-individual difference in muscle
ultrasound density between leg myotomes S1 and L2—4 (i.e., for
MMC; 5 caudal and cranial to the MMC, respectively). The broken
line demarcates the upper level for clinical relevance (at 10-15 gray
values). The intra-individual difference in muscle ultrasound density is
calculated by: dMUD:[MUDcaIf muscle]f[MUunadriceps muscle]- At all
three time points (0, 6, and 12 months), dMUD was more often
clinically significantly increased in SBA than in controls (p<.05, chi-
square test). However, only at 6 and 12 months, SBA leg-dMUD
outcomes increased within the clinically significantly detectable range,
which was contrasted by control outcomes. dMUD intra-individual
difference in muscle ultrasound density, SBA spina bifida aperta

are still warranted to evaluate the impact by the second
hit of damage in smaller European studies. Directly
after birth, nonparametric testing revealed a clinically
detectable impact by the MMC upon muscle ultrasound
density (dMUD) in the SBA group. However, newborn
quantitative dMUD comparison revealed only small dif-
ferences which did not differentiate between functional
and dysfunctional leg muscles. At 6 and 12 months,
dMUD increased within clinically visible detection lim-
its, in the majority of SBA children. At the same time
points, subanalysis showed an association between
dMUD outcomes and leg muscle dysfunction. Regarding
the hypothesis, it is therefore tempting to speculate that
subtle neonatal differences could refer to the “first hit”
of damage, whereas subsequently increased dMUD
alterations in association with leg muscle dysfunction
are more likely to refer to the “second hit” of damage
[1, 11, 14, 29].

Despite selective inclusion criteria involving MMC-
L5, we still observed a considerable variation in SBA
dMUD outcome parameters. This may be explained by
inter-individual heterogeneity of SBA lesions. Since
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Fig. 3 Association between the MMC impact (dIMUD) and muscle
dysfunction caudal to MMC. a Relationship between dMUD and
plantar flexion of the foot. The x-axis indicates postnatal time intervals.
The y-axis indicates the intra-individual difference in muscle ultrasound
density between leg myotomes caudal and cranial to the MMC (repre-
sented by dMUD at MMCL5: [M[JDcalf muscle]_[MLTunadriceps muscle])~
The white and gray boxes indicate “functional” and “dysfunctional”
plantar flexion of the foot. After the neonatal period, i.e., at 6 and
12 months postnatal age, dMUD is associated with dysfunctional plantar

dMUD outcomes are calculated as the intra-individual MUD
difference between myotomes cranial and caudal to the MMC,
large cerebral defects could falsely reduce dMUD outcomes.
For clinical application, this may implicate that usage of
dMUD parameters should either be reserved for very carefully
matched pairs and/or for intra-individual longitudinal assess-
ments. However, at this moment, we still have to await longi-
tudinal results before we can decide whether this parameter is
applicable for surveillance purposes (such as for detection of
tethering).

We recognize that there are several weaknesses to this
study. Firstly, we studied a small number of SBA children
with MMC-LS5 levels, only. We had deliberately chosen for
this selective inclusion, so that potential bias by MUD
assessment in heterogeneous muscles was avoided. Howev-
er, if we would compare dMUD in infants with different
segmental MMC levels, we would expect similar results,
provided that dJMUD assessment is adapted to appropriate
segmental levels cranial and caudal to the MMC. Regarding
significant outcomes in this well-selected MMC-L5 group,
we would therefore suggest that results may be regarded as
indicative. Furthermore, we had clinically characterized
muscle contractions as “functional” and “dysfunctional.”

flexion (p<.05). b Relationship between MUD calf muscle and muscle
function (foot plantar flexion) caudal to the MMC. The x-axis indicates
postnatal age groups. The y-axis indicates MUD caudal to the MMC (i.e.,
MUD of the calf muscle). The white and gray boxes indicate “functional”
and “dysfunctional” plantar flexion, respectively. After the neonatal pe-
riod, i.e., at 6 and 12 months postnatal age, MUD caudal to the MMC is
associated with calf muscle dysfunction (p<.05). dMUD intra-individual
difference in muscle ultrasound density, MUD muscle ultrasound density,
MMC myelomeningocele, SBA spina bifida aperta

Although this was deliberately chosen for clinical relevance,
we recognize that SBA children may also reveal more subtle
graduations of muscle dysfunction. Finally, we accepted a
small age range between the 0, 6, and 12 months age groups.
However, since MUD in healthy control children is age-
independent [23], we would not expect that this could have
substantially influenced these results.

Conclusion

In SBA infants during the first year of life, postnatal
SBA leg-MUD parameters can quantitatively reflect
delayed neuromuscular consequences by the second hit
of damage.

Acknowledgments The authors would like to thank all infants and
parents who cooperated in this study. We wish to thank P.B. Mulder
(muscle ultrasonographer) for recruiting healthy pregnant women. We
thank A.L. Staal-Schreinemacher for the clinical information and K.M.
Sollie for her help and support at the obstetrics department. We thank
M. Gremmer for the availability of the ultrasound equipment and H.
Kunst, J. Bijmolt, J. Sikkema, G. Oosterhof, H. Hooijsma, and M.
Luursema for their administrative help.

@ Springer



Childs Nerv Syst

Conflict of interest

The authors declare that they have no conflict of

interest.

References

10.

11.

12.

13.

14.

. Adzick NS, Thom EA, Spong CY et al (2011) A randomized trial

of prenatal versus postnatal repair of myelomeningocele. N Engl J
Med 364:993-1004

. Biggio JR Jr, Owen J, Wenstrom KD, Oakes WJ (2001) Can

prenatal ultrasound findings predict ambulatory status in fetuses
with open spina bifida? Am J Obstet Gynecol 185:1016-1020

. Brandsma R, Verbeek RJ, Maurits NM et al (2012) Visual assess-

ment of segmental muscle ultrasound images in spina bifida aperta.
Ultrasound Med Biol 38:1339-1344

. Coniglio SJ, Anderson SM, Ferguson JE 2nd (1996) Functional

motor outcome in children with myelomeningocele: correlation
with anatomic level on prenatal ultrasound. Dev Med Child
Neurol 38:675-680

. Correia-Pinto J, Reis JL, Hutchins GM et al (2002) In utero

meconium exposure increases spinal cord necrosis in a rat model
of myelomeningocele. J Pediatr Surg 37:488-492

. Danzer E, Gerdes M, Bebbington MW, Koh J, Adzick SN,

Johnson MP (2011) Fetal myelomeningocele surgery: preschool
functional status using the functional independence measure for
children (WeeFIM). Childs Nerv Syst 27:1083—-1088

. Danzer E, Johnson MP, Adzick NS (2012) Fetal surgery for mye-

lomeningocele: progress and perspectives. Dev Med Child Neurol
54:8-14

. Drewek MJ, Bruner JP, Whetsell WO, Tulipan N (1997)

Quantitative analysis of the toxicity of human amniotic fluid to
cultured rat spinal cord. Pediatr Neurosurg 27:190-193

. Heckmatt JZ, Leeman S, Dubowitz V (1982) Ultrasound imaging

in the diagnosis of muscle disease. J Pediatr 101:656—660
Heckmatt JZ, Pier N, Dubowitz V (1988) Assessment of quadri-
ceps femoris muscle atrophy and hypertrophy in neuromuscular
disease in children. J Clin Ultrasound 16:177-181

Heep A, Cremer R, Sival D (2011) Prenatal versus postnatal repair
of myelomeningocele. N Engl J Med 364:2555, author reply 2556
Heffez DS, Aryanpur J, Hutchins GM, Freeman JM (1990) The
paralysis associated with myelomeningocele: clinical and experi-
mental data implicating a preventable spinal cord injury.
Neurosurgery 26:987-992

Hutchins GM, Meuli M, Meuli-Simmen C, Jordan MA, Heffez DS,
Blakemore KJ (1996) Acquired spinal cord injury in human fetuses
with myelomeningocele. Pediatr Pathol Lab Med 16:701-712

Kohl T, Tchatcheva K, Merz W et al (2009) Percutaneous feto-
scopic patch closure of human spina bifida aperta: advances in
fetal surgical techniques may obviate the need for early postnatal
neurosurgical intervention. Surg Endosc 23:890-895

@ Springer

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Lamminen A, Jaaskelainen J, Rapola J, Suramo I (1988) High-
frequency ultrasonography of skeletal muscle in children with
neuromuscular disease. J Ultrasound Med 7:505-509

Maurits NM, Bollen AE, Windhausen A, De Jager AE, Van Der
Hoeven JH (2003) Muscle ultrasound analysis: normal values and
differentiation between myopathies and neuropathies. Ultrasound
Med Biol 29:215-225

Maurits NM, Beenakker EA, van Schaik DE, Fock JM, van der
Hoeven JH (2004) Muscle ultrasound in children: normal values
and application to neuromuscular disorders. Ultrasound Med Biol
38:1017-1027

Meuli M, Meuli-Simmen C, Hutchins GM et al (1995) In utero
surgery rescues neurological function at birth in sheep with spina
bifida. Nat Med 1:342-347

Meuli M, Meuli-Simmen C, Yingling CD et al (1995) Creation of
myelomeningocele in utero: a model of functional damage from
spinal cord exposure in fetal sheep. J Pediatr Surg 30:1028-1032,
discussion 1032-3

Meuli M, Meuli-Simmen C, Hutchins GM, Seller MJ, Harrison
MR, Adzick NS (1997) The spinal cord lesion in human fetuses
with myelomeningocele: implications for fetal surgery. J Pediatr
Surg 32:448-452

Pillen S, Verrips A, van Alfen N, Arts IM, Sie LT, Zwarts MJ
(2007) Quantitative skeletal muscle ultrasound: diagnostic val-
ue in childhood neuromuscular disease. Neuromuscul Disord
17:509-516

Schmidt R, Voit T (1993) Ultrasound measurement of quadriceps
muscle in the first year of life. Normal values and application to
spinal muscular atrophy. Neuropediatrics 24:36—42

Scholten RR, Pillen S, Verrips A, Zwarts MJ (2003) Quantitative
ultrasonography of skeletal muscles in children: normal values.
Muscle Nerve 27:693—-698

Sival DA, Begeer JH, Staal-Schreinemachers AL, Vos-Niel JM,
Beekhuis JR, Prechtl HF (1997) Perinatal motor behaviour and
neurological outcome in spina bifida apert. Early Hum Dev
50:27-37

Sival DA, van Weerden TW, Vles JS et al (2004) Neonatal
loss of motor function in human spina bifida aperta. Pediatrics
114:427-434

Sival DA, Brouwer OF, Bruggink JL et al (2006) Movement
analysis in neonates with spina bifida aperta. Early Hum Dev
84:227-234

Sival DA, Verbeek RJ, Brouwer OF, Sollie KM, Bos AF, den
Dunnen WF (2008) Spinal hemorrhages are associated with early
neonatal motor function loss in human spina bifida aperta. Early
Hum Dev 84:423-431

Verbeek RJ, van der Hoeven JH, Sollie KM et al (2009) Muscle
ultrasound density in human fetuses with spina bifida aperta. Early
Hum Dev 85:519-523

Verbeek RJ, Heep A, Maurits NM et al (2012) Fetal endoscopic
myelomeningocele closure preserves segmental neurological func-
tion. Dev Med Child Neurol 54:15-22



