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Abstract Objectives The objective of our study was to test the hypothesis that in utero repair of
surgically created spina bifida in a sheep model using cryopreserved human umbilical
cord (HUC) patch improves neurological outcome.
Methods Spina bifida with myelotomy was surgically created in timed pregnant ewes
at gestational day (GD) 75. The fetuses were randomly assigned to unrepaired versus
HUC and treated at GD 95 and then delivered at GD 140. Neurological evaluation was
performed using the Texas Spinal Cord Injury Scale (TSCIS), bladder control using
ultrasound, and the hindbrain herniation.
Results Three lambs without the spina bifida creation served as controls. There were
four lambs with spina bifida: two were unrepaired and two underwent HUC repair. The
control lambs had normal function. Both unrepaired lambs had nonhealed skin lesions
with leakage of cerebrospinal fluid, a 0/20 TSCIS score, no bladder control, and the
hindbrain herniation. In contrast, both HUC lambs had a completely healed skin defect
and survived to day 2 of life, a 3/20 and 4/20 TSCIS score (nociception), partial bladder
control, and normal hindbrain anatomy.
Conclusions Cryopreserved HUC patch appears to improve survival and neurological
outcome in this severe form of the ovine model of spina bifida.
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In utero spina bifida repair at midgestation has proven to
decrease the morbidity and mortality compared with the
postnatal repair.1 The primary goals of in utero spina bifida
repair are to create a barrier against continuous exposure to
the amniotic fluid to the spinal cord and to prevent leakage of
cerebral spinal fluid, and thus preserve spinal cord function
and prevent Chiari II malformation.2 Despite this, 58% of
children who underwent primary in utero closure were
unable to ambulate at 30 months of age, and 8% of children
needed a surgical release of a tethered cord before 12 months
of age.1 This lack of improvement has been attributed to the
scar formation leading to spinal cord tethering at the repair
site,3 which is associated with long-term neurological com-
plications requiring multiple surgeries in later life.4,5

It remains unclear whether it is beneficial to perform the
intrauterine repair with a patch system to create not only a
watertight barrier but to reduce scar formation and inflam-
mation. Both of these mechanisms may prevent damage to
the spinal cord.6 Recently, we have reported that cryopre-
served human umbilical cord (HUC) provides a watertight
barrier and helps regenerate the skin defect, preserves spinal
cord anatomy, and prevents hindbrain herniation in a sheep
model of surgically created spina bifida.7 The rationale of
adopting HUC as a patch is based on the promising clinical
outcome of cryopreserved amniotic membrane used in
cornea, skin, and for the repair of tendon and ligaments8 to
deliver anti-inflammatory and antiscarring effects.9–11 HUC,
like an amniotic membrane, also exert similar therapeutic
actions but is thicker when flattened as a sheet.12 Herein, we
provide additional evidence to support the notion that the
aforementioned histological healing results7 are correlated
with clinical benefit in the preservation of neurological
functions in a sheep surgical model of spina bifida. The study
was performed as a pilot study to demonstrate the feasibility
of using the HUC patch to study the neurological outcomes in
a myelotomy spina bifida model.

Methods

The study protocol was approved by the Institutional Animal
Care and Use Committee at the University of Texas McGovern
Medical at Houston (protocol AWC-12–007). All animal care
was in compliance with the Guide for the Care and Use of
Laboratory Animals.

Creation of Spina Bifida Model
Timed-pregnant sheepwith twin or triplet gestations verified
by ultrasound were obtained from K-Bar Livestock, L.L.C.
(Bastrop, TX) for the creation of the sheep model of spina
bifida as previously reported.13,14 Briefly, the first surgery
was performed on gestational day (GD) 75 (term: 145 days)
under general anesthesia with the animal placed in a supine
position with left lateral tilt. Under sterile conditions, a
laparotomy was performed using a midline incision followed
by hysterotomy to expose the lower fetal lumbar/sacral spine.
As described previously,7,13,14 the spina bifida defect was
surgically created by removing the skin to create a defect of 4
cm � 4 cm. The paraspinous muscles and posterior lamina of

the vertebra at 4 to 5 levels between L3 and L6 vertebral levels
were also removed to expose the spinal cord. Myelotomy was
performed by incising the meningeal coverings of the spinal
cord using an 18-gauge needle and the central canal at the
midline of the spinal cord was entered to allow the egress
cerebrospinal fluid (CSF). After the fetus was repositioned
back into the amniotic cavity, the uterine incision was closed
in two layers using 2–0Vicryl suture (Ethicon Inc., Somerville,
NJ). The procedure was then repeated on the second fetus in
the remaining uterine horn. After completion of the proce-
dure, the uterus was placed back into the abdomen and the
skin and fascial incisions were closed. The fetuses that did not
undergo spina bifida creation served as controls.

Repair of the Spina Bifida Defect
The fetuses that survived to the repair phase after the creation of
the defect were randomly assigned to the unrepaired group
versus repair using HUC. The fetuses assigned to HUC repair,
underwent this procedure on GD 95, that is, approximately
3 weeks after the initial surgery. HUC (AmnioGuard; TissueTech
Inc., Miami, FL) was processed from donated full-term human
placentas after cesarean delivery recovered in compliance with
American Association of Tissue Banks and the good tissue
practices set forth by the Federal Drug Administration. After
removing the umbilical vessels, the umbilical cordwas flattened
to create a patch of various sizes. The HUC patch was sutured to
the skin edge of the spina bifida defect in the fetus using 4–0
Monocryl (Ethicon Inc.) in a continuous running locking fashion.
The unrepaired fetuses were managed expectantly.

Delivery by Cesarean Section and Neonatal Care
All fetuses were delivered at GD 139 to 142 days by planned
laparotomy and hysterotomy under general anesthesia or
spinal anesthesia with sedation. After delivery of the fetus,
the cordwas clamped and cut. The fetuseswere transitioned to
the room air by stimulation and drying. The lambs were kept
alive for 2 days after delivery for neurological assessment. The
ewe was euthanized immediately after cesarean delivery.

Clinical Outcome Assessment
The clinical assessment of the hind limbs function was per-
formed by videotaping the examination. The masking of treat-
ment assignment of each lamb was performed by covering the
lower spine of the lambwith a bandage of 10 cm � 10 cm. Three
independent examiners, blinded to the treatment assignment of
lambs, reviewed the videos to evaluate neurological outcomes
using Texas Spinal Cord Injury Scale (TSCIS).15

Neurological Assessments
Neurological assessments were first performed by standard
clinical neurological examination techniques using the TSCIS
(►Table 1). This scale allows for a combined score gait, proprio-
ceptive positioning (knuckling) and nociception up to 10 points
per limb. A maximum overall score of 40 can be assessed for all
four limbs.15,16Thegaitwas assessedby tailwalking (holding the
lamb upright by the tail or using a sling near the lower spine
area) if the lamb is not able or unwilling to voluntarily ambulate.
Scores of 0 to 6 are assigned based on the presence and clinical
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significance of movement, for example, limb protraction. Pro-
prioceptive positioning (also referred to as knuckling) was
measured by a postural reaction test by placing the dorsum of
the manus or pes on a nonsticky surface while the lamb’s
ventrumwas supportedwith one hand. It was scored as normal
(score ¼ 2) if they were able to correct the limb immediately.
Lambs that replaced the hoof, but took a prolonged period of
time to do so (> 2 seconds or had difficulty doing so were
referred to as delayed (score ¼ 1). An absent response was
scored as zero. Nociception was assessed by applying a painful
stimulus to the limb and observing the lamb for physiological
retraction or behavioral (orientation toward the stimulus, vocal-
ization, licking) responses.16,17 Superficial nociception (soft
tissue pain)was tested by applying a hemostat to the interdigital
webbing.18 If no superficial nociception was detected, deep
nociception (bone or joint pain) was evaluated by cross-clamp-
ing a nail bed, digit, or the distal limbwith a hemostat.18 Lambs
were scored as having normal nociception (score ¼ 2), no
superficial nociception (score ¼ 1), and no deep and superficial
nociception (score ¼ 0). The TSCIS was scored twice at 3 and 6
hours after birth on day 1, and was scored on day 2 in the
morning at 10 AM.

Bladder Assessment
Bladder volumes were measured using ultrasound two-di-
mensional (2D) grayscale images in three dimensions.19 The
bladder volume was calculated using the volume for an ellip-
soid (volume ¼ 4/3 � πabc, where a, b, and c are the radius
dimensions of the ellipsoid).19 Thebladder volumewas serially
measured every 5 minutes during and immediately after

feeding until spontaneous voiding occurred. The maximum
dimensions were used as the prevoid bladder volume, while
the dimensions measured immediately after voiding was used
as the postvoid volume. If there was constant leakage of urine
without spontaneous voiding, volumes at 1-hour intervals
were chosen to calculate the pre/postvoid volume ratios.

Euthanasia and Harvest of Tissues
After the neurological assessment, the lambs were intubated
and general anesthesia was administered. Euthanasia was
performed by exsanguination under anesthesia. Following
thoracotomypericardial sacwas entered and the left ventricle
was catheterized to infuse1,000 units of intravenous heparin
administered into the circulation. Subsequently, the right
atrium was incised to allow for bleeding. Through the left
ventricular cannula, 10% normal buffered formalin (NBF) was
infused until the bleeding through the right atriumwas clear.
The head and neck were separated from the remaining body
and the defect site was excised fixed with 3 cm margin of
tissue. The tissues were further fixed in 10% NBF.

Magnetic Resonance Imaging of Lamb Heads
The neuroanatomy of the calvarium and upper cervical spine
was assessed after magnetic resonance imaging (MRI) using a
7T/30USRMRI scanner (Bruker BioSpin; Karlsruhe, Germany)
with a water-cooled gradient coil system (Model BGA 20 S2;
30 cm i.d.). The transmission and receptionwere based on the
vendor-supplied birdcage resonator with 155 mm i.d. using
ParaVision (PV 5.1) as the scanner’s operating system. A pilot
scan was used to place the head in the center of the magnet.

Table 1 Texas spinal cord injury score

Gaita

0 ¼ No voluntary movement seen when supported

1 ¼ Intact limb protraction with no ground clearance

2 ¼ Intact limb protraction with inconsistent ground clearance

3 ¼ Intact limb protraction with consistent ground clearance (> 75%)

4 ¼ Ambulatory, consistent ground clearance with moderate paresis–ataxia (will fall occasionally)

5 ¼ Ambulatory, consistent ground clearance with mild paresis–ataxia (does not fall, even on slick surfaces)

6 ¼ Normal gait

Proprioceptive positioningb

0 ¼ Absent response

1 ¼ Delayed response

2 ¼ Normal response

Nociceptionc

0 ¼ No deep nociception

1 ¼ Intact deep nociception, no superficial nociception

2 ¼ Nociception present

aGround clearance refers to the ability to lift the limb off of the ground when it is being protracted.
bProprioceptive positioning is performed by supporting the lamb’s weight and gently placing the dorsum of the hoof on the ground. A delayed
response is indicated by a greater than 2 seconds lag between hoof placement and correction.

cDeep nociception is measured by cross-clamping the distal limb with hemostats. Superficial nociception is tested by pinching the interhoof webbing
with hemostats.
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Then the images were acquired by rapid acquisition and
relaxation enhancement (RARE)20 with the following speci-
fications: Effective echo time 36 ms, repetition time 9 sec-
onds, RARE factor 6, number of averages 9, total scan time 2
hours, field of view 70 mm � 70 mm, matrix 233 � 233,
spatial resolution 0.3 mm, and slice thickness 1 mm (total
of 70 slices). Images were obtained in sagittal and coronal
orientations including fat suppression and saturation slices.
Images were exported into digital imaging and communica-
tions in medicine format and were analyzed using Ositix HD
(Pixmeo SARL, Geneva, Switzerland) by a pediatric neurora-
diologist (S. P. P) who was blinded to the assignment of the
laboratory for qualitative assessment of the characteristic
findings of hindbrain malformation.

The data are presented as descriptive statistics. The inter-
rater agreement for each component of the TSCIS scores each
hind limb was performed using kappa statistics between the
examiners. The bladder volumes are presented as amean and
standard deviation. Inferential statistics was performed to
compare the bladder volumes using two-way analysis of
variance (ANOVA) with posthoc analysis. Prism 6 (GraphPad
Software, Inc., La Jolla, CA)was used for analysis and graphs. A
p value < 0.05 was considered as significant.

Results

There were a total of seven lambs included in the study. Four
lambs that had the creation of the defect survived to the
repair stage: two underwent HUC repair and two were left
unrepaired. Therewere a total of three lambs in the study that
served as controls without the spina bifida.

The details of fetuses with respective sheep and their
allotment are listed in ►Table 2. Sheep 1 had a triplet
gestation, of which two fetuses underwent spina bifida
creation survived to repair stage. These were randomly
assigned to unrepaired and repair with HUC. The remaining
fetus without the spina bifida creation served as an internal
control. All three fetuses survived to delivery. In sheep 2,
there was a singleton fetus that underwent spina bifida
creation and survived to the repair stage, which was ran-
domly assigned to the unrepaired group. Sheep 3 had a triplet
gestation and two of these fetuses underwent creation of the
defect. Only one of the two fetuses with spina bifida survived
to the repair stage. This fetus was randomly assigned to HUC
repair. The other fetus without spina bifida served as internal
control. Both of these fetuses survived to delivery. Sheep 4
had one fetus without spina bifida, which was delivered at
term and served as control.

Outcomes at Delivery

The findings of the defect site including the histology of the
lambs with spina bifida have been presented in our recent
publication.7 Among the unrepaired group, both lambs tran-
sitioned to the room air with drying and stimulation. One of
the lambs had leakage of CSF from the nonhealed defect site
measuring 20 mm � 10 mm. At 3 hours after birth, the lamb
developed irregular heart rate, apnea, and hypothermia and Ta
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expired. Resuscitative efforts were performed for 30minutes.
The other unrepaired spina bifida lamb had a skin defect also
remained nonhealed and measured 40 mm � 4 mm, with
leakage of fluid. In contrast, the skin defect of one lamb in the
HUC group was completely healed with regeneration of hair
and keratinization, while that of the other HUC lambwas also
healed but without keratinization and hair growth. Further-
more, compared with the normal controls (►Fig. 1A), unre-
paired lambs had severe contractures bilaterally of the hip,
knee, and ankle joints with knee joints positioned against the
abdominal wall (►Fig. 1B). On the elevation of the lower
spine, the lower extremities lifted off the ground. In contrast,
therewereminimal contractures of all three joints of the both
lower extremities in the repaired lambs (►Fig. 1C).

Texas Spinal Cord Injury Scale
The normal control lambswere assigned themaximal combined
score of 20 for both limbs on day 2. The forelimbs assessment in
all lambs was normal for gait, proprioception, and nociception.
The hind limbs scores for all lambs are described in►Table 2. In
the unrepaired lambs, TSCIS scores were assessed in the only
surviving lamb and the scores were 0 for both hind limbs. In
contrast, one of the lambs repaired with HUC responded to
superficial stimulationwith awithdrawal response in both hind
limbs. In the other HUC lamb, one hind limb showed a response
to superficial painful stimuliwhile the other hind limb showed a
response to deep stimulation only. The proprioceptive response
was for the hind limbs 0 in both HUC-repaired lambs. The
reproducibility of the TSCIS score was performed for 36 individ-
ual limbassessments from6 lambs for eachexaminer: 12 for gait,
12 for proprioception, and 12 for nociception. The agreement
between three examiners was 94%, which was statistically
significant with a p < 0.001 (Kappa statistic).

Bladder Function Assessment
For the normal controls, the prevoid bladder volume was
10.4 � 3.6 mL (range: 7.8–14.5 mL, n ¼ 3) while the postvoid

residual volume measured within 5 minutes of voiding was
0.38 � 0.13 mL (range: 0.25–0.5 mL), yielding a ratio between
postvoid residual volume to prevoid volume of 3.3 � 1.5%
(range: 2–5%). The frequency of urination was every 20 to
45 minutes on day 1, and every 2 to 3 hours on day 2, usually
after a feeding episode. For both unrepaired lambs, therewas a
constant trickle of urine suggesting overflow continence
immediately after delivery with a mean bladder volume
measurement of 7.25 � 2.5 mL (range: 5.5–9 mL). We were
able to obtain only one measurement of 9 mL in the fetus that
demised 3 hours after delivery. The other unrepaired spina
bifida lamb had residual bladder volumes of 5.5 mL, with no
evidence of spontaneous voiding. For the lambs repaired with
HUC, therewas a spontaneous voiding at a frequency similar to
normal control lambs. The prevoid volumes were 5 and 12mL,
with a mean of 8.55 � 4.6 mL (n ¼ 2) and the postvoid
residual volumes were 2.4 and 3.8 mL, with a mean of
3.1 � 0.99 mL yielding a ratio between postvoid residual
volume to prevoid volume of 32 to 45%, respectively. The
difference in bladder volume between the groups was statisti-
cally significant (►Fig. 2). Two-way ANOVA; a p-value
< 0.001; posthoc analysis significant difference between con-
trol versus unrepaired p < 0.001, unrepaired versus HUC
repaired p ¼ 0.01, and control versus HUC repaired p < 0.01.

Head Magnetic Resonance Imaging Findings
All three control lambs had normal intracranial anatomywith
the presence of CSF around the cerebellum and extracerebral
space (►Fig. 3 A, D, and G). Both unrepaired lambs exhibited a
hindbrain herniation with the cerebellar tonsils below the
level of the foramen magnum. In addition, there was a
decreased or complete absence of CSF in the intracranial
space, resulting in overcrowding of the posterior fossa and
invisible lateral ventricles (►Fig. 3B, E, and H). In contrast, the
HUC-repaired lambs had intracranial anatomy similar to
normal controls with a normal hindbrain and the normal
appearing lateral ventricles (►Fig. 3 C, F, and I).

Fig. 1 Comparing the hind limbs posture in a standing position. (A) Control lamb with all four limbs on the floor and extended position. (B)
Unrepaired spina bifida lamb with lower spine elevated using a sling showing severe contractures. The hip joint (yellow arrow), knee joint (white
arrow), and ankle joint (red arrow) (all three) had severe contractures. (C) HUC-repaired spina bifida lambs had minimal contractures at hip joint
(yellow arrow), knee joint (white arrow), and ankle joint (red arrow). HUC, human umbilical cord.
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Fig. 3 Comparison of head MRI between control, unrepaired, and HUC-repaired groups. (A–C): Midline sagittal views, (D–F): coronal view of
hindbrain, and (G–I): coronal view at lateral ventricles. Controls showed normal cerebral spinal fluid around the cerebrum and in the lateral
ventricles (green arrow in the►Fig. 3G) and in the posterior fossa. The cerebellum was above the level of foramen. In the unrepaired group, there
was a complete lack of cerebrospinal fluid around the brain tissue and in the lateral ventricles (red arrow in ►Fig. 3H). The cerebellar tonsil was
herniated through the foramen magnum (white arrow in►Fig. 3B). The HUC repaired spina bifida lambs intracranial anatomy was comparable to
the controls and there was normal cerebrospinal fluid and in the lateral ventricles (green arrow in ►Fig. 3I). HUC, human umbilical cord.

Fig. 2 Graphical representation of the prevoid and postvoid bladder volumes. (A) Absolute volumes as measured using a 2D ultrasound and using
volume of an ellipsoid formula. There was no difference in the unrepaired spina bifida lambs. (B) Postvoid residual volume percentage measured as
differences between prevoid/postvoid bladder volumes. 2D, two-dimensional.
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Discussion

Themajor finding of our studywas that the HUC patch prevents
hindbrain herniation and preserves partial bladder and partial
sensory motor function in a myelotomy spina bifida animal
model. The hindbrain herniation findings in the current study
noted on MRI are similar to the findings seen with midline
sagittal sections of the hindbrain in our recent investigation.7

Cumulatively, including our previous publication, 8/8 (100%)
lambs with surgically created spina bifida that then underwent
HUC repair demonstrated the absence of hindbrain herniation.7

In contrast, we noted lack or absence of CSF in the lateral
ventricles and around the brain in the unrepaired lambs. The
unrepaired spina bifida lamb that demised 3 hours after delivery
had the most severe hindbrain herniation along with the
complete absence of CSF in the calvarium. The lack of ventricu-
lomegaly despite hindbrain herniation has been previously
noted by other researchers in the sheep model of spina bifida.21

However, in human, the spina bifida is associated with enlarge-
ment of lateral ventricles.22 The explanation for the difference
remains unknown.

In our study, we followed the method first reported by
Meuli et al13 to surgically create a spina bifida lesion at
midgestation in sheep. In addition, similar to what has
been advised by Paek et al23 and Bouchard et al,21 we created
a myelotomy to allow egress of the CSF to cause an hindbrain
herniation. Finally, we performed the surgical repair 3 weeks
after the initial creation to allow sufficient exposure of the
spinal cord to the amniotic fluid. Furthermore, the uncovered
defects were randomly assigned to repair or no repair to
reduce the assignment bias. Furthermore, in one of our ewes,
there were all three interventions: control, unrepaired spina
bifida, and HUC-repaired spina bifida. This served as an
internal validity of our findings.

This is thefirst study touse theTSCIS scale toquantify sensory
andmotor function in a spina bifida animalmodel. The scale has
been validated for four-legged animals, such as dogs with spinal
cord injury.15,24 This scale incorporates proprioception and
nociception in addition to gait. Brown et al25 used a locomotor
scale in 20 lambs, of which 15 had a surgically created spina
bifida, and showed reproducibility to quantify hind limb motor
function. However, the locomotor scale does not incorporate
proprioception and nociception pathways, which are important
parts of spinal cord function. In our study, the lack of complete
recovery in theTSCISwas secondary to the inability for the spinal
cord to regenerate after myelotomy where the spinal cord is
intentionally damaged during the surgical creation of the spina
bifida. This phenomenon has been well observed in spinal cord
injury in themammalian animals.26,27 The relative preservation
of the nociception reflexes despite a complete lack of locomotor
function and proprioception was unexpected. The pain fiber
pathway in the spinal cord could explain thefindings. Painfibers
travel into the spinal cord, crosses to the opposite side in front of
the central canal at the same level and ascend through the lateral
and anterior spinothalamic tracts.28 During the myelotomy,
which is performed posteriorly in the midline of the spinal
cord, the lateral and anterior parts of the spinal cord are
untouched. The sensory and proprioception pathways ascend

on the same side of the spinal cord through medial lemniscuses
of the posterior column,which are damaged during the creation
of the defect.

Spina bifida affects bladder function due to inadequate
bladder wall development and thus leads to poor bladder
filling and increased postvoid residual volume29 causing
lifelong morbidity in more than 90% of children.30,31 Both
of these manifest with increased postvoid residual volumes
requiring intermittent bladder catheterization.32,33 In this
study, we evaluated postvoid residual volumes in the lambs
using 2D ultrasound. The repair of the spina bifida reduced
the postvoid residual volume by 50% compared with a lack of
spontaneous voiding in the unrepaired lambs. The improve-
ment noted in the urinary function could be secondary to
preservation spinal cord tissue in the repaired lambs at the
S2–S4 level where the micturition reflex occurs, which is
below the site of the spina bifida level of L2–L6.7,34 However,
in the unrepaired, the lower spinal cord may be further
damaged due to continued exposure to the amniotic fluid.

We had anticipated a higher degree of spinal cord function
preservation in the HUC repaired lambs due to its known anti-
inflammatory, antiscarring, and regenerative properties. This
hypothesis was based on the identifying heavy chain hyaluronic
acid (HC-HA)/pentraxin 3 (PTX3) as the relevant tissue charac-
teristic from amniotic membrane, similar biological composi-
tion, and properties as HUC, responsible for the aforementioned
actions. HC-HA/PTX3 is formed by the tight association between
PTX3 and HC-HA complex, which consists of high molecular
weight HA covalently linked to the heavy chain 1 of inter-α-
trypsin inhibitor through the catalytic action of tumor necrosis
factor-stimulated gene-6.35–39 We have gathered strong data to
support the notion that HC-HA/PTX3 is a novel matrix responsi-
ble for the anti-inflammatory, antirejection, and antiscarring
actions35–39 clinically observed in the surgical procedure of
amniotic membrane transplantation for treating many ocular
surface diseases.10,11,40Our recent data suggest that this HC-HA/
PTX3 complex ismore abundantly present in the HUC12 and can
directly modulate quiescence of epithelial stem cells.41 Lack of
regeneration of the damaged part of the spinal cord in the HUC
needs to be further investigated.

Future studies should test the HUC patch repair compared
with conventional repair with myelotomy. In addition, fur-
ther testing of HUC patch is required in a functional spina
bifida model without myelotomy.13,42 Incorporation of a
combination of the TSCIS and locomotor scales should be
considered in future studies. If confirmed in humans, HUC
may be a promising biomaterial to promote regenerative
wound healing for the correction of fetal spina bifida and
other developmental abnormalities. The utility of such a
patch system can be further expanded if it can be delivered
via a minimally invasive approach that would negate the
maternal risks associated with laparotomy and hysterotomy.

Financial Disclosure
Scheffer C. G .Tseng, MD, PhD and his family members are
more than 5% shareholders of TissueTech, Inc., Miami, FL,
which procures and processes human placenta into

American Journal of Perinatology Reports Vol. 6 No. 3/2016

Human Umbilical Cord Patch for Spina Bifida Repair Papanna et al. e315



AmnioGuard. None of the other authors have a conflict of
interest to disclose.

The financial support for the project was provided by
the departmental funds of the Department of Obstetrics,
Gynecology and Reproductive Sciences at TheUniversity of
Texas Health Science Center at Houston, McGovern Medi-
cal School.

Note
This studywaspresented as an oral presentation at the 36th
Annual Meeting of the Society for Maternal Fetal Medicine;
1–6 February, 2016; Atlanta, GA. Abstract no. 52.

References
1 Adzick NS, Thom EA, Spong CY, et al; MOMS Investigators.

A randomized trial of prenatal versus postnatal repair of myelo-
meningocele. N Engl J Med 2011;364(11):993–1004

2 Williams H. A unifying hypothesis for hydrocephalus, Chiari
malformation, syringomyelia, anencephaly and spina bifida.
Cerebrospinal Fluid Res 2008;5:7

3 Mehta VA, Bettegowda C, Ahmadi SA, et al. Spinal cord tethering
following myelomeningocele repair. J Neurosurg Pediatr 2010;
6(5):498–505

4 Stavrinou P, Kunz M, Lehner M, et al. Children with tethered cord
syndrome of different etiology benefit frommicrosurgery-a single
institution experience. Childs Nerv Syst 2011;27(5):803–810

5 Levi B, Sugg KB, Lien SC, et al. Outcomes of tethered cord repair with
a layered soft tissue closure. Ann Plast Surg 2013;70(1):74–78

6 Watanabe M, Kim AG, Flake AW. Tissue engineering strategies for
fetal myelomeningocele repair in animal models. Fetal Diagn Ther
2015;37(3):197–205

7 Papanna R, Moise KJ Jr, Mann LK, et al. Cryopreserved human
umbilical cord patch for in-utero spina bifida repair. Ultrasound
Obstet Gynecol 2016;47(2):168–176

8 Liu J, Sheha H, Fu Y, Liang L, Tseng SC. Update on amniotic
membrane transplantation. Expert Rev Ophthalmol 2010;5(5):
645–661

9 Acharya G, Pavlovic M, Ewing L, Nollmann D, Leshko J, Huhta JC.
Comparison between pulsed-wave Doppler- and tissue Doppler-
derived Tei indices in fetuses with and without congenital heart
disease. Ultrasound Obstet Gynecol 2008;31(4):406–411

10 Dua HS, Gomes JA, King AJ,Maharajan VS. The amnioticmembrane
in ophthalmology. Surv Ophthalmol 2004;49(1):51–77

11 Bouchard CS, John T. Amniotic membrane transplantation in the
management of severe ocular surface disease: indications and
outcomes. Ocul Surf 2004;2(3):201–211

12 Cooke M, Tan EK, Mandrycky C, He H, O’Connell J, Tseng SC.
Comparison of cryopreserved amniotic membrane and umbilical
cord tissue with dehydrated amniotic membrane/chorion tissue.
J Wound Care 2014;23(10):465–474, 476

13 Meuli M, Meuli-Simmen C, Hutchins GM, et al. In utero surgery
rescues neurological function at birth in sheep with spina bifida.
Nat Med 1995;1(4):342–347

14 Brown EG, Saadai P, Pivetti CD, et al. In utero repair of myelome-
ningocele with autologous amniotic membrane in the fetal lamb
model. J Pediatr Surg 2014;49(1):133–137, discussion 137–138

15 Levine GJ, Levine JM, Budke CM, et al. Description and repeatability
of a newly developed spinal cord injury scale for dogs. Prev Vet
Med 2009;89(1–2):121–127

16 Olby NJ, De Risio L, Muñana KR, et al. Development of a functional
scoring system in dogswith acute spinal cord injuries. Am J Vet Res
2001;62(10):1624–1628

17 Stokes BT, Noyes DH, Behrmann DL. An electromechanical spinal
injury technique with dynamic sensitivity. J Neurotrauma 1992;
9(3):187–195

18 Levine JM, Levine GJ, Kerwin SC, Hettlich BF, Fosgate GT. Associa-
tion between various physical factors and acute thoracolumbar
intervertebral disk extrusion or protrusion in Dachshunds. J Am
Vet Med Assoc 2006;229(3):370–375

19 Horváth G, Morvay Z, Kovács M, Szikszay M, Benedek G. An
ultrasonographic method for the evaluation of dexmedetomidine
on micturition in intact rats. J Pharmacol Toxicol Methods 1994;
32(4):215–218

20 Hennig J, Nauerth A, Friedburg H. RARE imaging: a fast imaging
method for clinical MR. Magn Reson Med 1986;3(6):823–833

21 Bouchard S, Davey MG, Rintoul NE, Walsh DS, Rorke LB, Adzick NS.
Correction of hindbrain herniation and anatomy of the vermis
after in utero repair of myelomeningocele in sheep. J Pediatr Surg
2003;38(3):451–458, discussion 451–458

22 Tulipan N, Wellons JC III, Thom EA, et al; MOMS Investigators.
Prenatal surgery for myelomeningocele and the need for cerebro-
spinal fluid shunt placement. J Neurosurg Pediatr 2015;16(6):
613–620

23 Paek BW, Farmer DL, Wilkinson CC, et al. Hindbrain herniation
develops in surgically createdmyelomeningocele but is absent after
repair in fetal lambs. Am J Obstet Gynecol 2000;183(5):1119–1123

24 McMahill BG, Borjesson DL, Sieber-Blum M, Nolta JA, Sturges BK.
Stem cells in canine spinal cord injury—promise for regenerative
therapy in a large animal model of human disease. Stem Cell Rev
2015;11(1):180–193

25 Brown EG, Keller BA, Pivetti CD, et al. Development of a locomotor
rating scale for testing motor function in sheep. J Pediatr Surg
2015;50(4):617–621

26 Meuli-Simmen C, Meuli M, Hutchins GM, et al. The fetal spinal cord
does not regenerate after in utero transection in a largemammalian
model. Neurosurgery 1996;39(3):555–560, discussion 560–561

27 Chmait RH, Korst LM, Llanes A, Mullin P, Lee RH, Ouzounian JG.
Perioperative characteristics associated with preterm birth in
twin-twin transfusion syndrome treated by laser surgery. Am J
Obstet Gynecol 2013;209(3):264.e1–264.e8

28 Wasner G, Lee BB, Engel S, McLachlan E. Residual spinothalamic
tract pathways predict development of central pain after spinal
cord injury. Brain 2008;131(Pt 9):2387–2400

29 Xiao CG, Du MX, Li B, et al. An artificial somatic-autonomic reflex
pathway procedure for bladder control in children with spina
bifida. J Urol 2005;173(6):2112–2116

30 Panicker JN, Fowler CJ, Kessler TM. Lower urinary tract dysfunction
in the neurological patient: clinical assessment and management.
Lancet Neurol 2015;14(7):720–732

31 Kessler TM, Lackner J, Kiss G, Rehder P, Madersbacher H. Predictive
value of initial urodynamic pattern on urinary continence in patients
with myelomeningocele. Neurourol Urodyn 2006;25(4):361–367

32 Cahill RA, Kiely EA. The spectrum of urological disease in patients
with spina bifida. Ir J Med Sci 2003;172(4):180–184

33 Snow-Lisy DC, Yerkes EB, Cheng EY. Update on Urological Man-
agement of Spina Bifida from Prenatal Diagnosis to Adulthood.
J Urol 2015;194(2):288–296

34 Andersson KE, Arner A. Urinary bladder contraction and relaxa-
tion: physiology and pathophysiology. Physiol Rev 2004;84(3):
935–986

35 He H, Li W, Tseng DY, et al. Biochemical characterization and
function of complexes formed by hyaluronan and the heavy chains
of inter-alpha-inhibitor (HC�HA) purified from extracts of human
amniotic membrane. J Biol Chem 2009;284(30):20136–20146

36 Zhang S, HeH, Day AJ, Tseng SC. Constitutive expression of inter-α-
inhibitor (IαI) family proteins and tumor necrosis factor-stimulat-
ed gene-6 (TSG-6) by human amniotic membrane epithelial and
stromal cells supporting formation of the heavy chain-hyaluronan
(HC-HA) complex. J Biol Chem 2012;287(15):12433–12444

American Journal of Perinatology Reports Vol. 6 No. 3/2016

Human Umbilical Cord Patch for Spina Bifida Repair Papanna et al.e316



37 He H, Zhang S, Tighe S, Son J, Tseng SC. Immobilized heavy chain-
hyaluronic acid polarizes lipopolysaccharide-activated macro-
phages toward M2 phenotype. J Biol Chem 2013;288(36):
25792–25803

38 He H, Tan Y, Duffort S, Perez VL, Tseng SC. In vivo down-
regulation of innate and adaptive immune responses in corneal
allograft rejection by HC-HA/PTX3 complex purified from am-
niotic membrane. Invest Ophthalmol Vis Sci 2014;55(3):
1647–1656

39 Zhang S, Zhu YT, Chen SY, He H, Tseng SC. Constitutive expression
of pentraxin 3 (PTX3) protein by human amniotic membrane cells

leads to formation of the heavy chain (HC)-hyaluronan (HA)-PTX3
complex. J Biol Chem 2014;289(19):13531–13542

40 Tseng SC, Espana EM, Kawakita T, et al. How does amniotic
membrane work? Ocul Surf 2004;2(3):177–187

41 Chen SY, Han B, Zhu YT, et al. HC-HA/PTX3 Purified From Amniotic
Membrane Promotes BMP Signaling in Limbal Niche Cells to
Maintain Quiescence of Limbal Epithelial Progenitor/Stem Cells.
Stem Cells 2015;33(11):3341–3355

42 Wang A, Brown EG, Lankford L, et al. Placental mesenchymal
stromal cells rescue ambulation in ovine myelomeningocele.
Stem Cells Transl Med 2015;4(6):659–669

American Journal of Perinatology Reports Vol. 6 No. 3/2016

Human Umbilical Cord Patch for Spina Bifida Repair Papanna et al. e317


