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Chapter 1

Introduction
� - �-*.+$)�'�Ơ0$��ǹ���Ǻ� $.� /# �'$,0$��.0--*0)�$)"�/# ��-�$)��)��.+$)�'��*-�ǚ��# �
� - �-*.+$)�'� Ơ0$�� .4./ (� $.� �*(+*. �� *!� /# � � - �-�'� 1 )/-$�' .Ǜ� /# � .0'�$� �)��
cisterns, and the cerebral and spinal subarachnoid space.1 The clear and colorless 
Ơ0$��$.��*)/�$) ��2$/#$)�/# �( )$)" .�/#�/�!*-(�/# ��*-� -�.0--*0)�$)"�/# �� )/-�'�
nervous system. CSF has several important functions. It is a shock absorber protecting 
the brain by proving buoyancy within the skull.2 Furthermore, it provides nutrients, 
clears waste products of metabolism and plays a role in immunity.2

The total volume of CSF present in adults is approximately 150 mL.1 CSF contains ions 
(Na+, Cl-, HCO3

-Ǜ��+, Ca++, Mg++ and Mn++), vitamins (Vitamin C, folate), peptides and 
proteins.2 Under physiological conditions there are less than 5 white blood cells per 
mm3 in CSF, a protein level of 20-40 mg/100 mL and glucose level of 60-80%.3

CSF is produced with a rate of 0.3-0.4 mL/min.1 It is widely accepted that the majority 
of CSF is produced by the choroid plexus in the lateral ventricles and absorbed by 
/# ��-��#)*$��1$''$ǚ��#$.��'�..$��#4+*/# .$.���. ��*)�/# �%*$)/�- . �-�#� Ƣ*-/.�*!�/# �
!*0)�$)"�!�/# -.�*!�) 0-*.0-" -4Ǜ��  �Ǜ���)�4��)���0.#$)"Ǜ��..0( .���0)$'�/ -�'�Ơ*2�
of CSF from the lateral ventricles, through the foramina of Monro, the third ventricle 
and aqueduct into the craniospinal subarachnoid space.ƧǲƩ However, this hypothesis 
has been challenged by more recent publications.4 It has now become understood that 
the motion of CSF is driven by systole-diastole pulsation, gravity and body posture and 
is bidirectional (oscillatory) rather.1,4

More controversy, however, continues to exist about the production and absorption 
of CSF. The discovery of the aquaporin which allows water to move freely into and out 
of the CSF has led to a new theory of CSF production and absorption4ǚ�
)�/# ��0'�/Ǳ
�'�-$��Ǳ�- .&*1$��#4+*/# .$.�����+-*�0�/$*)��)����.*-+/$*)�*��0-�/#-*0"#*0/�/# �
craniospinal axis through osmolarity gradients.4

When the natural barrier of the meninges is breached CSF may leak from the nose 
(rhinoliquorrhea), ear (otoliquorrhea) or surgical incision. Although CSF leakage 
may result from trauma (i.e. skull fracture) or occur spontaneously this thesis will 
consider CSF leakage as a complication of neurosurgical intervention only. CSF leakage 
$.� �� . -$*0.��*(+'$��/$*)��ơ -�) 0-*.0-"$��'�+-*� �0- .Ǜ�2#$�#�(�4� ' ��� /*�+**-�
wound healing, infection, CSF hypotension syndrome and pneumocephalus.ƫǲƭ The 
� Ɵ)$/$*)�*!�����' �&�" �1�-$ .���-*..�/# �'$/ -�/0- ǚ�
/�(�4�$)�'0� ���.0��0/�) *0.�
�����*'' �/$*)Ǜ� �'.*� ��'' ��+. 0�*( )$)"*� ' Ǜ�2$/#*0/� ��Ɵ./0'��*-�+ -�0/�) *0.�
leakage only. Although a pseudomeningocele may have psychological and physical 
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�*). ,0 )� .�*!�$/.�*2)Ǜ�$/�$.�*ơ )�. '!Ǳ'$($/$)"ǚ�� �2$''�/# - !*- ��*).$� -�$/���. +�-�/ �
 )/$/4ǚ�����' �&�" �2$''�� �� Ɵ) ���.�/# �' �&�" �*!�����/#-*0"#�/# �.&$)�$)�$.$*)ǚ

����' �&�" ��ơ -�) 0-*.0-" -4���)�� �/- �/ ���*). -1�/$1 '4Ǜ�2$/#���+- ..0- ���)��" �
and or placement of additional sutures across the incision at bedside. Invasive treatment 
strategies include reoperation for reclosure of the surgical wound or CSF diversion 
+-*� �0- .ǚ������$1 -.$*)�+-*� �0- .��$(�/*�- �0� �/# �Ơ*2�*!�����/#-*0"#�/# �Ɵ./0'��
by reducing the intracranial pressure and proving a drainage route for CSF with less 
- .$./�)� ��*(+�- ��/*�/# �Ɵ./0'�ǚ������$1 -.$*)���)�� ����*(+'$.# ���4�+'�� ( )/�
of a temporary drain from the ventricular system to a pressure-controlled reservoir 
outside the body or placing such drain in the subarachnoid space at the level of the 
lumbar vertebrae. Permanent CSF diversion, by placing a shunt from the ventricular 
system or spinal subarachnoid space to the peritoneal cavity, may be desired in case of 
CSF leak in combination with hydrocephalus. The main drawback of any CSF diversion 
treatment is the risk of central nervous system infections.8,9 Placement of an external 
�����-�$)�!0-/# -(*- �. 1 - '4�) "�/$1 '4�$)Ơ0 )� .�+�/$ )/�(*�$'$/4ǚ��/-$�/�� �- ./�
$.�*ơ )�+- .�-$� ��$)�/# . ���. .ǚ��*- *1 -Ǜ�+'�� ( )/�*!��)� 3/ -)�'�1 )/-$�0'�-�
drain (EVD) or permanent CSF diversion shunt requires general anesthesia and poses 
health risks such as intra ventricular hemorrhage and causes pain and discomfort. The 
placement of an external lumbar drain (ELD) mostly occurs under local anesthesia and 
poses the risk of a spinal epidural hematoma.

�# �$)�$� )� �*!�����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4�$)���0'/.�$.�- +*-/ ��
to be 7.1% in a recent international multicenter historical cohort study.10 Smoking, 
$)!-�/ )/*-$�'�.0-" -4��)��/# �0. �*!����0-�'�.0�./$/0/ �2 - �$� )/$Ɵ ���.�-$.&�!��/*-.�
in this retrospective analysis.10 Furthermore, younger age, male sex and higher body 
(�..�$)� 3�ǹ��
Ǻ�.#*2 ����.$")$Ɵ��)/��..*�$�/$*)�2$/#�����' �&�" Ǜ�#*2 1 -Ǜ��.�/# �
odds ratios (ORs) for these factors were close to 1, these were not considered clinically 
relevant.10 The use of a dural sealant was associated with lower CSF leakage risk. 
Patients with CSF leakage had higher odds of wound infection and/or meningitis as 
compared to patients without. Moreover, treatment of CSF leakage was invasive in 
the majority of cases. It required placement of external CSF drain in 80% of cases and 
revision surgery in 32%.10


)�$� )� �!*-�����' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4�- +*-/ ��$)�/# �'$/ -�/0- �$.�
5-13%.ƧƧǲƧƩ In addition, unintended durotomy, resulting in a 10% CSF leakage risk, occurs 
in 1-2% of extradural cases.ƧƪǲƧƭ These studies indicate that CSF leakage is a frequent and 
�'$)$��''4�.$")$Ɵ��)/��*(+'$��/$*)�$)�) 0-*.0-" -4Ǜ�!*-��-�)$�'��.�2 ''��.�.+$)�'�.0-" -4ǚ

Watertight closure with sutures has historically been the primary strategy to prevent 
����' �&�" ǚ�	*2 1 -Ǜ� 1 )��ơ -�( /$�0'*0.�.0/0-$)"Ǜ�' �&�" ���)�*��0-�� /2  )�

1
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sutures or through the needle holes. In recent years various products to augment dural 
closure by creating a watertight seal have been developed. Dural sealants can be made 
of biopolymers or synthetic polymers.18 Sealants based on proteins, usually animal or 
#0(�)�� -$1 ��Ɵ�-$)*" )��)��/#-*(�$)Ǜ�- '4�*)��'*/�!*-(�/$*)�2$/#�/# �0)� -'4$)"�
tissue to seal. There are some important drawbacks of using protein-based sealants; 
potential risk of viral or prion transmission, induction of an immunogenic reaction, the 
!��/�/#�/�/# 4�*ơ )�- ,0$- �/*�� ��-*..'$)& ��2$/#�+*/ )/$�''4�) 0-*/*3$���*(+*) )/.�
�)��/# $-��$*� "-���/$*)�$.�$)Ơ0 )� ���4�/# �.$/ �*!�$(+'�)/�/$*)Ǜ��1�$'��$'$/4��)��
concentration of enzymes.18 PEG-polymers are the most commonly used form of 
synthetic sealants. These consist of two components to form a liquid hydrogel which 
adheres to the underlying tissue. An important downside of PEG-polymers is that they 
may swell as a result of water uptake, potentially causing compression injury.ƧƯǲƨƨ Yet, 
.4)/# /$��+*'4( -.�*Ƣ -�/# �+*..$�$'$/4�*!���%0./$)"�/# �! �/0- .�*!�/# �(�/ -$�'�/*�
optimize the product. Ready-to-use patch sealants may be preferred over liquids in 
terms of user experience.18

�# � ƣ���4�*!��0-�'�. �'�)/.�2�.� 1�'0�/ ��$)���( /�Ǳ�)�'4.$.��*(+�-$)"�/# �����
leakage rate between cranial cases with sealant use and without.23��*� .$")$Ɵ��)/�
�$Ƣ - )� .�$)�����' �&�" �2 - �*�. -1 ��� /2  )�"-*0+.ǚ23 Yet, sealant use appeared 
to reduce the risk of surgical site infection. A similar study evaluating CSF leakage 
�ơ -�.+$)�'�.0-" -4��'.*�.#*2 �� /#�/� /# - �2 - �)*�.$")$Ɵ��)/��$Ƣ - )� .� $)�����
leakage between cases with and without dural sealants.24 This result was found both 
for intended as well as incidental durotomy. Minimally invasive surgery, however, did 
have lower CSF leakage rates, independent of sealant use.24

The utility of nine commonly used dural sealants was compared and evaluated in 
an in vitro study.25��*�� / -($) ���0/ ��0-./�+- ..0- ��)�$)�1$/-*�. /�0+�2�.�(*�$Ɵ ��
!-*(�/# �������ƨƩƯƨǱƦƪ��4�0.$)"�+*-�$) ��0-�Ǜ��-/$Ɵ�$�'����Ǜ�/ (+ -�/0- �(�/�#$)"�
+#4.$*'*"$��'��*�4��*)�$/$*).��/�Ʃƭ�� "-  .�� '.$0.��)��0. �*!��*(+0/ -�.*ơ2�- �/*�
evaluate exact burst pressure. Resistance over time was evaluated using a 72-hours 
pressure pulse assay mimicking the standardized triphasic intracranial pressure 
waves.25 In the acute burst pressure test only 3 sealants showed burst pressures above 
physiological intracranial pressure; Tachosil (Corza Health, San Diego, USA), Adherus 
ǹ�/-4& -Ǜ���'�(�5**Ǜ����Ǻ��)���0-�. �'�ǹ
)/ "-��$! ��$ )� .Ǜ��-$)� /*)Ǜ����Ǻǚ25 In 
/# �- .$./�)� �/ ./�%0./�/2*�. �'�)/.�(�$)/�$) ��.0ƣ�$ )/���# - )� �/*�/# ��0-��*1 -�
72 hours; Duraseal and Adherus.25

Osbun et al. (2011)26 compared the use of Duraseal, a PEG-hydrogel sealant, to standard of 
��- �$)���-�)�*($5 ���*)/-*'' ��/-$�'ǚ��# ��*)/-*'�"-*0+��*).$./ ��*!��$Ƣ - )/�( /#*�.�
�/�/# ��$.�- /$*)�*!�/# �.0-" *)ǝ����$/$*)�'�.0/0- .Ǜ��0/*'*"*0.��0-�'�"-�ơ.Ǜ�*ƢǱ'�� '�0. �
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*!�1�-$*0.��$*'*"$��'�+-*�0�/.�$)�'0�$)"�Ɵ�-$)�"'0 Ǜ�" '�/$)��)���*''�" )�.+*)" .Ǜ��0-�'�
substitutes, and hemostatic agents. The CSF leakage rate similar between both groups. 
�# - �2 - �)*�./�/$./$��''4�.$")$Ɵ��)/��$Ƣ - )� .�$)�) 0-*.0-"$��'��*(+'$��/$*).�*-�
surgical site infections. Duraseal application was faster compared to control.26

In another randomized controlled trial Duraseal was compared to Adherus, PEG-
#4�-*" '�. �'�)/�2$/#�.$($'�-��++'$��/$*)�+-*+ -/$ .ǚ��# � ƣ���4�*!��*/#�+-*�0�/.�
was similar 90.6% vs. 91.2%, respectively.27 Although expansion of the sealants was 
not evaluated with magnetic resonance imaging (MRI) in this trial, no adverse events 
ǹ��.Ǻ�- '�/ ��/*�.2 ''$)"�*!�/# �. �'�)/�' ��$)"�/*�) 0-*'*"$��'�� Ɵ�$/.�2 - �*�. -1 �ǚ27 
Preclinical testing of Adherus has shown limited volumetric expansion only.28 Yet, for 
Duraseal compression injuries have been reported.19,21,22 These involve posterior fossa 
and spine cases though.

���#*.$'Ǜ����*''�" )Ǳ��. ��.+*)" ��*�/ ��2$/#�#0(�)�� -$1 ��/#-*(�$)��)��Ɵ�-$)*" )Ǜ�
originally developed as a hemostatic agent, is commonly applied as a sealant in 
) 0-*.0-" -4��.�2 ''ǚ�
/.� ƣ���4�$)�+- 1 )/$)"�����' �&�" ��*(+�- ��/*����*)/-*'�
group consisting of sutures only was investigated in a randomized controlled trial. 
�*�./�/$./$��''4�.$")$Ɵ��)/�� ) Ɵ/�2�.�!*0)��!*-�/# ����$/$*)�*!����#*.$'�/*�./�)��-��
sutures in prevention of CSF leakage or surgical site infection.29

The results of the studies described above indicated that a critical attitude towards the 
use of the then available sealants was warranted given the additional costs involved and 
'��&�*!� 1$� )� �!*-�/# $-� ƣ���4ǚ��/�/# �.�( �/$( Ǜ�/# . �./0�$ .�� (*)./-�/ ��/#�/�
/# - �./$''� 3$./.��)�0)( /��'$)$��'�)  ��!*-��)� Ƣ �/$1 ��)�� �.4�/*�0. ��0-�'�. �'�)/ǚ

��)*1 '��0-�'�. �'�)/Ǜ��0-��� �'�)/���/�#�ǹ���Ǻ�ǹ$,*. �'Ș�ǹ�*'4"�)$�.��ǚ�ǚǛ��-*)$)" )ǺǺ�
has been developed to meet this need ǹƟ"0- �ƧǛ��#�+/ -�Ʃ�+�" �ƪƪǺ. The DSP is composed 
of a watertight biodegradable polyesterurethane (PU) layer and an adhesive layer of poly 
copolymer and multiarmed N-hydroxylsuccinimide (NHS) functionalized polyethylene 
glycol (PEG).30, 31 The PEG-NHS adheres to the dura by interaction with the amine groups 
present. It is non-immunogenic and non-toxic.30��$*� "-���/$*)�#�.�($)$(�'�.$/ Ǳ/*Ǳ.$/ �
and patient-to-patient variation30. The expected biodegradation of the DSP is 1 year.30, 31

DSP was compared to the 3 commonly used FDA and/or CE approved sealants (Adherus, 
Duraseal and Tachosil) in a cranial and spinal in vitro set up, as described above.30 
The acute burst pressure of the DSP in the cranial model was higher than that of these 
clincally available sealants. In the spinal model burst pressure was higher than that of 
TachoSil, but not Adherus and Duraseal. Three-day resistance tests showed that 2 out 
of 3 the DSP in both models remained attached. This in vitro study shows that the DSP 
can form and maintain a watertight seal over a dural defect.30

1



14

Chapter 1

Subsequentially, safety and biodegradability of the DSP as compared to other sealants 
was evaluated in an in vivo cranial porcine model.31 DSP was implanted in 15 pigs. 
The comparison groups were composed of 11 pigs with no sealant and 6 pigs that 
received either Duraseal or Tachosil. Each group was subdivided into subgroups with 
survival times between 3 days and 12 months. Histological, MRI and clinical data were 
evaluated. The study concluded that the DSP did not swell with a maximum mean 
thickness of 2.1 mm at one month.31 No percutaneous CSF leakage was observed in 
any of the animals.31 An epidural CSF collection could not be excluded in one animal 
implanted with Liqoseal.31 The resorption time of the DSP was between 6 months and 
12 months postoperatively. Foreign body reaction induced by the sealants was similar 
across groups, yet more prolonged for DSP because of its slower degradation.31 An 
advantage of the prolonged degradation, however, may be that it allows for ample time 
for the dura to heal whilst maintaining a watertight seal.31���. ��*)�/# �- .0'/�*!�/#$.�
�)$(�'�./0�4�/# �����2�.��  ( ��.�! �!*-�$)/-��-�)$�'�0. �$)���Ɵ-./Ǳ$)Ǳ#0(�)�./0�431.

�# �Ɵ-./�$)Ǳ#0(�)�./0�4�/*� 1�'0�/ �/# �.�! /4��)�� ƣ���4�*!�����$)�/# �+- 1 )/$*)�
*!�����' �&�" ��ơ -��-�)$�'�.0-" -4�$)���0'/.�ǹ������Ǻ�2�.��*)�0�/ ���.��)�*+ )Ǳ
label single arm multicenter trial.32,33 A total of 40 patients received DSP in addition 
to standard sutures as a means of dural closure and were followed-up for a total of 12 
months. The primary composite endpoint was comprised of the following: postoperative 
percutaneous CSF leakage, intraoperative leakage at 20 cm H2O positive end-expiratory 
pressure or postoperative wound infection. No patient met de primary endpoint.33 MRI 
 1�'0�/$*)�.#*2 ��)*��'$)$��''4�.$")$Ɵ��)/�.2 ''$)"�*!�/# �� 1$� ǚ33���. ��*)�/# . �
- .0'/.�����#�.��  )����� -/$Ɵ ��.$)� ���)0�-4�ƨƦƨƦǚ33 The most important limitation 
of ENCASE was its single-arm design.33 Therefore, a randomized trial is necessary to 
 ./��'$.#� ƣ���4��*(+�- ��/*��0-- )/�� ./�+-��/$� ǚ

�.�/# �0. �*!���. �'�)/�- ,0$- .�Ɵ)�)�$�'�$)+0/Ǜ�$/�$.�$(+*-/�)/�/*��.. ..�/# �# �'/#�
economic consequences of CSF leakage and the potential impact of preventative 
strategies to assist decision making regarding their use. Moreover, DSP has thus far only 
been approved for cranial use in adults. Yet, CSF leakage is challenging complication 
in other surgical approaches as well. The anatomical and surgical characteristics 
*!�/# . �.+ �$Ɵ���++-*��# .�- ,0$- �. +�-�/ � 1�'0�/$*)�*!�/# �+*/ )/$�'�0. �*!����ǚ�
�$)�''4Ǜ��#$'�- )��*(+-$. ���.+ �$Ɵ��+�/$ )/���/ "*-4Ǜ�4 /�/# �$)�$� )� �*!�����' �&�" �
and risk factors in pediatric patients has not been thoroughly investigated. This is an 
$(+*-/�)/�Ɵ-./�./ +�/*�� ���' �/# �� / -($) �/# ��'$)$��'�)  ���)��.+ �$Ɵ��- ,0$- ( )/.�
for application of the DSP in this patient category.

This thesis will consider the prevention CSF leakage using a novel dural sealant, Dura 
Sealant Patch, and evaluate its potential further applications. The following questions 
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2$''�� ����- .. �ǜ�Ƨǚ�
.�+- 1 )/$*)�*!�����' �&�" �0.$)"�./-�/ "$ .�/#�/�- ,0$- �Ɵ)�)�$�'�
$)+0/�� ) Ɵ�$�'� !-*(���# �'/#Ǳ �*)*($��+*$)/�*!�1$ 2Ǣ�ƨǚ� 
.� /# �����)*)Ǳ$)! -$*-�
�*(+�- ��/*��0-- )/�� ./�+-��/$� �$)�+- 1 )/$)"�����' �&�" ��ơ -��-�)$�'�.0-" -4Ǣ�Ʃǚ�
��)�/# ������ �0. ��!*-�/# �+- 1 )/$*)�*!�����' �&�" �$)�.+$)�'�.0-" -4Ǣ�ƪǚ���)�/# �
����� �0. ��!*-�/# �+- 1 )/$*)�*!�����' �&�" �$)�/-�)..+# )*$��'�.0-" -4Ǣ�ƫǚ��#�/�$.�
the incidence of CSF leakage in the pediatric population and should the DSP be further 
� 1 '*+ ��!*-�+ �$�/-$��0. Ǣ��# �'�// -�- . �-�#�,0 ./$*)�$.�+*. ��/*�+-*1$� �$).$"#/�
in whether the questions raised above would also be applicable to children and what 
.+ �$Ɵ����%0./( )/.�($"#/�� �- ,0$- �ǚ
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Chapter 2

Abstract
Objectives
� ��$(�/*�,0�)/$!4�/# ��*./��$Ƣ - )� �� /2  )�+�/$ )/.�2$/#�$)�$.$*)�'�� - �-*.+$)�'�
Ơ0$�� ǹ$���Ǻ� ' �&�" � �)�� /#*. �2$/#*0/� �ơ -� $)/-��0-�'� �-�)$�'� .0-" -4ǚ� � �*)�'4Ǜ�
the potential cost savings per patient when a decrease in iCSF leakage rate would be 
achieved with and without added costs for preventative measures of various price and 
 ƣ���4��- �(*� '' �ǚ

� .$")
Health economic assessment from a hospital perspective based on a retrospective 
cohort study

Setting
Dutch tertiary referral center

Participants
We included 616 consecutive patients who underwent intradural cranial surgery 
between September 1st, 2017 and September 1st, 2018. Patients undergoing burr-hole 
.0-" -4�*-�/-�)..+# )*$��'�.0-" -4Ǜ�*-�2#*��$ ��2$/#$)�*) �(*)/#��ơ -�.0-" -4�*-�
were lost to follow up were excluded.

Primary and secondary outcome measures
Outcomes of the cost analysis include a detailed breakdown of mean costs per patient 
for patients with postoperative iCSF leakage and patients without, and the mean cost 
�$Ƣ - )� ǚ��*-�/# �.� )�-$*��)�'4. .�/# �*0/�*( .��- �/# �+*/ )/$�'��*./�.�1$)".�+ -�
1,000 patients when a decrease in iCSF leakage would be achieved.

Results
� �)��*./��$Ƣ - )� �� /2  )�+�/$ )/.�2$/#��)��2$/#*0/� $���� ' �&�" �2�.� ʧƯǛƬƬƫ�
ǹƯƫʷǱ�*)Ɵ� )� �
)/ -1�'�ǹ�
ǺǛ�ʧƫǛƧƨƫ�/*�ʧƧƪǛƨƦƫǺǚ���$)��*./��-$1 -�2�.�#*.+$/�'�./�4�
2$/#����$Ƣ - )� �*!�Ʈǚƫ���4.ǚ���ƨƫʷ�$)�$� )� �- �0�/$*)�2*0'��- .0'/�$)���( �)��*./�
.�1$)"�*!�ǱʧƯƪǛƦƩƯ�ǹƯƫʷ��
�ǱʧƨƧƮǛƨƫƮ�/*�ǱʧƭǛƦƭƭǺ�+ -�ƧǛƦƦƦ�+�/$ )/.ǚ���(�3$(0(��*./�
- �0�/$*)�*!�ǱʧƬƫƩǛƦƨƫ�ǹƯƫʷ��
�Ǳʧ�ƧǛƨƦƪǛƨƪƩ�/*�ǱʧƧƬƯǛƧƨƦǺ�+ -�ƧǛƦƦƦ�+�/$ )/.��*0'��� �
achieved if iCSF leakage would be reduced with 75% in all patients, with 72 cases of 
iCSF leakage avoided.
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Conclusions
�*./*+ -�/$1 �$����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4�$)�- �. .�# �'/#��- ��*./.�
.$")$Ɵ��)/'4� �)�� .0�./�)/$�''4ǚ� �-*(���# �'/#�  �*)*($��+ -.+ �/$1 �+- 1 )/�/$1 �
measures to avoid iCSF leakage should be pursued.

Key words
Neurosurgery, Health Economics

Strengths and limitations of this study
•  To our knowledge this is the largest cost analysis providing a detailed breakdown 

*!��*./.�!*-�$����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4ǚ
•  An advantage of the method applied in this study is the adaptability of the 

transparent model to other settings.
•  �) �'$($/�/$*)�*!�*0-��++-*��#�$.�/# � Ƣ �/�*!�$)$/$�'�.0-" -4��*./.�*)�/# �- .0'/.�*!�

our analyses.
•  Although, this analysis contains the largest patient population in an economic 

evaluation of iCSF leakage, the number of patients in the individual categories for 
secondary complications and treatment modalities remains low.

2
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Chapter 2

Introduction
� - �-*.+$)�'�Ơ0$�� ǹ���Ǻ� ' �&�" � $.�*) �*!� /# �(*./� �*((*)��*(+'$��/$*).��ơ -�
) 0-*.0-"$��'� $)/ -1 )/$*)ǚ��# � $)�$� )� �*!����� ' �&�" ��ơ -� $)/-��0-�'� �-�)$�'�
surgery reported in the literature is 8% on average and depends on location of the 
surgery, indication of the surgery and patient-related risk factors1 CSF leakage related 
complications include wound infection and meningitis, and may necessitate prolonged 
hospital admission, external CSF drainage or reoperation. Therefore, CSF leakage is 
not only associated with substantial morbidity, but with increased healthcare costs as 
well1. �-*/ )#0$.�!*0)��/#�/�/# �/*/�'� 3/-���*./�*!�����' �&�" �$.��++-*3$(�/ '4�ʧƧƨǛƦƦƦ�
for intradural cranial surgery, looking at the direct medical costs2. Previous research, 
#*2 1 -Ǜ�'��&.�.+ �$Ɵ��/$*)�*!�/# �(�$)��*./��-$1 -.��)���)�'4.$.�*!��*./.�!*-�.+ �$Ɵ��
/- �/( )/�(*��'$/$ .�!*-�����' �&�" ǚ��*/#�/# �# �'/#��)�� �*)*($���*). ,0 )� .�*!�
CSF leakage emphasize the importance of prevention of CSF leakage.

� /Ǜ�+- 1 )/�/$1 �( �.0- .�/*�- �0� �����' �&�" �$)�$� )� �(�4�- ,0$- �Ɵ)�)�$�'�$)+0/�
as well. Neurosurgeons closing themselves instead of residents, the use of devices, or 
increased operating room time because of a more precise closing technique to prevent CSF 
' �&�" �(�4��''�' ���/*�$)�- �. ��# �'/#���- ��*./.ǚ��*./Ǳ� ) Ɵ/��)�'4. .�*!�+- 1 )/�/$1 �
strategies to reduce CSF leakage are lacking in the current body of literature.


)��)�$)�- �.$)"'4��*./��2�- �# �'/#���- �.4./ (�Ɵ)�)�$�'�$(+'$��/$*).�*!��*(+'$��/$*).�
and their prevention are of great importance in deciding which preventative strategies 
to pursue. Therefore, the health economic consequences should be considered as well 
2# )� 1�'0�/$)"�/# � ƣ���4�*!�+- 1 )/�/$1 �./-�/ "$ .�/*��1*$��$����' �&�" ǚ

�# �+-$(�-4�*�% �/$1 �*!�/# ��0-- )/�./0�4�$.�/*�,0�)/$!4�/# ��$Ƣ - )� �$)�# �'/#���- �
�*).0(+/$*)��)���..*�$�/ ���*./.�� /2  )�+�/$ )/.�2$/#�����' �&�" ��ơ -�$)/-��0-�'�
cranial surgery and those without postoperative CSF leakage. The secondary objective 
$.�/*�,0�)/$!4�/# � �*)*($�� Ƣ �/�+ -�+�/$ )/�2# )���� �- �. �$)�����' �&�" �-�/ ��)��
related complications would be achieved using preventative measures that may require 
Ɵ)�)�$�'�$)+0/ǚ

Methods
This cost analysis was performed from a hospital perspective, including detailed health 
care consumption of every individual patient. This study uses direct medical costs, 
without taking into account health insurance reimbursement.

Clinical data from a single center were retrieved from previously collected retrospective 
international multicenter database (unpublished raw data). All consecutive adult 
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patients undergoing intradural cranial surgery between 1 September 2017 and 1 
September 2018 at the University Medical Center Utrecht were included. Patients 
2#*��$ ��2$/#$)�*) �(*)/#��ơ -�.0-" -4�*-�2 - � '*./� /*�!*''*2�0+�2 - � 3�'0� �Ǜ�
�.�!*-�/# . �+�/$ )/.�/# - �2�.�$).0ƣ�$ )/�� -/�$)/4�- "�-�$)"�/# �*��0-- )� �*!�/# �
primary outcome measure (CSF leakage) introducing bias into the analysis and health 
care resources utilized during follow-up. Patients undergoing burr-hole surgery or 
transsphenoidal surgery were excluded, as they represent separate patient categories 
2$/#�.+ �$Ɵ��# �'/#���- �0/$'$5�/$*)ǚ

The following surgical characteristics had been collected: indication, urgency level, 
reoperation (yes/no), location of craniotomy (supra- or infratentorial), use of dural 
substitute and use of a dural sealant. Patient characteristics retrieved from the database 
included: age, sex, pre-operative dexamethasone use, history of radiation therapy, 
�$�� / .Ǜ���
��)��.(*&$)"ǚ

���� ' �&�" � 2�.� � Ɵ) �� �.� $)�$.$*)�'� � - �-*.+$)�'� Ơ0$�� ǹ$���Ǻ� ' �&�" � ǹ $/# -�
�'$)$��''4��$�")*. ��*-��*)Ɵ-( ��/#-*0"#�� /�Ǳƨ�/-�).! --$)�/ ./Ǻ��)���$��)*/�$)�'0� �
+. 0�*( )$)"*� ' ǚ��*./*+ -�/$1 �$)! �/$*)�$)�'0� ��.0+ -Ɵ�$�'�2*0)��$)! �/$*)��)��
deep wound infection and/or meningitis requiring treatment. The type of treatment was 
reviewed when iCSF leakage occurred. The treatment was divided into three categories: 
conservative treatment, external drainage placement and operative wound revision. 
Conservative treatment consisted of pressure bandage for wound compression and/or 
additional suture placement. Firstly, a cost analysis was performed based on clinical and 
detailed cost data. This cost analysis was followed by scenario analyses to investigate the 
 Ƣ �/�*!�- �0�/$*)�*!�$����' �&�" �*)�# �'/#� �*)*($��*0/�*( .ǚ���� �$.$*)�/-  �2�.�0. ��
to combine the aforementioned cost analysis and the incidence rates of complications.

Cost Analysis
Healthcare resources consumed by eligible patients from 30-days prior to 180-days 
�ơ -�.0-" -4�2 - �- /-$ 1 ��!-*(�( �$��'�- �*-�.ǚ��*./.�$)�'0� ��- ��($..$*).��)��
considers all-cause healthcare utilization. Unit prices were retrieved from the Dutch 
Healthcare Authority (Nederlandse Zorgautoriteit; NZA), the cost-manual of the National 
Healthcare Institute (Zorginstituut Nederland; ZiN) and literature research and linked to 
the corresponding healthcare activities3,4. The costs for an external ventricle drain and 
external lumbar drain and dural sealants were based on existing literature and local 
prices5. Costs for cranial surgery and reoperation were determined based on operating 
-**(�/$( �(0'/$+'$ ���4��*./�+ -�($)0/ �ǹʧƧƦǛƫƯǺ6. All costs are presented in 2018 Euros.

Outcomes of the cost analysis included a detailed breakdown of mean costs per patient 
!*-�+�/$ )/.�2$/#�+*./*+ -�/$1 �$����' �&�" ��)��+�/$ )/.�2$/#*0/ǚ��$Ƣ - )/��*./.�2 - �

2



26

Chapter 2

divided into categories; outpatient visits, diagnostics, primary surgery, expensive drugs 
(e.g., chemotherapy for brain tumor patients), clinical admissions, other costs (e.g 
physiotherapy and dietetics), leakage treatment and sealant costs.

�.� 2 ''� �.� /# � /*/�'� # �'/#��- � �*./.� !*-� +�/$ )/.� 2$/#� ���� ' �&�" � ./-�/$Ɵ �� �4�
treatment; reoperation, drain (external lumbar drain and external ventricle drain), 
reoperation and drain, and/or conservative treatment (including pressure bandage 
�)�����$/$*)�'�.0/0- .Ǻǚ��$Ƣ - )� �� /2  )�"-*0+.�2�.�/ ./ ��2$/#���))Ǳ�#$/) 4Ǳ��
since data was not normally distributed.

Scenario Analysis
Model Development
A decision tree was developed ǹ�0++' ( )/�-4���/ -$�'�ƧǺ outlining intradural cranial 
surgery and the occurrence of complications, including iCSF leakage. This decision tree 
�''*2.�/# �,0�)/$Ɵ��/$*)�*!�/# �-**(�!*-�$(+-*1 ( )/�$)�.� )�-$*��)�'4. .��4����+/$)"�
probabilities of individual events. This is achieved by multiplying the probability of a 
patient qualifying for a certain subgroup by the healthcare costs associated with these 
subgroups. Supplementary Material 1 outlines the probabilities and subgroup costs 
0. ��/*�- ��'�0'�/ �# �'/#��- ��*./.ǚ��0/'$ -.���)�$(+��/�*0/�*( .�.$")$Ɵ��)/'4ǚ��*�
���*0)/�!*-�$)+0/�+�-�( / -�0)� -/�$)/4��$./-$�0/$*).�2 - �Ɵ// �Ǜ�� /���$./-$�0/$*).�
for probabilities and gamma distributions for costs. A probabilistic analysis with a 
Monte Carlo simulation with 10,000 iterations was used to determine model outcomes 
and ranges.

Scenario Analyses
�� )�-$*��)�'4. .�2 - �+ -!*-( ��/*�� / -($) �/# �# �'/#� �*)*($�� Ƣ �/.�*!�- �0�/$*)�
*!�$����' �&�" ǚ��#-  ��$Ƣ - )/�.� )�-$*.�2 - ��++'$ ��/*�"�$)�(*- �$)!*-(�/$*)�*)�
/# �+*..$�' �� ) Ɵ/.�*!�����- �0�/$*)�2$/#�1�-$*0.�+- 1 )/�/$1 �./-�/ "$ .ǚ�ǹ
Ǻ��# �$����
leakage incidence use was decreased with 25% steps between 0% and 75%. (II) The 
iCSF leakage incidence was reduced and weighted against varying costs of potential 
$)/ -1 )/$*).�*!�1�-$��' � ƣ���4ǚ�ǹ


Ǻ��# �Ɵ-./�/2*�.� )�-$*Ǩ.��++'$ ��!*-�.0�"-*0+.�
2$/#��$Ƣ - )/�-$.&�*!�$����' �&�" �ǹ.0+-�/ )/*-$�'�.0-" -4��)��$)!-�/ )/*-$�'�.0-" -4Ǻǚ�
�0/�*( .�*!�/# �.� )�-$*��)�'4. .�2 - �+- . )/ ���.��$Ƣ - )� �$)��*./.��)��)0(� -�
of iCSF leakage cases avoided per 1,000 patients was calculated as well as the number 
)  � �� /*� /- �/� ǹ���Ǻǚ� �*� � / -($) � +�-�( / -� $)Ơ0 )� � *)� /# � *0/�*( � *!� /# �
scenarios, a deterministic sensitivity analysis was performed and a tornado diagram 
was constructed.

Patient and Public Involvement
No patients involved.
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Results
In total 616 consecutive patients were included in this study. Table 1 provides an 
overview of the patient characteristics. Mean age of patients was 53.5 (±15.8) years. 
The most common indication for surgery was tumor resection; 399 patients (64.8%) 
and most patients had a supratentorial approach; 517 (83.9%). A total of 59 patients had 
postoperative iCSF leakage (9.6%).

Supplementary Material 1 Input parameters for the model of the scenario analysis

Table 1. Patient characteristics

All patients 
ǹ�ˇƬƧƬǺ

No iCSF leakage 
ǹ�ˇƫƫƭǺ

iCSF leakage 
ǹ�ˇƫƯǺ

P-value

Male; N (%) 296 (48.1) 267 (49.7) 29 (49.2) 0.859

Age; Years (±SD) 53.5 (±15.8) 53.6 (± 15.8) 52.6 (± 16.2) 0.656

BMI; (±SD) 26.1 (± 6.9) 25.9 (± 6.9) 27.8 (± 6.4) 0.036

Indication; N (%) 0.474

Tumor 399 (64.8) 356 (63.9) 43 (72.9)

Vascular 121 (19.6) 113 (20.3) 8 (13.6)

Epilepsy 62 (10.1) 57 (10.2) 5 (8.5)

Trauma 22 (3.6) 19 (3.4) 3 (5.1)

Other 12 (1.9) 12 (2.2) 0 (0.0)

Tentorial approach; N (%) <.001

Supratentorial 517 (83.9) 481 (86.4) 36 (61.0)

Infratentorial 99 (16.1) 76 (13.6) 23 (39.0)

��
ǜ��*�4�(�..�$)� 3
$���ǜ�$)�$.$*)�'�� - �-*.+$)�'�Ơ0$�
SD: standard deviation
�Ǳ��'0 .�.(�'' -�/#�)�ƦǚƦƫ��- ��*).$� - ��.$")$Ɵ��)/

Cost per patient and detailed breakdown costs
Average cost per patient and a detailed breakdown of costs are included for all of the 
616 patients. In table 2, the average costs per patient with and without iCSF leakage 
are outlined. Five out of 7 cost categories were higher for patients with iCSF leakage 
compared to patients without iCSF leakage. Costs for external ventricle drain, external 
lumbar drain and reoperation were categorized under treatment costs in table 2.

2
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Table 2. 	 �'/#��- ��*./.�!*-�+�/$ )/.�2$/#��)��2$/#*0/�$����' �&�" ��)��/# ��$Ƣ - )� �ǹ�ˇƬƧƬǺ

�*�$����' �&�" �ǹ�ˇƫƫƭǺ $����' �&�" �ǹ�ˇƫƯǺ �$Ƣ - )� P-value

Mean (95%-CI) Mean (95%-CI)

Primary surgery ʧ�ƧǛƯƫƮ ǹʧ�ƧǛƮƮƨ to ʧ�ƨǛƦƩƫǺ ʧ�ƨǛƪƩƯ ǹʧ�ƨǛƧƦƨ to ʧ�ƨǛƭƭƬǺ ʧ�ƪƮƧ 0.007

Out patient visits ʧ�ƧǛƬƯƬ ǹʧ�ƧǛƫƭƦ to ʧ�ƧǛƮƨƧǺ ʧ�ƨǛƦƦƬ ǹʧ�ƧǛƬƩƧ to ʧ�ƨǛƩƮƦǺ ʧ�ƩƧƦ 0.132

Diagnostics ʧ�ƨǛƩƬƦ ǹʧ�ƨǛƨƧƫ to ʧ�ƨǛƫƦƫǺ ʧ�ƨǛƯƦƩ ǹʧ�ƨǛƨƧƪ to ʧ�ƩǛƫƯƨǺ ʧ�ƫƪƩ 0.032

Expensive drugs ʧ�ƯƪƮ ǹʧ�ƫƭƨ to ʧ�ƧǛƩƨƪǺ ʧ�ƮƧƨ ǹʧ�ƧƩƫ to ʧ�ƧǛƪƮƯǺ Ǳʧ�ƧƩƬ 0.821

Clinical admissions ʧ�ƧƦǛƭƦƧ ǹʧ�ƯǛƮƦƬ to ʧ�ƧƧǛƫƯƭǺ ʧ�ƧƭǛƫƬƮ ǹʧ�ƧƨǛƬƪƨ to ʧ�ƨƨǛƪƯƪǺ ʧ�ƬǛƮƬƭ 0.004

Others ʧ�ƨǛƭƦƩ ǹʧ�ƨǛƩƭƭ to ʧ�ƩǛƦƩƦǺ ʧ�ƩǛƮƪƪ ǹʧ�ƨǛƬƩƮ to ʧ�ƫǛƦƫƦǺ ʧ�ƧǛƧƪƧ 0.06

Leakage treatment ʧ�Ʀ ǹʧ�Ʀ to ʧƦǺ ʧ�ƪƭƪ ǹʧ�Ʃƫƪ to ʧ�ƫƯƫǺ ʧ�ƪƭƪ <.001

Sealant ʧ�ƧƩƧ ǹʧ�ƧƧƬ to ʧ�ƧƪƬǺ ʧ�ƧƧƭ ǹʧ�ƭƨ to ʧ�ƧƬƧǺ Ǳʧ�Ƨƪ 0.555

Total ʧ�ƨƦǛƪƯƮ ǹʧ�ƧƯǛƧƮƩ to ʧ�ƨƧǛƮƧƩǺ ʧ�ƩƦǛƧƬƩ ǹʧ�ƨƩǛƬƫƪ to ʧ�ƩƬǛƬƭƨǺ ʧ�ƯǛƬƬƫ  0.005

$���ǜ�$)�$.$*)�'�� - �-*.+$)�'�Ơ0$�
Others includes physiotherapy and dietetics.
�Ǳ��'0 .�.(�'' -�/#�)�ƦǚƦƫ��- ��*).$� - ��.$")$Ɵ��)/

�$Ƣ - )� �$)��*./.�� /2  )�+�/$ )/.�2$/#*0/�$����' �&�" ��)��2$/#�$����' �&�" �2�.�
ʧƯǛƬƬƫ�ǹƯƫʷǱ�*)Ɵ� )� �
)/ -1�'�ǹ�
ǺǛ�ʧƫǛƧƨƫ�/*�ʧƧƪǛƨƦƫǺǚ��*/�'��1 -�" �# �'/#��- ��*./.�
!*-�+�/$ )/.�2$/#*0/�$����' �&�" �2�.�ʧƨƦǛƪƯƮ�ǹƯƫʷǱ��
ǝ�ʧƧƯǛƧƮƩ�/*�ʧƨƧǛƮƧƩǺ��*(+�- ��
/*�ʧƩƦǛƧƬƩ�ǹƯƫʷǱ�
ǝ�ʧƨƩǛƬƫƪ�/*�ʧƩƬǛƬƭƨǺ�!*-�+�/$ )/.�2$/#�$����' �&�" �ǹ/��' �ƨǺ. When 
comparing costs incurred starting from the day of primary surgery (days 0-180), costs 
2 - �ʧƧƭǛƭƫƯ�ǹƯƫʷǱ��
ǝ�ʧƧƬǛƪƯƭ�/*�ʧƧƯǛƦƨƧǺ�!*-�+�/$ )/.�2$/#*0/�$����' �&�" ��)��ʧƨƮǛƧƦƫ�
ǹƯƫʷǱ��
ǝ�ʧƨƧǛƬƯƫ�/*�ʧƩƪǛƫƧƫǺ�!*-�+�/$ )/.�2$/#�$����' �&�" ǚ

��$)�- �.*)�!*-�/# ��$Ƣ - )� �$)��*./Ǜ�*1 -��*/#�/# �/*/�'�/$( ��)��/# �+*./Ǳ*+ -�/$1 �
/$( Ǜ�2�.� /# �.$")$Ɵ��)/��$Ƣ - )� � $)� ' )"/#�*!�#*.+$/�'� ./�4Ǜ� !*-�2#$�#��*./.��- �
��/ "*-$5 ���.��'$)$��'���($..$*).ǚ��$Ƣ - )� �$)�' )"/#�*!�./�4�ǹ��Ǻ�2�.�Ʈǚƫ���4.�ǹƯƫʷǱ
CI; 5.3 to 11.7). For patients without incisional leakage LOS was 12.8 (95%-CI: 11.9 to 
13.8) days and for patients with iCSF leakage LOS was 21.3 (95%-CI: 16.6 to 26.1) days. 
�0-/# -(*- Ǜ�/# �$)�$� )� �*!�. �*)��-4��*(+'$��/$*).�2�.�.$")$Ɵ��)/'4�#$"# -�$)�/# �
iCSF group. Highest costs among subgroups were found for patients with deep wound 
$)! �/$*)��)�ȍ*-�( )$)"$/$.�ǹʧƩƯǛƩƨƩǱʧƫƭǛƮƬƨǺǚ���/$ )/.�2$/#*0/����$/$*)�'��*(+'$��/$*).�
#���'*2 ./��*./.��(*)"��''�.0�"-*0+.�ǹʧƧƯǛƦƫƦǱ�ʧƨƬǛƭƯƭǺ�ǹ/��' �ƩǺ.

�*-�.0+-�/ )/*-$�'�.0-" -4�/# - �2�.���.$")$Ɵ��)/��*./��$Ƣ - )� �� /2  )�+�/$ )/.�2$/#�
$����' �&�" �ǹʧƨƦǛƧƮƦǛ�̩ �ʧƧƪǛƫƦƪǺ��)��/#*. �2$/#*0/�ǹʧƩƧǛƨƧƯ�̩ �ʧƨƫǛƨƨƪǺǚ��*-�$)!-�/ )/*-$�'�
.0-" -4�+�/$ )/.�2$/#�$����' �&�" �#�����( �)��*./�*!�ʧƨƮǛƫƧƦ�ǹˌ�ʧƨƫǛƦƫƭǺ��.��*(+�- ��
/*� ʧƨƨǚƫƧƨ� ǹˌ� ʧƨƨǛƩƬƯǺ� !*-� +�/$ )/.�2$/#*0/� $���� ' �&�" ǚ� �#$.� �$Ƣ - )� �2�.� )*/�
./�/$./$��''4�.$")$Ɵ��)/�ǹ/��' �ƩǺ.
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Table 3.��1 -�" �/*/�'�# �'/#��- ��*./.�+ -�+�/$ )/�!*-��$Ƣ - )/�.0�"-*0+.���. ��*)��++-*��#��)���*(+'$��/$*)

�*�$����' �&�" �ǹ�ˇƫƫƭǺ $����' �&�" �ǹ�ˇƫƯǺ  P-value

N Mean SD N Mean SD

Supratentorial 481 ʧ�ƨƦǛƧƮƦ ʧ�ƧƪǛƫƦƪ 36 ʧ�ƩƧǛƨƧƯ ʧ�ƨƫǛƨƨƪ 0.014

No complications 457 ʧ�ƧƯǛƦƫƦ ʧ�ƧƨǛƮƪƪ 18 ʧ�ƨƬǛƭƯƭ ʧ�ƧƯǛƫƪƭ 0.015

�0+ -Ɵ�$�'�2*0)��$)! �/$*) 10 ʧ�ƩƧǛƬƧƬ ʧ�ƩƨǛƩƮƦ 10 ʧ�ƩƦǛƪƪƮ ʧ�ƨƨǛƦƨƦ 0.926

Deep wound infection and/or meningitis 14 ʧ�ƪƮǛƮƮƧ ʧ�ƨƪǛƯƧƮ 8 ʧ�ƪƨǛƧƩƦ ʧ�ƩƭǛƯƮƨ 0.557

Infratentorial 76 ʧ�ƨƨǛƫƧƨ ʧ�ƨƨǛƩƬƯ 23 ʧ�ƨƮǛƫƧƦ ʧ�ƨƫǛƦƫƭ 0.276

No complications 73 ʧ�ƨƧǛƮƮƩ ʧ�ƨƨǛƩƮƩ 16 ʧ�ƨƫǛƧƬƩ ʧ�ƧƬǛƫƬƧ 0.574

�0+ -Ɵ�$�'�2*0)��$)! �/$*) 2 ʧ�ƨƭǛƮƦƪ ʧ�ƧƧǛƦƨƭ 2 ʧ�ƨƮǛƨƪƮ ʧ�ƧƬǛƯƮƮ 0.978

Deep wound infection and/or meningitis 1 ʧ�ƫƭǛƮƬƨ - 5 ʧ�ƩƯǛƩƨƩ ʧ�ƫƦǛƫƬƬ 0.755

$���ǜ�$)�$.$*)�'�� - �-*.+$)�'�Ơ0$�
SD: standard deviation
�Ǳ��'0 .�.(�'' -�/#�)�ƦǚƦƫ��- ��*).$� - ��.$")$Ɵ��)/


)�/# �"-*0+�*!�+�/$ )/.�2$/#�+*./*+ -�/$1 �$����' �&�" �ǹ�ˇƫƯǺǛ�ƧƮ�+�/$ )/.�- � $1 ��
conservative treatment, 7 patients required reoperation, 26 patients were treated with 
an external CSF drain and 8 patients required reoperation and a drain. In the group of 
patients treated conservatively 10/18 had CSF leakage once or twice. All other patients 
with CSF leakage had continuous leakage. Table 4 shows the total healthcare costs 
�)�����!*-�+�/$ )/.�2$/#�$����' �&�" �./-�/$Ɵ ��+ -�/- �/( )/�(*��'$/4ǚ�*2 ./��*./.�
2 - �!*0)��!*-�/# �ƧƮ�+�/$ )/.�2#*�2 - �/- �/ ���*). -1�/$1 '4�ǹʧƨƧǛƦƪƬ�ǹˌ�ʧƧƧǛƪƩƩǺǺǚ�
	$"# ./��*./.�2 - �!*0)��!*-�/# �ƭ�+�/$ )/.�- ,0$-$)"�- *+ -�/$*)ǝ�ʧƩƬǛƧƧƭ�ǹˌ�ʧƪƫǛƦƫƬǺǚ�
Longest LOS was for patients requiring reoperation and drain; 26.5 days (± 17.6 days). 
�# - �2�.�)*�./�/$./$��''4�.$")$Ɵ��)/��$Ƣ - )� �$)����*-��*./.�� /2  )�+�/$ )/.�2#*�
were treated conservatively and those who underwent reoperation. Patients who were 
treated with external CSF drainage or reoperation and external CSF drainage combined 
#���.$")$Ɵ��)/'4�'*)" -�����)��#$"# -��*./.��*(+�- ��/*�+�/$ )/.�2#*�2 - �/- �/ ��
�*). -1�/$1 '4ǚ��*�.$")$Ɵ��)/��$Ƣ - )� .�$)����*-��*./.�2 - �!*0)��� /2  )�$)1�.$1 �
treatment modalities.
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Scenario Analyses
���' �ƫ presents an overview of the outcomes of scenario analysis I and III.

���' �ƫǚ�� .0'/.�*!�/# �.� )�-$*��)�'4.$.ǜ��$Ƣ - )� �$)�# �'/#��- ��*./.��)����. .��1*$� ��+ -�ƧǛƦƦƦ�+�/$ )/.�
and number needed to treat to prevent one iCSF leakage case

Scenario
Incidence 

Change

�$Ƣ - )� �$)�	 �'/#��- ��*./.�
+ -�ƧǛƦƦƦ�+�/$ )/. % Runs 

Savinga

Cases of iCSF Leakage 
�1*$� ��+ -�ƧǛƦƦƦ

Mean 95% CI Mean 95% CI NNT

All Patients

1 -25% Ǳʧ�ƨƧƬǛƬƦƯ ǹǱʧ�ƪƦƨǛƪƪƫ to Ǳʧ�ƬƨǛƨƦƪǺ 99.71% 24 (18.45 to 30.00) 42

2 -50% Ǳʧ�ƪƩƪǛƮƮƨ ǹǱʧ�ƮƨƧǛƨƨƯ to Ǳʧ�ƧƧƫǛƪƬƬǺ 99.61% 46 (37.16 to 59.91) 21

3 -75% Ǳʧ�ƬƫƩǛƦƨƫ ǹǱʧ�ƧǛƨƦƪǛƨƪƩ to Ǳʧ�ƧƬƯǛƧƨƦǺ 99.73% 72 (54.97 to 89.89) 14

Supratentorial Only

1 -25% Ǳʧ�ƧƯƩǛƮƪƯ ǹǱʧ�ƩƭƧǛƫƩƧ to Ǳʧ�ƫƨǛƪƦƪǺ 99.83% 18 (12.58 to 23.23) 57

2 -50% Ǳʧ�ƩƮƭǛƯƨƯ ǹǱʧ�ƭƪƬǛƫƯƭ to Ǳʧ�ƧƦƮǛƬƬƨǺ 99.83% 35 (25.00 to 46.33) 29

3 -75% Ǳʧ�ƫƮƦǛƮƪƪ ǹǱʧ�ƧǛƧƧƨǛƧƭƫ to Ǳʧ�ƧƬƬǛƧƩƩǺ 99.87% 53 (37.44 to 69.81) 19

Infratentorial Only

1 -25% Ǳʧ�ƩƪƨǛƭƨƬ ǹǱʧ�ƧǛƦƯƫǛƮƩƪ to ʧ�ƨƭƧǛƫƭƫǺ 85.38% 57 (37.58 to 79.55) 17

2 -50% Ǳʧ�ƬƮƧǛƯƩƪ ǹǱʧ�ƨǛƨƦƩǛƬƨƩ to ʧ�ƫƨƬǛƯƯƮǺ 84.81% 115 (76.19 to 160.71) 9

3 -75% Ǳʧ�ƧǛƦƩƬǛƪƦƭ ǹǱʧ�ƩǛƨƭƬǛƬƨƦ to ʧ�ƮƩƪǛƨƩƨǺ 85.24% 172 (114.64 to 240.03) 6

a Percentage of Monte Carlo simulations, percentage of runs out of 10,000, in which the scenario was cost saving 
compared to current standard care
�
ǜ��*)Ɵ� )� �$)/ -1�'
$���ǜ�$)�$.$*)�'�� - �-*.+$)�'�Ơ0$��
NNT: number needed to treat

Figure 1 shows the potential cost savings per patient when a decrease in iCSF leakage 
2*0'��� ���#$ 1 �ǚ���(�3$(0(��*./�- �0�/$*)�*!�ǱʧƬƫƩǛƦƨƫ�ǹƯƫʷ��
�Ǳʧ�ƧǛƨƦƪǛƨƪƩ�/*�
ǱʧƧƬƯǛƧƨƦǺ�+ -�ƧǛƦƦƦ�+�/$ )/.��*0'��� ���#$ 1 ��$!�$����' �&�" �2*0'��� �- �0� ��2$/#�
75%. The number of cases avoided would be 72. The number needed to treat in this 
scenario is 14. For supratentorial surgery reduction of iCSF leakage with 25% to 75% 
2*0'��' ���/*�.$")$Ɵ��)/��*./�- �0�/$*)��)����(�3$(0(�*!�ƫƩ���. .�*!�$����' �&�" �
avoided. For infratentorial surgery there is a trend towards substantial cost savings for 
- �0�/$*)�-�/ .�� /2  )�ƨƫǱƭƫʷǛ�#*2 1 -Ǜ�/#$.�$.�)*/�.$")$Ɵ��)/ǚ
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Figure 1. Potential costs savings per patient with a decrease in iCSF leakage

If costs of potential preventative strategies are added to accomplish iCSF leakage 
ǹ.� )�-$*�

��)��


Ǻ�*0-�(*� '�.#*2.��*./�- �0�/$*)�!*-�( �.0- .��/���+-$� �*!�ʧƨƫƦ�
per patient at an iCSF leakage reduction of 50-75% in all patients and both subgroups. 
�- 1 )/�/$1 �./-�/ "$ .��/���+-$� �*!�ʧƫƦƦ� 0-*�+ -�+�/$ )/�*)'4�' ���/*��*./�.�1$)".�
in all patients and supratentorial cases if they reduce iCSF leakage with 75%. For 
infratentorial cases this scenario results in cost savings at a 50% reduction as well. 
�- 1 )/�/$1 �./-�/ "$ .� /#�/��*./�ʧƭƫƦ�+ -�+�/$ )/� ' ���/*��*./�- �0�/$*)�*)'4�2# )�
applied in infratentorial cases with an iCSF leakage reduction of 75% (Figure 2).
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The deterministic sensitivity analysis showed that the parameter with the greatest 
$)Ơ0 )� �*)�.� )�-$*�*0/�*( .�2�.��*./.�!*-�+�/$ )/.�2$/#*0/�$����' �&�" ��)���)�
$)!-�/ )/*-$�'��++-*��#ǚ�*2 ./�$)Ơ0 )� �2�.�!*0)��!*-�/# �$)�$� )� �*!�$����' �&�" �
in infratentorial patients (Figure 3).
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Figure 3. �*-)��*��$�"-�(�$)�$�/$)"�/# �$)Ơ0 )� �*!�/# ��$Ƣ - )/�$)+0/�+�-�( / -.�*!�/# �(*� '

�$.�0..$*)
�# - �$.���.0�./�)/$�'��)��.$")$Ɵ��)/��*./��$Ƣ - )� �*!�ʧƯǛƬƬƫ�� /2  )�+�/$ )/.�2$/#�
+*./*+ -�/$1 �$����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4��)��/#*. �2$/#*0/ǚ��# �
�1 -�" �# �'/#��- ��*./� !*-��-�)$�'� $)/-��0-�'�.0-" -4�-�)" .�� /2  )�ʧƨƦǛƪƯƮ� !*-�
+�/$ )/�2$/#*0/�$����' �&�" ��)��ʧƩƬǛƧƧƭ�!*-�+�/$ )/.�2$/#�- *+ -�/$*)Ǜ�2#$�#�2�.�
/# �(*./� 3+ ).$1 ǚ���(�3$(0(��*./�- �0�/$*)�*!�ǱʧƬƫƩǛƦƨƫ�ǹƯƫʷ��
�Ǳʧ�ƧǛƨƦƪǛƨƪƩ�/*�
ǱʧƧƬƯǛƧƨƦǺ�+ -�ƧǛƦƦƦ�+�/$ )/.��*0'��� ���#$ 1 ��$!�$����' �&�" �2*0'��� �- �0� ��2$/#�
75% in all patients.

Our model shows that reducing leakage rates could lead to substantial cost reduction, 
 1 )�$!�Ɵ)�)�$�'�$)+0/�$.�- ,0$- �ǚ�	*2 1 -Ǜ�2# /# -�/# �0. �*!�+- 1 )/�/$1 �( �.0- .�
/#�/�- ,0$- �Ɵ)�)�$�'�$)+0/�$)��''�+�/$ )/.�*-���.0�"-*0+�*!�+�/$ )/.���-$.&�- .0'/.�$)��*./�
.�1$)".�� + )�.�*)�/# $-�+-$� ��)�� ƣ���4ǚ�� ��0. �*!�/# �#$"# -�-$.&�*!�$����' �&�" �$)�
$)!-�/ )/*-$�'�.0-" -4�(*- � 3+ ).$1 �+- 1 )/�/$1 �( �.0- �*!���� -/�$)� ƣ���4��*0'��
still lead to cost savings in this subgroup, when they are not for the total population.
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To our knowledge this is the largest cost analysis providing a detailed breakdown of 
�*./.�!*-�$����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4ǚ��0-/# -(*- Ǜ�$/�$.�/# �Ɵ-./�./0�4�
�++'4$)"���(*� '�/*���'�0'�/ �/# �# �'/#� �*)*($�� Ƣ �/.�*!�$(+-*1 ��+- 1 )/�/$1 �
measures. An advantage of the method applied in this study is the adaptability of 
the transparent model to other settings. If other hospitals are aware of their leakage 
rate and healthcare costs, this method could be used to estimate possible future cost 
savings, for example with improved sealants.

�) �'$($/�/$*)�*!�*0-��++-*��#�$.�/# � Ƣ �/�*!�$)$/$�'�.0-" -4��*./.�*)�/# �- .0'/.�*!�*0-�
analyses. Despite this being the most comprehensive method of taking into account 
�''��..*�$�/ ���*./.Ǜ�$/�(�4�� �/# ���. �/#�/�+�-/�*!�/# ��*./��$Ƣ - )� �$.��-$1 )��4�/# �
initial surgery, as complex and longer surgeries are more expensive. Secondly, we have 
collected health care consumption in a single center. There is thus a theoretical risk 
of missing the costs of patients that may have received follow-up treatment elsewhere, 
without this being communicated to the primary center. As patients with loss to follow-
0+�2 - � 3�'0� ��!-*(�/# �$)$/$�'���/���. ��)��/- �/( )/�*!��*(+'$��/$*).�$)����$Ƣ - )/�
� )/ -�$.�0)0.0�'Ǜ�2 ��*�)*/�� '$ 1 �/#$.�#�.��Ƣ �/ ��/# �*0/�*( .�*!�/# ��0-- )/�./0�4ǚ

Thereby, although this analysis contains the largest patient population in an economic 
evaluation of iCSF leakage, the number of patients in the individual categories for 
. �*)��-4��*(+'$��/$*).��)��/- �/( )/�(*��'$/$ .�- (�$).�'*2ǚ�
/�$.�/# - !*- ��$ƣ�0'/�
/*�$)/ -+- /��*./��$Ƣ - )� .�!*-�.+ �$Ɵ��. �*)��-4��*(+'$��/$*).�$)�� /�$'ǚ�
)�/# . �
'$($/ ��)0(� -.� *!� ��. .� # / -*" ) $/4� *!� +�/$ )/.� �*0'�� � � /# �(�$)� �$Ƣ - )� �
between those with iCSF leakage and those without. Results of the comparisons 
� /2  )�/# ��$Ƣ - )/�/- �/( )/�(*��'$/$ .�.#*0'��� �$)/ -+- / ��2$/#�.*( ���0/$*)�
as well, for the same reason. Especially, the subgroup of patients who underwent 
reoperation is limited in size and has large standard deviation of both the LOS and 
the costs. Furthermore, these limited subgroups led to larger uncertainty around the 
.� )�-$*��)�'4. .�(*� '$)"� /# �+*/ )/$�'�# �'/#� �*)*($�� Ƣ �/.�*!� $���� ' �&�" �
reduction, especially for the infratentorial subgroup. Another limitation of the scenario 
analyses is the linear reduction in iCSF leakage, which assumes that iCSF leakage can be 
+- 1 )/ ��2$/#���� -/�$)� ƣ���4���-*..�/# �/*/�'�+*+0'�/$*)ǚ�
/�(�4�#*2 1 -�� �/# ���. �
that for certain subgroups iCSF leakage cannot be avoided with preventative measures.

These results are based on healthcare consumption and costs of one center in the 
� /# -'�)�.ǚ��# - !*- Ǜ��++'4$)"�/# . �- .0'/.�/*��$Ƣ - )/��*0)/-$ .�$.��#�'' )"$)"ǚ�
�$Ƣ - )� .� $)��'$)$��'�+-��/$� ��)��+-$� .Ǜ� !*-� $)./�)� Ǜ�(�4� $)Ơ0 )� � /# � Ƣ �/.�
observed in this study considerably7. It is thus recommended that data on cost prices 
and resource use should be obtained from or adapted to the setting of interest7. 
�0-/# -(*- Ǜ���. '$) �-$.&�.#*0'��� �'*��/$*)�.+ �$Ɵ�Ǜ�2# - �.�/- �/( )/� Ƣ �/�(�4�
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be more generalizable7ǚ��'/#*0"#Ǜ�'�-" -��$Ƣ - )� .��- �/*�� � 3+ �/ ��� /2  )�/# �
healthcare systems across continents, even within western Europe economic analyses 
*!�( �$�$) .�1�-4�.$")$Ɵ��)/'47.

The additional healthcare costs for patients with incisional CSF leakage in this study 
are comparable to those found by Grotenhuis (2005) in the Netherlands, who found a 
�*./��$Ƣ - )� �*!��++-*3$(�/ '4�ʧƧƨǛƦƦƦǛ�!*-��-�)$�'�.0-" -4�$)�'0�$)"�/-�)..+# )*$��'�
procedures2ǚ��0-�./0�4�$)�'0� .��''�# �'/#��- �- .*0-� .��*).0( ��2$/#$)���+- � Ɵ) ��
time frame, whereas Grotenhuis based calculations on certain cost categories only. 
�)*/# -�./0�4�!-*(�� -(�)4��4��$ &� /��'ǚ�ǹƨƦƧƨǺ���'�0'�/ ���*./��$Ƣ - )� .�� /2  )�
patients with and without CSF leakage in detail and found a comparable result of 
ʧƧƧǚƪƨƦ8. Their study, however, also included subcutaneous CSF collections as CSF leaks 
and it has a limited sample size of 168 patients (of which only three had percutaneous 
CSF leaks)8.

The breakdown of costs shows that clinical admission is the main cost driver for the 
�$Ƣ - )� �� /2  )�+�/$ )/.�2$/#��)��2$/#*0/�$����' �&�" ǚ���/$ )/.�2$/#�$����' �&�" �
have higher risk of infection or meningitis9. These complications may further explain 
/# ��*./��$Ƣ - )� �� /2  )�+�/$ )/.�2$/#��)��2$/#*0/�$����' �&�" ��.�/# 4�- ,0$- �
prolonged clinical admission. These results are in line with the study of Parikh et al. 
ǹƨƦƨƦǺ�/#�/�$� )/$Ɵ ��$)�- �. ������)��/# ��..*�$�/$*)�*!�����' �&�" �2$/#�. �*)��-4�
complications such as meningitis as the main reasons for increased healthcare costs 
�ơ -�/-�)..+# )*$��'�.0-" -410.

Additionally, the costs for interventional treatment of iCSF leakage are a substantial 
cost driver, considering that patients who can be managed conservatively have total 
average costs that are comparable to patients without iCSF leakage. In the group of 
patients managed conservatively, though, 10/18 patients (55.6%) did not have continuous 
iCSF leakage, but incisional leakage that occurred once or twice, suggestive of a 
subcutaneous pocket that has discharged. All patients that had to be managed with 
invasive treatment had continuous iCSF leakage. Patients treated with an external 
�����-�$)�#�1 �.$")$Ɵ��)/'4�'*)" -�����)��#$"# -��*./.��*(+�- ��/*�/#*. �/- �/ ��
�*). -1�/$1 '4ǚ��*)/-�-4�/*���-$&#� /��'ǚ�ǹƨƦƨƦǺ�2 ��$��)*/�Ɵ)��.#*-/ -����$)�+�/$ )/.�
treated with reoperation compared to those treated with external CSF drainage only10. 
This may imply that reoperation as a treatment for iCSF leakage is performed sooner 
�ơ -� )�*.�*+$�� )�*)�.�'�.0-" -4�/#�)��ơ -��-�)$*/*(4ǚ��)���1�)/�" �*!�- *+ -�/$*)�
compared to external CSF drainage is the quick return to mobilization as opposed to 
� �- ./�- ,0$- ���0-$)"� 3/ -)�'������-�$)�" ǚ��#$.�$.�)*/�- Ơ �/ ��$)����$Ƣ - )� �
$)����� /2  )�/# . �+�/$ )/.�$)�*0-�+*+0'�/$*)Ǜ�#*2 1 -ǚ�� .$� .���� '�4�$)�.0-"$��'�
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treatment, other factors related to recovery such as comorbidity may explain why LOS 
is similar for these treatment modalities.

�#$.�./0�4��*)Ɵ-(.�/#�/�!-*(���# �'/#� �*)*($��+ -.+ �/$1 � $����' �&�" �.#*0'��
be reduced. Improved preventative strategies reducing the iCSF leakage rate, even 
/#*0"#�/# 4�(�4�����/*�/# �*1 -�''�# �'/#��- ��*./.�+ -�+�/$ )/Ǜ��*0'��� �� ) Ɵ�$�'�
from an economic standpoint. Furthermore, increased understanding of risk factors 
for iCSF leakage and associated costs may contribute to improving the indication for 
use of currently available and future methods of augmented dural closure. Considering 
/#�/� �*). -1�/$1 � /- �/( )/� !*-� �*)/$)0*0.� $���� ' �&�" � $.� -�- '4�  Ƣ �/$1 Ǜ�  �-'4�
interventional treatment for this group is recommended. Furthermore, methods that 
shorten LOS for patients with external CSF drains should be investigated. Our model 
*!�/# �# �'/#� �*)*($�� Ƣ �/.�*!�$����' �&�" ��)��+*/ )/$�'��*./�.�1$)".�*!�$(+-*1 ��
+- 1 )/�/$1 �./-�/ "$ .�.#*0'��� ��++'$ ��/*��$Ƣ - )/�# �'/#��- �. //$)".�/*� 1�'0�/ �
/# ��*./��$Ƣ - )� ��)��+*/ )/$�'��*./�.�1$)".�'*��/$*)�.+ �$Ɵ��''4�/*��..$./�+#4.$�$�).�
and healthcare managers in decision making regarding preventative strategies to avoid 
iCSF leakage in their situation.
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Supplementary Material 1. Input parameters for the 
model of the scenario analysis & Model figure

Table 1. Probabilities used to recalculate healthcare costs.

Probability Costs

Mean SE Distribution Mean SE Distribution

Supratentorial 0,839 0,015 �� /�

iCSF leakage 0,07 0,011 �� /� ʧ�ƩƧǚƨƧƮǛƭƩ ʧ�ƪǚƨƦƩǛƯƭ  Gamma

No iCSF leakage 0,93 0,011 � /� ʧ�ƨƦǚƧƭƯǛƬƬ ʧ�ƬƬƧǛƩƨ  Gamma

Infratentorial 0,161 0,015 �� /�

iCSF leakage 0,23 0,043 �� /� ʧ�ƨƮǚƫƦƯǛƭƧ ʧ�ƫǚƨƨƪǛƮƪ  Gamma

No iCSF leakage 0,77 0,043 �� /� ʧ�ƨƨǚƫƧƨǛƧƩ ʧ�ƨǚƫƬƫǛƯƧ  Gamma

SE: standard error
$���ǜ�$)�$.$*)�'�� - �-*.+$)�'�Ơ0$�

�
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Figure 1. Graphic representation of model for scenario analyses.
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Abstract
Background
� - �-*.+$)�'� Ơ0$�� ǹ���Ǻ� ' �&�" � $.� �� !- ,0 )/� �)�� �#�'' )"$)"� �*(+'$��/$*)� $)�
neurosurgery, especially in the posterior fossa, with a prevalence of 8%. It is associated 
with substantial morbidity and increased healthcare costs. A novel dural sealant patch 
(Liqoseal) was developed for watertight dural closure. The objective of this study is 
/*��'$)$��''4��.. ..�/# �.�! /4��)�� Ƣ �/$1 ) ..�*!�$,*. �'��.���( �).�*!�- �0�$)"�
intra- as well as post-operative CSF leakage in patients undergoing elective posterior 
fossa intradural surgery with a dural closure procedure compared to the best currently 
available dural sealants.

Methods
We will conduct a two-arm, randomized controlled, multicenter study with a 90-day 
follow-up. A total of 228 patients will be enrolled in 19 sites, of which 114 will receive 
Liqoseal and 114 an FDA approved PEG sealant. The composite primary endpoint is 
� Ɵ) ���.�$)/-�*+ -�/$1 �����' �&�" ��/������ƨƦ��(�	2O, percutaneous CSF leakage 
within 90 days of, wound infection within 90 days of or pseudomeningocele of more 
than 20cc on MRI or requiring intervention. We hypothesize that the primary endpoint 
will not be reached by more than 10 patients (9%) in the investigational arm, which will 
demonstrate non-inferiority of Liqoseal compared to control.

�$.�0..$*)
This trial will evaluate whether Liqoseal is non-inferior to control as a means of 
reducing CSF leakage and safety.

Trial registration
Clinicaltrials.gov, NCT04086550. Registered September 11, 2019

Keywords
CSF leakage, dura, sealing, prevention
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Administrative information
Note: the numbers in curly brackets in this protocol refer to SPIRIT checklist item 
)0(� -.ǚ��# �*-� -�*!�/# �$/ (.�#�.��  )�(*�$Ɵ ��/*�"-*0+�.$($'�-�$/ (.�ǹ.  �http://
222ǚ ,0�/*-Ǳ) /2*-&ǚ*-"ȍ- +*-/$)"Ǳ"0$� '$) .ȍ.+$-$/ǱƨƦƧƩǱ./�/ ( )/Ǳ� Ɵ)$)"Ǳ
standard-protocol-items-for-clinical-trials/).

Title {1} �1�'0�/ � /# � ��! /4� �)�� �ƣ���4� *!� �0-�� � �'�)/� ��/�#� $)� � �0�$)"�
Cerebrospinal Fluid Leakage Following Elective Cranial Surgery (ENCASE 
II): study protocol for a randomized, two-arm, multicenter trial

Trial registration {2a and 2b}. Clinicaltrials.gov, NCT04086550

Protocol version {3} Protocol version 2.0, February 2021

Funding {4} �*'4"�)$�.���
Rozenburglaan 15A 9727 DL Groningen, The Netherlands

Author details {5a} 1 Department of Neurosurgery, University of New Mexico, Albuquerque, 
NM, United States of America
2 Department of Neurology and Neurosurgery, University Medical Center 
Utrecht, Utrecht, The Netherlands
3 Department of Translational Neuroscience, University Medical Center 
�/- �#/Ǜ��-�$)�� )/ -Ǜ��/- �#/��)$1 -.$/4Ǜ��/- �#/Ǜ��# �� /# -'�)�.
4 Department of Neurosurgery, Clinical Neuroscience Center, University 
Hospital Zurich, Zurich, Switzerland

Name and contact information 
for the trial sponsor {5b}

�*'4"�)$�.���
Rozenburglaan 15A 9727 DL Groningen, The Netherlands

Role of sponsor {5c} Sponsor co-designed the study with the authors. The sponsor, who is 
funding the study, is involved in site selection and day-to-day performance 
of the trial with regards to device accountability and study training. The 
regulatory submissions, data monitoring and data analysis is performed 
by a contract research organization (CRO). Interpretation of the data 
is performed in accordance with the coordinating investigators. The 
sponsor integrates the information provided by the CRO and coordinating 
investigators into the study report, which is reviewed by the CRO and 
�**-�$)�/$)"�$)1 ./$"�/*-.�!*-�Ɵ)�'��++-*1�'�*!�/# �- +*-/ǚ��# ��0/#*-.�
#�1 �!0''�!-  �*(�$)�2-$/$)"��)��.0�($//$)"�/# ����� ($��- +*-/ǚ��-�ơ�
material should be provided to the sponsor for review at least 30 days prior 
to submission or presentation date. The sponsor may require that the 

)1 ./$"�/*-.�� ' / �!-*(�/# $-��*�0( )/.��)4�- ! - )� �/*�/# �.+*).*-Ǩ.�
�*)Ɵ� )/$�'�$)!*-(�/$*)ǚ

3
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Introduction
Background and rationale {6a}
� - �-*.+$)�'� Ơ0$�� ǹ���Ǻ� ' �&�" � $.� �� !- ,0 )/� �)�� �#�'' )"$)"� �*(+'$��/$*)� $)�
neurosurgery, with a prevalence of 8%1. Risk factors include posterior fossa surgery, the 
size of the durotomy and patient-related factors such as immune-status2. It is associated 
with substantial morbidity and increased healthcare costs, estimated at $10,000-15,000 
per patient per leakage3. CSF related complications include delayed wound healing, 
( )$)"$/$.� �)�� .0-"$��'� .$/ � $)! �/$*)�2#$�#�*ơ )� - ,0$- �+-*'*)" ��#*.+$/�'� ./�4Ǜ�
antibiotic treatment, reoperation or external lumbar drainage. To prevent CSF leakage, 
various dural sealants were developed to augment watertight closure of the dura. Thus 
!�-Ǜ�/# $-�0. �#�.�)*/�.#*2)���.$")$Ɵ��)/� Ƣ �/�$)�- �0�$)"�/# �)0(� -�*!��*(+'$��/$*).1.

The sponsor of this study has developed a dural sealant patch (Liqosael®, Polyganics 
��Ǻ�ǹ�$"0- �ƧǺ. Liqoseal is designed to serve as an adjunct to primary dural closure in 
cranial surgery. Preclinical studies have shown that Liqoseal has advantages in dural 
adherence and burst pressure compared to other sealants4ǚ��# �Ɵ-./�$)Ǳ#0(�)�./0�4�
(ENCASE) showed that Liqoseal is safe and easy to use5. However, a clinical comparative 
./0�4�/ ./$)"�$/.� ƣ���4��*(+�- ��/*��*)/-*'�$)�#0(�).�#�.�)*/��  )�+ -!*-( ��4 /ǚ

Figure 1. Liqoseal, investigational device. Length 8 cm, width 8 cm, and weight 1600 to 2000 mg.
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Objectives {7}
The objective of the current ENCASE II study is to clinically assess the safety and 
 Ƣ �/$1 ) ..�*!�$,*. �'��.���( �).�*!�- �0�$)"�����' �&�" �$)�+�/$ )/.�0)� -"*$)"�
elective posterior fossa intradural surgery, by showing non-inferiority compared to a 
control group.

Trial design {8}
This study protocol adheres to the SPIRIT reporting guidelines. The SPIRT checklist 
$.�.0++' ( )/ ���.�.0++' ( )/�-4�Ɵ' �Ƨǚ��#$.�./0�4�!*''*2.���-�)�*($5 ���*)/-*'' �Ǜ�
international, multicenter design with a 90-day follow-up. Patients will be randomized 
/*�- � $1 �$,*. �'�*-��*)/-*'�ǹ�0-�� �'Ș�ǹ
)/ "-�Ǻ�*-���# -0.Ș�ǹ	4+ -�-�)�#Ǜ�� �$��'�
� �#)*'*"4ǺǺ�/*�� ��++'$ ���ơ -�/# �+-$(�-4��'*.0- �*!�/# ��0-��2$/#�.0/0-$)"ǚ���/$ )/.�
will be allocated in a 1:1 ratio to interventional device or control. The framework of 
this trial is noninferiority.

� /#*�.ǜ���-/$�$+�)/.Ǜ�$)/ -1 )/$*).��)��*0/�*( .
Study setting {9}
This study will be conducted at up to 20 high volume neurosurgical centers in the United 
States of America and Europe. A complete list of participating sites can be found in 
appendix I.

Eligibility criteria {10}
Preoperative inclusion criteria for participants

•  Patients who are able to provide written informed consent prior to participating 
in the clinical investigation.

•  �" �ˋ�ƨƨ�4 �-.ǚ
•  Patients who are able to comply with study requirements.
•  Patients scheduled for elective surgery including a trepanation to reach the 

.0��0-�'�$)!-�/ )/*-$�'�.+�� �ǹ2$/#�'*2 -�'$($/�*!�$)�$.$*)�� Ɵ) ���.�/# �'*2 -�
edge of C2) with closure of the dura.

•  Female patients of child bearing potential must agree to use contraception from 
the time of signing the informed consent form (ICF) until 90 days post-surgery.

Preoperative exclusion criteria for participants
•  Female patients who are pregnant or breastfeeding.
•  Assumed impaired coagulation due to medication or otherwise.
•  Presence of infection.
•  Any type of dural diseases in planned dural closure area.

3
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•  ��/$ )/.�- ,0$-$)"�- Ǳ*+ )$)"�*!�+'�)) ��.0-"$��'��- ��2$/#$)�ƯƦ���4.��ơ -�.0-" -4ǚ
•  �)*2)��'' -"4�/*��)4�*!�/# ��*(+*) )/.�*!�$,*. �'Ǜ��0-�� �'�*-���# -0.ǚ
•  Patients who previously received a Liqoseal, DuraSeal or Adherus.
•  Patients who previously participated in this study or any investigational drug or 

device study within 30 days of screening.
•  Presence of hydrocephalus (which will not be resolved by the surgical procedure).
•  Patients with contra-indication to MRI.

Intraoperative inclusion criteria for participants
•  �0-"$��'�2*0)���'�..$Ɵ��/$*)��'�..�
ȍ�' �)ǚ
•  Minimally 5 mm of dural space surrounding dural opening.

Intraoperative exclusion criteria for participants
•  ��/$ )/.�$)�2#*(� ' 1�/$*)�*!������#�.���+*/ )/$�'�� /-$( )/�'� Ƣ �/ǚ
•  Patients who will require a CSF drain, electrodes or other devices passing the 

dural layer or extra- to intracranial bypass surgery.
•  Primary closure of the dura mater with material other than autologous material 

excluding fat.
•  ��/$ )/.�$)�2#*(�)*�$)/-�Ǳ*+ -�/$1 �����' �&�" �$.�+- . )/��ơ -�+-$(�-4��'*.0- �

of the dura mater with elevation of PEEP.
•  ��"�+�*!�ˉ�Ʃ�((��ơ -�+-$(�-4��'*.0- �*!�/# ��0-��(�/ -ǚ
•  Dural opening cannot be covered by Liqoseal (8x8 cm) with a 5-mm overlap.

Eligibility criteria for surgeons performing the intervention
•  Only neurosurgeons and neurosurgical residents trained for the protocol and 

application of both the interventional and control device will perform the study 
interventions. Virtual training will be provided by the sponsor during the site 
initiation visit and online revision material is available throughout the study. 
�)'4�/-�$) ���)��.$") ��*Ƣ�.0-" *).���)�+ -!*-(�./0�4���/$*).ǚ���� ' "�/ �!-*(�
/# �.+*).*-��'.*��// )�.�/# �Ɵ-./�.0-" -4�$!�2$.# ��!*-��4�/# �'*��'�� )/ -ǚ

Who will take informed consent? {26a}
Informed consent will be collected by the principal investigator or designated study 
team member.

Additional consent provisions for collection and use of participant data 
and biological specimens {26b}
Participants will be asked to consent or not to the use of their data for other research 
related to the investigational device, to be contacted for future studies and to share 
video/photographs of the surgery with the sponsor of the study.
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Interventions
Explanation for the choice of comparators {6b}

)1 ./$"�/$*)�'�� 1$� �� .�-$+/$*)
The bioresorbable Liqoseal is indicated for use as an adjunct to standard methods 
of dural closure, such as suturing, to provide a watertight closure of the dura. 
Liqoseal consists of two layers; a watertight blue layer comprising biodegradable 
polyesterurethane and an adhesive white layer comprising biodegradable poly(DL-
'��/$� Ǳ�*ǱͧǱ��+-*'��/*) Ǻ� �*+*'4( -� �)�� (0'/$�-( �� �Ǳ#4�-*34'.0��$)$($� �
functionalized polyethylene glycol. This layer reacts with amines in the dural tissue 
in a moist environment, forming covalent bonds between the device and the tissue.

�*)/-*'�� 1$� �� .�-$+/$*)
The control arm of this study consists of two Food and Drug Administration (FDA) 
approved dural sealants for cranial use: DuraSeal and Adherus, indicated for use as an 
��%0)�/�/*�./�)��-��( /#*�.�*!��0-�'�- +�$-ǚ��*/#��*).$./�*!�ƨ��*(+*) )/.�/#�/�2# )�
mixed together form an absorbable hydrogel. These products can be considered the 
current standard of care for dura sealing6,7.

Intervention description {11a}
1. The patient is electronically randomized for Liqoseal or control device on the day 

of surgery by trained personnel other than the operating surgeon.
2. The assigned dural sealant is taken out of the freezer/storage and placed in a non-

transparent box.
3. First PEEP test (for safety)
4. Dura mater is closed with the standard method of suturing.
5. Hemostasis should be achieved.
6. The dura mater surface is rinsed from particles with physiological saline and kept moist.
ƭǚ� � �*)�������/ ./�ǹ����' �&�" ��*)Ɵ-( �Ǻǚ
8. Surgeon is unblinded and the dural sealant is applied.

a. For Liqoseal: the dry patch is cut into the required size, and positioned with. 
the white side against the sutured area of the dura mater and compressed for 2 
minutes with a moist gauze.

b. For Duraseal and Adherus: the hydrogels are applied aiming at the sutured area 
of the dura mater, holding the device 2-4 cm away, until a thin coating (1-2 mm) 
is formed.

Ưǚ� �#$-�������/ ./�ǹƨ�($)0/ .��ơ -�� 1$� �$(+'�)/�/$*)Ǻǚ
ƧƦǚ� �/�)��-���'*.0- �*!��-�)$�'�� ! �/��)��.*ơ�/$..0 �2$''� /# )�� �0)� -/�& )�+ -�

surgeon standard.

3
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Criteria for discontinuing or modifying allocated interventions {11b}
Once the patient is allocated to the control or interventional arm the patient can still 
be excluded from the study in case the intraoperative eligibility criteria are not met or 
$)���. �/# �Ɵ-./������/ ./�2�.�)*/��*).$� - ��.�! �!*-�/# �+�/$ )/ǚ��)� �/# ��''*��/ ��
$)/ -1 )/$*)�#�.��  )��++'$ ��/#$.���)�� �(*�$Ɵ ��$)���. �/# �+�/$ )/�- ��# .�/# �
primary outcome during the surgery (intraoperative CSF leakage at the third PEEP 
test). In such case the neurosurgeon can undertake any actions deemed necessary to 
ensure optimal patient care in the situation.

Strategies to improve adherence to interventions {11c}
There is no patient action required to adhere to the intervention protocol. Surgeons 
�- � �'$)� �� 0)/$'� �ơ -� +-$(�-4� �'*.0- � *!� /# � �0-�� /*� *+/$($5 � ��# - )� � /*� /# �
interventions independent of the allocated intervention.

Relevant concomitant care permitted or prohibited during the trial {11d}
Participants are not allowed to participate in any other investigational drug or device 
study. All other forms of treatment are permitted.

Provisions for post-trial care {30}
Insurance is in place, to enable compensation in the event of an injury to a participant.

Outcomes {12}
Primary Endpoint
�# �+-$(�-4� )�+*$)/�$.����*(+*.$/ � )�+*$)/�� Ɵ) ���.�/# �*��0-- )� �*!��)4�*!�
the following within 90 days of surgery:

•  �*0)��$)! �/$*)�� Ɵ) ��$)����*-��)� �2$/#�/# �� )/ -.�!*-��$. �. ��*)/-*'��)��
Prevention guidelines as deep incisional (cat II) or organ or space infection (cat III).(8)

•  
)/-�*+ -�/$1 �����' �&�" ��ơ -�� 1$� ��++'$��/$*)��/���+*.$/$1 � )�� 3+$-�/*-4�
pressure (PEEP) of 20 cm H2O.

•  � -�0/�) *0.�����' �&�" ��*)Ɵ-( ���4�ͤǱƨ�/-�).! --$)�/ ./ǚ
•  Pseudomeningocele requiring puncture, external lumbar drainage or surgical 

re-intervention.
•  �. 0�*( )$)"*� ' �ˉƨƦ�����.��*)Ɵ-( ��*)���
ǚ

Secondary Endpoints
Safety

•  Device related adverse events (AEs) and serious adverse events (SAEs) throughout 
/# �./0�4�0+�/*�ƯƦ���4.��ơ -�.0-" -4ǚ
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•  �*(+'$��/$*).�- ,0$-$)"�.0-"$��'�- Ǳ$)/ -1 )/$*)�0+�/*�ƯƦ���4.��ơ -�.0-" -4ǚ

Performance
•  �)4�+. 0�*( )$)"*� ' ��.��*)Ɵ-( ��*)�(�") /$��- .*)�)� �$(�"$)"�ǹ��
Ǻ��/�

day 90.
•  Volume of pseudomeningocele as determined on MRI at day 90.
•  Ease of use and application of the Liqoseal.

Participant timeline {13}
Screening will take place between day 90 and day 1 prior to surgery ǹƟ"0- �ƨ��)��Ɵ"0- �ƩǺ. 
�*''*2Ǳ0+�2$''�/�& �+'�� ��/���4�ƭ�*-��$.�#�-" �ǹ2#$�# 1 -��*( .�Ɵ-./ǺǛ���4�ƩƦ��)����4�ƯƦǚ

During hospitalization, the patient will be monitored daily for clinical signs of infection 
and CSF leakage or swelling at the surgical wound. All patients will undergo an MRI 
on day 90.
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Figure 3. Study Scheme.

Sample size {14}
ǧ�0�� ..Ǩ�2�.�� Ɵ) ���.���. )� �*!�/# ��*(+*.$/ � )�+*$)/ǚ��# �.0�� ..�-�/ �*!�/# �
investigational product was set similar to that of the control devices combined. The 
combined success rate of the control devices was determined at 91%, based upon a 
comparative study of the two devices6. The non-inferiority margin was set at 10%, 
this was accordance with the design used by the control devices6 and believed to be 
�'$)$��''4���� +/��' ǚ��# �+*2 -�*!�/# �./0�4�$.�ƮƦʷǛ�2$/#���*) Ǳ.$� ��.$")$Ɵ��)� �' 1 '�
of 5%. The expected rate of attrition is 10%. Under these assumptions, a total of 228 
patients are required, 114 per arm.

� �-0$/( )/�ǽƧƫǾ
Prior to the start of the trial estimations of recruitment numbers were provided by all 
participating sites. Recruitment is currently ongoing. Due to the impact of the covid-19 
crisis the recruitment time has been extended to 12 months.

Assignment of interventions: allocation
Sequence generation {16a}
The randomization schedule will be generated using an internet-based computerized 
randomization program within the research management platform (RMP) and 
electronic data capturing system Staicy v2.33 (IQVIA MedTech, Danbury, USA). The 
RMP is fully validated and 21 CFR part 11 (and EU Annex 11) compliant. It is developed 
0)� -��)�
��ƨƭƦƦƧ�� -/$Ɵ ��,0�'$/4�(�)�" ( )/�.4./ (ǚ

��/$ )/.�2$''�� �./-�/$Ɵ ���4�./0�4�.$/ ��)��/4+ �*!��-�)$�'�.0-" -4�ǹ�-�)$*/*(4�*-�
craniectomy) in blocks of 4 and randomized (1:1) at the start of surgery.
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Concealment mechanism {16b}
Concealment of the randomization scheme is ensured by use of the RMP which shows 
the user the assigned randomization per individual patient for their site only.

�# ��..$") ��� 1$� �2$''�� �./*- ��$)���)*)Ǳ/-�).+�- )/��*3��$- �/'4��ơ -�-�)�*($5�/$*)ǚ

Implementation {16c}
Randomization is performed by trained personnel other than the operating surgeon by 
logging into the RMP to perform randomization for each individual patient at the time.

Assignment of interventions: Blinding
Who will be blinded {17a}
�# �.0-" *)�$.��'$)� ��!*-�"-*0+��''*��/$*)�0)/$'�Ɵ)�'$5�/$*)�*!�/# �+-$(�-4��'*.0- �*!�
the dura, by concealing the allocated device in a non-transparent box.

Procedure for unblinding if needed {17b}
�# �.0-" *)�$.�0)�'$)� ���ơ -�Ɵ)�'$5�/$*)�*!�/# �+-$(�-4��'*.0- �*!�/# ��0-�Ǜ�/*��++'4�
the allocated device.

��/���*'' �/$*)��)��(�)�" ( )/
Plans for assessment and collection of outcomes {18a}
Preoperative data
Demographic information (i.e., gender, childbearing potential, age, length, weight and 
body mass index), medical and surgical history (i.e., indication for surgery, allergies, 
tobacco use, medication use), as well as comorbidity of the patient will be collected. A 
physical exam is performed during screening. All female patients of child-bearing age 
will undergo a pregnancy test.

Intraoperative data
The device used and its size, LOT number, size of trepanation, any use of autologous 
material, and type of suture are recorded.

�*�� / -($) �/# �$)/-�Ǳ*+ -�/$1 �����' �&�� !*- ��)���ơ -�/# ��++'$��/$*)�*!�/# �� 1$� Ǜ�
the PEEP will be increased to 20 cmH2O for 20 seconds. First, this test will be performed 
� !*- ��'*.0- �*!�/# ��0-��/*�� / -($) �.�! /4�!*-�/# �+*./*+ -�/$1 �$)/-��-�)$�'�Ɵ '��
ǹ�*)/-*'�*!�# (*--#�" Ǜ�.2 ''$)"�*-�*/# -�+*/ )/$�'���1 -. � Ƣ �/.Ǻǚ��+*)��*(+' /$*)�
of the primary sutured dural closure and before the application of the sealant, the 
closure of the dura will be evaluated for CSF leakage by repeating the test. The patient 
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$.� 3�'0� ��$!�/# - �$.�)*�' �&�" ��/������*!�ƨƦ��(	ƨ��!*-�ƨƦ�. �*)�.ǚ��2*�($)0/ .��ơ -�
application of the device, the test will be performed for a third time to evaluate CSF 
leakage. All 3 PEEP elevations and application of the device will be recorded on video. 
��+#*/*"-�+#�2$''�� �/�& )�� !*- ��)���ơ -�� 1$� ��++'$��/$*)ǚ

�ơ -�/# �+-*� �0- Ǜ� )��0. -.�ǹ.0-" *).Ǜ�.�-0��)0-. .Ǻ�2$''�� �$)1$/ ��/*��*(+' / �
several closed-end questions regarding their user experience with Liqoseal.

Postoperative data
During the hospitalization, the subject will be monitored daily for clinical signs of 
$)! �/$*)ǚ��# �.0-"$��'�2*0)��2$''�� �$).+ �/ ����$'4�./�-/$)"�ƨƪ�#*0-.��ơ -�.0-" -4ǚ�
�'**�� �)�'4.$.� �)�� ��2*0)�� �0'/0- �2$''� � �+ -!*-( �� $!� /# - � �- � �'$)$��'� .$").�
*!�$)! �/$*)ǚ�
)���. �*!�����' �&�" �!-*(�/# �$)�$.$*)Ǜ���ͤǱƨ�/-�).! --$)�/ ./�2$''�� �
+ -!*-( �ǚ���/��2$''�� ��*'' �/ �� 1 -4�ƨƪǱ#*0-.�!-*(�ƨƪ�#*0-.��ơ -�.0-" -4�0)/$'�
�$.�#�-" �*-���4�ƭ�ǹ2#$�# 1 -��*( .�Ɵ-./Ǻǚ

�# ��'$)$��'���/��/*�� ��*'' �/ ��*)�/# � Ǳ����$)�'0� .�/# �!*''*2$)"ǜ��*�4�/ (+ -�/0- ǚ

In case of signs of infection the following data will be collected as well: C-Reactive 
Protein (CRP), leucocytes, culture of wound.

�# �.$").�*!�$)! �/$*)�2$''�� ��'�..$Ɵ ��/*�/# �� )/ -.�!*-��$. �. ��*)/-*'��)���- 1 )/$*)�
(CDC) standard of Surgical Site Infection (SSI) and recorded in the e-CRF8.

All subjects will undergo an MRI on Day 90. The MRI will be performed to collect data 
*)�/# �+- . )� ��)���(*0)/�*!�+. 0�*( )$)"*� ' �ǹ�)4�.0��0/�) *0.�Ơ0$��*)��ƨǺ��.�
well as the long-term thickness of dura mater and investigational device.

Independent radiologists will analyze the MRIs of all subjects for the outcome 
measurements. Each MRI will be evaluated by 3 independent radiologists, whereas the 
analysis then will be based on minimally 2 out of 3 evaluations (whom are in consensus).

Postoperative assessments are not blinded.

Plans to promote participant retention and complete follow-up {18b}
��-/$�$+�)/.�2$''�� ��*)/��/ ��/#-*0"#�/ ' +#*) Ǜ��ơ -�Ʃ�0).0�� ..!0'��// (+/.�/*�
reach the subject, a registered mail will be sent to the subject to indicate the need for 
a follow-up appointment. If these communications are unsuccessful, the subject will 
be considered lost to follow-up.

Data of withdrawn subjects, collected up until the point of withdrawal, will be 
preserved and used in the applicable analyses. The reasons for withdrawal will be 
compared between treatment arms, to assess potential bias in the analysis. The reason 



53

ENCASE II study protocol

for discontinuation must be recorded in the source documentation and the e-CRF. 
Possible reasons for discontinuation of participation may include, but are not limited 
to, the following reasons:

•  subject decides to withdraw from the study;
•  adverse events;
•  lost to follow-up

��/��(�)�" ( )/�ǽƧƯǾ
An electronic data capturing (EDC) system will be used to collect data on a secure, 
$)/ -) /Ǳ��. �� ' �/-*)$����. �- +*-/�!*-(�ǹ Ǳ���ǺǛ��)��$(�" �/-�).! -�.*ơ2�- ǚ��# �
principal investigator (PI) or his/her designee at the clinical site will perform primary 
data collection by entering the data into the e-CRF. Only the PI or other predesignated 
personnel will be authorized to enter data using their unique login credentials. Each 
user access to the system will be tracked so that all data operations can be monitored 
�)��1 -$Ɵ �ǚ

The e-CRF will be completed on a continuous basis starting from the point of enrollment 
/*�Ɵ)�'�!*''*2Ǳ0+ǚ

���-$/$��'�,0�'$/4��*)/-*'�.#�''�� �+ -!*-( ��!*-�/# �Ɵ-./�ƨ�.0�% �/.��4�/# �.+*).*-Ǩ.�
designated data management team and queries issued where needed. Such queries 
must be reviewed by the monitor prior to alerting the site personnel to answer them.

�ơ -�/# �(*)$/*-�#�.��*) �/# �.*0-� ��*�0( )/�1 -$Ɵ��/$*)��)��*�/�$) ��.�/$.!��/*-4�
answers to eventual queries from the site, a full quality control shall be performed 
on the monitored data throughout the clinical investigation by the designated data 
management team and queries issued where needed. This process will be repeated till 
the end of the clinical investigation so as to allow for a timeline freezing of the data 
base for statistical analysis.

Confidentiality {27}
�# �$)1 ./$"�/*-�(0./� ).0- �/#�/�.0�% �/.Ǩ��)*)4($/4�2$''�� �(�$)/�$) �ǚ��)� Ǳ���.�
*-�*/# -��*�0( )/.�.0�($// ��/*�/# �.+*).*-Ǜ�.0�% �/.�.#*0'��)*/�� �$� )/$Ɵ ���4�/# $-�
)�( .Ǜ��0/��4�/# �.0�% �/�)0(� -ǚ��# �$)1 ./$"�/*-�(0./�&  +���.0�% �/�$� )/$Ɵ��/$*)�
�*� �'$./�.#*2$)"�/# � )-*'( )/�)0(� -Ǜ�/# �.0�% �/Ǩ.�)�( Ǜ���/ �*!��$-/#��)�����- ..�
*-��)4�*/# -�'*��''4���� +/ ��$� )/$Ɵ -.ǚ��''� $)!*-(�/$*)�/*�� �. )/�/*�/# �.+*).*-�
�*)� -)$)"�+�/$ )/.��)��/# $-�+�-/$�$+�/$*)�$)�/# �./0�4�2$''�� ��*).$� - ���*)Ɵ� )/$�'ǚ�
�''���/��2$''�� �+-*� .. ��2$/#*0/�$� )/$Ɵ��' �- ! - )� �/*�/# �$)�$1$�0�'�+�/$ )/ǚ
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�'�).�!*-��*'' �/$*)Ǜ�'��*-�/*-4� 1�'0�/$*)��)��./*-�" �*!��$*'*"$��'�.+ �-
imens for genetic or molecular analysis in this trial/future use {33}
The collection and evaluation of laboratory tests will be performed according to the 
standard procedures per study site. The following laboratory tests may be applicable 
/*�+�-/$�$+�)/.�$)�/#$.�/#$.�/-$�'ǜ�+- ")�)�4�/ ./Ǜ����Ǜ�' 0�*�4/ .Ǜ�ͤǱƨ�/-�).! --$)�/ ./ǚ

Statistical methods
Statistical methods for primary and secondary outcomes {20a}
�# �+-$(�-4��)�'4.$.�. /�2$''��*).$./�*!���(*�$Ɵ ��$)/ )/$*)�/*�/- �/��)�'4.$.�ǹ(
��Ǻǚ�
�*�$Ɵ ��$)/ )/Ǳ/*Ǳ/- �/�ǹ(
��Ǻ��)�'4.$.�. /�$.���.0�. /�*!�
����)�'4.$.�. /��)��2$''�
consist of all enrolled subjects (subjects who have signed the ICF, meet all inclusion 
criteria, meet none of the exclusion criteria and the investigational/control device has 
�*)/��/ ��/# �.0�% �/Ǩ.��0-�Ǻ�2$/#� 1�'0��' ���/��!*-�/# �+-$(�-4� )�+*$)/ǚ

�# �+-$(�-4� )�+*$)/�2$''�� � 1�'0�/ ��!*-�./�/$./$��'�.$")$Ɵ��)� ���. ��*)�/# ���'��
( /#*��!*-��$Ƣ - )� �*!�+-*+*-/$*).ǚ�
!�)*)Ǳ$)! -$*-$/4�$.�( /���*) Ǳ.$� ��.$")$Ɵ��)� �
' 1 '�*!�ƫʷǛ�/# ��$Ƣ - )� �$)�.0�� ..�-�/ .�2$''��'.*�� � 1�'0�/ ��!*-�.0+ -$*-$/4��/���
*) Ǳ.$� ��.$")$Ɵ��)� �' 1 '�*!�ƫʷǚ

The primary endpoint will also be summarized by investigational site and cranial 
procedure type. Interactions of treatment and site/procedure type may be examined 
graphically or using logistic regression with success rate at day 90 as the response 
variable, and the study center (or procedure type), treatment group, study center (or 
procedure type) by treatment group interaction as predictor variables in the model. 
If the results of the test show evidence of heterogeneity across sites/procedure types 
ǹ$ǚ ǚǛ�+Ǳ1�'0 ˈƦǚƧƫǺǛ�/# )�/# �/- �/( )/ȍ+-*� �0- �/4+ � Ƣ �/�2$''�� � 1�'0�/ ��!0-/# -�
to identify any confounding factors.

All safety analyses will be based on subjects in the intention-to-treat (ITT) analysis set. 
The ITT analysis set will consist of all enrolled subjects (subjects who have signed the 
ICF, meet all inclusion criteria, meet none of the exclusion criteria, the investigational/
�*)/-*'�� 1$� �#�.��*)/��/ ��/# �.0�% �/Ǩ.��0-�Ǻǚ�� .0'/.���. ��*)�/# �
����)�'4.$.�. /�
2$''�� ��)�'45 �����*-�$)"�/*� ��#�.0�% �/Ǩ.�-�)�*($5�/$*)��..$")( )/ǚ

Interim analyses {21b}
�# - �2$''�� ���.�! /4�./*+��ơ -� )-*'( )/�*!�ƫƦ�+�/$ )/.�$)�/# �����+ -�/# ����ǚ��# �
ƯƦǱ��4�.�! /4���/��*!�/# �Ɵ-./�ƩƦ�+�/$ )/.Ǜ�2$''�� �+-*1$� ��/*�/# �����/*�- ,0 ./��++-*1�'�
to complete enrolment.
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� /#*�.�!*-����$/$*)�'��)�'4. .�ǹ ǚ"ǚ�.0�"-*0+��)�'4. .Ǻ�ǽƨƦ�Ǿ
As a supplementary analysis, the primary endpoint will be evaluated in a per protocol 
analysis (excluding subjects with protocol deviations) and ITT analysis. No supplementary 
of sensitivity analyses are planned for the safety and secondary endpoints.

Methods in analysis to handle protocol non-adherence and any statistical 
methods to handle missing data {20c}
�4�� Ɵ)$/$*)Ǜ�/# �+-$(�-4��)�'4.$.�*!�+-$(�-4� )�+*$)/�2$''�� ���. ��*)��1�$'��' �
data only, and no imputation for missing data will be performed. The supplementary 
analysis of primary endpoint based on the ITT analysis set will likely include some 
subjects who are excluded from the mITT analysis set and do not have evaluable data for 
the primary endpoint. Subjects who die prior to reaching the 90-day primary endpoint 
without experiencing any of the primary endpoint outcomes will be excluded from 
analysis. Data for any other subjects that do not have evaluable data at day 90 will 
be imputed using multiple imputation in the ITT analysis. The analysis of secondary 
endpoints will be based on available data only, with no imputation for missing data. 
Subjects who die or withdraw from the study for other reasons prior to experiencing 
��.+ �$Ɵ����1 -. � 1 )/�2$''�� �$)�'0� ��$)�/# �� )*($)�/*-��)���..0( ��/*�#�1 �)*/�
experienced the event.

�'�).�/*�"$1 ���� ..�/*�/# �!0''�+-*/*�*'Ǜ�+�-/$�$+�)/�' 1 'Ǳ��/���)��./�/$.-
tical code {31c}
The full protocol will not be published. An abbreviated protocol has been registered at 
Clinicaltrials.gov (number NCT04086550) prior to study initiation. The participant-level 
dataset and statistical code will not be granted for public access.

Oversight and monitoring
�*(+*.$/$*)�*!�/# ��**-�$)�/$)"�� )/- ��)��/-$�'�./  -$)"��*(($//  �ǽƫ�Ǿ
There are two coordinating investigators for this trial; one from the USA and one 
from Europe. The study will be managed by a project manager and study coordinator 
 (+'*4 ���4�/# �.+*).*-ǚ��# ��+*).*-Ǩ�./0�4�/ �(Ǜ����#��./0� )/��)���*/#��**-�$)�/$)"�
investigators will meet at a weekly basis. Day-to-day performance of the trial at the sites 
will be performed by site personnel trained for the study. Contact with the sites between 
�+*).*-Ǜ��**-�$)�/$)"�$)1 ./$"�/*-.��)��.$/ .Ǩ�./0�4�+ -.*)) '�2$''�� ��/���- "0'�-���.$.Ǜ�
� + )� )/�*)�/# �)  ��!*-�/# �.$/ ���. ��0+*)� )-*'( )/�-�/ ��)��.$/ �+-*Ɵ�$ )�4ǚ��# �
day-to-day performance of the trial by the sites will be supported and monitored by an 
independent CRO, who will be in contact with the Sponsor, coordinating investigators 
�)��.$/ .Ǩ� ./0�4� ./�Ƣ��/��� - "0'�-���.$.���. ��*)� /# �)  �� !*-� /# � .$/ ���. ��0+*)�
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 )-*'( )/�-�/ ��)��.$/ �+-*Ɵ�$ )�4ǚ��)�$)� + )� )/���/��(*)$/*-$)"��*(($//  �ǹ���Ǻ�
2$''�� ��++*$)/ ���*).$./$)"�*!��/�' �./�Ʃ�.+ �$�'$./.�$)�/# �Ɵ '��*!�) 0-*.0-" -4Ǜ�2#*�
2$''��.. ..�+�/$ )/.Ǩ�.�! /4��)��/-$�'�+-*"- ..���. ��0+*)� )-*'( )/�-�/ ��)��ǹ� -$*0.Ǻ�
Adverse Events on a regular basis.

�*(+*.$/$*)�*!�/# ���/��(*)$/*-$)"��*(($//  Ǜ�$/.�-*' ��)��- +*-/$)"�
structure {21a}
�# ���/��(*)$/*-$)"��*(($//  �ǹ���ǺǛ��*).$./$)"�*!��/�' �./�Ʃ�.+ �$�'$./.�$)�/# �Ɵ '��
of neurosurgery, will review data relating to safety and performance and to ensure 
/# ��*)/$)0 ��.�$ )/$Ɵ��1�'$�$/4��)��( -$/�*!�/# �./0�4ǚ��0-/# -�� /�$'.�- "�-�$)"�/# �
DMC can be found in its charter (Supplementary Material II). Following each meeting 
��!*-(�'�- +*-/�2$''�� �+- +�- �Ǜ�2#$�#�2$''�� �. )/�/*�/# �.+*).*-��ơ -��++-*1�'�*!��''�
members of the DMC. The DMC is independent from the sponsor, and members have 
no competing interests.

Adverse event reporting and harms {22}
During the study, (serious) adverse events and (serious) anticipated and unexpected 
��1 -. �� 1$� � Ƣ �/.�2$''�� �- �*-� �ǝ�- +*-/$)"�2$''�� ��*) �!-*(�+*$)/�*!� )-*'( )/�
till end of study.

�# �ǹ+-$)�$+�'Ǻ�$)1 ./$"�/*-.�.#�''�- +*-/��''���1 -. � 1 )/.��)��� 1$� �� Ɵ�$ )�$ .�
in the appropriate sections of the e-CRF and provide where requested by the sponsor, 
the necessary clinical or technical information that may contribute to clarifying the 
circumstances.

The (principal) investigators shall report all serious adverse events (SAEs) and device 
� Ɵ�$ )�$ .�ǹ��.Ǻ�/#�/�($"#/�#�1 �' ��/*������ǜ�$!��Ǻ�.0$/��' ���/$*)�#���)*/��  )�/�& )�
or b) intervention had not been made or c) if circumstances had been less fortunate, and 
) 2�Ɵ)�$)".ȍ0+��/ .�$)�- '�/$*)�/*��'- ��4�- +*-/ �� 1 )/.�/*�/# �.+*).*-��)��- �*-��
$)�/# � Ǳ����2$/#$)�ƨƪ�#*0-.��ơ -��2�- ) ..�*!�/# � 1 )/ǚ

�)4�*/# -�- +*-/��' � 1 )/.��.�� .�-$� ����*1 �*-���) 2�Ɵ)�$)"ȍ0+��/ �/*���- +*-/ ��
event shall be reported immediately, but not later than 7 calendar days following the 
date of awareness by the sponsor of the new reportable event or of new information in 
relation with an already reported event.

Frequency and plans for auditing trial conduct {23}
�+*).*-�(*)$/*-$)"�./�)��-�.�- ,0$- �!0''�1 -$Ɵ��/$*)�!*-�/# �+- . )� �*!�$)!*-( ��
consent, adherence to the inclusion/exclusion criteria, documentation of SAEs and 
the recording of the main safety and performance endpoints. Additional checks of the 
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consistency of the source data with the e-CRFs are performed according to the study-
.+ �$Ɵ��(*)$/*-$)"�+'�)ǚ��)�$)$/$�/$*)�1$.$/�2$''�� �+ -!*-( ��� !*- �/# �Ɵ-./�.0�% �/�
$.� )-*'' �ǚ��# �Ɵ-./�*) �.$/ �(*)$/*-$)"�1$.$/�2$''�/�& �+'�� �2$/#$)�ƨƧ���' )��-���4.�
*!�/# �Ɵ-./�+�/$ )/�-�)�*($5 �ǚ��0-/# -�1$.$/.�2$''�/�& �+'�� ��/�' �./�/2$� ���4 �-ǚ���
risk-based monitoring approach will be utilized and the data points that are source data 
1 -$Ɵ ���.�2 ''��.�/# �!- ,0 )�4�*!�(*)$/*-$)"�1$.$/.�2$''�� ���. ��0+*)� )-*''( )/Ǜ�
data integrity, and site compliance

Plans for communicating important protocol amendments to relevant 
+�-/$ .�ǹ ǚ"ǚ�/-$�'�+�-/$�$+�)/.Ǜ� /#$��'��*(($//  .Ǻ�ǽƨƫǾ
�*��#�)" .�$)�/# ��'$)$��'�$)1 ./$"�/$*)�+-*� �0- .�.#�''�� � Ƣ �/ ��2$/#*0/�(0/0�'�
agreement of the principal investigator and the sponsor. The agreement of the 
changes must be documented by signing the corresponding clinical investigation 
+'�)��( )�( )/.ǚ��''��#�)" .�- ,0$- �)*/$Ɵ��/$*)�/*�/# ���ȍ
����)��/# ��*(+ / )/�
Authority/FDA (when appropriate).

�$.. ($)�/$*)�+'�).�ǽƩƧ�Ǿ
�$/#$)�*) �4 �-��ơ -�/# � )��*!�/# �./0�4Ǜ���Ɵ)�'�./0�4�- +*-/�2$/#�/# �- .0'/.�*!�/# �
study, including any publications/abstracts of the study, will be submitted to the local 
ethics committee/institutional review board and the applicable competent authorities. 
�0-/# -(*- Ǜ�/# �- .0'/.�*!�/# �./0�4�2$''�� �+0�'$.# ��$)���.�$ )/$Ɵ��+0�'$��/$*)ǚ�
!�
requested the results of the study will be shared with participants.

�$.�0..$*)
�#$.�$.�/# �Ɵ-./�-�)�*($5 ���*)/-*'' ��/-$�'�$)�2#$�#�/# �.�! /4��)�� ƣ���4�*!�$,*. �'�
will be compared to the best current practice. This trial will evaluate whether Liqoseal 
is non-inferior to control as a means of reducing CSF leakage and safety.

Trial status
Recruiting. First patient enrolled May 20th 2021.

Abbreviations
���ǜ�� - �-*.+$)�'�Ơ0$�
e-CRF: electronic case report form
EDC: electronic data capturing
ICF: informed consent form
ITT: intention to treat
(
��ǜ�(*�$Ɵ ��$)/ )/$*)�/*�/- �/
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PEEP: positive end expiratory pressure
PI: principal investigator
RMP: research management platform
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Abstract

Background
� - �-*.+$)�'�Ơ0$��ǹ���Ǻ�' �&�$.�2$� '4�- �*")$5 ���.����#�'' )"$)"��)���*((*)'4�
occurring postoperative complication of transsphenoidal surgery (TSS).

The primary objective of this study is to benchmark the current prevalence of CSF leak 
�ơ -�/-�)..+# )*$��'�.0-" -4�$)�/# ���0'/�+*+0'�/$*)ǚ

Methods
The authors followed the PRISMA guidelines. The PubMed, Embase and Cochrane 
$�-�-4���/���. .�2 - �. �-�# ��!*-��-/$�' .�- +*-/$)"�����' �&��ơ -�/-�)..+# )*$��'�
surgery in the adult population. Meta-analysis was performed using the Untransformed 
Proportion metric in OpenMetaAnalyst. For two between-group comparisons a 
generalized linear mixed model was applied.

Results
� �$� )/$Ɵ ��ƨǛƪƦƮ��-/$�' .�/#-*0"#�/# ���/���. �. �-�#Ǜ�*!�2#$�#�ƭƦǛ�+0�'$.# ��.$)� �
2015, were included in this systematic review. These studies yielded 24,979 patients 
who underwent a total of 25,034 transsphenoidal surgeries. The overall prevalence 
of postoperative CSF leak was 3.4% (95% CI 2.8-4.0%). The prevalence of CSF leak 
found in patients undergoing pituitary adenoma resection was 3.2% (95% CI 2.5-4.2%), 
whereas patients who underwent TSS for another indication had a CSF leak prevalence 
rate of 7.1% (95% CI 3.0-15.7%) (OR 2.3, 95% CI 0.9-5.7). Patients with cavernous sinus 
invasion (OR 3.0, 95% CI 1.1-8.7) and intraoperative CSF leak (OR 5.9, 95% CI 3.8-9.0) 
have increased risk of postoperative CSF leak. Previous transsphenoidal surgery and 
($�-*.�*+$��.0-" -4��- �)*/�.$")$Ɵ��)/'4��..*�$�/ ��2$/#�+*./*+ -�/$1 �����' �&ǚ

Conclusion
�# �*1 -�''�- � )/�+- 1�' )� �*!�����' �&��ơ -�����$)���0'/.�$.�Ʃǚƪʷǚ�
)/-�*+ -�/$1 �����
' �&��)����1 -)*0.�.$)0.�$)1�.$*)��++ �-�/*�� �.$")$Ɵ��)/�-$.&�!��/*-.�!*-�+*./*+ -�/$1 �
CSF leak.

Key words
�*(+'$��/$*).ǝ�����' �&ǝ��)�*)�.�'ǝ�$,0*--# �ǝ��$/0$/�-4��� )*(���0-" -4ǝ��&0''���. 
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����' �&��ơ -�/-�)..+# )*$��'�.0-" -4

Introduction
� - �-*.+$)�'�Ơ0$�� ǹ���Ǻ� ' �&� $.�./$''�2$� '4�- �*")$5 ���.����*((*)'4�*��0--$)"�
postoperative complication of transsphenoidal surgery (TSS). CSF leak is associated 
with various complications including meningitis, intracranial infection and CSF 
#4+*/ ).$*)�.4)�-*( ǚ��# . ��*(+'$��/$*).�*ơ )�' ���/*����$/$*)�'�# �'/#��- ��*./.�
and substantial morbidity as they may require prolonged hospitalization, reoperation 
and external lumbar drainage (ELD)1,2. Grotenhuis (2005) reports an additional cost of 
ʧƧƦǚƨƪƩ�+ -�+�/$ )/�2$/#�+*./*+ -�/$1 �����' �&�!*-�/-�)..+# )*$��'�+-*� �0- .2. The 
prevalence of postoperative CSF leak seems increased in patients with an elevated 
�*�4�(�..�$)� 3�ǹ��
Ǻ��)�ȍ*-�$)�- �. ��$)/-��-�)$�'�+- ..0- 3. However, the exact 
-$.&�*!�/#$.��*(+'$��/$*)��)��1�-$��' .�*!�$)Ơ0 )� ��- �)*/��' �-'4�� Ɵ) ���)��- +*-/ ��
prevalence rates vary widely (0-40%)4. CSF leak rates among patients undergoing TSS are 
regarded to be higher than for transcranial neurosurgical procedures due to additional 
risk factors, such as gravity and a lack of anatomical barriers provided by watertight 
dural closure and subcutaneous and cutaneous closure5. However, techniques of closure 
#�1 ��  )�.$")$Ɵ��)/'4�$(+-*1 ���4�0.$)"���1$/�'�)�.*. +/�'�(0�*.�'�Ơ�+Ǜ�/# �0. �*!�
sealing materials and improved neurosurgical techniques6-9. Transsphenoidal surgery 
#�.��  )��)� 1*'1$)"�Ɵ '��*1 -�/# �'�./�� ��� .Ǜ�/# - !*- ��*(+'$��/$*)�-�/ .�.#*0'��� �
investigated in recent literature and frequently updated as advancements in the surgical 
technique continue. The objectives of this study are to benchmark the prevalence of 
����' �&��ơ -�/-�)..+# )*$��'�.0-" -4�$)�/# ���0'/�+*+0'�/$*)�$)�/# �+�./�ƫ�4 �-.Ǜ��)��
/*�� Ɵ) �1�-$��' .��Ƣ �/$)"�/#$.�-$.&ǚ

Methods
The authors followed the PRISMA guidelines for this systematic review and meta-analysis10.

Search strategy and study selection
We performed a literature search in the PubMed, Embase and Cochrane Library 
��/���. .�!*-��-/$�' .�- +*-/$)"�����' �&��ơ -�/-�)..+# )*$��'�.0-" -4�0)/$'��+-$'�ƧǛ�
2020. A combination of free, controlled and Mesh/Emtree terms for transsphenoidal 
surgery and CSF leak, such as “Transsphenoidal” OR “Endoscopic endonasal” AND 
ǩǩ� - �-*.+$)�'�Ơ0$��' �&Ǫ����ǩ� - �-*.+$)�'�Ơ0$��-#$)*--# �ǪǛ�2 - �0. ��/*�!*-(���
search string (see Appendix A-C, for the search strings per database).

Articles reporting original studies published since 2015 on the adult population 
- +*-/$)"�����' �&�-�/ .��ơ -�����2-$// )� $)��)"'$.#�*-��0/�#�2 - � $)�'0� �ǚ��# �
timeframe 2015-2020 was chosen with the aim to provide an up-to-date analysis of 
����' �&��ơ -������)��/*� 3+�)��*)�/# � 3$./$)"�'$/ -�/0- �*)�/#$.�/*+$�4. Extended 
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procedures and use of dural sealants were no restriction for inclusion. Studies including 
����Ɵ./0'��- +�$-.�*-��$*+.$ .�2 - � 3�'0� �ǚ��0-/# -(*- Ǜ���. �- +*-/.�ǹ)ˈƩƦǺ�2 - �
excluded, as these were not considered strong evidence due to the risk of publication 
bias and selected populations.

Two authors (R.S. and E.M.H.S.) independently screened titles and abstracts for 
 '$"$�$'$/4Ǜ� �ơ -� 2#$�#� !0''Ǳ/ 3/.� *!� �''� +*/ )/$�''4�  '$"$�' � ./0�$ .� 2 - � �.. .. ��
!*-� $)�'0.$*)ǚ��*��$.�"-  ( )/�- "�-�$)"�/# � $)�'0.$*)�*!��)��-/$�' ��ơ -�!0''Ǳ/ 3/�
assessment was encountered. The reference lists of all included studies and relevant 
reviews were cross-checked for additional eligible articles.

��/���*'' �/$*)
We extracted the following data from the included studies: study characteristics 
(authors, publication year, inclusion period, design, country, center name, total number 
of patients, total number of surgeries); patient characteristics (mean age at surgery, 
)0(� -�*!�! (�' .Ǜ�( �)���
Ǜ�( �)�!*''*2�0+��0-�/$*)Ǜ�+- 1$*0.�.0-" -4��/�.�( �
site, type of sphenoid sinus, preoperative diabetes mellitus, use of immunosuppressive 
medication, use of blood thinners, preoperative hydrocephalus, preoperative 
pneumocephalus, history of skull base radiation, length of stay); surgery characteristics 
(indication (e.g. pituitary or craniopharyngioma resection), approach, extended or 
�*)1 )/$*)�'� ǹ��. �� *)� /# � �-/$�' Ǩ.� � Ɵ)$/$*)ǺǛ� - �*)./-0�/$*)� / �#)$,0 Ǜ� 0. � *!�
sealant, intraoperative placement of a CSF diversion shunt); tumor characteristics 
ǹ/4+ �*!� /0(*-Ǜ�(�3$(�'� /0(*-��$�( / -Ǜ� $)1�.$1 � ǹ�)*.+�"-�� .�Ʃ��)��ƪǺ�*-�)*/Ǜ�
suprasellar extension); outcome parameters (rate of intraoperative CSF leak and rate 
*!�+*./*+ -�/$1 �����' �&Ǜ��.�� Ɵ) ���4�/# ��-/$�' Ǻǚ��/0�$ .�2$/#���)*)Ǳ�*(+�-�/$1 �
� .$")�2 - �� Ɵ) ���.���. �. -$ .11. The study quality of case series was assessed using 
/# ���/$*)�'�	 �-/Ǜ�0)"��)���'**��
)./$/0/ �*!���/$*)�'�
)./$/0/ .�*!�	 �'/#�ǹ�
	Ǻ�
quality assessment tool for case series studies12, whereas the Newcastle Ottawa Scale13 
was used for the quality assessment of cohort studies. Studies with fewer than six points 
were judged to be of poor quality, studies with six or seven points were deemed of fair 
,0�'$/4��)��./0�$ .�2$/#�(*- �/#�)�. 1 )�+*$)/.�2 - ��'�..$Ɵ ���.�� $)"�*!�"**��,0�'$/4ǚ�
���#�$/ (�2�.��2�-� ��*) �+*$)/�$!��).2 - ��2$/#�ǧ� .Ǩ�*-���./�-ǚ

Statistical analysis
We performed a meta-analysis of prevalence using the Untransformed Proportion 
( /-$��$)��+ )� /��)�'4./�!*-��$ --�Ǜ�1 -.$*)�ƧƦǚƧƨǚ����$)�-4�-�)�*(� Ƣ �/.��)�'4.$.�
using the DerSimonian-Laird method was applied if heterogeneity across studies 
2�.�.$")$Ɵ��)/�ǹ+ˈƦǚƦƫǺǚ��*-�)*)Ǳ.$")$Ɵ��)/�# / -*" ) $/4���-*..�./0�$ .�/# ��$)�-4�
Ɵ3 �� Ƣ �/.�$)1 -. �1�-$�)� �(*� '�2�.�0. �ǚ��*-�/2*�� /2  )Ǳ"-*0+��*(+�-$.*).�
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(microscopic vs. endoscopic surgery and pituitary adenoma resection vs. other 
indication) a generalized linear mixed model was applied, using SAS version 9.4 
(SAS Institute Inc), as these analyses involved comparisons of groups on study level. 
Heterogeneity across studies was ascertained through Higgins I2 14.

�# �+- 1�' )� �*!�����' �&��ơ -�/-�)..+# )*$��'�.0-" -4�2$/#�Ưƫʷ��*)Ɵ� )� �$)/ -1�'�
(CI) was the primary outcome measure in this study. For between group comparisons 
of patients with and without certain risk factors for CSF leak the outcome measures 
were odds ratios (OR) with 95% CI. We performed three sensitivity analyses 1. excluding 
Pines et al.32, as this publication accounts for almost half of the total population, 2. a 
comparison between studies published between 2015-2017 and 2018-2020 to evaluate a 
learning curve, 3. high quality studies only.

Results
Included studies
� � $� )/$Ɵ �� ƨǛƪƦƮ� �-/$�' .� /#-*0"#� /# � $)$/$�'� ��/���. � . �-�# .� �ơ -� - (*1$)"�
duplicates. Seventy articles met the inclusion criteria for this systematic review. Eight 
articles were excluded from the meta-analysis due to an overlapping population with 
another included article (the study with the largest sample size was included)15-22. 
One article was manually added by hand-searching the reference lists of all included 
articles. The study selection process and reasons for exclusion are shown in Figure 1.

The included studies yielded 24,979 patients who underwent a total of 25,034 
transsphenoidal surgeries as some subjects had more than one surgery. This includes 
262 extended procedures and 2,104 conventional procedures. In the remaining 58 
�-/$�' .�$).0ƣ�$ )/�$)!*-(�/$*)�$.�+-*1$� ��/*�� / -($) �/# �)0(� -�*!� 3/ )� ���)��
conventional surgeries. An overview of study characteristics is presented in Table 1. 
Nineteen studies were judged to be of good quality, 37 studies of fair quality and 14 studies 
of poor quality (see Supplementary Material 1, for an overview of quality assessment).

�# - �2�.�$).0ƣ�$ )/���/��!-*(�/# �$)�'0� ��./0�$ .�/*�+ -!*-(�- '$��' ��)�'4. .�!*-���
)0(� -�*!�-$.&�!��/*-.ǜ�.0+-�. ''�-� 3/ ).$*)Ǜ��0-�'�$)1�.$*)Ǜ���
Ǜ�+- 1 )/�/$1 � 3/ -)�'�
lumbar drainage, reconstruction technique, age at surgery, sex, diabetes mellitus, use 
of immunosuppressive medication, use of blood thinners, preoperative hydrocephalus, 
preoperative pneumocephalus, history of skull base radiation and sealant use.

Outcome and risk factor analysis
The overall prevalence of postoperative CSF leak was 3.4% (95% CI 2.8-4.0%) (Figure 
2). Heterogeneity across studies was substantial (I2 81.7).

4
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Figure 1. Flowchart demonstrating the study selection process
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Chapter 4

The prevalence of CSF leak found in patients undergoing pituitary adenoma resection 
was 3.2% (95% CI 2.5-4.2%), whereas patients who underwent TSS for another indication 
ǹ$ǚ ǚ��-�)$*+#�-4)"$*(�Ǜ�( )$)"$*(�Ǜ���/# & Ǩ.��' ơ��4./Ǻ�#���������' �&�+- 1�' )� �
-�/ �*!� ƭǚƧʷ� ǹƯƫʷ��
� ƩǚƦǱƧƫǚƭʷǺ� ǹ���ƨǚƩǛ� Ưƫʷ��
� ƦǚƯǱƫǚƭǺǚ���/��*)� !0-/# -� .+ �$Ɵ ��
�$�")*.$.�.0�"-*0+.�$.�/**�'$($/ ��/*��)�'4. �$/.�$)Ơ0 )� �*)�����' �&ǚ�
)�/#$.���/�. /Ǜ�
/# - �$.�*) �./0�4�- +*-/$)"�*)�����' �&�*)���/#& Ǩ.��' ơ��4./�. +�-�/ '4�$)�2#$�#�
none of the 19 cases had CSF leak28ǚ��#-  �.(�''�+*+0'�/$*).�*!��-�)$*+#�-4)"$*(�Ǩ.�
are included in which a total of 6 out 49 patients had CSF leak (12.2%)27 28, 44. Two studies 
specify CSF leak in meningioma cases, of which 1 out of 15 patients had CSF leak (6.7%)27, 

28ǚ��*-�ƨǛƩƧƮ���. .�/# �����' �&�-�/ �2�.�)*/�.+ �$Ɵ ��+ -��$�")*.$.�.0�"-*0+ǚ

Postoperative CSF leak was observed in 5.5% (95% CI 3.3-9.0%) of microscopically 
approached cases, as opposed to 4.0% (95% CI 3.0-5.2%) in endoscopic cases (OR 1.4, 
95% CI 0.9-2.3).

CSF leak was present in 2.0% (95% CI 0.0-4.9%) of patients with previous TSS as compared 
to 0.4% (95% CI 0-1.0%) in patients without history of TSS (OR 0.9, 95% CI 0.2-4.5).

The prevalence of CSF leak in patients without intraoperative CSF leak was 0.7%, 
whereas 4.1% (OR 5.9, 95% CI 3.8-9.0) of patients with intraoperative CSF leak had a 
postoperative CSF leak. The prevalence of CSF leak in patients without cavernous sinus 
invasion was 0.5% (95% CI 0.0-1.1%), as opposed to 2.2% (95% CI 0.4-4.1) in patients with 
cavernous sinus invasion (OR 3.0, 95% CI 1.1-8.7) (Table 2).

Table 2. Risk factors for postoperative CSF leak.

Outcome OR
Lower 
bound

Upper 
bound

P-value

Pituitary adenoma resection vs. other 2.3 0.9 5.7 0.07

Microscopic vs. endoscopic 1.4 0.9 2.3 0.18

History of TSS vs. no history of TSS 0.9 0.2 4.5 0.87

Intraoperative CSF leak vs. no intraoperative CSF leak 5.9 3.8 9.0 0.00*

Cavernous sinus invasion vs. no cavernous sinus invasion 3.0 1.1 8.7 0.04*

���ǜ�� - �-*.+$)�'�Ơ0$�
OR: Odds Ratio
TSS: Transsphenoidal surgery
ȑ��$")$Ɵ��)/

Sensitivity analyses
When the study from Pines et al. (2015)32 is excluded from the overall analysis, the 
results are comparable 3.7% (95% CI 3.1-4.4%) to the primary outcome analysis (3.4%, 
95% CI 2.8-4.0%).
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The sensitivity analysis only including high quality studies also shows comparable 
results to the primary outcome analysis with a CSF leak rate of 3.6% (95% CI 2.3-4.8%).

Analysis of studies between 2015-2017 shows a CSF leak rate of 2.5% (95%CI 1.9-3.1%). 
The CSF leak rate is 4.6% (95% CI 3.4-5.8%) in studies published between 2018-2020. This 
does not provide evidence for a learning curve in studies published between 2015-2020.

�$.�0..$*)
This meta-analysis shows that postoperative CSF leak occurs in 3.4% of adults 
undergoing transsphenoidal surgery (TSS). Patients with cavernous sinus invasion are 
.$")$Ɵ��)/'4�(*- �'$& '4�/*�� 1 '*+�+*./*+ -�/$1 �����' �&��*(+�- ��/*�/#*. �2$/#*0/�
cavernous sinus invasion (OR 3.0). Another risk factor for postoperative CSF leak is the 
presence of an intraoperative CSF leak (OR 5.9).

Historically, TSS is thought to pose high risk of CSF leak. The leak rate found in this 
study is considerably lower compared to a previous meta-analysis including studies 
published until 20154. This previous meta-analysis reports a CSF leak rate between 
7.5-10.5% for endoscopic endonasal tumor resections (including invasive sinonasal 
tumors) and 5% for pituitary surgery4. A similar trend was observed in another recent 
meta-analysis CSF leak following extended endoscopic endonasal approach for anterior 
skull base meningioma84. In this study CSF leak decreased from 22% to 4% between 
2004 and 202084.

The reduced CSF leak rate found in the current study most probably results from a 
combination of 3 factors. First, improved surgical techniques; approach, sealants, 
 )�*.�*+$��1$.0�'$5�/$*)��)��(*- �2$� '4�0. ��1�.�0'�-$5 ��)�.*. +/�'�(0�*.�'�Ơ�+.ǚ�
� �*)�Ǜ�$(+-*1 ���2�- ) ..�!*-�����' �&��0 �/*�$)$/$�'� 3+ -$ )� .��ơ -�(*- ��-*���
indications for (endoscopic) transsphenoidal surgery. Third, improved indication for 
transsphenoidal surgery. Endoscopic surgery is no longer chosen for part of the larger 
tuberculum sellae meningioma and craniopharyngioma (with lateral or suprachiasmic 
extensions) cases in most centers85, 86.

No evidence for a learning curve is found within the timeframe of the current study 
ǹƨƦƧƫǱƨƦƨƦǺǚ��)�'4.$.�*!�.0�"-*0+.���. ��*)�+0�'$��/$*)�4 �-�/*�� Ɵ) ���' �-)$)"��0-1 �
is limited by the variation in inclusion periods of studies published in the same year, 
/# ��$Ƣ - )� �$)�/# �)0(� -�*!�+0�'$��/$*).�!-*(���� -/�$)�/$( �+ -$*��- +*-/$)"�
����' �&��)��/#�/�)*��$Ƣ - )/$�/$*)���)�� �(�� �*)�/4+ �*!�+�/#*'*"4���. ��*)�4 �-�
*!�+0�'$��/$*)�2#$�#�(�4�$)Ơ0 )� �- .0'/.ǚ��0-/# -(*- Ǜ�+0�'$��/$*)��$�.���))*/�� �
 3�'0� ���.����*)/-$�0/$)"�!��/*-�/*�/# ��$Ƣ - )� �$)�����' �&�-�/ �*�. -1 ��� /2  )�
the current and previous meta-analyses. Yet, we do not believe this to be the main 

4
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!��/*-�*!�$)Ơ0 )� Ǜ��*).$� -$)"�/#�/�+0�'$��/$*)��$�.�(�4�/*�.*( � 3/ )/�#�1 ��'.*�
�Ƣ �/ ��./0�$ .�$)�/# �+�./ǚ��0-/# -(*- Ǜ�/# - �$.�2$� �1�-$�)� �$)�' �&�-�/ �- +*-/ ��
in included studies and studies of small sample size, most vulnerable for publication 
bias were excluded.

�*- *1 -Ǜ�/# �*1 -�''�+- 1�' )� �*!�+*./*+ -�/$1 �����' �&��ơ -�����$.��*).$� -��'4�
lower than that reported in meta-analyses for craniotomy (8%) and spinal surgery (14%)87-

88ǚ�	*2 1 -Ǜ�/#$.��* .�)*/��++'4�/*��''�$)�$��/$*).�!*-����ǚ�����' �&��ơ -�����!*-�*/# -�
indications than pituitary adenoma resection is comparable to that found for cranial 
surgery, including infratentorial surgery, known to be more vulnerable to CSF leak87. The 
relatively low overall leak rate in this meta-analysis may be a result of the relatively high 
)0(� -�*!�+$/0$/�-4��� )*(�Ǩ.�$)�'0� �Ǜ�2#$�#�(�4�- +- . )/���+�/$ )/�+*+0'�/$*)�2$/#�
few additional risk factors, ameliorating the risk of postoperative CSF leak.

Furthermore, a broad range of leak prevalences (0.0-18.2%) was reported by the 
included studies, resulting in substantial heterogeneity in the meta-analysis. The 
variation between studies could be explained by the fact that we have included TSS 
!*-�1�-$*0.�$)�$��/$*).Ǜ�2#$�#�(�4��$Ƣ -�$)�+- . )� �*!�+�/$ )/��)��.0-" -4�- '�/ ��
-$.&�!��/*-.ǚ��#$.�$.�- Ơ �/ ���4�/# �- .0'/.�*!�*0-�.0�"-*0+��)�'4. .�$)�2#$�#�2 �Ɵ)��
a relatively low CSF leak rate of 3.2% for pituitary lesions and a substantially higher 
prevalence of 7.1% for other indications.

	*2 1 -Ǜ����� ' �&�+- 1�' )� .�1�-4� �*).$� -��'4�2$/#$)��$Ƣ - )/� .0�"-*0+.Ǜ� !*-�
example, including standard extradural pituitary surgery only. This can theoretically 
� � 3+'�$) ���4��$Ƣ - )/�.0-"$��'�/ �#)$,0 .��)���'*.0- �/ �#)$,0 .ǚ

� .+$/ �/# �.$")$Ɵ��)/�$(+-*1 ( )/�$)�.0-"$��'�/ �#)$,0 .Ǜ���1 -)*0.�.$)0.�$)1�.$*)�
is still a considerable factor in CSF leak due to its need for extensive surgery89. This may 
$)�$��/ �/#�/�/0(*-.�$)Ɵ'/-�/$)"�/# ���1 -)*0.�.$)0.��- �'$& '4�/*��-*..�/# ��$�+#-�"(�
/# - �4�$)�- �.$)"�/# �-$.&�*!�+*./*+ -�/$1 �����' �&ǚ��.�� Ɵ)$/$*).�*!���1 -)*0.�.$)0.�
$)1�.$*)�(�4�1�-4Ǜ�2 ��'�..$Ɵ ���)*.+�"-�� .�Ʃ��)��ƪ��.�$)1�.$1 �!*-�/#$.�( /�Ǳ�)�'4.$.ǚ�
�#$.�Ɵ)�$)"��'.*�!0-/# -� 3+'�$).�/# ��$Ƣ - )� �$)�����' �&�� /2  )�1�-$*0.�.0-"$��'�
indications. As craniopharyngiomas and meningiomas are intradural intra-arachnoid 
lesions, there will certainly be intraoperative leak and thus higher risk of postoperative 
CSF leak, compared to extra-arachnoid pathology such as pituitary adenomas.

It was postulated by other authors that reoperation in patients with previous 
transsphenoidal surgery tends to result in incomplete repair of intraoperative CSF 
leak, which may result in higher rates of postoperative CSF leak90. Although CSF leak 
was present in 2.0% of patients with previous TSS as opposed to 0.4% in patients who 
0)� -2 )/�+-$(�-4����Ǜ�*0-�( /�Ǳ�)�'4.$.��* .�)*/�Ɵ)���� .$")$Ɵ��)/��..*�$�/$*)�
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between previous transsphenoidal surgery and postoperative CSF leak (OR 0.9, 95% 
�
�ƦǚƨǱƪǚƫǺǚ�	*2 1 -Ǜ�/#$.� Ƣ �/�(�4�� �$)Ơ0 )� ���4�/# �'$($/ ��)0(� -�*!�./0�$ .�
reporting TSS as a potential risk factor.

To our knowledge this meta-analysis includes the largest patient population thus far, 
including over 25,000 cases. Furthermore, it only includes publications from the last 
5 years, thereby providing an up-to-date overview of the current situation with state-
of-the-art techniques.

�) �'$($/�/$*)�*!�/#$.�./0�4�$.�/#�/�/# �*0/�*( �����' �&�$.�� Ɵ) ���$Ƣ - )/'4���-*..�
studies, this may further explain the variation in reported leak rates across studies. For 
example, Zaidi et al.38�� Ɵ) �����' �&��.�ǩ����' �&�- ,0$-$)"�$)/ -1 )/$*)ǪǛ�!*-�*/# -�
./0�$ .�����' �&�2�.�/�& )�$)/*��*).$� -�/$*)�*)'4�$!��*)Ɵ-( ���4�ͤƨǱ/-�).! --$) �
testing66,77. Furthermore, the majority of included studies do not clearly describe their 
� Ɵ)$/$*)�*!�����' �&�2#$�#�(�4�#�1 ���0. ���$Ƣ - )� .�$)�+*./*+ -�/$1 �����' �&�
percentages. Although, self-limiting CSF rhinorrhea is very rare, not all patients require 
intervention by reoperation, which may result in lower reporting of CSF leak in studies 
$)�*-+*-�/$)"�/# �)  ��!*-�.0-"$��'�- +�$-�$)�/# $-�� Ɵ)$/$*)47,57.

Secondly, the results of the current meta-analysis are mostly based on retrospective 
cohort studies and case series, of which a substantial number is of limited sample size. 
The outcome of this meta-analysis may be subject to publication bias, contributing to 
/# �./-$&$)"��$Ƣ - )� �$)�+*./*+ -�/$1 �����' �&�-�/ �!*0)��!*-������*(+�- ��/*��-�)$�'�
and spinal surgery, as well as previous meta-analyses on TSS.

Thirdly, some of the analyses are based on a limited number of cases. The analysis 
comparing endoscopic versus microscopic surgery could be performed for a limited 
)0(� -�*!�./0�$ .Ǜ�.#*2$)"���#$"# -�' �&�-�/ �!*-�($�-*.�*+$��.0-" -4Ǜ�4 /�)*�.$")$Ɵ��)/�
�$Ƣ - )� ǚ��#$.�- .0'/�.#*0'��/# - !*- �� �$)/ -+- / ��2$/#�.*( ���0/$*)ǚ�� �Ɵ)����
substantially higher prevalence of CSF leak for TSS for indications other than pituitary 
�� )*(��- . �/$*)ǚ��"�$)Ǜ�/#$.�- .0'/� $.�)*/�./�/$./$��''4�.$")$Ɵ��)/ǚ�� /Ǜ� /# � Ƣ �/�
may be underestimated by the relatively low number and small sample size of studies 
reporting on other indications than pituitary adenoma resection.

Fourthly, no meta-analyses could be performed for a number of potentially important 
!��/*-.��0 �/*�$).0ƣ�$ )/���/�Ǜ�!*-� 3�(+' ǜ�.0+-�. ''�-� 3/ ).$*)Ǜ��0-�'�$)1�.$*)Ǜ�
��
Ǜ�($�-*�� )*(��1.ǚ�(��-*�� )*(�Ǜ�0. �*!�+- 1 )/�/$1 � 3/ -)�'�'0(��-��-�$)�" �
or reconstruction technique. We did not exclude studies based on their skull base 
reconstruction technique, which means that all types of reconstruction were included. 
��)4�- � )/�./0�$ .�#�1 �!*�0. ��*)��$Ƣ - )/�. ''�-�- �*)./-0�/$*)�/ �#)$,0 .ǚ�
)�/# �
�0-- )/�- 1$ 2�)*��)�'4. .�2 - �+*..$�' �/*��*(+�- �.+ �$Ɵ��/ �#)$,0 .��.�/# - �2�.�

4
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$).0ƣ�$ )/���/��!-*(�/# �$)�'0� ��./0�$ .ǚ�� 1 -/# ' ..Ǜ�/#$.�!��/*-��*0'��� �����0. �
*!�/# ��-*���-�)" �*!�' �&�+- 1�' )� .ǚ��$($'�-'4Ǜ�!��/*-.�.0�#��.���
Ǜ� .+ �$�''4�$)�
combination with increased intracranial pressure, and extension of the tumor may 
#�1 ��)�$)Ơ0 )� �*)�����' �&ǚ��# � Ƣ �/.�*!�/# . �+*/ )/$�'�$)Ơ0 )� .��*0'��)*/�� �
studied in the current review which limits the generalizability of the overall results.

Lastly, studies with fewer than 30 subjects were excluded from this meta-analysis. 
Therefore, studies on patients with rare pathology (such as tuberculum sellae 
( )$)"$*(�Ǻ�.+ �$Ɵ��''4Ǜ�(�4�� �0)� -- +- . )/ ��$)�/# ��0-- )/�( /�Ǳ�)�'4.$.ǚ��#$.�
(�4�#�1 �' ��/*��)�0)� - ./$(�/$*)�*!�/# �*1 -�''�����' �&�$)�$� )� ��ơ -����ǚ

�# �- .0'/.�*!�/#$.�( /�Ǳ�)�'4.$.�0)� -'$) �/#�/�����' �&��ơ -�����!*-�$)/-��0-�'��)��
invasive lesions, such as craniopharyngiomas or tuberculum sellae meningiomas is 
a clinically relevant problem. To further improve the advancement of TSS for these 
$)�$��/$*).� Ƣ �/$1 �.*'0/$*).�/*�+- 1 )/�+*./*+ -�/$1 �����' �&��- �2�--�)/ �ǚ��0/0- �
- . �-�#�.#*0'��!*�0.�*)� Ƣ �/$1 ��'*.0- �/ �#)$,0 .�$)�'0�$)"��0"( )/ ���0-�'�- +�$-�
to prevent intraoperative CSF leak for this type of surgery especially. The outcomes of 
this meta-analysis could serve as a benchmark for future prospective studies on novel 
/ �#)$,0 .�/*�+- 1 )/�����' �&��ơ -�/-�)..+# )*$��'�.0-" -4ǚ

Conclusion
�# �*1 -�''�+- 1�' )� �*!�����' �&��ơ -�����$)�/# ���0'/�+*+0'�/$*)�$.�Ʃǚƪʷǚ���-$��' .�
*!�$)Ơ0 )� ��- �/# �+- . )� �*!�$)/-�*+ -�/$1 �����' �&��)����1 -)*0.�.$)0.�$)1�.$*)ǚ

� �'�-�/$*).
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Appendix A: Pubmed search
(“Hypophysectomy”[Mesh] OR Transsphenoid*[Title/Abstract] OR Trans sphenoid*[Title/
Abstract] OR Endoscopic endonasal[Title/Abstract])

AND

ǹǩ� - �-*.+$)�'�Ơ0$�� ' �&Ǫǻ� .#Ǽ����� - �-*.+$)�'�Ơ0$�� ' �&ȑǻ�$/' ȍ��./-��/Ǽ����
� - �-*�.+$)�'�Ơ0$��' �&ȑǻ�$/' ȍ��./-��/Ǽ����� - �-�'�.+$)�'�Ơ0$��' �&ȑǻ�$/' ȍ��./-��/Ǽ�
���� - �-*.+$)�'�Ơ0$��-#$)*--#ȑǻ�$/' ȍ��./-��/Ǽ����� - �-*�.+$)�'�Ơ0$��-#$)*--#ȑǻ�$/' ȍ
��./-��/Ǽ����� - �-�'�.+$)�'�Ơ0$��-#$)*--#ȑǻ�$/' ȍ��./-��/Ǽ��������' �&ȑǻ�$/' ȍ��./-��/Ǽ�
OR CSF rhinorrh*[Title/Abstract])
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Appendix B: Embase search
ǹǧ/-�)..+# )*$��'� .0-" -4Ǩȍ 3+���� ǧ/-�)..+# )*$�ȑǨǜ��Ǜ/$����ǧ/-�).�.+# )*$�ȑǨǜ��Ǜ/$�
���ǧ )�*.�*+$�� )�*)�.�'Ǩǜ��Ǜ/$Ǻ

AND

ǹǧ'$,0*--# �Ǩȍ 3+����ǧ� - �-*.+$)�'�Ơ0$��' �&ȑǨǜ��Ǜ/$����ǧ� - �-*�.+$)�'�Ơ0$��' �&ȑǨǜ��Ǜ/$�
���ǧ� - �-�'�.+$)�'�Ơ0$��' �&ȑǨǜ��Ǜ/$����ǧ� - �-*.+$)�'�Ơ0$��-#$)*--#ȑǨǜ��Ǜ/$����ǧ� - �-*�
.+$)�'�Ơ0$��-#$)*--#ȑǨǜ��Ǜ/$����ǧ� - �-�'�.+$)�'�Ơ0$��-#$)*--#ȑǨǜ��Ǜ/$����ǧ�.!�' �&ȑǨǜ��Ǜ/$�
���ǧ�.!�-#$)*--#ȑǨǜ��Ǜ/$Ǻ

AND

[embase]/lim
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Appendix C: Cochrane library search
MeSH descriptor: [Hypophysectomy] explode all trees

OR

transsphenoid* OR trans sphenoid* OR endoscopic endonasal

AND

MeSH descriptor: [Cerebrospinal Fluid Leak] explode all trees

OR

� - �-*.+$)�'�Ơ0$��' �&ȑ����� - �-*�.+$)�'�Ơ0$��' �&ȑ����� - �-�'�.+$)�'�Ơ0$��' �&ȑ�
���� - �-*.+$)�'�Ơ0$��-#$)*--#ȑ����� - �-*�.+$)�'�Ơ0$��-#$)*--#ȑ����� - �-�'�.+$)�'�
Ơ0$��-#$)*--#ȑ�����.!�' �&ȑ�����.!�-#$)*--#ȑ
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Supplementary Material 1. Overview of quality assessment

Table 1. Overview of quality assessment case series studies.
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Park et al27 (2015) Yes Yes CD Yes Yes No NR NA Yes Poor

Sanders-Taylor et al30 (2015) Yes Yes Yes Yes No No NR No Yes Poor

Fishpool et al50 (2017) Yes No Yes Yes No No Yes No Yes Poor

Sun et al42 (2017) Yes Yes CD Yes Yes No NR NA Yes Poor

Ye et al39 (2017) Yes Yes CD Yes Yes No No No Yes Poor

Gondim et al15 (2017) Yes Yes CD Yes No No Yes NA Yes Poor

Cudal et al63 (2018) Yes Yes Yes Yes No No NR NA Yes Poor

Tafreshi et al81 (2020) Yes Yes CD Yes No No NR Yes Yes Poor

Nie et al24 (2015) Yes Yes CD Yes Yes No Yes NA Yes Fair

Pinar et al29 (2015) Yes Yes CD Yes Yes No Yes NA Yes Fair

Wang et al14 (2015) Yes Yes Yes Yes Yes No Yes NA Yes Fair

Chabot et al28 (2015) Yes Yes Yes Yes Yes No NR No Yes Fair
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Rehman et al67 (2018) Yes Yes Yes Yes Yes No NR Yes Yes Fair

Chen et al72 (2019) Yes Yes Yes Yes Yes No Yes No Yes Fair

Eichberg et al19 (2019) Yes Yes Yes Yes Yes No NR NA Yes Fair

Shen et al71 (2019) Yes Yes CD Yes Yes No Yes Yes Yes Fair

Seltzer et al20 (2019) Yes Yes Yes Yes No No Yes NA Yes Fair
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Table 1. (continued)
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Han et al57 (2018) Yes Yes Yes Yes Yes No Yes Yes Yes Good

��-" -� /��'65 (2018) Yes Yes Yes Yes Yes Yes NR Yes Yes Good

Fallah et al69 (2019 Yes Yes Yes Yes Yes No Yes Yes Yes Good

Parikh et al80 (2020) Yes Yes Yes Yes No Yes Yes Yes Yes Good
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Table 2. Overview of quality assessment cohort studies.
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Ischii et al26 (2015) * * * * - * � D Poor

Pines et al31 (2015) * * * * - * � D Poor

Fujimoto et al48 (2017) * * * * - * � D Poor

Levi et al46 (2017) * * * * - * � D Poor

Schuss et al59 (2018) * * * * - * � D Poor

Robins et al64 (2018) * * * * - * � D Poor

Rieley et al75 (2020) * * * * - * � D Poor 

Zhan et al25 (2015) * * * * ** * � D Fair 

Zaidi et al37 (2016) * * * * ** * � D Fair

Gao et al33 (2016) * * * * - * � * Fair

Park et al35 (2016) * * * * - * * D Fair

Ajlan et al51 (2017) * * * * - * * D Fair

Cebula et al45 (2017) * * * * - * * * Fair

Fnais et al38 (2017) * * * * - * � * Fair
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Sasagawa et al49 (2017) * * * * ** * � D Fair
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Przybylowski et al52 (2017) * * * * ** * * * Good

Ding et al43 (2017) * * * * * * * * Good
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Table 2. (continued)
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Wang et al41 (2017) * * * * ** * * D Good
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Tardivo et al78 (2020) * * * * ** * * D Good
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Abstract
Background
� .+$/ �$(+-*1 ( )/.�$)��'*.0- �/ �#)$,0 .��4�0.$)"���1$/�'�)�.*. +/�'�Ơ�+Ǜ�/# �0. �
*!�. �'$)"�(�/ -$�'.��)��$(+-*1 ��) 0-*.0-"$��'�/ �#)$,0 .Ǜ�� - �-*.+$)�'�Ơ0$��ǹ���Ǻ�
' �&��ơ -� /-�)..+# )*$��'� .0-" -4� ./$''� $.� �� �'$)$��''4� - ' 1�)/�+-*�' (ǚ�$,*.� 'Ș�
(Polyganics bv, Groningen, The Netherlands) is a CE approved bioresorbable sealant 
patch for use as an adjunct to standard methods of cranial dural closure to prevent 
CSF leakage. This study aims to evaluate the application of Liqoseal in transsphenoidal 
surgery ex vivo and in vivo.

Methods
Ƨǚ�� ��- �/ ���)� 3�1$1*�. /0+�.$(0'�/$)"�/# �.+# )*$��'��)�/*(4Ǜ�0.$)"���Ơ0$��+0(+�
and porcine dura positioned on a conus with the anatomical dimensions of the sella 
to evaluate whether the burst pressure of Liqoseal applied to a bulging surface was 
��*1 �+#4.$*'*"$��'�$)/-��-�)$�'�+- ..0- ǚ��0-./�+- ..0- �2�.�( �.0- ��2$/#���+-*� �
�*)) �/ ��/*�� �$��/ ���*(+0/ -�.*ơ2�- ǚ�� ��0. �*!�/# ��#�'' )"$)"�/-�)..+# )*$��'�
environment we tested in 4 groups with varying compression weight and time for the 
application of Liqoseal.

2. We subsequently describe the application of Liqosael® in 3 patients during trans-
sphenoidal procedures with intraoperative CSF leakage to prevent postoperative CSF 
leakage.

Results
1. Ex vivo: The overall mean burst pressure in the transsphenoidal set up was 231 (+- 103) 
((	"ǚ��# - �2�.�)*�.$")$Ɵ��)/��$Ƣ - )� �$)�( �)��0-./�+- ..0- �� /2  )�"-*0+.�
��. ��*)��++'$��/$*)�2 $"#/��)��/$( �ǹ+ˇƦǚƨƨƭǺǚ

2. In Vivo: None of the patients had a postoperative CSF leak. No nose passage problems 
were observed. One patient had a postoperative meningitis and ventriculitis, most likely 
related to preoperative extensive CSF leakage. Postoperative imaging did not show any 
'*��'�$)! �/$*)Ǜ�.2 ''$)"�*-�*/# -�� 1$� �- '�/ ����1 -. � Ƣ �/.ǚ

Conclusions
We assess the use of Liqosael® to seal a dural defect during an endoscopic 
/-�)..+# )*$��'�+-*� �0- ��.�/*�� �'$& '4�.�! ��)��+*/ )/$�''4� Ƣ �/$1 ǚ

Running Title
Application of Liqoseal in TSS
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Introduction
� - �-*.+$)�'�Ơ0$��ǹ���Ǻ�' �&�$.���!- ,0 )/��*(+'$��/$*)��ơ -�/-�)..+# )*$��'�.0-" -4�
(TSS), with an overall prevalence of 3.4%.1 The prevalence of CSF leak for indications 
*/# -�/#�)�+$/0$/�-4��� )*(�.�ǹ$ǚ ǚ��-�)$*+#�-4)"$*(�Ǜ�( )$)"$*(�Ǜ���/#& Ǩ.��' ơ�
cysts) is 7.1%, which is similar to that found for craniotomies.1 CSF leak is associated 
with various complications such as meningitis, CSF hypotension syndrome and 
intracerebral hemorrhage causing increased morbidity and mortality.2, 3 Furthermore, 
#*.+$/�'��*./.�!*-�+�/$ )/.�2$/#�����' �&��ơ -������- �.$")$Ɵ��)/'4�#$"# -�/#�)�!*-�
patients without.2, 4

� .+$/ �$(+-*1 ( )/.�$)��'*.0- �/ �#)$,0 .��4�0.$)"���1$/�'�)�.*. +/�'�Ơ�+�ǹ���ǺǛ�
/# �0. �*!�. �'$)"�(�/ -$�'.��)��$(+-*1 ��) 0-*.0-"$��'�/ �#)$,0 .Ǜ�����' �&��ơ -�
TSS still is a clinically relevant problem, for intradural and invasive lesions, such as 
craniopharyngiomas or tuberculum sellae meningiomas, especially. Retrospective 
analyses of the use of a patch sealant, TachoSil (Takeda Pharmaceuticals, Tokyo, Japan), 
in TSS show variable postoperative CSF leak results ranging from 0.8-7.8%.5-7 For liquid 
. �'�)/.Ǜ��$..  '�ǹ��3/ -Ǜ��  -Ɵ '�Ǜ����Ǻ��)���0-�� �'�ǹ
)/ "-��$! .�$ )� .Ǜ��-$)� /*)Ǜ�
USA), similar results have been reported in retrospective analyses with postoperative 
CSF leak ranging from 1-12.5%.8, 9 Pereira et al.9��$��)*/�Ɵ)����./�/$./$��''4�.$")$Ɵ��)/�
�$Ƣ - )� �$)�+*./*+ -�/$1 �����' �&�!*-�/# �0. �*!��$..  'Ș�*-��0-�� �'Șǚ��*�!0-/# -�
$(+-*1 �/# ���1�)� ( )/�*!����� Ƣ �/$1 �.*'0/$*).�/*�+- 1 )/�+*./*+ -�/$1 �����' �&�
are warranted.

$,*.� 'Ș� ǹ�*'4"�)$�.� �ǚ�ǚǛ� �-*)$)" )Ǜ� �# � � /# -'�)�.Ǻ� $.� �� ��� ǹ�*)!*-($/ć�
�0-*+ć )) Ǻ��++-*1 ���$*- .*-���' �. �'�)/�+�/�#�!*-�0. ��.��)���%0)�/�/*�./�)��-��
methods of cranial dural closure. The patch is composed of a white foam layer 
containing Polyethylene glycol-N-hydroxysuccinimide, the adhesive component, and 
�0Ƣ -�.�'/ǚ10 The blue layer is made of polyurethane and provides the watertight seal 
(Ɵ"0- �ƧǛ��#�+/ -�Ʃ�+�" �ƪƪ).10��# �Ɵ-./�$)�#0(�)�./0�4�ǹ������Ǻ�#�.�.#*2)�/#�/�/# �
+�/�#�$.�.�! ��)��+*/ )/$�''4� ƣ���$*0.�!*-�- �0�$)"�����' �&�" ��ơ -�$)/-��-�)$�'�
surgery.10, 11

����$.�- "�-� ���.���!*-(�*!��-�)$�'�.0-" -4Ǜ��)��/#0.�$,*.� 'Ș��++'$��/$*)�$.�)*/�*ƢǱ
label.12�	*2 1 -Ǜ�/# �.0--*0)�$)"�/$..0 ��)���$( ).$*).�$)�/#$.��++-*��#��- ��$Ƣ - )/�
compared to a craniotomy. Therefore, this study evaluates the application of Liqosael® 
in TSS in preclinical (ex vivo) setting and 3 endoscopic transsphenoidal cases.
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Methods
Ex vivo
Model
We created an ex-vivo transsphenoidal burst pressure model by adapting an earlier 
published dural sealing modelwith a conus in the shape of the sella to mimic the 
application area (�$"0- �ƨ�Ǻ.13, 14 The dimensions of the conus (17x7.5 mm) were based 
on measurements of the pituitary gland and sella turcica on 23 anonymized MRI scans 
of patients with pituitary adenomas.

Cranial porcine dura was harvested at an abattoir and cut into circles with a 30 mm 
diameter. A circular gap of 3 mm was punched out in the center. Liqosael® was cut 
into circles of 15 mm in diameter. The dura was clamped above the open pressure 
chamber and the Liqosael® applied manually to cover the gap from the outside with a 
5 mm overlap.

Liqosael® was compressed by equally and continuously applying a standardized weight 
*)���(*$./�"�05 �!*-���.+ �$Ɵ ��/$( �+ -$*�ǚ��*-��-�)$�'��++'$��/$*)�*!�$,*.� 'Ș���
compression time of 2 minutes with a compression weight of 1 kg was used, to allow 
optimal adhesion by the formation of amide bonds between the foam layer of the patch 
and the dura mater.13 	*2 1 -Ǜ�/# ��$ƣ�0'/��*--$�*-�$)������*0'�Ǜ�$)�+-��/$� Ǜ�- .0'/�$)�
the prescribed application pressure not being met. Therefore, the acute burst pressure 
was evaluated with a compression weight 1 kg and 0,25 kg. Furthermore, a shorter 
compression time would be clinically advantageous. Hence, we compared acute burst 
pressure for compression times of 2 minutes and 1 minute, respectively.

��Ơ0$��+0(+�2$/#����*)./�)/�Ơ*2�*!�ƨǚƦ�(ȍ($)�*!��-/$Ɵ�$�'�����ǹ��*�4/ ��$*.�$ )� Ǜ�
Germany) was used to increase the pressure in the chamber. The pressure was 
continuously measured using a blood pressure probe (AD instruments MLT0670 
�$.+*.��' ����/-�).�0� -Ǻ��*)) �/ ��/*����*(+0/ -�0.$)"����#�-/�1ƮǚƧǚƧƪ�.*ơ2�- �
ǹ��
)./-0( )/.Ǜ��0./-�'$�Ǻǚ��0-./�+- ..0- �2�.�� Ɵ) ���.�/# �(�3$(0(�+- ..0- �
in millimeter of mercury (mmHg) determined on the continuous measurement in 
LabChart ǹ�$"0- �ƨ�Ǻ��/�/# �(*( )/�*!�Ơ0$��' �&�" ǚ��# ��$(�*!�/# . � 3+ -$( )/�'�
set-up was to determine if Liqosael® would adhere to the dura with mean burst pressure 
above the higher end of the physiological intracranial pressure range (> 30 mmHg) on 
a surface resembling the shape of the sella with varying compression weight and time 
during application.15

5
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Figure 2. �Ǻ�� /�0+�!*-��0-./�+- ..0- �( �.0- ( )/ǚ��Ǻ��3�(+' �*0/+0/�*!��0-./�+- ..0- �.*ơ2�- �
(Labchart, AD Instruments)

Statistics
�# � - ,0$- �� .�(+' � .$5 � /*� � / �/� ./�/$./$��''4� .$")$Ɵ��)/� �$Ƣ - )� .� � /2  )�
groups with an alpha of 0.05 and power of 90% was determined at 23 measurements 
per subgroup, using the power analysis for One-way Analysis of Variance (ANOVA). 
Input for sample size calculation was based on the results of the previous cranial 
and spinal measurements.13 A total of 3 additional measurements were planned per 
subgroup to allow for loss of measurements due to experimental failure, so in total 
104 measurements were performed. The four groups varying in compression weight 
(1 kg vs. 0.25 kg) and time (1 min vs. 2 min) were compared using ANOVA. Post hoc 
�*)! --*)$��*-- �/$*)�2�.��++'$ ��/*���%0./�!*-�(0'/$+' ��*(+�-$.*).ǚ��+ �-(�)Ǩ.�-�)&Ǳ
order correlation was was used to evaluate the association between burst pressure 
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and interval between measurement and harvesting of the dura. All analyses were 
+ -!*-( ��$)������1 -.$*)�ƨƭ�ǹ
��Ǻǚ

In vivo
We performed a retrospective evaluation of all transsphenoidal surgeries in which 
Liqosael® was used in the University Hospital of Zurich, Switzerland, between the 3rd 
of January 2020 (when Liqosael® was approved) and 1st of March 2022. Three Liqosael® 
applications were performed in these procedures. Liqosael® was applied on the outside 
of the defect in all cases. All 3 patients provided a general informed consent for the use 
of all clinical data and imaging for research.

Results
Ex vivo
A total of 100 measurements were included in the analysis. Four measurements were 
excluded from the analysis because leakage in the experimental setup prevented 
adequate pressure built-up. The overall mean burst pressure in the transsphenoidal 
set up was 231 (± 103) mmHg (�$"0- �ƩǛ����' �ƧǺǚ��# - �2�.�)*�.$")$Ɵ��)/��$Ƣ - )� �$)�
( �)��0-./�+- ..0- �� /2  )�"-*0+.���. ��*)��++'$��/$*)�/$( ��)��2 $"#/�ǹ+ˇƦǚƨƨƭǺǚ

�+ �-(�)Ǩ.�-�)&Ǳ*-� -��*-- '�/$*)�.#*2 ��)*�.$")$Ɵ��)/��*-- '�/$*)�� /2  )�( �)�
burst pressure and interval between experiment and harvesting (rsˇ�ƦǚƦƩƧǛ�+ˇƦǚƭƫƯǺǚ

Table 1. �0-./�+- ..0- �$)�ƪ�"-*0+.ǝ�Ƨ&"ȍƨ($)Ǜ�Ƨ&"ȍƧ($)Ǜ�ƦǛƨƫ&"ȍƨ($)Ǜ�ƦǛƨƫ&"ȍƧ($)

Group Mean Burst 
�- ..0- �ǹ((	"Ǻ

�� Lowest 
value

Highest 
value

N included N performed

Ƨ�&"Ǜ�ƨ�($) 241,4 135,0 69,4 459,0 25 26

Ƨ�&"Ǜ�Ƨ�($) 257,3 102,0 70,1 426,4 24 26

ƦǛƨƫ�&"Ǜ�ƨ�($) 229,5 77,5 53,4 352,6 25 26

ƦǛƨƫ�&"Ǜ�Ƨ�($) 199,0 85,1 62,9 397,4 26 26

SD: standard devation
N: number

5
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Figure 3. �*3+'*/�ǹ($)$(0(Ǜ��ƧǛ�( �$�)Ǜ��Ʃ��)��(�3$(0(Ǻ�*!��0-./�+- ..0- �$)�ƪ�"-*0+.�1�-4$)"�
compression weight and time; 1kg/2min, 1kg/1min, 0.25kg/2min, 0.25kg/1min

In Vivo
Liqosael® was applied in 3 endoscopic transsphenoidal surgeries until March 1st, 2022.

Case 1
Patient 1 (63 years old male) was diagnosed with a hormone inactive growing 
gonadotrophic macroadenoma ǹ�$"0- �ƪǛ����' �ƨǛ� �0++' ( )/�-4� 
)!*-(�/$*)�ƧǺ. 
Intraoperatively an evident CSF leak occurred ǹ�$"0- �ƫ�Ǻ. The patient was operated 
0.$)"�/# �(*)*)*./-$'�ǧ�#*+./$�&Ǩ��++-*��#�2$/#�/# ��$(�/*�+- . -1 �# �'/#4�(0�*.�'�
tissue.16 Considering the small size of the defect, preparing an NSF resulting in damage 
to the nasal mucosa was not considered favorable. Therefore, it was decided to seal with 
Liqosael® combined with external lumbar drainage (ELD). A piece of plastic was used to 
assess the size of the bony defect in the sella. A circular piece of Liqosael® was cut with 
ƧƦ�((�(�-"$)��/��''�.$� .ǚ��ơ -�/-4$)"�. 1 -�'�!*'�$)"�*+/$*).Ǜ�/# �+$ � �2�.�!*'� ��$)�
2 with the white side out and parachuted in holding the patch at the front tip to pull the 
+�/�#�!*-2�-��$)./ ���*!�+0.#$)"�$/ǚ��ơ -�+*.$/$*)$)"Ǜ���. -$ .�*!�.(�''��*//*)*$�.�2�.�
positioned over the Liqosael® before compressing for 2 minutes with a 90-degree ring 
curette. This led to a good adherence over bone and sella region. However, a small bottom 
part of the sealant was hampered by loose mucosa. The Liqosael® could be removed with 
a gentle pulling force via the forceps. The basal bone was cleaned, mucosa removed 
and a second circular piece of the same patch of Liqosael® was applied that covered 
the whole sellar defect with a margin of 10mm ǹ�$"0- �ƫ�Ǻ. Positive end-expiratory 
pressure (PEEP) test was performed (20 cm H2O for 20 seconds) showing no leakage. The 
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patch was covered with Tisseel® and to prevent the patch from being exposed to air and 
�+*)"*./�)�ǹ�/#$�*)Ǜ���-$/�)Ǜ����Ǻ�/*�!0-/# -��*1 -�/# �+�/�#��)��(0�*.�Ǜ�/*�Ɵ''Ǳ0+�
the cavity and provide additional tissue support ǹ�$"0- �ƫ�Ǻ. A nasal packing was put in 
place to further provide support to the surrounding tissues and to tamponade any small 
�'  �$)"��ơ -2�-�.ǚ��*./*+ -�/$1 '4Ǜ�)*�-#$)*'$,0*--# ��2�.�*�. -1 �ǚ��# ����2�.�
- (*1 ���/���4�Ƭǚ���/$ )/�2�.��$.�#�-" ����4�Ʈ��ơ -�.0-" -4�2$/#*0/��*(+'$��/$*).ǚ�
Three-month endoscopic control showed complete re-endothelialization ǹ�$"0- �ƫ�Ǻ. 
At further MRI follow-up ǹ�$"0- �ƬǺ individual patch recognition was not possible, but 
no signs of infection or swelling of the patch were observed. During the entire follow-up 
period of 15 months there were no nasal complaints and good olfactory function.

Figure 4. �- *+ -�/$1 ���
�+�/$ )/�Ƨ�.#*2$)"���(��-*�� )*(��$)��Ǻ�.�""$/�'�1$ 2��)���Ǻ��*-*)�'�1$ 2ǚ

�$"0- �ƫǚ��)�*.�*+$��$(�" .�+�/$ )/�Ƨ�.#*2$)"��Ǻ�$)/-�*+ -�/$1 �����' �&�" ��Ǻ�Ɵ)�'�$,*. �'�+*.$/$*)-
ing C) intraoperative end situation and D) 3-month follow-up with full re-endothelisation in patient 1

5
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Figure 6. MRI follow-up patient 1 showing smoothening of the sellar wall over time. No signs of infec-
/$*)Ǜ�.2 ''$)"�*-�*/# -�+�/#*'*"$��'�- ��/$*).�2�.�*�. -1 �ǚ��Ǻ�$)/-�*+ -�/$1 ���
�ǹ)*�$,*. �'Ǻ��Ǻ���4�
6 postoperatively C) 3 months postoperatively D) 15 months postoperatively

Case 2
Patient 2 (54 years old female) was diagnosed with a giant macroadenoma causing 
bitemporal hemianopsia ǹ�$"0- �ƭǛ����' �ƨǛ��0++' ( )/�-4� 
)!*-(�/$*)�ƧǺ. First 
surgery (day -17) was complicated by postoperative rhinorliquorrhea. A revision 
surgery was performed using a vascularized NSF to seal the defect and decreasing CSF 
pressure with ELD (day -7). The leakage continued postoperatively despite increasing 
CSF drainage volume. During the second revision surgery (day 0) a defect just above the 
vital NSF was observed ǹ�$"0- �Ʈ�Ǻ. As salvage treatment a fat plug was placed in the 
small defect. Subsequently Liqoseal was inserted with the same method as described in 
patient 1 ǹ�$"0- �Ʈ�Ǳ�Ǻ. PEEP test (20 cm H2O for 20 seconds) showed no intraoperative 
leakage. The patch was covered with Tisseel® and Spongostan®. A nasal packing was 
+0/�$)�+'�� ǚ��*�-#$)*'$,0*--# ��2�.�*�. -1 ���ơ -�/#$.�.0-" -4ǚ���/$ )/�� 1 '*+ ����
�*(�$) ��( )$)"$/$.��)��1 )/-$�0'$/$.��/���4�ƪ��ơ -�/# �Ʃ-��.0-" -4Ǜ�2#$�#�2�.�/- �/ ��
with intravenous antibiotics. The ELD was exchanged for an external ventricular drain 
(EVD) at this day to treat the infection and resulting hydrocephalus. The treating 
neurosurgeon did not consider Liqosael® as the source of the infection, hence the nose 
was not surgically revised. At day 12 an MRI was made ǹ�$"0- �ƯǺ. Individual Liqosael® 
patch recognition was not possible and there were no signs of infection or swelling 
of the patch. Temporary closure of the EVD resulted repeatedly in hydrocephalus 
(still without leakage). Therefore, a ventriculoperitoneal shunt was placed at day 40. 

5
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��/$ )/�2�.��$.�#�-" ���/���4�ƪƪǚ��$)�'�!*''*2Ǳ0+�2�.�Ƭ�(*)/#.��ơ -�/# �.0-" -4�$)�
which Liqosael® was applied. Visual disturbances persisted. Patient reported no nasal 
complaints and good olfactory function. She refused further follow-up.

Figure 7. �- *+ -�/$1 ����+�/$ )/�ƨ�.#*2$)"�+) 0(*� +#�'0.��0 �/*�����' �&�" ��ơ -�+- 1$*0.�.0-" -4�
$)��Ǻ�.�"$//�'�1$ 2��)���Ǻ��3$�'�1$ 2

Figure 8. �)�*.�*+$��$(�" .�+�/$ )/�ƨ�.#*2$)"��Ǻ�$)/-�*+ -�/$1 �����' �&�" ��Ǻ�!*'�$)"�*!�$,*. �'�
�0-$)"��++'$��/$*)��Ǻ�Ɵ)�'�$,*. �'�+*.$/$*)$)"��Ǻ�$)/-�*+ -�/$1 � )��.$/0�/$*)�$)�+�/$ )/�ƨ
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Figure 9. ��
�!*''*2Ǳ0+�+�/$ )/�ƨ��Ǻ�ƧƬ���4.�� !*- �Ʃ-��.0-" -4��Ǻ���4�Ƭ��ơ -�Ʃ-��.0-" -4ǚ��Ǻ���4�Ƨƨ�
postoperatively (sagittal). D) day 12 postoperatively (transversal) showing no swelling of the patch or 
signs of infection

Case 3
��/$Ċ)/�Ʃ�ǹƭ�4 �-.�*'��! (�' Ǻ�+- . )/ ��2$/#��)����0� ).�) -1 �+�'.4���0. ���4���
clivus chordoma ǹ�$"0- �ƧƦǛ����' �ƨǛ��0++' ( )/�-4�
)!*-(�/$*)�ƧǺǚ��ơ -�- . �/$*)�
a large defect in the clivus resulted with a central dural defect ǹ�$"0- �ƧƧ�Ǻ. A NSF was 
)*/�+- +�- ���)��$/�2�.��*).$� - ���4�/# �*+ -�/$)"�.0-" *)�/#�/�$/�2*0'��� ��$ƣ�0'/�
in this case to make it large enough to cover the total defect appropriately. However, 
no dural sealants have been CE approved for use in children. So on the discretion 
*!�/# �*+ -�/$)"�.0-" *).�$,*.� 'Ș�2�.��#*. )�/*�� �0. ��*ƢǱ'�� 'ǚ��#$.��++'$��/$*)�
�- ��2�.��  + -��)��Ơ�// -�/#�)�$)�/# �+- 1$*0.�ƨ�+�/$ )/.ǚ��#$.���0. ��/# �$,*.� 'Ș�
�++'$��/$*)�/*�� �(*- ��$ƣ�0'/��)����- Ǳ�++'$��/$*)�2�.�) � ..�-4ǚ��# �Ɵ)�'�+*.$/$*)$)"�
showed wrinkles and internal Liqosael® folds ǹ�$"0- �ƧƧ�Ǻ. The operating surgeon 
however decided to leave the patch in place because the dural defect was covered. The 
Liqosael® was covered with a fat plug harvested from the periumbilical region (Figure 
ƧƧ�Ǻǚ��$..  'Ș��)��!�/�2 - �/# - �ơ -��'/ -)�/ '4��++'$ �ǚ��$)�''4Ǜ�/# ��*)./-0�/�2�.�
�*1 - ��2$/#��+*)"*./�)Ș�/*�!0-/# -�Ɵ''�/# ���1$/4��)��� '$1 -����$/$*)�'�/$..0 �.0++*-/�
ǹ�$"0- �ƧƧ�Ǻǚ��*������/ ./�2�.�+ -!*-( �ǚ�� ��0. �*!�/# �#$"#�-$.&�*!�+*./*+ -�/$1 �
leakage associated with the dural defect an ELD was placed intraoperatively as well. 
Postoperatively, no rhinoliquorrhea was observed. The ELD was removed at day 8. 
�*�+*./*+ -�/$1 ��*(+'$��/$*).�*��0-- ���)��+�/$ )/�2�.��$.�#�-" ���/���4�Ƨƨ��ơ -�
surgery. Intraoperative and postoperative MRI showed a small chordoma rest at the 
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cavernous sinus which was considered inoperable. The patient was radiated with 
+-*/*)�� �(�ƭ�2  &.��ơ -�.0-" -4ǚ��/ ./�!*''*2Ǳ0+�2�.��/�ƭ�(*)/#.��ơ -�.0-" -4ǚ��# �
abducens paresis persisted. Patient showed good nasal passage and olfactory function 
up until this time. MRI control at this timepoint showed no swelling of the Liqosael® 
patch and slow resolving of the fat plug ǹ�$"0- �ƧƨǺ.

Figure 10. �- *+ -�/$1 ���
�.#*2$)"����'$10.��#*-�*(��$)����)���Ǻ�.�"$//�'�1$ 2��)���Ǻ��3$�'�1$ 2

Figure 11. �)�*.�*+$��$(�" .�.#*2$)"�+�/$ )/�Ʃ��Ǻ�$)/-�*+ -�/$1 �����' �&�" ��Ǻ�Ɵ)�'�$,*. �'�+*.$-
/$*)$)"��Ǻ�!�/�+'0"�Ɵ3�/ ��2$/#��$..  '�*)�/*+�*!�$,*. �'��Ǻ�$)/-�*+ -�/$1 � )��.$/0�/$*)�$)�+�/$ )/�Ʃ
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Figure 12. ��
�- .0'/�$)�+�/$ )/�Ʃ��Ǻ�$)/-�*+ -�/$1 '4��Ǻ�Ƨ�(*)/#�+*./*+ -�/$1 '4��Ǻ�ƫ�(*)/#.�+*./-
operatively D) 8 months postoperatively, showing no swelling of the patch or signs of infection. Slow 
resolving of fat patch can be observed

�$.�0..$*)
�#$.�$.�/# �Ɵ-./�./0�4�/#�/� 1�'0�/ .�/# ��++'$��/$*)�*!�$,*.� 'Ș��0-$)"����ǚ�� �- +*-/�
excellent ex vivo and in vivo results. The overall mean burst pressure of Liqosael® in this 
transsphenoidal model (231 ± 103 mmHg) and mean burst pressures in individual groups 
based on compression weight and time were all well above physiological intracranial 
pressure.15 Mean burst pressure in this model was shown to be similar to those found 
in our cranial and spinal model (145 ± 39 mmHg and 233 ± 81 mmHg, respectively).13

Liqosael® was successfully applied during endoscopic endonasal surgery in 3 patients. 
Given their clinical history each of these patients can be considered as high risk for 
postoperative CSF leakage. None of these patients postoperative CSF leakage, required 
revision surgery or had nasal passage problems. There was one infectious complication 
$)�+�/$ )/�ƨ�/#�/�*��0-- ��ƪ���4.��ơ -�$(+'�)/�/$*)�*!�/# �� 1$� ǚ��#$.�+�/$ )/�2�.��/�
increased risk for infection because of continuous CSF leakage prior to the surgery in 
which Liqosael® was applied, and the infection was treatable with antibiotics.2 We deem 
the infection unlikely to be device related. We found no indications of safety issues for 
the transsphenoidal application of Liqosael® based on these 3 patients.

5
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Limitations
The most important limitation of the current study is the small number of TSS cases 
in which Liqosael® has been applied which does not allow for any conclusions about 
 ƣ���4ǚ��*- *1 -Ǜ��''�+�/$ )/.�$)�/#$.�./0�4�- � $1 ���)�$)/-�*+ -�/$1 ����/*�� �- �. �
the CSF pressure and support healing of the dura which may have positively contributed 
/*�/# �+- 1 )/$*)�*!�����' �&�" ��)��/# �!0)�/$*)$)"�*!�/# �+�/�#ǚ�
)����$/$*)Ǜ�Ɵ�-$)�
glue (Tisseel®) and gelatin sponge (Spongostan®) was used as a coverage. Furthermore, 
endoscopic inspection of the nasal mucosa (not standard of care) was performed in one 
patient only, showing re-endothelization.

Finally, the experimental model was designed based on the sella region. This is 
representative for the majority of transsphenoidal cases, but not all of them. For 
example, patient 3 had a clivus tumor that grew under the sella and the surface of this 
region does not resemble the surface of the ex vivo model. Furthermore, the gap size 
in the dura in the experimental set up was 3 mm in diameter. In clinical practice the 
gap size in the dura, especially in cases leading to CSF leak postoperatively, may in 
fact be larger.

Recommendations
��. ��*)�*0-� 3+ -$ )� �$)�/# . �Ɵ-./�Ʃ���. .Ǜ�2 �/#$)&�/#�/�/# - ��- ���)0(� -�*!�
technical aspects to take into consideration when applying Liqosael® in TSS. Firstly, 
we recommend patch sizing to allow for margins of minimally 5 mm, taking into 
�*).$� -�/$*)�/#�/���'�-" -�.$5 ��+�/�#�$.�(*- ��$ƣ�0'/�/*�$)/-*�0� ǚ��# )�!�/�/$..0 �
is placed under Liqosael®, we recommend a margin of 10 mm as Liqosael® does not 
adhere to fat. Secondly, we recommend to fold the patch with the white side (PEG-NHS 
side) outwards. This has the advantage of easier unfolding, yet does expose the foam 
layer to possible absorption of blood and damage. Thirdly, the patch should be held 
at the most distal point with a small rongeur while being introduced in the nose to 
exert a pulling force on the patch instead of a pushing force. Fourthly, in these 3 cases 
compression for 2 minutes using moistened cottonoids and a patty was performed 
with a 90-degree bended ring curette. Despite the results of the ex vivo experiments 
.#*2$)"�/#�/�Ƨ�($)0/ ��*(+- ..$*)��++ �-.�/*�� �.0ƣ�$ )/Ǜ�2 �./$''�- �*(( )��/*�
compress for a minimum of 2 minutes as stated in the instructions for use for security 
and consistency reasons. Finally, the dural defects in the cases presented in this article 
were relatively small. Liqosael® is intended for use on defects with a maximum size of 3 
((ǚ��. �*1 -�'�-" -�� ! �/.�$.�/#0.�*ƢǱ'�� 'ǚ�� �- �*(( )��/*�0. �$,*.� 'Ș�$)���. .�
with larger defects with caution and only in combination with a construct allowing 
endothelization and formation of new dura (i.e. covering the mucosal tissue with muscle 
tissue or fat). It is important to note that Liqoseal does not adhere to fat tissue and that 
fat tissue will resorb over time. Considering the relatively fast endothelization we have 
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observed, the primary goal of using Liqosael® in such case is to overcome the time until 
endothelization without CSF leakage.

Conclusion
The results of this study combined with the outcomes of the ENCASE trial10, 11 and 
previous preclinical studies with regard to CSF leakage1, 13, 14, 17-19 indicate that the use of 
Liqosael® in the sphenoid sinus to seal a dural defect in TSS is likely safe and potentially 
 Ƣ �/$1 ǚ
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Supplementary Information 1.  
Additional data presentation with regard to the cases.

Supplementary Table 1. � �'$)"�.+ �$Ɵ��1�-$��' .

Case 
Nr.

Liqoseal PEEP test 
performed

Other 
sealants

Other closure 
techniques

Sealing 
re-application

Long term nose 
problems/ sealing 
complications

1 DS01-024/08
Max 2021-08-19
Dur202002511

Yes 
(20 cm H2O)

Tisseel, 
Spongostan

Nasal packing 1 re-application None (15 months)

2 DS01-024/08
Max: not noted
Dur2020091111

Yes 
(20 cm H2O)

Tisseel, 
Spongostan

Fat, nasal 
packing

None None (6 months)

3 DS01-024/08
Max 2023-02-12
Dur2020021111

No Tisseel, 
Spongostan

Fat 1 re-application None (7 months)

�-ǚ�ˇ�)0(� -
�����ˇ�+*.$/$1 � )�Ǳ 3+$-�/*-4�+- ..0- 

Supplementary Table 2. MRI information

Case Nr. MRI 1 MRI 2 MRI max

1 Intraoperative Day 6 15 months

2 Day 6 Day 12

3 Intraoperative 4 Months 7 months and 3 weeks

MRI: magnetic resonance imaging
�-ǚ�ˇ�)0(� -

Supplementary Table 3. �*�4�� (+ -�/0- �ǹʚ� '.$0.Ǻ

Case
Nr.

��4�Ʀ�
ǹˇ�.0-" -4Ǻ

��4�Ƨ ��4�ƨ ��4�Ʃ ��4�ƪ ��4�ƫ ��4�Ƭ ��4�ƭ

1. 36.7 37.1 37.3 37.1 36.8 37.2 37.4 37.1

2. 36.8 37.1 37.3 - 39.6 - - -

3. 37.2 37.3 37.5 - 37.4 - - 36.5

�-ǚ�ˇ�)0(� -

Supplementary Table 4. C-reactive Protein (mg/L)

Case 
Nr.

��4�Ʀ�
ǹˇ�.0-" -4Ǻ

��4�Ƨ ��4�ƨ ��4�Ʃ ��4�ƪ ��4�ƫ ��4�Ƭ ��4�ƭ ��4�ƩƦ ��4�ƯƦ Max FU

1 0.5 27 - 10 - - - - - - -

2 37 19 18 181 345 222 - 3 - -

3 9 - 7 - - - - - - -

��ˇ�!*''*2Ǳ0+
�-ǚ�ˇ�)0(� -
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Spinal fixation after laminectomy 
in pigs prevents postoperative 

spinal cord injury
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Abstract
Background 
��.�! Ǜ� Ƣ �/$1 ��)�� /#$��''4�.*0)���)$(�'�(*� '�$.� .. )/$�'�!*-�+- �'$)$��'�- . �-�#�
to investigate spinal medical devices. We report the initial failure of a porcine spinal 
.0-1$1�'�(*� '��)����+*/ )/$�'�.*'0/$*)��4�Ɵ3�/$)"�/# �.+$) ǚ

Methods 
Eleven female Dutch Landrace pigs underwent a spinal lumbar interlaminar 
decompression with durotomy and were randomized for implantation of a medical 
device or control group. MRI was performed before termination.

Results
� 0-*'*"$��'�� Ɵ�$/.�2 - �*�. -1 ��$)�Ƭ�*0/�*!�/# �Ɵ-./�Ʈ��)$(�'.ǚ��#-  �*!�/# . ��)$(�'.�
2 - �/ -($)�/ ��+- (�/0- '4�� ��0. �/# 4�- ��# ��/# �+- � Ɵ) ��#0(�) � )�+*$)/ǚ

Spinal cord compression and myelopathy was observed on post-operative MRI imaging. 
We hypothesized post-operative spinal instability with epidural hematoma, inherent to 
the biology of the model, and subsequent spinal cord injury as a potential cause. In the 
.0�. ,0 )/�Ʃ��)$(�'.�2 �Ɵ3�/ ��/# �.+$) �2$/#�'0�-��+'�/ .ǚ��''�/# . ��)$(�'.�- �*1 - ��
2$/#*0/�) 0-*'*"$��'�� Ɵ�$/.ǚ��# � 3/ )/�*!�.+$)�'��*-���*(+- ..$*)�*)���
�2�.�1�-$��' �
across animals and did not seem to correspond well with neurological outcome.

Conclusion 
This study shows that in a porcine in vivo model of interlaminar decompression and 
�0-*/*(4Ǜ�Ɵ3�/$*)�*!�/# �.+$) ��ơ -�'0(��-�$)/ -'�($)�-�� �*(+- ..$*)�$.�! �.$�' �
and may improve neurological outcomes. Additional research is necessary to evaluate 
this hypothesis.
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$)/ -'�($)�-�� �*(+- ..$*)Ǜ�Ɵ3�/$*)Ǜ�.+$)�'��*-��$)%0-4Ǜ�( �$��'�� 1$� �(*� '
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Introduction
A validated and ethically sound animal model is essential for preclinical research to 
$)1 ./$"�/ �.�! /4��)�� ƣ���4�*!��$*/ �#)*'*"$��'�.*'0/$*).Ǜ�.0�#��.���. �'�)/�/*�+- 1 )/�
����' �&�" ��ơ -�.+$)�'�.0-" -4ǚ

�'/#*0"#�/# - ��- ��$Ƣ - )� .�$)�/# �'*��.��++'$ ��/*�,0��-0+ ��'�.+$) ��)��#0(�)�
spine, various animal models have successfully been used in spine research1,2. Most 
common are; dog, goat, sheep, and pig models3-5. Depending on the aim of the study one 
species may be more suitable than another5. Along with factors such as housing and 
�*./.Ǜ�$/�$.�$(+*-/�)/�/*�- �*")$5 ��)�/*($��'��$Ƣ - )� .�$)�/# �+�-�( / -.�*!�$)/ - ./�
� /2  )�.+ �$ .�$)�� �$�$)"�2#$�#��)$(�'�(*� '�$.�� ./�.0$/ ��!*-���.+ �$Ɵ��./0�4ǚ��*-�
sheep for instance, similarity to the human spine in gross anatomy is greatest for the 
thoracic and lumbar spine, whereas the trend in vertebral body height is markedly 
�$Ƣ - )/��*(+�- ��/*�#0(�).Ǜ��.�/#$.�$.�"- �/ ./�$)�/# �� -1$��'�.+$) �*!�.#  +6,7. The 
majority of surgical models in the current body of literature focus on spinal fusion.

Canine models are common for spinal fusion or laminectomy studies, of the cervical as 
well as lumbar spine8-12. On the other hand, dogs that are kept as companion animals 
!- ,0 )/'4�0)� -"*�.+$)�'�.0-" -$ .�$)�'0�$)"�'�($) �/*($ .��)��.+$)�'�Ɵ3�/$*)�!*-�
spinal disorders similar to humans13. Since dogs are companions to humans the use of 
dogs as experimental animals is therefore less and less accepted, which complicates the 
use of this species4.

Goat models have been extensively studied for anterior cervical discectomy and fusion14. 
Lumbar spinal studies in goats are less common4. Lumbar spine surgery including 
instrumentation is frequently performed in sheep models. Porcine models are also 
*ơ )�0. ��$)�'0(��-�.+$) �.0-" -4Ǜ�$)�+�-/$�0'�-�!*-�($)$(�''4�$)1�.$1 �/ �#)$,0 .15-18. 
�*/#�/# �*1$) ��)��+*-�$) �(*� '�#�1 ��  )�0. ��$)�$)/-��0-�'�.+$)�'�$(+'�)/�./0�$ .�
as wel19-21. It is argued that the porcine animal model is best suited for lumbar spinal 
research, including implantation, spinal fusion and instrumentation studies, because 
the porcine spine closely resembles the human spine, especially for the thoracic and 
lumbar segments2, 5, 6. This does however, not take into account that mature pigs are more 
�$ƣ�0'/�/*�#�)�' �/#�)�.*( �*/# -�.+ �$ .�� ��0. �*!�/# $-�.$5 ��)��.+ �$Ɵ��#0.��)�-44.

Other studies have shown that the porcine spine is a representative model for the human 
.+$) ��)��$/�$.�*ơ )�0. ��!*-�/-�$)$)"�*!�.0-"$��'�/ �#)$,0 .��)��+- �'$)$��'�/ ./$)"2, 22. 
However, this mostly involves instrumentation techniques (i.e. titanium low contact 
dynamic compression plate for anterior fusion) and minimally invasive surgery23. 
Although a porcine model is preferrable for dural research24, an in vivo porcine model 
for interlaminar decompression with durotomy has not been extensively researched.

6
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The aim of this study is to share our learning points in an in vivo porcine model for 
interlaminar decompression that was originally designed for a medical device test study.

Methods
The medical device test study was approved by the animal experiment committee (DEC) 
�/- �#/Ǜ�/# ��/- �#/��)$(�'�� '!�- ��*�4�ǹ
��Ǻ��)��/# �� )/-�'��)$(�'��3+ -$( )/.�
�*(($//  � �ƣ'$�/ �� /*� /# � �0/�#���/$*)�'�
)./$/0/ � !*-��0�'$��	 �'/#� �)�� /# �
�)1$-*)( )/�ǹ�++-*1�'��*ǚ����ƧƧƫƦƦƨƦƧƮƪƭƮƪǺǚ��# �� Ɵ)$/$*)�*!�/# �#0(�) � )�+*$)/�
is reported in Supplementary Material I. The authors followed the ARRIVE guidelines.

Original study design
Eleven female Dutch Landrace pigs with a mean (±SD) body weight of 78.3 (±4.5) kg 
underwent interlaminar decompression, followed by durotomy and closure of the dura 
with sutures. Mean body weight at the end of the study was 78.4 (±3.0) kg. No inclusion or 
exclusion criteria were applied. The pigs were randomized into two groups and in addition 
/*�.0/0- .�/# � 3+ -$( )/�'�"-*0+�ǹ)ˇƮǺ�- � $1 �����0-��. �'�)/�+�/�#�ǹ���ǺǛ�2# - �.�
/# ��*)/-*'�"-*0+�ǹ)ˇƩǺ��$��)*/ǚ���)�*($5�/$*)�2�.�+ -!*-( ��0.$)"�. �' �� )1 '*+ .ǚ�
We did not control for confounders. The animals were housed in groups in a dedicated 
animal laboratory facility and were acclimatized for at least 7 days preoperatively. Two 
) 0-*.0-" *).�ǹ���1���)�����Ǻ�+ -!*-( ��/# �.0-" -$ .�� /2  )��*1 (� -�ƨƦƧƮ��)��
��4�ƨƦƧƯǚ��# �.0-" *).�2 - ��'$)� ��/*�"-*0+��''*��/$*)�0)/$'��$- �/'4��ơ -��0-�'��'*.0- ǚ

Anesthesia and surgical procedure
The surgical procedure and MRI were performed under general anesthesia. Intravenous 
($��5*'�(�ǹƦǚƨ�("ȍ&"Ǻ��)��& /�($) �ǹƧƦ�("ȍ&"Ǻ�2 - �0. ���.�+- ( �$��/$*)Ǜ��ơ -�
which anesthesia was induced with thiopental (3-8 mg/kg) and atropine (0.05 mg/
kg). Propofol (4.5 mg/h) and remifentanil (0.0066 mg/h) intravenously were used for 
continuous sedation.

The animal was positioned in ventral recumbency. A routine approach was 
made to the dorsal thoracolumbar spine. Pigs have a variable number of thoracic 
1 -/ �-� ǚ��# - !*- Ǜ�/# �0++ -�' 1 '�2�.�� Ɵ) ���.�/# �'�./�/#*-��$��1 -/ �-� ǱƧ25. 
Interlaminar decompression (ILD) was performed at the lumbar spine (Figure 1A 
�)��Ƨ���0++' ( )/�-4���/ -$�'�

Ǻ. An interlaminar opening of 2 (length) x1 (width) 
centimeter (cm) (minimum) was made by partially removing the spinous processes, 
'�($)� ��)��/# �'$"�( )/0(�Ơ�10(ǚ����0-*/*(4�*!�Ƨǚƫ��(�2�.�(�� �*)��''�*+ -�/ ��
levels throughout the study. The dura was sutured with coated polyglactin 910 (Vicryl 
ƫǚƦ� ��� Ƨ� �'0.Ǜ� �/#$�*)Ǜ� �*( -1$'' Ǜ����Ǻ� �/� �''� *+ -�/ �� ' 1 '.� $)� �''� �*)/-*'� �)��
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experimental animals. The DSP (length 2 cm x width 1 cm) was applied on all operated 
levels in all experimental animals. Figure 1 shows an image of the surgical model.

Figure 1.�
)/-�Ǳ*+ -�/$1 ��*-.�'�1$ 2�*!�
���/�*) �' 1 '�ǹƧǱƨǺǛ�.#*2$)"�.0/0- ���0-*/*(4ǚ�Ƨˇ�.+$)*0.�
+-*� ..Ǜ�ƨˇ�0-��(�/ -ǚ���$ )/$Ɵ��$''0./-�/$*)��4��(�)�����0/$ -ǚ


���)���0-*/*(4�2�.�+ -!*-( ���/�Ʃ�' 1 '.�!*-�+$".�ȝ�ƧǱƪ�ǹ'�./�/#*-��$��1 -/ �-� ǱƧǛ�
L1-2, L3-4, L5-6, L5/6-S1). Due to advancing insights based on the postoperative outcome 
the procedure was adapted for animals 5 to 11. The number of levels of ILD and 
�0-*/*(4�2�.�- �0� ��/*�ƨ�' 1 '.�!*-�+$".�ȝ�ƫǱƬ�ǹƩǱƪǛ�ƫǱƬ��)��ƨǱƩǛ�ƪǱƫǛ�- .+ �/$1 '4Ǻ�
�)��Ƨ�' 1 '�!*-�+$".�ȝ�ƭǱƧƧ�ǹƪǱƫǛ�ƫǱƬǛ�ƧǱƨǛ�ƨǱƩǛ�ƩǱƪǛ�- .+ �/$1 '4Ǻǚ

�# �����2�.��++'$ ��*)��''�*+ -�/ ��' 1 '.�$)� 3+ -$( )/�'��)$(�'.ǜ�+$"�ȝ�ƧǛ�ƨ��)��ƪ�
ǹƯ�' 1 '.ǺǛ�+$"�ȝ�Ƭ�ǹƨ�' 1 '.ǺǛ�+$"�ȝ�ƭ��)��Ʈ�ǹƨ�' 1 '.ǺǛ��)��+$"�ȝ�Ư��)��ƧƧ�ǹƨ�' 1 '.Ǻ�ǹFigure 
Ƨ�Ǳ�Ǜ��0++' ( )/�-4���/ -$�'�

�.#*2�/# �.0-"$��'�.$/ �� !*- ��)���ơ -��++'$��/$*)�
*!����Ǻǚ��$".�ȝ�Ʃ�ǹƩ�' 1 '.Ǻ�ȝ�ƫ�ǹƨ�' 1 '.Ǻ��)��+$"�ȝ�ƧƦ�ǹƧ�' 1 'Ǻ�. -1 ���.��*)/-*'��)$(�'.�
and did not receive a DSP.

�0-/# -����+/�/$*).�2 - �(�� �!*-��)$(�'.�ƭ�/*�ƧƧǚ�
)�+$".�ȝ�ƭ�/*�ƧƧ���'*2�1��00(�2*0)��
drain (wound drainage system 40 ml CH6, Medinorm GmbH, Spiesen-Elversberg, 
Germany) was introduced following ILD, durotomy and application of the DSP. The 
wound drain was kept in place for at least 1 day until it was no longer productive, with a 
(�3$(0(�*!�/#-  ���4.�+*./*+ -�/$1 '4ǚ�
)�+$".�ȝ�Ư�/*�ƧƧ�/# �.+$) �2�.�./��$'$5 ��0.$)"�
two 14.5 cm Lubra plates (Veterinary Orthopedic Implants Inc, St. Augustine, USA) and 
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complementary screws 0.75 inch (Veterinary Orthopedic Implants Inc, St. Augustine, 
USA). Figure 2 shows an intraoperative view of the application of the Lubra plates. All 
products used during the procedure are reported in Supplementary material II ǹ/��' �ƧǺ.

Figure 2.�
)/-�*+ -�/$1 ��*-.�'�1$ 2�*!�/2*�0�-��+'�/ .��++'$ ��/*�/# �'0(��-�.+$) ��ơ -�
�ǚ�Ƨˇ�.+$)*0.�
+-*� ..Ǜ�Ʃˇ'0�-��+'�/ Ǜ�ƪˇ.�- 2ǚ���$ )/$Ɵ��$''0./-�/$*)��4��(�)�����0/$ -ǚ
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Postoperative procedures
�ơ -�.0-" -4� /# �+$".�2 - �#*0. ��.*'$/�-4� $)�./��' .ǚ��'$)$��'�*�. -1�/$*).�2 - �
performed daily by trained laboratory animal care takers in consultation with the 
veterinarian. Observations were noted on a standardized scoring list (Supplementary 
Material III). This scoring list was created to collect the outcomes for the medical device 
/ ./�./0�4�!*-�2#$�#�/#$.�(*� '�2�.�*-$"$)�''4�0. �ǚ�
!�) 0-*'*"$��'�� Ɵ�$/�2�.�*�. -1 ��
�)� 3+'�)�/$*)�*!�/# �*�. -1 ��� Ɵ�$/�2�.�- +*-/ �ǚ

�*./*+ -�/$1 '4Ǜ�/# �+$".�- � $1 ��Ƨ��*. �*!�Ʀǚƪ�("ȍ&"�( '*3$��(�ǹ� /���(Ǜ��* #-$)" -�
Ingelheim, Ingelheim am Rhein, Germany) intramuscularly or intravenously for the 
Ɵ-./�Ʃ���4.ǚ��-�'��)/$�$*/$�� /- �/( )/��(*34�$''$)ȍ�'�10'�)$����$��ǹ�4)0'*3Ǜ��Ɵ5 -�
�)$(�'�	 �'/#Ǜ�*01�$)Ǳ'�Ǳ� 01 Ǜ�� '"$0(Ǻ�Ƨ��*. �*!�ƧƦ("ȍ&"���$'4��.�2 ''��.�'*��'�
antibiotic treatment with neomycine/procaine benzylpencillin (Neopen, Intervet 
Productions, Aprilia, Italy): 100mg/ml at the intravenous access and surgical wound 
was administered for 7 days.

Magnetic resonance imaging
� !*- �/ -($)�/$*)Ǜ���
�2�.�+ -!*-( ��0)� -��) ./# .$��0.$)"����#$'$+.�
)" )$��Ƨǚƫ��
MRI scanner (Philips, Eindhoven, The Netherlands). The pigs were positioned in sternal 
recumbency and the following sequences of the thoracal and lumbar spinal axis were 
+ -!*-( �ǜ��ƧǱ2 $"#/ ��ǹ�Ƨ�ǺǛ��ƨ�Ǜ�Ơ�$-Ǜ��)���Ƨ��2$/#��*)/-�./ǚ����*�-�Ǳ� -/$Ɵ ��
veterinary radiologist (IS), blinded for group allocation, evaluated the MRI for signs of 
spinal cord compression (SCC) and myelopathy.

The dorsal to ventral diameter of the normal spinal cord closest to the cranial section 
of maximum compression was measured on transverse T2W images. Also, the dorsal to 
ventral diameter of the spinal cord at the level of maximum compression was measured. 
The degree of SCC was calculated as (normal spinal cord dorsal to ventral diameter, 
minus spinal cord diameter at maximum compression) divided by (normal spinal cord 
diameter) multiplied by 100%26ǚ��# �. 1 -$/4�*!��*(+- ..$*)�2�.�� Ɵ) ���.�!*''*2.ǝ�)*�
compression: 0%, mild: <25%, moderate: 25-50% and severe: >50%27. At the level of the 
conus medullaris the measurement was not performed because the natural anatomical 
diameter of the spinal cord decreased at this location.

Indication of spinal cord myelopathy was evaluated by measuring the trajectory length 
of hyperintensity of the spinal cord parenchyma (lesion(s)) on sagittal T2W images 
in millimeter (mm) at each operated level. The length of the vertebral body L5 was 
measured from cranial endplate to caudal endplate in mm. The extent of the lesion(s) 
2�.�� Ɵ) ���.�/# �-�/$*�� /2  )�/# �' )"/#�*!�/# �' .$*)ǹ.Ǻ�ǹ#4+ -$)/ ).$/4�*)�.�"$//�'�
T2W images) and the length of the vertebral body L528.
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�$- �/'4��ơ -���
Ǜ�/# ��)$(�'.�2 - � 0/#�)$5 ��2$/#��)�*1 -�*. �*!�+ )/*��-�$/�'�
220mg/kg (Euthanimal 40%, Alfasan, Woerden, Netherlands) at day 7 (±1) 
postoperatively. A humane endpoint allowed for earlier termination.

Results
Clinical outcome
�$3�*0/�*!�ƧƧ��)$(�'.�#���) 0-*'*"$��'�� Ɵ�$/.�+*./*+ -�/$1 '4�ǹ���' �ƧǺ. In the animals 
*+ -�/ ��*)�Ʃ�' 1 '.�ǹȝƧǱƪǺǛ�Ʃ�*0/�*!�ƪ�#���) 0-*'*"$��'�� Ɵ�$/.�+*./*+ -�/$1 '4ǚ��$"�ȝƧ�
#����*(+' / �+�-�'4.$.�*!�/# �#$)��' ".��)��+$"�ȝƨ��)��ȝƪ�. 1 - �+�- .$.�*!�/# �#$)��' ".ǚ�
These animals were terminated before the study end because the humane endpoint 
2�.�- ��# �ǚ��$"�ȝƩ�- �*1 - ��2$/#*0/�+*./*+ -�/$1 ��*(+'$��/$*).ǚ

�# �.0�. ,0 )/�ƨ��)$(�'.�ǹȝƫǱƬǺ�2 - �*+ -�/ ��*)�/2*�' 1 '.ǚ��$"�ȝƫ��)��ȝƬ�.0Ƣ - ��
!-*(�+�- .$.�*!�/# �#$)��' ".�2$/#���$'$/4�/*�./�)���)��2�'&�2$/#�.0++*-/ǚ�
)��)$(�'�ȝƭ�
�)��ȝƮ�
��2�.�+ -!*-( ��*)�*) �' 1 '��)����2*0)���-�$)�2�.���� ��/*�/# �.0-"$��'�
protocol to reduce compression of the spinal cord by postoperative oedema and wound 
Ơ0$�ǚ�� '�4 ��+�- .$.�*!�/# �#$)��' ".�2�.�+- . )/�$)�+$"�ȝƭ��/���4�Ƭǚ��$"�ȝƮ�- �*1 - ��
well and returned to normal ambulation.

�# �Ɵ)�'�Ʃ��)$(�'.�ǹȝƯǱƧƧǺ�2 - �*+ -�/ ��*)�Ƨ�' 1 '�2$/#���2*0)���-�$)��)��Ɵ3�/$*)�
of the spine by Lubra plates. These animals all recovered well and returned to normal 
�(�0'�/$*)ǚ� �'**�� �)�'4.$.� �)�� Ɵ"0- .� *!� /# � .0-"$��'� 2*0)�.� �- � +- . )/ �� $)�
Supplementary Material II (���' �ƨ��)��Ɵ"0- �ƨ, respectively).

MRI
� 1 - � ����2�.�+- . )/� $)� /2*� �)$(�'.� ǹȝƮǛ� ƯǺ� ǹ�$"0- �ƩǺ. Moderate compression 
*!� /# �.+$)�'��*-��2�.�+- . )/� $)�ƭ��)$(�'.� ǹȝƧǱƩǛ�ƫǱƭǛ�ƧƦǺ�ǹ�$"0- �ƩǛ����' �ƧǺ. The 
- (�$)$)"�ƨ��)$(�'.�ǹȝƪǛ�ƧƧǺ�#���($'���*(+- ..$*)�ǹ���' �ƧǺ. Evidence of myelopathy 
(hyperintensity of the spinal cord parenchyma on T2) was seen on MRI in all animals 
ǹ���' �ƧǺ. The mean lesion-length-to-vertebral-length ratio was 1.9 (range 0.7-3.3). The 
4 highest lesion-length-to-vertebral-length ratios were found in the 4 out of 6 animals 
2$/#�) 0-*'*"$��'�� Ɵ�$/.�ǹ���' �ƧǺǚ��# �0�-��+'�/ .��)��Ɵ3�/$*)�(�/ -$�'��*-.�'�/*�
/# �.+$)�'���)�'��''*2 ��.0ƣ�$ )/�1$.0�'$5�/$*)�*!�/# �.+$)�'��*-���)���0-��(�/ -�*)�
��
ǚ��# �Ɵ"0- .�*!�/# ���
.�*!��''��)$(�'.��- �$)�'0� ��$)��0++' ( )/�-4���/ -$�'�
IV ǹƟ"0- �ƧǱƪǺ.
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Figure 3ǚ��Ǻ��*./*+ -�/$1 ���
�*!�/# �.+$) �ǹ+$"�ȝƭǺ�.#*2$)"�.$")$Ɵ��)/��*(+- ..$*)�ǹ�--*2Ǻ�*!�/# �
.+$)�'��*-���/�' 1 '�ƪǱƫǚ��Ǻ��*./*+ -�/$1 ���
�*!�/# �.+$) �ǹ+$"�ȝƧǺ�.#*2$)"��*(+- ..$*)�ǹ�--*2.Ǻ�*!�
the spinal cord at the three operated levels, i.e. last L1-L2, L3-4, and L5-L6. C and D) Postoperative 
��
�*!�/# �.+$) �ǹ+$"�ȝƯ��)��ȝƧƦǺ�.#*2$)"�(*� -�/ ��*(+- ..$*)�*)�/# �*+ -�/ ��' 1 'Ǜ�ƨǱƩ��)��ƧǱƨ�
- .+ �/$1 '4ǚ��-/ !��/.�ǹȑǺ��0 �/*�/# �.�- 2.�0. ��!*-�Ɵ3�/$)"�/# �0�-��+'�/ .�./$''�!��$'$/�/ ��.. ..( )/�
of the spinal cord and dura.

�$.�0..$*)
This article describes the learning curve of using a porcine spinal model with 
$)/ -'�($)�-�� �*(+- ..$*)�/*�/ ./�.+$)�'�( �$��'�� 1$� .ǚ�
/�2�.�)*/ ��/#�/�Ɵ3�/$*)�*!�
the spine in a porcine in vivo�(*� '�$.�! �.$�' ��)��(�4�+- 1 )/�) 0-*'*"$��'�� Ɵ�$/.ǚ���
/*/�'�*!�Ƭ��)$(�'.�/#�/�#���)*/�- � $1 ��.+$)�'�Ɵ3�/$*)��ơ -�� �*(+- ..$1 �'�($) �/*(4�
� 1 '*+ ��) 0-*'*"$��'�� Ɵ�$/.�+*./*+ -�/$1 '4Ǜ�2# - �.�)*) �*!�/# ��)$(�'.�$)�2#$�#�
/# �.+$) �2�.�Ɵ3�/ ��.#*2 ��+*./*+ -�/$1 �) 0-*'*"$��'�� Ɵ�$/.ǚ

To our knowledge, no other in vivo studies reported multilevel decompressive surgery 
in a porcine model. The high body weight of the pig model may be a predisposing 
!��/*-�/*�/# ��..0( ��$)�- �. ��(*�$'$/4�*!�/# �.+$) ��ơ -�'�($) �/*(4Ǜ�.$)� ���.$($'�-�
(0'/$' 1 '�'�($) �/*(4�(*� '�$)��*".�2�.�)*/��*(+'$��/ ���4�) 0-*'*"$��'�� Ɵ�$/.12, 

14. Interlaminar decompression on multiple levels potentially destabilizes the porcine 
spine in an in vivo�(*� 'Ǜ�2$/#�. 1 - �) 0-*'*"$��'�� Ɵ�$/.��.���- .0'/ǚ��*./*+ -�/$1 �
�Ǳ-�4�$(�"$)"�*!�/# �.+$) �/*��*)Ɵ-(�/#$.�/# *-4�2�.Ǜ�#*2 1 -Ǜ�)*/�+ -!*-( ��$)�/#$.�
study. Also, it remains inconclusive from the current study whether stability of the 
spine is maintained if ILD is restricted to one level, and if ILD is performed on multiple 
' 1 '.�2$/#�Ɵ3�/$*)ǚ

�+$)�'�$)./��$'$/4��ơ -�� �*(+- ..$1 �.0-" -4�$.���2 ''Ǳ&)*2)�+-*�' (��)��1�-$*0.�
surgical techniques have been developed to reduce destabilization. A biomechanical 
study in an ex vivo porcine model concluded that intervertebral displacement of 
/# � '0(��-� .+$) ��ơ -� '�($) �/*(4�*)�*) � ' 1 '� $.�"- �/ -��*(+�- �� /*��$'�/ -�'�
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�+$)�'�Ɵ3�/$*)��ơ -�'�($) �/*(4�$)�+$".

laminotomy29. Another study in an ex vivo porcine model showed that overall stability 
�ơ -�(0.�' Ǳ+- . -1$)"�
��*)�*) �' 1 '���)�� �(�$)/�$) �30. A recent in vivo study to 
test an intradural spinal cord stimulation device in pigs showed successful recovery of 6 
�)$(�'.��ơ -�.$(+' �*) �' 1 '�'�($) �/*(419. These results indicate that stability of the 
.+$) ��*0'��� �(�$)/�$) ���ơ -�� �*(+- ..$1 �.0-" -4�*)�*) �' 1 '�2$/#*0/�Ɵ3�/$*)ǚ


�� *)�(0'/$+' � ' 1 '.�2$/#� Ɵ3�/$*)� *!� /# � .+$) � #�.� )*/� �  )� + -!*-( �� $)� /#$.�
./0�4Ǜ�$/�$.�/#0.�0)� -/�$)�$!�.0-" -4�*)�(0'/$+' �' 1 '.�2$/#�Ɵ3�/$*)�2*0'��� �.�! ǚ�
�# �Ɵ-./�Ƭ��)$(�'.�#���$)/ -'�($)�-�� �*(+- ..$*)�*)�(0'/$+' �' 1 '.�ǹƨ�*-�ƩǺǛ�2#$�#�
- .0'/ ��$)�) 0-*'*"$��'�� Ɵ�$/.�$)�ƫ�*0/�*!�Ƭ��)$(�'.ǚ��0�. ,0 )/'4Ǜ�/2*��)$(�'.�2 - �
*+ -�/ ��*)�*) �' 1 'Ǜ�4 /�) 0-*'*"$��'�� Ɵ�$/.�*��0-- ��$)�*) �*!�/# . ��)$(�'.��.�
2 ''ǚ��# - !*- Ǜ�2 �+ -!*-( ���)�
��*)�*) �' 1 '�2$/#�Ɵ3�/$*)�*!�/# �.+$) �2$/#�'0�-��
+'�/ .�$)�/# �'�./�Ʃ��)$(�'.Ǜ�2#$�#��''�- �*1 - ��2$/#*0/�� Ɵ�$/.ǚ��*�$)/-�Ǳ*+ -�/$1 �
complications occurred throughout the study. It was, however, apparent during the 
surgery that the durotomy led to severe decompression of the spinal cord. Although 
hemostasis was achieved during surgery, we believe the decompression of the spinal 
cord to have increased the risk for epidural hematoma postoperatively. The extent 
of compression was variable across animals operated on one or multiple levels and 
2$/#��)��2$/#*0/�Ɵ3�/$*)��)���$��)*/� .  (� /*� �*-- .+*)��2 ''�2$/#�) 0-*'*"$��'�
*0/�*( ǚ��#$.�$.��*).$./ )/�2$/#���+- 1$*0.�./0�4�/#�/�Ɵ)�.�)*��..*�$�/ ��� /2  )�
SCC estimated on MRI and pre- or postoperative neurological status26. Thus, it may 
� �#4+*/# .$5 ��/#�/�/# �.+$)�'��*-��$)%0-4�*��0-- ��$(( �$�/ '4��ơ -�.0-" -4�2# )�
the animals awakened and tried to stand and walk, while their core spinal muscles 
were not completely functional. This may have resulted, also due to their high body 
weight, in vertebral subluxations at the laminectomy sites injuring the spinal cord 
and evoking myelopathy. Once the core spinal muscles regained their full tension, 
the spinal segment at the laminectomy site was stable again, leaving no evidence of 
spinal instability on MRI but resulting in myelopathy in all animals. Findings on MRI 
*!�#4+ -$)/ ).$/4�*!�/# �.+$)�'��*-��+�- )�#4(��*)��ƨ�$)��''��)$(�'.��*)Ɵ-( ��/#$.�
#4+*/# .$.ǚ��$)� ��)$(�'���/$1$/4��ơ -�.0-" -4�1�-$ �Ǜ�/#$.�(�4�#�1 ��  )�*) �*!�/# �
contributing factors to varying spinal cord compression on MRI. A study in dogs with 
presumed ischemic spinal myelopathy28 shows that a lesion-length-to-vertebral-length 
ratio of >2.0 is 100% sensitive to predict unsuccessful neurological outcome. In our study 
ƪ�*0/�*!�Ƭ�+$".�2$/#�) 0-*'*"$��'�� Ɵ�$/�#���-�/$*.�ˉƨǚƦǚ��# - �.�)*) �*!�/# ��)$(�'.�
2$/#*0/�) 0-*'*"$��'�� Ɵ�$/�#���-�/$*.�ˉƨǚƦǚ��# �+$".�2$/#�Ɵ3�/$*)�*!�/# �.+$) �.#*2 ��
a lesser (mean lesion-length-to-vertebral-length ratio 1.6 versus 2.0 in animals without 
Ɵ3�/$*)Ǻ� 3/ )/�*!�.+$)�'�(4 '*+�/#4ǚ��# �( �.0- ( )/.�*!�/# �' )"/#�*!�#4+ -$)/ ).$/4�
of the spinal cord parenchyma on T2-weighted images are likely susceptible for high 

6
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interobserver variability as the transition from normal to abnormal spinal cord tissue 
$.�+**-'4�� Ɵ) �ǚ

Another factor that may have contributed to improved neurological outcome is the 
0. �*!���2*0)���-�$)ǚ���2*0)���-�$)�2�.�' ơ�$)�+'�� �!*-��/�' �./�ƨƪ�#*0-.�$)�/# �'�./�ƫ�
animals which reduces compression of the spinal cord caused by postoperative oedema 
�)��2*0)��Ơ0$�ǚ

Although the biomechanical aspects of the native spine in quadrupeds have been 
./0�$ ��$)���+- 1$*0.�./0�4��)���$��)*/�.  (�/*�� ��$Ƣ - )/�!-*(�/# ��$*( �#�)$�.�*!�
bipeds5Ǜ�/# �.$/0�/$*)�(�4�� ��$Ƣ - )/�!*-�/# �,0��-0+ ��.+$) ��ơ -�'�($) �/*($ .ǚ�
For this, experience is available in the veterinary literature, especially studies in dogs 
that undergo surgical procedures similar to humans for spinal disorders. Dogs that 
+- . )/�2$/#�.+$)�'�'0(��-�!-��/0- .��)��.+$)�'��*'0()�$)./��$'$/4��ơ -�#$"#�$(+��/�
!*-� .�ǻ#$/��4���-�*-�!�''�!-*(���# $"#/Ǽ��- � Ƣ �/$1 '4�/- �/ ���4�.+$)�'�Ɵ3�/$*)�2$/#�
Lubra plates to restore spinal stability, allow fracture healing and prevent secondary 
spinal cord injury31. The Lubra plates that were used in this study were also obtained 
from a veterinary company specialized in implants for companion animals. Fixation of 
the spine with pedicle screws and connecting rods has been performed successfully in 
canines32, however the lubra plates allowed better postoperative imaging of the dura, 
which was necessary for the medical device test study this model was intended for. 
Furthermore, their limited availability for animal use and the high costs of human 
implants make this technique less suitable for a medical device test model.

Whilst our initial medical device study could not be completed as planned, the present 
study does lay the foundation for future porcine model studies for medical device 
testing. We have adapted the surgical technique according to the clinical outcomes 
and developed a feasible surgical porcine model. Furthermore, housing, handling, 
availability and societal acceptance of this species in research are favorable. Especially, 
the latter is an advantage over the use of a canine model for this purpose.

This study was limited by several factors. Firstly, this study was not designed to compare 
/# �) 0-*'*"$��'�*0/�*( .�*!��$Ƣ - )/�.0-"$��'�/ �#)$,0 .ǚ��0'/$+' �!��/*-.�#�1 ��  )�
altered throughout the study based on advancing insights to protect postoperative 
animal welfare as directed by the national ethical standards for animal experiments. 
Postoperative imaging was not included in the working protocol to evaluate the surgical 
technique (i.e. no X-ray was performed to assess spinal instability). Furthermore, two 
�)$(�'.�ǹȝƩ��)��ȝƮǺ�*+ -�/ ��2$/#*0/�Ɵ3�/$*)�*!�/# �.+$) �ǹ*) �*)�(0'/$+' � ' 1 '.Ǜ�
�)*/# -�*)�*) �' 1 'Ǻ�- �*1 - ��2$/#*0/�) 0-*'*"$��'�� Ɵ�$/��.�2 ''ǚ��# - !*- Ǜ�)*�
� Ɵ)$/$1 ��*)�'0.$*).���)�� �(�� ���. ��*)�/# . �- .0'/.ǚ�� �*)�'4Ǜ���.(�''�)0(� -�
*!��)$(�'.�2�.�*+ -�/ ��2$/#�Ɵ3�/$*)�*!�/# �.+$) ��4�0�-��+'�/ .ǚ��.�/# �.0-"$��'�
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�+$)�'�Ɵ3�/$*)��ơ -�'�($) �/*(4�$)�+$".

+-*/*�*'�2�.��'/ - ��/#-*0"#*0/�/# �./0�4Ǜ�/# �.+$) �2�.�Ɵ3�/ ��2$/#�0�-��+'�/ .�$)�
/# �Ɵ)�'�/#-  ��)$(�'.�*)'4ǚ�
��*)�(0'/$+' �' 1 '.�2$/#�Ɵ3�/$*)�*!�/# �.+$) �#�.�)*/�
been performed in this study, it is thus uncertain if surgery on multiple levels with 
Ɵ3�/$*)�2*0'��� �.�! ǚ��$($'�-'4Ǜ�2 �*)'4�+ -!*-( ��
��*)�*) �' 1 '�2$/#*0/�Ɵ3�/$*)�
*!�/# �.+$) �$)�/2*��)$(�'.ǚ��./'4Ǜ�/# - �2�.�$).0ƣ�$ )/�Ɵ)�)�$�'�.0++*-/�/*��*)/$)0 �
this study to further compare surgical techniques or the clinical outcomes related to 
the medical device this study was initially designed to test for.

�#$.�+*-�$) �(*� '�!*-�
��2$/#�Ɵ3�/$*)�*!�/# �.+$) �+-*1$� .���0. !0'���.$.�!*-�!0-/# -�
preclinical research into the development of innovative surgical devices. In addition, 
sharing the lessons learned throughout the current study may contribute to reducing 
0)) � ..�-4��)$(�'�.0Ƣ -$)"��)��- . �-�#ǚ��0-/# -�- . �-�#Ǜ�2$/#�'�-" -�.�(+' �.$5 Ǜ�
$.�) � ..�-4�/*� 1�'0�/ �*0-�#4+*/# .$.�/#�/�Ɵ3�/$*)�*!�/# �.+$)��$)���+*-�$) �$)�1$1*�
model of interlaminar decompression and durotomy improves neurological outcomes.

��/���1�$'��$'$/4�./�/ ( )/
The video recordings of the surgical procedures performed in this study are available 
upon reasonable request.

Conf lict of interest statement
�ǚ�ǚ�ǚ�1�)��**-(��'�$.����*).0'�)/�!*-��*'4"�)$�.��ǚ�ǚǚ

6



132

Chapter 6

References

1. �5$5�	�Ǜ���'�0. -���Ǜ�� ''$)$���Ǜ��$) *���Ǜ����$.��Ǜ��$ /-���Ǜ��-�4��Ǳ�-0)*��ǚ��*-�$) �(*� '.�
$)�.+$)�'�- . �-�#ǜ���'$�-�/$*)��)���*(+�-�/$1 �Ɵ)$/ � ' ( )/��)�'4.$.�*!�1�-$*0.��*)Ɵ"0-�/$*).�
�0-$)"�Ơ 3$*)ǲ 3/ ).$*)ǚ��*(+�-�/$1 �� �$�$) ǚ�ƨƦƦƮǝƫƮǹƨǺǜƧƭƪǱƧƭƯǚ

2. �0..�# -�
Ǜ��'* "(�& -.����Ǜ�� -& -& ���Ǜ�� '�#0$5 )���ǚ��*(+�-�/$1 ��)�/*($��'��$( ).$*).�
*!�/# ��*(+' / �#0(�)��)��+*-�$) �.+$) ǚ��0-��+$) ���ƨƦƧƦǝƧƯǜƧƧƦƪǲƧƧƧƪǚ

3. �$'& �	�Ǜ�� //' -��Ǜ�0/5��ǚ��- �.#  +�.+$) .���1�'$���$*( �#�)$��'�(*� '�!*-�#0(�)�.+$) .Ǣǚ��+$) �
1997;22(20):2365-2374.

4. �- .+ �
	Ǜ��*'5#*! -���Ǜ��0-) -���Ǜ���0 -���ǚ��)$(�'�(*� '.�!*-�.+$)�'�!0.$*)ǚ��# ��+$) ��*0-)�'�
ƨƦƦƫǝƨƦƯ�ǲƨƧƬ�ǚ

5. Smit TH. The use of a quadruped as an in vivo model for the study of the spine- biomechanical 
considerations. �0-��+$) ���ƨƦƦƨǝƧƧǜƧƩƭǲƧƪƪǚ

6. Sheng SR, Wang XY, Xu HZ, Zhu GQ, Zhou YF. Anatomy of large animal spines and its comparison 
to the human spine: a systematic review. Eur Spine J 2010;19(1):46-56.

7. �$'& �	�Ǜ�� //' -��Ǜ�� )" -��	Ǜ��'� .��ǚ��)�/*(4�*!�/# �.#  +�.+$) ��)��$/.��*(+�-$.*)�/*�/# �
human spine. Anat Rec. 1997 Apr;247(4):542-55. doi: 10.1002/(SICI)1097-0185(199704)247:4<542::AID-
AR13>3.0.CO;2-P.

8. �**&���Ǜ�� 4)*'�.���Ǜ��#$/ �'*0����ǚ��1�'0�/$*)�*!�#4�-*34�+�/$/ �"-�ơ�(�/ -$�'.��)����)$) �
cervical spine fusions. Spine 1986;11:305-309.

9. �( -4���Ǜ��-�5$).&$���Ǜ��*&���Ǜ� /��'ǚ��# ��$*'*"$��'��)���$*( �#�)$��'� Ƣ �/.�*!�$--��$�/$*)�*)�
�)/ -$*-�.+$)�'��*) �"-�ơ.�$)�����)$) �(*� 'ǚ����*) ��*$)/��0-"��(�ƧƯƯƪǝƭƬǜƫƪƦǲƮǚ

10. �0'' -���Ǜ��/ 1 ).*)��Ǜ��( -4���ǚ��# � Ƣ �/.�*!�$)/ -)�'�Ɵ3�/$*)�*)���'�$0(���-�*)�/ ǜ�� -�($��
�)/ -$*-�.+$)�'�!0.$*)�$)��*".ǚ��+$) �ƧƯƯƬǝƨƧǜƨƧƩƧǲƬǚ

11. �($/#���Ǜ�	0)/���Ǜ��.# -���Ǜ��)� -.*)��	Ǜ���-.*)��Ǜ��*�$).*)���ǚ��# � Ƣ �/�*!���./$Ƣ�$(+'�)/�
*)�/# ��*) �($) -�'��*)/ )/�*!�/# �'0(��-�.+$) �$)��*".ǚ����*) ��*$)/��0-"�ƧƯƯƧǝƭƩ�ǜ�ƧƧƫǲƧƨƩǚ

12. �0$./���Ǜ�����# -/Ǜ����� $%Ǜ�����$.. -Ǜ�����) -Ǜ�	��	�5 2$)& 'Ǜ����� -�*0/ǚ��# �+- 1 )/$*)�*!�
peridural adhesions. A comparative long-term histomorphometric study using a biodegradable 
��--$ -��)����!�/�"-�ơǚ����*) ��*$)/��0-"��-�ƧƯƯƮǝƮƦǹƩǺǜƫƨƦǱƬǚ��*$ǜ�ƧƦǚƧƩƦƨȍƦƩƦƧǱƬƨƦ3ǚƮƦ�ƩǚƮƦƧƦǚ

13. NJH Sharp, SJ Wheeler. Diagnosis and Surgery. Small Animal Spinal Disorders. 2nd ed. Edinburgh: 
Elsevier Mosby;2005.

14. �� �'$�&���Ǜ��**& ���Ǜ��$'.*)��Ǜ��0)5���Ǜ������ ��ǚ��)/ -$*-�� -1$��'��$.� /*(4Ǜ�!0.$*)��)��
plating. Spine 1993;18(4):1974-1983.

15. Sucato DJ, Hedequist D, Zhang H, et al. Recombinant human bone morphogenetic protein-2 
 )#�)� .��)/ -$*-�.+$)�'�!0.$*)�$)���/#*-��*.�*+$��''4�$)./-0( )/ ���)$(�'�(*� 'ǚ����*) ��*$)/�
�0-"��(�ƨƦƦƪǝƮƬǱ�ǜƭƫƨǲƬƨǚ

16. �'$)" -� �Ǜ� �$./*-$0.��Ǜ� $)� (�))��Ǜ�  /� �'ǚ� �Ƣ �/$1 ) ..� *!� �� #�)�.Ǳ*)� /-�$)$)"� �*0-. � !*-�
'�+�-*.�*+$��.+$) �.0-" -4�$)���+*-�$) �(*� 'ǚ��0-"��)�*.��ƧƯƯƯǝƧƩǜƧƧƮǲƨƨǚ

17. Muhlbauer M, Ferguson J, Losert U, et al. Experimental laparoscopic and thoracoscopic discectomy 
and instrumented spinal fusion: a feasibility study using a porcine model. Minim Invasive 
� 0-*.0-"�ƧƯƯƮǝƪƧǜƧǲƪǚ

18. Hildebrandt U, Pistorius G, Olinger A, Menger MD (1996) First experience with laparoscopic spine 
!0.$*)�$)��)� 3+ -$( )/�'�(*� '�$)�/# �+$"ǚ��0-"��)�*.��ƧƦǜ�ƧƪƩǲƧƪƬǚ

19. 	*''�)����Ǜ�� �(�)���Ǜ��**�-*Ƣ ���Ǜ��- � -$�&.���Ǜ��*1��#���Ǜ��$�.*)Ǳ�*-' 4���Ǜ��$''$ .���Ǜ�
Howard MA 3rd. In vivo testing of a prototype intradural spinal cord stimulator in a porcine model. 
World Neurosurg. 2020;137:e634-e641. doi: 10.1016/j.wneu.2020.02.100.

20. �$�.*)Ǳ�*-' 4���Ǜ��4��	Ǜ��'*0/4��Ǜ� /��'ǚ��1$) �/ ./.�*!���)*1 '�.+$)�'��*-��) 0-*(*�0'�/*-��)��
� )/�/ �'$"�( )/�Ɵ3�/$*)�( /#*�ǚ���
)1 ./$"��0-"�ƨƦƧƨǝƨƫǜƩƬƬǱƩƭƪǚ



133

�+$)�'�Ɵ3�/$*)��ơ -�'�($) �/*(4�$)�+$".

21. Guiho T, Coste CZ, Delleci C, et al. An intermediate animal model of spinal cord stimulation. Eur 
J Translat Myol 2016;26:150-154.

22. � " '.� -" -��ǚ��0-" -4�*!� /# ��-�$)��)���+$)�'��*-�� $)����*-�$) ��*� 'ǚ� 
)ǜ� ��)*2.&$��ǚ� �ǚ�
Experimental Neurosurgery in Animal Models. Neuromethods, vol 116. New York, NY: Humana 
Press;2016.

23. �'$)" -��Ǜ��*''(�-��Ǜ�	$'� �-�)�/��Ǜ�� )" -���ǚ��3+ -$( )/�'�� 1 '*+( )/��)��1�'$��/$*)�
of a technique for lumboendoscopic anterior fusion of lumbar spine fractures. Comparison of 
endoscopic and open surgery in a live porcine model. Surg Endos 2000;14: 844-848.

24. �$)��$��Ǜ�� -"(�))��Ǜ��' 4.��Ǜ�1�)�� -��2�)��Ǜ�1�)��**-(��'���ǚ�	$./*'*"$���*(+�-$.*)�*!�/# �
Dura Mater among Species. Comp Med 2020;70(2):170-175.

25. �*#- -���Ǜ��*)) (�)���Ǜ��$ �(�))���Ǜ���#) $� -���ǚ���./0�4�*!�1 -/ �-��)0(� -�$)�+$".��*)Ɵ-(.�
/# ��..*�$�/$*)�*!�1 -/)$)��)��- 1 �'.����$/$*)�'���ǚ������ ) /�ƨƦƧƫǝƧƬǜƧƨƯǚ

26. Penning V, Platt SR, Dennis R, Cappello R, Adams V. Association of spinal cord compression seen on 
magnetic resonance imaging with clinical outcome in 67 dogs with thoracolumbar intervertebral 
disc extrusion. J Small Animal Pract 2006;47:644-650.

27. �-*1 )�# -��Ǜ�	��$)��Ǜ��**- ���Ǜ��**&�Ǜ��#$''$+.��Ǜ�����*./����ǚ��$) (�/$��(�") /$��- .*)�)� �
imaging for evaluation of disc-associated cervical spondylomyelopathy in Doberman Pinschers. J 
Vet Intern Med 2016;30:1121-1128.

28. De Risio L, Adams V, Dennis R, McConnell FJ, Platt SR. Association of clinical and magnetic 
- .*)�)� �$(�"$)"�Ɵ)�$)".�2$/#�*0/�*( �$)��*".�.0.+ �/ ��/*�#�1 �$.�# ($��(4 '*+�/#4ǜ�ƫƦ���. .�
(2000-2006). JAVMA 2008;233(1): 129-135.

29. ��$��Ǜ�	.$ #��	Ǜ��# )���Ǜ��# )�	Ǜ��# )���Ǜ��$��ǚ��$*( �#�)$��'��*(+�-$.*)�*!�'0(��-�
spine instability between laminectomy and bilateral laminotomy for spinal stenosis syndrome 
Ǳ��)� 3+ -$( )/�'�./0�4�$)�+*-�$) �(*� 'ǚ������0.�0'*.& ' /��$.*-�ǚ�ƨƦƦƮǝƯǜƮƪǚ��*$ǜ�ƧƦǚƧƧƮƬȍƧƪƭƧǱ
2474-9-84.

30. 	�. "�2�Ǜ� �Ǜ� �$/�#�-�Ǜ� �Ǜ� �#$(*���	Ǜ�	�-�� �ǚ� �$*( �#�)$��'�  1�'0�/$*)� *!� � ./��$'$5�/$*)�
following minimally invasive decompression for lumbar spinal canal stenosis. J Neurosurg Spine 
2013;18:504-510.

31. �-�0..���Ǜ��# 4. ��	Ǜ��-4!*)$�*0���Ǜ�	�5 2$)& '�	��Ǜ�� $%���ǚ��- �/( )/�*!�.+$)�'�!-��/0- .�
using Lubra plates. A retrospective clinical and radiological evaluation of 15 cases, Vet Comp Orthop 
Traumatol. 2012;25(4):326-31. doi: 10.3415/VCOT-11-07-0096.

32.  2�#�' -(2*)"��Ǜ��02�))���Ǜ�� $%���ǚ���)$) �� -/ �-�'���- 2��)���*���$3�/$*)��4./ (ǜ�� .$")�
and Mechanical Testing. Vet Comp Orthop Traumatol. 2018 Feb;31(2):95-101. doi: 10.3415/VCOT-
17-03-0040.

6



134

Chapter 6

Supplementary Material I 
Definition of the human endpoint

�# �#0(�) � )�+*$)/�$.�� Ɵ) ���.�/# �*��0-- )� �*!�/# �!*''*2$)"ǝ
•  � 1 - �2*0)��$)! �/$*)��/�/# �.0-"$��'�.$/ Ǜ�. 1 - �.0Ƣ -$)"�ȍ�2 �&) ..
•  � 1 - �) 0-*'*"$��'�� Ɵ�$/�2$/#�+�-�'4.$.�.4(+/*(.
•  �*./*+ -�/$1 � $)Ơ�((�/$*)� ȍ�2*0)�� $)! �/$*)� ȍ� / (+ -�/0- � $)�- �. �2$/#*0/�

$(+-*1 ( )/��ơ -���%0./( )/�*!��)/$�$*/$�� /- �/( )/� $)��*).0'/�/$*)�2$/#� /# �
1 / -$)�-$�)�*-�2$/#�. 1 - �.0Ƣ -$)"

•  Severely reduced physical activity / withdrawn social behavior
•  No eating for 48 hours postoperatively
•  No drinking for 36 hours postoperatively
•  �0Ƣ -$)"�*!�/# ��)$(�'Ǜ��.��.. .. ��0)� -��-/$�' �ƧƩ!�ǹ'��*-�/*-4��)$(�'���- �/�& -ǺǛ�

laboratory animal expert and veterinarian.
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Supplementary Material II:  
Quantifiable data of experimental animals

Figure 1. � -$*+ -�/$1 �(�-&$)"�*!�.0-"$��'�' 1 '.�$)�+$"�ȝƧ��)��*+ -�/$1 �1$ 2�� !*- ��)���ơ -�� 1$� �
$(+'�)/�/$*)�*!�+$"ȝƨ

�*/ ǚ��*0-�./ +.�*!�/# �*+ -�/$1 �+-*� ..ǚ���-&$)"�*!�/# �.0-"$��'�' 1 '.�$.�.#*2)�$)�+�) '����)���ǚ��# �' 1 '.�
*!�$)/ -'�($)�-�� �*(+- ..$*)�� !*- �/# �$(+'�)/�/$*)�*!�/# �� 1$� ��)���ơ -��++'$��/$*)�*!�/# �� 1$� ��- �
shown in panel C and D, respectively.

6



136

Chapter 6

Table 1. Products used throughout study procedures.

Product Manufacturer Ref Used in Pig #

Dura Sealant Patch (DSP) Polyganics DS01-024/08 1, 2, 4, 6, 7, 8, 9, 11

�*) 2�3 Ethicon W31 4, 7, 8, 10, 11

�*�/ ���$�-4'�ƫǱƦ���ǱƧ��'0. Ethicon V303H 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11

Vicryl 2-0 FSL Ethicon V586 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11

Vicryl 2 CTX Plus Ethicon V372 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11

�����$(+'�)/��' �+-*"-�((��' �
temperature transponder IPTT-300

���� 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11

Ray-cot 1.2” x 1.2” American surgical company W31 6, 7, 8, 9, 11

Lyostypt �ǚ�-�0) 1069128 2 (removed), 3 (removed), 
4, 7, 8

Wound drainage system 40 ml CH6 Medinorm GmbH 5111006 7, 8, 9, 10, 11

Lubra plates (14.5 cm) Vetinary Orthopedic 
Implants

E1903020 9, 10, 11

Screw with washer & nut for Lubra 
Plates (3/4 inch long)

Vetinary Orthopedic 
Implants

�ƧƯƩƦƫƦ� 9, 10, 11
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Figure 2. �*./*+ -�/$1 �1$ 2�*!�/# �.0-"$��'�2*0)��$)�+$"�ȝƧ�ǹ�Ǻ��)��+$"�ȝƩ�ǹ�ǺǛ�+$"�ȝ�ƫ�ǹ�Ǻ��)��+$"�ȝ�Ʈ�ǹ�Ǻǚ

Note. A wound drainage system was placed in pig 8 (panel D).
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Table 2. �'**���)�'4.$.�- .0'/.
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01 DSP 3 14.8 9.7 0.4 4.5 0.2 0.0 11.8 7.1 0.3 4.2 0.1 0.0 -3

02 DSP 1 18.6 14.7 0.5 3 0.2 0.2 28.4 6.4 0.2 21.8 0.0 0.0 ƯǛƮ

03 Control 8 10.4 6.7 0.1 3.5 0.1 0.0 11.2 6.8 0.2 4.1 0.1 0.0 ƦǛƮ

04 DSP 4 19.9 15.3 0.4 3.7 0.3 0.1 Ƨƫǚƭ 11.3 0.5 3.6 0.2 0.1 ǱƪǛƨ

05 Control 6 ƧƫǚƬ 8.7 0.2 6.4 0.2 0.1 11.8 5.3 0.2 5.8 0.4 0.3 ǱƩǛƮ

06 DSP 6 19.2 10.9 0.9 7.2 0.1 0.1 20 10.7 0.9 8.1 0.1 0.2 ƦǛƮ

07 DSP 7 13.8 7.9 0.4 5.2 0.2 0.1 ƨƦǚƫ 8.0 0.6 11.3 0.6 0.1 ƬǛƭ

08 DSP 7 14.6 8.7 0.4 5.3 0.2 0.1 ƧƫǚƬ 9.3 0.4 5.6 0.2 0.1 1

09 DSP 7 12.9 8 0.4 4.1 0.4 0.0 14.8 7.6 0.5 6.4 0.2 0.0 ƧǛƯ

10 Control 7 10 3.2 0.3 3.4 0.0 0.0 ƧƧǚƫ 6.3 0.6 4.6 0.0 0.0 ƧǛƫ

11 DSP 7 Ƨƪǚƫ 9.7 0.5 4.0 0.1 0.1 -* -* -* -* -* -*

* The blood sample of pig 11 at 7 days could not be processed due to clotting.
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Supplementary Material III

Standardized observation scoring list

General condition Good 0

Fair 0

Poor 0

Social behavior Normal 0

Withdrawn 0

Discomfort None 0

Little 0

Moderate 0

Severe 0

Wound (spine / back) Dry 0

Leakage 0

�'**�4 0

Infection 0

Explanation 0

Neurological sign None 0

� Ɵ�$/ 0

Explanation 0

6
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Supplementary material IV: Postoperative MRI images

Figure 1. �*./*+ -�/$1 �.�"$//�'���
�*!�+$"�ȝƧǛ�ȝƨǛ�ȝƩ��)��ȝƪ�*+ -�/ ��*)�Ʃ�' 1 '.ǚ

Note. A) Compression of the spinal cord is observed on all three operated levels (L1-2, L3-4, L5-6) in pig 
ȝƧǚ��Ǻ��*(+- ..$*)�*!�/# �.+$)�'��*-��$.�*�. -1 ��*)��''�/#-  �*+ -�/ ��' 1 '.�ǹ�ǱƧǛ�ƩǱƪǛ�ƫǱƬǺ�$)�+$"�ȝƨǚ�
�Ǻ��*(+- ..$*)�*!�/# �.+$)�'��*-��$.�*�. -1 ��*)��''�/#-  �*+ -�/ ��' 1 '.�ǹ�ǱƧǛ�ƩǱƪǛ�ƫǱ�ƧǺ�$)�+$"�ȝƩǚ D) 
�*(+- ..$*)�*!�/# �.+$)�'��*-��$.�*�. -1 ��*)��''�/#-  �*+ -�/ ��' 1 '.�ǹ�ǱƧǛ�ƩǱƪǛ�ƬǱ�ƧǺ�$)�+$"�ȝƪǚ��# ��--*2.�
indicate the operated levels.

Figure 2. �*./*+ -�/$1 �.�"$//�'���
�*!�+$"�ȝƫ��)��ȝƬ�*+ -�/ ��*)�ƨ�' 1 '.ǚ

�*/ ǚ� �Ǻ� �*(+- ..$*)� *!� /# � .+$)�'� �*-�� $.� *�. -1 �� *)� �*/#� *+ -�/ �� ' 1 '.� ǹƩǱƪǛ� ƫǱƬǺ� $)� +$"� ȝƫǚ� �Ǻ�
Compression of the spinal cord is observed on both operated levels (L2-3, L4-5). The arrows indicate the 
*+ -�/ ��' 1 '.�$)�+$"�ȝƬǚ

Figure 3. �*./*+ -�/$1 �.�"$//�'���
�*!�+$"�ȝƭ��)��ȝƮ�*+ -�/ ��*)�Ƨ�' 1 'ǚ

�*/ ǚ��Ǻ��*(+- ..$*)�*!�/# �.+$)�'��*-��$.�*�. -1 ��*)�/# �*+ -�/ ��' 1 '�ǹƪǱƫǺ�$)�+$"�ȝƭǚ��Ǻ��*(+- ..$*)�
*!�/# �.+$)�'��*-��$.�*�. -1 ��*)�/# �*+ -�/ ��' 1 '�ǹƫǱƬǺ�$)�+$"�ȝƮǚ��# ��--*2.�$)�$��/ �/# �*+ -�/ ��' 1 '.ǚ
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Figure 4. �*./*+ -�/$1 �.�"$//�'���
�*!�+$"�ȝƯǛ�ȝƧƦ��)��ȝƧƧǚ

�*/ ǚ��Ǻ��*(+- ..$*)�*!�/# �.+$)�'��*-��$.�*�. -1 ���/�/# �*+ -�/ ��' 1 '�ǹƨǱƩǺ�$)�+$"ȝ�Ưǚ��Ǻ��*(+- ..$*)�*!�
/# �.+$)�'��*-��$.�*�. -1 ���/�/# �*+ -�/ ��' 1 '�ǹƧǱƨǺ�$)�+$"�ȝƧƦǚ��Ǻ��*(+- ..$*)�*!�/# �.+$)�'��*-��$.�*�. -1 ��
�/�/# �*+ -�/ ��' 1 '�ǹƩǱƪǺ�$)�+$"�ȝƧƧǚ��-/ !��/.�ǹȑǺ��0 �/*�/# �.�- 2.�0. ��!*-�Ɵ3�/$)"�/# �0�-��+'�/ .�./$''�
facilitate assessment of the spinal cord and dura. The arrows indicate the operated level.

6
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Abstract
$,*. �'� ǹ�*'4"�)$�.Ǜ��ǚ�ǚǛ��-*)$)" )Ǜ� /# �� /# -'�)�.Ǻ� $.����0-�'�. �'�)/�+�/�#�/*�
+- 1 )/�+*./*+ -�/$1 �� - �-*.+$)�'�Ơ0$��ǹ���Ǻ�' �&�" ǚ�
/�#�.��  )� 3/ ).$1 '4�/ ./ ��
preclinically and CE (Conformité EuropéenneǺ��++-*1 ��!*-�#0(�)�0. ��ơ -���Ɵ-./��-�)$�'�
in-human study. However, safety of Liqoseal with regard to spinal application is still 
unknown. The aim of this study was to assess safety of spinal Liqoseal application using 
histology and magnetic resonance imaging characteristics in comparison to cranial 
application.

Eight female Dutch Landrace pigs underwent laminectomy, durotomy with standard 
suturing and Liqoseal application. Three control animals underwent the same 
procedure without sealant application. The histological characteristics and imaging 
characteristics of animals of similar survival time were compared to data from a 
previous cranial porcine model.

Similar foreign body reaction was observed in spinal and cranial dura. The foreign 
�*�4� - ��/$*)� �*).$./ �� *!� ) 0/-*+#$'.� �)�� - ��/$1 � Ɵ�-*�'�./.� �/� 0+� /*� Ʃ� ��4.Ǜ�
�#�)"$)"�/*����#-*)$��"-�)0'*(�/*0.�$)Ơ�((�/*-4�- ��/$*)�2$/#�$)�- �.$)"�)0(� -�
*!�(��-*+#�" .Ǜ�'4(+#*�4/ .��)��/# �!*-(�/$*)�*!���Ɵ�-*�'�./�'�4 -�*)�/# ��0-���4�
day 7. Mean Liqoseal plus dura thickness had a maximum of 1.2 mm (range 0.7-2.0 
mm) at day 7.

�# �.+$)�'��0-�'�#$./*'*"$��'�- ��/$*)�/*�$,*. �'��0-$)"�/# �Ɵ-./�ƭ���4.�2�.�.$($'�-�
�*(+�- ��/*�/# ��-�)$�'��0-�'�- ��/$*)ǚ�$,*. �'��* .�)*/�.2 ''�.$")$Ɵ��)/'4�$)��*/#�
�++'$��/$*)��- �.�*1 -�/$( ǚ��$1 )�/# ��0-- )/�'��&�*!���.�! ��)�� Ƣ �/$1 ��0-�'�. �'�)/�
for spinal application, we propose that an in-human safety study with Liqoseal is the 
logical next step.

Abbreviations and Acronyms
CE - Conformité Européenne
����ǲ�� - �-*.+$)�'�Ơ0$�
����ǲ��**���)���-0"���($)$./-�/$*)
��
�ǲ�(�") /$��- .*)�)� �$(�"$)"
����ǲ��)$/ ���/�/ .�*!��( -$��
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Liqoseal in a spinal in vivo pig model

Introduction
� - �-*.+$)�'�Ơ0$��' �&�" �$.���!- ,0 )/��*(+'$��/$*)��ơ -�) 0-*.0-"$��'�$)/ -1 )/$*).Ǜ�
which is associated with prolonged hospital stay and increased healthcare costs1,2. To 
prevent CSF leakage, watertight closure of the dura mater is thought to be the most 
important step. Various products are used to augment this process, including approved 
. �'�)/.��.�2 ''��.�*ƢǱ'�� '�0. �*!�Ɵ�-$)�"'0 .�!*-�/#$.�+0-+*. 3ǚ�� /Ǜ�/# $-� Ƣ �/$1 ) ..�
has not been proven4.

Therefore, a biodegradable synthetic dural sealant, Liqoseal, was developed (Polyganics 
�ǚ�ǚǛ��-*)$)" )Ǜ�/# �� /# -'�)�.Ǻ�ǹ�$"�ƧǛ��#�+/ -�Ʃ�+�" �ƪƪǺ. The device consists of 
two layers; the watertight blue top layer is a biodegradable Poly(ester) ether urethane 
�)��/# �2#$/ ��*//*(���# .$1 �'�4 -�$.�(�� �*0/�*!��*'4ǹ�Ǳ'��/$� Ǳ�*Ǳ�ͧǱ��+-*'��/*) �
copolymer and multiarmed NHS functionalized polyethylene glycol (PEG-NHS). 
Liqoseal is CE (Conformité EuropéenneǺ�� -/$Ɵ ��ǹƨƦƩƦƨƮƮ��ƦƬǺ�!*-��-�)$�'�0. �.$)� �
January, 2020.

Previous ex vivo experiments showed that Liqoseal provides a stronger watertight 
barrier than competitors in models mimicking cranial as well as spinal application 
situations5. However, Liqoseal is currently not approved for spinal use in humans. It 
is not clear if cranial results can be extrapolated to spinal application. Despite being a 
�*)/$)0*0.�( (�-�) Ǜ�/# - ��- ��$Ƣ - )� .�� /2  )�/# �.+$)�'��0-���)���-�)$�'��0-�6. 
The spinal dura mater consists of the inner layer of the cranial dura mater, whereas 
the second, outer endosteal/periosteal layer of the cranial dura mater continues as 
periosteum on the level of the spinal cord6ǚ��# �/#$�&) ..�*!�/# ��0-��(�/ -�$.��$Ƣ - )/�
at various levels along the spinal cord6.

For this study we hypothesized that the acute (up to 7 days) dural reaction to Liqoseal on 
spinal porcine dura resembles the cranial porcine reaction. To evaluate this hypothesis 
we implanted Liqoseal spinally in 8 animals and compared histological results and 
thickness of dura plus sealant on magnetic resonance imaging (MRI) with the results 
of Liqoseal implantation in a cranial porcine in vivo model at similar survival times8.

7
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Materials and methods
This study has been approved by the animal experiment committee (DEC) Utrecht, the 
�/- �#/��)$(�'�� '!�- ��*�4�ǹ
��Ǻ��)��/# �� )/-�'��)$(�'��3+ -$( )/.��*(($//  �
�ƣ'$�/ �� /*� /# � �0/�#���/$*)�'�
)./$/0/ � !*-��0�'$��	 �'/#� �)�� /# � �)1$-*)( )/�
(Approval No. AVD1150020184784 and AVD115002016457).

Intervention
The surgical model is described extensively in a previous publication, including 
anesthesiology protocol and learning points on spinal stabilization in pigs7. In short, a 
lumbar laminectomy and durotomy was performed in 11 female Dutch Landrace pigs of 
mean 78.3 (± 4.5) kg weight (Figure 2A). Dura was closed using interrupted sutures vicryl 
5.0 (Ethicon, Somerville, United States of America (USA)). In 8 animals subsequently 
Liqoseal was applied (Figure 2B) and 3 were used as control. In the Liqoseal group a 2 
by 1 cm piece of the sealant was cut and applied dry. Subsequently we applied manual 
pressure of approximately 1 kg using moist gauze for 2 minutes. Intraoperatively we did 
not perform further leakage tests to avoid disturbing the histological reaction and dural 
adherence. For the comparison to the cranial model study8 we included 8 implantation 
animals with survival times similar to the cranial model, 3 who survived up to 3 (±1) 
days and 5 survived 7 (±1) days. Two control animals with spinal durotomy that survived 
7 (±1) days were included (Supplementary Information I). The distribution of animals 
across survival groups is unequal due to initial postoperative complications which 
led to early termination of 3 animals. This was resolved by adjustments made to the 
surgical model for subsequent animals7. The planned survival time for this group was 
originally 7 days.

MRI assessment
� !*- � / -($)�/$*)Ǜ� �� .+$)�'� �*)/-�./�  )#�)� ����
�2�.�(�� � $)�+-*) �+*.$/$*)�
0)� -� �)� ./# .$�ǚ��ơ -� /# ���
� /# � �)$(�'.�2 - �  0/#�)$5 ��2$/#� �)�*1 -�*. �
of pentobarbital. The thickness of the sealant combined with dural thickness was 
measured in HorosTMǛ�1 -.$*)�ƨǚƨǚƦǚ�.*ơ2�- �*)��ƨǱ2 $"#/ ����
�2$/#*0/�"��*'$)$0(�
in millimetres (mm) for the 8 spinal implantation animals. Thickness was measured 
�/�$/.�(�3$(0(�0.$)"�/# �' )"/#�/**'��/�/# �Ɵ-./�ǹ(*./��-�)$�'Ǻ�.0-"$��'�' 1 'ǚ��# )�
no clear distinction could be made between postoperative hematoma/oedema and the 
sealant combined with dura, no measurement was taken.
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Figure 2. A) Dorsal view of interlaminar decompression on one level, showing the spinal cord (1) with 
.0/0- ���0-*/*(4�*!�Ƨǚƫ��(�ǹƩǺ��)��.0--*0)�$)"�(0.�' �/$..0 �ǹƨǺǚ��Ǻ Dorsal view of interlaminar de-
�*(+- ..$*)��ơ -�/# �$(+'�)/�/$*)�*!�$,*. �'�*1 -�/# �.0/0- ���0-*/*(4�ǹƪǺǚ
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Histological assessment
For histological analyses the operated region of the vertebral column was cut out 
en bloc with 1 cm margin around the surgical area and thus included the vertebra, 
appendicular process joints, skeletal muscle, meninges, spinal cord and spinal nerves.

�# ��'*�.�2 - �+0/�$)�ƧƦʷ�) 0/-�'��0Ƣ - ��!*-(�'$)�!*-�Ɵ3�/$*)ǚ��ơ -�Ɵ3�/$*)Ǜ�/# �
.�(+' �2�.�� ��'�$Ɵ ��2$/#��*-($��'Ǳƪ�ǹ�/�/'���� �$��'��-*�0�/.�
)�ǚǛ����$)) 4Ǜ�
���Ǻ��/�-**(�/ (+ -�/0- ǚ��)��1 -�" Ǜ�Ƨƪ���4.�+�.. ��0)/$'�/# �.�(+' �2�.�� ��'�$Ɵ �ǚ�
�# �� ��'�$Ɵ��/$*)�+-*� ..�2�.� 1�'0�/ ����$'4��4��Ǳ-�4�ǹ��/#1$.$*)�ƨƩ3ƨƯǛ���3$/-*)�
�$*+/$�.Ǜ��Ǻǚ��ơ -�� ��'�$Ɵ��/$*)Ǜ�/# �.�(+' �2�.�-*0/$) '4�+-*� .. ��2$/#�0. �*!�
$.*+-*+4'��'�*#*'�!*-�� #4�-�/$*)��)�� (� �� ��$)�+�-�ƣ)ǚ��# )�.'$� .�*!�Ʀǚƪ�((�
were cut with a microtome and stained with haematoxylin and eosin.

	$./*'*"$��'� ! �/0- .� .�*- �� 2 - � ǹƧǺ� $)Ơ�((�/*-4� - .+*). Ǜ� ǹƨǺ� ) �-*.$.Ǜ� ǹƩǺ�
) *1�.�0'�-$5�/$*)��)��ǹƪǺ�Ɵ�-*.$.ǚ��#$.��)�'4.$.�2�.�+ -!*-( ���4����*�-�Ǳ� -/$Ɵ ��
1 / -$)�-4�+�/#*'*"$./�ǹ�ǚ�Ǻǚ

Comparison group
In a previous study8 the cranial reaction to Liqoseal was compared to Duraseal and 
Tachosil in a cranial in vivo model up to 12 months postoperatively. In this earlier study 
a total of 32 domestic pigs, of mean 66 (±5.7) kg weight, underwent craniotomy plus 
durotomy. This study showed that the foreign body reaction to Liqoseal is equivalent 
to these clinically used products at that time8.

Histology and MRI results of the current study were compared with the data from this 
previous Liqoseal study in a cranial porcine model with similar survival groups to 
minimize the number of animals used. We included all animals with similar survival 
/$( �ǹ�ˇƮǺ�!-*(�/#$.�+- 1$*0.�./0�4��.����*(+�-$.*)�"-*0+ǚ��# . �Ʈ��)$(�'.�$)�'0� ��
4 Liqoseal implantation animals, 2 survived 3 days and 2 survived 7 days. The other 
four pigs were control animals, of which 2 survived 3 days and 2 survived 7 days. An 
MRI was obtained on the day of termination8.

For those cranial samples, the calvaria were cut out en bloc with a 1 cm margin around 
/# ��*) �Ơ�+��)��Ɵ3 ��$)�ƧƦʷ�) 0/-�'��0Ƣ - ��!*-(�'$)�!*-�*) �2  &ǚ��# - �ơ -�
�*-*)�'�. �/$*).�*!�ƫǱƮ�((�2 - ��- �/ �ǚ�� ��'�$Ɵ��/$*)��)��+-*� ..$)"�!*-�#$./*'*"$��'�
evaluation was performed as described for the spinal samples8.
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Results
Histology
In all 4 groups (spinal control, spinal Liqoseal, cranial control, cranial Liqoseal) the 
#$./*'*"$�� - ��/$*)� $)��''� ƪ� ��/ "*-$ .� ǹǹƧǺ� $)Ơ�((�/*-4� - .+*). Ǜ� ǹƨǺ�) �-*.$.Ǜ� ǹƩǺ�
) *1�.�0'�-$5�/$*)��)��ǹƪǺ�Ɵ�-*.$.Ǻ�2�.�.$($'�-�ǹ���' �ƧǺ.

Table 1. Overview of histological results

�+�/*�Ʃ�ǹ˂ǱƧǺ���4. ƭ�ǹ˂ǱƧǺ���4.

Spinal

Sealant Hemorrhages
� 0/-*+#$'$��$)Ɵ'/-�/$*)

Moderate amounts of macrophages
Few multinucleated giant cells
�*� -�/ '4�/#$�&�Ɵ�-*�'�./�'�4 -

Dura �$'����0/ �$)Ơ�((�/*-4�- ��/$*)ǝ�
) 0/-*+#$'$��$)Ɵ'/-�/$*)

Moderate subacute to chronic 
"-�)0'*(�/*0.�$)Ơ�((�/*-4�- ��/$*)

Cranial

Sealant Hemorrhages
� 0/-*+#$'$��$)Ɵ'/-�/$*)
�$'��/*�(*� -�/ �Ɵ�-*�'�./�+-*'$! -�/$*)
Few multinucleated giant cells

Moderate subacute to chronic 
granulomatous reaction against the sealant. 
�*� -�/ �/#$�&�Ɵ�-*�'�./�'�4 -ǚ

Dura �$'����0/ �$)Ơ�((�/*-4�- ��/$*)ǝ�
) 0/-*+#$'$��$)Ɵ'/-�/$*)
�$")$Ɵ��)/��(*0)/.�*!� *.$)*+#$'.
�$'��Ɵ�-*�'�./�+-*'$! -�/$*)

Moderate subacute to chronic 
granulomatous reaction
�$'�'4�/#$�&�Ɵ�-*�'�./�'�4 -

Day 3 spinal
In the animals in the spinal group who survived up to 3 (±1) days the histological 
�)�'4.$.�.#*2 ��#� (*--#�" .��)��) 0/-*+#$'$��$)Ɵ'/-�/$*)�2$/#$)�/# �. �'�)/�(Figure 
Ʃ�Ǻǚ��$/#$)�/# ��0-����(*� -�/ �+- �*($)�)/'4�) 0/-*+#$'$��$)Ɵ'/-�/$*)�2�.�1$.$�' ǚ�
�/���4�Ʃ���($'��Ɵ�-*�'�./�+-*'$! -�/$*)�2�.�.  )ǚ

No adhesion of the spinal cord to the dura mater nor the sealant was visible. Within the 
spinal cord either no changes or mild to severe Wallerian degeneration in the dorsal 
up to all funiculi was present. Occasionally also haemorrhages were present in the 
spinal cord.

Day 3 cranial
For the cranial group the reaction consisted of haemorrhages with mild to moderate 
) 0/-*+#$'$��$)Ɵ'/-�/$*)�2$/#$)�/# �. �'�)/�ǹ�$"0- �Ʃ�Ǻ. Furthermore, multifocally bone 
spicules, caused by the creation of burr-holes during the cranial surgical procedure, 
2 - �1$.$�' �2$/#���($'��/*�(*� -�/ �Ɵ�-*�'�./�+-*'$! -�/$*)�2$/#�! 2�(��-*+#�" .��)��
multinucleated giant cells. The multinucleated giant cells were occasionally seen within 

7
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/# �. �'�)/ǚ��$/#$)�/# ��0-��(�/ -�/# - �2�.�+- �*($)�)/�) 0/-*+#$'$��$)Ơ�((�/$*)�
2$/#���($'��Ɵ�-*�'�./�+-*'$! -�/$*)ǚ����$/$*)�''4Ǜ�.$")$Ɵ��)/��(*0)/.�*!� *.$)*+#$'.�
were visible. The histology in the cranial control animal was comparable to that in the 
animals with Liqoseal implantation.

No adhesions were visible between the nervous tissue and the dura mater or the sealant.

�*/#�$)��*)/-*'��)��$,*. �'�+$".�/# �0)� -'4$)"�) -1*0.�/$..0 �.#*2 ��(0'/$!*��''4���
mild lymphoplasmacytic meningitis, mild cortical oedema and moderate poliomalacia 
with demyelination of the corresponding white mater. Furthermore, occasionally a cell 
poor vasculitis was visible in the leptomeninges and cortex.

Figure 3. �Ǻ��$"�2$/#���.+$)�'�. �'�)/Ǜ�Ʃ���4.�+*./Ǳ�.0-" -4ǚ�� /2  )��)��$)�/# ��0-��(�/ -��)��/# �. �'-
�)/��- �#� (*--#�" .�ǹ�ˈǺ��)��) 0/-*+#$'.�ǹ˞Ǻ�1$.$�' ǚ��Ǻǚ��$"�2$/#����-�)$�'�. �'�)/Ǜ�Ʃ���4.�+*./Ǳ.0-" -4ǚ�
� /2  )�/# ��0-��(�/ -��)��/# �. �'�)/��)��$)�/# �. �'�)/��- �#� (*--#�" .�ǹˈǺ�1$.$�' ǚ��# ��--*2�
+*$)/.�/*�Ɵ�-*�'�./�+-*'$! -�/$*)��)��(��-*+#�" .�.0--*0)�$)"����*) �.+$�0' �ǹ˂Ǻǚ��Ǻ��$"�2$/#���.+$)�'�
. �'�)/Ǜ�ƭ���4.�+*./Ǳ.0-" -4ǚ�� /2  )��)��$)��*/#�/# ��0-��(�/ -��)��/# �. �'�)/�$.���"-�)0'*(�/*0.�
$)Ơ�((�/$*)�1$.$�' �ǹ˞Ǻǚ��Ǻǚ��$"�2$/#����-�)$�'�. �'�)/Ǜ�ƭ���4.�+*./Ǳ.0-" -4ǚ�� /2  )�/# ��0-��(�/ -�
�)��. �'�)/��)��2$/#$)�/# �. �'�)/�$.���"-�)0'*(�/*0.�$)Ơ�((�/$*)�1$.$�' �ǹ/#$)��--*2Ǻǚ��# �/#$�&�
�--*2�+*$)/.�/*���'�4 -�*!�) 2�!*-( ��Ɵ�-*�'�./.ǚ��# ��--*2�# ���ṉ̀ Ǻ�+*$)/.�/*���"-�)0'*(�/*0.�- ��/$*)�
�$- �/ ��/*�.0/0- �(�/ -$�'ǚ�ȝǛ��0-��(�/ -ǝ�ȑǛ�. �'�)/ǚ



151

Liqoseal in a spinal in vivo pig model

Day 7 spinal
In the spinal samples the number of macrophages increased with at 7 (±1) days moderate 
amounts of macrophages with presence of multinucleated giant cells (granulomatous 
$)Ơ�((�/$*)Ǻ�ǹ�$"0- �Ʃ�Ǻǚ��/�ƭ���4.�/# �Ɵ�-*�'�./�+-*'$! -�/$*)�� /2  )�/# �. �'�)/�
�)��/# ��0-��(�/ -�./�-/ ��/*�� �*( ���(*� -�/ '4�/#$�& )��Ɵ�-*/$��'�4 -ǚ��# �)0(� -�
*!�$)Ơ�((�/*-4�� ''.�$)�/# ��0-���)��� /2  )�/# ��0-���)��/# �' +/*( )$)" .�2�.�
small to moderate and changed from more acute with presence of neutrophils to a 
.0���0/ �/*��#-*)$��$)Ɵ'/-�/ �2$/#�'4(+#*�4/ .Ǜ�+'�.(��� ''.��)��(��-*+#�" .ǚ�
)�
one Liqoseal pig suspected adhesion between the leptomeninges and the dura mater 
was seen. Within the spinal cord either no changes or mild Wallerian degeneration in 
�$Ƣ - )/�!0)$�0'$�2 - �+- . )/�$)��*/#��*)/-*'��)��$,*. �'��)$(�'.ǚ

Day 7 cranial
�# �- ��/$*)�$)�/# ��-�)$�'�.�(+' .�.#*2 �����$./$)�/�"-�)0'*(�/*0.�$)Ơ�((�/$*)�
- �$- �/ ��/*�/# �. �'�)/ǚ��0-/# -(*- Ǜ�!*-(�/$*)�*!���Ɵ�-*�'�./$��'�4 -�� /2  )�/# �
sealant and the dura mater was observed. Within the dura mater and between the 
�0-��(�/ -��)��/# �' +/*( )$)" .��"�$)��)�$)Ơ�((�/*-4�$)Ɵ'/-�/ �.#$ơ$)"�!-*(���
(*- ���0/ �/*���.0���0/ �$)Ơ�((�/$*)�2�.�1$.$�' �ǹ�$"0- �Ʃ�Ǻ. No adhesions of the 
cerebral tissue to either the dura mater or the sealant were visible. In both control and 
$,*. �'�+$".�(0'/$!*��''4���� ''�+**-�1�.�0'$/$.�2$/#�*���.$*)�''4�Ɵ�-$)�/#-*(�$�$)�
both the leptomeninges and the cerebral cortex, a lymphoplasmacytic and histiocytic 
' +/*( )$)"$/$.�2$/#�Ɵ�-*�'�./�+-*'$! -�/$*)Ǜ�� - �-�'� � (���)��+*'$*(�'��$���)��
demyelination of the corresponding white matter was seen.

MRI
The sealant appeared hyperintense on T2-weighted images (�$"0- � ƪ�Ǳ�). The 
combined thickness of dura and sealant was determined in 5 out of 8 animals in the 
spinal Liqoseal group. In 3 animals no clear distinction could be made between the 
sealant and postoperative oedema and hematoma.

�+$)�'���
�( �.0- ( )/.�$)�/#$.�./0�4�2 - �)*/�.$")$Ɵ��)/'4��$Ƣ - )/��*(+�- ��/*�
earlier cranial measurements in a porcine model. The measured mean thickness of the 
sealant on MRI in all samples was 1.0 mm (range 0.7-2.0 mm). The mean thickness of 
the dura and sealant up to 3 (±1) days postoperatively was 0.8 mm (range 0.7-0.9 mm). 
The mean thickness of the dura and sealant at 7 (±1) days postoperatively was 1.2 mm 
(range 0.7-2.0 mm).


)�/# ��-�)$�'�(*� '�/# �( �)�/#$�&) ..�*!��0-���)��. �'�)/�2�.�ƦǚƯ�((�ǹ-�)" �Ʀǚƭ�ǲ�ƧǚƧǺ�
at 3 days and 1.1 mm at 7 days8. The overall mean thickness of dura and sealant was 1.0 
mm (range 0.7-1.1) in the cranial model.

7
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A B 

C D 

* 
* * 

Figure 4. Sealant and dura thickness measurement on MRI indicated by arrows. A) Spinal group up to 3 
��4.ǚ��Ǻ��+$)�'�"-*0+�ƭ���4.�ǹ�-/ !��/.�ǹȑǺ��0 �/*�/# �.�- 2.�0. ��!*-�Ɵ3�/$)"�/# �0�-��+'�/ .�ǹ� / -$)�-4�
Orthopedic Implants Inc, St. Augustine, USA) still facilitate assessment of the spinal cord and dura). C) 
Cranial group up to 3 days. D) Cranial group 7 days.

�$.�0..$*)
We compared the foreign body reaction of spinal Liqoseal implantation to cranial 
implantation by combining histological and MRI assessments8. The histological 
reaction to Liqoseal observed in the spinal porcine in vivo model, is comparable to the 
reaction found in the cranial porcine in vivo�(*� '�$)�/# �Ɵ-./�ƭ�+*./Ǳ*+ -�/$1 ���4.ǚ�
�# - �2�.�)*�$)�$��/$*)�*!��'$)$��''4�.$")$Ɵ��)/�.2 ''$)"�*!�$,*. �'��)��.+$)�'��0-��
up to day 7 (±1) postoperatively on MRI.

Over time we observed a foreign body reaction composed of neutrophils and reactive 
Ɵ�-*�'�./.� 0)/$'� ��4� Ʃ� ǹˌƧǺǛ� �#�)"$)"� /*� �� .0���0/ � "-�)0'*(�/*0.� $)Ơ�((�/*-4�
reaction with increasing number of macrophages, lymphocytes and the formation 
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*!���Ɵ�-*�'�./$��'�4 -�*)�/# ��0-���4���4�ƭ�ǹˌƧǺ�$)�/# �.+$)�'�(*� 'ǚ��#$.�- ��/$*)�2�.�
comparable to the cranial model, except for less pronounced presence of eosinophils 
�)����. )� �*!�(0'/$)0�' �/ ��"$�)/�� ''.�$)�/# �.+$)�'�(*� 'ǚ��#$.��$Ƣ - )� �2�.�
probably caused by bone spicules present in the cranial samples which was caused 
by the creation of burr-holes and trepanation, as opposed to laminectomy performed 
with rongeurs.

In the previous cranial study which also included animals with longer survival times, 
Liqoseal appeared to be fully resorbed between 6 and 12 months compared to DuraSeal 
(Integra LifeSciences, Princeton, USA) and Tachosil (Corza Health, San Diego, USA), 
which were fully resorbed within 3 months8. The slower degradation properties of 
Liqoseal may allow the dural defect to heal completely while maintaining a watertight 
closure. The histological assessment of animals with longer survival times in the 
�-�)$�'�./0�4�.#*2 ����� �- �. �$)�$)Ơ�((�/*-4�- .+*). �!-*(�Ƨ�(*)/#.�*)2�-�.Ǜ�
with only a minimal reaction present at 12 months8ǚ���. ��*)�/# �.$($'�-$/$ .�� /2  )�
the histological reaction in the spinal model in the short survival groups presented in 
the current study, we expect that the histological reaction will progress similarly to 
that presented in our previous cranial model with longer survival times8.

�# �Ɵ-./�$)�#0(�)�.$)"' Ǳ�-(�/-$�'��������.#*2 ��/#�/�$,*. �'�$.�.�! ��)�� �.4�/*�
use in cranial surgery9, 10. None of the patients in this trial had intra- or postoperative 
����' �&�" ǚ��# - �2�.�)*�$)�$��/$*)�*!��'$)$��''4�.$")$Ɵ��)/�.2 ''$)"�*!�/# �� 1$� �
on MRI imaging throughout the follow-up, comparable to the current study. At day 7 
thickness is 3.5 mm (0.8-8.1 mm) and at 3 months it was 2.1 (0.8-7.4 mm), compared to 
a pre-implantation and compression thickness of 5 mm9.

Swelling leading to spinal cord/nerve compression is a complication of concern with 
the use of DuraSeal which has been FDA (Food and Drug Administration) approved 
!*-�.+$)�'�0. ǚ��# �#4�-*" '���)�.2 ''�0+�/*�ƫƦʷ��)����. .�*!�) 0-*'*"$��'�� Ɵ�$/��.���
result have been reported3, 11-14ǚ��$($'�-'4Ǜ�/#$.��*(+'$��/$*)�#�.��  )�- +*-/ ��!*-�*ƢǱ
'�� '�0. �*!�Ɵ�-$)�"'0 ��.�2 ''15ǚ��#0.Ǜ���. �'�)/�2#$�#��* .�)*/�.2 ''��ơ -��++'$��/$*)�
has an important advantage. Swelling of the device, measured on MRI, should be an 
important safety measure in any future studies investigating the application of sealants 
in spinal surgery.

�/�/#$.�(*( )/Ǜ�/# - �$.�)*� Ƣ �/$1 ��)��.�! �. �'�)/�!*-�.+$)�'�0. ��1�$'��' ǚ��4./ (�/$��
- 1$ 2�*!�/# � 3$./$)"�'$/ -�/0- �.#*2 ��)*�.$")$Ɵ��)/��$Ƣ - )� �$)�����' �&�" �-�/ �
has been found between cases in which currently available sealants for spinal use were 
used in addition to suturing compared to cases with only primary suturing of the dura4. 
The CSF leakage rate in both groups was substantial at an average of 11%, while the 
secondary complications associated with CSF leakage are potentially life-threatening4.

7
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The current study is limited by the small sample size and short survival of the animals 
in the spinal in vivo model. This study was terminated before complete inclusion of 
/# �+'�)) ��.�(+' �.$5 ��)��/ -($)�/$*)�/$( �!*-�/2*�- �.*).ǜ�Ƨǚ��*� '��$ƣ�0'/$ .�
required various alterations to the surgical protocol throughout the study. 2. There 
2�.�$).0ƣ�$ )/�Ɵ)�)�$�'�.0++*-/�/*��*)/$)0 �/#$.��*./'4�./0�4Ǜ�2$/#�/# ����+/�/$*).�
/#�/�#���/*�� �(�� ǚ��*./*+ -�/$1 ��*(+'$��/$*).���0.$)"�) 0-*'*"$��'�� Ɵ�$/�$)�/# �
Ɵ-./��)$(�'.�- ,0$- ��/# $-� �-'4�/ -($)�/$*)ǚ����+/�/$*).�/*�/# �.0-"$��'�(*� 'Ǜ�2$/#�
Ɵ3�/$*)�*!�/# �.+$) Ǜ�- .*'1 ��/#$.�$..0 ��''*2$)"�!*-��*(+' / �.0-1$1�'�*!�ƭ���4.�$)�
subsequent animals7. For these reasons the distribution of intervention versus control 
animals across the groups of varying survival time are skewed.

In addition, the measurements of the sealant and dura thickness on MRI could be 
+ -!*-( ��*)���'$($/ ��)0(� -�*!��)$(�'.Ǜ�� ��0. �*!�/# ��$ƣ�0'/��$./$)�/$*)�� /2  )�
sealant/dura on MRI and postoperative oedema or hematoma in some cases. This 
limited sample size does not allow for statistical comparison of the measurements 
between groups.

Despite the limited sample size of the spinal in vivo study, we believe that the results of 
the current study and its comparison to the previously published cranial in vivo studies 
provides valuable evidence for the use of Liqoseal in spinal surgery. The comparison of 
data from the current spinal model to a previously published cranial model contributes 
to reducing unnecessary animal research. Preclinical safety data for future spinal in 
human trials may be obtained from these results instead of setting up a larger spinal 
animal study with longer survival.


)��*)�'0.$*)Ǜ�/# �.+$)�'��0-�'�#$./*'*"$��'�- ��/$*)�/*�$,*. �'��0-$)"�/# �Ɵ-./�ƭ���4.�
2�.�.$($'�-��*(+�- ��/*�/# ��-�)$�'��0-�'�- ��/$*)ǚ�$,*. �'��* .�)*/�.$")$Ɵ��)/'4�
swell in both application areas over time. Furthermore, no safety issues were reported 
$)�/# �Ɵ-./�$)�#0(�)��-�)$�'�./0�4�ǹ������Ǻ9.

Combined with previous data, this study suggests that Liqoseal can be safely applied on 
.+$)�'��0-�ǚ��$1 )�/# ��0-- )/�'��&�*!�.�! ��)�� Ƣ �/$1 ��0-�'�. �'�)/�!*-�.+$)�'�.0-" -4�
and burden of disease caused by CSF leakage, we propose that an in-human study 
$)1 ./$"�/$)"�.�! /4��)�� ƣ���4�*!�$,*. �'�$)�.+$)�'�.0-" -4�$.�/# �'*"$��'�) 3/�./ +ǚ
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Abstract
� - �-*.+$)�'� Ơ0$�� ǹ���Ǻ� ' �&�" � $.� �� �*((*)� �*(+'$��/$*)� �ơ -� ) 0-*.0-"$��'�
intervention. It is associated with substantial morbidity and increased healthcare costs. 
The current systematic review and meta-analysis aims to quantify the incidence of 
� - �-*.+$)�'�Ơ0$��' �&�" �$)�/# �+ �$�/-$��+*+0'�/$*)��)��$� )/$!4�$/.�-$.&�!��/*-.ǚ

The authors followed the PRISMA guidelines. The Embase, PubMed and Cochrane 
��/���. �2 - �. �-�# ��!*-�./0�$ .�- +*-/$)"����� ' �&�" ��ơ -� $)/-��0-�'��-�)$�'�
surgery in patients up to 18 years old. Meta-analysis of incidences was performed using 
a generalized linear mixed model.

Twenty-six articles were included in this systematic review. Data were retrieved of 2,929 
patients who underwent a total of 3,034 intradural cranial surgeries. Surprisingly, only 
!*0-�*!�/# �$)�'0� ���-/$�' .�- +*-/ ��/# $-�� Ɵ)$/$*)�*!�����' �&�" ǚ��# �*1 -�''�����
' �&�" �-�/ �2�.�ƪǚƪʷ�ǹƯƫʷ��
�ƨǚƬ�/*�ƭǚƩʷǺǚ��# �*��.�*!�����' �&�" �2 - �.$")$Ɵ��)/'4�
greater for craniectomy as opposed to craniotomy (OR 4.7, 95% CI 1.7 to 13.4) and 
infratentorial as opposed to supratentorial surgery (OR 5.9, 95% CI 1.7 to 20.6). The 
*��.�*!�����' �&�" �2 - �.$")$Ɵ��)/'4�'*2 -�!*-��0-�+'�./4�0. �1.ǚ�)*��0-�+'�./4�ǹ���
0.41 95% CI 0.2 to 0.9).

�# �*1 -�''�����' �&�" �-�/ ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)�
is 4.4%. Risk factors are craniectomy and infratentorial surgery. Duraplasty use is 
) "�/$1 '4��..*�$�/ ��2$/#�����' �&ǚ�� �.0"" ./�/*�� Ɵ) �������' �&��.�ǩ' �&�" �*!�����
/#-*0"#�/# �.&$)ǪǛ��.��)�0)�(�$"0*0.�� Ɵ)$/$*)�$.�!0)��( )/�'�!*-�!0/0- �- . �-�#ǚ

Key Words
� - �-*.+$)�'� Ơ0$�� ' �&�" Ǜ� �-�)$*/*(4Ǜ� �-�)$ �/*(4Ǜ� +*./ -$*-� !*..�� .0-" -4Ǜ�
pediatrics
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����' �&�" ��ơ -��-�)$�'�.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)

Introduction
� - �-*.+$)�'�Ơ0$�� ǹ���Ǻ� ' �&�" � $.�*) �*!� /# �(*./� �*((*)��*(+'$��/$*).��ơ -�
neurosurgical intervention. CSF leakage is associated with substantial morbidity and 
increased healthcare costs.1��) �./0�4�!*0)���)��1 -�" ��*./��$Ƣ - )� �*!�ʧƧƭǚƪƧƨ�!*-�
patients with postoperative CSF leakage compared to patients without CSF leakage.1 
CSF leakage may lead to the development of a pseudomeningocele (PMC), wound 
healing problems requiring surgical re-closure, surgical site infection, meningitis 
and pneumocephalus. CSF leakage rates reported in pediatric studies range between 
0-38%.2-6�� Ɵ)$/$*).�*!�����' �&�" �1�-4�$)�/# � 3$./$)"��*�4�*!�'$/ -�/0- ǚ

The exact magnitude of the problem in children, however, is still unknown and may 
be larger than in adults for several reasons. First, almost half of all pediatric brain 
tumors resides in the posterior fossa and posterior fossa surgeries are thought to be 
more prone to CSF leakage.1, 7, 8 Second, intraventricular tumors are more common in 
the pediatric population.8 Surgical opening of the ventricle may result in higher chance 
of postoperative CSF leakage.9 A clear understanding of the incidence and risk factors of 
CSF leakage in the pediatric population is essential in the prevention of CSF leakage in 
children. The current systematic review and meta-analysis aims to address these issues.

Methods
The authors followed the PRISMA guidelines for this systematic review and meta-analysis.10

Search strategy and selection criteria
Embase, PubMed and Cochrane databases were searched until August 31st, 2020 for 
./0�$ .�- +*-/$)"�����' �&�" ��)��- '�/ ���*(+'$��/$*).��ơ -�$)/-��0-�'��-�)$�'�.0-" -4�
in patients up to 18 years old. The following search terms were used: “children” OR 
“child” OR “pediatric” OR “paediatric” OR newborn OR “adolescent” OR “infant” AND 
”neurosurgery” OR ”craniotomy” OR “craniectomy” OR “cranial surgery” OR “tumor 
- . �/$*)Ǫ�����ǩǩ� - �-*.+$)�'�Ơ0$��' �&�" Ǫ����ǩ����' �&�" Ǫ����ǩ+. 0�*( )$)"*� ' Ǫ�
OR “incisional leakage” OR “wound leakage” OR “surgical site infection” OR “surgical 
2*0)��$)! �/$*)Ǫ����ǩ( )$)"$/$.ǪǪ��)��- ' 1�)/�� .#ȍ�(/-  �/ -(.ǚ���(*�$Ɵ ��1 -.$*)�
*!�/# �Ɵ'/ -�0. ��/*�. �-�#�+ �$�/-$��./0�$ .�$)��0�� ��$.�0. ��ǹ.  ��++ )�$3�ƧǱƩ�!*-�/# �
full search strings).11 Studies written in other languages than English, Dutch, German, 
French, Italian or Spanish were excluded. Studies written before 1966 were excluded, 
as those are not included in the PubMed database. Laboratory studies, animal studies, 
cadaveric studies, case reports, small case series (N<10) and literature reviews were 
excluded. Furthermore, studies on transsphenoidal surgery, skull base reconstructions, 
burr hole surgery (i.e. drainage of chronic subdural hematoma, needle biopsy) and 

8
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+-$(�-4� ���� �$1 -.$*)� .0-" -$ .� 2 - �  3�'0� �ǚ� �2*� �0/#*-.� ǹ��	�� �)�� ��1�Ǻ�
independently screened all records from the database search on title and abstract to 
identify relevant articles. All remaining full text articles were screened on their eligibility 
for inclusion. A consensus meeting was held to reach agreement on the included articles.

��/�� 3/-��/$*)
�# �!*''*2$)"�+�/$ )/�.+ �$Ɵ����/��$/ (.�2 - � 3/-��/ ���.�+-*+*-/$*)�*-�( �)�+ -�./0�4ǜ�
age, gender, compromised immune status, previous chemotherapy or radiotherapy, 
presence of hydrocephalus preoperatively, CSF diversion surgery (endoscopic third 
ventriculostomy (ETV)/external ventricle drain (EVD)/ ventriculoperitoneal (VP) shunt). 
The following surgical items were collected as proportion per study: site of durotomy 
(infratentorial/supratentorial), craniotomy versus craniectomy, indication for surgery 
(i.e. tumor resection or Chiari decompression), ventricular opening (yes/ no), use of 
sealant (yes/ no), use of duraplasty (yes/no), and whether a “watertight” closure of the 
dura was attempted or not. The following outcome parameter was collected: proportion 
*!�+�/$ )/.�2$/#�����' �&�" �ǹ��. ��*)�/# �$)�$1$�0�'�./0�4Ǩ.�� Ɵ)$/$*)Ǻǚ

�/0�4�,0�'$/4�2�.��.. .. �����*-�$)"�/*�/# ���/$*)�'�	 �-/Ǜ�0)"��)���'**��
)./$/0/ �
of National Institutes of Health (NIH) quality assessment tool for case series studies.12 
Studies with more than 2 items with high risk for bias or unclear risk for bias were 
�'�..$Ɵ ���.�+**-�,0�'$/4ǚ��/0�$ .�2$/#���(�3$(0(�*!�ƨ�$/ (.�2$/#�#$"#�-$.&�!*-��$�.�*-�
unclear risk for bias were judged to be of fair quality. Studies with no items with high risk 
of bias and a maximum of 1 item with unclear risk of bias were deemed of good quality.

Statistical analysis
A meta-analysis of the incidence of CSF leakage was performed using a generalized 
linear mixed model. Heterogeneity of the data across studies was determined using 
Higgins I2.13

The primary outcome measure in this study is the incidence of CSF leakage with 95% 
�*)Ɵ� )� �$)/ -1�'�ǹ�
Ǻǚ��0�"-*0+��)�'4. .�2 - �+ -!*-( ��!*-�/# �. +�-�/ �.0-"$��'�
indications Chiari decompression (with dural opening) and posterior fossa tumor 
surgery. Secondary outcome measures are the odds ratio (OR) for CSF leakage for 
craniotomy versus craniectomy, supratentorial versus infratentorial surgery, cases 
in which a duraplasty was used or not and studies in which watertight closure was 
attempted in all cases or not. Finally, three sensitivity analyses were performed 1) for 
studies of high quality only, 2) for studies of >50 patients only, 3) including the study of 
Jiang et al (see Results section).4

All analyses were performed using SAS version 9.4 (SAS Institute Inc).
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����' �&�" ��ơ -��-�)$�'�.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)

Results
The database search yielded 2,123 articles of which 26 were included in this systematic 
review ǹ�$"0- �ƧǺ. Twenty-one articles were included in the meta-analysis, as four 
articles had to be excluded because of overlapping study populations (the article 
discussing the largest sample size was included).6, 14-16 Additionally, the study of Jiang 
et al. was excluded from the meta-analysis, because they unconventionally diagnosed 
����' �&�2# )�ǧ�-�$)�" �!-*(�/# ��-�$)�" ���/# / -�2�.��' �-��)��/-�).+�- )/Ǩ�$)�/# $-�
patient population in which placement of a low-vacuum suction wound drain was part 
of the surgical protocol.4

Legend
N number

Figure 1. Flowchart of study selection

A total of 2,929 patients were included, who underwent a total of 3,034 intradural cranial 
surgeries, as some patients had more than one surgery. Table 1 provides an overview 
of study characteristics.

8
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Most included articles report retrospective consecutive case series. One study was a 
randomized controlled trial, in which patients were randomized for a crescent incision 
versus a Y-shaped incision of the dura.5 Ten studies were of poor quality, based on 
0)�' �-�� .�-$+/$*)�*!� /# � .0-"$��'�+-*� �0- ��)��+**-�� Ɵ)$/$*)�*!� /# �*0/�*( �
( �.0- �����' �&�" ��)�� $/# -�$).0ƣ�$ )/�- +*-/$)"�*!�/# �!*''*2�0+��0-�/$*)�*-�
lack of description of statistical methods. Twelve studies were of fair quality, again 
'�-" '4���. ��*)���'��&�*!��� ,0�/ �� Ɵ)$/$*)�*!�/# �*0/�*( �( �.0- .��)��$)�� ,0�/ �
reporting of statistical methods. Four studies were of good quality, these studies all 
+-*1$� ����' �-�� Ɵ)$/$*)�*!�/# �*0/�*( �( �.0- �����' �&�" ǚ���� /�$' ��� .�-$+/$*)�
of the quality assessment is presented in Supplementary Information 1.

Primary outcome measure
The overall incidence of CSF leakage was 4.4% (95% CI 2.6 to 7.3%) ǹ�$"0- �ƨǺ.

Legend

CSF � - �-*.+$)�'�Ơ0$�

Figure. 2 Forest plot incidence of CSF leakage

Subgroup analyses for type of surgery could only be performed for Chiari decompression 
(with dural opening) and posterior fossa tumor surgery, as only these indications were 
$)1 ./$"�/ ��$)�.0ƣ�$ )/�./0�$ .ǚ�����' �&�" �-�/ .�$)�/# . �.0�"-*0+.�2 - �Ʃǚƪʷ�ǹƯƫʷ��
�
ƧǚƩʷ�/*�Ʈǚƭ Ǻ̫��ơ -��#$�-$�� �*(+- ..$*)Ǜ��)��ƮǚƦʷ�ǹƯƫʷ�
�ƫǚƨǱƧƨǚƦ Ǻ̫��ơ -�+*./ -$*-�!*..��
tumor surgery. All analyses showed substantial heterogeneity. An overview of outcomes 
for the primary outcome measure and subgroup analyses can be found in Table 2.
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Table 2. Incidence of CSF leakage based on generalized linear mixed model

Outcome Incidence 
ǹʷǺ

Lower 
�*0)��ǹʷǺ

Upper 
�*0)��ǹʷǺ

Std 
Error

I2 Studies 
ǹ�Ǻ

Surgeries 
ǹ�Ǻ

Overall 4.4 2.6 7.3 1.1 93.6 21 3,034

Posterior fossa tumor resection 8.0 5.2 12.0 1.7 87.8 10 1,545

Chiari decompression 3.4 1.3 8.7 1.7 58.5 3 250

Legend
CSF � - �-*.+$)�'�Ơ0$�

Secondary outcome measures
The highest percentage of CSF leakage was found in patients undergoing craniectomy 
(10.3%, 95% CI 4.3% to 22.7%), with an OR of 4.7 (95% CI 1.7 to 13.4) compared to 
craniotomy (2.4%, 95% CI 1.0% to 5.4%). A CSF leakage rate of 6.4% (95% CI % 4.1 to 
10.0%) was found for infratentorial surgery in contrast to 1.2% (95% CI 0.4 to 3.7%) for 
supratentorial surgery (OR 5.9, 95% CI 1.7 to 20.6).

In patients with a duraplasty for dural closure the incidence of CSF leakage was 5.3% 
2# - �.�+�/$ )/.�2$/#*0/����0-�+'�./4�#�����.$")$Ɵ��)/'4�#$"# -�$)�$� )� �*!�ƧƧǚƮʷ�
(OR 0.41, 95% CI 0.19 to 0.90).

In studies in which watertight closure was attempted in all cases, the CSF leakage rate 
was 2.3% as compared to 6.4% patients in studies in which watertight closure was not 
attempted in all cases (OR 0.34 95% CI 0.1 to 2.3). An overview of the secondary outcome 
measures is presented in Table 3.

Table 3. Overview secondary outcome measures

Outcome Odds 
ratio

Lower 
bound

Upper 
bound

P-value Studies 
ǹ�Ǻ

Surgeries 
ǹ�Ǻ

Craniectomy vs. Craniotomy 4.7 1.7 13.4 0.00* 15 1,917

Infratentorial vs. Supratentorial 5.9 1.7 20.6 0.01* 18 2,373

�0-�+'�./4�1.ǚ�)*��0-�+'�./4 0.4 0.2 0.9 0.03* 5 727

Watertight closure in all cases vs. 
watertight closure not in all cases

0.3 0.1 2.3 0.27 10 1,415

Legend
CSF � - �-*.+$)�'�Ơ0$�
* �$")$Ɵ��)/
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Sensitivity analysis
Separate analyses were performed: 1) for studies of high quality only, 2) for studies of 
>50 patients only, 3) including the study of Jiang et al..4 The overall CSF leakage rate 
in studies of good quality is 7.4% (95% CI 4.6 to 11.6%).17-19 For studies of more than 50 
patients the CSF leakage rate was 3.8% (95% CI 2.0 to 7.3%).2-4, 17, 20-29 The meta-analysis 
including the study of Jiang et al. results in an overall CSF leakage rate of 4.8% (95% 
CI 2.7% to 8.3%).4 An overview of outcomes for the sensitivity analyses can be found in 
Supplementary Information 2.

�$.�0..$*)
�#$.�( /�Ǳ�)�'4.$.�.#*2.�/#�/�/# �*1 -�''�$)�$� )� �*!�����' �&�" ��ơ -�$)/-��0-�'�
cranial surgery in the pediatric population is 4.4%. Infratentorial as opposed to 
.0+-�/ )/*-$�'� .0-" -4Ǜ��)���-�)$ �/*(4��.�*++*. �� /*��-�)$*/*(4��- �.$")$Ɵ��)/�
risk factors for CSF leakage (OR 5.9 and 4.7, respectively). These results underline the 
- ' 1�)� �*!�����' �&�" �$)��'$)$��'�+-��/$� ǚ�
)�/# �+ �$�/-$��+*+0'�/$*)Ǜ�.+ �$Ɵ��''4Ǜ�
the burden of additional treatment that may be required for CSF leakage or related 
complications is substantial. In studies reporting data on treatment of CSF leakage a 
total of 37 out of 114 patients with a CSF leak were treated with a ventriculoperitoneal 
shunt.17, 19, 20-22, 25, 30-33

There is a wide range of reported CSF leakage rates (between 0.0% and 38.0%).4,5 This 
(�4�#�1 �. 1 -�'�- �.*).ǚ��$-./Ǜ�/# - �$.���'�-" �1�-$��$'$/4�$)�/# �� Ɵ)$/$*)�*!�����
' �&�" ǚ��*- *1 -Ǜ�*)'4�!*0-�*0/�*!�ƨƬ�./0�$ .���/0�''4�� .�-$� ��/# $-�� Ɵ)$/$*)�*!�
����' �&�" ǚ�� �*)�'4Ǜ�/# �2$� �$)�$� )� �-�)" �(�4�� ��0 �/*�/# ��$Ƣ - )/�/4+ .�
of surgery included across studies (i.e. supra orbital eyebrow craniotomy, epilepsy 
surgery, posterior fossa tumor surgery).

No separate analyses could be performed per type of surgery for these categories, nor 
for the risk factors age, immune status, previous chemotherapy or previous radiotherapy, CSF 
diversion surgery, preoperative hydrocephalus, ventricular opening and sealant use as there 
2�.�$).0ƣ�$ )/���/��*-�*)'4���/��*)�./0�4�' 1 '��1�$'��' �!-*(�/# �$)�'0� ��'$/ -�/0- ǚ

Our meta-analysis shows that the proportion of CSF leakage is highest in the subgroup 
*!�+�/$ )/.�0)� -"*$)"��-�)$ �/*(4�ǹƧƦǚƩʷǺǚ��#$.��$Ƣ - )� �(�4�� � 3+'�$) ���4�/# �
'��&�*!� 3/-���*0)/ -�+- ..0- �/#�/�$.�*/# -2$. �+-*1$� ���4�/# �- +'�� ���*) �Ơ�+ǚ30 
� +'�� ( )/�*!�/# ��*) �Ơ�+�� �- �. .�/# ��*)/$)0*0.�.#*-/�$)�- �. ��)��� �- �. �$)�
�0-�'�./- ..���0. ���4�/# �/-$+#�.$��+0'.�/$*).�*!�� - �-*.+$)�'�Ơ0$�ǚ34 Furthermore, 
/# ��*) �Ơ�+�(�4�- �0� �/# �� ���.+�� �2#$�#�$.��- �/ ���ơ -�� /��#( )/�*!� /# �
muscles in the suboccipital region and support their reattachment to the replaced 
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�*) �Ơ�+Ǜ�.*�/#�/��*'' �/$*)�*!�����$)�/#$.�.+�� �$.�'$($/ ���)��+. 0�*( )$)"*� ' �$.�
prevented.30

�#$.�( /�Ǳ�)�'4.$.�Ɵ)�.�������' �&�" �-�/ �*!�Ʃǚƪʷ��ơ -��#$�-$�� �*(+- ..$*)�.0-" -4ǚ�
The relatively low leakage rate in this population is surprising considering the above-
mentioned surgical risk factors (infratentorial surgery and craniectomy) as this 
population essentially represents a combination of these two items.

On the contrary, a high leakage rate in posterior fossa tumor surgery (8.0%) is found. 
This type of surgery may be prone for leakage because pediatric brain tumors frequently 
reside in the fourth ventricle, requiring opening of the telovelar membrane and leaving 
a wide-open ventricle. Furthermore, postoperative hydrocephalus may contribute to 
the increased incidence of CSF leakage in this population.23

�# � Ƣ �/�*!�2�/ -/$"#/��'*.0- �2�.�)*/�.$")$Ɵ��)/�$)�/#$.�./0�4ǚ�	*2 1 -�/# � Ƣ �/�$)�
this analysis may be limited because it was only possible to compare studies in which 
all cases were closed in watertight fashion to those in which not all cases were closed 
2$/#�/#$.��$(�ǹ/# ��0-��2�.�' ơ�*+ )�$)��''���. .�$)�*) �./0�431, in other studies 10-89%18, 

26, 28 of cases were not closed in a watertight manner).

���� ' �&�" �2�.� .$")$Ɵ��)/'4� ' ..� !- ,0 )/� $)�+�/$ )/.� $)�2#*(����0-�+'�./4�2�.�
+ -!*-( ��ǹ���ƦǚƪƧǺǚ��#$.�(�4�- Ơ �/�/#�/�2# )���- !0'��// )/$*)�$.�+�$��/*�*+/$(�'�
closure of the dura with or without augmentation such as duraplasty or sealants the 
risk of CSF leakage is reduced. No distinction has been made in this study between 
�0/*'*"*0.�*-�.4)/# /$��(�/ -$�'ǚ���./0�4��4�	�' � /��'ǚ�ǹƨƦƨƦǺ�$)�$��/ .�/#�/�"-�ơ��0-�'�
closure may furthermore be protective against hydrocephalus and wound infection in 
patients undergoing posterior fossa tumor surgery.23

Compared to adults the incidence of CSF leakage found in children is considerably lower, 
which is contrary to our expectations considering the high number of craniectomies and 
infratentorial surgeries included. A recent meta-analysis has found that the rate of CSF 
leakage in adults is 8%.35��.�$.�/# ���. �$)�+ �$�/-$��'$/ -�/0- Ǜ�/# �� Ɵ)$/$*)�*!�����' �&�" �
reported in studies on adults is not uniform either. This may explain the discrepancy 
between the incidence of CSF leakage in both populations. Another factor may be that the 
meta-analysis on adults includes studies in which sealants use was compared, this patient 
population may, therefore, be one which is more prone to CSF leakage, considering a 
substantial number of studies selected patients based on intraoperative CSF leakage. 
�*- *1 -Ǜ�/#$.�(�4�� ���- .0'/�*!�$)�- �. ��Ơ 3$�$'$/4�*!�/# �/$..0 .�$)��#$'�- )��*(+�- ��
to adults allowing for better surgical closure of the dura and skin layers.

This meta-analysis is subject to several limitations. Most importantly, the studies included 
�- �# / -*" )*0.�$)�/# $-�� Ɵ)$/$*).�*!�/# �*0/�*( �( �.0- Ǜ�+*+0'�/$*)��)��!*''*2Ǳ0+�

8
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�0-�/$*)ǚ��# �(�%*-$/4�*!�./0�$ .�$)�'0� ��$)�/#$.�( /�Ǳ�)�'4.$.��*�)*/��' �-'4�� Ɵ) �/# �
*0/�*( �( �.0- �����' �&�" ǚ��#*. �/#�/��*Ǜ�0. ���1�-$ /4�*!�� Ɵ)$/$*).Ǜ�!*-� 3�(+' Ǜ�
� $)"�ǧ����' �&�/#-*0"#�/# �.&$)Ǩ��)��ǧ�''�����' �&.�- ,0$-$)"�.0-"$��'�$)/ -1 )/$*)Ǩǚ17, 19 
�#$.�*�1$*0.'4�- .0'/.�$)��$Ƣ - )� .�$)�*0/�*( Ǜ��.�$.�- Ơ �/ ���4�/# �
2-values found in 
/# �( /�Ǳ�)�'4. .ǚ�
/�2�.�)*/�+*..$�' �/*���*+/���.+ �$Ɵ��� Ɵ)$/$*)�*!�����' �&�" �!*-�/#$.�
meta-analysis, as too few publications mention this. One study has been excluded because 
$/�$)�'0� ���' �-�Ơ0$��$)���'*2Ǳ1��00(�.0�/$*)$)"�2*0)���-�$)�" �.4./ (��.�����' �&�" Ǜ�
resulting in an outstandingly high CSF leakage rate of 38.0%.4 In a sensitivity analysis 
including this publication we found an overall CSF leakage rate of 4.8% (4.4% without), 
$)�$��/$)"�/#$.�./0�4�#�.�)*��'$)$��''4�( �)$)"!0'�$)Ơ0 )� �*)�/# �*1 -�''�*0/�*( ǚ

Secondly, the risk factor analyses for duraplasty use and watertight closure were based 
on a limited number of studies. Therefore, caution should be applied in generalizing 
these results.

Thirdly, we did not exclude patients with subdural-to-extracranial implants, such as 
.0��0-�'�"-$�� ' �/-*� .Ǜ�2#$�#�(�4�$)Ơ0 )� �����' �&�" Ǜ��0/�/# �/*/�'�$)Ơ0 )� �*!�
this population on the overall results is expected to be minimal.

�*0-/#Ǜ�/# �- .0'/.�*!�/# �-$.&�!��/*-��)�'4.$.��- �+*/ )/$�''4�$)Ơ0 )� ���4��*)!*0)�$)"ǚ�
This is inherent to the design of the included publications and the fact that obtained data 
do not allow correction for potential bias. Future research should further investigate 
potential risk factors in a multivariate analysis.

�./'4Ǜ�,0�'$/4��.. ..( )/�$� )/$Ɵ ��*)'4�Ʃ�ǩ"**��,0�'$/4Ǫ�./0�$ .�*0/�*!�/# �ƨƬ�$)�'0� ��
in the meta-analysis, compromising quality for the reported outcome measure. The 
sensitivity analysis shows a higher incidence of CSF leakage in studies of good quality, 
7.4 % vs. 4.4% found in all studies which may indicate that the CSF leakage rate in this 
study may be an underestimation of the true CSF leakage rate.

Despite these limitations this meta-analysis provides a representable overview of the 
CSF leakage rate and associated risk factors reported in the current body of literature. 
�*- *1 -Ǜ�$/� (+#�.$5 .�/# �)  ��!*-���0)$!*-(�� Ɵ)$/$*)��)��!0/0- �./0�$ .� 1�'0�/$)"�
CSF leakage and preventative strategies in the pediatric population. CSF leakage 
may include both incisional leakage and pseudomeningocele (PMC). Incisional CSF 
' �&�" �$.�� Ɵ) ���.�' �&�" �*!�����/#-*0"#�/# �.&$)Ǜ�2# - �.�������$.��)� 3/-��0-�'�
collection of CSF under the skin.36 Although PMC in the absence of incisional CSF 
leakage can cause symptoms such as, intracranial hypotension, aseptic meningitis, 
+�$)��)��+.4�#*'*"$��'��$./- ..Ǜ�/# ��*)�$/$*)�$.�*ơ )�. '!Ǳ'$($/$)"�ǚ36, 37 Describing and 
,0�)/$!4$)"�.4(+/*(�/$��������)�� ��$ƣ�0'/�� ��0. �/# ��$�")*.$.�$.�.0�% �/$1 �$)�
contrast to incisional CSF leakage. Therefore, it should be considered a separate entity.
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Conclusions
�# �*1 -�''�����' �&�" �-�/ ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)�
is 4.4%. The highest leakage rate is found in patients undergoing a craniectomy. 
Infratentorial surgery is also associated with higher incidence of CSF leakage, whereas 
the use of a duraplasty is negatively associated with CSF leak. We emphasize the need 
!*-���0)$!*-(��)���'$)$��''4�( �)$)"!0'�� Ɵ)$/$*)�*!�����' �&�" Ǜ�.0"" ./$)"�ǩ' �&�" �
of CSF through the skin”.
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Appendix 1: Pubmed search
(“Craniotomy”[Mesh] OR Craniotom*[Title/Abstract] OR Craniectom*[Title/Abstract] 
OR cranial surgery[Title/Abstract] OR tumor resect*[Title/Abstract] OR tumour 
resect*[Title/Abstract] OR neurosurgery*[Title/Abstract])

AND

(“Cerebrospinal Fluid Leak”[Mesh:NoExp] OR Cerebrospinal Fluid Leak*[Title/
Abstract] OR CSF leak*[Title/Abstract] OR pseudomeningocele[Title/Abstract] OR 
incisional leak*[Title/Abstract] OR “Meningitis”[Mesh] OR meningitis[Title/Abstract] 
OR “Surgical Wound Infection”[Mesh] OR Surgical Wound Infection*[Title/Abstract] 
OR wound infection*[Title/Abstract] OR wound leak*[Title/Abstract] OR surgical site 
infection*[Title/Abstract])

AND

 (Infan*[Title/Abstract] OR toddler*[tiab] OR minor[tiab] OR minors*[tiab] OR boy[tiab] 
OR boys[tiab] OR girl[tiab] OR girls[tiab] OR kid[tiab] OR kids[tiab] OR child[tiab] OR 
children*[tiab] OR adolescen*[tiab] OR juvenil*[tiab] OR youth*[tiab] OR teen*[tiab] OR 
pediatrics[MESH] OR pediatri*[tiab] OR paediatri*[tiab] OR youth[tiab] OR youths[tiab] 
OR teen[tiab] OR teens[tiab] OR teenager[tiab] OR youngster*[tiab] OR child[MeSH])
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Appendix 2: Embase search
ǹǧ�-�)$*/*(4Ǩȍ 3+����ǧ�-�)$*/*(ȑǨǜ��Ǜ/$����ǧ�-�)$ �/*(ȑǨǜ��Ǜ/$����ǧ�-�)$�'�.0-" -4Ǩǜ��Ǜ/$�
���ǧ/0(*-�- . �/ȑǨǜ��Ǜ/$����ǧ/0(*0-�- . �/ȑǨǜ��Ǜ/$����) 0-*.0-" -4ȑǜ��Ǜ/$Ǻ

AND

ǹǧ'$,0*--# �Ǩȍ 3+ȍ(%� ��� ǧ� - �-*.+$)�'� Ơ0$�� ' �&ȑǨǜ��Ǜ/$� ��� ǧ�.!� ' �&ȑǨǜ��Ǜ/$� ���
+. 0�*( )$)"*� ' ǜ��Ǜ/$� ��� ǧ$)�$.$*)�'� ' �&ȑǨǜ��Ǜ/$� ��� ǧ( )$)"$/$.Ǩȍ 3+� ���
( )$)"$/$.ǜ��Ǜ/$����ǧ.0-"$��'�$)! �/$*)Ǩȍ 3+����ǧ.0-"$��'�2*0)��$)! �/$*)ȑǨǜ��Ǜ/$����
ǧ2*0)��$)! �/$*)ȑǨǜ��Ǜ/$����ǧ2*0)��' �&ȑǜ��Ǜ/$Ǩ����ǧ.0-"$��'�.$/ �$)! �/$*)ȑǨǜ��Ǜ/$Ǻ

AND

(infan*:ab,ti OR toddler*:ab,ti OR minor:ab,ti OR minors*:ab,ti OR boy:ab,ti OR 
boys:ab,ti OR girl:ab,ti OR girls:ab,ti OR kid:ab,ti OR kids:ab,ti OR child:ab,ti OR 
children*:ab,ti OR adolescen*:ab,ti OR juvenil*:ab,ti OR youth*:ab,ti OR teen*:ab,ti OR 
ǧ+ �$�/-$�.Ǩȍ 3+����+ �$�/-$ȑǜ��Ǜ/$����+� �$�/-$ȑǜ��Ǜ/$����4*0/#ǜ��Ǜ/$����4*0/#.ǜ��Ǜ/$����
/  )ǜ��Ǜ/$����/  ).ǜ��Ǜ/$����/  )�" -ǜ��Ǜ/$����4*0)"./ -ȑǜ��Ǜ/$����ǧ�#$'�Ǩȍ 3+Ǻ

AND

[embase]/lim

8
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Appendix 3: Cochrane search
MeSH descriptor: [Craniotomy] explode all trees OR craniotom* OR craniectom* OR 
cranial surgery OR tumor resect* OR tumour resect* OR neurosurger*

AND

MeSH descriptor: [Cerebrospinal Fluid Leak] explode all trees OR MeSH descriptor: 
[Meninges] explode all trees OR MeSH descriptor: [Surgical Wound Infection] explode 
all trees OR Cerebrospinal Fluid Leak OR CSF leak* OR pseudomeningocele OR 
incisional leak*OR OR meningitis OR Surgical Wound Infection* OR wound infection* 
OR wound leak*OR surgical site infection*

AND

MeSH descriptor: [Pediatrics] explode all trees OR MeSH descriptor: [Child] explode 
all trees OR Infan* OR toddler* OR minor OR minors* OR boy OR boys OR girl OR 
girls OR kid OR kids OR child OR children* OR adolescen* OR juvenil* OR youth* OR 
teen* OR pediatri* OR paediatri*OR youth OR youths OR teen OR teens OR teenager 
OR youngster*
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Supplementary Information 1.  
Overview of quality assessment
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Culley 1994 Yes Yes Yes Yes No No NR Yes Yes Poor

Gopalakrishnan 2012 Yes Yes Yes Yes No No NR Yes Yes Poor

Houdemont 2011 Yes Yes Yes Yes No No NR Yes Yes Poor

Parizek 1998 Yes Yes Yes Yes Yes No NR NR Yes Poor

Srinivasan 1999 No Yes Yes Yes Yes No Yes NA Yes Poor

Panigrahi 2012 Yes Yes CD Yes Yes No NR NA Yes Poor

Hale 2019 Yes Yes Yes Yes No No NR Yes Yes Poor

Krieger 1999 Yes Yes Yes Yes Yes No Yes NR Yes Fair
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Levy 2003 Yes Yes Yes Yes Yes No Yes NR Yes Fair

Parker 2011 Yes Yes Yes Yes Yes No Yes Yes Yes Fair

Soleman 2019a Yes Yes Yes Yes Yes No Yes Yes Yes Fair

Jiang 2018b Yes Yes Yes Yes Yes No Yes Yes Yes Fair

Roth 2018 Yes Yes Yes Yes Yes No Yes Yes Yes Fair
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Muszynski 1994 Yes Yes Yes Yes Yes Yes Yes Yes Yes Good

Hosainey 2014 Yes Yes Yes Yes Yes Yes Yes Yes Yes Good

Steinbok 2007 Yes Yes Yes Yes Yes Yes NR Yes Yes Good
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Legend
a not included in meta-analysis because of overlap with another study included in the meta-analysis.
b not included in meta-analysis because of overestimation of CSF leakage because overestimation 

of CSF leakage resulting from wound drainage and inclusion of clear production in the drainage 
system as CSF leakage

CD Cannot determine

NA Not applicable

NR Not reported

Yes Low risk of bias

CD/NA/NR Unclear risk of bias

No High risk of bias

8
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Abstract
Objective
�# �-$.&�*!�����' �&�" ��ơ -��-�)$�'�.0-" -4��)��$/.��..*�$�/ ���*(+'$��/$*).�$)��#$'�- )�
�- �0)�' �-�� ��0. �*!�1�-$��' �� Ɵ)$/$*).��)��/# �'��&�*!�(0'/$� )/ -�./0�$ .ǚ�
)�/#$.�
./0�4�/# ��0/#*-.��$( ��/*� ./��'$.#�/# �$)�$� )� �*!�����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�
surgery in the pediatric population. In addition, we evaluated potential risk factors and 
complications related to CSF leakage in the pediatric population.

Methods
The authors performed an international multicenter retrospective cohort study in three 
tertiary neurosurgical referral centers. All patients were included who were aged 18 
years or younger and had undergone cranial surgery to reach the subdural space during 
the period between 2015 and 2021. Patients who died or were lost to follow-up within 6 
2  &.��ơ -�.0-" -4�2 - � 3�'0� �ǚ��# �+-$(�-4�*0/�*( �( �.0- �2�.�/# �$)�$� )� �
*!�����' �&�" Ǜ�� Ɵ) ���.�' �&�" �/#-*0"#�/# �.&$)Ǜ�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4ǚ�
Univariable and multivariable logistic regression analyses were performed to identify 
risk factors for and complications related to CSF leakage.

Results

)�/*/�'Ǜ�ƭƫƯ�+-*� �0- .�2 - �$� )/$Ɵ �Ǜ�+ -!*-( ��$)�ƬƮƭ�$)�$1$�0�'�+�/$ )/.ǚ��# �
$)�$� )� � *!� ���� ' �&�" � 2�.� ƭǚƫʷ� ǹƯƫʷ� �
� ƫǚƭǲƯǚƬǺǚ� 
)� /# � (0'/$1�-$�/ � (*� 'Ǜ�
$)� + )� )/�-$.&�!��/*-.�!*-�����' �&�" �2 - �#4�-*� +#�'0.�ǹ���ƪǚƫǛ�Ưƫʷ��
�ƨǚƨǲƮǚƯǺ�
�)���-�)$ �/*(4�ǹ���ƭǚƬǛ�Ưƫʷ��
�ƩǚƦǲƧƯǚƫǺǚ���/$ )/.�2$/#�����' �&�" �#���#$"# -�*��.�
*!�+. 0�*( )$)"*� ' �ǹƫǚƭǛ�Ưƫʷ��
�ƩǚƦǲƧƦǚƮǺǛ�( )$)"$/$.�ǹƨƧǚƧǛ�Ưƫʷ��
�ƯǚƫǲƪƬǚƮǺǛ��)��
.0-"$��'�.$/ �$)! �/$*)�ǹƭǚƪǛ�Ưƫʷ��
�ƨǚƬǲƨƦǚƮǺ�/#�)�+�/$ )/.�2$/#*0/�' �&�" ǚ

Conclusions 
���� ' �&�" �-$.&� $)��#$'�- )��ơ -��-�)$�'� .0-" -4Ǜ�2#$�#� $.��*(+�-��' � /*� /# � -$.&�
reported in adults, is an event of major concern and has a serious clinical impact.
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� - �-*.+$)�'�Ơ0$�� ' �&�" ǝ�+ �$�/-$�.ǝ� $)! �/$*)ǝ��-�)$�'�.0-" -4ǝ�#4�-*� +#�'0.ǝ�
craniectomy
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Introduction
� - �-*.+$)�'�Ơ0$��ǹ���Ǻ�' �&�" �$.���2 ''Ǳ&)*2)��*(+'$��/$*)�*!�) 0-*.0-" -4�/#�/�
may lead to wound-healing problems, pneumocephalus, surgical site infection (SSI), 
and meningitis. In addition to increased morbidity, CSF leakage has been associated 
with increased healthcare cost1,2.

� �+ -!*-( ����.4./ (�/$��- 1$ 2��)��( /�Ǳ�)�'4.$.��)���*)�'0� ��/#�/�� Ɵ)$/$*).�
of CSF leakage are highly variable and that instances are underreported3. This lack 
*!��*).$./ )�4�#�.�- .0'/ ��$)���2$� �$)/ -1�'�*!�+- .0( ��-$.&�*!�����' �&�" ��ơ -�
) 0-*.0-" -4�$)��#$'�- )�ǹƦʷǲƩƮʷǺǛ�2$/#��)��1 -�" �-$.&�*!�ƪǚƪʷ3. Thereby extensive 
- . �-�#�$)/*�-$.&�!��/*-.�*!�����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4�$)�/# �+ �$�/-$��
+*+0'�/$*)�$.�'��&$)"Ǜ��)��/# �(�%*-$/4�*!�./0�$ .�*)'4�- +*-/�*)�.+ �$Ɵ��.0���/ "*-$ .Ǜ�
for example, posterior fossa tumor surgery4-7.

The term CSF leakage may be used imprecisely to mean both incisional leakage and 
+. 0�*( )$)"*� ' �ǹ���Ǻǚ�
)�$.$*)�'�����' �&�" �$.�� Ɵ) ���.�' �&�" �*!�����/#-*0"#�
the skin, whereas PMC is a subcutaneous collection of CSF8,9. Although PMC without 
incisional CSF leakage may lead to intracranial hypotension, aseptic meningitis, pain, 
�)��+.4�#*'*"$��'��$./- ..Ǜ�$/�$.�*ơ )�. '!Ǳ'$($/$)"9.Therefore, in the present study CSF 
' �&�" �2�.�� Ɵ) ���.�$)�$.$*)�'�����' �&�" ��)������2�.��*).$� - ����. +�-�/ � )/$/4ǚ


)� /#$.� ./0�4�2 � �$( �� /*�  ./��'$.#� /# � $)�$� )� � *!� $)�$.$*)�'� ���� ' �&�" � �ơ -�
$)/-��0-�'��-�)$�'�.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4ǚ�
)�
addition, we sought to evaluate the risk factors and complications associated with CSF 
leakage in the pediatric population. Establishing the clinically meaningful impact of 
CSF leakage in children and identifying risk factors will give further direction to the 
development of strategies to prevent CSF leakage.

Methods
�/0�4�� .$")
This multicenter historical cohort study included pediatric patients who were 
consecutively operated on between January 1, 2015, and June 30, 2021, in the Wilhelmina 
�#$'�- )Ǩ.�	*.+$/�'��)���-$)� ..��ç3$(��� )/ -�!*-�� �$�/-$���)�*'*"4�$)��/- �#/Ǜ�/# �
� /# -'�)�.Ǜ��)��/# ��)$1 -.$/4��#$'�- )Ǩ.�	*.+$/�'��)��/# ��)$1 -.$/4�	*.+$/�'�$)�
Zurich, Switzerland. This study was approved by the institutional review boards and the 
local ethics committees and conducted according to the Strengthening the Reporting 
*!���. -1�/$*)�'��/0�$ .�$)��+$� ($*'*"4�ǹ������Ǻ�"0$� '$) .10.

9
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Study Population
All patients aged 18 years or younger who underwent intradural cranial surgery and 
for whom a complete surgical report was available were considered for inclusion. We 
excluded data for patients who had undergone burr-hole surgery (i.e., drainage of 
chronic subdural hematoma, ventriculoperitoneal [VP] shunt placement, or endoscopic 
third ventriculostomy [ETV]) or transsphenoidal surgery and patients who had died 
2$/#$)�Ƭ�2  &.��ơ -�.0-" -4�*-�2 - �'*./�/*�!*''*2Ǳ0+ǚ�
!�- *+ -�/$*)�*��0-- ��2$/#$)�
6 weeks for reasons other than treatment of CSF leakage, the case was excluded. A 
ƬǱ2  &�+ -$*��2�.��#*. )�/*�- Ơ �/���- �'$./$��!*''*2Ǳ0+��0-�/$*)�!*-�+*./*+ -�/$1 �
neurosurgical cases, taking into consideration that postoperative CSF leakage outside 
this window is unlikely. Inclusion and exclusion criteria are presented in Supplemental 
Table 1.

��/���*'' �/$*)
Procedures eligible for inclusion were selected based on operation codes in the electronic 
patient records or a prospectively collected database. Data were collected by screening 
of medical notes, medical imaging, and surgical reports in the electronic patient record 
!-*(�Ƭ�2  &.�+-$*-�/*�.0-" -4�/*�Ƭ�2  &.��ơ -�.0-" -4�!*-��''� '$"$�' �+�/$ )/.ǚ

Collected patient data included age at time of surgery, steroid use for at least 2 consecutive 
��4.��$- �/'4�� !*- �*-��ơ -�.0-" -4Ǜ��$�")*.$.�*!�#4�-*� +#�'0.���. ��*)�( �$��'�
imaging or medical notes, perioperative CSF diversion surgery (external ventricular 
drainage [EVD], external lumbar drainage [ELD], and VP shunt or ETV), perioperative 
chemotherapy, and perioperative radiotherapy. Patients treated with steroids 
$(( �$�/ '4�� !*- �*-��ơ -�.0-" -4�*-�2$/#�+ -$*+ -�/$1 ��# (*/# -�+4�ǹ2$/#$)�Ƭ�2  &.�
� !*- �*-��ơ -�.0-" -4ǺǛ��)��+�/$ )/.�2$/#�&)*2)��0/*$((0) ��$. �. �2 - ��'�..$Ɵ ��
as immunocompromised. Surgical characteristics included neurosurgical center, 
anatomical location of the durotomy (infratentorial or supratentorial), indication for 
surgery (tumor, vascular, Chiari decompression, epilepsy, trauma, infection), reoperation 
ǹ� Ɵ) ���.��)4��*). �0/$1 �.0-" -4��/�/# �.�( ��)�/*($��'�'*��/$*)ǺǛ�0. �*!�+-*�0�/.�2$/#�
the intention to seal the dura, use of duraplasty, emergency surgery, replacement of the 
�*) �Ơ�+�ǹ�-�)$*/*(4ȍ�-�)$ �/*(4ǺǛ��)��2�/ -/$"#/��'*.0- ��// (+/�ǹ4 .ȍ)*Ǻǚ

Characteristics with respect to the clinical course included total number of admission 
days, number of days in the pediatric intensive care unit (PICU), and new neurological 
� Ɵ�$/��ơ -�.0-" -4�ǹ$)�'0�$)"�2*-. )$)"�*!� 3$./$)"�� Ɵ�$/Ǻǚ�
)���. �*!�����' �&�" �/# �
following additional data were collected: the estimated number of extra admission days 
due to CSF leakage (estimated by subtracting the standard number of admission days 
necessary for the procedure from the actual days in hospital), surgical wound revision 
because of CSF leakage, CSF-diverting procedure because of CSF leakage, number of 
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days of CSF diversion, lumbar puncture to treat CSF leakage, extra suture placement 
or pressure bandage because of CSF leakage, and puncture of PMC.

�# �+-$(�-4�*0/�*( �( �.0- �2�.�����' �&�" �2$/#$)�Ƭ�2  &.��ơ -�.0-" -4Ǜ�� Ɵ) ��
�.�' �&�" �*!�����/#-*0"#�/# �.&$)�ǹ $/# -��*)Ɵ-( ��2$/#�� /�ǱƨǱ/-�).! --$)�/ ./�*-�
reported in the clinical notes). Secondary outcome measures included the presence of 
����ǹ� Ɵ) ���.���.0��0/�) *0.��*'' �/$*)�*!����ǺǛ�( )$)"$/$.�ǹ.0.+$�$*)�*-��$�")*.$.�*!�
meningitis based on antibiotic treatment according to the clinical notes or positive CSF 
culture) and SSI (diagnosis or suspicion of SSI based on antibiotic treatment according 
/*�/# ��'$)$��'�)*/ .�*-�+*.$/$1 �2*0)���0'/0- Ǻ�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4ǚ

Statistical Analyses
��. '$) ��#�-��/ -$./$�.�2 - ��*(+�- ��� /2  )�+�/$ )/.�2$/#��)��/#*. �2$/#*0/�����
leakage by using the Mann-Whitney U-test for nonnormally distributed continuous 
variables and a chi-square test (or Fishers exact test for contingency tables with cells below 
5) for categorical variables. The primary outcome measure is presented as percentage of 
the total population. Univariable logistic regression was used to determine the odds ratios 
(ORs) for potential risk factors for CSF leakage and secondary complications in relation 
to CSF leakage. Multivariable logistic regression analysis was subsequently applied to 
identify risk factors for CSF leakage, including variables of the univariable regression 
2$/#���.$")$Ɵ��)� �' 1 '�*!�+�̍ �ƦǚƦƫ�'$($/ ��/*�Ƨ�1�-$��' �+ -�ƧƦ�*�. -1�/$*).�*!�/# �+-$(�-4�
*0/�*( �ǹ$)�*-� -�*!�.$")$Ɵ��)� �' 1 'Ǻ11.Risk factors are presented as the OR with 95% 
�*)Ɵ� )� �$)/ -1�'�ǹ�
Ǻǚ��# �.�( �./�/$./$��'��)�'4.$.�2�.��++'$ ��/*� 1�'0�/ �/# ���%0./ ��
ORs for secondary complications in relation to CSF leakage. Multicollinearity between all 
1�-$��' .�$)�/# �(0'/$1�-$��' �(*� '�2�.��.. .. ��0.$)"�/# �1�-$�)� �*!�$)Ơ�/$*)�!��/*-�
ǹ�
�ǺǛ��)��+�1�'0 .�ˈ�ƦǚƦƫ�2 - ��*).$� - ��./�/$./$��''4�.$")$Ɵ��)/ǚ��''��)�'4. .�2 - �
+ -!*-( ��$)�
��������1 -.$*)�ƨƬǚƦ�ǹ
����*-+ǚǺǚ

Results
� (*"-�+#$�.
We included a total of 759 intradural cranial procedures in the study data, representing 
687 individual patients ǹ�$"0- � ƧǺ. The most common indication for surgery was 
tumor resection (44.8%). The location of the durotomy was infratentorial in 23.8% of 
procedures ǹ���' �ƧǺ. A total of 36 procedures (4.7%) included a craniectomy (Chiari 
� �*(+- ..$*)Ǜ�)�ˇ�Ƨƫ�ǻƪƧǚƭʷǼǝ�1�.�0'�-Ǜ�)�ˇ�ƭ�ǻƧƯǚƪʷǼǝ�/-�0(�Ǜ�)�ˇ�Ƭ�ǻƧƬǚƭʷǼǝ�/0(*-Ǜ�
)�ˇ�ƫ�ǻƧƩǚƯʷǼǝ�$)! �/$*)Ǜ�)�ˇ�Ʃ�ǻƮǚƩʷǼǺǛ��(*)"�2#$�#�ƪƧǚƭʷ�2 - � ( -" )�4�+-*� �0- .ǚ�
In our cohort, craniectomies comprised 11.0% of infratentorial surgeries and 2.8% 
of supratentorial procedures. Hydrocephalus was present in 45.3% of infratentorial 
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versus 8.1% of supratentorial procedures. Compared to patients without CSF leak, 
.$")$Ɵ��)/'4�(*- �+�/$ )/.�2$/#����� ' �&�#��������$1 -.$*)� ǹ+�ˈ�ƦǚƦƦƧǺ� ǹ���' �ƧǺ, 
and the percentage of patients who had undergone CSF diversion prior to the index 
+-*� �0- �2�.�.$")$Ɵ��)/'4�#$"# -�$)�+�/$ )/.�2$/#�����' �&�" �ǹƩƧǚƬ�1.�ƧƦǚƦʷǛ�+�ˈ�
0.001) ǹ�0++' ( )/�'����' �ƨǺ. Similarly, placement of CSF diversion during the index 
+-*� �0- �*��0-- ��(*- �*ơ )�$)�+�/$ )/.�2$/#�����' �&�" �ǹƫǚƩʷ�1.�ƧǚƦʷǛ�+ˇ�ƦǚƦƩƩǺǚ�
�ơ -� /# � $)� 3�+-*� �0- Ǜ� �������$1 -.$*)�+-*� �0- � !*-� - �.*).�*/# -� /#�)�����
leakage was performed in 24 patients, of whom 11 patients had already undergone 
.0�#���+-*� �0- �+-$*-�/*�*-��0-$)"�/# �$)� 3�+-*� �0- ǚ��# - �2 - �.$")$Ɵ��)/'4�(*- �
patients with CSF leakage who underwent CSF diversion postprocedure than patients 
without CSF leakage (17.5% vs 2.0%, p < 0.001).

Figure 1. Flowchart of the study population.

�$�+$�ˇ��)$1 -.$/4� �#$'�- )Ǩ.� 	*.+$/�'� �0-$�#ǝ� ����ˇ��-$)� ..� �ç3$(�� � )/ -� !*-� � �$�/-$�� �)�*'*"4ǝ�
����ˇ��$'# '($)���#$'�- )Ǩ.�	*.+$/�'ǚ
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Table 1. Patient and treatment characteristics

Variable �*/�'�ǹ)�ˇ�ƭƫƯǺ CSF Leakage p Value

� .�ǹ)�ˇ�ƫƭǺ �*�ǹ)�ˇ�ƭƦƨǺ

Patient characteristics

 Age, yrs Ư�ǹƪǲƧƩǺ Ƭ�ǹƨǲƧƨǺ Ư�ǹƪǲƧƩǺ 0.059a

 Female sex 355 (46.8) 21 (36.8) 334 (47.6) 0.118b

 Craniectomy 36 (4.7) 10 (17.5) 26 (3.7) <0.001*c

 Infratentorial op 181 (23.8) 25 (43.9) 156 (22.2) <0.001*b

 Immunocompromised 233 (30.7) 29 (50.9) 204 (29.1) 0.001*b

 Radiation therapy 89 (11.7) 13 (22.8) 76 (10.8) 0.007*b

 Chemotherapy 108 (14.2) 15 (26.3) 93 (13.2) 0.007*b

 Hydrocephalus 129 (17.0) 26 (45.6) 103 (14.7) <0.001*b

 CSF diversion 111 (14.6) 25 (43.9) 86 (12.3) <0.001*b

Op characteristics

 Neurosurgical center 0.471b

 Princess Maxima Center for pediatric oncology 244 (32.1) 22 (9.0) 222 (91.0)

��$'# '($)���#$'�- )Ǩ.�	*.+$/�' 406 (53.5) 29 (7.1) 377 (92.9)

��)$1 -.$/4��#$'�- )Ǩ.�	*.+$/�'��0-$�# 109 (14.4) 6 (5.5) 103 (94.5)

 Reop 161 (21.2) 15 (26.3) 146 (20.8) 0.327b

 Emergency op 56 (7.4) 10 (17.5) 46 (6.6) 0.006c

Indication 0.022*c

 Tumor 340 (44.8) 33 (57.9) 307 (43.7)

 Vascular 63 (8.3) 3 (5.3) 60 (8.5)

 Chiari 15 (2.0) 2 (3.5) 13 (1.9)

 Epilepsy 324 (42.7) 16 (28.1) 308 (43.9)

 Trauma 6 (0.8) 2 (3.5) 4 (0.6)

 Infection 11 (1.4) 1 (1.8) 10 (1.4)

Watertight closure 592 (92.1) 41 (89.1) 551 (92.3) 0.399c

Duraplasty use 195 (28.6) 19 (35.2) 176 (28.0) 0.264b

Sealant use 327 (47.5) 24 (44.4) 303 (47.8) 0.636b

Clinical course

 Days in hospital Ƭ�ǹƫǲƯǺ ƧƬ�ǹƯǲƨƨǚƫǺ Ƭ�ǹƫǲƮǺ <0.001*a

 Days in PICU Ƨ�ǹƧǲƧǺ Ƨ�ǹƧǲƨǚƫǺ Ƨ�ǹƧǲƧǺ <0.001*a

� � 2ȍ$)�- �. ��) 0-*'*"$��'�� Ɵ�$/ 160 (21.1) 27 (47.4) 133 (18.9) <0.001*b

All values are reported as number (%) for categorical variables or median (IQR) for nonnormally distributed 
continuous variables. Percentage of data missing: watertight closure 15.2%, duraplasty use 10.1%, sealant use 
9.4%, and number of days in hospital 0.1%. No data were missing for the remaining variables.
ȑ��$")$Ɵ��)/��/�+�ˈ�ƦǚƦƫǝ aMann-Whitney U-test, b chi-square test, c Fishers exact test.
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Incidence of CSF Leakage
����' �&�" �2$/#$)�Ƭ�2  &.��ơ -�.0-" -4�*��0-- ��$)�ƫƭ�*!�ƭƫƯ�ǹƭǚƫʷǛ�Ưƫʷ��
�ƫǚƭʷǲ
9.6%) surgical procedures. There was no association between neurosurgical center of 
��($..$*)��)������' �&�" �ǹ+�ˇ�ƦǚƪƭƧǺ�ǹ���' �ƧǺ.

The incidences of CSF leakage were 13.8% in infratentorial procedures and 5.5% in 
supratentorial procedures, and 27.8% in craniectomies and 6.5% in craniotomies. CSF 
leakage incidence was highest in trauma procedures (33.3%) and lowest in vascular 
surgery (4.8%) ǹ�0++' ( )/�'����' �ƩǺ.

Risk Factor Analysis
Univariable analyses revealed evidence for strong associations between CSF leakage 
and craniectomy, infratentorial surgery, emergency surgery, compromised immunity, 
perioperative radiation therapy, chemotherapy, and hydrocephalus. Furthermore, 
0)$1�-$��' � �)�'4.$.� *!� $)�$��/$*).� .#*2 ���� .$")$Ɵ��)/� �..*�$�/$*)�� /2  )�����
leakage and epilepsy surgery ǹ���' �ƨǺ.

Table 2. Univariable logistic regression analysis for CSF leakage.

Variable OR 95% CI p Value

Lower Limit Upper Limit

Age 1.0 0.9 1.0 0.058

Male sex 1.6 0.9 2.7 0.121

Craniectomy 5.5 2.5 12.2 <0.001*

Infratentorial 2.7 1.6 4.8 <0.001*

Reop 1.4 0.7 2.5 0.329

Emergency op 3.0 1.4 6.4 0.004*

Indication

 Tumor† 0.053

 Vascular 0.5 0.1 1.6 0.217

 Chiari 1.4 0.3 6.6 0.646

 Epilepsy 0.5 0.3 0.9 0.021*

 Trauma 4.7 0.8 26.4 0.082

 Infection 0.9 0.1 7.5 0.946

Sealant use 0.9 0.5 1.5 0.637

Duraplasty use 1.4 0.8 2.5 0.266

Watertight dural closure 0.7 0.3 1.8 0.447

Immunocompromised 2.5 1.5 4.4 0.001*

Radiation therapy 2.4 1.3 4.7 0.009*

Chemotherapy 2.3 1.3 4.4 0.008*

Hydrocephalus 4.9 2.8 8.5 <0.001*

ȑ��$")$Ɵ��)/��/�+�ˈ�ƦǚƦƫǚ
† Reference category.
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�ơ -�(0'/$1�-$��' ��)�'4.$.Ǜ�*)'4�#4�-*� +#�'0.�ǹ��%0./ �����ǻ���Ǽ�ƪǚƫǛ�Ưƫʷ��
�ƨǚƨǲƮǚƯǺ�
�)���-�)$ �/*(4�ǹ����ƭǚƬǛ�Ưƫʷ��
�ƩǚƦǲƧƯǚƫǺ�.#*2 ��./-*)"� 1$� )� �!*-��)�$)� + )� )/�
association with CSF leakage ǹ���' �ƩǺ.

The multivariable analysis revealed no indication of multicollinearity among predictor 
1�-$��' .�ǹ�
��ƧǚƧƬƩǲƧǚƭƨƭǺǚ

Table 3. Multivariable logistic regression for CSF leakage

Variable aOR 95% CI p Value VIF

Lower Limit Upper Limit

Craniectomy 7.6 3.0 19.5 <0.001* 1.170

Infratentorial 1.1 0.5 2.1 0.888 1.347

Emergency op 1.3 0.6 3.0 0.561 1.163

Immunocompromised 1.5 0.7 3.1 0.329 1.727

Chemotherapy 1.7 0.7 3.8 0.214 1.509

Hydrocephalus 4.5 2.2 8.9 <0.001* 1.316

ȑ��$")$Ɵ��)/��/�+�ˈ�ƦǚƦƫǚ

Complications Related to CSF Leakage
Pseudomeningocele occurred in 11.3% of procedures. CSF leakage was accompanied 
by PMC in 42.1% of cases, compared to 8.8% when no CSF leakage was present (p < 
0.001). Overall incidences of 4.1% for meningitis and 2.2% for SSI were observed in 
*0-�./0�4�+*+0'�/$*)ǚ��*/#�( )$)"$/$.��)����
�*��0-- ��.$")$Ɵ��)/'4�(*- �!- ,0 )/'4�
in patients with than those without CSF leakage (31.6% vs 1.9%, p < 0.001, and 10.5% 
1.�ƧǚƬʷǛ�+�ˇ�ƦǚƦƦƧǺǚ�
)�+�/$ )/.�2$/#��*(+�- ��/*�+�/$ )/.�2$/#*0/�����' �&�" Ǜ�/# �
��
� $)�$� )� ����2�.�ƭǚƪ� ǹƯƫʷ��
�ƨǚƬǲƨƦǚƮǺ�ǹ���' �ƪǺ. Univariable analysis did not 
$� )/$!4�.$")$Ɵ��)/��..*�$�/$*).�� /2  )��" ��/�.0-" -4Ǜ�. 3Ǜ�) 0-*.0-"$��'�� )/ -Ǜ�
indication, sealant use, duraplasty use, perioperative radiation therapy, perioperative 
chemotherapy, reoperation, immunocompromised status, or SSI (Supplemental Table 
ƪǺ. For meningitis incidence in patients with CSF leakage compared to those without 
/# ����2�.�ƨƪǚƫ� ǹƯƫʷ��
� ƧƧǚƨǲƫƩǚƫǺ� ǹ���' �ƪǺ. In univariable analyses, meningitis 
was associated with epilepsy surgery, chemotherapy, immunocompromised status, 
and age at surgery ǹ�0++' ( )/�'����' �ƫǺǚ��ơ -��*-- �/$*)�!*-��# (*/# -�+4��)��
immunocompromised status in multivariable analysis of meningitis in patients with 
����' �&�" ��*(+�- ��/*�/#*. �2$/#*0/Ǜ�/# ����2�.�ƨƧǚƧ�ǹƯƫʷ��
�ƯǚƫǲƪƬǚƮǺ�ǹ���' �ƫǺ.

9
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Table 4. Complications associated with CSF leakage

Variable CSF Leakage OR 95% CI p Value

� .�ǹ)�ˇ�ƫƭǺ �*�ǹ)�ˇ�ƭƦƨ�Ǻ Lower Limit Upper Limit

PMC 24 (42.1) 62 (8.8) 7.5 4.2 13.5 <0.001*

Meningitis 18 (31.6) 13 (1.9) 24.5 11.2 53.5 <0.001*

SSI 6 (10.5) 11 (1.6) 7.4 2.6 20.8 <0.001*

ȑ��$")$Ɵ��)/��/�+�ˈ�ƦǚƦƫǚ

���' �ƫǚ Multivariable variable logistic regression for meningitis

Variable aOR 95% CI p Value

Lower Limit Upper Limit

Chemotherapy 1.4 0.5 4.1 0.524

Immunocompromised 2.0 0.7 5.2 0.173

CSF leakage 21.1 9.5 46.8 <0.001*

ȑ��$")$Ɵ��)/��/�+�ˈ�ƦǚƦƫǚ

The OR for PMC in patients with CSF leakage compared to those without was 7.5 (95% 
�
�ƪǚƨǲƧƩǚƫǺ�ǹ���' �ƪǺǚ��)$1�-$��' ��)�'4. .�.#*2 ��.$")$Ɵ��)/��..*�$�/$*).�� /2  )�
PMC and emergency surgery, male sex, hydrocephalus, age at surgery, and craniectomy 
ǹ�0++' ( )/�'����' �ƬǺ. Including these variables in multivariable analysis resulted 
$)��)���%0./ �����*!�ƫǚƭ�ǹƯƫʷ��
�ƩǚƦǲƧƦǚƮǺ�!*-�+�/$ )/.�2$/#�����' �&�" ��*(+�- ��/*�
those without ǹ���' �ƬǺ.

Table 6. Multivariable variable logistic regression for PMC

Variable aOR 95% CI p Value

Lower Limit Upper Limit

Age 0.9 0.9 1.0 0.014*

Craniectomy 2.5 1.0 6.3 0.043*

Hydrocephalus 1.2 0.7 2.2 0.560

Emergency op 1.2 0.5 2.7 0.678

Male sex 1.8 1.1 2.9 0.022*

CSF leakage 5.7 3.0 10.8 <0.001*

ȑ��$")$Ɵ��)/��/�+�ˈ�ƦǚƦƫǚ
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Treatment of CSF Leakage
��( �$�)� ./$(�/ ��Ʃ�ǹ
���ƦǲƧƧǺ���4.�*!�+-*'*)" ��#*.+$/�'�./�4��*)/-$�0/ ��/*�����
leakage. A total of 13 of 57 (22.8%) patients were readmitted because of CSF leakage. 

)1�.$1 �/- �/( )/�ǹ� Ɵ) ���.������Ǳ�$1 -/$)"�+-*� �0- Ǜ�'0(��-�+0)�/0- Ǜ�+0)�/0- �
of the PMC, or surgical wound revision) was performed in 49.1% of procedures (Table 
ƭǺ. Invasive treatment of the PMC was performed in 20.8% of procedures if it was 
accompanied by CSF leakage, whereas the PMC was punctured in 3.2% of procedures 
$)�2#$�#�/# - �2�.�)*�����' �&�" �ǹ+�ˇ�ƦǚƦƧƭǺǚ���.0-"$��'�2*0)��- 1$.$*)�2�.�+ -!*-( ��
in 17.5% of procedures ǹ���' �ƭǺǚ�
)�Ʃ�*!�ƧƦ�+�/$ )/.�2*0)��- 1$.$*)�2�.�+ -!*-( ���ơ -�
initial treatment with a CSF-diverting procedure. In 1 patient a CSF-diverting procedure 
2�.�+ -!*-( ���ơ -�- 1$.$*)�.0-" -4ǚ�����' �&�" �*��0-- ���/���( �$�)�*!�ƭ���4.�
( �$�)�ǹ
���ƪǲƧƦǺǚ��# �( �$�)�/$( �� /2  )������Ǳ�$1 -/$)"�+-*� �0- ��)���$�")*.$.�
*!�����' �&�" �2�.�Ƨ���4�ǹ
���ƧǲƩǺ��)��!*-�2*0)��- 1$.$*)�2�.�ƨ�ǹ
���ƦǚƭƫǲƧƨǚƭƫǺǚ����Ǳ
�$1 -/$)"��-�$).�2 - �& +/�$)�+'�� �!*-���( �$�)�*!�Ƭ�ǹ
���ƫǲƮǺ���4.�*)��1 -�" ǚ

Table 7. Treatment of 57 patients with CSF leakage

No. (%)

Patients with CSF leakage 57 (100)

Invasive treatment 28 (49.1)

 Surgical wound revision 10 (17.5)

 CSF diverting procedure 21 (36.8)

 EVD 7 (12.3)

 VPS 2 (3.5)

 ELD 12 (21.1)

Lumbar puncture 0 (0.0)

Puncture of PMC 5 (8.8)

Multiple invasive treatments 8 (14.0)

Conservative treatment 36 (63.2)

 Pressure bandage 30 (52.6)

 Additional sutures 19 (33.3)

A total of 29 patients did not undergo invasive treatment, and of these 21 patients 
received additional sutures and/or a pressure bandage. There were 8 patients who did 
)*/�- � $1 �/- �/( )/�.+ �$Ɵ��''4�!*-�����' �&�" ǝ�ƫ�*!�/# . �+�/$ )/.��'- ��4�#����)�
EVD in place for hydrocephalus treatment.

Eleven of 18 (61.1%) patients in whom meningitis occurred underwent wound revision or 
�����$1 -.$*)�!*-�����' �&�" ǚ��# - �2�.�)*�.$")$Ɵ��)/��$Ƣ - )� �$)�/# �/$( �� /2  )�

9
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�$�")*.$.�*!�����' �&��)��Ɵ-./�.0-"$��'�/- �/( )/�ǹ2*0)��- 1$.$*)�*-������$1 -.$*)Ǻ�*!�
this CSF leak in patients with compared to patients without meningitis (median time 
ƨ�ǻ
���ƧǲƩǼ�1.�Ƨ�ǻƧǲƨǚƭƫǼ���4.Ǜ�+�ˇ�ƦǚƨƫƧǺǚ

�$.�0..$*)
���*-�$)"�/*�/# �Ɵ)�$)".�*!�/#$.�./0�4Ǜ�/# �$)�$� )� �*!�����' �&�" �$)�/# �+ �$�/-$��
+*+0'�/$*)�$.�ƭǚƫʷ�ǹƯƫʷ��
�ƫǚƭǲƯǚƬǺǚ

�#$.�./0�4�$.Ǜ�/*�*0-�&)*2' �" Ǜ�/# �Ɵ-./�����' �&�" �$)1 ./$"�/$*)�+ -!*-( ��$)���
(0'/$� )/ -�. //$)"�/*�� Ɵ) �/# �*��0-- )� �*!�/#$.��*(+'$��/$*)�2$/#���+- .+ �$Ɵ ��
� Ɵ)$/$*)��.Ǜ�ǩ' �&�" �*!�����/#-*0"#�/# �.&$)ǛǪ�2$/#$)�/# � )/$- �.+ �/-0(�*!�+ �$�/-$��
intradural cranial neurosurgery procedures, instead of as a separate subgroup based 
on a particular indication or location (e.g., posterior fossa tumor surgery). Therefore, 
we believe the study results are robust and generalizable.

The CSF leakage incidence found in the current study is higher than that found in our 
- � )/�( /�Ǳ�)�'4.$.�ǹƪǚƪʷǛ�Ưƫʷ��
�ƨǚƬǲƭǚƩʷǺ3. This result is likely caused by the high 
portion of case series of low to fair quality in which CSF leakage incidence was not the 
+-$(�-4�*0/�*( �( �.0- ��)��2�.�*ơ )�)*/�.+ �$Ɵ��''4�� Ɵ) �ǚ��# �$)�$� )� �!*0)��
in the current study is similar to that observed in the sensitivity analysis of the meta-
�)�'4.$.�$)�'0�$)"�*)'4�#$"#Ǳ,0�'$/4�./0�$ .�ǹƭǚƪʷǝ�Ưƫʷ��
�ƪǚƬǲƧƧǚƬǺ3.The incidence of 
CSF leakage in the current pediatric population is also comparable to that found in a 
recent study in the adult population (7.5%)12.

�$.&�!��/*-.�!*-�����' �&�" �$� )/$Ɵ ��$)�/#$.�./0�4��- �#4�-*� +#�'0.�ǹ���ƪǚƫǛ�Ưƫʷ�
�
�ƨǚƨǲƮǚƯǺ��)���-�)$ �/*(4�ǹ���ƭǚƬǛ�Ưƫʷ��
�ƩǚƦǲƧƯǚƫǺǚ��#$.�- .0'/� $.� $)����*-��)� �
2$/#�Ɵ)�$)".� $)�+- 1$*0.�+0�'$��/$*).3-7. The CSF leakage rate in our subgroup of 
craniectomy procedures is comparable to that found by Gnanalingham et al. (27%)6. 
The increased CSF leak risk may be explained by the lack of rigid support, otherwise 
+-*1$� ���4�/# �- +'�� ���*) �Ơ�+Ǜ�2#$�#��''*2.�/# ��0-��/*��0'" �*0/2�-�Ǜ��*(�$) ��
with pulsatile CSF dynamics6.Preventative strategies should aim at adequately 
controlling hydrocephalus and avoiding craniectomy.

Infratentorial surgery has been reported as a risk factor for CSF leakage in previous 
./0�$ .Ǜ� 4 /�2�.�)*/� .$")$Ɵ��)/'4� �..*�$�/ �� $)� *0-�(0'/$1�-$�/ � �)�'4.$.3-5, 12.This 
suggests that factors relating to CSF pressure dynamics are most important in predicting 
����' �&�" Ǜ��)��/#0.��� ,0�/ ��*)/-*'�*!�����Ơ*2�.#*0'��� �.*0"#/�$)�*-� -�/*�+- 1 )/�
it5,6.Younger age and male sex have also been reported by some studies as risk factors 
for CSF leakage, which was not replicated by the current study4, 5, 12.
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Although meticulous watertight closure of the dura is commonly accepted to be of 
utmost importance for the prevention of CSF leakage, especially in posterior fossa 
.0-" -4Ǜ�2 ��$��)*/�Ɵ)����.$")$Ɵ��)/�+-*/ �/$1 � Ƣ �/�$)�/#$.�./0�4ǚ��#$.�- .0'/�$.�$)�
line with results of a previous study from Roth et al.13.The analysis in the current study, 
however, was limited by the relatively large proportion of missing values, and a small 
number of procedures in watertight dura closure were not performed.

�0-/# -(*- Ǜ�2 ��$��)*/�Ɵ)����.$")$Ɵ��)/��..*�$�/$*)�!*-��0-�+'�./4�0. �*-�. �'�)/�0. �
�)������' �&�" ǚ��# . �Ɵ)�$)".��- ��*)/-�-4�/*�/#*. �!*-�- � )/�./0�4��4�	�' � /��'ǚ7; 
#*2 1 -Ǜ�/# $-�./0�4�$)�'0� ��+*./ -$*-�!*..��/0(*-�- . �/$*)�.+ �$Ɵ��''4ǚ�� �'�)/.�#�1 �
been reported to be protective against CSF leakage, although evidence is inconsistent 
and currently no dural sealants have been prospectively investigated in children1, 14-18.

The incidence of PMCs found in this study (11.3%) is higher than that reported by 
Norrdahl et al.19 (5.1%). This discrepancy may be due to the fact that in the previous study 
���.�/#�/�*��0-- ���ơ -���($..$*)�2 - ���+/0- ��*)'4�$!�/# 4�- ,0$- ��- ��($..$*)Ǜ�
because postoperative visits were not conducted in the same facility, thus leading to 
underestimation of the true incidence, because most PMCs are self-limiting9.

The overall incidence of meningitis in our population (4.1%) is on the lower end of 
/# �-�)" �- +*-/ ��!*-�*/# -�./0�$ .�ǹƨʷǲƧƫʷǺ5, 6, 20-22.Yet, the meningitis risk found in 
patients with CSF leakage (31.6%) is on the upper range compared to previous studies 
ǹƧƦʷǲƩƫ Ǻ̫5, 6, 22, further emphasizing the association between CSF leakage and infection. 
��'$($/�/$*)�*!�/# ��)�'4.$.�$)�/#$.�./0�4�$.�/#�/�*0-�� Ɵ)$/$*)�*!�( )$)"$/$.��* .�)*/�
require a positive CSF culture, which may have contributed to a slight overestimation 
*!�/# �$)! �/$*0.�( )$)"$/$.�$)�$� )� Ǜ�2#$�#�$.��'.*�- Ơ �/ ���4���./-*)"��..*�$�/$*)�
between SSIs and CSF leakage found in our study, in which the overall incidence of SSI 
was relatively low compared to the incidence in previous cohorts of cranial surgery 
+�/$ )/.�ǹƦʷǲƭǚƫʷǺ5-7, 13.


)�ƪƯǚƧʷ�*!�+�/$ )/.� �)� $)1�.$1 � /- �/( )/� ǹ� Ɵ) ���.� �����Ǳ�$1 -/$)"�+-*� �0- Ǜ�
lumbar puncture, puncture of the PMC, or surgical wound revision) was required for 
CSF leakage. The invasive treatment and prolonged hospitalization necessitated by 
CSF leakage constitutes a substantial treatment burden, especially in the pediatric 
population. Lassen et al.5 report 70% invasive treatment in their series, with no cases 
of revision surgery. The CSF diversion procedures reported in their study, however, also 
included those for treatment of hydrocephalus in procedures in which conservative 
treatment resolved the CSF leakage itself. Wound revision surgery was performed in 
17.5% of procedures in our series compared to 31% in the adult population12.The positive 
experiences in our centers with conservative treatment among the dedicated pediatric 
neurosurgeons may have made them more inclined to adhere to a conservative strategy, 

9
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2#$�#�$.��'.*�- Ơ �/ ���4�/# �/$( �� /2  )��$�")*.$.�*!�����' �&�" ��)��$)1�.$1 �
treatment. The relatively high proportion of children successfully treated for CSF 
leakage conservatively indicates that initial conservative treatment is a viable option.

This study is subject to a number of limitations. Although to our knowledge this study 
included the largest analysis to date of CSF leakage in pediatric patients, the frequency 
of the primary outcome was still low. Therefore, the multivariable analysis included only 
1�-$��' .�/#�/�2 - �.$")$Ɵ��)/�$)�/# �0)$1�-$��' ��)�'4.$.Ǜ�2$/#���'$($/�*!�Ƭ�1�-$��' .Ǜ�
and thus did not include indications for surgery and radiation therapy. This limitation 
(�4�#�1 �' ��/*�*1 -Ǳ�*-�0)� - ./$(�/$*)�*!�/# � Ƣ �/�.$5 .�*�. -1 ��$)�/# �(0'/$1�-$�/ �
analysis, which must thus be interpreted with caution23. Furthermore, this study may 
� �.0�% �/� /*�. ' �/$*)��$�.��.�+�/$ )/.�2#*��$ ��2$/#$)�Ƭ�2  &.��ơ -�.0-" -4�2 - �
 3�'0� �Ǜ�2#$�#�(�4�#�1 �$)Ơ0 )� ��/# �����$)�$� )� Ǜ�� ��0. �+�/$ )/.��/�#$"# -�-$.&�
*!�� �/#��ơ -�.0-" -4�ǹ+�/$ )/.�2$/#�/-�0(��*-�$)! �/$*0.��*(+'$��/$*).Ǻ�(�4��'.*�#�1 �
been at higher risk for CSF leakage. Finally, this study relies on retrospective data and 
thus is subject to reporting bias and observer bias. Underreporting of CSF leakage that 
resolved with pressure bandage or additional suture placement may have caused a slight 
underestimation of the CSF leakage incidence found in this study. Similarly, the use 
of sealants or duraplasty material and the intent of watertight closure was not always 
- "$./ - �Ǜ�2#$�#�(�4�#�1 �' ��/*�0)� - ./$(�/$*)�*!�/# . �1�-$��' .��)��/# $-� Ƣ �/.ǚ

Conclusions
�# �-$.&�*!����� ' �&�" �-$.&� $)��#$'�- )�0)� -"*$)"��-�)$�'� .0-" -4� $.� .$")$Ɵ��)/�
(7.5%), comparable to the risk reported in adults, and has a serious clinical impact. 
	4�-*� +#�'0.� �)�� �-�)$ �/*(4� �- � +*/ )/$�'� -$.&� !��/*-.� !*-� ���� ' �&�" Ǜ� �ơ -�
correction for infratentorial surgery, emergency surgery, immunocompromised 
status, and chemotherapy. Future studies should investigate preventative strategies 
.+ �$Ɵ��''4�!*-�/# �+ �$�/-$��+*+0'�/$*)ǚ

�$.�'*.0- .
�-ǚ��'*/��)���-ǚ�1�)��**-(��'�- +*-/ ��"-�)/.�!-*(��*'4"�)$�.��ǚ�ǚǛ����$*/ �#)*'*"4�
company developing a dural sealant, during the conduct of the study and Dr. Regli 
- +*-/ ��"-�)/.�!-*(��*'4"�)$�.��ǚ�ǚ�*0/.$� �/# �.0�($// ��2*-&ǚ
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Supplemental table 1. Inclusion and exclusion criteria

Inclusion criteria

Intradural cranial surgery

ˊƧƮ�4 �-.�*'���/�/$( �*!�.0-" -4

Surgical report available

Exclusion criteria

Transsphenoidal surgery

�0--Ǳ#*' �.0-" -4

� �/#�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4

*./�/*�!*''*2Ǳ0+�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4

� *+ -�/$*)�!*-�*/# -�- �.*)�/#�)�����' �&�" �2$/#$)�Ƭ�2  &.��ơ -�.0-" -4

Supplemental table 2. CSF diversion and timing.

Total CSF leak No CSF leak P-value

Preoperative CSF diversion 88 (11.6) 18 (31.6) 70 (10.0) <0.001*a

EVD 40 (5.3) 13 (22.8) 27 (3.8)

VPS 31 (4.1) 1 (1.8) 30 (4.3)

ELD 1 (0.1) 0 (0.0) 1 (0.1)

ETV 16 (2.1) 4 (7.0) 12 (1.7)

Intraoperative CSF diversion 10 (1.3) 3 (5.3) 7 (1.0) 0.033*a

EVD 9 (1.2) 3 (5.3) 6 (0.9)

VPS 1 (0.1) 0 (0.0) 1 (0.1)

Postoperative CSF diversion 24 (3.2) 10 (17.5) 14 (2.0) <0.001*a

EVD 5 (0.7) 2 (3.5) 3 (0.4)

VPS 13 (1.7) 4 (7.0) 9 (1.3)

ELD 1 (0.1) 0 (0.0) 1 (0.1)

ETV 5 (0.7) 4 (7.0) 1 (0.1)

a�$.# -Ǩ.��3��/�/ ./
���ǜ�� - �-*.+$)�'�Ơ0$�
ELD: external lumbar drain
ETV: endoscopic third ventriculostomy
EVD: external ventricular drain
VPS: ventriculoperitoneal shunt
ȑ�$")$Ɵ��)/
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Supplemental table 3. CSF leakage by indication.

Indication ��ǹƭƫƯǺ ����' �&�" Ǜ���ǹʷǺ

Tumor 340 33 (9.7)

Epilepsy 324 16 (4.9)

Vascular 63 3 (4.8)

Chiari 15 2 (13.3)

Infection 11 1 (9.1)

Trauma 6 2 (33.3)

The CSF leakage incidence is reported as number with percentage within the subgroup based on indication 
between brackets.
���ǜ�� - �-*.+$)�'�Ơ0$�ǚ

Supplemental table 4. Univariable logistic regression for surgical site infection.

Variable OR Lower limit 
Ưƫʷ��


Upper limit 
Ưƫʷ��


P-value

Age 1.0 0.9 1.1 0.877

Sex (male) 1.3 0.5 3.4 0.641

Reoperation 0.8 0.2 2.8 0.717

Neurosurgical center

1a 0.451

2 2.3 0.6 8.1 0.220

3 2.3 0.5 11.4 0.319

Indication

Tumora 0.991

Vascular 0.8 0.1 6.3 0.806

Chiari 0.0 0.0 0.999

Epilepsy 1.4 0.5 3.7 0.547

Trauma 0.0 0.0 0.999

Infection 0.0 0.0 0.999

Sealant use 1.6 0.6 4.2 0.349

Duraplasty use 0.5 0.2 1.9 0.320

Immunocompromised 1.6 0.6 4.3 0.348

Radiation therapy 0.5 0.1 3.5 0.460

Chemotherapy 0.8 0.2 3.5 0.769

CSF leakage 7.4 2.6 20.8 <0.001*

�# �*��.�-�/$*�ǹ��Ǻ��)��'*2 -��)��0++ -�'$($/�*!�/# �Ưƫʷ��*)Ɵ� )� �$)/ -1�'.�ǹ�
Ǻ��- �- +*-/ �ǚ��Ǳ1�'0 .�ˈƦǚƦƫ�
�- ��*).$� - ��.$")$Ɵ��)/ǚ
a Reference category
ȑ�$")$Ɵ��)/
���ǜ�� - �-*.+$)�'�Ơ0$�
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�0++' ( )/�'�/��' �ƫǚ�Univariable logistic regression for meningitis.

Variable OR Lower limit 
Ưƫʷ��


Upper limit 
Ưƫʷ��


P-value

Age 0.9 0.8 1.0 0.010*

Sex (male) 1.1 0.5 2.2 0.854

Reoperation 0.7 0.3 1.9 0.482

Neurosurgical center

1a 0.223

2 0.5 0.2 1.1 0.085

3 0.8 0.3 2.3 0.659

Indication

Tumora 0.151

Vascular 0.0 0.0 0.997

Chiari 1.1 0.1 8.7 0.939

Epilepsy 0.3 0.1 0.8 0.014*

Trauma 3.0 0.3 27.2 0.320

Infection 1.5 0.2 12.4 0.697

Sealant use 1.3 0.6 2.7 0.516

Duraplasty use 0.9 0.4 2.1 0.811

Watertight dural closure 0.5 0.2 1.5 0.212

Immunocompromised 3.3 1.6 6.9 0.001*

Radiation therapy 2.3 1.0 5.5 0.062

Chemotherapy 3.1 1.4 6.7 0.005*

CSF leakage 24.5 11.2 53.5 <0.001*

�# �*��.�-�/$*�ǹ��Ǻ��)��'*2 -��)��0++ -�'$($/�*!�/# �Ưƫʷ��*)Ɵ� )� �$)/ -1�'.�ǹ�
Ǻ��- �- +*-/ �ǚ��Ǳ1�'0 .�ˈƦǚƦƫ�
�- ��*).$� - ��.$")$Ɵ��)/ǚ
a Reference category
ȑ�$")$Ɵ��)/
���ǜ�� - �-*.+$)�'�Ơ0$�
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Supplemental table 6. Univariable logistic regression for pseudomeningocele.

Variable OR Lower limit 
Ưƫʷ��


Upper limit 
Ưƫʷ��


P-value

Age 0.9 0.9 1.0 0.003*

Sex (male) 2.0 1.2 3.2 0.006*

Craniectomy 3.8 1.8 8.0 <0.001*

Infratentorial 0.8 0.4 1.3 0.347

Reoperation 0.7 0.4 1.3 0.237

Emergency surgery 2.0 1.0 4.1 0.045*

Neurosurgical center

1a 0.671

2 1.3 0.8 2.1 0.383

3 1.2 0.6 2.5 0.554

Indication

Tumora 0.264

Vascular 1.0 0.4 2.4 0.964

Chiari 1.4 0.3 6.6 0.646

Epilepsy 1.3 0.8 2.1 0.278

Trauma 4.7 0.8 26.4 0.082

Infection 3.5 0.9 13.8 0.075

Sealant use 0.8 0.5 1.2 0.242

Duraplasty use 1.1 0.7 1.9 0.630

Watertight dural closure 1.9 0.6 6.4 0.277

Immunocompromised 1.4 0.9 2.2 0.166

Radiation therapy 1.1 0.6 2.2 0.754

Chemotherapy 0.9 0.5 1.7 0.685

Hydrocephalus 1.8 1.1 3.1 0.026*

CSF leakage 7.5 4.2 13.5 <0.001*

�# �*��.�-�/$*�ǹ��Ǻ��)��'*2 -��)��0++ -�'$($/�*!�/# �Ưƫʷ��*)Ɵ� )� �$)/ -1�'.�ǹ�
Ǻ��- �- +*-/ �ǚ��Ǳ1�'0 .�ˈƦǚƦƫ�
�- ��*).$� - ��.$")$Ɵ��)/ǚ
a Reference category
ȑ�$")$Ɵ��)/
���ǜ�� - �-*.+$)�'�Ơ0$�
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Abstract
Purpose
This study aimed to establish the incidence of CSF leakage in children and associated 
�*(+'$��/$*).��ơ -�$)/-��0-�'�.+$)�'�.0-" -4�$)�/#-  �/ -/$�-4�) 0-*.0-"$��'�- ! --�'�
centers and to describe the treatment strategies applied.

Methods
Patients of 18 years or younger who underwent intradural spinal surgery between 
2015 and 2021 in three tertiary neurosurgical referral centers were included. Patients 
2#*��$ ��*-�2 - �'*./�/*�!*''*2Ǳ0+�2$/#$)�.$3�2  &.��ơ -�.0-" -4�2 - � 3�'0� �ǚ��# �
+-$(�-4�*0/�*( �( �.0- �2�.�����' �&�" �2$/#$)�.$3�2  &.��ơ -�.0-" -4Ǜ�� Ɵ) ���.�
leakage of CSF through the skin. Secondary outcome measures included: presence of 
pseudomeningocele (PMC), meningitis and surgical site infection (SSI).

Results
We included a total of 75 procedures, representing 66 individual patients. The median 
age in this cohort was 5 (IQR 0-13) years. CSF leakage occurred in 2.7% (2/75) of 
+-*� �0- .ǚ�
/�*��0-- ���/���4�Ʃ��)��ƨƧ��ơ -�/# �$)� 3�+-*� �0- Ǜ�- .+ �/$1 '4ǚ��) �
patient was treated with pressure bandage and an external lumbar drain on day 4 
�ơ -��$�")*.$.�*!�/# �' �&Ǜ�/# �*/# -�2�.�/- �/ ��2$/#�2*0)��- 1$.$*)�.0-" -4�*)���4�
Ƨ��ơ -�/# �' �&�*��0-- �ǚ�
)�/*/�'�Ƨ�+�/$ )/�� 1 '*+ ��������2$/#*0/�������' �&�2#$�#�
was treated with wound revision surgery. SSI occurred in 10.7%, which included both 
cases of CSF leak.

Conclusions
����' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)�$.�- '�/$1 '4�-�- �
(2.7%). Nevertheless, the clinical consequences with respect to secondary complications 
such as infection and necessity for invasive treatment are serious.

Key Words
� - �-*.+$)�'�Ơ0$��' �&�" Ǜ�+ �$�/-$�.Ǜ�$)! �/$*)Ǜ�.+$)�'�.0-" -4Ǜ�.+$)���$Ɵ��
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Introduction
� - �-*.+$)�'�Ơ0$��' �&�" �$.���+*/ )/$�''4�. -$*0.��*(+'$��/$*)��ơ -�$)/-��0-�'�.+$)�'�
surgery. The complications associated with CSF leakage include wound infection, 
meningitis and CSF hypotension. CSF leakage may necessitate invasive treatment, such 
as surgical wound revision, and prolong hospitalization.1, 2 In addition it is associated 
with increased health care costs.1, 2

Watertight closure is thought to be the most important step to prevent postoperative 
CSF leakage. Surgeons may make use of autologous or synthetic duraplasty material and 
(�4��#**. �/*�0. ���. �'�)/ǚ��# $-� ƣ���4�$)�/# �+- 1 )/$*)�*!�����' �&�" Ǜ� .+ �$�''4�
in the pediatric population, however, has not been studied.

�# - � $.�1�-$�/$*)� $)� /# �� Ɵ)$/$*)�*!����� ' �&�" ���-*..��$Ƣ - )/� ./0�$ .ǚ3 Some 
� Ɵ)$/$*).�*!�����' �&�" �(�4�$)�'0� ��*/#�$)�$.$*)�'�' �&�" ��)��+. 0�*( )$)"*� ' �
(PMC).3�� /Ǜ�$)�$.$*)�'�����' �&�" �$.�� Ɵ) ���.�' �&�" �*!�����/#-*0"#�/# �.&$)��)��
PMC is a collection of CSF under the skin.4�����$.�*ơ )�. '!Ǳ'$($/$)"ǚ4 Therefore, in the 
�0-- )/�./0�4�2 �2$''�� Ɵ) �����' �&�" ��.�$)�$.$*)�'�����' �&�" ��)���*).$� -�����
. +�-�/ '4ǚ��0-/# -(*- Ǜ�- +*-/.�*)�����' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4���. ��
*)�- � )/���/���- �'$($/ ���)��(*./'4�$)�'0� ���.+ �$Ɵ��$)�$��/$*)�*)'4ǚ5-11

�#$.�./0�4��$(.�/*� ./��'$.#�/# �-$.&�*!�����' �&�" ��)���..*�$�/ ���*(+'$��/$*).��ơ -�
intradural spinal surgery in three tertiary neurosurgical referral centers between 2015 
and 2021 and to describe the treatment strategies applied. The results will be compared 
to the existing literature.

Evaluation of the up-to-date risk of CSF leakage and associated complications in a 
multicenter setting may serve as a benchmark and assist counseling of future patients 
and parents.

Methods
Study design
This is a multicenter retrospective cohort study of all consecutive pediatric patients in 
/# ��$'# '($)���#$'�- )Ǩ.�	*.+$/�'��)���-$)� ..��ç3$(��� )/ -�!*-�� �$�/-$���)�*'*"4�
$)��/- �#/Ǜ�/# �� /# -'�)�.��)��/# ��)$1 -.$/4��#$'�- )Ǩ.��)���)$1 -.$/4�	*.+$/�'�$)�
Zurich, Switzerland. This study was approved by the institutional research boards 
and the local ethics committees and conducted according to the STrengthening the 
� +*-/$)"�*!���. -1�/$*)�'�./0�$ .�$)��+$� ($*'*"4�"0$� '$) .ǚ12

10
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Study population
All patients of 18 years or younger who underwent intradural spinal surgery between 
Janurary 1st 2015 and June 30th 2021 with a surgical report available were included. 
��/$ )/.�2#*��$ ��2$/#$)�Ƭ�2  &.��ơ -�.0-" -4Ǜ�2 - �'*./�/*�!*''*2Ǳ0+�*-�#���- *+ -�/$*)�
within 6 weeks for other reasons than CSF-leakage treatment were excluded. Inclusion 
and exclusion criteria are presented in Online Resource 1.

��/���*'' �/$*)
Procedures eligible for inclusion were screened based on a prospectively collected 
database or operation codes in the electronic patient records. Data was collected from 
the following sources: medical notes, medical imaging and surgical reports between 
Ƭ�2  &.�+-$*-�/*�.0-" -4��)��Ƭ�2  &.��ơ -�.0-" -4ǚ

Surgical characteristics collected were: indication of surgery (tumor, vascular, 
developmental defect, trauma, infection), emergency surgery (yes/no), reoperation 
ǹ� Ɵ) �� �.� �)4� �*). �0/$1 � .0-" -4� �/� /# � .�( � �)�/*($��'� '*��/$*)ǺǛ� /# � 0. � *!�
products with the intention to seal the dura (yes/no), duraplasty use (yes/no), attempt 
to watertight closure (yes/no), suture method used (continuous or standing) and suture 
material used.

The following patient data was collected: age at time of surgery, steroid use for multiple 
�*). �0/$1 ���4.��$- �/'4�� !*- �*-��ơ -�.0-" -4Ǜ��$�")*.$.�*!�#4�-*� +#�'0.���. ��
on medical imaging or medical notes, perioperative CSF diversion surgery (external 
ventricular drainage (EVD), external lumbar drainage (ELD), ventriculoperitoneal 
(VP)-shunt or endoscopic third ventriculostomy (ETV)), perioperative chemotherapy 
�)��+ -$*+ -�/$1 �-��$*/# -�+4ǚ���/$ )/.�2#*�0. ��./ -*$�.��$- �/'4�� !*- �*-��ơ -�
surgery, or underwent perioperative chemotherapy, or were diagnosed with auto-
$((0) ��$. �. �2 - ��'�..$Ɵ ���.�$((0)*�*(+-*($. �ǚ

Data items related to the clinical course included: total number of admission days, the 
)0(� -�*!���4.�*)�/# �+ �$�/-$��$)/ ).$1 ���- �0)$/�ǹ�
��Ǻ��)��) 2�) 0-*'*"$��'�� Ɵ�$/�
�ơ -�.0-" -4�ǹ$)�'0�$)"�2*-. )$)"�*!� 3$./$)"�� Ɵ�$/Ǻǚ�
!�����' �&�" �#���*��0-- ��
the following additional characteristics were retrieved: the estimated number of 
extra admission days due to CSF leakage (estimated based on treatment course for 
CSF leakage or readmission days), surgical wound revision because of CSF leakage, 
a CSF diverting procedure as a treatment for CSF leakage, the number of days of CSF 
diversion, lumbar puncture to treat CSF leakage, extra suture placement or pressure 
bandage because of CSF leakage, puncture of PMC.

�# �+-$(�-4�*0/�*( �( �.0- �*!�/#$.�./0�4�2�.�����' �&�" �2$/#$)�Ƭ�2  &.��ơ -�
.0-" -4Ǜ�� Ɵ) ���.�' �&�" �*!�����/#-*0"#�/# �.&$)�ǹ $/# -��*)Ɵ-( ��2$/#�� /�ǱƨǱ
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����' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4�$)��#$'�- )

transferin test or reported in the clinical notes). Secondary outcome measures were: 
+- . )� �*!�����ǹ� Ɵ) ���.���.0��0/�) *0.��*'' �/$*)�*!����ǺǛ�.0-"$��'�.$/ �$)! �/$*)�
(SSI) (diagnosis or suspicion of SSI based on either antibiotic treatment according to 
the clinical notes, or a positive wound culture) and meningitis (suspicion or diagnosis 
of meningitis based on either antibiotic treatment according to the clinical notes, or 
+*.$/$1 ������0'/0- Ǻ�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4ǚ

�# ��0�� ���)�����������/���. �2 - �. �-�# ��0)/$'�� +/ (� -�ƧƨǛ�ƨƦƨƨ�!*-�./0�$ .�
- +*-/$)"�/# �����' �&�" �$)�$� )� ��ơ -�.+$)�'�.0-" -4�$)��#$'�- )ǚ��/0�$ .�$)�'0�$)"�
*)'4�*) �.+ �$Ɵ��$)�$��/$*)�!*-�.0-" -4��)����. �- +*-/.�2 - � 3�'0� �ǚ��# �!*''*2$)"�
. �-�#�/ -(.�2 - �0. �ǜ�ǹǩ� - �-*.+$)�'�Ơ0$��' �&ȑǪ����ǩ����' �&ȑǪǺ�����ǹǩ+ �$�/-$�Ǫ�
OR “peadiatric” OR “child*) AND (“spine” OR “spinal”). Reference lists of included 
articles were manually searched for additional relevant studies.

Statistical analyses
��. '$) ��#�-��/ -$./$�.��)��$)�$� )� �*!�. �*)��-4��*(+'$��/$*).�2 - �+- . )/ ��
as median with interquartile range (IQR) and compared between patients with CSF 
leakage and those without, using the Mann-Whitney U test for continuous variables 
�)���$.# -Ǩ.��3��/�� ./�!*-���/ "*-$��'�1�-$��' .ǚ���-$��' .�2$/#�ˋƫʷ�($..$)"���/��2 - �
not included into statistical analyses. The primary outcome measure is presented the 
+ -� )/�" �*!�/# �/*/�'�+*+0'�/$*)ǚ��Ǳ1�'0 .�ˈƦǚƦƫ�2 - ��*).$� - ��.$")$Ɵ��)/ǚ�� ��0. �
*!�/# �#$"#�)0(� -�*!�+*/ )/$�'�-$.&�!��/*-.�!*-�����' �&�" Ǜ��*)! --*)$��*-- �/$*)�2�.�
�++'$ ��2$/#�����. '$) �.$")$Ɵ��)� �' 1 '�*!�ƫʷǚ��''��)�'4. .�2 - �+ -!*-( ��$)�
���
����Ǜ�1 -.$*)�ƨƬǚƦ�ǹ
����*-+ǚǛ��-(*)&Ǜ��ǚ�ǚǛ����Ǻǚ

Results
� (*"-�+#$�.
We included 75 procedures, representing 66 individual patients (Ɵ"0- �Ƨ). The median 
�" �$)�/#$.��*#*-/�2�.�ƫ�ǹƦǱƧƩǺ�4 �-.Ǜ�2$/#���(�' �+- +*)� -�)�4�ǹ)ˇƪƩǛ�ƫƭǚƩʷǺ�ǹtable 1). 
�# �(*./�!- ,0 )/�$)�$��/$*)�2�.�/0(*-�- . �/$*)�ǹ)ˇƩƯǺǛ�!*''*2 ���4�� 1 '*+( )/�'�
� ! �/.�ǹ)ˇƩƪǺ��)��1�.�0'�-�.0-" -4�ǹ)ˇƨǺǚ�� 1 )/  )�+-*� �0- .�2 - �- *+ -�/$*).ǚ�
Among the procedures for developmental defects were 11 myelomeningoceles, of which 
1 had a preoperative leak (but no postoperative CSF leak).

In total 10 patients had undergone CSF diversion surgery of whom 5 preoperatively 
and 5 postoperatively. In total 1 patient who underwent tumor resection surgery had 
undergone preoperative ETV and 4 patients had a VP-shunt, of whom one patient was 
treated for a tumor and 3 for developmental defects. Another 5 patients received a VP-
shunt postoperatively, all developmental defect cases with hydrocephalus.
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Figure 1. Flowchart of study population.

ELD: external lumbar drainage
�$�+$ǜ��)$1 -.$/4��#$'�- )Ǩ.�	*.+$/�'��0-$�#
PMC: Princess Maxima Center for Pediatric Oncology
���ǜ��$'# '($)���#$'�- )Ǩ.�	*.+$/�'

�*�./�/$./$��''4�.$")$Ɵ��)/��$Ƣ - )� .�2 - �*�. -1 ��� /2  )�"-*0+.�!*-�/# ��)�'45 ��
variables (table 1). There was a relatively high percentage of procedures with missing 
data for suture type, suture technique used and attempt of watertight closure (table 1).
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Table 1. Study population characteristics.

Variable �*/�'�ǹ�ˇƭƫǺ No CSF leakage 
ǹ�ˇƭƩǺ

CSF leakage 
ǹ�ˇƨǺ

P-value

Patient characteristics

Age, years 5 (0-13) 5 (0.5-13) 3 (0-3) 0.450

Sex (female) 32 (42.7) 32 (43.8) 0 (0.0) 0.504

Immunocompromised 18 (24.0) 18 (24.7) 0 (0.0) 1.00

Radiation therapy 9 (12.0) 9 (12.3) 0 (0.0) 1.00

Chemotherapy 10 (13.3) 10 (13.7) 0 (0.0) 1.00

Hydrocephalus 7 (9.3) 7 (9.6) 0 (0.0) 1.00

CSF diversion 10 (13.3) 10 (13.7) 0 (0.0) 1.00

Surgical characteristics

Indication 0.025

Tumor 39 (52.0) 39 (53.4) 0 (0.0)

Vascular 2 (2.7) 1 (1.4) 1 (50.0)

Developmental defect 34 (45.3) 33 (45.2) 1 (50.0)

Infection 0 (0.0) 0 (0.0) 0 (0.0)

Trauma 0 (0.0) 0 (0.0) 0 (0.0)

Reoperation 18 (24.0) 18 (24.7) 0 (0.0) 1.00

Emergency surgery 10 (13.3) 9 (12.3) 1 (50.0) 0.250

Sealant use 50 (66.7) 49 (67.1) 1 (50.0) 1.00

Duraplasty use 4 (5.4) 4 (5.5) 0 (0.0) 1.00

Autologous 1 (1.4) 1 (1.4) 0 (0.0)

Non-autologous 3 (4.1) 3 (4.1) 0 (0.0)

Watertight dura closure 71 (94.7) 70 (95.9) 1 (50.0) NP

Suture material used NP

PDS 38 (50.7) 38 (52.1) 0 (0.0)

Vicryl 30 (40.0) 29 (39.7) 1 (50.0)

Method of suturing NP

Continuous 52 (69.3) 51 (69.9) 1 (50.0)

Standing 1 (1.3) 1 (1.4) 0 (0.0)

Clinical course characteristics

Hospital stay, days 6 (4-10) 6 (4-9) 14.0 (11-14) 0.072

PICU stay, days 0 (0-1) 0 (0-1) 0.0 (0-0) 0.398

� 2ȍ$)�- �. ��) 0-*'*"$��'�� Ɵ�$/ 12 (16.0) 12 (16.4) 0 (0.0) 1.00

All values are reported as numbers with percentages between brackets for categorical values and median with 
interquartile range (IQR) between brackets for continuous variables. Percentage of data missing: duraplasty 
use: 1.8%, watertight dura closure 5.3%, suture material 9.3%, method of suturing 29.3%. No data were missing 
!*-�/# �- (�$)$)"�1�-$��' .ǚ��$.# -Ǩ.� 3��/�/ ./�2�.�0. ��!*-���/ "*-$��'�1�-$��' .��)����))��#$/) 4Ǳ��/ ./�
for continuous variables.
���ǜ�� - �-*.+$)�'�Ơ0$�
N: number
NP: not performed
PDS: polydioxanone suture
PICU: intensive care unit
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����' �&�" Ǜ��..*�$�/ ���*(+'$��/$*).��)��/- �/( )/
���� ' �&�" � *��0-- �� $)� ƨǚƭʷ� ǹƨȍƭƫǺ� *!� +-*� �0- .ǚ� �# � Ɵ-./� +�/$ )/� 2�.� ��(�' �
newborn who underwent an untethering procedure. CSF leakage occurred at day 
21. The patient was readmitted and underwent wound revision surgery 1 day later. 
The total readmission period was 7 days. The second patient was a 6-year-old boy 
2#*�0)� -2 )/���1�.�0'�-�+-*� �0- Ǜ��)��/# �' �&�*��0-- ���/���4�Ʃ��ơ -�/# �$)� 3�
+-*� �0- ǚ���+- ..0- ���)��" �2�.��++'$ ���)���/���4�ƪ��ơ -��$�")*.$.�*!�/# �' �&��)�
external lumbar drain (ELD) was placed.

�# �����*0'��� �- (*1 ���ơ -�Ƭ���4.��)��2*0)��' �&�" ��$��)*/�- �0-ǚ�	*.+$/�'�./�4�
2�.�+-*'*)" ��2$/#��)� ./$(�/ ��ƧƦ���4.ǚ��# �$)� 3�+-*� �0- �2�.�/# �Ɵ-./�.0-" -4�$)�
�*/#���. .��)��)*��0-�'�"-�ơ.�2 - �0. �ǚ��# �+�/$ )/.�2 - �)*/�$((0)*�*(+-*($. ��
and had no hydrocephalus. In total 3 patients developed a pseudomeningocele or CSF 
' �&�ǹƩǚƮʷǺǚ��# - �2�.�*) ���. �*!�+. 0�*( )$)"*� ' �2$/#*0/�������Ɵ./0'�Ǜ�2#$�#�2�.�
treated with wound revision surgery. A total of 8 cases of SSI occurred (10.7%). Patients 
with a CSF leak had evidence for an increased risk for SSI, where 6 of 73 (8.2%) patients 
2$/#*0/Ǜ��)���*/#�+�/$ )/.�2$/#�����' �&�� 1 '*+ ������
Ǜ�- .+ �/$1 '4�ǹ+ˇƦǚƦƧǺǚ��) �
patient with an SSI (and no CSF leakage) was treated with surgical wound revision. All 
patients with SSI and CSF leakage received antibiotic treatment. There were no cases 
of meningitis is this cohort.

The CSF leakage risks in pediatric populations of intradural spinal surgery reported in 
/# �ƪ�./0�$ .�$� )/$Ɵ ��$)�/# �'$/ -�/0- �-�)" �!-*(�ƦǱƧƨǚƭʷ�ǹ/��' �ƨǺ.

Table 2. $/ -�/0- �*1 -1$ 2�*!�����' �&��ơ -�.+$)�'�.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)ǚ

Author Year N ����' �&�ǹʷǺ ��
�ǹʷǺ � )$)"$/$.�ǹʷǺ

��0!(�)� /��'ǚ8 2010 27 0.0 0.0 0.0

Liu et al.a, 9 2014 638 7.1 3.1 0.0

Goodwin et al.7 2014 93 5.4 NR 1.1

��'�.0�-�(�)$�(� /��'ǚ5 2014 102 12.7 NR NR

Slot et al.b 2023 75 2.7 10.7 0.0

a�� -� )/�" �$.���. ��*)�� Ɵ)$/$*)�*!�����' �&�" �$)�'0�$)"�+. 0�*( )$)"*� ' ǚ��# �+ -� )/�" �*!�*1 -/�����
leakage reported in this study is 2.8%.
b Represents the current study.
���ǜ�� - �-*.+$)�'�Ơ0$�
N: number
NR: not reported



213

����' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4�$)��#$'�- )

�$.�0..$*)
�# �$)�$� )� �*!�����' �&�" �� Ɵ) ���.�' �&�" �/#-*0"#�/# �$)�$.$*)��ơ -�.+$)�'�.0-" -4�
$)�/# �+ �$�/-$��+*+0'�/$*)�2�.�ƨǚƭʷǚ��*�*0-�&)*2' �" �/#$.�./0�4�$.�/# �Ɵ-./�$)/ -)�/$*)�'Ǜ�
(0'/$� )/ -�- +*-/�*!�����' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4�$)��#$'�- )ǚ

� Ɵ)$/$*).�*!�����' �&�" �$)�/# ��0-- )/��*�4�*!�'$/ -�/0- ��- �)*/��'2�4.�� .�-$� ��
and may vary. Liu et al. reported a risk of 7.1%, which includes cases of PMC only as 
well. When looking at cases with incisional leakage in their large series of intradural 
.+$)�'�.0-" -4�.+ �$Ɵ��''4Ǜ�/# 4�- +*-/�ƧƮȍƬƩƮ���. .�/*�#�1 ��)�*1 -/�����' �&�" �ǹƨǚƮ Ǻ̫ǚ�
This is comparable to the risk of incisional CSF leakage observed in our study (2.7%). 
The combined CSF leakage and PMC risk in our study is substantially lower: 3.8%. 
�#$.��$.�- +�)�4�(�4�� �/# �- .0'/�*!� /# �.0�% �/$1 �� Ɵ)$/$*)�*!����Ǜ� .+ �$�''4�
considering the retrospective nature of both studies. Another explanation may be the 
�$Ƣ - )� �$)��$./-$�0/$*)�*!�+-*� �0- .�+ -!*-( ��� /2  )�/# . �./0�$ .ǚ���0!(�)�
et al. found no CSF leakage in their study reporting on the use of non-penetrating 
�)�./*(*/$���'$+.�/*��'*. �/# ��0-���ơ -�.+$)�'�+-*� �0- .ǚ8 This is however a small 
series, which includes several procedures with dural incisions of 10 mm or less in 
length.8 The use of a PEG-hydrogel was evaluated in another study, which reported a 
5.4% CSF leak risk in procedures in which this type of sealant was used.7 Two studies 
$)1 ./$"�/$)"�/# ��..*�$�/$*)�� /2  )�/# �0. �*!�Ɵ�-$)�"'0 ��)������' �&�" ��$��)*/�
Ɵ)����./�/$./$��''4�.$")$Ɵ��)/� Ƣ �/ǚ5, 9��0-- )/'4Ǜ�2 �� '$ 1 �/#�/�/# - �$.�$).0ƣ�$ )/�
evidence to recommend the use of additional methods to augment dural closure.

�*���#$ 1 �*+/$(�'�2�/ -/$"#/��'*.0- Ǜ�/# �Ɵ-./��#*$� �$.�/*��'*. �/# ��0-��+-$(�-$'4�0.$)"�
microsurgical techniques. If this is not possible, the use of autologous duraplasty material 
is second choice. The third choice would be to make use of an allogenic duraplasty. The 
low leakage rate observed in this spinal cohort is in line with the observation that for 
/# �'�-" ./�"-*0+�$)�/#$.��*#*-/Ǜ�/0(*-�- . �/$*)���. .Ǜ�2 �" ) -�''4�Ɵ)���)�$)/��/��0-��
to be opened surgically during the procedure, which we are able to close primarily, 
without the need for duraplasty. In the vast majority of cases this involves laminotomy 
with replacement of the lamina. For the other large group in our cohort, developmental 
�$.*-� -.Ǜ�2 �(*- �*ơ )�.  ���� ! �/�$)�/# ��0-�Ǜ�!*-�2#$�#����0-�+'�./4�#�.�/*�� �0. �ǚ�
We advise to leave any subcutaneous lipoma in place, for proper closure of the skin tissue 
to reduce the relatively higher leakage risk in these cases.

The CSF leakage risk found in this spinal cohort is lower than that found in the cohort of 
intradural cranial surgery procedures (7.5%) in the same centers for this time period.13 
This also applies when compared to most previously reported CSF leakage risks in 
intradural spinal surgery (0-12.7%).5,7,9 This contradicts the believe that the risk of CSF 
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' �&�" ��ơ -�.+$)�'�.0-" -4�$.�#$"# -Ǜ��0 �/*�$)�- �. ��$)/-��0-�'�#4�-*./�/$��+- ..0- �
in upright position at the surgical site on spinal level compared to cranially.9

The percentage of surgical site infections in our series is relatively high which may 
+�-/$�''4�� � 3+'�$) ���4�*0-�' )$ )/�� Ɵ)$/$*)�*!���
�ǹ2#$�#��* .�)*/�- ,0$- ���+*.$/$1 �
wound culture). Previous studies report SSI risks between 0.3-12.7%.9, 14-17�$0� /��'ǚ�Ɵ)��
��.$")$Ɵ��)/'4�#$"# -�$)�$� )� �*!�2*0)��$)! �/$*)�$)�+�/$ )/.�2$/#�����' �&��*(+�- ��
to patients without in their study.9 However, they have also included PMC only in the 
� Ɵ)$/$*)�*!�����' �&ǚ��''���. .�*!�2*0)��$)! �/$*)�$)�/#�/�"-*0+Ǜ�/#*0"#Ǜ�*��0-- ��$)�
+�/$ )/.�2$/#�$)�$.$*)�'�' �&Ǜ�2#$�#��*)Ɵ-(.�*0-�-�/$*)�' �!*-��*).$� -$)"������.���
separate clinical entity. There were no cases of meningitis in our study, which is in line 
with low incidence of meningitis reported in other publications.7,9,18

�$.&�!��/*-.�$� )/$Ɵ ��!*-�����' �&�" �$)�/# �./0�4��4�$0� /��'ǚ��ơ -�$)/-��0-�'�.+$)�'�
.0-" -4�$)�/# �+ �$�/-$��+*+0'�/$*)��- ǜ�+- 1$*0.�.+$)�'�.0-" -4Ǜ�/# �0. �*!����0-�'�"-�ơǛ�
older age, use of non-locked continuous suturing and the procedure performed.9 Cord 
untethering operations had the highest CSF leak risk in their study. This is consistent 
with the relatively high CSF leak risk reported in the majority of other series including 
/ /# - ���*-��.4)�-*( �+-*� �0- .�.+ �$Ɵ��''4ǚ6,10,11,14,15,17 This can be explained by 
/# �$)# - )/�- '�/$*)�� /2  )�/# �+�/#*'*"4�$)�'$+*(4 '*( )$)"*� ' Ǜ�*ơ )�- .0'/$)"�
in a dural defect at closure, and (myelo)meningocele and CSF leak.11��# -)� /��'ǚ�Ɵ)��
no association between CSF leak and surgery time, bedrest, use of a sealant or use 
of the microscope in their retrospective series among patients who underwent cord 
0)/ /# -$)"�+-*� �0- .�!*-�/$"#/�Ɵ'0(�/ -($)�' ǚ6 One out of 2 CSF leakage cases in 
our study was an untethering procedure as well.

CSF leakage was treated with invasive treatment (ELD and revision surgery, respectively) 
$)��*/#���. .�$)�*0-�./0�4ǚ���'�.0�-�(�)$�(� /��'ǚ��'.*�- +*-/�$)1�.$1 �/- �/( )/�2$/#�
lumbar drainage, placed a few millimeters from the incision, preferably one or two 
levels above, in all procedures and reoperation in 23%.5 Liu et al. report a reoperation 
risk of 44.4% for incisional CSF leakage, whereas the majority of pseudomeningoceles 
resolved without any intervention.9 In our series the one case of PMC without CSF leak 
was treated invasively.

The most important limitation of this study is the small sample size and low number 
*!� ���� ' �&.� ǹ�ˇƨǺǛ� 2#$�#� '$($/.� /# � 1�'$�$/4� *!� ./�/$./$��'� �)�'4. .� + -!*-( �ǚ�
Furthermore, this retrospective study is vulnerable to reporting bias as it depends 
on existing clinical records. The variables with missing data for suture type, suture 
/ �#)$,0 �0. ���)���// (+/�*!�2�/ -/$"#/��'*.0- �- Ơ �/.�/#$.��$�.ǚ��# . �1�-$��' .�
could therefore not be incorporated into our statistical analyses. Furthermore, we did 
not collect data on bedrest prescription and level of the surgery. Yet, these factors may 
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��/0�''4�� �*!�$)Ơ0 )� �*)�/# �-$.&�*!�����' �&�" ��)��.#*0'��/#0.�� �!0-/# -� 1�'0�/ ��
in future studies.

The comparison to previous literature was limited by the unclear and varying 
� Ɵ)$/$*).�$)�/# � 3$./$)"��*�4�*!�'$/ -�/0- ǚ�� �.0"" ./�/*�0. �/# �� Ɵ)$/$*)�*!�����
leakage as “leakage through the skin” and consider PMC separately in future studies.

�#$.�./0�4�.#*2.�/#�/����� ' �&�" ��ơ -� $)/-��0-�'�.+$)�'�.0-" -4� $)� /# �+ �$�/-$��
population is rare (2.7%). Nevertheless, the clinical consequences with respect to 
complications such as infection, necessity for invasive treatment and prolonged 
hospitalization are serious. Future studies into the development of preventative 
strategies for spinal surgery in the pediatric population are warranted.

� �'�-�/$*).
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���ǜ�� - �-*.+$)�'�Ơ0$�
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Supplemental table 1. Inclusion and exclusion criteria

Inclusion criteria

Intradural spinal surgery

ˊƧƮ�4 �-.�*'���/�/$( �*!�.0-" -4

Surgical report available

Exclusion criteria

� �/#�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4

*./�/*�!*''*2Ǳ0+�2$/#$)�Ƭ�2  &.��ơ -�.0-" -4

� *+ -�/$*)�!*-�*/# -�- �.*)�/#�)�����' �&�" �2$/#$)�Ƭ�2  &.��ơ -�.0-" -4
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��! /4��)�� !!$���4�*!��0-��� �'�)/���/�#�$)��-�)$�'�.0-" -4
� - �-*.+$)�'�Ơ0$��' �&�" �$.�!- ,0 )/��)��. -$*0.��*(+'$��/$*)��ơ -�) 0-*.0-"$��'�
intervention. In addition to health-related consequences of CSF leakage, patients with 
����' �&�" ��ơ -�$)/-��0-�'��-�)$�'�.0-" -4�#�1 �.0�./�)/$�''4��)��.$")$Ɵ��)/'4�#$"# -�
health care costs.1 Improved preventative strategies reducing CSF leakage, even though 
/# 4�(�4�����/*�/# �*1 -�''�# �'/#��- ��*./.�+ -�+�/$ )/Ǜ��*0'��� �� ) Ɵ�$�'�!-*(��)�
economic standpoint. However, whether the use of preventative measures that require 
Ɵ)�)�$�'�$)+0/�$)��''�+�/$ )/.�*-���.0�"-*0+�*!�+�/$ )/.��/�-$.&�- .0'/.�$)��*./�.�1$)".�
� + )�.�*)�/# $-�+-$� ��)�� ƣ���4ǚ��# �- .0'/.�*!�/#$.� �*)*($�� 1�'0�/$*)�*!�����
leakage costs shows that there is a need for preventative strategies to reduce CSF leakage 
not only from a patientcare perspective, but from a health-economic perspective as 
well. The model developed in this study may assist hospitals in the Dutch setting in 
decision making with regards to which preventative strategy to invest in, taking into 
�*).$� -�/$*)� ƣ���4��)��+-$� ǚ

�# �.�! /4��)�� ƣ���4�*!�/# �) 2��0-�'�. �'�)/Ǜ��0-��� �'�)/���/�#�ǹ���Ǻ�ǹ$,*. �'ȘǛ�
�*'4"�)$�.��ǚ�ǚ��-*)$)" )Ǜ��# �� /# -'�)�.ǺǛ� /*� - �0� ����� ' �&�" ��ơ -��-�)$�'�
surgery in adults is currently being investigated in a randomized, two-armed, 
multicenter trial (ENCASE II).2 This study was designed as a non-inferiority trial using 
two commonly used PEG-hydrogel sealants as control. Preliminary safety analysis in 
/# �Ɵ-./�ƩƦ�.0�% �/.��* .�)*/�.#*2��)4�� 1$� �- '�/ ��ǹ. -$*0.Ǻ���.ǚ��# �Ɵ)�'�!*''*2Ǳ
up is expected to be completed in November 2023. Recommendations based on for 
2#$�#�+�/$ )/�"-*0+�/#$.�)*1 '�. �'�)/�2*0'��� ��*./� Ƣ �/$1 ���)�*)'4�� �(�� �0+*)�
completion of the trial.

��! /4��)�� !!$���4�*!��0-��� �'�)/���/�#�$)�/-�).Ǳ 
sphenoidal surgery
�# � ���� ' �&�" � -$.&� �ơ -� /-�)..+# )*$��'� .0-" -4� ǹ���Ǻ� $.� �*).$� -��' � 2$/#�
a 3.4% overall risk and higher risk for intradural and invasive lesions such as 
craniopharyngiomas or tuberculum sellae meningiomas.3 TSS is regarded as a form 
*!��-�)$�'�.0-" -4Ǜ��)��/#0.������++'$��/$*)�$.�)*/�*ƢǱ'�� 'ǚ�	*2 1 -Ǜ�/# �.0--*0)�$)"�
/$..0 � �)�� �$( ).$*).� $)� /#$.� �++-*��#� �- � �$Ƣ - )/� �*(+�- �� /*� �� �-�)$*/*(4ǚ�
Therefore we have evaluated the application of DSP in TSS in preclinical (ex vivo) setting 
and 3 endoscopic transsphenoidal cases.4 In these cases DSP was applied upon discretion 
of the operating surgeon as a salvage treatment. The overall mean burst pressure of DSP 
in the ex vivo transsphenoidal model and mean burst pressures in individual groups 
based on compression weight and time were all well above physiological intracranial 
pressure.4 Mean burst pressure in this model was shown to be similar to those found 
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in our cranial and spinal model.5 DSP was successfully applied transsphenoidally in 3 
patients. We found no indications of safety issues for the transsphenoidal application of 
DSP based on these 3 patients.4 3 The results of this thesis combined with the outcomes 
of the ENCASE trial6,7 and previous preclinical studies with regard to CSF leakage5,8-13, 
indicate that the use of DSP in the sphenoid sinus to seal a dural defect in TSS is likely 
.�! ��)��+*/ )/$�''4� Ƣ �/$1 ǚ��#$.�)*1 '�+- 1 )/�/$1 �( �.0- �$.� .+ �$�''4�0. !0'�$)�
high-risk cases. Yet, a prospective randomized controlled trial is required to establish 
.�! /4��)�� ƣ���4�*!�����$(+'�)/�/$*)��.��*(+�- ��/*�/# �0. �*!������)�ȍ*-�*/# -�
sealants, also taking into consideration the use of preventative external lumbar 
drainage, in TSS.

��! /4�*!��0-��� �'�)/���/�#�$)�.+$)�'�.0-" -4
The use of DSP has not been approved for spinal surgery. To this end an animal model 
was developed for preclinical evaluation of DSP application in spinal surgery. An in 
vivo porcine model for interlaminar decompression was designed. Throughout the 
� 1 '*+( )/�*!�/#$.�(*� 'Ǜ�$/�2�.�)*/ ��/#�/�Ɵ3�/$*)�*!�/# �.+$) �2$/#�'0�-��+'�/ .�
(Veterinary Orthopedic Implants Inc, St. Augustine, USA) may prevent neurological 
� Ɵ�$/.ǚ14 The histological and MRI evaluation of the pigs implanted with DSP was 
compared to data from a cranial porcine model of similar survival time. The spinal 
�0-�'�#$./*'*"$��'�- ��/$*)�/*������0-$)"�/# �Ɵ-./�ƭ���4.�2�.�.$($'�-��*(+�- ��/*�/# �
�-�)$�'��0-�'�- ��/$*)ǚ������* .�)*/�.$")$Ɵ��)/'4�.2 ''�$)��*/#��++'$��/$*)��- �.�*1 -�
/$( ǚ��0-/# -(*- Ǜ�)*�.�! /4�$..0 .�2 - �- +*-/ ��$)�/# �Ɵ-./�$)�#0(�)��-�)$�'�./0�4�
(ENCASE).6,7��*(�$) ��2$/#�+- 1$*0.���/�Ǜ�/# �Ɵ)�$)".�$)�/#$.�/# .$.�.0"" ./.�/#�/�����
can be safely applied on spinal dura.

Cerebrospinal f luid leakage in children
� .+$/ Ǜ�����' �&�" �� $)"���2 ''Ǳ&)*2)��*(+'$��/$*)��ơ -�) 0-*.0-"$��'�$)/ -1 )/$*)�
the exact magnitude and risk factors in the pediatric population were still largely 
0)&)*2)ǚ�� �+ -!*-( ����( /�Ǳ�)�'4.$.� /*� 1�'0�/ � /# �-$.&�*!����� ' �&�" ��ơ -�
cranial surgery in children and found a 4.4% overall risk.15 The main limitation of this 
./0�4�2�.�/# �'��&�*!���0)$!*-(�� Ɵ)$/$*)�*!�����' �&�" ���-*..�/# ��1�$'��' �'$/ -�/0- ǚ�
�# - !*- Ǜ�2 �.0�. ,0 )/'4�$)1 ./$"�/ ��/# �-$.&�*!�����' �&�" �� Ɵ) ���.�$)�$.$*)�'�
' �&�" �2$/#$)�Ƭ�2  &.��ơ -�.0-" -4�$)���#$./*-$��'��*#*-/�./0�4ǚ�� �!*0)��/#�/�/# �
-$.&�*!�����' �&�" ��ơ -�/- +�)�/$*)�$)��#$'�- )�$.�.$")$Ɵ��)/�ǹƭǚƫʷǺǛ��*(+�-��' �/*�
the risk reported in adults, and has a serious clinical consequences.16,17 Hydrocephalus 
�)���-�)$ �/*(4��- �+*/ )/$�'�-$.&�!��/*-.Ǜ��ơ -��*-- �/$)"�!*-�$)!-�/ )/*-$�'�.0-" -4Ǜ�
emergency surgery, immunocompromised status and chemotherapy.16 The risk of CSF 
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' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4�$)��#$'�- )Ǜ�#*2 1 -Ǜ�$.��*).$� -��'4�'*2 -�
(2.7%).18 Yet, this study was limited by the small absolute number of cases included18. 
� .+$/ �/# ��*(+�-��' �-$.&�*!�����' �&�" ��ơ -��-�)$�'�.0-" -4�� /2  )��#$'�- )��)��
adults, no prospective studies investigating commonly used dural sealants in pediatric 
patients have been published.16,17

It is a common trend throughout medical drug and device research that trials in 
pediatric patients are lagging behind. Only 12% of trials registered on clinicaltrials.
gov is for the pediatric population, despite the contribution of this population to the 
total disease burden being 60%.19 As a result the majority of medicines and devices 
0. ���4��#$'�- )�2*-'�Ǳ2$� ��- �*ƢǱ'�� 'Ǜ�2$/#*0/�$)!*-(�/$*)�*)��*.$)"Ǜ�.�! /4��)��
 ƣ���4��1�$'��' �!*-�/#$.�.+ �$Ɵ��+�/$ )/�+*+0'�/$*)ǚƧƯǲƨƧ

For various dural sealants clinical trials have been performed in adults leading to 
market approval7,22-24, yet there is a paucity of prospective studies in children. Only one 
+ �$�/-$��/-$�'�$)1 ./$"�/$)"�/# �.�! /4��)�� ƣ���4�*!��1$� '�ǹ�*#).*)��)���*#).*)Ǜ�
� 2��-0).2$�&Ǜ����Ǻ�$)�*�/�$)$)"�2�/ -/$"#/��0-�'��'*.0- ��.��*(+�- ��/*����$/$*)�'�
suturing in patients undergoing cranial surgery has been registered. The commonly 
used polyethylene glycol (PEG) hydrogel sealants DuraSeal (Integra LifeSciences, 
�-$)� /*)Ǜ����Ǻ��)����# -0.�ǹ�/-4& -Ǜ���'�(�5**Ǜ����Ǻ��- �*)'4�$)�$��/ ��!*-�0. �$)�
children from the age of 13 years old. TachoSil (Corza Health, San Diego, USA) has been 
CE approved for the purpose of dural sealants in adults, whereas in children its use 
has been investigated in children for the treatment of local bleeding in liver resection 
surgery only.25

�# �+�0�$/4�*!�+ �$�/-$��/-$�'.�(�4�- .0'/�!-*(�$).0ƣ�$ )/�!0)�$)"ǚ���&�*!�!0)�$)"�
from the industry for pediatric trials may be explained by multiple factors; decreased 
commercial interest, increased costs and greater risk of liability and more restrictive 
regulatory oversight.19 Despite the common perception of reduced market potential, 
the pediatric healthcare market is forecasted to grow to 15,984 million US dollars 
by 2025.26��0-- )/'4Ǜ�#*2 1 -Ǜ�+ �$�/-$��/-$�'.��- �(*- �- '$�)/�*)�)*)Ǳ+-*Ɵ/�!0)�.�
or governmental funds.19 Furthermore, physicians are also more hesitant to involve 
�#$'�- )�$)��'$)$��'�/-$�'.�*0/�*!�! �-�*!�0)� -/�$)�/- �/( )/� Ƣ �/.ǚ�
)����$/$*)�/# �
�0-� )�*!�+�-/$�$+�/$)"�$)����'$)$��'�/-$�'�(�4�� ��$Ƣ - )/�!*-��#$'�- )��*(+�- ��/*�
adults. Pragmatic trials in which routine clinical tests and exams are used are thus to 
be preferred.19,20 Another hurdle in pediatric trials are the smaller sample sizes and 
population heterogeneity which complicates recruitment.27 Study designs may need 
/*�$)�*-+*-�/ �./-�/$Ɵ��/$*)��4��" Ǜ�� ��0. �*!�+#4.$*'*"$��'��#�)" .�/#�/��*$)�$� �
with development throughout childhood.26��#$.��Ƣ �/.�/# �.�(+' �.$5 �- ,0$- ��/*�
adequately power such study.26
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A recent study argues that for device research in pediatrics, availability and 
technological sophistication falls behind by a decade compared to the adult population.27 
The USA has legislation to stimulate investigations for both pediatric drug and medical 
� 1$� �- . �-�#ǚ����$/$*)�'� Ƣ*-/.�2 - �(�� ��4�� �$��/$)"�!0)�$)"��)��/# �!*-(�/$*)�
*!� 3+ -/$. �) /2*-&.�.+ �$Ɵ��''4�!*-�+ �$�/-$��- . �-�#ǚ19 In Europe such regulations 
only exist for pediatric medicines.26 There are various national initiatives to promote 
medical device development for children in the form of collaborations networks, 
though.26 Yet, despite initiatives, such as governmental funding through the pediatric 
device consortia program in the USA, to stimulate innovation in pediatric medical 
� 1$� �- . �-�#Ǜ� Ƣ*-/.�!-*(��''�./�& #*'� -.�$)�'0�$)"�$)�0./-4��)������ ($���- �
necessary to counteract this inequality.27 The European Pediatric Translational 
� . �-�#� 
)!-�./-0�/0- � �*)) �/$)"� �''� ./�& #*'� -.� �)�� *Ƣ -$)"� .0++*-/� /*� /# �
research community is an important step towards this goal.26

�'/#*0"#�/# - � $.��� '��&�*!�+-*.+ �/$1 �./0�$ .� $)1 ./$"�/$)"�.�! /4��)�� ƣ���4�*!�
dural sealants in the pediatric population, retrospective analyses are available. Zhou 
et al. (2014) have evaluated the use of PEG sealants in 163 patients aged 0-18 years 
who underwent cranial procedures.28 They conclude the use of PEG sealants in the 
pediatric population is safe, based on the low incidences observed for CSF leakage 
ǹƧǚƨʷǺǛ�( )$)"$/$.�ǹƦǚƬʷǺ��)��.0+ -Ɵ�$�'�.&$)�$)! �/$*)�ǹƨǚƪʷǺǚ�
)���. -$ .�*!�.+$)�'�
neurosurgical cases Goodwin et al. (2014) evaluated the use of a PEG hydrogel in addition 
to standard methods of dural suturing in 93 spinal procedures in children.29 The CSF 
leakage risk observed was 5.4%, with a meningitis risk of 1.1%. There were no deaths 
*-��..*�$�/ ��) 0-*'*"$��'�� Ɵ�$/.ǚ��# ��0/#*-.��*)�'0� �/#�/���. ��*)�/# . �- .0'/.�
the use of these sealants in pediatric cases appears to be safe. Parker et al. investigated 
complications in a series of pediatric patients who underwent decompression for 
Chiari Malformation.30� 
)�/# $-�. -$ .��$Ƣ - )/�. �'�)/.�2 - �0. ��$)�/# �(�%*-$/4�
of cases to augment watertight closure of the duraplasty used. A total of 114 patients 
received various combinations of duraplasty (EnDura (Integra LifeSciences, Princeton, 
USA), Durepair (Medtronic, Dublin, Ireland) or cadaveric pericardium) and a sealant 
ǹ�$..  '�ǹ��3/ -Ǜ��  -Ɵ '�Ǜ����ǺǛ��0-�� �'�ǹ
)/ "-��$! ��$ )� .Ǜ��-$)� /*)Ǜ����ǺǺ�*-�
duraplasty without a sealant. The overall incidence of CSF leakage requiring surgical 
$)/ -1 )/$*)�$)�/#$.�. -$ .�2�.�ƫǚƨʷǚ��# - �2�.���.$")$Ɵ��)/��$Ƣ - )� �$)��*(+'$��/$*)�
-�/ .�� + )�$)"�*)�/# �/4+ �*!�"-�ơ�0. ���)��2# /# -���. �'�)/�2�.���� �ǚ��*)/-�-4�/*�
Zhou et al. (2014)28 and Goodwin et al. (2014)29 this study concludes that the addition of a 
. �'�)/�(�4�)*/�� �� ) Ɵ�$�'Ǜ��.�/# �'*2 ./��*(+'$��/$*)�-�/ �*��0-- ��$)�+�/$ )/.�/#�/�
did not receive a sealant.30 Results from retrospective pediatric studies investigating 
sealant use are thus inconsistent.
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�# �' 1 '�*!� 1$� )� �!*-� /# �(�%*-$/4�*!�)*2��*((*)'4�0. ��*ƢǱ'�� '�. �'�)/.� $)�
children is low. The most important limitation of the currently available evidence with 
regard to the use of sealants is the retrospective nature of the studies. Sealants may have 
been applied selectively to cases with high risk only. Furthermore, they are subject to 
reporting bias and may not have captured all potential adverse events related to the 
0. �*!�. �'�)/.ǚ���&$)"�$)/*��*).$� -�/$*).�/#�/�'*"$./$���)��Ɵ)�)�$�'��*)./-�$)/.�*!�
performing a randomized controlled trial, at least single-arm prospective trials are 
) � ..�-4�/*� ./��'$.#���.�! /4�+-*Ɵ' �!*-�/# �0. �*!��*((*)'4�0. ��. �'�)/.�$)�/# �
pediatric population.

Evaluation of the use of DSP in pediatric patients has not yet started. Given the similar 
incidence rate of the complication in children compared to adults, further development 
of this device for use in children would meet a clinical need. Especially, since no other 
devices have been approved in this population to reduce CSF leakage. To evaluate 
safety of the use of DSP in children (1-17 years old) a single-arm open label trial should 
be performed similar to the adult ENCASE trial. In line with recommendations from 
Joseph et al. (2013) this trial should have a pragmatic design, and evaluations should be 
based on standard of care where possible.19 Follow-up visit windows should be based 
*)��'$)$��'�!*''*2Ǳ0+Ǜ�/#0.�$)�'0� ���1$.$/��/���4�ƭ�*-��$.�#�-" �ǹ2#$�# 1 -��*( .�Ɵ-./Ǻ�
when the patient is hospitalized and regular postoperative outpatient clinical follow-up 
�-*0)����4�ƪƦǚ��# �Ɵ)�'��'$)$��'�!*''*2Ǳ0+�.#*0'���*$)�$� �2$/#�/# ���
�!*''*2Ǳ0+ǚ��# �
�$�")*.$.�*!�����' �&�" �.#*0'��� ���. ��*)�+#4.$�$�).Ǩ�.0.+$�$*)�2$/#*0/��*)Ɵ-(�/$*)�
through beta-2-transferrin testing if not clinically necessary to avoid additional blood 
test for research purposes. Although undergoing an MRI is burdensome for pediatric 
patients this procedure is necessary for proper evaluation of safety as it will provide 
insight into the potential swelling and complications such as pseudomeningocele. 

)�'0.$*)�*!�+�/$ )/.�/#�/�2$''�0)� -"*���
�!*''*2Ǳ0+�2$/#$)�/# �Ɵ-./�ƭ���4.��)���/�
90 days postoperatively as part of their standard of care is thus preferential. The 12 
months follow-up necessary to follow patients for the maximum degradation period 
of the product could be performed through telecommunication.

��. �� *)� *0-� - � )/� #$./*-$�� �*#*-/� ./0�4�2 �  3+ �/� ƧƦʷ�*!� + �$�/-$�� +�/$ )/.� /*�
meet one or more composite primary endpoints (incidence of wound infection or 
meningitis, incidence of CSF leakage, incidence of pseudomeningocele with the need 
for intervention).6��''*2$)"�!*-����*)Ɵ� )� �$)/ -1�'�2$/#���2$�/#�*!�ƨƦʷ�/#$.�2*0'��
require a sample size of 47 patients (including a 10% drop-out rate). A trial design 
2$/#*0/����$/$*)�'�1$.$/.�2*0'��� ) Ɵ/�- �-0$/( )/��.��$.-0+/$*)�*!���$'4�'$! �$.�*) �
of the most mentioned discouraging factors for participation in research by both 
children and parents.20 Pediatric patients should also be involved in the design of the 
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trial, as they can provide valuable insights into research participation.26 Active patient 
participation in research has been a trend throughout Europe for the last 10 years.26

The biological safety evaluation on which the preclinical studies have been based 
reveals a maximum size of 10x16 cm for adult females (reference weight 58 kg). 
Extrapolating this to the body mass recommended by the ISO 10993-17 for children 
aged 1-16 years assuming a weight of 10 kg would allow for implantation of a patch with 
a maximum surface of 27.6 square cm.31 A 5x5 cm patch, which is below the maximum 
recommended surface area, is already commercially available. The actual size of the 
patch to be implanted will likely be smaller in the vast majority of cases as the device 
will be cut to size prior to application.

Although, the results of randomized-controlled trial would be able to provide insights 
$)/*��*/#�.�! /4��)�� ƣ���4�*!������.��*(+�- ��/*��0-- )/�� ./�+-��/$� �$)��#$'�- )�
/#$.�(�4�)*/�� �! �.$�' �!*-�'*"$./$���)��Ɵ)�)�$�'�- �.*).ǚ��*��1*$��*ƢǱ'�� '�0. �*!�/# �
device in children without knowledge of potential safety issues, however, a single-arm 
.�! /4�/-$�'�2*0'��� ���1�'0��' �Ɵ-./�./ +ǚ

Limitations
This thesis is subject to the following limitations. Firstly, the health economic 
evaluation of CSF leakage costs is based on one center in the Netherlands. Therefore, 
generalizability of these results is limited. The results of the ENCASE II trial comparing 
the novel Dura Sealant Patch, DSP, to two commonly used comparators are not complete 
yet. Thus it remains unknown whether DSP performs non inferior to control. Moreover, 
DSP is compared to PEG-hydrogel sealants in this study only, as these are both Food 
�)���-0"���($)$./-�/$*)�ǹ���Ǻ��)���*)!*-($/Ć��0-*+ć )) �ǹ��Ǻ��++-*1 �ǚ�
)��0-*+ Ǜ�
���#*.$'�$.�*ơ )�0. ���.���. �'�)/�$)�) 0-*.0-"$��'�+-*� �0- .ǚ��# ��������

�/-$�'Ǜ�
#*2 1 -Ǜ�2$''�)*/�+-*1$� �$).$"#/�$)/*�/# � ƣ���4�*!������*(+�- ��/*����#*.$'Ǜ�� .+$/ �
its relevance in European neurosurgical practice. The most important limitation of both 
the animal studies on spinal application of DSP and the case series on transsphenoidal 
application of DSP is the small sample size of these studies.

Similarly, our evaluation of the incidence and risk factors of CSF leakage in the pediatric 
population is limited by the low number of cases. Although our evaluation of cranial 
cases to our knowledge is the largest cohort to date, the absolute number of cases with 
CSF leakage remains low. For our spinal analysis the sample size of the cohort as well 
as the absolute number of cases with CSF leakage is limited, despite the multicenter 
approach of this study. Larger collaborations are necessary for evaluation of this 
.+ �$Ɵ��.0-"$��'�+*+0'�/$*)ǚ
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Potential future directions
�# �Ɵ)�$)".�$)�/#$.�/# .$.��*)Ɵ-(�/# ��'$)$��'�)  ��!*-� Ƣ �/$1 �+- 1 )/�/$1 �./-�/ "$ .�
to reduce CSF leakage from a health care and economic perspective, in both adults and 
�#$'�- )ǚ��- 1 )/�/$1 �./-�/ "$ .�(�4�� �� ) Ɵ�$�'�!-*(���# �'/#Ǳ �*)*($��+*$)/�*!�
view as well. Furthermore, it is shown that the use of DSP in TSS is safe and potentially 
 Ƣ �/$1 ǚ���. ��*)�/# �./0�$ .�$)�/#$.�/# .$.�/# �!*''*2$)"�- �*(( )��/$*)�!*-�!0-/# -�
- . �-�#���)�� �(�� ǚ��$-./'4Ǜ�"$1 )�/# ��0-- )/�'��&�*!�.�! ��)�� Ƣ �/$1 ��0-�'�. �'�)/�
for spinal surgery and burden of disease caused by CSF leakage, we propose that an 
$)Ǳ#0(�)�$)1 ./$"�/$)"�.�! /4��)�� ƣ���4�*!�����$)�.+$)�'�.0-" -4�$)���0'/.�.#*0'��
be performed.

Secondly, further development of DSP for cranial pediatric use is warranted given the 
incidence of CSF leakage in the pediatric population and lack of alternatives available.

Thirdly, a post-market surveillance program is recommended for cranial use of DSP, 
both for trepanations and transsphenoidal surgery. Data should be gathered to compare 
/# � ƣ���4�*!�����/*����#*.$'Ǜ����*((*)'4�0. ���0-�'�. �'�)/�$)��0-*+ ��0-- )/'4�
2#$�#�#�.�)*/��  )�$)1 ./$"�/ ��$)�/# ��������

�/-$�'ǚ�
)����$/$*)Ǜ�.�! /4��)�� ƣ���4�
��/��.#*0'��� ��*'' �/ ��!*-�/-�)..+# )*$��'���. .�/*��*(+�- �/# � ƣ���4�*!�����/*�/# �
� )�#�(�-&�*!�� ./�./�)��-��*!���- ��*).$� -$)"�$/.�0. �$)�����$.�)*/�*ƢǱ'�� '�� .+$/ �
/# �'��&�*!���+-*.+ �/$1 �/-$�'�$)1 ./$"�/$)"�$/.�.�! /4��)�� ƣ���4ǚ


)����$/$*)�/*�!0/0- �- . �-�#� Ƣ*-/.Ǜ�/# �.0�� ..�*!�+- 1 )/�/$1 �./-�/ "$ .��"�$)./�����
leakage is depended on the neurosurgeons making use of them. Firstly, neurosurgeons 
need to be informed about the problem of CSF leakage. Secondly, neurosurgeons need 
/*�� ��2�- �*!�/# �$(+-*1 ( )/.�*!�/# �)*1 '�./-�/ "$ .�*Ƣ - �ǚ

Therefore, presenting our research on why CSF leakage should be prevented both 
from a patientcare and health-economic perspective, who are most at risk, and 
what the potential role of various preventative strategies is, is only the starting 
+*$)/ǚ� 
(+' ( )/�/$*)� *!� )*1 '� +- 1 )/�/$1 � ./-�/ "$ .� - ,0$- .� - Ơ �/$*)�2$/#$)�
) 0-*.0-"$��'�� +�-/( )/.�*)�/# $-�.+ �$Ɵ������' �&�" ���. .Ǜ�+- 1 )/$*)�./-�/ "$ .�
�0-- )/'4��++'$ ���)����%*$)/� Ƣ*-/�/*��*(($/�/*��// (+/$)"�/*�$(+-*1$)"��0-- )/�-�/ .ǚ�
As multiple individual preventative strategies may exist in neurosurgical departments, 
the research presented in this thesis may help departments in adopting a more uniform 
./-�/ "4ǚ��*- *1 -Ǜ�' �-)$)"��4� 3�(+' �*!�+$*)  -.�$)�/# �Ɵ '��+'�4.���+$1*/�'�-*' �$)�
implementing novel techniques for the next generation.
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Summary
This Ph.D. thesis describes further applications of a novel dural sealant patch to prevent 
� - �-*.+$)�'�Ơ0$�� ' �&�" ǚ��# �� - �-*.+$)�'�Ơ0$��+#4.$*'*"4��)���*). ,0 )� .�
of CSF leakage as well as current knowledge with respect to preventative strategies 
are described in the $)/-*�0�/$*)�ǹ�#�+/ -�ƧǺǚ�� - �-*.+$)�'�Ơ0$��' �&�" �$.���2 ''Ǳ
&)*2)� �*(+'$��/$*)� �ơ -� ) 0-*.0-"$��'� +-*� �0- .ǚ� �# � �0-�� (�/ -� (�4� #�1 �
been compromised unintentionally or have been opened intentionally during such 
+-*� �0- ǚ�� .+$/ �( /$�0'*0.��'*.0- �2$/#�.0/0-$)"��ơ -�$)/ )/$*)�'�$)�$.$*)�*!�/# �
�0-�Ǜ�' �&�" �*!�� - �-*.+$)�'�Ơ0$��/#-*0"#�/# �.&$)�(�4�*��0-ǚ��*�($/$"�/ �/# �-$.&�*!�
CSF leakage a novel medical device to prevent CSF leakage, Dura Sealant Patch (DSP) 
ǹ$,*. �'ȘǛ��*'4"�)$�.��ǚ�ǚ��-*)$)" )Ǜ��# �� /# -'�)�.ǺǛ�2�.�� 1 '*+ ��/*��0"( )/�
2�/ -/$"#/��0-�'��'*.0- ��ơ -�.0/0-$)"ǚ

Part I of this thesis discusses the prevention of CSF leakage in cranial surgery in adults. 
The second chapter of this thesis describes the health-economic consequences of CSF 
' �&�" ��ơ -��-�)$�'�.0-" -4�!-*(���#*.+$/�'�+ -.+ �/$1 �$)�/# �� /# -'�)�.ǚ�� �)��*./�
�$Ƣ - )� �� /2  )�+�/$ )/.�2$/#��)��2$/#*0/�����' �&�" �2�.�ʧƯǛƬƬƫ�ǹƯƫʷǱ�*)Ɵ� )� �

)/ -1�'�ǹ�
ǺǛ�ʧƫǛƧƨƫ�/*�ʧƧƪǛƨƦƫǺǚ���$)��*./��-$1 -�2�.�#*.+$/�'�./�4�2$/#����$Ƣ - )� �*!�
8.5 additional days in hospital for patients with CSF leakage. This study furthermore 
modelled the potential cost savings if CSF leakage were to be reduced. A maximum 
�*./�- �0�/$*)�*!�ǱʧƬƫƩǛƦƨƫ�ǹƯƫʷ��
�Ǳʧ�ƧǛƨƦƪǛƨƪƩ�/*�ǱʧƧƬƯǛƧƨƦǺ�+ -�ƧǛƦƦƦ�+�/$ )/.��*0'��
be achieved if CSF leakage would be reduced with 75% in all patients, with 72 cases of 
CSF leakage avoided.

�# �+-*/*�*'�*!���-�)�*($5 �Ǳ�*)/-*'' ��/-$�'� 1�'0�/$)"�/# �.�! /4��)�� ƣ���4�*!�����
as compared to standard of care, which is currently carried out, is presented in chapter 
3. This study aims to recruit 228 patients undergoing elective infratentorial surgery 
and is designed as a non-inferiority trial.

The second part� *!� /#$.� /# .$.� $.� �$- �/ �� �/� +- 1 )/$*)� *!� ���� ' �&�" � �ơ -�
transsphenoidal surgery. The meta-analysis described in chapter 4 provides a bench 
(�-&�*!�/# �$)�$� )� �*!�����' �&�" ��ơ -�/-�)..+# )*$��'�.0-" -4�ǹƩǚƪʷǺǛ���!*-(�
of cranial surgery. CSF leakage is more frequent when intra-operative CSF leakage 
occurs and when cavernous sinus invasion is present. In �#�+/ -�ƫ the results of ex vivo 
experiments of application of DSP in a transsphenoidal procedure and application of 
DSP as a salvage treatment in 3 patients are presented. The burst pressure of DSP in 
this transsphenoidal model is well above physiological intracranial pressure. DSP was 
applied during transsphenoidal procedures with intraoperative CSF leakage to prevent 
postoperative CSF leakage. None of the patients had a postoperative CSF leakage. No 
nose passage problems were observed.
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Part III of this thesis focuses on safety of application of DSP on spinal dura. The 6th 
chapter � .�-$� .�#*2�2 ����+/ ����.+$)�'�$)�1$1*�+*-�$) �(*� '��4�Ɵ3�/$)"�/# �.+$) �
2$/#�0�-��+'�/ .�/*��1*$��) 0-*'*"$��'�� Ɵ�$/ǚ��#$.��)$(�'�(*� '�2�.�0. ��/*� 1�'0�/ �
safety of spinal implantation of DSP as described in chapter 7. The comparison of spinal 
MRI and histological data showed similar reactions to DSP as a previous cranial porcine 
(*� 'ǚ��# . �- .0'/.�'�4�/# �!*0)��/$*).�!*-���Ɵ-./�$)�#0(�)�./0�4�!*-�.+$)�'��++'$��/$*)ǚ

Part IV of this thesis consists of studies evaluating incidence and risk factors of CSF 
leakage in the pediatric patients. These chapters provide the groundwork for future 
studies investigating preventative strategies in this population. Chapter 8 presents 
/# �- .0'/.�*!���.4./ (�/$��- 1$ 2��)��( /�Ǳ�)�'4.$.��)���*)�'0� ��/#�/�� Ɵ)$/$*).�*!�
CSF leakage are underreported and are very variable. This results in a wide interval of 
presumed risk of CSF leakage in children (0-38%) with an average risk of 4.4%. Chapter 
9 and chapter 10 describe two subsequent multi-center, international, historical cohort 
studies including cranial cases and spinal cases, respectively. We found that the 
$)�$� )� �*!�����' �&�" ��ơ -��-�)$�'�.0-" -4�$)��#$'�- )�$.��*(+�-��' �/*�/#�/�$)���0'/.�
ǹƭǚƫ Ǻ̫ǚ��-�)$ �/*(4��)��#4�-*� +#�'0.�2 - �$� )/$Ɵ ���.�$)� + )� )/�-$.&Ǳ!��/*-.ǚ�����
' �&�" ��ơ -�$)/-��0-�'�.+$)�'�.0-" -4Ǜ�*)�/# �*/# -�#�)�Ǜ�2�.�- '�/$1 '4�-�- �ǹƨǚƭʷǺǚ�
Nevertheless, the clinical consequences with respect to secondary complications such 
as infection, necessity for invasive treatment and prolonged hospitalization are serious. 
Despite the clinical necessity for preventative solutions for the pediatric population, 
�'$)$��'� 1$� )� �!*-�/#$.�.+ �$Ɵ��+*+0'�/$*)�$.�'��&$)"�!*-�/# �(*./��*((*)'4�0. ��
dural sealants.

�# �Ɵ)�$)".� +- . )/ �� $)� /#$.� /# .$.� $)�$��/ � /# � )  �� !*-�  Ƣ �/$1 � +- 1 )/�/$1 �
./-�/ "$ .�!*-�����' �&�" ǚ��0�#�+- 1 )/�/$1 �./-�/ "$ .�(�4��'.*�� �� ) Ɵ�$�'�!-*(�
�)� �*)*($��+ -.+ �/$1 ǚ�����+-**!.�.�! ��)��+*/ )/$�''4� ƣ���$*0.�!*-��-�)$�'�0. Ǜ�
including transsphenoidal procedures, in adults. Furthermore, this thesis has laid the 
ground work for future clinical studies for spinal use and use in pediatric population.
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)��$/�+-* !.�#-$ơ�2*-� )�1 -� - �/* +�..$)" )�1�)�  )�)$ 02�( �$.�#�#0'+($�� '�/ -�
preventie van hersenvochtlekkage beschreven. In hoofdstuk 1 wordt een inleiding gegeven 
van de fysiologie van hersenvocht, consequenties van hersenvochtlekkage en de huidige 
& ))$.�*+�# /�" �$ ��1�)�+- 1 )/$ 1 �./-�/ "$ Ċ)ǚ�	 -. )1*�#/' &&�" �$.�  )�� & )� �
complicatie na neurochirurgische operaties. Het hersenvlies kan per ongeluk of als 
onderdeel van de operatie worden geopend. Ondanks zorgvuldig hechten van het hersenvlies 
kan het doorbreken van deze anders waterdichte barrière leiden tot lekkage van hersenvocht 
door de wond. Om het risico hierop te beperken is een nieuw medisch hulpmiddel, Dura 
Sealant Patch�ǹ���Ǻ�ǹ$,*. �'ȘǛ��*'4"�)$�.��ǚ�ǚ��-*)$)" )Ǜ�� � -'�)�ǺǛ�*)/2$&& '�ǚ

Het eerste deel 1�)��$/�+-* !.�#-$ơ�� #�)� '/�� �+- 1 )/$ �1�)�# -. )1*�#/' &&�" �$)�
craniale chirurgie bij volwassenen. In hoofdstuk 2 worden de gezondheidseconomische 
gevolgen van hersenvochtlekkage na craniale chirurgie beschreven vanuit het 
ziekenhuisperspectief in Nederland. Het gemiddelde kostenverschil tussen 
+�/$Ċ)/ )�( /� # -. )1*�#/' &&�" �  )� +�/$Ċ)/ )� 5*)� -� # -. )1*�#/� ' &&�" �2�.�
ʧƯǛƬƬƫ� ǹƯƫʷǱ� /-*02���-# $�.$)/ -1�'� ǹ�
ǺǛ� ʧƫǛƧƨƫ� /*/� ʧƧƪǛƨƦƫǺǚ� � � � '�)"-$%&./ �
kostendrijver was ziekenhuisopname met een gemiddeld verschil van 8.5 dagen. In 
dit onderzoek werd verder gemodelleerd wat de mogelijke kostenbesparing zou kunnen 
zijn als hersenvochtlekkage zou worden verminderd. Een maximale kostenreductie 
1�)� ǱʧƬƫƩǛƦƨƫ� ǹƯƫʷ� �
� Ǳʧ� ƧǛƨƦƪǛƨƪƩ� /*/� ǱʧƧƬƯǛƧƨƦǺ� + -� ƧǛƦƦƦ� +�/$Ċ)/ )� 5*0� &0)) )�
2*-� )�" - �'$.  -���$%�ƭƫʷ�1 -($)� -$)"�$)��'' �+�/$Ċ)/ )Ǜ�2��-�$%�ƭƨ�" 1�'' )�1�)�
hersenvochtlekkage zouden worden voorkomen.

	 /�+-*/*�*'�1�)�  )�" -�)�*($.  -� �" �*)/-*'  -� �./0�$ �)��-�� � Ƣ �/$1$/ $/�1�)�
DSP ten opzichte van de goudenstandaard ter voorkoming van hersenvochtlekkage na 
craniale chirurgie bij volwassenen, die heden wordt uitgevoerd, wordt in hoofdstuk 
3�" +- . )/  -�ǚ� 
)�� 5 �./0�$ �2*-� )�ƨƨƮ�+�/$Ċ)/ )��$ � ' �/$ 1 � $)!-�/ )/*-$Ċ' �
chirurgie ondergaan geïncludeerd. De studie is ontworpen als non-inferiority studie.

Het tweede deel� 1�)��$/�+-* !.�#-$ơ�� #�)� '/�+- 1 )/$ �1�)�# -. )1*�#/' &&�" �
na transsfenoïdale chirurgie. In hoofdstuk 4 wordt ingegaan op toepassing van 
�����$%� /-�)..! )*ĥ��' � �#$-0-"$ Ǜ�   )� .+ �$Ɵ & �1*-(�1�)��-�)$�' � �#$-0-"$ ǚ� 
)�
een meta-analyse wordt de maatstaf voor de incidentie van hersenvochtlekkage bij 
transsfenoïdale chirurgie (3.4%) weergegeven. Uit dit onderzoek blijkt het risico op 
hersenvochtlekkage verhoogd in geval er sprake is van hersenvochtlekkage ten tijde van 
de ingreep en ingeval van invasie van de sinus cavernosus. In #**!�./0&�ƫ worden de 
resultaten van ex vivo experimenten van de applicatie van DSP bij een transsfenoïdale 
procedure en 3 casus beschreven. De barst druk van DSP in dit transsfenoïdale 
model ligt ruim boven de fysiologische intracraniale druk. DSP werd gebruikt tijdens 
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/-�)..! )*ĥ��' ��#$-0-"$ ��$%�Ʃ�+�/$Ċ)/ )�( /� $)/-�Ǳ*+ -�/$ 1 �# -. )1*�#/' &&�" �
*(�+*./*+ -�/$ 1 �# -. )1*�#/' &&�" � / �1**-&*( )ǚ��  )�1�)�� �+�/$Ċ)/ )�#���
postoperatieve hersenvochtlekkage. Er werden geen neuspassage klachten gemeld.

Het derde deel�1�)�# /�+-* !.�#-$ơ�� #�)� '/�� �1 $'$"# $��1�)��++'$��/$ �1�)�����*+�
spinale dura. In hoofdstuk 6 wordt beschreven hoe we een in vivo varkens model voor 
spinale chirurgie hebben ontwikkeld. Het model werd aangepast door het toevoegen 
van Lubraplaten om de wervelkolom te stabiliseren en zo neurologische uitval te 
voorkomen. Dit dierproefmodel werd gebruikt voor onderzoek naar de veiligheid van 
DSP bij spinale chirurgie, wat in hoofdstuk 7 wordt beschreven. De MRI en histologie 
resultaten zijn vergelijkbaar met die uit een eerder craniaal varkensmodel. Er waren 
geen aanwijzingen voor veiligheidsbezwaren. Deze resultaten vormen het grondwerk 
voor een eerste studie naar spinaal gebruik van DSP bij mensen.

�  '�
��1�)��$/�+-* !.�#-$ơ�-$�#/�5$�#�*+�� �+- 1 )/$ �1�)�# -. )1*�#/' &&�" ��$%�
kinderen. De incidentie en risicofactoren van hersenvochtlekkage bij kinderen zijn 
nog niet eerder uitgebreid beschreven. De hoofdstukken in dit deel kunnen de basis 
1*-( )� 1**-� 1 -� -� *)� -5* &� )��-� +- 1 )/$ 1 � ./-�/ "$ Ċ)� $)� � 5 � �* '"-* +ǚ�
Hoofdstuk 8�� .�#-$%ơ�� �- .0'/�/ )�1�)�  )�.4./ (�/$.�#� '$/ -�/00-*)� -5* &� )�
( /�Ǳ�)�'4. �2��-$)�2 -��" �*)�'0�  -����/�� �� Ɵ)$/$ .�1�)�# -. )1*�#/' &&�" �
onder-gerapporteerd en erg verschillend zijn. De resultaten lieten een breed interval 
van de veronderstelde incidentie zien (0-38%), met een gemiddeld risico van 4.4%. In een 
daaropvolgende cohort studie in internationaal verband, beschreven in hoofdstuk 9, 
werd aangetoond dat het risico op hersenvochtlekkage bij kinderen vergelijkbaar is met 
dat bij volwassenen (7.5%). Craniectomie en hydrocefalie werden als onafhankelijke 
-$.$�*!��/*- )�" ĥ� )/$Ɵ�  -�ǚ�Hoofdstuk 10�� .�#-$%ơ�  )��*#*-/�./0�$ �$)�� 5 '!� �
centra met spinale casus. Hersenvochtlekkage na intradurale spinale chirurgie bleek 
relatief zeldzaam (2.7%). Desalniettemin, zijn de klinische gevolgen met betrekking tot 
complicaties zoals infectie en de noodzaak tot invasieve behandeling en verlenging van 
5$ & )#0$.*+)�( � -)./$"ǚ��)��)&.�� �&'$)$.�# �� #* ơ ���)�+- 1 )/$ 1 �*+'*..$)" )�
voor de pediatrische populatie, is er een gebrek aan klinisch bewijs over het gebruik 
1�)�"�)"��- �( �$.�# �#0'+($�� ' )�1**-�� 5 �+�/$Ċ)/ )"-* +ǚ

� �� 1$)�$)" )��$ �2*-� )�" +- . )/  -��$)��$/�+-* !.�#-$ơ�" 1 )�2  -���/� -�� #* ơ �
$.���)� Ƣ �/$ 1 �+- 1 )/$ 1 �./-�/ "$ Ċ)�/ " )�# -. )1*�#/' &&�" ǚ�� 5 �./-�/ "$ Ċ)�
kunnen ook vanuit gezondheidseconomisch perspectief gunstig zijn. DSP is veilig voor 
�-�)$��'�" �-0$&��$%�1*'2�.. ) )ǚ�� � Ƣ �/$1$/ $/�/ )�*+5$�#/ �1�)�#0$�$" �� .�#$&��- �
sealants wordt onderzocht in een multicenter gerandomiseerde klinische studie. 
���-)��./�2 -��$)��$/�+-* !.�#-$ơ�� ���.$.�" ' "��1**-�1 -� - �&'$)$.�# �./0�$ .�)��-�
gebruik van DSP bij spinale chirurgie en bij kinderen.
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