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Abstract
Introduction

Decompressive craniectomy (DC) is the most common surgical procedure to manage increased intra-
cranial pressure (ICP). Hinge craniotomy (HC), which consists of fixing the bone operculum with a
pivot, is an alternative method conceived to avoid some DC-related complications; nonetheless, it is

debated whether it can provide enough volume expansion.

In this study, we aimed to analyze the volume and ICP obtained with HC using an experimental

cadaver-based preclinical model and compare the results to baseline and DC.
Methods

Baseline conditions, HC, and DC were compared on both sides of five anatomical specimens. Volume
and ICP values were measured with a custom-made system. Local polynomial regression was used

to investigate volume differences.
Results

The area of the bone opercula resulting from measurements was 115.55 cm?; the mean supratentorial
volume was 955 mL. HC led to intermediate results compared to baseline and DC. At an ICP of 50
mmHg, HC offers 130 mL extra space but 172 mL less than a DC. Based on local polynomial regres-
sion, the mean volume difference between HC and the standard craniotomy was 10%; 14% between
DC and HC; both are higher than the volume of brain herniation reported in the literature in the
clinical setting. The volume leading to an ICP of 50 mmHg at baseline was less than the volume

needed to reach an ICP of 20 mmHg after HC (10.05% and 14.95% from baseline, respectively).
Conclusions

These data confirm the efficacy of HC in providing sufficient volume expansion. HC is a valid inter-
mediate alternative in case of potentially evolutionary lesions and non-massive edema, especially in

developing countries.
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Introduction

In the acute phase, the multidisciplinary management of severe TBI aims to prevent and treat second-
ary damage and stabilize the patient's general and neurological condition. The goal of this treatment,
medical and possibly surgical, is also the control of brain swelling and intracranial pressure (ICP).[8,
40, 10, 15, 1, 16] ICP monitoring is essential for decision-making and medical and surgical treatment
modulation.[6, 37] The decompressive craniectomy (DC) is considered the last step in the context of
a "staircase approach" in treating traumatic intracranial hypertension.[24, 46] However, it has two
main problems: the lack of clear indications for treatment and a shared ICP threshold. Multiple factors
also seem to affect the outcome: for example, higher mortality and unfavorable outcomes have been
reported in patients over 65 years of age.[13] The sum of all these uncertainties has led to the reali-
zation of two large randomized trials, the DECRA and RESCUEicp studies,[9-11, 19, 21, 22, 48]
which confirmed the effectiveness of DC in reducing ICP and as a life-saving procedure. However,
reducing ICP does not automatically translate into improving the outcome.[9, 11, 21, 22] According
to the latest update of guidelines, DC is recommended in case of a late increase in ICP that is refrac-
tory to therapy to improve mortality and outcome.[19, 21] Despite being a very effective tool in the
control of ICP, DC is potentially burdened by non-negligible complications, together with cranio-

plasty and its related complications (10-40% in some series).[11, 20, 21, 31, 42, 43]

Another indication for DC is the malignant middle cerebral artery infarction, or space-occupying
hemispheric infarction. According to the European Stroke Organisation guidelines, in adult patients
aged 60 years or younger, who can be treated within 48 hours of stroke onset, DC is indicated to
reduce the risks of death or a poor outcome.[53] Nevertheless, surgery should only be done after a
shared decision process, including a careful discussion with the patient or their representatives about
the risk of survival with substantial disability. Furthermore, the involvement of the internal carotid
artery, or anterior or posterior cerebral arteries territories, the side of the stroke, the age cutoff, and
how to behave after 48 hours are still debated.[53] Additionally, only expert consensus statements
exist regarding the role of ICP measurements in brain infarction. For these reasons, we mainly focused

on the TBI in this study.

Although the DC is regarded as the standard procedure,[19] the hinge craniotomy (HC) technique has
been recently introduced.[41] HC allows for overcoming some DC complications and could play a
crucial role in managing severely traumatized patients, especially in areas where resources are lim-
ited. A factor limiting its widespread use is fear that the technique does not allow a sufficient volume
for brain expansion. HC consists in repositioning the bone operculum and fixing it with titanium
plates that maintain a hinged margin, thus allowing a subtotal opening.[41] Clinical series (for a total
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of almost 300 patients) have shown that HC is an effective technique in controlling ICP of moderate-
grade cerebral edema.[32] It allows maintenance of brain protection, reduces post-surgical complica-
tions, avoids cranioplasty, and is associated with an excellent esthetic result.[32] In recent years, sev-
eral clinical studies have been conducted on cadavers and 3D models to demonstrate the feasibility
and clinical effectiveness of HC. Nevertheless, achieving an adequate volume of brain expansion and
determining if and how many patients may need a subsequent standard DC have yet to be deter-
mined.[32, 44] To our knowledge, only another recent study focused on measuring the difference in

the pressure-volume relationship between HC and DC in a preclinical setting.[45]

Therefore, this study aimed to analyze, with a novel experimental cadaver-based preclinical model,
the available volume obtained with an HC and its ICP trend and to compare the results with those of

a baseline condition (craniotomy fixed with plates) following a DC.

Materials and Methods

This work was conducted in accordance with the institutional Ethical Committee guidelines and was
performed according to the ethical standards of our institutional review board. Five fresh anatomical
specimen heads, provided by MedCure (MedCure, Inc. Portland, USA), were used for the current
study. All procedures were carried out in the human anatomy laboratory at the University of Brescia.
The arterial system was injected with a silicone resin (Xiameter® RTV, Dow Corning, Midland,
Michigan, USA) and stained with red dye (Pintasol®, Mixol Red E-L3mix, Kirchheim unter Teck,
Germany) to highlight the course of the arterial network. The preparations were defrosted 24 hours
before and placed at four °C until when used. On each specimen, a DC and an HC were performed

on each side (n = 10 for each technique).

Surgical technique

The procedures were carried out after fixing the specimen to the operating table with a Mayfield skull
clamp and rotating it contralaterally. Following a large frontal-temporal-parietal "trauma flap" inci-
sion, the temporal muscle was incised, dissected, and retracted antero-inferiorly to allow adequate
exposure of the pole and base of the temporal lobe. Two burr holes were performed, using a perforator
(Bien-Air Surgery® SA; Le Noirmont, CH), at the pterional key-hole and the posteroinferior margin
of the craniotomy, respectively. The margins of the craniotomy were drawn with a marker, and the

measurements were made to respect the minimum dimensions recommended by guidelines (Figure



1).[19] A frontal-temporal-parietal craniectomy was performed using a craniotome (Bien-Air Surgery
SA; Le Noirmont, CH). Then, the largest diameters of the bone volet were recorded. The craniectomy
was completed at the temporal base and pole level until adequate exposure was obtained. Subse-
quently, the dura mater was incised and opened (Figure 1), and the brain parenchyma, up to the level
of the tentorial hiatus and the falx along its entire length, was removed. This last step created a large
chamber to allow the measuring system to best adapt to the cranial cavity. To avoid a transtentorial
herniation with possible alteration of the volumetric and pressure data, a duroplasty, reinforced with
a titanium mesh, was performed at the level of the tentorial hiatus (Figure 1). An enlarged burr hole
was made posteriorly, close to the midline, for the insertion of the plastic casing connected to the

washing and pressure measurement system,

Intracranial pressure measurement system

The ICP measurement system (Figure 2) consisted of a plastic bag with a volume of 3 liters, whose
extremity was connected to a washing catheter containing an ICP probe (IntegraTM Camino®, Inte-
gra Lifescience, Princeton, NJ, USA). The end of the catheter was connected to a syringe system for
injecting and aspirating saline solution from a graduated can through a three-way connector. Saline
solution was then infused until a mean physiological value of 10 mmHg ICP was reached.[35] The

corresponding volume was defined as the baseline value for that specific specimen.

Subsequently, ICP values were progressively documented every 5/10 mL of saline infusion steps until
achieving 50 mmHg ICP. Although not relevant in clinical practice, this value was chosen to acquire
more values and improve the study's validity. The exact process was repeated on each side in the

following conditions: baseline (craniotomy fixed with plates), HC, and DC.

Baseline craniotomy

Once the system was inserted, the bone operculum was repositioned and fixed with plates. Skin and

subcutaneous tissues were sutured. Measurements were then taken as described previously.

Hinge Craniotomy

The sutures were removed, and the bone flap was fixed only along the frontal and parietal margin at

the level of the midline with the use of two plates (Figure 3). This system, functioning as a hinge or
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pin along the medial edge, allowed the bone volet to rise along the basal, anterior, and posterior
margins. The sinking of the bone operculum at the resolution of the raised ICP state can be avoided
by placing plates along the free margins but fixing them only to the volet. Our technique is compara-
ble to those employed by Sendergaard et al., who used a parasagittal titanium mesh (whose rigidity

prevents the bone from sinking when intracranial pressure decreases).[45]

At this point, skin and subcutaneous tissue were sutured again. Subsequently, the initial saline solu-

tion volume was restored, and seriate measurements were repeated.

Decompressive craniectomy

As a third step, the stitches and the bone operculum were removed. The skin and subcutaneous tissues
were then sutured again. As before, the baseline volume was restored, and serial measurements were

repeated.

After completing measurements on one side, the system was emptied, and the bone flap was reposi-

tioned and fixed with screws. The same steps were then repeated contralaterally.

Data processing

The volumes and corresponding pressure values were recorded on a spreadsheet. The values were
recorded for each specimen, divided into the right and left sides, and then in the three steps (basal,
HC, DC). Next, the percentage increase in volume compared to baseline (corresponding to 10 mmHg
value) was calculated up to 50 mmHg. Measurements were compared between the different tech-
niques to highlight the differences in volume obtained with each specimen. Subsequently, a statistical
approximation was performed using the Kernel-weighted local polynomial regression of two varia-
bles, which analyzes the distribution of the different methods using SPSS® statistic software (IBM®,
Armonk, NY, USA).

Results

The average diameter of the bone opercula was 14 + 0.9 x 10.6 £ 0.73 cm for a total mean area of

115.55 cm?. The mean volume of the supratentorial compartment was 955 mL (Table 1).



Figure 4 shows the pressure values obtained by progressive volume changes, expressed in mmHg, on
the y-axis for each specimen. In all ten sides, a homogeneity of distribution of values within each
type of craniotomy was observed. The values of fluid volume, expressed in terms of volume differ-
ence from baseline and percentage at different ICP measurements, are reported in Table 1. The HC
appeared to be approximately placed in an intermediate position with respect to the other two proce-
dures; at 20 mmHg, indeed, the HC allows for a 143 mL further expansion compared to the baseline,
but 137 mL less than DC. Assuming that a pressure of 50 mmHg represents the maximum expansion
of the system, HC offers approximately 130 mL of extra space, compared to baseline, and about 172

mL less than a DC.

Figure 5 shows the distribution of the three different procedures as a function of ICP (x-axis) and
percentage of volume variations (y-axis). Using ordinary least squares, we estimated the best poly-
nomial fit and, from this, the expected mean value of ICP associated with each volume. Comparing
the values obtained with each procedure, the mean difference in volume between HC and the standard

craniotomy was 10% of the baseline volume, whereas between DC and HC was 14%.

It should be noted that after the simulation and reading of the pressures of the HC, there was no

noticeable damage to the system, breakage of plates, or loosening of screws.

Discussion

Traumatic brain injury (TBI) contributes to disabilities and deaths worldwide much more than any
other traumatic pathology, especially in low- and middle-income countries.[14, 39, 51] Head trauma
initiates a cascade of pathophysiological mechanisms that may result in a severe patient prognosis or
a fatal outcome.[14] Primary damage is determined directly by the mechanical action of traumatic
forces. However, secondary damage, which may develop after the trauma due to circulatory disorders,
hypoxia, hypercapnia, or hypoglycemia, can be even more dangerous than primary traumatic force.[6,
8] Therefore, it is essential to prevent its effects by applying measures, eventually including surgery,
according to the values of ICP.[6, 10] DC, despite being a very effective tool in the control of ICP, is
potentially burdened by non-negligible complications,[20, 31, 42, 43] which HC could overcome.[30,
32, 41] Indeed, this appears even more relevant in developing countries. Not only are these countries

the most affected by TBI, but their healthcare systems are often non-existent or inaccessible.[14]

Surgical technique for HC



The techniques described in the literature differ to some extent, but they all follow two main princi-
ples: have a bone margin hinged to the skull to allow free movement along its axis; have support
systems that avoid the sinking of the operculum once the ICP decreases. Described for the first time
by Ko et al. and Schmidt et al.,[29, 41] there were later various publications from different world
regions, based on small case series, in the following years. In most studies, in the initial phase, the
same steps of DC are followed: unilateral incision of the skin and subcutaneous tissue, removal of
the bone operculum (at least 12 cm wide),[41] dural opening, and possible evacuation of the post-
traumatic lesion. As with DC, performing a sizeable dural plastic is advisable, following the technique
and materials used in individual institutions. The fixing of the bone operculum is where the most
significant variability between the published studies is observed. The cardinal principle consists in
obtaining a margin of the bone operculum "hinged" to the cranial theca, leaving the other margins
free to move but not to sink into the intracranial space, thanks to the support of plaques. A Y-plate is
placed along the medial margin in such a way as to allow the bone flap to rise in case of cerebral
edema. Along the anterior, posterior, and possibly basal margins, plates are fixed only to the mobile
operculum. The temporal muscle is repositioned but not fixed tightly; then, the skin and subcutaneous
layer suturing are done. After a few weeks, the bone operculum gradually returns to its original ana-
tomical position.[41] In one study, the use of temporal muscle was proposed as the anchor point of
the mobile bone operculum, partially secured with suture;[3] in other cases, sutures were used on the
mobile bone operculum;[18] in one case, a resin mold of the removed bone operculum was im-
planted.[5] Recently, several clinical studies have been carried out on cadavers and 3D models to

demonstrate the technique's feasibility and clinical effectiveness.

Previous clinical studies

A recent meta-analysis, including the major studies published on HC, identified 283 patients.[32]
Approximately 80% were victims of severe head trauma; the remaining suffered brain edema from a
stroke. The most commonly encountered tomographic anomalies were midline shifts greater than 5
mm and obliteration of basal cisterns and convexity sulci.[3-5, 17, 18, 25, 27, 29, 34, 36, 38, 41, 50,
52] The effectiveness of HC in ICP control emerged from the same studies' clinical experience. No
significant difference between HC and DC was observed in terms of postoperative ICP (HC 12.1 +
2.6 mmHg and DC 15.0 £ 6.3 mmHg);[26] Gutman et al., starting from a mean pre-intervention ICP
of 32.7 + 8.1 mmHg, obtained a postoperative ICP of 16.0 + 12.1 mmHg.[ 18] In the study by Valenga
et al., ICP decreased from 15-35 mmHg to 6-12 mmHg postoperatively.[52] Some authors comparing
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DC and HC showed that the two methods' control of ICP in the postoperative period was equiva-
lent.[27] Furthermore, a regression of the midline shift with both procedures has been reported.[26,
38]

The data regarding outcomes are poor and heterogeneous, mainly described as comparable to those
of DC patients or even better.[S0] The observed survival rate following HC was 74.6%,[32] with a
better long-term outcome than DC.[27] A second DC surgery may be necessary in 3.2% of cases due
to uncontrolled intracranial hypertension or failure of the previous surgery.[32] One case required a
second surgery to secure the bone operculum (too mobile);[26] one case needed cranioplasty for es-

thetic reasons (bone resorption),[12] but in most cases the esthetic result is satisfactory.[5]

Previous cadaver studies

Studies on cadavers have also confirmed the efficacy in reducing ICP. One study measured ICP after
a posterior circular hinge craniotomy (CPHC), demonstrating a significant reduction in ICP and a
10% increase in intracranial volume obtained with a frontal elevation of the cranial vault between 9
and 21 mm.[49] Three different surgical techniques were compared in another study: standard crani-
otomy (baseline), HC, and "dynamic telescopic craniotomy" (DTC), developed by the authors. Both
techniques controlled ICP effectively: DTC and HC were superior in reducing ICP compared to stand-
ard craniotomy, allowing reasonable pressure control up to a volume of 120 mL greater than baseline.
Above this volume, the telescopic seemed more effective.[28] Sendergaard et al. employed a preclin-
ical cadaver model similar to the one described in our paper. They found that before ICP exceeded a
threshold of 20 mmHg, HC and DC allowed an increase of 190 mL and 290 mL, respectively. They
also reported computed tomography-derived calculations following HC: increased intracranial vol-
ume at [CP 20 mmHg equal to 60 ml, maximal increase of intracranial volume of 84 ml, and bone

plate volume around 80 mL.[45]

Results of the current study and comparison with other experimental cadaver studies

One of the primary limits of previous studies was using a skull without considering the effect of the
presence of skin, subcutaneous tissue, and muscle. In addition, the geometry of convexity cranioto-
mies may not reflect the dynamics observed in temporal and pterional areas. Furthermore, materials
designed and built specifically for the study (i.e., telescope plates) were sometimes employed; these

could hardly find a diffuse application in other contexts. Sendergaard et al. used cadavers with intact
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soft tissues and left brains inside the intracranial cavity. However, one of them (used for repeated
measures) was alcohol fixed, therefore potentially altered in elastic properties.[33, 45] In our study,
we used anatomical preparations that recreate in vivo dynamics as faithfully as possible to overcome
these limitations. A standard surgical technique (wide frontal-temporal-parietal craniectomy) was
performed, surgical materials commonly found in almost all operating rooms (plates and standard
fixing screws) were employed, and the presence of skin, subcutaneous tissue, and muscle increased
the fidelity of the experimental model. All three procedures were performed on both sides to better
compare the results of the different surgical techniques (craniotomy, HC, and DC) on the same spec-
imen. In detail, HC provided an extra volume for brain expansion of 188 mL before the ICP reached
30 mmHg and potentially up to 226 mL before 50 mmHg, compared to standard craniotomy. A DC
offered 334 mL and 398 mL of extra volume, respectively. In the work by Khanna et al., surprisingly,
the infusion of 240 mL did not increase ICP above 14 mmHg.[28] These data differ from our experi-
ence, probably because the craniotomy simulated in their experiment was a circular craniotomy at the
level of the vertex, and there was no epicranial tissue to oppose resistance. In the editorial commen-
tary on the work by Sendergaard et al. the small number of specimens was highlighted as a limita-
tion,[33] and we agree with that. Nevertheless, despite the differences between our model (brain and
falx removal, exclusion of the posterior fossa with suture/mesh plates) and the model by Sendergaard
et al., we achieved similar results, especially regarding the additional volume achieved with HC and

DC from baseline, confirming the results of both preclinical models.

Comparing these results to clinical studies with volumetric analysis of brain herniation after a DC,
Stoner et al. found a mean herniated volume of 30.48 + 23.56 mL,[47] significantly less than the
space provided by the HC. Similar results have been found by Jasielski et al., who reported a mean
volume of extra space filled by the swollen brain equal to 42.2 mL + 40.7.[23] One clear result from
our measurement is that the percentage of volume increase that leads to an ICP of 50 mmHg at base-
line is less than the percentage increase that produces an ICP of 20 mmHg when an HC is performed
(10.05% and 14.95%, respectively; Table 1). Sendergaard et al. also measured the volume of bone
flaps, which could partially explain the additional volume difference between DC and HC.[45] We
did not perform such a measurement, as we feel that skull size, bone thickness, and bone flap width
may influence the results too heavily. However, our data and those from their paper prove the volume
gain, regardless of bone volume, but indirectly including the effect of removing it. Furthermore, it is
well known now that a dural opening is required to achieve adequate ICP reduction.[7] Therefore,

other factors play a significant role despite bone removal itself.
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We estimated the best predictor of volumetric variation for a given ICP value by analyzing the re-
gression curves and using ordinary least squares. An HC produces a mean volume gain of 10% from
baseline. DC leads to an additional 14% increase. This data shows that, at the level of volumetric
expansion, HC represents a valid intermediate choice between a standard craniotomy and DC. Indeed,
in the study by Abdullah et al., the percentage of brain volume increase after a DC is approximately
9.6%.[2] From a clinical point of view, the effectiveness of the technique has been documented in
several series published in the literature, and it is likely that, in most cases, volumes achieved with an
HC are sufficient to ensure the adequate expansion of the cerebral parenchyma, also confirming pre-
viously reported results.[45] Based on the combined data from the two studies, the HC can be a valid
alternative in case of potentially evolutionary lesions when the clinical and radiological picture does
not undoubtedly indicate that DC is needed. This could have significant implications in treating pa-
tients requiring refractory ICP, potentially reserving DC as a second step after HC if the ICP still

Increases.

The next step would be to increase the significance of preclinical measurements and apply the HC in
clinical practice, hypothetically starting with patients undergoing craniotomy for hematoma evacua-

tion rather than secondary craniectomy for refractory ICP.

Study limitations

The first limitation is related to the HC itself, as it is difficult to predict the degree of swelling in
individual patients. Thus, from a clinical point of view, the surgeon will have difficulties deciding if

the patient needs a DC or if the HC could be sufficient.

The experimental model used has two main limitations. The elasticity and thickness of soft tissues,
such as skin and muscle of an anatomical preparation, do not faithfully reflect the characteristics of
the same tissues in vivo; furthermore, possible subgaleal blood collection or edema of the temporal
muscle could decrease the available volume provided by HC in the clinical scenario. It should also
be emphasized that the ICP values observed in the current study obviously do not reflect the complex

pathophysiological mechanisms that regulate ICP in case of head trauma or stroke.

Furthermore, the small sample size prevents us from doing advanced statistical analysis.[33] How-

ever, our results confirmed previously reported data, increasing evidence regarding the HC procedure.

Conclusion
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The experimental model confirmed the effectiveness of HC in providing sufficient volume for brain
expansion. The recorded volumetric variations were half of those obtained through a DC. For this
reason, we believe that the HC can be a valid alternative in case of potentially evolutionary lesions
and non-massive edema. This fact could have important implications in treating patients requiring
DC, especially in developing countries where the treatment of head trauma remains a significant
problem. Using materials in our model commonly found in many operating rooms could facilitate
this process. Further clinical studies are needed to confirm this promising surgical technique's utility

and specific indications.
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Figure and Table Legends

Figure 1: Dissection steps.

A, bone flap measurements after dissecting epicranial tissues; B, craniotomy as wide as reported in
guidelines on DC; C, dural opening to prepare the experimental model; D, removal of the falx cerebri

to create a unique supratentorial space; E, duroplasty at the level of the tentorial notch.

Figure 2: Experimental measurement system.

A, plastic bag containing saline solution, three-way connector, and pressure transducer; B, measure-

ment system placed inside the specimen's skull.

Figure 3: Hinge craniotomy technique.

A and B show the procedure on two different specimens. Black asterisks mark the plastic bag of the
measurement system; black arrows indicate the bone plates fixed towards the midline, constituting

the hinge mechanism.

Figure 4: Relationship between the volume changes in mL (x-axis) and the intracranial pressure

(ICP) in mmHg (y-axis).

Each graph corresponds to one side of the five specimens (1-5) and shows the pressure values ob-
tained with the three procedures. DC, decompressive craniectomy; HC, hinge craniotomy; ICP, in-

tracranial pressure; L, left side; R, right side.

Figure 5: Representation of the '"Kernel-weighted' local polynomial regression between ICP in

mmHg (x-axis) and percentage of volume increase (y-axis).

The points correspond to single measurements in each specimen. The lines show each procedure's
best-fit values (with a 95% confidence interval). HC, hinge craniotomy; DC, decompressive craniec-

tomy.
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Table 1: Average volumes corresponding to ICP values of 20 mmHg, 30 mmHg, and 50 mmHg.

The mean total volume, the additional volume compared to the baseline value (difference between
total and baseline volume), and the percentage of volume increase are reported for each of the three

procedures. DC, decompressive craniectomy; HC, hinge craniotomy; ICP, intracranial pressure.
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Standard craniotomy | HC DC
(baseline)
ICP =20 mmHg
Total volume 1005 mL 1098 mL 1235 mL
Total volume — Baseline volume 50 mL 143 mL 280 mL
Difference (%) 5.21% 14.95% 29.32%
ICP =30 mmHg
Total volume 1047 mL 1143 mL 1289 mL
Total volume — Baseline volume 92 mL 188 mL 334 mL
Difference (%) 9.63% 19.72% 34.96%
ICP =50 mmHg
Total volume 1051 mL 1181 mL 1353 mL
Total volume — Baseline volume 96 mL 226 mL 398 mL
Difference (%) 10.05% 23.68% 41.65%
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