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1. Introduction

Accurate wound healing is fundamental to the success of surgical interventions,
particularly in the aesthetic region of the face, where primary wound healing via optimal
angiogenesis is essential to minimize complications such as haemorrhage, infections,
necrosis and excessive scarring (1, 2). Appropriate design of surgical flaps and incisions
directly influences vascularization and healing outcomes, presenting specific challenges
in maxillofacial surgeries. In cleft repair, multiple staged interventions are often required
at different times, which may interfere with maxillary growth and long-term functional
development (3, 4). Potential long-term complications include secondary deformities or
dehiscence of the lip and nose, palatal fistula formation, necrosis and auditory dysfunction
(2, 5-7). Furthermore, velopharyngeal insufficiency may lead to inadequate ventilation,
snoring, and speech disorders by hypernasality. Consequently, detailed knowledge of the
non-cleft anatomy, neurovascular pathways and musculature is fundamental for restoring
physiological function and aesthetic harmony in cleft surgery.

Clefts affect approximately one in 700 live births worldwide (8), with the highest
incidence in reported in Asian- and the lowest in African populations (9, 10). Although,
the aetiology remains incompletely understood, accumulating evidence indicates that
genetic, environmental, and ethnic factors contribute to cleft formation (10-21). To
understand how these influences manifest, it is essential to first consider the normal
upper-lip anatomy. In non-cleft individuals, the upper lip is bordered superiorly by the
nasal base and alar sulci and laterally by the nasolabial folds.

The upper lip is primarily composed of the orbicularis oris muscle (OOM), which unites
with the lower lip at the oral commissure and functions in coordination with the levator
labii superioris (LLSM), levator labii superioris alaeque nasi (LLSANM), risorius,
zygomatic, depressor anguli oris, levator anguli oris, nasalis and buccinator muscles to
regulate facial expressions and oral competence (22-27). Structurally, the upper lip is
divided into the central philtral subunit and two lateral subunits. The philtrum defines the
contour of the upper lip and forms the Cupid’s bow above the lip vermillion (28). The
philtral columns arise from the ipsilateral interdigitating fibres of the levator alaeque nasi
muscle and the peripheral portion of the OOM (24). Briedis and Jackson described the

bilaminar organization of the OOM consisting of a continuous deep and a superficial



decussating layer inserting into the contralateral philtral column and dermis (29). Nicolau,
further subdivided the superficial layer into upper and lower bundles, with the lower
nasolabial bundle receiving fibres from the depressor anguli oris muscle (23). Long fibres
contribute to the contralateral philtral column, whereas short fibres reinforce the
ipsilateral philtral column, explaining the characteristic thickness of the the philtral
columns (30, 31). The vermilion represents the transitional zone between keratinized skin
and non-keratinized oral mucosa, marked by disappearance of the stratum granulosum
(29, 30, 32).

Beneath the OOM at the level of the apex of the upper lateral incisor of the anterior
maxilla lies the myrtiform fossa, which serves as the origin of several nasolabial muscles,
that have historically been described using different terminologies (33—41). The
musculature arising from this region counteracts the muscle function of LLSM and
LLSANM, contributing to inferomedial positioning of the lateral nasal cartilage and the
inferior displacement of the nasal septum as proposed by Yegi et al. (34). Furthermore,
the authors highlighted the connection between the depressor septi nasi muscle (DSNM)
and myrtiformis muscle (MM) (34). De Souza Pinto (35) described the MM as the lateral
portion of the DSNM, while Uzmansel and Oztiirk identified three morphological
variants, based on single- or double muscle bellies (36). The single-belly type was most
common which presented two subtypes; subtype 1 (80%) with fibres inserting at the nasal
base and nasal septum, and subtype 2 (10%) inserting to nasal septum, nasal base and
nasal wing. The double-bellied muscle (10%) attached with a medial belly to the nasal
septum and a lateral belly into the nasal floor. The authors suggested that the combined
DSNM and the lateral depressor alae nasi muscle together constitute the MM with
interdigitations into the OOM (36). Similarly, Figallo et al. differentiated inner fibres
corresponding to the DSNM from the outer fibres of the depressor alae nasi muscle, with
connections to the OOM and the labial fibres of the LLSANM (37). Rohrich et al.
classified the DSNM and its connection to OOM fibres (38), whereas Daniel et al.
reported consisted presence of the DSNM without such connections (42). In cleft
anatomy, Delaire applied the term MM to refer to the inferior component of the transverse
part of nasalis muscle (TNM) (43). Despite these observations, anatomical terminology
remains inconsistent when referring to the DSNM, depressor alae nasi, or MM originating

from the myrtiform fossa. It is unclear whether these represent variations of a single



muscle or distinct, coexisting structures. From an embryologic perspective, cleft lip and
alveolus result from failed fusion of the maxillary and nasal prominences, impacting the
osseous morphology of the myrtiform fossa, leading to impaired premaxillary growth,
due to abnormal tooth eruption, tongue pressure, deviated muscle vectors and occlusal
forces (44, 45). The nasolabial muscles exhibit displaced insertions, affecting the planar
arrangement of the anatomical subunits of the lateral cleft margins, such as the, cheek,
nasal sill and nostril (46).

These developmental disturbances also intersect with significant alterations in the
vascular development. The orofacial region receives its blood supply primarily from
branches of the facial- (FA) and maxillary artery, both branches of the external carotid
artery (ECA) (47, 48). This follows the embryological transition from the internal carotid
to the external carotid system and development of the first and second pharyngeal arch
(49, 50). This transition in vascularization may determine the dominance of specific
vessels, subsequent musculoskeletal development and hence prominence fusion. In cleft
malformations, normal development is hindered and therefore vascularization may
further be disrupted and suggests limited collateral vascularization.

The superior labial artery (SLA), a highly variable branch of the FA plays a dominant
role in vascular upper lip perfusion (51, 52). It courses beneath or within the fibres of the
OOM (53), giving rise to ascending branches lateral to the philtrum and septal branches
supplying the nasal septum through deep and a superficial plane (54-58). Additional,
vascular contributions arise from the infraorbital artery (IOA) and branches of the
ophthalmic artery to supply the nostrils and nasal septum (58, 59).

As previously outlined, cleft formation results from failure of fusion between the
maxillary and frontonasal prominences, more detailed, the medial nasal prominence (44,
45, 49). From an intraoral developmental perspective, the frontonasal prominence gives
rise to the intermaxillary segment, which comprises a labial component (forming the
philtrum), an upper jaw component (bearing the four incisor teeth), and a palatal
component (forming the triangular primary palate) (44, 49). The secondary palate
develops from bilateral outgrowths of the maxillary prominences, forming palatal shelves
that initially extend obliquely downward alongside the tongue before elevating and fusing
at the midline. Disruption of these coordinated fusion processes—either between the

primary and secondary palate or between the secondary palatal shelves—results in clefts



involving the anterior hard palate and, respectively, the posterior hard and soft palate (44,
45, 49). Such defects may extend to the alveolar process and palate, significantly altering
oral and facial architecture. From a morphological perspective, the palate is divided into
the anterior hard palate and the posterior soft palate; sometimes, the aperture of palatal
glands can be found with two small palatine foveas at the border (60). The hard palate is
formed by the premaxilla, the palatine process of the maxillary bone and the horizontal
plates of the palatine bones, which contain the greater and lesser palatine foramina. In the
midline of the palate runs the palatine raphe, which is limited within the premaxilla by
the nasopalatine foramen and its canal (61). The nasopalatine artery (NPA), the terminal
branch of the sphenopalatine artery (SPA) traverses the nasopalatine canal to supply the
anterior palate (62). Posteriorly, the descending palatine artery divides into the greater
palatine (GPA) and lesser palatine (LPA) arteries as it enters or courses within the greater
palatine canal (63—65). After emerging through the greater palatine foramen, between the
second and third molars, the GPA courses anteriorly within the lateral palatine groove to
anastomose with the NPA. The lateral palatine groove is separated from the medial
palatine groove by the palatine ridge (66, 67).

Various vascular studies of the hard palate have been reported in the literature. Yu et al.
described four branching patterns of the GPA in relation to the palatine ridge morphology,
most commonly observing bifurcation into medial and lateral branches after crossing the
ridge (68). A supplementary branch to the canine was consistently identified, usually
arising from the lateral branch. Blakeway and Shahbazi et al. detected extraosseous
anastomoses between bilateral GPAs, likely representing connections between the medial
branches (69, 70). Reiser et al. reported variable distances of the GPA from the palatal
gingival margin depending on palatal vault height, emphasizing the importance of
individualized incision planning (71). Morphological variation is further influenced by
dentition status and bone resorption in edentulism, as well as developmental changes in
children (68, 72). Rossell-Perry identified altered greater palatine foramen morphologies
in cleft palates, including duplication, absence, vascular hypoplasia and malposition (73).
It is well known that branches of the palatal NPA/GPA vascular network supplies not
only the palatal mucoperiosteum but also the alveolar ridge and interdental septa (74, 75).
Additional collateral circulation arises from ascending palatine and the ascending

pharyngeal artery (76, 77).



Although detailed knowledge of palatal vascular anatomy is critical for surgical safety,
vascular patterns may deviate in cleft malformations, necessitating awareness of
collateral pathways. Various in vivo imaging techniques—including micro computed
tomography (CT), fluoroscopy, angiography, laser Doppler, and laser speckle imaging—
have been employed to study vascular perfusion (58, 78—81). While these methods
provide functional data on blood flow dynamics, they offer limited visualization of
precise anatomical vessel courses and fail to depict intraosseous vascular pathways.
Micro-CT offers improved morphological resolution but remains minimally invasive and
resource intensive (59, 82).

Consequently, ex vivo techniques have become essential for comprehensively mapping
musculovascular relationships in both soft and hard tissues, thereby facilitating improved

surgical planning and reconstruction.



2. Objectives

The aim of this PhD dissertation is to characterize the extra- and intraosseous vascular
anastomoses of the hard palate and the nasolabial region, and to translate these anatomical
findings into clinically relevant recommendations for incision and flap design in cleft
repair. Although cleft surgery has a long-standing history with numerous established
techniques, the detailed vascular anatomy of the hard palate and the musculovascular
morphology of the myrtiform area in cleft individuals remains incompletely understood.
Furthermore, data derived from cleft specimens are limited due to the ethical and practical

constraints associated with cadaveric research in this population.

This dissertation addresses two primary research questions:

(1) How are the intra- and extraosseous vascular anastomoses of the hard palate
organized, and how can incision and flap design be optimized to preserve these collateral
pathways in patients with cleft palate?

(2) How does the arrangement of nasolabial musculature and its associated vascular

supply influence surgical strategies in cleft lip-nose repair?

To address these questions, a comprehensive review of the literature was conducted,
focusing on the hard palate and the myrtiform area, with particular emphasis on their
surgical relevance in cleft reconstruction. This was followed by detailed anatomical
investigations, including dissection and analysis of 36 adult and 4 fetal cadaveric
specimens, to characterize regional vascular and muscular patterns and their variations.
The findings were subsequently interpreted in collaboration with international cleft
surgeons from multiple institutions to develop refined surgical concepts aimed at

preserving morphological integrity.
By integrating detailed anatomical insights with clinical considerations, our research

aimed to optimize surgical maneuver to improve functional and aesthetic outcomes and

reduce complications during and after cleft surgery.
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3. Material and Methods

The research presented in this dissertation is based on human cadaveric studies conducted
entirely at the Department of Anatomy, Histology and Embryology of Semmelweis
University, Budapest, Hungary. The anatomical dissections were systematically
evaluated and correlated with clinical observations through interdisciplinary
collaboration with surgeons from the University of Bern (Bern, Switzerland), University
of Basel (Basel, Switzerland), Lokman Hekim University (Ankara, Tiirkiye), and the
University of Melbourne (Melbourne, Australia). This integrative approach facilitated the
refinement of a surgically relevant framework based on the collective interpretation of
the anatomical findings.

All cadavers were donated for scientific research purposes to the Department of Anatomy,
Histology and Embryology of Semmelweis University, Budapest, in accordance with
Hungarian legislation on anatomical donations (approval number: 110/2020. (VIL.07.))
and in compliance with the ethical principles for medical research involving human
subjects as outlined by the World Medical Association (Declaration of Helsinki). The
specimens were prepared and dissected using various anatomical embalming and
injection techniques to analyze vascular and muscular patterns in cleft-related regions of
the hard palate and upper lip. Photographic documentation was performed using a digital
single-lens reflex camera (Canon 600D) equipped with a 100 mm f/2.8 macro lens and a
portable flash system (Godox MS300II-D). Dissections were carried out layer by layer
using No. 15 and 15C surgical blades (Swann-Morton Limited) under 2.5x—5x
magnification loupes.

In the first study, intraosseous vascular pathways of the palate were analyzed in 11 adult
cadaver heads (7 males, 4 females; aged 50—85 years) using the corrosion casting
technique. In the second study, the collateral vascularization of the hard palate was
investigated in 12 adult cadaver heads (7 males, 5 females; aged 55-90 years) and one
aborted fetus (26 weeks of intrauterine age) presenting with a unilateral complete cleft of
the hard and soft palate, corresponding to Group II in the Veau classification (83). The
Veau classification describes four groups from posterior to anterior, with I describing the
soft palate cleft and IV the complete bilateral cleft (83). The study aimed to

macroscopically assess collateral circulation patterns of the hard palate. The adult
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specimens were processed using the corrosion casting technique, while the cleft fetus was
embalmed in formaldehyde and injected with a white-colored barium sulfate agent.

In the third study, the musculovascular anatomy of the nasolabial region was investigated
in 21 adult specimens (11 males, 10 females; mean age 73 years) and 3 aborted fetuses
(18, 20, and 24 weeks of intrauterine age). This study analyzed the vascular supply and
muscular structures of the upper lip, philtrum, and nostril regions. The adult specimens
were embalmed using formaldehyde (7 specimens), Thiel solution (10 specimens), or
prepared using the corrosion casting technique (4 specimens). In the Thiel-embalmed
specimens, arteries were injected with latex milk, whereas in corrosion cast specimens,

acrylic resin was used. The fetal specimens were embalmed in a formaldehyde solution.

3.1. Embalming Methods
3.1.1. Formaldehyde Fixation

In 1868, the intriguing compound known as formaldehyde gas was discovered by the
German chemist August Wilhelm von Hofmann (84). Following this discovery,
researchers soon realized that the mixture of formaldehyde with water and methanol,
referred to as formalin (85). First, it was applied as an antiseptic, before Ferdinand Blum
accidentally recognized its tissue fixative properties in 1893 (85). Since then, formalin
has become widely recognized for its low cost, low shrinking, effective tissue
preservation and antiseptic properties (84—86).

In our study, the fresh specimens were first intraarterially perfused with a percentage of
8% formaldehyde, followed by full body immersion for one year in a 4% formaldehyde
solution corresponding to 10% formalin. Fetal specimens, due to their smaller size and
more delicate vasculature, were preserved solely by immersion in 4% formaldehyde
without any arterial injection. The fixation process is influenced by several factors, such
as time, pH, temperature, and viscosity (87). Diffusion throughout the tissue is enhanced
under a higher pressure (88). This not only facilitates a more uniform distribution but also
accelerates the overall fixation process. The rate of formaldehyde penetration slows down
as it reacts with the tissues. Below a certain concentration level, further diffusion becomes

limited and stops. This makes it necessary to replace the solutions to keep diffusion active.
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These changes in movements follow the principles described by Fick's first law of
diffusion, which explains how molecules spread through the tissues (87, 89).

Exposure to oxygen promotes the oxidation of formaldehyde, thus compromising the
fixative capacity. Oxidation can be limited through the addition of phosphate salts, and
methanol further stabilizes the solution by inhibiting condensation (89). However, the
high percentage of 37% formaldehyde not only made the specimen's tissues very stiff and
rigid but also provoked medical illnesses for the workers involved (90-92). It is classified
as a Group 1 of carcinogens in humans (93, 94). Consequently, exposure limits are
adopted by health authorities to limit nasopharyngeal cancer, ocular irritation, skin
irritations and genotoxicity (95, 96).

Formaldehyde is a highly reactive electrophilic molecule known for its ability to form
methylene bridges through the process of crosslinking with biological macromolecules,
such as the amino acids of proteins (89, 97). Different mixtures have been further
developed to counterbalance the effects of formaldehyde, preserving more natural
softness and elasticity of the specimens, including methanol, ethanol, glutaraldehyde,
phenol, dyes, wetting agents or other substances (98—102). For effective preservation,
formaldehyde not only requires chemical cross-linking, but also needs to penetrate

physically into the cells.

3.1.2. Thiel Fixation

The Austrian anatomist Walter Thiel introduced in 1992 a method to preserve the
flexibility and colors in cadavers (103—105). This facilitates cadaver handling and
provides realistic conditions for simulating invasive procedures with low pungent odor,
due to the lesser quantity of formaldehyde (106).

The method consists of two parts using the Thiel’s injection- and immersion solution
based on the above-mentioned chemicals in a different mixing ratio. Both solutions were
prepared in our investigation according to the protocol of Thiel (103). In a first step, the
carotid arteries were first washed meticulously with warm water before applying the
injection solution. After, the complete cadaver was immersed in a metal tank containing
the immersion solution for six months. Thiel, however, reported that the immersion

requires only 30 days, assuming the cadaver is re-immersed weekly to avoid dryness (103,
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105-107). We combined the Thiel embalming with subsequent following latex milk
injections with a red color agent to demonstrate the vascular pathways in color.

Based on various studies, the immersion solution is primarily composed of solution A—
a mixture of boric acid, ethylene glycol, ammonium nitrate, potassium nitrate, and hot
water—and solution B, consisting of ethylene glycol and 4-chloro-3-methylphenol (103,
105, 106, 108). Solution A essentially represents a higher-concentration formulation of
the main components of the immersion solution (103, 105, 106, 108), while solution B is
also incorporated into the injection solution in a higher volume. The injection solution
can further contain formaldehyde, sodium sulfate, and solution A.

The cadaver elasticity and flexibility after the immersion period were maintained by
storage in zipper polyethylene bags, with periodic moistening using Thiel solution to
preserve humidity, and by adding antifungal agents to prevent mycosis (105, 108).

The fixation technique elaborated by Thiel can be more expensive than formaldehyde
embalming because of the numerous components required for its solutions (108). It also
demands careful handling and specific equipment, particularly when combined with the
injection of latex into the vessels. Consequently, its use remains limited, because
inaccuracies may comprise the entire process. However, the tissue properties resemble
those of living humans, which makes it useful in surgical training courses, where tissue
properties closely resembling those of living humans are essential. The soft tissues retain
a natural feel, and joint mobility may also be preserved to a certain degree, broadening
the range of procedures that can be simulated under conditions close to those in the

operating room.

3.2. Vascular injection methods

3.2.1. Latex injection

As mentioned in the previous chapter (3.1.2), the Thiel embalming technique was
combined with arterial injection using colored latex milk to demonstrate precise vascular
pathways in the head and neck region (109, 110). The staining rendered the vessels
visible, even for non-experts, and proved to be an ideal method in combination with the
Thiel technique for conducting surgical training courses with a focus on vascular

anatomy. Latex milk is additionally radiopaque, enabling radiological three-dimensional
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tracing of the injected vessels by CT (110). The common carotid artery (CCA) or ECA
of cadaver heads was carefully dissected within the carotid triangles on both sides, after
which the vessels were rinsed with phosphate-buffered saline to remove blood clots and
subsequently flushed with Thiel injection solution, with an additional saline rinse
performed when necessary. Based on the approximate vessel diameter, an appropriately
sized Coude or Foley catheter was inserted and secured with fibre plastic bands to prevent
leakage. Red-colored latex milk (So-Strong red color tint, Smooth-On; Creato
Latexmilch, Zitzmann Zentrale) was then injected into the CCAs/ECAs using a syringe,
applying consistent pressure and slightly increasing it during progression to ensure
adequate perfusion of smaller and more intricate vessels. The cadaver heads were
embalmed in stainless steel tanks containing Thiel solution, and because only the heads
were included in this investigation, immersion time was reduced to approximately four
months. Afterward, the specimens were stored in polyethylene bags with chlorocresol to
inhibit mold and bacterial growth. Finally, layer-by-layer dissections were performed
using No. 15 and No. 15C surgical blades (Swann-Morton Limited) under 2.5x—5x
magnification to visualize arterial pathways and anastomoses within the different

soft-tissue layers.

3.2.2. Corrosion Casting

The corrosion casting method is based on two successive processes to visualize the
injected arteries in relation to the bone in fresh specimens.

First, during the casting phase, the CCAs/ECAs of cadavers up to two to three days post-
mortem were identified and dissected. A Foley or Coude catheter was inserted and
secured within the CCA/ECA to prevent leakage under pressure (111). Blood clots were
removed with subsequent phosphate-buffered saline rinsing. Previous studies have shown
that glutaraldehyde, formaldehyde, and paraformaldehyde can be used in varying
concentrations to prevent resin leakage from the vessels into surrounding tissues (112—
115). These agents may also strengthen vascular walls and limit expansion during resin
injection. Acrylic resin (ACRIFIX 190 (2 R 0190), Evonik Industries AG), mixed with a
red dye (AKEMI GmbH), was injected into the ECAs. The injection was performed at a

controlled rate to avoid vessel rupture or incomplete filling (112, 113). Undiluted resin

15



was used to prevent shrinkage during polymerization. After injection through each
bilateral catheter, ligatures were applied to seal the catheters. The head specimens were
then maintained in a stable position to avoid deformation (111-113). After 30 minutes,
the specimens were transferred to a warm water bath (40—60 °C) for 24 hours to ensure
complete polymerization (112, 113).

Second, during the corrosion phase, tissue maceration was performed. The specimens
were transferred from the water bath into a stainless-steel tank containing potassium
hydroxide solutions at concentrations of 2—4% (116, 117). To optimize enzymatic
activity, Somat Gold 12-action dishwasher tablets (Henkel AG) were used in a constant
water bath at 40 °C for approximately three months. Increased temperature was associated
with accelerated maceration (113). Approximately three dishwasher tablets were added
to the solution every two weeks. After 2—3 months, all soft tissues were completely
macerated. The specimens were then rinsed with water for 3 minutes to remove chemical
residues and debris, followed by immersion in tap water for 20 minutes. Finally, the
specimens were dried. Instead of freezing or incubator drying, drying was performed at
room temperature (112, 113). However, as noted by Lametschwandtner et al., air drying
may introduce tension within the injected vessels during evaporation, and the use of high-
concentration alcohol baths has been suggested to reduce surface tension effects (113).
At the end of the process, only the injected vascular structures and the bone remained.
For intraosseous arterial investigations, localized application of potassium hydroxide was
employed to selectively dissolve bone, enabling three-dimensional visualization of the

vascular network.

3.2.3. Barium sulfate injection

The cleft fetus was canulated and injected with white barium sulphate (Micropacque®,
Guerbet GmbH) through the CCAs in order to comprehensively evaluate the
macroscopical course of the vessels, while also allowing for a detailed radiological
examination (118). The injection made the vessels clearly visible beneath the mucosa. It
is highly stable, does not degrade, and is generally considered safe for radiological

applications.
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4. Results

4.1. Hard palate and alveolar arterial architecture and collateral circulation

patterns in normal palate

The course of different extra- and intraosseous arterial pathways was identified using the
corrosion casting technique in normal adult specimens (74, 166). In addition to the
primary supply provided by the GPA-LPA-NPA, a complex vascular network was
observed, suggesting the presence of collateral circulation capable of compensating in
cases of vascular compromise. Both extraosseous and intraosseous patterns were
identified and are described as follows:
Extraosseous vascularization:

e In the posterior portion of the palate between the maxillary tuberosity and the

pterygoid hamulus, the GPA, LPA and maxillary artery formed a complex

retrotuberal vascular network (Fig. 1).

Fig. 1 Retrotuberal arterial pattern. (a) The retrotuberal aspect of maxillary tuberosity received
an intraosseous branch from the greater palatine artery (GPA) and an extraosseous branch from
the lesser palatine artery (LPA). (b) The retrotuberal aspect of maxillary tuberosity presented
complex extraosseous anastomoses between branches of GPA, LPA, and maxillary artery (MA),

respectively. (166)
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Intraosseous vascularization:

In both studies (74, 166), following dissolution of the bone, intraosseous anastomoses
between multiple arteries were identified at the level of the alveolar ridges, hard palate,
and intermaxillary suture, particularly within the region of the anterior nasal spine. This
anastomotic network established collateral communication with various vascular

territories, especially the premaxilla, vestibular aspect, and nasal cavity:

e Intraosseous anastomoses were formed between branches of the bilateral IOAs,
which connected with the NPA and GPA in the premaxilla (Fig. 2).

e Vertico-oblique intraosseous anastomoses (vertico-oblique loop): connections
between branches of posterior superior alveolar artery (PSAA)/IOA and the GPA
revealed after maceration of the anterolateral maxillary wall and alveolar crest
(Fig. 3).

e Horizontal bony perforating anastomoses (transverse loop): transverse
connections between GPA branches and PSAA/IOA branches located in the
interdental septum and alveolar crest. Arterial perfusion exhibited a
palatal-to-buccal directionality. Around the alveolar socket, intraseptal branches
of this loop formed a vascular network, which were also observed in various
dental status (Fig. 4).

e In the middle portion of the median palatine suture, a larger penetrating artery is
formed by the anastomosis of the bilateral GPAs (Fig. 5).

e The anterior and middle portion of the palate, mainly at the height of the premolar
area, is perforated by branches of the GPA. These branches traversed the palatine
process of the maxilla and anastomosed with the posterior septal nasal branches
(branches of the SPA) at the floor of the nasal cavity. The alveolar ridge territory
is mainly supplied by intraosseous branches of the IOA (Fig. 6).
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Fig. 2 Intraosseous arterial anastomoses of the premaxilla. (a) Premaxilla (inferior view) without
maceration of the hard tissue, arrows (1) indicate the intraosseous branches of the greater palatine
arteries (GPA) and the nasopalatine artery (NPA). (b) After hard tissue maceration, the premaxilla
(inferior view) displays the intraosseous branches of the GPA/NPA that establish anastomoses
with the infraorbital artery (IOA). (¢) Premaxilla (anterior view) without hard tissue maceration,
indicates the arterial network emerging behind the anterior nasal spine. (d) Premaxilla
(anteroinferior view) with hard tissue maceration, the bilateral [OAs form complex anastomoses

and circulation with the GPA/NPA. (166)

19



Fig. 3 Vertico-oblique intraosseous anastomoses (vertico-oblique loop). (a) Anterolateral view of
the maxilla, vertico-oblique intraosseous branches of the infraorbital artery (IOA), and the greater
palatine artery (GPA), concealed in the anterolateral surface of the maxilla. (b) Anterolateral view
of the maxilla with a magnified view. After removing the hard tissue through the cautious
maceration, vertico-oblique loop between IOA and GPA in the alveolar crest and
socket initiated the arterial network. (c¢) Inferior view from the side of the hard palate; the

anastomoses are marked with arrows. (74)
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Fig. 4 Horizontal intraosseous anastomoses (transverse loop) (a) Overview of left front teeth after
extraction, transalveolar anastomoses in the interdental septum marked with arrows. (b) Marked
transverse loop; the intraosseous artery at the palatal aspect exhibits a larger dimension than the

vestibular side, and small intraseptal branches are observed. (74)
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Fig. 5 Determination of penetrating intraosseous branch at the midpoint of the hard plate in the
median palatine suture. (a) Overview of hard palate arterial supply with bilateral anastomosis
between greater palatine arteries (GPAs). (b) A direct penetrating branch (1) from bilateral

anastomosis of GPAs entering median palatine suture. (166)
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Fig. 6 Anastomoses pattern of the hard palate with the nasal cavity and maxilla. (a) Overview of
extraosseous mapping of the greater palatine artery (GPA) branches with anastomosis to the
nasopalatine artery (NPA). (b) After removing extraosseous branches of GPA osseous branches
(*) are noticed in the anterior and middle aspects of the hard palate with several bony openings
labeled with arrows (). (¢) Posterior view from the floor of the nasal cavity, perforating branches
(*) of GPA forming anastomoses with the branches of the posterior septal nasal branches of the
sphenopalatine artery. (d) Anterolateral view of right maxilla, intraosseous branch
of the infraorbital artery (IOA) supplies mainly the alveolar ridge territory, establishing collateral

circulation between the maxilla and hard palate. (166)
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4.2. Vascular architecture in the unilateral cleft palate

In the fetal specimen, the GPA was enlarged and orientated more laterally. (166) The
extraosseous vessels were described according to their anastomosing patterns into a
medial cleft zone and a lateral non-cleft zone related to the position of the GPA. The

following observations were made (Fig. 7):

e In the cleft zone, the bilateral GPA anastomoses and, hence, palatal perforating
and penetrating arteries were absent due to the cleft appearance. However, the
GPA and its branches followed the non-cleft anatomy until the cleft edges limited
them. The vessels did not follow the cleft borders but ran perpendicular to them.

e In the non-cleft zone, the branches of GPA were enlarged and anastomosed with
subbranches of the FA/IOA in the anterior aspect of the palate. These anastomoses
were found over the alveolar ridge. One GPA branch crossed the alveolar ridge in
the anterior portion of the palate. The musculature of the soft palate attached from

an anterolateral direction to the left GPA on the hard palate.
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Fig. 7 Fetus with incomplete alveolar cleft with unilateral complete hard and soft palate cleft
injected with barium sulfate. (a) Overview of the cleft palate, arterial distribution of the greater
palatine artery (GPA) after mucosal dissection where contralateral anastomoses are omitted. 1-
Hard palate; 2- GPA; 3- Fibres of soft palate muscle. (b) The allocation of GPA sub-branches in
developed and unaffected areas, the vascularization in non-affected zones is maintained,
particularly in the anterior palato-premaxillary territory. 1-Tongue; 2- Upper lip; 3- Cleft zone;
4- Non-cleft zone with GPA sub-branches; 5- Fibres of soft palate muscle. (166)
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4.3. Upper lip musculovascular architecture influencing cleft lip-nose repair

4.3.1. Muscular organization

The myrtiform fossa was the origin of several muscles influencing nasolabial muscle
vectors in the superficial and deep plane (Fig. 8). (58)

In the superficial plane three muscles were identified such as the LLSM, the LLSANM,
and the incisivus labii superioris muscle (ILSM) which integrates into the OOM. No
direct attachments to the lateral crus were identified from the aforementioned muscles;
instead, connections were observed primarily through dense connective tissue extending
into the deeper plane (Fig. 8).

In the deep plane of the myrtiform fossa, LLSM and LLSANM showed continuity by
sending fibres to the deep muscles, again three muscles were observed from medial to
lateral: the DSNM, the MM, and the nasalis (NM) muscles with alar (ANM) and TNM
part. All three originated with periosteal attachments from the myrtiform fossa, ranging
between the medial and lateral apex of the canine and first incisor (Fig. 8, 9). Together
we labelled these muscles as the myrtiform muscular system (MMS), because of their
intricate and interdependent functionalities, reflecting their cooperative dynamics within
the nasolabial region. The TNM followed the contour of the nose and was inserted into
the dorsum of the nose. The ANM connected to the lateral surface of the lateral alar crus
and its fibrofatty tissue. The DSNM maintained a consistent anchorage to the
cartilaginous nasal septum and the nasal tip from an inferior direction. Fibres of the ILSM
originated from both the underlying DSNM and the myrtiform fossa.

The MMS showed two different patterns, based on the presence of the MM. A W-shaped
pattern was observed in 69.2% and a V-shaped pattern was observed in 30.8% (Fig. 9).
The W-pattern was formed laterally by the NM, centrally by the fibres of the MM, and
medially by the DSNM. The MM originated either from the myrtiform fossa or from the
base of the DSNM.
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Based on the cranial attachment of the MM, three distinct W-patterns were identified,

each oriented toward the alar base, the nasal sill or both:

e Type Wa (55.5%): The MM attaches to the alar base (Fig. 9a).

e Type Wb (33.3%): The MM attaches to the nasal sill (Fig. 9b).

e Type Wc (11.1%): The MM splits into two heads, attaching to both the alar base
and the nasal sill (Fig. 9c).

The V-pattern appeared when the MM was absent and was formed by the NM and DSNM,
positioned laterally and medially, respectively, and replaced the absent MM (Fig. 9d).
Either muscle could become dominant, though both were more developed in V-patterns
compared to their appearances in W-patterns. In one specimen, a dominant NM extended

its attachment 1.5 cm lateral to the alar base—esthetically resulting with wider nostrils.
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Fig. 8 Myrtiform area with the superficial and deep components of the myrtiform muscular system
(MMS). (a) Illustration demonstrating the superficial (red) and deep (blue) components of the
MMS. The two layers are interconnected by dense connective tissue (yellow), providing structural
integration and functional continuity between the superficial and deep muscle fibres. (b) An
anterolateral perspective of the different layers of muscles within the myrtiform fossa in a
formalin-embalmed adult specimen. The levator labii superioris alaeque nasi muscle (LLSANM),
the levator labii superioris muscle (LLSM), the orbicularis oris muscle (OOM) (majorly
removed—extends across the entire myrtiform fossa), and the incisivus labii superioris muscle
(ILSM) are situated in the superficial layer and connect to the dense connective tissue and muscles
in the deep myrtiform fossa region. The branch of the facial artery (*) ascends above the
superficially positioned muscles. Fibres originate from the myrtiform fossa and extend laterally
to connect with the body of the OOM. The deep layer contains the depressor septi nasi muscle
(DSNM), myrtiformis muscle (MM), and nasalis muscle. Branches of the infraorbital artery (**)
traverse between the deep and superficial muscles. The nasalis muscle is covered by the LLSM
and LLSANM. The myrtiform fossa is divided into two parts: the lateral part displays the origin
of the nasalis muscle and the medial part indicates the origin of the DSNM. The intact nasal sill

highlights the connection of the OOM and DSNM through dense connective tissue. (58)
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Fig. 9 Anterolateral aspect of the right myrtiform fossae and the nasal alae, highlighting several
variations of the myrtiform muscular system (MMS) originating from the myrtiform fossa (dashed
circle), in formalin-embalmed specimens. The transverse part of the nasalis muscle (TNM) is
consistently positioned lateral to the alar part of the nasalis muscle (ANM). The nasalis muscle
(NM) and depressor septi nasi muscle (DSNM) exhibit consistency. The existence and attachment
of the myrtiformis muscles (MM) are variable. (a) Type Wa: The MM is connected to the alar
base. The fibres of the incisivus labii superioris muscle (ILSM) integrate into the primary structure
of the orbicularis oris muscle (OOM). (b) Type Wb: the MM is connected to the nasal sill. The
levator labii superioris alaeque nasi muscle (LLSANM) is situated superior to both NM parts. (c)
Type Wc: Two heads of MM extend toward the nasal sill and the alar base, forming a ‘Y’'-shaped
configuration. The MM is connected to the DSNM. (d) Type V: The MMS is constructed by the
DSNM and notable NM. The MM is principally missing. The periosteal origin of the MMS is
more pronounced and attains the level of the nasal ala. *Myrtiform area with MMS connected

through dense connective tissue. (58)
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4.3.2. Vascular organization

Vascularization of the alar base, the nasal sill and the nasal septum was provided by
branches of the FA, SLA, IOA, and dorsal nasal artery (DNA) with variable contributions.
The extent of these contributions largely depended on the morphology and dominance of
the SLA. A unilateral dominance was observed in 85% of cases with a tendency toward
for right-sided SLA dominance (right/left = 60/40). The dominant side provided arterial
supply not only to the ipsilateral-, but also to the contralateral lip, philtrum, and parts of

the nostril area based on four subtypes:

o Intype A (35.7%), the ipsilateral nostril region—including the ala and base, nasal
sill, and septum—was supplied by the FAs and SLAs. The superior part of the ala
received branches of the lateral nasal branch of the FA, while the subalar branch
(SAB), arising directly from the FA, supplied the inferior part of the ala in the
superficial plane. SLA sub-branches were identified in the deep plane. Although
the SLA showed no dominant supply pattern, the philtral and septal branches
(PSB) of SLA showed a unilateral dominancy and contributed to the supply of the
contralateral nasal septum (Fig. 10a; Fig. 11).

e Intype B (35.7%), a pronounced asymmetry with a unilateral dominant SLA. The
dominant SLA supplied the ipsilateral nostril as well as the contralateral nasal
septum. In this type the SAB originated from the SLA and SLA sub-branches to
the contralateral nasal sill and alar base were observed. On the weak SLA side,
the ala and the nasal sill were instead supplied by branches of the FA (Fig. 10b).

e Intype C(21.4%), the asymmetry of the SLA was even more pronounced. On one
side the FA/SLA was only rudimentary and did not contribute to the
vascularization of the ala and nostril area. In contrast, the contralateral FA/SLA
was dominant and followed the distribution patterns described in type A or type
B. This dominant FA/SLA side supplied the contralateral nasal septum and nasal
sill and additionally gave branches to the alar base. In two specimens, the
dominant SLA ended as the contralateral angular artery. On the side where the
FA/SLA was only rudimentary built, the IOA acted as a compensatory role,

providing a more substantial contribution to the vascular supply of the region. As
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a result, the supply of the deep portion of the alar base relied on the IOA. The IOA
branches coursed from deep to superficial muscular planes, while FA branches
penetrated from superficial to deep muscular planes and created several
anastomoses. The pathways of these two vascular entities created multiple
compensatory anastomoses (Fig. 10c).

e Intype D (7%), the IOA and DNA (branch of the ophtalmic artery) supplied the
ala on the weak SLA/FA side. Notably, both the IOA and DNA gave rise to lateral
nasal branches which coursed through dense connective tissue to reach the
internal aspect of the piriform aperture. SABs were derived predominantly from
the IOA. The contralateral arterial distribution was consistent with the patterns

described in previous types A—C (Fig. 10d).

Our findings revealed that the SABs of the FA were distributed superficially to the
LLSANM, whereas the SLA coursed under the OOM and gave rise to several deep and
superficial vertical and oblique PSBs. The deep branches pierced the OOM to reach the
nostril surface. Constantly superficial and deep branches continued through the columella
to the nasal tip. At this point they anastomosed with lateral nasal branches of the FA, the
DNA and IOA branches, forming a dense vascular network around the nostrils.
Meanwhile, IOA branches coursed in a predictable manner under the LLSANM and
superficial to the NM. The main IOA branch followed a medial path and the terminal
artery perforated at the medial border of the LLSANM emerging to the surface and then
accompanying the DSNM en route to the nasal septum. In multiple specimens, numerous
IOA branches were observed to perforate the LLSANM, NM, or the MM before running
on top of the periosteum.

Inside the floor of the nasal sill, two vascular arcades were detected. A superior arcade
was composed by branches of either the FA or IOA, which followed the nostril rim from
lateral to medial. The branches were situated superficially to the periosteum at the level
of the piriform aperture and coursed deeply from the lateral alar cartilage to the medial
cartilaginous septum. The inferior arcade, however, was mainly built by SLA branches.
In specimens where the SLA was rudimentary, this inferior arcade exhibited variabilities

in its configuration or was absent.
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In addition, a dense band of connective tissue was observed linking the lateral nasal
cartilages to the internal bone surface of the piriform aperture. This band was situated in

the deepest layer of the lateral nostril and was supplied by mainly branches of the FA or

IOA, depending on the above occurring type.

Fig. 10 Anterolateral view of the face with the subtypes of arterial division in the myrtiform area
and lateral aspect of the nose. (a) Type A (corrosion casting, fresh/unfixed specimen),
demonstrating the complexity of the superficial and deep arteries in the myrtiform area and lateral
aspect of the nose forming several anastomoses. The subalar branch (SAB) derives from the facial
artery (FA). Branches of the contralateral superior labial artery (SLA) supply the nasal septum
dominantly. (b) Type B (specimen injected with latex and embalmed in Thiel), exhibiting a
dominant SLA. The SAB diverges from the SLA and travels parallel to the FA until it perforates
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the nasal sill, extending intranasally and laterally, with additional branches directed medially and
laterally. The philtral septal branches (PSB) of the SLA and the lateral nasal branches (LNB) from
the FA anastomose around the opening of the nose. (¢) Type C (specimen injected with latex and
embalmed in Thiel), demonstrating a rudimentary FA. The contralateral SLA (left side) supplies
the nasal septum, ala, sill, and the lip together with the ipsilateral infraorbital artery (IOA). The
IOA sends superficial (*) and deep branches (**). Crucial anastomoses between the IOA and the
SLA at different levels are indicated by the black double-headed arrows. The IOA provides supply
to the subalar region. Furthermore, the semicircular arcades are visible at the floor of the nasal
sill. The contralateral SLA (left side) ends as the right side angular artery (black dotted line). (d)
Type D (specimen injected with latex and embalmed in Thiel), showing the ala receiving its
primary blood supply from the dorsal nasal artery (DNA) and the IOA. The lateral nasal branches
(LNB) of the DNA and IOA specifically supply and infiltrate the connecting dense connective
tissue linked to the internal aspect of the piriform aperture (white arrows). In this instance, the FA

and SLA are not involved. (58)
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Fig. 11 Facial and nasolabial musculovascular anatomy of the 20- and 23-week gestational age
formalin-fixed fetuses without vascular injection. (a) Overview of the anterolateral
musculovascular aspect of the face, highlighting the superior labial artery (SLA). (b) Nasolabial
area (upper) displaying musculovascular patterns (lower). The vascular mapping revealed the left-
side-dominant SLA branching from the facial artery (FA) near the angle of the lips, with the
philtral septal branch (PSB). The FA specifically provided the subalar branch (SAB) and
continued as the lateral nasal branch (LNB). Anastomoses between the FA and the infraorbital
artery (I0OA) were identified in the lateral aspect of the ala, consistent with the results in the adults.
OOM: orbicularis oris muscle (superficially dissected around the SLA to demonstrate its course);

LLSANM: levator labii superioris alaecque nasi muscle. (58)
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5. Discussion

The first reported cleft lip surgery dates back to the Chin Dynasty (119, 120). The
surgeon, Fang Kan, cut the edges of a cleft lip and stitched them together. Over the
centuries, various techniques and materials emerged until Franco pointed out the relation
between cleft lip and cleft palate in the “Petit Traité” in 1556 (121). He released the soft
tissues from the bony maxilla to allow approximation of the cleft edges. This concept laid
the foundation for numerous techniques in the following decades and centuries. Many
developments co-occurred at different European surgical schools, particularly in
Germany and France, where access to anatomical cadaveric studies enhanced operative
finesse and knowledge.

Based on this idea, in 1830, Dieffenbach performed extensive lateral releasing incisions
intranasally and on the external skin to close wide clefts (122). Only 14 years later,
Germanicus Mirault introduced a horizontal releasing incision (back-cut incision) above
the white roll on the medial side of the cleft where a triangular flap from the lateral side
was transposed (123). This technique influenced/formed the later Tennison-Randall Z-
plasty, allowing the Cupid’s bow preservation, which is a critical aesthetic aspect for
upper lip harmony, but also allowing the closure of wide clefts (124—126). The mid-20"
century was also characterized by significant contributions from Millard, who placed an
arcuate incision beneath the columella allowing for an inferior rotational flap (127-129).
This creates a skin muscle flap (rotation-advancement flap) which is attached in the
opposed resulting gap. In a first step this flap design results in lip lengthening and favors
the reconstruction of the nasal floor by rotating the nasal wing without disturbing the alar
base (130, 131). However, the technique has also raised concerns about limiting further
lip growth in the long term (132-135).

Other surgeons focused on a straight-line closure that dispenses with lateral releasing
incisions—such as the French surgeon Victor Veau at the forefront, in the early 20th
century (136). Although in the course of his career, with increasing experience, his
straight-line closure aligned to a design similar to Mirault (123). Limberg later refined
the straight closure design by integrating primary nasal correction and retaining a
symmetrical Cupid’s bow, which had been a challenge for Veau, along with other

aesthetic impairments/considerations (123, 136, 137). Kilner adopted the conservative
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straight-line closure with minimal tissue removal, drawing inspiration from techniques
by Veau, Rose and Thompson (138).

Another concept mentioned by LeMesurier in 1935 is based on the functional repair
alongside the closure of the cleft palate (139). The author highlighted the importance of
not merely closing the defect but careful reconstructing the muscular and vascular
anatomy to achieve successful speech and functional outcomes. This was expanded upon
by Schilli (140) and later, Fara (141) advanced the technique introduced by Kilner by
prioritizing anatomical restoration and precise reapproximation of the OOM fibres, which
are transversally (142, 143) orientated towards the edges of the cleft. However, restoring
OOM function alone did not resolve abnormal skeletal development. Delaire recognized
that reconstruction must address the nasolabial musculature, comprising the perioral but
also the paranasal musculature (144, 145). Furthermore, he demonstrated the insertion of
the facial musculature onto the nasal septum rather than into the adjacent alar skin, which
was later confirmed by magnetic resonance imaging (MRI) (144, 146).

The cleft disrupts the interaction between the primary and secondary facial growth
centers, thereby affecting midfacial skeletal development. Joos therefore emphasized the
need to restore the muscle-periosteum apparatus up to the zygomatico-maxillary suture
to allow normal physiological growth between both facial growth centers (147). He
compared skeletal development following two surgical approaches (group 1: restoration
ofthe perioral, paranasal and muscle-periosteum apparatus reconstruction; group 2: OOM
reconstruction in conjunction with orthopedic growth stimulation). Only 20% of patients
in group 1 developed a Class III malocclusion, whereas 80% of patients in group 2
exhibited a Class III with marked maxillary and midface hyoplasia (147). These findings
underscore that muscular reconstruction requires more than OOM repair alone and
demand attention to deeper anatomical structures. Dentofacial orthopedic or orthodontic
treatment cannot compensate for deficient skeletal growth resulting from inadequate
surgery (147).

As demonstrated by our results, not only the OOM plays a role in restoring the cleft lip
but also the nasolabial muscles (148) that influence the superficial musculoaponeurotic
system (SMAS) (149, 150). We have focused on the muscles in the deep plane, forming
together the MMS. A muscle system that consists of the interaction of the NM, the MM
and the DSNM. All these muscles originate from the myrtiform fossa.
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Our dissections reveal that the MMS consistently exhibits variable morphologies,
influenced by the occurrence of the MM. This results in a vertically oriented W- or V-
shaped MMS, constituting the deep layer of the modiolus alae nasi, and resemble to type
3 and type 2 as described by Uzmansel and Oztiirk, respectively (36). With attachments
to the lateral alar crus, depression and expansion of the nostrils can be executed. This
effectively counterbalances the uplifting and narrowing effect of the superficial muscles,
which are connected indirectly via the SMAS to the MMS, while lacking direct
attachments to the alar cartilages. Hur et al. observed interconnections between the
LLSANM and TNM in 90% of cases (151), which demonstrate the linkage of the MMS
with adjacent muscles and dense connective tissue, thereby promoting force transmission

onto the SMAS (149, 150).

The force vectors of the muscles are altered by the cleft, resulting in a deviation of the
nasal septum to the non-cleft side. This effect is observable in the lateral nasolabial
subunit of the cleft, where the lip, cheek, and nasal sill and nostril appear planar and the
natural alar-facial groove is absent. Common operating techniques do not pay attention
to the nasolabial muscles, which are very easily overlooked without prior anatomical
knowledge, and detach their fibres. The nasolabial region can be described as two

interlinked muscle slings (Fig. 12):

e Superficial Oral sling: Rounded like the letter “o0” and encircles the mouth.
e Deep Nasal sling: Curved like the letter “n” and bridges the bilateral nasalis

muscles across the nasal dorsum, forming an arch.

Both slings complete the appearance of a figure of “8” (152—154). However, in the
presence of a cleft, the continuity of the oral sling is disrupted. This not only compromises
the integrity of the figure “8” but also displaces the nasal sling, which causes the nasal

arch to shift out of place (58) (Fig. 12).
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Fig. 12 Anterior view of an infant with unilateral complete cleft lip and palate, illustrating the
superficial and deep nasolabial muscles in relation to the regional vessels. (a) The myrtiform
muscular system (MMS) represents the deep nasolabial muscle layer comprising, from medial to
lateral, the depressor septi nasi (DSNM), myrtiformis muscle (MM), and nasalis muscle (NM),
along with the branches of the infraorbital artery (IOA), which partially perforate the MMS. (b)
The superficial nasolabial musculature comprises the levator labii superioris (LLSM), levator
labii superioris alaeque nasi (LLSANM), and orbicularis oris (OOM) muscles. (c¢) Facial artery
(FA) branches run over the superficial muscles. The superior labial artery (SLA) predominantly
courses beneath or between OOM fibres. (d) Simplified course of the MMS, representing the deep
“n”-shaped nasal muscle sling connecting both myrtiform fossae. (e) Simplified trajectory of the
superficial muscles with the oral “o” muscle ring being interrupted by the cleft (dashed line). (f)
The composite view illustrates both the deep nasal “n” configuration and the superficial oral “0”,

resulting in the illusive nasolabial “8” double sling configuration. (58)

Detaching or dissecting single nasolabial muscles at the region of the alar base creates an
empty triangle and alters the integrity of the SMAS, which in return makes it difficult to
restore the missing alar-facial groove in cleft patients (155). To address this, we suggest
detaching the MMS at its periosteal origin within the myrtiform fossa and transposing it
to the periosteum of the vestibular sulcus on the non-cleft side, as similarly described by
Talmant (156, 157). This maneuver restores the alar-facial groove from a planar position
back to a physiological and symmetrical appearance by pulling the MMS mediocaudally
(Fig. 13).
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Fig. 13 Surgical steps in cleft lip-nose repair highlighting the muscular relationship between the
myrtiform muscular system (MMS) and the orbicularis oris muscle (OOM). (a, ) Schematic
illustration and surgical identification and release of the MMS from the cleft alveolar process. (b,
f) Partial dissection and transposition to a new insertion on the premaxilla lateral to the incisor
region. (¢) Fixation of the MMS to the periosteum using sutures. (d) Crossover of the deep vertical
MMS vector and superficial horizontal OOM vector. (g, h) Transformation of the alar-facial
junction from a planar to a groove shape through suture-induced tension on the MMS, with final

stabilization achieved by knot tightening. (58)

The MMS is consistently found at the mucogingival junction at the cleft border on the
cleft side. Joos used a muscle stimulator during his dissection to identify the paranasal
musculature, as he used to describe the MMS (158). Superficially, the restored OOM
overlaps the transposed MMS. Repair of the OOM itself can be performed in two layers:
the deep layer is sutured to its contralateral counterpart, whereas the superficial layer can
be sutured lateral to the philtrum to create a philtral column (156). Readaptation of these
dual muscular planes—the vertical MMS and horizontal OOM—reestablishes the figure
of “8” configuration. In the case of wide clefts, the further advancement of the nasal ala
is facilitated by the dissection of the alar-piriform aperture ligament. The ligament
consists of dense connective tissue fibres which attaches to the internal aspect of the
piriform aperture. In order to avoid MMS injury, its surgical access can be gained

medially of the myrtiform fossa.
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The DSNM, as part of the MMS, is not a reliable landmark on the cleft side, since it is
missing or malpositioned. The uniform pull on the nasal septum by the contralateral
DSNM results in the deviation toward the non-cleft side. On the cleft side, the DSNM
fibres may course together with the NM fibres to ala on the cleft side, which could further
contribute to nostril collapse.

It has been assumed that bone regeneration and development are ensured by maintaining
the bone-periosteum connection intact, leading to the use of an epiperiosteal preparation
(159). However, the epiperiosteal approach damages the periosteum, since its vascular
supply originates from the soft tissues, underscoring the importance of keeping the soft
tissue-periosteum connection intact and to favor a subperiosteal approach (147, 160, 161).
Using the above-mentioned approach, it is advisable to isolate the MMS prior to
subperiosteal mobilization, as this step renders its identification more difficult.
Additionally, epiperiosteal preparation or dissection increases the risk of relevant vessel
injury in the nasolabial area, such as the IOA, FA, SAB and SLA. In our dissections we
could also detect the DNA, which is a branch of the ophthalmic artery, contributing to the
vascular supply of the nasal ala, when the FA is rudimentary. We observed the unilateral
dominancy of the SLA in the vascularization of the upper lip without cleft. A phenomenon
which was earlier encountered by Lee et al. (55) in the upper lip with contralateral nasal
septum supply in 15% and by Ricbourg in the lower lip.

Ricbourg furthermore noticed cases with no anastomosis between right and left SLA in
the upper lip with various collateral arteries supplying the nasal septum, the philtrum and
the nostril base (162). This follows the principles of Salmon and Mitz et al. who described
the counterbalancing effect of a weak artery by the hypertrophy of a neighboring artery
to cover the supply (163, 164).

This may play a critical role when considering its relevance in cleft anatomy. A cleft relies
on fewer vascular supply anastomoses compared to non-cleft anatomy. Preserving these
vessels will greatly contribute to the healing quality and the success of the surgery (151,
165). Therefore, dissection of individual muscles or sharp preparations should be
exercised with caution due to the pathway of the IOA overlying the MMS. In contrast,
the area beneath to the MMS delineates a safer zone with less larger vessels. In addition,
the IOA courses with intraosseous vessels along the anterior maxillary wall, forming

anastomoses with its contralateral counterpart within the anterior nasal spine (166) (Fig
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2). The anterior nasal spine is part of the premaxilla, with distinct relevant anastomoses
between the IOA-GPA-NPA-SPA, forming an intraosseous anastomosing network
supplying the anterior alveolar process and anterior palate, which is, however, partially
disrupted in the presence of a cleft (74, 167, 168).

In the case of a cleft of the hard palate, the anastomosis and compensation effect of the
bilateral GPA anastomosis, from which penetrating branches may arise, is absent (70,
166). The palatal vascularization becomes more dependent on collateral intra- and
extraosseous blood flow, especially in the event of GPA or descending palatine artery
injury; therefore, incisions must be chosen carefully (169). Otherwise, fistula occurrence
or avascular necrosis may occur (165, 170-172). In unilateral clefts, an NPA-GPA
anastomosis is present on the non-cleft side (Fig. 7); however, in bilateral clefts, no NPA-
GPA anastomosis can be observed. The flap design needs to be adapted to its absence.
The developmental vascularization of the palate is supported by branches of the FA
traversing the alveolar ridge (173). Von Langenbeck introduced the elevation of bilateral
bipedicled mucoperiosteal flaps to close the cleft by performing bilateral incisions along
the cleft margins (174). In combination with the traditional bilateral releasing incisions—
placed lateral to the GPA on the palatal mucoperiosteum and extending from the
tuberosity toward the anterior alveolar ridge without anterior unification—approximation
in the midline was possible. Notably, collateral vascularization in the anterior and
posterior aspects is preserved, in contrast to the disrupted collateral system along the
lateral aspect (Fig. 14b). Delaire et al. and Markus et al. introduced modifications of the
Von Langenbeck technique by placing the bilateral releasing incisions medial to the GPA
(175-177). From a vascular perspective, this disrupts the perpendicular blood flow from

the GPA to the cleft margins and narrows the supply of anterior and posterior collaterals.
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Fig. 14 Comparative change of vascular collateral supply in various techniques of palate cleft

surgery (preoperative (above) and postoperative (below) aspects of each patient). Collateral zones
are labeled as affected (x) or preserved (V') at critical regions: Anterolateral GPA-IOA-FA,

Anteromedial GPA-NPA, Posterolateral GPA-LPA-PSAA-MA, Posteromedial GPA-LPA-APA-
APHA. (a) Uni-pedicle flap. (b) Bi-pedicle flap. (¢) Minimal incision palatoplasty (combined
with continuous circular closure). Greater palatine artery (GPA); Infraorbital artery (IOA); Facial
artery (FA); Nasopalatine artery (NPA); Lesser palatine artery (LPA); Posterior superior alveolar
artery (PSAA); Maxillary artery (MA); Ascending palatine artery (APA); Ascending pharyngeal
artery (APHA). (166)

At the junction of the hard and soft palate, in the posterior aspect, the soft palate arteries—
including the LPA, ascending pharyngeal, and ascending palatine arteries—provide an

important vascular supply, while the maxillary artery may course in close proximity to
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the maxillary tuberosity (166, 169) (Fig. 1, 14). This becomes relevant when closing the
hard palate cleft after Veau (83). Veau connected the bilateral incisions in the anterior
palate with the incisions at the cleft margins to allow the elevation of two unipedicled
flaps, relying solely on GPA and the soft palate. Several modifications based on this
approach have been published (178-181). However, from a vascular perspective, the
collateral supply is further constricted. This contrasts to the beginnings of cleft hard palate
closure in 1826, where Dieffenbach performed simple mucosal elevation and suturing
(182). Minimal invasive incision designs continue to be employed today (172), however
in wide palatal clefts, releasing incisions become indispensable to achieve closure,
necessitating a transition from a minimal invasive design to bipedicled or even

unipedicled flaps (183) (Fig. 14a, b).
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6. Conclusions

Successful cleft surgery is fundamentally dependent on precise morphological
understanding to achieve optimal functional and aesthetic outcomes while minimizing

complications.

In the hard palate/alveolar studies, various intra- and extraosseous collateral networks
were identified in normal adult palates. However, in the hard palate cleft fetus, the GPA
appeared enlarged and laterally displaced, forming alternative anastomotic patterns. The
findings indicated that, although vascular continuity was reduced within the cleft zone,
arterial configurations in the non-cleft regions largely preserved normal circulation, with
maintained anastomotic networks. In contrast, the reduced microcirculation within the
cleft area underscored the critical importance of preserving existing vascular pathways—
particularly in the regions of the incisive canal, alveolar ridges, and retrotuberal area—to
ensure adequate perfusion.

In the myrtiform area study, the MMS demonstrated a W- or V-shaped configuration with
considerable vascular variability, characterized by unilateral dominance of the SLA and
compensatory contributions from adjacent arterial systems. Vascular mapping further
identified four distinct patterns (types A-D), reflecting significant variation in arterial
supply to the lip and alar region. Intraoperative observations revealed that, although
muscular attachments resembled normal anatomy, cleft-related displacement led to
distortion of muscular vector orientation. These findings clarified the musculovascular
morphology in relation to the surgical intervention and demonstrated that restoration of a
natural alar-facial groove in cleft lip-nose repair could be achieved by detaching and
repositioning the origin of the MMS. This approach corrected cleft-induced muscular
vector distortion while preserving the anatomical insertion at the alar base, allowing

realignment without extensive dissection.

Overall, these results highlight the importance of adapting surgical techniques to the
underlying vascular and muscular anatomy. Preservation of critical anastomotic pathways
and careful consideration of muscle vector orientation are essential for maintaining tissue

perfusion, thereby enhancing wound healing and reducing complications in cleft repair.
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7. Summary

This dissertation investigated the vascular collateral networks of the hard palate and the
musculovascular architecture of the nasolabial region, with direct relevance to cleft and
reconstructive surgery. Given the global prevalence of cleft lip and palate, a detailed
anatomical understanding is essential for optimizing surgical outcomes. Our studies
provided a comprehensive morphological analysis of vascular and muscular patterns with
direct clinical relevance for cleft repair.

By utilizing advanced anatomical techniques—including embalming methods, latex
injection, and corrosion casting—both intra- and extraosseous vascular pathways of the
hard palate and alveolar aspects, as well as the musculovascular patterns of the upper lip,
were delineated and investigated.

In the normal hard palate and alveolar regions, extensive intra- and extraosseous collateral
networks were identified, supporting robust collateral perfusion. In contrast, the cleft
specimen demonstrated altered vascular patterns, including enlargement and lateral
displacement of the GPA, absence of key anastomoses within the cleft zone, and more
perpendicular orientation of arterial branches toward the cleft margins, thereby
emphasizing the need for preservation of the dominant vascular supply during surgical
intervention.

In the study of the myrtiform area, the MMS was defined as a consistent anatomical entity
with W- or V-shaped configurations and significant vascular variability, characterized by
unilateral dominance of the SLA and compensatory contributions from adjacent arterial
systems. The findings highlighted the importance of recognizing musculovascular
organization and compensatory perfusion patterns in clef lip-nose repair.

Based on our determinations a comprehensive anatomical foundation for a more
anatomically guided approach in cleft surgery. The findings emphasize that surgical
planning should be tailored to the underlying musculovascular architecture, with
particular attention to preserving key vascular pathways and respecting muscle
orientation. Such an approach may contribute to improved tissue viability, enhanced

wound healing, and more predictable functional and aesthetic outcomes in cleft repair.
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