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Proposed Potential Anatomical Landmarks for
Percutaneous Botulinum Toxin Injection in
Anterocollis-typed Cervical Dystonic Patient: A Pilot
Study Utilizing Thiel-embalmed Human Cadavers

Sanan Cheewadhanaraks, M.D.*, Witsanu Kumthornthip, M.D.**, Napakorn Sangchay, M.D., Ph.D.*
*Department of Anatomy, **Department of Rehabilitation Medicine, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok 10700, Thailand.

ABSTRACT

Objective: Botulinum toxin (BoTX) injection to the longus colli (LCo) muscle has been demonstrated to have a
role in treating cervical dystonic (CD) patients. It can, however, cause critical complications and awareness of such
complications is required. Currently, there is no substantial information regarding this novel procedure. This study
aims to define the potentially safe method of injection based on assessment of anatomical measurements.
Materials and Methods: We examined distances between the puncture sites and adjacent structures in Thiel-embalmed
human cadavers (n=20) to propose an alternative technique for BoTX injection. Parameters were examined for the
medial and lateral approaches at the fifth and sixth cervical vertebral levels. We compared each variable between
the two different vertebral levels and the two different approaches to evaluate statistical differences.

Results: Comparing distances between the puncture sites and neck anatomical structures in each of the two
approaches, results were statistically significant. Similarly, we found using the medial approach statistical significance
when comparing the measurements at the fifth with the sixth cervical vertebral level of the distances between the
puncture sites and the thyroidal arteries and recurrent laryngeal nerve (p < 0.05).

Conclusion: The present study results provide initial guidelines for the safe technique for BoTX injection into
LCo. Our findings suggest that the medial approach at the C6 vertebral level is preferable with minimal injury to
vital structures. Thus, it may provide an optional method and can be used as guidance to improve surgical practice.
Ethical approval was not required for this study.

Keywords: Botulinum toxin (BoTX) injection; Cervical dystonia (CD); Longus Colli (LCo); Thiel-embalmed human
cadavers (Siriraj Med ] 2022; 74: 409-424)

INTRODUCTION standard treatment to improve the quality of a patient’s life

Cervical dystonia (CD) is the most frequent primary
dystonia and is characterized by an involuntary contraction
of neck muscle, causing abnormal head and neck motion
and posture. The chemical de-innervation by intramuscular
injection of botulinum toxin (BoTX) has been used as the

by reducing accompanying symptoms, such as continuous
pain or repetitive and uncontrollable muscle contraction."”
Anterocollis type is one of the clinical spectrums of this
condition presented with abnormal flexion deformity
due to inevitable repeated contraction of anterior neck
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muscles. The longus colli muscle (LCo) is the pathogenesis
of this clinical presentation. Botulinum toxin (BoTX)
injection into LCo is ideal for treating a specific type of
cervical dystonia, especially the treatment of anterocollis-
typed dystonic patients."* Localization of this muscle is
crucial in clinical practice since this process serves as
an essential step for achieving a desirable outcome. As
part of the critical step, this process requires experience
and accurate anatomical knowledge. A reliable and less
harmful technique for targeting this muscle should be
proposed and established to improve the accuracy of
needle placement.’

Various techniques have been established to locate
the targeted dystonic muscles for injections, such as
the blind technique based on clinical examination. The
ultimate goal of treatment for CDs is to completely de-
innervate the causative muscles.® Deep muscles, such
as longus colli, can also be involved. Many studies have
concentrated on the more accessible causative muscle,
such as the sternocleidomastoid. In general, this muscle
selection is preferable because it is superficially located
in the cervical region, and it can be easily identified on
clinical examination. In contrast, placing a needle into LCo,
one of the causative muscles, is more challenging because
this muscle is profoundly located in the pre-vertebral
area within the cervical region.' The recommendation of
imaging modality techniques, such as ultrasonography
and electromyography, has been introduced for the BoTX
injection because of the difficulty in locating this muscle
in clinical practice, especially for the CD patient with
abnormal flexion deformity.”” These techniques could
reduce the misplacement of the needle and indicate the
proper injection area.”*'”!" However, such techniques
do not apply to deep cervical areas, especially the LCo.
Under those circumstances, a blind technique becomes
the method of choice. For it to be safe to conduct a blind
intramuscular BoTX injection into this muscle, the
recognition of cervical topographic anatomical variation
is crucial in perceiving the depth from the anterior surface
of the neck. Variation of posterior neck muscles has been
documented, such as splenius capitis and semispinalis
capitis.'” Nonetheless, some remaining deep anterior
neck muscles, for example, LCo, which are difficult to
access from the anterior aspect of the neck, require more
investigation.

We hypothesize that incomplete chemical de-
innervation of the deep cervical muscle with BoTX
injection may be one cause of treatment failures in patients
with anterocollis. Most research being established to
identify the safe position for BoTX injection in CDs is
mainly focused on superficial and more robust cervical

muscles including sternocleidomastoid, splenius capitis,
trapezius, semispinalis capitis, levator scapulae, and
scaleni. However, complicated cases of anterocollis-type
CDs who presented with deep neck muscle spasm, such
as LCo, remain unexplored. LCo is not generally injected
because there is scant research being conducted targeting
this muscle to confirm the safest technique for BoTX
injection. Furthermore, the reported clinical outcomes
are usually based on a small sample size. It seems that
guidance indicates safe and effective BoTX injections into
this muscle should be established to reduce potentially
harmful incidents.®"

LCoislocated on the anterior surface of the C1-T3
vertebrae, and it is innervated by the anterior rami of the
second (C2) to the sixth (C6) cervical spinal nerves. This
muscle can be divided into three anatomic compartments:
the superior oblique part, vertical intermediate part, and
inferior oblique (the smallest element). LCo is gracile and
is located adjacent to essential vital structures, such as
great vessels, cranial nerves, trachea and oesophagus."
LCo extends from the cervical region to the upper thoracic
region. It is difficult to complete de-innervation this
muscle using the conventional blind technique of BoTX
injection. It can cause complications such as injury to the
thyroidal artery or phrenic nerve. Dissemination of this
toxin into nearby structures due to needle displacement
can cause life-threatening adverse effects, including
weakness of mistargeted muscles leading to dysphagia,
dysphonia, or ptosis.”” This means that the degree of
preferable treatment outcome is reduced. Therefore,
considering a potential technique based on anatomical
topographic landmarks to improve accuracy and minimize
unfavourable complications of this procedure is essential,
primarily when localizing the LCo.

There are two approaches based on a conventional
blind technique to inject botulinum toxin into LCo,
the medial and the lateral approach.®'*'” The better
approach can be selected after considering the position
of the carotid artery in each patient. There is currently
no substantial research comparing these approaches in
cadaveric-based dissection studies. In the absence of a
standard guideline regarding an anatomical landmark
for this novel technique, BoTX injection into LCo was
recommended at the anterior surface of the neck utilizing
the sternocleidomastoid as a landmark at the C3 or C6
vertebral levels, known as the medial approach.'® This
approach is preferable due to identifiable anatomical
landmarks and avoids injury to the neurovascular bundle
that locates more laterally. When comparing medial and
lateral approaches, it is clear that great vessels and nerves
located laterally have a high possibility of being injured by
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needle puncture. As a result, it can be more challenging
to access LCo via the lateral approach. However, in the
anterocollis-type clinical setting, the accessible area
for the medial approach could be diminished due to
the flexion deformity in CD patients. Considering this
problem, localization of LCo at the lateral area of the
neck should be explored as an option for approaching
this deep cervical causative muscle.

The medial approach using the blind technique for
BoTX injection in anterocollis-typed CD patients at C3
and C6 vertebral levels was reported to be the clinically
acceptable safe zones in most current publications.' Some
critical remarks also question the superiority of medial
approach in BoTX injection over the lateral approach
in anterocollis-typed CD patients. It has to be taken
into account that positioning of the needle for medial
and lateral approaches in blind technique is performed
according to palpable cervical anatomical landmarks
to determine the precise needle insertion location.
Observation from reported case studies mentioned the
injury to external carotid arteries and sympathetic trunk
when the needle placement using medial approach at
the C3 level was performed. In addition, an increase in
injury to structures occupied within the carotid sheath
and an internal hemorrhage in the thyroid gland due to
the injury of superior and inferior thyroidal arteries are
mentioned when the needle placement using the medial
approach at the C6 level was performed.

Recent researches focused on identifying the best
method to target desirable muscle in CD patients by
comparing the accurate needle placement between the
blind injection method based on detectable anatomical
landmarks and the image-facilitated method.” It appears
that image-guided injections may produce the favourable
treatment outcome but did not appear to improve overall
better accuracy for the anatomical needle placement
to target LCo. This method might prevent unintended
injury due to the misplacement of BoTX needle insertion.
Current investigations suggested an image-facilitated
method, such as EMG, is more suitable for localizing the
contracting muscles during injection.”” This method is
suitable for injecting muscles differing in size, and the
deep-localized muscle requires a different approach
compared to superficial ones. It can be noticed that the
advantages and preferable treatment outcome of image-
guided BoTX injection were reported, in most studies,
were analyzed and interpreted utilizing a small sample
size. In addition, most recommendations for anterocollis-
type CDs regarding the use of device-guided injection to
enhance anatomic precision are basically established with
these selected muscles which are superficially located,

...................................... Original Article SM]

such as splenius capitis or sternocleidomastoid. For
these reasons, this aspect should be considered when
conducting treatment in CD patients using this technique
in the more difficult accessible, gracile, or deeply located
muscles such as the LCo.

Complications associated with BoTX injection into
this muscle depend on the following criteria: mode of
injection (medial or lateral approach), anatomical level of
injection, posture, and sex differences. There have been
no substantial studies or reports attempting to establish
the adequate depth of the needle insertion for a practical
approach into LCo without complication or injury to
the adjacent structures. When a conventional blind
technique is employed, the thickness of LCo musculature
at different vertebral levels needs to be considered to
ensure the accurate position of the needle and the specific
cervical vertebral level to achieve the total de-innervation
of the LCo. For this reason, appreciation of the depth of
insertion at the various cervical vertebral levels becomes
crucial to the safe conduct of the procedure. Indeed, this
method is usually recommended at C3 and C6 levels
in parallel with an imaging-assisted modality, such as
ultrasonography or computerized tomography, to facilitate
and enhance precision. However, research regarding
needle placement for both medial and lateral approaches
rather than those cervical levels has not been conducted.
Variation of cervical and pre-vertebral anatomical contour,
the difference in cervical soft tissue component, head
and neck posture, cervical neurovascular variations,
neck muscular dystrophy, and sex differences may also
impact the risk of injury.
given to sex differences in cervical anatomical structures
and their effect on the treatment outcomes. Current
literature has reported sex dimorphism and cervical
muscle differences, both shape and size. Males tend to
have larger cervical musculatures than females. It can
suggest a close relationship between sexual dimorphism
and the risk of injury to vital cervical organs.”

This present study will concentrate on the accuracy of
needle placement used to target the LCo by determining
the safe anatomical landmark for BoTX injection using
the conventional blind technique in Thiel-embalmed
human cadavers. Medial and lateral approaches were
used, from two different neck positions, flexion and
supine, at the two different cervical vertebral levels, C5
and C6. We plan to propose the potential injection site
associated with the topographic anatomy of the neck and
related structures to reduce the risk of the Botulinum
toxin injection into LCo. In addition, the effects of sex
differences on the risk of adjacent vital structure injury
will be examined.

2026 Consideration should be
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MATERIALS AND METHODS
Experimental model and subject details

This study was conducted on 20 Thiel-embalmed
human cadavers (male, n=10 and female, n=10). The study
samples were cadavers used for educational purposes in
the Department of Anatomy, Faculty of Medicine Siriraj
Hospital, and approved by the Institutional Review Board
from this faculty (Si 621/2020). All the cadavers have
Thai origins, ranging from 60 to 70 years of age. The
sex, cause of death and age at death were recorded. The
cadavers were used by postgraduate surgical trainees for
practical surgical sessions from June 2020 to February
2021. The structures of the neck region are intact and
were not damaged by previous surgical practices.

Method details and rationale

This study used two approaches to define the most
secure way for BoTX injection (Fig 1). First, the EMG
needle (size 25 gauge, 25 mm.) was medially applied to
the carotid sheath for the medial approach on the right
side of the neck, passed through the thyroid gland, and
then reached the LCo. Before performing the needle’s
puncture at the beginning of this study, each cadaver
was set in the supine position. The anterior neck region
was dissected to determine the needle placement in LCo
(Fig 1). For the lateral approach, the needle was applied at
the posterior border of the sternocleidomastoid muscle,
traversed through the anterior scalene muscle and then
reached LCo. In addition to this, we performed these
two methods on different vertebral levels. We used the

g o] og | o In
I
Right \ I / Left
1
Figure 1.1

Figure 1.2

superior border of thyroid cartilage as a landmark for
C5 (Fig 2) and the inferior border of cricoid cartilage
for C6 vertebral level (Fig 3). The cadaveric dissections
were performed after the needle was placed and fixed
using the spinal needle fixator. Then, each cadaver was
set in a neck flexion position using the cadaveric fixator.
Every step was performed on the left side of the neck
resembling the protocol that had been previously performed
on the right side of the neck to determine the effect of
neck posture. Images were taken from the sample for a
specific region of interest.

Subsequently, distances between the puncture sites
and adjacent structures were measured to define the safest
injection method for the longus colli (LCo) muscle. A
sliding vernier caliper was used to measure distances
on each side to determine the potential anatomical
landmark for BoTX injection into LCo for the medial and
lateral approaches at the two different cervical vertebral
levels of the two positions (Fig 1). Six parameters were
measured for the medial approach, including the distance
from the skin to the anterior surface of LCo and the
distances between the puncture sites and carotid sheath,
trachea, superior thyroid artery, inferior thyroid artery,
and recurrent laryngeal nerve. Three parameters were
measured for the lateral approach, including the distance
from the skin to the lateral border of LCo, the distances
between the puncture sites and carotid sheath, and the
distances between the puncture sites and phrenic nerve.
Anatomical landmarks and measurements were described
as shown in Table 1.

Figure 1.3

Fig 1. Anatomical landmarks represent puncture site in human cadaver. (1.1-Diagram illustrated landmarks of all approaches of botulinum

toxin (BoTX) injection into longus colli (LCo) muscle in Thiel-embalmed embalmed cadavers (A- Lateral approach C5 supine position,
B-Lateral approach C6 supine position, C-Medial approach C5 supine position, D-Medial approach C6 supine position, E-Medial approach
C5 neck flexion position, F-Medial approach C6 neck flexion position, G- Lateral approach C5 neck flexion position, , and H-Lateral approach

C6 neck flexion position, 1.2-Demonstrating medial approaches of BoTX injection into LCo in Thiel-embalmed cadaver in supine position
(I-Medial approach, cervical vertebral level C5 and II-Medial approach, cervical vertebral level C6, and 1.3-Demonstrating lateral approaches
of BoTX injection into LCo in Thiel-embalmed cadaver in supine position (I- lateral approach, cervical vertebral level C5 and II- lateral

approach, cervical vertebral level C6).

412 Volume 74, No.7: 2022 Siriraj Medical Journal
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Fig 2. Schematic illustrated the topographic anatomy and related structures of the neck region at the C5 vertebral levels; red dot lines

indicated the direction of the needle to target the longus colli muscle.

Abbreviations: M.A.; Medical approach, L.A.; Lateral approach, L.; Larynx, Thy.; Thyroid gland, SM.; Sternocleidomastoid muscle, C.S.;
Carotid sheath, CCA.; Common carotid artery, IJV.; Internal jugular vein, V.N.; Vagus nerve, P.N. Phrenic nerve, C5; 5* cervical vertebral

level

M.A.

AN

L.A.

LS.

P.N.

Ant.S.

Fig 3. Schematic illustrated the topographic anatomy and related structures of the neck region at the C6 vertebral levels; red dot lines indicated

the direction of the needle to target the longus colli muscle.

Abbreviations: M.A.; Medical approach, L.A ; Lateral approach, T.; Trachea, E.; Esophagus, Thy.; Thyroid gland, SM.; Sternocleidomastoid
muscle, LCo.; Longus colli muscle, Ant.S.; Anterior scalene muscle, C.S.; Carotid sheath, CCA.; Common carotid artery, IJV.; Internal

jugular vein, V.N.; Vagus nerve, P.N. Phrenic nerve, R L.N.; Recurrent laryngeal nerve, C6; 6 cervical vertebral level

Statistical analyses

The mean and the standard deviation were calculated
using the IBM SPSS version 27.0 for each measurement.
A two-sample t-test was used to compare the outcomes
between medial and lateral approaches in different vertebral
levels, positions, and sexes. Comparison using one-way
ANOVA was used to determine statistical differences

between each dataset with normal distribution. The
median and the standard deviation were calculated for
datasets with non-normal distribution. The paired stepwise
comparison analysis was used to examine all the measured
parameters to determine statistical differences between
each subgroup. Such analysis included all variables that
were systematically added and removed from the list of
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TABLE 1. Description of anatomical landmarks and all measurements (N.A. = Not applicable).

Anatomical structures

Carotid sheath (C.S.)
Superior thyroid artery (Sup.Thy.A.)
Inferior thyroid artery (Inf.Thy.A.)

Recurrent layngeal nerve (R.L.N.)

Phrenic nerve (P.N.) N.A.

Trachea (T.)

measurement. The first variable was removed from the
analysis after the initial comparison between the first
and second variables from the list was completed. The
remaining parameters were selected and subsequently
compared. The Kruskal-Wallis test and post-hoc analysis
were used to determine statistical differences between each
dataset. A p-value of <0.05 was considered statistically
significant.

RESULTS

The summary of anatomical landmarks and all
measurement descriptions is presented in Table 1.
Descriptive statistics of all measurements is presented
in Table 2. Comparing the outcome between male and
female human cadavers by paired student ¢-test showed
no statistical differences between the two sexes in all
adjacent anatomical structures to the injection site for
both medial and lateral approaches (Table 3).

The distances between puncture sites and the carotid
sheath and between medial and lateral approaches are
presented in Fig 4. The median distances between the
puncture sites and carotid sheath of all lateral approaches
were 0.00 mm indicating the needle injury to carotid
sheath. As shown in Fig 5.2, the lateral approach at C5
or C6 revealed no significant difference in the distances
between the puncture sites and the carotid sheath in
different subjects’ positions. The paired comparison of
distances between the puncture sites and the carotid sheath
(Table 4) showed a statistically significant difference in
all comparisons between medial and lateral approaches
(except the comparison between C5-M-S and C5-L-F).
Our findings suggest that the lateral approach may

Medial border
Inferior border
Superior border

Lateral border

Measurement (Distances from needle to)

Medial approach (M.A.)

Lateral approach (L.A.)

Posterior border
Inferior border
Superior border
N.A.

Anterior border

Lateral border N.A.

cause injury to neurovascular structures adjacent to
the sternocleidomastoid muscle, which clinicians should
be aware of when performing BoTX injection with the
lateral approach.

Comparisons of distances between the puncture
sites and the vital structures among all medial approaches
are presented in Fig 6, and comparisons of the distances
between the puncture sites and the vital structure among
all lateral approaches are presented in Fig 7. As shown in
Figs 5.1 & 6.1, the medial approach at C5 or C6 revealed
no significant difference in the distances between the
puncture sites and the carotid sheath or trachea in different
subjects’ positions, respectively. However, we found
that the distances between the puncture sites and the
thyroid arteries were significantly greater in the neck-
flexed position compared to the supine position (Figs
6.2 & 6.3). This also applies to the distances between
puncture sites and the recurrent laryngeal nerve (Fig
6.4). Our findings suggest that the subjects’ positions
may affect the accuracy of the surface landmark on those
neurovascular structures adjacent to the thyroid gland,
which clinicians should be aware of when performing
BoTX injection with the medial approach.

Paired stepwise comparison in Table 5 shows
statistically significant differences in the distances between
the puncture sites and the superior thyroid artery between
C5 and C6 vertebral levels. These findings indicate that
the needle placement at the C5 level using a medial
approach tends to injure the superior thyroid artery
without effect from the neck position.

There were statistically significant differences in
distances between the puncture sites and the inferior
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TABLE 2. The summary of descriptive statistics of all measurements, n = 20 (C5 = C5 vertebral level, C6 = C6

vertebral level, N.A. = Not applicable, S.D. = Standard deviation).

Supine position

Parameters Medial approach Lateral approach

C5 Cé6 C5 Cé6
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Carotid sheath 3.84 206 464 207 156 223 073 1.16
Trachea 6.14 297 543 330 NA NA NA NA
Superior thyroid a. 422 7.09 1177 557 NA. NA NA NA
Inferior thyroid a. 2128 725 1219 586 NA. NA NA NA
Recurrent laryngealn. 7.41 263 893 1142 NA. NA NA NA
Phrenic n. NA. NA  NA NA 126 149 167 1.92

Neck flexion
Medial approach Lateral approach
C5 Cé C5 C6

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

482 282 501 213 144 194 073 1.36
760 277 661 218 NA. NA NA NA
315 315 1006 527 NA. NA NA NA
1315 6.79 877 1214 NA. NA NA NA
6.57 231 520 191 NA. NA NA NA
NA. NA NA NA 237 171 194 202

TABLE 3. Comparisons of the outcome between male (n = 10) and female (n = 10) human cadavers (C5 = C5
vertebral level, C6 = C6 vertebral level, n. = nerve, a. = artery, N.A. = Not applicable, S.D. = Standard deviation).

Male (n=10)
Supine position
Parameters Medial approach Lateral approach
C5(C) C6 (D) C5 (A) C6 (B)

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

Carotid sheath 345 244 431 240 114 181 098 145
Trachea 6.65 341 540 3.31 N.A. NA  NA NA
Superior thyroid a. 315 343 1057 464 NA. NA NA NA
Inferior thyroid a. 2219 790 1237 7.09 NA. NA NA NA
Recurrent laryngealn. 8.38 294 724 303 NA. NA NA NA

Phrenic n. N.A. NA NA NA 09 167 120 1.81
Neck flexion
Parameters Medial approach Lateral approach
C5 (E) C6 (F) C5 (G) C6 (H)

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

Carotid sheath 453 316 489 222 199 218 1.07 148
Trachea 6.95 258 633 204 NA NA NA NA
Superior thyroid a. 360 347 1181 645 NA. NA. NA NA
Inferior thyroid a. 11.05 647 1013 16.68 N.A. NA. NA NA
Recurrent laryngealn. 6.57 215 515 205 NA. NA. NA NA
Phrenic n. N.AA. NA  NA NA 192 173 144 129

Female (n=10)
Supine position
Medial approach Lateral approach
C5 (C) C6 (D) C5 (A) C6 (B)
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
423 162 497 175 197 262 047 0.77
562 254 546 348 NA NA NA NA
529 958 1297 639 NA. NA NA NA
20.37 6.83 1200 4.72 NA. NA. NA NA
6.43 195 1062 16.12 N.A. NA. NA NA
N.AA. NA. NA NA 158 130 214 200

Neck flexion
Medial approach Lateral approach
C5 (E) C6 (F) C5 (G) C6 (H)

Mean S.D. Mean S.D. Mean S.D. Mean S.D.

510 257 513 214 0.89 159 0.38 1.20
824 294 689 239 NA NA NA NA
270 292 830 318 NA. NA NA NA
15624 6.76 740 538 NA. NA NA NA
6.56 258 525 059 NA NA NA NA
NA. NA  NA NA 282 166 244 253
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The distances between puncture site and carotid sheath
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Fig 4. Distances between puncture site and carotid sheath of medial and lateral approaches in different vertebral levels and positions
represented as boxplots. Each boxplot summarized all measurements taken per one anatomical landmark as shown in Fig 1.1, n = 20. (Medial
approach C5 neck flexion position = C5-M-F, Lateral approach C5 neck flexion position = C5-L-F, Medial approach C6 neck flexion position
= C6-M-F, Lateral approach C6 neck flexion position = C6-L-F, Lateral approach C5 supine position = C5-L-S, Medial approach C5 supine
position = C5-M-S, Lateral approach C6 supine position = C6-L-S, and Medial approach C6 supine position = C6-M-S). Important distribution
information, such as means (solid red lines within box), median (solid black lines within box), interquartile ranges (boxes), and outliers
(solid black dots) are presented. Error bars represents means + SD.
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Fig 5. Distances between puncture site between puncture site and carotid sheath from the medial approach (5.1) and from the lateral approach
(5.2) between two different vertebral levels and positions represented as boxplots. Each boxplot summarized all measurements taken per
one anatomical landmark referred Fig 1.1, n = 20. Important distribution information, such as means (solid red lines within box), median
(solid black lines within box), interquartile ranges (boxes), and outliers (solid black dots) are presented. Error bars represents means + SD.
Red bars represented comparison between subgroups. The n.s. above boxplots under significant bar mark measurements showed no statistical
significances, according to one-way ANOV A tests performed at a 0.05 significance levels. (n.s. = no statistical significance; Medial approach
C5 supine position = C5-M-S, Medial approach C6 supine position = C6-M-S, Medial approach C5 neck flexion position = C5-M-F, Medial
approach C6 neck flexion position = C6-M-F, Lateral approach C5 supine position = C5-L-S, Lateral approach C6 supine position = C6-L-S,
Lateral approach C5 neck flexion position = C5-L-F, and Lateral approach C6 neck flexion position = C6-L-F).
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TABLE 4. Summary of stepwise comparison of distances between the puncture sites and the carotid sheath according
to one-way ANOV A tests performed at a 0.05 significance levels. (Medial approach C5 supine position = C5-M-S§,
Medial approach C6 supine position = C6-M-S, Medial approach C5 neck flexion position = C5-M-F, Medial
approach C6 neck flexion position = C6-M-F, Lateral approach C5 supine position = C5-L-S, Lateral approach
C6 supine position = C6-L-S, Lateral approach C5 neck flexion position = C5-L-F, and Lateral approach C6 neck

flexion position = C6-L-F).

Paired stepwise comparison P-value Paired stepwise comparison P-value
C5-M-S (C) vs C6-M-S (D) 0.98 C5-M-F (E) vs C6-M-F (F) 1
vs C5-M-F (E) 0.94 vs C5-L-S (A) <0.01
vs C6-M-F (F) 0.85 vs C6-L-S (B) <0.001
vs C5-L-S (A) 0.09 vs C5-L-F (G) <0.001
vs C6-L-S (B) <0.01 vs C6-L-F (H) < 0.001
vs C5-L-F (G) 0.058 C6-M-F (F) vs C5-L-S (A) <0.001
vs C6-L-F (H) <0.01 vs C6-L-S (B) < 0.001
C6-M-S (D) vs C5-M-F (E) 1 vs C5-L-F (G) < 0.001
vs C6-M-F (F) 0.99 vs C6-L-F (H) < 0.001
vs C5-L-S (A) <0.01 C5-L-S (A) vs C6-L-S (B) 0.97
vs C6-L-S (B) < 0.001 vs C5-L-F (G) 1
vs C5-L-F (G) <0.01 vs C6-L-F (H) 0.97
vs C6-L-F (H) < 0.001 C6-L-S (B) vs C5-L-F (G) 0.98
C5-L-F (G) vs C6-L-F (H) 0.98 vs C6-L-F (H) 1
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(solid black lines within box), interquartile
ranges (boxes), and outliers (solid black dots)
are presented. Error bars represents means +
SD. Red bars represented comparison between
subgroups. Asterisks above boxplots under
significant bar mark measurements show statistical
significances, according to one-way ANOVA
tests performed at a 0.05 significance levels. (*
=p <0.05, ** = p < 0.01, *** = p <0.001, and
n.s. = no statistical significance; Medial approach
C5 supine position = C5-M-S, Medial approach
C6 supine position = C6-M-S, Medial approach
C5 neck flexion position = C5-M-F, and Medial
approach C6 neck flexion position = C6-M-F).
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Fig 7. Distances between puncture site and phrenic nerve from the lateral approach between two different vertebral levels and positions

represented as boxplots. Each boxplot summarized all measurements taken per one anatomical landmark as shown in Fig 1.1, n = 20.
Important distribution information, such as means (solid red lines within box), median (solid black lines within box), interquartile ranges
(boxes), and outliers (solid black dots) are presented. Error bars represents means + SD. Red bars represented comparison between subgroups.

The n.s. above boxplots under significant bar mark measurements showed no statistical significances, according to Kruskal-Wallis tests

performed at a 0.05 significance levels. (n.s. = no statistical significance; Lateral approach C5 supine position = C5-L-S, Lateral approach
C6 supine position = C6-L-S, Lateral approach C5 neck flexion position = C5-L-F, and Lateral approach C6 neck flexion position = C6-L-F).

TABLE 5. Summary of stepwise comparison of the trachea, superior thyroid artery, inferior thyroid artery and
recurrent laryngeal nerve according to one-way ANOVA tests performed at a 0.05 significance levels. (Medial
approach C5 supine position = C5-M-S, Medial approach C6 supine position = C6-M-S, Medial approach C5 neck
flexion position = C5-M-F, and Medial approach C6 neck flexion position = C6-M-F).

Parameter Paired stepwise comparison  P-value Parameter Paired stepwise comparison  P-value
Trachea C5-M-S (C) vs C6-M-S (D) 0.89 Superior thyroid a. ~ C5-M-S (C) vs C6-M-S (D) < 0.001
vs C5-M-F (E) 0.45 vs C5-M-F (E) 0.94
vs C6-M-F (F) 0.96 vs C6-M-F (F)  <0.05
C6-M-S (D) vs C5-M-F (E) 0.13 C6-M-S (D) vs C5-M-F (E) < 0.001
vs C6-M-F (F) 0.63 vs C6-M-F (F) 0.8
C5-M-F (E) vs C6-M-F (F) 0.75 C5-M-F (E) vs C6-M-F (F)  <0.01
Inferior thyroid a. C5-M-S (C) vs C6-M-S (D) < 0.05 Recurrentlaryngealn. C5-M-S (C) vs C6-M-S (D) 0.89
vs C5-M-F (E) < 0.05 vs C5-M-F (E) 0.98
vs C6-M-F (F) < 0.001 vs C6-M-F (F) 0.72
C6-M-S (D) vs C5-M-F (E) 0.98 C6-M-S (D) vs C5-M-F (E) 0.67
vs C6-M-F (F) 0.65 vs C6-M-F (F) 0.29
C5-M-F (E) vs C6-M-F (F) 0.44 C5-M-F (E) vs C6-M-F (F) 0.91
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thyroid artery in medial approaches (except the comparison
between C6-M-S vs C5-M-F, C6-M-S vs C6-M-F, and
C5-M-F vs C6-M-F) from paired stepwise comparison in
Table 5. There was no statistically significant difference
in the distances between the puncture sites and recurrent
laryngeal nerve (Table 5). Unlike the medial approach
at the C5 level, these findings indicate that the needle
placement at the C6 level using the medial approach
tends to injure the inferior thyroid artery without any
effect from the neck position. It means that the needle
placement using a medial approach either at C5 or C6
level can cause an injury to the recurrent laryngeal nerve.
Neck position may also alter the risk of injury to this
structure.

We found that the distances between the puncture
sites and the thyroid arteries were significantly greater in
the neck-flexed position compared to the supine position
(Figs 6.2 & 6.3). Our findings suggest that the subjects’
positions may impact injury to thyroidal vessels, which
clinicians should be aware of when performing BoTX
injection with the neck flexion deformity CD patients.

There were no differences of the median between
distances from the puncture sites and carotid sheath
using the lateral approach (C5-L-S, C6-L-S, C5-L-F
and C6-L-F were 0.00 mm, as shown in Fig 4). These
findings indicate that the needle placement using a
lateral approach at either cervical level can cause an
accidental injury to the carotid sheath. This was also
the pattern showed when comparing the medians of the
distances between the puncture sites and the phrenic
nerve between two cervical vertebral levels in both neck
positions. There was no statistically significant difference
in the distances between the puncture sites and the vital
structures among all lateral approaches (Figs 5.2 & 7).
Our findings suggest that the subjects’ positions may
not alter the risk of injury to the carotid sheath and
phrenic nerve, which clinicians should consider when
performing BoTX injection using the lateral approach
in CD patients.

DISCUSSION

This study provides anatomical references to the longus
colli (LCo) muscle. To reduce complications, it proposes
the potential alternative technique for BoTX injection
to LCo in terms of an anatomical-based approach using
human cadavers compared with the current technique.
Results from different injection approaches with various
parameters are compared at the fifth and sixth cervical
vertebral levels.”

Although most current publications recommend
that the injection should be performed at the C3 and C6

...................................... Original Article SM]

vertebrae levels, we chose C5 and C6 vertebral levels for
this present study."® The objective in selecting these two
different vertebral levels is to avoid the bifurcation of
the common carotid artery and reduce the possibility
of accidental injury to the vertebral artery.” These two
landmarks also have the palpable bony landmark to
facilitate the identification of the precise cervical vertebral
level.””" The authors could not find any information
about the recommendation regarding the specific site
for complete chemical de-innervation of LCo at the C5
vertebral level. Concerning anatomic compartments
of the LCo, this muscle may have distinct functions
because it has three distinctive parts, representing the
unique function of the neck biomechanical property.
Oblique parts may act as the lateral neck flexor, while the
inferior oblique part functions as the neck rotator. These
functional aspects should be a consideration regarding
the treatment outcome in patients with cervical dystonia
(CD) and applying BoTX injections into this muscle.

In anterocollis-typed CD, the abnormal posture in
anterior neck flexion can affect the anatomical relation.
This study indicates that the different methods of BoTX
injection into LCo in Thiel-embalmed cadavers led to
different outcomes. Two percutaneous approaches were
used to collect the data: medial and lateral. We examine
the possible technique to target LCo to avoid damaging
adjacent structures at C5 and C6 vertebral levels (Figs
2 & 3). Selection of the cadaveric position, supine and
neck flexion, replicates the patient’s clinical presentation
and follows most research scenarios. By accessing the
LCo from the medial approach, we are utilizing the bony
landmark of the thyroid cartilage, which is well known for
indirectly indicating the structures of the anterior cervical
region. The thyroidal arteries are located anterolateral to
the LCo at the C5 and C6 vertebral levels (Fig 8). They
are at risk of being injured using this approach in neck
flexion and supine positions. It should be considered that
the possibility of superior thyroid artery injury is higher
in the medial approach at the C5 vertebral level than
at the C6 vertebral level (Fig 8.1). The inferior thyroid
artery was more likely to be injured at a C6 vertebral
level than a C5 vertebral level from the medial approach
in the same neck position. Locating the cricoid cartilage
at C6 and inserting the needle immediately next to the
trachea can avoid an injury to the carotid artery within
the carotid sheath. Awareness of the potential possibility
of neurovascular complications is considered. However,
our observation has not detected such injuries from the
medial approach.

Previous studies described a medial or lateral
approach relative to the carotid sheath when targeting
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Fig 8. Measurements of distance between the needle placement into longus colli muscle in Thiel-embalmed cadavers and thyroidal arteries.
(8.1-Medial approach and 8.2-Lateral approach; M.A.at C5 = Medial approach at C5, M.A. at C6 = Medial approach at C6, L.A.at C5 =
Lateral approach at C5, L.A. at C6 = Lateral approach at C6, Lco. = Longus colli muscle, Sup.Thy.A. = Superior thyroid artery, Inf.Thy.A.

= Inferior thyroid artery, Double-headed red arrow = Measurement from the needle to inferior border of superior thyroid artery, and

double-headed yellow arrow = Measurement from the needle to superior border of inferior thyroid artery)

the LCo muscle using the position of the patient’s neck
as an anatomical reference. The disadvantage of the
medial approach is that the needle is inserted into and
penetrates the thyroid gland, with an increased risk of
puncturing the thyroid arteries. The lateral approach
has the disadvantage of the needle passing through a
narrow space between the anterior tubercle and carotid
sheath (Figs 2 & 3). As a result, the lateral approach is
more likely to cause injury to the carotid sheath than
the medial approach. In addition, puncture through the
anterior scalene muscle is unavoidable and may increase
the tendency of phrenic nerve injury. An additional
limitation of both selected approaches at C5 and C6
levels is that they only allow injection of the most distal
portion of LCo. This means that the cephalic part of this
muscle may only be incompletely de-innervated.

Our proposed lateral approach at C5 and C6 can
avoid penetrating injury to the thyroid gland and reduce
the potential risk of accidental injury to thyroidal vessels.
However, injury to the carotid sheath is inevitable with
this approach at both cervical levels. We were performing
needle insertion at the C5 and C6 levels; at either level,
the needle trajectory provides access to the LCo (Fig 8.2).
After performing cadaveric dissection, it was realized

that needle placement for BoTX injection using a lateral
approach at C5 was close to the superior thyroid artery.
The needle placement below the C6 level should not be
done due to the position of LCo being deeply located in
the upper thoracic region. This approach is more likely
to cause injury to the carotid sheath than the medial
one. This study successfully targeted the muscle with
the blind technique for medial and lateral approaches in
supine and neck flexion positions. During the cadaveric
dissection study, direct measurements were made,
providing the confirmation that this is indeed the LCo.
Localization of LCo in the lateral approach was analyzed
following the identification of the posterior border of
the sternocleidomastoid muscle, which accounts for its
usefulness in the actual clinical circumstance and may
reduce the degree of uncertainty regarding our protocol.

Publications about the complications of BoTX
injection into LCo are sparse regarding procedures using
tools not designated for medial and lateral approaches at
C5 and C6 vertebral levels. None of the previous studies
reported differences in structural complications between the
medial and lateral approach at C5 and C6 vertebral levels
concerning sex dimorphism or neck posture, confirming the
necessity of this present research. Various complications,
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such as pain, hoarseness of voice or dysphagia, have
been reported, without mentioning a recommendation
of a safe position to avoid those complications. It can be
noticed that the lateral puncture may contribute to more
severe complications than the medial approach, and the
advancement of the needle to approach LCo may be more
traumatic for the neurovascular bundle than the currently
recommended technique, the medial approach at C3 and
Co6 vertebral levels. In this study, we did not observe any
significant laryngeal damage when performing cadaveric
dissection following the needle insertion. However, on
cadavers, hemorrhage or structural swelling cannot
be observed, and therefore only significant noticeable
damage such as accidental puncture or laceration could
be observed and documented. Nevertheless, using the
proposed technique of introducing a needle into the
LCo through the skin at the C5 level, any complications
should be similar to those of the recommended method,
except the injury to the superior thyroid artery. Moreover,
this technique maybe practised on a human cadaver to
enhance these clinical skills for BoTX injection.

One of the main concerns regarding BoTX injection
into the LCo is the recurrent laryngeal nerve injury,
which may lead to laryngeal complications such as the
weakening of the laryngeal muscles. Laryngeal injury has
occasionally happened following the blind technique.
However, due to the possibility of severe disability,
risk using this technique should be determined. The
medial approach at the C5 vertebral level has a higher
chance of injuring the recurrent laryngeal nerve than
the medial approach at the C6 vertebral level. However,
this complication is not observed in the present study.
Using our technique, the tip of the needle was placed
above the C6, avoiding the recurrent laryngeal nerve. We
also determine the injury to the phrenic nerve regarding
lateral approach at two different levels. In the present
study, injury of the phrenic nerve was not detected in
two different cervical vertebral levels.

Inserting the needle at the lower part of the neck
increases the likelihood of traversing the thyroid gland
during the injection; in our study, we used C5 and C6
vertebral levels.”” However, previous research recommended
the injection of BoTX at the C3 level. In patients with
severe neck flexion deformity with a limited area to
insert the needle, this recommended approach at the
C3 vertebral level is inapplicable. We have not observed
any complications related to the thyroidal vessels when
attempting the medial approach for this neck posture at
the C6 vertebral level. In contrast, attempting to insert
the needle through the thyroid gland at the C5 level
showed a high tendency to injure the superior thyroidal

...................................... Original Article SM]

artery (Figs 8.1 & 8.2). Publications have reported various
degrees of anatomical variation of the superior thyroid
artery, either the location where this structure originates
from the external carotid artery or their branches and
the relation between this vessel and thyroid cartilage.””
Despite this study, the needle penetrated the thyroid
gland in all cases and there was no association with
vascular puncture. However, it should be noted that this
present study, primarily at the C5 level, was conducted
utilizing human cadavers. As a result, visible hemorrhage
from these vessels and within the thyroid gland may be
obscured.

Determination of sex differences and their effect on
the variation of cervical anatomical landmarks for the
BoTX injection should be considered in clinical practice.”
Current literature reports observe the anatomical variation
of cervical structures between the two sexes.'>***>** Although
we examined all parameters from cadaveric samples, it
was clinically relevant to discuss previous studies on the
effects of musculoskeletal conditions and therapeutic
interventions. The LCo acts as a local spine stabilizer
and facilitates neck flexor and contralateral rotator.
From a clinical perspective, the anatomical orientation,
musculature and robusticity of this muscle, functional
component and zonal innervation of LCo muscle should
be further explored for its clinical relevance in individuals
with CD. Based on the present results, the different
injection techniques can alter the outcomes and risk of
complications after interventions. Such complications
may alter the functional compartment of this muscle
and affect neck motion after BoTX injection. The present
study also validated the sex difference concerning the
location of the newly proposed landmark for BoTX
injection and demonstrated no effects of sex differences
on anatomical-related complications. Previous studies
reported differences of subcutaneous tissue between the
two sexes that may impact on the depth from the skin
to approach the LCo. The present study was conducted on
Thiel-embalmed cadavers where subcutaneous fat is not
well preserved and usually dissolves over time. Despite the
distances measured from the skin to the LCo, we decided
to exclude these variables from statistical analyses due to
the reason previously mentioned. For all of these reasons,
the results being observed and determined in this study
regarding the relationship between sex dimorphism and
cervical structures might be inapplicable to the general
human population. Future research should examine the
optimization between subject-specific study samples
in the present study and the actual clinical situation
regarding sex dimorphism and cervical musculature in
the CD patient.
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Thiel-embalmed cadavers were used in this present
study to preserve the biomechanics of the soft tissue and the
joint mobility of the human body, unlike normal embalmed
cadavers that have a limitation on tissue integrity and
joint flexibility.”** Thiel’s cadaveric-based experiments
in terms of anatomical significance are recognizable for
their life-like preservation. This cadaveric type provides
favourable conditions for the image-facilitated procedure
and excellent tissue preservation and is also found to
help explore anatomical structures.” This embalming
method provides the advantage of tissue plasticity and
flexibility that cannot be achieved in formalin-embalmed
cadavers.” In addition, such a method of embalming has
been reported to reduce the potential risk of biosafety
compared with studies conducted on a fresh frozen
cadaver.” Furthermore, the Thiel-embalming process
can lend itself to preliminary surgical skills training in
a highly realistic and life-like setting.”” Coupled with
the challenge of reducing serious complications and
undesirable consequences of BoTX injection, rehabilitation
practitioners are confronted with a requirement to exercise
and develop their skills. Thiel-embalmed cadavers meet
these demands utilizing a highly anatomically accurate
training model. Current studies highlighted the benefit
of training courses, such as the training of prevertebral
BoTX injection utilizing this type of human cadaver. This
particular type of human cadaver provides life-like tissue
quality, muscular consistency, and sensible perception
of anatomical landmarks, which are ideally suitable for
training courses similar to fresh frozen cadavers.

This proposed technique provides reliable, consistent
access to a difficult-to-target muscle and is helpful for
CD patients who experience treatment failure after a
BoTX injection into superficial neck muscles has been
administered.

This technique demonstrates some limitations
and shows the clinicians who perform these techniques
following our results should exercise caution. Further
investigations are required. First, it was conducted in
Thiel-embalmed cadavers; therefore, the anatomical
distances could be different when performed in humans.
Additional research should be conducted to establish the
cervical anatomy in real clinical situations, especially
further studies in humans using an imaging modality.
It was challenging to conduct a study utilizing imaging
modality in Thiel-embalmed cadavers because of the
difficulty locating vital structures precisely. Second,
recent research conducted in a small group of human
cadavers on injections of deeply located muscles where
the approach is challenging, the longus colli, has led to
different methodologies being proposed. Although most

results obtained were statistically significant, the literature
surrounding the treatment of CD is sparse, possibly because
CD itself is relatively rare and the utilization of BoTX
to treat this clinical condition remains controversial. As
clinical trials were only established in the late 1990s, the
fact that this study lacks randomized-controlled clinical
trials may limit the dependability of the results. Third,
the majority of the human cadavers in our department
is mainly confined to the elderly aged group. As a result,
the effect of age and the outcome utilizing our proposed
technique has not been examined. Future research being
conducted across the age range should be considered to
determine this aspect. Last, there were no intra- and inter-
observer technical measurement errors in this present
study, limiting the generalizability and application of
BoTX injection in patients with different characteristics.

Our approach provides some beneficial aspects
compared to previously described approaches-first, the
possibility of utilizing the thyroid cartilage as landmark to
identify the LCo. Second, the neck position in supine and
neck flexion impacts the risk of injury to the neurovascular
bundle. Third, variation of the thyroidal vessel, especially
the superior thyroidal artery and its branch, should be
considered when inserting the needle using a medial
approach at C5 and C6 vertebral levels. Last, the medial
approach tends to injure the recurrent laryngeal nerve,
while the lateral approach can cause injury to the phrenic
nerve. For these reasons, the medial approach at the C6
vertebral level would be the potential safest landmark
for BoTX injection to target the LCo muscle in the
anterocollis-type CD patients.

CONCLUSION

Combining anatomical-based knowledge and clinical
practices utilizing cadaver simulator training is the key to
performing accurate botulinum toxin (BoTX) injections
without direct visualization into the longus colli (LCo),
especially when the standard guidelines remain unavailable.
This study proposes an alternative approach for injecting
the LCo. We conclude that the medial approach at the
C6 vertebral level is more precise, safer and demonstrates
a more beneficial outcome in surgical practices than
the lateral approach. This study also emphasises the
importance of the topographic anatomical dimension
of the neck region using a cadaveric approach, allowing
proper planning for practical skill development utilizing
ahuman cadaver and preventing life-threatening injury
to the neurovascular bundle.
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Quantification of Bending Tolerance of the
Cartilaginous Nasal Septum: Computer-Based
Measurements
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ABSTRACT

Objective: Nose deformity, including nasal deviation, is conspicuous since it locates in central face area. Regarding
this and its prevention, nasal septum is one of the important supporting structures. Understand bending tolerance of
the cartilaginous septum not only helps mitigate secondary deformity from surgical intervention, but also provides
baseline information for further study regarding the nasal septum.

Materials and Methods: Nineteen fresh cadavers were dissected to expose the cartilaginous nasal septum. It was
connected with the set-up computer system for detection of electrical signal at 1-mm septal bending from the
midline. Mechanical load (bending load) was applied over the dorsal septum to quantify its bending tolerance. The
data of bending tolerance and Pearson’s correlation were reported.

Results: The mean of septal thicknesses is 1.5 + 0.4 with the average bending load of 19.0 + 11.2 g. The majority of
the septal thicknesses (15/19; 78.9%) of the dissections are within the range of 1.1 - 2.0 mm with bending load of
18.2 + 8.9 g on average. There is a moderately positive association between septal thickness and bending load, the
Pearson’s correlation coefficient is 0.602 (95%CI from 0.204 to 0.830) with p-value of 0.006.

Conclusion: The overall nasal septum and the septum with thickness between 1.1 — 2 mm are able to tolerate loading
over distal part of caudal septum about 19.0 and 18.2 g, respectively. Septal thickness shows moderately positive
correlation with bending load.

Keywords: Nasal septum; nasal deformity; bending tolerance; mechanical load; quantification (Siriraj Med J 2022;
74: 425-430)

INTRODUCTION increase mechanical load to the nasal septum and other

Nose is one of the central face structures, so any nasal
deformity is conspicuous.' In current era, there are many
nasal procedures for aesthetic and functional purposes.
The majority of them, such as nasal tip augentation,

midline supports. These procedures therefore require
sufficiently strong support to maintain the structures in
the midline. Improving nasal stability in weak septum is
possible, but its drawbacks are longer operative time and
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more procedure complexity.”” Understanding baseline
strength of the septum to tolerate the mechanical load is
beneficial especially in Asian population, whom commonly
undergo augentation nasal tip procedure. As far as we
know, there is no study regarding bending tolerance of
septal cartilage to mechanical load. This study is therefore
conducted to clarify this aspect in Asian population.

MATERIALS AND METHODS

Nineteen fresh cadavers without history of nasal
dissection or pre-existing weakness of nasal septum
detected by palpation before experimental processes
were included in this study. These included 12 males
and 7 females within the age of 16 — 97 years. This study
was approved by the ethical committee of the Faculty of
Medicine Siriraj Hospital, Mahidol University, Thailand.

Skin envelope, lower lateral cartilage, and upper
lateral cartilage were dissected to expose the midline
bony-cartilaginous framework of the nose. Parameters
of the nasal septum, including thickness, length of caudal
septum, and length of dorsal septum, were recorded. The
thickness of caudal septum was measured at midpoint
between anterior nasal spine (ANS) to anterior septal
angle (ASA). Lengths of dorsal side and caudal side of
the septum are defined as the distance from rhinion to
ASA and from ANS to ASA, respectively. Surrounding
soft tissue was removed as needed to facilitate setting
up of the instruments for measurement in later process.

Two force transducers connected to nasal septum
using non-elastic thread. Another end of each transducer
connected to bridge amplifier, which subsequently
connected to MacLab, an Analog-to-digital converter,
that connected to the computer. This system with Chart
5 software (AdInstruments, Dunedin, New Zealand)

convert mechanical load into electrical signal. The third
force transducer was set over the septal area to apply
mechanical load (unit of gram). This load created bending
of the nasal septum, observed on the caudal view (Fig 1).
The overall system is shown in Fig 2. For consistent
results and measurements, additional test was done
repeatedly before the main experiment. This showed
that any mechanical load applied over the dorsal septum
generated electrical signal of +/-0.1 mV from either arm
of force transducers is consistent with septal bending of
1 mm from the midline. This mechanical load is defined
as “bending load”. In each cadaver, the bending load
was quantified 3 times in each cadaver to find average
for statistical analyses.

Statistical analyses

Mean with standard deviation (SD) and median
with interquartile range (IQR) will be used for descriptive
statistics. To determine magnitude of association between
two variables, we used use Pearson’s correlation coefficient
with 95% confidence intervals (95%CI) calculated by
using Fisher’s z transformation due to rather normal
distribution of the data, but will interpret along with rank
correlation coefficients; Spearman’s and Kendall’s tau-b.
The level of significance is set at 0.05 for all statistical
testing.

RESULTS

There were 19 cadaveric subjects in this observational
study with 12 males (63.16%) and the average age of
73.84 years (SD 10.68, median 72, IQR 9). Thickness
of nasal septum, length of dorsal septum, and length
of caudal septum were within range of 0.7 - 2.2 mm,
1.7 - 2.7 cm, and 1.5 - 2.6 cm, respectively. There was

Fig 1. Bended nasal septum (1 mm from the midline), observed on the caudal view.
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Fig 2. The overall system.

no correlation between lengths of dorsal septum and
caudal septum (correlation coefficient of -0.014, p-value
0.953). The majority of the thickness (15/19; 78.9%) of
the dissections were within the range of 1.1 - 2.0 mm
(Table 1).

Overall, average mechanical load creating bending
nasal septum of 1 mm was 19.0 + 11.2 g. This average
of the load was 18.2 + 8.9 g in the group with thickness
between 1.1 - 2.0 g. The average loads related to subgroups
of thickness are shown in Table 1.

Correlations between bending loads and parameters
of nasal septum, including thickness, length of dorsal
septum, and length of caudal septum, are shown in

30 40 50
L 1

Bending load (g)
20

Figs 3, 4, and 5, respectively. The bending load showed
moderately positive association with septal thickness,
Pearson’s correlation coefficient is 0.602 (95%CI from
0.204 to 0.830) with p-value of 0.006 corresponding with
rank correlation coefficients of 0.562 for Spearman’s
and of 0.467 for Kendall’s with p-value of 0.012 and
0.007, respectively. The length of dorsal septum was
moderately correlated with the bending load with statistical
significance (coefficient of 0.564, p-value = 0.012), but
the rank correlation coeflicients showed no significance
(Spearman's of 0.402 with p-value = 0.088 and Kendall's
of 0.322 with p-value = 0.073).

Fig 3. Pearson’s correlation between bending load
and thickness of nasal septum.
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TABLE 1. Average of bending load by subgroups of septal thickness.

Septal thickness n (%) Bending load (g)
Mean (SD) Median (IQR)

Overall 19 (100.0) 19.0 (11.2) 16.2 (13.5)
Subgroups

1.1 to 2.0 mm (majority) 15 (78.9) 18.2 (8.9) 16.2 (12.9)

1 mm or less 2 (10.5) 8.0 (4.7) 8.0 (6.7)

1.1t0 1.5 mm 8 (42.1) 17.3 (8.7) 13.9 (9.0)

1.6 t0 2.0 mm 7 (36.9) 19.2 (9.7) 18.2 (9.7)

2.1 mm or more 2 (10.5) 36.5 (16.3) 36.5 (23.0)

1.5 mm or less 10 (52.6) 15.4 (8.8) 12.5 (4.9)

1.6 mm or more 9 (47.4) 23.1 (12.7) 22.3 (8.7)
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DISCUSSION

Nose is a crucial organ as it is a part of the upper
respiratory system. In addition to this function, the nose
also serves as an aesthetic structure of the face due to its
location within central face area.' This comes with the
concern that any nasal deformity is commonly noticeable.
Anatomically, the nose consists of nasal skin envelope
and osteocartilaginous framework. The framework is
the foundation of the nose. There are 3 pairs and 3
midline structures. The former are nasal bones, upper
lateral cartilages, and lower lateral cartilages. The midline
structures are cartilaginous nasal septum, perpendicular
plate of ethmoid bone, and vomer. Among these midline
structures, surgical application is frequently focused
on the nasal septum since its common deformity and
capability to serve as cartilage donor.*” Understanding
anatomy of the septal cartilage is therefore crucial for
surgical application to minimize the complications.

Septoplasty is one of the most commonly performed
procedures. Each surgery comes with possible complications
and the most commonly cited ones are saddle nose
deformity and supratip depression.
from weakness of septal cartilage. To reduce these
complications, it has been recommended to leave width
of the septal L-strut of more than 10-15 mm.” "’ In some
cases, additional procedures of septal modification are
required to strengthen the weak septum.”” In severe
scenarios of septal deformity, total reconstruction of
the septum (extracorporeal septal reconstruction) is
needed.'* ' These 2 main operations share common
principle of providing strong support to create a good
foundation for the nose. However, powerful support
comes at the exchange stiff nose appearance due to loss
to pliability of the distal nose."” Balance between these
2 ends are crucial to provide aesthetically strong nose.

In this study, we quantify bending load to the nasal
septum, one of the supporting midline nasal structures.
Overall, nasal septum can tolerate force applied over
its distal part of dorsal side approximately 19.0 g. This
parameter can be applied as a baseline value of nasal
septum in future studies to mimic native septum providing
sufficiently strong support and aesthetic pliability. In

810 These results

addition, there is moderate correlation between the
thickness and bending load with statistical significance.
This is also helpful in application for septal reconstruction
by increasing thickness of the septum to provide better
support. This bending load varies by dividing thickness
subgroups. In clinical practice, the difference of 1.9
g of bending loads between the thickness of 1.1 - 1.5
mm (17.3 g) and 1.6 - 2 mm (19.2 g) seems to be not
significant. On the other hand, bending loads in septal

...................................... Original Article SM]

thickness of 1 mm or less and 2.1 mm or more tend to
show clinically significant difference, but their statistical
differences require additional study with larger sample
size. Average bending load of 36.5 g in thickness of more
than 2.1 mm is comparable to one study reported nasal
tip support in Caucasian population.'® Although the
research methodology is different, this number is worth
mentioned due to probability that septal thickness of
more than 2 mm able to tolerate bending load of more
than 30 g on average. This finding assertively supports the
positive correlation between the thickness and bending
load.

The clinical implication of the findings in this study
should be customization of the material using in nasal
reconstruction to achieve comparable strength to native
septal cartilage for aesthetically durable framework without
stiff nose appearance. In addition, the bending load
reported in our study can be applied in simulation of
further nasal septum studies. However, larger sample
size is required to quantify the average bending load
in the population with septal thickness of less than 1
mm and more than 2 mm for clinical implication, and
to possibly find the explanation of correlation between
dorsal septum and bending load.

In case of septal deviation, findings from previous
study" revealed the statistically significant decrease in
air flow and increase in resistance of the nasal cavity
ipsilateral to the deviating direction of the septum therefore
this deviated septum, especially in the severe cases,
seems to require surgical intervention for relieving its
clinical symptom caused by such structural drawbacks.
Nonetheless, further study on the load-bearing strength
of septum with varying degree of deviation and thickness
before and after L-strut septoplasty would be necessary
for application in weighing the clinical advantage in each
patient case prior to decision for operational correction.

CONCLUSION

Septal thickness shows moderately positive correlation
with bending load. The nasal septum and the septum
with thickness between 1.1 - 2 mm are able to tolerate
loading over distal part of caudal septum about 19.0 and
18.2 g, respectively.

REFERENCES

1. FJ M. Aesthetic nasal reconstruction. In: Rodriguez ED L],
Neligan PC, editor. Plastic surgery 4th ed Vol 3, Craniofacial,
head and neck surgery and pediatric plastic surgery. Philadelphia:
Elsevier; 2018. p- 126-80.e2.

2. Kridel RW, Scott BA, Foda HM. The tongue-in-groove technique
in septorhinoplasty. A 10-year experience. Arch Facial Plast
Surg. 1999;1(4):246-56; discussion 57-8.

https://he02.tci-thaijo.org/index.php/sirirajmedj/index

Volume 74, No.7: 2022 Siriraj Medical Journal 429



Lohasammakul et al.

10.

11.

Toriumi DM. Structure approach in rhinoplasty. Facial Plast
Surg Clin North Am. 2005;13(1):93-113.

Ha RY, Byrd HS. Septal extension grafts revisited: 6-year
experience in controlling nasal tip projection and shape. Plast
Reconstr Surg. 2003;112(7):1929-35.

Pham AM, Tollefson TT. Correction of caudal septal deviation:
use of a caudal septal extension graft. Ear Nose Throat J. 2007;
86(3):142, 144.

Sancho BV, Molina AR. Use of septal cartilage homografts in
rhinoplasty. Aesthetic Plast Surg. 2000;24(5):357-63.

Yoon SH, Kim CS, Oh JW, Lee KC. Optimal harvest and
efficient use of septal cartilage in rhinoplasty. Arch Craniofac
Surg. 2021;22(1):11-6.

Yanagisawa E, Ho SY. Unintended middle turbinectomy during
septoplasty. Ear Nose Throat J. 1998;77(5):368-9.

Yeo NK, Jang YJ. Rhinoplasty to correct nasal deformities in
postseptoplasty patients. Am J Rhinol Allergy. 2009;23(5):
540-5.

Ketcham AS, Han JK. Complications and management of
septoplasty. Otolaryngol Clin North Am. 2010;43(4):897-904.
Planas J. The twisted nose. Clin Plast Surg. 1977;4(1):55-67.

12.

13.

14.

15.

16.

17.

18.

19.

MocheJA, Palmer O. Surgical management of nasal obstruction.
Oral Maxillofac Surg Clin North Am. 2012;24(2):229-37, viii.
Kim DW, Gurney T. Management of naso-septal L-strut
deformities. Facial Plast Surg. 2006;22(1):9-27.

Gubisch W. The extracorporeal septum plasty: a technique to
correct difficult nasal deformities. Plast Reconstr Surg. 1995;
95(4):672-82.

Gubisch W. Twenty-five years experience with extracorporeal
septoplasty. Facial Plast Surg. 2006;22(4):230-9.

King ED, Ashley FL. The correction of the internally and
externally deviated nose. Plast Reconstr Surg (1946). 1952;10(2):
116-20.

Toriumi DM. New concepts in nasal tip contouring. Arch
Facial Plast Surg. 2006;8(3):156-85.

Beaty MM, Dyer WK, 2nd, Shawl MW. The quantification
of surgical changes in nasal tip support. Arch Facial Plast Surg.
2002;4(2):82-91.

Assanasen P, Jareoncharsri P, Bunnag C. The Relationship
between deviated nasal septum and middle ear pressure. Siriraj
Med J. 2002;54(8):439-54.

430 Volume 74, No.7: 2022 Siriraj Medical Journal

https://he02.tci-thaijo.org/index.php/sirirajmedj/index



............................................................................................................................. Original Article SM]
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Submerg Saturated Salt Solution Human Cadavers
Embalming Method by Gross, Histological, and
Microbiological Evaluation
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ABSTRACT

Objective: To investigate and develop the saturated salt embalming method and evaluate the cadavers.

Materials and Methods: Eight cadavers were embalmed with a saturated salt solution (SSS) by submerged (SG,
N=2) and non-submerged (NSG, N=6), then evaluated by gross dissection, which compared to living humans, fresh
and Thiel’s cadavers. The histological evaluation was compared to textbook pictures. The assessments were recorded
on a Likert scale from 0 (no resemblance) to 5 (most resemblance). Pre-and post-embalming swabs were collected
for bacterial and fungal cultures and lung tissues for acid-fast staining and mycobacterial cultures. Comparisons
between the evaluated items were performed using the Kruskal-Wallis test. The Likert scale results were reported
by percentage.

Results: The submerge method (N=2) was terminated after three months of embalming because it showed insufficient
quality for dissection. Six cadavers in NSG had gross tissue qualities that resembled living humans or fresh cadavers
onascale of 3 or 4. NSG had excellent joint flexibility. The histological tissues showed similarity to textbook pictures,
with a scale of 4 or 5. There were bacterial and fungal cultures at the end of embalming. The pathogenic bacteria
were Clostridium perfringens and Pseudomonas aeruginosa. Mycobacterium cultures were negative.

Conclusion: Injected SSS, 80% total body water volume, is a promising embalming method that yields cadavers
with high tissue quality, flexible joints, and good histological structures. However, this technique cannot eliminate
bacteria and normal flora. It may result from the tropical climate setting.

Keywords: Saturated salt solution; embalming; cadaver; dissection (Siriraj Med J 2022; 74: 431-439)

INTRODUCTION

Well-known cadaver preservation methods were
fresh frozen, Thiel’s, and formalin embalming cadavers.
Fresh cadavers are non-chemically treated. Their color,

consistency, and flexibility resemble living patients."”
However, they have a short usage time, need to be stored
in a freezer, and may host infectious organisms. Thiel’s
cadavers have excellent joint flexibility and soft tissue
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consistency.’ Their weaknesses are a poorly preserved
brain, muscular disintegration, complex preparation,
and expensive.”* Conventional embalmed cadavers have
hard tissue consistency and inflexible joints. Also, the
high formaldehyde content in conventional embalming
solution is toxic because of its carcinogenicity.”*
Coleman and Kogan introduced a saturated salt
solution embalming cadaver (SSS). The cadaver had excellent
dissection properties and well-preserved histological
structures.” Hayashi et al. published a study of SSS made
from Coleman and Kogan’s solution, comparing this
solution with 20% formaldehyde and Thiel’s solution.
Cotton swabs were taken at the pharynx and rectum for
pre-and 14-day post-embalming bacterial and fungal
cultures. Body cavities fluid were collected during dissection
for cultures. The post-embalming results showed the
solution had a bactericidal effect.”” The SSS had flexible
joints and high tissue quality and were equally suitable for
surgical simulations as Thiel’s cadavers."” However, their
study assessed only two cadavers per embalming type.
Coleman’s publication did not mention the number of
cadavers. Hayashi et al.’s embalming technique differed
from Coleman’s. They injected 6 liters (L) of SSS with
an undetermined amount afterward, while Coleman
and Kogan used 21 L for a small cadaver. Hayashi et al.
had stored a cadaver in a plastic body bag and kept it at
room temperature, but they did not report the storage
time duration. In contrast, Coleman and Kogan placed
cadavers in thick polyethylene sheeting and stored them
in an embalming solution at 18 °C for at least three

months and up to 1 year or longer.”"

The present study aimed to investigate, develop, and
clarify the saturated salt embalming method. Furthermore,
we radically evaluated SSS in all possible aspects: gross
anatomy, applicability, histology, microbiology, and
period of use.

MATERIALS AND METHODS

This study took place at the Faculty of Medicine Siriraj
Hospital, Mahidol University, Thailand. The university
institutional review board granted documentary proof of
exemption, SIRB Protocol No. 500/2018 (Exemption).
The study design is a descriptive study.

Eight legally donated cadavers with negative serologic
tests for HIV, hepatitis B, hepatitis C, and venereal disease
research laboratory (VDRL) were recruited. The cadavers
were randomized into two groups: the submerged group
(SG) and the non-submerged group (NSG), with equal
gender distribution. The groups indicated the method of
embalming. In case of embalming method failure, such
as putrefy cadaver, unsuitable for dissection, observed
along the process, the soon-to-be embalmed cadaver
would be processed with the better method. Hence, the
total number of recruited cadavers was eight (Table 1).

Oral and rectal swabs under sterile technique for
bacterial, fungal culture and identification had been
performed before embalming. The embalming solution
contained 40% formaldehyde 0.5 L, isopropyl alcohol 4
L, phenol 0.2 L, glycerin 0.5 L, tab water 19.8 L, and 20
kilograms (kg) of sodium chloride resulting in a 25 L
solution.'’ The solution was injected into a cadaver via
the femoral artery with a pressure pump at 10 pounds/

TABLE 1. Demographic data and injected solution volumes.

Cadaver Code Sex Age Height Weight
type (vears) (cm)  (kg)
Submerged SS6101  Female 83 149 70
cadavers’
SS6102 Male 68 150 60
Non- SS6103 Male 69 167 70
submerged
cadavers SS6104 Female 74 150 70
SS6105 Male 63 165 55
SS6106 Male 86 150 45
SS6107 Female 64 170 70
SS6108 Female 58 158 55

Cause Death time to Embalming solution
of death embalming
Hours Minutes Planned Injectable
amount amount
(mL) (mL)
Pulmonary 11 22 16 16
Embolism
Respiratory 24 0 17 17
failure
Cardiopulmonary 67 16 30 30
failure
Aging 92 10 26 26
Hypertension 34 30 26 20
Pulmonary 85) 30 17 17
infection
Heart failure 70 30 26 24
Asphyxia 57 10 23 23
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inch.” The injected amount was based on the total body
water, which was calculated by Watson’s formula using the
average height for Thai males (171 cm) and females (161
cm).'""” The mean ages came from the Siriraj cadavers’
database, collected between 2012-2015 A.D. (70.5 years
old from 805 males and 71.5 years old from 615 females).
The NSG were injected with solution equal to 80% of their
total body water, while the SG were injected with fluid
equal to 50%. The actual injected amounts are presented
in Table 1. Then the NSG were stored in a polyethylene
bag, one bag per cadaver, at room temperature, the
same method as Hayashi et al."” The SG were placed in
a tank containing the embalming solution with the same
composition as the injected. The storing process stopped
after six months. Then, post-embalming oral and rectal
swabs were taken for bacterial and fungal cultures.
Each cadaver underwent gross anatomy evaluation
by randomly invited five physicians or anatomists in
our department, who would be asked about their prior
experiences regards experiences in the operating room as
an assistant or a surgeon, experiences with each cadaver
type, and cadaver number they have encountered for
dissecting, instructing, and teaching. The pre-dissection
evaluation assessed general appearance, joint flexibility, and
consistency compared to living humans, fresh cadavers,
and embalmed cadavers. The post-dissection evaluation
items were the resemblance of tissues/body regions/
organs compared to living humans or fresh cadavers;
eye/nose/skin/hand irritation during dissection; odor;
and suitability (e.g., for medical student dissection or
surgical training). The evaluations results used a Likert
scale, where 0 = no resemblance/no symptom/unpleasant
odor/unsuitable for use, up to 5 = most resemblance/
severe irritation/acceptable odor/most suitable for use.
Additional swabs for culture assessment were
performed during dissection at the ileum (2 inches
proximal to the ileocecal valve) and sigmoid (2 inches
proximal to the rectum). Lung tissues were sent for acid-
fast bacilli (AFB) staining and mycobacterial culture.
Histological specimens were also collected in this process,
including skin, skeletal muscle, smooth muscle, cardiac
muscle, artery, nerve, ligament, heart, liver, intestines,
and kidney. After performing hematoxylin and eosin
(H&E) staining, the histological structures were evaluated
on a Likert scale of zero (no resemblance) to five (most
resemblance) by a pathologist comparing the specimens
with standard textbook descriptions and photos."

Statistical analysis
Data analysis was done using PASW Statistics software,
version 18 (SPSS Inc.). Comparisons between evaluated

...................................... Original Article SM]

items used the Kruskal-Wallis Test. P values <0.05 were
defined as statistically significant. The Likert scale results
were reported as frequency percentages.

RESULTS

Eight cadavers were recruited for the study: two
cadavers in the SG and six in the NSG. Because after
embalming for three months, the SG showed an insufficient
quality for dissection due to stiffening, shrinkage, and
distorted hands and feet (supplementary material).
Consequently, the submerged method was then terminated.

Most of the evaluations (87%) were done by evaluators
who have experience as surgeon assistants or surgeons
(Total N = 30, five evaluators per cadaver). They had
encountered more than 40 embalmed cadavers before this
study. Eighty-three percent of them had dissected 1-10 fresh
cadavers, and 97% had experienced 1-10 Thiel’s cadavers.
They mostly rated the NSG’s consistency resemblance
to living humans with a Likert scale of 3 (43.3%), fresh
cadavers with a scale of 3 (70%), and Thiel’s cadavers
with a scale of 4 (56.7%). Kruskal-Wallis H test showed
a statistically significant difference of x2(2) = 8.081,p =
0.018, comparing these three consistency evaluations.
There was no statistically significant difference, x2(2) =
3.531,p =0.171, comparing the NSG general appearance
to a living human, fresh cadavers, and Thiel’s cadavers.
Table 2 shows the gross anatomy resemblance post-
dissection evaluation results compared to living humans
or fresh cadavers of various organs and body regions.

Fig 1 shows the thoracic region, abdominal region,
and joint flexibility of the NSG. This method excellently
preserved subcutaneous fat and muscles. The skin darkness
was seen only in the superficial layer. After peeling this
off, the dermis color was like a Thiel’s cadavers skin color.
The small and large NSG joints could be moved like in
living humans. The selected Likert scales of the internal
organs were mainly 3 and 4. However, cadavers SS6105
and $S6107 had putrefied thoracoabdominal organs.
§86105’s ascending colon was perforated. Tumors were
seeding in the intestinal wall, and there were numerous
blood clots in the thorax. While SS6107’s abdominal
organs were thin and flufty. There were tumors on both
sides of the SS6107’s lungs.

Forty-three percent of the evaluations showed no
eye or nose irritation during dissection. Thirty-three
percent were rated on a scale of 3, and the others scale
of 2. Forty-seven percent had no hand irritation, thirty-
three percent reported on scale 3, and the others on scale
2. The odor during dissection was highly acceptable
(70% selected scale 4). The odor was an anchovy-like
odor. However, it became more intense as time passed.
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TABLE 2. The gross anatomy resemblance post-dissection evaluation compared to living humans or fresh cadavers

of various organs and body regions.

Tissue resemblance to living humans

or fresh cadavers

Skin

Subcutaneous tissue
Vessel

Nerve

Fascia

Muscle

Cartilage

Ligament

Lymphatic tissue

Heart

Lung

Stomach

Small intestine

Large intestine

Kidney

Spinal cord

Brain 1
Body wall region

Head neck region

Pharynx and larynx region
CNS and organ of special senses region
Upper and lower limb region
Thorax region

Abdominal region

Perineum and pelvic region

Likert scale 0 = No resemblance, 5 = Most resemblance

The suitability for medical student anatomy class was
a scale of 3 (53.3%) and 4 (46.7%), whereas suitability
for surgical training was scale 4 (60%) and 3 (30%).
The NSG brains were very soft and liquefied in most
areas.

Table 3 shows the results from the pathologist who
compared histological structure quality with textbook
pictures. The tissues had some autolysis and pale nuclear
staining but had identifiable structures. The captured
histological slides are shown in the supplementary
materials.

Selected likert scale (%)

1 2 3 4 5

10 63.3 23.3 3.3 0

0 0 46.7 46.7 6.7
0 0 30 60 10
0 0 66.7 26.7 6.7
0 0 13.3 76.7 10
0 3.3 3513 56.7 6.7
0 0 46.7 46.7 6.7
0 60 36.7 3.3
0 0 56.7 40 3.3
0 3.3 30 63.3 3.3
3.3 0 60 33.3 3.3
8.3 0 30 60 6.7
3.3 0 0 90 6.7
3.3 0 3.3 86.7 6.7
3.3 0 70 20 6.7
313 0 16.7 23.3 56.7
3.3 6.7 70 6.7 0

0 16.7 5513} 23.3 6.7
0 20 36.7 40 3.3
0 6.7 36.7 53.3 3.3
0 13.3 43.3 43.3 0

0 0 66.7 23.3 10
0 3.3 53.3 36.7 6.7
0 0 36.7 56.7 6.7
0 16.7 36.7 40 6.7

Before embalming, there were organisms in both the
mouth and rectum, mostly microbiota. After embalming,
the organisms were still present (Table 4). But all the
intestinal and rectal swabs were negative for Salmonella,
Shigella, Vibrio, Aeromonas, and Plesiomonas shigelloides.
There was no mycobacterium in the AFB stains and
no mycobacterial growth in the lung specimens. After
dissection was finished, we observed the possible period
that these cadavers could be used by leaving them in the
laboratory at room temperature. After 4-6 weeks, we
found fungal colonies growing on all the cadavers.
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Fig 1. The thoracic region, abdominal region, and joint flexibility of the NSG.

TABLE 3. The histological resemblance compared to the reference picture in the standard textbook.

Tissue Selected likert scale (%)

0 1 2 3 4 5
Skin (epidermis, dermis, subcutis) 0 60 0 40 0
Skin (basal layer) 40 0 0 0 60 0
Skin (melanocyte) 40 0 0 0 60 0
Skeletal muscle geography 0 0 0 40 60 0
Skeletal muscle 0 0 0 40 60 0
Smooth muscle 0 20 0 0 80 0
Cardiac muscle 0 40 20 40 0 0
Cardiac muscle: intercalated disc 80 20 0 0 0 0
Muscular artery 0 0 0 0 60 40
Small-sized artery 0 0 0 0 20 80
Medium-sized vein 0 0 0 0 40 60
Small-sized vein 0 0 0 0 0 100
Peripheral nerve 20 0 0 0 0 80
Ligament 0 0 0 0 40 60
Heart geography 0 0 0 0 60 40
Liver geography 0 20 0 0 0 80
Portal area 20 40 40 0 0
Duodenum 0 0 0 100 0 0
Jejunum 0 20 40 40 0 0
lleum 0 40 40 20 0 0
Colon 0 20 40 40 0 0
Kidney geography 0 20 0 0 80 0
Renal Cortex 0 20 20 40 20 0
Renal Medulla 0 60 40 0 0 0

Likert scale 0 = No resemblance, 5 = Most resemblance
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TABLE 4. Pre-embalming and post-embalming culture results

S$S6103 S$S6104
Organ  Culture type Pre- Post- Pre- Post-
embalming embalming embalming embalming

Numerous
Bacteria mixed Few mixed Moderate Rare
bacteria bacteria microbiota  microbiota
Oral
Yeast seen
in direct
Fungus Candida Bacterial Candida  examination
albicans overgrowth albicans  but no growth
on culture
Bacteria Moderate No growth  Numerous  No growth
microbiota microbiota
Rectum
Fungus Bacterial No growth Bacterial No growth
overgrowth overgrowth
Bacteria N/A Microbiota N/A Costridium
perfringens
Yeast seen
lleum in direct
Fungus N/A No growth N/A examination
but no growth
on culture
Bacteria N/A No growth N/A Clostridium
perfringens
Sigmoid Yeast seen
Fungus N/A No growth N/A in direct
examination
but no growth
on culture
AFB N/A No AFB N/A No AFB
Lung observed observed
Mycobacterium N/A No growth N/A No growth

S$S6105 S$S6106 S$S6107 SS6108
Pre- Post- Pre- Post- Pre- Post- Pre- Post-
embalming embalming embalming embalming embalming embalming embalming embalming
Numerous
mixed
Numerous bacteria,
Numerous Few Numerous Few microbiota, Numerous Numerous Few
microbiota microbiota  microbiota  microbiota =~ Moderate microbiota Pseudomonas  microbiota
Yeasts aeruginosa,
Numerous
Prevotella
spp.
Candida
No growth Bacterial Candida Bacterial Candida Bacterial tropicalis, Bacterial
overgrowth albicans overgrowth albicans overgrowth Candida overgrowth
krusei
Clostridium Clostridium
Microbiota perfringens, Moderate  No growth ~ Numerous No growth Numerous  perfringens,
Clostridium  microbiota microbiota microbiota Clostridium
Spp. Spp.
Candida
albicans,
No fungal Candida
Bacterial Bacterial Candida No growth Bacterial ~ detected due species No growth
overgrowth overgrowth albicans overgrowth  to bacterial (non-albicans,
overgrowth non-tropicalis,
non-krusei)
N/A No growth N/A No growth N/A No growth N/A No growth
Yeast seen
in direct
N/A No growth N/A Bacterial N/A examination N/A Bacterial
overgrowth but no growth overgrowth
on culture.
N/A Clostridium N/A Clostridium N/A No growth N/A No growth
perfringens perfringens
Hyphae seen
in direct
N/A Bacterial N/A Bacterial N/A Bacterial N/A examination
overgrowth overgrowth overgrowth but no growth
on culture.
N/A No AFB N/A No AFB N/A No AFB N/A No AFB
observed observed observed observed
N/A No growth N/A No growth N/A No growth N/A No growth
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DISCUSSION
Embalming technique and the gross evaluations
There are few publications concerning the human
embalming technique with the saturated salt solution.
There is no standardization. Apart from Coleman and
Kogan’s and Hayashi et al.’s studies, Burns et al. injected
15-20 L of embalming fluid on the embalming day with
an additional 1-5L on the next day.”'*'* We hypothesized
the volume should be at least 80% of the total body fluid
in the NSG. Because in a 50 kg male cadaver, the injected
fluid amount is 24.8 L by our calculation method, which
is close to Coleman’s study.” Our NSG storage technique
was different from that of Coleman and Kogan. Their
method involved storing a wrapped embalmed cadaver in
the solution. Despite these differences, the gross evaluation
of the NSG showed consistency, resembling Thiel’s
cadavers on a scale of 4 (56.7%) and fresh cadavers on
a scale of 3 (70%). The gross tissue qualities resembled
that of living humans or fresh cadavers on scales of 3
and 4 (Table 2). The NSG had excellent joint flexibility
(Fig 1). These results are similar to previous studies

9,10,14

performed in both human cadavers and rats.*'** !¢

The NSG’s brains were soft and mostly liquefied.
This finding is similar to Thiel’s solution embalming
method, which has been shown to poor preserve the
brain.”'” There is no prior report of brain morphology.
However, a study of different salt concentration solutions
to preserve human brain and liver slices found that
saturated salt fluid can preserve brain slices without signs
of decomposition.'” This discordancy suggests there is
room for further study.

We also tested the submerged method by directly
placing cadavers in the fluid and decreasing the injected
fluid amount. However, this was unsuccessful, which could
have resulted from the cadavers’ body fluids diffusing
into the higher osmotic embalming fluid.

Histological evaluations

Coleman and Kogan reported the saturated salt
method preserved adipose tissue, striated muscles, liver,
and spinal cord microanatomy.’ Beger et al. compared
seven preservative methods on rat cadavers. They found
that Thiel’s and the saturated salt method had the same
qualities as freshly preserved assessed by appearance,
joint flexibility, and consistency. But Thiel’s solution
skin and internal organs were too pliable. The saturated
salt method’s skeletal muscles and tendons had similar
properties to the fresh. But Thiel’s solution muscles had
less nuclear prominence and muscle fiber integrity.'®
We used another way to assess histological quality by
comparing H&E-stained tissues to textbook pictures.

...................................... Original Article SM]

Most of them were rated on Likert scales 4 and 5 (Table
3). It is presumed that the saturated salt with the non-
submerged technique has preservative properties for
the histological structures.

Microbiological evaluations

At 25 °C, 1 L of water can dissolve 360 grams of
sodium chloride. The saturated salt solution molarity was
6.2 molar (M)."” A study of pathogenic bacterial inoculated
natural sheep casing showed that no non-spore-forming
bacteria could be identified in the casing from brine at 6.2
M. The pathogenic bacteria in that study were Escherichia
coli, Salmonella typhimurium, Listeria monocytogenes,
Staphylococcus aureus, Clostridium perfringens, and
E. coli O157:H7. The results showed that Gram-positive
and spore-forming bacteria were more resistant to high
osmotic pressure than the others, resulting in a need for
atleast 30-day preservation to eliminate the pathogens.”

Our study findings contradicted Hayashi et al.’s
results. We found bacteria and fungus at the end of the
embalming. The post-embalming pathogenic bacteria were
Clostridium perfringens and Pseudomonas aeruginosa.
Burns et al.’s study found fungal growth on SSS after
using them for 15 days. There was no microbiological
evidence of putrefaction in Burn et al.’s report. But
we found bacteria in every NSG’s intestine since the
first dissection. We speculated that the climate in our
country (Thailand) plays a role in microorganism growth
since no prior SSS studies have been done in a tropical
Country'(w,‘),lo,l-'l,ll

The putrefied cadavers

We found that the death records and post-mortem
signs in cadavers SS6105 and SS6107 were mismatched.
Both cadavers’ internal organs had disrupted surfaces,
whereby microbiomes could leak into the body cavities
and ingest tissue right after death.”” This also may have
caused the lower injected fluid amount than planned in
these two cadavers (Table 1). The cadavers might have
entered the bloated stated before we embalmed.”

Application

A questionnaire-based study asking medical students,
residents, and specialists from five Israel medical schools
about how anatomy should be taught showed 87.8% of
participants (Total N = 678) thought anatomy is relevant
to general practitioners even in the age of the imaging and
68.8% agreed that dissection should be taught based on
dissection, while only 13% agreed with image-based.”” A
preclinical education study found active learning enhanced
learning outcomes and soft skills such as responsibility,
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honesty, and kindness.”* Cadaveric dissection is one way
of active learning, which needs teamwork, responsibility,
and intention to complete the assignment. Moreover,
longitudinal integration such as cadaveric biopsy during
dissection is helpful in pathology learning correlation,
and practice suturing during dissection makes medical
students at ease in the clinical year.””* Recent research
shows cadaver-based simulation also increases resident
confidence and augments operative autonomy.” From
previously studies and this research, saturated salt cadaver
shows good quality for all these applications, but the
embalming technique is still in need of perfection.”'*'*'>*

Limitation

We have a limited cadaver number in this study
since it’s a pilot study. Moreover, the gross anatomy
evaluators were randomly invited to avoid bias. In future
research, more cadaver numbers and randomly selected
staff forming an evaluator team to evaluate every cadaver
may yield a different result.

CONCLUSION

The embalming technique by injecting the saturated
salt solution at up to 80% total body water volume is
a promising embalming method that yields cadavers
with high gross tissue quality, flexible joints, and good
histological structures. However, this technique cannot
eliminate bacteria and normal flora. It may result from the
tropical climate setting. Further study of this technique
adjustment, such as changing the solution composition
and storing cadavers in low-temperature conditions, is
advised.
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ABSTRACT

Objective: This study investigated the frequency and types of 1) orientation of the deep peroneal nerve (DPN) and
its branches relative to the dorsalis pedis artery (DPA) and the extensor hallucis longus tendon (EHLT) and 2)
branching site and pattern of DPN at the distal area of leg and the proximal zone of the foot.

Materials and Methods: One-hundred and sixty specimens from the lower extremities of 80 formalin-embalmed
cadavers were investigated for anatomical position, orientation and the branching pattern of DPN by manual
dissection, starting from the anterior side of lower extremity just proximal to ankle joint down to the area distal to
inferior extensor retinaculum.

Results: The most prevalent medial-to-lateral orientation of structures in the area anterior to ankle joints was the
EHLT/DPA/DPN. Comparing DPA with the branching of DPN in the areas inside anterior tarsal tunnel (ATT)
and distal to ATT, the most common type was an orientation of DPA that was lateral to both the DPN main trunk
and its medial terminal branch. Regarding branching sites and patterns of DPN in the intermalleolar and ATT
areas, nearly half of the studied specimens had DPN bifurcation at the intermalleolar level and more than half of
the bifurcations were inside the ATT.

Conclusion: This study establishes novel data regarding type variation and prevalence of DPN in areas of ankle and
proximal part of foot in the Thai population which could be helpful in clinical practice.

Keywords: Deep peroneal nerve; inferior extensor retinaculum; anterior tarsal tunnel; dorsalis pedis artery; extensor
hallucis longus tendon (Siriraj Med J 2022; 74: 440-447)

INTRODUCTION

The deep peroneal nerve (DPN) is composed of
both sensory and motor components that innervate
certain regions of the lower extremity.' At the neck of
fibula, DPN branches from the common peroneal nerve,
which is one division of the sciatic nerve, and distally
terminates as dorsal digital nerves (cutaneous nerves)

at the first interdigital cleft of the dorsum of foot. While
passing through the anterior compartment of the leg,
DPN provides muscular branches and runs downward
along the anterior tibial vessels laterally. At the distal part
of the leg, DPN runs superficially in companion with
the dorsalis pedis artery (DPA, the artery continuing
from the anterior tibial artery) and the extensor hallucis
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longus tendon (EHLT). Before passing the dorsum of
the foot, the course of DPN is beneath both the superior
and inferior extensor retinacula (IER) and is part of the
anterior tarsal tunnel (ATT, the roof of which is the IER).
After running over the talus bone, DPN bifurcates into
the medial terminal branch (MTB) and lateral terminal
branch (LTB). The MTB and LTB then accompany the
DPA and the lateral tarsal artery, respectively.’

Typically, DPN and MTB are located laterally to
the DPA. However, variations in DPN orientation and
branching have been reported and this reveals their
inconsistency.” These variations mostly concern certain
surgical approaches in the leg and foot areas involved
with the courses of DPN and also structures supplied by
DPN, e.g. ankle arthroscopy, ultrasound-guided DPN
block and neurovascular flap surgery. The aim of this
study was to investigate 1) the types and frequencies of
orientation of DPN and its branches (MTB and LTB)
relative to its neighboring structures (DPA and EHLT)
and 2) the types and frequencies of the branching site
and pattern of DPN at the distal area of the leg and the
proximal zone of foot. These findings play a crucial
role in providing safety information for surgeons and
anesthetists to ensure high accuracy and effectiveness
of clinical practice with DPN and to reduce the risk of
nearby structures.

MATERIALS AND METHODS

This study was conducted in 80 formalin-embalmed
cadavers donated to the Department of Anatomy, Faculty
of Medicine Siriraj Hospital, Mahidol University, Thailand
for academic and research purposes. This research project
was approved by the Siriraj Institutional Review Board
(81186/2020). One-hundred and sixty specimens of lower
extremities were investigated for anatomical position,
orientation and branching pattern of DPN by manual
dissection starting from the area of anterior side of
lower extremity just proximal to ankle joint down to the
area distal to IER. The dissected zone was horizontally
enlarged to adequately visualize the related anatomical
information. Results from the right-sided and left-sided
specimens were compared for correlation.

RESULTS

Each Thai cadaver was studied for orientation of
DPN, DPA and EHLT in the areas anterior to both ankles.
Branching of DPN to MTB and LTB and their courses
were also compared with orientation of DPA. The DPN
branching site was identified to determine its location
in relation to an imaginary line, connecting medial and
lateral malleoli, and ATT. The demographic data of 80
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cadavers were as follows: age range = 36-104 (mean =
73.6; SD = 14.4) and gender (male/female = 44/36).

Numbers and percentages of the medial-to-lateral
orientation of DPN, DPA and EHLT in the area anterior to
the ankle joint are summarized in Table 1. All six possible
types of orientations were identified in this study. Type
O1 (EHLT/DPA/DPN) was the most common and type
O4 (DPA/EHLT/DPN) was the least prevalent. Examples
of the common types are shown in Fig 1. The course of
the DPA was investigated by comparing the branching
of DPN to MTB and LTB in areas inside the ATT and
distal to ATT (Table 2). The most common type was the
orientation of DPA lateral to both DPN main trunk and
MTB (type A4). This type was identified in nearly 40% of
the studied specimens. Moreover, complex orientation
of DPA and DPN as multiple crossings over each other
(type A5) was low in prevalence at about 3.1%. However,
one specimen was identified as having no MTB and
thus, DPA was found to be medial to LTB below ATT
(type A6). Three most-common types of orientation are
shown in Fig 2.

Branching sites and patterns of DPN were studied
in the intermalleolar and ATT areas (Table 3). Almost
half of the studied specimens had bifurcation of DPN
at the same vertical level as the intermalleolar line (type
L2), while the majority of the remaining specimens had
bifurcation distal to this line (type L3). Being relative to
IER, more than half of DPN bifurcations were localized
inside the ATT (type R2) whereas the bifurcations distal
to the ATT (type R3) were the least identified. However,
1.3% of the studied specimens had multiple DPN branching
(type M) and 0.6% of the studied specimens had no DPN
branching (type N). The most and the least prevalent
types of DPN bifurcation sites are demonstrated in
Figs 3A-3D and multiple branching of DPN visualized
in Fig 3E.

Correlations between results from right-sided and
the left-sided specimens in this study were similar among
different investigated parameters. The percentages of side
correlation in the DPN, DPA and EHLT orientations
were slightly higher than the orientation between DPA
and DPN trunks and branches.

DISCUSSION

As this study focused on the DPN at the lower area of
the leg, near the proximal part of the foot, the orientation
of the DPN main trunk together with its companions
anterior to the ankle was examined first (Table 1). The
classic medial-to-lateral orientation of EHLT/DPA/DPN
(type O1) was found in about half of all observations.
The second-most prevalent type was the EHLT/DPN/
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TABLE 1. Numbers and percentages of types of medial-to-lateral orientation of DPN (N), DPA (A) and EHLT
(T) at the area anterior to ankle joint.

Type Type Type Type Type Type Side
O1: T-A-N 02: T-N-A 03: A-N-T 04: A-T-N 05: N-A-T 06: N-T-A correlation

No. of specimens detected 81 61 6 2 5 5 48 cadavers
(percentage) (50.6) (38.1) (3.8) (1.3) (3.1) (3.1) (60)

Type O1: T-A-N Type O2: T-N-A &t !TypeOB:A-N-T }'_ Type O4: A-T-N Type O6: N-T-A

Fig 1. Examples of common types of medial-to-lateral orientation of DPN (N, brown dashed line), DPA (A4, red dashed line) and EHLT (7,
gray dashed line) at the area anterior to ankle joint.

TABLE 2. Course of DPA compared with the branching of DPN to MTB and LTB in the areas of ATT and distal
to ATT.

—

<

T
®
>
—

Type A2: Type A3: Type A4:

—

<

T
®
>
(5]

Type A6:

Side

correlation

DPN and DPA crossed over each

ATT and lateral to MTB of DPN
other at multiple levels

below ATT
ATT and lateral to MTB of DPN

DPA was lateral to DPN in ATT
and medial to MTB of DPN
below ATT

DPA was medial to DPN in ATT
and medial to MTB of DPN
below ATT

medial to LTB of DPN below

DPA was lateral to DPN in
No MTB of DPN, DPA was
ATT

DPA was medial to DPN in

below ATT

No. of specimens detected 38 40 16 60

()]
N

46 cadavers

(percentage) (23.8) (25) (10) (37.5) (3.1) (0.6) (57.5)
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e » i
¥ \ | Type A4: A lateral Type A4: A lateral
Type Al: A medial Type A2: A medial to to both Nand N,,, to both Nand N,
toboth Nand N, N but lateralto N,, 4 . (and also N)) (but medial to N))

Fig 2. The three most-common types of the course of DPA compared with the branching of DPN to MTB and LTB in ATT and areas distal
to ATT. (N, brown dashed line = DPN main trunk; A, red dashed line = DPA; Nm, purple dashed line = MTB; NI, green dashed line = LTB)

TABLE 3. Branching sites and patterns of DPN in the intermalleolar and ATT areas.

Presence of bifurcation to MTB and LTB Type M: Type N:

Compared with imaginary Presence Absence of

. . . Compared with IER . .

line connecting medial of multiple branching
(or ATT)

and lateral malleoli branching

Type Type Type Type Type Type of DPN
L1: L2: L3: R1: R2: R3:

Proximal to imaginary line
Midway between medial
Proximal to IER (above ATT)
Posterior to IER (in ATT)
Distal to IER (below ATT)

and lateral malleoli
Distal to imaginary line

No. of specimens detected 17 65 55 45 69 9 2 1
(percentage) (12.4) (47.4) (40.2) (36.6) (56.1) (7.3) (1.3) (0.6)
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Type R2: "_‘ !

Type L2:
bifurcation
on IL

bifurcation
posterior to IER

bifurcation
proximal to IL

Type M: multiple
branching

& Type R3: bifurcation
distal to IER

Fig 3. The most and the least prevalent types of DPN bifurcation site (3A-3D) in the intermalleolar and ATT areas, and the multiple branching
of DPN (3E). (IL, white dashed line = imaginary line connecting medial and lateral malleoli; white dashed circle = area of DPN branching;

brown dashed line = DPN main trunk; orange dashed line = branches of DPN)

DPA orientation (type O2) in about 40% of all cases. This
means that EHLT was mostly found as the medial-most
structure while DPN and DPA could be interchangeable.
By using EHLT as a fixed medial landmark, this is useful
for clinical procedures involving the area anterior to
the ankle joint (e.g. ultrasound-guided DPN block and
ankle arthroscopy). Nonetheless, orientation similarity
of both sides can be implemented in only about 60% of
cases.

A further investigation was performed to observe
patterns of orientation of DPN at the branching level
(MTB and LTB). A total of six patterns were found in
this study (Table 2). Surprisingly, the classic orientation
type (type Al: DPA was medial to DPN in ATT and
medial to MTB of DPN below ATT) was not the most
prevalent but rather type A4 (DPA located laterally).
This result contrasts previous studies which show DPA
located medially to MTB (types Al and A3) and medially
to DPN (types Al and A2) being most prevalent (76%
and 92.9%, respectively).”” Nevertheless, the prevalence
of DPA types located medially to the DPN main trunk
in ATT (type Al: 23.8% and type A2: 25%) were not
much different than the previous study (type A1: 36.1%
and type A2: 25%).” The observation of DPN and DPA
crossing over each other at multiple levels (type A5: 3.1%)
was slightly less than in one previous study (8.4%)" and
significantly less frequent than in another study (30.6%).’
The prevalence of instances of no MTB found (type
A6: 0.6%) was low, and much rarer than in a previous
observation (8.3%).” To use these six types in practice,
side similarity can be implied with a confidence level of
nearly 60%.

Variations of the DPN branching level was also
observed in our specimens. There were two stable
landmarks used for positional reference. The first was an

imaginary line connecting the medial and lateral malleoli
as an intermalleolar line, the vertical level of which was
approximately assumed as the level of ankle mortise.
The other was the IER, which superficially covers the
ATT. These two landmarks were independently located,
so the IER was equally proximal, anterior, and distal to
the ankle mortise.” In this study, bifurcation of DPN,
either proximal to (type L1) or at the intermalleolar
level (type L2), was high in frequency, or about 60%,
but a significantly lower frequency was reported in a
previous study (23%).” When considered in separate
categories, DPN bifurcations at the intermalleolar line
(type L2) and distal to it (type L3) were twice as high in
prevalence than a previous study (47.4% vs 21% and 40.2%
vs 27%, respectively).” In the case of an IER landmark,
specimens with DPN bifurcation in the ATT observed in
this study (type R2) gave the highest prevalence similar
to a previous report. However, the prevalence was to a
much different extent (56.1% vs 86.1%).° Interestingly,
DPN bifurcation proximal to IER (type R1) has not been
previously observed at high frequency as reported in this
study (36.6%). Meanwhile, bifurcation below ATT (type
R3) was comparable to a prior study (7.3% vs 5.6%).° The
absence of branching (type N) and multiple branching
(type M) was also found in this study at a low frequency
like other studies."*

In addition to the studies aforementioned, there still
have been a number of studies regarding the structural
variation of both DPN and DPA by presenting significantly
diverse data on type and prevalence which depended on
either numbers of studied specimen or cadaveric ethnicity.
For example, a study on DPA course compared to DPN
branching performed in an Asian population revealed the
different levels of variation prevalence from our current
study.” The most- and least-common types found in

444 Volume 74, No.7: 2022 Siriraj Medical Journal

https://he02.tci-thaijo.org/index.php/sirirajmedj/index



this study were the types A1 and A6 at 36.7% and 6.7%,
respectively, in prevalence while the types A2 and A5
were about 30% and 26.7%, respectively. Interestingly,
there was no existence of types A3 and A4 in this study.
Not only the courses of DPN and DPA that have been
widely investigated but the branching pattern of DPN
has also been focused. For instance, it has been found for
many decades in other ethnic groups that the termination
of DPN can also exist in multiple branching similar to
the type M reported in our current study, not only the
bifurcation into MTB and LTB.® In terms of positional
variation for applying in clinical entrapment of DPN,
various etiologies has been discovered other than the ATT
syndrome caused by IER entrapment.” Compression by
the extensor hallucis brevis muscle can be a cause that
has been reported."’ Likewise, fascia around the areas
of tarsal and metatarsal bones were also considered as
the possible structural constraint for DPN.!! Therefore,
further variation study in our population to demonstrate
the incidence of each etiology causing the ATT syndrome
in the patients is required.

Another structural variation that has been commonly
found in other populations and is worth determining
its prevalence in our population is the accessory deep
peroneal nerve (ADPN) which branches from the
superficial peroneal nerve. It carries the motor component
to supply several muscles including certain or total
parts of the extensor digitorum brevis (EDB)'*"* and
the sensory innervation for areas of fibula periosteum,
lateral zone of ankle and metatarsal area.*'” ADPN has
been previously investigated by either manual dissection
in cadaveric specimens or electrophysiological study in
plenty of studies. According to the meta-analysis of these
studies'®, the pooled prevalence of ADPN existence and
EDB innervation by ADPN once existing were about
18.8% and 79.5%, respectively. No significant difference
between the males and females in ADPN prevalence was
detected.”” By investigating the inheritance among the
family members of the ADPN presence, the autosomal
dominant mode was suggested. '

Besides the variations detected in DPN course
and branching, the arterial system that runs parallelly
with DPN also displays its variation in several patterns
as encountered in several cadaveric and angiographic
studies. Starting from the constant anterior tibial artery
(ATA) that mostly lies medially to the DPN except
for the middle-third of this nerve, leading to another
name of DPN as nervus hesitans, the distal part (DPA)
inconstantly varies in its orientation into several types as
described in Table 1. In some studies, 8% of investigated
DPA were found to arise from arteries other than the

...................................... Original Article SM]

single direct extension from ATA." At the level of ankle
joint, only 58% of studied specimens were found to
branch medially (36%), laterally (55%) or even bilaterally
(9%) in previous study.” These findings are useful for
being aware of the risk in pseudoaneurysm formation
during ankle arthroscopy or anterior hindfoot surgery.
Apart from the orientation variation of the distal part
of DPA described in Table 2, there have been additional
variations in terms of number, location and also its
branching pattern.”’ >’ For example, distance variation
due to DPA location in relation to the tarsal navicular
bone was established to provide the practical data for
the midfoot surgery.” In the sense of number, this artery
itself can be found in double or even the increase in
distal branching as atypical trifurcation.” Furthermore,
the branching patterns on the dorsum of foot were
surprisingly various as classified up to 9 types with the
typical pattern at only 36.4% in prevalence.” All of these
knowledge play an important role in reducing the risk
of complications from intervention dealing with this
artery or the structures nearby, eg., nerves, bones and
joints.

DPN is a nerve that courses profoundly among the
muscular tissue in the leg compartment and superficially
beneath the cutaneous tissue as found in 1) the neck
of the fibula as the part branching from the common
peroneal nerve and 2) the area anterior to the ankle joint
before running down to the ATT. Anatomical variations
of the former part of DPN in Thais has been studied by
Chompoopong et al. to avoid an iatrogenic injury caused
during fibular biopsy** while variations in the latter were
examined in this study. However, our findings are in
agreement and disagreement with previous studies. This
can be elucidated by two explanations: the difference in
ethnicities of the investigated cadavers and the numbers
of cadavers used in each study. A sufficient number of
specimens were included in this study in order to achieve
high reliability of the results and to reach

Variability in type and prevalence in the course of
DPN and its branching pattern found in this study can
be used in clinical practice under various contexts such
as population-specific treatment. The main application
of this research is the direct procedures on DPN and
its branches, eg. nerve block™*, nerve stimulation and
conduction study”’**, surgical nerve transfer’”” and flap
surgery for lower extremity reconstruction which is
commonly operated on in a tertiary-care center.”’ In
addition, another useful aspect is to minimize iatrogenic
injuries of structures surrounding the DPN during certain
procedures such as ankle arthroscopy and surgery in the
ankle and foot areas.”’ Likewise, certain natures of the
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DPN unveiled in this study can also correlate to clinical
imaging information’”* and be used to predict clinical
neurovascular consequences following a traumatic injury
or treatment in the ankle and foot region.”

CONCLUSION

Based on the specimens, this study provides novel
information on the type of variation and prevalence of
DPN in the ankle and proximal part of the foot in the
multiracial population inhabiting in Thailand. Therefore,
this information can be used to help update population-
specific clinical databases in this region. Due to significant
differences found in our study when compared with data
from other studies in other population groups, our study
confirms that population-specific studies on structural
variation is required before application in practice.
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ABSTRACT

The deep peroneal nerve (DPN) is considered one of the clinically significant nerves of the lower extremity
since several clinical abnormalities can commonly be caused by its defects, either in its sensory or motor functions.
Its derivatives, classified as muscular, cutaneous, and articular, mainly supply the muscles in the anterior fascial
compartment of the leg and the dorsum of the foot, the 1st dorsal web space of the foot, the ankle joint, and certain
joints of the foot. To improve the effectiveness of clinical practices involving the DPN, it is important to first
understand its anatomical nature, including its typical characteristics and the variants (orientation, branching, and
analogous structure), prior to applying such practices in clinical implementation. This review, therefore, aims to
review the previously studied information of DPN on its fundamental anatomy and link it to the provided examples
of current commonly used procedures, both non-invasive and invasive, e.g., nerve imaging, nerve block, neuro-
electrophysiological study, and free autologous tissue transfer, thereby giving an integrated view in the translational
medicine of DPN. Conclusively, the ultimate goal of this review is to help maximize the therapeutic effectiveness
and to minimize the unanticipated complications of any clinical practices involving the DPN by inferring from its
anatomical knowledge.

Keywords: Deep peroneal nerve; accessory deep peroneal nerve; nerve imaging; nerve block; electrophysiological
study; surgical reconstruction (Siriraj Med J 2022; 74: 448-462)

Abbreviations: DPN; deep peroneal nerve, CPN; common peroneal nerve, PL; peroneus longus, EDL; extensor digitorum
longus, ATA; anterior tibial artery, TA; tibialis anterior, EHL; extensor hallucis longus, SER; superior extensor retinaculum,
IER; inferior extensor retinaculum, DPA; dorsalis pedis artery, MTB; medial terminal branch, LTB; lateral terminal branch,
SPN; superficial peroneal nerve, LTA; lateral tarsal artery, EDB; extensor digitorum brevis, EHB; extensor hallucis brevis,
ATT; anterior tarsal tunnel, ADPN; accessory deep peroneal nerve, PB; peroneus brevis, US; ultrasonography, MRI; magnetic
resonance imaging, CMAP; compound muscle action potential, NCV; nerve conduction velocity, AUC; area under the
curve, SNAP; sensory nerve action potential, MNAP; mixed nerve action potential, EMG; electromyography
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INTRODUCTION

DPN is recognized as one of the clinically significant
nerves since several clinical manifestations can commonly
be observed attributed to its defective components in either
sensory or motor function. These abnormalities are caused
by either intraneural (e.g., peripheral nerve sheath tumor
or intraneural ganglion cyst from metatarsophalangeal
joint distension) or extraneural (e.g., tumor, extensor
retinaculum, bony spur, ganglion cyst or inadequate foot
device) compressive lesions. In addition, they can also be
due to the traumatic etiologies. For example, common
injuries near the proximal part of the fibula, especially
the iatrogenic ones after certain interventions around
the lateral side of the knee and upper part of the leg,
e.g., the proximal fibular osteotomy, percutaneous wire
placement in the proximal tibia or total knee arthroplasty,
can result in DPN dysfunction. Not only the proximal
part, the clinical procedures near the distal part of DPN,
e.g., ankle arthroscopy, may also cause the disturbance
to this nerve and lead to the sensory impairment of
the cutaneous area supplied by this nerve. Besides its
clinical significance in terms of nerve injury, several
clinical manipulations with this nerve, both non-invasive
and invasive, are commonly employed in the medical
practice nowadays, e.g., imaging, anesthetic procedure,
functional study, or even surgical intervention. In this
study, we, therefore, aimed to review its anatomical basis
and variations reported in the previous literature and to
link these to its current applications that are commonly
used in clinical service, e.g., clinical imaging, nerve block,
electrophysiological study, and employing this nerve in
surgical procedures, to establish definitive translational
knowledge for its clinical implementation.

The review process was carried out by using groups of
keywords for searching on the standard online publication
database, i.e., PubMed (https://pubmed.ncbi.nlm.nih.
gov/). Certain keywords used for searching comprised
“deep peroneal nerve”, “deep fibular nerve”, “anatomical
variations and deep peroneal nerve”, “dorsalis pedis
artery”, “accessory deep peroneal nerve”, “accessory deep
fibular nerve”, “deep peroneal nerve imaging”, “deep
peroneal nerve block”, “electrophysiological study and
deep peroneal nerve”, “surgical reconstruction and deep
peroneal nerve”. All searched records available on the
PubMed database were screened for their relatedness
to the aim of this review and only the full articles of the
related ones were retrieved. The publication resource
used in this review, starting from the latest ones in 2021,
dates back to 1896 as the earliest one. All publication
resource, after being categorized according to the
disciplines (anatomy, radiology, rehabilitative medicine
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and plastic surgery), was then distributed to the authors
with specialty corresponding to each discipline, i.e.,
anatomist, radiologist, rehabilitation physician and plastic
surgeon. After reviewing all related resource, authors
altogether conceptualized and drafted the contents of
this review to propose the systematic knowledge of its
anatomical nature linking to the application useful in
current clinical practice.

Anatomical background of the DPN

General information and origination of the DPN

DPN, also known as the deep fibular nerve (L. nervus
peroneus profundus, nervus fibularis profundus), is one
of the nerves in the lower extremity that functions as
combined sensory and motor fibers, mainly supplying
the leg and foot area.' This nerve is a bifurcating branch
of the common peroneal (fibular) nerve (CPN), which
is one of the two divisions of the sciatic nerve (ventral
rami of the 4™ and 5" lumbar together with the 1%, 2",
and 3" sacral spinal nerves).

Continuing from the distal part of the CPN that
passes posterior to the head of fibula, the bifurcation
is located near the neck of the fibula and terminates as
two branches: the superficial and deep peroneal nerves
(Fig 1A). Traumatic/non-traumatic abnormalities of the
proximal part of the fibula’ or iatrogenic injuries around
this zone’, e.g., after fibular biopsy, high tibial osteotomy,
or total knee arthroplasty, can result in dysfunction of
the DPN. The superficial branch courses downward
laterally along the length of the leg into the lateral fascial
compartment while the deep one deviates medially,
pierces through the anterior intermuscular septum,
and then passes downward anteriorly into the anterior
fascial compartment.

Proximal part of the DPN

The proximal part of the DPN runs deep to the
peroneus (fibularis) longus (PL) and then the extensor
digitorum longus (EDL) muscles to lie anterior to the
interosseous membrane. It becomes laterally parallel to the
anterior tibial artery (ATA, in the proximal third ofleg)
as the neurovascular supply for the surrounding extensor
muscular tissue, i.e., the tibialis anterior (TA), EDL, extensor
hallucis longus (EHL), and peroneus (fibularis) tertius
muscles. Therefore, lower motor neuron disturbance or
neuropathy of this nerve, e.g., complications of diabetes,
intraneural ganglion cyst, compartment syndrome, or
inflammatory problems, commonly causes the clinical
sign of foot drop, which is the inability to achieve ankle
dorsiflexion and toe extension.
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Distal part of the DPN

During its passage downwards through the distal
part of the leg, these neurovascular structures course more
superficially than the proximal part and lie posterior to
the superior and inferior extensor retinacula (SER and
IER, respectively) and in between the TA (medial) and
EHL (lateral) muscles (Fig 1B). When the course of DPN
passes anterior to the ankle joint, the tendon of the EHL
crosses superficially over the descending neurovascular
structures (DPN and dorsalis pedis artery, DPA) to lie
medially to them (Fig 1B). The DPN is typically lateral
to the DPA. At this level, the DPN shares an articular
branch for the ankle joint and then divides into two
terminal branches, i.e., the medial and lateral terminal
branches (MTB and LTB, respectively), although division
proximal or distal to this level can also be found as
positional variations (Fig 1B).

Terminating branches of the DPN

The MTB runs dorsally along with the DPA and provides
the articular branch for the 1* metatarsophalangeal joint
and the muscular branch for the 1 dorsal interosseous
muscle. Finally, the MTB communicates with the medial
branch of the superficial peroneal nerve (SPN) in the 1*
interosseous space and reaches the proximal zone of the
1*interdigital cleft to terminate as two digital cutaneous
nerves supplying the 1** dorsal web space of the foot. This
explains the sensory impairment of this cutaneous area
in the case of DPN disturbance, even when it’s due to
the iatrogenic etiology, e.g., ankle arthroscopy.” Likewise,
the LTB runs dorsolaterally along with the branch of the
DPA, the lateral tarsal artery (LTA), and passes beneath
the extensor digitorum brevis (EDB) and the extensor
hallucis brevis (EHB) muscles (as a pseudoganglion
enlargement) to supply them (Fig 1B). Moreover, the
LTB also provides the articular branches for the tarsal
and the middle three metatarsophalangeal joints.

Fig 1. 1A: Schematic demonstrating the right DPN
originating from the bifurcation of CPN near the
neck of fibula. 1B: Schematic demonstrating the
orientation and branching of the distal part of the
right DPN at the lower leg and ankle areas. CPN =
common peroneal nerve; DPN = deep peroneal
nerve; SPN = superficial peroneal nerve; EHL =
extensor hallucis longus (tendon); TA = tibialis
anterior (tendon); ATA = anterior tibial artery; DPA
= dorsalis pedis artery; MTB = medial terminal
branch; LTB = lateral terminal branch; LTA = lateral
tarsal artery; IER = inferior extensor retinaculum
(borders represented by the blue curved dashed
lines).

Key takeaway

DPN is one of the lower extremity nerves supplying
structures in the anterior fascial compartment, ankle
region and dorsum of foot in both sensory and motor
functions. Two superficial parts of DPN course, i.e.,
near the neck of the fibula and anterior to the ankle
region, should be clinically focused as the common
sites for iatrogenic and non-iatrogenic nerve damage. In
addition, anatomical relations to its adjacent structures
are the fundamental concept for implementing in various
clinical applications.

Anatomical variations of the DPN

Proximal part of the DPN

Owing to the superficial lying of the proximal part
of the DPN adjacent to the fibular head, the anatomical
variation of this part is vulnerable to pathological disturbance
by the surrounding structures.’ Thus, understanding
the positional variation of the proximal DPN plays an
important role in clinical practice in order for physicians
to find a safe area or angle for procedures that can avoid
injury to the DPN. Iatrogenic injury caused by clinical
procedures around the lateral side of the knee and upper
part of the leg, e.g., proximal fibular osteotomy during
high tibial osteotomy or percutaneous wire placement
in the proximal tibia, significantly contributes to cases of
DPN damage, and have prompted a number of studies
into the variation of DPN in this region to find a safe
area that can allow avoiding the risk of damage to the
DPN.”*

1. Variations of the DPN originating position
and orientation of the proximal part

A study in Thai cadavers was performed to find
the ethnic-specific distance from the tip of the fibular
head to the DPN originating point (28.4 + 4.8 mm).’
Compared with the Thai study, a study in the Japanese
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cadavers showed an approximate average of this distance
of 26.0 £ 0.32 mm."” However, studies in cadavers of
non-Thai ethnicity indicated a safe distance for fibular
head procedures of only about 20 mm distal to the
tip of the head of the fibula.”* In terms of the angle of
proximal DPN relative to the vertical axis of the fibula,
it was reported to be about 28.1° + 7.2° in the study of
Thai cadavers.” Compared with the Thai study, the results
from the Japanese cadavers showed a slightly narrower
angle (23.5° £ 3.5°)."

2. CPN entrapment by the peroneal (fibular)
tunnel

In addition to iatrogenic injury, the peroneal tunnel
is one common cause of idiopathic entrapment of the
CPN, which also affects the function of the DPN. A
study in cadavers was carried out in Ireland and found
that the compression site of DPN was about 3.2 + 1.0
cm (at the entering point of the CPN into the tunnel)
and 7.0 £ 1.5 cm (at the exit point of the DPN from the
tunnel) from the apex of the fibula." These results can be
implemented in planning a procedure to release a nerve
entrapment, but they need to confirm in Thai subjects
to avoid the risk of existing ethnic-specific variations.

Distal part of the DPN

In contrast to the proximal part of the DPN,
the distal part demonstrates a larger number of both
positional and branching variations due to the larger
possibility of diverse orientations relative to neighboring
structures along the distal coursing and also the branching
circumstances. As the DPN divides into the MTB and
LTB at the approximate zone of the ankle joint without
a particular location, the branching patterns and levels
have been investigated in a number of studies with an
aim to identify their distribution.

1. Variations of the DPN branching level and
pattern

Based on the previous study using the ankle mortise
as the landmark, only 23% of the studied specimens were
found to be bifurcated either above or at this level (Fig
1B)."” Likewise, using an imaginary line connecting the
medial to the lateral malleoli as the landmark instead of
the ankle mortise showed the prevalence of bifurcation
at and distal to this level as about 21% and 27.1%,
respectively (Fig 1B)" Further compared with the IER
(the roof of the anterior tarsal tunnel, ATT), most of the
bifurcation (86.1%) was observed in the ATT, while only
a small number of the studied specimens (5.6%) showed
bifurcation below the ATT, and no bifurcation above
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the ATT was seen (Fig 1B)."* Nonetheless, the absence
1% and multiple branching'’ were found
at low prevalence of 6.7-8.3% and 4.16%, respectively.

of bifurcation

2. Positional variations of the DPN and its branches
in relation to the DPA

Not only have branching variations of the distal part
of DPN been significantly observed but the positional
variations of the DPN and its branches in relation to the
DPA have also been explored to reveal their orientation.
Inside the ATT, Rab et al. reported that the DPN was
found lying anterolaterally to the DPA in almost all of the
studied specimens (92.9%) (Fig 2)."” When combined with
observations of the DPN branching level, the prevalence
of the DPA orientation medial to the DPN in the ATT
and medial to the MTB distal to the ATT was about
36.1%-36.7% (Fig 2A), whereas the prevalence of the
DPA orientation lateral to the MTB was reported to be
25%-30% (Fig 2B).">'® Crossover of the DPN and DPA
at multiple levels was also reported in wide-ranging
frequency of about 8.4%-30.6%, which may depend
on the ethnicity of the cadavers in each study (Fig 2C)."*'>'

Accessory deep peroneal nerve (ADPN)

1. General information and course of the ADPN

The accessory deep peroneal nerve (ADPN; L.
nervus peroneus profundus accessorius), first reported
in 1896'%, is a nerve variant emerging from the SPN,
carrying both sensory and motor fibers, and descending
along the anterior surface of the posterior intermuscular
septum and the posterior border of the peroneus brevis
(PB) muscle in the lateral fascial compartment of the leg
until reaching the lateral malleolus, while some studies
demonstrated its possible existence in the anterior fascial
compartment.'” ' The course of the ADPN can bifurcate
to reunite at the proximal part of the PB muscle and can
also be partially covered by the slip of PB muscle.” During
passing inferior to the distal part of the fibula with the
tendons of two peronei muscles, the ADPN runs through
the superior peroneal tunnel and then the deep-anterior
compartment of the inferior peroneal tunnel.” Finally,
it courses anteriorly near the sural nerve and deep to
the tendon of the PB muscle to the dorsum of the foot.

2. Structures innervated by the ADPN

As commonly reported for innervation of the EDB
muscle, the ADPN was revealed to provide muscular
branches for not only the PL and PB muscles (75%,
33.3%, and 100% of the studied cases for the EDB, PL
and PB, respectively) but also for other small peronei
muscles (peroneus quartus and peroneus digiti quinti).”’
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It commonly innervates the EDB muscle for the extensor
part of the 4" toe rather than the 3" and the 5" toes.”
For the sensory component, the ADPN supplies the
fibular periosteum, lateral region of the ankle (e.g., the
ankle joint, ligaments, tarsal periosteum, and synovial
sheath of the peroneal muscles), and the metatarsal
region (37.5%, 100%, and 20.8% of the studied cases for
each, respectively).'**"*

3. Study methods for the occurrence of the ADPN

Study into the occurrence of the ADPN can be
performed by two approaches, i.e., by direct dissection of
cadaveric specimens and by electrophysiological study in
living subjects. Nonetheless, the latter approach usually
gives a lower prevalence than the former (13.6% vs.
39.3%)*, as a positive verification of the ADPN by the
latter requires the presence of a muscular branch to
the EDB muscle. Identification of ADPN existence is
crucial for clinical practice in cases with peroneal lesions
that may involve a confused diagnosis. Furthermore,
clinical procedures at the lateral side of the ankle, e.g.,
ankle arthroscopy, orthopedic procedures at the lateral
malleolus, and sural nerve biopsy should raise some
concern for iatrogenic complications that may occur
to the ADPN. This risk can be reduced by performing a
prior electrophysiological study to detect the existence
of ADPN. Besides, the existence of ADPN may account
for certain unexplained clinical conditions, such as EDB
muscle atrophy and chronic ankle pain.

4. Prevalence of the ADPN and its branches

A number of ADPN studies, both cadaveric and
electrophysiological, among different ethnicities have been
conducted to find the prevalence of ADPN, prevalence
differences between the sexes and sides, bilateral similarity,

Fig 2. Schematic demonstrating the orientation of
the right DPN and its branches at the ankle area
and the dorsum of foot in comparison with the
right ATA and DPA. 2A: The vessel is medial to
both DPN and MTB. 2B: The vessel is medial to
DPN but lateral to MTB. 2C: Crossover of the DPN
and the vessel at multiple levels. DPN = deep peroneal
nerve; ATA = anterior tibial artery; DPA = dorsalis
pedis artery; MTB = medial terminal branch; LTB
= lateral terminal branch.

and the prevalence of a muscular branch to the EDB
muscle. A meta-analysis was done to collect eligible
published data from 19 ADPN studies.”* The pooled ADPN
prevalence was 18.8% (95% CI: 14.2-24.0%). Variability
in the pooled prevalence among different ethnicities was
also found (Asian = 50.3% (95% CI: 21.1-79.5%), North
American = 17.6% (95% CI: 13.3-22.3%), and European
=12.1% (95% CI: 8.3-16.5%)).

The pooled prevalence on each side (from 4 out of
19 studies) was 6.4% (95% CI: 4.8-8.2%) for the right side
and 8.5% (95% CI: 7.3-9.8%) for the left side. The pooled
unilateral prevalence was two times higher (67%, 95% CI:
53.8-79.1%) than the pooled bilateral one (33%, 95% CI:
20.9-46.2%) in cases with ADPN present (from 11 out of
19 studies). The pooled prevalence of a muscular branch
to the EDB muscle was 79.5% (95% CI: 53.5-97.4%) of all
specimens with ADPN (from 4 out of 19 studies). There
was no statistical significance in prevalence difference

25,26

between the sexes.””** Nevertheless, the occurrence of
ADPN seems to run among family members as a hereditary
trait with the proposed autosomal dominant mode of

inheritance.”’

Key takeaway

DPN is one of certain nerves that its anatomical
variants can be found in all aspects, e.g., position,
orientation, branchinglevel and pattern or even additional
accessory. For the proximal part, they are mostly about
the positional and orientational variants, whereas the
significant variabilities observed in the distal part are
involved with aspects of branching and relations to its
adjacent structures. These anatomical observations are
the key translational knowledge to effectively practicalize
the clinical approaches dealing with DPN.
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Current clinical applications of the DPN

Application in radiology

1. General imaging characteristics of DPN

Diseases of the DPN are composed of many factors,
including traumatic* and non-traumatic diseases, such
as intraneural and extraneural compressive lesions.”
Nowadays, imaging techniques play a major role in the
diagnosis of peripheral nerve diseases, such as high-
frequency ultrasonography (US) and magnetic resonance
imaging (MRI).”""!

1.1 Ultrasonographic imaging

In US, the normal appearance of the nerve appears
as a honeycomb pattern in the short axis, in which the
hypoechoic nerve fiber is enveloped by the hyperechoic
epineurium (Fig 3). In the long axis, it appears as a coarse
hypoechoic longitudinal structure without anisotropy
as in the tendon.” The landmark for the depiction of
the DPN in US corresponds with its anatomy. First, in
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the proximal part, it continues on from the CPN after
bifurcation at the peroneal tunnel, where the anterior
one is the DPN and the other posterior one is the SPN.
Second, in the leg region, it lies in the anterior fascial
compartment of the leg, which is deep to the TA muscle
and anterior to the interosseous membrane, and laterally
accompanies the ATA (Fig 3). Last, in the ankle and foot
regions, it lies between the EHL and EDL muscles and
distally gives two terminal branches: the MTB, which
accompanies the DPA until the 1* web space (Fig 4), and
the LTB, which supplies the EDB muscle, tarsal joints,
and 2" to 4™ metatarsophalangeal joints.”"*

1.2 Magnetic resonance imaging

In MRI, a normal appearance of the nerve is revealed
with an iso-signal intensity (SI) in TIW and T2W as
the SI of the muscles (or a slightly higher SI than that
of the muscle in T2W), and it is surrounded by high SI
fat (Figs 5&6)."*

A A BN e e e ]

Fig 3. 3A: Axial scan of US using a 12 MHz linear array transducer at the proximal aspect of the right leg (28-year-old man, below the fibular
head) demonstrating the DPN coursing laterally to the ATA in the anterior fascial compartment with a honeycomb appearance (white
arrow). 3B: Area-representing schematic for US image demonstrating the DPN (yellow area pointed by the white arrow) in anterior fascial
compartment of leg laterally accompanying the anterior tibial vessels (the structures with blue and red colors representing the blood flow
directions in color-Doppler US). PL = peroneus longus muscle; EDL = extensor digitorum longus muscle; F = fibula with the curved dashed
line as its boundary.

Fig 4. 4A: Axial scan of US using a 12 MHz linear array transducer at the dorsum of the right foot (28-year-old man) demonstrating the
MTB of the DPN, laterally accompanying the DPA, with a honeycomb appearance (white arrow). 4B: Area-representing schematic for US
image demonstrating the DPN (yellow area pointed by the white arrow) in the dorsum of foot located medial to the DPA (red area). EHL
= extensor hallucis longus (tendon); EDL = extensor digitorum longus (tendon).
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2. Direct imaging characteristics of DPN pathology

MRI and US can be used to evaluate the DPN
pathology of both traumatic and non-traumatic causes
as described below.

2.1 Traumatic pathology of the DPN

In traumatic causes, including direct contusion,
traction injury, penetrating injury, and also post-surgical
iatrogenic events, the DPN appears swollen and edematous,
with hypoechoic thickening in US* with an increased
T2W SI and decreased T1W SI in MRI. If partial or
complete disruption of the nerve occurs, post-traumatic
or stump neuroma may be seen in US as a hypoechoic
mass-like lesion”*** and in MRI with an iso- to low TIW
SIand iso- to high T2W SI with enhancement.”** Other
traumatic causes include compartment syndrome in
the anterior or lateral fascial compartments™* and
compression from a fractured bone fragment or late
sequelae of heterotopic ossification.”

2.2 Non-traumatic pathology of the DPN

Non-traumatic causes include intraneural and
extraneural causes. Intraneural causes include a peripheral
nerve sheath tumor either benign or malignant®’,

Fig 5. 5A: Axial T1-weighted MR image of
the proximal aspect of the left leg (12-year-
old girl, below the fibular head) demonstrating
the DPN accompanying the ATA in the
anterior fascial compartment (white arrow).
5B: Area-representing schematic for MR
image demonstrating the DPN (yellow area
pointed by the white arrow) at the proximal
aspect of the left leg. Red area = ATA; A =
anterior fascial compartment; L = lateral
fascial compartment; P = posterior fascial
compartment; T = tibia; F = fibula.

Fig 6. 6A: Axial proton density-weighted MR
image of the left ankle (41-year-old man)
demonstrating the MTB (black solid arrow)
and the LTB (white solid arrow) of the DPN.
The DPA (white open arrow) courses laterally
to the MTB of the DPN. Extensor retinaculum
is marked by the white arrow head. 6B: Area-
representing schematic for MR image
demonstrating the MTB (yellow area pointed
by the black solid arrow) and LTB (blue area
pointed by the white solid arrow) of the DPN
at the left ankle with the DPA (red area pointed
by the white open arrow) located lateral to the
MTB. Brown area = EHL (muscle and tendon);
green area = EDL (muscle and tendon); curved
dashed line pointed by the white arrow head =
extensor retinaculum; T = tibia; F = fibula.

and the less common intraneural ganglion cyst from

%43 Extraneural

metatarsophalangeal joint distension.’
causes include tumor (e.g., exostosis) and compression
by adjacent structures, such as an extensor retinaculum,
bony spur, ganglion cyst, or inadequate foot device.” The
imaging findings depend on each pathologic nature. For
example, a ganglion cyst may be found as a well-defined
round-shaped high T2W SI lesion and iso- to hypo-
T1W SI depending on its content™ with either non- or
rim enhancement in the post-gadolinium sequence of
MRI.* Nerve thickening can be seen with an increased
T2W Sl in MRI.*

3. Indirect imaging characteristics of DPN pathology

Beside direct nerve abnormalities in peripheral
neuropathy, indirect signs of nerve injury can also be
observed in clinical imaging. One of the useful indirect
signs is the corresponding denervation of the muscle.
Varied imaging findings of muscle denervation depend on
the timing, site, and degree of neural involvement***’, but
they can still be used as a beneficial clue for the detection
of neuropathy. Muscle denervation is edematous in the
acute stage and then atrophic with fatty infiltration in
the chronic stage. In the acute phase, US of denervated
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muscle shows a, sometimes subtle, hypoechoic edematous
appearance, while better evaluation can be achieved by
utilizing fat suppression techniques with T2ZW MRI**, seen
asan increased SI in 24 to 48 hours after the event."* In
the chronic phase, the denervated muscle shows increased
echogenicity with a smaller size™, whereas an increased
fat SI of atrophic muscle can be observed in MRI.****’
Like other peripheral nerves, DPN neuropathy can be
involved with muscles in the anterior fascial compartment
(Fig 7) and, less frequently, the EHB muscle according
to the degree and site of neuropathy."**

4. Key takeaway

Normal anatomy, including position, orientation,
branching pattern and variation, is the key for understanding
normal findings in radiology. Likewise, normal imaging
appearance is also the key for abnormality detection. US
and MRI have the capacity per se to evaluate the DPN
pathology in different aspects. In certain aspects, efficacy
of one modality can also be enhanced by the other.
Not only the direct sign of nerve abnormality but also
the indirect sign of muscle innervation is beneficial in
detection of the DPN abnormality by clinical imaging.

Application in anesthesiology

1. Regional nerve block of the DPN

Regional nerve block of the DPN is an anesthetic
approach that is preferably used in practice due to its
low systemic risk.””" Application in the ankle region
is used in many situations, including ankle surgery
and pain control.”””* However, certain conditions may
contraindicate this method, such as a local infection at
the injected site or in patients at risk of compartment
syndrome.” Accurate knowledge of the DPN anatomy
makes this nerve block perfect.
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The landmark for DPN block in the ankle region is
located lateral to the ATA™, just lateral to the tendon of
EHL™, which can be easily found by active dorsiflexion of
the big toe. US guidance for peripheral nerve block seems
to be advantageous™, such as using a directly observable
nerve with adjacent vascular structures, for avoiding
direct vessel injection and reducing the amount of drug
used.”” However, John et al. found that the ultrasound
guidance technique showed no improvement in overall
quality in DPN block at the ankle level.”* Therefore, an
anatomical landmark for DPN block is still important.

2. Key takeaway

Normal DPN anatomy is essential for successful
regional DPN block in the ankle region, including adequacy
oflocal anesthesia and complication avoidance, whether
the ultrasound guidance technique is applied or not.

Application in rehabilitation medicine

1. Electrodiagnosis for DPN

Electrodiagnosis is a physiologic study that can help
in localizing the DPN pathology, and for assessing the
severity and signs of recovery. Moreover, it can be used
in differential diagnosis and for ruling out other causes
mimicking DPN mononeuropathy; for example, sciatic
neuropathy, lumbosacral plexopathy, L5 radiculopathy,
peripheral polyneuropathy, and upper motor neuron
diseases. There are two types of electrodiagnostic study.

1.1 Nerve conduction study (NCS)
1.1.1 Motor NCS
Motor NCS evaluates the functioning motor
axons by sending electrical impulses at the proximal site and
recording the response over the muscle belly. The action
potential recorded is a summation from the motor nerve,

Fig 7. 7A: Axial T1-weighted MR image of the proximal aspect of the left leg (12-year-old girl, below the fibular head) demonstrating the

muscles of the anterior fascial compartment, including the TA (white solid line), EDL (white dashed line) and EHL (white encircling dots)

muscles. 7B: Area-representing schematic for MR image demonstrating the muscles in the anterior fascial compartment of the proximal

aspect of left leg, including the TA (yellow area), EDL (blue area) and EHL (green area) muscles. T = tibia; F = fibula.
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neuromuscular junction, and all the muscle fiber action
potentials (compound muscle action potential, CMAP)
(Fig 8). The stimulation sites for the DPN are at the anterior
ankle, fibular head, and lateral area of the popliteal fossa.
Recording electrodes are usually placed on the EDB
(Fig 9A) and TA muscles. The onset latency, amplitude,
and nerve conduction velocity (NCV) are the common
parameters recorded (Table 1).

Demographic factors can also affect some other
parameters. A previous study found that a greater height
of the subject was associated with increased onset latency
and decreased NCV. In addition, it was also found that
an older subject was correlated with a lower amplitude,
area under the curve (AUC) and NCV. However, there
was no statistically significant difference in NCS between
the sides.””” Moreover, the NCV across the fibular head
when recorded at the TA was faster than that recorded
from the EDB, with the mean difference in the NCV
being 5 m/s.*

To use these parameters in testing, Buschbacher
et al. reported a cutoft value as a 50% amplitude drop when
compared to the contralateral side and recorded at the
TA muscle for diagnosing an abnormality of the motor
amplitude, if the affected limb showed normal values.”
When recording at the EDB muscle, the upper limit of
normal amplitude difference from side-to-side was 61%,
which might not be sensitive enough to make a diagnosis
of mononeuropathy.” To find a focal demyelinating
lesion of the nerve, comparing the amplitude between

N stimulation

=1\

9A

stimulating at the proximal (popliteal fossa or fibular
head) and distal (ankle) points, and recording at the
EDB muscle is usually done. The upper limit of normal
amplitude decrease was found as a 32% drop across the
lower leg and 25% drop across the knee in one study.”
While recording at the TA muscle, the upper limit of normal
drop in amplitude from distal to proximal stimulation
was 36%. This normal drop was high for a short nerve
distance. However, it was possible in this condition because
the phase cancellation from a volume-conducted tibial
waveform could not be ruled out.”” Additionally, when
recorded at the EDB and comparing the NCV between
below-knee and across-knee segments, the upper limit
of normal drop was 10 m/s.”

1.1.2 Anatomical variation

The ADPN primarily emerges as both the
motor nerve from the SPN to the EDB muscle and the
sensory branches to the ankle joint. The presence of
ADPN should be suspected if the EDB motor amplitude
is smaller when stimulated at the ankle than at the fibular
head. This can be confirmed by obtaining the CMAP from
stimulating behind the lateral malleolus.””” Another
method is by comparing the CMAP area ratio between
stimulating at the distal and proximal. The area ratio is
higher in subjects without ADPN than those with ADPN
(1.15and 0.96, respectively). From a previous study, the
distal CMAP amplitude of ADPN was around 1.27 mV
with an average distal latency at 4.84 ms.”

Fig 8. DPN motor waveform
recorded at the EDB muscle. (marker
1 = onset latency; vertical distance
from marker 1 to marker 2 =
amplitude; area under peak from
marker 1 to marker 3 = area under
the curve)

Fig 9. DPN stimulation for motor
NCS recorded at the EDB muscle
(9A) and for antidromic sensory
NCS (9B). (A = active electrode;
R =reference electrode; G = ground
electrode)
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TABLE 1. Reference parameters for DPN in electrodiagnosis.

Electro- Muscle/nerve, Stimulation

diagnosis electrode

study placement

CMAP EDB (1) 8 cm proximal to the
- Active: midpoint active electrode lateral
of the muscle to the TA tendon
belly (2) posterior and inferior
- Reference: to the fibular head
slightly distal to (3) 10 cm from (2) medial
the 5% to the tendon of the
metatarsophalangeal biceps femoris
joint

CMAP TA (1) posterior and inferior
- Active: one-third  to the fibular head
of the distance from (2) 10 cm from (1) medial
tibial tubercle to to the tendon of the
lateral malleolus biceps femoris
- Reference: on the
bony surface of the
tibia

CMAP EDB, ADPN Posterior to lateral

malleolus

SNAP DPN 12 cm proximal to the

- Active: the active electrode and

interspace between
the 1t and 2™
metatarsal heads

just lateral to the EHL
tendon

- Reference: 3 cm
distal to the active
electrode on the
2 digit

UUpper limit of normality. " Lower limit of normality.

1.1.3 Sensory NCS

Sensory NCS assesses the density of the
functioning nerve fibers. The action potential recorded
is a summation of all the sensory fibers (sensory nerve
action potential, SNAP). The study of the DPN is usually
done in an antidromic manner and recorded at the first
dorsal web space of the foot. The stimulation site is at
the anterior ankle (Fig 9B). The estimated normal values

Age Sex Onset Amplitude Velocity Reference
(year) latency (mean, mV) (mean, m/s)
(mean, ms)
48 (6.5 59(1.3- 47(38)> (59)
19-39 48 (6.5 6.8(2.6) 47(38)t
40-79 48 (6.5 5.1(1.1) 47 (38)*
All 3.6 (49" 38(1.7) 62(43) (60)
19-29 3.6 (49" 43(21)> 62(43)
30-79 3.6 (49)Y 3.6(1.5)- 62(43)
4.84 1.27 55.7 (20)
male 4.95 0.97 56.85
female 4.69 1.67 58.11
9.73 pv 41.01 (61)
35-50 7.95 uv 41.23
>50 6.65 pv 40.28

are shown in Table 1. Lo et al. reported that the SNAP
amplitude could be diminished in a normal population
and even more in the elderly.”’ This should be considered
in interpreting the results. Furthermore, anatomical
variations could also affect the results. From a former
study in healthy volunteers, the first dorsal web space of
the toes was supplied by an isolated DPN for 34% of all
studied limbs, SPN for 10%, both nerves for 44%, and
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no response for 12%. The gross diameter of the nerve is
very small and it is more difficult to stimulate in swollen
limbs.*

One study reported that the NCV from
the orthodromic method was more sensitive than that
from the antidromic method in detecting lesions. The
orthodromic method in the DPN involves stimulating
at the ankle and recording the response at above and
below the fibular head. The action potential recorded
is a mix and not only from the DPN; hence it is called
the mixed nerve action potential (MNAP). In healthy
subjects, the mean sensory orthodromic NCV of the DPN
was found to be 55.27 m/s. The mean MNAP amplitudes
of the DPN under and above the fibular head were 1.13
1V and 0.52 gV, respectively. This method is easier to
apply even in an elderly population. Therefore, an absent
response may indicate a true abnormality.*’

1.2 Needle electromyography (needle EMG)

This study can provide more information, such
as whether the pathology is acute or chronic, and the
signs of denervation and re-innervation from axonal
loss, than NCS. In this method, a needle electrode is
inserted into the muscle and electrical signals from
muscle contractions are recorded. Spontaneous activity,
and the number and morphology of the motor units
are observed. However, a study by Dumitru et al. in an
asymptomatic healthy population reported a prevalence
of abnormal spontaneous activity of EDB in 60% of all
subjects.” History taking and physical examination should
be performed and the findings correlated since foot
trauma can result in spontaneous activity in this muscle.
Spontaneous activity in diffuse, decreased recruitment
and an abnormal morphology may indicate the true
pathology.”

2. Evaluation of DPN abnormality
Most pathologies of the DPN near the fibular head

57 because the fascicles at this level are

are axonal loss
located anteriorly, and thus are more sensitive to pressure
or stretching. ATT is another common suspected area for
DPN pathology, but is a rare condition. The mechanism
is nerve compression by IER. The common presentations
are a dull ache, numbness, or paresthesia radiating to
the 1* interdigital space of the dorsum of the foot. An
extremely serious condition is a weakness of the EDB
muscle. The electrophysiologic study mostly finds chronic
neuropathic patterns.”” Two common electrodiagnostic
findings are axonal loss and demyelination. For axonal
loss, needle EMG can be used to show signs of denervation,
whereas NCS can show an absent, low, or more than 50%

decreased amplitude compared to the unaffected side.
For focal demyelination, NCS may show a conduction
block pattern (CMAP amplitude drop at the distal
compared to in proximal stimulation) and a decreased
NCYV difference between segments of more than 10 m/s
as described above. Significant demyelination is usually
found co-existing with mild axonal loss.

3. Evaluation of DPN recovery

Derr et al. studied peroneal nerve recovery in both
traumatic and non-traumatic cases by electrodiagnosis
at 2 weeks to 24 months after onset. The stimulating site
was at the fibular head. The recording sites were at the
TA and EDB muscles. A good outcome was a TA motor
power by manual muscle testing from grade 4 and higher.
Presentation of a CMAP response in both EDB and TA
muscles was a predictor for good outcome recovery (94%
in all cases, 80% in trauma, and 100% in non-trauma).
A good outcome was found in 81% and 94% of subjects
who had CMAP presentation only in the TA and EDB,
respectively. However, the absence of EDB CMAP and
TA CMAP did not mean a poor outcome (46% had
good outcome recovery). Most traumatic cases showed
an absence of EDB CMAP. A response of EDB CMAP
in the first three months can predict a good outcome
(100% of all cases had good outcome recovery). From
one needle EMG study, discrete or absence of motor
unit recruitment in a trauma group predicted a worse
outcome recovery, but without statistical significance.
However, this was a small retrospective study and might
not have had a large enough sample size.”” Another
study was performed in non-traumatic subjects and
reported that if only a conduction block, which means
demyelination, was found at 2-12 weeks after onset, a
good recovery at 6 months could be anticipated.”

4. Evidence for the use of electrodiagnostic studies

Due to the nature of study, the supporting evidence
was limited to class III for NCS and class IV for needle
EMG for peroneal neuropathy diagnosis, according
to an American Association of Neuromuscular and
Electrodiagnostic Medicine review.”

5. Key takeaway

Beinga nerve with both sensoryand motor components,
DPN can be electrophysiologically evaluated via the
NCS for its sensory and motor function together with
the needle EMG at its muscle targets. These studies can
be summed up for identifying the abnormality and
following the recovery of the DPN. Electrodiagnostic
finding of the DPN should also be correlated with the
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history and the physical examination of the patient
to effectively evaluate the abnormality and to set the
plan for treatment. However, evaluation techniques and
anatomical variations can affect this finding. Therefore,
anatomical knowledge is the important foundation to
conduct the electrodiagnosis accurately and efficiently.

Application in surgery

1. Surgical application as a sensory nerve: Burned
hand

The first web space contracture in a burned hand
is one of the most common problems resulting in
significantly decreased hand function. To achieve the
goals following specific treatment principles’”*, there are
many options possible for the surgical reconstruction,
including skin grafting’*"*, local flaps”>’°, regional flaps’’,
and free flaps.”*”**’ According to the principles, healthy
tissue replacement or rearrangement is not sufficient. It
requires sensory restoration together with glabrous skin
restoration to achieve the ultimate goals, nearly-normal
hand function.

With the aforementioned goals in mind, transferring
tissue from another glabrous area with its sensory
innervation is the choice. In the first web space, the
connection between the MTB of the DPN and SPN
provides sensory supply as the dorsal digital nerves to the
Ist dorsal web space of the foot.”” Either the DPN or the
dorsal digital nerve can be transferred for harvesting an
innervated free flap based on the shape and extension of
the defect in the hand area. Understanding its anatomical
variations, including level of bifurcation and absence of
bifurcation will help surgeons prepare for additional steps
in advance, such as intraneural dissection or nerve graft
harvest. The former may require additional instrument
for more meticulous dissection to minimize donor site
morbidity such as motor nerve injury. On the other
hand, the latter requires preparation of another donor
site for nerve graft harvest. Either of the options, it is
to perform tension-free microsurgical anastomosis of
the donor nerve to a sensory nerve at the recipient site
for ensuring the best condition for sensory recovery. In
clinical scenarios, this innervated tissue transfer has been
used with successful outcomes, such as a near-normal
range of motion and sensation (2-point discrimination)
of the reconstructed 1st web space.”

2. Surgical application as a motor nerve: Facial
reanimation

The ultimate goal of reconstruction in patients
with facial paralysis is to restore the lost function to
normal, i.e., facial reanimation. Nevertheless, in cases
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of long-standing paralysis, the facial muscle is assumed
to be atrophic after 24 months and muscle transfer is
the option.” The transferred muscle can be connected
with a source nerve for neural regeneration, resulting
in a functional muscle. Principally, the donor muscle
should be expendable and have a reliable neurovascular
pedicle, sufficient length, and excursion muscle inset.
In facial reanimation, especially smile reconstruction,
gracilis muscle transfer is the gold standard.

Although not the gold standard option, another
possible option is the DPN-innervated EDB muscle. The
possibility of this flap in facial reanimation is not limited
to smile reconstruction, but also to eyelid function.*”
This flap is mainly supplied by the LTA, and additional
branches from the DPA and the peroneal artery”, thereby
considered as a Mathes—Nahai classification type 2. The
mean length and external diameter of the LT A were 2.3
cm and 2.4 mm, respectively, which were considered
suitable as a choice for microsurgical anastomosis.*
In addition to the vascular supply, the native function
of EDB muscle is to assist the EDL muscle, harvesting
this EDB muscle therefore results in a minimal deficit
of the donor site.*** Regarding this, understanding an
anatomical course of the LTB of the DPN is important
for safe dissection and flap harvest. It runs dorsolaterally
along with the LTA and passes beneath the EDB muscle.
Proximally, there is anatomical variation about its level
of bifurcation. This may limit the length of the donor
nerve possibly requiring nerve graft harvest. These issues
share a similar principle of avoiding donor site morbidity
(sensory nerve preservation in this application) and
tension-free anastomosis of the nerve. In clinical scenarios,
its application as a free flap in facial reanimation has been
reported with successful results in variable cases.”*’

3. Key takeaway

Understanding the anatomy of the DPN, its
variations, and its relation to adjacent structures is crucial
for harvesting a flap for reconstruction such as the 1st
web space reconstruction and free-functioning muscle
transfer for facial reanimation. This is not only important
for operative success, but also helps minimize both the
donor site morbidities and the operative time due to the
appropriate surgical planning.

CONCLUSION

As one of the nerves that is commonly manipulated
in current clinical practice, anatomical knowledge and
information on anatomical variations of the DPN are
mandatorily essential for clinicians to understand the
demographic nature of the DPN prior to its proper
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application in patients. Nowadays, the clinical procedures
implicated with this nerve can widely range from non-
invasive ones, e.g., nerve imaging, to sophisticated surgical
approaches, such as flap transfer for the reconstruction of
alower extremity, which have been regularly conducted in
specialized clinical institutes.” This review therefore linked
the fundamental anatomy of this nerve to its practical
importance visualized in the examples of current clinical
applications reviewed in this study by the main focus
on its practicality and utilization. This review therefore
presented the usefulness of translational research in
this area for clinical implementation. Conclusively,
the ultimate goal of this review is to help maximize the
therapeutic effectiveness and to minimize the unanticipated
complications of any clinical practices involving the
DPN by inferring from its anatomical knowledge.
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ABSTRACT

Anatomical education in Thailand has advanced significantly since the first class at Siriraj Medical School in
1890. Gross anatomy was formerly taught by traditional lectures and demonstrations using human anatomical
models until cadaveric dissection was officially integrated into the medical curriculum in 1906. Educational standard
at the medical school was then raised to an international level during the reform of the medical curriculum with
the cooperation of the Rockefeller Foundation in 1923-1935, with the main anatomical disciplines organized into
correlated courses, and it has since been continuously improved to the present day. This review summarizes a brief
history of anatomical education in Thailand based on experiences at Siriraj Medical School, together with detailing
the most significant developments that have occurred over time. Advancements in cadaver preservation and modern
educational materials for anatomy teaching are also covered. The primary goal of all advances in anatomical education
is to provide students with positive learning experiences that will also improve their learning outcomes.

Keywords: Anatomical education; cadaveric dissection; cadaver preservation; anatomical specimens; educational
multimedia; medical school (Siriraj Med ] 2022; 74: 463-471)

Anatomical Education at Siriraj Medical School
1. First introduction of modern anatomical teaching
in the medical school.

Modern anatomical teaching was introduced to
Thailand after the establishment of Siriraj Hospital in
1888. Prince Damrong Rajanubhab was granted royal
permission from King Chulalongkorn to establish the first
medical school in Thailand at Siriraj Hospital, conducting
athree-year diploma course in medicine beginning from
1890." Gross anatomy was first taught by Dr. Thomas H.
Hays from 1890, and then by Dr. George B. McFarland
from 1892, mainly through traditional lectures and
demonstrations with human anatomical models. Dissection
was occasionally performed on non-preserved cadavers

to provide students with the opportunity to become
familiar with real human structures.'”’

In 1901, Siriraj Medical School was renamed the
“Royal Medical College” by King Chulalongkorn, and the
diploma course in medicine was expanded to five years.
Cadaveric dissection remained optional until 1906 when
it was formally incorporated into the medical curriculum.
During that time, Dr. McFarland, Dr. Michel St. Ann
Fernandes, and Dr. Walter B. Toy were in charge of
teaching gross anatomy and cadaveric dissection.”* To
facilitate students’ learning, Dr. McFarland also wrote
Human Anatomy with Plates and Diagrams Vols I, I,
and II1, which included Thai translations of anatomical
terms.”® Students generally studied musculoskeletal
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anatomy without cadaveric dissection in the first year,
and then dissected in the second and third years when
studying blood vessels, the nervous system, and visceral
organs. Non-preserved cadavers used for dissection
were obtained from unclaimed human bodies and could
only be dissected in a short period before the bodies
decomposed.”’ Notably, cadaver preservation was most
likely attempted before 1912, with a phenol-based solution
infused into the femoral arteries of cadavers. However,
the preservation efficiency was still inadequate.”*

In 1917, King Vajiravudh founded Chulalongkorn
University and merged the Royal Medical College to form
the Faculty of Medicine. In 1919, the anatomical class
was moved from Siriraj Hospital to the Faculty of Arts
and Science in Pathum Wan District.”'’ Dr. Toy, Luang
Kayavibhag Banyai, and Lecturer Lim Chullabhandh
were in charge of teaching gross anatomy and cadaveric
dissection during that time. The course was revised to
two years: students studied and dissected upper and
lower extremities in the first year, followed by head and
trunk in the second year, using cadavers preserved with a
phenol-based solution and stored in large refrigerators.**"’
2. Anatomical education during the reform of the medical
curriculum with the cooperation of the Rockefeller
Foundation (1923-1935)

Anatomical education at the Faculty of Medicine was
substantially improved when the Rockefeller Foundation,
in cooperation with the Siamese Government, helped
modernize medical education in Thailand. In 1923, a new
six-year curriculum for a Bachelor of Medicine (M.B.)
degree was implemented, and the anatomical class was
returned to Siriraj Hospital.'""'" In the same year, Prof.
Claude W. Stump from the University of Edinburgh
was appointed Professor of Anatomy at Siriraj Hospital.
He introduced a new preservation method for cadavers
using a formalin-based solution and conducted a one-
year dissection class based on Cunningham’s Manual of
Practical Anatomy. He was also the first to teach embryology
in the medical school. However, his embryology class
appeared to have been limited to lectures and figure
drawings due to a lack of microscopic slides.”*"*

In 1925, Prof. Edgar D. Congdon from Peking Union
Medical College (PUMC) was appointed Professor of
Anatomy at Siriraj Hospital to replace Prof. Stump, who
had completed his contact with the Rockefeller Foundation
and relocated to the University of Sydney, Australia. In
1927-1928, Prof. Congdon broadened anatomical teaching
to cover gross anatomy, microscopic anatomy, embryology,
neuroanatomy, and topographic anatomy, in line with

2,3,13

international standards.”>"’ He developed a new method

of anatomical teaching known as the “correlated course,”
in which students learned the developmental, gross, and
microscopic anatomy of individual organs together in
the course schedule.'* He organized a dissection class in
which four students would dissect one cadaver (4:1) by
following his laboratory directions for an entire academic
year”'” — a practice that is still implemented at Siriraj
Hospital today. He also began preparing microscopic
slides of tissue sections, laying the groundwork for the
development of microtechniques in the department.’
Furthermore, Prof. Congdon initiated collections of
anatomical specimens for class demonstration, some of
which were displayed at the 8" Congress of the Far Eastern
Association of Tropical Medicine at Chulalongkorn
University in 1930. His collections later became the
centerpieces at an anatomical museum at Siriraj Hospital.”" "

In 1930, Dr. Sood Sangvichien became an instructor
at the Department of Anatomy and received a scholarship
from the Rockefeller Foundation to study anatomy
and microtechniques at the University of Michigan
and Case Western Reserve University in the United
States. After returning in 1933, Dr. Sood Sangvichien
further developed microtechniques in the department,
with the assistance of Lect. Lim Chullabhandh, and
succeeded in preparing microscopic slides of the total
mounted and serial sections of chick and pig embryos,
tissues and organs sections, and brainstem sections.'*"”
Microtechnique development since then has enabled
the in-house preparation of microscopic slides that
could sufficiently be used for anatomical teaching at the
Faculty of Medicine and other health science schools. In
1942-1943, during the Pacific War in World War II, Dr.
Sood Sangvichien began writing laboratory directions
and distributing them to students to conduct cadaveric
dissection despite the wartime shortage of standard
textbooks. Prof. Sood Sangvichien’s directions were later
revised by Prof. Sanjai Sangvichien and his colleagues
in 2009.""%°

3. Anatomical education under the supervision of Prof.
Sood Sangvichien

In 1943, the Faculty of Medicine was transferred to
the University of Medical Sciences. Dr. Sood Sangvichien
was appointed Head of the Department of Anatomy
in 1944 and served in this position until 1969.%' He
passionately dedicated himself to advancing anatomical
knowledge and related disciplines, such as medical genetics,
medical illustrations, and physical anthropology. In
terms of education, the correlated course designed
by Prof. Congdon remained the core of anatomical
teaching, and Dr. Sood Sangvichien modified it further
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to fit the medical curriculum at the time. He improved
Prof. Congdon’s formalin-based solutions for better
cadaver preservation. He also encouraged Thai people
to donate their bodies for anatomical education so that
students would have sufficient cadavers for standard
dissection class (4 students:1 cadaver). His development
of in-house microtechniques since before World War
IT enabled him and his colleagues at the Department of
Anatomy to prepare sufficient amounts of microscopic
slides for students.”” In 1947, the Faculty of Medicine
Chulalongkorn Hospital was established, with a similar
anatomical curriculum as at Siriraj Hospital.”*

In 1948, Dr. Sood Sangvichien expanded Prof.
Congdon’s collections of anatomical specimens and
officially founded Congdon’s Anatomical Museum at
Siriraj Hospital to honor Prof. Congdon for his crucial
contribution to early anatomical education in Thailand.'®
Nowadays, over 2,000 organ specimens from donors who
donated their bodies for anatomical education are on
display, including world masterpieces, such as the whole-
body peripheral nervous system, the heart and whole-
body arterial system, and the whole-body muscles and
subcutaneous veins.'” The museum continues to benefit
medical personnel and the general public interested in
learning human anatomy.

In 1952, Dr. Sood Sangvichien was appointed
Professor of Anatomy and continued to make significant
contributions to anatomical education in Thailand. In
1962, he founded the Prehistoric Museum at Siriraj
Hospital: for which he continued to work even after his
retirement in 1970.” Physical anthropology has long
been one of the department’s research interests and staft
members are still working on this today.

In 1960, the Faculty of Medicine Nakorn Chiangmai
Hospital was founded, with the assistance of staff from
Siriraj Hospital in organizing the anatomical curriculum.
In the same year, Prof. Sood Sangvichien invited anatomy
staft from Siriraj Hospital, Chulalongkorn Hospital, and
Nakorn Chiangmai Hospital to organize the first academic
meeting for anatomists at Siriraj Hospital.'*”' This initiative
later became the Anatomy Club of Thailand in 1978, and
officially the Anatomy Association of Thailand in 2002.

4. Anatomical education from the 1970s

The University of Medical Sciences became Mahidol
University in 1969.”" The Faculty of Medicine Siriraj
Hospital and the Faculty of Medicine Ramathibodi
Hospital (established in 1965) remain with Mahidol
University, while the Faculty of Medicine Chulalongkorn
Hospital and the Faculty of Medicine Nakorn Chiangmai
Hospital were transferred to Chulalongkorn University
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and Chiangmai University, respectively. The anatomical
curriculum at Siriraj Hospital was gradually changed
over the years, with the correlated course remaining the
core concept.’

The Faculty of Medicine Siriraj Hospital revised
the medical curriculum in the early 1970s and later
on a regular basis. Lecture and laboratory time were
significantly reduced in all anatomical disciplines: from
a total of 875 hours in 1956 to 726 hours in 1971, and
616 hours in 1982, and this trend has continued today.
Topographic anatomy as a separate subject was discontinued
in 1974, but it has since been incorporated into regional
gross anatomy.”***’ In 2014, gross anatomy, microscopic
anatomy, and embryology were reorganized into functional
systems (system-based curriculum) along with physiology,
biochemistry, and related subjects. Furthermore, clinical
applications have become increasingly integrated into
anatomical teaching to ensure that students are well
prepared for clinical practices.

5. Anatomical education in global trends and future
perspective.

Thailand and many other countries appear to have
comparable anatomical curriculums. In ASEAN countries,
such as Myanmar, the curriculum prior to 2019 was
quite similar to the previous one of Siriraj Hospital, as
the main anatomical disciplines were organized into
correlated courses based on regional anatomy. Case-
based learning (CBL) was also used to help students gain
more experience with clinical applications. However,
since 2020, all medical universities in Myanmar have
reorganized their anatomical curriculums into functional
systems with a more holistic and integrated approach
to medical education.

In other Asian countries, such as Japan, we learned
that anatomical curriculums in certain universities are
still based on regional anatomy but are condensed into
half an academic year. Due to time constraints, student-
centered and self-directed learning becomes increasingly
important in laboratory practices. Meanwhile, many
Japanese universities have implemented an integrated
medical curriculum that combines basic and clinical
medicine courses based on body organ systems.” This
system-based approach is similar to the current preclinical
curriculum at Siriraj Hospital, except that it also applies to
clinical years. It should be noted that the preference for a
system-based approach has increased in medical schools
in various countries, including the United Kingdom and
Ireland”, the United States’®, and Australia and New
Zealand.”

The coronavirus disease 2019 (COVID-19) pandemic
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has disrupted current practices in anatomical education.
Gross anatomy, in particular, has traditionally required
cadaveric dissection, but the physical distancing regulation
has limited such hands-on laboratory practice, posing
enormous challenge to Siriraj Hospital and medical
schools worldwide. Rapid adaptation has thus been made
to overcome this challenge through the development of
new online resources, digital technologies, and virtual
reality workspaces.”**
and will have a global impact on the future direction of
anatomical education beyond the pandemic era.

This trend is likely to continue

Modern anatomical science at the Faculty of Medicine
Siriraj Hospital
1. Gross anatomy

Gross anatomy is the study of visible structures
in the human body, involving cadaveric dissection and
medical imaging. It was the first anatomical discipline
taught at Siriraj Medical School, dating back to 1890,
before being integrated into the correlated course with
microscopic anatomy and embryology by Prof. Congdon
in the late 1920s." The teaching of gross anatomy is
organized into eight body regions: 1) body wall and
axilla; 2) upper extremity; 3) head and neck; 4) thorax;
5) abdomen; 6) lower extremity; 7) perineum and pelvis;
and 8) cranial nerves and organs of special senses.

Students attend lectures and conduct cadaveric
dissection in parallel by following the laboratory directions.
Generally, four students are assigned to dissect one
cadaver (4:1) for an entire academic year. Studying gross
anatomy by body regions allows students to appreciate
human structures and their relations, thus conceptualizing
anatomical knowledge more effectively. Regional anatomy
at Siriraj Hospital has been reorganized to comply with
the functional systems in the current medical curriculum
while retaining the eight regions in the postgraduate
curriculum. Clinical applications are integrated into the
learning topics of all the regions to prepare students for
advanced clinical knowledge.

2. Microscopic anatomy

Microscopic anatomy is the study of anatomical
structures at the microscopic level, typically through a
microscope to examine cells or tissues. Prof. Congdon
first introduced and then incorporated microscopic
anatomy into the correlated course in the late 1920s."

Teaching microscopic anatomy at Siriraj Hospital
begins with the fundamental concepts, such as the cellular
components and basic cell types, and then proceeds
to the detailed tissue structures correlated with organ
systems learned in gross anatomy. Each student receives

one optical microscope and one complete set of tissue-
sectioned microscopic slides of all the essential organs
(~250 slides) for individual use in laboratory classes
during an academic year. Recently, high-resolution
digital slides have also been implemented for teaching
and demonstration. As with gross anatomy, teaching
microscopic anatomy in the medical curriculum has been
reorganized into functional systems while remaining
a full-scale subject in our department’s postgraduate
curriculum.

3. Embryology

Embryology is the study of the prenatal development
of embryos and fetuses, as well as congenital abnormalities.
It was first taught at the medical school by Prof. Stump
in 1923”*" and was integrated into the correlated course
by Prof. Congdon in the late 1920s."

Teaching embryology begins with the basic knowledge
of gametogenesis, fertilization, and early embryonic
development, and then progresses to the detailed
morphogenesis and organogenesis correlated with gross
anatomy. The course also covers congenital abnormalities
and clinical applications. During an academic year, each
student receives a complete set of total mount and serial
section slides of chick and pig embryos at various stages
of development. Currently, 3D models, digital slides, and
interactive multimedia are also available to help students
conceptualize embryonic development. Embryology has
been integrated into the functional system of the current
medical curriculum and redesigned into developmental
biology in our department’s postgraduate curriculum.

4. Neuroanatomy

Neuroanatomy is the study of the structures and
organization of the nervous system, including the neuronal
pathways and clinical correlation. Prof. Congdon first
taught neuroanatomy at Siriraj Hospital in 1928.

Teaching neuroanatomy begins with the fundamental
knowledge, such as the general organization of the nervous
system, and then proceeds to the detailed structures
from the spinal cord to the cerebral hemispheres and
internal neural connections. The rationale for teaching
neuroanatomy in an “ascending manner” is that
students begin with the simple structures in the spinal
cord and progress to the more complex structures in
the brainstem, and finally to the cerebral hemispheres
and their associated circuitries. Functional and clinical

2,3,13

correlations are integrated into all learning topics. In
laboratory class, every two students are provided with
a complete set of nervous tissue slides, including all
the spinal cord levels, brainstem, and diencephalon,
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all of which are prepared in our department. To better
understand the brain’s structures, students can also study
whole brains and dissected brains impregnated with
polyethylene glycol (PEG) as well as serial brain sections
preserved in formalin-filled plastic boxes (brain boxes).
Neuroanatomy has been integrated with neurophysiology
in the current medical curriculum, and is currently being
redesigned as clinical neuroanatomy and neuroscience
in the postgraduate curriculum in our department.

5. Topographic anatomy

Topographic anatomy is the study of the human
body focusing on the relationships between various
structures in body parts. This can be accomplished by
examining human serial sections in the same way that
sectional radiographic images are examined. Prof. Congdon
first taught topographic anatomy at Siriraj Hospital
in 1927, using illustrations and 1-inch serial sections
of embalmed cadavers as teaching materials.”” Some
samples of complete human serial sections are currently
displayed in Congdon’s Anatomical Museum.

In 1974, the teaching of topographic anatomy as
a separate discipline was discontinued, but was later
incorporated into gross anatomy.”” However, our
department recently resumed the subject as an elective
course for medical students in 2020. The course begins
with the fundamental concepts in topographic anatomy
and then proceeds to serial sections of various parts of
the human body based on regional anatomy. Clinical
imaging is incorporated into all learning topics to help
students correlate their knowledge with clinical practice.
The course has yet to be resumed in the postgraduate
curriculum at our department.

6. Applied anatomy

Applied anatomy at Siriraj Hospital initially focused
on clinical applications based on topographic anatomy,
and it involved teaching staff from various clinical
departments, such as radiology, surgery, and internal
medicine.””” However, the teaching concept shifted with
the discontinuation of topographic anatomy in 1974, and
applied anatomy was subsequently integrated into all
anatomical disciplines in the medical and postgraduate
curriculums at Siriraj Hospital.

Beginning in 2019, our department has offered new
elective courses in modern applied anatomy for medical
students. The currently available courses are applied
anatomy of the upper extremities, applied anatomy of
the lower extremities, and evolutionary anatomy. We also
offer refresher courses in clinical anatomy for residency
training in collaboration with clinical departments, such

25,35
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as the Department of Otorhinolaryngology and the
Department of Radiology. Additional courses in our
plan include biomechanics and kinesiology, physical
and forensic anthropology, modern media in anatomy,
3D anatomical reconstruction, and integrative clinical
neuroscience.

Advancement in human cadaver preservation

Human cadavers have been used for anatomical
education since the beginning of Siriraj Medical School.
Medical students at the time typically used non-preserved
cadavers in their dissection classes because the preservation
methods were still underdeveloped. This situation created
an inconvenient learning experience because non-preserved
cadavers would decompose rapidly, especially under the
tropical weather environment in Thailand. Notably, non-
preserved cadavers were most likely used for dissection
classes until around 1912 when a phenol-based solution
was used to preserve human bodies at Siriraj Hospital.
Nonetheless, the preservation efficiency was still inadequate
and an intensely unpleasant odor remained the primary
concern.”*

Prof. Stump was the first to use formalin-based
solution to preserve cadavers at Siriraj Hospital in 1923.>'*"*
Several cadaver preservation methods have since been
developed, including the conventional formalin/arsenic-
based solution, the most commonly used in medical
schools in Thailand. Currently, three types of preserved
cadavers are available in the Department of Anatomy,
the Faculty of Medicine Siriraj Hospital: 1) conventional
embalmed human cadavers; 2) soft cadavers; and 3) fresh
cadavers.” Each type has advantages and disadvantages,
making them appropriate for different dissection purposes.

1. Conventional embalmed human cadavers

Human cadavers were preserved by infusing the femoral
arteries with a mixture of formalin, potassium nitrate,
arsenic, glycerin, ethanol, and phenol; the cadavers were
then submerged in a phenol-glycerin immersion solution
for at least three months before being used for cadaveric
dissection. The method was first used by Prof. Congdon,
likely around 1925, and then modified by Prof. Sood
Sangvichien in 1927 to make the cadavers more suitable
for use in Thailand. The detailed formula is available from
our department upon request. Conventional embalming
has since been used as the primary preservation method
in our department because it is inexpensive, suitable for
use in the long-term preservation of cadavers at room
temperature, and ideal for general cadaveric dissection.
However, it has significant drawbacks as it causes joint
stiffness and tissue rigidity in cadavers.
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2. Soft cadavers

Soft cadaver preservation was first implemented
in our department in 2011, using a protocol adapted
from Thiel’s cadaver preservation.” The method was
developed by Prof. Walter Thiel at Graz Institute of
Anatomy.” Human cadavers were infused in the femoral
arteries with Thiel’s infusion solution — a mixture of
various chemicals, including boric acid, ethylene glycol,
ammonium nitrate, potassium nitrate, sodium sulfate,
and formalin. The cadavers were then submerged in the
immersion solution with similar components but different
concentrations to the infusion solution for at least three
months before being used for cadaveric dissection.
Unlike conventional embalming, Thiel’s method preserves
the tissue texture, plasticity, and joint flexibility similar
to a fresh specimen; thus providing cadavers suitable
for surgical skill practices. The disadvantages of this
method, however, include its complicated formula, high
cost, and lengthy preparation time.

36-38

3. Fresh cadavers

Our department began developing fresh cadaver
preservation for surgical training in 2006.” Human
cadavers were immediately preserved in a deep freezer
at -20°C without a preservative solution; they were then
defrosted just before being used. This method preserves
the tissue consistency and joint motion as close to living
humans as possible; thus, the cadavers are appropriate for
surgical skill practices that require near-living cadavers,
such as facial skin injection and laparoscopic surgery.
However, because no preservative solution is used, the
cadavers preserved with this method should be dissected
in alow-temperature environment and are only available
for a limited time.

4. Future direction of human cadaver preservation

The Department of Anatomy at Siriraj Hospital
has long been dedicated to the advancement of cadaver
preservation. Cadavers preserved in our department
are widely used in anatomical teaching and research at
Siriraj Hospital and are also distributed among medical
and dental institutes throughout Thailand. We have
collaborated with the Siriraj Training and Education
Center for Clinical Skills (SiTEC) to host national and
international surgical workshops using soft and fresh
cadavers since 2014. Furthermore, we are currently
developing “brain-preservative soft cadavers” — a method
that combines traditional embalming with soft cadaver
preservation™ — for future anatomical education and
research, particularly in the fields of neuroanatomy and
neurosurgery.

Modern materials and multimedia in current anatomical
education

Although cadaveric dissection has long been and
will continue to be the primary method of anatomical
education, a wide range of materials and multimedia
are now available to help students better understand
human anatomy. Summarized below are some examples
of supplemental educational materials that have been
successfully used in the Department of Anatomy at
Siriraj Hospital.

1. Plastination

Dr. Gunther von Hagens of Heidelberg University
first developed cadaveric plastination in 1979%, and it
has since been used for preparing specimens in medical
schools and anatomical museums. In this technique,
water and lipids in biological tissues are replaced with
curable polymers, which are subsequently hardened,
resulting in dry, odorless, and long-lasting specimens.
Our department has used the Silicone S-10 standard
plastination technique to preserve organ specimens for
demonstrations in dissection classes and exhibitions
in the anatomical museum.”' The Plastination Unit of
our department is dedicated to producing high-quality
plastinated specimens, and we are currently developing
thin-sheet plastination.

2. Cadaveric angiography

An angiographic approach has been used to infuse
colorized polymers into the blood and lymphatic vessels
of cadavers."* This technique can be used to colorize the
vessels and preserve the vascular framework; therefore, it
is useful for preparing vascular specimens for anatomical
teaching, research, and exhibition. Masterpieces from
our Cadaveric Angiography Unit include the colorized
coronary arterial system, vasculatures of the adult liver
and intestines, external facial vasculatures, arteries of
the upper and lower extremities, and the entire arterial
system of a newborn baby. This method is also utilized
to investigate the vascular distribution and surgical

anatomy of various organs."**

3. PEG-impregnated brains and serial brain sections
(brain boxes)

Polyethylene glycol (PEG) has been used in our
department to preserve brain specimens as an alternative
to conventional formalin-embalming and plastination.
PEG impregnation produces durable specimens with
soft texture, high flexibility, and no skin irritation.
We have used PEG-impregnated brains for teaching
neuroanatomy, enabling students to study and dissect

46,47
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brain structures with greater appreciation. The specimens
can be stored in closed plastic bags at room temperature
and thus are suitable for long-term use as educational
materials.

We have also prepared serial brain sections (brain
boxes) for students. Conventional embalmed brains
were serially cut in the horizontal, coronal, or sagittal
planes with the appropriate thickness to display the
internal structures. The specimens were then preserved
in clear plastic boxes filled with formalin-based solution
and arranged in series so that students could use them
for reviewing the topographic anatomy of the brains in
correlation with clinical imaging. Our serial brain sections
have been used at Siriraj Hospital and distributed among
medical schools throughout Thailand.

4. Three-dimensional printed models.

Three-dimensional (3D) printing technology has
recently attracted considerable interest from those working
in medicine and healthcare. 3D-printed anatomical
models, the bio-printing of tissues and organs, and
customized implants and prostheses are among the beneficial
applications of this technology.” " Our department
at Siriraj Hospital has used 3D printing technology to
create anatomical models of various organ structures,
including those difficult to access in conventional cadaveric
dissection, such as the ear ossicles and vestibular organs.
These models help students conceptualize anatomical
knowledge more effectively. We also plan to apply 3D
printing technology in biomedical research in the near
future.

5. Digital microscopic slides, interactive multimedia,
and virtual dissection tables

Digital transformation is the leading future direction
for anatomical education, particularly in the post-pandemic
era. We have applied immersive technology”' in teaching
to help students understand basic anatomical concepts
and clinical applications. Currently, histological and
embryological slides produced in our department have
been digitized to high-resolution images and stored in
cloud libraries that are accessible by staff and students.
Gross anatomical specimens and serial embryological
sections have been reconstructed to create 3D interactive
multimedia. Furthermore, virtual dissection tables, known
as Anatomage tables, have recently been integrated into
our anatomical courses, enabling students to simulate
virtual cadaver-based dissections and surgical operations,
complementing the conventional cadaveric dissection.
These digital technologies, when combined, provide
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students with positive learning experiences and therefore
improve their learning outcomes.

Conclusion and future perspective

Anatomical education in Thailand has advanced
significantly since the first class at Siriraj Medical School
in 1890. Teaching and research in anatomical disciplines
have been expanded to all medical schools that have
since been established. As Thailand’s oldest anatomical
department, the Department of Anatomy at the Faculty of
Medicine Siriraj Hospital is constantly working to improve
anatomical education by following our great professors’
footsteps and incorporating new technologies to enhance
students’ understanding and learning experiences.
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ABSTRACT

The maxillary sinus is one of four pair’s air-filled spaces that surround the nasal cavity. The majority of previously
published researches considering the maxillary sinus commonly concentrated on its pathological conditions and the
recent surgical or medical management procedures. However, to understand the diseases of this sinus in a better
mannetr, it is essential to have some basic medical details. Therefore, the present review is an attempt to focus light
on this sinus by doing a cosmopolitan update on its development and anatomy, besides the functional theories by
searching through many well-known scientific databases including Medline, Scopus, EMBASE, PubMed Central
(PMC), PubMed, Cochrane Library, and Web of Science.

In the current review, the author tried to approach, recognize and explain the fundamental data that may
provide better ideas to imagine the pathological problems related to the maxillary sinus. In addition, the author
did not conduct a new study on human nor animal subjects because the previously implemented articles were the
chief and the only source for this review.

In conclusion, the functions and physiology of the maxillary sinus are the subjects that reflect the anatomical
complexity mentioned in the most recent articles may probably show that all its functions could be a part of a large
and more complicated image than that apparent nowadays.

Keywords: Human maxillary sinus development; maxillary sinus anatomy; maxillary sinus morphology; theories
of paranasal sinus functions; mucous membrane (Siriraj Med ] 2022; 74: 472-479)

INTRODUCTION

In the fifteenth century, drawings of Leonardo da
Vinci demonstrated the human paranasal sinuses, despite
some sources that regarded an Italian physician known
as Berengar del Carpi as the first scientist who mentioned
these sinuses in the sixteenth century. In the same century,
another Italian anatomist, Vesalius reported that these
sinuses containing only air and nothing more.'

In the seventeenth century, the details of maxillary
sinus anatomy were recorded by Nathaniel Highmore;

while in the eighteenth century, Morgagni noticed that
this sinus might be absent in occasional cases.”

In the nineteenth century, the work of two anatomists,
Adolf Onodi and Zuckerkandl was the cornerstone for
the modern anatomy of the human paranasal sinuses.
In addition, anatomical reports done by Van Alyea
and Mosher were published in the earlier years of the
twentieth century, while the radiologist Zinreich was the
first scientist who described paranasal sinus anatomy
based on computerized tomography.’
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MATERIALS AND METHODS

Many scientific databases include; Medline, Scopus,
EMBASE, PubMed Central (PMC), PubMed, Cochrane
Library, and Web of Science searched. The following
words and statements were searched in the title, keyword,
abstract, introduction, and article heading: human maxillary
sinus, maxillary sinus development, maxillary sinus
pneumatization, maxillary sinus anatomy, maxillary
sinus blood supply, maxillary sinus innervation, and
maxillary sinus functions or functional theories. The
Boolean searching strategy was used (or, and or not). All
scientific articles include; original articles, case reports,
systemic reviews, meta-analyses, and the references of
these articles were further searched and evaluated until
October 2021. No obvious limitations of this study need
to be mentioned.

RESULTS AND DISCUSSION
Development of the human maxillary sinus

Human paranasal sinus develops as an invagination
of the nasal fossa into its corresponding bone (frontal,
maxillary, ethmoid, and sphenoid). The first sinus that
undergoes development is the maxillary sinus which can
be apparent on day 17" of embryonic life. The paranasal
sinuses development start in the 3" week of pregnancy
and lasts into early adulthood. Ectodermal cells multiply
and move medially to produce the notochord at the
4™ week. The notochord forms in the embryonic disc’s
caudal area and rotates to become behind the primitive
foregut.

The dorsal part of the first pharyngeal arch forms

Review Article O M]

a maxillary process that extends anteriorly below the
developing eye to form the maxilla. At the ending of
the second month of development, the maxillary sinus
demonstrated as an invagination start just superior to
the inferior concha and grows to the lateral side. At the
twelfth week of development, the mucous membrane
evaginates in the lateral surface of the middle meatus
until the nasal epithelium invades the entire maxillary
mesenchyme.’

Birth, this sinus appears as a small, slit-like structure
that is mostly filled with fluid and found at the medial wall
of maxillary bone with its greatest dimension recorded at
the anteroposterior plane with less than eight millimeters.
In newly born children, through routine radiographic
procedures, these sinuses are usually not visualized. Also,
the rudimentary aerated sinus is about 6-8 cm” at birth,
with its maximum dimension at the anteroposterior
plane.

At the ending of the first year of life, the lateral
border of this sinus projects below the medial wall of
the orbit; but it extends laterally to the infraorbital fossa
by the age of four years old and reaches the maxilla by
the age of nine years old.” The inferior growth usually
reaches the hard palate plane by age of nine years old
too. Despite the timing for the above different stages of
maxillary sinus development is extremely variable but
in general, they are closely related in time.”

This sinus remains to grow in adownward direction in
association with the alveolar maxillary bone pneumatization
to reach the nasal floor level at the age of twelve years
old.’”

Fig 1. Development of the
maxillary sinuses. Up to the
age of 12 years, growth of the
maxillary sinus is predominantly
in a lateral direction towards
the zygoma creating the
zygomatic recess (white arrow
in b) and inferiorly to the level
of the hard palate. Thereafter,
the sinus expands inferiorly
below the level of the nasal

floor (white arrows in ¢, d)."”

21 years
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Ultimately, the maxillary sinus floor extends about
4-5 mm below the floor of the nose. Asymmetry in the
size and shape of the sinus is common; hypoplasia may
be unilateral in 7% or bilateral in 2% of adult individuals.
In earlier years of human life, the complete or partial
opacity recorded in the maxillary sinus may be regarded
as normal."’

The mature size of the human maxillary sinus is
demonstrated at about the age of twenty years old when
all permanent teeth are fully developed; therefore during
adulthood, its size and shape alter particularly as a result
of teeth loss. After the period of maximum growth, the
sinus volume decreases in both sexes which may be due
to the loss of the minerals in the matrix of the entire bony
structure that surrounding the sinus in each direction
to contract that sinus and decreases its volume."'

Anatomy of human maxillary sinus

The human maxillary air sinus or antrum of Highmore
(“Antron” is a Greek word meaning “a cave”) was firstly
mentioned in 1651 by Nathaniel Highmore who treated
a maxillary sinus empyema by extracting a canine tooth.’
It is the largest human paranasal sinus recognized as a
pyramidal-shaped cavity within the maxilla body and
characterized by its apex, base, and four borders."”

A thin lateral border from the nasal cavity comprised
by the maxillary sinus base to form the hiatus semilunaris
in the disarticulated maxilla. However, in articulated
bone this orifice is usually decreased in its size by the
process of maxilla from inferior nasal concha inferiorly.
While the uncinate process of the ethmoidal bone and
the descended portion of lacrimal bone superiorly, and
the perpendicular plate of palatine bone posteriorly."”

The maxillary sinuses are two air-filled spaces situated
within the maxillary bones and may be of different shapes
and sizes. The walls of these sinuses are thin, and their
apex may reach the zygomatic process of the maxilla
and may occupy the entire zygomatic bone."

Therefore, the two sinuses may occupy a great
part of the maxillae bone bodies and the lateral border
from the nasal cavity forms the sinus base. Whereas the
orbital floor formed by the sinus roof that is ridged via
overlying the infraorbital canal.”

The internal surface of the sinus may be ridged or
smooth with a specific prominent bony septum and the
lateral border includes grooves or canals for particular
blood vessels and nerves that supply the superior posterior
teeth.”

The maxillary sinus communicates with the posterior
portion of the hiatus semilunaris at the middle meatus
through an orifice, the maxillary ostium on average

diameter is 3-6 mm.'°

In a prepared skull this opening
is double, but in a recent state the posterior orifice is
usually closed by mucoperiosteum and another accessory
ostium sometimes is found posterior to principle one
and it may be even but larger than the normal one."” In
rare cases, two or even three accessory openings may be
present. The apex of the sinus is created by the zygomatic
process of the maxillary bone and in some instances
when the sinus is large it extends into the zygomatic
bone itself. The roof of the antrum is the floor of orbit
while the alveolar process is the floor of the antrum."”
In adults, the floor of the sinus isabout 1.2 - 1.5 cm
under the level for the nasal cavity floor, and in most
cases, the radiating bony septum is found on the sinus
floor located at spaces between the particular roots of

Fig 2. The maxillary sinus extending into the zygomatic process (arrows). (A) Dry skull (inferolateral view). (B) Computed tomography

(axial image)."”
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neighboring teeth and occasionally the floor is perforated
by apices of corresponded teeth.”

Due to individual variations in the air space size,
the exact number of the upper teeth which roots reveal
direct association with the maxillary sinus is inconstant,
but the upper molar is most consistently nearby."’

Generally, the lateral and central incisor teeth roots
are not found closely nearby to this sinus, besides the
maxillary molars and premolars roots; however, are
consistently situated under the floor of the sinus. The
second molars roots are in closest proximity to this sinus
floor, pursued in frequency by the first molar, second
premolar, third molar, first premolar, and finally canine
roots."” The maxillary sinus floor is formed by an alveolar
process; the first, the second, and the third molars with
the canine roots can elevate the sinuses or can perforate
their floor."”

The sinus pneumatization was identified when a
maxillary posterior tooth was extracted which explains
the large expansion of that sinus after the tooth extraction
enveloped with the upper curving floor of the same
sinus and by extraction of the second molar and some
neighboring posterior teeth.’

Review Article S M]

In adults, the level of the floor is about 1.0-1.2 cm
below that of the nasal cavity but in the edentulous skull,
the level of the floor rises above that belongs to a nasal
cavity. The two sinuses are usually equal in size but are
not necessarily so, rarely one sinus is absent completely.’

The nasal surface of the maxillary body and portions
of lacrimal, palatine, inferior turbinate, and ethmoidal
bones are the structure that bound the medial border
of the antrum."” The existence of those bones markedly
decreases the size of the orifice between the nasal cavity
and antrum during life."

The maxillary sinus is lined by a pseudostratified
ciliated columnar epithelium, its cilia constantly move
and sweep the mucous into a particular sinusal opening
and this flow process is definitive to each paranasal sinus
and found even where there is an alternative orifice maybe
exist. Fluids of this sinus drain by specific osteomeatal
complex into the nasal cavity; if this outflow is obstructed,
it leads to mucosal thickening, sinusitis, retention cyst,
or polyp formation. Maxillary sinuses remain relatively
larger in males than females throughout life."* All the
mentioned developmental changes may be summarized
in Table 1.

TABLE 1. Morphological changes occur in the human maxillary sinus according to age.

It increases in width that associated with fast facial growth, and it locates at the

second deciduous molar and the crypts of the first permanent molar teeth.

Age Morphological changes

At birth It filled by the deciduous tooth germ.

20" month The posterior part develops more than the anterior part.
3 years old It will be about one half of the adult size sinus.

4-6 years old

7-9 years old

10-12 years old
13-15 years old

Its growth corresponds to the eruption of the permanent teeth.
The floor of the antrum locates at the same level of the floor of the nasal cavity.

Its floor locates below the nasal floor, and the sinus floor is at the first molar,

second molar and first premolar teeth.

=216 years old

A thin layer of cortical bone left to separate between the oral mucosa and the sinus

mucosa due to the continuous pneumatization process of the sinus and the reposition

of the ridge.

With age, the enlarging maxillary sinus may even begin to surround the roots of the

maxillary posterior teeth and extend its margins into the body of the zygomatic bone.

If the maxillary posterior teeth are lost, the maxillary sinus may expand even more,

thinning the bony floor of the alveolar process so that only a thin shell of bone is present.
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Thus the anatomical description of the maxillary
sinus includes the following features; the antral roof is
formed by the orbital floor and it is flat structure slopes
gradually forward and laterally. On contrary, its floor
is a curve structure rather than flat and formed by the
alveolar process of the maxillary bone.® The floor situates
about 1 cm beneath the nasal floor level and closely
relates to the root apices of the molar and premolar
maxillary teeth. The facial surface of the maxillary bone
forms the anterior wall of the maxillary sinus where the
canine fossa regards as a remarkable structure at this
wall. The sphenomaxillary wall forms the posterior wall
of the sinus and a thin cortical bony plate separates the
infratemporal fossa from the antral cavity. The lateral
wall relates to the zygoma and cheeks, while its medial
wall bounds by the nasal cavity. The maxillary sinus
opening is closely related to its floor and situated at a
higher level compared to the floor."

This sinus is supplied by branches from the maxillary
artery; these include the sphenopalatine, infraorbital,
posterior superior alveolar, and greater palatine arteries.
While it’s venous drainage mainly into the facial vein
anteriorly and the maxillary vein posteriorly and then
into the internal jugular vein."”

The maxillary sinus is innervated by the superior
alveolar (anterior, middle, and posterior) and infraorbital
nerves from the maxillary branch V2 which is the second
division of the fifth cranial nerve (the trigeminal nerve);
and those alveolar nerves pass downward into the teeth that
situated in the maxillary sinus walls, and they penetrate
the bony structure of this sinus through delicate nervous
branches to give supplement into its mucous membrane.
It drains the lymph into the submandibular, deep cervical,
and retropharyngeal lymph nodes.*

Mucous membrane of paranasal sinuses

Each paranasal sinus is lined by a pseudostratified
ciliated columnar epithelium that continuities with
the nasal cavity mucosa. This epithelial layer is thinner
compared with the nasal epithelium. The four specific cell
kinds in this epithelium are the non-ciliated columnar,
ciliated columnar, goblet, and basal cells. The experiments
reveal that the ciliated cells move approximately 700-
850 times/minute, which moves the mucus about nine
mm/minute."” The non-ciliated cells have microvilli that
are found on their apices aspect to increase the surface
area of those cells which may facilitate the warming and
humidification of the inspired air. The number of non-
ciliated cells increases at the sinus orifice or ostium to
about 50% compared to other sites. The basal cells are
varying in shape, size, and number; their function is

unknown. However, there is a theory assumed that these
cells are regarded as stem cells that may be differentiated
to other required cells. The glycoproteins produced by
the goblet cells can be essential for the elasticity and
viscosity of the mucus. These cells are innervated by the
sympathetic and parasympathetic nervous stimulations.”
Therefore, the sympathetic innervation increases the
water concentration in the mucus secretion, while the
parasympathetic innervation causes thicker mucus.
The goblet cells are apocrine glands, i.e they pour their
secretion through rupture of their apical cell membrane
that gets regenerated. So these goblet cells have all the
criteria of synthesizing and secreting cells.”’

The epithelial layer supports by a delicate basement
membrane, particularly lamina propria that directly
adheres to the periosteum. Both, mucinous and serous
glands trace downward toward its lamina propria. Previous
reports reveal a general rarity of submucosal glands
and goblet cells within the paranasal sinus compared
to mucosa of the nose. Among the four sinuses, the
human macxillary sinus contains an increased number
of the goblet cells. In addition, the ostia of the anterior
ethmoid, sphenoid, and maxillary sinuses show a high
density of submucosal mucinous and serous glands.”

The cilia of each sinus are composed of typical ‘9+2’
architecture that includes 9 outer doublet microtubules
with central microtubule pair and moves in a particular
direction leading the mucus flow in a specific pattern. As
these sinuses may develop in an inferior and outward
fashion; therefore, the mucosal cilia usually move the
materials such as the debris, mucous film, and even some
micro-organisms against the gravity towards the exit
of that sinus. In other words, the mucus formed close
to the sinus ostium, when it is at the afferent border, it
will move around the whole sinus cavity that is usually
against the gravity before it reaches that ostium.” The
previous description explains the presence of an accessory
ostium in situations outside the normal physiological
ostium will not markedly improve the sinus drainage. In
general, this feature sometimes leads to draining mucus
from the natural ostium then reenters the sinus through
the newly formed orifice and cycles throughout the same
sinus cavity again. Therefore, the mucus of each sinus
flows in a specific pattern. The stagnation phenomenon
demonstrates when two ciliated borders become in
contact with each other, especially occurs in osteomeatal
complex region. This leads to disruption in the clearance
of the mucociliary mucus and causes sinusitis so that
recovery from that disease is associated with this clearance
process.”
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Functions of the paranasal sinuses

The functions and physiology of the paranasal
sinuses had been a subject for many previous articles.”
Unfortunately, nowadays researchers are still uncertain
about all recorded functions of those sinuses. Many
theories regarding the functions are present.”” These
functions include assistance to regulate the intranasal
pressure and also gas-serum pressures that subsequently
delicate the ventilation, warm/humidify of the inspired air,
participate in the immune response, increase the surface
area of the mucosa, lighten the skull, give resonance to
the voice power, absorb the head shock, and contribute
to the growth of human face.”

The nose is a powerful warmer and humidifier of
the inspired air. It does not reach its maximum capacity
to achieve this function even at 7 liters/minute of the
airflow. The humidification of the nasal cavity shows
a contribution of as much as 6.95 mmHg on the serum
pO,. In spite of the mucosa of the nose considers as the
best part that adapts to carry out this task, also these
sinuses participate in the warming ability and increase
the surface area of that mucosa. Several reports showed
that mouth breathing has a low end-tidal CO, that can
elevate the serum CO, and cause sleep apnea.”**”’

However, the most famous theory regards the existence
of these paranasal sinuses decreases the skull weight
and fixes the splanchnocranium bones mechanically.
Absorption of the head shock, protection, and insulation
for the neural structures and especially the brain is also
assumed. Another conception suggests decreasing the
nasal pressure during the mastication process; pressure
control and warming of the inspired air, amplification
of the voice resonance, and smell sense properties. The
multiple physiological functions contribute by these air-
filled spaces are thus controversial. These sinuses play
an important role in heat insulation, pressure damping,
voice resonance, and conditioning for the inspired air.

The sinuses contribute markedly to air filtration/
immune defense achieve by the nose due to the production
of copious mucous by those sinuses. The sinus and nasal
mucosa are covered by cilia that move the mucus into
the nasal choanae and eventually into the stomach. The
thick mucus on the superficial layer of the nasal cavity
mucosa acts to trap various types of bacteria and tiny
particles within the substance that contains a high amount
of antibacterial proteins, antibodies, and immune cells.
On contrary, the underlying layer regards thinner and
acts to supply a thin substrate that helps the cilia to beat.
In addition, their tips principally grab the superficial
layer and push it into the same direction of that beat. If
there is no obstruction caused by anatomical variance

28
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or disease, this sinus moves the mucous throughout its
cavity and out of its ostium into the choane.”

The formation of intranasal nitrous oxide (NO)
occurs in these sinuses primarily. This substance is
toxic to fungi, viruses, and bacteria at low levels (100
ppb). Its concentration at the nasal cavity may reach up
to 30,000 ppb that may regard it as the principal of the
theory of the sinus sterilization mechanism. In addition,
this substance reveals to speed up the ciliary motility.
According to previous research, the epithelial cells of the
human paranasal sinuses create NO, which is prevalent
within the sinus air in extremely high levels, near to the
maximum allowable levels of atmospheric pollution.
These observations, combined with NO’s well-known
bacteriostatic properties, imply that NO plays a role in
maintaining sterility inside the individual paranasal

sinuses.”

Theories concerning the functions of the paranasal
sinuses:-

Several functional theories that tried to explain the
existence of paranasal sinuses have met with varying
levels of acceptance among researchers:*' *

1. Increasing resonance of the voice.

2. Humidify, warm, and filters the inspired air due
to the slow air turnover process in the area.

3. Increase the mucosal surface area.

4. Absorption of the shock that applies to the head.

5. Mucus secretion to keep the nasal cavity moist.

6. Help in the growth of the face and its architecture.

7. Lightening the bones of the skull (especially the
facial bones) for maintenance of proper balance.

8. Insulation of sensitive structures such as eyes and
dental roots from the fast fluctuations in the temperature
of the nasal cavity.

9. Serve as an accessory olfactory organ.

Various hypotheses are developed regarding the
human paranasal sinuses but the most popular are three
principal hypotheses. The first is the structural theory
which depends on the following facts; lightening of skull
weight to decrease the muscular efforts at the neck region.
Also, optimization of the required balance between the
head, as a mass, over the neck, as axis, to promote its
movement in the stable upright position. In addition, plastic
skull remodeling is essential for the inordinate growth
between the neurocranium and splanchnocranium.”

The second hypothesis is the functional or potentiation
theory that includes the following facts; significant
absorption of the effect forces to avoid concussions.
Also, vocal resonance; however, the sinus variability and
dimensions are imperfectly related with the vocal force.
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Furthermore, the attenuation of the characteristic bone
transmission of the sound vibrations features.” Thermal
insulations of the vital organs and structures. Specific
enlargement of the olfactory region in human that no
more exist as a hunter; these sinuses symbolize some
remnants of special structures that aimed to enhance
this sense; therefore, absence of this olfactory mucosa
represent no significant function is exist at it. Ultimately,
a supplementary activity in the defending mechanism by
the mucosa of the nasal cavity throughout humidification,
enrichment of preventive factors (lysozyme and IgA),
and sterile secretion of diluted mucus.”

The third hypothesis is the evolutionary theory
which can be explained through the following historical
facts. The paranasal sinuses are the outcome of water
adaptation of human beings species throughout its
recorded evolutionary history. During the evolution,
the existence of air within the splanchnocranium supplies
a hydrodynamic thrust that is necessary to retain the
airways structures above the notable aquatic medium.”
The other ideal human characteristics that might solidify
this theory include bipedalism, significant loss of the body
hair, subcutaneous fat existence, various productions of
tears and sweat, and Shrapnell’s membrane presence that
dampens the sound waves within the above described
liquid medium. Despite the fact that its actual function
is ambiguous until nowadays, the evolutionary theory
possibly best demonstrates the existence of large-sized
and more numbered sinuses in humans compared
to primates and other mammals.” Another principal
feature that keeps in consideration is that despite the
exact function of those paranasal sinuses is vague until
now, they can be the biological regard of the recurrent
pathological processes. Therefore, the physiological
elements that are regarded may include the following
functions; mucociliary transport, ventilation, local immune

response, and drainage of specific secretions.”

CONCLUSION

In general, the functions and physiology of the
macxillary sinus are the subjects that reflect the anatomical
complexity and the most recent reports can probably
show that all the mentioned functions could be a part
of abigand more complicated image than that apparent
nowadays.
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