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Abstract

Purpose The tarsal tunnel (TT) is a fibro-osseous anatomical space coursing from the medial ankle to the medial midfoot.
This tunnel acts as a passage for both tendinous and neurovascular structures, including the neurovascular bundle contain-
ing the posterior tibial artery (PTA), posterior tibial veins (PTVs) and tibial nerve (TN). Tarsal tunnel syndrome (TTS) is
the entrapment neuropathy that describes the compression and irritation of the TN within this space. Iatrogenic injury to
the PTA plays a significant role in both the onset and exacerbation of TTS symptoms. The current study aims to produce
a method to allow clinicians and surgeons to easily and accurately predict the bifurcation of the PTA, to avoid iatrogenic
injury during treatment of TTS.

Methods Fifteen embalmed cadaveric lower limbs were dissected at the medial ankle region to expose the TT. Various
measurements regarding the location of the PTA within the TT were recorded and multiple linear regression analysis per-
formed using RStudio.

Results Analysis provided a clear correlation (p <0.05) between the length of the foot (MH), length of hind-foot
(MC) and location of bifurcation of the PTA (MB). Using these measurements, this study developed an equation
(MB =0.3*MH +0.37*MC — 28.24 mm) to predict the location of bifurcation of the PTA within a 23° arc inferior to the
medial malleolus.

Conclusions This study successfully developed a method whereby clinicians and surgeons can easily and accurately predict
the bifurcation of the PTA, to avoid iatrogenic injury that would previously lead to an exacerbation of TTS symptoms.

Keywords Posterior tibial artery - Iatrogenic injury - Tarsal tunnel syndrome

Introduction surface of the body of talus and medial surface of the body

of calcaneus including the sustentaculum tali [2, 16, 18, 20,

Anatomy of the tarsal tunnel

The tarsal tunnel (TT) is a fibro-osseous anatomical space
coursing from the medial ankle to the medial midfoot [2, 16,
18, 20]. This anatomical tunnel acts as a passage for both
tendinous and neurovascular structures proceeding from the
deep posterior compartment of the leg into the plantar aspect
of the foot and heel [2, 16, 18, 20] (Fig. 1).

The TT is bound anterosuperiorly by the medial malle-
olus, while the osseous floor is comprised of the medial
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35] (Fig. 2a). The flexor retinaculum forms the roof of this
anatomical space as well as encompassing its upper and
lower boundaries [4, 18, 20, 35] (Fig. 2b). This retinaculum
is comprised of two layers; superficial and deep. The deep
layer extends three fibrous septa that attach onto the perios-
teum of the medial surface of the body calcaneus, separating
the TT into four defined fibrous canals [18, 20] (Fig. 2b).
The TT allows flexor tendons and the neurovascular bun-
dle that originate in the deep posterior compartment of the
leg, to travel into the plantar surface of the foot and posterior
heel [2, 18, 20]. Thus, the contents of the TT consist of the
tendon of tibialis posterior contained within the first most
medial fibrous canal, followed by the tendon of flexor digi-
torum longus located in the second canal. The neurovascular
bundle containing the PTA, PTVs & TN is located lateral
to these two tendinous structures and are all collectively
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Fig. 1 Medial view of the ankle
joint presenting the contents

of the tarsal tunnel; tibialis
posterior tendon (TP), flexor
digitorum longus tendon (FDL),
posterior tibial artery (PTA),
posterior tibial vein (PTV),
tibial nerve (TN) and the tendon
of flexor hallucis longus (FHL),
deep to the flexor retinaculum
(FR). The bifurcation (B) points
of the PTA (PTA B) and TN
(TN B) are also represented.
Adapted from [30]

PTA & PTV

w— TN B

Fig.2 Medial view of the right ankle presenting the boundaries of
the tarsal tunnel. A Representation of the bony aspects of the medial
ankle that contribute to the borders of the tarsal tunnel; medial sur-
face of the body of the calcaneus C, sustentaculum tali (ST), medial
surface of the body of the talus (T) and the medial malleolus (MM).

contained within the third fibrous canal. Situated most lat-
erally within the TT is the tendon of flexor hallucis longus
which is contained within the fourth canal [2, 18, 20, 35]
(Figs. 1, 2b).

Anatomy of the posterior tibial artery

The PTA originates from the termination of the popliteal
artery at the inferior border of the popliteus muscle, and
then passes through the tendinous arch of soleus to enter
the posterior compartment of the leg [21]. This vascular
structure descends between the superficial and deep mus-
cle compartments of the leg alongside the TN, supplying
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B black outlining the flexor retinaculum (roof of tarsal tunnel), with
the addition of the three fibrous septa extending from this retinaculum
running to the underlying bone to provide 4 fibrous canals (1, 2, 3, 4).
Adapted from [34] (colour figure online)

the posterior muscle compartments [6, 21]. The PTA then
courses inferoposterior to the medial malleolus and enters
the TT through the third fibrous canal alongside the TN
and PTVs (Fig. 1). It is here that both the PTA & PTVs
are located superficially and anteriorly to the TN [9, 21,
35]. Within the TT, proximal to its termination, the PTA
gives rise to the medial calcaneal artery which acts as the
blood supply for the heel and its associated fat pad [9].
The PTA will then terminate within the TT into the medial
and lateral plantar arteries, generally distal to that of the
bifurcation of the TN [6, 7,9, 17, 21, 35]. The medial and
lateral plantar arteries travel into and supply structures
within the plantar surface of the foot [21] (Fig. 1).
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Tarsal tunnel syndrome

The entrapment neuropathy that describes compression, irri-
tation and subsequent damage to the TN or its associated
branches within the TT is referred to as tarsal tunnel syn-
drome (TTS) [2, 16, 18, 20, 27]. The compact and confined
nature of the TT makes its contents particularly vulnerable
to compression by even the slightest anatomical or physi-
ological complications that reduce the overall space within
this tunnel [20].

Both intrinsic and extrinsic causative factors of TTS syn-
drome have been recognized. These factors can be broadly
classified as trauma, space-occupying lesions or systemic
disease, with trauma being the most common aetiology [2, 4,
16, 18, 20, 26]. Damage and irritation of the TN associated
with TTS can result in the formation of altered nerve sensa-
tion, pain and muscle weakness in the plantar and posterior
surfaces of the foot and heel [1-3, 16, 18, 20].

Treatment of tarsal tunnel syndrome

Initially addressed by conservative treatments including
physiotherapy, commonly in conjunction with analgesics
and anti-inflammatory medications, persistent cases of TTS
often require further intervention [2, 16, 18, 20]. Corticos-
teroid and local anaesthetic injections are frequently admin-
istered in hopes of eliminating symptoms and eradicating
the need for further invasive surgical treatments. However,
multiple injection procedures are discouraged due to the
increased risk of iatrogenic injury to the structures within
the tarsal tunnel, including the PTA, with only a small to
moderate chance of eradicating symptoms [4, 16, 18, 20].
Failure to alleviate symptoms can result in the consideration
of more invasive intervention techniques [20].

Tarsal tunnel decompression surgery refers to the surgi-
cal procedure involved in alleviating pressure off the TN
through the removal of compressive tissue including scar-
ring, space-occupying lesions or anatomical anomalies [2,
4, 14, 18, 20]. While surgery is only performed in resistant
cases of TTS, the literature regarding the efficacy of surgi-
cal intervention is highly conflicting and unclear [2, 16, 20,
26]. Studies focusing on the outcome of tarsal tunnel release
surgery report variable results. Some studies report success
in up to 85 — 96% of patients [2, 16, 18, 20], while other
literature states no apparent improvement in up to 44% of
patients [4]. Failure of this surgery can be associated with
an inadequate release of the TN and its terminal branches
throughout the proximal and distal aspects of the TT, as well
as the failure to address perineural scarring [13, 20]. A major
cause for failure of this surgery is iatrogenic injury of the TN
or PTA due to overall inadequate anatomical knowledge of
the region [13, 26].

Risk of iatrogenic injury to the posterior tibial artery

Iatrogenic injury to the PTA can impact the outcome of both
conservative and surgical procedures. Vascular trauma and
haemorrhage of the PTA during these procedures can lead
to scar formation within the TT and thereby, result in further
compression of the TN [4, 13, 16, 18, 26]. Considering this,
a comprehensive knowledge of the PTA’s anatomical pat-
tern and pathway is integral to not only the understanding
of the aetiology of TTS but is also paramount in the delivery
of successful conservative and surgical treatments [9, 13,
32]. It is vital that clinicians and surgeons alike are knowl-
edgeable regarding the PTA’s topography and bifurcation,
to ultimately avoid iatrogenic injury during treatment and,
furthermore, avoid further exacerbation of TTS symptoms
[9, 13, 32].

Literature regarding the location posterior tibial
artery

The role that the PTA plays in both the formation and exac-
erbation of TTS is persistent and prominent in current litera-
ture [4, 16, 18, 20, 26, 29]. Despite this, literature regarding
the anatomical pattern and pathway of the PTA is sparse [9,
17, 23, 32, 33, 35], especially when compared to that of the
TN [8,9, 14, 17,24, 27, 31]. In addition, the few studies that
do investigate this vascular structure [9, 17, 23, 32, 33, 35]
demonstrate various inconsistencies in their use of specific
bony landmarks and reference lines, the exact measurement
parameters, presentation of results and explanations of dis-
section protocols and techniques. In addition, no study has
examined the effect of the overall length of the foot on the
location of the PTA.

Considering the role that the PTA plays in TTS, con-
sistent and reproducible data regarding the anatomy of the
PTA is vital. These data would not only enhance the under-
standing of the aetiology of this compressive neuropathy
but would reduce iatrogenic injury to this vascular structure
during both conservative and surgical treatment.

Aims and hypothesis

In the light of previous literature, this study aims to develop
a simplistic and reproducible approach to locate the PTA
within the TT, relative to various anatomical structures. In
addition, this study aims to provide a method whereby clini-
cians and surgeons alike can easily and accurately predict
the location of the PTA to avoid iatrogenic injury during
treatment of TTS.

This study hypothesizes that there is a relationship
between the length of the foot and the location of bifurcation
of the PTA within the TT. In addition, we also hypothesize
that the use of a novel angle-based technique in relation to
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measurements regarding the PTA will be a more simplistic
and representative method to apply in a clinical or surgical
setting.

Materials and methods
Cadaveric specimens

Fifteen embalmed cadaveric lower limbs, stored in 10%
ethanol, were dissected at the medial ankle region to expose
the deep structures of the tarsal tunnel (TT). Seven right and
eight left lower limbs were dissected, with 33% of specimens
being female. The average age of death of cadaveric speci-
mens investigated was 79 + 1.7 years of age (68-91) and no
vascular conditions were recorded in the donor documents.
All cadaveric material was donated to La Trobe University
through the Melbourne University Body Donor Program.
Use of cadaveric specimens at La Trobe University is in
conjunction with University of Melbourne Human Research
Ethics Committee (Program No. 1544576.1/2015) with all
methods and protocols aligning with the Human Tissues Act
1983.

Foot placement and markings

To establish consistency, cadaveric specimens were
secured to a 135° ankle brace and positioned to have the
medial ankle facing upright (Fig. 3a). Surface anatomical
landmarks were palpated and marked. These included the

Fig.3 Medial view of right leg
and foot. A 135° brace clamped
to anterior leg, ankle & foot, to
ensure maintenance of consist-
ency when dissecting the tarsal
tunnel. B zoomed image of
photograph A, to show superfi-
cial anatomical bony landmarks
used for measurements: inferior
aspect of the medial malleolus
(M), posterior superior aspect of
the calcaneus C and head of the
first metatarsal (H)
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most inferior tip of the medial malleolus (M), the poste-
rior superior aspect of the calcaneal tuberosity (C) and
the medial aspect of the head of the first metatarsal (H)
(Fig. 3b).

Following the marking of relevant anatomical landmarks,
superficial measurements were recorded, including the dis-
tance between M and C, representing the length of the hind-
foot, and the distance between M and H, being representative
of foot length (Fig. 4). To allow for further measurement
classification, an axis between M and C was devised and was
termed the M—C axis which was set at 0°.

Exposure of neurovascular structures

Dissection began with the removal of skin and adipose tis-
sue of the medial ankle region, resulting in the exposure
of the flexor retinaculum. After the removal of the flexor
retinaculum, the structures of the tarsal tunnel were clearly
visible within their own fibrous canals, separated by thick
fibrous septa as supported by previous literature [18, 20].
The contents beginning most medially were the tendon of
tibialis posterior, the tendon of flexor digitorum longus, the
neurovascular bundle encased in neurovascular sheath, con-
taining the PTA, PTVs and the TN, and most laterally the
tendon of flexor hallucis longus (Fig. 5a, b). To accurately
locate the bifurcation of the PTA, the neurovascular sheath
encasing this neurovascular bundle was removed, although
only where necessary to preserve the PTA’s natural position
within the TT.
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Fig.4 Medial view of the right leg and foot. Length of the hind-
foot represented by the M—C (medial malleolus—calcaneus) axis and
length of the foot represented by the M—H (head of the first metatar-
sal) axis

FDL

PTVs PTA

Fig.5 Exposed contents of the tarsal tunnel at the medial ankle. A
Following removal of the flexor retinaculum and neurovascular
sheath, the posterior tibial veins (PTVs) and posterior tibial artery
(PTA) can be identified, as well as the tendon of tibialis posterior

Measurement of neurovascular structures

Following exposure of the neurovascular bundle, data
regarding both the PTA’s bifurcation and topography were
recorded. Factors regarding the general topography of the
PTA included the artery’s depth relative to the TN, and the
anatomical position of the PTA compared to the TN. In addi-
tion, the location of bifurcation of the PTA with respect to
the TN was recorded. Following this, the location of the
main trunk of the PTA along the M—C axis was recorded by
measuring the distance from M to the location of the PTA
along this axis (Fig. 6).

The location of PTA bifurcation was then recorded by
measuring the distance from M to the exact location of bifur-
cation (B), this was referred to as the M-B length (Fig. 6).
Lastly, the angle of bifurcation from the M—-C axis was
measured. If the angle of bifurcation was proximal to the
M-C axis it was assigned a negative value, while an angle
distal to this axis was represented through a positive value
(Fig. 6).

After the completion of these measurements, the ankle
was released from the 135° brace. For comparison of results
and observation of the effect of ankle angle, the ankles of
five randomly allocated specimens were then attached to a
90° ankle brace. The previously stated measurements were
then completed at this angle and recorded.

TP
TN
PTVs
PTA
FDL

(TP) & the tendon of flexor digitorum longus (FDL). B Same speci-
men as 6A; however, the posterior tibial veins and posterior tibial
artery have been retracted to locate the tibial nerve (TN), (compass: A
Anterior, Po Posterior, Pr Proximal, D Distal)
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Fig.6 Medial view of the right ankle and foot presenting measure-
ment methodology regarding the posterior tibial artery. Ankle braced
at 135° angle. Location of the main trunk of the posterior tibial artery
(PTA) along the M—C (medial malleolus—calcaneus) as a distance
from M (white arrow). Location of bifurcation (B) of the posterior
tibial artery as a distance from M (grey arrow). Angle of bifurcation
of the PTA from the M—C (black arrow), adapted from [34] (colour
figure online)

Data analysis

All data were entered into RStudio in which the 3Dscatter-
plot package was downloaded and installed [25]. Multiple
linear regression analysis was undertaken to correlate the
distance of PTA bifurcation (B) from the inferior tip of the
medial malleolus (M), with respect to the length of the foot
(M-H) and the expected angle of bifurcation. Student’s ¢
tests were performed in GraphPad Prism to analyse any rele-
vant changes in data between 135° and 90° ankle placement.

Results
Introduction

The following sections will detail results regarding the bifur-
cation and topography of the PTA within the TT. For this
current study, results discussed will be relative to the ankle
braced at a 135° angle, with length measurements presented
in the form of millimeters (mm) + standard error of the mean
(SEM), unless specified otherwise.

@ Springer

Fig.7 Medial view of the right ankle and foot presenting average
foot and hindfoot length. Average length of the foot measured as a
distance between M (medial malleolus) and H (head of the first meta-
tarsal): 137.1 mm=3.1 mm, while the average hind-foot length meas-
ured as a distance between M and C (calcaneus): 72.3 mm+ 1.3 mm.
All measurements represented in the form of mm +standard error of
the mean, Adapted from [34]

General anatomy and topography of the posterior
tibial artery

The PTA in all cases, bifurcated into the medial and lateral
plantar arteries distal to the M—C axis. As expected, the PTA
was located within the third fibrous canal of the TT, along
with the TN and PTVs (Fig. 5a, b).

Relationship of the posterior tibial artery relative
to the tibial nerve

As iatrogenic injury of the PTA can directly impact the out-
come of both conservative and surgical treatment [16, 18,
26], the current study felt that it was important to report on
the topography of the PTA, specifically in relation to the TN.
As represented in Fig. 5A, B, the main trunk and terminal
branches of the PTA in all specimens were situated superfi-
cial and anterior to the TN. In addition, the PTA bifurcated
in every case distal to the bifurcation of the TN.

Foot size and reference line dimensions

Data collection to identify variation in foot size was deemed
an important factor to include when determining location
of the PTA. The average length of the hind-foot or M—C
length in this study was 72.3 + 1.3 mm, while the mean M-H
length, which was used to represent the length of the foot,
measured 137.1 +3.1 mm (Fig. 7).
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Fig.8 Medial view of the right ankle and foot presenting location of
posterior tibial artery. The posterior tibial artery (PTA) crossed the
M-C (medial malleolus—calcaneus) axis on average at 42.6%+1.6%
of its length. In addition the range, represented in grey rectangle,
of the M—C axis, at which the PTA of all specimens in this study
crossed: 35.5-58.2% of its length, measured as a distance from M.
Adapted from [34] (colour figure online)

Location of the posterior tibial artery along the M-C
axis

Although this study primarily focused on the bifurcation
of the PTA, details about the location of the main trunk
of this vascular structure were also recorded. The main
trunk of the PTA crossed the M—C axis at a range between
35.5% (25.7 mm) and 58.2% (42.1 mm) of the M—C axes
length, with it crossing this axis on average at 46.2+1.6%
(33.5+ 1.5 mm) from M (Fig. 8).

Angle of bifurcation of the posterior tibial artery

The angle of bifurcation of the PTA was a novel measure-
ment technique employed in this study, primarily chosen for
its clinical applicability. In this study, the average angle at
which the PTA bifurcated from (distal) the M—C axis was
30.7°+1.5° (Fig. 9).

Danger zones

Further investigation into the angle of bifurcation of the PTA
revealed a pattern of bifurcation locations. This analysis
resulted in the development of 23° and 13° ‘danger zones’,
which characterize the PTA’s most likely bifurcation posi-
tion within the TT (Fig. 10a, b). These ‘danger zones’ were
presented in the forms of arcs to ensure the curved nature of
the tarsal tunnel was adequately accounted for.

Fig.9 Medial view of the right ankle and foot representing angle of
posterior tibial artery bifurcation. Average angle (30.7°) that the pos-
terior tibial artery (PTA), bifurcated (B), from the M—C axis (medial
malleolus—calcaneus). Adapted from [34]

In all cases in this study, the PTA bifurcated within a 23°
zone between 17° and 40° distal to that of the M—C axis
(Fig. 10a). Furthermore, 87% (13) of cadaveric specimens
dissected exhibited a PTA that bifurcated within a 13° zone
between 23° and 36° distal to that of M—C axis (Fig. 10b).
A multiple linear regression analysis revealed that the angle
of bifurcation is not significantly correlated to the length of
the foot or hind-foot, ultimately suggesting that the angle of
bifurcation of the PTA is not influenced by the length of the
foot. This more importantly indicates that the danger zones
devised in this study will remain constant across various foot
lengths, as they are independent of foot size.

Influence of ankle position

Five cadaveric specimens were randomly chosen to deter-
mine whether ankle angle influenced the location of PTA
bifurcation. Selected specimens were subjected to measure-
ments as described in the above methods; however, ankles
were braced at a 90° rather than 135° A paired ¢ test was
used to compare the average angle of bifurcation in 135°
and 90° ankle settings. As presented in Table 1, there is a
statically significant difference in the average angle of bifur-
cation when the ankle is braced at 135° compared to that
of 90° (*p <0.05). These results indicate that as the ankle
dorsiflexes, the PTA will slide towards the proximal end of
the TT. More simply put, the bifurcation of the PTA will be
located more proximal in a dorsiflexed position, compared
to that of a relaxed ankle position.
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23° ARC

Fig. 10 Medial view of the right ankle and foot presenting ‘danger
zones’. A Bifurcation of the posterior tibial artery (PTA) in all speci-
mens, occurred within a 23° zone between 17 and 40° distal to that of

Table 1 Ankle angle influence. The average angle of posterior tibial
artery bifurcation from M—-C in 135° and 90° ankle angle settings,
(n=5) *p<0.05

Measurements (°)

Ankle braced at 135° Ankle braced at 90°

Average angle of 32+3.7 28 +4.4%
bifurcation from

M-C

Location of bifurcation of the posterior tibial artery

RStudio 3Dscatterplot function was used to complete a
multiple linear regression analysis. This analysis provided a
statistically significant (*p <0.05) linear correlation between
the length of the foot (M—H*), and the distance of PTA
bifurcation from the most inferior aspect of the malleolus
(designated M-B), as well as establishing a correlation with
the length of the hind-foot (M—C).

The equation produced states that the distance of
bifurcation of the PTA from M will be as follows;
M-B(mm)=0.3(M-H) +0.37(M—C) — 28.24. This analysis
indicated a significant correlation between length of the foot
(M-H), and the location of bifurcation (M-B). Simply put,
the longer the foot length (M—H), the more inferior the PTA
bifurcation relative to the medial malleolus (M—B). The
coefficient of determination (R?) of the equation produced
was R2=0.4. In random biological systems, an R* equal to
0.4 indicates a substantial correlation [19]. In this study,
this value indicates that the length of the foot (M-H) and
the location of PTA bifurcation (M—B) are substantially
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23° ARC

the M—C (medial malleolus—calcaneus). B 87% (13/15) of specimens
in this study showed a PTA that bifurcated within a 13° zone from
23° to 36° distal to M—C. Adapted from [34]

correlated. RStudio input commands and data outputs can
be located in the appendix.

Discussion
Introduction

Tarsal tunnel syndrome (TTS) is an entrapment neuropa-
thy that describes the symptomatic distress related with
compression, irritation and damage of the tibial nerve (TN)
within the tarsal tunnel (TT) [1, 2, 16, 18, 20]. Iatrogenic
injury to the posterior tibial artery (PTA) during both con-
servative and surgical treatment of TTS can potentially lead
to compression of the TN and further exacerbation of this
entrapment neuropathy [4, 16, 18, 26]. Despite the promi-
nent involvement of this vascular structure in the exacerba-
tion of TTS, literature regarding the general topography of
the PTA within the TT is limited [9, 17, 23, 32, 33, 35],
especially when compared to that of the TN [8, 9, 14, 17,
24,27, 31]. In addition, no published study (to the authors’
knowledge) has considered the length of the foot, and its
effect on the location of PTA within the TT. Considering
this, the current study was able to demonstrate a relationship
between the length of the foot and the location of bifurca-
tion of the PTA. Furthermore, this study was able to provide
simple instructions for a clinician or surgeon to confidently
predict the bifurcation of the PTA within the TT using a
novel angle-based technique, to help avoid iatrogenic injury
and improve TTS treatment outcomes.
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Location of bifurcation of the posterior tibial artery

As previously discussed, one major reason for iatrogenic
injury to the PTA during TTS treatment is the difficulty in
accurately determining its pathway through the TT [13, 26].
Literature suggests that there are variable methods employed
to predict the location of this vascular structure, such as
palpation of the artery, magnetic resonance imaging (MRI)
or ultrasound, [5, 10, 12]. Firstly, although palpation can be
performed to identify the PTA, it cannot be used to follow
this along to determine where it bifurcates. Furthermore,
MRI and ultrasound may not be readily available, especially
for clinicians performing injection procedures. One of the
main aims of this study was to provide a method whereby
clinicians and surgeons can easily and accurately predict the
location of the PTA, to avoid iatrogenic injury. We hope that
these findings can be used in conjunction with other tech-
niques to ensure minimal damage occurs and the treatment
of TTS is as effective as possible, especially in cases where
predictive techniques such as ultrasound are unavailable. To
allow for the most clinically applicable results, this study
has devised recommendations for clinicians and surgeons on
how to apply our data to locate the PTA within the TT. The
following discussion will provide step-by-step instructions
on how to simply and reproducibly do this (Fig. 11).

PTA

Fig. 11 Medial view of the right ankle and foot presenting clinical
applications of results. Clinicians can measure between 17° and 40°
distal to the M—C (medial malleolus — calcaneus) axis, to mark out
a 23° danger zone. This zone indicates where posterior tibial artery
(PTA) bifurcation will most likely occur. A 13° danger zone within
this arc can be measured between 23° and 36° distal to the M—C axis,
representing where 87% of specimens in this study presented a bifur-
cating PTA. Finally, as per calculated using the provided equation,
the distance of PTA bifurcation from M can be marked within both
the 23° and 13° danger zones. Adapted from [34]

First, clinicians or surgeons should pre-operatively brace
or position the ankle at a 135° angle. This relaxed ankle posi-
tion is consistent with that of surgical procedures, although
ensuring this position is consistent with that of 135° angle
will warrant that results from this study are applied as accu-
rately as possible. Throughout the literature, the angle of the
ankle was presented as either 90° [17, 23, 35], or was not
reported at all [9, 24, 32]. As seen in our results, the loca-
tion of PTA bifurcation varies significantly between ankle
angles, suggesting that the location of this vascular structure
is dependent on the angle in which the ankle is situated.
Given the relaxed ankle position employed during clinical
settings [11, 28], we strongly recommend further research
and any treatment adopt the more natural angle of 135°.

Second, there are a variety of bony landmarks presented
amongst the current literature [9, 17, 23, 32, 33, 35], with
some ambiguity related to how identifiable these landmarks
are in clinical settings. Various aspects of the medial malleo-
lus of the tibia were described within previous literature.
Some studies utilised the most inferior aspect [17, 23, 32],
one study used the most prominent tip [35], while other stud-
ies did not specify [9, 33]. The medial malleolus is a promi-
nent anatomical bony landmark and can be easily palpated
[22] although it is a large structure with multiple places to
use during measurements and clinical procedures. Therefore,
this study suggests using the most inferior tip of the medial
malleolus as it can be readily palpated with no ambiguity
in locating it; therefore, it is ideal to be used in a clinical
setting.

The calcaneal tuberosity is another large bony landmark
which was regularly employed across other studies [9, 17,
23, 32, 33, 35]. While most studies utilized the posterior
superior aspect of the calcaneal tuberosity [9, 17, 23, 33,
35], one study did not state the aspect that was utilized [32].
Similar to that of the medial malleolus, inconsistences or
ambiguity regarding this relatively large bony landmark
can lead to difficulties applying it clinically. Furthermore,
dorsiflexion of ankle leads to obstruction of the posterior
superior aspect of the calcaneal tuberosity due to the taught
nature of the calcaneal tendon overlying it [21]. This study
recommends the use of the posterior superior aspect of the
calcaneus as it can be easily palpated although at a relaxed
ankle angle to ensure its prominent nature remains unob-
structed by the calcaneal tendon.

As discussed above, multiple variations in surface land-
marks leads to inconsistences in replicating findings in a
clinical setting. Importantly, this has the potential to cause
iatrogenic injury to deeper structures such as the PTA. As
injury to the PTA is one of the leading causes of exacer-
bating TTS, we propose that the following, easily identifi-
able bony landmarks be used for all following procedures
requiring location of structures in the TT: the inferior tip of
the medial malleolus, the posterior superior aspect of the
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calcaneus with the ankle situated at a relaxed angle, and the
medial aspect of the head of the first metatarsal (Fig. 11).

Third, clinicians and surgeons should then measure the
distance between the inferior tip of the medial malleolus and
the posterior superior aspect of the calcaneus (M—C), and the
inferior tip of the medial malleolus and the medial aspect of
the head of the first metatarsal (M—H). M—C will represent
the patients’ hind-foot length and M—H their foot length,
which are then inputted into the derived equation discussed
in following sections (Fig. 11). The M—C axis should then
be set at 0° for further applications.

Clinicians should then locate ‘danger zones’ to identify
the most probable location of the patient’s PTA bifurcation.
To do this, clinicians should mark out a 23° arc by measur-
ing 17°-40° distal to that of the M—C axis, which will rep-
resent the patients most likely position of PTA bifurcation.
To increase specificity of this danger zone, a 13° arc can be
measured between 23° and 36° distal to the M—C axis, which
will represent an 87% chance of the patients PTA bifurcation
location (Fig. 11). This study approached measurement of
PTA bifurcation with a novel angle-based technique which
was chosen for its simplicity and reproducibility, specifi-
cally when applied in a clinical setting. Prior studies that
investigated the location of the PTA presented data and
results through a variety of result presentation methods [9,
17,23, 32, 33, 35]. The array of result presentation and vari-
able methodology across these studies can make it difficult
to come to a conclusion regarding the location of the PTA
within the TT.

Similar previous literature [9, 17, 23, 32, 33, 35], axes
in this current study were used as a general classification
tool regarding the location of the PTA. Despite this, there
were a variety of references lines employed across previ-
ous literature with each study measured alternative aspects
of the PTA. Results produced in this study in relation to
the location of the main trunk of the PTA along the M—C
axis specifically, are consistent with findings from one study
[17]. This study demonstrated that this vascular structure
would cross the M—C line at 48% of its length, similar to
the current study in which the PTA was located at 46.2% of
the M—C axes length. Furthermore, the range at which the
PTA crossed the M—C was similar in both the current study
and past literature [17]. Although the placement of the main
trunk of the PTA is not directly related to the method used
to locate bifurcation in this study, the variance in results
can complicate clinical application cause general confusion
regarding the anatomy of the PTA within the TT.

The production of safe and danger zones relative to
the PTA were examples of result presentation methods
employed across two previous studies [17, 32]. Despite this,
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zones established across these two studies are relative to two
separate regions of the PTA, with one study only consider-
ing the main trunk of the PTA when developing a safe zone
[32]. In addition, the range of zone presentation ranged from
linear to quadrant zones, which may make extrapolation of
these results into a clinical setting difficult. Therefore, we
suggest the use of angle-based arc ‘danger zone’ approach as
it is simplistic can be effortlessly reproduced in a clinical set-
ting, while adequately embody the curved nature of the TT.

The length of the foot is an essential variable to con-
sider when trying to effectively locate neurovascular struc-
tures within the TT, including the PTA. The overall length
or size of the foot was one of the most variable measure-
ments recorded in this study, ranging from 113 to 159 mm.
Despite this, prior studies investigating the PTA fail to
consider the length of the foot, past that of the hind-foot
length [9, 17, 23, 32]. As seen in the results section, this
study was able to show that there was a significant correla-
tion between the length of the foot and the location of PTA
bifurcation. These results support the assumption that foot
size is significant to PTA location and stress considera-
tion of this factor to produce accurate results. In addition,
results proved that there was not a significant correlation
between the length of the hind-foot and the location of
PTA bifurcation. Therefore, studies that employ this as
a representation of foot length alone will not have repre-
sented foot length adequately.

Finally, using the patients foot length (M—-H) and
hind-foot length (M—C), the following equation should
be applied; MB(mm) =0.3(MH) + 0.37(MC) — 28.24, to
calculate the distance of bifurcation (B) of the PTA from
M (M-B) (Fig. 11). Clinicians and surgeons can now sim-
ply measure the calculated distance inferior to that of the
medial malleolus, to the point of bifurcation of the PTA.
This will enable the identification of the PTA within the
TT, to overall help avoid iatrogenic injury of the structure.

Limitations and future directions

First, the researchers acknowledge the importance of ana-
tomical variation and anomalies when presenting these
findings. Given there is no consensus on the general
anatomy of the PTA and its terminal branches, this study
focussed on this detail. Further investigation to build on
this knowledge by including anomalies is strongly sup-
ported. Additionally, the authors are aware that the flexor
digitorum accessories longus muscle has been located in
the TT (2-14%; mainly in males; mainly unilaterally);
however, this muscle was not identified in any specimens
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in this study. This accessory muscle has been shown
to compress the TN [15], and may potentially alter the
location of the PTA. Replicating this study using higher
numbers of cadaveric specimens may be able to help fine-
tune the location of danger zones, increasing accuracy in
clinical use. Increased numbers may also help identify
possible anomalies for a clinician or surgeon to be aware
of. Furthermore, it is very difficult to source cadaveric
specimens with an age variation representative of the gen-
eral population; however, trying to increase age variations
that representing those most prone to TTS, may also be
beneficial. We would also like to mention that although
TTS is more common in females [18, 20] with the age
range is extremely variable [16, 20]. A general limitation
of using embalmed cadaveric specimens is that they are
fixed; therefore, they may be a less than accurate represen-
tation of the living population. To confirm the accuracy of
results, future applications may include applying data to
live cohorts to try to confirm the predicted location of PTA
bifurcation through medical imaging techniques.

Conclusions

The main aim of this study was to develop a simplistic and
reproducible approach to locate the PTA within the TT.
Using consistent bony landmarks, taking into considera-
tion foot length and applying the equation developed in this
study, we are confident that this aim has been achieved.
More importantly, this study has successfully developed
a method whereby clinicians and surgeons can easily and
accurately predict the bifurcation of the PTA, to avoid iat-
rogenic injury that would previously lead to an exacerbation
of TTS symptoms.

Appendix

RStudio commands

Install.packages (‘“scatterplot3d”) # Install

Library (“scatterplot3d”) # load

Library (readr)

Correlation_analysis <—read_csv (“‘correlation_analysis.
csv”)

Model <—Im (MB ~,.,data=correlation_analysis)

Lm (formula=MB ~, .,ata=correlation_analysis)

Summary (model)

Outputs from RStudio

MC
o

110 120 130 140 150 160

MH

Call: Im (formula=MB ~,.,data=correlation_analysis).
Residuals:
Min 1Q Median 3Q Max.
—5.477 —3.233 -1.844 1.341 11.776
Coefficients:
Estimate Std. Error ¢ value Pr (>Itl).
(Intercept) — 28.2366 23.17 — 1.219 0.2446.
MH 0.2952 0.1243 2.374 0.0337 *
MC 0.3722 0.3014 1.235 0.2388
Signif. codes: 0 “**** 0.001 “**> 0.01 “** 0.05 * 0.1 “’ 1.
Residual standard error: 5.526 on 13 degrees of freedom.
Multiple R-squared: 0.4305, Adjusted R-squared: 0.3429.
F statistic: 4.913 on 2 and 13 DF, p value: 0.02575.
Therefore,
MB =0.30*MH + 0.372*MC — 28.24.
R*=0.43
P<0.05.

Acknowledgements The authors sincerely thank those who donated
their bodies to science so that anatomical research could be performed.
Results from such research can potentially increase mankind's overall
knowledge that can then improve patient care. Therefore, these donors
and their families deserve our highest gratitude.

Author contributions All authors contributed to the study concept and
design. Material preparation, data collection and analysis were per-
formed by BM. AMD and HMG. Cadaveric dissection was completed
by BM. The first draft of the manuscript was written by BM and all
authors commented on previous versions of the manuscript. All authors
read and approved the final manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. This research was supported by La Trobe Uni-

versity, Bundoora, Victoria, Australia 3086.

Data availability Not applicable.

Declarations

Conflict of interest The authors declare no conflict interests.

Ethical approval Use of cadaveric specimens at La Trobe University is
supported under the University of Melbourne Human Research Ethics

Program (Program No. 1544576.1/2015) with all methods and proto-
cols aligning with the Human Tissues Act 1983.

@ Springer



622

Surgical and Radiologic Anatomy (2023) 45:611-622

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

Abouelela AA, Zohiery AK (2012) The triple compression
stress test for diagnosis of tarsal tunnel syndrome. Foot (Edinb)
22(3):146-149. https://doi.org/10.1016/j.foot.2012.02.002
Ahmad M, Tsang K, Mackenney PJ, Adedapo AO (2012) Tarsal
tunnel syndrome: A literature review. Foot Ankle Surg 18(3):149—
152. https://doi.org/10.1016/j.fas.2011.10.007

Antoniadis G, Kretschmer T, Pedro MT, Konig RW, Heinen CP,
Richter HP (2014) Iatrogenic nerve injuries: prevalence, diagnosis
and treatment. Dtsch Arztebl Int 111(16):273-279. https://doi.org/
10.3238/arztebl.2014.0273

Antoniadis G, Scheglmann K (2008) Posterior tarsal tunnel syn-
drome: diagnosis and treatment. Dtsch Arztebl Int 105(45):776—
781. https://doi.org/10.3238/arztebl.2008.0776

Atesok K, Pierce J, Small B, Perumal V, Cooper T, Park J (2022)
The course of tarsal tunnel syndrome after ultrasound-guided
Injections. Orthop Rev (Pavia). 14(4):35455

Attinger C, Cooper P, Blume P, Bulan E (2001) The safest surgical
incisions and amputations applying the angiosome principles and
using the Doppler to assess the arterial-arterial connections of the
foot and ankle. Foot Ankle Clin 6(4):745-799. https://doi.org/10.
1016/S1083-7515(02)00012-8

Bilge O, Ozer MA, Govsa F (2003) Neurovascular branching in
the tarsal tunnel. Neuroanatomy 2(1):39—41

Brzezinski P, Meyn N (1977) The level of bifurcation of the tibial
nerve into the medial and lateral plantar nerves. ] Am Podiatr Med
Assoc 67(8):553-555. https://doi.org/10.7547/87507315-67-8-553
Chanatporn I (2020) Anatomical study and branching point of
neurovascular structures at the medial side of the ankle. Anat Cell
Biol. 53(4):422-434

De Prado M, Cuervas-Mons M, Golané P, Rabat E, Vaquero
J (2015) The tarsal tunnel syndrome. FuBl & Sprunggelenk
13(4):227-236. https://doi.org/10.1016/j.fuspru.2015.09.001
Fernandez-Gibello A, Moroni S, Camunas G, Montes R, Zwier-
zina M, Tasch C, Starke V, Sanudo J, Vazquez T, Konschake M
(2019) Ultrasound-guided decompression surgery of the tarsal
tunnel: a novel technique for the proximal tarsal tunnel syndrome-
Part II. Surg Radiol Anat 41(1):43-51. https://doi.org/10.1007/
s00276-018-2127-9

Fischer J (2012) Atlas of injection therapy in pain management.
Thieme, New York

Gould JS (2011) The failed tarsal tunnel release. Foot Ankle Clin
16(2):287-293. https://doi.org/10.1016/j.fc1.2011.03.002

Havel PE, Ebraheim NA, Clark SE, Jackson WT, DiDio L (1988)
Tibial nerve branching in the tarsal tunnel. Foot Ankle 9(3):117-
119. https://doi.org/10.1177/107110078800900304

Shin JH, Lee KE, Kim HK, Lee GJ, Suh JH (2016) The MRI
Findings of Flexor Digitorum Accessorius Longus Muscle: a Case
Report. Invest Mag Reson Imag. 20:123

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Kiel, J., & Kaiser, K. (2021). Tarsal Tunnel Syndrome. In Stat-
Pearls. https://www.ncbi.nlm.nih.gov/pubmed/30020645

Kim DI, Kim YS, Han SH (2015) Topography of human ankle
joint: focused on posterior tibial artery and tibial nerve. Anat Cell
Biol 48(2):130-137. https://doi.org/10.5115/acb.2015.48.2.130
Lau JT, Daniels TR (1999) Tarsal tunnel syndrome: a review of
the literature. Foot Ankle Int 20(3):201-209. https://doi.org/10.
1177/107110079902000312

Lindner R, Cohen J (1988) Statistical power analysis for the
behavioral sciences Hillsdale, NJ: Erlbaum. Percept motor skill
67:1007-1007

McSweeney SC, Cichero M (2015) Tarsal tunnel syndrome-A nar-
rative literature review. Foot (Edinb) 25(4):244-250. https://doi.
org/10.1016/j.foot.2015.08.008

Moore KL (2018) Clinically oriented anatomy (8th, edition.
Wolters Kluwer, Philadelphia

Moore KL, Arthur F, Dalley A (2017) Clinically Oriented Anat-
omy. Wolters Kluwer, Philadelphia

Nabil N, Al Homosani N, Biram D (2018) Topographic anatomy
of the neurovascular bundle at the tarsal tunnel and its applied
significance. J Exper Clin Anat 17(2):70-75. https://doi.org/10.
4103/jeca.jeca_5_18

Ramadoss K, Nanjundaiah K (2017) Branching pattern of tibial
nerve in the tarsal tunnel - a cadaveric study. Nat J Clin Anat
6(2):120-125. https://doi.org/10.1055/s-0039-1700734
RStudio_Team. (2020). RStudio Desktop In RStudio, Joseph J
Allaire. http://www.rstudio.com/

Sammarco GJ, Chang L (2003) Outcome of surgical treatment of
tarsal tunnel syndrome. Foot Ankle Int 24(2):125-131. https://doi.
org/10.1177/107110070302400205

Singh G, Kumar VP (2012) Neuroanatomical basis for the tarsal
tunnel syndrome. Foot Ankle Int 33(6):513-518. https://doi.org/
10.3113/FAL.2012.0513

Singh SK, Wilson MG, Chiodo CP (2005) The surgical treatment
of tarsal tunnel syndrome. Foot 15(4):212-216. https://doi.org/10.
1016/j.fo0t.2005.07.005

Skalley TC, Schon LC, Hinton RY, Myerson MS (1994) Clini-
cal results following revision tibial nerve release. Foot Ankle Int
15(7):360-367. https://doi.org/10.1177/107110079401500703
Standring, S., Borley, N. R., & Gray, H. (2008). Gray's anatomy
the anatomical basis of clinical practice 40th eds/editor-in-chief,
Susan Standring section editors, Neil R. Borley (eds). Edinburgh
Elsevier Churchill Livingstone

Strakowski JA, Johnson EW (2013) Evaluation of the Tibial
Nerve. In: Johnson E (ed) Springer Publishing Company. Springer
Publishing Company, Newyork

Sun MY, Jeon A, Seo CM, Kim YG, Wu YN, Kim DW, Lee JH
(2020) The injection site in the tarsal tunnel to minimize neuro-
vascular injury for heel pain: an anatomical study. Surg Radiol
Anat 42(6):681-684. https://doi.org/10.1007/s00276-019-02411-8
Tamang S, Bhutia S (2016) Neurovascular relation and origin of
medial calcaneal nerve in the tarsal tunnel in embalmed cadavers
of eastern India. Nat J Clin Anat 6(2):554

Visible_Body. (2018). Visible Body Human Anatomy Atlas with
AR. In (Version Version 7.1.08) [Mobile App]. Argosy Publishing
https://itunes.apple.com//app/for-organizations-muscle-premium/
1d798917453Ns=1&mt=8&at=1013LF

Yang Y, Du ML, Fu YS, Liu W, Xu Q, Chen X, Hao YJ, Liu Z,
Gao MJ (2017) Fine di ssection of the tarsal tunnel in 60 cases.
Sci Rep 7:46351. https://doi.org/10.1038/srep46351

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.foot.2012.02.002
https://doi.org/10.1016/j.fas.2011.10.007
https://doi.org/10.3238/arztebl.2014.0273
https://doi.org/10.3238/arztebl.2014.0273
https://doi.org/10.3238/arztebl.2008.0776
https://doi.org/10.1016/S1083-7515(02)00012-8
https://doi.org/10.1016/S1083-7515(02)00012-8
https://doi.org/10.7547/87507315-67-8-553
https://doi.org/10.1016/j.fuspru.2015.09.001
https://doi.org/10.1007/s00276-018-2127-9
https://doi.org/10.1007/s00276-018-2127-9
https://doi.org/10.1016/j.fcl.2011.03.002
https://doi.org/10.1177/107110078800900304
https://www.ncbi.nlm.nih.gov/pubmed/30020645
https://doi.org/10.5115/acb.2015.48.2.130
https://doi.org/10.1177/107110079902000312
https://doi.org/10.1177/107110079902000312
https://doi.org/10.1016/j.foot.2015.08.008
https://doi.org/10.1016/j.foot.2015.08.008
https://doi.org/10.4103/jeca.jeca_5_18
https://doi.org/10.4103/jeca.jeca_5_18
https://doi.org/10.1055/s-0039-1700734
http://www.rstudio.com/
https://doi.org/10.1177/107110070302400205
https://doi.org/10.1177/107110070302400205
https://doi.org/10.3113/FAI.2012.0513
https://doi.org/10.3113/FAI.2012.0513
https://doi.org/10.1016/j.foot.2005.07.005
https://doi.org/10.1016/j.foot.2005.07.005
https://doi.org/10.1177/107110079401500703
https://doi.org/10.1007/s00276-019-02411-8
https://itunes.apple.com//app/for-organizations-muscle-premium/id798917453?ls=1&mt=8&at=10l3LF
https://itunes.apple.com//app/for-organizations-muscle-premium/id798917453?ls=1&mt=8&at=10l3LF
https://doi.org/10.1038/srep46351

	The bifurcation and topography of the posterior tibial artery within the tarsal tunnel
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Anatomy of the tarsal tunnel
	Anatomy of the posterior tibial artery
	Tarsal tunnel syndrome
	Treatment of tarsal tunnel syndrome
	Risk of iatrogenic injury to the posterior tibial artery
	Literature regarding the location posterior tibial artery
	Aims and hypothesis

	Materials and methods
	Cadaveric specimens
	Foot placement and markings
	Exposure of neurovascular structures
	Measurement of neurovascular structures
	Data analysis

	Results
	Introduction
	General anatomy and topography of the posterior tibial artery
	Relationship of the posterior tibial artery relative to the tibial nerve
	Foot size and reference line dimensions
	Location of the posterior tibial artery along the M–C axis
	Angle of bifurcation of the posterior tibial artery
	Danger zones
	Influence of ankle position
	Location of bifurcation of the posterior tibial artery

	Discussion
	Introduction
	Location of bifurcation of the posterior tibial artery
	Limitations and future directions

	Conclusions
	Appendix
	RStudio commands
	Outputs from RStudio
	Acknowledgements 
	References




