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Abstract

Objective. To investigate the prevalence of posterolateral tubercle variants and characterize the simulated safe zones and screw
insertion angles for posterior-to-anterior talar screw fixation using individual 3D models from a Northeastern Thai skeletal col-
lection. Materials and Methods. A total of 1,106 dry tali from 553 skeletons (301 males and 252 females), aged 22-106 years,
were classified according to posterolateral tubercle type. Safe zones for posterior-to-anterior (PA) screw fixation were determined
for the left and right tali in both sexes using 3D simulation models, and the widest possible screw insertion angles were simulated.
Results. The posterolateral tubercle was classified into three types: Type 1 (almost absent, 1.36%), Type 2 (normal, 45.48%), and
Type 3 (enlarged, 53.16%). In selected individual male talus models, the illustrated safe-zone configurations ranged from 20% to
50% on the left and from 30% to 60% on the right. In selected individual female talus models, the illustrated safe-zone configura-
tions ranged from 20% to 70% on the left and from 20% to 50% on the right. Conclusion. The enlarged posterolateral tubercle
was the most prevalent variant in the Northeastern Thai skeletal sample. The selected individual models illustrated differences in
simulated safe-zone configurations and insertion angles according to side and sex. These findings may provide anatomical refer-
ence information for preoperative planning of screw fixation involving the posterolateral region of the talus.
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Introduction structure and unique vascular supply of the talus,
these fractures carry a high risk of complications,
such as avascular necrosis (6, 7). Additionally,
fractures of the talar body and posterolateral tu-
bercle have been reported (8).

The treatment of talar fractures is based on the

severity and displacement of the fracture frag-

The talar bone, or talus, plays a major role in trans-
ferring body weight through the ankle joint and
is surrounded by many ligaments that help stabi-
lize the ankle. Injury to the talus can significant-
ly affect foot structure and ankle function (1, 2,
3). General fractures of the talus occur predomi-

nantly due to high-energy trauma, such as motor
vehicle accidents or falls from a height (2, 3). The
most common location for talar fractures is the
talar neck, accounting for approximately 50% of
all talus fractures (4, 5). Such fractures often result
from axial loading forces when the talus is forced
against the tibia during impact. Due to the complex

ments. Conservative treatment with immobili-
zation is generally used for nondisplaced talar
fractures, whereas displaced fractures usually re-
quire reduction and surgical fixation to restore an-
atomical alignment and joint function (1, 9, 10).
Common surgical techniques include the use
of pins, plates, and screws for internal fixation.
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Among these methods, screw fixation is common-
ly used because it can provide stable compression
across the fracture site and facilitate bone heal-
ing (10). Cannulated screws are commonly used
for talar neck fracture fixation, with both anteri-
or and posterior insertion techniques described
in clinical practice (11, 12). This consideration in-
cludes variations in the posterolateral tubercle of
the talus (13). During talar fracture fixation, care-
ful planning of the screw trajectory is crucial to
avoid damage to the surrounding soft tissues and
articular surfaces, particularly when selecting be-
tween anterior and posterior screw insertion ap-
proaches (2, 14, 15,16). Identifying safe zones for
screw placement may help reduce the risks of joint
penetration, vascular injury, and cartilage damage.
Advances in three-dimensional imaging technol-
ogy have improved anatomical visualization and
may assist with preoperative planning for screw
placement (14). Three-dimensional reconstruc-
tion has also been used to define safe zones, screw
entry points, and insertion trajectories for posteri-
or-to-anterior talar screw fixation (14).

However, data on talar morphometric param-
eters, posterolateral tubercle types, safe zones for
talar fixation, and screw insertion angles from Thai
skeletal samples remain limited. Therefore, this
study aimed to investigate posterolateral tubercle
morphology, talar morphometric characteristics,
and simulated safe zones for posterior-to-anterior
talar screw fixation in a Northeastern Thai skele-
tal collection.

Materials and Methods
Samples and Ethical Considerations

3D scanning and data analysis were performed
from May 2023 to August 2024. This study was
conducted on completely dried tali from both
left and right sides collected from the Unit of
Human Bone Warehouse for Research (UHBWR),
Department of Anatomy, Faculty of Medicine,
Khon Kaen University, Khon Kaen, Thailand.
The inclusion criteria were complete tali with-
out evidence of previous surgery or congenital or

acquired deformities. Specimens with fractures,
severe osteoporosis, osteolytic lesions, or osteo-
phyte formation were excluded. The study includ-
ed 553 skeletons, comprising 301 males and 252
females, corresponding to a total of 1,106 tali.
Demographic information, including biological
sex and age at death, was obtained from the docu-
mented donor records accompanying the skeletal
specimens in the Unit of Human Bone Warehouse
for Research (UHBWR). The records were based
on official donor documentation, including iden-
tification and death records, and, where available,
hospital records. These documented data were
used for sample characterization and were not in-
dependently re-estimated from skeletal morpholo-
gy in the present study. The study sample included
adults aged 22-106 years. Age was summarized
using the mean, standard deviation, median, and
range for the overall sample and by sex. This study
received ethical approval from the Khon Kaen
University Ethics Committee for Human Research
(Ref. No. HE651493), and the requirement for in-
formed consent was waived. The sample size was
determined based on the sample size calculation
described by Gogtay (17), using the standard de-
viation (SD) and mean differences derived from
a previous study by He et al. (18). A confidence
level of 95% and a statistical power of 90% were
used. For males, the SD was 3.62, and the mean
difference was 0.59, based on the reported mean
values of 53.48 and 54.07. The calculated mini-
mum sample size was 396 tali, corresponding to
198 skeletons when both left and right tali were
considered. For females, the SD was 2.62, and the
mean difference was 0.58, based on the reported
mean values of 49.15 and 48.57. The calculated
minimum sample size was 215 tali, corresponding
to 108 skeletons.

Classification of Talar Posterolateral Tubercle
Types

The posterolateral tubercle of the talus was classi-
fied into three types: Type 1 (almost absent), Type
2 (normal), and Type 3 (enlarged posterolater-
al tubercle, also known as Stieda’s process), based
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on the classification described by Kalbouneh et al.
(13). The original classification included a fourth
type, represented by the os trigonum. However,
Type 4 was excluded from the present study be-
cause the specimens consisted of completely dried
skeletal tali, and the os trigonum could not be re-
liably identified as a separate accessory ossicle
after skeletal preparation. Therefore, only the three
morphological types that could be consistent-
ly identified in the dry talus specimens were in-
cluded in the analysis. Specimens were classified
as Type 1, Type 2, or Type 3 when the distance be-
tween the posterior border of the talar articular
surface and the tip of the posterolateral tubercle
was <1 mm, 1.01-4.99 mm, or =5.00 mm, respec-
tively (Figure 1).

Posterolateral tubercle classification and safe-
zone simulation were performed on the same indi-
vidual talus specimens. Tubercle type was used to
characterize the morphology of the posterior pro-
cess, whereas the safe-zone simulation was per-
formed using the predefined geometric procedure
described below. Tubercle type was not included as
a variable in the statistical analysis of safe-zone di-
mensions or screw insertion trajectories.

Determination of the Safe Zone. To determine
the safe zone for talar screw fixation, three-di-
mensional models of the tali were created using
a handheld 3D scanner (Shining 3D EinScan HX,
SHINING 3D, China). In Laser Scan mode, the
manufacturer reports a scanning accuracy of up to

0.04 mm and a minimum point distance of 0.05
mm, which was used as the scanner’s point-spac-
ing specification in the present study. The scanner
was calibrated according to the manufacturer’s rec-
ommended procedure before scanning. Each talus
was scanned from multiple orientations to cap-
ture the complete external surface, with markers
used for alignment during scanning. The result-
ing three-dimensional models were reconstructed
using EXScan Pro software (Figure 2) and subse-
quently processed using Inspect 3D and import-
ed into Solid Edge for screw insertion simulation.
All 1,106 tali underwent individual three-dimen-
sional reconstruction and complete simulation-
based analysis. Each talus was analyzed separately

Figure 2. Complete simulation model of a talus scanned
with a 3D scanner using the EXScan Pro software.

y

Figure 1. Classification of the posterolateral tubercle types of Thai dry talus. A) Almost absent (Type 1); tubercle length <
1 mm. B) Normal (Type 2); tubercle length between 1.01-4.99 mm. C) Enlarged (Type 3); tubercle length > 5.00 mm; PBT

(posterior border line of the talar articular surface).
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using the same predefined geometric procedure.
The selected individual talus models presented in
Figures 4 and 5 were chosen to provide clear visual
examples of the geometric configuration of the
simulated safe zones and screw insertion angles
according to sex and side. These models were se-
lected for graphical illustration rather than as rep-
resentative or average models of the respective
groups. The selected models were not averaged or
combined to create composite or population-aver-
age 3D models.

Each talus model was sectioned at the coronal
plane of the talar neck, and an inner parallel line was
created 4 mm from the outer cortical boundary. The
4-mm offset used to define the inner boundary of
the safe zone was adopted from the previously de-
scribed methodology of Wu et al. (11). The safe zone
was defined as the area within the inner boundary
and above the dotted line representing the roof of
the sulcus tali, as previously described (11).

For each talus, the anterior aspect was rep-
resented by a rectangular boundary based on the
most protruding points, superiorly, inferiorly, me-
dially, and laterally. Nine vertical lines were then
drawn along the y-axis to divide the surface into
10 equal columns. Each column represented 10%
of the predefined talar surface, with percentage
values ranging from 10% to 100%. These percentage
values represented the relative position of the po-
tential screw entry region along the predefined an-
terior talar surface rather than an absolute distance
in millimeters. Thus, a safe zone of 20-50% indicat-
ed that screw entry trajectories originating within
the second through fifth 10% columns were within
the predefined geometric safe region under the sim-
ulation conditions. The potential safe zone was de-
termined from the area within the inner boundary
and above the dotted line representing the roof of
the sulcus tali, as described previously (11).

Clinically, these percentage-based zones should
be interpreted in relation to the individual talar
anatomy and the anatomical landmarks used to es-
tablish the simulation boundary. The entry point
should be selected within the simulated zone after
considering fracture morphology, reduction, screw
diameter, screw length, and the intended fixation

trajectory. Therefore, the percentage values should
not be applied as absolute surgical coordinates to
every talus.

To assess intra-observer reproducibility, 50
talar 3D models were randomly selected from the
study sample. All measurements were performed
by the same observer. MTH, MTL, MTW, and
HTT were measured twice using the same pre-
defined measurement protocol with a 2-week in-
terval between the two measurement sessions.
Measurement error was assessed using the techni-
cal error of measurement (TEM) and relative TEM

Evaluation of the Safe Zone and Screw Insertion
Angles

To evaluate the simulated safe zone for talar screw
fixation, all complete simulation models of the talus
were analyzed using the Inspect 3D software to
simulate screw insertion within the designated safe
zone. A 4.0-mm-diameter screw was used in the
simulation; the screw length was not used as a fixed
parameter because the analysis focused on the safe
entry region and insertion trajectory. The screws
were inserted in a posterior-to-anterior direction,
with the entry point located at the middle of the
posterolateral talar tubercle. After the safe zone was
identified, the first screw was simulated at the inferi-
or-most predefined safe point, located 4 mm below
the outer edge of the talar neck. The second screw
was simulated at the superior-most predefined safe
point, located 4 mm above the sulcus tali. The area
between these two screw positions was defined as
the simulated safe zone, and the widest possible
screw insertion angle was measured.

The widest screw insertion angles were evalu-
ated descriptively using selected individual talus
models for visualization. No inferential statisti-
cal comparison was performed for screw insertion
angles. Sex-related comparisons of the morpho-
metric parameters were performed using indepen-
dent-samples t-tests, with the Welch correction
applied when equal variances were not assumed.
Mean differences, 95% confidence intervals, exact
p-values, and effect sizes were calculated for these
sex-related comparisons.
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Statistical Analysis

Statistical analyses were performed using IBM
SPSS Statistics version 28.0 (IBM Corp., Armonk,
NY, USA). Continuous variables were expressed
as mean * standard deviation (SD). The normal-
ity of continuous variables was assessed using the
Shapiro-Wilk test, and the homogeneity of vari-
ance was assessed using Levene’s test. Because the
left and right tali originated from the same skele-
tons, left-right comparisons were treated as paired
observations, with each skeleton representing a
matched pair. Therefore, paired-samples t-tests
were used for side-to-side comparisons. Mean
differences were reported with 95% confidence in-
tervals (CIs), and effect sizes were calculated as
Cohen’s dz for paired comparisons and Cohen’s d
for independent-group comparisons. For categor-
ical comparisons of posterolateral tubercle types
between males and females, Pearson’s chi-square
test was used. All statistical tests were two-sided,
and a p-value <0.05 was considered statistically
significant.

Results

The skeletal sample comprised adults aged 22-106
years. The mean age was 64.57+13.95 years, with
a median age of 65 years. Male specimens had a

mean age of 66.46 + 13.08 years (median, 67 years;
range, 22-93 years), whereas female specimens
had a mean age of 62.30+14.65 years (median, 61
years; range, 24-106 years).

The prevalence of posterolateral tubercle types
in Thai dry tali is shown in Table 1. Pearson’s chi-
square test was used to compare the distribution
of posterolateral tubercle types between males and
females. The highest prevalence was observed for
Type 3 (53.16%), whereas Type 1 had the lowest
prevalence (1.36%). The distribution of posterolat-
eral tubercle types differed significantly between
males and females (Pearson’s chi-square test,
X°=45.805, P=1.13x10"'"%; Table 1). Type 2 was the
most frequent variant among females (56.55%),
whereas Type 3 was the most frequent variant
among males (62.13%).

Paired comparisons of the left and right tali
showed small but statistically significant differ-
ences in all four morphometric parameters. The
left talus was significantly larger than the right for
MTH (mean difference, 0.45 mm; 95% CI, 0.06—
0.84; P=0.023), MTL (0.42 mm; 95% CI, 0.13-0.72;
P=0.005), MTW (0.23 mm; 95% CI, 0.01-0.46;
P=0.042), and HTT (0.57 mm; 95% CI, 0.25-0.89;
P=0.00054). The corresponding effect sizes were
small (Cohen’s dz = 0.087-0.148). The detailed re-
sults are presented in Table 2.

Table 1. Types of Posterolateral Tubercle According to Sex in Northeastern Thai Dry Tali

Types of the posterolateral tubercle  Total (N=1106) Females (N=504) Males (N=602) X P-value
Almost absent (Type 1) 15 (1.36%) 5 (0.99%) 10 (1.66%)
Normal (Type 2) 503(45.48%) 285 (56.55%) 218 (36.21%) 45.805 1.13x 107
Enlarged (Type 3) 588 (53.16%) 214 (42.46%) 374(62.13%)

Type 1: Tubercle length <1 mm; Type 2: Tubercle length between 1.01-4.99 mm; Type 3: Tubercle length = 5.00 mm; N=Number of tali.

Table 2. Paired Comparison of Talar Morphometric Parameters Between the Left and Right Sides
Parameter Left, mean+SD (mm) Right, mean+ SD (mm)  Mean difference (L—R), mm 95% Cl P-value Cohen's dz
MTH 55.31+4.36 54.86+4.24 0.45 0.06-0.84 0.023 0.097
MTL 39.02+3.20 38.59+3.19 0.42 0.13-0.72 0.005 0.121
MTW 30.43+2.32 30.19+2.45 0.23 0.01-0.46 0.042 0.087
HTT 50.24£3.72 49.66%3.51 0.57 0.25-0.89 0.00054 0.148

MTH= Maximum talar height; MTL=Maximum talar length; MTW=Maximum talar width; HTT=Distance from the anterior surface of the head of the talus to
the posterior boundary of the tibial articular surface.
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A comparison of talar morphometric parame-
ters showed that male tali had greater values than
female tali on both sides. The mean differences,
95% confidence intervals, p-values, and effect sizes
for the sex comparisons are presented in Table 3.

Intra-observer reproducibility was assessed
using repeated measurements of 50 randomly se-
lected talar 3D models. All four morphometric
parameters showed low measurement error. The
TEM values ranged from 0.12 to 0.19 mm, and the
relative TEM values ranged from 0.33% to 0.40%.
The results indicated good reproducibility of the
talar morphometric measurements (Table 4).

Figure 3A demonstrates the lateral aspect of the
simulated talus model and the predefined bound-
aries used for screw insertion. The first screw was
simulated at the inferior-most predefined safe
point, located 4 mm below the outer edge of the
talar neck, whereas the second screw was simu-
lated at the superior-most predefined safe point,
located 4 mm above the sulcus tali (Figure 3A).

The screw insertion simulation was performed
using Inspect 3D software. The simulation results
showed that all simulated screw tips remained
within the predefined safe zone and that the screw
bodies did not pass through the sulcus tali (Figure
3 A and B).

Figure 4 shows selected individual talus models
from the study sample, cut at the coronal section
of the talar neck to illustrate the location of the
simulated safe zone. All 1,106 tali were individual-
ly reconstructed and analyzed using the same pre-
defined simulation procedure. The models shown
in Figures 4A-D were selected only to illustrate ex-
amples of the geometric configuration of the safe
zone according to sex and side. In the selected
male talus model, the safe zone was between 20%
and 50% on the left and between 30% and 60% on
the right (Figures 4A and B). In the selected female
talus model, the safe zone was between 20% and
70% on the left and between 20% and 50% on the
right (Figures 4 C and D). These percentage ranges

Table 3. Comparison of Talar Morphometric Parameters Between Males and Females

Mean+SD (mm)

Mean difference

Parameter Side 95% Cl P-value Cohen’s dz
Male (N=301) Female (N=252),  (Male —Female) mm
Left 57.30 +3.57 52.93 +4.01 4.37 3.73-501 250x10* 1.16
MTH Right 57.48 +3.22 51.73+3.02 5.75 5.23-6.27 235%x107° 1.84
Left 40.22 £ 2.64 37.56 +3.20 2.66 2.16-3.16  1.67x10% 0.91
M Right 40.48 +2.33 36.33 £2.55 4.15 3.74-456  223x10°% 1.71
Left 31.39+1.92 29.27 £2.23 2.12 1.77-2.47 9.88 x10% 1.03
MW Right 31.60 = 2.02 2851+ 1.76 3.09 2.77-3.41 231%x 10 1.62
Left 52.12+2.82 48.00 + 3.41 412 3.59-4.65 2.07 x 10 133
AT Right 51.80+2.77 47.10+2.42 4.70 4.27-5.13 8.11x107* 1.80

MTH=Maximum talar height; MTL=Maximum talar length; MTW=Maximum talar width; HTT= Distance from the anterior surface of the head of the talus to the
posterior boundary of the tibial articular surface; Cl=Confidence interval; SD=Standard deviation.

Table 4. Intraobserver Measurement Error and Reproducibility of Talar Measurements

Parameter N m::;‘:rseien PP m::::rzzent - TEM (mm) Relative TEM (%)
MTH 50  5521+4.18 55.18 £4.17 0.18 033
MTL 50  3876+3.16 3879+3.17 0.13 034
MTW 50  30.28+236 3030+237 0.12 0.40
HTT 50  49.87+352 49.91+3.53 0.19 0.38

MTH=Maximum talar height; MTL=Maximum talar length; MTW=Maximum talar width; HTT=Distance from the anterior surface of the head of the talus to the
posterior boundary of the articular surface of the tibia; TEM=Technical error of measurement.
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Figure 3. Lateral aspect of the safe zone (light blue area) for talar screw fixation after hypothetical screw insertion (A).
Testing of the screw insertion using many screws at an entry point, performed using Inspect 3D software (B).
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Figure 4. Simulated safe zones for talar screw fixation using selected individual 3D talus models. A) The safe zone on the left
side of a male talus was between 20% and 50%, and B) on the right side was between 30% and 60%. C) The safe zone on the
left side of a female talus was between 20% and 70%, and D) on the right side, it was between 20% and 50%. The illustrated
models are individual specimens selected from the full study sample for visualization. The reported safe-zone ranges apply
only to the selected models shown and do not represent population-level estimates or averaged safe-zone values.
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describe the selected individual models shown in
the figure and should not be interpreted as popula-
tion-level estimates or values representing all spec-
imens within each sex-side group. Because the
safe-zone boundary was not analyzed as a quanti-
tative outcome across the full sample, no popula-
tion-level mean, range, or variability estimate was
calculated for the safe-zone parameters. The values
shown in Figure 4 therefore represent selected in-
dividual examples rather than the distribution of
safe-zone boundaries across all 1,106 tali.

Figure 5 presents the widest simulated poste-
rior-to-anterior screw insertion angles obtained
from selected individual talus models for illustra-
tive purposes. The angular values shown in Figure
5 represent the selected models and were not cal-
culated as population-level estimates. In both se-
lected models, the simulated insertion angle was
wider on the left than on the right. Because these
values were obtained from the selected simulation
models, they are presented as descriptive simula-
tion results rather than inferential statistical com-
parisons. The simulated insertion angles were
21.25+0.24° on the left and 19.94+0.21° on the
right in females, and 22.68+0.13° on the left and
20.37+0.17° on the right in males (Figure 5).

Left

Female

Male

Figure 5. Widest simulated posterior-to-anterior screw insertion angles within the pos-
sible safe zones of selected individual talus models according to sex and side. The illus-
trated angles are descriptive measurements from the selected individual models and do
not represent population-level estimates or inferential statistical comparisons.

Discussion

The main finding of this study was that the pos-
terolateral tubercle of the talus showed anatomi-
cal variation, while the selected individual models
illustrated differences in the geometric configura-
tion of the simulated safe zones according to sex
and side in the Northeastern Thai skeletal collec-
tion. These differences should be considered during
preoperative planning for talar screw fixation. As
previously described, the posterolateral tubercle of
the talus can be classified into four morphological
types (13). The present study included three types
because Type 4, corresponding to the os trigonum,
could not be reliably identified as a separate ac-
cessory ossicle in the dry skeletal specimens. This
difference in classification should be considered
when comparing the present findings with studies
based on CT imaging or other methods that can
identify the os trigonum separately. In the present
study, three types were identified: Type 1 (almost
absent), Type 2 (normal), and Type 3 (enlarged).
Type 3 was the most prevalent (53.16%), followed
by Type 2 (45.48%) and Type 1 (1.36%). Type 3
was also more common in males (62.13%) than
in females (42.46%). The posterolateral tuber-
cle and the simulated safe zone are anatomically
located within the poste-
rior talar region; howev-
er, the present study did
not test whether tubercle
type was associated with
the dimensions or location
of the simulated safe zone.
Therefore, no direct rela-
tionship between tubercle
type and screw trajectory
can be inferred from the
present data. In the present
study, the tubercle was clas-
sified according to its mor-
phological size, whereas the
safe zone was determined
using a predefined geo-
metric procedure based on
the individual talar anato-
my. The findings should

Right
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therefore be interpreted as complementary an-
atomical observations rather than evidence of a
direct statistical relationship between tubercle type
and safe-zone parameters. Compared with previ-
ous studies, the prevalence of Type 3 in the present
Thai sample (53.16%) was higher than the prev-
alence of an enlarged lateral tubercle reported by
Zwiers et al. (19) in ankles without an os trigonum
(34.9-36.5%). However, these findings should be
interpreted with caution because the two studies
used different study populations and classification
approaches. The prevalence of Type 1 in the present
Thai sample (1.36%) was lower than that reported
in the Jordanian population (7.3%) by Kalbouneh
et al. (13). These findings provide anatomical ref-
erence information from a Northeastern Thai skel-
etal collection and may be useful for preoperative
planning of screw fixation involving the postero-
lateral region of the talus.

This study investigated the geometric safe zone
for talar screw fixation in a Northeastern Thai
skeletal sample using dry tali and 3D simulation
models. The selected individual models illustrated
differences in simulated safe-zone configurations
between sexes and sides. Compared with a previous
study of 15 Chinese male patients using CT images
(11), which reported a safe zone of 30%-60%, the
present study showed a similar range in the select-
ed right male model. A previous three-dimension-
al CT-based study by Mao et al. also demonstrated
that computer-assisted three-dimensional analysis
could be used to define safe zones and screw tra-
jectories for posterior talar process fixation (14).
However, that study evaluated posterior talar pro-
cess fractures using 3.0-mm screws, whereas the
present study used a predefined 4.0-mm screw di-
ameter and a different geometric definition of the
safe zone. Therefore, the findings are not direct-
ly comparable. However, this comparison should
be interpreted with caution because the previ-
ous study used CT images from a clinical popu-
lation, whereas the present study used dry-bone
3D models from a skeletal collection. The find-
ings of the present study may provide anatomical
reference information for preoperative planning
of talar screw fixation based on this Northeastern

Thai skeletal collection. However, they should not
be directly generalized to other Thai regions or
non-Thai populations because the sample was ob-
tained from a single skeletal collection. Therefore,
the findings should be interpreted as sample-de-
rived anatomical data from the studied skeletal
collection rather than as representative estimates
for the Northeastern Thai population as a whole.

The clinical applicability of the simulated safe
zones is primarily related to posterior-to-anteri-
or screw fixation for talar fractures, in which the
posterolateral region is used as the screw entry
site. The identified zones may assist preoperative
planning by providing anatomical reference loca-
tions for selecting a possible screw entry point and
trajectory. However, these zones should be con-
sidered anatomical reference ranges rather than
fixed surgical boundaries. The actual safe trajecto-
ry depends on individual talar morphology, frac-
ture pattern, reduction quality, screw diameter,
screw length, and the selected fixation technique.
Therefore, the percentage-based safe zones should
be interpreted in relation to the individual talus
and the anatomical landmarks used to establish
the simulation boundary.

Age may also influence talar morphology and
should be considered when interpreting the pres-
ent findings. The skeletal sample included individ-
uals aged 22-106 years, representing a broad adult
age range. Age-related bone remodeling and de-
generative changes, including possible osteophyte
formation and changes in articular or cortical mor-
phology, may contribute to variation in bone di-
mensions and surface morphology and could
influence the observed morphometric parameters
and simulated safe-zone geometry. However, age-
related differences were not specifically analyzed
because the present study focused on posterolateral
tubercle morphology, sex- and side-related anatom-
ical variation, and simulation-based safe zones and
screw trajectories. Therefore, the potential influence
of age-related remodeling and degenerative changes
cannot be excluded. Future studies using age-strati-
fied analyses or multivariable models are needed to
determine whether talar morphology and simulat-
ed safe zones vary across adult age groups.




Acta Medica Academica 2026

Several limitations should be considered when
applying these simulated safe zones. First, the safe
zones were derived from dry-bone 3D models and
did not include surrounding soft tissues, neuro-
vascular structures, cartilage, or other anatomical
conditions encountered during surgery. Second,
the screw trajectories were evaluated using com-
puter-based simulation rather than cadaveric sur-
gical testing or clinical imaging. No cadaveric or
clinical validation was performed in the pres-
ent study. The scanner was calibrated according
to the manufacturer’s recommended procedure;
however, independent validation of the scan-
ning accuracy against a reference object or estab-
lished measurement standard was not performed.
Therefore, the reported scanner accuracy repre-
sents the manufacturer’s specification rather than
an independently validated accuracy estimate for
the present scanning protocol.

Although all 1,106 tali underwent individual
safe-zone simulation, a full statistical assessment
of safe-zone boundary variability across all indi-
vidual specimens was not performed. The use of
selected individual models limits the interpreta-
tion of the reported safe-zone ranges because these
values cannot be used to estimate the typical or
full range of safe-zone configurations in the study
sample. Differences illustrated between sexes or
sides should therefore be interpreted as examples
of individual anatomical variation rather than evi-
dence of systematic sex- or side-related differences
across the entire sample. Clinically, these simulated
configurations may illustrate how individual talar
morphology can affect the available screw entry
region, but they should not be used as universal or
fixed surgical coordinates. Therefore, the safe-zone
configurations and screw insertion angles present-
ed in Figures 4 and 5 should be interpreted as il-
lustrative individual simulation results rather than
population-level estimates. The simulated bound-
aries should not be considered clinically validated
safety margins. Third, the simulations were based
on a predefined screw diameter and geometric cri-
teria and may not directly apply to other implant
sizes or fixation configurations. Finally, the spec-
imens were obtained from a single institutional

skeletal collection and should not be assumed to
represent the full morphological variation of the
Northeastern Thai population or other Thai pop-
ulations. In addition, interobserver reliability was
not assessed because all measurements were per-
formed by a single observer. Therefore, the repro-
ducibility results reflect intra-observer reliability
only, and future studies involving multiple observ-
ers are needed to assess inter-observer reliability.

Previous 3D simulation studies have also re-
ported differences in talar screw safe zones and in-
sertion angles between sexes (11, 14). In the present
study, the insertion angles shown in Figure 5 were
obtained from selected individual models and are
therefore presented as descriptive simulation find-
ings rather than population-level estimates or in-
ferential statistical comparisons. Biomechanical
studies have reported that posterior-to-anterior
(PA) screw fixation can provide good mechanical
stability (15). Therefore, the screw insertion angle
is an important factor to consider during PA fixa-
tion. However, the angle should be considered to-
gether with the screw entry point, screw length, safe
zone, and fixation technique (11, 12, 16). Sex- and
side-related anatomical variation may also be con-
sidered during preoperative planning to help select
an appropriate screw trajectory. Previous studies
have also reported an association between the ana-
tomical safe zone and the mechanical properties of
talar fixation in finite element analyses (15).

The safe-zone parameters defined in this study
are primarily applicable to posterior talar fractures
managed with posterior-to-anterior headed screw
fixation. These findings should not be directly ex-
trapolated to talar neck fractures treated with an-
terior-to-posterior screw trajectories, in which the
posterolateral tubercle is not the primary entry
point. Similarly, headless compression screws in-
serted beneath the talar dome articular surface,
typically outside the posterolateral tubercle region,
represent another situation in which the safe-zone
definitions may have limited direct clinical appli-
cability. Further studies using quantitative analysis
of individual safe-zone measurements, cadaveric
testing, and clinical validation are required to de-
termine the reproducibility and clinical usefulness
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of the simulated safe zones in surgical practice.
Therefore, the findings should be interpreted as
sample-derived anatomical data from the studied
skeletal collection rather than representative esti-
mates for the Northeastern Thai population as a
whole.

Conclusion

In conclusion, the enlarged posterolateral tuber-
cle was the most prevalent variant in the studied
Northeastern Thai skeletal collection. The select-
ed individual models illustrated differences in sim-
ulated safe-zone configurations according to side
and sex. Because the association between tuber-
cle type and safe-zone dimensions was not directly
tested, these findings should be considered com-
plementary anatomical information rather than
evidence of a direct relationship between tubercle
morphology and screw trajectory. The simulated
safe zones should not be regarded as clinically val-
idated surgical boundaries and require further val-
idation using cadaveric and clinical studies.

What Is Already Known on This Topic:

Talar fractures, most commonly involving the talar neck, require pre-
cise screw fixation planning to avoid neurovascular complications. 3D
imaging technology has been shown to improve the preoperative simula-
tion of safe screw trajectories. Anatomical variations of the posterolat-
eral tubercle of the talus have been documented in some populations,
with safe zones for talar screw fixation previously reported primarily in
Chinese male patients.

What This Study Adds:

This study provides sample-derived anatomical data on posterolateral
tubercle morphology and simulated geometric safe zones from a North-
eastern Thai skeletal collection. The enlarged tubercle (Type 3) was the
most prevalent variant, particularly in males. Selected individual mod-
els illustrated differences in simulated safe-zone configurations and in-
sertion angles according to side and sex. In the selected models shown in
Figure 5, the simulated insertion angle was wider on the left than on the
right in both sexes. These angular findings are descriptive observations
from selected individual models and do not represent population-level
estimates or systematic side- or sex-related differences.
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