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Abstract
Background  Calcaneal fractures usually arise from high-energy trauma and predominantly impact young 
individuals. In older adults (aged ≥ 50 years), declining bone density and muscle strength increase fracture risk from 
low-energy trauma, leading to a bimodal epidemiological distribution. The intricacies of calcaneal fractures in older 
adults, alongside osteoporosis and soft tissue fragility, complicate surgical intervention. This study aims to analyze 
age-related differences in calcaneal fracture characteristics using three-dimensional(3D) mapping and assess their 
impact on medial incision design.

Method  A total of 95 patients with closed calcaneal fractures were categorized into two groups: Younger (< 50 years, 
n = 61) and Older (≥ 50 years, n = 34). The process of 3D fracture mapping was executed utilizing Mimics and 3-matic 
software, alongside the reconstruction of soft tissue, which encompassed the posterior tibial neurovascular bundle. 
Differences in fracture distribution and incision parameters (length, α angle, D1, and D2) were statistically analyzed, 
with p < 0.05 considered statistically significant.

Results  Fracture lines in both groups were predominantly located around the lateral Gissane’s angle and critical 
weight-bearing areas of the calcaneus. In the Younger Group, fracture lines were long, continuous, and involved fewer 
fragments, correlating with high-energy trauma. The Older Group showed more comminuted lines, characteristic of 
osteoporotic fractures. The α angle and D1 distance were significantly smaller in the Older Group (p < 0.05), indicating 
closer proximity to the medial malleolus. D2 values were also smaller (p < 0.05), with 48.65% intersecting the 
neurovascular bundle compared to 31.34% in the Younger Group.
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Background
Calcaneal fractures frequently occur in clinical settings. 
High-energy trauma primarily results in these fractures 
among young adults aged 20 to 40. In contrast, older 
adults over 50 experience similar fractures due to age-
related declines in bone density and muscle strength, 
often from low-energy injuries [1, 2]. This creates a 
bimodal epidemiological distribution [3–5]. However, 
most research have focused on younger patients, leav-
ing a gap in our understanding of fracture management 
in older persons, who face extra hurdles from osteopo-
rosis, diminished bone strength, and impaired soft tis-
sue due to comorbidities [6, 7]. While discussions persist 
concerning surgical intervention, evidence suggests that 
properly managed displaced intra-articular fractures in 
older patients can lead to positive outcomes [8, 9].

Incision design is particularly critical in older patients 
because fragile skin increases the risk of necrosis [10]. 
The extensile L (EL) lateral incision provides broad visu-
alization of the subtalar and calcaneocuboid joints and 
facilitates correction of deformity; however, its large 
skin flap and extensive soft-tissue dissection are associ-
ated with a 15–25% wound-complication rate [11–13]. 
By contrast, the sinus-tarsi (ST) approach is considerably 
less invasive and has a much lower incidence of wound 
problems, yet it affords only limited restoration of calca-
neal length and varus alignment [13–15]. Accordingly, 
in elderly patients—especially those with highly commi-
nuted medial-wall fractures—a supplementary, patient-
specific medial incision is often necessary to achieve 
satisfactory reduction while safeguarding the soft tissues.

The medial approach for treating calcaneal fractures 
was first proposed by McReynolds in 1953 [16]. Bur-
deaux and Stephenson later introduced variations of 
medial calcaneal incisions [17, 18]. These incisions aim 
to fully expose the fractured medial wall and restore cal-
caneal length and height through precise reduction. This 
method facilitates access to the collapsed subtalar joint 
fragments, enabling their reduction and fixation through 
a limited lateral incision, thereby circumventing the need 
for a more extensive L-shaped incision. While different 
medial approaches vary in exposure range and proximity 
to the posterior tibial neurovascular bundle, they all seek 

to follow paths near the main fracture line while pro-
tecting critical neurovascular structures [19, 20]. None-
theless, the existing body of research on the traumatic 
anatomy of medial calcaneal fractures in older adults is 
insufficient, leaving unresolved questions about fracture 
distribution and optimal incision design. This gap hin-
ders the advancement of tailored surgical strategies that 
integrate medial and limited lateral approaches [21].

Using 3D mapping, this study analyzes age-related frac-
ture line distribution and its impact on medial incision 
design, providing evidence for combined medial and lim-
ited lateral incisions.

Method
Subjects
This study was approved by the Ethics Committee of the 
First Affiliated Hospital of Nanjing Medical University. 
Inclusion criteria included: [1] patient age ≥ 18 years; 
[2] availability of complete original CT scan data suit-
able for 3D reconstruction and surgical simulation; and 
[3] presence of a closed calcaneal fracture. The exclusion 
criteria included: [1] patients under 18 years of age; [2] 
pathological fractures; [3] history of previous surgery at 
the fracture site; [4] open fractures; [5] comminuted frac-
tures with unclear fracture lines; and [6] Sanders type I 
fractures, as these fractures typically exhibit minimal dis-
placement and are generally managed with conservative 
treatment.

Calcaneal bone reconstruction and fracture line mapping
All patients underwent CT scans (Siemens, Berlin, Ger-
many), with the resultant data archived in Digital Imag-
ing and Communication in Medicine (DICOM) format. 
These DICOM data were imported into Mimics Research 
21.0 software (Materialise, Leuven, Belgium) to generate 
3D models of the calcaneus, which were used for sub-
sequent measurements (Fig.  1A-B). The 3D models of 
the calcaneal fractures were then imported into 3-matic 
Research 13.0 software (Materialise, Leuven, Belgium). 
The standard model used for comparison was based on 
the right calcaneus; therefore, all left calcaneal models 
were mirrored to match the right side (Fig. 1C). Within 
3-matic, the fracture models were aligned with the 

Conclusion  Age significantly influences medial wall fracture patterns and complexity in calcaneal injuries. A 
personalized medial incision based on fracture morphology provides better exposure and reduction compared 
to traditional methods. Although the incision is closer to the neurovascular bundle in older patients, meticulous 
surgical technique guarantees safety. The integration of a medial incision with sinus-tarsi (ST) approach minimizes 
the necessity for extensive lateral exposure, thereby diminishing soft tissue complications and improving surgical 
outcomes for the elderly population.

Level of evidence  Level IV, retrospective case series.
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standard model using the “N points registration” func-
tion, ensuring both were positioned identically in the 
same spatial orientation. The fracture lines were then 
traced and mapped directly onto the standardized model 
(Fig. 1D).

To investigate the differences in fracture patterns 
between different age groups, patients were divided into 
two groups: Older Group (aged 50 years and above) and 
Younger Group (aged below 50 years). Separate 3D frac-
ture mapping diagrams were created for each group, 
enabling a qualitative comparison of fracture distribu-
tion between the two. The resulting diagrams were saved 
as TXT files, with coordinates recorded to an accuracy 
of 0.0001  mm, expressed in (x, y, z) format. The frac-
ture lines were then converted into 3D heat maps using 
the E-3D Digital Medical Platform® (Central South Uni-
versity, Changsha, China). These heat maps were gener-
ated based on the frequency of fracture line occurrence 

at each location, with a 5 mm buffer distance applied to 
account for minor tracing errors and anatomical varia-
tions. Distance weighting was applied during the calcula-
tions to enhance accuracy.

Soft tissue reconstruction and medial incision design and 
measurement
Based on the reconstructed calcaneal fracture models, 
Mimics software was used to reconstruct the soft tis-
sue of the foot and the posterior tibial neurovascular 
bundle, allowing for easier subsequent measurements. 
The proximal and distal endpoints of the primary frac-
ture line were connected to form an abstracted fracture 
line (AFL), representing the length of the fracture line. 
The perpendicular projection of this line onto the surface 
of the medial soft tissue model of the heel was defined 
as the idealized virtual surgical incision (Fig. 1E). For all 
samples, the following measurements were taken: [1] the 

Fig. 1  Comprehensive 3D mapping -Based Strategy for Calcaneal Fracture Mapping and Personalized Medial Incision Design. (A) 3D reconstruction of 
the fractured calcaneus using Mimics Research 21.0Ⓡ. (B) Fragment reduction and alignment performed in 3-matic Research 13.0Ⓡ. (C) Standardized cal-
caneus template model. (D) Fracture lines depicted in red on the standardized template. (E) 3D reconstruction of the distal tibia, calcaneus, and posterior 
tibial neurovascular bundle. A visual plane was established through the abstracted fracture line (AFL) and vertically intersected the medial soft tissue sur-
face. (F, G) Point A indicates the tip of the medial malleolus, and the red line represents the tibial axis. D1 is the shortest distance from the medial malleolus 
to the AFL; α is the angle between the AFL and the tibial axis; and D2 is the shortest distance from the AFL to the neurovascular bundle
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length of the AFL (L), representing the shortest length 
of the medial incision; [2] the shortest distance from 
the tip of the medial malleolus to the AFL (D1); [3] the 
angle (α) between the AFL and the anatomical axis of 
the tibia (Fig. 1F); and [4] a virtual cross-sectional plane 
through the AFL, perpendicular to the medial soft tissue, 
was established to represent the deep anatomical path. 
The minimum distance from this plane to the posterior 
tibial artery, vein, and nerve bundle was recorded as D2 
(Fig. 1G).

Statistical analysis
Data were analyzed utilizing Statistical Product and Ser-
vice Solutions (SPSS) software version 20.0 (IBM, Inc., 
Armonk, NY, USA). Continuous variables were expressed 
as mean ± standard deviation (SD), while categorical data 
were presented as frequencies and percentages. Indepen-
dent-samples t-tests were applied to normally distrib-
uted data, whereas the Mann-Whitney U test was used 
for non-normally distributed data to compare differences 
in incision parameters (L, α, D1, and D2) between the 
younger and older patient groups. Data normality was 
assessed before applying independent t-tests or Mann-
Whitney U tests as appropriate. A p-value of less than 
0.05 was considered statistically significant.

Results
Demographic and clinical characteristics of the patients
Patient data for this study were collected between Janu-
ary 2010 and December 2022, and 95 patients with 
closed calcaneal fractures were included. Out of these, 61 
patients were identified in the Younger Group (under 50 
years), while the Older Group (50 years and above) com-
prised 34 patients. Table 1 presents the data for the two 
groups of cases. A total of 104 calcaneal fracture cases 
were analyzed, including 9 patients with bilateral calca-
neal fractures. The mean age of the Younger Group was 

38.66 ± 8.02 years, whereas the mean age of the Older 
Group was 55.74 ± 9.16 years, with a statistically signifi-
cant difference between the two groups (p < 0.001). The 
gender distribution between the two groups showed no 
statistically significant difference (p = 0.824). The analy-
sis of fracture occurrence revealed that the distribu-
tion of left and right calcaneal fractures was comparable 
between the two groups, showing no statistically signifi-
cant difference (p = 0.839). Fracture types were classi-
fied according to the Sanders classification. The results 
showed that Sanders type II fractures were predominant 
in the Younger Group (47.8%), while Sanders type III 
and IV fractures were more common in the Older Group 
(43.2% and 35.1%, respectively). The difference in the 
distribution of Sanders classifications between the two 
groups was statistically significant (p = 0.008). All patients 
had a complete set of original CT scans, which were used 
for 3D reconstruction and surgical simulation.

Comparison of fracture line distribution between the 
younger and older groups
In the Younger Group (n = 67), fracture lines were mainly 
concentrated in the lateral Gissane’s angle, posterior 
region, and weight-bearing areas of the calcaneus. The 
fracture lines had clear orientations and were associated 
with fewer fracture fragments, most of which were long 
and continuous, consistent with injury patterns typically 
seen after high-energy trauma; however, a direct causal 
relationship cannot be confirmed. External forces were 
transmitted through the lateral calcaneus, leading to 
more concentrated fractures. The fracture lines on the 
medial wall were relatively concentrated and ran below 
the sustentaculum tali in a direction from the posterior 
superior to the anterior inferior region. Several additional 
fracture lines were noted in various orientations, with 
some intersecting the surface of the sustentaculum tali 
(Fig. 2A-F).

Table 1  Demographic and clinical characteristics of patients
Total (n = 95 Patients, n = 104 Cases) Younger Group (n = 67 Cases) Older Group (n = 37 

Cases)
p value

Age, mean ± SD 44.77 ± 11.76 38.66 ± 8.02 55.74 ± 9.16 < 0.001
Sex, n(%) 0.824
  Male 79(83.2) 50 (82.00) 29 (85.29)
  Female 16(16.8) 11 (18.00) 5 (14.71)
Side of injury, n(%) 0.839
  Left 36(34.62) 28 (41.79) 17 (45.95)
  Right 68(65.38) 39 (58.21) 20 (54.05)
Subtypes, n(%) 0.008
  Sanders II 44(42.31) 32 (47.76) 8 (21.62)
  Sanders III 39(37.50) 26 (38.81) 16 (43.24)
  Sanders IV 21(20.19) 9 (13.43) 13 (35.14)
Note:Age and sex variables are based on the number of patients (n = 95), while side of injury and fracture subtypes are based on the number of fracture cases 
(n = 104), as some patients had bilateral fractures. p -values for continuous variables (e.g., age) are calculated using the independent-samples t-test, while p -values 
for categorical variables (e.g., sex, side of injury, and fracture subtypes) are calculated using the Chi-square test. Statistical significance is indicated by p < 0.05
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In the Older Group (n = 37), fracture lines were mainly 
distributed in the lateral Gissane’s angle, the subtalar 
joint surface, and below the medial sustentaculum tali, 
with a more scattered distribution in the plantar region. 
The fracture lines displayed a closer proximity, demon-
strated multidirectional patterns, and were linked to a 
greater number of fragmented segments, illustrating the 
defining features of osteoporotic fractures characterized 
by multiple fragments. The fracture lines on the medial 
wall were oriented similarly to those in younger patients, 
running below the sustentaculum tali from the posterior 
superior to the anterior inferior region. However, com-
pared to younger patients, the primary fracture lines 
were closer to the sustentaculum tali. Multiple primary 
fracture lines were observed in the medial wall near the 
plantar region (Fig. 2G-L).

Comparison of incision parameters between the younger 
and older groups
The comparison of incision-related parameters between 
the two groups is presented in the Table  2. The length 
of the incision (L) was similar between the two groups, 
with values of 40.04 ± 6.65 mm in the Younger Group and 
40.68 ± 8.82  mm in the Older Group, and the difference 
was not statistically significant. There were significant 
differences in D1 and α between the two groups (38.75 
(11.26) vs. 34.29 (13.45); 144.15 (19.37) vs. 135.24 (19.55), 
respectively) (p < 0.05). The D2 value, which represents 
the shortest distance between the incision plane and the 
posterior tibial neurovascular bundle, was significantly 
smaller in the Older Group compared to the Younger 
Group (5.15 (9.15) vs. 2.45 (5.72); p < 0.05). In the Younger 
Group, 21 cases (31.34%) had the incision plane inter-
secting with the posterior tibial neurovascular bundle 

Fig. 2  Comparison of Calcaneal Fracture Line Distributions and 3D Heat Maps in Younger and Older Groups. (A–C) Younger Group. Lateral (A), medial (B), 
and superior (C) views of fracture lines superimposed on the standardized calcaneus template. A 3D heat map (D–F) illustrates fracture frequency and 
severity, with darker colors indicating higher occurrence rates in the respective regions. (G–I) Older Group. Lateral (G), medial (H), and superior (I) views 
of fracture lines similarly mapped onto the calcaneus template. Again, a 3D heat map (J–L) denotes regions of elevated fracture frequency and severity, 
shown by darker color gradients
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(D2 = 0), whereas in the Older Group, 18 cases (48.65%) 
showed such intersection. The difference between the 
two groups was not statistically significant (p = 0.0717).

Discussion
While calcaneal fractures have been extensively 
researched, the age-related variations warrant further 
investigation. This study is the first to use 3D mapping 
technology to assess age-related changes in calcaneal 
fracture anatomy and its implications for medial cal-
caneal incisions. In both Younger and Older Groups, 
fracture lines clustered in weight-bearing zones near Gis-
sane’s angle, radiating toward the lateral wall. Fractures of 
the medial wall extended from the posterior superior to 
the anterior inferior regions. These distribution patterns 
are broadly consistent with earlier fracture-mapping 
reports [22, 23], supporting the external validity of our 
dataset. In younger patients, these fractures presented 
as long, continuous lines, whereas older individuals 
exhibited fragmented, multidirectional patterns, indica-
tive of diminished bone quality and heightened fracture 
complexity.

Focusing on medial wall fractures is important for 
two key reasons: [1] The medial wall’s thicker cortex and 
proximity to the lower-extremity weight-bearing axis 
provide critical support, making its injury indicative of 
overall calcaneal damage [24] [2]. Inadequate restoration 
risks calcaneal tuberosity varus, shortening, and proxi-
mal migration, leading to persistent biomechanical issues 
despite reduced subtalar joint disruption [25]. Therefore, 
medial wall reduction is a central treatment goal.

This research revealed notable disparities in the distri-
bution of medial wall fracture lines between the Younger 
and Older Groups, which have direct implications for 
surgical approaches. In younger patients, fracture lines 
were more concentrated, often crossing the surface of 
the sustentaculum tali and indicating larger bone frag-
ments farther from it. These fractures tend to occur in 
areas of thinned cortical bone. Shi et al. also noted that 
fractures in younger patients were more directed and less 
fragmented [26], and can typically be reduced effectively 
through lateral incisions or medial distractors, without 
requiring direct medial incision visualization [11, 27]. 
The postoperative X-ray images presented in Fig. 3A and 
B illustrate that, in the Younger Group, fractures—despite 

displacement—are more readily aligned via lateral inci-
sions, resulting in the medial wall being restored to a 
functional position. This is consistent with the observed 
pattern of more concentrated and less fragmented frac-
tures, which can be managed effectively with minimally 
invasive lateral approaches.

In contrast, fractures of the medial wall in the Older 
Group were more complex, typically closer to the sus-
tentaculum tali, and involved smaller bone fragments. 
Secondary fracture lines led to further comminution, 
complicating reduction via a single lateral incision. With 
the progressive decline in bone strength associated with 
aging, fractures tend to become increasingly commi-
nuted, impacting a broader area of the medial wall and 
complicating the surgical reduction process. These find-
ings align with those of Guha et al., who showed that 
fractures in older patients are more complex due to 
osteoporosis-related bone weakness [28]. In a similar 
vein, Guo et al. observed that fractures in older patients 
exhibited a more extensive distribution, especially in the 
lateral, posterior, and articular areas of the calcaneus. 
This was characterized by narrower intervals between 
fracture lines, leading to heightened fragmentation and 
greater difficulty in achieving reduction [29]. This com-
plexity is clearly visible in the postoperative X-ray images 
from the Older Group (Fig. 3C and D), where despite the 
use of the same lateral incision approach, the medial wall 
remains misaligned and displaced, illustrating the limi-
tations of this technique in more fragmented fractures. 
Severe medial wall damage presents three key challenges: 
first, comminution compromises the medial column, 
requiring robust internal fixation [24, 30], as locking 
lateral plating may be insufficient, while medial column 
screws risk loss of reduction due to a thick, fragmented 
cortex [31, 32]. Second, comminution complicates indi-
rect reduction approaches [27]. Third, small sustentacu-
lum tali fragments reduce screw-holding power [33]. 
These challenges, as highlighted by the poor alignment 
shown in Fig.  3, underscore the need for additional 
medial approaches. Incomplete medial wall restoration 
correlates with poor outcomes [34], and a medial incision 
can enhance fracture reduction and restore calcaneal 
height and length [35].

It is essential to prevent harm to the posterior tibial 
neurovascular bundle [21, 36]. After three-dimensional 

Table 2  Comparison of incision parameters (L, D1, Α, and D2) between younger and older groups
Variables Younger Group (n = 67) Older Group (n = 37) t/U p value
L(mm) 40.04 ± 6.65 40.68 ± 8.82 0.130 0.897
D1(mm) 38.75 (11.26) 34.29 (13.45) 1699.0 0.002
α(°) 144.15 (19.37) 135.24 (19.55) 1675.5 0.003
D2(mm) 5.15 (9.15) 2.45 (5.72) 1521.0 0.025
Note:Continuous variables are presented as Mean ± SD for normally distributed data or Median (IQR) for non-normally distributed data. Normality was assessed 
using the Shapiro-Wilk test. For normally distributed variables, an independent-samples t-test was used to compare means between groups. For non-normally 
distributed variables, the Mann-Whitney U test was used. Statistical significance is indicated by p < 0.05
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reconstruction, we derived an individualized virtual inci-
sion plane by orthogonally projecting the abstract frac-
ture line (AFL) onto the medial skin. In most case this 
plane lay posterior to the tarsal tunnel—an area in which 
neurovascular branching is sparse, whereas most divi-
sions arise anterior-distally [21, 37]. Although in a subset 
of specimens the plane intersected or abutted the bundle 

(D2 = 0), the intact tunnel can be gently mobilized ante-
riorly; entering through this posterior corridor therefore 
obviates intra tunnel dissection and markedly reduces 
neurovascular risk. In addition, the mean simulated 
incision length (~ 40  mm) is substantially shorter than 
traditional medial cuts [17, 18], which—together with 
systematic pre-operative 3D mapping evaluation—helps 

Fig. 3  Postoperative X-ray Images of Calcaneal Fractures in Younger and Older Groups. (A–B) Younger Group. Postoperative anteroposterior (A) and axial 
(B) X-ray images of the calcaneal fracture showing fracture alignment and fixation. (C–D) Older Group. Postoperative anteroposterior (C) and axial (D) 
X-ray images of the calcaneal fracture demonstrating fracture reduction and hardware positioning
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limit soft-tissue stripping and the propensity for hyper-
trophic scarring [38].

Finally, we emphasize that the present work repre-
sents an imaging-based modelling exploration; ethical 
approval for a prospective clinical study is in progress, 
and the personalized incision has not yet been applied 
in patients. Together with the limited number of older 
participants, reliance on imaging rather than functional 
outcomes, and omission of patient-specific factors such 
as BMI and bone-mineral density, this may restrict the 
generalizability of our conclusions. Future work that inte-
grates these variables with clinical follow-up data should 
help to refine and validate the proposed incision design.

Conclusion
This research, utilizing advanced 3D mapping technol-
ogy, demonstrated that age plays a crucial role in the 
intricacy of medial wall fractures associated with calca-
neal injuries, thereby posing more significant treatment 
challenges for older adults. Personalized medial inci-
sions based on the morphology of the primary fracture 
lines provide better exposure of medial wall fractures 
compared to classical medial approaches. Although such 
incisions are closer to the posterior tibial neurovascu-
lar bundle, proper handling during surgery can achieve 
safe and effective reduction. The incorporation of a 
medial incision combined with sinus-tarsi (ST) approach 
can effectively reduce the need for an extended lateral 
approach, thereby minimizing soft tissue complications 
and enhancing surgical safety in older adult patients.
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