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Objective. The purpose of this study was to investigate the feasibility and clinical efficacy of the percutaneous bilateral endoscopy
technique (microendoscopic trans-Kambin’s triangle lumbar interbody fusion + percutaneous endoscopic transforaminal
decompression of the lumbar spinal canal, ME-TKT-LIF+ PETD) in the treatment of lumbar degenerative diseases. Methods.
From May 2016 to September 2018, 29 patients (16 males and 13 females) who suffered from neurologic symptoms due to
degenerative lumbar spine disease and underwent percutaneous bilateral endoscopy technique were enrolled. A
microendoscope was used for fusion, and a percutaneous endoscope was used for spinal canal decompression. These patients’
perioperative and clinical outcome-related parameters were collected and analyzed. Results. The mean intraoperative blood loss
was 72.8 +40.6 ml, the operation time was 87.1 + 10.1 min, the postoperative ambulatory time was 1.69 + 1.0 days, the hospital
stay was 2.6 £ 1.3 days, and the follow-up period was 22.34 + 4.2 months. The visual analog scale (VAS) and the Oswestry
disability index (ODI) were significantly improved at the early postoperative and last follow-up, respectively. According to the
modified MacNab criteria, 11 (11/29) cases were rated as excellent, 15 (15/29) as good, and 3 (3/29) as fair, and the excellent
and good rate was 89.7%. Twenty-eight (28/29) cases demonstrated solid fusion, and the fusion rate was 96.6%. Conclusion.
The percutaneous bilateral endoscopy technique is safe and feasible in the treatment of lumbar degenerative diseases, with the
advantage that more normal anatomical structures are preserved. It is an optional method of lumbar interbody fusion.

1. Introduction

In 1997, Foley first carried out microendoscopic discect-
omy (MED) to treat lumbar degenerative diseases. Para-
vertebral muscles were bluntly dilated by cannulas, and
the operation was performed under microendoscopy [1].
The idea of minimally invasive surgery and endoscopic
technology has indeed been introduced into spinal surgery.
In 2006, Ruetten et al. developed percutaneous endoscopic
lumbar discectomy (PELD) [2]. PELD causes little damage
to the normal anatomical structure, and its clinical efficacy
has been widely verified [3].

Based on the surgical techniques described above, vari-
ous lumbar interbody fusion procedures, such as microen-

doscopic transforaminal lumbar interbody fusion (ME-
TLIF), percutaneous endoscopic transforaminal lumbar
interbody fusion (PE-TLIF), biportal endoscopic transfor-
aminal lumbar interbody fusion (BE-TLIF), and endoscopic
lumbar interbody fusion (Endo-LIF), have recently been
performed [4-8]. Overall, endoscopic approaches to these
procedures can be divided into two types: posterolateral
and trans-Kambin’s triangle approaches. The posterolateral
approach was similar to traditional minimally invasive sur-
gery transforaminal lumbar interbody fusion (MIS-TLIF),
with the articular processes and a part of the vertebral lam-
ina still needing to be excised [9, 10]. Although the trans-
Kambin’s triangle approach was less invasive than the pos-
terolateral approach, it had limited decompression of the
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central spinal canal and the traversing nerve root [11]. To
preserve normal anatomical structures such as the lamina
and articular processes and allow the nerve tissues in the spi-
nal canal to be directly decompressed, we performed the per-
cutaneous bilateral endoscope technique. This technique
included microendoscopic trans-Kambin’s triangle lumbar
interbody fusion (ME-TKT-LIF) and percutaneous endo-
scopic transforaminal decompression of the lumbar spinal
canal (PETD). A microendoscope was used for fusion, and
a percutaneous endoscope was used for spinal canal decom-
pression. The purpose of this retrospective study was to
investigate the feasibility and clinical efficacy of the percuta-
neous bilateral endoscopy technique (ME-TKT-LIF+ PETD)
in the treatment of lumbar degenerative diseases.

2. Material and Methods

2.1. Patient Data. This retrospective study included 29
patients who all presented with neuropathic intermittent
claudication and radicular leg pain (May 2016 to September
2018). The inclusion criteria were as follows: (1) lumbar
degenerative/isthmic spondylolisthesis grade 1 or 2; (2) lum-
bar disc herniation with segmental instability; and (3) lum-
bar foraminal stenosis with segmental instability. Patients
were excluded as follows: (1) lumbar spondylolisthesis grade
3 or above; (2) severe lumbar canal stenosis; (3) L5-S1 seg-
ment lesion with a high iliac crest; and (4) tumors, infec-
tions, and fractures involving lumbar vertebrae.

A total of 16 males and 13 females were recruited in this
study, with an average age of 59.4 £ 9.1 years (range 42 to
74). Seventeen patients were diagnosed with lumbar spondy-
lolisthesis, 9 with lumbar disc herniation with segmental
instability, and 3 with lumbar foraminal stenosis with seg-
mental instability. All patients had single-segment lesions:
L3-L4 in 3 patients, L4-L5 in 22 patients, and L5-S1 in 4
patients (Table 1). Preoperative symptoms in all patients
were unilateral radicular radiation pain with or without
intermittent claudication.

2.2. Surgical Technique. The procedures of all our patients
were performed under general anesthesia and took the prone
position on the operating table when C-arm fluoroscopy was
feasible. Somatosensory-evoked potentials, motor-evoked
potentials, and electromyography were used to monitor the
involved nerve roots. Cushions were placed on the chest
and hip joints, leaving the abdomen hanging. According to
the standard anteroposterior position, the direction and
angle line of the intervertebral foramen approach on both
sides of the lesion segment were determined under C-arm
fluoroscopy and marked on the skin (Figure 1). The surgical
site of the patient was routinely sterilized and covered with
sterile and waterproof towels (taking the L4/5 segment as
an example).

Percutaneous endoscopic transforaminal decompression
of the lumbar spinal canal (PETD) (Figure 1): On the symp-
tomatic side of the patient, a primary guide rod with a diam-
eter of approximately 4 mm and a blunt tip was inserted at a
distance of approximately 10 to 14 cm from the midline of
the vertebral column, with the direction pointing to the
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superior articular process. After the tip of the primary guide
rod touched the superior articular process, C-arm fluoro-
scopy was performed to confirm contact. The guide rod
was slid to the ventral side and advanced 1-2 cm to the inter-
vertebral disc through the intervertebral foramen, which was
again confirmed by C-arm fluoroscopy. The surgical incision
on the skin was extended to a length of 7 mm. The soft tissue
was gradually expanded through a series of retractors. A part
of the superior articular process was excised by the trepan
under the cannula with a hook at the end, which can prevent
the nerve root and epidural sac from being damaged. The
location reached by the terminal of the trepan was con-
firmed by fluoroscopy, if necessary. The trepan and the can-
nula were replaced by the 6.9-mm beveled working channel
(Figure 2), and then, the endoscope was placed. On the basis
of the patient’s preoperative symptoms, physical signs, and
imaging results, the degenerated nucleus pulposus tissue
was removed, and the spinal canal was decompressed accu-
rately under continuous irrigation with normal saline
(Figure 3).

Microendoscopic trans-Kambin’s triangle lumbar inter-
body fusion (ME-TKT-LIF) (Figure 1): On the opposite side,
as in the abovementioned surgical method, a 4 mm primary
guide rod directed to the superior articular process was
inserted at a distance of approximately 6 to 8 cm from the
midline, and the blunt tip of the guide rod reached the sur-
face of the superior articular process under the control of C-
arm fluoroscopy (Figure 2). After that, the tip of the guide
rod was slid to the ventral side and then entered the center
of the intervertebral space through the intervertebral fora-
men at an angle of approximately 40-50 degrees; its depth
and final position were adjusted through C-arm fluoroscopy.
Through the skin incision extended to 2.5cm, soft tissue
progressive dilatation was performed. Except for the primary
guide rod, the dilatation cannula and working channel were
not inserted into Kambin’s triangle but instead just placed
on the outer surface of the superior articular process. Then,
the dilatation cannula was removed, and only the primary
guide rod and working channel were retained. After the
microscopic endoscope system was fixed on the working
channel with a diameter of 22 mm, the primary guide rod
was removed under full visibility, and the exiting nerve root
was protected by a special nerve retractor (Figure 2). “Special
nerve retractor” has been approved by the ethics committee
of author’s hospital before clinical application. Under the
endoscope, the special nerve retractor was used to dilate
the exiting nerve root to the ventral side moderately, which
enlarged the Kambin’s triangle, and played a barrier role to
protect the exiting nerve root. The superior articular process
was then partially excised, and the Kambin’s triangle was
further enlarged (Figure 4). In some patients with foraminal
stenosis, we performed foraminoplasty under microendo-
scopic visualization. We used reamers, curettes, and forceps
for endplate preparation, and most of the annulus fibrosus
and nucleus materials in the intervertebral space were
removed to reach the cranial and caudal endplates. The ras-
patories were used to determine the size of the cage. Under
the fine visualization of the endoscope, the mixed bone chips
of autogenous bone and allograft bone were implanted into
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TaBLE 1: Demographic characteristics of patients.
Characteristics Values
Mean age(years) 59.4+9.1
Sex (M/F) 16/13
Diagnosis
Lumbar spondylolisthesis 17
Lumbar disc herniation with segmental instability 9
Lumbar foraminal stenosis with segmental instability 3
Level of fusion
L3-14 3
L4-L5 22
L5-S1 4

Note: mean values are presented as mean + standard deviation; M = Male, F=Female.

FIGUrg 1: Mark line on skin, the incisions of PETD and ME-TKT-LIF are, respectively, represented by the arrow and triangle (a). The
working channel of the percutaneous endoscope (arrow), the primary guide rod (triangle) (b).

the intervertebral space, and then, the cage with the optimal
size corresponding to the height of the intervertebral space
was gently hammered into the intervertebral space
(Figure 3). The size of the cage was equivalent to that used
in conventional open surgery, and finally, the integrity check
of the exiting nerve root was performed. Nerve structures in
the spinal canal need not be exposed.

Percutaneous pedicle screws and connecting rods were
implanted without placing drainage tubes, and then, the
incision was sutured intradermally (Figures 5-7).

2.3. Clinical Assessment. The following parameters were
recorded: operation time; blood loss; postoperative ambula-
tory time; hospitalization time; follow-up time and compli-
cations; and VAS and ODI scores for lumbar and lower
extremity pain preoperatively, 1 month postoperatively,
and 1 year postoperatively. The satisfaction of clinical out-
comes at the last follow-up was assessed using modified
MacNab criteria and was divided into four grades: excellent,
good, fair, and poor. Flexion-extension lateral radiography
and computed tomography were used to evaluate interverte-
bral fusion [12]. The clinical efficacy was assessed by an
independent physician who was blinded to all patients.

2.4. Statistical Analysis. VAS and ODI scores before and
after operation were compared by a paired-sample Wilcoxon
signed rank test. In this study, SPSS version 17.0 (SPSS, Chi-
cago, IL, USA) was used for statistical analysis, and P < 0.05
was set as the level of significance.

3. Results

This study included 29 patients (16 males and 13 females) with
lumbar degenerative diseases, with a mean age of 59.4 +9.1
years (range 42-74 years), operation time of 87.1 + 10.1 min
(range 65-110 min), intraoperative blood loss of 72.8 + 40.6
ml (range 35ml-250ml), postoperative ambulatory time of
1.69 £ 1.0 days (range 1-5 days), hospitalization time of 2.6
+1.3days (range 1-7 days), and follow-up period
0f22.34 + 4.2 months (range 12-24 months). The VAS for
preoperative leg pain was 7.5 + 0.7, the VAS for preoperative
back pain was 4.4 + 1.3, the VAS for leg pain 1 month post-
operation was 1.3 + 0.8, the VAS for back pain 1 month post-
operation was 1.7 £ 0.9, the VAS for leg pain 12 months
postoperation was 0.9 + 0.7, the VAS for back pain 12 months
postoperation was 0.5 + 0.6, the preoperative ODI (%) was
61.0 £ 4.6, the ODI (%) 1 month postoperation was 19.5 +
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FI1GURE 2: Intraoperative fluoroscopy. Working channel of PETD and primary guide rod of ME-TKT-LIF (a, b). Two working channel,

exiting nerve root retractor, and cage (c, d).

4.0, and the ODI (%) 12 months postoperation was 17.6 + 2.4.
The VAS and ODI scores before and after the operation were
significantly different (P <0.001). At the last follow-up, 28
(28/29) cases demonstrated solid fusion through computed
tomography and flexion-extension lateral radiography, and
the fusion rate was 96.6%. According to the modified MacNab
criteria, 11 (11/29) cases were rated as excellent, 15 (15/29) as
good, and 3 (3/29) as fair, and the excellent and good rate was
89.7% (Table 2).

4. Discussion

For lumbar degenerative diseases requiring interbody fusion,
various procedures such as MIS-TLIF, ME-TLTF, PE-TLIF,
BE-TLIF, and End-LIF have been developed at present
[4-8]. These techniques are superior to traditional open sur-
gery in trauma, bleeding volume, and postoperative rehabil-

itation [13]. As described in the literature, surgical
approaches can be divided into posterolateral approaches
and trans-Kambin’s triangle approaches. The advantage of
the posterolateral approach is that the central spinal canal
and the traversing nerve roots can be effectively decom-
pressed but require excessive resection of normal anatomical
structures, such as the articular process joint, laminae, liga-
mentum flavum, and epidural fat. After these normal tissues
are excised, obvious epidural scars will form postoperatively
[14, 15]. In contrast to the posterolateral approach, the
trans-Kambin’s triangle approach required only the resec-
tion of approximately 1/4 of the superior articular process
while preserving most of the normal anatomy. However, this
approach can only decompress the exiting nerve root, with
limited decompression for the traversing root and spinal
canal [16, 17]. The efficacy of PELD for spinal canal decom-
pression has been demonstrated [10]. The bilateral



BioMed Research International

Caudal

FIGURE 3: Intraoperative images of ME-TKT-LIF, cage was implanted under microscopic endoscope (a). Intraoperative images of PETD,
ligamentum flavum (triangle), traversing nerve root (arrow), intervertebral disc (thombus) (b).

Superior
Articular

Process

Transverse

Process

/

(®)

Caudal graf_),igl

\d
Nerve

Retractor

FIGURE 4: Special nerve retractor (a). Anatomy graph that showed the special nerve retractor dilating the exiting nerve root to enlarge the
Kambin’s Triangle. Red triangle line was the Kambin’s triangle. The black arrow pointed to the special nerve retractor (b). Surgical vision of
working place under the ME-TKT-LIF system. The superior articular process was partially resected under endoscope (c).

endoscope technology introduced in this paper combines
trans-Kambin’s triangle approach and PELD to complement
each other’s shortcomings.

ME-TKT-LIF was developed on the basis of MED. ME-
TKT-LIF is an air-based endoscopic lumbar fusion proce-
dure, and the operating instruments are similar to those of
traditional open surgery. However, the surgery was per-
formed under the channel and endoscope, and the learning
curve was steep. The primary guide rod of ME-TKT-LIF is
passed through Kambin’s triangle into the intervertebral
space at an angle of approximately 45°, similar to the YESS
technique [18]. The working channel is placed at the exter-
nal orifice of the intervertebral foramen, with the superior

articular process as the fulcrum. The dural sac and the tra-
versing nerve root are not exposed, and the exiting nerve
root is protected by the nerve root retractor under visualiza-
tion. The height and width of the lumbar Kambin’s triangle
are 12-18 mm and 10-12 mm, respectively [19]. According to
the description of Andrew [20], Kambin’s triangle is a Mit-
subishi cone with a small outer part and a large inner part,
so only approximately 1/4 of the superior articular process
needs to be removed to complete the implantation of the
cage. ME-TKT-LIF uses a large 22-mm channel with exten-
sive and reasonable removal of the annulus fibrosus and the
cartilage endplate under full endoscopy. The unrestricted
choice of cage size and type, along with adequate interbody
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FIGURE 5: Panoramic photograph of the percutaneous bilateral endoscope technology (a). The photo shows the stitched incision (b).

FIGURE 6: Pattern diagram of the location of the two working channels during the operation, PETD working channel (triangle) on the
symptomatic side, ME-TKT-LIF working channel (arrow) on the opposite side.

bone grafting, is prerequisite for improved fusion rates. The
articular process, ligamentum flavum, posterior longitudinal
ligament, and epidural fat were not removed, thus reducing
the possibility of epidural scar formation and shortening
the operation time. The complications of PE-TLIF have been
reported in the literature to be 20% to 35%, mainly including
endplate collapse, fusion failure, and pedicle screw or rod
fracture [21]. Only expandable cages or small cages can be
used in PE-TLIF due to the working channel diameter of
10-12 mm.

The ME-TKT-LIF procedure is an indirect decompres-
sion process for the central spinal canal. Obviously, in
patients with symptoms of radioneuralgia, indirect decom-
pression alone is not feasible. However, the most obvious

advantage of PETD is the direct and accurate decompression
of the spinal canal while preserving normal anatomical
structures such as the articular process joint, ligamentum
flavum, and epidural fat. The establishment of the working
channel of ME-TKT-LIF and PETD is performed simulta-
neously on different side, which can reduce the numbers of
fluoroscopic examination and shorten the operation time.
In this technique, the establishment of the working channels
of ME-TKT-LIF and PETD all depends on the integrity of
the superior articular process. PETD and ME-TKT-LIF both
need to use the primary guide rod first. The primary guide
rod, approximately 4 mm in diameter and blunt in tip, is
inserted with its direction pointing to the superior articular
process. After the tip of the guide rod reach the superior
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(d)

(e) (f)

FI1GURE 7: Case examples with pre- and postoperative magnetic resonance imaging (MRI) scans and computed tomography (CT) scans. A
73-year-old female patient was diagnosed as lumbar spondylolisthesis before operation. Preoperative sagittal MRI scan (a), preoperative
sagittal CT scan (b), preoperative transverse MRI scan (c), postoperative sagittal MRI scan (d), postoperative sagittal CT scan (e), and

postoperative transverse MRI scan (f).

articular process, the guide rod is slid to the ventral side and
into the intervertebral disc through the intervertebral fora-
men. If the two processes performed on the same side, after
the PETD is finished, the superior articular process is
incomplete. In ME-TKT-LIF, the primary guide rod cannot
utilize this anatomys; it is hard to establish a working channel
and the risk of nerve root increase. The operation was per-
formed under general anesthesia, and the peripheral nerves
involved were monitored using somatosensory-evoked
potentials, motor-evoked potentials, and electromyography,
which improved patient comfort and ensured safety. The
primary guide with a diameter of 4mm and a bullet-
shaped tip also help to avoid injury to the exiting nerve
roots.

The mean operative time in this study was 87.1+10.1
min. During the operation, it is not necessary to resect the
articular process joint, and the simultaneous placement of
the working channel on both sides can help to shorten the
operation time. The mean intraoperative bleeding volume

was 72.8+40.6ml. The mean postoperative ambulation
time was 1.69 + 1.0 days, and the mean hospital stay was
2.6 +1.3 days. Similar to other minimally invasive endo-
scopic lumbar fusion techniques, this technique outperforms
MIS-TLIF in terms of bleeding volume, postoperative ambu-
lation time, and hospital stay. The mean time to ambulation
and discharge after MIS-TLIF is up to 3.2 days and 9.3 days,
respectively [22]. For MIS-TLIF, most surgeons used a
retractor in combination with a microscope [23], while we
used a series of expanding cannulae and a working channel.
ME-TKT-LIF is an endoscopic TLIF, not a microscope-
assisted TLIF. The retractor is more traumatic to the muscle
than to the channel [24]. ME-TKT-LIF utilizes the natural
structure of the intervertebral foramen, and the angle and
direction of its working channel can be easily adjusted with-
out removing the zygapophyseal joint, thus completing the
endplate preparation well. However, MIS-TLIF requires the
resection of more normal anatomical structures to complete
the decompression of the target area. In the present study,
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TaABLE 2: characteristics of clinical outcome.
Characteristics Values
Follow-up period 2234142
Blood loss 72.8 +40.6 ml

87.1£10.1 min
1.69 + 1.0 days

Operation time

Postoperative ambulatory time

Hospitalization time 2.6 + 1.3 days
VAS for leg pain
Preoperative 7.5+£0.7

1 month postoperative 1.3+0.8 (P<0.001)

12 months postoperative 0.9+0.7 (P<0.001)

VAS for back pain
Preoperative 44+13

1.7+0.9 (P <0.001)

0.5+0.6 (P <0.001)

1 month postoperative

12 months postoperative
ODI (%)

Preoperative 61.0+4.6
23.1+6.6 (P<0.001)

20.1+5.1 (P <0.001)

1 month postoperative

12 months postoperative

MacNab
Excellent 11(11/29)
Good 15(15/29)
Fair 3(3/29)
Poor 0
Excellent and good rate 89.7%

Note: mean values are presented as mean + standard deviation; P <0.001
versus preoperative data.

the postoperative VAS score (back pain and leg pain) and
ODI both improved significantly compared to presurgery
scores. Preoperatively, the patient presented with intermit-
tent claudication and radicular pain in the lower extremities,
and the mean VAS score for leg pain was higher than the
mean VAS score for back pain. The decompression of the
dural sac and nerve root by PETD ensures satisfactory
short-term postoperative efficacy. This study showed that
the fusion rate and efficacy satisfaction of this technique
reached 96.6% and 89.7%, respectively. The use of a large
22-mm channel can both adequately and effectively resect
the diseased intervertebral disc and implant an intervertebral
cage of the same size as that for open surgery to ensure osse-
ous fusion. Previous studies have shown that lumbar inter-
vertebral fusion employs a stand-alone endoscopic TLIF
procedure with a complication rate of up to 36% [25].
Therefore, fusion should be accompanied by percutaneous
pedicle screws or others internal fixation. ME-TKT-LIF
and percutaneous pedicle screws provide the assurance of
satisfactory rates of long-term therapeutic results.

In one case, the symptoms of lower extremity pain were
not resolved significantly after surgery, and MRI examina-
tion revealed partial residue in the spinal canal. After conser-
vative treatment, the VAS score at 1 month was 2.
Intraoperative incomplete decompression was considered.
At the last follow-up, computed tomography of one patient

BioMed Research International

showed no obvious trabecular bone bridge in the interverte-
bral space, and the patient had no symptoms. Measures to
continue follow-up observations were given.

This research and this technology have deficiencies.
First, the sample size of this study was small, there was an
absence of a control group, and the mean follow-up period
was not long enough, which may not be sufficient to prove
the effectiveness of this procedure. Second, surgeons need
to be proficient in both endoscopic techniques, and the
learning curve is steep. Third, ME-TKT-LIF and PETD are
mechanical combinations in this technology, and a better
model needs to be developed.

5. Conclusion

Under appropriate patient selection and surgical indications,
the percutaneous bilateral endoscopy technique is effective
and feasible for the treatment of lumbar degenerative dis-
eases, with the advantage that more normal anatomical
structures are preserved. It is an optional method of lumbar
interbody fusion.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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1. Introduction
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The aim of this study was to evaluate the clinical application of double-reverse traction for minimally invasive reduction of
complex tibial plateau fractures. A retrospective analysis was performed to identify all patients admitted to the Department of
Orthopedics, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, from March 2017 to
December 2019 with Schatzker type VI tibial plateau fractures. 12 patients were identified (7 men and 5 women) with an
average age of 46.15 + 13 (39-58) years old. All patients were treated with double-reverse traction and closed reduction. After
the fracture was reduced, the bone plate was fixed by percutaneous minimally invasive implantation. Outcomes assessed in this
study include operation time and intraoperative blood loss. Imaging was performed during the postoperative follow-up, and
functional recovery was evaluated at the final follow-up according to the Hospital for Special Surgery (HSS) score and the
International Knee Joint Literature Committee (IKDC) functional score. Patients were followed up for 12.54 +1.5 (8-15)
months. The average operation time was 63.63 + 21 (35-120) minutes, and the average intraoperative blood loss was 105.45 +
21 (60-200) mL. The Rasmussen imaging score was either excellent or good in all cases. The knee joint HSS score was 86.15 +
6 (79-90) points, and the IKDC score was 80.01 + 11 (75-90) points. No complications, such as wound infection, incision
disunion, loosening of internal fixation, and internal fixation failure, occurred. In the treatment of Schatzker VI type complex
tibial plateau fracture, the dual-reverse traction minimally invasive technique has the advantages of safety and effectiveness, less
soft tissue injury, and allowing early joint movement, which is worthy of clinical promotion.

The current conventional treatment of tibial plateau frac-
tures consists of conservative management, internal fixation,

Tibial plateau fractures are common intra-articular fractures
in the adult population, accounting for 1.66% of total body
fractures. The Schatzker classification is currently one of
the most widely implemented clinical fracture classifications
[1]. Schatzker II-VI fractures account for 85.85% of tibial
plateau fractures, with Schatzker type VI fractures, which
are caused by high-energy injuries, often causing severe
peripheral soft tissue damage, joint collapse, and tibial
condylar separation. Successful treatment of such fractures
is a notable challenge in the field of orthopedic trauma [2].

external fixation, and joint replacement. Moreover, as for
Schatzker type VI tibial plateau fractures, the current main-
stream approach mainly involves double-incision and
double-plate therapy accompanied by arthroscopic treat-
ment. However, when patients receive such conventional
treatments, they may suffer iatrogenic trauma, which aggra-
vates soft tissue damage and increases the incidence of com-
plications such as postoperative infection [3]. The prognostic
complications mentioned above all cause great difficulties for
clinicians and need to be fixed urgently. Therefore, minimally
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invasive reduction and fixation offers great potential for the
treatment of such fractures. The double-reverse traction
repositor (DRTR), developed by Professor Yingze Zhang,
has shown significant advantages in the treatment of com-
plex tibial plateau fractures. This surgical method, noted to
be simple and quick, allows for minimally invasive reduction
and fixation with few postoperative complications. In the
current study, we assess the outcomes of 12 patients with
complex type VI tibial plateau fractures who were treated
with the DRTR. The purpose of this study is to assess the effi-
cacy of the DRTR surgical technique as a minimally invasive
treatment of type VI tibial plateau fractures and to demon-
strate the safety and efficacy of this technique by roughly
comparing it with those associated with common-sense open
internal fixation [4].

2. Materials and Methods

2.1. Patient Information. We retrospectively analyzed 12
patients (7 men and 5 women) with Schatzker type VI tibial
plateau fractures who had been admitted to the Department
of Orthopedics, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, from
March 2017 to December 2019. The average age of the
patients was 46.15 + 13 (39-58) years old. Cause of injury
included motor vehicle accidents (6 patients), electric vehicle
falls (4 patients), and crush injuries (2 patients). All patients
underwent relevant assessment during admission to exclude
surgical contraindications. The average time from injury to
operation was 8.52 + 3 days. The classification of the damage
of the soft tissue adopted AO-IC, IC-1(3 patients), IC-2(8
patients), and IC-3(1 patient), (Table 1).

2.2. Inclusion and Exclusion Criteria. We included all
patients: (1) between 18-65 years, (2) with Schatzker VI
tibial plateau fractures, (3) with injuries due to high-
energy velocity and torsion, (4) with normal lower limb
function prior to injury, (5) who had a closure time from
injury to surgery of less than 3 weeks patients, (6) with
no other peri-knee fractures, and (7) who agreed to
receive minimally invasive treatment with double-reverse
traction.

Patients excluded were those (1) with open, knee degen-
eration, pathological fractures, or severe knee joint degener-
ation; (2) with a history of peripheral nerve, vascular injury,
and compartment syndrome; and (3) with poor general con-
dition or with severe systemic diseases.

This study has been approved by the Medical Ethics
Committee of the Union Hospital, and informed consent
was obtained from all included patients.

2.3. Method of Operation. All surgeries were performed by
the chief physician. Surgery was initiated after satisfactory
general anesthesia. The patient was placed in the supine posi-
tion. @2.5mm Kirschner wires were placed on the femoral
condyle and the distal tibia. Two traction bows were placed
on the Kirschner wire and connected with the double reverse
traction repositor. Bone traction must be performed along
the long axis of the tibia and extended until the calf muscles
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are tightened. Reduction of the fracture block was observed
under C-arm digital subtracting X-ray system. The force line
of the knee joint was adjusted with the double-reverse traction
device restoring the length and force line of the front and lat-
eral tibia under C-arm digital subtracting X-ray system. The
gap on the outer platform was retracted. The articular surface
of the distal femur was used as a guide to restore the articular
surface of the tibial plateau during the reduction process. If the
articular surface was collapsed, a 2.5mm guide pin was
inserted under fluoroscopy from the inner and lower part of
the tibial tubercle about 5cm below and 1 cm behind the tibial
spine. If the medial fracture line involved the positioning
point, it could be lowered appropriately. The guide needle
was pushed forward to 1 to 2cm below the collapsed bone
mass and, based on the guide pin, a ring drill or a hollow
gradient drill to gradually open to about 1.5cm. Using the
self-developed collapsed bone block top rod system to insert
into the bone tunnel, adjust the angle and gently tap the
end of the top rod under fluoroscopy to gradually lift the
collapsed fracture block up and restore the flatness of the
articular surface. A bicortical iliac strip of appropriate size
is removed from the autogenous iliac bone to support the
bone graft through the bone tunnel. After bone grafting, a
minimally invasive incision is created and the lateral plate
is inserted. A drill is placed horizontally at the proximal
end for temporary fixation, a locking screw is placed at
the distal end, and the medial plate is inserted. The
squeezed bolts are inserted into the positioning holes on
the outer plate depth, which is required to determine the
length prior to insertion, and the width of the joint surface
is reset. Performer adjusts the position of the inner plate on
the opposite side to ensure that the bolts pass through the
inner plate nail holes. The bolts are tightened, and the tail
broken. Finally, screw in the remaining screws of the
medial and lateral plates in turn removes the traction
frame, grinds the articular surface over the flexion position,
and strikes the heel in the extension position to further flat-
ten the articular surface. Routine postoperative arthroscopic
exploration showed that the articular surface fractures were
reduced well with the step smaller than 2mm (probing
hook diameter). Typical case is shown in Figures 1, 2,
and 3.

Patients received routine anticoagulation and detu-
mescence treatment 24 hours after surgery. The quadri-
ceps muscle function was passively exercised on the first
day after surgery. The drainage tube was removed on
the second day after surgery. After the sixth week,
patients were able to start ambulating without weight-
bearing. 12 weeks after surgery, depending on the healing
condition of the fracture, patients were gradually able to
walk with weight.

2.4. Follow-Up and Observation Indicators. The patients
were followed up for 1, 3, and 6 months after surgery,
and imaging was performed. Final follow-up imaging was
scored according to the Rasmussen evaluation standard.
The functional recovery of the affected knee joint was
evaluated using the New York Special Surgery Hospital
(HSS) score and the International Knee Documentation
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TaBLE 1: Basic information of included patient.

Number of

Time before Classification of soft

Gender Cause of injury Age . .
Group cases ' . o operation tissue
Cases Male/ Vehicle acc1d.en.ts/ _fall injury/crush Years Days IC1/IC2/IC3
female injuries
DRTR 12 715 6/4/2 46.15+13 8.52+3 3/8/1

The data included is of patients who were available at 12 months.

Committee (IKDC) functional score. Postoperative compli-
cations were monitored, and intraoperative data such as
operation time and intraoperative blood loss were
collected.

2.5. Statistical Methods. Data entry and statistical analysis
were performed using SPSS13.0 (SPSS Corporation, USA) sta-
tistical software. The Kolmogorov-Smirnov test was used to
verify whether distribution conforms to normal distribution.
The age of patients, time from injury to operation, follow-up
time, operation time, and HSS and IKDC scores are expressed
as x~ + 5. The a value of the inspection level was set to 0.05.

3. Results and Discussion

All patients underwent successful surgical treatment, and
there was no attrition to surgical follow-up. The follow-
up time was 8-15 months, with an average of 12 months.
One patient had obvious skin contusion before operation
and epidermal necrosis after operation which improved
with dressing change. All other patients showed no com-
plications such as wound infection and nonunion after
operation. Postoperative X-ray imaging in the double-
reverse traction group showed satisfactory fracture reduc-
tion and proper position of the bone plate and screws.
The average operation time was 63.63 21 (35-120)
min, and the average intraoperative blood loss was
105.45+21 (60-200) mL. At the final follow-up, all
patients scored excellent or good on the Rasmussen imag-
ing score. The average knee HSS score was 86.15+ 6 (79-
90) points, and the average IKDC score was 80.01 +11
(75-90) points. Lower limb length difference was 1.12 +
0.58 (0-2.21) cm.

Tibial plateau fractures are intra-articular fractures with
high incidence. Schatzker VI fracture is the most severe type
of tibial plateau fracture. It is mostly caused by high-energy
impact injuries such as vehicle accidents and falls from
heights. Schatzker type VI fractures usually manifest as com-
minuted fractures which involve the entire tibial condyle
and articular surface [5]. They are often accompanied by
damage to the cruciate ligament and meniscus, causing seri-
ous changes in the normal anatomical relationship of the
tibial condyle [6]. Following a Schatzker type VI fracture,
the soft tissue around the knee joint has relatively poor
blood supply, which can result in wound infection and skin
necrosis and even hinder bone union. Current treatment for
Schatzker type VI fractures is limited to incision reduction,
rigid internal fixation, and early functional exercise. How-
ever, the traditional open reduction and internal fixation

surgery requires long incisions, large soft tissue damage, long
operation time, and large dissection range, and, hence, the
incidence of postoperative complications is also higher [7].
The literature supports that maintaining the overall force
line of the lower limbs is more important than anatomical
reduction of the articular surface. Recovery of the knee joint
stability is an important factor affecting the long-term effi-
cacy of tibial plateau fracture treatment [8]. Rehabilitation
does not entirely depend on the anatomy of the articular sur-
face. Satisfactory results can be obtained with repositioning
if the overall force line of the lower limbs recovers well, even
if part of the articular surface is uneven. Koval et al. showed
that there was no significant correlation between the reduc-
tion of the articular surface as shown through imaging and
clinical efficacy.

With the development of biomechanics and their clin-
ical application, it has become evident that fracture treat-
ment should not only aim to restore anatomical position
but also protect the soft tissue. Treatment of fractures does
not only restore the anatomical position but also allows
protection of the soft tissues [9]. This is particularly
important in fractures like Schatzker VI tibial plateau, in
which the soft tissue around the knee joint is seriously
injured, the skin tension is high, and tension blisters easily
form, and clinical treatment is more challenging. If the
traditional internal and external steel plate is used for fix-
ation, the surgical incision is long, and trauma to the tis-
sue is extensive [10]. A clinical case pointed out that
DRTR has achieved good results in the treatment of com-
plex tibial plateau fractures [11]. In addition, studies have
also pointed out that DRTR has the advantages of soft tis-
sue damage when dealing with high-energy impact injuries
of the knee joint [12]. Concurrently, blood supply to the
anterior tibia is poor, and complications such as skin
necrosis can easily occur after surgery. The use of mini-
mally invasive technology in the field of orthopedics is
receiving more and more attention. The goal of this tech-
nology is to minimize soft tissue damage, preserve the
blood supply of the fracture as much as possible, and
reduce iatrogenic injury. With extensive experience in clin-
ical practice, Professor Yingze Zhang creatively put for-
ward the theory of “homeopathic reduction” of fractures,
whereby he recommends conforming to the mechanical
axis of the limbs and the soft tissue movement trajectory
and resetting the fracture ends through traction. In the
surgical treatment of tibial plateau fractures, restoring the
lower limb force line and height of the collapsed articular
surface while maintaining the stability of the plateau frac-
ture after reduction is the focus of treatment. The double-
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FIGURE I: A 43-year-old male with Schatzker type VI tibial plateau fracture with spur sign. (a, b) X-rays of tibial plateau fracture presurgery.
(c—e) Preoperative CT imaging results of the tibial plateau fracture. (f) X-rays of tibial plateau obtained after operation. (g, h) Intraoperative
and 3 days postoperative incisions of the entire injured limb.(i) Application of double-reverse traction repositor (DRTR) during operation.
(j-m) Intraoperative fluoroscopic X-ray images of the fracture sites before and after the application of the traction device.

reverse traction device developed by Professor Yingze
Zhang uses the self-traction of the ligaments around the
knee joint and the joint capsule to achieve the reduction
and maintenance effect. At the same time, it provides
effective traction and can maintain the reduction of the
fractured end. This is particularly useful in fractures that
require continuous traction and reduction [13].

In this study, the different positions of the double-
reverse traction distal device were adjusted to restore the
force line of patient’s lower limbs, correct the knee joint
varus, and effectively maintain the fractured end [14]. Fur-
thermore, the joint was not opened during the operation,
avoiding iatrogenic injury of the knee ligament and joint
capsule, which is beneficial for the stability and functional
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Figure 2: Continued.
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@

F1GURE 2: Follow-up results of the 43-year-old male mentioned in Figure 1 were obtained at 6 and 13 months after operation. (a, b) X-rays of
tibial plateau obtained 6 months after operation. (c, d) X-rays of tibial plateau obtained 13 months after operation. (e, f) Photographs of the
knee joint in extended and flexed positions 6 months after operation. (g-i) Photographs of the knee joint in extended, flexed, and feather-

weightbearing positions 12 months after operation.

recovery of the knee joint. In patients with obvious articular
surface collapse that cannot be recovered, the medial tibial
bone tunnel is established ,and the self-made collapsed bone
block top rod system is inserted into the bone tunnel. The
end of the top rod is gently tapped under fluoroscopy to
adjust the angle in order to achieve a gradual lift of the col-
lapsed fracture block, thereby restoring the flatness of the
articular surface. An appropriate bicortical iliac strip must
be removed from the autogenous iliac bone to support
the bone graft in the bone tunnel. In line with the princi-
ples of tibial plateau fracture surgery, this procedure firmly
fixes the fracture and allows early nonweight-bearing knee
exercises and improved limb movements [15]. The mini-
mally invasive treatment concept enabled by the “Zhang

Traction Frame” should be a goal pursued both by doctors
and patients as, in comparison to the commonly used
traction beds in clinical practice, it has great advantages.
In addition, it is helpful for large-scale promotion and
application in hospitals at all levels across the country. A
disadvantage of our study is the fact that it is retrospec-
tive, the number of cases is small, and the patients
included in the study had no serious other compound
injuries that may have caused delays in surgical treatment.
In addition, the follow-up time is not very long, and
further follow-up of the long-term treatment effect of the
operation is needed to evaluate the incidence of osteoar-
thritis and other data. In a future cohort study, we aim
to observe and follow up more cases [16].
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FIGURE 3: A 55-year-old male as a typical case of articular surface collapse. (a) X-rays of tibial plateau obtained before operation. (b) CT of
tibial plateau obtained before operation. (c) MRI of the knee joint before operation. (d) CT of tibial plateau in 3D before operation. (e) X-
rays of tibial plateau obtained right after operation. (f) Postoperative appearance of the affected limb.

In summary, for the treatment of Schatzker type VI tibial
plateau fractures caused by high-energy impact injuries,
double-reverse traction and minimally invasive closed
reduction and internal fixation can achieve satisfactory
results in a short period of time. Compared with traditional
surgical methods, this technique has obvious advantages and
is worthy of increased clinical application.

4. Conclusions

In patients with Schatzker VI complex tibial plateau frac-
tures, minimally invasive double-reverse traction is a
treatment method with short operation time, minimal
bleeding, quick postoperative recovery, low infection rate,
and satisfactory clinical efficacy.
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Background. About 1/3 of tibial plateau fractures are associated with proximal fibula fractures, but most proximal fibula fractures
are often ignored. The aim of this study was to precisely explain the classification and treatment strategies of six injury types of the
fibular column associated with tibial plateau fractures. Methods. Patients with ipsilateral proximal fibula and tibial plateau
fractures treated in our hospital were retrospectively reviewed from Aug 2007 to Mar 2020. Two experienced surgeons and two
radiologists divided fibular column injury into 6 injury types according to the AO classification and four-column nine-segment
classification. The treatment scheme (surgically treated or conservatively treated) was also recorded. Results. In total, 355
proximal fibula fractures were included. Type 2 fibular head fracture was the most common type of injury in 122, and the
segregate of superior tibiofibular syndesmosis was the rarest type in 3. In avulsion injury proximal of fibular pattern, the
proportion of patients who need surgical intervention is the highest. Conclusions. Six injury types in the four-column nine-
segment classification covered all types of bony and soft tissue injuries of the fibular column and concisely explained the injury
mechanism. The classification is helpful for the precise judgement and decision-making of the concomitant fibular column

injuries in tibial plateau fractures.

1. Introduction

The proximal fibula is close to the posterolateral tibial plateau
and is closely connected by the superior tibiofibular syndes-
mosis. The proximal fibula provides functional stability to
the posterolateral structures of the knee and plays a crucial
role in the anatomy and clinical function of the knee. The
PLC is composed of the fibular collateral ligament (FCL),
biceps femoris tendon (BFT), popliteus tendon, and the arcu-
ate complex which consists of the popliteofibular ligament,
the arcuate ligament, and the variably present fabellofibular
ligament [1]. Proximal fibula fracture represents an injury
to the posterior lateral corner (PLC) of the knee, a primary
stabilizer of varus stress, external tibial rotation, and poste-
rior tibial translation (3). The repairing of the proximal fibula

injury can reconstruct the stability of the posterolateral struc-
tures of the knee.

About 1/3 of tibial plateau fractures are combined with
proximal fibula fractures, and bone fragment morphology
greatly affects the choice of surgical approach and fixation
strategy of the tibial plateau fracture. More than 40 kinds
of tibial plateau fractures have not been paid enough atten-
tion to the often-concomitant proximal fibula fractures.
The widely used Schatzker classification 1974 and AO classi-
fication 2007 did not mention the fibular fracture [2, 3].
Luo’s three-column concept and Schatzker 2018 supplemen-
tary classification marked the anterior point of the fibular
head as a landmark point merely [4, 5]. A comprehensive
and practical classification of proximal fibula fractures asso-
ciated with tibial plateau fracture is strongly needed.
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FiGure 1: The six morphologies of fibular column injury in the four-column nine-segment classification: (a) type 1: avulsion fracture of
fibular apex (“arcuate sign”); (b) type 2: fibular head fracture; (c) type 3: proximal diaphyseal fracture; (d) type 4: proximal tibiofibular
joint dislocation; (e) expanding type 1 (EX1): LCL tear; (f) expanding type 2 (EX2): avulsion fracture of lateral femoral condyle.

Focus on the local, Bozkurt et al. first described the clas-
sification of proximal fibula combined with TPF in 2005
(type 1, involved avulsion fractures; type 2, fibula head frac-
tures and/or fracture associated with proximal tibiofibular
joint; type 3, fibular neck or head and neck fractures; and
type 4, fibula proximal diaphysis fractures) [6]. In 2018, we
proposed a comprehensive “four-column and nine-
segment” classification that described the injury types of

the proximal tibia and fibula. We first named the bony and
soft tissue structure of proximal fibula as “fibular column”
and defined the six new-style injury types [7]. In the AO
classification 2018 edition, the proximal fibula fracture was
coded independently as 4F1A/4F1B (qualifications: extra-
articular or intra-articular) and divided into the simple frac-
ture and multifragmentary fracture [8]. In 2019, Zheng et al.
divided this special fracture into five patterns according to
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TaBLE 1: Demographic characteristics of patients and fractures.

Characteristics

Patients (n = 352)

Knees (n =355)

AO/OTA classification

Columns involved (n = 355)

TPII (1 = 355)

Sex ratio (male/female)
Age (£SD, years)
Age (£SD, years; male/female)

Mild comminuted (2-5)
Moderate comminuted (6-9)
Severe comminuted (10-13)

192/160 (1:0.83)
53.9+13.0
52.6+12.8/56.1 + 12.8

Left only 207 (58.8%)
Right only 142 (40.3%)
Bilateral 3 (0.9%)
Left/right 210/145 (1:0.69)
41.A 31 (8.7%)
41.B 127 (35.7%)
41.C 197 (55.4%)
1 column —
2 columns 85 (23.9%)
3 columns 149 (41.8%)
4 columns 121 (33.8%)
Total 7.9+2.6
Columns 3.1+0.8
Segments 4.8+2.0
Male/female 7.9+2.7/8.0+2.6
Left/right 7.6+2.5/8.0+2.7

84 (23.6%)
174 (48.8%)
97 (27.1%)

TaBLE 2: Morphology of fractures according to the four-column
nine-segment classification.

TaBLE 3: The morphology of fibular column injury in the four-
column nine-segment classification and related treatment.

Column Segment
109
Medial 146 d
b 103
C 77
, d 196
Intermedial 291
e 177
f 182
271
Lateral 313 §
h 246
Fibular 355 i 355

fracture line and degree of comminution (avulsion fractures,
fibular head cleavage fractures, fibular head depressed frac-
tures, comminuted fractures, and fibular neck or shaft frac-
tures). More precisely, Cohen et al. classified the avulsion
of fibular head into three subtypes (fibular styloid, fibular
head which involves the arcuate complex, and fibular head
which involves the metaphyseal) in 2018 [9].

However, there is no literature summarizing the injury
mechanism and treatment strategies for this special fracture
according to certain classifications to date. The four-column
nine-segment classification (Yao classification) seems to be
more comprehensive and clear in the current classifications.
The aim of this study was to explain the precise treatment

. Surgically Conservatively
Injury type treated treated
Tylpe 122 38 84
Tgpe 193 15 178
Type 37 3 34
Fibular 3
column Type 3 ) 1
4
Total 355 58 297
EX1 —
21/
EX2 1170 6 15
EX1: extending type 1; EX2: extending type 2; “—”: data not available.

strategy of concomitant fibular column injuries in TPFs
depending on the four-column nine-segment classification.

2. Methods

After approval was obtained from the authors’ institution’s
human subject review board, medical records, including dig-
ital radiologic data of all the patients treated for tibial plateau
fracture from Aug 2007 to March 2020, were reviewed. On
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FIGURE 2: A type 1 fibular column injury case: (a, b) the preoperative X-ray; (c) the MRI shows avulsion of lateral collateral ligament; (d) the
avulsion fracture of fibular apex was fixed by suture anchor. Green cycle: sesamoid; red arrow: avulsion fracture of fibular apex; yellow arrow:

metal anchor.

admission to the hospital, anteroposterior (AP) and lateral
X-ray and 3D computerized tomography (CT) images of
the patients were obtained. Four observers, including 2
orthopedic trauma surgeons and 2 radiologists, reviewed
the X-ray and computed tomography (CT) and on clinical
picture archiving and communication system workstations.
The fracture type was determined through consensus by
the 4 observers. None of the observers had a conflict of inter-
est regarding the patients. The exclusion criteria were age
under 18 years, previous deformity, pathological fracture,
inadequate imaging documentation, metabolic bone disease,
or a history of knee surgery.

All the tibial plateau fractures were classified accord-
ing to the AO and “four-column and nine-segment” clas-
sification. The tibial plateau injury index (TPII) and
treatment scheme (surgically treated or conservatively

treated) were also recorded. The six injury types of the
fibular column (segment i) were the following: type 1:
avulsion fracture of the fibular apex (“arcuate sign”), type
2: fibular head fracture, type 3: proximal diaphyseal frac-
ture, and type 4: proximal tibiofibular joint dislocation.
The two expanding types were the following: EX1: LCL
tear and EX2: avulsion fracture of the lateral femoral
condyle (Figure 1).

2.1. Statistics. Statistical analysis was carried out using IBM
SPSS Statistics 19 (SPSS Inc, Chicago, USA). Qualitative
data are shown as n (percentage), and quantitative data
are expressed as the mean+SD. A two-sided t-test was
used to determine the significance of differences between
the gender and sides. P <0.05 was considered statistically
significant.
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FIGURE 3: A type 1 case fixed with Kirschner wire by tension band technique: (a) preoperative lateral X-ray; (b) preoperative CT; (c, d)

preoperative X-ray.

FIGURE 4: A type 2 case fixed by a mini locking plate: (a, b) preoperative X-ray.

3. Results

3.1. Results. Totally, 1160 patients with 1170 knees suffering
TPFs were retrospectively analyzed. Thereinto, 352 patients
with 355 knees (355/1170, 30.3%) combined tibial plateau
fractures with proximal fibular injury (types 1 to 4) were
enrolled in this study. Of these 352 patients, 192 were men
and 160 were women with 1 male patient and 2 female
patients involved with bilateral tibial plateau fractures. The
average age was 53.9 + 13.0 years (male/female 52.6 + 12.8/
56.1 +£12.8 years) (Table 1). The cause of injury included
electric bicycle and motorcycle accident, car accident, fall
from a height, and sports injury.

According to the AO/OTA classification, there were 31
patients with type A (8.7%), 127 patients with type B
(35.7%), and 197 patients with type C (55.4%). According
to the Yao classification, there were 85 patients with 2 col-
umns (23.9%), 149 patients with 3 columns (41.8%), and
121 patients with 4 columns (33.8%). TPII is 7.9+2.6
(Table 1). Intermedial column and lateral column injury
was the most, and the medial column was the least (Table 2).

Of the four injury types to the proximal fibula, type 2 fib-
ular head fracture (193/355, 54.4%) was the most common.
Type 1 fibular apex (122/355, 34.4%) was the second, and
the third was the 37 (10.4%) cases of the type 3 fracture; only

3 (0.8%) cases of type 4 were found. EX1 was omitted for
invisibility in CT, EX2 has 21 cases, and the proportion
was 1.8% (21/1170).

In type 1, 38 patients needed surgery and 84 patients
were conservative. In type 2, 18 patients needed surgery
and 175 patients were conservative. In type 3, 3 patients
needed surgery and 34 patients were conservative. In type
4, 2 patients needed surgery and 1 patient was conservative.
In type EX2, 6 patients needed surgery and 15 patients were
conservative (Table 3).

4. Discussion

In this study, we analyzed the incidence and treatment strat-
egies of the largest sample size of concomitant fibular col-
umn injuries in TPFs. The current study demonstrated that
30.3% (355/1170) of tibial plateau fractures were associated
with proximal fibula fractures, which was in accordance with
previous studies [10]. The prevalence of proximal fibular
fractures associated with tibial plateau fracture was 22.2%-
38.3% [6, 11, 12].

Among the four injury types, the type 2 fibular head
compression fracture (193/355, 54.4%) was the most com-
mon, the type 1 avulsion fracture of the fibular head
(122/355, 34.4%) was the second, and type 3 the proximal
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FIGURE 5: A tibial plateau fracture case with type 2 fibular column injury fixed with a steel wire. The patient showed iatrogenic peroneal
nerve injury with foot drop and paresthesia postoperatively: (a, b) preoperative X-ray; (c, d) postoperative X-ray; (e) the symptom of

right foot drop.

()

(&

FIGURE 6: A tibial plateau fracture case with type 3 fibular column injury: (a, b) preoperative X-ray; (¢, d) preoperative CT; (e, f)

postoperative X-ray; (g, h) X-rays after removal of implant.

diaphyseal fracture was the least. Only three cases were
found in the proximal tibiofibular joint dislocation, which
was a severe traumatic marker for neurovascular injury
and compartment syndrome [3].

In terms of injury type, in the Yao classification, type 1
means the avulsion of fibular apex or head (arcuate fracture
or arcuate sign) just consistent with type 1 injury in Bozkurt
classification and Zheng classification. In Yao classification,
type 2 compressed fibular head fracture contained Bozkurt
classification type 2 + 3 and Zheng classification type 2 + 3
+ 4, regardless of the morphology of the fracture (cleavage,
depressed, or comminuted). In the Yao classification, type

3 equaled to type 4 in Bozkurt classification and type 5 in
Zheng classification.

In addition to the above three common injury types,
Yao classification defined three neostyle injury types: type
4, EX1, and EX2. Uncommon type 4 (3/355, 0.85%) was a
severe traumatic marker for neurovascular injury and com-
partment syndrome [6]. EX1 was imponderable in this
study, and 21 cases (21/1170, 1.8%) of EX2 of the fibular
column were found. It is the first time that LCL tear
(EX1) and avulsion of the lateral femoral condyle (EX2)
are considered fibular column injury type in any classifica-
tion for the proximal calf.
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FIGURE 7: A tibial plateau fracture case combined with a superior tibiofibular dislocation (type 4 injury in four-column nine-segment
classification) was fixed by plates and a positioning screw: (a) preoperative A-P view X-ray; (b) preoperative lateral-view X-ray; (c)
preoperative three-dimensional CT imaging; (d) intraoperative A-P view X-ray showed the obvious dislocation of the superior
tibiofibular joint; (e) intraoperative A-P view X-ray after the placement of the positioning screw; (f) intraoperative lateral-view X-ray.

Based on the Yao classification, type 1 avulsion of fib-
ular apex (head) fracture is more common in tension
injury and is usually caused by varus/hyperextension force.
Fixation of avulsion of the fibula head is important for the
restoration of stability of the posterolateral corner. The
smaller and undisplaced avulsions are more likely to be
treated conservatively, while the bigger and displaced frag-
ment required fixation/repair or reconstruction. In the
cohort, 38 of 122 cases underwent surgical treatment.
The recommended fixation scheme included lag screw
+washer, suture tunnel, and suture anchor technique
[13-15]. Figure 2 shows a type 1 case fixed by the suture
anchor technique.

Kirschner wire and tension band technique or locking
plates only are not recommended for spontaneous loosening
and lack of effective compression (Figure 3).

The type 2 fibular head compression fracture is highly
related to the mechanism of valgus or compression injury
of the knee. The impacted fracture site is relatively stable,
and most of this injury just required conservative treatment.
If it is obviously unstable, it can also be fixed with a screw
and plate (Figure 4).

There is the possibility of iatrogenic injury of the com-
mon peroneal nerve in the operation of the peroneal head
and neck. Less than 10% (15/193) of type 2 cases received
surgical treatment. Figure 5 shows 1 TPF patient with fibular
type 2 that underwent a fix using steel wire. Unfortunately,
the patient developed iatrogenic foot drop and sensory dis-
turbance of common peroneal injury after the operation.

The incidence of type 3 injury is low (37/355) which is
difficult to expound by a certain injury mechanism. The elas-
tic intramedullary pin scheme which does not need to
expose the nerve could be an option worth considering.
Figure 6 shows a TPF case with type 3 fibular column injury.

Only three (3/355, 0.85%) cases with type 4 proximal
tibiofibular joint dislocation were found in this cohort. The
proximal tibiofibular joint dislocation was first described
by Ogden in 1974 [16]. It is difficult to be identified on X-
ray, and 3D-CT can effectively identify the separated proxi-
mal fibula. A hook test could be used to judge the stability
during operation similar to the inferior tibiofibular syndes-
mosis. For fresh dislocation, screw, suture button, and tight
rope could be used to restore the proximal tibiofibular joint
[17-19]. Temporary screw fixation could be utilized but
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FIGURE 8: A case of extending type 2 (EX2) avulsion of lateral femoral condyle fixed by lag screws: (a) preoperative axial view CT imaging;
(b) preoperative three-dimensional CT imaging; (c, d) postoperative A-P view X-ray.

FIGURE 9: A tibial plateau fracture case with type 1 + type 2 fibular column injury.

requires removal of the screws at 12 to 16 weeks postopera-
tively. Figure 7 shows a TPF case with type 4 fibular column
injury; a positioning screw was placed to maintain the stabil-
ity of the proximal tibiofibular joint. Delayed dislocation of
the superior tibiofibular syndesmosis may require ligament
reconstruction [20, 21].

Both extending types (EX1 and EX2) covered the injury
information about LCL (PLC) and originated from varus/ex-
tension/hypertension injury the same as type 1 avulsion. For
EXI1, early repair or primary reconstruction brings about a
better prognosis [22]. Missed EX1 injury could lead to sus-
tained posterolateral instability, which required arthroscopic
or open reconstruction [23, 24]. All avulsion of lateral fem-
oral condyle could be recorded as EX2 of the fibular column
which is usually considered LCL avulsion injury. Small and
undisplaced bony pieces are usually conservative while large
pieces of bone need to be fixed surgically (Figure 8).

Obviously, the setting of six categories in four-column
nine-segment classification (Yao classification) can effec-
tively remind orthopedic surgeons to avoid missing vari-
ous injury patterns from the lateral condyle of the femur
to the fibular shaft. It should be noted that the injury type
is only a morphological description of the distribution of
fracture lines. A certain kind may originate from violence
at different levels and in different directions. For example,
an undisplaced fibula tip crack fracture can be caused by
mild tension or compression violence. Moreover, six kinds
of injury types do not exist alone and occasionally coexist.
Figure 9 illustrates a TPF case with type 1+ type 2 fibular
column injury.

There were several limitations in this study. First,
although our sample size is by far the largest, increased sam-
ples and multicenter study will lead to a more accurate inci-
dence. Second, the incidence of EX1 has not been revealed
for lacking MR or ultrasound data, and MR will provide
injury information of the total knee joint more than the pos-
terolateral corner. Third, the relationship between the injury
type of the fibular column and the functional recovery of the
knee needs further follow-up and summarization.

5. Conclusions

Six injury types in the four-column nine-segment classifica-
tion covered all patterns of bony and soft tissue injuries of
the fibular column and concisely explained the injury mech-
anism. The classification is helpful for the precise judgement
and decision-making of the concomitant fibular column
injuries in tibial plateau fractures.
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Background. The aim of this study was to investigate the application of computer-aided design and 3D printing technology for
percutaneous fixation of femoral neck fractures using cannulated compression screws. Methods. Using computed tomography
data, an individualized proximal femur model was created with a 3D printer. The reduction of the femoral neck fracture and the
placement of the cannulated compression screws were simulated on a computer. A 3D printing guide plate was designed to
match the proximal femur. After demonstrating the feasibility of the 3D model before the surgical procedure, the guide needles
and cannulated compression screws were inserted with the aid of the 3D-printed guide plate. Results. During the procedure, the
3D-printed guide plate for each patient matched the bone markers of the proximal femur. With the aid of the 3D-printed guide
plate, three cannulated compression screws were accurately inserted into the femoral neck to treat femoral neck fractures. After
screw placement, intraoperative X-ray examination showed results that were consistent with the preoperative design. The time
taken to complete the procedure in the guide plate group was 35.3 + 2.1 min, the intraoperative blood loss was 6.3 +2.8 mL,
and X-ray fluoroscopy was only performed 9.1 + 3.5 times. Postoperative radiographs showed adequate reduction of the femoral
neck fractures. The entry point, entry direction, and length of the three cannulated compression screws were consistent with the
preoperative design, and the screws did not penetrate the bone cortex. Conclusion. Using computer-aided design and 3D
printing technology, personalized and accurate placement of cannulated compression screws can be realized for the treatment of
femoral neck fractures. This technique can shorten the time required for the procedure and reduce damage to the femoral neck
cortex, intraoperative bleeding, and the exposure of patients and healthcare staff to radiation.

1. Introduction

A femoral neck fracture is the third most common type of
fracture in trauma orthopedics, and it accounts for approxi-
mately 41% of hip fractures and 3.6% of total fractures [1-
3]. There are approximately 1.5 million hip fractures every
year globally, and with the aging of the population, this is
expected to increase to 6.3 million by 2050 [4]. It is estimated

that approximately 30% of hip fractures in the world occur in
Asian countries, especially in China [5].

The femoral neck fracture often occurs in elderly patients
with osteoporosis, mainly due to low-energy injury [6]. Its
incidence is very low in young patients, in whom it occurs
mainly due to high-energy trauma. Despite surgical interven-
tions, the reoperation rates for and mortality after this type of
fracture remain high [7-9]. Although there are many
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TaBLE 1: Patient information.
Group Number of cases Gender (M/F) Age (years/range) Injury side (right/left) Garden classification (I, IL, III, IV)
. M:7 63.8+16.9 R: 10
3D gulde plate group 20 F13 50-93 L 10 611, 10IIL, 4 IV
M: 9 61.3+19.8 R: 12
Control group 20 — 45.85 L8 81,10 IIL 2 IV

methods to treat femoral neck fractures, cannulated com-
pression screw fixation remains the mainstream surgical
intervention [10-12].

In recent years, computer-aided design and 3D print-
ing technology have become more widely used in the med-
ical field [13]. In particular, considerable progress has been
made in the field of orthopedics. At present, these tech-
niques are mainly used for preoperative planning, the 3D
printing of guide plates, and personalized implant produc-
tion [14-16]. 3D-printed guide plates are usually used to
guide surgeons to accurately insert internal fixation screws
and plates. In this study, we used computer-aided design
and 3D printing technology to develop a new type of
guide plate for the precise and rapid percutaneous fixation
of femoral neck fractures.

2. Materials and Methods

2.1. Patient Information. From February 2019 to February
2020, 40 patients with a femoral neck fracture were operated
in our hospital, and they were divided into two groups
according to their preferences. Patients were included in
the study if they presented with a simple femoral neck
fracture without neurovascular injury. They were treated
with three cannulated compression screws. Forty patients
with femoral neck fractures were included in the study.
Twenty patients were treated with 3D-printed guide
plate-assisted screw placement (guide plate group), and
the remaining 20 were treated with freehand screw place-
ment under a C-arm X-ray fluoroscopy instrument (con-
trol group). The guide plate group comprised 7 male and
13 female patients, and the control group comprised 9
male and 11 female patients. Additional information about
the patients is provided in Table 1. Patients were excluded
if they presented with a pelvic, intertrochanteric, or open
fracture. All patients were treated with the same type of
cannulated compression screw implant by the same surgi-
cal team.

2.2. Digital 3D Model Reconstruction. The anatomical data
of the patients were obtained by computed tomography
(CT) scanning, and 3D models of the upper femur were
reconstructed on the screen using medical digital imaging
and an E3D digital medical modeling and design system
(http://www.e3d-med.com; E3D Digital Medical and Vir-
tual Reality Research Center, Central South University,
Hunan Province, China). The surgeon then used a preop-
erative planning procedure to design the model. The sur-
geon chose an appropriate size for the required parts

and recorded them. The model was stored as a stereolitho-
graphy file, which was then sent to a 3D printer. The
material of the 3D printing guide is polylactic acid (PLA).

2.3. Operation and Postoperative Follow-Up. Before the
operation, the 3D-printed guide plate underwent plasma
sterilization. After the femoral neck fracture was reduced
by traction, the guide plate was placed percutaneously on
the matching area of the proximal femur. With an assis-
tant keeping the fracture stable, the surgeon maintained
the position and direction of the guide plate stably with
one hand and inserted the guide needle at the designed
depth with the other hand. C-arm X-ray fluoroscopy was
used to confirm that the insertion direction and guide nee-
dle depth were correct. Three cannulated compression
screws were then implanted along the guide needle,
according to the preoperative design. The position and
angle of the three cannulated compression screws were
determined by C-arm X-ray fluoroscopy, and the results
were compared with the preoperative plan. The patients
were followed up every 3 months. All patients were
followed up successfully.

2.4. Statistical Analysis. Data were analyzed using Prism 7.0
statistical software (GraphPad, San Diego, CA, USA). Nor-
mally distributed data are expressed as the mean + standard
deviation and were analyzed using independent sample Stu-
dent’s ¢-test. Data that did not conform to a normal distribu-
tion were analyzed by the Mann-Whitney U test. P < 0.05
was considered to indicate a significant difference between
the groups.

3. Results

3.1.  Preoperative Data Acquisition, 3D Simulation
Reconstruction, Screw Path, and 3D-Printed Guide Plate
Design. First, we performed a CT scan of the femoral neck
fracture to collect detailed data (Figures 1(a)-1(d)). We
then successfully simulated the reduction process of the
femoral neck fracture using a computer, and fracture
reduction was found to be satisfactory (Figures 1(e)-
1(h)). Finally, we correctly evaluated the direction and
length of the screw. The design of the 3D-printed guide
plate was based on the anatomical characteristics of each
individual (Figures 1(i)-1(1)).

3.2. The Accuracy of Computer-Aided Design and 3D-Printed
Guide Technology. The 3D-printed guide plate was consistent
with the anatomical characteristics of each individual.
Under the guidance of the navigation template, the
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Ficure 1: Digital 3D model reconstruction and preoperative planning. (a-d) CT scanning, multiplanar measurements, and reconstruction
were performed for femoral neck fractures. (e-h) Computer-aided design and 3D simulation of femoral neck fracture reconstruction. (i-1)
Computer-aided design and 3D simulation of the use of a guide plate and the surgical process of inserting three cannulated compression

SCrews.

percutaneous insertion of the guide needle and the intra-
operative C-arm fluoroscopy results were consistent with
the preoperative design (Figures 2(a)-2(h)). CT scans
immediately after the procedure showed that the reduction
of the femoral neck fracture was satisfactory and that the
position of the three cannulated compression screws was
accurate (Figures 2(i)-2(1)). There were 17 cases of ana-
tomical reduction and 3 cases of functional reduction in
the guide plate group and 15 cases of anatomical reduc-
tion and 5 cases of functional reduction in the control
group. The time taken to complete the procedure was sig-
nificantly less for the guide plate group (35.3+2.1 min)
than for the control group (68.1+4.9 min, P <0.05).
The amount of intraoperative blood loss was 6.3 +2.8 mL
in the guide plate group and 21.3+7.1mL in the control
group (P <0.05). The guide plate group required signifi-
cantly fewer X-ray fluoroscopy images (9.1+3.5) than
the control group (20.9+2.8, P <0.05).

3.3. Postoperative Follow-Up Results. All 40 patients were suc-
cessfully followed up. The average follow-up time was 8
(range, 6-12) months. No avascular necrosis of the femoral
head, screw withdrawal, or fractures occurred during the
follow-up period (Figures 3(a)-3(f)). At the final follow-up
assessment (Figures 3(g)-3(i)), the Harris score for hip joint

function was 90.4 + 3.5 in the guide plate group and 88.2 +
2.8 in the control group (P > 0.05).

4. Discussion

The femoral neck fracture is the third most common type
of fracture in traumatology, and various treatment
options are available for it [1, 17]. Minimally invasive
internal fixation with three cannulated compression
screws is widely used to treat this type of fracture. The
femoral neck shows good antishear force, antibending
force, antirotation ability, and antiaxial stress after this
fixation procedure. This procedure can reduce the inci-
dence of nonunion of the femoral neck fracture and avas-
cular necrosis of the femoral head. Moreover, the plane
of screw placement is an inverted triangle and has the
characteristics of triangular stability [18, 19]. Although
this method has many advantages, there are certain chal-
lenges in its clinical application. First, it requires special-
ized surgical skills and extensive clinical experience, and
it depends on intraoperative fluoroscopy to confirm that
the screw position is accurate [20, 21]. Second, the screw
placement process requires multiple fluoroscopy images,
which increases the exposure of the patient and the sur-
geon to radiation. Third, intraoperative drilling and



BioMed Research International

FiGure 2: Continued.



p. 81/0.63 mm,

00!
n, EENI17/232

10:31:20, HFS
00 kv
0.81/0. 63 mm,

BioMed Research International

10:31:20, HFS
00 kV

0.81/0. 63 mm,

07043, 1l o, Sk, %ot

HE 118/233

)

F1GURE 2: The accuracy of computer-aided design and 3D printing technology for guide plate production. (a—d) The surgical procedure of
3D-printed guide plate-assisted percutaneous needle insertion and cannulated screw placement. (e-h) C-arm X-ray fluoroscopy was used
to observe the cannulated compression screw placement. (i-1) Immediate postoperative CT was performed to evaluate fracture reduction

and the position of the three cannulated compression screws.

adjustment of the screw channel may affect the blood
supply to the femoral head, thus reducing the holding
force of the bone on the screw and consequently decreas-
ing the stability of the fixation.

Therefore, a safe and effective method is needed to
ensure the accuracy and safety of screw placement. A
computer navigation system was once considered to be
an acceptable auxiliary screw placement technology. How-
ever, the system’s shortcomings, such as inconvenient
operation, cumbersome registration, and high cost, pre-
vented it from being widely used in clinical practice. With
the development of digital medicine, 3D printing technol-
ogy has become widely used in orthopedics. This technol-
ogy allows the optimization of preoperative design and the
realization of individualized and precise treatments. In
addition, it has been reported that 3D-printed personalized
guide plates are safe and feasible to use for the treatment
of intertrochanteric fractures in adults and of hip diseases
in children [16, 22].

In this study, digital orthopedic technology and 3D
printing technology were combined in the guide plate
group. A 3D-printed guide plate was used to assist in can-
nulated compression screw fixation of femoral neck frac-
tures. Before the procedure, 3D reconstruction of the
fracture site was performed using relevant software, and
the resulting model could be rotated and transparently

processed to preview the screw placement and adjust the
screw path to the optimal path. Therefore, the required
length and diameter of the screw could be determined
before the procedure. A 1:1 fracture model was also
printed before the procedure. The navigation template of
auxiliary screw placement allowed the surgeon to simulate
the procedure on the model, operate skillfully, and evalu-
ate the difficulties and results of the procedure. It is also
expected to be helpful for beginners to master the neces-
sary surgical process and skills.

The use of a 3D-printed guide plate to assist the place-
ment of cannulated compression screws for the internal
fixation of femoral neck fractures has many advantages.
First, it greatly simplifies and optimizes intraoperative pro-
cedures. The time taken to complete the procedure was
greatly reduced, and the multiple intraoperative fluoros-
copies, screw path sounding, and screw selection steps
were eliminated. Specifically, the time taken to complete
the procedure and the number of intraoperative X-ray
fluoroscopy images were significantly less in the guide
plate group than in the control group. Second, this proce-
dure is convenient for junior doctors to master, and thus,
they are more likely to promote this type of surgery. Dur-
ing the procedure, the guide plate only needs to be placed
in the predesigned position, and the screw can be accu-
rately placed without the need for multiple perspectives.
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FIGURE 3: Postoperative follow-up results. (a—f) In the guide plate group, CT images show fracture healing in the final follow-up assessment of
a representative 52-year-old female patient. (g-i) The hip function of a representative 52-year-old female patient at the final follow-up

assessment.

Third, the biggest characteristic in this study is the posi-
tional Kirschner wire in front of the femoral neck and
the designed catheter matching on the surface of the lat-
eral femoral, thus guaranteeing the use of the minimally
invasive method and the accuracy of the method at the
same time. Moreover, because this guide plate-assisted
procedure has a short learning curve and is easy to master,
it can be performed in relatively poorly equipped
hospitals.

5. Conclusion

In conclusion, the use of computer-aided design and a 3D-
printed navigation template improved the accuracy of can-
nulated compression screw implantation for the treatment
of femoral neck fractures. It reduced the risk of iatrogenic
injury to the femoral neck and vascular system and reduced
implantation time, intraoperative bleeding, and X-ray expo-
sure. With further improvements in efficiency and safety, this
technology has the potential to be widely adopted.
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Objective. We aimed to evaluate the advantages of preoperative digital design of skin flaps to repair fingertip defects during the
COVID-19 pandemic. We combined digital design with a 3D-printed model of the affected finger for preoperative
communication with fingertip defect patients under observation in a buffer ward. Methods. From December 2019 to January
2021, we obtained data from 25 cases of 30 fingertip defects in 15 males and 10 females, aged 20-65 years old (mean 35+ 5
years). All cases were treated by digitally designing preoperative fingertip defect flaps combined with a 3D-printed model.
Preoperative 3D Systems Sense scanning was routinely performed, 3-matic 12.0 was used to measure the fingertip defect area
ranging from 1.5cm x 3.5cm to 2.0 cm x 5.0 cm, and the skin flap was designed. The flap area was 1.6 cm x 3.6 cm to 2.1 cm X
5.1 cm. CURA 15.02.1 was used to set parameters, and the 3D model of the affected finger was printed prior to the operation.
Full-thickness skin grafts were taken from donor areas for repair. Results. No vascular crises occurred in any of the 25 cases, and
all flaps survived. The postoperative follow-up occurred over 3-12 months. All patients were evaluated 3 months after operation
according to the trial standard of hand function evaluation of the Chinese Hand Surgery Society. The results showed that 20
cases had excellent outcomes (80%), four cases had good outcomes (16%), and one case had a fair outcome (4%). The excellent
and good rate was 96%. Conclusions. During the COVID-19 epidemic, fingertip defects were treated with preoperative digital
design of fingertip defect flaps combined with 3D printing. Precision design saves surgery time and improves the success rate of
surgery and the survival rates of skin flaps. In addition, 3D model simulations improve preoperative communication efficiency,
and the personalized design improves patient satisfaction.

1. Introduction

Soft tissue defects of fingertips are one of the most common
hand injuries, which can lead to loss of sensation, reduced
general hand function, and decreased quality of life [1]. It is
essential to repair the soft tissue of fingertips as early as pos-
sible, to restore hand function and ensure the quality of life.
Clinical practice has shown that early operation to close the
wound surface and strengthen functional exercise is benefi-

cial to future recovery of function [2]. However, the appear-
ance of COVID-19 has complicated the traditional
treatment of finger defects. In early December 2019, Chen
et al. [3] reported the first case of pneumonia caused by the
novel coronavirus infection in Wuhan, Hubei Province. On
February 11, 2020, the disease caused by the novel coronavi-
rus was officially named COVID-19 (coronavirus disease
2019) [4]. Since December 2019, the COVID-19 outbreak
has spread across the country [5] and the world, with
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human-to-human transmission of the virus [6]. In order to
contain the spread of the disease, person-to-person contact
should be minimized to avoid transmission.

The treatment of fingertip defects is an emergency oper-
ation that should be conducted as soon as possible. During
the COVID-19 pandemic, however, hospitalized patients
are required to undergo routine pharyngeal swabs, COVID-
19 antibody tests, and chest CT scans to rule out COVID-
19. While waiting for the results, each patient must enter a
buffer ward for observation. Buffer wards are rooms where
a patient is observed without contact with other patients
and before being treated in a general ward until COVID-19
infection has been ruled out. During the observation period,
no substantial treatment for a surgical patient with a fingertip
defect can be performed, missing a critical window and
decreasing the probability of recovery of finger function.
Thus, it is essential to develop techniques to reduce time
prior to surgery for fingertip defect patients.

For the past few years, digital design and 3D printing
technology have significantly improved the efficiency of
doctor-patient communication [7, 8], because they can be
used for preoperative planning and intraoperative navigation
[9-11]. During the COVID-19 epidemic, skin flaps can be
precisely digitally designed for patients under observation,
with minimal contact with the patient, saving time typically
used for designing flaps in the traditional way during the
operation. These flaps can also be customized according to
the needs of patients, improving patient satisfaction. The
3D model is printed simultaneously to simulate the operation
and allows for thorough preoperative communication with
the patient only once or as few times as possible. Such preop-
erative design avoids incomplete and repeated communica-
tion and improves the efficiency of preoperative
communication.

In this study, fingertip defects were treated by digitally
designing skin flaps preoperatively, combined with a 3D-
printed model of the affected finger, for fingertip defect
patients under observation in a buffer ward during the
COVID-19 pandemic. This procedure saves time during the
operation and improves the success rate of the operation
and the survival rate of the flap with minimal preoperative
contact with the patient, thereby reducing the risk of
COVID-19 transmission. At present, there are few reports
on the application of digital design combined with 3D print-
ing technology in fingertip defect flap transplantation during
the COVID-19 pandemic. In this study, 25 cases of 30 finger-
tip defect patients were selected, and good postoperative effi-
cacy was obtained.

2. Materials and Methods

2.1. Case Inclusion and Exclusion Criteria. Case inclusion cri-
teria were as follows: (1) patients with negative COVID-19
nucleic acid tests in the outpatient department were
rechecked with a nucleic acid test, antibody test, and chest
CT examination after hospitalization. Before the examina-
tion results were obtained, the patients were temporarily
placed in a buffer ward. (2) Physical examination identified
the patients as having a fingertip defect. (3) A fingertip defect
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flap was digitally designed preoperatively. (4) 3D-printed
models of the affected finger were used for preoperative com-
munication with patients with fingertip defects.

Exclusion criteria were as follows: (1) patients with old
fingertip defects and (2) patients with other diseases who
cannot tolerate surgery.

2.2. Materials. There were 25 cases with 30 fingers in the
group of 15 males and 10 females aged 20-65 years old (mean
35 + 5 years). Injured fingers were as follows: index finger in
five cases, middle finger in eight cases, ring finger in ten cases,
and little finger in two cases. The defect area of fingertips
ranged from 1.5cm x 3.5cm to 2.0 cm x 5.0 cm. One-stage
flap repair was performed after emergency debridement.

2.3. Digital Design and 3D Printing Technology

2.3.1. Scans of Injured Fingers. The 3D Systems Sense soft-
ware (3D Systems Company, America) was used to assess
injured fingers. Geometric resolution was adjusted to the
highest level with scanning capacity at the minimum. The
scanner was aimed at the patient’s hand to accurately capture
an image of the hand on the affected side. Uninjured parts of
the hand were removed by cutting, materialized to form a 3D
hand model, and exported in STL file format. The same pro-
cedure was followed for the healthy side of the hand.

2.3.2. Flap Design. The STL file was imported into 3-matic
12.0 (Materialise Company, Belgium). First, the healthy hand
model was processed, and “Wrap” and “Smooth” were used
to smooth the surface of the model. Using the “Mirror” func-
tion, a hand model of the affected side was generated. Then,
using the same method for the affected hand model, coinci-
dent comparison was made between the affected finger of
the generated mirrored hand model of the affected side and
that of the affected hand model. The extra part is the missing
part of the fingertip. The “Trim” tool in “Design” was used to
cut the extra part of the affected hand model except the
affected finger, keeping the part of the affected finger that
needs to be transplanted. The “Mark” tool was used to mark
the part of the fingertip defect that needs to be covered, and
“Smooth Marking Border” was used for the marked area to
generate smooth edges. The generated surface was selected,
and the property bar was checked to identify the area of the
selected surface, that is, the area of the skin flap of the donor
area. According to the needs of the operation, the same area
was marked on the side of the affected finger, and the thick-
ness of the shell was adjusted to 2mm using the “Hollow”
tool to extract the flap in the donor area. With the “Boolean
Subtraction” tool, the model of the affected finger was sub-
tracted from the model of the skin flap by Boolean subtrac-
tion to obtain a model of the fingertip with the defective
skin flap (Figure 1), which was exported in STL file format.

2.3.3. Parameters for Designing the 3D Model. The STL file
was imported into CURA 15.02.1 (Ultimaker Company,
Netherlands), according to a previous study [12], and prior
experience was used to set software parameters. The model
“Scale” parameter was set to 0.9, while the scale of the printed
model was closer to the real size. Because the finger model



BioMed Research International

FIGURE 1: 3-matic 12.0 was used to design grafted skin flaps for
fingertip defects. The green region simulates the selected donor
area; removing the donor flap by pulling out the shell simulates
flap cutting.

was wrapped in the design of the skin flap, the model propor-
tions were a little larger than the actual proportions, so when
setting parameters, the proportion should be appropriately
reduced. The design was then exported in Geode file format.

2.3.4. 3D Printing. The Gcode-formatted file was imported
into a 3D printer (JGAURORA Company, China). Nozzle
temperature was set at 210°C, and the hot bed temperature
was set at 50°C. After preheating, the 3D-printed model of
the fingertip defect of the defective skin flap was obtained.

2.3.5. Preoperative Communication. The biological skin flap
was pasted on the surface of the 3D model and then cut to
obtain the area that fits with the donor area of the defect. This
is the transplanted skin flap. The root of the simulated
grafted skin flap was fixed on the model, and the rotation
was used to simulate the flipping of the donor flap during
the operation for preoperative communication (Figure 2).

2.3.6. Intraoperative Guidance. The simulated grafted skin
flap was removed from the surface of the 3D model, used to
cover the donor area of the patient’s finger, and marked on
the donor area, to accurately obtain the selected area and
range of the donor area intraoperatively before surgery.

2.4. Operation Methods

2.4.1. Flap Cut Out. All patients underwent a nucleic acid test,
antibody test, and chest CT examination after hospitaliza-
tion, and the possibility of COVID-19 was excluded. Brachial
plexus block anesthesia was performed under a tourniquet,
and complete debridement was performed during the opera-
tion. The flap was designed on the side of the affected finger,
pedicled with the distal end of the digital artery. The distal
end of the flap retained 1 cm of soft tissue including the ipsi-
lateral digital vasculature and nerve bundle. The flap area was
1.6cmx3.6cm to 2.1cm x 5.1 cm. The proximal flap was
dissociated in the superficial plane of the vascular nerve bun-
dle from the proximal end to the distal end, the distal 2 cm
vascular nerve bundle was dissociated, and the farthest 1 cm
vascular nerve bundle was contained in the soft tissue and
dissociated with the flap. After the flap was completely disso-
ciated, it was rotated 180" to cover the fingertip defect, and

the flap was sutured. Full-thickness skin grafts were taken
from donor areas for repair and pressurized bandaging.

2.4.2. Postoperative Management and Follow-Up. Symptom-
atic supportive treatments such as nerve nutrition, swelling
and pain relief, anticoagulation, anti-infection, and antispas-
ticity were routinely conducted. The affected limb was ele-
vated to allow for venous return, and blood circulation was
closely observed to prevent and treat vascular crisis. Postop-
erative wound dressings were actively changed, and drainage
strips were removed. Sutures were removed 14 days after the
operation, and the plaster cast was removed for external fix-
ation 3 weeks later. The finger joint and wrist joint were
strengthened for functional exercise under the guidance of
physicians.

A follow-up was conducted within one year after the
operation. During the follow-up, the evaluation indexes of
the patients’ skin flaps were measured and recorded, and
the patients were instructed in how to strengthen finger and
wrist joints using functional exercises. The standard of hand
function evaluation of the Chinese Hand Surgery Society [13]
was referenced to comprehensively evaluate the finger flap
and function.

3. Results

No vascular crises occurred in 25 cases, and all flaps survived.
One patient had superficial necrosis of about 0.4 cm x 0.4 cm
at the distal end of the skin flap, which gradually healed after
the dressing was changed. The postoperative follow-up was
3-12 months. The skin flaps were soft in texture and full in
appearance, with good elasticity, no bloat, and color close
to normal skin color; partial superficial sensation was
restored; and there were no complications such as interpha-
langeal joint motion disorder or pain in the donor area
[14]. The two-point resolution of the skin was 4-8 mm, with
an average of 5.1 mm. All patients were evaluated 3 months
after the operation according to the trial standard of hand
function evaluation of the Chinese Hand Surgery Society.
The results showed that outcomes in 20 cases were excellent
(80%), four cases were good (16%), and one case was fair
(4%). The excellent and good rate was 96%.

3.1. Typical Case. The patient (male, 40 years old) was admit-
ted to the hospital due to soft tissue defect of the left middle
finger (Figure 3(a)). Debridement treatment was performed
in the first stage, and after 2 days, surgery was performed to
repair the wound. The flap was removed according to the
preoperative design (Figure 3(b)). The lateral flap of the fin-
ger covered the defect of the fingertip of the middle finger,
and the blood supply of the flap was good (Figure 3(c)).
Full-thickness skin grafts were taken from the donor area
for repair and pressurized bandaging (Figure 3(d)). After 6
months of the postoperative follow-up, the skin flap was soft
in texture and full in shape, had good elasticity, and was with-
out bloat, and the skin color was close to normal. Some
superficial sensation recovered, and no complications such
as interphalangeal joint motion disorder and pain at the
donor site were found (Figures 3(e) and 3(f)).
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F1GURE 2: The root of the simulated grafted flap is fixed on the model, and the flipping of the donor flap during the operation is simulated for

preoperative communication.

(d)

()

FIGURE 3: Progression of fingertip replacement prior to surgery and 6 months after surgery: (a) soft tissue defect of the left middle finger before
surgery; (b) design of a lateral finger flap; (c) lateral finger flap covering the fingertip defect of the middle finger; (d) full-thickness skin grafts
were taken from the donor area for repair and pressurized bandaging; (e, f) good appearance of the skin flap at 6-month follow-up after

surgery.

4. Discussion

4.1. Research Status of Fingertip Defect Flap Transplantation.
Fingertip skin defects are a common hand trauma, and there
are various repair methods, each with advantages and disad-
vantages [15, 16]. Treatment methods include occluded
dressing, local flap transplantation of the same or different
fingers, and free flap transplantation [17-22]. Since the
1960s, local advance flap transplantation has been a common

method to repair fingertip defects [23]. Fingertip defect flap
transplantation technology is constantly optimized and
improved based on prior methods, and various new methods
emerge, promoting further development. At present, the
reverse digital artery island flap, adjacent finger island flap,
adjacent finger pedicled flap, dorsal finger fascia flap, or free
toe lateral flap are commonly used in clinical repair [24-27],
with good curative effect, and traditional surgical techniques
have become increasingly mature.
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4.2. Application of Digital Design Combined with 3D Printing
Technology in Skin Flap Transplantation of Fingertip Defects.
In recent years, applications of 3D printing technology in the
field of medicine have been greatly developed. At present,
many domestic universities, medical industry units, and sci-
entific research institutions are constantly increasing invest-
ment in the field of 3D printing technology research and
have made relatively big breakthroughs. However, there are
few reports on the application of 3D printing technology in
fingertip defect flap transplantation. Xu et al. [28] collected
CT data of hands and feet from seven patients with thumb
defects and used digital design combined with 3D printing
technology to the select donor area for thumb reconstruction,
realizing accurate, personalized, and optimized selection of
the donor area of thumb defects. He et al. [29] included 13
cases of proximal interphalangeal joint defects of 13 fingers
and simulated the digital test method of repairing facet joint
defects with autografts of toe joints and realized accurate
reconstruction of facet joints through 3D printing navigation
technology, so as to achieve better joint movement function.
Zhang et al. [30] selected 60 patients with fingertip defects, 30
with routine abdominal skin flap to repair surgery and 30
with regular 3D design improvement based on the dorsal fas-
cia pedicle retrograde island flap to repair surgery. Through
contrast research, Zhang et al. showed that 3D design
improved the dorsal fascia pedicle retrograde island flap to
repair fingertip defects with better clinical effect, convenient
operation, and higher survival rate of the skin flap. In addi-
tion, the flap was tolerant to cold, and the flap recovered bet-
ter after the operation. Mo et al. [31] selected 18 cases of
thumb and finger skin defects repaired by free transplanta-
tion of toe mini flaps. The 3D images of blood supply in
donor areas and defect parameters in recipient areas were
analyzed by computer-aided anatomical modeling. Digital
3D reconstruction technology guided surgical design of the
donor area, providing a reliable basis for designing a preoper-
ative surgical plan and intraoperative treatment of vascular
variation. This procedure reduced the risk during surgery
and improved the skin flap survival rate.

At present, preoperative design of fingertip defect flap
transplantation is mainly based on the subjective judgment
of the surgeon. In traditional procedures, the surgeon covers
the affected finger with thin paper or rubber gloves. Based on
the experience of the surgeon, the flap area of the donor area
is estimated, and the area fitted to the defect area is obtained
after cutting the sample cloth. The sample cloth is pasted on
the side of the affected finger, and the donor area is marked
along the edge of the sample cloth, to design the surgical
method and perform the operation. There are some problems
in this traditional flap design, such as inaccuracy of donor
flap design. The digital surgical design scheme of fingertip
defect flap transplantation has thus been adopted, allowing
the design to be carried out in a virtual software environment
according to the specific injuries of the patients. After print-
ing the 3D physical model of fingertip defects of the defect
flap, the biological skin flap is pasted on the surface of the
3D model and then cut to obtain the area that fits with the
donor area of the defect. This method can effectively solve
the lack of accuracy, scientific basis, and standardization

due to subjective experience of previous operations and of
the operator in the traditional method. It also effectively
avoids a mismatch between the actual cut skin flap and the
amputated finger. At the same time, by fixing the root of
the simulated grafted skin flap on the model and rotating to
simulate turnover of the donor flap during the operation,
preoperative communication is more visual and intuitive,
which can effectively promote the doctor-patient
relationship.

In this study, digital surgical design was adopted to pre-
operatively design accurate and personalized fingertip defect
grafted flaps, according to the specific injuries of different
affected fingers. The preoperative surgical design allowed
for visualization, which was conducive to smooth operation,
reduced unnecessary loss of donor area, and made the selec-
tion range of the donor area more accurate, thus improving
surgical efficiency. A total of 25 cases were treated with digital
design combined with 3D printing defects in the fingertip
flap  transplantation preoperative design guidance.
Intraoperative-specific operation implementation guidance
improved accuracy and reduced injury, and after the opera-
tion, the repaired finger had cold resistance and the new skin
felt good, which supported patient satisfaction.

4.3. Advantages and Disadvantages of Digital Design
Combined with 3D Printing Technology during the COVID-
19 Epidemic. The main advantages of digital design com-
bined with 3D printing during the COVID-19 epidemic are
as follows: (1) the use of digital skin flap design for patients
in the observation period prior to surgery allows for accurate
design of the skin flap in advance with less patient contact,
saving time typically required for designing the skin flap in
the traditional way during the operation. (2) Designing the
flap in advance saves operation time and reduces the time
of tourniquet binding on the affected limb, restoring blood
supply to the affected finger as soon as possible and improv-
ing the survival rate of the flap. (3) Personalized skin flaps
can be designed to meet the needs of patients and improve
patient satisfaction. (4) Printing a 3D model to simulate sur-
gery is visual and intuitive. It can result in thorough preoper-
ative communication with patients once or as few times as
possible, avoiding incomplete and repeated communication
and improving efficiency.

The main disadvantages of digital design combined with
3D printing during the COVID-19 epidemic are as follows:
(1) it increases the workload of clinicians, and clinicians need
to spend time to learn software operations. (2) 3D printing is
high cost, making it difficult to popularize in clinical practice.

4.4. The Improvement of Digital Design Combined with 3D
Printing Technology. At present, the application of digital
design combined with 3D printing technology in fingertip
defect flap transplantation is relatively rare. It has certain
advantages in the aspects of skin flap precision, personalized
preoperative design, and preoperative communication. How-
ever, for the blood vessels and nerves in the flap transplanta-
tion, it is hard to carry out effective preoperative simulation,
so more technical means are still needed. Mathes and Neligan
[32-34] suggested that CTA (CT angiography) can be used to



distinguish the soft tissue plane and clearly show the path of
inferior abdominal wall perforating vessels in subcutaneous
tissue, subfascial tissue, and intramuscular tissue, which can
better guide microsurgery. Combined with CTA technology,
microsurgery can be used to locate the route of the donor
artery and the starting point of the vessel pedicle, avoid
unnecessary damage to the donor area, and improve the sur-
vival rate of the donor flap. To solve the problem of poor sen-
sation of skin flap repair, Yang et al. [35] adopted the method
of the retrograde island flap with cutaneous branch of the
proper finger nerve and digital artery to treat soft tissue
defects of the same finger. Feeling in the fingertip recovered
well after operation, and the shape was appropriate. In cases
where other flaps are not suitable, the reverse island flap con-
taining the cutaneous branch of the proper digital nerve and
the digital artery is an alternative method to repair soft tissue
defect of the fingertip.

5. Conclusion

COVID-19 has complicated the traditional treatment of
patients with fingertip defects. Treatment of fingertip defects
is an emergency operation that should be conducted as soon
as possible. During the COVID-19 pandemic, the time to
surgery for patients with fingertip defects is extended. In
order to save the treatment time of patients with fingertip
defects as much as possible, preoperative digital design of fin-
gertip defect flaps was adopted for patients in the observation
period. Preoperative communication was conducted in com-
bination with a 3D-printed model of the affected finger to
treat fingertip defects, to achieve the purpose of early treat-
ment with as little patient contact as possible to reduce the
risk of transmission. The precise design of the skin flap can
save operation time and improve the operation success rate
and the survival rate of skin flaps. The efficiency of preoper-
ative communication was improved by printing 3D models
to simulate surgery, and the satisfaction of patients was
improved by personalized design of skin flaps, providing
application value in clinical treatment.

Data Availability

All data were collected from the Department of Hand and
Foot Microsurgery, Puren Hospital, Wuhan City, Hubei
Province, China.

Consent

Written informed consent was obtained from the patients for
their anonymized information to be published in this article.

Conflicts of Interest

The authors declare no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

BioMed Research International

Authors’ Contributions

Hui Lu and Hanshu Peng contributed equally to this work.
The experiment was designed by Rong Liu, Hui Lu, and Han-
shu Peng. The experiment was implemented by Hui Lu and
Hanshu Peng. The experiment was evaluated by Rong Liu
and Qimei Wu. The data was collected by Hui Lu, Ze Peng,
Dingxi Liu, and Qimei Wu.

Acknowledgments

This work was supported in part by the Hubei Provincial
Natural Science Foundation Committee General Project
(2020CFB548) (Research and development of 3D printing
rehabilitation AIDS design key technology based on topology
optimization technology) and Science and Technology Sup-
port Plan Project of Guizhou Province in 2021
(202158413293820389) (Development and Industrialization
of Adaptive Implant Devices for Bone Defect Regeneration
in Children).

References

[1] L.-W. Lok, W.-L. Chan, and Y.-K. Lau, “Functional outcomes
of antegrade homodigital neurovascular island flaps for finger-
tip amputation,” The Journal of Hand Surgery, vol. 22, no. 1,
pp. 39-45, 2017.

[2] L. Wang and X. Gao, Orthopedic surgery, People's Medical
Publishing House, Beijing, China, 1989.

[3] N. Chen, M. Zhou, X. Dong et al., “Epidemiological and clini-
cal characteristics of 99 cases of 2019 novel coronavirus pneu-
monia in Wuhan, China: a descriptive study,” The Lancet,
vol. 395, no. 10223, pp. 507-513, 2020.

[4] D. Wang, B. Hu, C. Hu et al., “Clinical characteristics of 138
hospitalized patients with 2019 novel coronavirus-infected
pneumonia in Wuhan, China,” JAMA, vol. 323, no. 11,
pp. 1061-1069, 2020.

[5] Q.Li, X. Guan, P. Wu et al., “Early transmission dynamics in
Wuhan, China, of novel coronavirus-infected pneumonia,”
The New England Journal of Medicine, vol. 382, no. 13,
pp. 1199-1207, 2020.

[6] H. Zhang, Z. Kang, H. Gong et al., “The digestive system is a
potential route of 2019 nCoV infection: a bioinformatics anal-
ysis based on single-cell transcriptomes,” BioRxiv, 2020.

[7] R. Partridge, N. Conlisk, and J. A. Davies, “In-lab three-
dimensional printing: an inexpensive tool for experimentation
and visualization for the field of organogenesis,” Organogene-
sis, vol. 8, pp. 22-27, 2012.

[8] J. S. Mulford, S. Babazadeh, and N. Mackay, “Three-dimen-
sional printing in orthopaedic surgery: review of current and
future applications,” ANZ Journal of Surgery, vol. 86, no. 9,
pp. 648-653, 2016.

[9] X. Wang, S. Xu, S. Zhou et al., “Topological design and addi-
tive manufacturing of porous metals for bone scaffolds and
orthopaedic implants: a review,” Biomaterials, vol. 83,
pp. 127-141, 2016.

[10] S.Z.Zhong, “Exploration of medical 3D printing technology,”
Chinese Journal of Orthopaedic Trauma, vol. 19, no. 2, pp. 138-
139, 2017.

[11] J. Wieding, A. Wolf, and R. Bader, “Numerical optimization of
open-porous bone scaffold structures to match the elastic



BioMed Research International

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

properties of human cortical bone,” Journal of the Mechanical
Behavior of Biomedical Materials, vol. 37, pp. 56-68, 2014.

B. Zhu, “Research on Pro/E-Cura 3D printing process technol-
ogy,” Science and Technology Outlook, vol. 17, pp. 149-149,
2014.

P. Shengde, G. Yudong, and S. De, “The trial standard of upper
extremity function evaluation of hand surgery society of Chi-
nese medical association,” Chinese Journal of Hand Surgery,
vol. 16, no. 3, pp. 130-135, 2000.

W. Wang, L. Zongbao, Y. Wang et al., “A long-term follow-up
report on the repair of soft tissue defect of finger tip with dig-
ital artery reverse island flap,” Chinese Journal of Hand Sur-
gery, vol. 28, no. 3, pp. 142-143, 2012.

Z. Feiya, W. Gao, J. Wu et al,, “Reconstruction of finger tip
defect with double subcutaneous pedicle V-Y advanced flap
and its curative effect,” Chinese Journal of Hand Surgery,
vol. 26, no. 3, pp. 162-164, 2010.

H. Jingliang, X. Zhenrong, L. Yanwen et al., “A single perfora-
tor micro flap of posterior interosseous artery was used to
repair finger skin defect,” Chinese Journal of Hand Surgery,
vol. 22, no. 5, pp. 267-269, 2006.

R. Adani, I. Marcoccio, L. Tarallo, and U. Fregni, “The reverse
heterodigital neurovascular island flap for digital pulp recon-
struction,” Techniques in Hand & Upper Extremity Surgery,
vol. 9, no. 2, pp. 91-95, 2005.

Y. Lee, S.-H. Woo, Y.-W. Kim, Y. H. Lee, and G. H. Baek, “Free
flaps for soft tissue reconstruction of digits,” Hand Clinics,
vol. 36, no. 1, pp. 85-96, 2020.

J. B. Tang, “Fingertip repair methods: choices for different fin-
gers and sides emphasizing sensation,” Journal of Hand Sur-
gery, vol. 44, no. 10, pp. 1109-1111, 2019.

J. B. Tang, D. Elliot, R. Adani, M. Saint-Cyr, and F. Stang,
“Repair and reconstruction of thumb and finger tip injuries:
a global view,” Clinics in Plastic Surgery, vol. 41, no. 3,
pp. 325-359, 2014.

P. Tos and R. Adani, “Finger amputations and pulp defects
distal to the distal interphalangeal joint,” Journal of Hand Sur-
gery, vol. 44, no. 10, pp. 1105-1106, 2019.

H. Wang, X. Yang, C. Chen, Y. Huo, B. Wang, and W. Wang,
“Modified heterodigital neurovascular island flap for sensory
reconstruction of pulp or volar soft tissue defect of digits,”
The Journal of Hand Surgery, vol. 45, no. 1, pp. 67.e1-67.e8,
2020.

J. Chen, “Research progress in the treatment of finger wound,”
Chinese Journal of Trauma, vol. 34, no. 7, pp. 663-669, 2018.

Z. Gao, Z. Jingliang, L. Yanwen et al., “Fingertip defect was
repaired with free nerve flap of foot toe peroneal artery,” Chi-
nese Journal of Hand Surgery, vol. 31, no. 5, p. 398, 2015.

L. Qichao, B. Chaohui, W. Zhu et al.,, “Island flap of dorsal
branch of proper digital artery of long pedicled adjacent finger
to repair lateral tissue defect of middle and distal finger,” Chi-
nese Journal of Hand Surgery, vol. 31, no. 5, pp. 340-342, 2015.

X. Wang, C. Jiansheng, G. Wu et al., “The dorsal finger nerve
fascia flap was used to repair the skin defect at the end of mul-
tiple fingers,” Chinese Journal of Hand Surgery, vol. 28, no. 6,
p- 360, 2012.

C. Lefeng, Z. Zhenwei, Y. Chuhong et al., “Reverse island flap
of proximal radial digital artery of middle finger to repair the
defect of thumb tip,” Chinese Journal of Hand Surgery,
vol. 30, no. 1, pp. 44-46, 2014.

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

J. Xu, G. D. Zhang, and H. T. Tan, “Application of digital
design combined with 3D printing technology in thumb
reconstruction,” Journal of Clinical Anatomy, vol. 33, no. 5,
pp. 541-544, 2015.

Z. He, J. Xu, Z. Guodong et al, “3D printing technology
assisted autogenous phalangeal joint transplantation to accu-
rately repair facet joint defects,” Chinese Journal of Tissue
Engineering Research, vol. 23, no. 31, pp. 4932-4938, 2019.

Z. Li, X. Shuijun, and H. Zhu, “Clinical study of repairing fin-
ger tip defect with 3D modified retrograde island flap of dorsal
finger fascia pedicle,” Shenzhen Journal of Integrated Tradi-
tional and Western Medicine, vol. 29, no. 21, pp. 123-124,
2019.

M. Yongjun, H. Tan, K. Yang et al., “Application of 3D tech-
nique in the reconstruction of thumb and finger defects by
transplantation of toe miniature skin flap,” Chinese Journal
of Microsurgery, vol. 20, no. 3, pp. 294-297, 2015.

D. Mathes and P. Neligan, “Current techniques in preoperative
imaging for abdomen-based perforator flap microsurgical
breast reconstruction,” Journal of Reconstructive Microsurgery,
vol. 26, no. 1, pp- 003-010, 2010.

R. D. Katz, M. A. Manahan, A. N. Rad, J. I. Flores, N. K. Singh,
and G. D. Rosson, “Classification schema for anatomic varia-
tions of the inferior epigastric vasculature evaluated by
abdominal CT angiograms for breast reconstruction,” Micro-
surgery, vol. 30, no. 8, pp. 593-602, 2010.

W. M. Rozen and M. W. Ashton, “The "limited rectus sheath
incisions" technique for DIEP flaps using preoperative CT
angiography,” Microsurgery, vol. 29, no. 7, pp. 525-528, 2009.

L. Yang, L. Hongjun, Z. Wenzhong et al., “Repair of soft tissue
defect of the same finger with reverse island flap of digital
artery with cutaneous branch of proper finger nerve,” Chinese
Journal of Hand Surgery, vol. 33, no. 4, pp. 307-309, 2017.



Hindawi

BioMed Research International

Volume 2021, Article ID 5542595, 8 pages
https://doi.org/10.1155/2021/5542595

Hindawi

Research Article

Screws Fixation for Oblique Lateral Lumbar Interbody Fusion
(OL-LIF): A Finite Element Study

Qinjie Ling(»,' Huanliang Zhang®,”> and Erxing He ©'

"Dept of Spinal Surgery, The First Affiliated Hospital of Guangzhou Medical University, 151 Yanjiang West Road, Guangzhou,
Guangdong, China 510120

2MOE Key Laboratory of Disaster Forecast and Control in Engineering, Institute of Applied Mechanics, Jinan University, Guangzhou,
Guangdong, China 510632

Correspondence should be addressed to Erxing He; heerxing717@163.com
Received 15 April 2021; Accepted 10 May 2021; Published 17 May 2021
Academic Editor: Ying-Qi Zhang

Copyright © 2021 Qinjie Ling et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. The combination of screw fixation and cage can provide stability in lumbar interbody fusion (LIF), which is an
important technique to treat lumbar degeneration diseases. As the narrow surface cage is developed in oblique lateral lumbar
interbody fusion (OL-LIF), screw fixation should be improved at the same time. We used the finite element (FE) method to
investigate the biomechanics response by three different ways of screw fixation in OL-LIF. Methods. Using a validated FE model,
OL-LIF with 3 different screw fixations was simulated, including percutaneous transverterbral screw (PTVS) fixation,
percutaneous cortical bone trajectory screw (PCBTS) fixation, and percutaneous transpedical screw (PPS) fixation. Range of
motion (ROM), vertebral body displacement, cage displacement, cage stress, cortical bone stress, and screw stress were
compared. Results. ROM in FE models significantly decreased by 84-89% in flexion, 91-93% in extension, 78-89% in right and
left lateral bending, and 73-82% in right and left axial rotation compared to the original model. The maximum displacement of
the vertebral body and the cage in six motions except for the extension of model PTVS was the smallest among models.
Meanwhile, the model PTVS had the higher stress of screw-rods system and also the lowest stress of cage. In all moments, the
maximum stresses of the cages were lower than their yield stress. Conclusions. Three screw fixations can highly restrict the
surgical functional spinal unit (FSU). PTVS provided the better stability than the other two screw fixations. It may be a good
choice for OL-LIF.

1. Introduction

Screw fixation with cage in lumbar interbody fusion (LIF) is a
key technique to treat lumbar disease degeneration. Wide
surface cages were used in some minimally invasive LIF, such
as oblique lumbar interbody fusion (O-LIF), direct/extreme
lateral interbody fusion (DLIF/XLIF), and anterior lumbar
interbody fusion (ALIF). However, injuries to the paraspinal
nerves and vessels sometimes occur [1, 2]. Currently, an
endoscopic technique through Kambin’s triangle lumbar
interbody fusion named as oblique lateral lumbar interbody
fusion (OL-LIF) was introduced [3]. The safety and effectiv-
ity of the technique have been proved [4]. OL-LIF was a dif-

ferent form O-LIF, of which the approach was expanded via
posterior retraction of the psoas for disc exposure [5]. Instead
of the wide surface cage, the narrow surface cage was used by
OL-LIF for inserting to the intervertebral space through an
endoscopic working tunnel. Biomechanical evaluation
showed that a narrow surface cage with 9 mm width was rec-
ommended in OL-LIF [6]. When a small cage was used, the
demand of a screw-rods system for function spinal unit
(FSU) stability was increased. The way of screw fixation in
FSU was studied. One of them was transverterbral screws
(TVS), also called transdiscal screws or transpedicular-
transdiscal screws [7-9]. TVS was used to treat L5-S1 spon-
dylolisthesis [7, 8, 10, 11] and thoracic interbody fusion


https://orcid.org/0000-0003-1821-590X
https://orcid.org/0000-0003-4475-9169
https://orcid.org/0000-0002-7914-2030
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5542595

BioMed Research International

D

S

\

e = Y

Traversing
~~_nerve Root
S

F

Inferior

______ \) articular

process
|

/

//// } —
' : R \
= 4 /] / Transverse process A | & |
. 4 — (|
g / ‘\\\J/ B

A =
>

/ =

FiGurg 1: The surgical approach of endoscopic OL-LIF (direction of approach and surrounding anatomy: solid rectangle line was the
endoscopic approach of OL-LIF and broken triangle line was the boundary of Kambin’s Triangle. OL-LIF: oblique lateral lumbar
interbody fusion).
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FiGure 2: Endoscopic OL-LIF models with different screw fixation in Abaqus 6.14-4. (a) Model PTVS. (b) Model PCBTS. (c) Model PPS
(PCBTS: percutaneous transverterbral screws fixation; PCBTS: percutaneous cortical bone trajectory screws; PPS: fixation and

percutaneous transpedical screws).

[12]. Due to the multiple cortical bones across, FSU had more
stability than that fixed by traditional transpedical screws
(PS) and a high fusion rate was observed [12]. With the help
of the SpineAssist miniature system [13] and the O-arm
image guidance system [12], percutaneous transverterbral

screws (PTVS) could be applied in the clinical setting. Simi-
larly, cortical bone trajectory screw (CBTS) fixation was con-
sidered to have similar or even more stability than pedicle
screws. Percutaneous cortical bone trajectory screws
(PCBTS) have been applied well in LIF recently [14, 15].
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TaBLE 1: Parameters of the various tissues of the lumbar spine. [5].
Tissues Modulus (MPa) Poisson’s ratio Element type Thickness
Cortical bone 12000 0.3 Shell 1 mm
Cancellous bone 100 0.2 Solid /
Bony endplate 12000 0.3 Shell 1 mm
Cartilaginous endplate 23.8 0.4 Shell 0.8 mm
Facet 35 0.4 Shell 0.2 mm
Titanium (Ti-6Al-4V) 110000 0.3 Solid /
PEEK (polyetheretherketone) 3700 0.3 Solid /
TABLE 2: Property of seven ligaments of the lumbar spine. [5].
Ligament  Strain: € (%)  Stiffness: kK (N/mm) e (%) k (N/mm) & (%) k (N/mm) & (%) k (N/mm)
ALL O<ex<122 347 12.2<e<20.3 787 20.3<e 1864
PLL 0<e<1l.1 29.5 11.1<e<23 61.7 23<e 236
CL 0<ex<25 36 25<e<30 159 30<e 384
ITL <0 k=0 0<e<18.2 0.3 18.2<e<23.3 1.8 23.3<e 10.7
FL 0<e<5.9 7.7 59<e<49 9.6 49<e 58.2
SSL 0<e<20 2.5 20<e<25 5.3 25<e¢ 34
ISL 0<e<20 1.4 13.9<e<20 1.5 20<e 14.7
Lateral Z Y Axial predict the in vivo bone and spinal implant stress [17, 18].
bending rotation Cage and screw fixation combination has been prove to
X achieve adequate vertebral stability in LIF [19, 20]. Recently,
Flexion/extension a novel narrow surface cage has been introduced to OL-LIF

Follower
load

: A
Aun‘

Completely constraint

FIGURE 3: Loading and boundary conditions of the surgical model.

However, which screw fixation has the most stability among
PTVS, PCBTS, and percutaneous pedicle screws (PPS) have
not been discussed.

Since 1973, Belytschko et al. [16] first developed a two-
dimensional finite element (FE) model of the lumbar disc;
FE analysis has become an effective method to study the bio-
mechanics of the human spine. Compared with the in vitro
cadaveric study, FE analysis had some advantages: lower eco-
nomic cost, the easier to repeat the experiment, and better to

[6]. The result suggested that a 9 mm width cage was recom-
mended in such minimally spinal surgery [6]. However, ways
in screw fixation with the endoscopic cage for LIF have not
been studied. The aim of this FE study was to evaluate three
percutaneous screw fixations in biomechanics. The result can
provide engineering evidence for the surgeon to improve the
minimally invasive spinal surgery.

2. Materials and Methods

2.1. FE Model Development. The study was approved by the
authors’ affiliated institutions ethics committee. A FE soft-
ware ABAQUS 6.14-4 (Dassault Systemes, Vélizy-Villacou-
blay, France) was used to create a FE model of the L4-L5
functional spinal unit (FSU). The mesh sensitivity test and
model validation have been done in previous study; the result
of which is in a good agreement with other published exper-
iments [6]. To simulate endoscopic OL-LIF (Figure 1), the
disc of L4-L5 FSU and cartilage endplate were removed.
Osteotomy was not needed in OL-LIF. Cortical bone and
bony endplates were with 1 mm thickness. The thickness of
facet joints in the contact area was 0.2mm. The tangential
behavior in contact was considered smooth, and normal
behavior was described as a penalty algorithm. Seven major
ligaments, the anterior longitudinal ligament (ALL), poste-
rior longitudinal ligament (PLL), flaval ligament (FL), facet
capsular ligament (CL), intertransverse ligament (ITL), inter-
spinous ligament (ISL), and supraspinous ligament (SSL),
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FIGURE 5: Vertebral body maximum displacement (mm) (blue column: PTVS; red column: PCBTS; green column: PPS).

were defined as axial connectors. The mechanical behaviors
of all ligaments were described as nonlinear stress—strain
curves. A peek cage with 9mm width narrow surface and
11mm height was inserted to the intervertebral space
through Kambin’s triangle by endoscopic approach [6].
Screws and rods were simulated as homogeneous linear elas-
tic titanium (Ti-6Al-4V). Three different screw fixations
(PTVS, PCBTS, and PPS) were assembled in the surgical
models, respectively (Figure 2). The contact between screw
heads and rods was defined as tied, where relative movement
was forbidden. Additionally, contact between the screw and
bone was simulated fully tied. The material properties of FE
models can be seen in Tables 1 and 2.

2.2. Boundary and Loading Conditions. The inferior endplate
of L5 was fully constrained. 500 N upper body weight in the
lumbar spine was simulated by a compressive follower load
with path through the centroids of two vertebral bodies
(Figure 3). The moment of 7.5 Nm was applied on the supe-

rior endplate of L4 to test the motions of L4-L5 FSU in flex-
ion, extension, lateral bending, and axial rotation (Figure 3).

3. Results

3.1. ROM and Displacement. Compared with the original
model, ROMs of the three surgical models were significantly
decreased by 84-89% in flexion, 91-93% in extension, 78-89%
in right and left lateral bending, and 73-82% in right and left
axial rotation (Figure 4). Model PTVS had the lowest ROM
in five motions except in extension. In extension, the differ-
ence among surgical models was no more than 2%. The big-
gest difference happened in the right lateral bending between
PTVS and PCBTS.

Among the models, the maximum displacement of the
vertebral body and of the cage in model PTVS was the lowest
in five moments, except that the extension was similar
(Figures 5 and 6). Model PCBTS had the highest maximum
displacement of the vertebral body in lateral bending, while
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FIGURE 6: Cage maximum stress (MPa) (blue column: PTVS, red column: PCBTS, green column: PPS).
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FIGURE 7: L4 cortical bone maximum stress (MPa) (blue column: PTVS, red column: PCBTS, green column: PPS).

the model PPS had in axial rotation (Figure 5). Model PCBTS
also had the highest maximum displacement of the cage in all
motions (Figure 6). The differences between model PCBTS
and PPS were not obvious (Figure 6). Cages had the biggest
displacement in flexion that model PTVS had 0.32 mm cage
maximum displacement less than 0.40 mm for model PCBTS
and 0.39 mm for model PPS (Figure 6).

3.2. The Maximum Equivalent von Mises Stress. The maxi-
mum stress of the L4 cortical bone in model PTVS was larger
than the other two models in all moments (Figure 7). The
largest stress was 132 MPa in PTVS in right lateral bending
(Figure 7). The difference between PCBTS and PPS was not
obvious. PCBTS had the lowest stress 36 MPa in extension
among the models (Figure 7). The maximum stress of the
L5 cortical bone was the largest in flexion and in left lateral
bending in model PTVS, while it was the largest in extension

and in right lateral bending in model PCBTS and was largest
in left/right axial rotation in model PPS (Figure 8). In flexion,
cage suffered the highest stress, which in PTVS was 57 MPa,
in PCBTS was 82 MPa, and in PPS was 85 MPa. Among the
models, the cage maximum stress of model PTVS was the
smallest in five moments except for extension (Figure 9).
Screw and rod maximum stress of model PTVS was the larg-
est among the models in all motions; those were obvious in
flexion, left lateral bending, and left/right axial rotation. In
model PTVS, screw fixation maximum stress was 307 MPa,
larger than 224 MPa for model PCBTS and 209 MPa for
model PPS (Figure 10).

4. Discussion

Stability of the lumbar spine refers to the ability of the lumbar
to cope with the physiological load of daily life, which is
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FIGURE 9: Cage maximum displacement (mm) (blue column: PTVS; red column: PCBTS; green column: PPS).

mainly maintained by the lumbar intervertebral disc, facet
joint, intervertebral ligaments, and muscles. LIF with screw-
rods system combined with cage can provide a strong stabil-
ity for the lumbar segment and create an environment for the
transplanted bone tissue for solid fusion. The way of screw
fixation and the size of the cage both affect the stability of
postoperative FSU. As the minimally invasive spinal surgery
developed, the size of the cage got smaller than before to
match the endoscopic working tunnel. When the cage chan-
ged, the screws should be enhanced. PTVS, PCBTS, and PPS
have actually been put on the professional treatment of spinal
disease. This study utilized a finite element method to assess
the biomechanics of three screw fixations in endoscopic LIF.
The result provided engineering evidence to the surgeon for
reference in the clinical setting.

The ROM and the maximum displacement of the FE
model can directly reflect the stability of the postoperative

model. The smaller the ROM and displacement of FE model
were, the greater the limit of the model activity, and the better
the stability of the postoperative model. A solid stability of
the postoperative FSU is good for intervertebral bone fusion
because the micromotion of the cage in the intervertebral
space can hinder bone fusion [21, 22]. In this study, the bot-
tom of L5 was completely constricted and the maximum dis-
placement of the model occurred in the anterior upper side of
the L4 vertebral body. The displacement of the L4 vertebral
body can mirror the ROM of the surgical model. A smaller
L4 displacement resulted in lower ROM of FSU and higher
stability of model. Displacement of L4 in six motions except
extension of model PTVS was smaller than that of model
PCBTS and model PPS (Figure 5). Similarly, the displace-
ment of cage in six motions except the extension of the cage
in model PTVS was smallest among the three models
(Figure 6). Therefore, the model PTVS had the best stability
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among the models. The difference of extension among
models was small, which agreed with the clinical setting
because of the obstruction of the upper and lower articular
process, lamina, spinous process, and ligaments. PTVS can
effectively restrict the movement of the vertebral body by tra-
versing multiple layers of the cortical bone (posterior pedicle
cortex of L5, superior cortex of L5, and inferior cortex of L4),
strongly fixing the anterior, middle, and posterior columns of
L4-15.

In LIF, after discectomy, the stability of FSU was mainly
maintained by the cage and screw-rods system in addition
to the facet joint and posterior osseous ligament complex.
The stress of the cage was inversely proportional to that of
the screw-rods system. The smaller the stress of cage, the
greater the stress experienced by the screw-rods system, espe-
cially in minimally invasive LIF. In flexion, PTVS prevented
L4 from moving downward and shared the pressure caused
by L4, so the strain and stress of the cage were reduced
(Figures 6 and 9). On the one hand, the proper pressure of
the cage could prevent the movement of the implanted bone
tissue and cage, which was good for interveterbral bone
fusion. On the other hand, the cage maximum stress was
no more than the yield stress 95 MPa [23] and that it would
not cause fatigue rupture due to excessive stress. According
to Wolff’s law, the bone tissue has the ability to adapt to the
mechanical environment. Proper stress can stimulate the
growth of the bone tissue.

The contact area between the PTVS and the cortical
bone of the vertebral body was small, so it was easy to cause
local contact stress concentration. However, the stress con-
centration was not obvious from the result of calculation.
The stress distribution of PTVS is more even than that of
the other two fixations. The maximum stress of the PTVS
was distributed more evenly in the screw body, while those
of the PCBTS and PPS were distributed at the junction
between the screw body and the screw head. PTVS has a lon-
ger body than PCBTS and PPS. Longer screw in the vertebral
body could provide a better fatigue test, which could a bear
better circulating load [24]. Using the large diameter screw

may provide a better fatigue test, and the fusion cage could
be considered omitted.

From the discussion above, it can be found that PTVS
had the better stability than the other two screw fixations.
Crossing the multiple layers of the cortical bone, PTVS effec-
tively constrained the FSU sharing load stress with cage.
With PTVS, the narrow surface cage in LIF was hardly
destroyed. In the future, when the material of the screw
improves and the fatigue test was passed, maybe there is no
need for using the cage in LIF.

4.1. Limitations of This Study. The model of this study
selected a FSU and did not simulate the whole lumbar verte-
bral model. The effect on the postoperative adjacent lumbar
intervertebral disc was not considered. Cyclic load on the
lumbar was not taken into account. Some components were
simplified, e.g., the ligaments were modeled as an axial con-
nector. The bone graft and postoperative residual annular
fibrous were not constructed in the models because until
bone fusion neither of these structures could provide imme-
diate mechanical support after surgery. The cage was also
simplified to remove the serrated surface. In our future study,
the fatigue failure test of screws and cage will be investigated.

5. Conclusion

This study used a finite element method to develop three sur-
gical models to simulate OL-LIF. The result showed PTVS
restricted the model most displacement among models. Post-
operative PTVS could provide strong stability for FSU imme-
diately. PTVS combined with a narrow surface cage may be a
good choice for OL-LIF.

Data Availability

The processed data required to reproduce these findings can-
not be shared at this time as the data also forms part of an
ongoing study.
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The mixed reality (MR) technique has recently been widely used in the orthopedic surgery with satisfactory results reported.
However, few studies have focused on the application of MR in the Lumbar fracture (LF). In this retrospective study, our aim is
to analyze some findings by investigating the feasibility of MR applied to lumbar fracture treatment. Posterior vertebrectomy has
been operated on 7 patients. The MR-based intraoperative three-dimensional image-guided navigation system (MITINS) was used
to assist implantation of pedicle screws. The feasibility and safety of pedicle screw implantation were assessed by postsurgery
radiography. The visual analog scale (VAS) and Oswestry Disability Index (ODI) were used to assess the pain level and recovery
situation before and after surgery. 57 pedicle screws were safely and precisely placed into three-dimensional lumbar models by
using MITINS. No screw was found outside the pedicle of the models, and it was not necessary for the X-ray to provide extra
locative information during the operation with the use of MITINS. In summary, the application of MITINS is feasible, safe, and

accurate while the lumbar fracture surgery is processing, providing satisfactory assistance for spine surgeons.

1. Introduction

With aging of the population, the incidence of osteoporosis
has increased significantly [1]. Fractures associated with
osteoporosis have become a challenging problem in elderly
people. And lumbar fracture is the commonest form of the
senile osteoporosis fracture [2]. During the treatment of
lumbar fracture, if the fracture is only slightly compressed,
conservative treatment or vertebral plasty is usually suffi-
cient. However, if the fracture is severely compressed, or if
the type of fracture is burst fracture, open surgery is required
[3]. As vertebral degeneration and anatomical variation are
very common in the elderly people, the additional problems
associated with implanting pedicle screws during an opera-
tion are becoming more noteworthy [4].

Recently, digital techniques have been widely applied in
orthopedic surgery. With the assistant of clinical real-time

position and visualization obtained from such approaches,
surgical accuracy has been significantly improved [5]. For
example, when we want to improve the safety of lumbar ped-
icle screw implanting in elderly patients, personalized three-
dimensional printing technology makes the implanting of
lumbar pedicle screw in patients with severe degeneration or
anatomical variation simpler, safer, and more accurate [6].
Computed tomography-guided (CT-guided) navigation and
fluoroscopy-based computer navigation systems have also
been used to place pedicle screws [7]. Despite these systems
that improved the safety and accuracy of the pedicle screw
placement [8], the problem of inherent spatial and temporal
separation still makes it a tough challenge for spine surgeons.
The mixed reality (MR) technique, which is to integrate the
real vision and the virtual image, offers a solution that MR
can provide efficacy and applicability during the guidance of
the surgery, and MR can resolve vision deficiencies during


https://orcid.org/0000-0002-0575-3293
https://orcid.org/0000-0002-6863-4777
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6620746

the process of synchronizing virtual images and real operative
sights. Our aim was to evaluate a new surgical navigation
system based on the MR approach and MITINS while insert-
ing pedicle screws into the elderly patients, which can assess its
safety and accuracy during the treatment of lumbar fracture.

2. Materials and Methods

2.1. Patient Eligibility. From April 2017 to August 2018, 7 lum-
bar fracture patients who received open surgery by MITINS
were selected and assessed retrospectively. Ethical approval
and informed data were obtained from each patient. Inclusion
criteria were as follows: (1) definitely diagnosed with lumbar
fracture, (2) diagnosed with severe decompression and nerve
deficiency, (3) over eighteen years old and in full possession
of their mental faculties, (4) being able to receive surgery,
and (5) MITINS was used during each operation. Excluded
criteria were as follows: (1) unable to tolerate surgery, 2) diag-
nosed with severe diabetes, (3) diagnosed with serious anemia,
and (4) diagnosed with severe lung and heart disease.

2.2. Operative Strategy and the Rehabilitation Protocol. Firstly,
fracture-type fixation approaches were analyzed by CT data.
Next, the 3D model of the lumbar fracture was constructed,
which is built by using MIMICS 10.1 software, then producing
3D printing. Multiple angle views of the lumbar could be seen.
A proper stereoscopic and apparent visualization of the lumbar
anatomic was completed. We could also achieved an ideal
trajectory insertion by eliminating the structural hierarchy.
All patients were treated by the same senior surgeon. The oper-
ation was performed under general anesthesia. Pedicle screws
were inserted into the 3D-printed lumbar model with the assis-
tance of MITINS. Three marks were identified on the preoper-
ative model, and relevant location information was transferred
to the computer. The 3D position of the operated vertebrae was
determined by three-point registration. By modifying position-
ing sensors, an optimal registration can be achieved between
virtual image and 3D-printed model. Subsequently, the pedicle
screws could be placed with the assistant of the MR navigation
system from the preoperatively defined ideal pedicle entry
point to the terminal point. The subsequent reduction
operation procedure was performed as a typical process that
a connecting rod was used, and the lateral displacement was
relocated by rotating the rod [9]. Anterior dislocation was
corrected by lifting the rod, and the vertebral body height
was recovered by stretching. Ultimately, the bone graft proce-
dure was completed with titanium cages (Figures 1 and 2).

The rehabilitation protocol was used comprised: 20%
mannitol was used for the first 3 days postoperatively, fully
drain for 48 hours, followed by removal of the drainage
system. The straight leg raising exercise was encouraged after
the removal of the drainage system.

2.3. Evaluation Index. The accuracy and safety of the pedicle
screw insertion were assessed using the postsurgery radiogra-
phy. The visual analog scale (VAS) and Oswestry Disability
Index (ODI) were used to assess the pain level and recovery
situation before and after surgery.
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2.4. Statistical Analysis. Nonparametric data was analyzed
using the Wilcoxon rank sum test: P < 0.05 was regarded as
statistically significant. Statistical Product and Service Solu-
tions (SPSS 15.0.1) software was used for statistical analysis.

2.5. Disadvantage of the Application of MR in Lumbar
Fracture. However, some limitations of the application of
MR in lumbar fracture surgery should be highlighted. First
of all, although it can save the expenditure of the complica-
tions due to the anatomical and spatial misjudgment of visual
limitation of the traditional imaging method, the cost of MR
itself is more expensive than the traditional method under
the condition of good control of complication after surgery.
Secondly, there is a defect of simulation of soft tissues in
the MR technique. Thirdly, the effect of navigation during
surgery is limited by the factor of light. And different patient
postures were needed depending on the operation area,
virtual images ,operating table and surgical instruments.

For the surgeon, limitations of MR in lumbar fracture
surgery should not be neglected. Firstly, visual discomfort
may occur due to the fusion of the real world and the virtual
images. Secondly, special training is necessary for the
surgeons to tolerate the eye strain induced by the procedure.

3. Results and Discussion

In the present study, 7 patients were received surgery by the
assistance of MITINS. After long-term follow-up of the 7
patients, which the period was from 12 to 18 months, the aver-
age time is (14.7 £ 1.4) months. 57 pedicle screws (7 patients)
were safely and precisely placed into the three-dimensional
lumbar models by the assistance of MITINS (Figure 3). No
screw was found outside the pedicle of the models, and it
was not necessary for the X-ray to provide extra locative infor-
mation during the operation with the use of MITINS. After
surgery, general evaluation of alleviated pain level was assessed
by VAS and ODI among all the patients (P < 0.05) (Table 1).

With the increase of population, osteoporosis has
become an increased dominant disease in the elderly people.
It is characterized as a high-risk disease with bone mass
decreasing,bone microstructure destroyerd and bone brittle-
ness increasing. [10]. It has been reported that approximately
40% of postmenopausal women are suffering from osteopo-
rotic fractures, and the complications associated with such
fractures, including lower limb deep vein thrombosis, bed-
sores, and urinary tract infections, pose serious threats to
the health of the elderly people [11]. Therefore, clarifying
the essence and mechanism of fracture cure and carrying
out accurate treatment of fractures are major unsolved prob-
lems of spine surgery which could produce considerable
significance to the society.

Osteoporotic lumbar fracture is very common in the
elderly people, and for the lumbar fracture with nerve defi-
ciency, pedicle fixation is widely used. However, due to the
serious spine degenerative problem in the elderly people,
the consistent and accurate insertion of lumbar pedicle
screws i still a challenge for spine surgeons. Compared to
the younger group, it is thought that the risk of the failure
and nerve injury of posterior pedicle screw placement is
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FIGURE 1: A typical UPA case. A 65-year-old man with LF (L2-L4). (a) CT of lumber presurgery. (b) MRI images of the injured lumbar in the
sagittal and the coronal plane. (c) Three dimensional CT images of lumbar.

FIGURE 2: Spine operation of the case identified in Figure 1, performed with the assistance of MITINS. (a) A preoperation surgical
demonstration. (b, c) Application of MITINS in the LF operation.
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F1GURE 3: The X-rays and CT results of the abovementioned case identified in Figure 1. (a) X-rays of lumber postsurgery. (b) CT of lumber

postsurgery. (c) Three dimensional CT images of lumber postsurgery.

TaBLE 1: VAS and ODI of the included patients.

VAS ODI
Presurgery 74.4+4.4 82.7+6.2
3 months after surgery 44.7+4.3 45.7+4.7
6 months after surgery 242+22 27.4+3.2
12 months after surgery 18.4+29 16.4+2.6

significantly higher in the elderly people [12]. However, for
burst lumbar fractures and patients with symptoms of severe
nerve injury, open surgery still makes an indispensable role
for fully decompression of vertebral canal. Pedicle screw
placement is also needed to secure the stable internal fixation.

Recently, many ways of inserting pedicle screws in elderly
people have been evaluated, including the plate guiding
technique, the surgical navigation assistance (SNS), and the
surgical robot assistance (SRS) [13, 14]. The plate guiding
technique is only suitable for the ordinary lumbar fracture.
For burst lumbar fracture, the efficacy of the technique is
partial [15]. While SNS and SRS are both feasible methods
for spine surgery, there are still some disadvantages. For
example, innate waste of manpower and time and extending
the duration of operations both make it inevitably difficult to
apply to clinical application widely.

The MR-based technique has been used successfully in
cervical pedicle screw placement [16]. Preoperative discus-
sion is also an advantage of the MR technique. It can provide
the optimized planning of surgical procedures, as its unique
displaying approach enables images in the computer to be
integrated to the holographic vision which is much closer
to the real vertebrae situation [17]. In conventional surgical
assistance procedures, such as computer tomography and
magnetic resonance imaging, the image data was separated
from the surgical site. This brings additional difficulties to
spine surgeons to speculate the vertebrae situation, who need
connect the information from CT and MRI to the real
surgical findings, which requiring strong capacity of visual
processing to compensate for the lack of depth perception
or the limitation of processing of visualization. Fortunately,
using the MR technique, surgeons can easily and effectively
acquire good stereoscopic vision in the operation area,
instead of shifting their attention to the separate visualization
of relevant structures [18]. In the present research, 57 pedicle
screws (7 patients) were safely and precisely placed into the
lumbar three-dimensional models under MITINS. No screw
was found outside the pedicle of the model under the guid-
ance of MITINS. All patients obtained obvious alleviated
pain in VAS and ODI after surgery (P < 0.05), indicating that
the MR technique is feasible, safe, and accurate for the treat-
ment of lumbar fracture.
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To the best of our knowledge, this is the first study to
report use of the MR technique in lumbar fracture surgery.
System components of MITINS consist of trakSTAR,electro-
magnetic transmitter,and sensors,which is an important
support for further combination of deeper obscurez surgery
image with more visible and integrated vision. However, some
limitations of the application of MR in lumbar fracture surgery
should be highlighted. Firstly, special training is necessary for
the surgeons to tolerate the eye strain induced by the proce-
dure. Secondly, visual discomfort may occur due to the fusion
of the real world and the virtual images. Thirdly, different
patient postures were needed depending on the operation
area, virtual images, operating table and surgical instruments.
Fourthly, this is a small case study that includes no controls.

4. Conclusions

The use of MITINS in lumbar fracture surgery is feasible,
safe, and accurate, providing satisfactory assistance for spine
surgeons.
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Objective. To compare the efficacy of oblique lateral interbody fusion (OLIF) and transforaminal lumbar interbody fusion (TLIF) in
single-level degenerative lumbar spondylolisthesis (DLS). Methods. A retrospective analysis of patients who underwent single-level
DLS surgery in our department from 2015 to 2018 was performed. According to the surgical method, the enrolled patients were
divided into two groups, namely, the OLIF group who underwent OLIF combined with percutaneous pedicle screw fixation
(PPSF) and the TLIF group. Clinical outcomes included operation time, operation blood loss, postoperative drainage, hospital
stay, visual analog scale (VAS) score, Oswestry disability index (ODI), and complications, and imaging outcomes included
upper vertebral slip, intervertebral space height (ISH), intervertebral foramen height (IFH), intervertebral space angle (ISA),
lumbar lordosis (LL), and bone fusion rate. All outcomes were recorded and analyzed. Results. A total of 65 patients were finally
included, and there were 28 patients and 37 patients in the OLIF group and the TLIF group, respectively. The OLIF group
showed shorter operation time, less blood loss, less postoperative drainage, and shorter hospital stay than the TLIF group
(P <0.05). The ISH, IFH, ISA, and LL were all larger in the OLIF group at postoperative and last follow-up (P < 0.05), but the
degree of upper vertebral slip was found no difference between the two groups (P > 0.05). The bone graft fusion rate of OLIF
group and TLIF group at 3 months, 6 months, and last follow-up was 78.57%, 92.86%, and 100% and 70.27%, 86.49%, and
97.30%, respectively, and no significant differences were found (P > 0.05). Compared with the TLIF group, the OLIF group
showed a superior improvement in VAS and ODI at 1 month, 3 months, and 6 months postoperative (P <0.05), but no
differences were found at 12 months postoperative and the last follow-up (P> 0.05). There was no significant difference in
complications between the two groups, with 4 patients and 6 patients in the OLIF group and TLIF group, respectively (P > 0.05
). Conclusions. Compared with TLIF, OLIF showed the advantages of less surgical invasion, better decompression effect, and
faster postoperative recovery in single-level DLS surgery.

1. Introduction

Lumbar spondylolisthesis is defined as the forward slip of the
upper vertebrae relative to the lower. There are many causes
of lumbar spondylolisthesis, including degeneration, trauma,
dysplasia, and pathology, among which degenerative lumbar
spondylolisthesis (DLS) is the most common [1]. It is
reported that the incidence of DLS is about 5% to 7% and
often causes low back pain, lower limb pain, or weakness,
and even cauda equina syndrome in severe cases [2]. The
treatment of DLS mainly includes conservative and surgical
treatment. For patients with no obvious efficacy after regular

conservative treatment for more than 3 months, surgery
should be considered [3].

The surgical methods of DLS mainly include anterior and
posterior surgery [4]. In anterior lumbar interbody fusion
(ALIF), the discectomy and spondylolisthesis reduction can
be performed under direct vision, and the correction and
maintain of intervertebral space height and lumbar lordosis
(LL) can be also achieved by implanting a large cage [5].
But ALIF has a high risk of abdominal vascular or viscera
injury, as well as the rate of postoperative complications
[6]. In recent years, transforaminal lumbar interbody fusion
(TLIF) has been the most commonly used posterior surgery
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for DLS [7]. By resecting the facet joints, loosening surround-
ing fibrous tissue, and implanting pedicle screws and inter-
vertebral cage, TLIF can obtain a good spondylolisthesis
reduction effect and maintain satisfactory spinal stability
[8]. However, patients undergoing TLIF often suffer from
chronic back pain after surgery, which may be due to the
resection of paravertebral muscle and facet joints [9]. In addi-
tion, surgeons need to open the spinal canal in TLIF surgery,
and the intraoperative nerve stimulation may also cause
numbness or weakness of the lower limbs after surgery
[10]. Thus, more and more surgeons have been seeking min-
imally invasive surgical methods for DLS.

Oblique lateral interbody fusion (OLIF) is a minimally
invasive anterior retroperitoneal approach surgery, which
has been very popular in recent years. In OLIF surgery, the
surgeon enters the retroperitoneal space through blunt sepa-
ration, pulls the psoas muscle backward, reaches the opera-
tive segment or intervertebral space through the anatomical
space between the abdominal aorta and the psoas muscle,
and performs decompression and fusion procedures [11].
OLIF was reported with satisfactory efficacy in lumbar
degenerative diseases in cohort studies [12, 13]; however,
no study compared its efficacy with TLIF surgery in DLS.
Our previous study conclude that OLIF combined with per-
cutaneous pedicle screw fixation (PPSF) had less surgical
trauma and faster pain relief and rapid lumbar function
recovery in lumbar tuberculosis [14]. Thus, we really won-
dered whether OLIF may or may not be extrapolated to the
DLS surgery.

Therefore, we conducted this retrospective study to com-
pare the efficacy of OLIF and TLIF in single-level DLS, in
order to provide evidence for the application of OLIF in
DLS patients.

2. Materials and Methods

The ethical approval of this study was obtained from the
Ethics Committee of the First Affiliated Hospital of Chong-
qing Medical University (No. 2020-049), and all the partici-
pants gave the informed consent before taking part. This
study had been registered in the Chinese Clinical Trial Regis-
try (ChiCTR2000039446). This study was reported according
to the STROCSS criteria [15].

2.1. Patients. A retrospective analysis of medical records of
DLS patients hospitalized in our hospital from 2015 to 2018
was conducted.

Inclusion criteria: (1) single-level DLS (L2/3-L4/5). (2)
Mild symptomatic DLS (Meyerding Grade: I or II). (3) Age
> 18 years. (3) Underwent OLIF combined with PPSF (OLIF
group) or TLIF (TLIF group). (4) More than 12 months of
follow-up time. (5) Clinical and imaging data were
completed.

Exclusion criteria: (1) a previous lumbar spinal surgery
history. (2) Recurrent DLS after surgical treatment. (3) DLS
with severe cardiovascular disease or malignant tumor, etc.

2.2. Preoperative Management. X-rays, CT, and MRI were
taken in all patients to assess the surgical window between
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the psoas and abdominal aorta, as well as the extent of upper
vertebral slip, spinal canal stenosis, and nerve root compres-
sion. Surgery was performed when basic diseases such as dia-
betes, coronary heart disease, and high blood pressure were
under control.

2.3. Surgical Procedure. The choice of surgical method was
mainly based on the following principles: OLIF combined
PPSF was mainly used for patients whose preoperative MRI
or CT showed an appropriate operative window between
the psoas and abdominal aorta. If preoperative MRI or CT
showed no operative window between the psoas and abdom-
inal aorta or the operative window was narrow, TLIF should
be considered.

2.3.1. OLIF Group. Place the patient in a lateral supine posi-
tion after general anaesthesia and use C-arm X-rays to iden-
tify the surgical level. Then cut a 4 cm incision in the outer
abdominal area, separate the layers of abdominal muscles,
and push away the extraperitoneal fat with fingers. Find the
front edge of the psoas with a Cobb periosteal stripper, push
back the psoas and place an OLIF retractor. After exposing
the vertebra, insert a positioning needle and confirm the sur-
gical level by C-arm X-rays and place different extenders to
extend the channel to 22 mm. Then, remove the interverte-
bral disc completely and implant a cage (Medtronic, USA)
filled with granular bone, which was derived from allogeneic
bone (Gold Bone Way, China). Not any bone fusion promot-
ing substance was used in bone graft materials. Then, place a
drainage tube and close the incision layer by layer. Adjust the
patient to a prone position and do posterior internal fixation
with percutaneous pedicle screw instrumentation (IRENE,
China). Finally, use a C-arm X-ray to confirm the good posi-
tion of posterior fixation and close the posterior incision.

2.3.2. TLIF Group. Place the patient in a prone position after
general anaesthesia. Make a posterior median incision after
identification of the surgical level by C-arm X-rays. Accord-
ing to preoperative clinical features, the side with lower limb
symptoms was defined as the decompression side. Strip the
sacrospinous muscle of the decompression side, expose the
lamina and facet joints of the surgical level, and then implant
the pedicle screws. For the contralateral side, expose the facet
joints and implant the pedicle screws via the Wiltes
approach. Then, resect part of facet joints and lamina of the
decompression side and remove the intervertebral disc
completely and implant a cage (Guona, China) filled with
granular bone through the intervertebral foramen. The used
granular bone was derived from the lamina, spinous process,
and facet articular process. However, in most cases, the autol-
ogous bone volume was not enough, so they were often
mixed with some allogeneic granular bone (Gold Bone
Way, China). Not any bone fusion promoting substance
was used in bone graft materials. Then, correct the spondylo-
listhesis by properly pulling up and pressurizing the posterior
screw system (IRENE, China) and obtain an appropriate LL
by using a prebending rod. After the confirmation of correc-
tion by C-arm X-rays, the surgical wound was rinsed and
hemostasis was carefully performed. The posterior screw
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system was then properly pulled up and pressurized in order
to correct the spondylolisthesis and obtain an appropriate LL,
and a C-arm X-ray was used to confirm the correction. The
surgical wound was rinsed, and hemostasis was carefully per-
formed. Finally, place a drainage tube and close the incision
layer by layer.

2.4. Postoperative Management. In the first 3 days after sur-
gery, antibiotics were used to prevent infection. When post-
operative drainage was less than 40 ml/d, the drainage tube
was removed. An X-ray examination of the lumbar spine
was taken after extubation. After discharge, a modeled rigid
lumbar brace was applied continuously for 3 months.
Patients were requested to wear the lumbar braces every
day when getting out of bed, moving, or sitting. Their family
members were asked to supervise the brace wearing, and the
medical team conducted telephone follow-up once a week to
timely evaluate the patient’s compliance. Follow-up of X-
rays, CT, and MRI (if necessary) was conducted for 1, 3, 6,
and 12 months after surgery.

2.5. Outcomes. Clinical outcomes: (1) operation time, opera-
tion blood loss, postoperative drainage, and hospital stay.
(2) Visual analog scale (VAS) score and Oswestry disability
index (ODI) at 1, 3, 6, and 12 months postoperative and
the last follow-up. (3) Complications.

Imaging outcomes: (1) the degree of upper vertebral
slip: the ratio of the slip distance of the upper vertebrae
to the length of the upper endplate of the lower vertebrae.
(2) Intervertebral space height (ISH): the mean of anterior
and posterior ISH. (3) Intervertebral space foramen (IFH):
the distance between the lower margin of the superior
pedicle and vertebral body connection and the upper mar-
gin of the inferior pedicle and vertebral body connection.
(4) Intervertebral space angle (ISA): the angle between
the upper and lower endplate of the intervertebral space.
(5) Lumbar lordosis (LL): the angle between the upper
endplate of the L1 vertebral body and the upper endplate
of the S1 vertebral body. The measurement methods of
ISH, IFH, ISA, and LL were shown in Figure 1. (6) Bone
graft fusion: according to Bridwell et al’s study [16], bone
graft fusion was divided into four levels. Grade I: fused
with remodeling and trabeculae. Grade II: graft intact,
not fully remodeled and incorporated though; no
lucencies. Grade III: graft intact, but a definite lucency at
the top or bottom of the graft. Grade IV: definitely not
fused with resorption of bone graft and with collapse.
Grade I and II were defined as bone graft fusion in this
study.

2.6. Statistical Analysis. Quantitative data was represented in
mean + standard deviation (SD). Intergroup and intragroup
comparison of quantitative data were performed by student
t-test and paired f-test, respectively. The X? test and the
Mann-Whitney rank-sum test were used for comparison of
disordered and ordered qualitative data, respectively. Statisti-
cal analysis was conducted by SPSS 19.0 software, and P <

0.05 was regarded as a significant difference.

FIGURE 1: Diagram of the measurement of ISH (red line), ITH
(green line), ISA (blue line), and LL (yellow line).

3. Results

According to the inclusion and exclusion criteria, our study
finally included 65 patients, and there were 28 patients and
37 patients in the OLIF group and the TLIF group, respec-
tively. There were no significant differences in age
(P=0.641), gender (P=0.683), body mass index (BMI)
(P=0.591), ASA grade (P=0.779), operative level
(P =0.890), bone mineral density (BMD) (P =0.101), and
follow-up time (P=0.282) between the two groups.
(Table 1).

The OLIF group showed shorter operation time
(P <0.001), less operation blood loss (P < 0.001), less postop-
erative drainage (P <0.001), and shorter hospital stay
(P <0.001) than the PLIF group. (Figure 2).

No significant differences were found in preoperative
ISH, IFH, ISA, and LL between the two groups (P =0.508,
0.649, 0.231, and 0.522, respectively). However, the ISH,
IFH, ISA, and LL at postoperative and the last follow-up were
significantly larger in the OLIF group than those in the TLIF
group (postoperative: P < 0.001, 0.002, <0.001, and<0.001,
respectively; last follow-up: P=0.032, 0.015, 0.014, and
0.002, respectively). The upper vertebral slip in the two
groups was significantly corrected (P <0.001 for both
groups) and lost during the follow-up (P <0.001 for both
groups). But no significant differences were found in upper
vertebral slip between the two groups at preoperative, post-
operative, and last follow-up (P =0.728, 0.453, and 0.531,
respectively). The bone graft fusion rate of OLIF group and
TLIF group for 3 months, 6 months, and last follow-up was
78.57%, 92.86%, and 100% and 70.27%, 86.49%, and
97.30%, respectively, and no differences were found between
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TaBLE 1: Comparison of preoperative clinical features between the two groups.

Clinical features TLIF group (N = 37) OLIF group (N =28) P value
Age (year), mean + SD 52.8+7.1 53.6+6.4 0.641
Gender (1), Male/Female 23/14 16/12 0.683
BMI (kg/m?), mean + SD 22.5+2.3 22.8+2.1 0.591
ASA grade (n) 0.779
I 24 17
11 10 9
111 3 2
Operation level () 0.890
L3/4 10 8
L4/5 27 21
BMD (T score), mean + SD -2.3+1.0 -1.94+0.9 0.101
Follow-up time (month), mean + SD 22.1+7.0 20.3+6.1 0.282
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FiGurg 2: Comparison of operation time (a), operation blood loss (b), postoperative drainage (c), and hospital stay (d) between the two
groups. (*Compared with TLIF group, P < 0.05).

the two groups (P =0.451, 0.412, and 0.389, respectively) postoperative, and last follow-up (VAS score: P=0.760,
(Figure 3). 0.064, and 0.408, respectively; ODI: P =0.604, 0.088, and

No significant differences were found in VAS score and  0.216, respectively). However, the OLIF group showed a bet-
ODI between the two groups at preoperative, 12 months  ter improvement in VAS score and ODI at 1 month, 3
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postoperative, P < 0.05).

months, and 6 months postoperative than the TLIF group Four patients with complications were found in the OLIF
(VAS score: P <0.001, <0.001, and 0.002, respectively; ODI:  group, including 2 patients of transient thigh flexion weak-
P <0.001 for all the three, respectively) (Figure 4). ness, 1 patient of segmental artery injury, and 1 patient of
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F1GURE 4: Comparison of VAS score (a) and ODI (b) between the two groups at different follow-up time. (*Compared with TLIF group, P

<0.05).

transient sympathetic injury. While 6 patients with compli-
cations were found in the TLIF group, including 3 patients
of dural tear, 1 patient of transient thigh pain and/or numb-
ness, 1 patient of transient ankle dorsiflexion weakness, and 1
patient of postoperative incision infection. There was no sig-
nificant difference in the complications rate (14.3% vs.
16.2%) between the two groups (P = 0.446). Finally, all com-
plications were cured after treatment.

3.1. Typical Cases. Typical cases were shown in Figures 5 and
6.

4. Discussion

In this study, TLIF showed longer operation time and more
operation blood loss than OLIF. This result was similar to a
previous study. The possible reasons were as follows: (1) in
TLIF surgery, one side of paravertebral muscle was peeled
off, and part of facet joints and lamina was also resected
[17], while neither was done in OLIF surgery. (2) In OLIF
surgery, surgeons could directly reach the operative interver-
tebral space and did the discectomy under direct vision [18],
while in TLIF surgery, discectomy could not be performed
under direct vision, especially for the contralateral side of
the decompression side [19]. (3) In OLIF surgery, the spinal
canal was not opened, so the risk of nerve injury was low,
while TLIF surgery required opening the intervertebral
foramina, which had a risk of nerve injury, so surgeons paid
more attention to the separation and the protection of the
nerve roots [20]. The less postoperative drainage and shorter
hospital stay of the OLIF group may also be related to the
larger surgical damage of TLIF surgery. In addition, the pro-
longed postoperative bedtime caused by the risk of spinal
instability due to the intraoperative dissection of paraverteb-
ral muscle and facet joints may also be the reasons for the
longer hospital stay of the TLIF group.

OLIF is an indirect decompression surgery, and many
studies are aimed at evaluating the decompression effect of

OLIF by comparing the changes of imaging parameters
before and after surgery [21-23]. In our study, it was found
that the ISH, IFH, and ISA for postoperative and last
follow-up were significantly larger in the OLIF group than
the TLIF group. The reasons may be as follows: (1) in
OLIF surgery, a large cage with a degree of inclination
angle was implanted into the intervertebral space, while
in TLIF surgery, because of the narrow operating space,
only a small cage, almost without an inclination angle,
could be implanted through the intervertebral foramen
[24]. (2) In TILF surgery, only one side of the paraverteb-
ral muscle and the facet joints was removed while the con-
tralateral side was usually preserved, so the intervertebral
space may not be effectively extended, especially for
patients with severe facet joints degeneration or even facet
joints fusion [25]. LL is an important imaging index to
evaluate the efficacy of DLS surgery. It was confirmed that
LL was closely related to postoperative lumbar back pain,
and effective correction and maintenance of LL were of
great significance to relieve lumbar back pain and improve
lumbar function [26]. In this study, both the postoperative
and last follow-up LL were found significantly larger in the
OLIF group than the TLIF group. This was closely related
to the effective correction and maintenance of ISH, IFH,
and ISA in the OLIF group [27]. However, no differences
in upper vertebral slip at preoperative, postoperative, and
last follow-up were found between the two groups. This
may be owing to the following reasons: (1) in TLIF sur-
gery, the posterior pedicle system could effectively correct
spondylolisthesis by its strong pulling force [28]. (2) Both
of the two groups achieved a higher rate of bone graft
fusion during the follow-up, and vertebral spondylolisth-
esis would not deteriorate once bone graft fusion was
achieved. Although OLIF showed a better decompression
efficacy than TLIF in this study, it is still necessary to
extend the follow-up time to confirm this conclusion in
future research, as spinal canal remodeling during long-
term follow-up after surgery had been proved [29].
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(k)

FIGURE 5: A 49-year-old male with L4/5 DLS in TLIF group. (a)-(d) Preoperative X-ray and MRI. (e) and (f) Postoperative X-ray. (g)-(j) CT
at 6 months postoperative. (k) and (1) X-ray at 18 months postoperative.

In the present study, the OLIF group and TLIF group
showed similar bone graft fusion rate. We thought the rea-
sons may be as follows: (1) in both groups, the intervertebral
discs were completely removed, and the cartilage endplate
was also completely scraped. This would create a suitable
good graft bed for fusion [30]. (2) Granular bone graft was
used in both groups, and our previous study had showed that
granular bone graft had a high fusion rate [31]. (3) Both
groups used a posterior pedicle screw system to create a sta-
ble local mechanical environment, which was also beneficial
for bone graft fusion [32].

Postoperative pain relief and lumbar function recovery
were the main focus of both the surgeons and patients. In this
study, it was found that the short-term (in 12 months) post-
operative pain and lumbar functional in the OLIF group were
superior to the TLIF group, but there were no significant dif-
ferences in long-term follow-up. The reasons may be as fol-
lows: (1) less damage to paraspinal muscles and facet joints
was found in the OLIF group [33], so low back pain and lum-
bar function were better than the TLIF group in the short-
term follow-up. (2) OLIF surgery did not open the spinal
canal and had little stimulation to nerve roots [34]. (3) For
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(k)

M

FIGURE 6: A 50-year-old female with L4/5 DLS in the OLIF group. (a)-(d) Preoperative X-ray and MRI. (e) and (f) Postoperative X-ray. (g)-(j)
CT at 5 months postoperative. (k) and (1) X-ray at 20 months postoperative.

most patients in both groups, bone graft fusion had achieved,
and the paravertebral muscles had also been recovered at 1
year postoperative. The above results were also the reasons
for shorter hospital stays in the OLIF group. Although
stand-alone OLIF was reported with less injury to paraver-
tebral muscles [33], PPSF was used in the OLIF group in
our study, because preoperative BMD revealed that most
patients had osteopenia or even osteoporosis.

Segmental artery injury, transient thigh numbness were
the common complications in the OLIF group [35], because
the lumbar plexus, lumbar sympathetic trunk, and segmental
artery are all located laterally in front of the lumbar vertebrae

and susceptible to being irritated or injured [36, 37]. The
main complications of TLIF were nerve root stimulation or
injury and dural tear [38]. However, we found no significant
difference in complication rate between the two groups. This
result also indicated the safety of the two surgical methods for
DLS.

In our opinion, the indications of OLIF combined PPSF
for DLS were as follows: (1) severe back pain and/or leg pain
with poor response to regular conservative treatment of 3
months. (2) Progressive exacerbation of instability or spon-
dylolisthesis. (3) Single-segmental DLS (L2/3-L4/5) with
mild degree of spondylolisthesis (Grade I or II). (5) An
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appropriate operative window was shown between the psoas
and abdominal aorta on preoperative MRI or CT [39].

This study also has some limitations. First, it is a retro-
spective study with a small sample size and short follow-up
period. Second, different experiences in OLIF/TLIF surgery
may also cause bias.

5. Conclusion

Compared with TLIF, OLIF showed the advantages of less
surgical invasion, better decompression effect, and faster
postoperative recovery in single-level DLS surgery.
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We aimed to describe the location of fibular footprint of each anterior talofibular ligament (ATFL) and calcaneofibular
ligament (CFL), as well as their common origin in relation to bony landmarks of the fibula in order to determine the
location of the fibular tunnel. In 105 ankle specimens, the center of the footprints of the ATFL and CFL (cATFL and
cCFL, respectively) and the intersection point of their origin (intATFL-CFL) were investigated, and the distances from
selected bony landmarks (the articular tip (AT) and the inferior tip (IT) of the fibula) were measured. Forty-two (40%)
specimens had single-bundle ATFL, and 63 (60%) had double-bundle patterns. The distance between intATFL-CFL and IT
was 12.0 +2.5mm, and a significant difference was observed between the two groups (p=0.001). Moreover, the ratio of
the intATFL-CFL location based on the anterior fibular border for all cadavers was 0.386. The present study suggests a
reference ratio that can help surgeons locate the fibular tunnel for a more anatomically accurate reconstruction of the
lateral ankle ligament. Also, it may be necessary to make a difference in the location of the fibular tunnel according to the

number of ATFL bundles during surgery.

1. Introduction

Ankle sprain is the most common sports-related injury that
usually involves the lateral ligament complex (LLC) of the
ankle [1, 2]. Among the three ligaments of the LLC, anterior
talofibular ligament (ATFL) rupture occurs in 80% of
patients, the rest showing rupture of the calcaneofibular liga-
ment (CFL) combined with ATFL. The latter condition
causes instability of the ankle or subtalar joint, although the
posterior talofibular ligament (PTFL) is rarely involved [3-
6]. Nonoperative treatment is generally performed for acute
ankle sprain, but failed conservative treatment causes chronic
ankle instability (CAI) that may require surgical treatment; it
has an incidence of ~10-30% of patients [3, 7-9].

To achieve a good clinical result for CAI treatment, many
surgical techniques with anatomical repair or reconstruction
of the ATFL and/or CFL have been proposed [10-14]. Early

techniques for repair or reconstruction of the ATFL and/or
CFL were invasive and nonanatomic. Common complica-
tions of this procedure include delayed recovery, wound
infection, and nerve damage [15, 16]. The minimally invasive
surgical (MIS) technique recently emerged and reduces the
incidence of postoperative complications. Also, these proce-
dures using percutaneous or arthroscopic techniques are
focused on the anatomic repair or reconstruction of the
ATFL and/or CFL [17].

The fibular origins of ATFL and CFL are concentrated in
the lower part of the lateral malleolus and connected with
connective fiber [18]. Also, ligament injury is likely to occur
at the fibular side or substantial part of the ligament [4, 6].
Most MIS procedures for CAI require a single fibular tunnel
with a common origin site of ATFL and CFL in both percu-
taneous and arthroscopic techniques 7, 9, 17, 19, 20]. There-
fore, the identification of the common origin site of the ATFL
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and CFL for precise construction of the fibular tunnel is
essential to reconstruct the lateral ankle ligament more
anatomically.

Therefore, we aimed to describe the location of the fibular
footprint of each ATFL and CFL, as well as the location of
their common origin in relation to the easily identifiable bony
landmarks of the fibula. Furthermore, we intend to suggest a
reference ratio that can easily detect the location of the fibular
tunnel as the common origin site of the ATFL and CFL by
considering the anatomical variation of the ligaments.

2. Materials and Methods

This study was approved by the Institutional Ethics Committee.

105 specimens were included for this study. Of the
105 ankle specimens dissected from adult formalin-fixed
cadavers, 40 (38.1%) were from females and 65 (61.9%) from
males. The mean age of the donors at death was 76.4 (range,
44-99) years. Subjects with traces or scars from trauma or
surgery on the skin and those with bony morphologic
deformation due to bone union after fracture in the lateral
aspect of the ankle were excluded. In addition, in order to dis-
criminate the history of ligament injury, subjects in whom
the shape of the ligament itself was damaged by previous
injury after exposing the ligament through dissection were
excluded. Even if the shape of the ligament itself was
preserved, subjects in whom the tension of the ligament
was not maintained and the fiber of ligament was abnormal
when the ankle joint was placed in a neutral position were
also excluded.

2.1. Dissection. The ankle specimens were stabilized in a lat-
eral position with the ankle in neutral position. The lateral
side of the ankle was completely exposed using detailed dis-
section to remove skin and soft tissue overlying the lateral
hind foot. Care was taken to avoid injury or disruption to
the native anatomy.

After careful dissection, the number of ATFL bundles
was noted to detect anatomical variability. Next, the anterior
border of distal fibula (lateral malleolus) was confirmed using
combined visual inspection and direct palpation of bone with
all soft tissues removed. The following two reference points
were marked: the articular tip of the lateral malleolus (AT)
and the inferior tip of the lateral malleolus (IT). Further dis-
section to identify the center of the fibular footprint of the
ATFL and CFL was performed (cATFL and cCFL, respec-
tively). Finally, the intersection point of the fibular origin of
the ATFL and CFL (intATFL-CFL) was identified by mini-
mal dissection of the most inferior and posterior fibers of
the ATFL and the most anterior fiber of the CFL (Figure 1).
The points identified for this study were defined as follows.

(1) The articular tip of the lateral malleolus (AT) was
defined as the anterior fibular tubercle located
most superior to the anterior border of the lateral
malleolus

(2) The inferior tip of the lateral malleolus (IT) was
defined as the tip located most inferior to the anterior
border of the lateral malleolus
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F1GURE 1: Lateral view of a right ankle in neutral plantar flexion and
dorsiflexion, demonstrating the anatomic footprint sites of the
lateral ankle ligaments and bony landmarks. AT: the articular tip
of the lateral malleolus; ATFL: anterior talofibular ligament;
CATFL: the center of the fibular footprint of the ATFL; cCFL: the
center of the fibular footprint of the CFL; CFL: calcaneofibular
ligament; intATFL-CFL: the intersection point of the fibular origin
of the ATFL and CFL; IT: the inferior tip of the lateral malleolus.

(3) The center of the fibular footprint of the ATFL
(cATFL) was defined as the midcentral point bisect-
ing the superior and inferior margins of the ATFL
band at the fibular attachment

(4) The center of the fibular footprint of the CFL (cCFL)
was defined as the midcentral point bisecting the
superior and inferior margins of the CFL band at
the fibular attachment

(5) The intersection point of the fibular origin of the
ATFL and CFL (intATFL-CFL) was defined as the
point where the most inferior and posterior fiber of
the ATFL band and the most superior and anterior
fiber of the CFL band intersect each other

2.2. Measurements. If the ATFL had multiple bundles, the
center of the footprint including all bundles was used for
measurements. The distances from the center of the fibular
footprint of the ATFL and CFL to the inferior tip of the lat-
eral malleolus were measured using a flexible surgical ruler.
Also, the distance from the intersection point of the fibular
origin of the ATFL and CFL to the inferior tip of the lateral
malleolus and the distance from the articular and inferior tips
of the lateral malleolus were measured. The identification of
landmarks and measurements of the distances were per-
formed independently by two researchers. Each independent
researcher repeatedly measured the distance twice after iden-
tifying the landmarks. The averages of the two researchers’
measurements were adopted as data for each specimen.

2.3. Statistical Analysis. Inter- and intraobserver reliabilities
for all measurements were calculated by the intraclass corre-
lation coefficient (ICC). According to the definition of Landis
and Koch [21], ICCs of 0.81 to 1.00, 0.61 to 0.80, 0.41 to 0.60,



BioMed Research International

0.21 to 0.40, and 0.00 to 0.20 were interpreted as excellent,
good, moderate, fair, and poor, respectively. Each measure-
ment was presented using the mean, standard deviation,
and range; since the number of specimens was more than
30, it was applicable to the normality assumption. For
comparison between the single-bundle ATFL and double-
bundle ATFL groups, a two-sample ¢-test was used. All statis-
tical analyses were performed using SPSS 25.0 software
(SPSS, Chicago, IL), and a p value less than 0.05 was consid-
ered statistically significant.

3. Results

Intraclass correlation coefficients were generated for all mea-
surements. All measurements were higher than 0.8 (indicat-
ing acceptable reliability) and were employed in the study.

The distance (mean * standard deviation) between the
center of the fibular footprint of the ATFL and inferior tip
of the lateral malleolus was 15.9+3.2mm. The distance
between the center of the fibular footprint of the CFL and
inferior tip of the lateral malleolus was 8.6 £ 2.9 mm. The
distance between the intersection point of the fibular origin
of the ATFL and CFL and inferior tip of the lateral malleolus
was 12.0 + 2.5mm (Table 1). The distance between the AT
and IT and the distance between cATFL and IT were signif-
icantly greater in males than in females (Table 2).

Of the 105 specimens, 42 (40%) specimens had single-
bundle ATFL (type 1) and 63 (60%) specimens had a
double-bundle pattern (type 2). There were no triple-
bundle pattern specimens (Figure 2). With regard to the type
of the bundle pattern of ATFL, there were statistically signif-
icant differences in the distance from cATFL to IT between
the two groups (p < 0.001). The average distance from cATFL
to IT was 17.5+ 3.2 mm in type 1 and 14.8 £ 2.7 mm in type
2. However, there was no significant difference between the
two groups in the distance from cCFL to IT (type 1: 8.9 +
3.2, type 2: 8.3 £ 2.7, p = 0.266). In terms of the distance from
the intersection point of the fibular origin of the ATFL and
CFL to IT, significant differences were observed between the
two groups (type 1: 13.2 + 2.6, type 2: 11.5+ 2.2, p =0.001).

In addition, the three distances from the inferior tip of
the lateral malleolus to anatomic footprint sites of the lateral
ankle ligaments were calculated as a ratio of the length
between the articular tip and inferior tip of the lateral
malleolus. All ratio values are listed in Table 3. With regard
to the type of the bundle pattern of ATFL, there were statis-
tically significant differences in the ratio of cATFL and
intATFL-CFL between the two groups. Further, all ratio
values between the males and females showed no statistically
significant differences (Table 4).

4. Discussion

A clear understanding of the anatomical location of the liga-
ments in relation to the bony landmark is important for sur-
geons performing anatomic reconstruction of the lateral
ankle ligaments. The first contribution of the present study
is to propose that surgeons can use a reference ratio to locate
the fibular tunnel for anatomic reconstruction of the lateral

TaBLE 1: The distances between the fibular footprint of the lateral
ankle ligaments and the selected bony landmarks (n=105
specimens).

. Distance (mm
Measurement point ( )

Mean SD Minimum Maximum
cATFL~IT 15.9 32 10 25
cCFL~IT 8.6 2.9 0 16
intATFL-CFL~IT 12.0 2.5 55 19.5
AT~IT 31.8 2.6 25.5 40

AT: the articular tip of the lateral malleolus; ATFL: anterior talofibular
ligament; cATFL: the center of the fibular footprint of the ATFL; cCFL: the
center of the fibular footprint of the CFL; CFL: calcaneofibular ligament;
intATFL-CFL: the intersection point of the fibular origin of the ATFL and
CFL; IT: the inferior tip of the lateral malleolus; SD: standard deviation.

ankle ligament, particularly in a patient who is much smaller
or larger than average. The second is that there is a difference
in the location of the fibular tunnel for anatomic reconstruc-
tion of the lateral ankle ligament between the single and dou-
ble fascicular ATFL.

Most ankle stabilization surgeries involve repairing or
reconstructing the ATFL and/or CFL. Numerous surgical
procedures for chronic ankle instability have reported good
clinical results [10]; but in order to overcome shortcomings
such as wound complications in the open technique, mini-
mally invasive surgery techniques have been used recently
[17]. Minimally invasive surgery (MIS) for CAI includes ana-
tomical repairs and reconstruction using arthroscopic [15,
19] and percutaneous techniques [7]. These MIS techniques
commonly use bone anchors or construct bone tunnels at
the anatomical origin and insert ATFL and CFL without
open exposure. In particular, when both ATFL and CFL are
reconstructed, a single fibular tunnel is required to insert
the fibular stem by converting the ATFL and CFL into an
anatomical Y graft [7, 8, 19, 20]. Therefore, for a more
anatomically correct reconstruction, it is necessary to under-
stand the anatomy of the common origin of ATFL and CFL
in more detail.

The previous cadaveric study by Matsui et al. [8] sug-
gested the fibular obscure tubercle (FOT) as a bony landmark
for identifying the fibular footprint of the lateral ankle liga-
ment. Some authors described the articular and inferior tips
of the fibula (lateral malleolus) as a reference point [22-24].
However, it is somewhat insufficient to determine the loca-
tion of the fibular tunnel as a common origin site of the ATFL
and CFL with only one or two reference points in MIS proce-
dures for CAIL This is because the distance between the bony
landmark of the fibula and fibular footprint of the ATFL and
CFL can be measured differently depending on the size and
race of the cadaver. In previous cadaveric studies using 60
and 152 cadavers [23, 25], the ATFL and CFL were found
to connect to each other at the anterior border of the lateral
malleolus. The results of this study also showed connective
fibers between ATFL and CFL covering the surface layer of
the inferior part of ATFL and the anterior part of CFL in all
105 specimens. Moreover, topographically, both ATFL and
CFL origins have a single confluent footprint on the anterior
border of the distal fibula [26]. Therefore, the location of the



TaBLE 2: The distances between the fibular footprint of the lateral
ankle ligaments and the selected bony landmarks by sex.

Measured distance

Males (n=65) Females (n=40) p value

(mm)

cATFL~IT 16.5+3.3 14.7+2.5 0.003
cCFL~IT 8.5+3.1 8.6+2.5 0.810
intATFL-CFL~IT 12.5+£2.7 11.6+2.1 0.093
AT~IT 32.6+2.3 30.1+2.3 <0.001

Data are mean + standard deviation. AT: the articular tip of the lateral
malleolus; ATFL: anterior talofibular ligament; cATFL: the center of the
fibular footprint of the ATFL; cCFL: the center of the fibular footprint of
the CFL; CFL: calcaneofibular ligament; intATFL-CFL: the intersection
point of the fibular origin of the ATFL and CFL; IT: the inferior tip of the
lateral malleolus; SD: standard deviation.

single fibular tunnel for the common origin of ATFL and
CFL is considered to be most anatomically reasonable to be
the intersection point of the fibular origin of the ATFL and
CFL (intATFL-CFL).

The intATFL-CFL was previously identified at the fibular
obscure tubercle (FOT) by Buzzi et al. [27]. Based on this ref-
erence, it is recommended as an anatomical landmark for the
location of the fibular tunnel when reconstructing the lateral
ankle ligament [7]. However, a recent cadaveric study [8] has
shown that the FOT is located proximally close to the
intATFL-CFL and not at the same location. It was also found
that FOT could not be manually detected in all patients.
According to research on MIS techniques, if the FOT is not
detectable with fluoroscopic view imaging or palpation, the
inferior one-third point between the articular tip (AT) and
the inferior tip (IT) of the lateral malleolus on its anterior
border is suggested as an alternative, but no evidence for such
an alternative was found.

A systematic review showed that the origins of the ATFL
and CFL were located around 10-14 and 5-8 mm from the IT,
respectively [17]. On the other hand, the fibular footprint of
the ATFL and CFL was located 15.9 + 3.2 and 8.6 + 2.9 mm
in our study. These differences in values were not significant
and may be accounted for by the size and race of the cadavers
and the anatomic variability. Further, the results of our study
show that there is a difference in the absolute distance due to
the difference in body size between males and females; how-
ever, the ratio did not differ by sex. We, therefore, determined
that it would be more reliable and clinically useful to describe
these values in the ratio rather than the absolute distance. In
the present study, the ratio of the intATFL-CFL location
based on the distance along the anterior fibular border for
all cadavers was nearly 0.4. Using this reference ratio, divid-
ing the distance from AT to IT into 5 equal parts and making
the fibular tunnel along the extension of the just inferior 40%
point are believed to be a more anatomically correct recon-
struction of the lateral ankle ligament compared to using
the current surgical techniques (Figure 3).

Although ligament injury combined with bony avulsion
fracture may interfere with the reference using the bony land-
marks, the importance of the applicability of this ratio using
surgically relevant bony landmarks for reference during the
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anatomical reconstruction procedure cannot be underesti-
mated. The indication for performing an anatomical recon-
struction procedure is instability from chronic rupture
rather than acute rupture of the lateral ligament. A sufficient
incision may be made to expose the ligament attachment, or
an arthroscopy may be used to navigate the ligament attach-
ment. However, in chronic ankle lateral instability (CALI),
the surgeon is more likely to face a complex situation in
which the native ligament centers are not visible due to severe
ligament damage. Use of this ratio using bony landmarks
facilitates consistent and anatomical placement. Addition-
ally, it may clinically enable minimally invasive anatomical
reconstruction of the lateral ligament. A previous study has
mentioned that sufficient incision is the key to anatomic
reconstruction of the ligaments, but it is emphasized that
attention to wound complications and nerve damage is
essential [28]. Positioning the tunnel location before surgery
helps to minimize the incision and reduce the risk of wound
complications and nerve damage through reduction of the
surgical incision. Furthermore, additional establishing
unnecessary portals for tunnels can be avoided during mini-
mally invasive surgery using arthroscopy.

The ultimate purpose of ligament reconstruction is to
recreate the course of the injured ligaments [29]. Thus, liga-
ment reconstruction has been mainly used for failure of the
previous ligament surgery, athletes who want to perform
high-intensity activities, generalized laxity, and insufficient
ligament tissue for direct repair [28, 30]. Unfortunately, non-
anatomical ligament reconstruction has been reported to
show restricted ankle joint motion and early arthritic changes
compared to anatomical reconstruction. In contrast, anatom-
ical ligament reconstruction has been reported to have good
clinical outcomes after the surgical procedure [28, 29, 31-
33]. It can be assumed that anatomical ligament reconstruc-
tion may better mimic native joint mechanics. For more
anatomical reconstruction of ligament, various factors such
as the type and strength of ligament to be reconstructed
(autograft vs. allograft) and the method of drilling the tunnel
and fixation method for reconstructed ligaments should be
considered. Only positioning the accurate anatomical loca-
tion of the tunnel cannot guarantee the best biomechanics,
but we believe that the results of our study could lead to more
accurate anatomical reconstruction of ligament and may
contribute to improving both basic and clinical outcomes
after surgery.

Previous studies reported anatomical variations of the
ATFL with regard to the number of bundles [18, 22, 23,
25]. Thus, there is a possibility that the location of the fibular
tunnel may differ depending on the type of the bundle pat-
tern of the ATFL. ATFL could be classified into 3 bundle
types (single, double, or multiple). The single-band type con-
sists of an isolated band. The double-band type is divided by
superior and inferior fibers. The multiple-band type is
divided by triple bands or more. In a systemic review [17],
the frequency of the bundle pattern was reviewed in a total
of 263 specimens from 10 previous studies. This review
showed that the incidences of single-, double-, and triple-
bundle ATFL were 162 (61.6%), 94 (35.7%), and 7 (2.7%),
respectively. However, our study showed different results.
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FIGURE 2: Lateral view of a right ankle depicting distances from the inferior tip of the lateral malleolus to the anatomic footprint sites of the
lateral ankle ligaments. The bundle type of the anterior talofibular ligament was classified into a single type with an isolated band (a) and a
double type with a divided superior band and inferior band (b). AT: the articular tip of the lateral malleolus; ATFL: anterior talofibular
ligament; CFL: calcaneofibular ligament; IB ATFL: inferior band ATFL; IT: the inferior tip of the lateral malleolus; SB ATFL: superior
band ATFL.

TaBLE 3: The ratio of three distances from the inferior tip of the lateral malleolus to the anatomic footprint of the lateral ankle ligaments to the
length between the articular tip of the lateral malleolus and inferior tip of the lateral malleolus by the type of the bundle pattern of ATFL

(n =105 specimens).

Measurements Ratio

Total Type 1 (n=42) Type 2 (n=63) p value
(cATFL-IT)/(AT-IT) 0.500 £0.091 0.544 +0.096 0.472 £0.076 <0.001
(cCFL-IT)/(AT-IT) 0.267 +£0.084 0.276 +0.089 0.265 + 0.081 0.504
(intATFL-CFL)/(AT-IT) 0.386 + 0.070 0.410 £0.074 0.368 + 0.063 0.003

Data are mean + standard deviation. AT: the articular tip of the lateral malleolus; ATFL: anterior talofibular ligament; cATFL: the center of the fibular footprint
of the ATFL; cCFL: the center of the fibular footprint of the CFL; CFL: calcaneofibular ligament; intATFL-CFL: the intersection point of the fibular origin of the

ATFL and CFL; IT: the inferior tip of the lateral malleolus.

Of the 105 specimens, 42 (40%) had single-bundle ATFL
(type 1) and 63 (60%) had a double-bundle pattern (type
2). There were no specimens of the triple-bundle pattern.
Moreover, recent studies with larger sample sizes in Japanese
ankles showed that the frequency of the ATFL bundle pat-
terns was similar to our results. Edama et al. [34] studied
81 ankles and found that type 2 occurred most frequently
(57%). Kobayashi et al. [25] studied 152 ankles and found
that type 2 was the most frequent (54.6%) as well. This uncer-
tainty may be attributable to differences in human races or
bias based on the small number of specimens.

Although no conclusions were reached regarding fre-
quencies of ATFL bundle patterns, there may be a possibility
that the location of the fibular tunnel may differ depending
on the type of ATFL bundle patterns. To date, there is no

description of a comparative analysis of intATFL-CFL accord-
ing to the number of ATFL bundles in the literature. Although
the measured value was the difference in small units such as
mm, our findings have shown that both the absolute value
and the ratio of the location of intATFL-CFL differ signifi-
cantly according to the number of ATFL bundles. In the dou-
ble fascicular ATFL, the fibular tunnel for more anatomically
correct ligament reconstruction would have to be located
more distal than that in single fascicular ATFL, although
achieving this small difference may not be surgically feasible.

This study was limited by the use of fixed cadavers to
evaluate the morphological characteristics of the lateral ankle
ligament. With regard to postmortem changes, there may be
differences in the measurements taken for a live person and
those from a cadaver. Further, the cadavers were limited to



TaBLE 4: The ratio of three distances from the inferior tip of the
lateral malleolus to the anatomic footprint of the lateral ankle
ligaments to the length between the articular tip of the lateral
malleolus and inferior tip of the lateral malleolus by sex.

Measurements Ratio

Males (n=65) Females (n=40) p value
(cATEL-IT)/(AT-IT) 0.509 £0.099 0.488 +£0.077 0.264
(cCFL-IT)/(AT-IT) ~ 0.260+0.092  0.284+0.070  0.177
(intATFL-CFL)/ 0.385+0.078 0.386 +£0.056 0.933

(AT-IT)

Data are mean * standard deviation. AT: the articular tip of the lateral
malleolus; ATFL: anterior talofibular ligament; cATFL: the center of the
fibular footprint of the ATFL; cCFL: the center of the fibular footprint of
the CFL; CFL: calcaneofibular ligament; intATFL-CFL: the intersection
point of the fibular origin of the ATFL and CFL; IT: the inferior tip of the
lateral malleolus.

FIGURE 3: Schematic diagram with three-dimensional CT
reconstruction of the lateral side of a normal hind foot. The black
circles represent points that divide the distance from AT to IT
into 5 equal parts. The white dotted line shows the extension area
of the inferior 40% of the distance from AT to IT. The white
arrow indicates the location of the fibular tunnel for clinical
application. AT: articular tip of the lateral malleolus; IT: inferior
tip of the lateral malleolus.

those of elderly individuals (mean age, 76.4 years) and the
trauma history of the ankle may not be fully certain because
the corpse specimens donated for research do not provide the
past medical history.

5. Conclusions

The present study suggests a reference ratio that can help sur-
geons to locate the fibular tunnel for more anatomically cor-

BioMed Research International

rect reconstruction of the lateral ankle ligament. Also, it may
be necessary to make a difference in the location of the fibular
tunnel according to the number of ATFL bundles during
surgery. Further clinical trials on this will be needed in
the future.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Ethical Approval

The study was conducted according to the guidelines of the
Declaration of Helsinki. The cadavers used in the present
study were donated to the University of Medicine with con-
sent for education and research. In addition, this study was
approved by the Ethics Committee of Chuncheon Sacred
Heart Hospital, Hallym University (Institutional Review
Board number: NON2020-005).

Disclosure

The funders had no role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing
of the manuscript; or in the decision to publish the results.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Authors’ Contributions

JJH.P. and ].C. conceptualized the study. HW.K. and J.C.
contributed to the methodology. H-W.K. and J.C. performed
the formal analysis. HW.K,, D.K., KR.P,, and J.C. contrib-
uted to the investigation. D.K,, HW.K,, M.L,, Y.J.C, and
J.C. performed data curation. HW.K. and J.C. prepared the
original draft. J.H.P.,, HW.K,, and J.C. reviewed and edited
the manuscript. HW.K. and J.C. performed visualization.
J.H.P. and H.W.K. contributed equally to this work.

Acknowledgments

We thank Prof. Seung-Ho Han, Prof. Ki-Hwan Han, Prof.
Jong-Tae Park, and Prof. Tae-Cheon Kang for contributing to
the collection of the cadavers. This study was supported by
the Hallym University Research Fund 2020 (HURF-2020-52).

References

[1] F. C. Balduini and J. Tetzlaff, “Historical perspectives on inju-
ries of the ligaments of the ankle,” Clinics in Sports Medicine,
vol. 1, no. 1, pp. 3-11, 1982.

[2] D. T.-P. Fong, Y. Hong, L.-K. Chan, P. S.-H. Yung, and K.-
M. Chan, “A systematic review on ankle injury and ankle
sprain in sports,” Sports Medicine, vol. 37, no. 1, pp. 73-94,
2007.

[3] M. A. Freeman, “Instability of the foot after injuries to the lat-
eral ligament of the ankle,” Journal of Bone and Joint Surgery.
British Volume (London), vol. 47, no. 4, pp. 669-677, 1965.



BioMed Research International

(4]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

T. Kumai, Y. Takakura, A. Rufai, S. Milz, and M. Benjamin,
“The functional anatomy of the human anterior talofibular lig-
ament in relation to ankle sprains,” Journal of Anatomy,
vol. 200, no. 5, pp. 457-465, 2002.

K. Sugimoto, N. Samoto, T. Takaoka, Y. Takakura, and
S. Tamai, “Subtalar arthrography in acute injuries of the calca-
neofibular ligament,” Journal of Bone and Joint Surgery. British
Volume (London), vol. 80-B, no. 5, pp. 785-790, 1998.

M. P.J. van den Bekerom, R. J. Oostra, P. G. Alvarez, and C. N.
van Dijk, “The anatomy in relation to injury of the lateral col-
lateral ligaments of the ankle: a current concepts review,” Clin-
ical Anatomy, vol. 21, no. 7, pp. 619-626, 2008.

M. Glazebrook, M. Eid, M. Alhadhoud, J. Stone, K. Matsui,
and M. Takao, “Percutaneous ankle reconstruction of lateral
ligaments,” Foot and Ankle Clinics, vol. 23, no. 4, pp. 581-
592, 2018.

K. Matsui, ESSKA AFAS Ankle Instability Group, X. M. Oliva
et al., “Bony landmarks available for minimally invasive lateral
ankle stabilization surgery: a cadaveric anatomical study,”
Knee Surgery, Sports Traumatology, Arthroscopy, vol. 25,
no. 6, pp. 1916-1924, 2017.

M. Takao, W. Miyamoto, K. Matsui, J. Sasahara, and
T. Matsushita, “Functional treatment after surgical repair for
acute lateral ligament disruption of the ankle in athletes,”
The American Journal of Sports Medicine, vol. 40, no. 2,
pp. 447-451, 2012.

S. Guillo, T. Bauer, J. W. Lee et al., “Consensus in chronic ankle
instability: aetiology, assessment, surgical indications and
place for arthroscopy,” Orthopaedics & Traumatology, Surgery
& Research, vol. 99, no. 8, pp. S411-S419, 2013.

S. A. Lynch and P. A. F. H. Renstrom, “Treatment of acute lat-
eral ankle ligament rupture in the athlete. Conservative versus
surgical treatment,” Sports Medicine, vol. 27, no. 1, pp. 61-71,
1999.

W. Petersen, I. V. Rembitzki, A. G. Koppenburg et al., “Treat-
ment of acute ankle ligament injuries: a systematic review,”
Archives of Orthopaedic and Trauma Surgery, vol. 133, no. 8,
pp. 1129-1141, 2013.

J. E. Strauss, J. A. Forsberg, and F. G. Lippert 3rd, “Chronic lat-
eral ankle instability and associated conditions: a rationale for
treatment,” Foot & Ankle International, vol. 28, no. 10,
pp. 1041-1044, 2007.

W. J. White, G. A. McCollum, and J. D. Calder, “Return to
sport following acute lateral ligament repair of the ankle in
professional athletes,” Knee Surgery, Sports Traumatology,
Arthroscopy, vol. 24, no. 4, pp. 1124-1129, 2016.

A.J. Brown, Y. Shimozono, E. T. Hurley, and J. G. Kennedy,
“Arthroscopic versus open repair of lateral ankle ligament for
chronic lateral ankle instability: a meta-analysis,” Knee Sur-
gery, Sports Traumatology, Arthroscopy, vol. 28, no. 5,
pp- 1611-1618, 2020.

D. A. Porter and K. A. Kamman, “Chronic lateral ankle insta-
bility: open surgical management,” Foot and Ankle Clinics,
vol. 23, no. 4, pp- 539-554, 2018.

K. Matsui, ESSKA AFAS Ankle Instability Group,
B. Burgesson et al., “Minimally invasive surgical treatment
for chronic ankle instability: a systematic review,” Knee
Surgery, Sports Traumatology, Arthroscopy, vol. 24, no. 4,
pp. 10401048, 2016.

P. Szaro, K. Ghali Gataa, M. Polaczek, and B. Ciszek, “The
double fascicular variations of the anterior talofibular ligament

(19]

(20]

(21]

[22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

and the calcaneofibular ligament correlate with interconnec-
tions between lateral ankle structures revealed on magnetic
resonance imaging,” Scientific Reports, vol. 10, no. 1, article
20801, 2020.

S. Guillo, P. Archbold, A. Perera, T. Bauer, and B. Sonnery-
Cottet, “Arthroscopic anatomic reconstruction of the lateral
ligaments of the ankle with gracilis autograft,” Arthroscopy
Techniques, vol. 3, no. 5, pp. €593-e598, 2014.

S. Guillo, G. Cordier, B. Sonnery-Cottet, and T. Bauer, “Ana-
tomical reconstruction of the anterior talofibular and calcaneo-
fibular ligaments with an all-arthroscopic surgical technique,”
Orthopaedics & Traumatology, Surgery & Research, vol. 100,
no. 8, pp. S413-8417, 2014.

J. R. Landis and G. G. Koch, “The measurement of observer
agreement for categorical data,” Biometrics, vol. 33, no. 1,
pp. 159-174, 1977.

T. O. Clanton, K. J. Campbell, K. J. Wilson et al., “Qualitative
and quantitative anatomic investigation of the lateral ankle lig-
aments for surgical reconstruction procedures,” Journal of
Bone and Joint Surgery, vol. 96, no. 12, p. €98, 2014.

A. Kakegawa, Y. Mori, A. Tsuchiya, N. Sumitomo,
N. Fukushima, and T. Moriizumi, “Independent attachment
of lateral ankle ligaments: anterior talofibular and calcaneofib-
ular ligaments - a cadaveric study,” The Journal of Foot and
Ankle Surgery, vol. 58, no. 4, pp. 717-722, 2019.

F. Taser, Q. Shafig, and N. A. Ebraheim, “Anatomy of lateral
ankle ligaments and their relationship to bony landmarks,” Sur-
gical and Radiologic Anatomy, vol. 28, no. 4, pp. 391-397, 2006.
T. Kobayashi, D. Suzuki, Y. Kondo et al., “Morphological char-
acteristics of the lateral ankle ligament complex,” Surgical and
Radiologic Anatomy, vol. 42, no. 10, pp. 1153-1159, 2020.

T. B. Neuschwander, A. A. Indresano, T. H. Hughes, and B. W.
Smith, “Footprint of the lateral ligament complex of the
ankle,” Foot ¢ Ankle International, vol. 34, no. 4, pp. 582-
586, 2013.

R. Buzzi, E. Brenner, F. Segoni, A. Inderster, and P. Aglietti,
“Reconstruction of the lateral ligaments of the ankle: an ana-
tomic study with evaluation of isometry,” Journal of Sports
Traumatology and Related Research, vol. 15, pp. 55-74, 1993.
D. W. Lee, I. K. Park, M. J. Kim et al., “Three-dimensional
computed tomography tunnel assessment of allograft ana-
tomic reconstruction in chronic ankle instability: 33 cases,”
Orthopaedics & Traumatology, Surgery ¢ Research, vol. 105,
no. 1, pp. 145-152, 2019.

Y. Tourne and C. Mabit, “Lateral ligament reconstruction pro-
cedures for the ankle,” Orthopaedics & Traumatology, Surgery
& Research, vol. 103, no. 1, pp. S171-S181, 2017.

B. D. Dierckman and R. D. Ferkel, “Anatomic reconstruction
with a semitendinosus allograft for chronic lateral ankle insta-
bility,” The American Journal of Sports Medicine, vol. 43, no. 8,
pp. 1941-1950, 2015.

H. G. Jung, T. H. Kim, J. Y. Park, and E. J. Bae, “Anatomic
reconstruction of the anterior talofibular and calcaneofibular
ligaments using a semitendinosus tendon allograft and inter-
ference screws,” Knee Surgery, Sports Traumatology, Arthros-
copy, vol. 20, no. 8, pp. 1432-1437, 2012.

R. Krips, C. N. van Dijk, T. Halasi et al., “Long-term outcome
of anatomical reconstruction versus tenodesis for the treat-
ment of chronic anterolateral instability of the ankle joint: a
multicenter study,” Foot & Ankle International, vol. 22,
no. 5, pp. 415-421, 2001.



8 BioMed Research International

[33] R.Schmidt, E. Cordier, C. Bertsch et al., “Reconstruction of the
lateral ligaments: do the anatomical procedures restore physi-
ologic ankle kinematics?,” Foot ¢~ Ankle International, vol. 25,
no. 1, pp. 31-36, 2004.

[34] M. Edama, I. Kageyama, T. Kikumoto et al., “Morphological

features of the anterior talofibular ligament by the number of
fiber bundles,” Annals of Anatomy, vol. 216, pp. 69-74, 2018.



