
Background: Transforaminal puncture is a critical element of lumbar transforaminal 
epidural steroid injections used to manage lumbar radicular pain. Numerous challenges 
persist, owing to the intricate 3-dimensional (3D) anatomy of the spine and the delicate 
nature of the neurovascular structures involved. Consequently, performing the puncture 
expeditiously, precisely, and safely is imperative. Although numerous scholars have 
explored methods for reconstructing 3D lumbar models from patient data, the practical 
application of these models in puncture path planning for transpedicular procedures 
remains limited. Approaches based on artificial intelligence offer promising advantages 
for constructing patient-specific 3D models to facilitate puncture pathways planning. 

Objective: In this experimental study, we proposed a preoperative planning method 
utilizing 3D artificial intelligence-generated lumbar models to improve the accuracy and 
efficiency of the transforaminal puncture process.

Study Design: A phantoms study.

Setting: The Fifth Affiliated Hospital of Sun Yat-sen University, Zhuhai, P.R. China.

Methods: A total of 24 puncture trials utilizing 12 phantom models were independently 
conducted by 2 surgeons, employing our developed preoperative planning method 
and conventional fluoroscopy. After one month, one of the surgeons repeated the 
procedure. Puncture error, characterized by the discrepancy between the preoperative 
planning puncture target and the actual postoperative needle puncture point  (measured 
in millimeters), as well as puncture procedure duration (measured in minutes), were 
evaluated by comparing the newly developed preoperative planning method with the 
traditional fluoroscopy method employed in the transforaminal puncture process.

Results: The average puncture error associated with the preoperative planning method 
was significantly lower than the conventional fluoroscopy method (3.33 ± 0.73 mm vs 
5.25 ± 0.92 mm, P < 0.001). Additionally, the average puncture time of the preoperative 
planning method was significantly shorter than the conventional fluoroscopy method 
(7.29 ± 0.95 minutes vs 11.48 ± 1.27 minutes, P < 0.001).

Limitations: Our study used a small number of models; additional clinical trials are 
required to validate our preoperative planning methods. 

Conclusion: The preoperative planning method utilizing 3D artificial intelligence-
generated lumbar models for transforaminal puncture demonstrated superior accuracy 
and efficiency in phantom trials over the traditional fluoroscopic method. This newly 
developed preoperative planning technique has the potential to significantly improve 
the accuracy and efficiency of the transforaminal puncture process.
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TTransforaminal puncture (TP) is a key component 
of lumbar transforaminal epidural steroid 
injections for lumbar radicular pain (1,2). 

Mobile fluoroscopy (C-arm) units are commonly used 
in TP (3). Numerous challenges remain, owing to the 
complexity of the 3-dimensional (3D) spinal anatomy 
and the sensitive nature of neurovascular structures 
(4,5). A surgeon must understand the 3D anatomy 
of the lumbar spine and have experience with open 
surgery; otherwise, both the patient and surgeon will 
be exposed to excessive radiation during the puncture 
(6). Moreover, an inaccurate puncture can injure vessels, 
nerves, dura, and abdominal organs (7). Therefore, 
finding and puncturing quickly, accurately, and safely 
is essential.

The improvement in TP comes from the knowledge 
of 3D lumbar anatomy, especially Kambin’s triangle (8). 
The Kambin triangle, which is an anatomical corridor 
made by the exiting nerve root, dural canal, superior 
endplate of the lower lumbar vertebra, and superior 
articular processes, is an essential pathway for TP (9). 
However, these anatomic structures may be different 
and are influenced by gender, increasing age, and path-
ological factors (10). In addition, the ability of surgeons 
to think spatially is closely linked to TP success and lum-
bar radicular pain treatment. Surgeons always require 
high spatial thinking in the TP process to convert 3D 
images or models from intraoperative 2D images com-
bined with preoperative computed tomography (CT) 
or magnetic resonance (MR) images. Therefore, one 
of the significant challenges in TP is constructing a 3D 
lumbar model of real structures, including the Kambin 
triangle, in patients.

Artificial intelligence (AI)-based approaches have 
potential advantages in building 3D models of patients 
(11,12). Although many scholars have investigated how 

3D lumbar models are reconstructed from patient data, 
such as x-rays(13), CT (14), and MR images (15), few sur-
geons apply 3D model reality to puncture path planning 
in TP. Previous studies on 3D lumbar models based on 
deep learning have only assessed TP ideal angulation 
range (14) and the difficulty of percutaneous endoscopic 
lumbar discectomy (16,17). Unfortunately, these meth-
ods cannot be utilized directly to plan and implement a 
puncture path in a TP. A preoperative planning method 
is currently lacking to fully utilize 3D lumbar models 
based on deep learning to prepare a puncture path in 
transforaminal epidural steroid injections.

In our experimental study, we proposed a preop-
erative planning method based on 3D AI-generated 
lumbar models to improve the accuracy and efficiency 
of the TP process. Compared with the conventional 
fluoroscopy method of TP usually used in clinics, the 
discrepancy between the preoperative planning punc-
ture target (Pt) and actual needle puncture point (Pa) 
and the puncture time was used to assess and establish 
the validity of this new method.

Methods

Twelve phantom models created using 3D lumbar 
models, which were generated using AI from the MR 
images of patients, were used in our study (15). Ap-
proval for this study was obtained from the Medical 
Ethics Committee of the Fifth Affiliated Hospital of Sun 
Yat-sen University. Due to the secondary data analysis 
of the MR images, additional informed consent was not 
required.

Creating Phantom-Based 3D Lumbar AI-
Generated Models 

The following procedures were used to create the 
phantom models. 
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Table 1. Dice Coefficient score of  automated lumbosacral magnetic resonance  image segmentation.

Dice score and cases
Lumbosacral structures

L4 L5 S1 Disc Nerves Iliac Bone Skin Mean

L4/L5

Case 1 0.888 0.897 N/A 0.896 0.747 N/A 0.893 0.864 

Case 2 0.928 0.921 N/A 0.905 0.805 N/A 0.915 0.895 

Case 3 0.927 0.924 N/A 0.918 0.868 N/A 0.909 0.909 

Case 4 0.935 0.935 N/A 0.910 0.856 N/A 0.881 0.904 

Case 5 0.951 0.940 N/A 0.935 0.876 N/A 0.915 0.923 

Case 6 0.930 0.919 N/A 0.934 0.871 N/A 0.918 0.914 

L5/S1

Case 7 N/A 0.934 0.949 0.907 0.821 0.908 0.869 0.887 

Case 8 N/A 0.947 0.944 0.924 0.848 0.858 0.909 0.897 

Case 9 N/A 0.944 0.946 0.916 0.806 0.909 0.855 0.883 

Case 10 N/A 0.933 0.948 0.902 0.873 0.940 0.884 0.908 

Case 11 N/A 0.942 0.922 0.919 0.853 0.919 0.908 0.902 

Case 12 N/A 0.947 0.950 0.947 0.828 0.892 0.906 0.900 

1)	 We inputted the lumbar MR images of patients 
(DICOM format) into our previously developed 
automated MR image segmentation network (15), 
aiming to output lumbar spine masks (including 
bones, skin, dura mater, discs, and nerve roots). 
The detailed automatic segmentation Dice Coef-
ficient scores of the masks are listed in Table 1.

2)	 The lumbar spine masks were imported into Mim-
ics Innovation Suite software (NIHA Solutions) to 
create a 3D model (Fig. 1A), which was then modi-
fied based on MR images and printed by Zhuhai 
Seine Technology Co., Ltd.

3)	 Two relevant parameters were measured using 
Mimics software to determine the specific location 
of each 3D lumbar model within the foaming mold. 
Based on these parameters, the 3D lumbar models 
were independently positioned into the foaming 
mold to create a phantom model (Fig. 1B).

A New Planning Plugin
A new planning plugin developed and integrated 

into 3D Slicer software (www.slicer.org) was used to 
plan the puncture path and calculate its key param-
eters to assist surgeons in improving the transforaminal 
epidural steroid injection’s accuracy and efficiency. The 
specific operational process of the planning plugin was 
as follows (Fig. 2):

1) The 3D lumbar model was initially visualized using 
3D Slicer software. Subsequently, the Pt and projection 
points of the spinous process of the inferior vertebra (Ps) 
were marked on the 3D lumbar model. The transverse, 

coronal, and sagittal planes of the 3D lumbar model 
were determined using Ps as a reference point.

2) The 3D lumbar model was rotated to determine 
the appropriate TP angle. Subsequently, a pathway 3 
mm in diameter was generated to reach Pt and avoid 
any obstacles to the 3D lumbar model using our de-
veloped planning plugin. The planning plugin was ap-
plied in order to automatically calculate these puncture 
parameters, including the transverse plane angulation 
α, coronal plane angulation β, sagittal plane angula-
tion θ, the distance between the skin entry point and 
midline (Dp), and height between the skin entry points 
(Pe) and Ps (Hp) of the pathway.

For all phantom models, the intersection between 
the medial margin of the pedicle and the superior pos-
terior endplate of the inferior vertebra was considered 
Pt for transforaminal epidural steroid injections.

A Preoperative Planning Method Based on 3D AI-
generated Lumbar Models for Transforaminal Puncture

Before TP, every surgeon was required to plan an 
appropriate puncture pathway on both sides of the in-
tervertebral foramen in order to determine the relevant 
parameters (including α, β, θ, Dp, and Hp) using our devel-
oped planning plugin (Fig. 2). Based on these parameters, 
the skin puncture point and angle were marked on the 
corresponding phantom model which was secured prone 
to a radiolucent table. Subsequently, the puncture angle 
during the TP process was adjusted under anteroposterior 
and lateral C-arm fluoroscopy in order to ensure that the 
needle tip reached the closest area of the Pt, as Pa. The 
puncture time was recorded at TP completion, and a 3D 
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Fig. 1. Schematic of  the workflow adopted for creating phantom based on 3D lumbar AI-generated models. A: 3D lumbar AI-
generated models from patients’ MR images. B: phantom models created by 3D lumbar AI-generated models. HMS = the shortest 
distance from the superior spinous process to the skin. HMI = the shortest distance from the inferior spinous process to the skin. 

C-arm scan was performed on the phantom model to cal-
culate the Euclidean distance between Pt and Pa, which 
served as a puncture error (Fig. 3).

A total of 24 puncture trials were conducted on 
12 phantom models by 2 surgeons (surgeons A1 and 
B); all trials were performed independently. One of 
the surgeons repeated the procedure after one month 
(surgeon A2).

The Conventional Fluoroscopy Method for 
Transforaminal

All phantom models were secured prone to a radio-
lucent table. A 23 cm, 17G spinal needle was advanced 
into the closest area of the Pt (Pa) around the interver-
tebral foramen, based on the surgeon’s experience. The 
needle tip position was checked and adjusted repeatedly 
using anteroposterior and lateral C-arm fluoroscopy. At 
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TP completion, the puncture time was recorded, and 3D 
C-arm fluoroscopy scanning was performed on the phan-
tom model in order to calculate the Euclidean distance 
between Pt and Pa, which served as a puncture error.

A total of 24 puncture trials were conducted on 
12 phantom models by 2 surgeons (A and B); all trials 
were performed  independently. One of the surgeons 
repeated the procedure after one month.

Statistical Analysis
All data were analyzed using IBM SPSS Statistics 

26.0 (IBM Corporation). Experimental measurements 
were reported as mean (SD). Statistical analysis of 
the measurement data was conducted using a t test. 
Pearson correlation analysis was used to evaluate the 
potential correlation between puncture time and punc-
ture error for the 2 methods. A P < 0.05 was considered 
statistically significant.

Results

A total of 24 transforaminal punctures were 
conducted on 12 phantom models for each of the 
2 methods, with 12 punctures performed at the L4/5 
intervertebral foramen and 12 at the L5/S1 interverte-
bral foramen. The results of the relevant parameters 
(including α, β, θ, Dp, and Hp) for the 2 methods are 
presented in Tables 2–4. 

In our study, the average puncture time and error 
for the 2 surgeons employing the preoperative plan-
ning method were lower than those associated with 
the conventional fluoroscopy method. Average punc-
ture time using the preoperative planning method 
and the conventional fluoroscopy method were 7.29 
(0.95) minutes and 11.48 (1.27) minutes, respectively (P 
< 0.001). The average puncture errors were 3.33 (0.73) 
mm in the preoperative planning method and 5.25 

Fig. 2. The developed planning tool for planning an appropriate puncture pathway and calculating puncture parameters on a 
3D AI-generated lumbar model. ①Automatic planning module for puncture pathway, ②Automatic caculating module for 
puncture pathway. Pe = skin entry point, Pt = puncture target, Ps = the projection point of  the spinous process of  the inferior 
vertebra, Dp = the distance between the skin entry point and the midline, Hp = the height between skin entry point and the 
projection point of  the spinous process of  the inferior vertebra, α = transverse plane angulation, β = coronal plane angulation, 
θ = sagittal plane angulation.
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(0.92) mm in the conventional fluoroscopy method (P 
< 0.001). Both puncture time and puncture errors for 
each surgeon (surgeon A1, surgeon A2, and surgeon 
B) using the preoperative planning method were lower 
than those using the conventional fluoroscopy method, 
as illustrated in Table 5. 

The correlation analysis between puncture time 
and puncture error showed that there were significant 
correlations for surgeon A1 (r = 0.704, P < 0.001), sur-
geon A2 (r = 0.703, P < 0.001), surgeon B (r = 0.553, P 
< 0.001), and the 2 surgeons (r = 0.825, P < 0.001), as 
shown in Fig. 4. 

Discussion

The 3D models derived from patient imaging data 

Fig. 3. Schematic diagram of  measuring the actual needle 
puncture point (Pa) and the puncture target (Pt).

Table 2. The results of  the pertinent parameters for the 2 transforaminal puncture methods employed by surgeon A1.

Cases and 
methods

The transforaminal puncture’ parameters (Left) The transforaminal puncture’ parameters (Right)

α(°) β(°) θ(°)
Dp

(mm)
Hp

(mm) α(°) β(°) θ(°)
Dp

(mm)
Hp

(mm)

Case 1
CF 87.09 54.59 32.69 149.49 30.06 73.07 62.35 35.65 98.63 19.66

PP 80.19 59.12 34.95 131.73 29.31 75.87 53.92 37.46 108.52 16.20

Case 2
CF 75.90 63.51 30.55 154.44 56.47 82.83 49.91 41.00 116.08 32.21

PP 76.91 59.12 30.87 144.14 54.57 82.59 52.94 41.53 111.45 35.06

Case 3
CF 88.65 58.36 29.23 139.59 20.21 89.50 50.41 42.09 104.60 10.93

PP 85.20 57.25 29.85 132.35 4.32 84.95 52.05 41.76 106.90 28.45

Case 4
CF 76.26 63.19 28.63 158.59 57.67 77.22 51.05 43.79 105.75 48.40

PP 77.72 64.40 30.43 156.74 61.75 77.57 49.20 42.50 108.39 43.72

Case 5
CF 79.52 64.95 25.29 183.69 31.52 77.74 52.35 42.66 108.77 50.64

PP 82.85 56.26 31.45 154.79 33.41 77.65 57.15 39.81 120.94 49.34

Case 6
CF 79.62 57.23 33.93 127.40 48.59 75.46 55.10 39.40 125.12 57.85

PP 77.66 52.70 37.60 120.63 52.17 75.21 57.42 38.87 125.54 58.69

Case 7
CF 76.77 50.73 41.43 126.79 47.32 75.24 53.37 41.72 126.79 47.32

PP 75.55 47.27 47.46 114.08 44.92 77.61 54.73 37.53 116.76 49.18

Case 8
CF 78.05 53.60 37.34 125.20 52.67 75.53 63.81 31.86 135.15 56.80

PP 76.57 57.71 34.01 135.10 61.47 72.31 60.42 36.99 124.01 61.57

Case 9
CF 80.03 56.58 33.55 134.71 45.09 79.03 56.50 37.49 116.02 48.82

PP 78.03 58.42 33.15 135.17 52.78 77.67 55.18 38.79 124.56 47.98

Case 10
CF 78.64 52.33 37.75 143.76 39.63 78.71 52.00 42.62 124.50 49.50

PP 78.21 49.10 42.01 138.00 50.74 78.78 55.28 39.25 134.84 41.37

Case 11
CF 75.57 57.60 33.89 136.05 51.45 70.14 51.76 47.31 104.45 58.09

PP 75.97 55.40 29.16 131.96 36.94 70.87 57.93 48.62 100.30 69.68

Case 12
CF 71.77 47.47 45.56 109.19 55.21 73.13 58.02 39.86 116.84 48.45

PP 75.03 54.34 36.49 140.35 52.20 70.45 54.34 36.49 140.35 52.20

L4/L5: Case 1 to Case 6, L5/S1: Case 7 to Case 12, CF = The conventional fluoroscopy method, PP = The preoperative planning method, α = trans-
verse plane angulation, β = coronal plane angulation, θ = sagittal plane angulation, Dp = the distance between the skin entry point and the mid-
line, Hp = the height between skin entry point and the projection point of the spinous process of the inferior vertebra.
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are instrumental in devising an appropriate surgical strat-
egy, traditionally employed to enhance needle puncture 
precision, particularly TP. Our study explored the accuracy 
and efficacy of a preoperative planning approach using 
3D AI-generated lumbar models for TP. The findings indi-
cate the potential of this preoperative planning method 
to decrease puncture time and increase TP efficiency.

The conventional fluoroscopy method for TP pre-
dominantly relies on technical proficiency, clinical expe-
rience, comprehensive knowledge of lumbar anatomy, 
tactile feedback from surface anatomical landmarks, 
and the spatial awareness of the surgeon (18). Junior 
surgeons often require multiple punctures and fluo-
roscopy to position the needle accurately because of 
limited spatial imagination and clinical experience. This 
process can prolong their learning curve and risk injur-

ing vessels, nerves, dura, and abdominal organs (7,18). 
Over the past 10 years, new methods have been 

proposed to improve puncture accuracy and efficiency. 
Medical imaging system-assisted puncture techniques, 
such as the O-arm method (19), ultrasound method 
(20), CT-guided puncture method (21), and magnetic 
resonance imaging (MRI)-guided method (22), have 
been developed to accurately position the puncture 
needle at the optimal target site for TP. Nevertheless, 
MRI, CT, and O-arm machines are expensive and not 
routinely accessible in orthopedic operating rooms. 
Furthermore, ultrasound-guided needle puncturing 
requires an extended scanning duration and is con-
strained by limited reconstruction accuracy.

 Owing to the widespread use of C-arm fluoroscopy 
machines in orthopedic operating rooms, fluoroscopy-

Table 3. The results of  the pertinent parameters for the 2 transforaminal puncture methods employed by surgeon A2. 

Cases and 
methods

The transforaminal puncture’ parameters (Left) The transforaminal puncture’ parameters (Right)

α(°) β(°) θ(°)
Dp

(mm)
Hp

(mm) α(°) β(°) θ(°)
Dp

(mm)
Hp

(mm)

Case 1
CF 81.24 53.70 37.36 130.47 30.92 77.56 50.15 42.89 112.11 40.04

PP 81.66 53.61 37.48 126.75 26.53 80.92 48.82 42.96 111.86 42.63

Case 2
CF 80.13 68.77 20.54 182.49 44.60 80.94 67.98 27.16 164.81 66.01

PP 77.14 56.71 33.03 134.97 50.13 76.97 57.12 40.21 115.02 52.65

Case 3
CF 77.85 61.20 31.82 157.85 49.74 80.93 54.13 37.82 128.03 38.18

PP 81.00 58.58 30.36 142.65 39.72 77.27 53.97 41.68 109.78 42.16

Case 4
CF 72.83 64.19 33.89 145.81 61.90 79.47 49.77 42.39 108.57 54.40

PP 73.35 63.55 32.13 144.13 52.94 73.35 63.55 32.13 144.13 52.94

Case 5
CF 81.15 57.65 33.53 131.42 25.44 49.46 77.78 43.54 108.28 52.63

PP 49.46 77.78 43.54 108.28 52.63 49.46 77.78 43.54 108.28 52.63

Case 6
CF 81.46 53.78 32.96 129.89 34.74 79.15 58.93 38.03 131.22 59.19

PP 79.57 55.66 35.32 126.83 42.52 76.99 55.03 39.16 123.84 63.30

Case 7
CF 74.70 49.86 40.95 119.22 43.92 79.41 42.89 52.98 85.77 38.53

PP 79.03 50.01 40.14 117.80 27.42 85.08 42.45 50.56 85.24 40.69

Case 8
CF 81.56 51.92 34.82 120.07 48.89 73.30 61.64 37.53 127.48 48.82

PP 78.07 50.25 38.69 113.35 51.74 75.16 55.94 41.54 114.32 58.93

Case 9
CF 73.18 53.97 39.21 132.53 60.63 78.43 57.22 37.23 128.9 45.15

PP 72.08 51.97 42.38 116.08 54.35 82.00 56.19 37.15 131.57 42.08

Case 10
CF 75.32 48.72 44.09 121.33 53.29 72.49 50.75 45.37 127.94 61.21

PP 75.00 47.54 44.83 114.60 54.47 76.50 53.16 41.55 130.48 48.58

Case 11
CF 76.69 60.50 31.84 140.58 50.31 70.01 51.37 46.41 104.90 60.69

PP 74.14 61.27 33.91 138.04 54.32 72.59 46.31 48.73 92.83 54.32

Case 12
CF 77.05 55.46 33.57 135.10 51.03 76.46 38.98 58.45 71.87 41.53

PP 77.80 57.51 31.99 138.32 50.56 69.67 48.79 51.31 93.54 55.39

L4/L5: Case 1 to Case 6, L5/S1: Case 7 to Case 12, CF = The conventional fluoroscopy method, PP = The preoperative planning method, α = trans-
verse plane angulation, β = coronal plane angulation, θ = sagittal plane angulation, Dp = the distance between the skin entry point and the mid-
line, Hp = the height between skin entry point and the projection point of the spinous process of the inferior vertebra.
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guided robotic systems for TP have garnered significant 
attention. However, these systems have some draw-
backs, such as high cost and poor-quality images of soft 
tissues. Our study introduced a preoperative planning 
method using 3D AI-generated lumbar models with 2 
key benefits: Enhanced visualization of 3D structures 
through automated segmentation of preoperative MR 
images and cost-effectiveness, requiring only C-arm 
fluoroscopy and our planning plugin, without needing 
additional machines.

3D models greatly benefit preoperative planning 
for TP by improving anatomical visualization, which 
is crucial for precise needle placement in spinal inter-
ventions in order to prevent complications and ensure 
safety. 2D radiography may fail to reveal an obstruc-
tion from the L5 transverse process and a hypertrophic 

L5/S1 facet joint, complicating trajectory planning at 
the L5/S1 level because of bony obstacles such as the 
iliac crest and facet joint (14,23). Consequently, many 
preoperative planning tools based on 3D models have 
been developed and used in lumbar puncture to assist 
surgeons in determining the best needle path for each 
patient (24–27). 

Preoperative planning tools make puncture 
and cannula placement easy and reliable. They can 
significantly reduce the time required to establish 
channels for surgery and fluoroscopy in percutaneous 
endoscopic lumbar discectomy (25). However, the 3D 
models in previous preoperative planning tools were 
mostly created manually from CT images. This has 2 
significant limitations: it may impede the advance-
ment of preoperative planning for TP, and manual 

Table 4. The results of  the pertinent parameters for the 2 transforaminal puncture methods employed by surgeon B.

Cases and 
methods

The transforaminal puncture’ parameters (Left) The transforaminal puncture’ parameters (Right)

α(°) β(°) θ(°)
Dp

(mm)
Hp

(mm) α(°) β(°) θ(°)
Dp

(mm)
Hp

(mm)

Case 1
CF 87.09 54.59 32.69 161.76 27.30 73.97 62.35 35.65 136.54 59.33 

PP 73.97 62.35 35.65 136.54 59.33 75.87 53.92 37.46 128.11 46.26 

Case 2
CF 86.37 51.63 39.04 115.32 28.86 86.37 51.63 39.04 115.32 28.86 

PP 79.09 59.32 32.67 151.89 46.94 79.09 59.32 32.67 151.89 46.94 

Case 3
CF 86.37 65.61 24.43 169.34 25.15 78.86 53.12 39.20 114.37 39.71 

PP 77.90 63.47 30.88 154.43 48.84 81.71 52.42 37.73 121.21 31.31 

Case 4
CF 77.72 60.25 35.94 126.82 39.38 77.72 60.25 35.94 126.82 39.38 

PP 75.83 63.98 31.50 148.95 53.76 72.14 54.27 40.03 123.24 70.62 

Case 5
CF 89.89 66.44 23.52 138.66 17.80 84.17 69.81 20.67 121.25 33.56 

PP 88.39 56.62 35.09 138.75 21.75 76.04 55.03 36.60 129.53 46.00 

Case 6
CF 88.34 53.99 35.35 122.06 26.62 79.73 54.82 37.67 117.11 55.08 

PP 77.71 58.24 34.88 135.95 50.33 83.64 58.32 32.00 139.90 45.70 

Case 7
CF 84.82 45.78 46.02 101.77 25.63 80.87 49.83 40.32 108.10 35.34 

PP 75.61 47.47 46.31 107.43 45.60 80.50 51.89 39.43 114.27 41.34 

Case 8
CF 77.18 51.74 38.44 115.58 49.98 75.74 55.66 40.66 118.13 55.62 

PP 80.09 55.19 34.18 119.62 47.97 76.16 56.37 39.51 113.96 52.71 

Case 9
CF 75.90 54.10 38.85 115.25 46.73 82.29 41.19 50.49 91.24 33.37 

PP 74.76 54.91 40.51 120.15 52.85 79.27 47.13 43.97 102.46 41.28 

Case 10
CF 78.79 51.30 38.18 128.12 48.41 81.65 47.52 46.54 117.82 32.78 

PP 78.01 48.18 44.28 118.44 37.53 84.79 42.38 47.83 106.63 34.89 

Case 11
CF 80.20 57.81 34.69 121.84 43.65 80.14 43.20 48.07 89.26 37.87 

PP 76.35 58.99 33.57 134.21 45.73 70.87 50.46 46.80 95.78 57.40 

Case 12
CF 75.42 56.19 38.76 121.91 49.26 72.19 55.07 39.31 115.49 44.25 

PP 72.91 58.37 35.85 131.75 55.31 70.67 55.11 42.45 113.41 51.72 

L4/L5: Case 1 to Case 6, L5/S1: Case 7 to Case 12, CF = The conventional fluoroscopy method, PP = The preoperative planning method, α = trans-
verse plane angulation, β = coronal plane angulation, θ = sagittal plane angulation, Dp = the distance between the skin entry point and the mid-
line, Hp = the height between skin entry point and the projection point of the spinous process of the inferior vertebra.
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segmentation of lumbar structures 
to create 3D models is labor inten-
sive and time consuming, limiting 
the use of preoperative planning 
tools. Moreover, lumbar nerve 
roots are difficult to segment on 
CT images because of poor soft tis-
sue image quality. To address these 
limitations, we combined our pre-
viously developed automated MR 
image segmentation for 3D lumbar 
models (15) with a new planning 
plugin to enhance the accuracy and 
efficiency of the TP process.

In our phantom study, the pre-
operative planning method based 
on 3D AI-generated lumbar mod-
els for TP resulted in significantly 
shorter puncture times and fewer 
errors than the conventional fluo-
roscopy method. Our preoperative 
planning method for TP resulted 
in a mean puncture time of 7.29 
(SD, 0.95) minutes, longer than 
the mean 2.97 (SD, 0.56) minutes 
reported in a study using volume 
navigation with the fusion of real-
time ultrasound and CT images (20). 
The difference in the guiding methods likely ac-
counted for the time discrepancy. In addition to Liu, 
et al’s (20) method, the timing of image registration 
should be taken into consideration (the mean time 
for image registration was 19.13 [SD, 4.94] minutes. 
Notably, the mean puncture error of our method 
(3.33 [SD, 0.73 mm]) is approximately the same as 
that found in the volume navigation study (20). Due 
to a foramen height of about 21 mm, the puncture 
error in our preoperative planning method for TP 
was less than 5 mm, which is acceptable (20,28).

Limitations 
Our phantom study has some limitations. First, 

our results are based upon a small number of models, 
which should be verified using a larger number of mod-
els in future studies. The study was also conducted on a 
phantom, which differs in softness from human tissue. 
This implies that altering the direction of the needle 
under the skin would not be the same. Accordingly, 
additional clinical trials are required to validate our 
preoperative planning methods. 

Conclusion

The preoperative planning method for TP per-
formed using a phantom is more accurate and efficient 

Table 5. Test-retest reliability and interobserver reliability of  
puncture time and puncture error for the 2 methods.

Accuracy and 
efficiency

CF
(n = 24)

PP
(n = 24)

P Value

Puncture time (min)

Surgeon A1 11.60 ± 1.63 6.75 ± 1.10 P<0.001

Surgeon A2 11.05 ± 1.24 7.58 ± 1.12 P<0.001

Surgeon B 11.79 ± 1.13 7.54 ± 0.95 P<0.001

Average 11.48 ± 1.27 7.29 ± 0.95 P<0.001

Puncture error (mm)

Surgeon A1 5.00 ± 1.63 2.81 ± 1.02 P<0.001

Surgeon A2 5.14 ± 1.57 3.53 ± 1.46 P<0.001

Surgeon B 5.62 ± 1.41 3.64 ± 1.06 P<0.001

Average 5.25 ± 0.92 3.33 ± 0.73 P<0.001

Unless otherwise stated, data are means (SDs). n = transforaminal 
puncture trials, CF = the conventional fluoroscopy method, PP = the 
preoperative planning method. A P value < 0.05 was considered in-
dicative of statistical significance.

Fig. 4. Correlation analysis of  puncture errors and puncture time. A: correlation 
analysis of  puncture errors and puncture time for surgeon A1; B: correlation 
analysis of  puncture errors and puncture time for surgeon A2; C: correlation 
analysis of  puncture errors and puncture time for surgeon B; D: correlation 
analysis of  average puncture errors and average puncture time.
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