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Efficacy and safety of ultrasound-
guided compared to x-ray-
guided percutaneous endoscopic
lumbar discectomy in China:

a systematic review and

pooled analysis

Bin Zheng, Panfeng Yu, Yan Liang, Zhenqi Zhu and Haiying Liu*

Spine Surgery Department, Peking University People’s Hospital, Beijing, China

Background: Percutaneous endoscopic lumbar discectomy (PELD) has become
the preferred minimally invasive surgical treatment for lumbar disc herniation.
This study aims to conduct a systematic literature review and meta-analysis to
assess the efficacy and safety of ultrasound-gquided PELD compared to x-ray-
guided PELD.

Methods: A comprehensive literature search was conducted in the PubMed,
Cochrane Library, Ovid:MEDLINE, Embase, and China National Knowledge
Infrastructure databases up to August 2024. Studies were included if they
compared ultrasound- and x-ray-guided PELD in patients with lumbar disc
herniation. Risk of bias and quality of evidence were assessed using the
Cochrane Collaboration tools and the Newcastle-Ottawa Scale. The meta-
analysis was performed using RevMan 5.4.

Results: Seven studies were included, for a total of 767 patients (383 who
underwent ultrasound-guided PELD and 384 who underwent x-ray-guided
PELD). Ultrasound guidance significantly reduced fluoroscopy shots, radiation
dose, fluoroscopy time, and working channel establishment time compared to
x-ray gquidance. Ultrasound guidance also demonstrated higher one-time
puncture success rates. No significant differences were found in overall
operative time, complications, postoperative pain scores (visual analog
scale), or long-term functional outcomes (oxygen desaturation index and
satisfaction rates).

Conclusions: Ultrasound-guided PELD significantly reduces radiation exposure
and improves puncture efficiency compared to x-ray-guided techniques while
maintaining equivalent clinical outcomes and complication rates. However,
due to study limitations, including small sample sizes and geographical
concentration of research, further multicenter randomized controlled trials are
necessary to validate these findings across diverse populations and
surgical settings.
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Introduction

Percutaneous endoscopic lumbar discectomy (PELD) has
gradually become the mainstream technique for the minimally
invasive treatment of lumbar disc herniation due to its significant
advantages over traditional surgery in terms of invasiveness,
safety, precision, and complication rates (1-3). However, PELD
has a steep learning curve, requiring proficient percutaneous
puncture skills and a good understanding of spatial orientation.
In clinical practice, percutaneous puncture is performed under
fluoroscopic guidance using a C-arm x-ray, and this method
often involves trial and error, as it heavily relies on the surgeon’s
experience. Repeated punctures increase radiation exposure for
both the surgeon and the patient, especially for surgeons in the
early stages of the learning curve (4-6). Therefore, the challenges
associated with percutaneous puncture and related radiation
exposure in PELD have drawn increasing attention from
researchers (7, 8).

With the continuous improvement of ultrasound equipment
and interventional ultrasound techniques, the application of
ultrasound in areas such as the spine, including erector spinae
plane blocks, is becoming more prevalent (9, 10). Ultrasound
imaging does not cause radiation damage, occurs in real-time,
and allows for visualization during surgery. Ultrasound
imaging can dynamically generate real-time images without
posing radiation risks to either the operator or the patient.
Therefore, ultrasound guidance has practical significance in
spine surgery. There remains a lack of systematic reviews
or meta-analyses comparing ultrasound and X-ray guidance
in PELD.

Herein, we aimed to conduct a comprehensive systematic
literature review and meta-analysis to estimate the meta-analysis
effect sizes and compare the efficacy and safety of ultrasound
application in percutaneous endoscopic lumbar discectomy.

Methods
Study selection
A systematic review of the English literature available from the

PubMed, Cochrane Library, Ovid:MEDLINE,
databases was performed, along with a review of Chinese literature

and Embase

available from the China National Knowledge Infrastructure
database from its inception to August 2024. The query utilized in
the search was designed to include as many studies as possible
pertaining to the outcomes of interest. The final search string was
as follows: ((“percutaneous endoscopic lumbar discectomy” OR
“PELD” OR “percutaneous transforaminal endoscopic discectomy”
OR “PTED” OR “endoscopic spine surgery” OR “minimally
invasive spine surgery”) AND (“ultrasound” OR “ultrasonography”
OR  “sonography” OR “US-guided” OR
“ultrasound-guided”)). This study was performed according to a

“ultrasonic” OR

version of the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement.
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Inclusion and exclusion criteria
Articles were included according to the following criteria:

(1) Patients: patients diagnosed with lumbar disc herniation who
underwent PELD.

(2) Intervention: ultrasound-guided PELD surgery.

(3) Comparison: x-ray-guided PELD surgery.

(4) Outcomes: The study contains at least one of the following
outcomes: Number of fluoroscopy shots, effective radiation
dose, fluoroscopy time, one-time puncture success rates,
working channel establishment time, operative time,
complications, visual analog scale (VAS) score at follow-
up, oxygen desaturation index (ODI) at follow-up,
and satisfaction rate according to the Macnab criteria
at follow-up.

Exclusion criteria:

(1) Patients with multi-segmental lumbar disc herniation, cauda

equina syndrome, malignancy, or spinal deformity
were excluded.

(2) Animal or cadaver experiment.

(3) No included outcomes.

abstracts, and  dissertations

(4) Conference preprints,

were excluded.

Study selection and data extraction

Two authors independently screened the literature by reading
the titles, abstracts, and full texts and applying the inclusion and
exclusion criteria. Author Panfeng Yu supervised the entire
process and resolved all discrepancies.

Two researchers independently extracted the data and entered
them into statistical software for statistical analysis. The data
extraction included the following characteristics of the included
studies: first author, publication year, study design, sample size,
and outcomes.

Evaluation of risk of bias

Only randomized controlled trials (RCTs) were eligible for
the risk-of-bias assessment. Following the PRISMA and
Cochrane Collaboration criteria, two authors independently
assessed the risk of bias in the included studies in the
following areas: (1) random sequence generation, (2)
allocation concealment, (3) blinding of participants and
personnel, (4) blinding of outcome assessment, (5) incomplete
outcome data, (6) selective reporting, and (7) other bias. The
Newcastle-Ottawa Scale was applied to evaluate the
observational studies. If there was a disagreement, a decision

was made through mutual consultation.
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Statistical analysis

The acquired data were analyzed using RevMan 5.4 software.
Continuous outcomes were analyzed using the standard mean
difference (SMD) and 95% confidence interval (CI). The odds
ratio (OR) and 95% CI were used for dichotomous outcomes. A
P-value <0.05 was considered to be statistically significant.
Heterogeneity of the included literature was evaluated using the
Q test (¢%) and I If the P-value was >0.05 and I* <50%, it was
considered that there was no significant statistical heterogeneity
among the different studies, and a fixed effects model was used.
If the P-value was <0.05 and I* >50%, statistical heterogeneity
existed, and a random-effects model was used.

Results
Study selection

The initial search included 323 studies, with the distribution as
follows: PubMed 248, Embase 17, Ovid:MEDLINE 20, Cochrane 2,
and CNKI 36 (accounting for 11.1% of the studies overall in the
initial search). After removing duplicates, 305 articles were
screened by title and abstract. After selection, seven studies met
the inclusion criteria for data analysis. The study selection
flowchart is shown in Figure 1. The seven eligible articles
included seven comparison groups, with a combined 383 patients
ultrasound-assisted PELD and 384 who
underwent x-ray-assisted PELD (11-17). Of the seven included

who underwent
articles, four were found to be RCTs (11, 12, 15, 16), one was a
cohort study (14), and two were case-control studies (13, 17). In
total, 767 patients were included in this meta-analysis. The
characteristics of the included studies are shown in Table 1.

Risk of bias

We used the Cochrane Collaboration tool to evaluate the
quality of the four RCTs. Details regarding the risk of bias in the
Zhang et al. (16)
demonstrated low risk across all seven domains, representing the

two studies are shown in Figure 2.
highest methodological quality. Wu et al. (15) showed high risk
only in allocation concealment, while Li and Shen (11) and Qiu
and Pan (12) exhibited high risk in three areas: allocation
concealment, blinding of participants, and blinding of outcome
These

regarding blinding and allocation concealment,

assessment. methodological limitations, particularly
may have
impacted the reliability and validity of findings in some of the
included studies. Table 2 presents the Newcastle-Ottawa Scale
quality assessment of the three observational studies on
ultrasound-guided vs. x-ray-guided PELD. All the studies scored
well in the selection and comparability domains (4/4 and 2/2
stars, respectively) but showed variations in the outcome domain.
Zhu and Lin (17) demonstrated the highest methodological

quality (eight stars), followed by Sun (13) (seven stars) and Wu
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323 of records
identified
through
database
searching

18 of records after
duplicates removed

293 of records
excluded

305 of records
screened

12 of full-text
articles assessed
for eligibility

5 of full-text
articles excluded

7 of studies
included in
qualitative
synthesis

7 of studies
included in
quantitative
synthesis
(meta-analysis)

FIGURE 1
Study selection flow diagram

et al. (14) (six stars). The primary quality differences are related
to follow-up duration and completeness of outcome reporting.

Fluoroscopy shots

Four studies reported a comparison of the number of fluoroscopy
shots (12, 13, 16, 17). They all reported fewer fluoroscopy shots in the
ultrasound group and the meta-analysis had the same result [SMD:
—2.27, 95% CL (-2.79 to —1.74), P<0.00001; heterogeneity
Chi® =11.32, df =3, P=0.01, I* = 74%], as shown in Figure 3.

Effective radiation dose

Two studies reported a comparison of radiation dose (15, 16).
Both studies reported fewer shots in the ultrasound group, and the
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TABLE 1 Characteristics of the included studies.

Sample
size

Country | Study design

US | X-ray us

BMI

10.3389/fsurg.2025.1572977

Age Follow-up

X-ray us X-ray | US (months) @ x-ray (months)

Qiu and Pan (12) | China RCT 62 62 — — 402+38 | 397+42 6 6
Wu et al. (14) China Cohort study 25 19 213+18 | 215+ 1.6 — — 12 12
Sun (13) China Case-control 46 44 — — 506 48+6 3 3
Wu et al. (15) China RCT 25 19 21.7+1.8 | 21.4+2.0 | 44.7+16.1 429+132 12 12
Zhu and Lin (17) | China Case-control 42 51 — — 43.7+4.6 45.1+3.8 12 12
Zhang et al. (16) | China RCT 30 30 258+3.5  259+55 | 49.9+20.1 | 42.8+13.8 3 3
Li and Shen (11) China RCT 148 148 — — 46.99 +3.78 | 47.01 £3.79 1 1

BMI = Weight (kg)/[height (m)*height (m)].
BMLI, body mass index; RCT, randomized controlled trial; US, ultrasound.

Li 2021

Qiu 2017

Wu 2019

@ @ @ | @ sclective reporting (reporting bias)
@ O O ® | otherbias

@ @ @ | @ slinding of participants and personnel (performance bias)
@ @ | @ | @ Binding of outcome assessment (detection bias)
@ @O @ ® | incomplete outcome data (attrition bias)

@ @ | ® | @ |Rrandom sequence generation (selection bias)
@ O O O  ~location concealment (selection bias)

Zhang 2019

FIGURE 2
Risk of bias of randomized controlled trials.

meta-analysis had the same result [SMD: —3.41, 95% CI: (—6.81 to
—0.01), P=0.05; heterogeneity Chi®=302, df=1, P<0.00001,
= 97%], as shown in Figure 4.

Fluoroscopy time

Two studies reported a comparison of fluoroscopy time
(14, 15). They all reported less fluoroscopy time in the ultrasound
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group, and the meta-analysis had the same result [SMD: —4.60,
95% CIL: (=7.09 to —2.11), P=0.0003; heterogeneity Chi’=10.61,
df=1, P=0.001, I* = 91%], as shown in Figure 5.

One-time puncture success rates

Three studies reported a comparison of the one-time puncture
success rate (11-13). They all reported a higher one-time puncture
success rate in the ultrasound group, and the meta-analysis had the
same result [OR: 7.49, 95% CI: (4.97-11.27), P<0.00001;
heterogeneity Chi?=3.88, df=2, P=0.14, >= 48%], as shown

in Figure 6.

Working channel establishment time

Three studies reported a comparison of working channel
establishment time (12, 13, 17). They all reported a shorter
working channel establishment time in the ultrasound group and
the meta-analysis had the same result [SMD: —523, 95% CI:
(—8.65, —1.82), P=0.0003; heterogeneity Chi2=152.71, df=2,
P <0.00001, I* = 99%] (Figure 7).

Operative time

Four studies reported a comparison of operative times. Li and
Shen (11) and Sun (13) reported shorter operative times in the
ultrasound group (11, 13, 15, 16). Wu et al. (15) and Zhang
et al. (16) reported similar operative times between the two
groups. The meta-analysis showed no difference in operative
times between the two groups [SMD: —1.09, 95% CI: (—2.42 to
0.24), P=0.11; heterogeneity Chi%=105.54, df=3, P<0.00001,
= 97%], as shown in Figure 8.

Complications
Three studies reported a comparison of complications (12, 13,

17). Qiu and Pan (12) reported one case of intraoperative bleeding
and one case of nerve root edema in the x-ray-guided PELD group.
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TABLE 2 Risk of bias assessment using the Newcastle-Ottawa Scale for observational studies.

Outcome

Comparability

Selection

scores

Length of | Adequacy of

Assessment of

Additional

-
0
o
€
(]

<

—

Outcome of

Ascertainment of

follow-up follow-up

outcomes

important

interest

exposure

*

*

Wu et al. (14)
Sun (13)

Zhu and Lin (17)

10.3389/fsurg.2025.1572977

Sun (13) reported two cases of nerve root injury in the x-ray-
guided PELD group, and Zhu and Lin (17) reported two cases of
nerve root edema in the x-ray-guided PELD group. Patients who
developed nerve root edema improved following postoperative
symptomatic treatment. The meta-analysis showed no difference
in complications between the two groups [OR: 0.2, 95% CI:
(0.03-1.18), P=0.08; heterogeneity Chi*=0.01, df=2, P=0.99,
I> = 0%], as shown in Figure 9.

VAS at follow-up

Four studies reported a comparison of VAS (11, 13, 16, 17). Li
and Shen (11) and Sun (13) reported lower VAS scores in the
ultrasound group. Zhu and Lin (17) and Zhang et al. (16)
reported similar VAS scores between the two groups. The meta-
analysis showed no difference in VAS scores between the two
groups [SMD: -142, 95% CL. (-3.4 to 0.56), P=0.16;
heterogeneity Chi®>=235.29, df=3, P<0.00001, I*=99%], as
shown in Figure 10.

ODI at follow-up

Sun (13) reported lower ODI in the Ultrasound-guided group.
Zhang et al. (16) and Zhu and Lin (17) reported no difference in
ODL. The meta-analysis indicated that there was no difference in
ODI between the two groups [SMD: —0.42, 95% CIL: (—1.12 to
0.28), P=0.24; heterogeneity Chi’®=14.34, df=2, P=0.0008,
I* = 86%), as shown in Figure 11.

Satisfaction rate according to the Macnab
criteria at follow-up

Li and Shen (11) reported higher satisfaction in the
ultrasound group, but the other three studies reported no
difference between the x-ray and ultrasound groups (11-13,
17). The meta-analysis indicated that there was no difference
in satisfaction between the two groups [OR: 1.72, 95% CI:
(0.36-8.28), P=0.5; heterogeneity Chi’=19.52, df=3,
P =0.0002, I = 85%], as shown in Figure 12.

Discussion

PELD has become a common surgical approach for treating
lumbar disc herniation due to its minimally invasive nature,
reliable efficacy, and fast postoperative recovery. However, PELD
presents a steep learning curve, particularly for younger surgeons,
as they face challenges with puncture skills and establishing the
surgical pathway. Issues such as puncture failure, repeated
punctures, and radiation exposure are problems that need to be
addressed urgently (18-20). In recent years, ultrasound has been
gradually applied in spinal surgery, where it has provided
valuable assistance. Applications such as ultrasound-guided
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FIGURE 3
Comparison in fluoroscopy shots.

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Qiu 2017 143 23 62 20.6 2.6 62 26.5% -2.55[-3.03,-2.07] .
Sun 2018 12.3 2 46 19.8 3.5 44 24.3% -2.62[-3.19, -2.05] -
Zhang 2019 159 4.1 30 22.7 5.2 30 24.2% -1.43[-2.00, -0.86] —
Zhu 2019 2.13 0.35 42 7.57 2.99 51 25.0% -2.42[-2.96,-1.88] —
Total (95% CI) 180 187 100.0% -2.27 [-2.79, -1.74] <o
Heterogeneity: Tau? = 0.21; Chi? = 11.32, df = 3 (P = 0.01); I> = 74% _=4 _?2 3 é i
Test for overall effect: Z = 8.49 (P < 0.00001) Favours [experimental] Favours [control]

Heterogeneity: Tau? = 5.82; Chi? = 30.20, df = 1 (P < 0.00001); I = 97%
Test for overall effect: Z = 1.97 (P = 0.05)

FIGURE 4
Comparison in radiation dose.

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Wu 2019 252 49 30 127.4 27.1 30 49.1% -5.18[-6.26, -4.10] ]
Zhang 2019 5.34 0.63 30 18.25 10.52 30 50.9% -1.71[-2.31,-1.11] |
Total (95% CI) 60 60 100.0% -3.41[-6.81, -0.01] <o

-20 -10 0 10 20
Favours [experimental] Favours [control]

Test for overall effect: Z = 3.62 (P = 0.0003)

FIGURE 5
Comparison in fluoroscopy time.

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Wu2017 29 0.7 25 166.4 73.1 19 51.1% -3.35[-4.30, -2.41] %
Wu 2019 26 0.5 30 127.3 29.5 30 48.9% -5.90[-7.10, -4.70] -
Total (95% ClI) 55 49 100.0% -4.60 [-7.09, -2.11] P
Heterogeneity: Tau? = 2.93; Chi? = 10.61, df = 1 (P = 0.001); I> = 91% —io _:5 5 5 1:0

Favours [experimental] Favours [control]

Test for overall effect: Z = 9.65 (P < 0.00001)

FIGURE 6
Comparison in onetime puncture success rate.

Experimental Control Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Li 2021 126 148 56 148 47.9% 9.41[5.37,16.50] ——
Qiu 2017 51 62 21 62 21.4% 9.05[3.92,20.91] L
Sun 2018 34 46 20 44 30.7% 3.40 [1.40, 8.25] —
Total (95% CI) 256 254 100.0% 7.49[4.97,11.27] <o
Total events 211 97

. 2 _ s - S 12 — 489 } ' 4 |
Heterogeneity: Chi? = 3.88, df = 2 (P = 0.14); I* = 48% o1 o o 100

Favours [control] Favours [experimental]

erector spinae plane block (21, 22) and spinal ultrasound for
scoliosis screening underscore its potential in spinal surgery
(23-25). Therefore, the use of ultrasound in spinal endoscopic
surgery has promising prospects. However, there is still a lack of
systematic reviews in this field. This study aimed to summarize

Frontiers in Surgery

existing research and conduct a meta-analysis to evaluate the role
of ultrasound in endoscopic spine surgery.

Ultrasound imaging allows for real-time visualization of key
anatomical landmarks, including the transverse processes, facet
joints, ligamentum flavum, and interlaminar space. These
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Experimental

Control

Std. Mean Difference

Std. Mean Difference

FIGURE 7

Test for overall effect: Z = 3.00 (P = 0.003)

Comparison in working channel establishment time

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI

Qiu 2017 23.6 0.7 62 34.8 1.1 62 32.0% -12.07 [-13.64, -10.51] —a—

Sun 2018 28.7 1.7 46 33.7 2.6 44 34.0% -2.27 [-2.80, -1.73] =

Zhu 2019 26.5 3.8 42 33.7 4.2 51 34.0% -1.77 [-2.26, -1.29] =

Total (95% CI) 150 157 100.0% -5.23 [-8.65, -1.82] il

Heterogeneity: Tau? = 8.86; Chi? = 152.71, df = 2 (P < 0.00001); I* = 99% —iO _15 ) 5 110

Favours [experimental] Favours [control]

FIGURE 8

Test for overall effect: Z = 1.61 (P = 0.11)

Comparison in operative time.

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Li 2021 63.81 10.53 148 84.51 11.61 148 25.6% -1.86[-2.14,-1.59] -
Sun 2018 49.4 3.6 46 61.3 4.7 44  24.6% -2.83[-3.42,-2.24] -
Wu 2019 67 11.8 30 65.3 12 30 24.9% 0.14 [-0.37, 0.65] -
Zhang 2019 57.8 18.7 30 539 244 30 24.9% 0.18 [-0.33, 0.68] =
Total (95% CI) 254 252 100.0% -1.09 [-2.42, 0.24] —~
Heterogeneity: Tau? = 1.78; Chi? = 105.54, df = 3 (P < 0.00001); I> = 97% _54 _:2 7y é jl

Favours [experimental] Favours [control]

FIGURE 10

Comparison in VAS.

Test for overall effect: Z = 1.41 (P = 0.16)

Experimental Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Qiu 2017 0 62 2 62 34.2% 0.19[0.01, 4.12] =
Sun 2018 0 46 2 44 34.9% 0.18 [0.01, 3.92] L
Zhu 2019 0 42 2 51  30.9% 0.23[0.01, 4.99] L
Total (95% CI) 150 157 100.0% 0.20 [0.03, 1.18] o
Total events 0 6
e Chi2 — - - - 12 = 0Y + t t +
T S T P 00s), 0005 o, 1o 2%
Favours [experimental] Favours [control]
FIGURE 9
Comparison in complications.
Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Li 2021 2.17 0.66 148 4.94 0.77 148 25.1% -3.85[-4.24,-3.47] -
Sun 2018 26 0.8 46 4.4 1 44 24.9% -1.98[-2.48,-1.47] -
Zhang 2019 1.03 0.76 30 0.83 0.79 30 24.9% 0.25 [-0.25, 0.76] =
Zhu 2019 1.86 0.33 42 191 0.59 51 25.1% -0.10 [-0.51, 0.31] L
Total (95% ClI) 266 273 100.0% -1.42 [-3.40, 0.56] i
Heterogeneity: Tau? = 4.03; Chi? = 235.29, df = 3 (P < 0.00001); I> = 99% —iO _#5 3 é 1¢0

Favours [experimental] Favours [control]

structures appear as hyperechoic lines with distinct acoustic
shadowing on ultrasound (11, 26). Specifically, the transverse
process appears as a curved, hyperechoic structure with posterior
acoustic shadowing, while the facet joint is visualized as a
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hyperechoic line with a small gap representing the articular
space. This multi-dimensional view of spinal anatomy enables
surgeons to plan an optimal puncture trajectory while avoiding
neural structures and blood vessels. With ultrasound guidance,

frontiersin.org


https://doi.org/10.3389/fsurg.2025.1572977
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/

Zheng et al.

10.3389/fsurg.2025.1572977

Test for overall effect: Z = 1.18 (P = 0.24)

FIGURE 11
Comparison in ODI.

Experimental Control Std. Mean Difference Std. Mean Difference
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FIGURE 12
Comparison in satisfactory rate.

Experimental Control Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Li 2021 140 148 106 148 29.2% 6.93 [3.12, 15.39] —
Qiu 2017 61 62 60 62 18.0% 2.03 [0.18, 23.02] e
Sun 2018 29 46 35 44 28.3% 0.44[0.17, 1.13] &
Zhu 2019 39 42 46 51 24.5% 1.41[0.32, 6.29] —
Total (95% CI) 298 305 100.0% 1.72 [0.36, 8.28]
Total events 269 247

ity: Tau® = ; Chi? = = = ;12 = 859 t + T + }
Heterogeneity: Tau® = 2.03; Chi? = 19.52, df = 3 (P = 0.0002); I° = 85% $002 01 i 10 500

Favours [experimental] Favours [control]

the puncture needle can be visualized in real-time using either an
in-plane or out-of-plane approach. The in-plane technique allows
visualization of the entire needle path, while the out-of-plane
approach shows the needle tip as a hyperechoic dot (27). This
continuous visualization eliminates the need for repeated
fluoroscopic confirmation during the initial puncture phase.
Fluoroscopy is then used minimally only to confirm the final
working channel position before endoscopic insertion. In
contrast, x-ray guidance only provides two-dimensional images,
which

anatomy by the surgeon. This limitation often necessitates

require mental reconstruction of three-dimensional
multiple fluoroscopic shots from different angles (anteroposterior
and lateral views) to confirm needle positioning, resulting in
increased radiation exposure and prolonged procedural time. The
trial-and-error approach commonly used with x-ray guidance—
where the needle is inserted, an image is taken, adjustments are
made, and another image is taken—significantly increases the
number of fluoroscopy shots and radiation dose.

In terms of radiological parameters, including radiation dose,
fluoroscopy time, and number of fluoroscopy shots, all three
outcome measures indicated that ultrasound-guided PELD results
in significantly lower radiation exposure. The primary role of
ultrasound in PELD is to assist with puncture and the
establishment of the working channel, which are critical for a
successful surgery and particularly challenging for young
surgeons (28). Currently, puncture and channel placement largely
rely on the surgeon’s experience and are confirmed through
repeated fluoroscopic imaging, which is the main source of
radiation exposure. For patients, repeated fluoroscopy not only
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increases radiation exposure but also prolongs the duration of
puncture and working channel establishment. The significant
reduction in fluoroscopy shots (SMD: —2.27) and radiation dose
(SMD: —3.41) represents more than just a statistical difference. For
surgeons, especially those with high surgical volumes, this
reduction may substantially lower their cumulative radiation
exposure throughout their careers. Previous studies have confirmed
that spine surgeons receive higher radiation doses than surgeons in
other surgical specialties, potentially leading to long-term health
effects, including increased cancer risk and, particularly, thyroid
and ocular complications. The reduction observed in our study
could make a meaningful contribution to occupational safety
standards for minimally invasive spinal surgery (7).

With ultrasound assistance, the time required for the puncture
and channel establishment is reduced, and the success rate of first-
attempt punctures is higher. The benefits of ultrasound guidance
include the following: (1) real-time continuous monitoring that is
safe, radiation-free, and highly reproducible, with excellent
resolution for surrounding soft tissues; (2) real-time assistance in
visualizing the position of the puncture needle or working
cannula, thereby increasing the success rates of the puncture and
cannula placement and reducing operative time; and (3) the
ability to detect abnormal local anatomical changes in the spine.
Thus, ultrasound offers distinct advantages in endoscopic spinal
surgery (29, 30). Despite the significant reduction in working
channel establishment time, the overall operative time showed no
statistical difference. Working channel establishment is only the
initial phase of the entire PELD procedure. The PELD operation
can be conceptually divided into two main stages: (1) the
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working channel establishment phase (affected by the guidance
method) and (2) the endoscopic operation phase (including
nucleus pulposus removal and neural decompression). In PELD
surgery, the actual nucleus pulposus removal and neural
decompression typically occupy the majority of the total
operation time, and these steps are not influenced by the
guidance method. In addition, the included studies showed
extremely high heterogeneity in total operative time (I*=97%),
indicating substantial variability between the different studies that
is potentially related to factors such as the operating surgeons’
experience levels and learning curves (31).

The meta-analysis showed that the difference in complications
between the two groups did not reach statistical significance
(P=0.08). However, it is noteworthy that all of the reported
complications occurred in the x-ray group, while the ultrasound
group demonstrated a significantly higher first-attempt puncture
success rate The complications reported in this study primarily
centered on nerve root injuries, including nerve root edema and
direct nerve root damage. In the x-ray-guided group, Qiu and
Pan (12) reported one case of intraoperative bleeding and one
case of nerve root edema; Sun (13) reported two cases of nerve
root injury; and Zhu and Lin (17) reported two cases of nerve
root edema. These complications may be associated with
repeated puncture attempts and nerve root damage during
foramen exit. X-ray-guided puncture typically employs a trial-
and-error  approach, requiring multiple needle position
adjustments and repeated x-ray imaging to confirm placement,
which increases the risk of repeated punctures and potentially
leads to surrounding tissue damage, particularly to nerve roots.
In contrast, ultrasound guidance provides real-time visualization
of the puncture pathway, significantly improving the first-attempt
puncture success rate, thereby potentially reducing the risk of
nerve root injury. Although the meta-analysis showed no
statistically significant difference in overall complications between
the two groups, the more precise puncture and reduced operative
times with ultrasound guidance may offer potential advantages in
reducing nerve-related complications.

In the follow-up of postoperative outcomes, there was no
in VAS, ODI,
ultrasound and x-ray groups. The differences between x-ray-

difference or satisfaction rates between the
guided and ultrasound-guided PELD mainly occur during the
puncture and channel establishment process. The postoperative
clinical outcomes (such as VAS, ODI, and satisfaction) primarily
depend on the effectiveness of decompression in the second
stage, specifically whether the surgery adequately removed the
protruding material and bony stenosis compressing the nerve
roots. Since the patients in both groups received identical
surgical procedures during this stage, performed by professional
surgeons achieving the same decompression effect, the similar
long-term clinical results were as expected (16).

Limitations: (1) The number of included studies was limited,
with only seven studies incorporated into the meta-analysis, and
the sample size was relatively small. Among these, only three were
RCTs, and in terms of study quality, high-quality RCTs can
provide a higher level of evidence. (2) The meta-analysis only
small, studies, which limits the

included single-center
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generalizability. Small sample sizes may lead to insufficient
statistical power, increasing the risk of both false negative and false
positive results. (3) All the included studies were from China,
which may not fully reflect the differences in influencing factors,
such as ethnicity, surgical habits, and equipment differences
between countries. This could introduce regional bias and affect
the generalizability of the findings. Future research should
incorporate multinational data to validate the broader applicability
of ultrasound-guided PELD. (4) This study only included publicly
published literature in Chinese and English, excluding literature in
other languages, which may introduce bias to the research
conclusions. (5) For outcomes limited to only two studies, the
small sample sizes made the results susceptible to random errors,
and the heterogeneity assessments had limited power. For
example, only two studies reported effective radiation dose, and
three studies reported complications. This lack of data may have
affected the reliability of the meta-analysis. Nevertheless, these
preliminary findings remain valuable and can serve as a
future
although the interpretation of the results requires caution. (6) The
high heterogeneity (I*=97%-99%) in the key outcomes indicated
substantial between-study variability. With only seven included

foundation for more comprehensive meta-analyses,

studies and three to four studies per outcome, we could not
conduct subgroup analyses or meta-regression to investigate the
sources of the heterogeneity. We addressed these limitations by
using random-effects models for outcomes with high heterogeneity
and transparently reported all heterogeneity statistics to support
the appropriate interpretation. Therefore, in the future, it is
necessary to conduct multicenter, large-sample RCTs to further
clarify the effectiveness and safety of ultrasound guidance in PELD.

Conclusion

Ultrasound-guided PELD significantly reduces radiation exposure
and improves puncture efficiency compared to x-ray-guided
techniques while maintaining equivalent clinical outcomes and
complication rates. However, study limitations, including small
sample sizes and geographical concentration of research, necessitate
further multicenter randomized controlled trials to validate these
findings across diverse populations and surgical settings.
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