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Purpose: Previous research has demonstrated that real-time ultrasound-guided (UG) spinal anesthesia requires a higher minimum 
local anesthetic dose (MLAD) compared to traditional methods. However, the precise MLAD of ropivacaine for UG cesarean sections 
remains undetermined. In this study, we ascertained the MLAD of ropivacaine for cesarean section. We also investigated the 
mechanism underlying the diffusion of ropivacaine within the spinal canal using fluid simulation technology.
Patients and Methods: We randomly placed 60 healthy parturients undergoing elective cesarean section with real-time UG spinal 
anesthesia into Groups I (26-gauge spinal needle) and II (24-gauge spinal needle). For the first parturient in both groups, 15 mg of 
ropivacaine was administered intrathecally. Based on the effective or ineffective response of the previous parturient, the dose for the 
subsequent parturient was increased or decreased by 1 mg. Spinal anesthesia characteristics and side effects were recorded. 
A computer-generated spinal canal model was developed. Leveraging fluid dynamics simulation technology, we documented the 
diffusion of ropivacaine in the spinal canal using 26-and 24-gauge spinal needles.
Results: The MLADs in Groups I and II were 12.728 mg (12.339–13.130 mg) and 9.795 mg (9.491–10.110 mg), respectively. No 
significant difference was observed in the onset times and durations of sensory or motor blocks, incidence of complications, or 
neonatal Apgar scores between both groups. Fluid simulation modeling indicated that the 26-gauge spinal needle achieved a higher 
distribution level more quickly; however, its peak drug concentration was lower compared to the 24-gauge spinal needle.
Conclusion: For cesarean section anesthetization, the required MLAD of ropivacaine when using a real-time UG 26-gauge spinal 
needle is significantly greater than that with a 24-gauge needle. The spinal needle diameter influences ropivacaine’s MLAD by 
markedly affecting its diffusion rate within the spinal canal.
Keywords: anesthetic diffusion, spinal needle diameter, fluid dynamics simulation, cesarean anesthetization

Introduction
Globally, approximately 21.1% of women deliver through cesarean section, one of the most common delivery 
methods.1,2 Presently, spinal anesthesia remains the preferred technique for cesarean section.3 Spinal puncture in 
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parturients is challenging owing to the physiological and pathological changes in these patients. The increasing 
prevalence of obesity among these women further complicates the procedure. Consequently, the failure rate for spinal 
puncture in parturients is approximately 20%.4,5

Using ultrasound technology in spinal anesthesia has gained broad acceptance because it enhances intervertebral 
space localization accuracy and minimizes complications, significantly increasing the safety of spinal anesthesia in 
obstetric patients.6–8 In addition, real-time ultrasound-guided (UG) spinal puncture technology provides a precise 
depiction of the puncture path relative to surrounding anatomical structures, thereby improving the reliability and safety 
of the procedure.6,9 This approach is especially advantageous for patients undergoing cesarean sections.

Ropivacaine (Naropine®; AstraZeneca AB) is a local anesthetic extensively used for spinal anesthesia in parturients.10 

Its minimum local anesthetic dose (MLAD) is crucial for ensuring spinal anesthesia safety. Notably, parturients require 
lower MLAD than the general population owing to uterine compression on the inferior vena cava, dilation of the epidural 
venous plexus, increased subarachnoid fat, and decreased cerebrospinal fluid (CSF), which is further affected by 
biochemical and hormonal changes.11 Consequently, significant research has focused on determining the appropriate 
MLAD of ropivacaine for parturients.12–14 However, research regarding ropivacaine’s MLAD for cesarean sections has 
been primarily directed at traditional spinal anesthesia.12,14

Preliminary studies indicate that the MLAD for ropivacaine with UG spinal anesthesia is notably higher in the general 
population than with traditional methods. This phenomenon is not fully understood but is speculated to be associated 
with the precision of interlaminar space localization and the angle of the puncture needle.15–17 This variation in MLAD 
persists in parturients undergoing the same procedure, prompting inquiries about potential MLAD variances from 
conventional techniques. The appropriate local anesthetic dose is e a critical concern in parturients because of their 
unique physiological status.11 Consequently, determining the precise MLAD of ropivacaine for UG spinal anesthesia 
during cesarean sections is essential, offering valuable insights for clinical application.

The specific impact of spinal needle diameter on the anesthetic distribution within the subarachnoid space remains 
unclear. Ethical restrictions prevent direct patient studies. However, with the increasing application of computational 
simulation technologies in medicine, fluid dynamics simulations can replicate the drug dispersion process within the 
spinal canal.18 This advancement offers a novel approach for studying how needle gauge affects drug distribution in the 
subarachnoid space. Such technologies hold great promise for future research, enabling us to explore and optimize spinal 
anesthesia techniques in a simulated environment, thereby overcoming ethical and practical limitations.

In this study, we investigated the impact of needle diameter on the efficacy and spread of drug distribution around the 
spinal cord by comparing 24- and 26-gauge spinal needles extensively used in spinal anesthesia.18 Given the difficulty of 
observing drug dispersion directly in patients’ spinal canal, the role of needle size remains conjectural. Our research 
focuses on determining the MLAD of ropivacaine administered through real-time UG spinal anesthesia with these needle 
sizes. In addition, it seeks to ascertain the effect of needle diameter on ropivacaine dosage and elucidate the influence of 
needle size on drug distribution and dispersion within the spinal canal using computational fluid dynamics simulation.

Material and Methods
The Ethics Committee of Fujian Provincial Hospital in Fuzhou, China, approved this study on December 25, 2023 
(approval number K2023-12-008) before commencing patient recruitment and sample collection. The study was 
registered with the Chinese Clinical Trial Registry (registration number ChiCTR2400079509) and adhered to the 
guidelines of the Declaration of Helsinki. We assessed 65 parturient women (singleton pregnancy; with an American 
Society of Anesthesiologists (ASA) physical status of II or III; aged 20–45 years; and a gestational period of over 
37 weeks) scheduled for elective lower segment cesarean section under real-time UG spinal anesthesia from January to 
May 2024 for eligibility, and enrolled 60 women. Exclusion criteria encompassed allergies to local anesthetics or 
nonsteroidal anti-inflammatory drugs, infection at the puncture site, blood coagulation disorders, and specific cardiovas
cular diseases. Participants provided written informed consent and were advised of their right to withdraw at any time. 
The enrollment data are depicted in Figure 1.

Parturient women were randomly allocated into Groups I (26-gauge spinal needle) and II (24-gauge spinal needle). In 
this study, randomization was performed using computer-generated random number codes. The study solutions were 
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prepared by an investigator who was not involved in subsequent anesthetic management or data collection.All parturients 
fasted for at least 6 h and received no premedication before surgery. Upon arrival in the operating room, all parturients 
were preloaded with 10 mL/kg lactated Ringer’s solution. Electrocardiographic data, pulse oxygen saturation (SPO2), 
respiratory rate (RR), heart rate (HR), and blood pressure (BP) were monitored.

Hip flexion and knee clutching in the left lateral position were adopted. Real-time UG intraspinal anesthesia was 
performed using a commercially available system (Edge II, SonoSite Company) equipped with a 5–10 MHz transducer. 
The transducer was placed in a paramedian sagittal oblique orientation using sliding and titling scanning techniques to reveal 
a flat hyperechoic sacrum and locate the L2–3 and L3–4 laminar interspaces.19 The transducer was rotated 90° in a transverse 
orientation with respect to the L3–4 laminar interspace, and the needle insertion depth into the anterior complex was measured 
using the electronic calipers of the ultrasound machine. The operation area was disinfected, and the towels were spread. An 
aseptic protective sheath was wrapped around the probe, and local anesthesia with 2% lidocaine was administered at the 
puncture site. Informed by real-time ultrasound images, a 26- or 24-gauge spinal needle (both Quincke) was guided using the 
short-axis in-plane technique,20 and CSF outflow indicated access to the subarachnoid space (Figure 1). In cases of resorption 
without blood, the predetermined dose of local anesthetic ropivacaine was diluted with the CSF to achieve a final concentra
tion of 0.5% and packed into a 5-mL syringe. Afterwards, a local anesthetic was injected at 0.4 mL/s with the spinal needle 
orifice-oriented cephalad. Next, an epidural puncture was performed at the L2–3 interspace with a 16-gauge Tuohy needle, and 
an epidural catheter was inserted 3–4 cm in the cephalad direction into the epidural space. The patients were placed in the 
supine position with a 15° head tilt after inducing spinal anesthesia.

According to previous studies, we selected 15 mg as the dose of intrathecal ropivacaine for the first patient in each 
group.21,22 The dose of intrathecal local anesthetic administered to the patients was varied according to Dixon’s up-down 
sequential allocation method. For each subsequent patient, the dose of the study drug was determined by the outcome of the 
previous patient in the group, with the dosing increment set at 1 mg.21 After successful anesthesia, the dose for the next patient 
was decreased by 1 mg in that group. Conversely, if a failure was recorded, the dose for the next patient was increased by 1 mg 
in that group. The study defined an effective response as achieving a sensory block of T6 or greater in a pinprick test using 
a 17-gauge needle within 20 min after injecting the spinal solution. No additional epidural anesthetic or venous analgesia was 

Figure 1 The process of ultrasound-guided real-time intraspinal anesthesia. (A and B) Short-axis in-plane ultrasound technique of anesthesia. (C) Ultrasound images during 
puncture. (D) The flow of the drug solution resulting from the administration of ropivacaine into the subarachnoid space was observed using color Doppler mode.
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needed for intraoperative pain relief.23 An ineffective response was defined as the failure to reach a bilateral T6 sensory block 
level within 20 min of administering the drug intrathecally or the need for supplemental epidural/venous analgesia during 
surgery if the visual analog pain score was >20 mm or the patient requested additional analgesia despite obtaining a T6 sensory 
level. An epidural anesthetic of 2% lidocaine was added as 5 mL every 10 min as needed.14 Upon skin closure, patient- 
controlled intravenous analgesia commenced, utilizing an electronic analgesia pump filled with sufentanil. The protocol 
included a continuous dose of 2 μg/h, a self-administered dose of 2 μg/h, a 15-min lockout interval, and a maximum dose of 
20 μg/h. The epidural catheter was removed after surgery. Hypotension episodes, defined as a systolic BP of <90 mmHg or 
a decrease of over 20% from the baseline BP, were managed with a 40 μg intravenous bolus of phenylephrine and repeated as 
necessary. Bradycardia, characterized by an HR of < 50 beats per minute, was treated with 0.5 mg of atropine administered 
intravenously. Respiratory depression, identified by an SPO2 level below 90%, was addressed by administering face mask 
oxygen and additional respiratory support when needed.

Outcome Measures
Two trained anesthesiologists blinded to group assignments meticulously analyzed patients’ baseline measurements, encom
passing sensory and motor assessments and subsequent data collected post-surgery and throughout the recovery period. The 
same anesthesiologist performed the spinal anesthesia and the assessments during the anesthesia and surgical procedures.

The level of a sensory block was tested bilaterally with the pinprick test at the midclavicular line and the level of 
a motor block was assessed with a modified Bromage scale (0 = no motor loss, 1 = inability to flex the hip, 2 = inability 
to flex the knee, and 3 = inability to flex the ankle). The level of a sensory block was assessed every 2 min within the first 
20 min post injection. For cases with ineffective blockade, assessments were continued at 15-min intervals for 1 h post 
injection following the completion of surgery until normal sensation returned. We recorded the time to achieve a sensory 
blockade of T6, the maximum spread of sensory blockade, and the duration for sensory blocks higher than T6. The 
degree of a motor block was assessed at the same time points as the sensory block using the modified Bromage score. 
Motor block onset time (time taken for the Bromage score to reach 1 point) and duration (time needed to return to 0 
points) were recorded.

The Apgar score was recorded 1 and 5 min after the baby was delivered. The frequency of hypotension, nausea, 
vomiting, respiratory depression (SpO2<90% or RR<10 breaths/min), uroschesis, epidural hematoma, and nerve injury 
on the first day after the operation. Postdural puncture headache (PDPH) incidence was monitored on the first, second, 
third, and seventh postoperative days, with assessments on the final day being conducted through telephone interviews 
upon patient discharge. A diagnosis of PDPH was established based on the onset of headache worsening within 15 min of 
sitting or standing and showing improvement within 15 min of reclining. In addition, the presence of at least one of the 
following symptoms alongside the headache—neck stiffness, tinnitus, hyperacusis, photophobia, or nausea—was neces
sary for diagnosis, provided the headache appeared within 5 d following the dural puncture.

Sample Size Calculation and Data Analysis
Based on Dixon’s up-and-down sequential method, a minimum of 20 patients (six pairs of sequence reversals) are 
necessary for a stable estimate of MLAD.24–26 To account for a 20% dropout rate, each group should have at least 25 
patients. As detailed in the flow chart (Figure 2), we enrolled 60 patients (30 in each group).

Statistical analysis and data processing were performed using SPSS 26.0. The normality of continuous data was 
assessed with Q-Q plots. Quantitative data conforming to a normal distribution were expressed as mean and SD, as 
appropriate, and analyzed with the Student’s t-test to identify intergroup differences. Non-normally distributed data were 
presented as the median (interquartile range) and examined using the Mann–Whitney U-test. Categorical variables, such 
as perioperative adverse reactions and complications, were expressed as numbers (percentages) and evaluated through 
Pearson’s χ2 or Fisher’s exact test. The MLAD and its 95% confidence interval (CI) were determined using Dixon and 
Massey’s sequential method and Probit regression analysis. MLAD and 95% CI comparisons between groups leveraged 
the formula (Z=(MLAD1-MLAD2)�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S12þS22� �q

), where MLAD1 and MLAD2 represent the minimal local anesthetic 
doses for Groups I and II, respectively, and S1 and S2 are their standard deviations. The comparative concentration 
spread between both groups was assessed using a paired samples t-test. Statistical significance was set at P-value < 0.05 
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(two-tailed). Methods and results are reported according to the Consolidated Standards of Reporting Trials Statement 
(CONSORT).27

Pre-Processing of the Model
Modeling
Based on the actual physiological curvature, the human vertebral canal model was constructed using a real vertebral canal 
cross-section from human anatomical images. A partial model from L5 to T6 was generated in SpaceClaim software to 
create solid surfaces and simplify calculations. The inner and outer surfaces were extracted by volume, and the fluid 
domain was filled. Clinical 24- and 26-gauge puncture needles were used, and the needle tip features were simplified. 
The injection site was located between the lumbar vertebrae L3–L4 and the characteristic depth of both needle injection 
ports from the curved surface of the dura mater was approximately 1 mm.

Grid Division 
Unstructured polyhedral computational grids in the calculation domain were created by fluent meshing. Grid refinement was 
carried out near the needle to reduce the occurrence of regions with large gradients. Prism expansion with three layers was 
applied on the pia mater, dura mater, and needle wall surfaces to meet the needs of laminar viscous flow models. The grid also 
included the internal needle cavity to enable the calculation of CSF velocity distribution at the needle tip and the initialization 
of two-phase flow mixing. By reducing grid size and lowering grid precision while meeting the requirements of grid quality, 
the computational grid that covered all models ultimately consisted of approximately 850,000–900,000 elements.28,29

Figure 2 A flow diagram showing the process of including participants in the study inclusion.
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Submodel Setup 
Due to the very small diffusion coefficient of drugs in the CSF, approximately in the order of 1010–1011 we assumed 
negligible self-diffusion of drugs in the CSF. Thus, the minor phase, which has a significantly lower content compared to 
the major phase in the mixing domain, can be analyzed in a large area as a two-phase flow. A simplified Eulerian 
multiphase flow model, the Mixture Model, was used to simulate an oscillating CSF flow field using a laminar viscous 
model in ANSYS Fluent software, and drug diffusion was modeled using Fluent Mixture multiphase flow.30–32

Material Property Setup 
Major phase: CSF was modeled as an incompressible Newtonian fluid with a viscosity of 0.001 Pas and a density of 
998.2 kg/m3, equivalent to water at room temperature. Minor phase: The drug was modeled as a ropivacaine anesthetic, 
with a density of 1,032 kg/m3 and a viscosity of 9.795E-4 Pas at room temperature, ignoring the temperature effect on 
fluid flow.33

Computer Simulation 
The pressure-implicit with splitting of operators format was used for solving the flow equations, second-order upwind 
discretization for momentum, pressure staging options for pressure discretization, and first-order upwind discretization 
for volume fraction. The default under-relaxation factor was used. The volume fraction parameters were calculated using 
an implicit formula, and the dispersed model was used for the phase interface. The convergence criteria for velocity, 
continuity, momentum, and phase volume fraction were all set to 1E-03. The time step was 0.1 s, and the maximum 
number of iterations per time step was set at 60, simulating fluid movement within 1200 s after injection.

Simulation Post-Processing 
The obtained data was visualized using post-processing software. Source files were rendered into images, animations, 
and data results.

Results
Figure 2 shows the consort diagram. The baseline characteristics, including age, height, weight, operation time, gestation, 
and ASA classification, were not significantly different between the groups (P>0.05) (Table 1).

MLAD of Ropivacaine
The MLAD of intrathecal ropivacaine for cesarean section, using the Dixon and Massey up-down sequential method, was 
12.728 mg (95% CI, 12.339–13.130 mg) in Group I and 9.795 mg (95% CI, 9.491–10.110 mg) in Group II (Figure 3).

The MLAD of ropivacaine differed significantly between the two groups (P<0.05). When Probit regression was used, 
the MLAD of intrathecal ropivacaine was 13.034 mg (95% CI, 12.265–13.803 mg) in Group I and 10.291 mg (95% CI, 
9.477–11.112 mg) in Group II (Figure 3).

Table 1 Baseline Characteristics of Patients in the Two Groups

Characteristics Group I Group II P

Age, y 29.17±3.97 28.60±3.44 0.557

Height, cm 158.67±4.81 158.93±4.58 0.827
Weight, kg 70.87±8.15 68.97±6.77 0.330

BMI, kg/m2 28.15±3.04 27.35±2.92 0.304

Operation time, min 70.33±11.43 73.33±11.01 0.305
Gestation, days 273.17±5.75 272.40±4.92 0.581

ASA physical status (II/III), n 11/19 10/20 0.788

Notes: Data represent the number of patients or the mean ± standard deviation. 
Abbreviation: ASA, American Society of Anesthesiologists.
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Sensory Block in the Two Groups
In Groups I and II, the times to achieve a sensory blockade at the T6 level were 8.533±1.187 min and 8.000±1.414 min, 
respectively; the maximum spread of sensory blockade was at the T4 (T4–T6) and T3 (T3–T6) level, respectively, and the 
durations for sensory blocks higher than T6 were 110.000±13.496 min and 111.765±9.176 min, respectively.

The time to achieve a sensory blockade at the T6 level (P=0.261), the maximum spread of sensory blockade (P=0.331), or 
the duration for sensory blocks higher than T6 (P=0.685) between the two groups did not differ significantly (Table 2).

Motor Block in the Two Groups
In Groups I and II, the onset times for a motor block were 6.533±1.767 min and 6.118±1.495 min, respectively, and the 
duration of a motor block was 161.000±30.249 min and 154.412±32.156 min, respectively. No statistically significant 
differences were observed in the onset time (P=0.477) or duration (P=0.557) of a motor block between both groups (Table 2).

Regarding the modified Bromage score, we could not detect any difference at any evaluation time point between both 
groups (Supplementary Figure S1).

Incidence of Adverse Reactions in the Two Groups
The incidence of postoperative complications did not differ between the two groups (Supplementary Table S1).

Intraspinal Model
A human vertebral canal model was successfully established. A partial model from L5 to T6 was generated in 
SpaceClaim software to create solid surfaces; the inner and outer surfaces were extracted by volume, and the fluid 
domain was filled (Supplementary Figure S2).

Figure 3 (A) The 26-gauge spinal needle ultrasound-guided group; (B) the 24-gauge spinal needle ultrasound-guided group. The minimum local anesthetic dose (MLAD) of 
ropivacaine for cesarean section was 12.728 mg (95% CI, 12.339–13.130 mg) in Group I and 9.795 mg (95% CI, 9.491–10.110 mg) in Group II using the formula of Dixon and 
Massey. The line indicates the MLAD. “ ”, effective anesthesia; “ ”, ineffective anesthesia.

Table 2 Details of the Sensory and Motor Block Procedures

Variable Group I Group II P

Sensory block (min)
Reached time of T6 8.533±1.187 8.000±1.414 0.261

Duration of time above T6 110.000±13.496 111.765±9.176 0.685

The highest plane T4 (T4-T6) T3 (T3-T6) 0.331
Motor block (min)

Onset time 6.533±1.767 6.118±1.495 0.477

Duration 161.000±30.249 154.412±32.156 0.557

Notes: No statistical significance was observed between groups. Data are presented as 
the mean ± SD.

Drug Design, Development and Therapy 2024:18                                                                             https://doi.org/10.2147/DDDT.S476710                                                                                                                                                                                                                       

DovePress                                                                                                                       
4407

Dovepress                                                                                                                                                           Zheng et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=476710.docx
https://www.dovepress.com/get_supplementary_file.php?f=476710.docx
https://www.dovepress.com/get_supplementary_file.php?f=476710.docx
https://www.dovepress.com
https://www.dovepress.com


Variations in Drug Concentration on Different Planes
The rate of drug concentration increased faster at the T10, T11, and T12 cross-sections with the 26-gauge thin needle 
than with the 24-gauge thicker needle. This may be related to a faster drug flow rate with thin needles (Figure 4). 
However, compared with the 24-gauge needle, the drug concentration with the 26-gauge needle peaked quickly before 

Figure 4 Drug concentration variation diagrams on different planes. (A) shows the diffusion of ropivacaine in the spinal canal through a 24-gauge needle after 600 seconds. 
This diagram highlights how the anesthetic spreads within the subarachnoid space, depicting varying concentrations distributed across different regions; (B) ropivacaine 
diffusion using a 26-gauge needle at the same interval; (C–E) display the transitions in intrathecal ropivacaine levels within the T10–T12 vertebral segment over a longer 
duration of 1200 s.
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rapidly declining, and the subsequent drug concentrations at the T10, T11, and T12 cross-sections were lower than those 
with the thick needle. The effective concentration at the target plane was higher with the 24-gauge needle.

Discussion
In this prospective randomized study, which employed an up-and-down sequential allocation, we found that using 26- 
and 24-gauge spinal needles in UG spinal anesthesia yielded effective results without an increased risk of complications. 
Notably, the MLAD required for the 26-gauge needle, averaging 12.728 mg (95% CI, 12.339–13.130 mg), was 
significantly higher than the 9.795 mg (95% CI, 9.491–10.110 mg) required for the 24-gauge needle (P<0.05), suggesting 
that needle diameter plays a critical role in determining the MLAD.

Ciftci et al34 proposed that needle diameter size indirectly influences ropivacaine’s MLAD by altering local anesthetic 
flow rate, diffusion characteristics within the spinal canal, and potentially CSF dynamics. Specifically, a narrower spinal 
needle increases the local anesthetic’s flow rate under uniform injection pressure, potentially altering its diffusion within 
the spinal canal.18 Conversely, a reduced flow rate achieves a stable laminar flow in the CSF, promoting an even drug 
distribution for more effective anesthesia. In contrast, a needle with a smaller diameter may increase solution flow rate, 
elevate turbulence risk, lead to uneven local anesthetic distribution in the subarachnoid space, create irregular concen
tration gradients, and thus enhance variability in anesthesia effect.

Building an intrathecal model and utilizing fluid simulation technology to study the dispersion of anesthetic agents 
within the spinal canal is innovative and significant. This approach replicates the drug distribution process by leveraging 
advanced computational simulations. This is particularly valuable given the ethical and practical limitations of direct 
studies in patients. By modeling the spinal canal and simulating fluid dynamics, we can understand how different factors, 
such as needle gauge and injection speed, affect the distribution of anesthetic agents. This study innovatively employed 
fluid simulation technology,35 revealing for the first time the diffusion dynamics of ropivacaine within the spinal canal 
using two different sizes of lumbar puncture needles. The simulation results indicate that the 26-gauge spinal anesthesia 
needle reached a higher drug concentration more rapidly than the 24-gauge needle at the T10, T11, and T12 sections, 
likely due to the faster flow rate of medication injected by the finer needle. However, with the 26-gauge needle, the drug 
levels declined swiftly after reaching peak concentrations compared to the 24-gauge needle, resulting in lower concen
trations at subsequent T10, T11, and T12 sections. The 24-gauge spinal anesthesia needle maintains a higher effective 
concentration at the target planes. This explains why the MLAD required with the 26-gauge needle under UG spinal 
anesthesia is higher than that of the 24-gauge in this study.

Liu et al15 and our initial findings indicate that for lower limb surgeries within the general population, using UG single spinal 
anesthesia requires a higher MLAD for bupivacaine and ropivacaine compared to the traditional method.16,17 For instance, the 
MLAD for 0.5% ropivacaine reached 20.192 mg in knee surgeries employing ultrasound guidance, as opposed to 17.176 mg 
required under the conventional approach.17 Contrary to these findings, our study recorded MLADs of 12.728 mg and 9.795 mg 
for the 26- and 24-gauge needles, respectively. This is approximately consistent with previous studies.12–14,36,37 Tang et al,14 

used the Dixon sequential method and Probit regression analysis and found that the 50% effective doses (ED50s) of ropivacaine 
were 11.4 and 11.1 mg, respectively, when using a 27-gauge spinal needle for spinal anesthesia at the L3–4 interspace during 
cesarean sections. Similarly, Mei et al13 also used Probit regression analysis and found that the ED50 of ropivacaine was 
11.2 mg with a 26-gauge spinal needle. This discrepancy could be attributed to the precise identification of the intervertebral 
space through ultrasound, minimizing the risk of puncture point deviation. In addition, the sensitivity to local anesthetics may be 
amplified in late-stage pregnant women due to anatomical and hormonal alterations, possibly influencing these outcomes.11

In this study, the durations required to achieve the T6 level following spinal anesthesia were 8.533±1.187 min and 
8.000±1.414 min for the respective groups. These findings reveal a quicker onset compared to our prior study, where 
reaching the T10 level post-UG spinal anesthesia in a general cohort necessitated 16.714±1.790 min. In addition, the 
sensory blockade durations surpassing the T6 plane were 110.000±13.496 min and 111.765±9.176 min, exceeding the 
sensory blockade duration above the T10 plane reported in our earlier research (90.143±13.163 min),17 corroborating the 
heightened sensitivity of parturients to local anesthetics.

No significant differences were observed between the two groups regarding the incidence of hypotension, nausea, 
vomiting, respiratory depression, and bradycardia. In addition, the Apgar scores of newborns at the 1st and 5th min 
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showed no significant variations between the groups. The absence of any newborns with an Apgar score below 8 further 
demonstrates the safety of employing real-time UG spinal anesthesia in cesarean deliveries.

Applying fluid simulation technology allowed us to simulate the diffusion process of ropivacaine in the spinal canal 
using two different sizes of lumbar puncture needles. The simulation results revealed that when using the fine 26-gauge 
needle, the drug concentration rapidly decreased after reaching its peak, and the drug concentration at the T10, T11, and 
T12 cross-sections was generally lower than when using the thicker 24-gauge needle. This explains why the MLAD 
required for the 24-gauge needle is lower than that for the 26-gauge needle when reaching the same block plane.

This study had some limitations. Primarily, constraints on computational resources precluded the simulation of how 
various puncture angles and changes in patient positioning might influence anesthetic solution diffusion, an aspect 
intended for future research. In addition, the ED95 for ropivacaine, a measure with significant clinical relevance, is yet to 
be explored in this research.

Future research will continue to leverage the intrathecal model and fluid simulation technology to explore various 
aspects of spinal anesthesia. One promising area of investigation is the impact of different puncture angles on the 
distribution of anesthetic agents within the spinal canal. By simulating these variations, we hope to optimize puncture 
techniques to enhance the efficacy and safety of spinal anesthesia. This will involve computational simulations and 
corroborative studies to validate the findings. These advancements will contribute to a deeper understanding of how to 
best administer spinal anesthesia, ultimately improving clinical practices and patient care.

Conclusion
This research illustrates that for cesarean section anesthetization, the required MLAD of ropivacaine when applied using 
a 26-gauge spinal needle under real-time UG is significantly greater than with a 24-gauge needle. The diameter of the 
spinal needle plays a crucial role in determining ropivacaine’s MLAD by markedly affecting the rate of diffusion of the 
anesthetic within the spinal canal.
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