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1 Abstract 

This systematic review synthesizes randomized controlled trials and related studies to assess the 

efficacy and safety of ultrasound-guided regional anesthesia (USGRA) techniques in comparison with 

traditional landmark-based approaches. The analysis focuses on three primary outcome measures: block 

success rates, anesthetic onset times, and the incidence of complications. Data were extracted and 

analyzed according to established PRISMA methodology to ensure methodological rigor. Evidence 

suggests that USGRA frequently achieves higher block success rates than conventional techniques, 

particularly when compared with landmark-based methods (Neal et al., 2016). In pediatric populations 

and adults alike, ultrasound guidance appears to improve procedural accuracy by enabling real-time 

visualization of anatomical structures, leading to more consistent deposition of local anesthetic near the 

target nerve (Huppertz-Thyssen & Nikolić, 2023; Neal et al., 2016). Multiple studies also report 

advantages over nerve stimulation approaches, including faster onset times and longer block duration 

(Huppertz-Thyssen & Nikolić, 2023). While some clinical trials report no statistically meaningful 

difference compared with certain other established modalities (Yu et al., 2017), the aggregated evidence 

indicates a trend favoring ultrasound guidance in terms of both efficacy and reproducibility. In terms of 

onset time, subgroup analyses reveal that ultrasound visualization may shorten the latency period 

required for effective anesthesia in several block types (Huppertz-Thyssen & Nikolić, 2023). The 

shorter onset is often attributed to direct needle placement under sonographic guidance, minimizing 

tissue trauma and optimizing the spread pattern of the injectate. However, variability among published 

data must be acknowledged; a subset of trials has found comparable onset times between USGRA and 

non-ultrasound methods, suggesting a possible role for operator experience or patient-specific anatomy 

in moderating outcomes (Yu et al., 2017). Despite these inconsistencies, pooled results lean toward 

faster functional analgesia onset with ultrasound guidance. Safety outcomes form a critical part of this 

synthesis. Incidences of vascular puncture and related complications are generally reduced when using 

ultrasound-guided techniques relative to blind landmark approaches or nerve stimulation. Visualization 

allows for avoidance of vulnerable structures during needle advancement, reducing unintentional vessel 

injury. Large-scale analyses have not demonstrated a difference in long-term nerve injury rates between 

groups. Rare events are inherently difficult to assess within available sample sizes (Huppertz-Thyssen 

& Nikolić, 2023). Smaller observational data sets suggest fewer injection-site complications when 

anatomical targets are visualized directly rather than inferred through surface landmarks (Yu et al., 

2017). The comparative evaluation also considers specialty applications such as suprainguinal fascia 

iliaca blocks for lower limb procedures. These blocks have shown improved postoperative outcomes 

versus traditional fascia iliaca blocks in randomized settings when performed under ultrasound control 

(Genc et al., 2023). This suggests an emerging role for USGRA as part of multimodal analgesic 

regimens where precise delivery can meaningfully influence recovery trajectories. Additionally, certain 
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novel approaches like cephalad quadratus lumborum block variations or erector spinae plane blocks 

benefit from real-time imaging due to their complex deep anatomy and variable spread characteristics 

(Hotta, 2022). Interpretation of these findings requires consideration of training implications. Operator 

proficiency is closely tied to effectiveness; structured teaching programs incorporating image 

recognition and live-guided practice have been proposed to enhance skill acquisition while maintaining 

safety (Beals et al., 2019). Traditional apprenticeship models suffer from inconsistent procedural 

exposure and lack of standardization (Kim & Tsui, 2019), further reinforcing the case for formalized 

training in USGRA techniques if widespread adoption is to yield reliable improvements in patient 

outcomes. Across diverse clinical contexts, ranging from dental anesthesia comparisons such as inferior 

alveolar nerve block versus alternative methods like Gow-Gates or Vazirani-Akinosi techniques (Yu et 

al., 2017) to complex surgical interventions, this review identifies a consistent pattern: ultrasound 

guidance tends to provide either equivalent or superior performance with considerable improvement in 

safety margins. Where ambiguity remains due to heterogeneity across studies or inconsistent statistical 

significance reports, it appears more related to study design limitations than an absence of true effect. 

The cumulative analysis suggests that implementation of USGRA can optimize both procedural 

efficiency and patient protection when integrated with adequate operator training and adherence to best 

practices grounded in anatomical precision. 

 

2 Introduction 

 
2.1 Background and Rationale 

Ultrasound-guided regional anesthesia (USGRA) has been developed as an increasingly precise 

alternative to traditional landmark-based techniques, with the underlying rationale centered on 

improving block accuracy, reducing procedural variability, and enhancing safety outcomes through 

direct anatomical visualization. Unlike reliance on static surface landmarks that may vary considerably 

between individuals, ultrasound permits dynamic imaging of target nerves and adjacent structures, 

thereby facilitating needle placement in real time (Md. et al., 2021). This ability to observe surrounding 

tissues such as blood vessels or bone interfaces during injection is theorized to lower the incidence of 

inadvertent vascular puncture, intraneural injection, and other mechanical trauma often associated with 

blind approaches. From a clinical effectiveness standpoint, the principal parameter of interest has been 

the block success rate. Several controlled studies have identified higher success rates when using 

ultrasound guidance compared with nerve stimulation or purely landmark-reliant methods. This 

improvement may be due to more uniform deposition of the local anesthetic around the intended neural 

structure, which is observable via hypoechoic spread patterns under sonographic view. By ensuring 

circumferential distribution near the nerve, USGRA reduces the likelihood of incomplete anesthesia, a 

limitation reported in some blind injection strategies where needle positioning is inferred rather than 

verified in real time. The timing of anesthetic onset is another clinically relevant metric. Reduced onset 

latency has been attributed to optimal needle tip location and minimized need for repositioning during 

drug delivery. In several investigations, onset times were faster in ultrasound-guided groups compared 

to those receiving inferior alveolar nerve blocks or alternate traditional methods for mandibular 

procedures (Yu et al., 2017). Such temporal advantages may not only improve workflow efficiency but 

also enhance patient comfort by shortening waiting intervals prior to surgical incision. Interstudy 

variability suggests that operator expertise remains a pertinent factor; novices sometimes fail to realize 

these benefits without adequate imaging skills training (Kim & Tsui, 2019). Complication reduction 

forms a central part of the argument for adopting USGRA. Visualization capabilities allow practitioners 

to circumvent vulnerable structures like vessels, potentially lowering rates of systemic local anesthetic 

toxicity or post-procedure neurological deficits (Haskins et al., 2021). For example, conditions such as 

hematoma formation following femoral nerve block can be mitigated by precise needle trajectory 

planning under ultrasound guidance (Singh et al., 2022). Even in veterinary contexts, such as 

mandibular blocks in sheep, use of ultrasound has been observed to prevent tissue injury and reduce 

complication rates, though wider validation is still needed due to limited sample sizes (El-Sherif & 

Nazih, 2024). These clinical drivers are complemented by broader procedural considerations. 

Successful implementation depends heavily on operator training that integrates both technical and non-

technical skills. Residents who focus solely on motor aspects of USGRA without mastering adjunct 

http://www.diabeticstudies.org/


The Review of DIABETIC STUDIES 

Vol. 20 No. S5 2024 

 

WWW.DIABETICSTUDIES.ORG                                                                                                                     227 

knowledge areas like pharmacology or aseptic technique may fall short in fully exploiting its potential 

benefits (Kim & Tsui, 2019). Familiarity with real-world ultrasound artifacts, which do not always 

appear in simulation, enhances procedural reliability when transitioning from laboratory settings to 

actual patients (Lahham et al., 2017). The growing portability and affordability of modern ultrasound 

systems further reduce logistical barriers for dissemination into diverse practice environments. The 

rationale for systematic evaluation also lies in resolving lingering evidence gaps noted in meta-analyses 

comparing different block techniques such as Gow-Gates versus Vazirani-Akinosi versus inferior 

alveolar nerve blocks. While certain studies reveal clear superiority in success rate and reduced 

aspiration risk under specific conditions, heterogeneity arising from variations in epinephrine 

concentration or anesthetic formulation can obscure definitive conclusions (Yu et al., 2017). Controlled 

standardization across trials could sharpen interpretation and guide procedural consensus. There 

remains also an interplay between innovation and safety oversight. As new fascial plane block (FPB) 

approaches emerge, some effectively replacing older modalities, the necessity for scientifically 

grounded assessment becomes essential for responsible integration into surgery and acute pain 

management workflows (Hotta, 2022). Named examples include quadratus lumborum variants where 

deep anatomical targets create greater potential hazards if performed without visual confirmation. For 

airway-focused interventions like glossopharyngeal or superior laryngeal blocks, current 

recommendations caution selective use for operators with advanced skill due to proximity-related risks; 

here again ultrasound offers potential mitigation yet has not fully supplanted less invasive alternatives 

because evidence remains incomplete (Haskins et al., 2021). Evaluating USGRA within a structured 

synthesis aligns with methodological rigor advocated by frameworks such as PRISMA. By focusing on 

quantifiable outcome measures, success rate, anesthetic onset time, and complication profile, this 

approach seeks not just descriptive insight but evidence capable of guiding protocol refinement and 

training priorities. Preliminary indications favor USGRA over conventional landmark-based 

approaches across multiple endpoints; clarifying this advantage under varied clinical scenarios 

demonstrates both the practical impetus and scientific basis for deeper investigation. 

 
2.2 Historical Development of Regional Anesthesia 

The origins of regional anesthesia can be traced to anatomical landmark-based techniques, in which the 

practitioner relied solely on palpation and external anatomical features to guide needle insertion. Early 

implementations centered around empirical observation rather than real-time visual confirmation, 

making procedural reproducibility highly dependent on operator familiarity with surface anatomy and 

tactile feedback. Such landmark-guided approaches were the primary strategy for decades, shaping 

surgical workflows across specialties. They offered simplicity and minimal equipment demands but at 

the cost of variability in block success rates and a higher susceptibility to complications such as vascular 

puncture or incomplete anesthesia. With the advancement of neurophysiological insights, nerve 

stimulator techniques emerged as an intermediary innovation. These methods sought to increase 

accuracy by using low-intensity electrical impulses to elicit motor responses from specific muscles, 

confirming proximity to the target nerve. The stimulator thus provided physiological feedback that 

could refine needle placement compared with blind landmark-based injections (Anandani & Baldaniya, 

2023). Despite improving localization accuracy over purely anatomical approaches, onset times 

remained inconsistent, as correct position was inferred indirectly rather than seen. Moreover, variations 

in patient anatomy occasionally produced atypical motor responses or made targeting challenging even 

for experienced clinicians. A more substantial transformation arose through the integration of 

ultrasound imaging into clinical practice. Initially adopted in fields like cardiology and obstetrics, 

portable high-resolution ultrasound systems found increasing utility in anesthesiology when clinicians 

realized that direct visualization of nerves and surrounding structures could radically alter regional 

block precision (Neal et al., 2016). Ultrasound guidance allowed dynamic assessment, nerve structures 

could be visualized alongside adjacent vascular channels or fascial planes, enabling adjustments in 

needle trajectory before injection. This shift also affected complication profiles: by mapping vulnerable 

areas, practitioners could avoid intravascular injections or traumatic nerve contact more reliably than in 

earlier paradigms (Huppertz-Thyssen & Nikolić, 2023). The transition from blind techniques to image-

guided approaches did not happen instantly; it reflected both technological maturation and evolving 

training paradigms. Initial skepticism related to equipment cost, learning curve concerns, and 
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uncertainty about incremental benefits relative to nerve stimulation slowed adoption in some institutions 

(Kim et al., 2017). However, accumulating evidence began to demonstrate not only higher block success 

rates with ultrasound but also faster anesthetic onset for various procedures, including brachial plexus 

and lower limb blocks, which reinforced its clinical appeal (Anandani & Baldaniya, 2023). For example, 

suprainguinal fascia iliaca blocks performed under ultrasound control exhibited improved spread 

patterns of local anesthetic that likely accounted for enhanced postoperative analgesia compared with 

traditional approaches. The historical pathway also includes nuanced developments in safety oversight. 

Landmark-based methods carried inherent risks due to their inability to visualize deep vessels or 

variable nerve pathways; systemic local anesthetic toxicity was more commonly linked to inadvertent 

intravascular delivery in such contexts. Nerve stimulation mitigated some risks but did not fully prevent 

structural injury since mechanical trauma could occur even after eliciting correct muscle responses. 

Ultrasound changed this profile further, it facilitated low-pressure injection monitoring and direct 

observation of injectate spread (Huppertz-Thyssen & Nikolić, 2023), reducing unforeseen 

complications without altering procedural duration dramatically. Technological refinement expanded 

capabilities beyond mere visibility. For instance, research into artificial intelligence-assisted ultrasound 

interpretation emerged from recognition that human operators often interpret sonographic images 

differently based on experience level (Viderman et al., 2022). Automated detection frameworks promise 

historical continuity with progressive enhancement: they aim to standardize recognition of key 

landmarks and improve consistency across practitioners regardless of tenure. In a similar vein, dual 

guidance systems pairing ultrasound visualization with nerve stimulation refined targeting even further, 

a synthesis of two historically separate modalities now recognized within broader safety and efficacy 

objectives (Huppertz-Thyssen & Nikolić, 2023). The developmental arc has not been limited to 

peripheral nerve anesthesia. Neuraxial techniques also benefited from the transition toward ultrasound 

imaging for epidural depth estimation or catheter pathway prediction (Neal et al., 2016). Historically 

performed by feel and occasional fluoroscopic confirmation, these procedures gained added confidence 

with real-time sonography, although practice variation persists due to institutional preferences and 

training exposure levels. Training itself represents a thematic bridge across this history. For landmark 

methods, apprenticeship learning dominated, junior clinicians stood beside senior practitioners 

observing tactile technique until skill was judged sufficient. Nerve stimulator adoption required specific 

instruction in electrode positioning and current calibration but still leaned heavily on repetition without 

visual aids. With ultrasound came a need for formalized curricula incorporating both cognitive 

recognition of image artifacts and psychomotor control under simultaneous visual reference (Kim et al., 

2017). Extended simulation-based modules were proposed where access to mannequins or live 

supervised cases would allow trainees to internalize both normal and variant anatomy as it appears on 

screen, an educational nuance absent from earlier eras. Tracing this progression illuminates how 

priorities evolved from basic feasibility toward reproducibility and measurable performance outcomes 

such as improved block success rates, reduction in complication incidence, and enhanced onset time 

efficiency, all central metrics. Each historical stage built upon limitations exposed by its predecessor: 

landmark reliance gave way under variability pressures; nerve stimulation advanced physiological 

confirmation but left structural uncertainty; ultrasound introduced clarifying direct visualization yet 

continues adapting via AI augmentation for inter-operator consistency (Viderman et al., 2022). This 

iterative layering underlines that historical development is best understood not as discrete leaps but as 

cumulative refinement driven by ongoing confrontation between technological capability and clinical 

need. 

 
2.3 Scope and Objectives of the Review 

Building on the historical and conceptual context, the scope of this review is intentionally circumscribed 

to a direct comparative analysis of ultrasound-guided regional anesthesia (USGRA) against traditional 

landmark-based methods and, where applicable, nerve stimulator techniques. The review has been 

structured according to PRISMA guidance to ensure that comparisons are not only thematically 

coherent but also methodologically transparent. This encompasses a focus on three quantifiable primary 

outcomes: procedural success rate, anesthetic onset time, and the incidence of complications during or 

following the block procedure. These endpoints were chosen because they represent clinically 

meaningful measures that collectively determine both short-term efficacy and long-term patient safety. 
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The inclusion criteria are deliberately formulated to capture both adult and pediatric populations, as 

age-related anatomical differences may influence the performance characteristics of regional anesthesia 

(Neal et al., 2016). Equally, veterinary applications are considered where they offer relevant 

mechanistic insights, particularly in terms of precision and complication avoidance under ultrasound 

visualization (El-Sherif & Nazih, 2024). While surgical contexts vary widely, from dental nerve blocks 

to truncal plane blocks in major thoracic interventions, the analytical framework seeks to identify 

common trends in outcome shifts attributable to sonographic guidance rather than procedure-specific 

idiosyncrasies. A secondary aim within this scope is to investigate how USGRA performance metrics 

interact with practitioner experience and training modality. Simulation workshops, structured curricula, 

and mentorship models have been variably deployed across studies, producing differential impacts on 

success rates and complication avoidance (Beals et al., 2019; Kim et al., 2017). By synthesizing these 

findings through subgroup comparison, the review will examine whether observed benefits arise 

primarily from the inherent capability of ultrasound imaging or from concurrent improvements in 

operator proficiency encouraged by formal training regimes. This distinction has practical implications 

for implementation strategies in institutions considering broader USGRA adoption. In defining study 

eligibility, randomized controlled trials are prioritized due to their minimized bias profile, though high-

quality prospective cohort studies are incorporated when RCT evidence is lacking for specific block 

types or settings. Excluded are descriptive case reports unless they present unique safety data 

unobtainable from larger designs. This deliberate narrowing reflects an intent to balance breadth of 

coverage with depth of critical appraisal. Methodological heterogeneity remains a challenge; for 

example, variations in local anesthetic concentration or adjunct sedative use can influence onset time 

independent of needle guidance method (Yu et al., 2017). Such confounders will be explicitly noted 

during synthesis so as not to over-attribute outcome differences solely to the presence or absence of 

ultrasound guidance. Beyond simple endpoint comparison, one objective is to interrogate mechanistic 

plausibility linking ultrasound visualization with improved clinical outcomes. For instance, higher 

block success rates may plausibly result from more consistent deposition patterns of anesthetic 

confirmed under real-time imaging (Neal et al., 2016), while reduced complication rates could stem 

from avoiding intravascular injection or neural trauma through careful anatomic mapping during 

advancement (Haskins et al., 2021). Evaluating whether these mechanisms are consistently documented 

across heterogeneous study designs will help clarify the generalizability of USGRA benefits. Another 

explicit objective is to assess the reported magnitude of advantage conferred by ultrasound guidance, 

whether benefits manifest as absolute improvements across all cases or are more pronounced in 

technically challenging scenarios such as deep plexus blocks or patients with atypical anatomy. This 

focus enables a more granular recommendation framework: for example, if gains are modest for 

superficial blocks but substantial for complex fascial plane approaches like erector spinae plane 

procedures associated with postoperative opioid sparing (Capuano et al., 2024), then clinical 

prioritization strategies can be aligned accordingly. Attention is also directed toward understanding the 

temporal aspects of benefit realization. Some studies suggest that shorter onset times under ultrasound 

guidance translate into more efficient operating room turnover and reduced pre-incision waiting 

periods; others note lymphatic or fascial spread limitations that may temper these timing gains in certain 

techniques (Neal et al., 2016). Clarifying this variability supports evidence-based decision-making 

about which procedural settings most profit from investing in ultrasound capabilities. Where 

complication profiles are concerned, objectives extend beyond simply enumerating adverse events; 

there is interest in evaluating severity gradients, from minor vascular puncture without sequelae to 

persistent neurologic deficits, and determining whether ultrasound introduces any novel risk categories 

through over-reliance on visual cues at expense of other sensory feedback modalities. Reported cases 

from both human and veterinary literature offer a basis for assessing whether complication avoidance 

is consistently reproducible under routine practice conditions rather than controlled trial environments 

(El-Sherif & Nazih, 2024). Finally, embedded within these objectives is an appraisal of how USGRA 

adoption interacts with evolving technological adjuncts such as AI-assisted image recognition or dual-

modality guidance combining ultrasound with peripheral nerve stimulation. Although these innovations 

remain emergent compared to baseline sonography uptake, their mention within eligible studies 

warrants at least preliminary commentary on potential future expansions of practice (Bowness et al., 

2022). By tethering such speculation to documented performance outcomes rather than marketing 
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claims, this review aspires to maintain analytical rigor while acknowledging plausible trajectories for 

continued refinement. The outlined scope ensures that conclusions will rest on systematically gathered 

and evaluated evidence spanning diverse populations, procedure types, and institutional contexts. The 

objectives align closely with practical clinical decision points: gauging whether USGRA meaningfully 

improves procedural efficiency (via higher success rates and faster onset), enhances safety margins (via 

reduced complications), and whether such benefits persist across varying operator skill levels and 

organizational infrastructures (Kim et al., 2017). This structured approach aims not only at summarizing 

comparative outcomes but also at informing nuanced application strategies capable of translating 

statistical advantage into consistent patient benefit. 

 
3 Methodology 

 
3.1 PICO Framework 

The analytical framework applied for this review incorporates the PICO model to ensure a structured 

and transparent approach that aligns with the methodological rigor mandated by PRISMA principles. 

In this context, each element, Population, Intervention, Comparison, and Outcome, has been carefully 

operationalized to draw systematic parallels between ultrasound-guided regional anesthesia (USGRA) 

and traditional landmark-based or nerve stimulator-guided methods. This structure supports targeted 

evaluation of procedural success rates, anesthetic onset times, and complication reduction. For the 

Population component, eligible participants include adult and pediatric patients undergoing any form 

of regional anesthesia for surgical or diagnostic procedures. This broad inclusion criterion 

accommodates anatomical diversity due to age, which may influence needle targeting accuracy and 

anesthetic dispersion patterns (Neal et al., 2016). Variations in body habitus, presence of comorbidities, 

and prior surgical history are recognized as potential modifiers of outcome metrics. Although human 

data form the principal basis for synthesis, select veterinary studies have been considered when 

mechanistic parallels are relevant, for instance, visualization precision improving safety in mandibular 

blocks in livestock (El-Sherif & Nazih, 2024). Exclusion criteria have been applied to populations 

where regional anesthesia presents heightened risk or altered outcomes due to confounding factors, 

examples include poor cognitive ability hindering postoperative pain scoring or local infection at 

puncture sites (Raziullah et al., 2022). Within the Intervention parameter, USGRA is defined as regional 

anesthetic techniques that utilize real-time ultrasonographic imaging for needle guidance and deposition 

monitoring. This encompasses peripheral nerve blocks such as periprostatic nerve block combined with 

intraprostatic infiltration in urological biopsy settings (Golam Moula et al., 2024), fascial plane blocks 

like erector spinae or suprainguinal fascia iliaca blocks, and truncal approaches such as transversus 

abdominis plane variants. Interventions may be performed with adjunctive tools including head-

mounted displays for ergonomic optimization during probe manipulation (Przkora et al., 2021), but the 

core criterion remains continuous sonographic visualization of key anatomical landmarks during 

injectate delivery. Protocol variations across included studies, such as differing local anesthetic volumes 

or concentrations, are noted explicitly since these can subtly influence onset time irrespective of 

guidance technique. Comparison groups comprise traditional landmark-based methods that rely on 

palpation of bony or soft tissue anatomical markers without imaging support, as well as nerve 

stimulator-guided techniques which infer proximity through evoked motor responses rather than direct 

visualization (Anandani & Baldaniya, 2023). Landmark approaches often display greater variability in 

block success characterized by incomplete sensory coverage in certain distributions; nerve stimulation 

reduces some variability but maintains residual structural uncertainty without image guidance. These 

comparative frameworks also extend to specialized cases where procedural alternatives exist, for 

example, cystoscopic versus ultrasound-guided obturator nerve block in bladder surgery patients 

(Zunaid et al., 2023). For the Outcome dimension, three primary endpoints have been established 

according to their clinical relevance: 

1. Procedural success rate: defined here as successful attainment of the intended block with 

adequate sensory or motor effect before incision. 

2. Anesthetic onset time: recorded from completion of injection until clinical verification of 

desired neural blockade. 
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3. Complication incidence: encompassing both intraoperative events such as vascular puncture 

and postoperative sequelae including hematoma formation or prolonged neurological deficit. 

Secondary outcomes provide nuanced insights that may enrich interpretation, these include opioid 

consumption postoperatively when assessing analgesic efficacy in thoracic surgery comparisons 

between ESPB and TPVB/SAPB (Capuano et al., 2024), patient-reported comfort scores during 

procedures like TRUS-guided prostate biopsy under combined blocks (Golam Moula et al., 2024), and 

operator-reported ergonomic indices under device-assisted visualization systems (Przkora et al., 2021). 

Applying PICO allows consistent mapping between study aims and extracted variables. For instance, 

lower visual analog scale (VAS) scores observed with ultrasound-guided fascial plane blocks compared 

to traditional techniques meet both success rate (functional analgesia) and complication avoidance 

criteria by reducing opioid requirements that can introduce systemic side effects (Capuano et al., 2024). 

Similarly, reduced procedural discomfort observed when combining PPNB with IPPNB vs PPNB alone 

directly relates to intervention efficacy while controlling for extraneous factors such as PSA levels or 

biopsy duration that remained constant across arms (Golam Moula et al., 2024). Moreover, structuring 

study selection through this framework enhances comparability despite methodological heterogeneity. 

Variables such as operator experience level, a recognized determinant of USGRA performance, are 

classified within Population descriptors yet contextualized alongside Intervention fidelity; workshops 

incorporating simulation and didactic components have demonstrated skill retention advantages over 

irregular exposure models (Beals et al., 2019). This differentiation helps interpret whether improved 

success rates stem from inherent imaging benefits or training quality linked to intervention deployment. 

The PICO model also aids in isolating mechanisms underpinning observed differences. Faster onset 

times associated with ultrasound guidance can plausibly be tied to precise perineural placement verified 

via hypoechoic spread patterns rather than inferred alignment, a mechanism supported by evidence 

showing optimal coverage reduces need for repositioning mid-procedure (Neal et al., 2016). 

Documented reductions in inadvertent vascular puncture under ultrasound arise from real-time vessel 

identification unavailable to blind landmark approaches (Haskins et al., 2021), shoeing how 

intervention-specific capabilities translate into concrete outcome shifts. In effect, operationalizing each 

PICO element within clearly articulated boundaries ensures that comparative synthesis remains focused 

on clinically meaningful contrasts between USGRA and its non-visual counterparts. The result is a 

coherent foundation from which subsequent sections can examine aggregated trial data while 

maintaining transparency about how population definitions, intervention specifics, comparator 

selection, and outcome measurement coalesce into a reproducible analytic workflow. 

 
3.2 Search Strategy 

The process for identifying, screening, and selecting studies was structured to meet the methodological 

expectations of PRISMA, ensuring that the final evidence base was both comprehensive and relevant 

to comparisons between ultrasound-guided regional anesthesia (USGRA) and traditional landmark-

based or nerve stimulator-guided techniques. Drawing from the PICO definitions, the search was 

constructed to capture literature that directly addressed procedural success rates, anesthetic onset times, 

and complication incidence within randomized controlled trials as the primary inclusion category. 

Multiple biomedical databases were queried, including PubMed, EMBASE, The Cochrane Central 

Register of Controlled Trials (CENTRAL), Scopus, and Web of Science. This broad database selection 

mitigates discipline-specific publication bias by ensuring coverage across anesthesiology, surgery, pain 

medicine, and broader clinical sciences. Search terms were deliberately inclusive yet targeted: for 

peripheral blocks and truncal block variants, combinations of “regional anesthesia,” “ultrasound-

guided,” “landmark technique,” “nerve stimulation,” “success rate,” “onset time,” and “complication” 

were paired with specific block names such as “femoral nerve block,” “erector spinae plane block,” or 

“fascia iliaca block.” In addition to human data sets relevant to procedural efficacy comparisons, 

additional terms captured mechanistic veterinary studies where similar anatomical visualization 

principles applied. Boolean operators ensured logical structuring of queries; for example, terms linking 

ultrasound guidance with individual techniques included conjunctions (“AND”) to establish 

intersections between imaging modality and block type. Search updates extended through the latest 

complete calendar month before data analysis commenced. No language restrictions were imposed at 

the initial stage so that potentially translatable non-English studies could be assessed for content 
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relevance; however, non-English articles lacking translation feasibility were excluded during full-text 

review stages. Reference lists from included articles were examined using a snowball method to identify 

additional eligible trials missed during primary database querying. This secondary identification step 

served two purposes: first, locating older but still relevant randomized trials embedded within later 

reviews; second, expanding reach into procedural subtypes where indexing inconsistencies might have 

limited discovery in initial searches. A distinct example lies in the targeted retrieval strategy for cervical 

plexus blocks in clavicular fracture management. Here keywords encompassed 

superficial/intermediate/deep cervical plexus blocks alongside terms specifying visualization 

techniques. Screening excluded records without standardized control groups or those where regional 

anesthesia was performed as part of a combined technique beyond scope, such as continuous catheter 

methods, so as not to conflate outcomes attributable solely to ultrasound guidance with other 

intervention confounders. The initial yield from these consolidated searches often contained substantial 

duplication across databases; duplicates were removed prior to title and abstract screening. During this 

screening phase, inclusion required explicit reporting of at least one primary endpoint, block success 

rate, onset time measurement post-injection until sensory/motor effect confirmation, or complication 

tracking including vascular puncture events or postoperative neurological deficits. Studies omitting 

these quantifiable measures or substituting indirect proxies (e.g., overall surgeon satisfaction without 

clear clinical metrics) were excluded to maintain consistency in outcome comparison. For large 

thematic reviews encountered during early retrieval (such as meta-analyses comparing erector spinae 

plane block with paravertebral block), individual RCT datasets within them were parsed when raw data 

fulfilled eligibility criteria on endpoints like opioid consumption over 24 hours postoperatively. This 

disaggregation ensured that pooled analyses did not obscure clinically meaningful contrasts between 

USGRA and non-visual techniques. Similarly, thoracic and breast surgery analgesia studies under ESPB 

versus PVB designs containing explicit complication lists qualified for deeper review due to their 

alignment with evaluation priorities on safety margins. Care was taken to distinguish truly randomized 

studies from quasi-experimental designs; while quasi-experimental designs can yield insight into trends 

over time or across practice environment changes, their susceptibility to selection bias disqualified them 

from being core evidence sources under PRISMA-oriented methodology. Nevertheless, observational 

data occasionally provided context on rare complication profiles, for instance phrenic nerve paresis after 

interscalene blocks, that could inform interpretation of potential risks even if quantitative comparison 

was not feasible in meta-analysis frameworks. A related refinement occurred when search outputs 

included trials evaluating onset-time modifications unrelated directly to guidance method but 

potentially impactful when co-occurring, such as warming local anesthetic solutions before 

administration. These records were retained if they applied ultrasound guidance as core targeting 

method alongside such manipulations since they provided secondary insights into how technique 

interactions may skew primary endpoint readings. Finally, beyond structured keywords and snowball 

referencing, outreach into supplementary content repositories helped capture naming conventions 

variability across regional anesthesia literature. For example, newer terminologies in fascial plane 

technique classification documented from contemporary expert consensus listings ensured semantic 

alignment between emerging nomenclature and retrieved trial methodologies. Without integrating these 

taxonomic updates into search syntax, there would be risk of missing recent publications using revised 

labels while still pertaining directly to practices under investigation. 

 
Table 1: Description of PRISMA Flow Diagram Stages for Study Selection 

PRISMA 

Stage Description of Activity and Flow 

Identification 

Records identified through database searching: A systematic search was conducted in 

PubMed, EMBASE, and The Cochrane Library using defined keywords .Additional 

records identified: Manual review of reference lists and gray literature.Records after 

duplicates removed: Duplicate citations were excluded. 

Screening 

Records screened: Titles and abstracts were reviewed independently by two 

authors.Records excluded: Studies clearly irrelevant to the PICO question or not 

meeting basic inclusion criteria were removed. 
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Eligibility 

Full-text articles assessed for eligibility: Full texts of potentially relevant studies were 

retrieved and examined in detail against inclusion/exclusion criteria .Full-text articles 

excluded, with reasons: Studies excluded due to wrong study design (e.g., case 

reports not meeting criteria), wrong intervention (no US guidance), wrong population, 

or insufficient data reporting. 

Inclusion 

Studies included in qualitative synthesis: The final set of studies meeting all criteria 

that were included in the descriptive review.Studies included in quantitative synthesis 

(meta-analysis): A subset of included studies with sufficient comparable numerical 

data suitable for statistical pooling. 

 

3.3 Quality Assessment 

Assessment of the methodological quality of included studies followed a structured and reproducible 

process aligned with established evidence synthesis frameworks, as described by Cochrane and related 

evaluation systems. The primary tool adopted for randomized controlled trials was the Risk of Bias 2 

(RoB 2) instrument, which examines five core domains where biases can arise: sequence generation 

integrity, adherence to intended interventions, completeness of outcome data, accuracy in measurement 

tools, and selective reporting tendencies. Each domain’s judgement was classified on a three-tier scale, 

low risk, some concerns, or high risk, enabling systematic categorization across diverse study designs 

(Dost et al., 2022). This structured scale ensures that judgments are not arbitrary but anchored in 

predefined criteria that enhance inter-rater agreement. In practice, each eligible trial underwent 

independent review by at least two analysts who applied these criteria without knowledge of each 

other’s determinations. Agreement on ratings was sought through discussion; unresolved discrepancies 

prompted arbitration from a third reviewer with relevant subject-matter expertise, ensuring decisions 

were grounded in both methodological standards and clinical plausibility (Muhammad et al., 2024). For 

evaluations involving non-randomized studies or outcomes not adequately captured under RoB 2, 

parallel consideration was given to other validated appraisal methods such as GRADE. This approach 

allowed simultaneous assessment of the internal validity (risk of bias) and the strength or certainty of 

the evidence underpinning each key outcome (Dost et al., 2022). To maintain comparability with 

previous literature syntheses in regional anesthesia, we applied uniform definitions within each domain. 

For example, low risk status under randomization processes required not only an explicit description of 

sequence generation but also credible allocation concealment strategies; studies omitting either element 

were flagged as having some concerns unless counter-evidence reduced that uncertainty. Similarly, for 

blinding assessments, while complete triple blinding is rare in procedural interventions due to pragmatic 

constraints, we distinguished between absence of blinding paired with objective outcome measures 

(potentially lower concern) versus absence combined with subjective endpoints like patient-reported 

pain scores (higher concern) (Muhammad et al., 2024). Completion rates and missing data were 

appraised with attention to their relationship to primary outcomes. Trials reporting attrition without 

balanced distribution between arms or without adequate imputation strategies were at higher risk of bias 

from incomplete outcome data. This dimension gained particular relevance for onset time analyses 

where exclusion of delayed responders could artificially inflate perceived performance advantages 

under ultrasound guidance. Measurement bias considerations focused on whether clearly standardized 

protocols for assessing block success rate and complications were employed across comparator groups; 

heterogeneity here could obscure true differences attributable to technique rather than measurement 

noise. The classification thresholds mirrored prior applications in anesthetic literature; low risk status 

required all domains assigned as low risk, moderate (or “some concerns”) status entailed no high-risk 

domains but at least one unclear rating, and high risk involved more than one high-risk determination 

(Yu et al., 2017). By adhering to these conventional cut-points we preserved comparability with meta-

analytic work in similar procedural fields and avoided artificially inflating certainty assessments. 

Notably, where GRADE downgrades occurred, for instance due to inconsistency or suspected 

publication bias, the reasons were documented transparently alongside direct quotes or numerical data 

excerpts from the trial reports (Ding, 2022). Such transparency facilitates external verification and 

minimizes interpretive subjectivity. Beyond structural checklists, attention was paid to context-specific 

threats to validity unique to regional anesthesia studies. For instance, operator expertise mismatches 

between intervention and comparator arms, whereby ultrasound-guided procedures might be performed 
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by subspecialist anesthetists while landmark-based techniques were delivered by generalists, were 

explicitly recorded as potential sources of performance bias even when not formally penalized under 

RoB 2 scoring. Similarly, trials using mixed-anatomy patient populations without protocol-stratified 

subgroup analysis risked confounding if anatomical variability disproportionately affected success rates 

or complication patterns across arms. In several cases, graphical data extraction was necessary where 

numerical detail was omitted from text presentations; extracted datapoints underwent cross-verification 

by independent raters to reduce error introduction during this recovery process (Muhammad et al., 

2024). For certain RCTs published before widespread adoption of RoB 2 nomenclature, earlier 

Cochrane Collaboration risk-of-bias tools were retrofitted into current domain structures for consistency 

across the synthesized body of evidence. Consideration was also given to statistical heterogeneity as an 

indirect indicator of quality variation: I 2  values exceeding 50% in pooled onset-time estimates 

suggested that variability beyond chance influenced aggregated results (Yu et al., 2017). Exploration of 

contributory factors often revealed divergent operational definitions, for example one trial defining 

block onset as loss of pinprick sensation while another used readiness for surgical incision, which 

required harmonization or exclusion in meta-analytic models to prevent dilution of interpretive clarity. 

Given that complication incidence is relatively rare compared with procedural success rate or onset time 

measures, small sample sizes in individual trials posed additional evaluative challenges. Under GRADE 

convention these imprecision risks warranted downgrading even when point estimates favored 

ultrasound guidance; limited event counts simply reduced confidence intervals’ robustness around 

effect sizes (Ding, 2022). Cumulatively these adjustments helped temper overinterpretation based on 

underpowered datasets. This multi-layered quality appraisal revealed that most included RCTs achieved 

low-to-moderate risk designations overall. Low-risk classifications predominated among more recent 

publications likely reflecting improvements in trial registration practices and reporting completeness 

since CONSORT guideline proliferation. Older studies demonstrated greater prevalence of unclear-risk 

annotations due largely to incomplete methodological descriptions rather than overt flaw detection, an 

information gap rather than a confirmed compromise in integrity. By integrating standardized 

instruments like RoB 2 with qualitative contextual scrutiny specific to procedural anesthesia research 

we developed a nuanced profile of evidentiary reliability across our dataset. This careful gradation 

enables subsequent synthesis stages to weight findings appropriately according to their methodological 

soundness rather than treating all estimates as equivalently trustworthy regardless of internal validity 

signals (Ding, 2022; Dost et al., 2022; Muhammad et al., 2024; Yu et al., 2017). 

 
4 Results 

 
4.1 Block Success Rates 

Analysis of block success rates across the included trials reveals a consistent trend favoring ultrasound-

guided regional anesthesia over traditional landmark-based techniques. This is reflected in multiple 

randomized controlled trials that demonstrate both improved initial success and reduced need for repeat 

attempts when anatomical visualization is available during the procedure. The capacity to image target 

neural structures in real time appears to facilitate accurate deposition of local anesthetic, ensuring 

circumferential spread and full engagement of the intended sensory or motor distribution. Several 

studies explicitly quantified this advantage: in lower-extremity blocks intended solely for analgesia, 

three out of four RCTs reported faster achievement of functional blockade with ultrasound, alongside 

higher completion rates before surgical incision compared to nerve stimulator approaches or blind 

infiltration (Neal et al., 2016). Even where onset-time differences were small, the endpoint of successful 

blockade was reached more consistently in the imaging group. When examining tricky anatomical 

regions such as the suprainguinal fascia iliaca compartment, ultrasound guidance not only strengthens 

success rates but also standardizes technique among operators with varying experience levels. By 

delineating fascial planes and neural pathways clearly, it mitigates reliance on tactile cues which may 

be unreliable in patients whose anatomy deviates from textbook norms. This remains particularly 

beneficial in acute care contexts, hip fracture management being a clear example, where rapid pain 

control aids mobilization and rehabilitation. Evidence from prospective procedural trials shows that 

pain scores dropped more sharply when patients received regional anesthesia under ultrasound guidance 

for such injuries, suggesting that improvements in block success directly translate into early clinical 
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benefit (Lee et al., 2014). High block success correlates closely with operator skill development; 

structured training using simulators and phantoms contributes to these improvements. After 

participating in an intensive one-day course integrating didactic content with hands-on practice under 

supervision, many clinicians were able to competently apply ultrasound techniques soon thereafter 

(Kim et al., 2017). Although training duration is relatively brief compared with traditional 

apprenticeship models, concentrated exposure appears sufficient to establish a cognitive framework for 

interpreting sonographic imagery relevant to needle targeting. This reinforces the view that technology 

alone does not yield optimal results, it must be paired with competency-focused learning. Specialized 

block types illustrate nuances in how ultrasound impacts success metrics.  

 
Figure 1: Comparative procedural success rates. Ultrasound guidance demonstrates superior 

reliability compared to landmark-based methods. 

 
In truncal and fascial plane blocks, erector spinae plane or quadratus lumborum variations, the deep 

anatomical position of target structures means that landmark approaches risk missing critical tissue 

interfaces. Here ultrasound provides not only higher initial placement accuracy but also allows 

verification through observation of local anesthetic spread patterns within fascial compartments. 

Moreover, where multiple deep planes are involved, real-time adjustment of needle trajectory under 

imaging compensates for anatomical variability across patients. In select studies examining comparative 

efficacy of different block variants, such as paravertebral versus erector spinae, similar aggregate 

success rates have been reported, yet subtle distinctions emerge. For instance, erector spinae plane 

blocks may require fewer corrective passes to achieve adequate dermatomal coverage when performed 

under ultrasound visualization compared with thoracic paravertebral blocks guided by palpation or loss-

of-resistance technique alone (Muhammad et al., 2024). While these differences may appear minor 

statistically, they hold practical value by reducing procedure time and limiting patient discomfort from 

repeated insertions. Poor success rate performance in landmark-based methods frequently stems from 

inability to account for aberrant nerve positions or variable depth relative to surface features; ultrasound 

addresses this by dynamically adapting the approach according to observed configuration (Jiliang et al., 

2023). Needle positioning confirmed via small-volume saline injection test, producing visible 

displacement of tissue planes adjacent to the nerve, is one procedural safeguard made possible by 

imaging. Such immediate confirmation limits failed blocks due to misplacement, enhancing effective 

anesthesia without unnecessary escalation to general anesthesia alternatives. In situations requiring 

combined block modalities, as observed in certain prostate biopsy protocols combining periprostatic 

nerve block with intraprostatic infiltration, the addition of ultrasound has led to measurable increases 

in procedural completeness as assessed by patient comfort scores and absence of supplemental opioid 

requirements (Annamale et al., 2024). Although these outcome measures intertwine subjective and 

objective elements, they strongly suggest that consistent technical success raises overall procedural 

tolerance. Notably, enhanced block success under ultrasound does not seem constrained solely to high-

resource environments. Studies conducted in settings where equipment availability is scarce still report 

improved procedural endpoints once imaging is integrated, even if device quality is modest or probe 

resolution limited (Haskins et al., 2021). Portable units can capture core anatomical views sufficient for 
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precise targeting provided operators are adept at compensating for smaller display sizes and less vivid 

image definition. Another dimension concerns rapid skill acquisition among individuals transitioning 

from nerve stimulator reliance. Trials investigating dual-modality approaches, combining evoked-

response confirmation with simultaneous sonographic visualization, point toward intermediate 

pathways for increasing familiarity while safeguarding procedural accuracy during early adoption 

stages (Ashken & al., 2022). These hybrid strategies may serve institutions reluctant to abandon 

established tactile or physiological cues entirely yet wishing to boost their consistency metrics. While 

not universally absolute, the weight of evidence indicates a strong linkage between sonographic 

capability and superior block completion rates across a wide spectrum of peripheral nerve and truncal 

procedures. Where marginal gains are reported rather than dramatic shifts, as might occur with 

superficial accessible nerves, the persistence of advantage confirms the value even outside complex 

terrain. The interplay between visual feedback mechanisms, structured skill acquisition opportunities, 

and adaptability across anatomically diverse populations supports prioritizing ultrasound incorporation 

into standard practice frameworks aimed at increasing procedural reliability (Jiliang et al., 2023; Kim 

et al., 2017; Lee et al., 2014; Neal et al., 2016). 

 
4.2 Onset Time of Anesthesia 

The temporal profile from local anesthetic injection to establishment of effective neural blockade is a 

critical determinant in both perioperative workflow efficiency and patient comfort, especially in 

scenarios where rapid progression to surgical intervention is preferred. Building upon the observations, 

examination of onset time reveals patterns closely tied to the precision of local anesthetic delivery 

achievable under ultrasound guidance. Real-time imaging facilitates direct observation of both needle 

advancement and spread of injectate within targeted fascial planes or perineural regions, effectively 

reducing latency by minimizing procedural corrections associated with misplaced injections. Several 

randomized trials report measurable improvements in onset when ultrasound is utilized compared with 

landmark-based and nerve stimulator-guided techniques. For example, brachial plexus blocks 

administered under sonographic visualization have demonstrated shortened sensory onset intervals by 

providing immediate positional feedback, allowing optimization of tip location adjacent to nerve trunks 

before injectate deposition (Neal et al., 2016). This phenomenon appears most pronounced in 

anatomically complex regions, such as the suprainguinal fascia iliaca compartment, where indirect 

methods are hampered by variable fascial thickness and unpredictable local anesthetic spread. Rather 

than relying on surrogate surface markers or elicited motor responses that signal proximity but not 

precise perineural placement, practitioners using imaging can identify hypoechoic pockets surrounding 

neural structures and deliver anesthetic directly into these compartments. The mechanistic basis for 

shortened onset times aligns with physicochemical considerations. The proportion of non-ionized 

molecules in a local anesthetic solution influences lipophilicity and membrane penetration rates; this 

proportion is inherently static under given ambient conditions unless adjustments such as warming or 

alkalinization are made. However, guidance method influences how swiftly these molecules access their 

target site. Ultrasound-guided placement ensures closer apposition to the nerve surface, reducing 

reliance on diffusion through intervening tissue layers that would otherwise prolong latency. While 

warming agents from 23 °C to 30 °C in landmark-based administration settings show negligible impact 

on sciatic block timings, speculation exists that optimal site proximity achieved via ultrasound could 

amplify benefits if thermal manipulation were concurrently applied, especially for long nerves with 

dense fascial coverage (Jiliang et al., 2023). Comparisons between different imaging-aided approaches 

also highlight nuanced distinctions. In certain studies evaluating erector spinae plane block (ESPB) 

versus other regional anesthesia methods such as thoracic paravertebral block (TPVB), statistically 

shorter rest pain latency periods under ESPB were noted (Muhammad et al., 2024). Nonetheless, when 

interpreted against minimal clinically important difference (MCID) thresholds, for example, 1.1 cm on 

the visual analog scale, these absolute gains sometimes fail to achieve clinical meaningfulness despite 

statistical favorability. The underlying factor may be that once injectate reaches intended anatomical 

targets effectively, differences in absorption and conduction times along neural pathways become 

similar across modalities regardless of mechanical approach. This limits incremental benefits that 

ultrasound can impart beyond ensuring immediate distribution accuracy. Data addressing more acute 

comparisons further confirm the trend toward improved onset kinetics with USGRA. In urological 
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contexts such as obturator nerve block during TURBT procedures, ultrasound-supported approaches 

have been observed to reduce motor blockade achievement times relative to unguided techniques (Md. 

et al., 2021). Here, the advantage seems particularly notable given the narrow window available before 

electrocautery use risks adductor muscle contractions disrupting tumor resection; faster onset thus 

carries both patient comfort and procedural integrity implications. Similarly, analgesia for total knee 

replacement using adductor canal block (ACB) combined with infiltration between the popliteal artery 

and capsule of the posterior knee (iPACK) demonstrates efficient postoperative mobility when 

performed ultrasonographically, suggesting downstream onset-related benefits tied to functional 

recovery timelines in orthopedic settings (Raziullah et al., 2022). Beyond duration metrics themselves, 

it is relevant to integrate operator learning curves into any assessment of onset time improvements. 

Skilled practitioners harness ultrasound’s potential for rapid blockade more effectively than novices; 

inexperienced operators may struggle initially with image interpretation or fine motor control during 

probe-and-needle coordination (Beals et al., 2019). Such technical hesitancy can offset theoretical time 

savings until proficiency thresholds are reached through structured training. Indeed, hybrid protocols 

employing concurrent nerve stimulation alongside ultrasound during early skill acquisition phases serve 

as transitional aids by preserving familiar physiological cues while building visual interpretation 

capabilities (Neal et al., 2016). Over time, reliance on dual cues tends to diminish as confidence grows 

in image-based targeting alone. Of note is that certain procedural scenarios yield smaller margins for 

improvement due to inherently short baseline latencies under landmark-guided practice, superficially 

located nerves exemplify this limitation. For instance, superficial cervical plexus blocks conducted via 

palpation already present minimal tissue traversal requirements; while ultrasound offers safety 

advantages by delineating vascular proximity (Liu et al., 2023), its impact on latency magnitude here is 

comparatively restrained relative to deep plexus or compartment blocks such as in lumbar interfascial 

spaces where diffusion delays are more pronounced without imaging precision. Observational 

extensions into automation-assisted UGRA present a potential future acceleration of onset via refined 

target identification algorithms (Tyagi et al.). Computer vision models capable of segmenting specific 

brachial plexus divisions or differentiating closely related structures could theoretically reduce initial 

targeting time by overlaying predictive guides onto live sonographic feeds, thereby speeding accurate 

positioning even for less experienced users. This technological augmentation intersects importantly 

with onset optimization because misplaced or suboptimally angled insertions directly prolong drug 

delivery timeframes through repeated correction cycles. Synthesizing these heterogeneous data sets 

indicates that while variance exists depending on anatomical region complexity, practitioner familiarity, 

adjunctive chemical manipulations, and procedural urgency context, an overarching association 

emerges: ultrasound-guided regional anesthesia confers a generally shorter onset period compared with 

non-visualized approaches across many block types (Jiliang et al., 2023; Md. et al., 2021; Muhammad 

et al., 2024; Neal et al., 2016). Where absolute numerical improvements may be modest yet still 

statistically supported, their situational leverage, in reducing intraoperative disruption risk or facilitating 

timelier initiation of surgery, places them among meaningful adjuncts to broader efficacy outcomes 

already established for USGRA adoption strategies. 
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Figure 2: Mean anesthetic onset time. USGRA significantly shortens the time required to achieve 

effective blockade. 

 
4.3 Complication Reduction 

Reduction in complication rates has consistently emerged as a central argument for the adoption of 

ultrasound-guided techniques over traditional landmark-based methods. When examining adverse 

outcomes, both immediate procedural incidents and post-procedure sequelae are relevant. The 

visualization capacity provided by ultrasound allows for anatomic mapping before and during needle 

advancement, which fundamentally alters the risk profile compared to blind or purely nerve stimulator-

guided blocks. Observational and randomized data converge on a key safety mechanism: direct 

identification of vascular structures reduces the probability of intravascular injection, thereby lowering 

rates of local anesthetic systemic toxicity (LAST) (Huppertz-Thyssen & Nikolić, 2023). The reduced 

chances of unintended vessel puncture also correlate with decreased incidence of post-block hematoma, 

a finding noted across lower extremity and truncal block applications (Parsana et al., 2023). Deep nerve 

blocks, especially in areas with dense or variable fascial layers, pose heightened risks under non-

visualized conditions. Landmark-based approaches rely on generalized surface anatomy correlations 

that can fail to account for patient-specific deviations; these deviations increase susceptibility to nerve 

injury or incomplete blockade that invites repeat penetration attempts, compounding tissue trauma risk. 

By contrast, ultrasound-guided regional anesthesia (USGRA) enables dynamic trajectory corrections 

mid-procedure when structures do not conform to anticipated positions, techniques such as adjusting 

needle angle after visualizing unexpected vessel proximity are more feasibly executed with imaging 

confirmation than through tactile feedback alone. This adaptability mitigates complications that might 

otherwise necessitate conversion to general anesthesia in urgent contexts (Murata et al., 2021). In large-

scale registry analyses focused on peripheral nerve blocks, there is substantive evidence that ultrasound 

reduces the incidence of LAST compared with blind methods by decreasing both injectate volume 

requirements and inadvertent intravascular exposure. Even though complete elimination of this risk is 

unattainable, given multiple potential routes for systemic absorption, the magnitude of reduction in 

controlled trials is non-trivial. Smaller volumes achieving adequate block under image guidance 

translate into narrower systemic exposure margins; in supraclavicular blocks for brachial plexus access, 

this is paired with decreased pneumothorax occurrence due to avoidance of pleural encroachment seen 

more frequently when relying on surface landmarks alone (Huppertz-Thyssen & Nikolić, 2023). Safety 

considerations extend beyond immediate injection accuracy toward infection control protocols during 

USGRA. Probe covers and sterile single-use gel mitigate pathogen transmission risks associated with 

ultrasound devices. Inadequate handling practices, such as contamination originating from 

manufacturing defects in sterile covers or pre-packaged gels, represent latent threats unrelated to 

anatomical targeting but intrinsic to procedural setup (Murata et al., 2021). Stringent adherence to 

cleaning guidelines between patients using low-level disinfection (LLD) techniques after bulk gel 

removal is essential for preventing cross-patient microbial transfer; failure here could negate gains 

achieved from improved mechanical safety via imaging. Certain complication types demonstrate 

variable sensitivity to guidance modality based on anatomical site. For example, femoral nerve block 
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efficacy can be enhanced via ultrasound visualization, yet quadriceps weakness remains a known side 

effect irrespective of guidance method due to block-induced motor impairment, here ultrasound cannot 

structurally prevent the consequence but may reduce related incidents such as postoperative falls 

through optimized dose-volume strategies (Annamale et al., 2024). Likewise, superior placement 

accuracy does not eliminate transient paresthesia or mild irritation responses; however, it can hasten 

resolution by minimizing nerve contact trauma severity. In single nerve root block scenarios where 

repeat injections are used to sustain analgesia over extended intervals, cumulative mechanical insult 

risk rises; image guidance here may attenuate additional trauma between sessions despite incomplete 

protection against minor neurological symptoms like transient weakness or dizziness (Sakai et al., 

2022). Context-specific complications highlight divergent benefits profiles. For airway-related 

interventions involving cricoid pressure application or membrane localization under emergency 

conditions, ultrasound surpasses palpation in positional accuracy (Haskins et al., 2021), reducing 

accidents from misplaced instrumentation at sensitive laryngeal sites. In COVID-19 positive patients 

where airway manipulation heightens transmission risk during general anesthesia induction, preferring 

USGRA avoids aerosol-generating procedures (AGP) altogether while maintaining reliable analgesia 

or anesthesia coverage without excessive systemic pharmacologic support (Murata et al., 2021). There 

is also a dimension where training methodology intersects directly with complication outcomes. Studies 

have flagged participant selection bias when models for teaching blocks omit advanced practitioners or 

fail to simulate realistic anatomical variability, leading to skill gaps persisting into clinical delivery. 

Operators lacking recognition skills for subtler sonographic landmarks may cause harm equivalent to 

unguided methods if reliance on visual cues supplants critical cautionary steps, suggesting that the 

expected reduction in complications depends heavily on robust competency acquisition rather than 

merely possessing an ultrasound machine in the operating theatre. Hands-on training incorporating 

actual patient variation surpasses gelatin model-only experience in reducing real-world adverse events 

because learners encounter probe positioning challenges and needle insertion angles absent from 

idealized simulators (Lahham et al., 2017). Ultrasound’s mediating role in lowering complication rates 

is not free from constraints; reporting bias and limited sample sizes occasionally obscure rare but severe 

adverse events within pooled statistics. Evaluations applying strict PRISMA standards note 

heterogeneity in diagnostic thresholds for post-procedure complications between studies, raising 

questions about comparability across trials where one defines vascular puncture merely by aspirated 

blood before injection while another requires observed hematoma formation afterward. Such 

definitional inconsistency hampers precise meta-analytic quantification but should not overshadow 

consistent directional trends: across contexts where direct visualization enforces structural awareness, 

mechanical injuries drop relative to unguided analogs (Parsana et al., 2023). Practical prevention 

extends into multi-modality arrangements pairing ultrasound with nerve stimulation; these hybrid 

protocols retain physiological confirmation benefits while providing immediate visual safeguards 

against errant insertion paths, a transitional safeguard recommended when scaling adoption among 

clinicians trained primarily via stimulator reliance (Huppertz-Thyssen & Nikolić, 2023). Over time, 

structured progression toward exclusive image guidance often emerges as operators gain trust in visual 

target validation as sufficient protection against both technical failure and anatomical hazard exposure. 

Thus the relationship between USGRA and complication minimization embodies both technology-

driven anatomical insight and human-factor reinforcement through skill development pathways 

grounded in verified procedural safety data across multiple clinical settings. 

 

Table 1: Summary of Key Findings: Ultrasound-Guided vs. Traditional Landmark Techniques 

Outcome 

Category 

Key Finding with Ultrasound-Guided 

Regional Anesthesia (USGRA) Evidence & Rationale 

Block 

Success Rate 

Consistently demonstrates higher success 

rates, particularly in patients with 

challenging anatomical variations (e.g., 

obesity). 

Real-time visualization ensures accurate 

needle tip placement and observation of 

local anesthetic spread around the nerve. 

Procedural 

Efficiency 

Reduces the number of needle passes and 

redirects required to achieve an effective 

block compared to blind techniques. 

Direct visualization reduces the need for 

"trial-and-error" probing based on surface 

landmarks. 
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Onset Time 

Shorter onset times for both sensory and 

motor blockade. 

Precise peri-neural deposition minimizes 

the diffusion distance required for the 

anesthetic to act on the nerve. 

Vascular 

Safety 

Significantly lowers the incidence of 

accidental vascular puncture. 

Color Doppler and real-time imaging 

allow operators to identify and avoid 

blood vessels adjacent to the target nerve. 

LAST Risk 

Reduction 

Reduces the risk of Local Anesthetic 

Systemic Toxicity (LAST). 

Enables the use of lower total anesthetic 

volumes by ensuring targeted spread, thus 

reducing the total drug mass. 

 

Figure 3: Incidence of vascular puncture. Ultrasound guidance drastically reduces the risk of 

accidental vessel injury. 

 
 

5 Ethical Considerations 

 

5.1 Patient Consent in Regional Anesthesia 

Ensuring informed patient consent in the context of regional anesthesia demands careful orchestration 

of both clinical communication and ethical safeguards. The act of obtaining consent cannot be reduced 

to a perfunctory signature; instead, it is an interactive process wherein the patient’s comprehension of 

the intervention, its alternatives, potential benefits, and risks is actively verified before proceeding 

(Golam Moula et al., 2024). This element becomes particularly salient when comparing ultrasound-

guided regional anesthesia (USGRA) with traditional landmark-based techniques. Although the 

procedural differences may seem abstract to those outside the field, they can carry direct implications 

for block success rates, onset times, and complication profiles, parameters that influence patient choice 

if adequately explained. The provider’s responsibility begins with a preprocedural review encompassing 

medical history, laboratory results, and relevant imaging or diagnostics. Baseline neurological 

evaluation of the limb or region to be anesthetized plays a dual role: establishing a clinical reference for 

postoperative comparison and communicating to the patient what functional changes, such as numbness 

or weakness, are expected temporarily after blockade (Kim & Tsui, 2019). In contexts where USGRA 

is proposed over conventional methods, outlining the higher likelihood of successful block initiation 

under sonographic guidance, as evidenced by improved procedural completion rates in controlled trials 

(Neal et al., 2016), can be persuasive yet must be balanced by transparent discussion of operator 

experience as a moderating factor. Consent integrity suffers where relative advantages are exaggerated 

without reference to skill variability documented between novices and specialists in ultrasound 

interpretation. Timing also shapes the conversation about consent. Since onset times tend to be shorter 

under ultrasound guidance in numerous block types, reducing pre-incision delays, the practitioner 

should present this as a potential benefit but clarify that some procedures yield equivalent latency 

irrespective of technique due to anatomical accessibility or baseline diffusion dynamics (Jiliang et al., 

2023). A nuanced explanation helps prevent unrealistic expectations about immediacy of analgesia 
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onset. Patients informed about such distinctions are better positioned to align their choices with surgical 

scheduling constraints or personal comfort priorities. Risk disclosure requires equal granularity. 

Complication reduction statistics under USGRA, especially in avoidance of vascular puncture and local 

anesthetic systemic toxicity (LAST) events (Huppertz-Thyssen & Nikolić, 2023), should be introduced 

alongside residual risks not eliminated by visualization. For example, nerve irritation or transient motor 

weakness may still occur even under optimal imaging conditions (Annamale et al., 2024). Patients must 

appreciate that technology reduces probability but does not abolish adverse outcomes. Legal precedents 

emphasize that omission of rare but serious risks, even those mitigated by technique improvements, can 

undermine consent validity if such events subsequently transpire. Ethically sound consent also 

contemplates procedural contingencies. Communication should cover what will occur if regional 

anesthesia fails: whether conversion to general anesthesia is possible immediately and how this could 

change recovery dynamics or risk exposure. When substituting USGRA for landmark-based approaches 

mid-procedure due to failure detection, rapid re-consent might be constrained by sedation state; 

therefore preoperative discussions should anticipate these possibilities. This is consistent with system-

based practices advocating “time-out” verification protocols that reaffirm correct patient identity, 

surgery type, and block site prior to needle introduction. Special populations require adapted consent 

strategies. Pediatric patients involve guardian participation; here simulation training examples from 

resident curricula inform how practitioners rehearse explaining procedural steps at lay understanding 

levels (Kim & Tsui, 2019). Language modifications avoid technical jargon while maintaining 

transparency about why ultrasound guidance may offer targeted benefits for smaller anatomy where 

external landmarks are less reliable. Similarly, veterinary parallels described for mandibular blocks 

highlight ethical considerations in surrogate decision-making for animals under owner consent when 

procedure selection impacts safety via anatomical visualization gains (El-Sherif & Nazih, 2024). 

Institutional ethics committees often mandate adherence to frameworks like the Declaration of Helsinki 

in structuring consent documents and verbal explanations (Golam Moula et al., 2024). These require 

stating both purpose and methodological nature of interventions, including randomization mechanics if 

part of a comparative trial, to ensure voluntariness untainted by misrepresentation or coercive framing. 

For research contexts where patients are randomized between USGRA and landmark groups, emphasis 

on equipoise is critical: participants must believe that neither arm is knowingly inferior even when 

preliminary literature favors one technique. Operational factors integrate naturally into ethical discourse 

on consent. Discussion about sterile protocols, such as probe covers or aseptic gel application, can 

reassure infection-conscious patients especially during contagious disease outbreaks; here imaging 

technique does not replace but coexists with universal precautions (Murata et al., 2021). Outlining how 

visualization can shorten needle dwell time within tissues adds another layer of prophylaxis against 

infection and tissue trauma. Training-linked competencies influence how convincingly these facts are 

conveyed during consent encounters. Practitioners lacking fluency in sonographic terminology or 

performance characteristics risk either underselling USGRA’s advantages or overstating them without 

nuance. Embedding standardized scripts complemented by checklists, as evidenced in simulation 

exercises for crisis management scenarios (Kim & Tsui, 2019), helps normalize quality across providers 

so all patients receive uniformly thorough briefings regardless of individual clinician background. 

Empirical experience suggests that patients who grasp procedural rationale inclusive of success rate 

gains and complication mitigation trends demonstrate greater willingness to accept similar blocks if 

needed again (Annamale et al., 2024). This repeat-acceptance metric indirectly validates the depth and 

accuracy of initial consent dialogues, it reflects satisfaction not solely from outcome but from 

expectation alignment rooted in communication ethics. Obtaining patient consent in regional anesthesia 

sits at the intersection of data transparency, realistic outcome framing, respect for autonomy, and 

compliance with institutional ethical mandates. Ultrasound guidance offers measurable advantages over 

traditional techniques in several key metrics, but translating those into ethically sound decisions requires 

presenting them within context-specific caveats supported by published evidence rather than relying 

merely on generalized claims (Golam Moula et al., 2024; Huppertz-Thyssen & Nikolić, 2023; Jiliang 

et al., 2023; Neal et al., 2016). 
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5.2 Equitable Access to Advanced Ultrasound Technology 

Access to advanced ultrasound-guided regional anesthesia (USGRA) technology is shaped by a 

composite of institutional resources, training opportunities, and contextual economic constraints. 

Devices capable of high-resolution real-time imaging, although demonstrably improving block success 

rates, reducing onset times, and lowering complication risks, remain unevenly distributed across 

healthcare systems. Resource-rich settings can more readily absorb equipment purchase and 

maintenance costs, while institutions operating in constrained environments must contend with 

prioritization choices that may delay procurement despite clear clinical benefits (Kim & Tsui, 2019). 

This disparity influences whether patients receive optimal procedural efficiency and safety gains 

associated with USGRA or remain reliant on traditional landmark-based techniques with greater 

procedural variability. One aspect of equitable access lies in the financial calculus surrounding device 

acquisition and upkeep. Commercial-grade phantoms like the Blue Phantom model deliver superior 

tactile fidelity, durability, and realistic echogenicity but cost substantially more than low-fidelity 

alternatives (Lahham et al., 2017). For training centers in constrained economies, less expensive self-

assembled phantoms using gelatin or tofu can approximate sonoanatomy sufficiently for basic skill 

development (Kim & Tsui, 2019), yet they may lack the structural versatility required for advanced 

block simulation or variable anatomy scenarios. Thus, even where training is implemented, modality 

limitations can perpetuate performance gaps between practitioners trained under resource-limited 

conditions versus those exposed to top-tier models. Facility infrastructure plays a role beyond budget 

constraints. In certain rural or non-hospital clinical settings, restricted access to standardized ultrasound 

platforms forces reliance on portable devices with lower display resolution. While studies indicate 

improved procedural endpoints even with such portable units when operators are skilled (Haskins et al., 

2021), image quality limitations can hamper the fine discrimination needed for complex blocks such as 

suprainguinal fascia iliaca or quadratus lumborum approaches (Ashken & al., 2022). This makes 

targeted investment decisions critical, not just in buying units, but ensuring compatibility with 

anticipated procedural complexity and maintenance capability over time. Training dissemination 

emerges as another axis in equitable technology use. Simulation-based curricula enhance UGRA 

competency in both novice and experienced operators through repetitive practice without patient harm 

(Kim & Tsui, 2019), yet adoption is inconsistent globally. Regions lacking established UGRA programs 

may depend on sporadic workshops where hands-on exposure is limited; consequently, operators cannot 

consistently exploit the technology’s potential to reduce onset latency and complications. Structured 

low-cost phantoms can lower entry thresholds, but without sustained programmatic reinforcement, skill 

retention diminishes over time (Lahham et al., 2017). Access inequities thus include not only possession 

of devices but also continuity of educational reinforcement. There are also logistical considerations 

related to patient volume and case mix that influence equitable application. Institutions serving 

predominantly high-acuity surgical populations may justify ultrasound investment more easily given 

projected gains in block success rates when rapid analgesia onset contributes directly to critical care 

throughput (Neal et al., 2016). Conversely, facilities with infrequent regional anesthesia cases might 

find difficulty defending initial capital expense despite recognizing possible complication reduction 

benefits, such as decreased vascular puncture incidence seen under imaging guidance (Huppertz-

Thyssen & Nikolić, 2023). Policy makers balancing broad public health budgets against specialty-

specific outcomes must consider cumulative system savings from reduced adverse events alongside 

direct equipment costs. The interplay between emerging technologies like AI-assisted image 

interpretation and existing inequities adds complexity. Early investigations suggest AI overlays could 

help standardize anatomical identification across experience levels (Bowness et al., 2022); however, 

downstream price escalation linked to proprietary software licensing risks widening the gap between 

well-resourced academic centers and underserved clinics. Without inclusive pricing models or open-

access algorithmic frameworks, such tools could exacerbate disparities by concentrating enhanced 

precision in select institutions. Global collaborative models have potential to bridge gaps through shared 

resources, e.g., centralized ultrasound training hubs servicing multiple peripheral hospitals via 

rotational staff exchanges or tele-mentoring during live surgery sessions using remote imaging feeds. 

Similar arrangements could ease uneven distribution of expertise that presently limits full exploitation 

of USGRA advantages documented in relation to faster onset times and lower complication frequencies. 

Whether such outreach becomes sustainable hinges on operational funding stability and regulatory 
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harmonization for cross-site procedural supervision. Equity considerations further extend to ensuring 

maintenance standards are met uniformly so patients across diverse environments receive reliable 

service quality. Devices left uncalibrated due to infrequent manufacturer support visits degrade 

visualization accuracy, potentially negating expected improvements in block success rates by 

reintroducing targeting uncertainty akin to landmark-based methods (Kim & Tsui, 2019). Infections 

tied to improperly sanitized probe covers or gel containers reflect another asymmetry: wealthier 

facilities may integrate single-use sterile gear as standard practice while others reuse consumables under 

economic duress (Lahham et al., 2017), raising preventable risk differentials unrelated to operator 

competence. Integrating simulation into ethical frameworks for equitable deployment involves 

balancing technical realism against inclusivity. Lower-cost phantoms democratize initial exposure but 

cannot replicate all pathoanatomical variance encountered clinically; if advanced modules remain gated 

behind high expenditure thresholds, practitioners from resource-limited settings will continue facing 

steeper success-rate learning curves when transitioning from training bay to operating room context. 

Creative solutions, such as 3D printing phantom components for customizable anatomy at marginal 

cost, could play an important role here if scalability challenges are addressed. Achieving equity in 

access requires multi-layered strategies encompassing subsidized procurement pathways, adaptable 

training modalities robust enough for varying device capacities, policy-level inclusion of maintenance 

planning within funding approvals, and vigilance that adjunct innovations do not stratify users into tiers 

of capability strictly defined by resource endowment. The consistent association between USGRA 

utilization and improvements in efficiency metrics such as shortened onset time (Jiliang et al., 2023) 

coupled with decreased vascular injury incidence (Huppertz-Thyssen & Nikolić, 2023) justifies framing 

these technologies not merely as specialty luxuries but as standard-of-care advancements meriting wide 

dissemination wherever feasible, even if deployment structures must be adapted to local economic 

landscapes rather than replicating models from high-resource systems. 

 
Figure 4: A structured pathway for equitable USGRA adoption, moving from low-cost simulation 

to advanced clinical proficiency. 

 
 

6 Conclusion 

Ultrasound-guided regional anesthesia demonstrates clear advantages over traditional landmark-based 

and nerve stimulator-guided techniques across multiple clinically relevant parameters. Evidence 

consistently shows improved block success rates attributable to real-time visualization of neural and 

surrounding anatomical structures, which enables precise local anesthetic deposition and reduces the 

need for repeat attempts. This enhanced accuracy translates into more reliable sensory and motor 

blockade, benefiting diverse patient populations including pediatric and adult cohorts, as well as 
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veterinary applications. The ability to directly observe needle placement and injectate spread mitigates 

anatomical variability challenges that often compromise blind or indirect methods. 

In terms of anesthetic onset, ultrasound guidance generally shortens the latency period before effective 

neural blockade is achieved. This effect is particularly notable in complex or deep anatomical regions 

where indirect approaches struggle with unpredictable fascial planes and nerve locations. By ensuring 

closer apposition of anesthetic agents to target nerves, ultrasound reduces diffusion distances and 

minimizes procedural adjustments, thereby improving perioperative workflow efficiency and patient 

comfort. Although some variability exists depending on operator experience, block type, and adjunctive 

factors, the overall trend favors ultrasound-assisted techniques for faster onset. 

Safety outcomes also improve with ultrasound use, as direct visualization of vascular and neural 

structures reduces the incidence of inadvertent vessel puncture, local anesthetic systemic toxicity, and 

other mechanical injuries. This enhanced safety profile is supported by both randomized trials and 

observational data, highlighting fewer injection-site complications and lower rates of serious adverse 

events compared to blind methods. However, the realization of these benefits depends heavily on 

operator proficiency and adherence to sterile protocols, emphasizing the importance of structured 

training programs that integrate image interpretation skills with procedural expertise. 

Equitable access to ultrasound technology and associated training remains a challenge, particularly in 

resource-limited settings where equipment costs, maintenance, and educational opportunities may be 

constrained. Creative solutions such as low-cost simulation phantoms, tele-mentoring, and collaborative 

training hubs offer potential pathways to broaden availability and skill dissemination. Attention to 

device quality, maintenance standards, and infection control practices is essential to preserve the safety 

and efficacy advantages that ultrasound guidance confers. 

 

Figure 5: The integrated future of regional anesthesia, combining AI assistance, real-time 

guidance, and patient-centered safety outcomes. 

 
 

The integration of ultrasound guidance into regional anesthesia practice represents a meaningful 

advancement that enhances procedural success, expedites anesthetic onset, and reduces complications. 

These improvements contribute to better patient outcomes and more efficient clinical workflows. 

Continued emphasis on comprehensive training, equitable technology distribution, and adherence to 

best practices will be key to maximizing the benefits of ultrasound-guided regional anesthesia across 

diverse healthcare environments. 
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