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ABSTRACT
Background: Spinal anesthesia is widely used for elective total knee arthroplasty but is frequently associated with episodes of low blood pressure. Because baricity influences intrathecal spread, plain and hyperbaric bupivacaine may differ in their early hemodynamic effects. This trial compared the early hemodynamic consequences of plain versus hyperbaric bupivacaine for spinal anesthesia in elective total knee arthroplasty.
Methods: This prospective, double-blinded, single-center randomized controlled superiority trial enrolled adult patients undergoing elective total knee arthroplasty under spinal anesthesia, randomized 1:1 to receive 2 mL of 0.5% plain bupivacaine (PB) or 2 mL of 0.5% hyperbaric bupivacaine (HB). Hemodynamics were measured using automated non-invasive brachial blood pressure every 2.5 minutes during the first 20 minutes and every 5 minutes thereafter up to 1 hour after spinal anesthesia. The primary endpoint was the maximal relative decrease in mean arterial pressure (MAP) from preoperative baseline within 1 hour. Secondary outcomes included nadir MAP, MAP and heart rate trajectories, incidence of intraoperative nausea and vomiting, and ephedrine or atropine use.
Results: Sixty patients were analyzed, 30 in each group. The maximal relative decrease in MAP during the first hour after spinal anesthesia was similar between groups, with mean (SD) decreases of 33.1% (13.3) in the HB group and 33.1% (11.5) in the PB group. Nadir MAP was also similar, with mean (SD) values of 74.2 (9.2) mm Hg in the HB group and 74.1 (12.4) mm Hg in the PB group. Mixed-model analyses showed a significant effect of time on MAP and heart rate, with no significant group effect or group-by-time interaction. Nausea and vomiting occurred in 7 of 30 patients (23.3%) in the HB group and 5 of 30 patients (16.7%) in the PB group. 
Conclusions: In this superiority trial using 10 mg intrathecal bupivacaine for elective total knee arthroplasty, superiority of plain over hyperbaric bupivacaine for early hemodynamic stability was not demonstrated. 

KEY MESSAGES SUMMARY
What is already known on this topic: Baricity affects intrathecal spread and may influence the occurrence of low blood pressure after spinal anesthesia, but non-obstetric evidence is inconsistent and mostly uses higher bupivacaine doses.
What this study adds: In elective TKA with 10 mg intrathecal bupivacaine, plain and hyperbaric solutions showed similar nadir MAP and hemodynamic trajectories during the first hour.
How this study might affect research, practice or policy: At intermediate doses, baricity choice alone may not reduce hypotension; focus should shift to standardized hemodynamic management. Further trials should assess low blood pressure burden in higher-risk patients.


INTRODUCTION
Spinal anesthesia (SA) is widely regarded as the technique of choice for total knee arthroplasty (TKA), providing reliable surgical anesthesia, excellent postoperative analgesia, and reduced risk of thromboembolic events compared with general anesthesia [1-3]. In addition, it facilitates early mobilization and enhances recovery after surgery, which are crucial aspects of modern perioperative care pathways [4]. Bupivacaine, a long-acting amide local anesthetic, is most used in this setting due to its potency and duration of action [5, 6]. However, SA is frequently complicated by low blood pressure episodes, particularly in elderly patients undergoing orthopedic surgery [7, 8]. Perioperative low blood pressure may compromise perfusion of vital organs and has been associated with an increased risk of myocardial and renal injury, making its prevention a central concern in anesthetic practice [9, 10].
The baricity of bupivacaine — whether plain (often considered isobaric) or hyperbaric (glucose-containing, denser than the cerebrospinal fluid) — is one of the main determinants of intrathecal spread [11, 12]. While patient position, puncture level, and injection technique also contribute to the extent and height of the sensory block, baricity exerts a dominant influence on distribution within the cerebrospinal fluid [11, 12]. Plain bupivacaine (PB) is actually slightly hypobaric but clinically behaves as isobaric, while hyperbaric solutions predictably spread under the influence of gravity [13]. In the supine position, hyperbaric bupivacaine (HB) tends to migrate more cephalad, producing higher sensory levels and a broader sympathetic block compared with PB [14-16]. This more extensive sympathetic blockade can reduce systemic vascular resistance, venous return, and cardiac output, increasing the risk of clinically significant low blood pressure during the early period after SA performance [15, 16].
TKA is performed predominantly in older patients, who may present with limited cardiovascular reserve and increased vulnerability to the adverse effects of intraoperative low blood pressure. Even short episodes of decreased mean arterial pressure (MAP) in this population can contribute to perioperative complications [7-10]. Therefore, optimizing the anesthetic technique to minimize the incidence of such events without compromising block quality is a clinically relevant goal. Clarifying the role of bupivacaine baricity in this context may help refine SA protocols, balancing safety with efficacy.
Several studies have investigated the hemodynamic consequences of HB versus PB in both obstetric and non-obstetric populations. In cesarean section, systematic reviews have shown both forms to be safe and effective, without major differences in low blood pressure rates [17]. In non-obstetric surgery, however, available randomized controlled trials and systematic reviews suggest a trend toward a greater incidence of low blood pressure with HB, although the evidence has not demonstrated consistent statistical significance [18, 19]. Methodological heterogeneity — including variability in drug doses, patient positioning, and definitions of hypotension — limits definitive conclusions. Notably, most prior studies used relatively high doses of bupivacaine (≥15 mg), whereas contemporary orthopedic practice often favors intermediate doses to facilitate earlier recovery and minimize side effects [4]. Thus, the hemodynamic implications of baricity in current practice, particularly in the elderly undergoing TKA, remain insufficiently studied.
The aim of the present randomized controlled trial was to evaluate whether PB is associated with a lesser early decrease in MAP during the first hour after spinal anesthesia compared with HB in patients undergoing total knee arthroplasty.


MATERIALS AND METHODS
This prospective, double-blinded, single-center, randomized controlled clinical trial recruited adult patients undergoing TKA under SA. It was approved by our local Institutional Review Board (Comité d’Ethique Hospitalo-Facultaire Universitaire de Liège; President: Prof. D. Ledoux; IRB number: 707) on April 13th, 2022, under the study number 2022/60. Prior to patient enrolment, trial protocol was registered in the European Clinical Trial Register under the EudraCT-number 2022-000857-10 (https://www.clinicaltrialsregister.eu/ctr-search/trial/2022-000857-10/BE) on April 14th 2022 (principal investigator: Nicolas Piette). After thorough explanations on the study rationale by the principal investigator, written informed consent was obtained prior to inclusion of eligible patients into the trial. This study adheres to the applicable CONSORT guidelines and was performed in accordance with the most recent version of the Helsinki Declaration. The first patient was enrolled on May 16th, 2022, and data acquisition continued until November 30th, 2022 at the University Hospital of Liège, Belgium.

Patient recruitment and assignment to groups
Adult patients scheduled for elective total knee arthroplasty (TKA) under SA were screened prospectively and consecutively for potential inclusion. Exclusion criteria included patient refusal, American Society of Anesthesiologists (ASA) physical status IV, and pregnancy. Patients were also excluded if they had contraindications to SA, including local infection at the puncture site or acquired/constitutional coagulopathy, as well as a history of lumbar arthrodesis or lumbar laminectomy. Additional exclusion criteria were a body mass index (BMI) greater than 35 Kg.m-², clinically significant heart failure, valvular heart disease, uncontrolled arterial hypertension, and stage 3 chronic kidney disease or higher, according to the Kidney Disease: Improving Global Outcomes (KDIGO) classification [20]. Patients of extreme stature, defined as height below 160 cm or above 190 cm, were likewise excluded. Finally, because the intervention under study was SA and conversions to general anesthesia preclude meaningful assessment of SA-related hemodynamic outcomes, the primary analysis was conducted per protocol, excluding patients who required conversion to general anesthesia after randomization.
Randomization was carried out using a computer-generated sequence, assigning participants in a 1:1 ratio to receive SA with either PB or HB. Both patients and surgeons were blinded to group allocation. The anesthesiologist responsible for intraoperative and postoperative data collection was also blinded, including the anesthesiologist managing intraoperative hemodynamics and administering vasoactive treatments. The spinal procedure itself was performed by an experienced anesthesiologist who was necessarily aware of the assigned solution. Allocation was revealed only to the anesthesiologist performing the SA immediately before injection. In group HB, patients received 2 mL of 0.5% HB, whereas in group PB, 2 mL of 0.5% PB was administered. All patients were monitored with pulse oximetry, non-invasive blood pressure, and 5-lead electrocardiogram during the administration of anesthesia techniques and throughout the duration of surgery. 
SA was performed after ultrasound identification of the L3–L4 intervertebral space, under sterile conditions and with the patient in the sitting position [21]. A 25-gauge Sprotte needle was used for intrathecal puncture. The procedure was carried out in an orthopedic operating room characterized by an ambient temperature of 18 °C. This parameter was monitored because the density (and thus baricity) of intrathecal local anesthetic solutions is temperature-dependent, and temperature differences between the injectate and cerebrospinal fluid may influence baricity and intrathecal spread [22]. The intrathecal injection of the local anesthetic was completed within approximately 30 seconds, after which the patient was immediately placed in the supine position.
Surgery was performed under the use of a pneumatic thigh tourniquet inflated to 250 mmHg. The tourniquet was applied from skin incision until the completion of surgical dissection and was deflated before wound irrigation and implantation of the definitive prosthesis. During surgery, midazolam could be given for anxiolysis or sedation according to routine practice. A 1 mg intravenous bolus was administered at the discretion of the anesthesiologist or upon patient request, with a minimum interval of five minutes between doses. The target was a Richmond Agitation-Sedation Scale score of –3, corresponding to moderate sedation [23]. No other sedative medications were permitted.
No crystalloid preload was administered; intraoperative fluid therapy followed a standardized institutional protocol consisting of crystalloid infusion at 3 mL.Kg-1.h-1, without additional boluses. Ephedrine was administered to treat clinically relevant hypotension, defined as a mean arterial pressure (MAP) <65 mmHg. Relative changes in MAP from baseline were recorded for outcome assessment but were not used as a standalone trigger for vasopressor administration. The maximum cumulative ephedrine dose was 60 mg per patient. Atropine was administered to treat bradycardia (symptomatic or asymptomatic) defined as a heart rate (HR) <40 bpm. The maximum cumulative atropine dose was 5 mg per patient. Patients requiring doses beyond these limits or alternative vasopressor or inotropic/chronotropic agents were a priori excluded from the per-protocol analysis, as such cases reflect atypical hemodynamic instability and could introduce treatment heterogeneity. Phenylephrine was not available at our institution; ephedrine therefore reflected routine clinical practice, with low-dose norepinephrine reserved for selected clinical situations outside the scope of this protocol.
All patients received oral premedication at least 120 minutes before SA, consisting of etoricoxib 120 mg, tranexamic acid 2 g, and oral dexamethasone 16 mg with 200 mL of apple juice as part of the institutional enhanced recovery protocol, serving as a preoperative carbohydrate load aimed at reducing perioperative catabolic stress and improving patient comfort. Postoperatively, intravenous ondansetron 4 mg was available every 8 hours as needed for nausea and vomiting. One hour before SA, all patients received peripheral nerve blocks as part of a standardized multimodal analgesic strategy [24]. An ultrasound-guided adductor canal block was performed using 20 mL of 0.5% ropivacaine, targeting the saphenous nerve to provide anteromedial knee analgesia while preserving quadriceps strength [25]. In addition, an infiltration between the popliteal artery and the capsule of the knee (iPACK) block was performed with 20 mL of 0.5% ropivacaine to achieve posterior knee analgesia [26]. These blocks were intended to optimize postoperative pain control and minimize opioid requirements [24]. At the end of surgery, 1 g of intravenous paracetamol was administered. After surgery, the standard analgesic regimen included oral paracetamol 1 g every 6 hours and etoricoxib 120 mg every 24 hours. Oral oxycodone 5 mg was provided as a rescue opioid if additional analgesia was required.
Recorded parameters and time points of interest
The primary endpoint was the maximal relative decrease in MAP from the preoperative baseline during the first hour following SA. Preoperative baseline MAP was defined as the automated brachial noninvasive blood pressure measurement obtained in the supine position before SA; only after this baseline measurement were patients positioned sitting for the spinal procedure. The nadir MAP and the longitudinal evolution of MAP and HR were prespecified secondary endpoints. Key hemodynamic secondary endpoints included the longitudinal evolution of systolic, diastolic blood pressures and HR over time during the first hour. Hemodynamic parameters were measured using an automated brachial non-invasive blood pressure cuff every 2.5 minutes during the first 20 minutes, then every 5 minutes up to 1 hour after SA. Additional secondary outcomes included the incidence of intraoperative nausea and vomiting, as well as the need for ephedrine or atropine administration during the first hour following SA.

Statistical analyses 
All statistical analyses, including the sample size calculation, were performed using R software (version 4.2.2; R Foundation for Statistical Computing, Vienna, Austria). The sample size calculation was based on the expected magnitude of early post-spinal hypotension, expressed as the maximal relative decrease in MAP from the preoperative baseline during the first hour. From a preliminary analysis of unpublished hemodynamic data obtained from 12 patients undergoing SA for TKA at our institution prior to study initiation, the mean (SD) MAP decrease after SA with hyperbaric bupivacaine was estimated to be 30.8% (12.5%). We powered the study to detect a clinically meaningful attenuation of blood pressure drop, assuming that PB would be associated with a maximal MAP reduction of ≤20% from baseline. With a two-sided type I error (α) of 0.05 and 90% power (1–β), 28 patients per group were required. To account for an anticipated 10% attrition rate (dropout, missing data, or protocol deviations), the target sample size was set at 62 patients overall.
The normality of distributions was assessed by calculating skewness and applying the Shapiro–Wilk test. Demographic and non-repeated measures were compared between groups using Fisher’s exact test or the χ² test for categorical variables, and Student’s t-test or the Mann–Whitney U test for continuous variables, as appropriate. Between-group differences for continuous outcomes are reported as mean differences with 95% confidence intervals when approximately normally distributed, or as median differences with 95% confidence intervals (Hodges–Lehmann estimator) otherwise. For exploratory safety analyses, the proportions of patients receiving intraoperative midazolam, ephedrine or atropine (yes/no) were compared between groups using Fisher’s exact test or the χ² test and expressed as risk ratios with 95% confidence intervals. The evolution of MAP and HR over time within and between groups (two-factor mixed design) was analyzed using a linear mixed-effects model (LMM). In this model, time, treatment group, and their interaction were defined as fixed effects, with time treated as a repeated-measures factor. A variance components structure was chosen for the covariance, and degrees of freedom were calculated using the residual method. Sequential Bonferroni correction was applied to adjust for multiple time-point contrasts. Adjusted pairwise contrasts at prespecified time points are provided in the Appendix. A sensitivity analysis was performed to evaluate the robustness of the time–group interaction on the evolution of MAP and HR. A two-tailed p-value <0.05 was considered statistically significant for all analyses of primary and secondary endpoints.

RESULTS
The study was conducted between May 2022 and November 2022 at the Liège University Hospital. Of the 80 patients scheduled for elective TKA who were screened, 72 met the inclusion criteria (8 patients preferred general anesthesia). After further exclusions due to BMI (n=7) and refusal to participate (n=3), 62 patients were randomized. Two patients were excluded from the analysis due to conversion to general anesthesia, leaving 30 patients analyzed in group HB and 30 in group PB. The CONSORT flow diagram is presented in Figure 1.
Baseline demographic characteristics did not differ significantly between groups (Table 1).
The primary endpoint, the maximal relative decrease in MAP during the first hour after spinal anesthesia was similar between groups, with mean (SD) decreases of 33.1% (13.3) in the HB group and 33.1% (11.5) in the PB group (mean difference 0.0 percentage points, 95% CI −6.4 to 6.4; p=0.99) (Table 2). Likewise, the nadir MAP during the first hour after SA did not differ between groups [HB: 74.2 (9.2) vs PB: 74.1 (12.4) mmHg; mean difference 0.1 mmHg, 95% CI −5.5 to 5.7; p = 0.98] (Table 2). 
Regarding secondary outcomes, LMM analyses (Appendix) showed no significant main effect of group or group–time interaction on MAP evolution during the first hour (p = 0.75 and p = 0.79, respectively), whereas a significant main effect of time was observed (p <0.001), reflecting a progressive decline in MAP across both groups (Figure 2). Similar patterns were found for systolic and diastolic blood pressure, with no significant group effect (p = 0.95 and p = 0.69, respectively), but with strong time effects (both p <0.001; Figures 3 and 4). HR also decreased over time after SA (p <0.001), without significant differences between groups (p = 0.87) and no group–time interaction (p = 0.88; Figure 5) (Appendix). Sensitivity analyses confirmed minimal effect sizes for group allocation concerning all hemodynamic outcomes evolution (Cohen’s f < 0.1) (Appendix).
The incidence of intraoperative nausea and vomiting was low and comparable between groups (p = 0.75) (Table 2). No patient exceeded the prespecified maximum cumulative dose of ephedrine (60 mg) or atropine (5 mg), and no patient required alternative vasopressors or inotropic/chronotropic drugs. Therefore, no participant was excluded from the analysis due to protocol-defined vasoactive “rescue ceiling” criteria. In exploratory analyses, the incidence of intraoperative midazolam administration was similar in the PB and HB groups [53.3% vs 46.7%; risk ratio (RR) 1.14, 95% CI 0.69–1.90; p = 0.80]. The need for ephedrine tended to be higher in the PB group [36.7% vs 16.7%; RR 2.20, 95% CI 0.87–5.57; p = 0.14], whereas atropine use tended to be more frequent in the HB group [6.7% vs 26.7%; RR 0.25, 95% CI 0.06–1.08; p = 0.08], although these differences did not reach statistical significance.


Table 1. Baseline characteristics. 
	
	Group PB
	Group HB

	Sample size, n
	30
	30

	Demographic Characteristics
	
	

	Age [y; mean (SD)]
	65.3 (11.5)
	68.3 (9.5)

	Sex [male, n (%)]
	13 (43.3)
	18 (60)

	ASA classification [n (%)]
	
	

	I
	2 (6.7)
	1 (3.3)

	II
	25 (83.3)
	28 (93.3)

	III
	3 (10)
	1 (3.3)

	Weight [Kg; median (IQR)]
	86 (76, 93)
	86.5 (67, 95.75)

	Height [m; mean (SD)]
	1.68 (0.11)
	1.7 (0.1)

	BMI [Kg.m-2; mean (SD)]
	29.4 (3.1)
	29.1 (4.6)

	Diabetes [n (%)]
	7 (23.3)
	6 (20)

	Tobacco consumption [n (%)]
	5 (16.7)
	3 (10)



Footnote: PB: plain bupivacaine; HB: hyperbaric bupivacaine; n: number; y: years; IQR: interquartile range; ASA: American Society of Anesthesiologists Physical Status; SD: standard deviation; BMI: Body Mass Index.


Table 2. Early perioperative outcomes 
	
	Group PB
	Group HB
	P-value

	Maximal decrease from b-MAP [%; mean (SD)]
	33.1% (11.5)
	33.1% (13.3)
	0.99

	Nadir MAP [mmHg; mean (SD)]
	74.1 (12.4)
	74.2 (9.2)
	0.98

	Intraoperative NV [n (%)]
	5 (16.7)
	7 (23.3)
	0.75

	Duration of Surgery [minutes; mean (SD)]
	115 (39)
	127 (28)
	0.18

	Intraoperative crystalloid volume [mL, mean (SD)]
	495 (144)
	544 (151)
	0.16

	Tourniquet time [minutes, mean (SD)]
	36 (11)
	40 (9)
	0.13

	Midazolam administered, n (%)
	16 (53.3)
	14 (46.7)
	0.8

	Requiring ephedrine after SA [n (%)]
	11 (36.7)
	5 (16.7)
	0.14

	Requiring atropine after SA [n (%)]
	2 (6.7)
	8 (26.7)
	0.08



Footnote: MAP: mean arterial pressure; b-MAP: baseline mean arterial pressure; n: number; IV: intravenous; NV: nausea and vomiting; SA: spinal anesthesia. 


DISCUSSION
In this randomized controlled trial of elective TKA performed under SA with 10 mg bupivacaine, baricity (plain vs hyperbaric) did not influence early hemodynamic stability. The nadir MAP during the first postoperative hour and the maximal relative decrease in MAP were essentially identical between groups. Longitudinal mixed-model analyses demonstrated a strong time effect (a progressive decline in MAP and HR after spinal injection), but no group effect and no group–time interaction, indicating comparable hemodynamic trajectories. Collectively, these findings do not support the hypothesis that PB reduces the magnitude of blood pressure drop after SA compared with HB in contemporary TKA practice. Importantly, the primary endpoint was intentionally defined as a continuous, physiology-based measure of hemodynamic effect (maximal relative decrease in MAP), rather than event-based clinical outcomes such as vasopressor administration or nausea and vomiting. This choice was made to isolate the intrinsic hemodynamic impact of intrathecal bupivacaine baricity itself, independently of downstream clinical responses that are inherently multifactorial and less directly attributable to spinal sympathectomy alone.
Our results are consistent with the most recent systematic review in non-obstetric surgery [18], which included 10 randomized trials (n=586) and reported a recurrent trend toward a higher incidence of low blood pressure with HB, yet no statistically significant overall. Importantly, the review emphasizes substantial heterogeneity in intrathecal doses and volumes, spinal techniques, definitions of hypotension, and patient positioning, all of which limit definitive inference. The review also highlights a major evidence gap: nine of the ten included RCTs used doses ≥15 mg (often ≥3 mL), and none examined intermediate dosing (10–14 mg), which is increasingly common in modern orthopedic practice to facilitate recovery and mitigate side effects. Accordingly, our trial provides practice-relevant evidence by specifically evaluating an intermediate dose (10 mg; 2 mL of 0.5%), addressing the “underexplored” dosing range identified as a priority for future research [18].
Although baricity is a key determinant of intrathecal spread, its hemodynamic impact may be attenuated when dose and technique are tightly standardized. Hyperbaric solutions often achieve higher sensory levels and could theoretically predispose to a broader sympathetic block and greater hypotension; however, across existing trials this signal has been inconsistent and not statistically robust [13-19]. Insights from studies in other surgical populations further illustrate how strongly context can shape baricity-related effects. For example, in parturients undergoing cesarean delivery, studies reported more stable early hemodynamics and faster block onset with HB, and they specifically discussed how discrepancies across trials may reflect differences in dose, use of intrathecal adjuncts, positioning strategies (including torso elevation), and intraoperative table/bed angle control [17].  While obstetric physiology is not directly comparable to elective orthopedic surgery, the underlying point is highly relevant: observed hemodynamic differences attributed to baricity can be amplified — or neutralized — by procedural and perioperative factors [18, 19]. In our cohort, several factors may have minimized divergence between formulations and merit distinction. First, a series of protocol standardization measures was implemented to reduce variability in intrathecal spread and perioperative conditions: (a) all patients received peripheral nerve blocks prior to spinal anesthesia; although distal adductor canal and iPACK blocks primarily target sensory branches below the major sympathetic outflow, a minor interaction with systemic hemodynamics cannot be entirely excluded; (b) the puncture level was consistently identified at L3–L4 using ultrasound guidance, potentially reducing variability in injection site and subsequent block height; (c) immediate supine positioning after intrathecal injection was standardized; (d) patient height was restricted to a relatively narrow range, further limiting anatomical variability that could influence intrathecal distribution. Second, a key study design element was the choice of a low/intermediate intrathecal bupivacaine dose (10 mg), which is lower than that used in most earlier studies. This dose selection, reflective of contemporary fast-track practice, may have limited the extent of sympathetic blockade and reduced the likelihood of clinically meaningful baricity-dependent differences in hemodynamic response. Under these conditions, subtle pharmaco-physical differences related to solution density may become less influential, such that the dominant driver of hemodynamic change is the physiological response to neuraxial sympathectomy itself rather than differences in intrathecal spread. Collectively, these factors may help explain why baricity-related divergence observed in older, higher-dose studies was attenuated in the present trial.
Although the primary outcome did not demonstrate superiority of plain over hyperbaric bupivacaine, the secondary findings remain clinically relevant. Ephedrine use during the first hour differed numerically between groups but was not statistically significant, and atropine use showed a similar non-significant imbalance. These findings should be interpreted as exploratory, particularly given limited power for event-based endpoints and the fact that treatment thresholds (MAP <65 mmHg or ≥20% decrease from baseline; HR <40 bpm) capture both transient and sustained events. The observed mean MAP decrease (~33%) in both groups also warrants emphasis: even in a selected elective population, low blood pressure after SA remains common and time dependent. This suggests that optimizing prophylaxis and treatment strategies (e.g., individualized fluid management, early vasopressor readiness, and risk stratification) may be more impactful than selecting baricity alone — at least at intermediate doses.
Beyond statistical considerations, a physiological explanation may help reconcile our findings with prevailing clinical perceptions. It is therefore conceivable that the commonly held perception of greater hemodynamic stability with plain bupivacaine reflects less abrupt or more progressive hemodynamic changes, rather than a true reduction in the absolute magnitude of blood pressure decrease. When quantified using magnitude-based MAP metrics, such differences may attenuate or disappear, as observed in the present study. In the supine position, hyperbaric bupivacaine may recruit dependent caudal and sacral segments that are of limited relevance for surgical anesthesia but may nonetheless contribute to sympathetic blockade and vasodilation. This could favor more abrupt hemodynamic changes, reinforcing the perception of lower stability despite similar absolute MAP reductions.
Several limitations should temper interpretation. First, despite achieving the planned analyzed sample, the study may still be underpowered to detect smaller differences in vasopressor requirements and PONV, which occur relatively infrequently. Although no participant exceeded the prespecified vasoactive rescue ceilings or required alternative agents in this cohort, the inclusion of such criteria may reduce generalizability in other settings where more severe hemodynamic instability is encountered. In addition, although ephedrine administration was protocolized and did not differ significantly between groups, its use as a co-intervention may have attenuated peak hypotension and influenced measured MAP values; the study was not powered to assess the independent effect of vasopressor exposure on hemodynamic outcomes, and these findings should therefore be interpreted with caution. An additional limitation is that although the primary endpoint was defined as the maximal relative decrease in MAP from baseline, vasopressor administration was triggered by an absolute MAP threshold (<65 mmHg) reflecting routine clinical practice; while this pragmatic approach ensured standardized patient management, it may have attenuated the magnitude of hypotension and reduced sensitivity to detect subtle between-group differences. HR management followed a similar pragmatic approach since bradycardia treatment was based on an absolute threshold (<40 bpm). As a result, atropine administration represents an event-based safety intervention and may not directly reflect the overall dynamics or magnitude of HR changes, which should be interpreted cautiously. Second, external validity may be limited by the exclusion of higher-risk patients (e.g., significant cardiac disease, advanced chronic kidney disease, obesity), in whom baricity-related differences might be more pronounced. Third, although frequent non-invasive blood pressure measurements were obtained, intermittent cuff monitoring cannot quantify low blood pressure “burden” (e.g., cumulative time below MAP thresholds or area under a threshold), which is increasingly recognized as clinically relevant. In addition, baseline MAP was derived from a single pre-spinal non-invasive measurement and may be subject to short-term variability. Although continuous or invasive hemodynamic monitoring could have provided more granular physiological information, its routine use was not considered appropriate in a fast-track total knee arthroplasty population and would be unlikely to have altered the study’s primary conclusions, which were based on the magnitude rather than the temporal dynamics of MAP changes. Finally, as with any neuraxial hemodynamic study, co-interventions (sedation, fluid administration strategy, tourniquet-related physiology) may contribute residual variability unless fully standardized and incorporated into analytical models. In addition, sensory and motor block levels were not systematically documented. This was primarily due to the routine use of peripheral nerve blocks prior to SA, which would have confounded sensory assessment, as well as the fast-track surgical workflow. Given the standardized L3–L4 injection level identified with ultrasound and the strict control of injection-related variables, clinically relevant differences in block extent between groups were considered unlikely, at least in dermatomes relevant for knee surgery.
In conclusion, in patients undergoing elective TKA with SA using 10 mg of bupivacaine, this study did not demonstrate superiority of plain over hyperbaric formulations in terms of early hemodynamic stability. This study did not demonstrate superiority of PB over HB; the results should therefore be interpreted as a negative superiority trial rather than evidence of equivalence between formulations. Further adequately powered trials incorporating hypotension-burden metrics and broader-risk populations are warranted to determine whether subtle pharmaco-physical differences translate into clinically meaningful benefit.
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FIGURE LEGENDS
Figure 1: CONSORT flow chart of patient enrollment, group allocation, follow-up, and data analysis. CONSORT = CONsolidated Standards Of Reporting Trials. 

Figure 2: Evolution of the mean arterial pressure (MAP) over the first hour after spinal anesthesia (SA). Dots represent individual automated brachial non-invasive blood pressure measurements at each scheduled time point (every 2.5 minutes for the first 20 minutes, then every 5 minutes up to 60 minutes). Solid lines with markers show the group mean (estimated marginal mean) at each time point for hyperbaric bupivacaine (group HB; blue) and plain/isobaric bupivacaine (group PB; red). Within-group means and between-group mean differences are reported in the Appendix tables based on the linear mixed-effects model.

Figure 3: Evolution of the systolic arterial pressure (SAP) over the first hour after spinal anesthesia (SA). Dots represent individual automated brachial non-invasive blood pressure measurements at each scheduled time point (every 2.5 minutes for the first 20 minutes, then every 5 minutes up to 60 minutes). Solid lines with markers show the group mean (estimated marginal mean) at each time point for hyperbaric bupivacaine (group HB; blue) and plain/isobaric bupivacaine (group PB; red). Within-group means and between-group mean differences are reported in the Appendix tables based on the linear mixed-effects model.

Figure 4: Evolution of the diastolic arterial pressure (DAP) over the first hour after spinal anesthesia (SA). Dots represent individual automated brachial non-invasive blood pressure measurements at each scheduled time point (every 2.5 minutes for the first 20 minutes, then every 5 minutes up to 60 minutes). Solid lines with markers show the group mean (estimated marginal mean) at each time point for hyperbaric bupivacaine (group HB; blue) and plain/isobaric bupivacaine (group PB; red). Within-group means and between-group mean differences are reported in the Appendix tables based on the linear mixed-effects model.

Figure 5: Evolution of the heart rate (HR) over the first hour after spinal anesthesia (SA). Dots represent individual HR measurements at each scheduled time point (every 2.5 minutes during the first 20 minutes, then every 5 minutes up to 60 minutes). Solid lines with markers show the group mean (estimated marginal mean) at each time point for hyperbaric bupivacaine (group HB; blue) and plain/isobaric bupivacaine (group PB; red). Within-group means and between-group mean differences are reported in the Appendix tables based on the linear mixed-effects model.
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