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Background: Spinal anesthesia-induced hypotension (SAIH) complicates 50-70% of cesarean deliveries, posing maternal-fetal risks.
This prospective, single-center observational study (ClinicalTrials.gov: ChiCTR2300077480) evaluated whether pre-induction posi-
tional change in carotid corrected flow time (8cFT) predicts SAIH in term parturients.

Methods: In this single-center prospective observational study, 54 healthy term parturients (=37 weeks, ASA I-II), high-resolution
carotid Doppler measured corrected flow time (cFT) and respiratory variation in peak velocity (§Vpeak) in supine and left-lateral
positions immediately before neuraxial block. The primary outcome was SAIH incidence within 15 minutes post-induction.
Results: Of 54 participants analyzed, 34 developed SAIH (63%). The SAIH group exhibited significantly shorter supine cFT (330.30
+18.44 vs 351.14£19.57 ms, P<0.001) and greater positional cFT increase (6cFT: 22.55+14.29 vs 0.23£13.30 ms, P<0.001). 6cFT
demonstrated superior discriminatory accuracy (AUC 0.872, 95% CI 0.772-0.972, P<0.001) compared with supine cFT (AUC 0.769)
and dVpeak (AUC 0.50-0.52). Optimal dcFT threshold was 6.49 ms (sensitivity 94.1%, specificity 75.0%). Exploratory multivariable
logistic regression analysis suggested that 6cFT was associated with SATH after adjustment for prespecified covariates (OR 1.125 per
1-ms increase, 95% CI 1.049-1.206, P=0.001), whereas higher supine cFT was associated with a lower risk (OR 0.934, P=0.002).
O¢FT correlated significantly with the magnitude of blood pressure decrease (r=0.437, P=0.001). Interobserver reliability was excellent
(ICC 0.969).

Conclusion: Pre-induction 8cFT could be a promising noninvasive predictor of SAIH. Bedside assessment of positional changes in
cFT might identify high-risk parturients and guide targeted prophylactic strategies. dVpeak lacked predictive utility in spontaneously
breathing patients. Further external validation studies are warranted.
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Introduction

Spinal anesthesia (SA) is the gold-standard technique for elective cesarean delivery worldwide due to its efficacy and
safety profile.!”* However, spinal anesthesia-induced hypotension (SAIH) remains a highly prevalent and clinically
significant complication, occurring in 50% to 70% of cases despite prophylactic measures such as fluid loading,
vasopressors, and left uterine displacement.>> SAIH is primarily driven from the sympatholytic effect of spinal
anesthesia, which reduces systemic vascular resistance, and from aortocaval compression by the gravid uterus, leading
to a critical decrease in venous return and cardiac preload.®® Maternal consequences include nausea, vomiting, dizziness,
and, rarely, syncope or cardiac arrest.”'® Potential fetal complications include impaired uteroplacental perfusion, reduced
Apgar scores, and umbilical artery acidemia.''™'® In addition, hemodynamic instability could also increase the risk of
adverse maternal-fetal outcomes, such as emergency delivery for fetal compromise.'* While prophylactic vasopressors
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can reduce the incidence of hypotension, approximately 30% of patients may carry a significant risk of reactive
hypertension.'>™'” Therefore, accurate pre-operative prediction of SAIH susceptibility is crucial for optimizing persona-
lized prophylaxis and improving maternal—fetal outcomes.

Noninvasive carotid artery Doppler ultrasonography has emerged as a promising tool for hemodynamic
assessment.'® 2% The corrected flow time (cFT), derived from the systolic ejection period normalized to a heart rate of
60 bpm, can serve as a sensitive marker for preload changes: hypovolemia shortens cFT, whereas increased preload
prolongs it.2'%* In addition, respiratory variation in carotid peak velocity (6 Vpeak) has also been proposed as a dynamic
predictor of fluid responsiveness in spontaneously breathing patients, reflecting stroke volume variation induced by
changes in intrathoracic pressure.”*® Recent prospective observational studies have shown that ¢cFT and §Vpeak can
predict postinduction hypotension in patients undergoing various elective surgical procedures.”’*® A cFT-guided fluid
therapy could reduce hypotension incidence from 92.3% to 35.7% in elderly patients after general anesthesia induction
for surgeries.”” Unlike indices measured with respiration controlled by the mechanical ventilation, both cFT and 8Vpeak
are potentially applicable to awake spontaneously breathing parturients and require further investigations before they can
be widely accepted in the clinical practice.’*>!

In addition to static carotid artery Doppler ultrasonography measurements, dynamic evaluations of these measurement
changes, such as cFT changes after passive leg raising (PLR), have shown satisfactory performance in assessing volume
status and predicting fluid responsiveness in critically ill patients in the intensive care unit.>*>3 In obstetric patients,
shifting from a supine to a left lateral position can rapidly alleviate aortocaval compression, transiently augmenting
venous return by approximately 300 mL and effectively performing a “mini-PLR” test.** In these obstetric women, while
static supine cFT (SP-cFT) has shown moderate predictive value for SATH,>? it remains unknown whether the positional
change from supine to left lateral side (dcFT=Left-lateral cFT - Supine cFT), similar to PLR in non-pregnant patients,
could serve as a noninvasive method to assess volume status and predict SAIH in order to guide fluid therapy.
Furthermore, evidence regarding dVpeak in spontaneously breathing parturients is limited and inconsistent. While
some research reported that §Vpeak could predict fluid responsiveness in parturients during cesarean delivery, other
studies showed a wide grey zone with low discriminative power.**3!-*¢

In the current study, we hypothesized that the magnitude of the cFT increase (5¢cFT=Left -lateral cFT - Supine cFT) in
response to this positional change, as well as the dVpeak during spontaneous breathing could reflect underlying preload
dependence and therefore predicts susceptibility to the significant preload reduction caused by spinal anesthesia in
pregnant women undergoing elective cesarean. Our specific study aims were, 1) determine the predictive value of pre-
anesthetic SP-cFT, dcFT, and dVpeak during spontaneous breathing for SAIH in cesarean delivery; 2) compare the
predictive accuracy of dcFT with that of SP-cFT; 3) determine the optimal cutoff values for SP-cFT and dcFT; 4) assess
the correlation between these indices (SP-cFT, dcFT, and oVpeak) and the magnitude of systolic blood pressure
decrease; 5) evaluate the inter-observer reliability of cFT measurements; and 6) investigate the value of SP-cFT and
OcFT in the contexts of other commonly used variables, including age, body mass index (BMI), baseline systolic blood
pressure, and baseline heart rate, to predict SAIH. By exploring the use of carotid Doppler indices, particularly the
dynamic changes in cFT and dVpeak, our research sought to provide accurate measures for identifying pregnant women
at high risk for SAIH, thereby guiding a personalized, targeted treatment strategy to improve maternal-fetal outcomes.

Materials and Methods
Study Design and Patient Selection

This prospective, single-center observational cohort study was conducted at Beijing You’an Hospital, Capital Medical
University, from November 13, 2023, to June 21, 2024, after approval from the Institutional Review Board (IRB
No. 2023-028) and registration with ClinicalTrials.gov (ChiCTR2300077480), registration date: 09-Nov-2023. All
procedures adhered to the Declaration of Helsinki (2013).%7

Consecutive women scheduled for elective cesarean delivery under spinal anesthesia were screened during routine
pre-operative assessment. Eligible participants were 18—40 years old, with a gestational age >37+0 weeks, a singleton
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pregnancy, and the American Society of Anesthesiologists (ASA) physical status I-II. All participants provided written
informed consent prior to enrollment.

Exclusion criteria were rigorously applied to ensure patient safety and protocol integrity. Patients were excluded if
they presented with severe supine hypotensive syndrome diagnosed preoperatively, contraindications to spinal anesthesia
(including coagulopathy, allergy to local anesthetics, or infection at the puncture site), significant cardiovascular
comorbidities (eg, congenital heart disease, coronary artery disease, severe valvulopathy, peripheral arterial disease,
arrhythmias, carotid plaque, or stenosis >50%), diabetes mellitus, preeclampsia, neurological disorders, or psychiatric
conditions impairing cooperation.

Additional intraprocedural exclusion criteria were applied post-enrollment: conversion to general anesthesia; inade-
quate (below the T8 dermatome) or excessively high (above the T4 dermatome) sensory block level after intrathecal
injection; or incomplete data collection.

Ultrasound Acquisition Protocol

All the ultrasound examinations were performed by a professional ultrasound physician. After the video images were
saved, offline data acquisition and collection were independently performed by two trained anesthesia nurses. All studies
were performed with a Philips IntelliVue MP70 ultrasound system (Philips, Netherlands) with a 3—13 MHz linear-array
transducer; cine loops were stored in native DICOM format. Upon arrival in the pre-operative holding area, parturients
rested supine for 10 min while continuous noninvasive blood pressure, heart rate, and pulse oximetry were recorded. The
head was rotated 30° to the left, and the neck was slightly extended. In the transverse plane, the right common carotid
artery was identified 2 cm proximal to the carotid bulb; the transducer was then rotated to obtain a longitudinal view, with
color Doppler confirming laminar flow. A pulsed-wave sample volume was placed centrally with an insonation angle of
<60°, and three consecutive cardiac cycles free of maternal Valsalva were recorded. The position was then changed to
full left lateral decubitus for 5 min, and the identical sequence was repeated. All acquisitions were anonymised, and the
anesthesiologist initiating spinal anesthesia remained blinded. Flow time (FT) was defined from the onset of systolic
upstroke to the dicrotic notch; cFT=FT + [1.29 x (HR — 60)]; dVpeak was calculated as [(Vmax — Vmin)/((Vmax +
Vmin)/2)] x100% averaged over three respiratory cycles; dynamic indices were O6cFT=cFTleft-lat — cFTsupine
and d-6Vpeak=5Vpeakleft-lat — §Vpeaksupine.

Anesthetic Management

All participants underwent a standardized anesthetic protocol. Pregnant individuals fasted for a minimum of 8 h for solids
and 2 h for clear fluids preoperatively. Upon arrival in the operating room, supplemental oxygen was administered via
face mask at 2 L/min. Standard monitoring included noninvasive blood pressure (NIBP), three-lead electrocardiography
(ECQ), and pulse oximetry (SpO,), with measurements recorded at 5-min intervals. An intravenous catheter was inserted,
and lactated Ringer’s solution was infused at a maintenance rate of 10 mL/kg/h.

Spinal anesthesia was performed with the patient in the right lateral decubitus position. A 25-gauge spinal needle was
used to inject hyperbaric bupivacaine 0.5% (8—-12 mg) into the subarachnoid space at the L3-L4 interspace over 10-15
s. All spinal procedures were performed by a single, experienced anesthesiologist with 15 years of clinical experience,
thereby minimizing operator-dependent variability.

Surgery commenced 5-10 min after intrathecal injection, contingent upon achieving a sensory block to T6, as
assessed by pinprick testing. Patients with inadequate block (below T8) or excessive spread (above T4) were excluded
per protocol. NIBP was measured every 2 min from the induction of anesthesia until delivery, and every 5 min thereafter
until the end of surgery. SAIH was defined as SBP <80% of baseline SBP. Baseline SBP was defined as the mean of the
pre-anesthesia systolic blood pressure measurements obtained before spinal anesthesia. We selected a 15-minute
observation window after spinal anesthesia based on the physiological characteristics of SAIH. Following spinal
anesthesia, sympathetic blockade occurs rapidly, leading to a sudden decrease in systemic vascular resistance and venous
return. Most hypotension episodes begin in the early phase of anesthesia. Once SAIH occurred, management included
accelerated crystalloid infusion, leftward tilt of the operating table (15°-30°), and intravenous boluses of methoxamine
(1-2 mg) or ephedrine (10-20 mg). Bradycardia (heart rate<50 bpm) was treated with atropine 0.5 mg IV.

International Journal of Women’s Health 2026:18 https: 3



Hao et al

Statistical Analysis

Sample size was calculated a priori using MedCalc 23.2.6. Assuming an area under the receiver operating characteristic
curve (AUC) of 0.75 for 6cFT versus a null AUC of 0.50, a=0.05 (two-tailed), power=0.90, and an expected SAIH
incidence of 65%, a minimum of 53 analyzable patients was required. Allowing for a 15% dropout rate, we planned to
enroll 63 participants.

Statistical analyses were performed with R 4.3.2 and SPSS 29.0. Continuous variables were assessed for normality
(Shapiro—Wilk test); normally distributed data are expressed as mean+SD, otherwise as median [IQR]. Categorical
variables are presented as n (%). Univariable comparisons used independent ¢ tests, Mann—Whitney U, ¥, or Fisher’s
exact tests, as appropriate. Pearson correlation coefficients were calculated to assess the relationships among preanes-
thetic SP-cFT, supine dVpeak (SP-8Vpeak), 6cFT, change in §Vpeak (d-6Vpeak), and the magnitude of systolic blood
pressure decrease (O0SBP) after induction of spinal anesthesia.

An exploratory multivariable logistic regression analysis was performed to evaluate the association between carotid
Doppler—derived indices and SAIH after adjustment for prespecified covariates (age, BMI, baseline HR, baseline SBP,
SP-cFT, and &cFT). Multicollinearity was assessed using variance inflation factors. The linearity of the logit for
continuous variables was evaluated using the Box—Tidwell approach. Model discrimination was quantified using the
AUC, with DeLong’s test employed for comparison against competing indices; 95% confidence intervals were derived
from 1000 bootstrap replicates. Calibration was evaluated using the Hosmer—Lemeshow test and the Brier score. Internal
validation was performed using bootstrap resampling. The optimal dcFT cutoff was determined by maximizing the
Youden index and performing a gray-zone analysis.

Interobserver reliability was quantified by the intraclass correlation coefficient (two-way mixed-effects, absolute
agreement), coefficient of variation, and Bland—Altman limits of agreement. A two-sided P<0.05 was considered

significant.

Results
Patient Flow and Baseline Characteristics

Of the 72 parturients screened, 60 met eligibility criteria and provided written informed consent. Subsequently, six were
excluded: four due to protocol deviations (three with block heights above T4 or below T8, one with intraoperative
conversion to general anesthesia), and two due to incomplete sonographic datasets. The final analytic cohort comprised
54 women (Figure 1). Baseline demographic and obstetric variables were well balanced between patients who subse-
quently developed SAIH (n=34, 63%) and those who did not (n=20, 37%) (Table 1). Mean maternal age was 34+4 years,
median gestational age was 38+3 weeks [37+1-41+0], and mean BMI was 28.78+4.11 kg/m”. There were no significant
differences between groups in height, weight gain during pregnancy, parity, or neonatal Apgar scores. Intraoperative
crystalloid volume administered prior to delivery was similar (708.82+196.36 mL vs 640+221.6 mL, P=0.241), as was
estimated blood loss (333.24+103.77 mL vs 335+148.77 mL, P=0.959). Baseline heart rate and baseline systolic blood
pressure did not differ significantly between the two groups (all P > 0.05).

Ultrasound Indices and Positional Changes

Carotid ultrasound was successfully performed in all 54 parturients, with excellent intrasession image quality. In the supine
position, baseline cFT was significantly shorter in patients who later developed SAIH than in those who remained
normotensive (330.30+£18.44 ms vs 351.14+19.57 ms, mean difference —20.84 ms; 95% CI —31.7 to —10.0 ms;
P<0.001). After 5 min in the left -lateral position, cFT increased markedly in the SAIH group (to 352.85+21.53 ms,
mean within-group change +22.55+£14.29 ms; P<0.001), whereas the change was negligible in the nonhypotensive group
(+0.23+£13.30 ms; P=0.94), yielding a large between-group difference in 6cFT (22.55+14.29 ms vs 0.23£13.30 ms;
P<0.001) (Tables 2, 3 and Figure 2). In contrast, neither supine 6Vpeak nor left-lateral 6Vpeak differed significantly
between groups, and the positional change in 6Vpeak (d-6Vpeak) was also not significant (all P > 0.05).
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Assessed for eligibility (n=72)

Excluded(n=12)

» Not meeting inclusion criteria (n=5)

* Declined (n=4)

> . Change to emergency surgery (n=2)

A 4 * Supine hypotension syndrome was found before

Enrolled for study (n=60) operation (n=1)

Dropped out (n = 6)

« Converted to general anaesthesia (n=1)
« Sensory block level =T4 (n=2)

* Sensory block level <T8 (n=1)

* Missing data (n=2)

| |

Non-hypotension group (n=20)

A 4
Analysed (n=54)

hypotension group (n=34)

Figure | Study flow chart of patient enrolment and analysis.

Diagnostic Performance of Ultrasound Indices

Receiver operating characteristic analysis demonstrated that 6cFT had a higher discriminatory ability for SAIH (AUC
0.872; 95% CI 0.772—0.972) compared with supine cFT (AUC 0.769; 95% CI 0.639—-0.899) (Figure 3). However, the
difference between the two correlated ROC curves did not reach statistical significance according to DelLong’s test
(P=0.152). The optimal 6cFT cutoff determined by the maximum Youden index was 6.49 ms, yielding a sensitivity of
94.1%, and a specificity of 75.0% (Table 4). A supine cFT<334.24 ms provided sensitivity of 85.0% and specificity of

Table | Patient Characteristics and Perioperative Details

Index Overall (n=54) Hypotension Non-Hypotension P
(n=34) (n=20)
Age (years), M£SD 34+4 35+4 33+4 0.060
Height (cm), M+SD 161.15+5.85 160.35+5.98 162.5+5.5 0.196
Weight (kg), M+SD 74.83+12.03 73.71x10.74 76.73+14.05 0.379
BMI (kg/m?), M£SD 28.78+4.11 28.65+3.76 29.01+4.74 0.767
ASA |, n (%) 2(3.7) 2(5.9) 0(0) 0.529
Gravidity, n, median (IQR) 3(1,4) 3(2,4) 2(1,3) 0.165
Deliveries, n, median (IQR) 1(0,1) 1(0,1) 0(o, 1) 0.206
Gestational age (weeks"®), median (IQR) | 383(37'',41) | 38"%37"', 40"") 38%(37"3, 41) 0.069
Weight gain® (kg), M+SD 13.54+6.37 12.54+4.98 15.25+8.08 0.134
Fundal height (cm), M£SD 32.57+2.94 32.24#3.1 33.15+2.64 0.274
Abdominal circumference (cm), M+SD 104.02+6.91 103.88+6.6 104.25+7.57 0.852
Fluid volume before® (mL), M+SD 132.14+50.84 135.29+51.54 122.50+49.93 0.377
Fluid volume total® (mL), M+SD 683.33+206.73 708.82+196.36 640+221.6 0.241
Blood loss? (mL), M£SD 333.89+120.99 333.24+103.77 335+148.77 0.959
HR (beats/min), M+SD 84.26+11.05 85.93+11.79 81.41+9.25 0.149
SBP (mmHg), M£SD 124.69+£10.92 122.76+8.86 127.95+13.37 0.092
Any vasopressor use, n (%) 35(64.8) 31(91.2) 4(20) <0.001
(Continued)
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Table | (Continued).

Index Overall (n=54) Hypotension Non-Hypotension P
(n=34) (n=20)

Urine output (mL), M+SD 112.41+67.24 116.76+79.46 105£39.4 0.540

Apgar score <9, n (%) 1(1.9) 1(2.9) 0(0) 0.443

Intraoperative nausea, n (%) 15(27.8) 14(41.2) 1(5) 0.005

Intraoperative vomiting, n (%) 2(3.7) 2(5.9) 0(0) 0.274

Notes: Data are presented as meantstandard deviation (M+SD), median (interquartile range, IQR), or number of patients with percentage
n (%). A P < 0.05 was considered statistically significant (bold values indicate significance). *Weight gain refers to the weight gained during
pregnancy; ®Fluid volume before refers to the volume of fluid administered before induction of spinal anesthesia; “Fluid volume total refers to
the total volume of fluid administered during the entire operation; “Blood loss refers to the total blood loss during the operation.
Abbreviations: ASA, American Society of Anesthesiologists physical status classification; BMI, body mass index; HR, baseline heart rate;
SBP, baseline systolic blood pressure.

Table 2 Changes in dVpeak and cFT by Position

Index Non-Hypotension (n=20) Hypotension (n=34)

Supine Position | Left Lateral Position | Supine Position | Left Lateral Position

dVpeak 12.65+4.61 12.92+5.09 12.71+4.49 12.28+5.03
cFT 351.14£19.57 354.37£18.66 330.30+18.44* 352.85+21.53%

Note: *P<0.001 vs non-hypotension group in the supine position, 1P<0.001 versus supine within the hypotension group
(paired t-test).
Abbreviations: 3Vpeak, respiratory variation in carotid peak velocity; cFT, corrected flow time.

Table 3 Comparisons of Positional Change Indices (3cFT and d-6Vpeak) Between
Hypotension and Non-Hypotension Groups

Index Overall (n=54) | Hypotension (n=34) | Non-Hypotension (n=20) P

ScFT 14.47£17.6 22.55+14.29 0.23+13.3 <0.001
d-3Vpeak 0.19+4.17 0.73+3.67 —0.73+4.87 0.559

Note: Values are mean * standard deviation. cFT=LP-cFT == SP-cFT; d-3Vpeak=LP-3Vpeak == SP-3Vpeak.
Abbreviations: cFT, corrected flow time; 3Vpeak, respiratory variation in carotid peak velocity.

64.7% (Table 4). Gray-zone analysis indicated that dcFT values between 6.71 and 19.97 ms constituted an inconclusive
range for 28% of patients, which was narrower than the gray zone for supine cFT (328.52-354.06 ms, 48%) (Table 4 and
Figure 4).

Secondary Outcomes and Correlation Analysis

Pearson correlation analysis revealed significant relationships between 6SBP after spinal anesthesia and ultrasound
indices. Specifically, SBP was negatively correlated with SP-cFT (r=—0.429, P=0.001) and positively correlated with
OcFT (r=0.437, P=0.001) (Figure 5A and B). In contrast, 6SBP did not show significant correlations with supine 6Vpeak
(r=0.001, P=0.96) or d-0Vpeak (r=0.081, P=0.559). These findings suggest that SP-cFT and 6cFT are more reliable
predictors of the magnitude of blood pressure decrease following spinal anesthesia, whereas dVpeak does not provide
additional predictive value in this context.

Exploratory Multivariable Prediction Model

Exploratory multivariable logistic regression analyses were performed to assess whether carotid Doppler—derived indices
remained associated with SAIH after adjustment for prespecified covariates. In the ScFT-based model, 6cFT remained
significantly associated with SAIH (per 1-ms increase; OR 1.125; 95% CI 1.049-1.206; P=0.001). In the SP-cFT-based
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Figure 2 Change in carotid corrected flow time (cFT) from supine to left-lateral position in parturients who did or did not develop hypotension. Data are mean+SD. Red
line=hypotension group, blue line=non-hypotension group.
Abbreviations: cFT, corrected flow time; LP, left-lateral position; SP, supine position.
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Figure 3 Receiver-operating characteristic curves of supine cFT (SP-cFT) and posture-induced change in cFT (3cFT) for predicting hypotension after spinal anesthesia.
Dotted blue line=SP-cFT (AUC=0.769); solid Orange line =3cFT (AUC=0.872); dotted green line=chance (AUC= 0.5). Green dots mark optimal cut-off values determined
by the maximal Youden index.

Abbreviations: ROC, receiver-operating characteristic; AUC, area under the curve; cFT, corrected flow time; SP, supine position; dcFT, LP-cFT — SP-cFT; LP, left-lateral
position.
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Table 4 Receiver-Operating Characteristic Analysis of Supine cFT and Posture-Induced Change in cFT for Predicting Post-Spinal

Hypotension

AUROC (95% CI) P Optimal Cutoff® | Grey Zone (ms)® | Patients in Grey | Sensitivity (%) | Specificity (%) | Youden

Value (ms) Zone n (%) Index )
SP-cFT | 0.769 (0.639-0.899) 0.001 334.24 328.52-354.06 26 (48) 85.0 64.7 0.497
ScFT 0.872 (0.772-0.972) | <0.001 6.49 6.71-19.97 15 (28) 94.1 75.0 0.691

Notes: *Optimal cut-off values were determined by maximizing the Youden index. "Grey zone was derived from 1000 bootstrap samples; values represent the
inconclusive range in which sensitivity and specificity are both < 90%.
Abbreviations: AUROC, area under the receiver-operating characteristic curve; Cl, confidence interval; cFT, corrected flow time; SP, supine position; 6cFT, LP-cFT —

SP-cFT.

model, higher supine cFT was associated with a lower risk of SAIH (per 1-ms increase; OR 0.934; 95% CI 0.895-0.975;
P=0.002) (Table 5). Age, BMI, baseline heart rate, and the remaining adjusted covariates were not significantly
associated with hypotension in either model (all P>0.05) (Table 5).

No evidence of problematic multicollinearity was observed, with all variance inflation factors close to 1. In addition,

no significant deviation from the linearity of the logit was detected for any continuous predictor.
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Table 5 Exploratory Multivariable

Induced Hypotension

Logistic Regression Models for Spinal-Anesthesia-

SP-cFT OR (95% Cl) P | 5cFT OR (95% CI) P
Age (years) 1224 (0.993-1.509) | 0.078 | Age (years) 1.183 (0.940-1.487) | 0.152
BMI (kg/m?) 0.896 (0.728-1.103) | 0.300 | BMI (kg/m?) 0918 (0.719-1.172) | 0.493
HR (beats/min) | 1.006 (0.918—1.101) | 0.695 | HR (beats/min) | 1.067 (0.978—1.164) | 0.145
SBP (mmHg) | 0.945(0.874-1.021) | 0.151 | SBP (mmHg) 0.957(0.883-1.037) | 0.283
SP-3Vpeak (%) | 1.119 (0.925-1.354) | 0.246 | d-3Vpeak (%) | 1.024 (0.844 —1.243) | 0.809
SP-cFT (ms) 0.934 (0.895-0.975) | 0.002 | ScFT (ms) 1.125 (1.049-1.206) | 0.001

Notes: These multivariable models were considered exploratory due to the limited sample size.

Abbreviations: Cl, confidence interval; HR, baseline heart rate; OR, odds ratio; SBP, baseline systolic blood
pressure; SP-cFT, pre-anesthetic cFT in supine position; 3cFT, difference value between cFT resulting from position
adjustments.

For the SP-cFT-based model, the apparent discrimination was acceptable, with an AUC of 0.847. Calibration was also
acceptable, with a Hosmer—Lemeshow test of x> = 8.394 (df = 8, P=0.396) and a Brier score of 0.150. Bootstrap internal
validation indicated some optimism, with an optimism-corrected AUC of 0.779 and an optimism-corrected calibration
slope of 0.663 (Supplementary Table S1 and Figure S1). For the cFT-based model, discrimination was better, with an
apparent AUC of 0.897. Calibration was satisfactory, with a Hosmer—Lemeshow test of x> = 6.764 (df = 8, P = 0.562)
and a Brier score of 0.115. Bootstrap internal validation demonstrated an optimism-corrected AUC of 0.848 and an

optimism-corrected calibration slope of 0.682, indicating better overall predictive performance than the SP-cFT model,
although some degree of overfitting remained (Supplementary Table S1 and Figure S1).

Observer Reliability and Measurement Quality
Intrasession repeatability was evaluated by having two trained anesthesiology nurses measure the same set of ultrasound
images for each patient. Each nurse performed three separate measurements per patient, resulting in six datasets per
patient (three from Nurse A and three from Nurse B). The coefficient of variation for supine cFT was 3.1% (95% CI
2.5-3.7%) with an intraclass correlation coefficient (ICC) of 0.89 (95% CI 0.83—-0.93); for left-lateral cFT, the CV was
3.0% (2.4-3.6%) and the ICC was 0.86 (0.78-0.92). In a second intrasession series, CVs were 3.2% (2.6-3.8%) and
3.2% (2.5-3.9%), respectively, with ICCs of 0.86 (0.79—-0.92) and 0.88 (0.81-0.93). These results demonstrate the
consistency of measurements within each nurse’s datasets.

Inter-operator agreement was assessed using 54 paired datasets from the full cohort. Bland—Altman analysis
(Figure 6) revealed a mean bias of 0.8 ms (95% limits of agreement, —13.8 to 15.4 ms) for supine cFT and 1.9 ms
(—12.6 to 16.4 ms) for left lateral cFT. The inter-operator ICCs were 0.969 (95% CI, 0.947-0.982) and 0.967 (95% CI,
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Figure 6 Bland-Altman plots showing inter-observer agreement for supine (SP-cFT) (A) and left-lateral (LP-cFT) (B) carotid corrected flow time measurements. Solid black
line=mean bias; dashed blue lines=+ 1.96 SD limits of agreement.
Abbreviations: cFT, corrected flow time; SP, supine position; LP, left-lateral position; SD, standard deviation.
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0.943-0.981), respectively, with a pooled coefficient of variation of 1.1%. Although formal inter-operator variability
assessment was not conducted for dVpeak, both nurses adhered to the same protocol for calculating dVpeak and
reviewed the recordings together to minimize the influence of subjectivity.

Discussion

Our study demonstrated that 6cFT induced by a controlled preload challenge (ie, shifting from the supine to the left
lateral position) may be a promising predictor of SAIH in cesarean delivery and showed better discriminative perfor-
mance than static indices such as supine cFT in this dataset. Specifically, cFT exhibited superior discriminatory accuracy
for predicting SAIH, with an AUC of 0.872, compared with 0.769 for supine cFT. The optimal 6cFT threshold was 6.49
ms, with a sensitivity of 94.1% and a specificity of 75.0%. Additionally, we found that higher supine cFT values were
protective against SAIH. In contrast, §Vpeak did not show significant predictive value in either the supine or left lateral
positions, highlighting its limitations in spontaneously breathing parturients.

Compared with previous studies that primarily focused on static hemodynamic parameters to predict SAIH,*® our
study introduces a dynamic measure that overcomes the limitations of single-point measurements. For instance, Kim et al
reported an AUC of 0.75 for static cFT in predicting SATH, demonstrating its moderate predictive value.>® Similarly,
other studies have explored static parameters, such as stroke volume variation and pulse pressure variation, in
mechanically ventilated patients; however, these indices are less applicable to spontaneously breathing parturients.>*
Our findings suggest that 3cFT may offer a more physiologically relevant assessment of preload dependence than a single
static measurement. This dynamic characteristic may be useful for perioperative risk stratification, although confirmation
in larger external cohorts is required. Our study builds on these findings by introducing 6cFT, a dynamic measure that
captures the cardiovascular response to a controlled preload challenge. Consistent with this, 6cFT showed a numerically
higher AUC for predicting SAIH than supine cFT (0.872 [95% CI 0.772-0.972] vs 0.769 [95% CI 0.639-0.899]);
however, the between-curve difference was not statistically significant on DeLong’s test (P=0.152). The optimal 6cFT
threshold was 6.49 ms, providing a sensitivity of 94.1% and a specificity of 75.0% for predicting SAIH. This enhanced
predictive accuracy, together with the strong correlation between dcFT and the magnitude of systolic blood pressure
decrease (r=0.437, P=0.001), highlights its clinical utility and offers a more physiologically relevant assessment of
preload dependence.

The concept of using dynamic indices to predict fluid responsiveness and hypotension has been explored in various
clinical settings.*'* For example, PLR has been used to assess preload dependence by transiently increasing venous
return.***® Our 8cFT measure can be considered a noninvasive, mini—PLR test specifically tailored for the obstetric
population. This method effectively simulates a reversible preload challenge by shifting the patient from the supine to the
left lateral position, thereby providing valuable insights into the cardiovascular response to changes in venous return.

Consistent with prior variability, previous studies have reported inconsistent results regarding the predictive value of
dVpeak in spontaneously breathing patients. Some studies suggest that §Vpeak may help predict fluid responsiveness,
whereas others have reported limited reliability.”*>'**’ In our cohort, 8Vpeak did not show significant predictive value for
SAIH in either the supine or left-lateral position, supporting concerns about its reliability in spontaneously breathing
parturients.

The strengths of our study include its prospective design, standardized anesthesia protocol, rigorous ultrasound
acquisition protocol, and the addition of model calibration and internal validation analyses. The use of high-resolution
carotid Doppler imaging, combined with strict adherence to a predefined ultrasound protocol, ensured the collection of
high-quality data. Additionally, inclusion of exploratory multivariable logistic regression analyses enabled us to evaluate
whether carotid Doppler—derived indices remained associated with SAIH after adjusting for potential confounders. Our
study aligns with the broader trend in anesthesia research toward developing personalized, noninvasive predictive tools.
The integration of advanced imaging techniques, such as high-resolution carotid Doppler ultrasound, allows for real-time
assessment of hemodynamic changes, which is crucial for timely intervention and improved patient outcomes.*® > This
approach is particularly relevant in obstetric care, where rapid changes in cardiovascular status can have significant
implications for both the mother and the fetus.
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However, our study also has limitations. The single-center design and a small sample size may limit the general-
izability of our findings. Additionally, the upper limit of BMI in our study population may reduce the applicability of our
findings to patients with morbid obesity. The poor predictive value of dVpeak might be attributed to the complex
interplay between respiratory and cardiovascular dynamics in spontaneously breathing parturients, which could limit the
accuracy of dVpeak measurements. In our study, the measurement of §Vpeak was further compromised by two technical
limitations. First, the Doppler technique used to measure dVpeak was technically demanding and prone to error. Minor
changes in the angle of incidence or the position of the ultrasound beam could significantly affect the recorded velocities,
introducing substantial measurement error and inter-observer variability.’' Second, the ultrasound equipment used in our
study lacked a respiratory-trigger function. We had to manually determine respiratory cycles from M-mode peaks and
troughs, likely reducing the precision of §Vpeak measurements. Given these technical challenges, our findings high-
lighted the need for more robust, well-validated dynamic indices in this patient population.

To further enhance the prediction of SAIH and optimize maternal—fetal outcomes, several areas for improvement are
proposed. First, continuous ¢FT monitoring using wireless neck Doppler patches could enable early detection and timely
intervention for SAIH. Second, multicenter external prospective studies with larger cohorts are needed to validate the
OcFT threshold identified in our study and to assess the impact of individualized management strategies on maternal and
fetal outcomes. Additionally, respiratory-synchronized ultrasound should be explored to improve the reliability of
dVpeak measurements in spontaneously breathing parturients. The development and validation of machine learning
models integrating dcFT, heart rate variability, and other hemodynamic parameters could further enhance prediction
accuracy. Ultimately, individualized prevention strategies based on risk stratification should be developed to optimize
anesthesia care during cesarean delivery. Future research should focus on addressing current limitations and exploring
innovative approaches to improve the accuracy and clinical applicability of SAIH prediction.

Conclusion

This study demonstrated that dcFT could be a promising noninvasive marker for predicting SAIH during cesarean
delivery. An optimal dcFT threshold of 6.49 ms achieved high sensitivity (94.1%) and specificity (75.0%) for predicting
SAIH, providing an easy, rapid method to identify high-risk patients and guide targeted prophylactic interventions. dcFT
demonstrated better overall predictive performance than supine cFT in the present dataset, although without statistically
significant superiority. Therefore, 5cFT can be considered for early risk stratification. However, future external multi-
center research with large sample sizes and consideration of other management variables (such as vasopressor use, tilt,
and fluid loading) should validate its predictive value across diverse patient populations to confirm its generalizability.

Abbreviations

ASA, American Society of Anesthesiologists physical status classification; AUC, Area Under the Curve; BMI, Body
Mass Index; cFT, Corrected Flow Time; CI, Confidence Interval; d-dVpeak, Difference in Respiratory Variation of Peak
Velocity (left-lateral minus supine); dcFT, Difference in Corrected Flow Time (left-lateral minus supine); 6SBP, Decrease
in Systolic Blood Pressure; 6Vpeak, Respiratory Variation in Peak Velocity; HR, Heart Rate; IQR, Interquartile Range;
LP, Left-lateral Position, OR, Odds Ratio; ROC, Receiver Operating Characteristic Curve; SD, Standard Deviation;
SAIH, Spinal Anesthesia-Induced Hypotension; SP Supine Position; SP-cFT, Supine Corrected Flow Time; SP-6Vpeak,
Supine Respiratory Variation in Peak Velocity; Vmin, Minimum Velocity; Vmax, Maximum Velocity.
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