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Abstract: Despite the acceptance of carotid ultrasound for predicting patients’ fluid responsiveness
in critical care and anesthesia, its efficacy for predicting hypotension and fluid responsiveness
remains unclear in the perioperative setting. Electronic databases were searched from inception
to May 2023 to identify observational studies focusing on the use of corrected blood flow time
(FTc) and respirophasic variation in carotid artery blood flow peak velocity (AVpeak) for assessing
the risks of hypotension and fluid responsiveness. Using FTc as a predictive tool (four studies),
the analysis yielded a pooled sensitivity of 0.82 (95% confidence interval (CI): 0.72 to 0.89) and
specificity of 0.94 (95% CI: 0.88 to 0.97) for the risk of hypotension (area under curve (AUC): 0.95).
For fluid responsiveness, the sensitivity and specificity of FIc were 0.79 (95% CI: 0.72 to 0.84) and
0.81 (95% CI: 0.75 to 0.86), respectively (AUC: 0.87). In contrast, the use of AVpeak to predict the risk
of fluid responsiveness showed a pooled sensitivity of 0.76 (95% CI: 0.63 to 0.85) and specificity of
0.74 (95% CI: 0.66 to 0.8) (AUC: 0.79). The current meta-analysis provides robust evidence supporting
the high diagnostic accuracy of FTc in predicting perioperative hypotension and fluid responsiveness,
which requires further studies for verification.

Keywords: carotid ultrasound; hypotension; fluid responsiveness; meta-analysis; perioperative

1. Introduction

Despite the lack of a widely accepted definition, intraoperative hypotension may
occur in approximately one-fourth to one-third of patients [1,2]. Its development can be
attributed to surgery- (e.g., blood loss and emergency surgery), anesthesia- (e.g., drug-
induced vasodilation), or patient-related (e.g., age and cardiovascular disease) factors [3-5].
Hypotension-related organ hypoperfusion is known to increase perioperative morbidity
and mortality as well as healthcare utilization. Several studies have linked the occurrence of
intraoperative hypotension to postoperative nausea/vomiting, myocardial infarction, post-
operative delirium, stroke, acute kidney injury, prolonged postoperative hospital stay, and
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even fatality [3,6-13]. Since the probability of organ damage and other serious complica-
tions is known to increase with the duration of hypotension [6], blood pressure monitoring
for the prevention of perioperative hypotension is critical for avoiding associated complica-
tions. On the other hand, determining fluid responsiveness, which refers to the ability of the
cardiovascular system to respond to fluid administration by boosting cardiac output, is also
crucial for optimizing fluid balance and improving hemodynamic stability in clinical prac-
tice [14,15]. In clinical practice, methods such as inferior vena cava (IVC) assessment [16,17],
passive leg raising [18], pulse pressure variation (PPV), and stroke volume variation (SVV)
are commonly used to assess fluid responsiveness. While IVC assessment evaluates IVC
diameter and collapsibility to determine intravascular volume status [16,17], passive leg
raising temporarily increases venous return to observe changes in cardiac output [18]. On
the other hand, PPV and SVV, which are predictors of fluid responsiveness derived from
arterial waveform analysis, reflect respiratory cycle-related variations in pulse pressure
and stroke volume, respectively. An accurate fluid status assessment enables clinicians to
adopt an individualized strategy to achieve a delicate balance between adequate tissue
perfusion and fluid overload, which is especially important in critically ill individuals with
hemodynamic instability.

In recent years, the corrected blood flow time (FIc) measured in the carotid artery has
emerged as a potential predictor of fluid responsiveness in both spontaneously breathing
and mechanically ventilated patients [19-21]. Although a recent meta-analysis focusing
on patients in critical and anesthesia settings has provided further support regarding the
diagnostic efficacy of FIc for predicting fluid responsiveness [22], its enrollment of a mixed
population of study subjects including those with septic shock could not exclusively reflect
the role of FIc in anesthetized patients. Furthermore, besides being an indicator of fluid
responsiveness, a number of studies have suggested the usefulness of FIc as a predictor
of perioperative hypotension [23,24]. Nevertheless, the perioperative applicability of FIc
for predicting the risk of hypotension and fluid responsiveness remained questionable
because of a lack of systematic evaluation. Therefore, the aim of the present meta-analysis
is to address this issue through systematically reviewing currently available observational
studies focusing on the use of FIc in the perioperative setting.

2. Materials and Methods
2.1. Study Protocol

This systematic review, which followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses of Diagnostic Test Accuracy Studies (PRISMA-DTA) guideline,
was registered at PROSPERO (CRD42023425534).

2.2. Data Source and Literature Search

The present study involved two independent authors who conducted a comprehen-
sive search in four databases, namely, Medline, Cochrane Library, Embase, and Google
Scholar, from their inception until 12 May 2023 to identify relevant studies utilizing Doppler
ultrasound-derived parameters, including FIc and respirophasic variation in carotid artery
blood flow peak velocity (AVpeak) for predicting the likelihood of hypotension and fluid
responsiveness in the perioperative setting. No restrictions were imposed on language
and country of publication. Google Scholar was used as an additional resource along-
side established academic databases to maximize the comprehensiveness of our search to
provide a more extensive overview of the available evidence. For our literature search,
the following keywords were utilized: (“General anesthesia” or “Surgery” or “Surgical
procedures” or “Regional anesthesia” or “Spinal anesthesia” or “Epidural anesthesia”) and
(“Carotid artery” or “carotid artery-corrected flow time” or “respiratory variations of peak
blood flow velocity” or “respirophasic variation in blood flow peak velocity”) and (“Sonog-
raphy” or “Echography” or “Ultrasonographic” or “Ultrasonography” or “Ultrasound”)
and (“Hypotension” or “Fluid responsiveness” or “Fluid challenge” or “Dehydration” or
“hypotensive”). In addition to the database search, manual screening was conducted to
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retrieve potentially eligible studies. All disagreements or conflicts between the two authors
were resolved through a consensus that involved a third investigator. Further details
on the search strategy employed for one of the databases (i.e., Medline) can be found in
Supplemental Table S1.

2.3. Inclusion and Exclusion Criteria

The inclusion of studies was determined based on the following criteria: (a) adult
patients in whom carotid ultrasound measurements were performed in the perioperative
setting regardless of the anesthetic techniques; (b) use of carotid artery-derived sonographic
parameters for predicting hypotension or fluid responsiveness; (c) and availability of
details pertaining to sensitivity, specificity, number of patients with hypotension or fluid
responsiveness. For the current meta-analysis, randomized controlled trials, cohort studies,
and case-control studies were all considered eligible.

Studies that met any of the following criteria were excluded: (a) reported solely
as case series, abstracts, case reports, conference papers, or review articles; (b) focused
on non-surgical patients or pediatric populations; (c) lacked outcomes of interest; (d) or
unavailability of a full-text version.

2.4. Data Extraction

Two authors independently extracted data from individual studies with all disagree-
ments resolved through the involvement of a third investigator. The following data were
collected: name of the first author, study characteristics (e.g., sample size, setting), patient
demographics (including age and gender), sensitivity and specificity, carotid artery-related
parameters (i.e., FTc and AVpeak), number of patients with hypotension or fluid responsive-
ness, and country of origin. Efforts were made to obtain missing information by contacting
the authors of those articles.

2.5. Outcomes and Definitions

The primary objective of this meta-analysis was to evaluate the diagnostic accuracy of
FTc in predicting the likelihood of perioperative hypotension, with secondary outcomes
being focused on the diagnostic efficacy of FIc or AVpeak for predicting perioperative fluid
responsiveness. Flc represents the temporal interval of left ventricular ejection measured
between the initiation of upstroke and the incisural notch on a systolic pulse waveform [25].
On the other hand, AVpeak signifies the alteration in the amplitude of the carotid pulse
upstroke in response to respiratory fluctuations. The diagnostic criteria for hypotension
and fluid responsiveness were in accordance with those employed in individual studies.
Events of perioperative hypotension or fluid responsiveness were defined as those that
occurred during the preoperative, intraoperative, or postoperative phase. For studies that
compared FTc or AVpeak in patients receiving mechanical ventilation with different tidal
volumes (e.g., 6 mL/kg to 10 mL/kg), we adopted the data acquired at or close to a tidal
volume of 10 mL/kg to simulate the real-world clinical scenario.

2.6. Quality Assessment

The Quality Assessment for Diagnostic Accuracy Studies-2 (QUADAS-2) tool, which
comprises two categories, “risk of bias” and “applicability concerns”, was employed to
evaluate the quality of each included study [26]. The former category consists of four
domains, while the latter contains three domains. Both authors conducted a subjective
review of all included studies and assigned ratings of “low risk,” “some concerns,” or
“high risk” to each domain. All discrepancies were addressed through discussion until a
consensus was reached. A third author was involved if necessary.

2.7. Statistical Analysis

In the present study, diagnostic performance was assessed by calculating the area
under the curve (AUC) from a summary receiver operating characteristic (sSROC) curve [27],
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which is a widely used measure of overall accuracy in diagnostic tests. In addition, the
post-test probability was examined with Fagan’s nomogram, which is a graphical tool
that integrates the pre-test probability of a disease with the likelihood ratios (LRs) of the
test results to estimate the post-test probability. To evaluate the potential publication bias,
Deek’s funnel plot was examined, which is a graphical method that assesses the relationship
between the standard error and effect size of each study [28]. A significance level of 0.05
was employed to determine statistical significance. All statistical analyses were conducted
using the MIDAS command in Stata 15 (StataCorp LLC., College Station, TX, USA).

3. Results
3.1. Study Selection and Study Characteristics

A comprehensive systematic search of four electronic databases, namely, Medline,
Embase, Cochrane Library, and Google Scholar, resulted in the retrieval of 521 records. After
removing duplicate records (1 = 44) and those deemed unsuitable after screening their titles
and abstracts (n = 477), a total of 30 reports were identified as potentially eligible for further
analysis. Further exclusion of review articles, studies involving pediatric populations, those
conducted in non-operating room settings, non-carotid artery studies, and those lacking
available outcome data gave 11 studies for final review (Figure 1) [19-21,23,24,29-34].

‘ Identification of studies via databases and registers

o
5 Records identified from:
= 1. Medline (n = 67)
o 2. Embase (n = 440)
= 3. Cochrane library (n = 0)
é 4. Google scholar (n = 14)
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v " (n=44)
) [ ™ \ )
Records screened
(n=477)
L ) s N
o Records excluded by title and
v | abstract (n = 447)
( ) \_ J
Reports sought for retrieval
=] (n=230)
g \_ ) ~ N\
g »| Reports not retrieved (n = 0)
@ ) - Y,
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» @ Non-OR setting (n=7)
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5 (n=11)
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Figure 1. PRISMA flow diagram. OR: operating room.

Table 1 presents a summary of patient characteristics in the 11 studies, all of which
adopted a prospective observational design. The mean or median age of the patients varied
from 35 to 79.1 years. Eight of the studies involved a mixed-gender population with a male
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prevalence ranging from 34% to 67.5% [19-21,23,24,29,31,33]. Interestingly, two studies
exclusively focused on female patients undergoing cesarean section [30,34], while one
study did not provide relevant information regarding gender distribution [32]. The sample
sizes across the studies ranged from 35 to 112 participants. Regarding the timing of carotid
ultrasonic measurements, the assessments were conducted before anesthesia in four stud-
ies [19,21,23,24], after anesthetic induction in three studies [31-33], during the postoperative
period in one study [20], and before regional anesthesia in three studies [29,30,34]. The
incidence of hypotension or fluid responsiveness also varied among the studies, ranging
from 42.4% to 63.6%. The cut-off values for FIc ranged from 313.8 to 379.1 (323.4 to 379.1
for hypotension; 313.8 to 356.5 for fluid responsiveness), while those for AVpeak varied
from 7.5% to 11.69%. The studies included in the present analysis were conducted in three
countries, namely, China (1 = 6) [19,24,29,32-34], Korea (n = 4) [20,21,30,31], and India
(n =1) [23], indicating an Asian predominance.

Figure 2 provides a comprehensive overview of the risk of bias and applicability
concerns of the 11 included studies. Regarding the four domains pertaining to the risk
of bias, all studies were regarded as having a low risk of bias in the domains of patient
selection, reference standard, as well as flow and timing. However, all studies were
considered to have some concerns in relation to the domain of the index test. Focusing on
applicability concerns, all studies were regarded as having a low risk in the three domains
of patient selection, index test, and reference standard.

Risk of Bias Applicability Concerns

° o

c S o c 3
] < c i) =
3 8 E g &
5 3 85 3 % 8
= = 5§ & = = 5
g 3 & = g 5 o
g 2 & 2 g 2 &
chen202| @ |2 | @ @S| & S S
pong2022| @ |2 | @S| & S S
ung2021 | @ |2 | D S| @ S S
km201s | @ |2 | @ | @ ® e e
km2021 | @ |2 | ® S| & S S
Maitra 2020 . g . . . . .
song2014 | @ |2 | @ | @ ® e e
Tang2023 | @ |2 | @ | @ 0o
wang2022 | @ |2 | @S| & S S
Wang 2022b . ? . . . . .
xu2020 @ |2 | D S| & S S
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Figure 2. An overview of the risk of bias and applicability concerns of the 11 included studies
[19-21,23,24,29-34].
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Table 1. Characteristics of studies (n = 11).

. . Cut-Off
Studies Age Male (%) N ASA-PS Type of Time of Ultrasonic Ofltcomeo Value FTc Country
(Years) + Study Measurement (Incidence%) (ms)

Chen 2022 [19] 71.6 62.9 97 16/52/29 Pro Before Al FR (42.4) 340.74 China
Dong 2022 [29] 79.1vs. 712 % 52.5 40 0/31/9 Pro Before SA Hypo (43) 3234 China
Jung 2021 [20] 55.0 61.1 36 13/18/5 Pro Post-op FR (44.4) 345.1 Korea
Kim 2018 [21] 54.0 34 53 28/21/4 Pro Before Al FR (42) 349.4 Korea
Kim 2021 [30] 35 0 35 NA T Pro Before SA Hypo (60) 346.4 Korea
Maitra 2020 [23] 40.7 48.2 112 63/47/0 Pro Before Al Hypo (56.3) 330.2 India
Song 2014 [31] 66 vs. 67 67.5 40 NA Pro After Al FR (57.50) - Korea
Tang 2023 [32] 50.98 NA 52 0/43/9 Pro After AT FR (50) 356.5 China
Wang 2022a [33] 29.3vs2821% 49.4 79 0/40/29 Pro After Al FR (62) 331.93 China
Wang 2022b [24] 69 vs. 68 65.7 99 88/11/0 Pro Before Al Hypo (63.6) 379.1 China
Xu 2020 [34] 33vs. 341 0 70 50/20/0 Pro Before SA and EA FR (42.90) 313.8 China

FR: fluid responsiveness; t mean or median; } data presented as those with hypotension or fluid responsiveness
vs. those without; Al: anesthesia induction; Post-op: postoperative period; P only the inclusion of patients with
ASA I or II; N: total number of patients; Hypo: hypotension; FTc: corrected flow time; ASA-PS: American Society
of Anesthesiologists physical status; Pro: prospective observational study.

3.2. Outcomes
3.2.1. Diagnostic Efficacy of Carotid Ultrasonography for Predicting Perioperative
Hypotension and Fluid Responsiveness

To assess the effectiveness of FIc for predicting the risk of perioperative hypotension,
a meta-analysis was conducted using data from four relevant studies [23,24,29,30]. The
analysis yielded a pooled sensitivity of 0.82 (95% CI: 0.72 to 0.89, I? = 48.9%) and a pooled
specificity of 0.94 (95% CI: 0.88 to 0.97, I? = 0%) for FTc as a predictive tool, as demonstrated
in Figure 3. Furthermore, the pooled AUC was 0.95 (95% CI: 0.93 to 0.97) (Figure 4).

Studyld SENSITIVITY (95% Cl) Studyld SPECIFICITY (95% CI)

Dong/2022 | ————————@ 0.82[0.57 - 0.96] Dong/2022 #— | oos0.78-1.00]
| |
| I
| |
Wang/2022b —t 0.71[0.59 - 0.82] Wang/2022b o— 0.94[0.81-0.99]
| I
| I
| |
| |
Maitra/2020 — = 0.86[0.75 - 0.93] Maitra/2020 0.96 [0.86 - 1.00]
|
|
|
Kim/2021 — 1 = 0.90[0.70 - 0.99] Kim/2021 0.86 [0.57 - 0.98]

COMBINED 0.82[0.72 - 0.89] COMBINED 0.94[0.88 - 0.97]

Q= 5.87,df=3.00,p= 0.12 Q= 225,df=3.00,p= 0.52

12 = 48.90 [0.00 - 100.00] 12'=0.00 [0.00 - 100.00]

SENSITIVITY SPECIFICITY

Figure 3. Forest plot showing the pooled sensitivity and specificity of corrected blood flow time (FIc)
measured in the carotid artery for predicting perioperative hypotension [23,24,29,30].

Pooled results from six studies [19-21,32-34] examining the relationship between
FTc and perioperative fluid responsiveness showed an estimated sensitivity and speci-
ficity of 0.79 (95% CI: 0.72 to 0.84, I> = 0%) and 0.81 (95% CI: 0.75 to 0.86, 12 = 4.76%),
respectively, for Flc as a predictive tool (Figure 5) [19-21,32-34]. The pooled AUC was
0.87 (95% CI: 0.84 to 0.9) (Figure 6). In contrast, the use of AVpeak to predict the risk of fluid
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responsiveness demonstrated a pooled sensitivity of 0.76 (95% CI: 0.63 to 0.85, I? = 75.07%)
and a pooled specificity of 0.74 (95% CI: 0.66 to 0.8, 12 = 36.27%) (Figure 7) [19,21,24,31,34].
Regarding diagnostic performance, the AUC was 0.79 (95% CI: 0.75 to 0.82) (Figure 8).

1.0
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o
(&)
1

O
*

Observed Data

Summary Operating Point
SENS =0.82[0.72 - 0.89]
SPEC =0.94[0.88 - 0.97]
SROC Curve

AUC =0.95[0.93 - 0.97]

95% Confidence Contour

* 95% Prediction Contour

0.0

T
0.5
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0.0

Figure 4. Summary receiver operating characteristic (SROC) curve analysis of sensitivity and speci-

ficity of corrected blood flow time (FTc) for predicting perioperative hypotension [23,24,29,30]. The

solid line denotes weighted sROC, while the open circles represent estimates of sensitivity and

1—specificity of different studies with pooled point estimates of outcomes shown as diamonds. AUC:

area under the curve; SENS: sensitivity; SPEC: specificity.
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Figure 5. Forest plot depicting the pooled sensitivity and specificity of corrected blood flow time

(FTc) measured in the carotid artery for predicting perioperative fluid responsiveness [19-21,32-34].
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1.0
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o
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@ SENS=079[072-0384]
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Figure 6. Summary receiver operating characteristic (SROC) curve analysis of sensitiv-

ity and specificity of corrected blood flow time (FTc) for predicting perioperative fluid
responsiveness [19-21,32-34]. The solid line represents weighted sROC, while the open circles denote
estimates of sensitivity and 1—specificity of different studies with pooled point estimates of outcomes
expressed as diamonds. AUC: area under the curve; SENS: sensitivity; SPEC: specificity.
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Figure 7. Forest plot demonstrating the pooled sensitivity and specificity of respirophasic vari-
ation in carotid artery blood flow peak velocity (AVpeak) for predicting perioperative fluid
responsiveness [19,21,24,31,34].
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1.0

Sensitivity
=
(&)
|
N
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Summary Operating Point
@ SENS=076(063-0.85]
SPEC = 0.74 [0.66 - 0.80]

SROC Curve
AUC =0.79[0.75 - 0.82]

— 95% Confidence Contour
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Figure 8. Summary receiver operating characteristic (SROC) curve analysis of sensitivity and speci-
ficity of respirophasic variation in carotid artery blood flow peak velocity (AVpeak) for predicting
perioperative fluid responsiveness [19,21,24,31,34]. The solid line denotes weighted sROC, while
the open circles represent estimates of sensitivity and 1—specificity of different studies with pooled
point estimates of outcomes shown as diamonds. AUC: area under the curve; SENS: sensitivity;
SPEC: specificity.

3.2.2. Publication Bias

The results of Deek’s funnel plot asymmetry test indicated a low risk of publication bias
for the association of FIc with perioperative hypotension or fluid responsiveness (p = 0.81
and p = 0.56, respectively) (Supplemental Figures S1 and S2). However, a potential risk of
bias was detected in the correlation between AVpeak and perioperative fluid responsiveness
(Supplemental Figure S3).

3.2.3. Fagan Nomogram for Post-Test Probabilities

The efficacy of Flc as a predictor of perioperative hypotension and fluid responsive-
ness was evaluated using Fagan nomograms. Focusing on perioperative hypotension, the
positive and negative likelihood ratios were 14 and 0.2, respectively. Assuming a pre-test
probability of 50%, the introduction of Flc as a diagnostic test resulted in post-test probabil-
ities of 93% for a positive result and 16% for a negative result (Figure 9a). Similarly, for the
prediction of perioperative fluid responsiveness, the positive likelihood and negative likeli-
hood ratios of FTc were 4 and 0.26, respectively, based on Fagan nomograms. Assuming a
pre-test probability of 50%, the post-test probabilities of the event were 81% for a positive
result and 21% for a negative result (Figure 9b). On the other hand, the use of AVpeak
as a predictor of perioperative fluid responsiveness showed a positive likelihood ratio of
3 and a negative likelihood ratio of 0.33. Assuming a pre-test probability of 50%, the use of
Avpeak as a diagnostic test yielded post-test probabilities of 74% for a positive result and
25% for a negative result (Figure 9c).
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Figure 9. Fagan’s nomogram for assessing the clinical utility of corrected blood flow time (FTc) in
predicting perioperative (a) hypotension and (b) fluid responsiveness, as well as (c) respiropha-
sic variation in carotid artery blood flow peak velocity (AVpeak) in predicting perioperative
fluid responsiveness.

4. Discussion

This meta-analysis evaluated the applicability of carotid ultrasound in predicting the
risks of hypotension and dehydration during the perioperative period through an analysis
of 11 studies involving patients aged 35-79.1 years. The FIc exhibited a pooled sensitiv-
ity of 0.82 and specificity of 0.94, indicating a high diagnostic accuracy with an AUC of
0.95 based on an sROC curve. Furthermore, an examination of the predictive capacity of
FTc for perioperative fluid responsiveness from a subset of six studies demonstrated an esti-
mated sensitivity of 0.79 and specificity of 0.81, as well as a pooled AUC of 0.87. Conversely,
the pooled sensitivity and specificity of AVpeak as a predictor of fluid responsiveness were
0.76 and 0.74, respectively, with an AUC of 0.79.

The impact of intraoperative hypotension on patient outcomes has previously been
addressed in the current literature. A recent study of 605 elderly patients undergoing tho-
racic and orthopedic surgeries showed a correlation between intraoperative hypotension
(mean arterial blood pressure (MAP) < 65 mmHg) lasting for five minutes or more and
an elevated incidence of postoperative delirium [6]. Consistently, utilizing data from a
US electronic health record database, a retrospective multicenter cohort study comprising
112,912 noncardiac and non-obstetric surgeries found a significant association between
intraoperative hypotension at MAP < 55 mmHg and persistent acute kidney dysfunc-
tion [10]. In addition, a previous investigation demonstrated a link between postoperative
myocardial injury and intraoperative hypotension, defined as a decrease of at least 40%
from the pre-induction MAP with a cumulative duration exceeding 30 min, in elderly
patients receiving vascular surgery [12]. Such findings have underscored the importance of
accurate prediction and prevention of intraoperative hypotension.

In the current meta-analysis, the use of FIc for hypotension prediction exhibited a
pooled sensitivity of 0.82 and specificity of 0.94, suggesting a high diagnostic accuracy.
In addition to carotid ultrasound, recent studies have highlighted the value of the Hy-
potension Prediction Index, which is an invasive approach utilizing arterial waveform
features with a sensitivity and specificity of 81.7% and 81.7%, respectively, for predicting
hypotension 10 min before the occurrence of events [35]. Two recent randomized con-
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trolled trials found that a significant reduction in intraoperative hypotension compared
to standard care could be achieved through incorporating the Hypotension Prediction
Index and other hemodynamic variables into a machine learning-based early warning
system (EWS) with a hemodynamic algorithm [36,37]. Additionally, this intervention was
associated with lower levels of biomarkers related to organ injury and oxidative stress [36].
These results highlight the clinical significance of utilizing such a monitoring tool (e.g.,
Hypotension Prediction Index) to prevent intraoperative hypotension and its associated
complications. Despite similar diagnostic capabilities between FIc and Hypotension Predic-
tion Index, carotid ultrasound possesses the added benefits of simultaneous risk assessment
for both hypotension and fluid responsiveness as well as non-invasiveness. A previous
meta-analysis conducted in anesthesia and critical care settings has reported comparable
pooled sensitivity and specificity between FIc and AVpeak in predicting fluid responsive-
ness [22]. However, our findings indicated that FTc exhibited a superior diagnostic efficacy
compared to AVpeak specifically in the anesthesia setting. The observed discrepancy could
be attributed to variations in the studied population such as the inclusion of patients with
critical illnesses (e.g., septic shock) that may impact the diagnostic performance of AVpeak
for fluid responsiveness in the previous meta-analysis [22].

Although PPV and SVV are conventional hemodynamic parameters widely used to
evaluate fluid responsiveness in patients [38—-40], their utilizations require invasive arterial
catheterization, which may not be feasible in all clinical scenarios. In addition, despite
the accuracy of these two methods in predicting fluid responsiveness in mechanically
ventilated patients who receive a controlled tidal volume ventilation [41,42], their reliabil-
ity may be compromised in patients who are not mechanically ventilated or those with
spontaneous breathing. Moreover, the presence of arrhythmias or irregular cardiac cycles
can significantly influence the precision of these parameters, thereby diminishing their
reliability as perioperative hemodynamic indicators [43].

In contrast, the utilizations of carotid ultrasound-derived FTc and AVpeak offer sev-
eral notable advantages. First, this technique is completely non-invasive and can be easily
assessed using carotid ultrasound. Second, our findings suggested the potential useful-
ness of pre-anesthesia real-time ultrasound examination in the prevention of hypotension
following induction, thereby enhancing patient safety and avoiding invasive procedures
(e.g., arterial catheterization). Third, these parameters are applicable even in the setting of
a low tidal volume (e.g., 6 mL/kg) or in patients with spontaneous breathing, unlike other
dynamic markers (e.g., PPV) that mandate mechanical ventilation with a tidal volume of
no less than 8 mL/kg for the precise prediction of fluid responsiveness [44,45]. In addition,
intrathoracic pressure variations during respiration have no significant impact on carotid
FTc measurements [46]. Nevertheless, despite the potential advantages of FIc and AVpeak,
continuous real-time prediction of the risk of future hypotension or fluid responsiveness
using carotid ultrasonography may not be clinically feasible. Furthermore, an accurate pre-
diction of hemodynamic status with parameters such as FIc and AVpeak can be challenging
to novice sonologists [47,48], thereby potentially hindering their clinical applicability.

Multiple risk factors have been recognized as contributors to intraoperative hypoten-
sion, including an older age (>60 years), elevated ASA physical status, emergency surgical
procedures, and increased body mass index, as well as hypertension history and an es-
timated blood loss surpassing 500 mL [2,49]. Given the high diagnostic effectiveness of
carotid ultrasound based on the current meta-analysis, incorporating such identified risk
factors into the diagnostic framework may further improve its predictive accuracy for
intraoperative hypotension. Future research may focus on exploring this issue.

The current investigation had several noteworthy limitations. First, variations in
anesthetic techniques and timing of ultrasonic measurements across the included studies
may introduce potential bias that could potentially affect the efficacy of carotid ultrasound
as a predictive tool. Second, provided that perioperative hypotension is more likely in
older patients and those with comorbidities, the inclusion of those with a mean or median
age below 70 in nine studies as well as the predominant recruitment of relatively healthy
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participants (i.e., ASA Class I or II) in the included studies may obscure the significance of
our findings. Third, the relatively small sample sizes ranging from 35 to 112 in the included
reports may limit the statistical power and precision of our analysis. Fourth, the inclusion
of only Asian populations (i.e., China, Korea, and India) may restrict the extrapolation
of our findings to individuals of different ethnic backgrounds and countries of limited
equipment availability. Finally, a recent study has reported the measurement of respiratory
variation in internal jugular vein diameter using a portable ultrasound as a non-invasive
bedside tool for volume status evaluation, highlighting the objectivity of information about
fluid status, its ease of use, and a short learning curve [50]. However, the lack of direct
comparative data between such an approach and the measurement of FTc warrants further
evaluation and investigation to compare their individual strengths and limitations in fluid
status assessment.

5. Conclusions

The current meta-analysis not only provides robust evidence supporting the high
diagnostic accuracy of FTc in predicting perioperative hypotension as demonstrated by
its pooled sensitivity of 0.82, specificity of 0.94, and AUC of 0.95, but also identifies FIc
as a promising predictor of perioperative fluid responsiveness with a sensitivity of 0.79,
specificity of 0.81, and pooled AUC of 0.87. In contrast, AVpeak exhibited relatively low
sensitivity (0.76), specificity (0.74), and AUC (0.79) as a fluid responsiveness predictor. Fu-
ture studies are warranted to investigate the correlation between FIc and clinical outcomes
such as postoperative complications or length of hospital stay, as well as further explore
the effectiveness of combining FTc with other predictive tools to enhance the accuracy of
perioperative risk assessment.
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