Inferior Vena Cava Ultrasonography before General
Anesthesia Can Predict Hypotension after Induction
Jie Zhang, M.B.B.S., Lester Augustus Hall Critchley, M.D., F.F.A.R.C.S.I., F.H.K.A.M.
ABSTRACT
Background: Hypotension is a common side effect of general anesthesia induction, and when severe, it is related to adverse
outcomes. Ultrasonography of inferior vena cava (IVC) is a reliable indicator of intravascular volume status. This study investigated whether preoperative ultrasound IVC measurements could predict hypotension after induction of anesthesia.
Methods: One hundred four adult patients, conforming to American Society of Anesthesiologists physical status I to III, scheduled for elective surgery after general anesthesia were recruited. Maximum IVC diameter (dIVCmax) and collapsibility index (CI)
were measured preoperatively. Before induction, mean blood pressure (MBP) was recorded. After induction, MBP was recorded
for 10 min after intubation. Hypotension was defined as greater than 30% decrease in MBP from baseline or MBP less than 60
mmHg. Receiver operating characteristic curve analysis with gray zone approach and regression analyses were used.
Results: IVC scanning was unsuccessful in 13.5% of patients. Data from 90 patients were analyzed. After induction,
42 patients developed hypotension. Areas (95% confidence interval) under the curves were 0.90 (0.82 to 0.95) for CI and
0.76 (0.66 to 0.84) for dIVCmax. The optimal cutoff values were 43% for CI and 1.8 cm for dIVCmax. The gray zone for CI was
38 to 43% and included 12% of patients and that for dIVCmax was 1.5 to 2.1 cm and included 59% of patients. After adjusting for other factors, it was found that CI was an independent predictor of hypotension with the odds ratio of 1.17 (1.09 to
1.26). CI was also positively associated with a percentage decrease in MBP (regression coefficient = 0.27).
Conclusions: Preoperative ultrasound IVC CI measurement was a reliable predictor of hypotension after induction of general
anesthesia, wherein CI greater than 43% was the threshold. (Anesthesiology 2016; 124:00-00)

H

YPOTENSION is common during surgery in patients
under anesthesia1 and may cause organ underperfusion
and ischemia.2 After induction of general anesthesia, patients
are at particular risk of developing hypotension because of the
cardiovascular depressant and vasodilatory effects of anesthetic
agents, as well as lack of surgical stimulation. Furthermore,
patients may have preexisting hypovolemia resulting from
dehydration and impaired compensatory responses, which
increase the risk.3,4 Severe episodes of intraoperative hypotension have been proposed as an independent risk factor in the
development of postoperative adverse outcomes such as myocardial infarction, stroke, heart failure, acute kidney injury,
prolonged hospital stay, and even increased 1-yr mortality
rates both in patients undergoing cardiac surgery and in those
undergoing noncardiac surgery.5–11 Predictors of hypotension
after induction of anesthesia include American Society of
Anesthesiologists physical status (ASA) III and IV, baseline
mean arterial pressure lower than 70 mmHg, age more than
50 yr, use of propofol, and high fentanyl dose.8 Heart rate
(HR) variability can predict hypotension and bradycardia
after induction of anesthesia.12 However, the role of preoperative volume status in the development of hypotension
after induction has not been assessed fully. A surgical patient’s

What We Already Know about This Topic
• Hypotension is commonly associated with induction of general anesthesia and potential adverse outcomes
• Ultrasonography of the inferior vena cava is being used as a
reliable indicator of intravascular volume in many out–of–operation room settings

What This Article Tells Us That Is New
• The authors have shown that preoperative ultrasound of the
inferior vena cava can be used to predict significant hypotension after anesthetic induction
• The findings expand the potential clinical utility of ultrasound in
the perioperative period

preoperative volume status may vary due to physical status,
comorbidities, and preoperative treatments such as bowel
preparation and fasting, and these contributory factors have
been shown to have an influence on the patient’s susceptibility to intraoperative hypotension.13
Assessing intravascular volume status is a challenge for clinicians. Traditional static parameters such as central venous
pressure have been criticized for invasiveness and lack of
accuracy.14 A number of dynamic parameters that assess
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volume status have been recommended recently.15,16 Ultrasound measurements of inferior vena cava (IVC) diameter
with respiration, which include (1) maximum diameter of the
IVC (dIVCmax) at the end of expiration during spontaneous
respiration and (2) collapsibility index (CI), have been recommended as rapid and noninvasive methods for estimating
volume status.17,18 These parameters have been proposed as
repeatable and easily obtainable parameters by operators with
little experience in echocardiography.19 Ultrasound measurement of the IVC has been studied extensively as a predictor
of fluid responsiveness in different clinical settings,20,21 and
several studies have demonstrated that dIVCmax and CI are
reliable indicators of intravascular volume status.19,22–25
Therefore, we hypothesized that preoperative dIVCmax
and its respiratory variation, that is, CI, could predict the
incidence of hypotension after induction of general anesthesia, with a high degree of sensitivity and specificity. The aim
of our prospective study was to evaluate the predictive power
of bedside ultrasound IVC measurement to predict episodes
of hypotension after induction of general anesthesia. Our
statistical methodology included receiver operating characteristic (ROC) curve analysis with gray zone approach.26,27

The IVC was visualized using a paramedian long-axis
view via a subcostal approach according to the methodology described by the American Society of Echocardiography.29 A two-dimensional image of the IVC as it entered
the right atrium was first obtained. Pulse wave Doppler was
used to differentiate the IVC from the aorta. Variations in
IVC diameter with respiration were assessed using M-mode
imaging performed 2 to 3 cm distal to the right atrium.30
The M-mode image was generated at a medium sweep speed.
To ensure consistent IVC measurements, three scans were
performed in each patient. If there was a difference of more
than 0.2 cm in dIVCmax measurements between any two of
the images, then that patient’s data were excluded from the
study. The whole IVC scan procedure took less than 10 min.
For each patient, the best quality scan image was chosen.
Maximum and minimum IVC diameters over a single respiratory cycle were measured using a built-in software. The CI
was calculated as CI = (dIVCmax – dIVCmin)/dIVCmax and
was expressed as percentage31 (fig. 1).
Anesthesia Management
All patients’ electrocardiogram, blood pressure (BP), peripheral oximeter readings, end-tidal carbon dioxide, and airway pressures were monitored. BP was measured by either
noninvasive oscillometric cuff or invasive arterial pressure.
The method of measuring BP was decided by the attending
anesthesiologists. If BP was measured invasively, the arterial line was set up before induction. Premedication with
0.01 mg/kg intravenous midazolam was given 10 min before
induction. Induction was performed using a regimen of 2 to
3 μg/kg fentanyl followed by 0.3 mg/kg etomidate. Tracheal
intubation was facilitated using a nondepolarizing muscle
relaxant, cisatracurium or rocuronium. Anesthesia was

Materials and Methods
Patients
The current study was approved by The Joint Chinese University of Hong Kong–New Territories East Cluster Clinical Research Ethics Committee and the Institutional Ethics
Committee of the First Affiliated Hospital of Zhengzhou
University, Zhengzhou, China. A pilot study was performed
in the Prince of Wales Hospital, and the main data collection was completed in the First Affiliated Hospital of Zhengzhou University. Adult patients, conforming to ASA I to III,
scheduled for elective surgery under general anesthesia at
the First Affiliated Hospital of Zhengzhou University were
recruited from July to September 2014 and from January
to February 2015. Patients with major peripheral vascular
disease, severe vascular disease, unstable angina or ejection
fraction less than 40%, respiratory distress, increased intraabdominal pressure, autonomic nervous system disorders,
implanted pacemaker/cardioverter, anticipated difficult airway, or mental incompetence were excluded. Patients who
have currently taken angiotensin-converting enzyme inhibitor or angiotensin receptor blocker were also excluded. Written informed consent was obtained from all eligible patients.

dIVCmin

IVC Ultrasonography
All patients were conscious, lying supine, and spontaneously breathing for at least 5 min before IVC examination.
Ultrasound measurements were performed using a Sonosite
Edge (Sonosite Inc., USA) machine and a C60X curved linear phased array transducer (Sonosite Inc.) set to abdominal
mode. All IVC measurements were performed by one operator (J.Z.) who was a fully trained anesthesiologist and had
basic level 1 experience in echocardiography.28
Anesthesiology 2016; 124:00-00

dIVCmax

Collapsibility Index = (dIVCmax – dIVCmin) / dIVCmax
Fig. 1. Ultrasound measurements of inferior vena cava (IVC)
and calculation of collapsibility index. Panel above shows
two-dimensional scan of the IVC with right atrium to the
left and panel below shows M-mode scan with respiratory
variations in diameter. dIVCmax = maximum diameter of IVC;
dIVCmin = minimum diameter of IVC.
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The development of clinically significant hypotension after
induction was analyzed with respect to patient characteristics,
hemodynamic data, and IVC measurements using Student’s
t test or χ2 test where appropriate. The Pearson correlation
coefficient (r) was used to test the relationship between IVC
measurements and percentage decrease in MBP from baseline
level after induction of general anesthesia.
The ROC curve analysis was performed to determine the
ability of the two ultrasound-derived parameters, dIVCmax
and CI, to predict clinically significant hypotension after
induction of general anesthesia for all patients. The AUCs
with 95% confidence intervals were calculated. Comparison
of the two ROC curves was performed using the nonparametric technique described by DeLong et al.33 The optimal
cutoff values were identified as the values that maximize the
Youden index (sensitivity + specificity − 1).34 Sensitivity
and specificity with 95% confidence intervals for the optimal cutoff values were calculated. The gray zone approach
described by Coste and Pouchot26 was used to determine an
inconclusive range of IVC measurement values. The cutoff
values delimiting the gray zone were defined by the values
associated with a sensitivity of 90% and a specificity of 90%.
One of the IVC measurements (CI or dIVCmax) with greater
predictive ability based on ROC curve analysis was chosen
for subgroup analyses of patients with and without CVD.
To test the association between IVC measurements and
hypotension after induction, a multivariate logistic regression was performed. According to clinical practice and review
of literature, the following confounders were included: age,
ASA physical status, preexisting CVD, and the baseline
MBP. Multivariate linear regression was also conducted to
predict the percentage decrease in MBP after induction from
IVC measurements and other parameters. Independent predictors included in the analysis were age, ASA physical status, preexisting CVD, baseline MBP, IVC-CI, and dIVCmax.
A series of models with different predictors were tested, and
the model with the maximum adjusted R2 was chosen.
All statistical analyses were performed using IBM SPSS
Statistics for Windows, version 22.0 (IBM Corp, USA) and
MedCalc for Windows, version 13.0 (MedCalc Software,
Belgium). A P value of less than 0.05 (two-tailed) was considered statistically significant.

maintained with inhaled sevoflurane (1 to 2 vol%) in oxygenenriched air. Normal saline was initially infused at a rate of
10 ml · kg−1 · h− . Patients who experienced prolonged airway
instrumentation due to a difficult intubation were excluded
from further data analysis because of excessive stimulation.
Once surgery started, no further hemodynamic data were
collected, and anesthetic management was at the discretion
of the attending anesthesiologists.
Data Collection
Demographic data including age, sex, height, and weight
were recorded. Patients diagnosed with preexisting cardiovascular disease (CVD) (i.e., ischemic heart disease, heart
failure, mild to moderate valve disease, stroke, and/or hypertension) were identified. Current medications for treating
hypertension were also recorded. BP and HR were collected
just before induction (i.e., baseline) and then after induction for 10 min after tracheal intubation. The mean blood
pressure (MBP) reading immediately before induction was
defined as baseline. Patients with a baseline MBP lower than
70 mmHg were excluded. BP and HR were recorded during the postinduction study period; noninvasive BP was
recorded at least every 2 min, while invasive BP was recorded
every 1 min. Patients remained supine throughout the study,
and only mild-level stimulation, such as urinary catheterization and surgical area prepping, was allowed. Severe (i.e.,
MBP less than 55 mmHg) or prolonged (i.e., duration
greater than or equal to 2 min) episodes of hypotension
were treated using intravenous boluses of ephedrine (3 mg)
or phenylephrine (100 μg). Atropine (0.3 mg) was used for
significant bradycardia (HR less than 40 beats/min).
Episodes of hypotension in the period after induction
of anesthesia were defined by a more than 30% decrease in
MBP from the baseline level or any recorded period of MBP
lower than 60 mmHg.
Statistical Analysis
Sample Size. A pilot study of 26 patients detected an area
under the ROC curve (AUC) of 0.7 for CI, which predicted
a more than 30% decrease in MBP. Based on this result, a
sample of 89 patients achieved 90% power to detect a difference of 0.2 between the AUC of 0.5 computed using the
null hypothesis and the AUC of 0.7 computed using an
alternative hypothesis using a two-tailed z-test at a significance level of 0.05.32
Data Analysis. Data collected during the study were compiled using Excel spreadsheets (Microsoft, USA). The lowest
MBP recorded after induction was used to calculate the percentage decrease in MBP from baseline in each patient. The
percentage changes in HR from baseline level, either increase
or decrease, were also calculated, and the largest change was
used for analysis. Normality of data was tested with Kolmogorov–Smirnov one-sample test. Data were presented as
mean ± standard deviation (SD) for continuous variables and
as absolute numbers or percentages for categorical variables.
Anesthesiology 2016; 124:00-00

Results
Patient Data
One hundred four patients were recruited. Fourteen (13.5%)
were excluded because of poor IVC visualization. Data from
the remaining 90 patients were analyzed. Fifty-four patients
had preexisting CVD. Among these, 34 patients had a history of hypertension, 17 were taking β-blockers, 18 were on
calcium channel blockers, 4 were on thiazide diuretics, and
5 were not on medications. Patients taking angiotensin-converting enzyme inhibitor and angiotensin receptor blocker
were excluded. No patient had a difficult and prolonged
3
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Table 2. Comparison of Patient Characteristics, Hemodynamic
Data, and Preoperative Inferior Vena Cava (IVC) Ultrasound
Measurements between Patients Who Did and Did Not Develop
Hypotension after Induction of General Anesthesia

intubation. The following surgical operations were included:
cardiac (n = 33), orthopedic (n = 30), general (n = 12), urology (n = 6), thoracic (n = 5), neurosurgical (n = 2), and
gynecology (n = 2). Of the 90 patients, 49 had invasive BP
monitoring. No patient had a baseline MBP of less than
70 mmHg. Demographic characteristics are summarized in
table 1.

Developed
Hypotension
Variable

Hemodynamic Data
After induction of general anesthesia, 42 (46.7%) patients
developed hypotension according to the study criteria.
Among these, 11 had an MBP less than 60 mmHg and 3 did
not have more than 30% decrease in MBP. Three patients
received phenylephrine and three received ephedrine for
severe hypotension lasting more than 2 min. Another
patient received atropine for bradycardia. There were 23
of 49 patients having BP measured invasively, and 19 of
41 patients having BP measured noninvasively developed
hypotension. No statistical differences were detected between
them (P = 0.96). Patients who developed hypotension were
older (P = 0.03). There were no significant differences in
baseline MBP, HR, and percentage changes in HR after
induction between patients who developed hypotension and
those with more stable blood pressures. Patients who developed hypotension had a smaller dIVCmax (P < 0.0001) and
a larger CI (P < 0.0001; table 2). There was a weak association between the decreases in MBP after induction and the
IVC measurements. The percentage decrease was negatively
correlated with dIVCmax (r = −0.27; P = 0.01) and positively
correlated with CI (r = 0.46; P < 0.0001; fig. 2).

Age, yr
Sex (male/female)
BMI, kg/m2
ASA (I/II/III)
History of hypertension
(yes/no)
Preexisting CVD (yes/no)
Baseline MBP, mmHg
Baseline HR, beats/min
Percentage change
in HR (%)
IVC-CI (%)
dIVCmax, cm

P Value

56 ± 18
17/25
23.5 ± 4.0
11/18/13
19/23

48 ± 15
26/22
24.8 ± 4.2
16/18/14
15/33

0.03
0.20
0.16
0.75
0.17

27/15
104 ± 17
79 ± 14
23.6 ± 0.1

27/21
98 ± 12
74 ± 13
23.2 ± 0.1

0.44
0.06
0.10
0.82

50 ± 11
1.6 ± 0.4

31 ± 12
2.0 ± 0.3

<0.0001
<0.0001

0.84; P < 0.0001). The optimal cutoff value of dIVCmax was
1.8 cm, with a sensitivity of 73.8% (58.0 to 86.1%) and a
specificity of 70.8% (55.9 to 83.0%; fig. 3).
Gray zone plots were drawn (fig. 4) using the sensitivity and specificity for hypotension after induction (as y-axis)
against the two IVC measurements, CI and dIVCmax (as
x-axis). The gray zone was created between the 90% sensitivity and the 90% specificity points on the two sigma curves.
For CI, the gray zone lay between 38.2 and 42.7%. For convenience, the zone was extended to integers (i.e., 38 to 43%)
and contained 11 (12%) patients. Three patients who had
a CI less than the lower limit of the gray zone developed
hypotension. Two of them had coronary artery disease and
the third had hypertension. The gray zone for dIVCmax lay
between 1.5 and 2.1 cm and contained 53 (59%) patients.
Subgroup Analysis. In patients with preexisting CVD
(n = 54), the AUC was 0.86 (0.73 to 0.93) for CI
(P < 0.0001) and the optimal cutoff value was 38%, with
a sensitivity of 85.2% (66.3 to 95.8%) and a specificity of
81.5% (61.9 to 93.7%). The gray zone lay between 29 and
43%.
In patients without preexisting CVD (n = 36), the AUC
was 0.89 (0.62 to 0.95) for CI (P < 0.0001) and the optimal
cutoff value was 43%, with a sensitivity of 93.3% (68.1 to
99.8%) and a specificity of 81.5% (76.2 to 99.9%). The gray
zone lay between 42 and 44% (fig. 5).
Regression Analysis. After adjusting for age, ASA physical
status, preexisting CVD, and baseline MBP, it was found
that CI was a significant independent predictor of hypotension after induction (P < 0.0001), whereas the dIVCmax was
not (P = 0.62). Patients with larger CI were more likely to

Table 1. Patients Characteristics (n = 90)
Variable
52 ± 17
43/47
165 ± 8
66 ± 12
24.2 ± 4.1
34 (38%)
54 (60%)
27/36/27

Data are expressed as mean ± SD or absolute number (percentage).
ASA = American Society of Anesthesiologists physical status; BMI = body
mass index; CVD = cardiovascular disease.

Anesthesiology 2016; 124:00-00

No
(n = 48)

ASA = American Society of Anesthesiologists physical status; BMI = body
mass index; CI = collapsibility index; CVD = cardiovascular disease;
dIVCmax = maximum diameter of IVC; HR = heart rate; MBP = mean blood
pressure.

Prediction of Hypotension
ROC Curve Analysis for All Patients. The ROC curve analysis
for predicting hypotension after induction of general anesthesia demonstrated good diagnostic accuracy when using the
CI as the AUC was 0.90 (95% confidence interval, 0.82 to
0.95; P < 0.0001). The optimal cutoff value of CI was 43%,
with a sensitivity of 78.6% (63.2 to 89.7%) and a specificity
of 91.7% (80.0 to 97.7%). The diagnostic accuracy was less
good when using dIVCmax compared with the accuracy when
using the IVC-CI (P = 0.002) as the AUC was 0.76 (0.66 to

Age, yr
Sex (male/female)
Height, cm
Weight, kg
BMI, kg/m2
History of hypertension
Preexisting CVD
ASA (I/II/III)

Yes
(n = 42)
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A

B

Fig. 2. Scatter plots showing the relationships of preoperative maximum diameter (A) and collapsibility index (B) of inferior vena
cava with percentage decrease in mean blood pressure from baseline after induction of general anesthesia. Trend lines are presented as dotted line. MBP = mean blood pressure.

Fig. 3. Receiver operating characteristic curves showing the ability of preoperative maximum diameter (A) and collapsibility
index (B) of inferior vena cava to predict hypotension after induction of general anesthesia. The triangles on the curves indicate
the optimal cutoff values determined by maximizing the Youden index.

develop hypotension after induction, with the odds ratio of
1.17 (1.09 to 1.26). There was also an association between
baseline MBP and hypotension, with the odds ratio of 1.05
(1.01 to 1.11; P = 0.03). The results are presented in table 3.
The multivariate linear regression model that included
age, preexisting CVD, baseline MBP, and CI as predictors
produced adjusted R2 = 0.33, R2 = 0.36, and F(4,85) = 11.83
(P < 0.0001). As can be seen in table 4, CI and baseline MBP had
a significant positive association with the percentage decrease in
MBP after induction (P < 0.0001 and P = 0.001, respectively).

and the CI was more predictive than dIVCmax (P = 0.002). Cutoff values for predicting hypotension after induction from IVC
scanning were 43% for CI and 1.8 cm for dIVCmax. Gray zones
were 38 to 43% and 1.5 to 2.1 cm, respectively.
Guidelines from the American Society of Echocardiography support the use of IVC size and collapsibility in the
assessment of volume status.29 Evidence suggests that IVC
diameter is a reliable indicator of volume status,25 and respiratory variation is of value when predicting fluid responsiveness.21 A greater CI suggested a low volume status, especially
with a small IVC diameter.17 The IVC measurements we
investigated were based on the above and had moderate to
good reliability.35 Wallace et al.36 found that CI was affected
by sampling location. We limited sampling to 2 to 3 cm

Discussion
We found that ultrasound IVC measurements before induction
of general anesthesia were predictive of subsequent hypotension,
Anesthesiology 2016; 124:00-00
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Fig. 4. Sensitivity and specificity plots predicting hypotension after induction according to values of preoperative maximum diameter (A) and collapsibility index (B) of inferior vena cava to determine their gray zones. The two dotted lines indicate the gray
zone. Sens = sensitivity; Spec = specificity.

A

B

Fig. 5. Receiver operating characteristic curves and plots of sensitivity and specificity showing the predictive ability and gray
zones of collapsibility index of inferior vena cava for hypotension after induction in patients with (A) (n = 54) and without (B)
(n = 36) preexisting cardiovascular disease. The open circles on the curves indicate the optimal cutoff value. Sens = sensitivity;
Spec = specificity.

Anesthesiology 2016; 124:00-00
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Table 3. Multivariate Logistic Regression of 90 Patients for
Hypotension after Induction

Predictors
Constant
Age
ASA overall
 ASA II
 ASA III
Preexisting CVD
Baseline MBP
IVC-CI
dIVCmax

Regression
Coefficient

Odds
Ratio

95%
Confidence
Interval of
Odds Ratio

−11.37
0.02

NA
1.03

NA
0.97–1.08

−0.09
0.62
−1.14
0.05
0.16
−0.50

0.92
1.85
0.32
1.05
1.17
0.61

0.12–6.85
0.16–22.15
0.04–2.36
1.01–1.11
1.09–1.26
0.08–4.37

MBP less than 60 mmHg as our definitions of hypotension.1
Our study period was from induction to 10 min after tracheal intubation during which no dramatic hemodynamic
changes from major external interference were expected. The
incidence of hypotension was 47%. The inclusion of older
patients (mean 52 ± 17 yr) and patients with CVD (60%
cases) might have contributed to this high incidence.
Most IVC ultrasonography studies have investigated the
ability to predict fluid responsiveness for guiding fluid therapy in resuscitation and intensive care settings. In anesthesia,
optimizing volume status is the focus, with fluid responsiveness being defined as a 10 to 15% increase in cardiac
output.42 However, a recent survey found that only 34% of
anesthesiologists in America and Europe used cardiac output
monitoring in high-risk surgery.43 Therefore, most anesthesiologists use a very basic level of hemodynamic monitoring,
with blood pressure and HR being their main measurements,
and hence, inclusion of bedside IVC ultrasound would help
identify those patients who need fluid optimization.
We determined the utility of IVC ultrasonography to
predict blood pressure changes after induction. A CI of
more than 43% was highly predictive, with high specificity
(91.7%) and moderate sensitivity (78.6%). In comparison, a
dIVCmax of less than 1.8 cm was less predictive (P = 0.002),
with moderate sensitivity (73.8%) and specificity (70.8%).
To avoid dichotomizing the results, a gray zone approach
based on 90% sensitivity and specificity has been developed.27,44 The proportion of results in the gray zone is critical to test utility.26 For dIVCmax, 59% of patients were in the
gray zone (1.5–2.1 cm) compared with only 12% of patients
in the gray zone for CI (38 to 43%), suggesting that only
CI is clinically useful. IVC visualization failed in another
13.5% of patients, suggesting a 75% success rate for IVC
assessment.
Because many of the patients had CVD, we analyzed this
subgroup. Results showed that patients with CVD had a
lower cutoff value of 38% for CI, with a wider gray zone (29
to 43%). For patients without CVD, results were 43% with
a narrower gray zone (41 to 44%), suggesting that CI was
less reliable in patients with CVD. In patients with CVD,
compromise of the cardiovascular system may play a role in
hemodynamic changes associated with induction. Furthermore, all the three false-negative patients who developed
hypotension and yet had CIs below the lower gray zone limit
of 38% had CVD. Furthermore, larger sample size studies
on different subgroups of patients are merited.
CI was an independent predictor of hypotension after
induction after adjusting for age, ASA physical status, CVD,
and baseline MBP (table 3). Adjusted odds ratio was 1.17. CI
was also positively correlated with the percentage decrease in
MBP (r = 0.46). This association persisted after adjustment
for age, preexisting CVD, and baseline MBP. According to
the multivariate linear regression, an increase of 10% in CI
resulted in a 3% larger decrease in MBP (table 4). Baseline
MBP was also a predictor of hypotension with adjusted

P Value
0.003
0.42
0.71
0.93
0.63
0.27
0.03
<0.0001
0.62

ASA = American Society of Anesthesiologists physical status; CI = collapsibility index; CVD = cardiovascular disease; dIVCmax = maximum diameter
of IVC; IVC = inferior vena cava; MBP = mean blood pressure; NA = not
applicable.

Table 4. Multivariate Linear Regression Model for Predicting
Percentage Decrease in MBP (%) after Induction of General
Anesthesia (n = 90)
Predictors
Constant
Age
Preexisting CVD
Baseline MBP
IVC-CI

Regression
Coefficient (β)

95% Confidence
Interval

P Value

−7.55
0.08
−2.14
0.21
0.27

−19.66 to 4.57
−0.03 to 0.18
−5.88 to 1.60
0.09 to 0.33
0.17 to 0.38

0.22
0.15
0.26
0.001
<0.0001

Preexisting CVD was coded as 0 = no, 1 = yes.
CI = collapsibility index; CVD = cardiovascular disease; IVC = inferior vena
cava; MBP = mean blood pressure.

distal to the entry of IVC into the right atrium. Our patients
were Chinese who are slimmer than Europeans or Africans
and potentially easier to scan. Thus, our scan failure rate of
IVC of 13.5% was better than that in other studies.37 Muller
et al.38 found that a CI of more than 40% was predictive
of fluid responsiveness. Our study found a similar optimal
cutoff value of 43% for predicting hypotension after induction. The predictive ability of dIVCmax for hypotension was
less reliable as the size of IVC varies widely among healthy
individuals.20
We used etomidate for anesthesia induction because propofol causes hypotension after induction8 due to vasodilation and myocardial inhibition.39,40 The adrenal suppression
of etomidate is primarily a concern in septic and trauma
patients, and its hemodynamic stability was a desirable property.41 Furthermore, etomidate is being used for the induction of cardiac surgery cases, which represented 36.7% of
studied patients.
Although intraoperative hypotension is a frequent side
effect of anesthesia, its definition varies among clinical studies. Bijker et al.1 found 140 definitions in the literature, which
results in different reported incidences of hypotension. We
chose an MBP decrease greater than 30% from baseline or
Anesthesiology 2016; 124:00-00
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odds ratio of 1.05, possibly because we defined hypotension
based on MBP. The decrease in MBP was 2% larger for each
10 mmHg increase in baseline MBP (table 4). However, only
one reading of MBP was taken before induction to define its
baseline; thus, some effects can be attributed to the statistical phenomenon of “regression to the mean.”45 Reich et al.8
found old age to be a significant predictor of hypotension
after induction, but it was not a significant predictor in the
current study. This may have been due to the small sample
size and inclusion of older patients. Moreover, comparison
analysis showed that patients who developed hypotension
tended to be older.
Ultrasound techniques are increasingly in use throughout clinical anesthesia practice, such as in peripheral nerve
blocks, central venous catheterization, and transthoracic
echocardiography. With greater availability of high-definition
point-of-care ultrasound technology in the operating room,
incorporating scanning into daily anesthesia practice becomes
easier. Therefore, ultrasound examination of the IVC before
general anesthesia to screen those patients at risk of developing hypotension, especially the elderly and those suspected
of hypovolemia, is desirable. Future clinical research should
focus on the effectiveness of preinduction intravenous fluids
when CI readings predict postinduction hypotension.

the types of surgery studied may have influenced the power
of the study. However, the inclusion of different types of surgery does reflect clinical practice and provides a more general
result.

Conclusions
Ultrasound scanning of the IVC and measurement of the
CI preoperatively provides a reliable predictor of hypotension after induction of general anesthesia in 75% of patients,
wherein clinically relevant hypotension is defined as a decrease
in MBP from baseline more than 30% or MBP lower than
60 mmHg. The threshold for predicting hypotension was a
CI greater than 43%. CI was also positively associated with a
percentage decrease in MBP after induction. However, 12%
of patients’ CI values fell into the inconclusive gray range
of 38 to 43%, and in 13.5% of patients, the IVC could not
be scanned successfully. The gray zone for CI was wider in
patients with preexisting CVD. Clinically, preoperative CI
measurements were easy and rapid (i.e., scan time less than
10 min) to obtain, and point-of-care ultrasound is becoming
more-and-more readily available in anesthesia areas. Thus, in
patients at high risk of complications resulting from intraoperative hypovolemia and hypotension, measurement of
IVC-CI may provide clinically useful information. Future
research based on CI measurements is needed to determine
the best intravenous fluid strategies to reduce postinduction
hypotension.

Limitations
The current study had several limitations. First, an operator
with basic level experience in echocardiography performed
the ultrasound IVC measurements. However, reliability of
ultrasound IVC evaluation does not depend on the operator’s level of echocardiography experience.37 A short period
of training with 20 clinical cases significantly improved the
diagnosis of vascular overload by internal medicine residents.46 Second, we did not evaluate the precision of IVC
measurements. A previous study had demonstrated moderate inter-rater reliability for IVC measurement. Furthermore, we repeated the IVC scan three times in each patient,
and differences between dIVCmax readings were always less
than 0.2 cm. Third, we were unable to measure IVC collapsibility reliably after induction because the patient’s ventilation changed from spontaneous to positive pressure. Thus,
changes in CI after induction were lacking from the study.
Fourth, blood pressure was measured by two different methods (i.e., oscillometric and invasive). However, these measurements are interchangeable when routinely used during
surgery and correlate well with each other in adults.47 The
numbers of hypotensive patients measured by the invasive or
noninvasive blood pressure groups were similar in this study.
After induction, the lowest reading of MBP was used to calculate the percentage decrease in MBP, which introduced
random errors. Given that blood pressure data were collected
at 1- to 2-min intervals and restricted to a short duration of
10 min, the data points were limited and the lowest value
was used and alternatives such as the mean of the lowest
three values would not be practical. Finally, heterogeneity of
Anesthesiology 2016; 124:00-00

Acknowledgments
This study received funding from the Department of Anaesthesia and Intensive Care, Prince of Wales Hospital, The
Chinese University of Hong Kong, New Territories, Hong
Kong SAR, China.

Competing Interests
The authors declare no competing interests.

Correspondence
Address correspondence to Dr. Critchley: Department of
Anaesthesia and Intensive Care, Prince of Wales Hospital,
The Chinese University of Hong Kong, New Territories, Hong
Kong SAR, China. hcritchley@cuhk.edu.hk. Information on
purchasing reprints may be found at www.anesthesiology.
org or on the masthead page at the beginning of this
issue. Anesthesiology’s articles are made freely accessible to
all readers, for personal use only, 6 months from the cover
date of the issue.

References
1. Bijker JB, van Klei WA, Kappen TH, van Wolfswinkel L,
Moons KG, Kalkman CJ: Incidence of intraoperative hypotension as a function of the chosen definition: Literature definitions applied to a retrospective cohort using automated
data collection. Anesthesiology 2007; 107:213–20
2. Lima EQ, Zanetta DM, Castro I, Massarollo PC, Mies S, Machado
MM, Yu L: Risk factors for development of acute renal failure
after liver transplantation. Ren Fail 2003; 25:553–60
8

J. Zhang and L. A. H. Critchley

Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Perioperative Medicine

21. Zhang Z, Xu X, Ye S, Xu L: Ultrasonographic measurement of
the respiratory variation in the inferior vena cava diameter
is predictive of fluid responsiveness in critically ill patients:
Systematic review and meta-analysis. Ultrasound Med Biol
2014; 40:845–53
22. Barbier C, Loubières Y, Schmit C, Hayon J, Ricôme JL, Jardin
F, Vieillard-Baron A: Respiratory changes in inferior vena
cava diameter are helpful in predicting fluid responsiveness in ventilated septic patients. Intensive Care Med 2004;
30:1740–6
23.	Gunst M, Ghaemmaghami V, Sperry J, Robinson M, O’Keeffe
T, Friese R, Frankel H: Accuracy of cardiac function and volume status estimates using the bedside echocardiographic
assessment in trauma/critical care. J Trauma 2008; 65:509–16
24.	Schefold JC, Storm C, Bercker S, Pschowski R, Oppert M,
Krüger A, Hasper D: Inferior vena cava diameter correlates
with invasive hemodynamic measures in mechanically ventilated intensive care unit patients with sepsis. J Emerg Med
2010; 38:632–7
25. Zengin S, Al B, Genc S, Yildirim C, Ercan S, Dogan M,
Altunbas G: Role of inferior vena cava and right ventricular diameter in assessment of volume status: A comparative
study: Ultrasound and hypovolemia. Am J Emerg Med 2013;
31:763–7
26. Coste J, Pouchot J: A grey zone for quantitative diagnostic
and screening tests. Int J Epidemiol 2003; 32:304–13
27. Ray P, Le Manach Y, Riou B, Houle TT: Statistical evaluation
of a biomarker. Anesthesiology 2010; 112:1023–40
28. Mayo PH, Beaulieu Y, Doelken P, Feller-Kopman D, Harrod C,
Kaplan A, Oropello J, Vieillard-Baron A, Axler O, Lichtenstein
D, Maury E, Slama M, Vignon P: American College of Chest
Physicians/La Société de Réanimation de Langue Française
statement on competence in critical care ultrasonography.
Chest 2009; 135:1050–60
29. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher
MD, Chandrasekaran K, Solomon SD, Louie EK, Schiller
NB: Guidelines for the echocardiographic assessment
of the right heart in adults: A report from the American
Society of Echocardiography endorsed by the European
Association of Echocardiography, a registered branch of the
European Society of Cardiology, and the Canadian Society of
Echocardiography. J Am Soc Echocardiogr 2010; 23:685–713;
quiz 786–8
30. Feissel M, Michard F, Faller JP, Teboul JL: The respiratory
variation in inferior vena cava diameter as a guide to fluid
therapy. Intensive Care Med 2004; 30:1834–7
31. Kent A, Bahner DP, Boulger CT, Eiferman DS, Adkins EJ,
Evans DC, Springer AN, Balakrishnan JM, Valiyaveedan S,
Galwankar SC, Njoku C, Lindsey DE, Yeager S, Roelant GJ,
Stawicki SP: Sonographic evaluation of intravascular volume
status in the surgical intensive care unit: A prospective comparison of subclavian vein and inferior vena cava collapsibility index. J Surg Res 2013; 184:561–6
32.	Obuchowski NA, McClish DK: Sample size determination for
diagnostic accuracy studies involving binormal ROC curve
indices. Stat Med 1997; 16:1529–42
33. DeLong ER, DeLong DM, Clarke-Pearson DL: Comparing
the areas under two or more correlated receiver operating
characteristic curves: A nonparametric approach. Biometrics
1988; 44:837–45
34.	Youden WJ: Index for rating diagnostic tests. Cancer 1950;
3:32–5
35. Fields JM, Lee PA, Jenq KY, Mark DG, Panebianco NL, Dean
AJ: The interrater reliability of inferior vena cava ultrasound
by bedside clinician sonographers in emergency department
patients. Acad Emerg Med 2011; 18:98–101
36. Wallace DJ, Allison M, Stone MB: Inferior vena cava percentage collapse during respiration is affected by the sampling
location: An ultrasound study in healthy volunteers. Acad
Emerg Med 2010; 17:96–9

3. Lonjaret L, Lairez O, Minville V, Geeraerts T: Optimal perioperative management of arterial blood pressure. Integr Blood
Press Control 2014; 7:49–59
4. Latson TW, Ashmore TH, Reinhart DJ, Klein KW, Giesecke
AH: Autonomic reflex dysfunction in patients presenting for
elective surgery is associated with hypotension after anesthesia induction. Anesthesiology 1994; 80:326–37
5. Bijker JB, van Klei WA, Vergouwe Y, Eleveld DJ, van
Wolfswinkel L, Moons KG, Kalkman CJ: Intraoperative
hypotension and 1-year mortality after noncardiac surgery.
Anesthesiology 2009; 111:1217–26
6. Jain U, Laflamme CJ, Aggarwal A, Ramsay JG, Comunale
ME, Ghoshal S, Ngo L, Ziola K, Hollenberg M, Mangano
DT: Electrocardiographic and hemodynamic changes and
their association with myocardial infarction during coronary artery bypass surgery. A multicenter study. Multicenter
Study of Perioperative Ischemia (McSPI) Research Group.
Anesthesiology 1997; 86:576–91
7. Reich DL, Bodian CA, Krol M, Kuroda M, Osinski T, Thys DM:
Intraoperative hemodynamic predictors of mortality, stroke,
and myocardial infarction after coronary artery bypass surgery. Anesth Analg 1999; 89:814–22
8. Reich DL, Hossain S, Krol M, Baez B, Patel P, Bernstein A,
Bodian CA: Predictors of hypotension after induction of general anesthesia. Anesth Analg 2005; 101:622–8
9. Walsh M, Devereaux PJ, Garg AX, Kurz A, Turan A, Rodseth
RN, Cywinski J, Thabane L, Sessler DI: Relationship between
intraoperative mean arterial pressure and clinical outcomes
after noncardiac surgery: Toward an empirical definition of
hypotension. Anesthesiology 2013; 119:507–15
10. Lienhart A, Auroy Y, Péquignot F, Benhamou D, Warszawski
J, Bovet M, Jougla E: Survey of anesthesia-related mortality in
France. Anesthesiology 2006; 105:1087–97
11. Monk TG, Saini V, Weldon BC, Sigl JC: Anesthetic management and one-year mortality after noncardiac surgery. Anesth
Analg 2005; 100:4–10
12. Hanss R, Renner J, Ilies C, Moikow L, Buell O, Steinfath M,
Scholz J, Bein B: Does heart rate variability predict hypotension and bradycardia after induction of general anaesthesia in high risk cardiovascular patients? Anaesthesia 2008;
63:129–35
13. Charlson ME, MacKenzie CR, Gold JP, Ales KL, Topkins M,
Shires GT: Preoperative characteristics predicting intraoperative hypotension and hypertension among hypertensives and
diabetics undergoing noncardiac surgery. Ann Surg 1990;
212:66–81
14. Marik PE, Baram M, Vahid B: Does central venous pressure
predict fluid responsiveness? A systematic review of the literature and the tale of seven mares. Chest 2008; 134:172–8
15. Kalantari K, Chang JN, Ronco C, Rosner MH: Assessment of
intravascular volume status and volume responsiveness in
critically ill patients. Kidney Int 2013; 83:1017–28
16. Peacock WF, Soto KM: Current techniques of fluid status
assessment. Contrib Nephrol 2010; 164:128–42
17.	Seif D, Mailhot T, Perera P, Mandavia D: Caval sonography in
shock: A noninvasive method for evaluating intravascular volume in critically ill patients. J Ultrasound Med 2012; 31:1885–90
18. Nakamura K, Tomida M, Ando T, Sen K, Inokuchi R,
Kobayashi E, Nakajima S, Sakuma I, Yahagi N: Cardiac variation of inferior vena cava: New concept in the evaluation of
intravascular blood volume. J Med Ultrason 2013; 40:205–9
19. Brennan JM, Ronan A, Goonewardena S, Blair JE, Hammes M,
Shah D, Vasaiwala S, Kirkpatrick JN, Spencer KT: Handcarried
ultrasound measurement of the inferior vena cava for assessment of intravascular volume status in the outpatient hemodialysis clinic. Clin J Am Soc Nephrol 2006; 1:749–53
20. Dipti A, Soucy Z, Surana A, Chandra S: Role of inferior vena
cava diameter in assessment of volume status: a meta-analysis. Am J Emerg Med 2012; 30:1414–9.e1
Anesthesiology 2016; 124:00-00

9

J. Zhang and L. A. H. Critchley

Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Inferior Vena Cava to Predict Hypotension

43. Cannesson M, Pestel G, Ricks C, Hoeft A, Perel A:
Hemodynamic monitoring and management in patients
undergoing high risk surgery: A survey among North
American and European anesthesiologists. Crit Care 2011;
15:R197
44. Cannesson M, Le Manach Y, Hofer CK, Goarin JP, Lehot JJ,
Vallet B, Tavernier B: Assessing the diagnostic accuracy of
pulse pressure variations for the prediction of fluid responsiveness: A “gray zone” approach. Anesthesiology 2011;
115:231–41
45. Barnett AG, van der Pols JC, Dobson AJ: Regression to the
mean: What it is and how to deal with it. Int J Epidemiol
2005; 34:215–20
46. Brennan JM, Blair JE, Goonewardena S, Ronan A, Shah D,
Vasaiwala S, Brooks E, Levy A, Kirkpatrick JN, Spencer KT:
A comparison by medicine residents of physical examination
versus hand-carried ultrasound for estimation of right atrial
pressure. Am J Cardiol 2007; 99:1614–6
47.	Green M, Paulus DA, Roan VP, van der Aa J: Comparison
between oscillometric and invasive blood pressure monitoring during cardiac surgery. Int J Clin Monit Comput 1984;
1:21–6

37. Duwat A, Zogheib E, Guinot P, Levy F, Trojette F, Diouf M,
Slama M, Dupont H: The gray zone of the qualitative assessment of respiratory changes in inferior vena cava diameter in
ICU patients. Crit Care 2014; 18:R14
38. Muller L, Bobbia X, Toumi M, Louart G, Molinari N, Ragonnet
B, Quintard H, Leone M, Zoric L, Lefrant JY; AzuRea Group:
Respiratory variations of inferior vena cava diameter to predict fluid responsiveness in spontaneously breathing patients
with acute circulatory failure: Need for a cautious use. Crit
Care 2012; 16:R188
39. Muzi M, Berens RA, Kampine JP, Ebert TJ: Venodilation
contributes to propofol-mediated hypotension in humans.
Anesth Analg 1992; 74:877–83
40. Robinson BJ, Ebert TJ, O’Brien TJ, Colinco MD, Muzi M:
Mechanisms whereby propofol mediates peripheral vasodilation in humans. Sympathoinhibition or direct vascular relaxation? Anesthesiology 1997; 86:64–72
41. Murray H, Marik PE: Etomidate for endotracheal intubation
in sepsis: Acknowledging the good while accepting the bad.
Chest 2005; 127:707–9
42. Marik PE, Lemson J: Fluid responsiveness: An evolution of
our understanding. Br J Anaesth 2014; 112:617–20

Anesthesiology 2016; 124:00-00

10

J. Zhang and L. A. H. Critchley

Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

