
Prospective Clinical Research Report

The key role of pulse wave
transit time to predict blood
pressure variation during
anaesthesia induction

Guoqiang Hu1 , Minjuan Chen1,
Xiaodan Wang1, Lingyang Chen1 and
Weijian Wang2

Abstract

Objective: To establish the relationship between pulse wave transit time (PWTT) before anaes-

thesia induction and blood pressure variability (BPV) during anaesthesia induction.

Methods: This prospective observational cohort study enrolled consecutive patients that under-

went elective surgery. Invasive arterial pressure, electrocardiography, pulse oximetry, heart rate

and bispectral index were monitored. PWTT and BPV were measured with special software.

Anaesthesia was induced with propofol, sufentanil and rocuronium.

Results: A total of 54 patients were included in this study. There was no correlation between

BPV and the dose of propofol, sufentanil and rocuronium during anaesthesia induction. Bivariate

linear regression analysis demonstrated that PWTT (r¼ –0.54), age (r¼ 0.34) and systolic blood

pressure (r¼ 0.31) significantly correlated with systolic blood pressure variability (SBPV). Only

PWTT (r¼ –0.38) was significantly correlated with diastolic blood pressure variability (DBPV).

Patients were stratified into high PWTT and low PWTT groups according to the mean PWTT

value (96.8� 17.2ms). Compared with the high PWTT group, the SBPV of the low PWTT group

increased significantly by 3.4%. The DBPV of the low PWTT group increased significantly by 2.1%

compared with the high PWTT group.

Conclusions: PWTT, assessed before anaesthesia induction, may be an effective predictor of

haemodynamic fluctuations during anaesthesia induction.
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Introduction

Cardiovascular events can occur during the

anaesthesia induction period, mainly due to

unstable haemodynamics including severe

hypotension that may lead to postoperative

stroke and renal failure.1–3 Blood pressure

also increases during anaesthesia induction

due to sympathetic excitation caused by

endotracheal intubation.4 Previous studies

have shown that the increase of blood pres-

sure variability (BPV) is closely related to

the damage inflicted on target organs and

the occurrence of cardiovascular complica-

tions, which suggests that BPV could be

used as a strong predictor of cardiovascular

complications independent of blood pres-

sure and a reduction of BPV could decrease

the occurrence of target organ injury

events.5–7 Therefore, equal attention

should be paid to BPV and hypotension

during the whole anaesthesia process.

Increased BPV leads to cardiovascular and

cerebrovascular events, which are associat-

ed with increased arterial stiffness and vas-

cular remodelling and increased arterial

stiffness impairs the ability to regulate

blood pressure.8 The current anaesthesia

risk assessment tools, including the

American Society of Anesthesiologists

(ASA) classification, echocardiography

and electrocardiogram (ECG), which have

been used for predicting postoperative car-

diovascular complications, are not reliable

predictors of the risk of cardiovascular

events.9 A few studies have reported on

the preoperative assessment of hypotension

during anaesthesia induction while the

preoperative assessment of BPV during

induction has not been reported. 9,10

Pulse wave transit time (PWTT) is a

good indicator of arterial stiffness, which

is sensitive to vascular dilatation and is a

simple and non-invasive technique for eval-

uating vascular changes.11 Increase in vas-

cular tone will shorten the PWTT, while

loss of vascular tone will prolong the

PWTT.12,13 Thus, it could be hypothesized

that patients with a shorter PWTT would

have greater variability in blood pressure

during anaesthesia induction. The aim of

this current study was to establish whether

increased arterial stiffness as assessed in

preoperative assessments was associated

with increased BPV during induction of

anaesthesia.

Patient and methods

Patient population

This prospective observational cohort study

enrolled consecutive patients that under-

went elective surgery in the Department of

Anaesthesiology, Taizhou Hospital of

Zhejiang Province Affiliated to Wenzhou

Medical University, Taizhou, Zhejiang

Province, China between June 2020 and

January 2021. Health information was

obtained from each patient by medical his-

tory, current medication, echocardiogra-

phy, ECG and physical examination. The

inclusion criteria were as follows: (i) aged

30–80 years; (ii) ASA I or II; (iii) general

anaesthesia with endotracheal intubation;

(iv) elective surgery patients. The exclusion
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criteria were as follows: (i) vascular steno-
sis; (ii) arrhythmia; (iii) heart failure; (iv)
heart valve disease; (v) upper limb paralysis.

The study was approved by the Medical
Ethics Committee of Taizhou Hospital of
Zhejiang Province (no. K20200105). The
study was also registered with the Chinese
Clinical Trial Registry (registration no.
ChiCTR2000033431). Before each inter-
view in the prospective section of this
study, interviewees were given information
about the study, voluntary participation
and the confidential handling of all data.
Patients and their family members provided
written informed consent for participation
and the use of their clinical data in publica-
tions. The writing of this report followed
the STROBE guidelines.14

Anaesthesia induction

Electrocardiography, pulse oximetry, inva-
sive arterial pressure (AP), bispectral index
(BIS; BISTM; Covidien, Mansfield, MA,
USA), end-tidal carbon dioxide and
oxygen concentration were monitored
after entering the operating room. Patients
were placed in the supine position for
10min before anaesthesia induction that
enabled physical and sensorial rest. A com-
puter with special software (Haoju
Company, Shanghai, China) was used to
capture ECG and invasive AP wave forms
on the monitor (B650; GE Healthcare,
Helsinki, Finland) via a USB cable 1min
before anaesthesia induction. ECG and
AP waveforms were captured at 300Hz
and 100Hz, respectively. The time period
of acquisition included 1min before anaes-
thesia induction and 5min after endotra-
cheal intubation. The time and amplitude
of each point on the wave forms were
saved in an ExcelVR spreadsheet in a folder.
Anaesthesia was induced using sufentanil,
propofol and rocuronium as follows:
0.4 mg/kg sufentanil was given as a single
slowly injected intravenous injection to

avoid the cough caused by rapid injection;
propofol was administered via target-
controlled infusion selected according to
the population pharmacokinetic data set
of Schnider9 and initiated to achieve an
effect-site concentration of 3 mg/ml, and
subsequently titrated to maintain BIS
values of 40–60; and 0.8 mg/kg rocuronium
was given as a single intravenous injection
when the BIS value was <60. Endotracheal
intubation was performed under video
laryngoscope after 90 s. During anaesthesia
induction, 6 mg ephedrine was administered
intravenously when the AP decreased
�30% of baseline; and this was repeated
every 5min until the AP decreased <30%.

Data collection

Demographic data including sex, age,
height and weight of all patients were
recorded before anaesthesia induction. The
doses of propofol, sufentanil, rocuronium
and ephedrine were recorded for each
patient. The PWTT value was defined as
the time between the apex of the R wave
in the ECG and the next starting point of
the ascending branch in the invasive AP
wave. BPV in this study refers to the
degree of blood pressure fluctuation
during the whole collection process.
Patients with cough occurrence during
anaesthesia induction that disrupted the
ECG or AP waveform were recorded but
excluded. Systolic blood pressure variation
(SBPV) and diastolic blood pressure varia-
tion (DBPV) were obtained by collecting all
the recorded AP on a computer and using
software to calculate the values (Haoju
Company). PWTT, SBP and DBP 1min
before anaesthesia induction were obtained
from an ExcelVR spreadsheet of ECG and
AP waveform stored in the computer. In
this study, the mean of five consecutive
PWTT values and invasive AP 1min
before anaesthesia induction were used
as PWTT values and invasive AP.
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The correlation between PWTT, SBPV and
DBPV during induction were analysed. The
patients were stratified into high PWTT and
low PWTT groups according to the mean
PWTT value; and the BPV values between
the two groups were compared to further
clarify the relationship between them.

Statistical analyses

All statistical analyses were performed
using GraphPad Prism 6 (Graphpad
Software Inc., San Diego, CA, USA). The
sample size was calculated from data col-
lected in a pilot study. The Kolmogorov–
Smirnov test was used to measure the nor-
mality of the data. Continuous variables
that were normally distributed are
expressed as mean� SD with the range.
Categorical variables are presented as n of
patients (%). Relationships between the
variables were assessed using bivariate
linear regression analysis. The mean�SD
values were compared using Student’s
t-test. Categorical data were compared
using v2-test. The association between
PWTT and BPV during induction of anaes-
thesia was assessed by first considering
PWTT as continuous variable and then as
a categorical variable (high versus low). The
patients were stratified into high PWTT
and low PWTT groups according
to a mean PWTT value of 96.8ms.
A P-value <0.05 was considered statistical-
ly significant.

Results

A total of 60 patients were enrolled in this
study. Three patients had cough during
induction, one patient had tracheal intuba-
tion difficulties and two patients had blood
pressure wave forms disturbed by external
factors. A total of 54 patients were included
in the analyses. Of the 54 patients, 19 were
ASA I and 35 were ASA II, 15 patients had
hypertension, 11 had atherosclerosis and

three had diabetes mellitus. Table 1 presents

the demographic and clinical characteristics

of the study population.
The PWTT, SBP and DBP were assessed

1min before induction of anaesthesia and

their mean�SD values were 96.8�
17.2ms, 170.8� 21.8mmHg and 80.3�
8.6mmHg, respectively (Table 1). SBPV

and DBPV were calculated from the blood

pressure 1min before induction to 5min

after endotracheal intubation. Bivariate

linear regression analyses were performed

to test the relationship between SBPV and

DBPV and total sufentanil dose, total

rocuronium dose, total propofol dose, age,

Table 1. Demographic and clinical characteristics
of patients (n¼ 54) that underwent elective surgery
and were enrolled in a study to determine if
increased arterial stiffness as assessed in preoper-
ative assessments was associated with increased
blood pressure variability during induction of
anaesthesia.

Characteristics Study cohort n¼ 54

Age, years 59.2� 10.2 (34–80)

Height, cm 162.5� 7.8 (148–180)

Weight, kg 65.2� 9.7 (43–85)

BMI, kg/m2 24.7� 3.0 (17.0–34.2)

SBP, mmHg 170.8� 21.8 (132–222)

DBP, mmHg 80.3� 8.6 (62–98)

ASA I/ASA II 19/35

Male/female 27/27

Hypertension 15 (28%)

Atherosclerosis 11 (20%)

Diabetes mellitus 3 (6%)

Ephedrine use 3 (6%)

Propofol, mg 149.9� 32.3 (81–221)

Sufentanil, mg 26.6� 4.1 (20–35)

Rocuronium, mg 53.0� 10.1 (40–100)

SBPV, % 18.3� 4.4 (9.7–28.0)

DBPV, % 16.1� 5.4 (8.3–40.4)

PWTT, ms 96.8� 17.2 (61–132)

Data presented as mean� SD (range) or n of patients (%).

BMI, body mass index; SBP, systolic blood pressure; DBP,

diastolic blood pressure; ASA, American Society of

Anesthesiologists; SBPV, systolic blood pressure variabili-

ty; DBPV, diastolic blood pressure variability; PWTT, pulse

wave transit time.
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height, weight, body mass index (BMI),

SBP, DBP and PWTT. The analyses dem-

onstrated that SBPV was significantly cor-

related with PWTT (r¼ –0.54, P< 0.01),

age (r¼ 0.34, P< 0.05) and SBP (r¼ –0.31,

P< 0.05) (Table 2). DBPV was significantly

correlated with PWTT (r¼ –0.38, P< 0.01).

The total doses of sufentanil, rocuronium

and propofol were not significantly corre-

lated with SBPV or DBPV. The height,

weight and BMI were also not significantly

correlated with SBPV or DBPV.
In order to evaluate the correlation

between PWTT and BPV during anaesthe-

sia induction, the study population was

divided into a high PWTT group (PWTT

�96.8ms; n¼ 27) and a low PWTT group

(PWTT <96.8ms; n¼ 27) for comparison.

There were no significant differences

between the two groups in terms of sex,

age, height, weight, BMI, SBP, DBP and

dose of propofol per kg of body weight

(Table 3). The SBPV and DBPV were sig-

nificantly different between the high PWTT

and low PWTT groups; compared with the

high PWTT group, the SBPV of the low

PWTT group increased significantly by
3.4% (Figure 1; P< 0.01). The DBPV of
the low PWTT group increased significantly
by 2.1% compared with the high PWTT
group (Figure 2; P< 0.05).

Table 2. Bivariate linear regression analyses of systolic blood pressure variability (SBPV), diastolic blood
pressure variability (DBPV) and related variables during anaesthesia induction in patients (n¼ 54) that
underwent elective surgery.

SBPV DBPV

P-value r P-value r

Total dose of sufentanil, mg NS �0.1900 NS �0.1491

Total dose of rocuronium, mg NS �0.1616 NS �0.1349

Total dose of propofol, mg NS �0.2913 NS �0.0176

Age, years P¼ 0.0124 0.3381 NS 0.0201

Height, cm NS �0.2095 NS �0.0785

Weight, kg NS �0.2023 NS �0.0492

BMI, kg/m2 NS �0.1000 NS �0.0515

SBP, mmHg P¼ 0.0215 0.3122 NS 0.0352

DBP, mmHg NS �0.0081 NS �0.0153

PWTT, ms P< 0.0001 �0.5432 P¼ 0.0048 �0.3781

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; PWTT, pulse wave transit time; NS, no

significant association (P � 0.05).

Table 3. Demographic and clinical characteristics
of patients (n¼ 54) that underwent elective surgery
stratified into a high pulse wave transit time
(PWTT) group (PWTT �96.8 ms) and a low
PWTT group (PWTT <96.8ms).

Characteristic

High PWTT

group n¼ 27

Low PWTT

group n¼ 27

Male/female 15/12 12/15

Age, years 59.3� 11.3 59.1� 9.2

Height, cm 163.7� 8.4 161.3� 7.2

Weight, kg 67.4� 10.7 63.0� 8.2

BMI, kg/m2 25.1� 3.5 24.2� 2.5

SBP, mmHg 165.1� 18.8 176.5� 23.4

DBP, mmHg 79.0� 8.4 81.6� 8.7

Propofol, mg/kg 2.35� 0.37 2.24� 0.28

Data presented as mean� SD or n of patients.

BMI, body mass index; SBP, systolic blood pressure; DBP,

diastolic blood pressure.

No significant between-group differences (P � 0.05);

continuous data were compared using Student’s t-test; and

categorical data were compared using v2-test.
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Discussion

Blood pressure during anaesthesia induc-

tion undergoes short-term fluctuations,

which are mainly affected by the dose of

the induction drugs, the autonomic nervous

system, arterial stiffness, baroreflex regula-

tion and other cardiovascular regulatory

mechanisms.15–18 As a good indicator of

arterial stiffness, PWTT is sensitive to vas-
cular dilatation.11 Reduced SBP during
anaesthesia induction could be detected by
tracking changes in PWTT simultaneously;
and changes in PWTT indicate the onset of
changes in blood pressure and a 15%
decrease in PWTT could predict a �30%
decrease in SBP.12 PWTT is also a useful
indicator of the state of the body, which
could reflect the activities of the autonomic
nervous system during sevoflurane anaes-
thesia.19 A previous study found that
PWTT was related to the influence of the
autonomic nervous system on the cardio-
vascular system.20 The baroreceptors are
sensory nerve endings that are sensitive to
mechanical distension, which are mainly
located in the aortic arch and carotid
sinus. The baroreceptor reflex is an impor-
tant mechanism for regulating short-term
BPV, because it can sense changes in vascu-
lar tension and shape, convert mechanical
signals into electrical signals and provide
important feedback to regulate blood pres-
sure.21 A previous study found that
increased arterial stiffness was independent-
ly associated with impaired baroreceptors;
and PWTT was an indicator of arterial stiff-
ness, so there was a correlation between
PWTT and baroreceptors.22 Therefore,
PWTT may be a predictor of BPV during
anaesthesia induction.

To the best of our knowledge, this is the
first study to demonstrate that PWTT
assessed before anaesthesia induction was
associated with BPV during induction.
This current study also found that age and
SBP were associated with SBPV during
anaesthesia induction. Only PWTT was
associated with both SBPV and DBPV.
The mean PWTT of the study participants
determined the threshold value and the
cohort was divided into high and low
PWTT groups. The SBPV and DBPV
were significantly different between the
high and low PWTT groups. The SBPV of

Figure 1. Comparison of systolic blood pressure
variability (SBPV) in patients (n¼ 54) that were
stratified into high (HPTT) and low (LPTT) pulse
wave transit time groups. Data presented as
mean� SD.

Figure 2. Comparison of diastolic blood pressure
variability (DBPV) in patients (n¼ 54) that were
stratified into high (HPTT) and low (LPTT) pulse
wave transit time groups. Data presented as
mean� SD.
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the low PWTT group was 3.4% higher than

that of the high PWTT group. The DBPV

increased by 2.1% in the low PWTT group

compared with the high PWTT group.

These current results suggest that arterial

stiffness as assessed by PWTT before anaes-

thesia induction might be a useful indicator

for predicting BPV during induction.
The target-controlled infusion mode was

applied for the propofol administration,

which takes several factors into account

such as age, weight and sex in order to cal-

culate the concentration of drug at the

affected site and the total dose administered

during anaesthesia induction.9 For the

induction of anaesthesia, etomidate might

be more appropriate in elderly patients,

but the side-effect of muscle tremor inter-

feres with the arterial blood pressure wave-

form.23 Thus, propofol induction was used

in the current study. In this current study,

ECG and AP were recorded using a com-

puter to avoid potential human interfer-

ence. BPV was obtained by calculating the

values of each invasive AP during the

induction process. By using a computer, it

was possible to analyse a large amount of

data, resulting in no omissions and more

accurate results. The ECG and AP wave-

forms were captured at 300Hz and

100Hz, respectively, rather than continu-

ously transmitted, so there might be some

deviation between the time of the apex of

the R wave in the ECG and the starting

point of the ascending branch in the inva-

sive AP wave. The higher the capture fre-

quency, the more accurate the data. The

study period time was from 1min before

anaesthesia induction administration to

5min after endotracheal intubation; the

whole process being approximately 10min.

There was no expected external disturbance

interference during this period except for

the effects of the anaesthetic drugs and

endotracheal intubation on blood pressure.

This current study had several limita-
tions. First, three patients were treated
with ephedrine because their blood pressure
decreased by �30% after anaesthesia
induction. Ephedrine was used to maintain
stable haemodynamics, which would inter-
fere with BPV and reduce BPV. The PWTT
values for these three patients were 88ms,
88ms and 100ms, which were at medium
and low levels in this study. These findings
for these three patients were consistent with
the results of this current study. Previous
studies on PWTT were all small sample
studies and the data were not sufficient to
show a reference value of PWTT in the
normal range.13,24Therefore, the mean
used in this current study as the threshold
to stratify the patients into a high PWTT
group and a low PWTT group lacked accu-
racy. Secondly, due to the small sample size
of this study, the predictive value of PWTT
before anaesthesia induction on haemody-
namics during the whole induction period
needs to be further confirmed by increasing
the sample size. Thirdly, this current study
only included ASA I or II noncardiac sur-
gery patients, so the results of this study
might not be directly applicable to high-
risk patients.

In conclusion, these current results suggest
that arterial stiffness as assessed by PWTT
prior to induction may be a useful indicator
for predicting BPV during induction.
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