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Background: This study aimed to assess the correlation between the variability of the end-inspiratory and end-expiratory
blood flow waveform and fluid responsiveness (FR) in traumatic shock patients who underwent mechanical
ventilation by evaluating peripheral arterial blood flow parameters.

Material/Methods: A cohort of 60 patients with traumatic shock requiring mechanical ventilation-controlled breathing received
ultrasound examinations to assess the velocity of carotid artery (CA), femoral artery (FA) and brachial artery
(BA). A rehydration test was performed in which of 250 mL of 0.9% saline was administered within 30 min be-
tween the first and second measurement of cardiac output by echocardiography. Then, all patients were divid-
ed into 2 groups, a responsive group (FR+) and a non-responsive group (FR-). The velocity of end-inspiratory
and end-expiratory peripheral arterial blood flow of all patients was ultrasonically measured, and the variabil-
ity were measured between end-inspiratory and end-expiratory.

Results: The changes in the end-inspiratory and end-expiratory carotid artery blood flow velocity waveforms of the FR+
groups were significantly different from those of the FR— group (P<0.001). A statistically significant difference
in AVmax (CA), AVmax (BA), and AVmax (FA) between these 2 groups was found (all P<0.001). The ROC curve
showed that AVmax (CA) and AVmax (BA) were more sensitive values to predict FR compared to AVmax (FA).
The sensitivity of AVmax (CA), AVmax (FA), and AVmax (BA) was 70.0%, 86.7%, and 93.3%, respectively.

Conclusions: The study showed that periodic velocity waveform changes in the end-inspiratory and end-expiratory periph-
eral arterial blood flow can be used for quick assessment of fluid responsiveness.
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Background

The emergency plan for patients with traumatic shock requires
effective resuscitation in the shortest possible time to ensure
the function of important organs, thereby improving the success
rate of treatment and decreasing morbidity. However, after the
initial stage of resuscitation, patients with critical illness have a
nearly 50% probability of being in a volume-responsive state.
While insufficient volume is harmful, excessive volume expansion
(VE) will also cause tissue edema and increase mortality [1,2].
Therefore, it is critical to determine whether a patient has fluid
responsiveness (FR) before VE. There are numerous FR indica-
tors. In terms of accuracy, FR should be determined by cardiac
output (CO) changes in critically ill patients with unstable he-
modynamics. CO or stroke volume (SV) increases of more than
10-15% after VE is regarded as the FR criterion standard [3,4].

CO or SV were often determined by using pulse-induced con-
tour cardiac output (PICCO). However, it was a time-consuming
and labor-intensive method which requires surgery and there-
fore is not suitable for patients who need emergency rescue.
Nowadays, the increasing availability of point-of-care ultrasound
(POCUS) has greatly affected the critical care field. POCUS, in
comparison, has been proved to be a non-invasive and cost-
effective method to evaluate hypotension, volume status and
FR [5]. The application of POCUS can have a positive impact
on rescue results [6]. Arterial pressure waveform and pressure
values periodically increase and decrease with intermittent in-
halation and exhalation during positive-pressure ventilation
due to the presence of cardiopulmonary interaction [7]. Such
change is particularly significant when fluid is insufficient [7],
and thus changes in the peripheral arterial waveform may be
used to assess FR. Peripheral arterial waveform has been com-
monly used in hemodynamic monitoring [8,9]. Doppler veloci-
ty waveforms of peripheral arterial blood flow, such as the ca-
rotid artery (CA), femoral artery (FA), and brachial artery (BA),
can be obtained by POCUS. Therefore, the present study aimed
to assess the correlation between the variability of the end-in-
spiratory and end-expiratory blood flow waveform and FR in
traumatic shock patients who underwent mechanical ventila-
tion by evaluating peripheral arterial blood flow parameters.

Material and Methods

This study was approved by the Ethics Committee of our hos-
pital, and all the procedures were approved by the patients’
family members.

Patients

A cohort of 60 patients with traumatic hemorrhagic shock (dis-
tributive shock that can accompany hypovolemic shock was
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excluded) requiring mechanical ventilation-controlled breathing
was enrolled in this prospective study (Figure 1). Factors lead-
ing to injuries included, for example, traffic injuries, fall injuries,
mechanical injuries, and fall injuries. All of the patients were
admitted to our Emergency Trauma Center between 1 January
2018 and 31 May 2019. Enrolled patients were further divid-
ed into 2 groups: a responsive group (FR+) and a non-respon-
sive group (FR-). The FR+ group consisted of 30 patients (20
males and 10 females), with an average age of (51.27+16.07)
years and an average Injury Severity Score (ISS) of (20+4.8).
The FR- group consisted of 19 males and 11 females, with
an average age of (55+16.07) years and an average ISS of
(2045.6). The patients were enrolled according to the follow-
ing inclusion criteria: (1) all patients met the diagnostic crite-
ria for trauma combined with shock, defined as systolic blood
pressure <90 mmHg, pulse pressure difference <20 mmHg, or
systolic blood pressure drop from baseline >40 mmHg in pa-
tients with previous hypertension; (2) presence of pale skin,
cold perspiration, weak pulse, shortness of breath, oliguria
or anuria, changes in consciousness, and invasive mechani-
cal ventilation were also required; and (3) controlled ventila-
tion mode was used, with a tidal volume >8 ml/kg and posi-
tive end-expiratory pressure (PEEP) <5 mmHg. The exclusion
criteria were: (1) poor-quality chest ultrasound image results
due to chest trauma and other factors; (2) injury of the ex-
plored peripheral arteries, peripheral arterial plaque formation,
or vascular stenosis; (3) arrhythmia or severe cardiac dysfunc-
tion; (4) underlying heart diseases, such as heart valve diseas-
es; and (5) agitation that prevented the patient from cooper-
ating with the examination. Patients undergoing mechanical
ventilation were required to have a PEEP >5 mmHg or a tidal
volume <8 ml/kg to be considered.

Study protocol

All 60 traumatic shock patients received POCUS exams. POCUS
was performed using the Mindray M9 Diagnostic Ultrasound
System (Mindray Co, Shenzhen, China) equipped with a lin-
ear array probe (8-12 Hz). To assess carotid artery veloci-
ty, the probe was placed above the right clavicle and gently
moved until an obvious cross-section of the carotid artery was
found. The patient was asked to assume supine position with
the head tilted toward the right side to fully expose the right
sternocleidomastoid. Afterwards, the probe was placed 2 cm
above the inside of the cubital fossa and gently moved until
it reached an obvious cross-section of the brachial artery for
brachial artery exploration. Meanwhile, the patient’s right arm
was gently externally rotated. To assess the velocity of femoral
arterial, the operator placed the probe at the groin and gently
moved until it reached an obvious cross-section of the femo-
ral artery when the right thigh of the patient was slightly ab-
ducted. The rotating probe was placed on the long axis of the
abovementioned peripheral arteries, and the angle between
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Figure 1. Selection of study population.
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the sampling line and the blood flow was adjusted to <60°.
Pulse-wave Doppler (PW) mode was used to collect the end-
inspiratory and end-expiratory Vmax and TAMAX for 3 respi-
ratory cycles, and the average values were obtained.

All 60 patients received the first echocardiography to obtain
CO. Then, a rehydration test was performed in which 250 mL
of 0.9% saline was administered within 10 min. Afterwards,
all patients received the second echocardiography for CO as-
sessment. If the CO changes were greater than 15%, patients
were grouped into the FR+ group. A less than 15% increase in
CO was considered as negative (FR-). Regarding the CO mea-
surement, a phased-array probe (2.5-4 MHz) was used to ob-
tain an apical 5-chamber view of the heart. The specimen
container was placed at the aortic valve ring, and the systolic
aortic annulus diameter (D) and aortic velocity-time integral
(VTI) were measured. The CO measurement parameters includ-
ed the area of the annulus (AAO)=nx(D/2) 2, the stroke vol-
ume (SV)=VTIxAAOQ, and the product of SV and heart rate. To
reduce operator error, both operators were trained and certi-
fied by the Chinese Critical Ultrasound Study Group (CCUSG).

Patients with significant periodic inspiratory waveforms and
expiratory waveform changes were categorized into the sub-
group with waveform changes (WF+), and those with no peri-
odic waveform changes or no significant changes were cate-
gorized into the subgroup with no waveform changes (WF-).
The determination of the significance of periodic inspiratory
waveforms and expiratory waveforms changes were confirmed
by 2 doctors with more than 5 years’ experience in POCUS. If

any disagreement occurred, a third senior doctor with more
than 20 years of experience in POCUS was consulted.

The velocity of end-inspiratory and end-expiratory peripheral
arterial blood flow of all patients was ultrasonically measured,
and the variability was measured between end-inspiratory and
end-expiratory. In addition, the number of cases with a period-
ic waveform or a high/low level of variability in the FR+ group
and the significance of the effect of AVmax on the FR evalua-
tion of the subgroup with waveform change were determined.

Data analysis

The SPSS 17.0 statistical software package (SPSS Inc, Chicago,
IL, USA) was used. The end-inspiratory and end-expiratory peak
flow variability in the peripheral artery (AVmax) was compared
between the FR+ group and FR- group.

AVmax=(end-inspiratory Vmax-end-expiratory Vmax)x2/
(end-inspiratory Vmax+end-expiratory Vmax)x100%.

A normal distribution test of measurement data indicated that
the measurement data of all groups in this study were normally
distributed. A paired comparison was performed using a paired
t test. An independent samples t test was used for compari-
sons between FR+ and FR- groups. Data are expressed as the
meantstandard error (X+s). Count data were analyzed using
the Pearson chi-square test. The receiver operating characteris-
tic (ROC) curve and the 95% confidence interval (Cl) were used
to evaluate the differences in the velocity waveforms of blood
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Table 1. Baseline characteristics compared between patients in the FR+ Group and the FR— Group before and after a rehydration test.

FR+ Group (n=30) FR- Group (n=30) X2/t value 4
Age (years) 51.27+16.07 55+16.07 0.9 0.372
Sex (Male/Female) 2000 o o2 o788
Bodyweight k)  67.63#1123  6803:1285 o128 0898
IsSscore (points) 251804 23:674 L4 0301

FR+ Group indicates fluid responsive group. FR— Group indicates fluid non-responsive group.

AP 96.6% MI 0.6 TIS 0.0
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Figure 2. Periodic changes in velocity waveform in carotid artery blood flow with respiration in the fluid-responsive group (FR+ Group).

flow in the different groups and the intercept values of the pre-
dicted maximum blood flow velocity. The best cut-off values
for such differences were obtained when Youden indexes were
maximum. P<0.05 indicated statistically significant differences.

Results

Baseline characteristics of enrolled patients

There were no statistically significant differences in sex,
age, body weight, cause of injury, and ISS score between the
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patients in the FR+ group and those in the FR- group (all P
values »0.05) (Table 1).

Correlation analysis of waveform morphology changes in
the FR+ and FR- groups

In the CA-FR+ group, 18 patients (accounting for 60% of the CA-FR+
group) showed significant periodic end-inspiratory and end-expi-
ratory velocity waveform morphology changes or high/low wave-
form changes (Figure 2). Twelve patients were categorized in the
WF- group. In the CA-FR- group, 4 patients were categorized in
the WF+ group, while 26 patients presented no waveform changes
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Figure 3. No periodic waveform changes or no significant changes in the velocity waveform in the carotid artery blood flow with
respiration in the non-responsive group (FR— Group).

or morphological changes (Figure 3). There was a statistically sig-
nificant difference between the 2 groups (P<0.001) (Table 2).

Eight patients, accounting for 26.7% of the FA-FR+ group,
showed significant end-inspiratory and end-expiratory velocity
waveform morphology changes or high/low waveform chang-
es, and there were no significant velocity waveform changes
in 22 patients. Five patients in the FA-FR— group showed sig-
nificant end-inspiratory and end-expiratory velocity waveform
changes, while 25 patients showed no waveform changes or
morphological changes. However, there was no statistically sig-
nificant difference between these 2 groups (P>0.05) (Table 2).

Nine patients (accounting for 30% of the BA-FR+ group) were
categorized in the WF+ group, while 21 patients showed no
significant velocity waveform changes. In the BA-FR- group,
2 patients showed significant end-inspiratory and end-expira-
tory velocity waveform changes, while 28 patients showed no
waveform changes or morphological changes. A significant dif-
ference was found between these 2 groups (P<0.05) (Table 2).
These results suggest that the velocity waveforms of the CA

and BA showed periodic morphology or high/low changes that
can be used for the assessment of FR, while that of the FA can-
not be used to assess FR.

Variations of peripheral arterial maximum flow velocity
and correlation analysis with FR

Table 3 presents the maximum flow velocity of CA, BA, and FA
of patients in the FR+ group and FR— group. The AVmax (CA) of
patients in the FR+ group and FR- group was 17.01+11.15 and
4.12+13.27, respectively. A statistically significant difference
in AVmax (CA) between these 2 groups was found (P<0.001).
Similarly, significant differences in AVmax (BA) and AVmax (FA)
between these 2 groups were also found (both P <0.001). The
AVmax (BA) of patients in the FR+ group and FR- group was
12.86+6.26, and 6.35+6.56, respectively. According to the ROC
analysis, AVmax (CA) and AVmax (BA) were more sensitive val-
ues to predict FR compared to AVmax (FA) (Figure 4). The AUC
of AVmax (CA), AVmax (FA), and AVmax (BA) was 0.803 (95%
Cl: 0.692-0.914), 0.788 (95% Cl: 0.670-0.906), and 0.822 (95%
Cl: 0.709-0.935), respectively (Table 4).
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Table 2. Comparison of the number of cases with blood flow velocity waveform changes in peripheral arteries in each group.

Group CA-WF+/WF- BA-WF+/WF- FA-WF+/WF-

FR+ Group 18/12 9/21 8/22
 R-Gowp a6 a8 sps
""""" < 13 53  oge
e w001 wos 5005

FR+ Group indicates fluid responsive group. FR— Group indicates fluid non-responsive group. WF+ indicates patients with significant
periodic inspiratory waveforms and expiratory waveform changes. WF- indicates patients with no periodic waveform changes or no
significant changes. CA indicates carotid artery. BA indicates brachial artery. FA indicates femoral artery.

Table 3. Comparison of variability in maximum blood flow velocity in peripheral arteries between the FR+ group and FR- group.

Group Case number AVmax (CA) AVmax (FA) AVmax (BA)

FR+ Group 30 17.01£11.15 16.3£10.15 12.86+6.26
"""""" R-Goup 30 411327 698761 635656
ot a4 a0 393
e woo1 woor woo1

FR+ Group indicates fluid responsive group. FR— Group indicates fluid non-responsive group. CA indicates carotid artery. BA indicates
brachial artery. FA indicates femoral artery. AVmax indicates the end-inspiratory and end-expiratory peak flow variability in the
peripheral artery.

WEF- Subgroup (both P values <0.05) (Table 5). AVmax (CA) in
the WF+ Subgroup and WF- Subgroup was 19.28+10.29, and
13.60+11.96, respectively (P<0.05). When AVmax (CA) in the
WF+ Subgroup was greater than 12.57%, the velocity wave-
form or morphology of the CA had significant periodic chang-
es, with a sensitivity of 77.8% and specificity of 66.7%. AVmax
0.6 (BA) in the WF+ Subgroup and WF- Subgroup was 18.03+6.31,

z and 10.65+4.87, respectively (P<0.05). In contrast, AVmax (FA)
g was not able to be used to predict FR between WF+ Subgroup
041 and WF- Subgroup (P<0.05) (Table 4).
0.2 — Carotid artery peak velocity variability

— Femoral artery peak velocity variability Discussion
u Brachial artery peak velocity variability

— Reference line

In the field of intensive care, POCUS has become a rapid di-
agnostic technology that must be mastered. With the popu-
larization and development of POCUS, its scope of application
has also expanded rapidly. Ultrasound has even gradually re-
placed the pulmonary artery catheter and was considered the
most effective diagnostic tool for understanding hemodynam-
ic instability and the causes of shock [10]. Although PICCO has
been applied for evaluating CO, the limitations of being inva-
sive and time-consuming were also obvious [11]. In clinical

0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity

Figure 4. Receiver operating characteristic (ROC) curves of
the end-inspiratory and end-expiratory peak flow
variability in the peripheral arteries to assess the fluid
responsiveness.

In the FR+ Group, we further compared the variability in
the maximum velocity between the WF+ Subgroup and
WF- Subgroup. Both AVmax (CA) and AVmax (BA) showed
the capability to predict FR between WF+ Subgroup and
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practice, echocardiography was favored for CO assessment
regarding FR and achieved almost same level of accuracy as
that of PICCO [10]. However, it also has limitations [12,13].
For example, to reduce errors, skilled personnel must conduct
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Table 4. Receiver operating characteristic (ROC) curves of the end-inspiratory and end-expiratory peak flow variability in the peripheral
arteries.

Cut-off value (cm/s) Sensitivity Specificity 95% ClI
CA 11.20 70.0% 80.0% 0.803 0.692-0.914
""""" A 705 ser%  e67% 0788 0670-0906
""""" BA 60 933% 7% 082  0709-0935

CA indicates carotid artery. BA indicates brachial artery. FA indicates femoral artery. AUC indicates the area under the ROC curve.

Table 5. Comparison of variability in maximum velocity between the waveform change subgroup (WF+ Subgroup) and the non-
waveform change subgroup (WF- Subgroup) within the FR+ group.

Group AVmax (CA) AVmax (FA) AVmax (BA)

WF+ Subgroup 19.28+10.29 25.15+9.73 18.0316.31
"""""" WF-Subgroup  13.60¢11.96  13.08:837  1065:¢487
C Pvalue ©os s005 ©0os

WF+ indicates patients with significant periodic inspiratory waveforms and expiratory waveform changes. WF- indicates patients with
no periodic waveform changes or no significant changes. CA indicates carotid artery. BA indicates brachial artery. FA indicates femoral

artery. AVmax indicates the end-inspiratory and end-expiratory peak flow variability in the peripheral artery.

testing, and such personnel are not easy to secure in the emer-
gency room. Therefore, it is necessary to find a simple and ac-
curate evaluation method that can reflect the change in CO
or SV. CO and SV, together with left ventricular end-diastolic
area, aortic artery peak velocity variability, peripheral arterial
peak velocity variability, inferior vena cava diameter and col-
lapse index, and PPV/SVV, were commonly-used ultrasound
indicators for assessing FR. Among these indicators, monitor-
ing of peripheral arteries might be the easiest method [2,14].
McGregor et al. [15] found that carotid artery monitoring was
the most easily accepted of several FR assessment methods
in the emergency room. The feasibility of carotid artery moni-
toring was 87.4%. Antiperovitch et al. have used variations of
carotid peak velocity to observe the FR of patients, and found
that it can to some extent reflect FR [16]. Other FR indicators,
such as the passive leg-raising test, are simple and unaffected
by spontaneous breathing, and there is no risk of fluid over-
load. However, the application of these methods is limited in
trauma patients due to the impact of injury.

The presence of cardiopulmonary interaction results in arteri-
al pressure waveform and pressure values that periodically in-
crease and decrease with intermittent inhalation and expiration
during positive-pressure ventilation, and this change is particu-
larly significant when volume is insufficient. This is the “abnor-
mal phenomenon of reverse pulse” [7]. Desgranges et al. [17]
found that when the aortic artery peak velocity variability
(AVpeak AO) in patients undergoing mechanical ventilation
was 13.5%, the sensitivity to predict FR was 84.0%, and the
specificity was 72.7%. Morparia et al. [18] suggested that if

AVpeak AO was >12.3%, the patient may have positive FR. The
acquisition of AVpeak AO requires an accurate and clear as-
sessment of aortic spectra through transthoracic ultrasound,
which is largely dependent on more precise operations and
equipment. Compared with examinations of the aorta, the use
of a linear array probe for peripheral arterial blood flow veloc-
ity assessment and waveform detection is simpler, and data
are easy to obtain.

For patients with traumatic shock, it is vital to shorten the eval-
uation time. The present study showed that there was a good
correlation between the velocity waveform variability in end-
inspiratory and end-expiratory peripheral arterial blood flow
and FR (all P<0.001). To reduce the error in areas such as the
measurement of the aortic VTI, it is best to use the average
of more than 3 respiratory cycles of end-inspiratory and end-
expiratory peak velocity values [19]. However, such a method
would undoubtedly prolong the assessment time. In contrast
to Jozwiak’s recommendation, the waveform changes that can
be visually observed (“eyeballing”) can be more rapidly deter-
mined in the clinical evaluation. The eyeballing method has
been largely applied in echocardiography [20,21]. In the present
study, we measured the variability and waveform of peripheral
arterial blood flow velocity in patients with traumatic shock who
were undergoing mechanical ventilation. Significant periodic
changes in the carotid blood flow velocity waveform could be
observed with the naked eye alone in the FR+ group, and end-
expiratory variations were significantly lower than end-inspira-
tory variations. There were also some obvious morphological
changes. In the FR+ group, patients with changes accounted
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for 60% of the total number of cases. In the FR- group, only
13.3% had waveform changes. The waveform change was
significantly decreased in the FA and BA, accounting for only
26.7% and 30% of the FR+ group, respectively. There was no
significant difference in the waveform change in the FA be-
tween the FR+ group and the FR- group, suggesting that the
change in the blood flow velocity waveform of the CA is more
informative than the change in other peripheral arteries for FR
assessment. In the present study, a CA- A Vmax value greater
than 9.15% suggested that the patient had positive FR. When
CA- A Vmax was greater than 12.57%, the velocity waveform
or morphology of the CA had significant periodic changes; this
value was similar to BA- A Vmax values when there were peri-
odic changes in the BA (12.68%). According to the ROC curve,
when the CA waveform showed periodic variation, the speci-
ficity for indicating FR reached 86.7%. Doctor et al. [22] mea-
sured the blood flow velocity of the left and right carotid ar-
teries in healthy subjects and found that during exhalation
and inspiration, blood flow velocities did not differ between
the left and right sides. If carotid ultrasound exploration can-
not be performed in patients due to factors such as neck trau-
ma, the BA can be explored instead. Although the latter has a
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