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Abstract

Background An increase in cardiac index (Cl) during an end-expiratory occlusion test (EEOt) predicts fluid respon-
siveness in ventilated patients. However, if CI monitoring is unavailable or the echocardiographic window is difficult,
using the carotid Doppler (CD) could be a feasible alternative to track Cl changes. This study investigates whether
changes in CD peak velocity (CDPV) and corrected flow time (cFT) during an EEOt were correlated with Cl changes
and if CDPV and cFT changes predicted fluid responsiveness in patients with septic shock.

Methods Prospective, single-center study in adults with hemodynamic instability. The CDPV and cFT on carotid
artery Doppler and hemodynamic variables from the pulse contour analysis EV1000™ were recorded at baseline,
during a 20-s EEOt, and after fluid challenge (500 mL). We defined responders as those who increased Cl > 15% after a
fluid challenge.

Results We performed 44 measurements in 18 mechanically ventilated patients with septic shock and without
arrhythmias. The fluid responsiveness rate was 43.2%. The changes in CDPV were significantly correlated with changes
in Cl during EEOt (r=10.51 [0.26-0.71]). A significant, albeit lower correlation, was found for cFT (r=0.35 [0.1-0.58]). An
increase in Cl > 5.35% during EEOt predicted fluid responsiveness with 78.9% sensitivity and 91.7% specificity, with an
area under the ROC curve (AUROC) of 0.85. An increase in CDPV > 10.5% during an EEOt predicted fluid responsive-
ness with 96.2% specificity and 53.0% sensitivity with an AUROC of 0.74. Sixty-one percent of CDPV measurements
(from —13.5 t0 9.5 cm/s) fell within the gray zone. The cFT changes during EEOt did not accurately predict fluid
responsiveness.

Conclusions In septic shock patients without arrhythmias, an increase in CDPV greater than 10.5% during a 20-s
EEOTt predicted fluid responsiveness with > 95% specificity. Carotid Doppler combined with EEOt may help optimize
preload when invasive hemodynamic monitoring is unavailable. However, the 61% gray zone is a major limitation
(retrospectively registered on Clinicaltrials.gov NCT04470856 on July 14, 2020).
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Background

Fluid responsiveness is defined as an increase in car-
diac index (CI) in response to an increase in preload
[1]. In patients with hemodynamic instability, detecting
fluid responsiveness with high specificity may avoid an
unnecessary fluid load, which could be associated with
increased morbidity, mortality, and hospital length of
stay [2, 3].

Several functional hemodynamic tests for assessing
fluid responsiveness have been introduced in clinical
practice in the last few years [4]. These tests measure
the hemodynamic response to a transient variation in
cardiac preload induced by changes in body position,
as is the case of passive leg raising (PLR) [5, 6], or by
changes in intrathoracic pressure induced by a tran-
sient increase in tidal volume [7, 8], a lung recruitment
or sigh maneuver [9, 10], or an end-expiratory occlu-
sion test (EEOt) [11].

The EEOt is based on an interruption of mechanical
ventilation at the end of expiration for 15-30 s. This
maneuver increases cardiac preload, venous return,
and stroke volume (SV) in preload-responsive patients.
In one study [11], an increase in CI>5% during a 15-s
EEOt reliably predicted an increase in CI by>15% in
response to a 500-mL crystalloid infusion with a sen-
sitivity and a specificity of 91% and 100%, respectively.
The accuracy of EEOt in predicting fluid responsiveness
is comparable to that of PLR [12]. However, detecting
the rapid and transient increase in CI during the EEOt
needs continuous hemodynamic monitoring. In previ-
ous studies, this has been achieved using pulse contour
arterial waveform analysis [7, 11, 13-15] or changes
in velocity—time integral (VTI) assessed by trans-tho-
racic echocardiography (TTE) [16, 17]. When invasive
hemodynamic monitoring is unavailable, or TTE can-
not be obtained, carotid Doppler could be a feasible
alternative to track changes in SVI or CI induced by
EEOt. The variations in the systolic peak velocity and
the duration of the systolic component of each cardiac
cycle, measured from the onset to the dicrotic notch,
provide an estimate of the changes in stroke volume
[18-20]. However, the potential of carotid Doppler to
assess fluid responsiveness in combination with EEOt
in critical care patients has not been investigated yet.

We conducted this study to assess (1) if there was a
correlation between the changes in carotid Doppler
peak velocity (CDPV) or in corrected flow time (cFT)
and the changes in CI induced by a 20-s EEOt; (2) if
EEOt-induced changes in CDPV and cFT predict fluid
responsiveness in patients admitted to intensive care
unit (ICU) with septic shock.
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Methods

Patient population

The institutional review board of Policlinico Agostino
Gemelli University Hospital approved the present study
(Prot. N. 0048329/18 ID 1677) retrospectively registered
on ClinicalTrials.gov NCT04470856 on July 14, 2020. All
patients or their legal representatives gave their written
informed consent to participate.

All adult patients (>18 y) admitted to the general
ICU of Policlinico Agostino Gemelli University Hospital
with a diagnosis of septic shock who were sedated and
mechanically ventilated were considered for inclusion.
Patients were eligible if they needed a fluid challenge
according to predefined clinical criteria: (1) hypotension
(defined as a systolic arterial pressure <90 mmHg) and/
or (2) tachycardia (i.e.,>100 beats/min) and/or (3) uri-
nary flow <0.5 mL/kg/min for 2 h. Those with significant
valvular heart disease, cardiac arrhythmia, heart failure,
peripheral arterial disease, or common carotid artery ste-
nosis narrower than 50% were excluded from the study.

Intervention

All patients were supine with their trunk elevated 30°,
sedated, paralyzed, and mechanically ventilated in the
volume control mode (Evita Infinity-V500—Drager—
Italy Spa or Servo-U Maquet Medical System, Wayne,
NJ, USA). We ascertained the absence of spontaneous
breathing activity by evaluating the flow/pressure curves
displayed on the ventilator screen. Tidal volume was set
at 6 mL/kg of predicted body weight (PBW).

We measured CI using transpulmonary thermodilution
(TPTD) (EV1000"'/Volume View Edwards Lifesciences
Corporation, Irvine, CA 92614). CI and the other hemo-
dynamic variables derived from pulse contour analysis
were recorded over 20 secs [21]. Before each measure-
ment, we calibrated our system by injecting at least three
15-mL boluses of cold (4 °C) saline. We averaged the
three measures only if none had a difference greater than
20% of the mean value [21].

EEOt consisted of a prolonged expiratory pause
(20 s) in which no expiratory or inspiratory efforts were
recorded.

Fluid responsiveness was defined as an increase in CI
of more than 15% after a standardized fluid challenge
(500 mL of Ringer’s lactate in 10 min).

Fluid responders were tested more than once, at least
12 h apart, if they met the inclusion criteria again. Each
EEOt was considered a single and independent measure.

The following protocol describes our procedure in
detail (Fig. 1).
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Fig. 1 Study design

T1 (baseline 1): we performed the first set of TPTD to
assess the CI, the SVI, the stroke volume variation (SVV),
and the systemic vascular resistance index (SVRI). We
also recorded heart rate (HR), mean arterial pressure
(MAP), and central venous pressure (CVP). Simultane-
ously, we measured the CDPV and the cFT using carotid
Doppler (see below).

T2 (EEOL): one operator applied a 20-s EEOt and meas-
ured the hemodynamic variables using the pulse contour
method, while a second operator performed a carotid
Doppler and recorded CDPV and cFT during the last five
cardiac cycles before the end of EEOt.

T3 (baseline 2): we visually verified that the hemody-
namic values had returned to the baseline before admin-
istering the fluid challenge.

T4 (fluid challenge): the patients received a 500-mL
bolus of Ringer’s lactate solution in 10 min. After com-
pleting the fluid challenge, we performed the last series
of hemodynamic measurements, including CI, MAP, HR,
SVI, CVP, SVRI, and carotid Doppler, as above.

Two operators collected the hemodynamic variables
manually and kept a screenshot of the measurements as a
record for data check. Catecholamine infusion, mechani-
cal ventilation settings, and bed position were kept con-
stant at all times.

Carotid Doppler

One investigator (SD’A) with previous formal train-
ing in critical care ultrasound insonated the common
carotid artery in a longitudinal view approximately
1-2 cm before the bifurcation using a 5-10-MHz linear
array transducer (Vivid™ iq, General Electric Health-
care, Chicago, Illinois, USA) and performed a pulse-wave
Doppler analysis. The sample volume was in the ves-
sel’s middle, with the caliper positioned parallel to flow,
angled at no more than 60°. We averaged five consecutive

measurements to limit the effects of respiratory-induced
changes in CDPV and cFT.

The ACDPV was expressed as a percentage and was
calculated with the following formula:

(average CDPV,,0st— average CDPV e/ average CDPVpre) * 100

where CDPV,,, values refer to the Baseline 1 and the
CPDV,,, values refer to those obtained during EEOt or
after fluid challenge.

The FT was measured from the beginning of the flow
tracing’s upstroke to the nadir of its dicrotic notch on a
pulse waveform analysis. We used the Wodey’s formula:
cFT=FT+1.29*(HR-60) to correct measurements for
the heart rate [22]. We measured the AcFT using the
same formula we used for ACDPV.

Study endpoints

The primary endpoint of this study was the correlation
between changes in CDPV and CI during an EEOt. Sec-
ondary endpoints were the correlations between changes
in CDPV and CI after the fluid challenge and between
changes in cFT and CI during EEOt and after fluid chal-
lenge. We also explored the ability of changes in CDPV
and cFT during EEOt to predict fluid responsiveness.
Differences between responders and non-responders
were studied during all three phases of our observation
(baseline, EEOt, and fluid challenge).

Statistical analysis

The distribution of continuous variables was assessed
with the Kolmogorov—Smirnov test. Data are expressed
as mean=+standard deviation (SD) or median (inter-
quartile range), as appropriate. Categorical variables are
reported as fractions and percentages (%). Differences
between parametric variables were evaluated with the
Student’s t test for unpaired and paired measures or with



D'Arrigo et al. Critical Care (2023) 27:153

the Mann—Whitney and Wilcoxon tests, as appropriate.
Fisher’s exact test was adopted for categorical variables.
LSD and Scheffé’s test were used to correct for multiple
comparisons.

We used two-way ANOVA to detect significant vari-
able changes across time points between two groups.
We calculated a receiving-operator characteristic (ROC)
curve using the Wilson—Brown method to summarize
the ability of each measure to predict fluid responsive-
ness across the various thresholds. For all predictors, we
identified the optimal threshold based on the Youden
index ] (J=sensitivity + specificity — 1).

Sample size calculation for the primary outcome was
made considering a correlation between CDPV changes
and CI changes during EEOt of 0.8 with a null hypothesis
of correlation set at 0.5. With beta error at 0.8 and a two-
sided alfa error of 0.05, 38 measurements were needed
to test the study hypothesis. For the area under the ROC
curve (AUROC), we considered an AUROC of 0.75, a
null hypothesis of 0.5, and beta and alpha error as above.
The total required sample was 40 measurements.

For the carotid Doppler variables, we calculated
how many measurements fell within the gray zone, i.e.,
the number of cases with a sensitivity<90% and/or a
specificity < 90%.

We also estimated the precision and the least sig-
nificant change (LSC) [23] of CDPV. Each velocity was
measured five consecutive times in each patient.

Precision was estimated as

2 SD/mean/sqrt (n)

where SD is the standard deviation of the measurements,
and n is the number of measurements, based on the for-
mula described by Cecconi et al. [24]

The LSC was calculated as

precision * sqrt (2)

and expressed as a percentage. We performed the
repeated measures correlation (rmcorr) [25] between the
percentage changes in CI vs. the percentage changes in
CDPV or cFT during EEOt and the percentage changes
in CI vs. the percentage changes in CDPV or cFT after
the fluid challenge. We stratified the results of the rmcorr
for responders and non-responders. Finally, to assess the
concordance between the changes of Doppler variables
and the corresponding changes of CI we calculated four-
quadrant clinical concordance plots [26]. In these graphs,
we plotted the measurements where the changes of
CDPV or cFT and the changes of CI, both expressed as a
percentage, had the same direction and the same extent.
These changes were divided into three categories, non-
significant change (ACI£5% or less); moderate change
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(ACI£5-15%); or large change (ACI+ 15% or more). We
plotted the Doppler/CI concordance during the EEOt
and the fluid challenge. In addition, to illustrate the pre-
dictive ability of Doppler variables, we plotted their per-
centage changes at EEOt vs. the changes in CI after the
fluid challenge.

We used SPSS® 28 software (IBM Chicago IL), Med-
Calc® Statistical Software version 20.210 (MedCalc Soft-
ware Ltd, Ostend, Belgium; https://www.medcalc.org;
2022), and the rmcorr R package (https://cran.r-project.
org/web/packages/rmcorr/) for statistical analysis.

Results
We performed 44 measurements on 18 patients. Their
characteristics are shown in Table 1. At inclusion, all
patients were in septic shock [27] and were sedated and
ventilated in volume control mode using lung-protective
ventilation (mean tidal volume 6 +0.5 mL/kg).

The overall rate of fluid responsiveness was 43.2% (19
out of 44 measures).

Baseline

At baseline, fluid responders had a significantly lower CI
(2.240.6 vs. 2.840.9 L/min/m% p=0.012) and a higher
SVV (13.7+6.4 vs. 10.0+3.4%; p=0.029) than non-
responders. There were no significant differences in HR,
MAP, CVP, and SVRI. Fluid responders also had a sig-
nificantly lower CDPV (88.1 £24.6 vs. 111.2+37.5 cm/s,
p=0.019) and cFT (266.3+31.0 vs. 285.1+24.7 ms,
p=0.037) than non-responders (Table 2).

Hemodynamic effects of EEOt

During the EEOt, the CI increased by 10.9% (from
2.240.6 to 2.5+ 0.8 L/min/m?; p<0.001) and the CDPV
increased by 10.5% (from 88.1+24.6 to 100+34.5 cm/s;
p<0.05) in responders, while no significant change was
observed in non-responders (Table 2 and Figs. 2, 3). The
cFT showed a smaller increase that did not significantly
differ between responders and non-responders (Table 2
and Additional file 1: Figure E1).

Hemodynamic effects of fluid challenge

After the 500-mL fluid challenge, in fluid responders,
the CI increased by 22.2% (from 2.2+0.6 to 2.8+0.9
L/min/m?% p<0.05) and the CDPV increased by 19.6%
(from 88.1+24.6 to 108+35.4 cm/s; p=0.002), while
no significant change was observed in non-responders
(Table 2 and Figs. 2, 3). The cFT showed a larger increase
from the baseline after the fluid challenge than during the
EEOt. However, this increase did not significantly differ
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Table 1 Patient characteristics

Patients (n=18)

Age, years 64+£10
Males 14 (78)
Body mass index (Kg/m?) 2745
SAPS Il score 60 [46-81]
SOFA score at inclusion 9.5 [8-12]

All measurements (n =44)

Norepinephrine dose (mcg/Kg/ 07406
min)

PEEP (cmH,0) 6+2
Compliance (mL/cmH,0) 38+9
Driving pressure (cmH,0) 1343
Plateau pressure (cmH,0) 1944
Tidal volume (mL/Kg) 6105
Respiratory rate (breaths/min) 20+£3

Data are expressed as median [IQR], mean = standard deviation, or n (%)

PEEP, positive end-expiratory pressure; SAPS, Simplified Acute Physiology Score;
and SOFA, Sequential Organ Failure Assessment

between responders and non-responders (Table 2 and
Additional file 1: Figure E1).

The mean values of MAP, HR, SVV, CVP, and SVRI did
not change significantly during EEOt and after the fluid
challenge.

Correlation between changes in carotid Doppler

and in cardiac output measurements

The linear correlation coefficient r between the per-
centage changes in CDPV and CI during EEOt was 0.52
[0.26-0.71]. A significant but lower correlation was
found for cFT (r=0.35 [0.06-0.58]) (Additional file 1:
Figure E2).

On rmcorr, the percentage changes in CDPV vs. the
percentage changes in CI were significantly correlated
across EEOt and fluid challenge in responders (r=0.405
[0.046—-0.733]), while no significant correlation was found
in non-responders (r=0.268 [—0.147-0.600]; Additional
file 1: Figure E3). Similar results were observed with
cFT (r=0.628 [0.257-0.838] and 0.148 [—0.262-0.520],
respectively; Additional file 1: Figure E4).

The clinical concordance plot showed that the overall
fraction of concordant changes (CDPV or cFT vs. CI)
was greater for cFT than for CDPV at EEOt (Additional
file 1: Figure E5 A). However, the number of concordant
changes above 5% was proportionally higher for CDPV.
This difference was more evident in measurements per-
formed after the fluid challenge and when comparing
changes in Doppler variables at EEOt vs. changes in CI at
the fluid challenge (Additional file 1: Figure E5 B-C).
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Prediction of fluid responsiveness

During EEOt, an increase in CI>5.35% predicted fluid
responsiveness with 91.7% specificity and 78.9% sensitiv-
ity. The AUROC of CI was 0.852 (95% CI 0.727-0.977,
p=0.0001) (Fig. 4A).

The LSC of carotid Doppler measures in our popula-
tion was 7.4% for CDPV and 3.5% for cFT. An increase in
CDPV >10.5% during EEOt predicted fluid responsive-
ness with 96.2% specificity (95% CI 80.0-99.8) and 53.0%
sensitivity (95% CI 32.1-73.3), with an AUROC of 0.743
(95% CI 0.580-0.906, p=0.006) (Fig. 4B). Sixty-one per-
cent of measurements fell within the gray zone (CDPV
ranging from—13.5 and 9.5 cm/s). The cFT changes
during EEOt did not accurately predict fluid responsive-
ness (AUROC 0.655 [0.496 to 0.791], p=0.07; Additional
file 1: Figure E6).

Discussion

Our results showed a significant correlation between
changes in CPDV during EEOt and changes in CI dur-
ing the subsequent fluid challenge. An increase in CDPV
greater than 10.5% during an EEOt predicted fluid
responsiveness in ICU patients with septic shock with
high specificity. This may allow clinicians to non-inva-
sively identify about 40% of fluid responders and safely
administer them fluids without risking a fluid overload.

The carotid artery Doppler assessment of fluid
responsiveness coupled with an EEOt can be performed
in mechanically ventilated patients in whom continuous
cardiac monitoring is unavailable or the transthoracic
echocardiographic windows are technically impaired.
These conditions may be common not only in the ICU,
but also in the operating room in patients undergoing
major surgery whose chest wall is inaccessible to echo-
cardiography. In this setting, the carotid artery might
be the only accessible large-size arterial vessel for per-
forming arterial Doppler. The position of the carotid
artery, which is located just distally to the aortic out-
flow tract, makes its flow a good approximation of the
aortic flow [28]. Carotid Doppler does not suffer from
the technical limitations of echocardiography, where
measurement of left ventricular outflow tract velocities
for the estimation of SV requires specific training for
adequate performance, and it is not easily obtainable,
especially in ventilated patients.

To the best of our knowledge, this is the first study
assessing fluid responsiveness using the carotid Dop-
pler variations in association with an EEOt in critically
ill patients. The potential usefulness of the changes
in carotid Doppler during EEOt has been previously
investigated in healthy volunteers [28]. The authors
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Table 2 Hemodynamic variables at baseline, during EEOt and
after fluid challenge in responders (n=19) and non-responders
(n=25)

Variables Baseline EEOt After fluid challenge
HR (bpm)

Responders 89.8+£16.0 88.6 £ 15.1 843+£150
Non-responders 96.4+21.2 954+212 905214
MAP (mmHg)

Responders 66.5+ 185 672+160 785+229
Non-responders 71.74£125 7204131 76.7+143
Cl (Umin/m?)

Responders 22+£06* 25+08 28409°
Non-responders 28+09 28+09 29409
SW (%)

Responders 137 £64% 96+53°
Non-responders 10.0£34 84+£3
SVI(mL/b/m?)

Responders 251 +74* 2831838 34.1+98°
Non-responders 29377 299+79 324+£81
CVP (mmHg)

Responders 72437 66+36 97+44°
Non-responders 7853 74+52 100£5.8
SVRI (dyn-s-cm™)

Responders 2327+£1027  21684+966 2028 £931
Non-responders 2038 £923 20164856 19514935
CDPV (cm/s)

Responders 88.1+246% 1000£345 1080+354
Non-responders  111.2+£375  113.64£399 11534437
cFT (msec)

Responders 26634+31.0¢ 2820+£306 29204336
Non-responders  285.1+£24.7 29234222 295+30.8

Values are expressed as mean =+ standard deviation

Patients were considered responders if their cardiac index increased by > 15%
after the 500-mL fluid challenge

*p <0.05 for differences between responders and non-responders at baseline

$ p <0.05 for comparison between EEOt and after fluid challenge in responders
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Fig. 2 Changes in cardiac index in responders (FR) and
non-responders (NFR) during EEOt and after fluid challenge
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Fig. 3 Changes in carotid Doppler peak velocity (CDPV) in
responders (FR) and non-responders (NFR) during EEOt and after fluid
challenge

found a good correlation between changes in carotid
VTI and aortic VTI (p=0.79) or SV (p=0.95). How-
ever, the results of that study are not directly applicable
to the critical care setting. Moreover, that study used a
different carotid Doppler equipment (wearable device)
and evaluated a different index (changes in carotid VTI
pattern) compared to our study.

Two studies [18, 19] investigated the accuracy of
changes in carotid Doppler induced by intrathoracic
pressure variation during lung-protective mechanical
ventilation with low tidal volume (6 mL/kg of PBW).
One study [18] measured CDPV in patients undergoing
elective coronary artery bypass surgery, while the other
study measured CDPV in patients with septic shock in
the ICU [19]. In these studies, the AUROC of CDPV
was 0.85 [0.72-0.97] and 0.88 [0.77-0.95], respectively,
which is greater than the 0.74 value we found in our
study. These measurements, however, were made dur-
ing the respiratory cycle. Conversely, we investigated
the changes between CDPV before and during the EEO
maneuver.

EEOt and fluid challenge were not consistently asso-
ciated with increased Doppler velocity. Namely, CDPV
decreased in a minority of responders (3/19 measure-
ments during the EEOt and 2/19 measurements after the
fluid challenge) and almost half of the non-responders
(11/25 measurements at either time point; Additional
file 1: Figure E7). During the EEOt, the CDPV percent-
age decrease was below the LSC in all but five measure-
ments (two in responders and three in non-responders).
In non-responders, the CDPV changes were symmetri-
cally distributed in both directions, which suggests a
random variation. The reason for the occasional CDPV
decrease we observed in fluid responders is unclear, but a
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patient-specific bias cannot be excluded since all the rel-
evant measurements were obtained from a single patient.

Results of the repeated measures correlation clearly
showed that the changes in CDPV and cFT both dur-
ing EEOt and after fluid challenge were correlated with
the parallel changes in CI or SVI in responders. This
is consistent with the ability of EEOt-induced changes
in CPDV to predict fluid responsiveness in our study.
However, the accuracy of CDPV was lower than that
of other indices, such as PLR. In fact, the gray zone of
CPDV was 61%, meaning that only the CDPV values
included in the remaining 39% range were sufficiently
accurate to make a clinical decision. A possible expla-
nation for this finding may be that the EEOt causes
smaller changes in venous return compared to the
PLR. The PLR in fact causes a rapid displacement of a
high volume (about 300 mL) of venous blood from the
lower body toward the right heart, mimicking an entire
fluid challenge [29]. Another explanation is that we
measured CDPV and CI during slightly different time
windows. While the five carotid Doppler curves were
recorded during the last seconds of the EEOt, when the
maneuver’s effect was maximal, the SVI and CI were
calculated over a 20-s time window that only partially
coincided with the last seconds of the end-occlusion. A
further explanation could be that the lung-protective
ventilation strategy we adopted (tidal volume 6 mL/kg)
may have reduced the hemodynamic impact of EEOt.
However, while some studies showed a greater diag-
nostic accuracy of the EEOt at 8 mL/kg vs. 6 mL/kg of
PBW [7, 8], other studies showed a high accuracy of
EEOt at a tidal volume of 6-7 mL/kg of PBW [16, 30,
31]. In addition, a recent systematic review and meta-
analysis [32] showed no significant difference between
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predicting fluid responsiveness

the accuracies of EEOt in studies where the tidal vol-
ume was <7 mL/kg and those using higher tidal vol-
umes (summary AUROC 0.96 [0.92-0.97] vs. 0.89
[0.82-0.95], respectively; p=0.44). Regarding PEEP,
one study showed that PEEP levels ranging from 5 to 14
c¢cmH,0 do not affect the predictive ability of the EEOt
[14]. The overall evidence suggests that ventilator set-
tings are unlikely to affect the accuracy of EEOt.

The clinical concordance analysis of the percent-
age changes in Doppler variables vs. the percentage
changes in CI showed that many of the concordant
changes in cFT were+5% or less. Compared to cFT,
CDPV had a greater proportion of clinically significant
concordant changes (5-15% or >15%; categories 2 and
3 in Additional file 1: Figure E5) [26]. This was evident
especially when comparing the changes in Doppler var-
iables at EEOt with the CI changes after the fluid chal-
lenge and is consistent with the greater ability of CDPV
changes to predict fluid responsiveness.

Despite a clear correlation between cFT and CI
changes at EEOt and fluid challenge, cFT did not show
a significant predictive ability for fluid responsiveness in
our study. The reasons for this are unclear and deserve
further investigation. Since the LSC of cFT was only
about half the percentage increase in cFT during EEOt
or after the fluid challenge in fluid responders, this result
does not seem to be due to an insufficient precision of the
Doppler technique. Because of the small AUROC of cFT,
our study was not powered enough to assess its predic-
tive ability with confidence.

In our study, we defined fluid responsiveness as a>15%
increase in CI. This choice was based on previous lit-
erature on EEOt. However, an SVI increase could have
been an equally valuable target [18—20]. Carotid Doppler
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surrogates are more physiologically related to stroke vol-
ume than cardiac output. Moreover, stroke volume is the
closest clinically available approximation of the cardiac
length—tension relationship, which makes it very suitable
for evaluating fluid responsiveness [33].

We may have considered adding an end-inspiratory to
the end-inspiratory occlusion maneuver for predicting fluid
responsiveness. In a study by Jozwiak et al. [16], the diag-
nostic threshold of this maneuver was 13%, higher than the
10% LSC of VTI used in that study. However, the LSC of
CPDV and cFT we used in our study was lower, 7.4% and
3.5%, respectively. Both were lower than the 10.5% diagnos-
tic threshold we found, which makes the need for adding an
end-inspiratory occlusion test less stringent.

Fluid responsiveness depends on the slope of the
Frank-Starling curve, which is critically affected by car-
diac contractility. In our study, we excluded patients with
cardiac failure, so that the role of cardiac contractility
was not specifically assessed. However, previous obser-
vations made using aortic Doppler [34] have shown that
CDPV is directly correlated with cardiac inotropy, while
cFT is inversely correlated with systemic vascular resist-
ance (r*=0.66). Carotid Doppler could therefore be used
to investigate the relationship between cardiac contractil-
ity and vascular resistance in response to therapy, assum-
ing that CDPV measurement is accurate and that blood
flow in the supra-aortic vessels mirrors the blood flow in
the thoracic aorta.

Some limitations of our study must be acknowledged.
Firstly, this study was conducted on adult patients with
septic shock in controlled ventilation with 6 mL/kg
of PBW with absent or minimal spontaneous breath-
ing, and its findings are not necessarily generalizable to
other patient populations. Secondly, this technique is
based on manual detection and—as such—is prone to
intra-observer variation. In our study, all carotid Dop-
pler measurements were made by a single experienced
operator. While this was essential to ensure the repro-
ducibility of our measurements, it may have overesti-
mated their precision and reduced the external validity
of our findings. Thirdly, we used the EV1000"'/Volume
View device, which calculates SVI and CI on the average
pulse contour recorded over 20 s. Inevitably, this time
window only partially overlapped with those of the EEO,
which may have affected the accuracy of our findings.
Fourthly, as specified in our Methods, we compared both
the hemodynamic measurements made during EEOt and
those made after the fluid challenge with the first base-
line (T1), since on T3 the return to the baseline after the
EEOt was assessed only visually. Although the effect of
the EEOt is assumed to be transient, we cannot exclude
that some residual effects may have persisted after the
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end of EEOt and have reduced the accuracy of the subse-
quent measurements. Fifthly, the 61% gray zone we found
in our study suggests caution when using Doppler results
to make clinical decisions. Lastly, carotid Doppler might
be less accurate in patients affected by arrhythmias, such
as atrial fibrillation, which are common in septic shock
patients [35], or by valvular disorders, severe heart fail-
ure, carotid stenosis>50% or in some surgical settings
such as brain or neck surgery.

Conclusions

Our study showed that in adult patients with septic
shock, the changes in CPDV and cFT during EEOt on
carotid Doppler are correlated with the changes in CI
that occur after a fluid challenge, and that an increase in
CDPV greater than 10.5% during a 20-s EEOt predicted
fluid responsiveness with >95% specificity. Carotid Dop-
pler can be used to assess fluid responsiveness in patients
who are sedated and mechanically ventilated and without
arrhythmias, when invasive hemodynamic monitoring is
not immediately available. However, its large gray zone is
an important limitation.

Abbreviations

cFT Corrected flow time

a Cardiac index

CDPV Carotid Doppler peak velocity
Cls Confidence intervals

CvP Central venous pressure

ELWI Extravascular lung water index
EEOt End-expiratory occlusion test
FHT Functional hemodynamic tests
GEDVI Global end-diastolic volume index
HR Heart rate

ICU Intensive care unit

MAP Mean arterial pressure

PLR Passive leg raising

rmcorr Repeated measures correlation
NY% Stroke volume

SV Stroke volume index

SVRI Systemic vascular resistance index
SW Stroke volume variation

TPTD Trans-pulmonary thermodilution
TTE Trans-thoracic echocardiography
VTI Velocity-time integral

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513054-023-04422-9.

[ Additional file 1. Supplementary figures. }

Author contributions

SD'A, AMD, and CS contributed to conception and design of the work. SD'A,
AMD, SC, and CP were involved in enrollment and data acquisition. CS, SD'A,
AMD, and AM contributed to interpretation of data. SD'A, CS, AMD, and AM
were involved in manuscript writing. CS and MA contributed to revision and
senior contribution. All authors read and approved the final manuscript.


https://doi.org/10.1186/s13054-023-04422-9
https://doi.org/10.1186/s13054-023-04422-9

D'Arrigo et al. Critical Care (2023) 27:153

Funding
This study was funded by a finalized grant from Universita Cattolica del Sacro
Cuore Linea D1/2018.

Availability of data and materials

All data generated or analyzed during this study are included in this article.
The dataset used and/or analyzed during the study is available from the cor-
responding author on request.

Declarations

Ethics approval and consent to participate

This study was approved by the institutional review board (Prot. N. 0048329/18
ID 1677) of the Fondazione Policlinico Universitario A. Gemelli- IRCCS and
carried out in accordance with the principles outlined in the Declaration of
Helsinki. All patients or their legal representatives gave their written informed
consent to participate.

Consent to publication
Not applicable.

Competing interests
On behalf of all authors, the corresponding author states that there is no
conflict of interest.

Author details

'Department of Anesthesia and Intensive Care, Fondazione Policlinico Univer-
sitario ‘A. Gemelli' IRCCS, Universita Cattolica del Sacro Cuore, Largo Gemelli 8,
00168 Rome, Italy. 2Humanitas Clinical and Research Center — IRCCS, Rozzano,
Milan, Italy. >Department of Biomedical Sciences, Humanitas University, Pieve
Emanuele, Milan, Italy.

Received: 21 June 2022 Accepted: 30 March 2023
Published online: 19 April 2023

References

1. Cecconi M, De Backer D, Antonelli M, Beale R, Bakker J, Hofer C, Jaeschke
R, Mebazaa A, Pinsky MR, Teboul JL, et al. Consensus on circulatory shock
and hemodynamic monitoring. Task force of the European Society of
Intensive Care Medicine. Intensive Care Med. 2014;40(12):1795-815.

2. Boyd JH, Forbes J, Nakada TA, Walley KR, Russell JA. Fluid resuscita-
tion in septic shock: a positive fluid balance and elevated central
venous pressure are associated with increased mortality. Crit Care Med.
2011,39(2):259-65.

3. Cecconi M, Hofer C, Teboul JL, Pettila V, Wilkman E, Molnar Z, Della Rocca
G, Aldecoa C, Artigas A, Jog S, et al. Fluid challenges in intensive care:
the FENICE study: a global inception cohort study. Intensive Care Med.
2015;41(9):1529-37.

4. Messina A, Dell’Anna A, Baggiani M, Torrini F, Maresca GM, Bennett V,
Saderi L, Sotgiu G, Antonelli M, Cecconi M. Functional hemodynamic
tests: a systematic review and a metanalysis on the reliability of the end-
expiratory occlusion test and of the mini-fluid challenge in predicting
fluid responsiveness. Crit Care (London, England). 2019;23(1):264.

5. Monnet X, Rienzo M, Osman D, Anguel N, Richard C, Pinsky MR, Teboul
JL. Passive leg raising predicts fluid responsiveness in the critically ill. Crit
Care Med. 2006;34(5):1402-7.

6. Cavallaro F, Sandroni C, Marano C, La Torre G, Mannocci A, De Waure C,
Bello G, Maviglia R, Antonelli M. Diagnostic accuracy of passive leg raising
for prediction of fluid responsiveness in adults: systematic review and
meta-analysis of clinical studies. Intensive Care Med. 2010;36(9):1475-83.

7. Myatra SN, Prabu NR, Divatia JV, Monnet X, Kulkarni AP, Teboul JL. The
changes in pulse pressure variation or stroke volume variation after a
“tidal volume challenge”reliably predict fluid responsiveness during low
tidal volume ventilation. Crit Care Med. 2017;45(3):415-21.

8. Messina A, Montagnini C, Cammarota G, De Rosa S, Giuliani F, Muratore
L, Della Corte F, Navalesi P, Cecconi M. Tidal volume challenge to predict
fluid responsiveness in the operating room: an observational study. Eur J
Anaesthesiol. 2019;36(8):583-91.

12.

20.

21.

22.

23.

24.

25.

26.

Page 9 of 10

Biais M, Lanchon R, Sesay M, Le Gall L, Pereira B, Futier E, Nouette-Gaulain
K. Changes in Stroke volume induced by lung recruitment maneuver
predict fluid responsiveness in mechanically ventilated patients in the
operating room. Anesthesiology. 2017;126(2):260-7.

. Messina A, Colombo D, Barra FL, Cammarota G, De Mattei G, Longhini F,

Romagnoli S, DellaCorte F, De Backer D, Cecconi M, et al. Sigh maneuver
to enhance assessment of fluid responsiveness during pressure support
ventilation. Crit Care (London, England). 2019;23(1):31.

. Monnet X, Osman D, Ridel C, Lamia B, Richard C, Teboul JL. Predict-

ing volume responsiveness by using the end-expiratory occlusion in
mechanically ventilated intensive care unit patients. Crit Care Med.
2009;37(3):951-6.

Gavelli F, Teboul JL, Monnet X. The end-expiratory occlusion test: please,
let me hold your breath! Crit Care (London, England). 2019;23(1):274.

. Monnet X, Bleibtreu A, Ferre A, Dres M, Gharbi R, Richard C, Teboul JL.

Passive leg-raising and end-expiratory occlusion tests perform better
than pulse pressure variation in patients with low respiratory system
compliance. Crit Care Med. 2012;40(1):152-7.

. Silva S, Jozwiak M, Teboul JL, Persichini R, Richard C, Monnet X. End-

expiratory occlusion test predicts preload responsiveness independently
of positive end-expiratory pressure during acute respiratory distress
syndrome. Crit Care Med. 2013;41(7):1692-701.

. Yonis H, Bitker L, Aublanc M, Perinel Ragey S, Riad Z, Lissonde F, Louf-

Durier A, Debord S, Gobert F, Tapponnier R, et al. Change in cardiac
output during Trendelenburg maneuver is a reliable predictor of fluid
responsiveness in patients with acute respiratory distress syndrome
in the prone position under protective ventilation. Crit Care (London,
England). 2017,21(1):295.

. Jozwiak M, Depret F, Teboul JL, Alphonsine JE, Lai C, Richard C, Monnet X.

Predicting fluid responsiveness in critically ill patients by using combined
end-expiratory and end-inspiratory occlusions with echocardiography.
Crit Care Med. 2017;45(11):e1131-8.

. Georges D, de Courson H, Lanchon R, Sesay M, Nouette-Gaulain K, Biais

M. End-expiratory occlusion maneuver to predict fluid responsiveness in
the intensive care unit: an echocardiographic study. Crit Care (London,
England). 2018;22(1):32.

. Song Y, Kwak YL, Song JW, Kim YJ, Shim JK. Respirophasic carotid artery

peak velocity variation as a predictor of fluid responsiveness in mechani-
cally ventilated patients with coronary artery disease. Br J Anaesth.
2014;113(1):61-6.

. Ibarra-Estrada MA, Lopez-Pulgarin JA, Mijangos-Mendez JC, Diaz-Gomez

JL, Aguirre-Avalos G. Respiratory variation in carotid peak systolic velocity
predicts volume responsiveness in mechanically ventilated patients with
septic shock: a prospective cohort study. Crit Ultrasound J. 2015;7(1):29.
Kimura A, Suehiro K, Juri T, Tanaka K, Mori T. Changes in corrected carotid
flow time induced by recruitment maneuver predict fluid responsive-
ness in patients undergoing general anesthesia. J Clin Monit Comput.
2021;8:1-9.

Kiefer N, Hofer CK, Marx G, Geisen M, Giraud R, Siegenthaler N, Hoeft A,
Bendjelid K, Rex S. Clinical validation of a new thermodilution system for
the assessment of cardiac output and volumetric parameters. Crit Care
(London, England). 2012;16(3):R98.

Wodey E, Carre F, Beneux X, Schaffuser A, Ecoffey C. Limits of corrected
flow time to monitor hemodynamic status in children. J Clin Monit Com-
put. 2000;16(3):223-8.

Jozwiak M, Mercado P, Teboul JL, Benmalek A, Gimenez J, Dépret F,
Richard C, Monnet X. What is the lowest change in cardiac output that
transthoracic echocardiography can detect? Crit Care (London, England).
2019;23(1):116.

Cecconi M, Rhodes A, Poloniecki J, Della Rocca G, Grounds RM. Bench-
to-bedside review: the importance of the precision of the reference
technique in method comparison studies—with specific reference

to the measurement of cardiac output. Crit Care (London, England).
2009;13(1):201.

Bakdash JZ, Marusich LR. Repeated measures correlation. Front Psychol.
2017,8:456.

Montenij LJ, Buhre WF, Jansen JR, Kruitwagen CL, de Waal EE. Methodol-
ogy of method comparison studies evaluating the validity of cardiac
output monitors: a stepwise approach and checklist. Br J Anaesth.
2016;116(6):750-8.



D'Arrigo et al. Critical Care

27.

28.

29.

30.

31.

32.

33

34.

35.

(2023) 27:153

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D,
Bauer M, Bellomo R, Bernard GR, Chiche JD, Coopersmith CM, et al. The
third international consensus definitions for sepsis and septic shock
(sepsis-3). JAMA. 2016,315(8):801-10.

Kenny JS, Barjaktarevic |, Eibl AM, Parrotta M, Long BF, Eibl JK. A wearable
carotid Doppler tracks changes in the descending aorta and stroke
volume induced by end-inspiratory and end-expiratory occlusion: a pilot
study. Health Sci Rep. 2020;3(4): €190.

Monnet X, Teboul JL. Passive leg raising: five rules, not a drop of fluid! Crit
Care (London, England). 2015;19(1):18.

Biais M, Larghi M, Henriot J, de Courson H, Sesay M, Nouette-Gaulain K.
End-expiratory occlusion test predicts fluid responsiveness in patients
with protective ventilation in the operating room. Anesth Analg.
2017;125(6):1889-95.

Dépret F, Jozwiak M, Teboul JL, Alphonsine JE, Richard C, Monnet

X. Esophageal Doppler can predict fluid responsiveness through
end-expiratory and end-inspiratory occlusion tests. Crit Care Med.
2019;47(2):296-102.

Gavelli F, Shi R, Teboul JL, Azzolina D, Monnet X. The end-expiratory occlu-
sion test for detecting preload responsiveness: a systematic review and
meta-analysis. Ann Intensive Care. 2020;10(1):65.

Kenny JS, Barjaktarevic I. Letter to the Editor: Stroke volume is the

key measure of fluid responsiveness. Crit Care (London, England).
2021;25(1):104.

Singer M, Allen MJ, Webb AR, Bennett ED. Effects of alterations in left
ventricular filling, contractility, and systemic vascular resistance on the
ascending aortic blood velocity waveform of normal subjects. Crit Care
Med. 1991;19(9):1138-45.

Meierhenrich R, Steinhilber E, Eggermann C, Weiss M, Voglic S, Bégelein
D, Gauss A, Georgieff M, Stahl W. Incidence and prognostic impact of
new-onset atrial fibrillation in patients with septic shock: a prospective
observational study. Crit Care (London, England). 2010;14(3):R108.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Can carotid artery Doppler variations induced by the end-expiratory occlusion maneuver predict fluid responsiveness in septic shock patients?
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Patient population
	Intervention
	Carotid Doppler
	Study endpoints
	Statistical analysis

	Results
	Baseline
	Hemodynamic effects of EEOt
	Hemodynamic effects of fluid challenge
	Correlation between changes in carotid Doppler and in cardiac output measurements
	Prediction of fluid responsiveness

	Discussion
	Conclusions
	Anchor 22
	References


