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Abstract 

Background:  Cognitive dysfunction and delirium after ICU are frequent and may partially result from brain ischemia 
episodes. We hypothesized that systemic inflammation (severe sepsis or septic shock) modifies the control of brain 
circulation and the relation between systemic and cerebral hemodynamic after a positive response to fluid challenge 
(FC).

Methods:  Three groups of patients were studied if they increased stroke volume (SV) > 10% after 250 or 500 ml of 
crystalloids: control group: patients free of comorbidity anesthetized for orthopedic surgery; sepsis group: patients with 
severe sepsis or septic shock (classic definition); brain injury (BI) group: trauma brain jury or hemorrhagic stroke with no 
detectable systemic inflammation. The measurements before and after FC were mean arterial blood pressure (MAP) 
(radial catheter); SV and cardiac output (CO; transesophageal Doppler); bilateral middle cerebral artery (MCAv) velocity 
with peak systolic (PSV) and end diastolic (EDV) values (transcranial Doppler); end-tidal CO2. The role of MAP increase 
was investigated by an arbitrarily threshold increase of 5%, called responder in CO and MAP (RR). The remaining 
patients were call responders in CO and non-responders in MAP (RnR). Nonparametric tests were used for statistical 
analysis.

Results:  Among the 86 screened patients, 66 have completed the protocol: 17 in control group; 38 in sepsis group; 
and 11 in BI group. All patients increased SV > 10% after FC. Only the sepsis group increased MAP [+ 12 (2–25%), 
p < 0.05] with a significant increase in PSV and EDV [(17 (3–30)% and 17 (12–42)%, respectively (p < 0.05)], which did 
not change in the two other groups. The septic RR or RnR had similar variations in MCAv after FC. The baseline MAP < 
or > baseline median MAP had similar MCAv.

Conclusions:  After a FC-induced increase in SV, MCAv (PSV and EDV) increased only in septic group, mostly indepen-
dently from MAP increase and from baseline MAP level. Cerebral perfusion becomes passively dependent on systemic 
blood flow, suggesting a modification of the control of cerebrovascular tone in sepsis-induced systemic inflammation. 
This information has been considered in the clinical management of septic patients.
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Background
The physiology of cerebral circulation indicates that brain 
metabolic requirements are primarily covered by cerebral 
oxygen delivery, i.e., cerebral blood flow (CBF). These 
stimuli modify local vascular tone at a given cerebral 
oxygen consumption: (1) autoregulation of CBF when 
blood pressure (BP) varies; (2) carbon dioxide variations 
inducing changes in brain vessel caliber, e.g., dilatation 
in acute hypercapnia and constriction in acute hypocap-
nia; and (3) oxygen content inducing vascular dilatation 
in hypoxia and a moderate constriction in hyperoxia. The 
cerebral specificity for this tuning of vascular tone allows 
the maintenance of CBF adaptation to metabolic demand 
with relative independence from systemic hemodynamic 
changes and their regulatory factors [1–3]. The paucity of 
data available on the relationship between systemic blood 
flow (cardiac output CO and stroke volume SV) and CBF 
in humans [4–8], particularly in presence of systemic 
inflammation [9, 10] or brain injury [11–14], had moti-
vated this study. The actual debate on fluid resuscitation 
for patients with acute systemic inflammation associ-
ated not with vasopressors is poorly focused on regional 
blood flow. The present study on human beings aimed to: 
(1) investigate the modifications of cerebral blood flow 
velocities as a surrogate of CBF [15] induced by a cali-
brated fluid challenge increasing CO and SV; (2) evaluate 
the impact of a sepsis-induced systemic inflammation on 
the CO/blood flow velocities relationship; (3) compare 
with patient having brain injury but with non-detectable 
systemic inflammation.

Methods
This prospective study was performed in our 20-bed 
intensive care unit (Lariboisière University Hospital, 
Paris, France) after receiving ethical approval from the 
Ethics Committee of the French Society of Intensive Care 
(CE SRLF 13-43, 2013).

Patients and fluid loading tests
Eighty-three sedated and mechanically ventilated 
patients were screened for this study. The “control group” 
had 17 patients without comorbidity anesthetized for 
scheduled non-major orthopedic surgery. The measure-
ments were performed 15  min after general anesthesia 
and intubation when circulatory conditions were stable. 
The “sepsis group” had 52 patients who met the criteria 
of severe sepsis and septic shock according to the classic 
consensus definition [16]. The “brain injury (BI) group” 
consisted in 14 patients having traumatic brain injury 
(TBI) or hemorrhagic stroke, with no clinical or bio-
logical markers of SIRS and no secondary complications 
that may induce systemic inflammation. When abnor-
mal markers were present, the patients were excluded 

(n = 3) from the study. Even a modest systemic inflam-
mation cannot be ruled out; no patients had a major sys-
temic inflammation as observed in sepsis patients. For 
all groups, great care was taken as much as possible to 
limit the confounding factors, such as abnormal arterial 
CO2 levels, vasoactive drugs or sedation heterogeneity, 
central temperature, and natremia levels. Ventilation was 
set to maintain normocapnia, which was continuously 
monitored using end-tidal carbon dioxide partial pres-
sure (ETCO2). The following parameters were collected: 
ECG, oxygen saturation, CO and SV measurements using 
transesophageal Doppler (CardioQ®, Deltex, UK) [17]; 
invasive systolic, diastolic, and mean arterial pressures 
(SAP, DAP, and MAP in mmHg) (radial or femoral cathe-
ter) were measured in sepsis and brain injury groups and 
noninvasively in the control group.

When a fluid challenge (FC) was decided by the sen-
ior in charge, it was calibrated to investigate the rela-
tionship between systemic and cerebral hemodynamics. 
The FC consisted in a rapid infusion of 250–500  ml of 
crystalloids over 5–10  min. Data were collected exclu-
sively in patients who exhibited a positive FC response 
defined as an increase in SV of at least 10%. Among 
them, those who exhibited an increase in MAP above an 
arbitrary limit of 5% were called responders–respond-
ers (RR = SV increase > 10% + MAP increase > 5%). 
When MAP increased less than 5%, these patients 
were called responders–non-responders (RnR = SV 
increase > 10% + MAP increase < 5%). Following exclusion 
criteria were used: increase in SV < 10%; age < 18  years; 
pregnancy; unstable hemodynamics or absence of 
sinus rhythm; absence of a window for TCD measure-
ments; previous diagnosis of neurological or psychiatric 
disorders.

Data collection
The collected clinical characteristics were: age, gender, 
administration of sedative and vasopressor agents, Charl-
son comorbidity score, cardiovascular comorbidities 
especially hypertension, reason for admission, origin of 
sepsis, severity of the critical illness assessed by SAPSII 
score at admission, SOFA score at inclusion. In addition, 
ETCO2 (mmHg), PaCO2 (mmHg), natremia (mmol  l−1), 
glycemia (mmol  l−1), and temperature (°C) were moni-
tored and collected during the protocol time. The inves-
tigator obtained the following hemodynamic parameters 
just before and after the FC: SAP, DAP, MAP (mmHg), 
heart rate (HR, min−1), CO (l min−1), and SV (ml/b). The 
trained investigators measured the transcranial Doppler 
blood flow velocities in both side middle cerebral arter-
ies (MCAv) using pulsed Doppler velocimeter (Transcra-
nial Doppler, Athys®, France Lyon). Measurements were 
manually done avoiding the use of a helmet to obtain the 
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best signal possible. The 2-MHz probe was positioned at 
the temporal window of the skull checking for the best 
signal. The side of the skull with the best signal for MCAv 
measurements was selected for analysis in patients with-
out brain injury (control and septic). The parameters were 
obtained before FC and repeated immediately at the end 
of FC at the same site. For the BI group, measurements 
were performed on the non-lesioned side if lesions were 
asymmetric. At each time of the protocol, at least three 
measurements were performed and the highest value 
was used for analysis. Only two physicians performed 
the TCD measurements to limit inter-individual meas-
urement variability. Peak systolic (PSV) and end diastolic 
(EDV) blood flow velocities in MCA were collected.

Statistical analysis
Statistical analysis was performed using Prism (Graph-
Pad Software, USA). Quantitative variables are expressed 
as medians (25–75 percentiles). Nonparametric statisti-
cal tests were used for continuous variables as Wilcoxon 
test for intragroup comparisons, and Kruskal–Wallis test 
and Mann–Whitney test for intergroup comparisons. 
Statistical significance was defined as p < 0.05.

Results
Study population
Figure  1 shows the flowchart of the study population. 
Among the 86 screened patients, 66 were included. 
Twenty patients were excluded because of: a SV 
increase < 10% (n = 17) in sepsis and BI groups; three 
patients had SIRS criteria in BI group. Seventeen patients 
were in the control group; 38 patients were in the sep-
sis group, and 11 patients were in the BI group. Table 1 
depicts the demographic, clinical characteristics and 
drugs used for different groups of patients. All sedative or 
vasopressive drugs (Table 1) remained at the same dose 
during the protocol. All patients received propofol at a 
comparable dose ranging (NS): 3.2 mg kg−1 h−1 in Con-
trol, 2.6 mg kg−1 h−1 in sepsis group, 2.9 mg−1 kg−1 h−1 in 
BI. All patients were under mechanical ventilation (con-
trolled-assisted ventilation) set to obtain adequate PaCO2 
and ETCO2. 68% (45/66) of patients were measured after 
250  ml of crystalloids FC, and 32% (21/66) were meas-
ured after 500 ml of crystalloids. 

Effect of fluid loading test on systemic and cerebral 
hemodynamic parameters
Table  2 shows the baseline values, and the changes in 
systemic and cerebral hemodynamic parameters for the 
three studied groups. Figure  2 (left side) shows the indi-
vidual changes in MCAv. Table 3 shows the baseline values 
and the changes in systemic and cerebral hemodynamic 
parameters in sepsis group. Baseline systemic parameters 

were different between the three groups. Baseline CO and 
HR were higher in the sepsis group with a lower MAP than 
the other groups. Since FC was performed with boluses 
of 250 or 500 ml, the proportion of patients infused with 
250  ml was 68%. No Control patients, 40.7% in Sepsis 
group and 91% of BI group received 250 ml. BI group had 
a lower CO than in control group with a higher MAP than 
septic group. Baseline cerebral parameters were also differ-
ent between the three groups for PSV, which was higher 
in the sepsis group than in the control group but not with 
BI group. EDV was comparable between the three groups. 
Changes in CO, SV, and HR over FC were proportionally 
similar between the three groups. Arterial blood pres-
sures in the sepsis group (SAP, DAP, MAP) and in the 
brain injury group (SAP, MAP) changed significantly after 
the FC. FC induced different changes in cerebral hemo-
dynamic parameters between the three groups (see Addi-
tional file 1). PSV and EDV did not change in the control 
group. Both of them increased in the sepsis group. In BI 
group, only PSV increased (Table  2 and Fig.  2). When 
changes were compared to the control (Table 2), changes 
in EDV (p = 0.0001) and PSV (p < 0.0042) increased signifi-
cantly only in sepsis group (Table 3). This increase in sep-
sis group was also significant for EDV when compared to 
BI group (p = 0.0170). No significant correlations between 
systemic and cerebral hemodynamic changes were 
observed in any group (data not shown).  

86 pa�ents enrolled

20 exclusions
17 for ∆SV<10%

3 brain injury group
14 sepsis group

3 for SIRS criteria in the BI group

66 pa�ents included

17 Control group
5 RR
12 RnR

38 Sepsis group
25 RR
13 RnR

11 Brain Injury group
5 RR
6 RnR

Fig. 1  Flowchart of the study. ∆SV: stroke volume variation before 
and after fluid loading test; RR: responders–responders (∆SV > 10% 
and ∆MAP > 5%); RnR: responders–non-responders (∆SV > 10% and 
∆MAP < 5%)
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Effects of FC test in RR versus RnR patients
Table 3 and right side of Fig. 2 as the Additional file 1: 
Table S1 and S2 show the baseline and changes in sys-
temic and cerebral hemodynamics in RR versus RnR 
patients, especially in sepsis group. The amplitude of 
changes in PSV and EDV in the sepsis group did not 
differ between the RR and RnR subgroups, with a noted 
nonsignificant trend of a higher ΔPSV in RR [24 (11–
30)%] than RnR [10 (− 2 to 33)%]. This trend was not 
observed for EDV, which increased in a same extend. 
Neither PSV nor EDV were altered after FC in the 
RR or RnR in the control and BI groups. The control 
group exhibited a trend of increased EDV in the RR [14 
(− 4 to 25)%] versus RnR subgroups [− 2 (− 7 to 5)%], 
p = 0.0764).

Discussion
Cerebral circulation is regulated by integrated efficient 
mechanisms, including cerebral autoregulation, hemo-
dynamic-metabolic coupling, and vascular reactivity, 
to CO2 or O2 [1–3]. The occurrence of severe sepsis or 
septic shock requires intense supportive therapy that 
primarily targets the cardiovascular system using fluid 
loading and vasopressors [18]. The acute changes in vas-
cular reactivity during acute inflammation [19] induce 
modifications in regional vascular reactivity, especially 
at the cerebral level [9]. An improved understanding of 
the potential modifications of the relationship between 
systemic and cerebral hemodynamics is of paramount 
importance because of the post-ICU cognitive dysfunc-
tions and risk of brain ischemia [16]. Relatively few 

Table 1  Demographic characteristics

Continuous values were expressed as median (25th–75th); discontinuous values were expressed with percentage

SAPSII Simplified Acute Physiology Score, SOFA sequential organ failure assessment, NA non available, FL fluid loading, MAP mean arterial pressure, ETCO2 end-tidal 
CO2
a  Sepsis group: 14/38 (37%) severe sepsis, 24/38 (63%) septic shock
b  D0 was the day of admission in ICU
c  Mean dose 2.3 (0.7–2.8) mg h−1

d  Mean dose 2.8 (0.7–3.5) mg h−1

e  Mean dose 0.25 (0.2–0.29) µg kg−1 min−1

Control
n = 17

Brain injury
n = 11

Sepsisa

n = 38 (63% septic shock)

Age (years) 48 (34–59) 58 (41–66) 64 (54–79)

Sexe (female) 12 (70%) 2 (18%) 16 (46%)

Charlson 1 (0–2) 2 (1–4) 3 (2–6)

Hypertension 0 6 (55%) 11 (29%)

Reason for admission NA Traumatic 8 (73%) Abdominal 14 (37%)

Hemorrhagic stroke 3 (27%) Pulmonary 10 (27%)

Skin 7 (18%)

Other 7 (18%)

SAPS II at admission NA 49 (42–66) 53 (38–64)

SOFA at inclusion NA 7 (3–9) 6 (4–11)

Day of FLb NA 0.5 (0–1) 1 (0–3)

MAP (mmHg) 74 (65–89) 89 (77–96) 67 (56–75)

PaCO2 (mmHg) NA 38 (35–42) 39 (36–42)

ETCO2 (mmHg) NA 34 (30–36) 33 (27–35)

Natremia (mmol l−1) NA 138 (133–141) 141 (138–144)

Glycemia (mmol l−1) NA 6.8 (6.8–9.6) 7.3 (5.8–8.6)

Temperature (°C) NA 37 (37.2–38.0) 37 (36.5–38)

Propofol 17 (100%) 11 (100%) 38 (100%)

Midazolam 0 7 (64%) 11 (29%)

Ketamine 0 0 8 (21%)

Fentanyl 0 9 (82%) 20 (53%)

Norepinephrine 0 7 (64%)c 24 (63%)d

Epinephrine 0 0 2 (5%)e
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human studies reported the impact of FC on cerebral 
hemodynamics, especially during systemic acute inflam-
mation. Little is known about human regional circulation 
because of technical limitations in regional measure-
ments [20]. Regional circulations exhibit different physi-
ological characteristics, with pressure dependence for 
some circuits and pressure independence for other 
circuits. Therefore, knowledge of modifications in the 
autoregulation of flow during pressure variations is nec-
essary, particularly for the brain.

This study hypothesized that the relationship between 
the systemic circulation and brain perfusion could 
change in the presence of severe systemic inflammation 
as in severe sepsis or septic shock, or when local inflam-
mation is present as in brain injury. Such potential modi-
fications can be demonstrated only when it is compared 
to healthy people under similar sedation. If this hypoth-
esis is correct, such aspect has to be taken into account 
for therapeutic supportive strategy. The comparison with 
brain injury patients in the absence of systemic markers 
of SIRS but with local inflammation was important. This 
local inflammation may modify the systemic and cer-
ebral circulation responses to FC. The sedation was kept 
constant during the protocol reducing brain metabolism 

with a controlled partial pressure of carbon dioxide and 
adequate arterial oxygen saturation. As a consequence, 
the impact of these confounding factors controlling cer-
ebrovascular tone was limited.

To our knowledge, this study is the first report to inves-
tigate the dynamic relationships between CO, MAP, and 
MCAv before and after an FC test. The following main 
results were demonstrated: (1) the increase in SV (and 
CO) after FC increased systolic and diastolic MCAv only 
in patients exhibiting sepsis-induced severe acute sys-
temic inflammation; (2) the impact of a systemic blood 
flow increase on cerebral flow velocities predominated 
the role of MAP rise in severe acute systemic inflamma-
tion; and (3) this hemodynamic response was specific to 
systemic inflammation because brain injury patients did 
not exhibit modified MCAv despite the FC-induced MAP 
increase.

The FC-induced increase in CO does not increase 
blood pressure in control or BI groups, which confirms 
the tight control of blood pressure by an induced vasodil-
atation when CO increases. More specifically, MCAv did 
not change significantly, with a modest but significant 
increase (6%) in PSV in BI patients. A causal relation-
ship between CBF and CO was demonstrated in healthy 

Table 2  Systemic and cerebral hemodynamics

Quantitative values were expressed as median (25th–75th). Statistical tests: nonparametric tests, intragroup comparisons by Wilcoxon, intergroup by Kruskal–
Wallis and Mann–Whitney test

CO cardiac output, SV stroke volume, HR heart rate, SAP systolic arterial pressure, DAP diastolic arterial pressure, MAP mean arterial pressure, PP pulse pressure, PSV pic 
systolic velocity, EDV end diastolic velocity, C Control group, S septic group, BI brain injury group

Control
n = 17

Brain injury
n = 11

Sepsis
n = 38

p p
S versus C

p
BI versus C

p
S versus BI

Baseline

 CO (l min−1) 4.6 (3.4 to 6.5) 3.2 (2.8 to 3.5) 5.2 (4 to 6.7) 0.0036* 0.03* 0.015* 0.0006*

 SV (ml) 66 (54 to 86) 49 (33 to 53) 53 (41 to 72) 0.0087* 0.0302*  0.0023* 0.1188

 HR (min−1) 72 (62 to 80) 75 (65 to 89) 103 (87 to 123) < 0.0001* < 0.0001  0.2485 0.0028*

 SAP (mmHg) 105 (96 to 122) 128 (102 to 147) 101 (88 to 113) 0.0146* 0.1995  0.0515 0.0056*

 DAP (mmHg) 60 (53 to 75) 66 (60 to 79) 52 (46 to 57) 0.0001* 0.0036*  0.2890 < 0.0001*

 MAP (mmHg) 74 (65 to 89) 89 (77 to 96) 67 (56 to 75) 0.0007* 0.024*  0.0926 0.0002*

 PP (mmHg) 45 (37 to 51) 54 (40 to 78) 47 (36 to 62) 0.2404

 PSV (cm s−1) 62 (51 to 70) 90 (55 to 122) 94 (66 to 107) 0.0068* 0.0006*  0.1950 0.6405

 EDV (cm s−1) 27 (20 to 34) 32 (24 to 43) 34 (26 to 39) 0.3031

Fluid challenge

 ΔCO (%) 19 (13 to 31)* 22 (15 to 27)* 27 (17 to 33)* 0.2071

 ΔSV (%) 26 (17 to 46)* 30 (24 to 33)* 27 (19 to 42)* 0.9671

 ΔHR (%) − 6 (− 12 to 1)* − 6 (− 8 to − 1)* − 3 (− 8 to 0)* 0.2682

 ΔSAP (%) 2 (− 2 to 5) 8 (3 to 27)* 12 (4 to 37)* 0.0022* 0.0006* 0.0278* 0.2935

 ΔDAP (%) 1 (− 6 to 8) 4 (− 2 to 27) 7 (0 to 14)* 0.1814

 ΔMAP (%) 1 (− 4 to 5) 4 (1 to 13)* 12 (2 to 25)* 0.0026* 0.0007* 0.0511 0.1802

 ΔPP (%) 2 (− 6 to 7) 15 (2 to 29)* 22 (5 to 59)* 0.0026* 0.0005* 0.0904 0.2008

 ΔPSV (%) 2 (0 to 11) 6 (5 to 11)* 17 (3 to 30)* 0.0075* 0.0042* 0.2789 0.0552

 ΔEDV (%) 0 (− 7 to 8) 5 (0 to 16) 17 (12 to 42)* < 0.0001* < 0.0001* 0.3461 0.0170
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volunteers, whose central blood volume decreased via 
lower negative pressure [4], standing up [5], albumin 
infusion [6], or normal saline infusion [7]. Blood pres-
sures remained relatively stable in these studies, and CBF 
changes secondary to CO changes might result from 
changes in cerebrovascular resistance. However, the 
mechanisms responsible for the change in CBF related 
to changes in CO remain speculative [9, 10]. The present 
study did not find any relationship between CO changes 
and MCAv changes in control patients under sedation.

Since the systemic inflammation during sepsis [9, 16] 
may reasonably include cerebral vessels, one can expect a 
different control in cerebral vasomotion. Previous studies 
in septic patients have demonstrated a reduction of CBF 
and CMRO2 during sepsis [21–23]. Some studies demon-
strated impaired CO2 reactivity [24–26], and other stud-
ies reported conserved CO2 reactivity [27–29]. Impaired 
autoregulation was reported [30–32], but other studies 
observed a maintained autoregulation [27]. Few data on 
the relationship between CO and CBF during sepsis have 
been reported [33, 34], especially after a FC. Smith et al. 
[34] found that carotid blood flow correlated with the 
cardiac index in 15 patients with septic shock, suggesting 
a loss of CBF independence in septic patients. However, 
Straver et  al. [33] did not find any correlation between 
MCAv and cardiac index in 20 patients with septic shock 

and observed a negative correlation between MCAv and 
systemic vascular resistance. The baseline higher CO and 
lower MAP in the sepsis group in our study was associ-
ated with a higher PSV, but with an EDV not different 
than the control group. These observations are consist-
ent with previous studies that demonstrated an increase 
in MCAv and pulsatile index during the early phase of 
sepsis [10, 26, 29, 35, 36]. The FC-induced CO increase 
in the sepsis group of our study was associated with an 
increased systolic and diastolic BP in some patients 
and an increased PSV and EDV. This cerebral velocities 
increase may result from both MAP and CO increase in a 
relatively hypo-responsive vascular tone.

The RR and RnR subgroups were compared to test the 
respective roles of blood pressure level and CO increase 
on the observed MCAv results. The amplitude of MCAv 
increase after FC in septic patients was similar between 
the subgroups with or without MAP increase. This lack of 
difference may result from the predominant vasodilation 
secondary to inflammation rather than to the vasomotion 
associated with MAP variations. CO increase induces a 
CBF increase with a modest impact on inflow pressure. 
The subtle impact of MAP might be important in the 
presence of vasodilatation despite the modest increase 
in pressure. This was approached by the separation of 
the patients on their baseline values of MAP referred to 

Fig. 2  a (Left side) The individual data for middle cerebral velocities before and after fluid challenge in the three studied groups: control (black 
color), brain injury (blue color) and septic patients (red color). The right side of the figure shows the box plot for the middle cerebral artery velocities 
(MCAv) at peak systole (PSV) and end diastole (EDV); b patients responding both in mean blood pressure and CO; c patients responding only in CO 
and not in mean blood pressure. *p value < 0.05
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the median value. The low and higher MAP patients had 
similar response in term of SPV and EDV increase, sug-
gesting a modest impact of MAP. This reduced vascular 
response may result from the sepsis-induced vasopa-
ralysis, which is a combination of impaired pressor and 
dilatator responses secondary to altered endothelial func-
tion [37]. A definite conclusion about the mechanism(s) 
altering the systemic and cerebral circulation needs fur-
ther specific studies. The observed results during acute 
severe inflammation may at least warn the clinician of 
the potential risk of inadequate systemic flow more than 
pressure control itself. Knowing this relationship may 
help to reduce the risk of brain ischemia and the inci-
dence of cognitive dysfunction.

There are several limitations to this study. First, the 
study was not blinded, and the number of patients was 
relatively small. These results should be confirmed in 
a larger population using a blinded Doppler measure-
ment. Despite this, we note that our study is the largest 

cohort reported in septic patients, in addition to a FC 
test response. If a theoretical limitation related to the 
operator and his subjectivity for transcranial Dop-
pler measurements is possible, it is limited since trac-
ings were printed for each measure and this limitation 
may also be present for all groups. Second, transcra-
nial Doppler is a noninvasive and feasible method, but 
it is only a surrogate of CBF to assess cerebral perfu-
sion, ignoring the vessel diameter. As for many studies, 
the diameter of the measured cerebral vessel was con-
sidered constant, an assumption that might be wrong. 
This led to interpret the relative changes in MCAv as 
a good surrogate of relative changes in CBF. The prac-
tice of using TCD-MCAv as a CBF surrogate estimation 
has been accepted for intensive care patients undergo-
ing evaluations of cerebral perfusion, but interpreta-
tion must be cautious [38]. Third, the autoregulation 
capacity was not investigated in this study. A potential 
impact of the low baseline MAP value in septic group 
should be kept in mind. This baseline level could be 
then lower than the lower limit of the autoregulation 
curve, leading to CBF dependence on MAP. The simi-
lar changes in MCAv observed in patients with low and 
higher MAP in sepsis group suggests however a negligi-
ble impact.

Conclusions
In summary, the increase in SV (and CO) after FC 
increased systolic and diastolic MCAv only in patients 
exhibiting sepsis-induced severe acute systemic inflam-
mation. The impact of a systemic blood flow increase on 
cerebral flow velocities predominates the role of MAP 
rise in severe acute systemic inflammation.
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Table 3  Systemic and  cerebral hemodynamics in  patients 
responders–responders (RR) versus  responders–non-
responders (RnR) in the sepsis group

Quantitative values were expressed as median (25th–75th). Statistical tests: 
intragroup: nonparametric Wilcoxon test; intergroup: nonparametric Mann–
Whitney test

CO cardiac output, SV stroke volume, HR heart rate, SAP systolic arterial pressure, 
DAP diastolic arterial pressure, MAP mean arterial pressure, PP pulse pressure, 
PSV pic systolic velocity, EDV end diastolic velocity, FC fluid challenge, RR 
responders responders, RNR responders non-responders

*Significant difference after FL compared with baseline

RR
n = 23

RNR
n = 15

p

Baseline

 CO (l min−1) 5.7 (4 to 6.8) 4.9 (3.5 to 6.7) 0.4288

 SV (ml) 54 (38 to 71) 52 (41 to 75) 0.8076

 HR (min−1) 108 (89 to 124) 93 (71 to 101) 0.0374

 SAP (mmHg) 99 (88 to 110) 107 (86 to 121) 0.2382

 DAP (mmHg) 51 (44 to 58) 53 (50 to 57) 0.5107

 MAP (mmHg) 64 56 to 74) 70 (62 to 77) 0.1685

 PP (mmHg) 45 (34 to 60) 49 (42 to 69) 0.2382

 PSV (cm s−1) 81 (63 to 108) 101 (82 to 107) 0.5205

 EDV (cm s−1) 36 (25 to 42) 33 (26 to 36) 0.4287

FC test

 ∆CO (%) 27 (18 to 35)* 27 (14 to 29)* 0.3323

 ∆SV (%) 39 (20 to 44)* 25 (14 to 29)* 0.0993

 ∆HR (%) − 5 (− 9 to 0)* − 2 (− 4 to 3) 0.0928

 ∆SAP (%) 30 (14 to 39)* 1 (− 1 to 5) < 0.0001

 ∆DAP (%) 12 (7 to 18)* 0 (− 4 to 3) < 0.0001

 ∆MAP (%) 25 (13 to 29)* 0 (− 4 to 4) < 0.0001

 ∆PP (%) 52 (22 to 67)* 4 (− 1 to 14) < 0.0001

 ∆PSV (%) 24 (11 to 30)* 10 (− 2 to 33)* 0.1348

 ∆EDV (%) 17 (14 to 42)* 18 (5 to 42)* 0.7400

https://doi.org/10.1186/s13613-018-0419-1


Page 8 of 9Le Dorze et al. Ann. Intensive Care  (2018) 8:74 

and design of the study, did the analysis and the interpretation of the data, 
drafted or provided critical revision of the article, provided final approval of 
the version submitted for publication. All authors read and approved the final 
manuscript.

Author details
1 Department of Anesthesiology and Critical Care, Lariboisière Hospital, APHP, 
2 Rue Ambroise Paré, 75010 Paris, France. 2 UMR INSERM 1160, University Paris 
7 Denis Diderot, Paris, France. 

Acknowledgements
None.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The data cannot be deposited in publicly repositories since the agreement 
of the Ethic committee didn’t cover this aspect. However, we fully agree to 
discuss and share key data with interest individuals.

Consent for publication
Not applicable.

Ethics approval and consent to participate
This prospective study received ethical approval from the Ethics Committee of 
the French Society of Intensive Care (CE SRLF 13-43, 2013).

Funding
No source of funding for the research reported has to be declared.

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

Received: 20 January 2018   Accepted: 20 June 2018

References
	1.	 Lassen NA. Autoregulation of cerebral blood flow. Circ Res. 

1964;15(Suppl):201–4.
	2.	 Willie CK, Tzeng Y-C, Fisher JA, Ainslie PN. Integrative regulation of human 

brain blood flow. J Physiol. 2014;592(5):841–59.
	3.	 McBryde FD, Malpas SC, Paton JFR. Intracranial mechanisms for pre-

serving brain blood flow in health and disease. Acta Physiol Oxf Engl. 
2017;219(1):274–87.

	4.	 Levine BD, Giller CA, Lane LD, Buckey JC, Blomqvist CG. Cerebral versus 
systemic hemodynamics during graded orthostatic stress in humans. 
Circulation. 1994;90(1):298–306.

	5.	 van Lieshout JJ, Pott F, Madsen PL, van Goudoever J, Secher NH. Muscle 
tensing during standing: effects on cerebral tissue oxygenation and 
cerebral artery blood velocity. Stroke. 2001;32(7):1546–51.

	6.	 Ogoh S, Brothers RM, Barnes Q, Eubank WL, Hawkins MN, Purkayastha S, 
et al. The effect of changes in cardiac output on middle cerebral artery 
mean blood velocity at rest and during exercise. J Physiol. 2005;569(Pt 
2):697–704.

	7.	 Ogawa Y, Iwasaki K, Aoki K, Shibata S, Kato J, Ogawa S. Central hyper-
volemia with hemodilution impairs dynamic cerebral autoregulation. 
Anesth Analg. 2007;105(5):1389–96.

	8.	 Meng L, Hou W, Chui J, Han R, Gelb AW. Cardiac output and cerebral 
blood flow: the integrated regulation of brain perfusion in adult humans. 
Anesthesiology. 2015;123(5):1198–208.

	9.	 Burkhart CS, Siegemund M, Steiner LA. Cerebral perfusion in sepsis. Crit 
Care Lond Engl. 2010;14(2):215.

	10.	 de Azevedo DS, Salinet ASM, de Lima OM, Teixeira MJ, Bor-Seng-Shu E, de 
Carvalho NR. Cerebral hemodynamics in sepsis assessed by transcranial 
Doppler: a systematic review and meta-analysis. J Clin Monit Comput. 
2017;31(6):1123–32.

	11.	 Bouma GJ, Muizelaar JP. Relationship between cardiac output and 
cerebral blood flow in patients with intact and with impaired autoregula-
tion. J Neurosurg. 1990;73(3):368–74.

	12.	 Treib J, Haass A, Krammer I, Stoll M, Grauer MT, Schimrigk K. Cardiac 
output in patients with acute stroke. J Neurol. 1996;243(8):575–8.

	13.	 Joseph M, Ziadi S, Nates J, Dannenbaum M, Malkoff M. Increases in 
cardiac output can reverse flow deficits from vasospasm independent of 
blood pressure: a study using xenon computed tomographic measure-
ment of cerebral blood flow. Neurosurgery. 2003;53(5):1044–52.

	14.	 Lazaridis C, Pradilla G, Nyquist PA, Tamargo RJ. Intra-aortic balloon pump 
counterpulsation in the setting of subarachnoid hemorrhage, cerebral 
vasospasm, and neurogenic stress cardiomyopathy. Case report and 
review of the literature. Neurocrit Care. 2010;13(1):101–8.

	15.	 White H, Venkatesh B. Applications of transcranial Doppler in the ICU: a 
review. Intensive Care Med. 2006;32(7):981–94.

	16.	 Sonneville R, Verdonk F, Rauturier C, Klein IF, Wolff M, Annane D, 
et al. Understanding brain dysfunction in sepsis. Ann Intensive Care. 
2013;3(1):15.

	17.	 Valtier B, Cholley BP, Belot JP, de la Coussaye JE, Mateo J, Payen DM. 
Noninvasive monitoring of cardiac output in critically ill patients using 
transesophageal Doppler. Am J Respir Crit Care Med. 1998;158(1):77–83.

	18.	 Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. 
Surviving Sepsis Campaign: international guidelines for manage-
ment of severe sepsis and septic shock, 2012. Intensive Care Med. 
2013;39(2):165–228.

	19.	 Levy B, Collin S, Sennoun N, Ducrocq N, Kimmoun A, Asfar P, et al. Vascular 
hyporesponsiveness to vasopressors in septic shock: from bench to 
bedside. Intensive Care Med. 2010;36(12):2019–29.

	20.	 Donnelly J, Budohoski KP, Smielewski P, Czosnyka M. Regulation of the 
cerebral circulation: bedside assessment and clinical implications. Crit 
Care Lond Engl. 2016;20(1):129.

	21.	 Bowton DL, Bertels NH, Prough DS, Stump DA. Cerebral blood 
flow is reduced in patients with sepsis syndrome. Crit Care Med. 
1989;17(5):399–403.

	22.	 Maekawa T, Fujii Y, Sadamitsu D, Yokota K, Soejima Y, Ishikawa T, et al. Cer-
ebral circulation and metabolism in patients with septic encephalopathy. 
Am J Emerg Med. 1991;9(2):139–43.

	23.	 Møller K, Strauss GI, Qvist J, Fonsmark L, Knudsen GM, Larsen FS, et al. Cer-
ebral blood flow and oxidative metabolism during human endotoxemia. 
J Cereb Blood Flow Metab. 2002;22(10):1262–70.

	24.	 Terborg C, Schummer W, Albrecht M, Reinhart K, Weiller C, Röther J. 
Dysfunction of vasomotor reactivity in severe sepsis and septic shock. 
Intensive Care Med. 2001;27(7):1231–4.

	25.	 Bowie RA, O’Connor PJ, Mahajan RP. Cerebrovascular reactivity to carbon 
dioxide in sepsis syndrome. Anaesthesia. 2003;58(3):261–5.

	26.	 Szatmári S, Végh T, Csomós A, Hallay J, Takács I, Molnár C, et al. Impaired 
cerebrovascular reactivity in sepsis-associated encephalopathy studied 
by acetazolamide test. Crit Care Lond Engl. 2010;14(2):R50.

	27.	 Matta BF, Stow PJ. Sepsis-induced vasoparalysis does not involve the 
cerebral vasculature: indirect evidence from autoregulation and carbon 
dioxide reactivity studies. Br J Anaesth. 1996;76(6):790–4.

	28.	 Thees C, Kaiser M, Scholz M, Semmler A, Heneka MT, Baumgarten G, et al. 
Cerebral haemodynamics and carbon dioxide reactivity during sepsis 
syndrome. Crit Care Lond Engl. 2007;11(6):R123.

	29.	 Fülesdi B, Szatmári S, Antek C, Fülep Z, Sárkány P, Csiba L, et al. Cerebral 
vasoreactivity to acetazolamide is not impaired in patients with severe 
sepsis. J Crit Care. 2012;27(4):337–43.

	30.	 Pfister D, Siegemund M, Dell-Kuster S, Smielewski P, Rüegg S, Strebel SP, 
et al. Cerebral perfusion in sepsis-associated delirium. Crit Care Lond Engl. 
2008;12(3):R63.

	31.	 Taccone FS, Castanares-Zapatero D, Peres-Bota D, Vincent J-L, Berre’ J, 
Melot C. Cerebral autoregulation is influenced by carbon dioxide levels in 
patients with septic shock. Neurocrit Care. 2010;12(1):35–42.

	32.	 Schramm P, Klein KU, Falkenberg L, Berres M, Closhen D, Werhahn KJ, et al. 
Impaired cerebrovascular autoregulation in patients with severe sepsis 
and sepsis-associated delirium. Crit Care Lond Engl. 2012;16(5):R181.

	33.	 Straver JS, Keunen RW, Stam CJ, Tavy DL, De Ruiter GR, Smith SJ, et al. 
Transcranial Doppler and systemic hemodynamic studies in septic shock. 
Neurol Res. 1996;18(4):313–8.



Page 9 of 9Le Dorze et al. Ann. Intensive Care  (2018) 8:74 

	34.	 Smith SM, Padayachee S, Modaresi KB, Smithies MN, Bihari DJ. Cerebral 
blood flow is proportional to cardiac index in patients with septic shock. J 
Crit Care. 1998;13(3):104–9.

	35.	 Pierrakos C, Antoine A, Velissaris D, Michaux I, Bulpa P, Evrard P, et al. Tran-
scranial doppler assessment of cerebral perfusion in critically ill septic 
patients: a pilot study. Ann Intensive Care. 2013;3:28.

	36.	 Pierrakos C, Attou R, Decorte L, Kolyviras A, Malinverni S, Gottignies P, 
et al. Transcranial Doppler to assess sepsis-associated encephalopathy in 
critically ill patients. BMC Anesthesiol. 2014;14:45.

	37.	 Ince C, Mayeux PR, Nguyen T, Gomez H, Kellum JA, Ospina-Tascón GA, 
et al. The endothelium in sepsis. Shock. 2016;45(3):259–70.

	38.	 Dahl A, Lindegaard KF, Russell D, Nyberg-Hansen R, Rootwelt K, Sorteberg 
W, et al. A comparison of transcranial Doppler and cerebral blood flow 
studies to assess cerebral vasoreactivity. Stroke. 1992;23(1):15–9.


	Impact of fluid challenge increase in cardiac output on the relationship between systemic and cerebral hemodynamics in severe sepsis compared to brain injury and controls
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patients and fluid loading tests
	Data collection
	Statistical analysis

	Results
	Study population
	Effect of fluid loading test on systemic and cerebral hemodynamic parameters
	Effects of FC test in RR versus RnR patients

	Discussion
	Conclusions
	Authors’ contributions
	References




