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Septic shock is associated with important hemodynamic alter-
ations, including absolute or relative decrease in central blood
volume (1), systolic alterations of left ventricular (LV) (2, 3)
and right ventricular (RV) (4) function, and severe peripheral
vasodilatation responsible in part for alterations in regional
blood flow distribution and probably linked to outcome (5).
Hemodynamic treatment of septic shock requires blood volume
expansion, which has proved to enhance survival if not delayed
(6), and vasoactive support with catecholamines, according to
the hemodynamic status (7).

For a long time, assessment of hemodynamic instability in
sepsis was based on right heart catheterization at the bedside.
Recently, the Task Force of the American College of Critical
Care Medicine reiterated the usefulness of right heart catheter-
ization in guiding hemodynamic support in patients requiring
more than an initial blood volume expansion (7). Concerns about
the data obtained by this technique, and their interpretation in
amechanically ventilated patient, are not new (8). Moreover, this
technique has been criticized for its invasiveness and associated
specific complications (9). However, large cooperative clinical
trials have not demonstrated an increase in mortality carried by
right heart catheterization (10, 11).

We abandoned right heart catheterization in our unit in 1990
and have replaced it by routine echocardiography. Since then,
all patients hospitalized with septic shock have been monitored
using echocardiography as a noninvasive bedside procedure. In
our daily practice, echocardiography is performed after physical
examination in all hemodynamically unstable patients and re-
peated immediately after each major hemodynamic intervention.
For this purpose, the frozen multiplane probe can be kept in
the esophagus for the time needed to assess the results of a
major hemodynamic intervention (10-20 minutes). This strategy
is original, few French teams use it, and no trial has demonstrated
the usefulness of echocardiography in severe sepsis. But the
quality of the data obtained and the growing demand for training
from intensivists have convinced us that this procedure will be
widely used in the future.

Data from echocardiographic evaluation of a series of 183
patients have been published, emphasizing that a large spectrum
of changes in ventricular systolic function can be observed in
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septic shock (12-15). More recently, examination of the superior
vena cava by echography has allowed us to assess volume status
in this setting (16). In the present commentary, we shall try to
provide a practical approach to the assessment of hemodynamic
derangement in patients with sepsis on the basis of our previous
work. For this purpose, we shall describe our step-by-step evalua-
tion of hemodynamics by Doppler echocardiography, allowing
us to delineate the precise cause(s) of hemodynamic compromise
in a given patient with sepsis and to assess the efficacy of the
supportive therapy implemented.

In addition to echocardiographic examples given to illustrate
this clinical commentary, 19 narrated video clips can be found
in the online supplement.

DESCRIPTION OF THE MAIN ECHOCARDIOGRAPHIC
VIEWS USED TO ASSESS HEMODYNAMIC STATUS
IN PATIENTS WITH SEPTIC SHOCK

In a mechanically ventilated patient, transesophageal echocardi-
ography is the preferred approach for an accurate examination.
However, transthoracic echocardiography may also be useful,
depending on the quality of views obtained by this approach.
In a spontaneously breathing patient, we only use transthoracic
echocardiography because transesophageal echocardiography
may be uncomfortable.

By transesophageal echocardiography, a long-axis view per-
mits examination of the four cardiac cavities (Figure 1A). From
this view we measure LV and RV end-diastolic and end-systolic
size and calculate the LV ejection fraction. A similar pattern
is obtained by an apical four-chamber view by transthoracic
echocardiography. A short-axis view of both ventricles by a
transgastric or a transthoracic approach also permits measure-
ment of LV size, calculation of LV fractional area contraction,
and examination of septal shape and kinetics (Figure 1B). Using
transesophageal echocardiography, a long-axis view of the supe-
rior vena cava, anastomosing with the right atrium, allows us to
examine variation in its diameter during the respiratory cycle
(Figure 1C). Finally, a long-axis view of the LV outflow tract,
by a transgastric approach (Figure 1D), and a long-axis view of
the RV outflow tract, by a transesophageal or a transgastric
approach (Figure 1E), permits Doppler measurement of both
left and right stroke outputs, by simultaneously measuring aortic
and pulmonary artery diameters.

Echocardiography is essentially a qualitative procedure.
However, quantitative measurements may be useful, and exam-
ples will be given in this paper. The main echocardiographic
values obtained in normal volunteers in our laboratory are re-
ported in Table 1. We have also tested the reproducibility of
these measurements in normal volunteers (Table 2).

When assessing cardiac stroke index in a hemodynamically
unstable patient with sepsis, we usually use Doppler aortic flow
velocity measurement. However, if it is not possible to obtain
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Figure 1. Main echocardiographic views used to assess hemodynamic
status: (A) a long-axis transesophageal view; (B) a transgastric view;
(C) a long-axis view of the superior vena cava (SVC) at its entry in the
pericardial space; (D) a long-axis transgastric view of the left ventricle
(LV) outflow tract; (E) a long-axis view of the main pulmonary artery
(PA). Broken lines denote the orientation of M-mode or Doppler ultra-
sound beam. Ao = aorta; RA = right atrium; RV = right ventricle.

a transaortic flow velocity with a multiplane probe, a situation
encountered in approximately 10% of patients, cardiac stroke
index can be measured using Doppler pulmonary artery flow
velocity. By comparing 76 simultaneous measurements obtained
in 38 patients by both techniques, we found an average stroke
index of 29 * 8 ml/m? (range 14-46 ml/m*) and of 28 = 8 ml/
m? (range 13-41 ml/m?) by aortic flow and pulmonary artery
flow velocity, respectively. Both values were strongly correlated
(r =10.96, p = 0.0000), and we found a good agreement between
the two techniques (lower limit of agreement: 3 ml/m? upper
limit of agreement: 7 ml/m?).

EVALUATION OF VOLUME STATUS

Central blood volume, i.e., the blood present in the thoracic
vessels (~ 500 ml in a normal adult, i.e., 10% of the total blood
volume), constitutes the filling reserve for the LV. Central blood
volume is regularly mobilized by RV systole, after LV systole
has occurred (17). Central blood volume may be inadequate in
a patient with hypovolemia, or relatively inadequate, as a result
of an excessive airway and/or pleural pressure displacing blood
from the intrathoracic vessels toward the extrathoracic vessels.
In both settings, LV diastolic filling is insufficient, LV stroke is
reduced, and Q becomes abnormally low.

TABLE 1. MAIN ECHOCARDIOGRAPHIC VALUES OBTAINED
BY TRANSTHORACIC ECHOCARDIOGRAPHY IN 44
ADULT VOLUNTEERS

LVEDVi, ml/m? 71 =15
LVESVi, ml/m? 22+ 8
LVEF, % 69 £7
LVEDAI, cm?/m? 13+2
LVESAi, cm?/m? 5+1
RVEDA/LVEDA 0.48 = 0.11
Aoyr, cm 20 + 4
PAyr, cm 16 + 3

Definition of abbreviations: Aoy, = aortic velocity time integral; LVEDAI = left ven-
tricular end-diastolic area index (short axis); LVEDVi = left ventricular end-
diastolic volume index (long axis); LVEF = left ventricular ejection fraction; LVESAi
= left ventricular end-systolic area index (short axis); LVESVi = left ventricular end-
systolic volume index (long axis); PAy;, = pulmonary artery velocity time integral;
RVEDA/LVEDA = right ventricular end-diastolic/left ventricular end-diastolic area
ratio (long axis).

Comparisons performed in our unit in ventilated patients have shown that mea-
surements obtained by transesophageal echocardiography (TEE) are in the same
range as those obtained by transthoracic echocardiography, except for LV vol-
umes in the long axis: 12% smaller on average by TEE.
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TABLE 2. REPRODUCIBILITY OF ECHO-DOPPLER
MEASUREMENT USED TO ASSESS HEMODYNAMIC
INSTABILITY, OBTAINED IN A GROUP OF 44
NORMAL VOLUNTEERS

Intraobserver Variability (%) Interobserver Variability (%)

LVEDVi 7+7 6+6
LVESVi 9+8 10+ 9
RVEDA/LVEDA 6+5 8+5
Aovn 3+5 8+7
PAm 9+6 10 * 2

Definition of abbreviations: Aoy, = aortic velocity time integral; LVEDVi = left
ventricular end-diastolic volume index; LVESVi = left ventricular end-systolic vol-
ume index; PAy, = pulmonary artery velocity time integral; RVEDA/LVEDA = right
ventricular end-diastolic/left ventricular end-diastolic area ratio (long axis).

The inadequacy of volume status should be rapidly detected
and corrected in patients with sepsis. Indeed, blood volume
expansion has proved to improve prognosis significantly (6),
whereas inappropriate use of vasopressor agents in hypovolemic
situations leads to increase in tissue hypoperfusion and severe
ischemia of vital organs (18). The Task Force of the American
College of Critical Care Medicine has recently recommended in
patients with septic shock an increase in left heart filling pressure
to a level associated with a maximal increase in Q, i.e., between
12 and 15 mm Hg of pulmonary capillary wedge pressure in
most patients (7). However, recent studies have clearly demon-
strated that the baseline value of pulmonary capillary wedge
pressure was unable to predict fluid responsiveness in a given
patient (19, 20).

In a patient having abdominal surgery requiring temporary
clamping of the inferior vena cava and monitored by transesoph-
ageal echocardiography in the operating room, we recently ob-
served an acute inadequacy of the vascular filling of the central
compartment, by visualizing a sudden inspiratory collapse of
the superior vena cava, (see Films 1A and 1B in the online
supplement). When insufficiently filled, the superior vena cava
becomes sensitive to respiratory changes in pleural pressure. We
thus hypothesized that the adequacy of volume status can be
evaluated by inspection of respiratory changes in the superior
vena cava. We recently confirmed this relationship in 22 patients
with septic shock undergoing mechanical ventilation (16). In
particular, a high collapsibility index (i.e., maximal expiratory
diameter minus minimal inspiratory diameter, divided by maxi-
mal expiratory diameter) of the superior vena cava, which reveals
a conflict between the level of pleural pressure (i.e., the external
pressure for the vessel) and the amount of vascular filling, indi-
cated a need for volume expansion (Figure 2, see Films 2A
and 2B in the online supplement) (16). Since then, we have
demonstrated in 48 patients with circulatory failure that a supe-
rior vena caval collapsibility index of greater than or equal to
60% could predict a positive response to volume expansion,
marked by a 15% or greater increase in Doppler Q (Figure 3).

EVALUATION OF LV SYSTOLIC FUNCTION

Septic shock has long been considered as hyperkinetic shock
(21, 22). Even if this concept remains largely true, a hypokinetic
state of septic shock is now well recognized, as illustrated by a
significant decrease in LV systolic function measured by both
radionuclide angiography (2) and echocardiography (3, 12). In
this situation, patients with sepsis have a markedly depressed
LV ejection fraction, a low Q as measured by the Doppler tech-
nique, and systemic vascular resistance higher than usual in sepsis
(13, 22).
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CI : 2.6 L/min/m?

Cl:

Incidence of LV Systolic Dysfunction and Specific
Vasoactive Treatment

In our series of 183 patients with septic shock (12-15) a hypoki-
netic state at admission, as defined by a low cardiac index (< 3
L/minute/m?), was present in 64 patients (35%). Assessment
of LV systolic function by echocardiography found this profile
associated with a markedly hypokinetic LV (mean LV ejection
fraction: 38 = 17%) (see Film 3 in the online supplement). In
the initial study by Parker and coworkers using radionuclide
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Figure 3. Individual values of SVC collapsibility index (%) in 48 patients
with septic shock before and after volume expansion (VE). A threshold
value of 60% permitted discrimination between responders (closed
squares) and nonresponders (open squares) to VE.
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Figure 2. lllustrative examples of changes
in SVC collapsibility before and after vol-
ume expansion (VE). In Patient A (top),
a high collapsibility during lung inflation
was associated with a low cardiac index
(CI), and both were corrected by VE.
In Patient B (bottom), the vena caval
diameter was uninfluenced by lung in-
flation, and VE did not produce any in-
crease in Cl. TP = tracheal pressure.
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Figure 4. Serial measurements of LV ejection fraction (LVEF) in 90 pa-
tients with septic shock evaluated daily by transthoracic echocardiogra-
phy. Patients were individualized into two groups, according to their
initial LVEF: Group 1 had an ejection fraction at admission lower than
40%, whereas Group 2 had an ejection fraction at admission greater
than 40%. dO = admission; d1 = after 24 hours of treatment, d2-3 =
after 2-3 days of treatment; d4-6 = after 4-6 days of treatment;
d7 = after 1 week of treatment; R = recovery (data from Reference 14).
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angiography, hypokinetic LV defined by an LV ejection fraction
less than 45% was found in 55% of the population (2). We, and
Parker and coworkers, previously reported the ability of the LV
ejection fraction to normalize during patients’ recovery (2, 14).
This is now illustrated in Figure 4 (top panel) (see also Films 4A
and 4B in the online supplement). The large range of LV ejection
fractions observed at the onset of septic shock is also illustrated
in Figure 4. However, it should be remembered that the ejection
fraction only gives a rough approximation of systolic function
because it is affected not only by contractility but also by preload
and afterload (23).

When detected by bedside echocardiography, severely hypo-
kinetic shock (LV ejection fraction < 35%) is always associated
with a low Q (Figure 5) (12) and requires administration of an
inotropic agent (24). Dobutamine (5-8 png/kg/minute) may be
sufficient in isolated cases (25), but epinephrine (0.5-2 pg/kg/
minute) is often required (Figure 6).

Incidence of Hyperkinetic State and Specific
Vasoactive Treatment

Hyperdynamic shock is characterized by the combination of a
low arterial pressure with marked tachycardia (26) and, from

Before inotropic support
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Figure 5. Simultaneous
Doppler echocardio-

graphic measurement of

Cl and LVEF in 183 pa-
tients with septic shock

(pooled data from Refer-
ences 12-15). Note that
the patients exhibiting a
LVEF less than or equal
to 35% also had a Cl less
than or equal to 3 L/
minute/m?2.
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an echocardiographic point of view, by a hyperkinetic LV on
echocardiography and/or a high Q by Doppler measurement
(see Film 5 in the online supplement).

In our series of 183 patients with septic shock in whom LV
systolic function was explored using echocardiography, we found
that 119 patients (65%) had an elevated cardiac index at admis-
sion (> 3 L/minute/m?). However, this proportion was higher

After inotropic support

Figure 6. Three illustrative ex-
amples of the beneficial effect of
inotropic support on left ven-
tricular (LV) contractility evalu-
ated by M-mode study. (A) Ina
23-year-old woman with septic
shock of urinary origin, initial
echocardiographic examination
(transthoracic parasternal long
axis) revealed severe LV hypo-
kinesia (left panel, before ino-
tropic support), which was cor-
rected 30 minutes later by
dobutamine (5 mcg/kg/min-
ute) (right panel, after inotropic
support). (B) In a 45-year-old
woman with septic shock of
urinary origin, initial echocardi-
ographic examination (trans-
gastric short-axis view) also re-
vealed severe LV hypokinesia
(left panel), which was cor-
rected 30 minutes later by the
same dosage of dobutamine
(right panel). (C) In a 62-year-
old man with septic shock of
pulmonary origin, initial echo-
cardiographic examination
(transgastric short-axis view)
demonstrated severe LV hypo-
kinesia (left panel). Correction
was achieved by epinephrine
infusion, at a dosage of 0.5 pg/
kg/minute (right panel).
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in the first studies (81%), where Q was measured by the thermo-
dilution method (12, 13), than in the two other studies (65%),
where Q was measured by Doppler echocardiography (14, 15).
The thermodilution method, which is well known to overestimate
Q when a low flow state is present (27), has probably contributed
to the assertion that septic shock is always hyperkinetic, whereas
more than 30% of patients actually have hypodynamic shock
with increased systemic vascular resistance. This inaccurate tech-
nique has alsoled to the debatable concept of acute LV dilatation
in septic shock (2). A normal LV in a supine subject is really close
to its limit of distension and has not much additional preload to
offer. And although LV systolic dysfunction is often observed,
dilatation is rarely seen using echocardiographic techniques in
septic shock, as shown in Table 3. Moreover, we have reported
that LV systolic function, and not LV dimensions, was the main
determinant of LV stroke index, after optimal blood volume
expansion (15).

Dopamine, at a dosage of 10 to 20 wg/kg/minute, has been
proposed as the first drug of choice for hyperdynamic shock (7).
However, recent publications have suggested that use of this
drug might retard the use of norepinephrine and adversely affect
its efficacy (28, 29). Our personal strategy is to use norepineph-
rine, at a dosage of 0.5 to 2 pg/kg/minute, as a first-line drug for
hyperdynamic shock, as recommended by Martin and coworkers
(28). However, a marked fall in systemic vascular resistance
lowering LV afterload may well mask depressed myocardial
contractility, which will be revealed when restoring arterial pres-
sure by norepinephrine (see Films 6A and 6B in the online
supplement). Echocardiographic control is thus required after
starting norepinephrine infusion: when the afterload effect of
norepinephrine appears excessive, a reduced dosage associated
with dobutamine may be appropriate (see Film 6C in the online
supplement).
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TABLE 3. LEFT VENTRICULAR DIMENSIONS BY
TRANSTHORACIC ECHOCARDIOGRAPHY* AND BY
TRANSESOPHAGEAL ECHOCARDIOGRAPHY'

LVEDVi LVESVi

(ml/m?) (ml/m?)
1988-1989: 21 patients (13) 73 =20 29 =10
1993-1994: 32 patients (14) 66 + 18 26 + 18
1989-1993: 90 patients (15) 69 + 24 36 = 20
1997-1999: 40 patients (16) 61 =17 22 +8

Definition of abbreviations: LVEDVi = left ventricular end-diastolic volume index;
LVESVi = left ventricular end-systolic volume index.

*References 12-14.

fReference 15.

THE RV IN SEPTIC SHOCK

As previously reported for the LV, RV dysfunction has also been
demonstrated in septic shock, using radionuclide angiography (4,
30) or echocardiography (12). Its occurrence may explain in
some patients the inability of blood volume expansion to improve
clinical status and to increase Q, whereas LV preload is markedly
decreased (Figure 7) (31). In our most recent transesophageal
echocardiographic study of 40 patients with septic shock (15),
RV dysfunction was observed in 13 patients (32%), consistent
with findings from our previous study using transthoracic echo-
cardiography (12). RV dysfunction may be related not only to
intrinsic depression in contractility producing hypokinesia (Fig-
ure 8, see Films 7A and 7B in the online supplement), as de-
scribed for the LV, but also to acute cor pulmonale (32). Acute
cor pulmonale is produced by an acute increase in pulmonary
vascular resistance, combining, from an echocardiographic point
of view, acute RV enlargement and septal dyskinesia (33). But
this increase may be relative to the quality of the RV systolic

Before VE After VE
Figure 7. In this patient exhib-
iting a low arterial pressure and
amajor expiratory depression in
_ : 3g- : 4 39‘;.‘ | 1 i arterial pulse (dP), in the con-
I."'r‘w ffH :."H zn-fﬂ\ .“’ k J 3 |'30- “‘ | \“.\ '\“\ f \ﬁ:-. text of bacterial pneumonia,
e L i \ - s-iiml-ls : ~ “——  Doppler echocardiographic ex-
, szmmHg : A e & | _|_ _} amination revealed acute cor
i !lh I i R pulmonale, associated with a
lkw \q \‘ Q\ \,\'lk : 'I.J\\. Wy q\\\t\w 5 \\\&\ \‘\\ ‘\\35’\ low Doppler cardiac index (Cl).
B 205 The SVC diameter (not shown
dP 21% dP: 29% in the figure) was uninfluenced

Cl: 1.3 L/min/m?

by lung inflation, thus pre-
dicting the inefficiency of vol-
ume expansion (VE) in correct-
ing both arterial pressure and
Cl. Conversely, a beneficial ef-
fect of VE on Cl was expected
from dP analysis, but this benefi-
cial effect actually did not occur.
Arterial pressure was restored by
norepinephrine infusion (1 pg/
kg/minute, not shown in the
figure). LA = left atrium; LV =
left ventricle; RA = right atrium;
RV = right ventricle.

Cl: 1.4 L/min/m?
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Before Dobutamine infusion
A

function, and a minor rise in airway pressure, as produced by
mechanical ventilation, may produce acute cor pulmonale when
applied on a depressed RV. Severe RV dysfunction as a part of
biventricular failure requires inotropic support, whereas preemi-
nent RV dysfunction may be corrected by norepinephrine infusion
(by way of restoring arterial pressure and coronary perfusion)
(see Films 8A and 8B in the online supplement). Other specific
therapies when acute cor pulmonale is present have extensively
been described in a previous Clinical Commentary (34).

Conclusions

By permitting successive inspection of the superior vena cava,
the right and LV cavities, bedside echocardiography can identify
the precise cause of hemodynamic instability in septic shock,
which may be hypovolemic, cardiogenic, or distributive. This
diagnosis is required for an adequate treatment, which may be
rapid fluid administration, infusion of an inotropic agent, infu-
sion of a vasoconstrictor agent, or various combinations of the
above. Repeated bedside echocardiography can also assess the
adequacy and efficacy of therapies implemented. A synthetic
example is provided in Films 9A-9D in the online supplement.
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