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Abstract  Cardiovascular  failure  is a common  disorder  in critical  care  medicine.  When  admitted

to the  ICU,  patients  with  hemodynamic  deterioration  should  be  examined  rapidly  to  correctly

assess the  main  determinants  of  cardiovascular  function  (preload,  afterload  and  contractility).

This review  examines  the  assessment  of  contractility  and  afterload  involving  the  combined

use of  several  hemodynamic  monitors,  which  allows  different  approaches  to  the  same  problem,

with a  view  to  improving  the  efficiency  of  management  and  treatment  in critically  ill  patients.
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Evaluación  de  la contractilidad  y  la  poscarga  en  la  unidad  de cuidados  intensivos

Resumen  La  inestabilidad  hemodinámica  y  la  insuficiencia  cardíaca  son  causas  frecuentes  de

ingreso en  la  unidad  de  cuidados  intensivos.  El  estudio  de los determinantes  de la  función  car-

diovascular,  fundamentalmente  precarga,  poscarga  y  contractilidad  adquieren  una  importancia

crucial en  estas  situaciones.

En  este  capítulo,  se  revisarán  los  conceptos  de  contractilidad  y  poscarga,  así  como  sus  méto-

dos de  evaluación.  La  tecnología  disponible  nos  permite  la  combinación  de varias  técnicas

diferentes  de  monitorización  hemodinámica  que  aportan  una  información  o un enfoque  distinto

sobre el mismo  problema  y  nos  ayudan  a  evaluar  de una  manera  más  precisa  las  alteraciones

de la  contractilidad  y  la  poscarga.  Esta  información  es  útil  para  tomar  decisiones  diagnósticas

y terapéuticas  que  ayuden  a  mejorar  el pronóstico  de  los pacientes  críticos.
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Introduction

Hemodynamic  instability  and  heart  failure  are  two  fre-
quent  causes  of  admission  to  the  Intensive  Care  Unit (ICU).
Accordingly,  the study  of  the determinants  of  cardiovascu-
lar  function,  fundamentally  the  loading  conditions  (preload
and  afterload)  and  contractility,  is  of crucial  importance  in
order  to  adopt  diagnostic  and therapeutic  decisions  that  can
improve  the  patient  prognosis.  This  chapter reviews  the con-
cepts  of  contractility  and  afterload,  and  the methods  used
to  evaluate  them  in the ICU.  The  assessment  of  preload  and
the  response  to  volume  expansion  have  been  addressed  in
another  chapter  of  this  series  of  updates  in  hemodynamic
monitorization.

Critical  patients  can  develop  cardiac  dysfunction  sec-
ondary  to  a  broad  range  of  processes  such  as  ischemic  heart
disease  or  septic  shock.  In addition,  the drug treatments
and  ventilation  strategies  used in these patients  can  also
trigger  heart  failure.  Contractility  indices  should  evaluate
the  capacity  of  the heart  to  generate  work,  and  should
be  independent  of preload  and  afterload.  The  traditional
parameters  such as  stroke  volume  (SV), cardiac  output  (CO)
and  ejection  fraction  are useful  in  clinical  practice  for  global
hemodynamic  assessment,  but  are very  much  dependent
upon  the  loading  conditions.

In  recent  years,  different  indices  have  been  proposed
for  evaluating  myocardial  contractility.  Although  two-
dimensional  (2D)  echocardiography  and Doppler  ultrasound
can  suggest  a  defect  in cardiac  contractility,  their  interpre-
tation  can  be  interfered  with  by  the  preload  or  afterload
conditions.  The  existing  technology  allows  us to  combine
different  hemodynamic  monitorization  techniques  offering
different  information  or  approaches  to  one  same  problem,
and  helping  to  more  precisely  evaluate  the possible  contrac-
tility  alterations  in critical  patients.

On  the  other  hand,  an  increase  in afterload  can  pro-
duce  hemodynamic  instability  in  patients  with  valve  disease
or myocardiopathy,  while  a drop  in afterload  in  situations
such  as  sepsis  can  give  rise  to  severe  tissue  hypoperfusion.
Classical  monitorization,  in  addition  to  the  new  hemody-
namic  monitorization  systems  and  echocardiography,  offers
us  information  on  ventricular  afterload.

Contractility. Indices  based  on  the  ventricular
pressure---volume ratio

Contractility  can  be  defined  as the capacity  of  the  heart
to  generate  external  work  independently  of  preload  and
afterload.  Cardiac  dysfunction  is  fundamentally  the  result  of
ventricular  pump  failure,  with  the  production  of  insufficient
hydraulic  energy  to  maintain  effective  circulation.1---3

Changes  in ventricular  contractility  are  produced  by
intrinsic  cellular  mechanisms  that  regulate  the  interaction
between  actin  and  myosin,  independently  of the  changes
in  sarcomere  length.  For  this  reason,  a cardiac  contractil-
ity  or  inotropic  index  should  evaluate  the capacity  of the
heart  to  generate  work,  and should  be  independent  of  the
loading  conditions.  Most  of  the indices  available  at  experi-
mental  or  clinical  level  are partially  dependent  upon  preload
or  afterload---a  fact that  may  make  the  evaluation  of  contrac-
tility  difficult.

Indices based on  the ventricular  pressure---volume  ratio:
Ventricular  pressure---volume  curves  are plotted  by  relating
ventricular  pressure  to  ventricular  volume  during  a com-
plete  cardiac  cycle,  and  are a good  tool  for  analyzing
ventricular  function  (Fig.  1).  The  gradient  of the ventric-
ular  pressure---volume  curve  at the  end  of  systole,  known  as
end-systolic elastance  (Ees),  is  regarded  as  the reference
contractility  index,  due  to  its  relative  independence  of  the
loading  conditions  and  sensitivity  to  changes  in inotropism.
Other  parameters  derived  from  the pressure---volume  curve,
such  as  the stroke  work  (SW)---ventricular  end-diastolic
volume ratio  and the maximum  index  of  ventricular  pres-
sure  change  (dP/dt  max)---ventricular  end-diastolic  volume
ratio,  have  also  been  shown  to  be good  contractility
estimators.4---7

The  determination  of  Ees  requires  the  generation  of
different  loops  of  the pressure---volume  curve through  a
reduction  of  preload  (occlusion  of the  inferior  vena cava,
treatment  with  nitroprussiate)  or  an  increase  in  afterload
(administration  of  vasopressor  drugs)  (Fig.  2).  The  genera-
tion  of  complete  systolic  and diastolic  data  requires  invasive
instrumentation  of  the left ventricle  for  the simultaneous
estimation  of  pressure  and  volume  measures  --- which  com-
plicates  clinical  determination  of  the indices  derived  from
the  pressure---volume  ratio.5,6

The  use  of  echocardiography  with  automatic  margin
detection  could  facilitate  the  determination  of Ees,  since
it allows  semiautomatic  measurement  of  the  area of the
left  ventricle.  Consequently,  the  changes  in  arterial  pres-
sure  or  invasive  ventricular  pressure,  together  with  the
changes  in  the  area  of  the  left  ventricle  could  be used to
generate  pressure-area  loops  and thus  obtain  Ees almost  on-
line8,9 (Fig.  3). In  addition,  the reduction  of  preload  with
the  use  of  a  continuous  positive  airway  pressure  (CPAP)  of

Ventricular

pressure

(mmHg)

ESP

EDVESV

Area:

SW

SV

Ees

Gradient end-systolic

curve

Ventricular volume (ml)

Figure  1  Ventricular  pressure---volume  loop  during  a  cardiac

cycle.  SV is the  difference  between  end-diastolic  volume  (EDV)

and end-systolic  volume  (ESV).  The  area  under  the  curve  rep-

resents SW.  Ees  is the  gradient  of  the  end-systolic  curve  of  the

different  loops  generated  in  several  cardiac  cycles.

Ees, end-systolic  elastance;  ESP,  ventricular  end-systolic  pres-

sure; SW,  stroke  work;  SV,  stroke  volume;  EDV,  end-diastolic

volume;  ESV,  end-systolic  volume.
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Figure  2  Example  of a  series  of  pressure---volume  loops  in  an

animal  model,  obtained  through  progressive  occlusion  of  the

inferior  vena  cava.

Ees,  end-systolic  elastance.

5 mmHg---a  routine  technique  often  used  in  the  ICU---could
prove  equivalent  to  occlusion  of  the inferior  vena cava,
according  to a  recent  experimental  animal  study,  though
there  is  not  enough  clinical  evidence  to  warrant  its  system-
atic  application.10

It  must  be  taken  into  account  that  although  the param-
eters  derived  from  the ventricular  pressure---volume  ratio
constitute  the reference  contractility  indices,  and the
new  technologies  partially  facilitate  their  measurement
at  the  patient  bedside,  they  cannot  be  used  in  unsta-
ble  patients,  since  alteration  of the  loading  conditions
through  occlusion  of  the inferior  vena  cava  and  the admin-
istration  of vasodilator  or  vasoactive  drugs  could  trigger
a  life-threatening  situation  in hemodynamically  unstable
subjects.

Afterload

Afterload  is  defined  as  the ‘‘load’’  against  which  the  heart
must  contract  in order  to eject  the  blood  volume.  After-
load  is an  important  determinant  of  cardiac  output  under
given  conditions  of  contractility  and preload.  The  magnitude
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Figure  3  Example  of  different  pressure-area  loops,  showing

an increase  in Ees  with  dobutamine  and  a  decrease  with  pro-

pranolol,  consistent  with  changes  in contractility  (Adapted  from

Mandarino  et  al.20).

B

A

C

S
tr

o
k
e
 v

o
lu

m
e
 (

m
l)

LVEDP (mmHg)

↓ afterload 

↑ afterload  

Figure  4  Effect  of  changes  in afterload  on the  Frank-Starling

curves.  An  increase  in afterload  lowers  the  stroke  volume

and increases  left  ventricle  end-diastolic  pressure  (LVEDP)  (dis-

placement  of  points  A  to  C).  A  decrease  in afterload  increases

stroke volume  and  lowers  LVEDP  (displacement  of  points  A

to B).

LVEDP,  left  ventricle  end-diastolic  pressure.

of  myocardial  fiber shortening,  and  thus  the  corresponding
stroke  volume  ejected  by  the ventricle,  are inversely  related
to  the  ventricular  afterload  (Fig.  4).

Although  aortic  pressure  constitutes  one  of  the main
components  of  ventricular  afterload,  there  is  still  debate
as  to  which  parameter  is  best for  estimating  after-
load.  One  way  to  assess  ventricular  afterload  could  be
the  estimation  of  systolic  ventricular  wall  stress, which
is  proportional  to  the  intraventricular  pressure  and  to
the  radius  of  the  ventricle,  divided  by  the wall  thick-
ness  (equation  of Laplace:  stress  = P  × r/2 h).  The  use  of
echocardiography  may  facilitate  the determination  of  this
parameter.11

In clinical  practice,  the most  common  way  to  evaluate
afterload  is  by  calculating  the  systemic  or  pulmonary  vas-
cular  resistance  (VR),  which  offers  information  on  vascular
tone.12 It is  important  to take  into  account  that  the  arterial
VR  value  only  represents  opposition  or  resistance  to  a  cons-
tant flow,  which  is  found fundamentally  at arteriolar  level,
where  the compensating  mechanisms  that  control  vasomo-
tor  tone keep  the  perfusion  pressure  within  a physiological
range.  In  this context,  a  complete  description  of  global  arte-
rial  impedance  is not  provided,  due  to  the fluctuating  nature
of blood  flow  and  arterial  pressure.

Arterial  tone  and  its  changes  over  time  or  as  a result  of
vasoactive  drug  treatment  can be determined  at the patient
bedside  using  perfusion  pressure  versus  blood  flow  mea-
sures.  The  resulting  ratio  is  referred  to  as  arterial  elastance
(Ea),  since  it is  the  ratio  between  the pressure  produced
(pulse  pressure,  systolic  blood  pressure)  and  the  stroke  vol-
ume,  rather  than  a  measure  of  the sustained  effect  of  a
constant  flow  within  a resistance  circuit.  Since  blood  flow
is  phasic,  not  constant,  elastance  is  a more  precise  mea-
sure  of  arterial  tone  than  arterial  resistance.  Likewise,  the
evaluation  of arterial  tone  requires  us  to  know  not  only  the
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Figure  5  Effect  of  changes  in  arterial  tone  on the  ratio

between PPV  and  the  SVV.

Eadyn,  dynamic  arterial  elastance;  PPV,  pulse  pressure  varia-

tion; SVV,  stroke  volume  variation.

absolute  pressure  and  flow  values  but  also  the  relationship
between  the  changes  in  blood  flow  and  arterial  pressure.  For
this  reason,  we  can  use  the  changes  in  pulse  pressure  and  in
stroke  volume  instead  of  pulse  pressure/systolic  blood  pres-
sure  and  stroke  volume.  The  ratio  between  pulse  pressure
variation  (PPV)  and  stroke  volume  variation  (SVV)  (parame-
ters  commonly  used  for evaluating  the  response  to  volume
expansion)  during a respiratory  cycle  is known  as  dynamic
arterial  elastance  (Eadyn),  and  affords  a  functional  evalua-
tion  of  arterial  tone.  The  normal  Eadyn  value  (No.)  is  close  to
1  (Fig.  5).  The  presence  of  a  decreased  or  increased  vaso-
motor  tone  would  cause  the Eadyn  value to  be  smaller  or
greater  than  1, respectively.3,13,14

The  relationship  between  Ees and  Ea, which  represents
ventricle-arterial  ‘‘coupling’’,  has been  used  even  in ani-
mal  experimentation  and  in some  clinical  protocols  for
evaluating  the mechanical-energy  properties  of  the  left
ventricle.15

Contractility estimating indices  used in the  ICU

Parameters  derived  from  classical  hemodynamics

The  introduction  of  the  pulmonary  artery  catheter  by  Swan
and  Ganz  in 1970  was  a  key turning  event  in monitorization  in
Intensive  Care  Medicine.  Indeed,  this  catheter  has  been  the
most  widely  used  hemodynamic  monitorization  technique
in  the  last  decades.  The  Swan-Ganz  catheter  has  greatly
contributed  to improve  our  knowledge  of  cardiovascular
function  by allowing  us to  determine  intravascular  pressures
(pulmonary  artery  pressure,  right  atrial  pressure  and  pul-
monary  artery  wedge  pressure),  calculate  cardiac  output
using  the  thermodilution  method,  and  gain  access  to  mixed
venous  blood. On  the other  hand,  since  its  introduction,  the
catheter  has  undergone  modifications  that  have  even  fur-
ther  expanded  the information  it is  able  to  provide---making
it  possible  to  determine  the  ejection  fraction  and  right  ven-
tricle  volumes,  mixed  venous  oxygen  saturation  (SvO2) and

Table  1  Hemodynamic  parameters.

LVSWi:  left  ventricular  stroke  work  index

1.36 (MBP  − PAWP)  ×  SVI/100  No.:  50---62  g m/m2

RVSWi:  right  ventricular  stroke  work  index

1.36 (PAPm  −  CVP)  × SVI/100  No.:  7.9---9.7  g m/m2

CWi:  cardiac  power  index

MBP × CI  ×  0.0022  No.:  0.5---0.7  W/m2

SVRi:  systemic  vascular  resistance  index

(MBP − CVP)  × 80/CI No.:

1800---2800  dynes s  cm-5  m2

PVRi: pulmonary  vascular  resistance  index

(PAPm  − PAWP)  × 80/CI  No.:  200---350  dynes  s  cm-5  m2

CFI: cardiac  function  index

CO/GEDV No.:  4.5---6.5  1/min

GEF: global  ejection  fraction

SV/GEDV/4  No.:  25---35%

CO, cardiac output; CI, cardiac index; SVI, stroke volume index;
MBP, mean blood pressure; PAPm, mean pulmonary artery pres-
sure; PAWP, pulmonary artery wedge pressure; CVP, central
venous pressure; GEDV, global end-diastolic volume.

cardiac  output  on  a continuous  basis.  It now  moreover  offers
the possibility  of  incorporating  electrocatheters  positioned
in  the right  atrium  and ventricle.12 At  present,  contro-
versy  over the  use  of the pulmonary  artery  catheter  and
the technological  advances  of  recent  years  have led to  the
development  of  new  hemodynamic  monitorization  systems
that  also  offer  us some  of  these  ‘‘old’’  parameters  and  at
the  same  time  are  able  to  determine  ‘‘new’’  cardiovascular
function  parameters  (Table  1).

Traditionally,  the parameter  most  widely  used  in  the
ICU  for  evaluating  ventricular  function  has  been  cardiac
output  (stroke  volume  × heart  rate). However,  it is  impor-
tant  to remember  that  cardiac  output  depends  on  preload
(Frank-Starling  mechanism)  and afterload,  as  well  as  on  con-
tractility.  Consequently,  it should  be regarded  as  more  of
an  indicator  of  global  cardiac  function  than  as  a contractil-
ity  estimating  index.  Furthermore,  situations  such  as  septic
shock  can present  an elevated  cardiac  output  despite  the
existence  of  severe  contractility  alterations,  as  evidenced
upon  incrementing  the  vascular  tone,  which  results  in the
lowering  of  both the  ejection  fraction  and cardiac  output.

The  joint  use  of  cardiac  output  and filling  pressures  (right
atrial  pressure,  pulmonary  artery  wedge  pressure)  yields  a
series  of hemodynamic  patterns  that  can  be very  useful  in
clinical  practice,  and  might  improve  the evaluation  of  the
contractile  function.  In  this context,  severe  left heart  fail-
ure  is  characterized  by  a low cardiac  output  and  a high
pulmonary  artery  wedge  pressure.  The  most characteris-
tic  example  of  the  usefulness  of  the  hemodynamic  patterns
is  the Forrester  classification,16 which  classifies  patients
with  acute  myocardial  infarction  into  four categories  based
on the  cardiac  index (greater  or  lesser  than  2.2  l/min/m2)
and  pulmonary  artery  wedge  pressure  (greater  or  lesser
than  18  mmHg).  This  classification  allows  the adoption  of
treatment  strategies,  and  moreover  offers  prognostic  strat-
ification  of  the patients.



Evaluation  of contractility  and  postloading  in  the  intensive  care  unit  369

In  any  case,  an  increase  in ventricular  filling  pressure
does  not  necessarily  indicate  a  decrease  in ventricular
contractility,  and instead  may  reflect  an  alteration  in
ventricular  compliance  secondary  to  different  factors:  peri-
cardial  disease,  restrictive  disease,  diastolic  dysfunction,
cardiac  hypertrophy  or  myocardial  ischemia.  For this  reason,
the  information  obtained  from  studying  cardiac  output  and
filling  pressures  is  not enough  to  establish  the mechanisms
(alteration  of  ventricular  compliance,  diminished  contrac-
tility,  increased  afterload,  etc.)  underlying  the  clinical  and
hemodynamic  findings  of the  patient.

Another  parameter  classically  used  in the ICU  for  the
evaluation  of contractility  at the patient  bedside  is  stroke
work  (SW)  (an  approximation  of  the  information  obtained
from  the  ventricular  pressure---volume  curves),  defined  as
the  product  of  stroke  volume  and  the  difference  between
mean  blood  pressure  (MBP)  and  pulmonary  artery  wedge
pressure.  This  index  is  also  dependent  upon  preload,  but
is  independent  of  afterload.  As  a  result,  the recording  of  a
low  SW  could  indicate  a reduction  in  cardiac  contractility
in  situations  in which  volume  expansion  has  been  adequate.
Many  studies  in relation  to  heart  failure,  ischemic  heart  dis-
ease  and  sepsis  have  used  this parameter  as  an indicator  of
altered  contractility,  and  it has even  been  related  to  the
patient  prognosis.17,18

Cardiac  power  and  cardiac  reserve

The  heart  may  be  regarded  as  a  mechanical  pump  capable
of  generating  hydraulic  energy.  Consequently,  the  capac-
ity  of  the  pump  can  be  expressed  as cardiac  power  (CP),
defined  as  the  product  of  the  flow  and  pressure  generated
by the  heart.19 Thus,  CP is  the product  of  cardiac  output  and
mean  blood  pressure  determined  simultaneously.  The  cor-
responding  physical  unit  is  joules  (J)/s or  watts (W).  CP is
not  significantly  influenced  by  afterload,  though  it may  vary
directly  with the preload;  we  therefore  should  make  sure
that  the  heart  of  the patient  is not  dependent  upon  preload
before  affirming  that  CP,  and  therefore  pump  function,  is
diminished.

On  the  other  hand,  maximum  CP  or  maximum  ventric-
ular  power  is  an index  of  the ejection  phase, calculated
as  the  instantaneous  product  of flow  and  pressure  at  the
time  of  maximum  flow  through  the  aortic  valve and  max-
imum  aortic  pressure.  This  parameter  has been  found to
offer  good  correlation  to  Ees20 (Fig.  6).  The  development
of  echocardiographic  techniques  for the  estimation  of  aor-
tic  flow  and  the registry  of  aortic  pressure  has  allowed  the
semi-invasive  determination  of maximum  CP under  clinical
conditions.  The  sensitivity  to  preload  can  be  corrected  on
dividing  this  parameter  by  (end-diastolic  volume2) or  (end-
diastolic  area3/2).  However,  in clinical  practice  it has  become
more  popular  to  use  CP employing  mean  blood  pressure  and
cardiac output,  since  these  are parameters  commonly  used
in  the  ICU,  and the  acquisition  of  maximum  CP requires  more
sophisticated  techniques.

Although  the  concept  of  CP is  over  100  years  old, the
results  of  clinical  and  experimental  research,  as  well  as
the  revision  of  physiopathological  concepts  in  the  field  of
heart  failure,  have  led to  renewed  interest  in  this con-
tractility  estimator.19,21,22 It has even  been  proposed  that
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constant  (Adapted  from  Mandarino  et  al.20).

LV, left  ventricle.

CP and  systemic  vascular  resistance  values  can be  used
represented  in  two-dimensional  plot  format  for  the  hemody-
namic  diagnosis  and  follow-up  of  patients  with  acute  heart
failure22 (Fig.  7).

On the other  hand,  the maximum  or  peak  cardiac  power
index  (CPi)  after drug stimulation  or  exercise  has  been  used
in  recent  years  to  evaluate  patients  with  acute  and  chronic
heart  failure.  In this sense,  many  studies  have  shown  that
the  peak  CPi reached  during  exercise  or  on  administering
dobutamine  is  a  more  potent  predictor  of  the  outcome  of
patients  with  chronic  heart  failure  than  oxygen  consump-
tion,  cardiac  output,  pulmonary  artery wedge  pressure  or
the  ejection  fraction  determined  by  echocardiography.19

These  results  have  been  confirmed  in critical  patients  with
cardiogenic  shock.  Tan  and  Littler17 found  that  the  hemody-
namic  evaluation  of  cardiac  reserve  (the  difference  between
peak  CP  and  basal  CP)  through  stimulation  with  dobu-
tamine  clearly  differentiated  survivors  from  non-survivors.
The  patients  with  a  peak  CP of  under  1  W (the  normal
basal  value  for a  healthy  adult)  or  a stroke  work  index  of
0.25  J/m2 died, while  those  with  higher  values  survived  for
over one  year.  A posterior  confirmation  of  the prognostic
value  of  CP has  recently  been  published.23 The  mentioned
study  determined  CP  and  other  hemodynamic  parameters  in
406  patients  with  cardiogenic  shock  included  in the  SHOCK
registry  and  subjected  to  pulmonary  artery catheter  moni-
torization.  Cardiac  power  was  found  to  be the  hemodynamic
parameter  most  closely correlated  to  mortality  in  patients
with  cardiogenic  shock.

Echocardiographic  parameters

Echocardiography  is  a useful  tool  for the evaluation  of  car-
diovascular  function  in  the critical  patient,  since  it offers
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images  in  real  time,  at the  patient  bedside,  and  in  a  non-
invasive  (transthoracic  echocardiography,  TTE)  or  minimally
invasive  manner  (transesophageal  echocardiography,  TEE);
as  a  result,  it is  increasingly  used  in the  ICU. The  study
of  ventricular  function  is  one  of  the main  indications  of
echocardiography  in the critical  patient.24---26

Echocardiography  allows  us to  estimate  cardiac  output,
pulmonary  artery  pressure,  filling  pressures  and  different
predictors  of  volume  expansion  response.  In addition,  it
allows  us  to obtain  contractility  estimators  such as  the short-
ening  fraction  and  left  ventricle  ejection  fraction  (LVEF),  the
maximum  velocity  of  the  tissue  Doppler  S-wave  at mitral
or  tricuspid  annular  level,  and  the  tricuspid  annular  plane
systolic  excursion  (TAPSE)  value  for  evaluating  right  ventric-
ular  function.  The  determination  and  usefulness  of  these
echocardiographic  parameters  have been  commented  in
the  specific  chapter  on  echocardiography  in  this series  of
updates.27

The  LVEF  is  the parameter  most commonly  used for
evaluating  contractility,  though  it  is  also  dependent  upon
afterload.  There  are two  common  clinical  situations,  severe
aortic  stenosis  and severe  chronic  mitral  valve insufficiency,
in  which  LVEF does  not reflect  the  true  condition  of  the
ventricle.  In  cases  of  severe  aortic  stenosis,  LVEF  is  often
depressed,  but  increases  once  the obstruction  of  flow  is
resolved.  This  situation  represents  a case  of  important  modi-
fication  of  afterload  that  falsely  lowers  ventricular  function.
On  the  other  hand,  mitral  valve  insufficiency  represents
a  situation  of  low afterload  that  falsely  increases  LVEF.  In
other  processes  characterized  by  an important  alteration  of
afterload,  LVEF  likewise  might not  be  a good  estimator  of
contractile  function.

Echocardiography  also  offers  other  parameters  that  are
less  dependent  upon  the loading  conditions,  such  as  dP/dt

max  and  the Tei  index  (Fig.  8). In  this  context,  dP/dt  max
is  one  of  the contractility  indices  classically  used  in ani-
mal  experimentation  due  to  its  independence  of  afterload.
At  present,  ultrasound  allows  us to obtain  the index  at

the patient  bedside.  The  maximum  dP/dt  value  is  recorded
before  opening  of  the  aortic  valve,  i.e.,  at  the end  of  the
isovolumetric  period;  the  influence  of afterload  is  therefore
limited.  The  determination  of  dP/dt  requires  the  presence
of  mitral  valve insufficiency  in order  to  measure  the time
needed  for  the  regurgitation  jet to  increase  its  velocity
from  1 to  3  m/s  (No.:  1200  mmHg/s).  This  index  is  used  in
the prognostic  evaluation  of  patients  with  congestive  heart
failure  when its  value  is  less  than  600  mmHg/s.  Another
contractility  estimator  is  the  Tei  index.  This  index  is  rela-
tively  independent  of  preload  and afterload  (isovolumetric
contraction  time  +  isovolumetric  relaxation  time/ejection
time,  No.:  0.30---0.38),  and requires  placing  the  echocardio-
graphic  sample  volume  in  the  left ventricle  between  the
mitral  valve  and the  aortic  valve  (apical  5-chambers),  in
order  to  obtain  the aortic  ejection  flow  and  the mitral  filling
flow.24,26

Cardiac  function  index  and global  ejection  fraction
(PiCCO system)

Based  on  transpulmonary  thermodilution,  the  PiCCO  (Pulsion
Medical  System)  monitoring  system  allows  us  to  calculate
cardiac  output  (CO)  and  the  blood  volume  contained  in the
four  heart  chambers  at the  end  of  diastole,  referred  to  as  the
global  end-diastolic  volume  (GEDV).  The  ratio  between  CO
and  GEDV  is  called  the cardiac  function  index  (CFI),  and  the
ratio  between  stroke  volume  (SV)  and GEDV/4  is  referred  to
as  the  global  ejection  fraction  (GEF);  both  ratios  can  easily
be  obtained  at  the patient  bedside.

Combes  et  al.28 reported  a  significant  correlation
between  these  indices  and the left  ventricle  area  shortening
fraction  (ASF)  determined  by  TEE  in  a  population  of  critical
patients.  In  addition,  these  authors  found  that  CFI  >  4  min−1

and  GEF  > 18%  estimated  ASF  ≥ 40%  (sensitivity  86%  and  88%,
specificity  88%  and  79%,  respectively).  This  study  excluded
patients  with  right  ventricle  dysfunction,  and  on  the  other
hand  was  not  designed  to  evaluate  the response  of CFI  and
GEF  to  inotropic  stimulation.

A study  has  recently  been  published,  exploring  whether
the  indices  derived  from  thermodilution  are good  estima-
tors  of  contractility,  based  on  an  analysis  of  their  response
to  inotropic  stimulation  and volume  expansion.29 The  main
results  obtained  were  that  CFI  is  not  altered  by volume
expansion,  while  dobutamine  infusion  significantly  increases
the baseline  CFI  value  by  29  ±  22%---thus  indicating  that  this
parameter  may  be a  good  contractility  estimator.  Simi-
lar  results  were  obtained  with  GEF.  Likewise,  a  significant
correlation  was  found  between  CFI  and  LVEF  (r: 0.67,
p  <  0.0001),  as  well  as  between  GEF  and  LVEF  (r: 0.63,
p  =  0.0001).  A  CFI  value  of ≤  4.1  min−1 estimated  a LVEF
of  45%  with  a  sensitivity  of 89%  and  a  specificity  of  67%,
while  CFI  ≤  3.2  min−1 estimated  a  LVEF  of  <35% with  a sen-
sitivity  of 81%  and  a specificity  of  88%.  The  authors  of
the  study  concluded  that  CFI  should  serve  to  alert  clin-
icians  to  the probable  presence  of  altered  left  ventricle
contractility,  and echocardiography  consequently  should  be
used  to  evaluate  ventricular  function.  Furthermore,  CFI
could  be a  useful tool  for evaluating  the hemodynamic
effects  of  dobutamine.  On the  other  hand,  in patients
with  right  ventricle  dilatation,  CFI  may  underestimate  LVEF,
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Figure  8  a.  Calculation  of  dP/dt  max.  The  figure  shows  the  continuous  Doppler  registry  through  the  mitral  valve  in the  study  of

mitral valve  insufficiency,  and  the  time  measurement  scheme  required  to  increase  the  velocity  from  1  m/s  to  3  m/s.

dP/dt =  pressure  × time  increment  =  (4  ×  32 − 1 ×  12/measured  time).

b. Tei  index.  The  figure  shows  the  mitral  valve  filling  and  aortic  ejection  velocities  needed  for  calculating  the  index.

Tei index:  (a  − b)/b.

a:  time  from  mitral  valve  closure  to  aperture.

b: ET.

a −  b:  TRIV  +  TCIV.

TCIV,  isovolumetric  contraction  time;  ET,  ejection  time;  TRIV,  isovolumetric  relaxation  time.

and  echocardiography  could  serve to  discard  right  ventricle
involvement.

Lastly,  a  very  recent  experimental  study  has  also  found
CFI  and  GEF  to  be  good  estimators  of  cardiac  contractile
function,  though  they  may  be  dependent  upon  preload  in
situations  of  severe  hypovolemia.30

Usefulness  of natriuretic  peptides

In response  to  both  volume  and  pressure  overload,  the
ventricular  cardiomyocytes  secrete  a proteic  pro-hormone
called  pro-Brain  Natriuretic  Peptide  (pro-BNP),  which  is
hydrolyzed  to  form  two  peptides:  an  active  form, called

Brain  Natriuretic  Peptide  (BNP),  and  an  inactive  form
known  as  NT-proBNP  (aminoterminal  peptide  of  proBNP),
with  half-lives  of 20  and  120  minutes,  respectively.31 BNP
plays  an important  role  in heart  failure,  acting  as  an
angiotensin  II, norepinephrine  and  endothelin  counter-
regulating  hormone---inhibiting  their  production  and  acting
as  a  vasodilating  and  diuretic  hormone.31

The  usefulness  of BNP  and  NT-proBNP  as  biomarkers  for
the  identification  of  dyspnea  of  cardiac  origin  in the emer-
gency  care  setting  has  been  extensively  documented.32,33

Levels  of  BNP  >  100  pg/ml or  of  NT-proBNP  > 450 pg/ml  have
shown  high  sensitivity  and specificity  in diagnosing  heart
failure.  Elevated  plasma  concentrations  of  both  peptides
have  been  described  in both  systolic  and diastolic  left
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ventricle  failure,  as  well  as  in situations  of  right-side  pres-
sure  overload  (pulmonary  thromboembolism,  cor  pulmonale

and  primary  pulmonary  hypertension).34 Their  role  in  other
scenarios  such  as  the  ICU  is  less  clear.

The  use  of  the  natriuretic  peptides  (NPs)  in critical
patients  is conditioned  by  the high  prevalence  of  confound-
ing  factors  that  can raise  the  peptide  levels  in  the absence
of  cardiac  dysfunction:  patient  age,  the female  gender,  a
decrease  in  glomerular  filtration,  brain  damage  such  as  sub-
arachnoid  bleeding,  a  positive  fluid balance,  and  mechanical
ventilation  with  PEEP.34

In critical  patients,  the NPs  have  been  shown  to  be  useful
as  a  screening  tool  for  discarding  cardiac  dysfunction,  with
negative  predictive  values  of  up  to  96%  referred  to  a  cutoff
point  which  different  studies  have  defined  as  150  pg/ml.35,36

Patients  with  dysfunction  as  established  from  echocardio-
graphy  have  significantly  higher  BNP  levels  than  patients
without  dysfunction:  330  pg/ml  (interquartile  range  [IQR]:
142---749)  versus  115  pg/ml  (IQR:  50---197)  (p  < 0.0001)---the
values  being  higher  in  patients  with  systolic  dysfunction
than  in  those  with  any  degree  of diastolic  dysfunction:
1100  pg/ml  (IQR:  275---1240)  versus  263  (IQR:  126---696)  pg/ml
(p  <  0.005).

The  plasma  BNP  concentrations  in patients  with  left
ventricle  dysfunction  and  heart  failure  have  been suc-
cessfully  correlated  to  the  left ventricle  filling  pressures
(r  = 0.72).37 However,  cohort  studies  involving  heteroge-
neous  critical  patients  have  shown  a significant  yet  poor
linear  correlation  between  NP  concentration  and  pul-
monary  capillary  wedge  pressure  (BNP  r =  0.40;  NT-proBNP
r =  0.32).38 Both  BNP  and  NT-proBNP  can  be  elevated in
a  number  of  cardiac  disorders,  independently  of  the  left
ventricle  filling  pressures  (depressed  left  ventricle  ejec-
tion  fraction,  left  ventricle  hypertrophy,  depressed  right
ventricle  function,  significant  mitral  valve insufficiency  or
severe  aortic  stenosis).  Both NPs  offer  high  sensitivity  but
low  specificity  in differentiating  elevated  left ventricle
pressures.38

Despite  the existence  of  a  clear  clinical  need, the avail-
able  data  are  only  beginning  to  define  the potential  role  of
NPs  in  routine  clinical  practice  in the  ICU.  In the meantime,
we  should  take  advantage  of  their  non-invasive  nature  in
screening  for ventricular  dysfunction  and in evaluating  the
left  ventricle  filling  pressures.

Afterload estimating  indices in the  ICU

Parameters  derived  from  hemodynamic
monitorization

The  estimation  of  afterload  in  the ICU  traditionally  has  been
based  on  the  determination  of  the systemic  or  pulmonary
vascular  resistances  using  the pulmonary  artery  catheter.
The  current  state  of  technological  development  allows  us to
use  other  hemodynamic  monitorization  systems  capable  of
determining  cardiac  output  and  the systemic  vascular  resis-
tances  in  a less  invasive  manner.

On  the  other  hand,  there  are monitorization  systems
that  allow  us to  obtain  PPV  and  SVV  on  a continuous  basis,
thereby  facilitating  the evaluation  of  response  to  volume
expansion,  and  offering  the  possibility  of  calculating  Eadyn

(PPV/SVV)  as  an estimator  of  arterial  tone.  This  informa-
tion  can  be  very  useful  in clinical  practice  for the treatment
of  situations  of  hemodynamic  instability.  In  this  sense,
Pinsky3,13 has  proposed  a treatment  algorithm  for  applica-
tion  in  these  situations,  based  on  functional  hemodynamic
monitorization  which  on  one  hand  makes  use  of PPV  and
the SVV  (evaluation  of preload  dependency  and  response
to  volume  expansion),  and  on the  other  hand  uses  Eadyn
(assessment  of  vasomotor  tone).  The  algorithm  facilitates
the decision  to  administer  volume,  vasopressor  drugs  or
inotropic  agents  depending  on  the  information  obtained.
This  algorithm  has  not yet  been  validated  in the clinical  set-
ting.  Lastly,  Monge  Garcia  et al.14 have  recently  published  a
study  in  which  Eadyn  was  found  to  predict  the response  to
volume  expansion  in preload-dependent  patients  with  acute
circulatory  failure.  An  Eadyn  value  of  0.89  differentiates
those  patients  who  will  increase  their  mean  blood  pressure
by  15%  after  the  administration  of  volume,  with  a  sensitiv-
ity  of  94%  and  a specificity  of  100%.  The  authors  concluded
that  from  the  practical  viewpoint,  those  patients  with  Eadyn
<0.89  should  receive  vasopressor  drugs  together  with  the
administration  of fluids  to increase  their  mean  blood  pres-
sure  (MBP),  while  Eadyn  ≥  0.89  would indicate  that  volume
expansion  alone  could  increase  arterial  pressure  without  the
need  for  vasopressors.

Echocardiographic  parameters

Echocardiography  allows  us  to  estimate  the systemic  and
pulmonary  vascular  resistances.  In the  presence  of  mitral
valve  insufficiency,  Doppler  echocardiography  is  able  to
identify  patients  with  systemic  vascular  resistance  SVR  >  14
wood  (>1120  dynes  s  cm−5),  with  good  correlation  to  the
data  obtained  from  invasive  Swan---Ganz  catheterization
(sensitivity  70%, specificity  70%), if the ratio  between  the
maximum  flow  velocity  detected  in  mitral  valve  insufficiency
(Vmax MI) and the integral  of the left ventricle  outlet  tract
velocity  (ITVlvot)  is  >0.27  (Vmax MI/ITVlvot > 0.27). Likewise,
in the presence  of tricuspid  valve  insufficiency  (TI),  we  can
quantify  pulmonary  vascular  resistance  (PVR)  through  esti-
mation  of the maximum  flow  velocity  detected  in  TI (Vmax TI)
and  the integral  of  the  right  ventricle  outlet  tract velocity
(ITVrvot) or,  alternatively,  by estimating  the pulmonary  pre-
ejection  period  (PPE),  pulmonary  acceleration  time (TAc)
and  total  systolic  time  (TST).39,40

PVR  =  (Vmax TI/ITVrvot)  × 10  +  0.16  (a value  of  ≥  0.175 iden-
tifies  PVR > 2  wood,  sensitivity  77%,  specificity  81%).

PVR  =  −0.156  +  1.154  × [(PPE/TAc)/TST]
On  the  other  hand,  we  can  calculate  ventricle  wall  stress,

as  commented  above.

Conclusions

The evaluation  of contractility  and afterload,  based  on
echocardiography  and  other  hemodynamic  monitorization
systems,  constitutes  a key  element  in the  assessment  of car-
diovascular  function  in the critical  patient.  The  combination
of  different  techniques  probably  allows  us to  obtain  more
complete  information  with  a view  to  improving  the patient
prognosis.



Evaluation  of contractility  and  postloading  in  the  intensive  care  unit  373

References

1. Poelaert J.  Haemodynamic monitoring. Curr Opin Anaesthesiol.
2001;14:27---32.

2. Poelaert J, Roosens C, Segers P. Monitoring left performance in
the critically ill. In: Vincent JL, editor. Yearbook of intensive
care med. Berlin: Springer-Verlag; 2002. p. 519---36.

3.  Pinsky MR. Functional hemodynamic monitoring: applied phys-
iology at the bedside. In: Vincent JL, editor. Yearbook
of intensive care med. Berlin: Springer-Verlag; 2002. p.
537---51.

4. Grossman W, Braunwald E, Mann T, McLaurin LP, Green LH.
Contractile state of  the left ventricle in man as evalu-
ated from end-systolic pressure---volume relations. Circulation.
1977;56:845---52.

5. Little WC,  Cheng CP, Mumma M, Igarashi Y, Vinten-Johansen
J, Johnston WE. Comparison of  measures of left ventricular
contractile performance derived from pressure---volume loops
in conscious dogs. Circulation. 1989;80:1378---87.

6. Kass DA, Maughan WL, Guo ZM, Kono A, Sunagawa K, Sagawa
K.  Comparative influence of  load versus inotropic states on
indexes of  ventricular contractility: experimental and the-
oretical analysis based on pressure---volume relationships.
Circulation. 1987;76:1422---36.

7. Sagawa K. The left ventricular pressure---volume diagram revis-
ited. Circ Res. 1978;43:677---8.

8. Declerck C, Hillel Z, Shih H, Kuroda M,  Connery C, Thys D. A
comparison of left ventricular performance indices measured
by transeophageal echocardiography with automated border
detection. Anesthesiology. 1998;89:341---9.

9. Gorcsan 3rd J,  Denault A, Gasior TA, Mandarino WA,  Kancel
MJ, Deneault LG, et al. Rapid estimation of left ventricular
contractility form end-systolic relations by echocardiographic
automated border detection and femoral arterial pressure.
Anesthesiology. 1994;81:553---62.

10. Kim HK, Alhammouri MT, Mokhtar Y,  Pinsky MR. Estimating
left ventricular contractility using inspiratory-hold maneuvers.
Intensive Care Med. 2007;33:181---9.

11. Subramaniam B, Talmor D.  Echocardiography for management
of hypotension in the intensive care unit. Crit Care Med. 2007;35
Suppl.:S401---7.

12. Carrillo López A, Fiol Sala M, Rodríguez Salgado A. El papel
del catéter de Swan-Ganz en la  actualidad. Med Intensiva.
2010;34:203---14.

13. Pinsky MR. Protocolized cardiovascular management based on
ventricular-arterial coupling. In: Pinsky MR, Payen D,  editors.
Functional hemodynamic monitoring. Berlin: Springer-Verlag;
2005. p. 381---95.

14. Monge Garcia MI, Gil Cano A, Gracia Romero M. Dynamic arte-
rial elastance to predict arterial pressure response to volume
loading in preload-dependent patients. Crit Care. 2011;15:R15,
doi:10.1186/cc9420.

15. Hayashi K, Shigemi K,  Shishido T, Sugimachi M, Suna-
gawa K. Single-beat estimation of ventricular end-systolic
elastance-effective arterial elastance as an  index of  ventric-
ular mechanoenergetic performance. Anesthesiology. 2000;92:
1769---76.

16. Crexells C, Chatterjee K,  Forrester JS, Dikshit Swan HJ. Optimal
level of filling pressure in the left side of the  heart in acute
myocardial infarction. N Engl J Med. 1973;289:1263---6.

17. Tan LB, Littler WA. Measurement of cardiac reserve in cardio-
genic shock: implications for prognosis and management. Br
Heart J. 1990;64:121---8.

18. La Vechia L,  Varotto L, Spadaro GL, Zanolla L,  Fontanelli A. Left
ventricular stroke work reserve as prognostic marker in severe
heart failure. Minerva Cardioangiol. 2006;54:249---55.

19. Cotter G, Williams SG, Vered Z, Tan LB. Role of cardiac power
in heart failure. Curr Opin Cardiol. 2003;18:215---22.

20. Mandarino WA, Pinsky MR, Gorcsan 3rd J. Assessment of  left ven-
tricular contractile state by preload-adjusted maximal power
using echocardiographic automated border detection. J  Am Coll
Cardiol. 1998;31:861---8.

21. Cotter G, Moshkovitz Y, Milovanov O,  Salah A, Blatt A, Krakover,
et al. Acute heart failure: a novel approach to its  pathogenesis
and treatment. Eur J  Heart Fail. 2002;4:227---34.

22. Cotter G,  Moshkovitz Y,  Kaluski E, Milo O,  Nobikov Y,
Schneeweiss A, et al.  The role of  cardiac power and systemic
vascular resistance in the pathophysiology and diagnosis of
patients with acute congestive heart failure. Eur J  Heart Fail.
2003;5:443---51.

23. Fincke R, Hochman JS, Lowe AM, Menon V, Slater JN, Webb JG,
et al. Cardiac power is the strongest hemodynamic correlate
of mortality in cardiogenic shock: a report from the shock trial
registry. J Am Coll Cardiol. 2004;44:340---8.

24. Poelaert J, Schüpfer G. Hemodynamic monitoring utilizing
transesophageal echocardiography. The relationships among
pressure, flow, and function. Chest. 2005;127:379---90.

25. Slama M, Maizel J. Echocardiographic measurement of ventric-
ular function. Curr Opin Crit Care. 2006;12:241---8.

26. Dittoe N, Stultz D, Schwartz BP, Hahn H. Quantitative left ven-
tricular systolic function: from chamber to myocardium. Crit
Care Med. 2007;35 Suppl.:S330---9.

27. Ayuela Azcárate JM, Clau Terré F, Ochagavía A, Vicho Pereira
R. Papel de la ecocardiografía en la  monitorización hemod-
inámica de los pacientes críticos. Med Intensiva. 2012;36:
220---32.

28. Combes A, Berneau JB,  Luyt CE, Trouillet JL. Estimation of  left
ventricular systolic function by single transpulmonary thermod-
ilution. Intensive Care Med. 2004;30:1377---83.

29. Jabot J,  Monnet X, Lamia B, Chemla D, Richard C, Teboul JL.
Cardiac function index provided by  transpulmonary thermodilu-
tion behaves as an indicator of left ventricular systolic function.
Crit Care Med. 2009;37:2913---8.

30. Trepte CJ, Eichhorn V, Haas SA, Richter HP, Goepfert MS, Kubitz
JC, et al. Thermodilution-derived indices for assessment of left
and right ventricular cardiac function in normal and impaired
cardiac function. Crit Care Med. 2011;39:2106---12.

31. De Denus S,  Pharand C, Williamson D. Brain natriuretic pep-
tide in the management of  heart failure. Chest. 2004;125:
652---68.

32. Maisel AS, Krishnaswamy P, Nowak RM, McCord J, Hollander
JE, Duc P, et  al. Rapid measurement of  B-type natriuretic pep-
tide in the emergency diagnosis of heart failure. N Engl J  Med.
2002;347:161---7.

33. Januzzi JL, Van Kimmenade R, Lainchbury J, Bayes-Genis A,
Ordonez-Llanos J,  Santalo-Bel M. NT-proBNP testing for diag-
nosis and short-term prognosis in acute destabilized heart
failure: an international pooled analysis of 1256 patients: the
International Collaborative of NT-proBNP Study. Eur Heart J.
2006;27:330---7.

34. McLean AS, Huang SJ. The applications of B-type natriuretic
peptide measurement in the intensive care unit. Curr Opin Crit
Care. 2005;11:406---12.

35. McLean AS, Tang B, Nalos M, Huang SJ, Stewart DE. Increased
B-type natriuretic peptide (BNP) level is a strong predictor for
cardiac dysfunction in intensive care unit patients. Anaesth
Intensive Care. 2003;31:21---7.

36. Zapata Ll Vera P, Baldirá J,  Nuñez K,  Ordoñez J,  Betbesé AJ.
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