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Cardiac Monitors:  The Next Generation 
New Cardiac Monitors and 
Old Problems  
 
Albert C. Perrino, Jr., M.D. 
Associate Professor, Yale University 
School of Medicine 
Chief, Anesthesiology VA-Connecticut 
New Haven, CT  

 
Few argue the importance of blood pres-
sure and ECG monitoring even for our 
healthiest patients having office based or 
other ambulatory procedures.  In fact, 
strict guidelines for office based practice 
have rapidly emerged.  What is striking 
is that our elderly patients, those with the 
highest incidence of co-morbid disease 
and undergoing more extensive surgical 
procedures, are often provided the same 
level of cardiovascular monitoring as the 
25 year old having arthroscopy in an of-
fice OR.  Yet instead of addressing this 
generation gap, we have come to rely on 
a “one size fits all” solution for patient 
monitoring that fits poorly those patients 
on the extremes. 
 
The limited use of more sophisticated 
monitors of cardiovascular well-being in 
these at-risk patients appears surprising.  
Anesthesiologists have led the field of 
medicine in patient safety issues.  From 
the technological perspective, we are 
widely recognized for the early imple-
mentation of capnography and pulse oxi-
metry into our practices.  The ability of 
these monitors to detect physician proce-
dural misadventures, such as malposi-
tioned endotracheal tubes and interrup-
tion of ventilatory support, led to wide-
spread adoption.  But as we made great 
strides in detecting mishaps of our own 
design (i.e. “human errors”), we were not 
nearly as successful in developing moni-

tors to address the challenges our pa-
tient’s bring to the O.R. table.  Peri-
operative disorders such as ventricular 
dysfunction and altered fluid status are 
becoming increasingly commonplace as 
the population matures.  
 
That elderly patients are at greater risk 
for cardiac related complications has 
always been part of common sense 
clinical practice and is now well estab-
lished from outcome data.  The preva-
lence of co-morbid diseases rises stead-
ily with increasing age. By the age of 
age 75, patients presenting with colon 
cancer were found to average 5 co-
morbid disorders in addition to their 
primary cancer.  This data is concerning 
enough in the context that the number 
of associated illnesses is strongly linked 
to peri-operative complication rates.  
But even more ominous for the elderly 
patient is that increasing age has a mul-
tiplier effect on the relationship of co-
morbid disease and operative complica-
tions.  The presence of two preoperative 
co-morbidities elevates the elderly pa-
tient’s complication rate over 3 fold, 
with greater than 2 co-morbidities the 
complication rate rises by 6 fold.  These 
patients lack the physiological reserve 
to compensate for what in many of us 
would be considered modest insults.  
 
The continuing expansion in the num-
ber of persons reaching old age creates 
the imperative for development of new 
anesthetic technologies and practices to 
meet their needs.  Over the short time 
period from 1980 to 1996 the percent-
age of surgical procedures in which the 
patient was over age 65 nearly doubled 
from 19% to 36%.  And over the next 
two decades the U.S. population over 
age 65 will increase by over 50%, from 

30 million to 47 million.  Even greater 
increases will occur in the group of pa-
tients greater than 80 years of age.   
 These demographics create the driving 
force of innovation, but what type of 
monitors will be useful to manage these 
patients?  The OR poses both sudden and 
subtle threats to cardiovascular balance.  
These insults range from preoperative 
fasting and bowel preparations, to anes-
thetic vasodilators, to surgical trauma and 
hemorrhage.  In combination they result in 
substantial perturbations of intravascular 
fluid volume and composition.  At many 
hospital facilities, two thirds of the admin-
istered blood is appropriated to surgical 
patients.  On a per patient basis, a similar 
usage pattern is seen for the crystalloid 
and colloid solutions.  At these levels of 
blood and fluid administration it is easily 
appreciated that the anesthesiologist, 
armed with only blood pressure and pulse 
monitors, remains challenged to keep the 
heart and vasculature in equilibrium. The 
first appreciation of a miscalculation may 
be a dramatic drop in arterial pressure, or 
all too often, the problem occurs more dis-
tantly (and less perceptively) in the post-
operative period.  To aid appropriate 
therapeutic interventions, top priority 
should be placed on providing an on-line 
assessment of the relationship between 
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FICK METHOD FOR MEASURE-
MENT OF CARDIAC OUTPUT: 
 
The first known technique for measuring 
cardiac output in humans is based on the 
theoretical principle enunciated by Adolf 
Fick in 1870, who never actually made the 
measurement himself. The Fick principle 
states that over a given time period, the 
quantity of a gas such as O2 or CO2 enter-
ing or leaving the lungs is equal to the 
quantity of the gas taken up or expelled by 
the blood flowing in the pulmonary capil-
laries. The Fick technique for measure-
ment of cardiac output has long been a 
standard by which other methods of deter-
mining cardiac output have been com-
pared. However, the practical application 
of the Fick technique in a clinical setting 
is limited due to technical issues involved 
in accurate metabolic gas measurements 
and the need for invasive arterial and 

mixed venous blood gas measurements. 
To eliminate the need for invasive blood 
gas samples, indirect Fick methods 
known as rebreathing techniques have 
been developed1,2,3. Total rebreathing 
techniques use estimates of arterial and 
mixed venous CO2 contents obtained 
from measurements of end-tidal CO2 par-
tial pressure (ETCO2) made at the mouth 
during normal breathing and rebreathing 
maneuvers4. With total rebreathing, the 
patient inhales his or her own exhaled gas 
from a bag attached at the mouth. During 
the total rebreathing maneuver, no CO2 is 
eliminated from the lungs and the concen-
tration of exhaled CO2 approaches the 
mixed venous concentration, allowing it 
to be estimated non-invasively from respi-
ratory gas measurements. ETCO2 is used 
as a non-invasive estimate of the arterial 
CO2 concentration. Even though the total 
CO2 rebreathing technique allows nonin-
vasive cardiac output estimation based on 
routinely obtained respiratory gas meas-
urements, the compliant rebreathing bag 
and the need for patient co-operation 
makes it impractical for use in mechani-
cally ventilated patients. 
 

NICO2 – FICK PARTIAL CO2 RE-
BREATHING NONINVASIVE CAR-
DIAC OUPUT 

The partial rebreathing technique, 
which is used by the NICO2 monitor, 
employs a differential form of the Fick 
method for non-invasive measurement 
of cardiac output.  This technique was 
first described by Gedeon et. al.5 and 
later expanded upon by Capek and 
Roy6. With partial rebreathing, a 
change in VCO2 (exhaled volumetric 
CO2) and an associated change in ET-
CO2, in response to a change in ventila-
tion, is used in the Fick calculation. NI-
CO2 accomplishes the required change 
in ventilation by using the rebreathing 
valve and NICO2 rebreathing loop illus-
trated in Figure 1 as part of the NICO2 
sensor. By temporarily adding a re-
breathing volume to the breathing cir-
cuit, the patient inhales only a portion 
of the exhaled gases. The resulting 
changes in VCO2 and ETCO2 are used 
to calculate cardiac output. The NICO2 
monitor uses Novametrix proprietary 
sensors for mainstream CO2 and respi-

(Continued on page 3) 
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FIGURE 1. NICO2 Sensor assembly consists of a mainstream CO2 sensor, differential 
pressure flow sensor, and a rebreathing loop connected to the pneumatic rebreathing 
valve. 

NICO2 – Fick Partial CO2 Rebreathing 
Noninvasive Cardiac Output 
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ratory flow monitoring capabilities. VCO2 
is calculated as the product of the inte-
grated flow and CO2 signals. 

 
Every three minutes (see Figure 2), the 
patient’s inhaled and exhaled gases are 
diverted through the NICO2 loop for 50 
seconds by the rebreathing valve, prevent-
ing normal volumes of CO2 from being 
eliminated. As a result, the CO2 elimina-
tion decreases and the concentration of 
CO2 in the pulmonary artery (CaCO2) in-
creases. 

 
The equation for differential Fick partial 
rebreathing cardiac output is:  

 
 
 
 
 

Where VCO2N and VCO2R are the volu-
metric CO2 elimination during normal and 
rebreathing periods, respectively, and 
CaCO2N and CaCO2R are the arterial CO2 
concentrations during normal and re-
breathing periods, respectively.  The pre-
ceding equation can also be written as: 

 
 

Where delta-VCO2 and delta-CaCO2 rep-
resent the changes in VCO2 and CaCO2 
between normal and rebreathing periods. 
The change in CaCO2 is reflected in and 
measured by the change in ETCO2. See 
http://www.nico2.com/library/techreview/
tr_fullmath2.htm for a more detailed 
mathematical explanation. 
 
It has been shown that mixed venous CO2 
concentration does not change signifi-
cantly throughout the 50 second rebreath-
ing period6, thus the terms associated with 
mixed venous CO2 concentration cancel 
out and are not shown in the above equa-
tion. This permits cardiac output calcula-
tions based entirely on non-invasively 
monitored physiologic signals. The NI-
CO2 implementation of the partial re-
breathing method is automated, providing 
cardiac output determinations on a real-
time and continual basis.7,8 

 
When CO2 concentration is measured in-
directly via the breath as NICO2 does, the 
Fick method considers only that portion 
of the cardiac output that participates in 
gas exchange, or the pulmonary capillary 
blood flow. By estimating the amount of 
blood flow bypassing the lung (shunt 
flow) and adding that amount to the equa-
tion above, the indirect Fick method accu-

rately reflects the total cardiac output.8 
The NICO2 monitor corrects for shunt 
using oxygen saturation derived from 
pulse oximetry and a user entered value 
for inspired O2 concentration.  
 
CLINICAL VALIDATION 
 
When evaluating newer methods of car-
diac output monitoring, bolus thermodilu-
tion cardiac output measurements are rou-
tinely used as the comparison standard.  
The limited reproducibility of thermodilu-
tion hampers evaluation of new cardiac 
output devices.9,10  Recently, in a multi-
modality cardiac output study using ultra-
sonic flow probe placed on the ascending 
aorta of cardiac surgery patients research-
ers at the University of Florida, Gaines-
ville have shown that the precision of NI-
CO2 (1 SD = 0.81 L/min) is better when 

(Continued on page 4) 
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FIGURE 2. NICO Timing Diagram (3 minute cycle) 
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compared with bolus thermodilution (1 
SD = 0.96 L/min) and Continuous Car-
diac Output (1 SD = 1.55 L/min)11.  The 
accuracy and precision of NICO2 has 
also been demonstrated in a number of 
other clinical studies to be within accept-
able clinical limits over a wide range of 
cardiac outputs.12-16 

DISCUSSION 
The partial rebreathing technique for 
measurement of cardiac output is non-
invasive, easy to use, automated and 
continual, not technique dependent and 
is based on the accepted Fick principle.  
It can be easily implemented and inte-
grated with standard respiratory gas 
monitoring already available in most pa-
tients in the critical care environment.   
The small increase in end-tidal CO2 as-
sociated with partial rebreathing is not 
harmful and can be easily tolerated by 
the patient.  NICO2 is not indicated for 
use in patients with severe lung pathol-
ogy.  NICO2 in its present implementa-
tion can be used on patients who are me-
chanically ventilated (can be total me-
chanical ventilation or mixed breathing 
with spontaneous breaths).  Future firm-
ware upgrades will allow the user to use 
NICO2 with a facemask or mouthpiece 
in spontaneously breathing patients. 
The per patient cost of the NICO2 sensor 
and set-up time are much less than that 
associated with the use of a PA catheter.  
We expect that this technique may allow 
cardiac output monitoring in all patients 
in the OR and ICU, not only in which 
PA catheterization is not indicated 
(required or worth the risk), thus allow-
ing a wide patient population to benefit 
from improved hemodynamic (cardiac) 
monitoring and management.  The sim-
plicity of use and the additional respira-
tory parameters available with NICO2 
offers advantages over other noninvasive 
cardiac output techniques. 
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Call for Abstracts 
 

Annual Medical Simulation Meeting 
January 12-14, 2001 
Scottsdale, Arizona 

 
Rolling review up to December 1, 2000 

 
The Annual Medical Simulation Meeting 
will be held on January 12-14, 2001 at the 
Paradise Valley Doubletree Hotel in Scotts-
dale, Arizona.  This simulation dedicated 
meeting is being held in cooperation with 
the Annual Society for Technology in An-
esthesia meeting that will be held at the 
same location on January 11-13, 2001. 
 
This meeting will provide a forum for the 
discussion and advancement of the applica-
tion of simulators in clinical medicine and 
other health sciences.  Although the meet-
ing is being held cooperatively with STA, 
the meeting is by no means limited to anes-
thesia applications.  Abstracts from the al-
lied health specialties, emergency medicine, 
surgery, radiology, medicine, and others 
are highly encouraged.  The Medical Simu-
lation Meeting will be of interest to those 
individuals working in the scientific devel-
opment of simulation technology, as well as 

(Continued on page 7) 
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ergy required to maintain this HTD 
at a small temperature differential 
to the ambient blood temperature, 
is related to the mass of blood 
coming in contact with the HTD 
and therefore a direct, instantane-
ous measure of flow. The system 
utilizes the fact that the blood flow 
in the main PA is turbulent due to 
both the proximity of the pulmo-
nary valve and the nearby bifurca-
tion of the PA.  
 
The TruCCOMTM system offers 
significant clinical advantages over 
current technologies. 

Key Advantages and Benefits 
 
• Fast Response - Beat to beat 

Continuous Cardiac Output 
(CCO): Provides real-time, 
continuous, accurate, and reli-
able cardiac output measure-
ments. This feature is of par-
ticular interest during 
“Beating-Heart” and “Off-
pump” CABG operations 
where the impact on CO of 
cardiac manipulations are im-
mediately detected and re-
ported.  

• Low Cost - Eliminates the need 
for clinical staff to inject fluids 
for Cardiac Output Measure-
ment  

• Easy to use – Fast arm-up and 
no calibration required 

• User technique independent 
• Low power - Less than 1 watt 

transferred to the patient 
 

 
 The TruCCOMSTM “True Con-
tinuous Cardiac Output Monitor-
ing System” is based on an inno-
vative application of thermody-
namic heat transfer principles and 
state-of-the-art signal-processing 
techniques. It vastly outperforms 
the other continuous and intermit-
tent methods available on the 
market that rely on thermal dilu-
tion principles.  
 
The TruCCOMSTM represents a 
major breakthrough in invasive 
CO measurement and monitoring. 
Virtually all other invasive CO 
systems rely on some indicator 
technique either for measurement, 
calibration or both. Indicators in-
clude heat, cold, dye and Lithium 
dioxide. An inherent limitation of 
these indicator-based techniques 
is that they cannot be real time 
and must be either intermittent or 
averaged over long periods since 
they must wait for the dilution to 
occur and analyze the dilution 
curve.  
 
A new paradigm for Cardiac 
Output measurement 
 
 
A Heat Transfer Device (HTD) is 
located on an otherwise standard 
PA catheter (PAC). The location 
of the HTD is 7.5 cm from the tip 
of the PAC. This placement is 
such that when the PAC is placed 
in the normal position for obtain-
ing wedge measurements, the 
HTD is located in the middle of 
the main PA. The amount of en-

New Technology 
 
Using a patented application of 
the Mass Heat Transfer principle 
in a turbulent system, the CCO 
measured by AorTech is funda-
mentally different from all other 
CO and CCO measurements. Us-
ing a thermistor in a small heat-
ing coil, the system measures the 
energy required to maintain the 
coil surface at a ~1°C differential 
above the blood temperature. The 
Cardiac Output is directly related 
to this energy, which can be 
measured continuously.  
 
Clearly better than continuous 
TD devices 
 
TruCCOMS CCO is truly con-
tinuous and can update on every 
beat if desired. Other 
“Continuous-TD” devices use in-
termittent heat pulses to create 
several TD curve segments and 
then reconstruct the data to form 
a dilution curve and determine 
the CO. This is updated only 
every 20-30 seconds. Response 
time of these systems is range 
from about 6 to 9 minutes de-
pending on averaging employed 
to in crease the s/n ratio.  
 
Rather than heat the blood with 
enough energy to create a detect-
able temperature change, TruC-
COMS measures the amount of 
energy required to maintain a 
small temperature differential. 
TruCCOMS uses much less heat 
as shown in the table below. This 
lower power that the temperature 
rise in the patients blood is al-
most undetectable which means 

(Continued on page 6) 

TruCCOMSTM - by AorTech 

http:\\www.aortech.com\


Page 6 Volume 11, Issue 2 

temperature-measuring element 
within the catheter (T2, about 10 cm 
from the tip) is located upstream 
from the coil and measures ambient 
blood temperature. A second 
temperature-measuring element (T1) 
is located directly under the coil. By 
measuring the difference in 
temperature and knowing the power 
delivered to the coil, mass flow 
volume can be calculated by a 
thermodynamic mathematical 
formula. 
 
The placement of the HTD at 7.5 cm 
from the tip of the catheter locates 
the HTD in the main PA when the 
catheter is deployed in the normal 
wedge position. In this position the 
HTD resides in an area where the 
blood flow is very turbulent due to 
the proximity of the pulmonary 
valve on one side and the pulmonary 
artery bifurcation on the other. It is 
precisely this turbulence, which 
allows the HTD to detect the mass of 
blood passing through this area. The 
turbulent flow carries away heat 
from the HTD and the amount of 
energy required to replace the heat 
and maintain the temperature 
differential is proportional to the 
flow.  
 
Basic idea 
 
The basic idea involves maintaining 
a constant temperature gradient of 
2.5 degrees centigrade between T1 
and T2 by varying the power feeding 
to the HTD coil. The blood flowing 
over the HTD coil will carry away 
heat energy from the coil lowering 
the surface temperature and there-
fore T1 thermistor temperature. 
Lowering the temperature T1 will 
cause more power to be feed to the 
coil if a constant temperature gradi-

(Continued from page 5) 

it is much safer for the patient and 
can continue to work safely even in 
septic patient with elevated tem-
perature. Less heat means less dam-
age to blood cells and a faster re-
sponse time. As a side benefit the 
instrumentation is much smaller 
and less expensive.  
 

Other Features Include 
 

• Provides both continuous and 
intermittent modes for clinical 
comparison purposes  

• Saves all patient data and pro-
vides a PC interface for auto-
mated data collection and re-
mote data analysis as well as in-
terface to other monitoring sys-
tems.  

• With Cardiac Output measured 
continuously, the clinician can 
immediately see the effect of 
both mechanical and drug thera-
pies.  

• Haemodynamic changes in un-
stable patients such as those un-
dergoing cardiac surgery are 
immediately apparent. 

• Keeps a history of patient data 
       

How it Works 
 

Continuous Cardiac Output 
Monitoring is accomplished 
through a series of thermodynamic 
measurements utilising a 
Pulmonary Artery catheter. A 
precisely controlled Heat Transfer 
Devise (HTD coil) is located 7.5 cm 
from the tip of the catheter. Flow is 
measured as follows: A 

ent between T1 and T2 is to be 
maintained. The more flow that is 
passed over the coil, the more the 
power is needed for the coil to 
maintain constant temperature dif-
ference. At this point it is impor-
tant to note two key points, 
 
1.   The power from the HTD is 

not used to heat the blood as 
in thermal indicator methods, 
and 

2.   The temperature at the surface 
of the coil is typically about 1 
°C above the ambient blood 
temperature at about 5-l/min. 
flow. At zero flow the surface 
of the HTD will be at a maxi-
mum 2.5 °C above ambient 
blood temperature. 

 

The power supplied by the coil 
power circuitry to the HTD is con-
trolled in such a manner as to 
maintain the small temperature dif-
ferential of about 1 C to about 3 C 
between the first thermistor and 
the second thermistor. Determin-
ing the actual rate of blood flow 
can be accomplished by first pro-
viding a calibration of known rates 
of blood flow vs. power and then 
directly correlating the measured 
values with the calibration. 
             
As mentioned above, by providing 
microprocessor control of the 
process of the TruCCOMS, very 
small changes in temperature be-
tween the first and second thermis-
tor will immediately signal the 
power servo control loop to change 
the rate of power flow to the heat 
transfer element in order to main-
tain the desired temperature differ-
ential. The microprocessor can 

(Continued on page 7) 
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System Specifications 
 

The TruCCOMSTM (True Continu-
ous Cardiac Output Monitoring 
System) consists of two compo-
nents, a monitor called TruC-
COMTM and a catheter called Tru-
CATHTM.          

 

Monitor Specifications 

 

TruCCOMSTM: Provides both con-
tinuous and injectate modes for 
monitoring cardiac output. The sys-
tem includes a fully integrated free-
standing monitor, which can be 
pole mounted. The large flat panel 
display is easy to read and incorpo-
rated the labeling for the soft keys, 
which operate the software. Auto-
matic input of Injectate Tempera-
ture for TD measurements is incor-
porated. A 3-meter Patient Cable 
connects to the TruCATHTM Cathe-
ter.  

 

The Response Time to detect a 
change in CO is less than 10 sec-
onds (0-10%, 10-90% in less than 
35 sec.). Blood Temperature Range 
25 - 45 °C and works well even for 
unstable patient temperatures and 
on beating heart bypass patients. 
The monitor is small in size 
(approximate 20-cm x 19-cm x 17-
cm) and light-weight (less than 3 
kg.). It has a system interface RS-
232, an analog output and an analog 
input.  

(Continued from page 6) 

then immediately translate this re-
quired decrease or increase in 
power to a quantitative expression 
of blood flow rate from a previ-
ously determined calibration.  The 
microprocessor then provides an 
output signal indicating accurate 
cardiac output in terms of blood 
flow rate. 
 
The TruCCOMS catheter can be 
used in the same patient popula-
tion as the standard PA/TD or oxi-
metry catheters and maintains ac-
curacy and repeatability irrespec-
tive of serious patient conditions 
such as low cardiac output.  The 
described TruCCOMS and proc-
ess for monitoring cardiac output 
has been incorporated within a PA 
catheter but could also be used in 
other medical devices where flow 
measurement is indicated.  
 
Because any response to catastro-
phic events, which may occur, can 
be more accurately and timely de-
tected, the use of the TruCCOMS 
additionally increases the effec-
tiveness of any medical interven-
tion, which may be required.  
Moreover, the likelihood of infec-
tion is substantially reduced be-
cause the process of the CCOMS 
does not require injectates such as 
cold and hot solutions or dyes.  
Additionally, this measurement 
can be practiced without the need 
for high cost equipment and the 
constant attention of highly 
trained personnel. 

TruCATHTM Catheter 

Usable Length  (cm)                110 

Catheter Body                         7F 

Introducer Size                        8.5F 

Ξ 

 Heat Req’d/Temp. Rise at Coil  
Cardiac Output Continuous TD systems TruCCOMS  
2 liters/minute 5 Watts/4°C 0.45 Watts/1.5°C 
15 min/min 7.5 Watts/5°C 0.8 Watts /0.8°C 

(Continued from page 4) 
those oriented toward clinical teaching 
and research applications.   
 
The intent of this meeting is to be as in-
clusive as possible, with basic scientists, 
clinicians, and allied health professionals 
finding it beneficial.  Authors should 
consider their submissions to be for a di-
verse audience, though all having an in-
terest in the applications of simulator 
technology.  All abstracts will be pub-
lished in the proceedings and authors will 
be asked to provide a poster presentation 
or demonstration at the meeting. 
 
We are particularly interested in posters 
and demonstrations of the following: 

-      Applications of simulator technol-
ogy in teaching health sciences 
curricula (medicine, nursing, den-
tal, physician assistant) 

-      Crisis resource management train-
ing 

-      Use of simulation for testing and 
evaluation 

-      Use of simulation in medical de-
vice user interface design 

-      Advances in simulator hardware 
and models 

 
Abstracts should be brief, typically less 
than 250 words, but may be any of the 
following: 

1.    ASCII text 
2.    MS Word document 
3.    HTML 3.2 
4.    A URL to the abstract.  This ab-

stract should be viewable with stan-
dard browsers (e.g. Netscape or IE 
4.x Macintosh, Windows, Unix, 
with no unusual plugins), and be 
viewable in less than 2 minutes 
with a 56K-dialup connection. 

DEADLINE: Abstracts will be reviewed 
on a rolling basis up to December 1, 2000 
 
Submissions should be directed via email 
to Beverlee Anderson. 

mailto:SocTecAnes@aol.com
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Optimal monitoring providing on-line 
or continuous information is often re-
quired in anesthesia or with critically 
ill patients. Measurement of the Car-
diac Output (“CO”) together with rou-
tine monitoring of heart rate, arterial 
pressures, electrocardiography, and 
pulsed oxymetry is very useful in 
many clinical situations. Until re-
cently, clinically acceptable methods 
for determining CO have been re-
served for cardiac surgery patients or 
patients with severe hemodynamic in-
stability because the standard flow 
measurement thermodilution technique 
(“TD”) requires right heart pulmonary 
artery catheterization with its associ-
ated risks, morbidity, and costs [1]. 

 
HemoSonicTM (www.arrowintl.com) 
is a non-invasive monitor that uses 
proprietary ultrasound technology to 
accurately measure CO on a beat-by-
beat. HemoSonicTM is based on an eso-
phageal probe of great operating sim-
plicity developed by INSERM (U281) 
in France [2]. HemoSonicTM continu-
ously provides a real-time measure-
ment of the Stroke Volume (“SV”) and 
enables the physician to assess Pre-
load, Contractility, and Afterload: it 
displays a beat-by-beat hemodynamic 
profile used to monitor left ventricular 
(“LV”) performance and optimize 
fluid management under various 
physiologic and pharmacological con-
ditions. 

 

CARDIAC OUTPUT MEASURE-
MENT WITH HEMOSONICTM:  
PRINCIPLE 
 
The HemoSonicTM principle of opera-
tion is based on the simultaneous, real-

time, independent ultrasound meas-
urements of aortic cross-sectional 
area (“CSA”) and blood velocity to 
determine the instantaneous volumet-
ric descending Aortic Blood Flow 
(“ABF”) [3]. The externally ori-
entable flowmeter uses a probe 
equipped with two (2) ultrasonic 
transducers inserted into the patient’s 
esophagus at the same anatomic level 
facing the descending thoracic aorta. 
One transducer measures CSA, 
whereas the other measures blood 
velocity, the physiologic parameter 
reflecting the heart’s performance as 
a pulsatile pump as modified by vas-
cular tone. 

 

Instantaneous aortic CSA measure-
ment is warranted for accuracy and 
reliability [3-5]. Between the T5 and 
T6 thoracic vertebrae, the aorta is a 
quasi-circular cylindrical vessel, thus 
real-time pulsatile CSA determina-
tion only requires an accurate diame-
ter measurement. Other esophageal 
Doppler systems rely on a built-in 
nomogram in relation to the patient’s 
height, weight, age and gender to es-
timate the aortic diameter [6, 7]. As a 
result, the estimated diameter is not 
patient-specific and has been shown 
to exhibit unsatisfactory reliability 
by comparison to computerized axial 
tomography [8]. HemoSonicTM uses 
transesophageal M-Mode echogra-
phy with a highly collimated 10MHz 
beam directed toward the thoracic 
aorta. Upon rotating the probe, the 
thin M-mode beam transversely 
scans the aorta and can be centrally 
directed, resulting in the simultane-
ous display of two separate echo sig-
nals, respectively representing the 
proximal and distal aortic wall ech-
oes. Display of both aortic wall im-

ages unambiguously indicates that the 
transesophageal probe is optimally posi-
tioned. Additionally, through a time of 
flight technique, the M-mode provides an 
accurate, real-time measurement of the 
internal aortic diameter required for a pa-
tient-specific CSA determination. To test 
the HemoSonicTM measurement accu-
racy, an in-vivo comparison between M-
mode and bidimensional TEE was made 
on 20 patients: agreement between both 
diameter measurement methods was 
found to be very strong, with bias and 
precision at 1.1 and 1.4 mm, respectively 
[9]. 

 

A second acoustic transducer generates 
5MHz pulsed Doppler emissions for 
blood flow velocity measurement. The 
Doppler beam is spatially centered on the 
M-mode bisecting line: it interrogates the 
entire aortic CSA uniformly and meas-
ures the Doppler-shifted frequency pro-
duced by the moving blood cells in the 
thoracic aorta, following left ventricular 
ejection.  It thus provides a precise meas-
urement of the spatially averaged blood 
velocity over the entire aortic cross-
section. The Doppler velocimeter also 
takes advantage of the “range gating” 
property of pulsed wave systems. This 
effectively eliminates any spurious ve-
locity contribution and background noise 
that could originate from blood motion in 
any vessel outside the aorta [10].  

 

HemoSonicTM continuously measures 
ABF, a hemodynamic parameter closely 
related to CO [9].  In an animal study, 
the in-vivo accuracy of HemoSonicTM has 
been compared against an electromag-
netic flowmeter inserted around the pul-
monary artery, yielding an accuracy of 
about 95% [11]. Moreover, the reliability 

(Continued on page 9) 

VOLUME MANAGEMENT AND NON-INVASIVE HEMODYNAMIC 
MONITORING WITH THE HEMOSONICTM 

Jean-Luc G. Boulnois, Ph.D.                          Arrow International, 9 Plymouth Street, Everett, MA  02149 

http:\\www.arrowintl.com\
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(Continued from page 8) 
of ABF monitoring for tracking CO 
variations has been carefully investi-
gated in critically ill patients: a strong 
correlation was found between CO-TD 
and ABF measured with the He-
moSonicTM over a wide range of flow 
conditions [9, 12]. The clinical validity 
of the ABF-CO relationship was further 
confirmed in a retrospective multi-
center meta-analysis conducted on 90 
patients with 311 paired ABF-CO meas-
urements covering a wide domain of 
flow rates (ABF range: 0.5 to 12.3 l/
min) corresponding to a variety of clini-
cal situations [3]. On average, ABF was 
4.2 l/min and CO was 5.9 l/min with a 
73% ratio: a high positive correlation 
was found (R2 =0.79), with a highly sig-
nificant (p<0.0001) linear association. A 
Bland-Altman analysis further demon-
strated the agreement between the two 
cardiac output measurement methods. 
As a result, HemoSonicTM relies on this 
correlation to continuously estimate and 
display CO and SV from the real-time 
measurement of ABF and heart rate 
(“HR”). 

 

HEMODYNAMIC MONITORING 
WITH HEMOSONICTM 

 
HemoSonicTM consists of a compact 
console housing the electrical hardware 
and a data-recording unit with a color 
display screen, a transesophageal probe, 
and a disposable sheath. A fast proces-
sor and proprietary software control the 
flowmeter functions, ultrasound signal 
processing and the patient composite 
hemodynamic profile computation and 
display. Through the Doppler display, 
the user finds the aorta, verifies probe 
insertion depth, and optimizes the ve-
locity waveform, while simultaneously 
achieving optimal probe orientation by 
manually rotating the probe handle until 
the two appropriate M-mode traces are 
obtained. 

 

The 20F-transesophageal probe in-
cludes a flexible shaft, a dual sensor 
sub-assembly located 5 cm from the 
probe distal end, and a rotatable han-
dle located at the proximal end. The 
design provides a high degree of tor-
sional rigidity for directional control, 
yet is sufficiently flexible to be rea-
sonably tolerated by the sedated pa-
tient. A biocompatible, sterile, single 
use, sheath filled with a gel that en-
sures ultrasound transmission is 
mounted on the probe. The probe-
sheath assembly can be used with a 
naso-gastric tube inserted in-situ. 

  

The patient is monitored with the 
composite hemodynamic profile 
shown on Figure 1. Each cardiac cy-
cle is represented in real-time through 
its corresponding velocity trace. Flow 
and volume can thus be assessed in 
real-time by analyzing instantaneous 
values of CO, HR, and SV. He-
moSonicTM also displays trends of all 
hemodynamic parameters for selected 
periods of time. 

 

 

 

Maximum Acceleration (“ACC”), i.e. 
the instantaneous rate of change of ve-
locity measured at the onset of systolic 
flow, was established as a sensitive, 
clinically significant indicator of global 
LV performance and myocardial con-
tractility [13-15]. ACC was found to 
correlate well with ejection fraction 
and to be less affected by variations of 
afterload than other contractility indi-
ces. By measuring the slope of the ve-
locity curve at the onset of systole, He-
moSonicTM provides a real-time deter-
mination of this index in a very simple 
fashion. As a result, a comparison of 
ACC with SV provides a useful indica-
tion of preload: for example, a small 
SV and a normal ACC are indicative of 
a good LV performance, albeit in a hy-
povolemic situation. Measurement and 
monitoring of ACC together with com-
plementary contractility indices such as 
Peak Velocity (“PV”) and Left Ventri-
cle Ejection Time (“LVET”) amplify 
the understanding of altered contractile 
events that accompany left ventricle 
decompensation, and provide an ex-
tremely sensitive measure of the ef-
fects of pharmacological agents on the 
heart. 

 

(Continued on page 10) 
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(Continued from page 9) 
Finally, monitoring systemic vascular resis-
tance in conjunction with stroke volume SV 
provides a useful assessment of afterload. 
HemoSonicTM estimates the Total Systemic 
Vascular Resistance (“TSVR”) from the 
instantaneous CO and a mean arterial pres-
sure (“MAP”) entered manually. 
 
VOLUME MANAGEMENT WITH HE-
MOSONICTM 
HemoSonicTM is intended for managing of 
volume and optimizing fluid therapy. Clini-
cal indications target patients “at risk”. In 
the OR, this includes patients with a per-
ceived risk related to the type of surgery (e.
g., orthopedics, vascular, transplants), a his-
tory of cardiovascular deficiencies or risks 
(e.g., hypertension). In the ICU, indications 
are for patients with doubts about their 
hemodynamic status (e.g., instability, pul-
monary congestion, shock, etc.), or patients 
difficult to treat with PAC (e.g., burn). Con-
traindications are the same as those of TEE. 
Limitations include thoracic aortic aneu-
rysms, aortic stents, and severe aortic regur-
gitation. 
In the following case, a 60yrs, 6’2”, 220-lb. 
male patient has been in ICU for 5 days for 
severe ARDS symptoms including non-
cardiogenic pulmonary edema, tachycardia 

and serious peripheral edema. The me-
chanically ventilated patient is stable, 
with HR = 112, BP = 110/65, and MAP 
= 80 mm-Hg, and has received high 
doses of diuretics. HemoSonicTM transe-
sophageal insertion is easily achieved 
but produces faint distal wall M-mode 
echoes perhaps due to tissular water ab-
sorption. The baseline (T0) He-
moSonicTM data is respectively: SV = 
45 cm3, ACC = 11.2 m/s2, CO = 5.0 l/
min, and TSVR = 1270. 
 
Baseline SV is significantly below nor-
mal values, yet the 5-l/min CO is in the 
normal range because of the patient’s 
tachycardia. Due to the large flow accel-
eration (ACC = 11.2 m/s2), LV contrac-
tility is thus assessed as being high, in-
dicating good LV performance with a 
presumed good ejection fraction. Resis-
tance is found to be in the normal range 
because of normal MAP and CO values. 
Hence, an excessive afterload does most 
likely not cause the SV condition. As a 
result of the poor SV, the patient is di-
agnosed with insufficient preload and 
hypovolemia. 
After an uneventful 20-min observation 
period (T1), a series of fluid challenges 
including colloids (500cc) is under-
taken. Twenty minutes into treatment, 

SV starts to exhibit an increase of about 1.5 
cc per 10-minute interval. Over the next 
hour, a gradual restoration of SV is 
achieved with no significant change in HR, 
and a resulting parallel increase in CO. 
Meanwhile, MAP remains in the normal 
range (~80 mm-Hg), thus resistance is 
slowly decreasing. 
 
At T2 = 80 min, ACC is found to have de-
creased by 20% to 8.9 m/s2, indicating a mi-
nor drop in cardiac contractility and an ino-
trope is administered to the patient 
(dobutamine ~ 5mg/kg-min). At T3 = 120 
min, a marked improvement of LV contrac-
tility is registered with ACC returning to 
10.5 m/s2, associated with a continuing in-
crease in SV which is restored to normal 
values (~65 cm3), as seen on Figure 2. With 
no significant change in HR and arterial 
pressure, CO keeps increasing with an asso-
ciated fall in resistance. 
This simple case highlights the value of 
hemodynamic monitoring with He-
moSonicTM, since the data enabled to suc-
cessfully guide volume and inotrope therapy 
in real-time. 
 
SUMMARY 
The operating principles and methods for 
the non-invasive, real-time, continuous car-
diac output and volume determination with 
the HemoSonicTM system were reviewed.  
The system uses a novel transesophageal 
ultrasonic Echo-Doppler probe to simulta-
neously measure aortic cross-section and 
blood flow velocity at the same anatomic 
level. The physician to optimize therapy and 
fluid management uses a beat-by-beat com-
posite hemodynamic profile consisting of 
flow/volume data, contractility data, and 
afterload data.  
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creasingly wary of this approach.  The invasive nature of the 
technique and its inherent complications restrict its use to the 
most critically ill.  Its intermittent and imprecise measurement 
of cardiac output as well as the vagaries of converting pressure 
measurements into assessments of ventricular filling are fur-
ther shortcomings that have led to its disfavor amongst clini-
cians.  In fact, based on interpretations of data showing worse 
outcomes for the cohorts of patients in whom PA catheters 
were employed, some have called for an outright ban on the 
use of PA catheters.  One author went as far as to describe the 
PA catheter monitoring community as a “cult”.       

Reforms in intraoperative cardiovascular monitoring 
requires fresh thinking from both practitioners and device 
manufactures.  Encouragingly, several innovations hold prom-
ise. Many of these offer automatic, continuous monitoring and 
are non-invasive.  But not unlike recent efforts directed at re-
forming our political system, money and trust become stum-
bling blocks to success.  How will anesthesiologists be reim-
bursed for expenses and efforts related to newer technologies?  
And after witnessing the history of monitoring “black boxes” 
promising much but delivering little, how can physician skep-
ticism of the performance these newer modalities be over-
come? To get a closer look at the future of cardiac monitoring, 
this issue of Interface features the perspectives of three prom-
ising companies pursuing the next generation of cardiac moni-
tors.  

                                  Ξ 

(Continued from page 1; Editorial) 
fluid status and cardiac performance.  The merits of this model 
of cardiac performance is well established from decades of ap-
plication and study since the pioneering work of Starling and 
Otto.  Yet this most fundamental understanding of cardiovascu-
lar well being remains beyond our current monitors’ grasp.  

Attempts to provide more sophisticated cardiac moni-
toring have been either of limited success or outright failures.  
Pulmonary arterial (PA) catheters have achieved the greatest 
acceptance.  But with the experience gained from 30 years of 
PA catheters in anesthetic practice, physicians have become in-
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