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Abstract

Objectives—No simple method exists for repeatedly measuring cardiac output in intensive care
pediatric and neonatal patients. The purpose of this study is to present the theory and examine the
in vitro accuracy of a new ultrasound dilution cardiac output measurement technology in which an
extracorporeal arteriovenous tubing loop is inserted between existing arterial and venous catheters.

Design—Laboratory experiments.
Setting—Research laboratory.
Subjects—None.
Interventions—None.

Measurements and Main Results—In vitro validations of cardiac output, central blood volume,
total end-diastolic volume, and active circulation volume were performed in a model mimicking
pediatric (children 2-10 kg) and neonatal (0.5-3 kg) flows and volumes against flows and volumes
measured volumetrically. Reusable sensors were clamped onto the arterial and venous limbs of the
arteriovenous loop. A peristaltic pump was used to circulate liquid at 6-12 mL/min from the artery
to the vein through the arteriovenous loop. Body temperature injections of isotonic saline (0.3-10
mL) were performed. In the pediatric setting, the absolute difference between cardiac output
measured by dilution and cardiac output measured volumetrically was 3.97% + 2.97% (range
212-1200 mL/min); for central blood volume the difference was 4.59% + 3.14% (range 59-315 mL);
for total end-diastolic volume the difference was 4.10% + 3.08% (range 24-211 mL); and for active
circulation volume the difference was 3.30% + 3.07% (range 247-645 mL). In the neonatal setting
the difference for cardiac output was 4.40% =+ 4.09% (range 106-370 mL/min); for central blood
volume the difference was 4.90% + 3.69% (range 50-62 mL); and for active circulation volume the
difference was 5.39% * 4.42% (range 104-247 mL).

Conclusions—In vitro validation confirmed the ability of the ultrasound dilution technology to
accurately measure small flows and volumes required for hemodynamic assessments in small
pediatric and neonatal patients. Clinical studies are in progress to assess the reliability of this
technology under different clinical situations.
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No routine method exists for repetitive measurements of cardiac output (CO) in pediatric and
neonatal intensive care unit (ICU) patients. The small size of blood vessels, the amount of
blood involved, and the need to use toxic indicators limit the routine use of existing methods
(1,2). Ul-trasound dilution (UD) technology, used in extracorporeal circuits (mostly in
hemodialysis), uses isotonic saline as an indicator to measure hemodynamic variables (3,4).
The purpose of this study is to present the theory and examine the in vitro accuracy of a novel
application for UD technology. In thisapplication, an extracorporeal arteriovenous (AV) tubing
loop is inserted between existing arterial and venous catheters to measure hemodynamic
variables in ICU patients.

MATERIALS AND METHODS
Cardiac Output

Blood ultrasound velocity (1560-1585 m/sec) is a function of total blood protein concentration
(sum of proteins in plasma and in red blood cells), temperature, and average ion concentration
in plasma (3,4). Injection of body temperature isotonic saline (ultrasound velocity of saline is
1533 m/sec) into the AV loop (Fig. 1) decreases blood ultrasound velocity, producing dilution
curves (Fig. 2). The CO calculation is based on the Stuart-Hamilton principle:

(UVblood — UVsaline) = (Vinj)  Vinj

CO= =
[UVa(odt JCamat (1]

where Vinj is the volume of injected isotonic saline (mL), measured by venous sensor (Fig. 2
upper curve); UVblood - UVsaline is the difference between ultrasound velocity of blood and
saline measured by venous sensor; UVa refers to changes in arterial blood ultrasound velocity
measured by arterial sensor (Fig. 2 lower curve);fCa (t) dt:(w{g)\j% is the area under
the dilution curve of the saline concentration in arterial blood (mL [saline]me [blood], see
scale in Fig. 3); and Ca(t) is the concentration of injected saline in arterial blood (Fig. 3), which
is calculated from the changes in blood ultrasound velocity and the difference between
ultrasound velocity of blood and saline measured by venous sensor, assuming that blood
ultrasound velocity changes linearly by saline dilution (3,4).

Central blood volume (CBV) is calculated as the volume between the injection site (central
vein) and the recording site (peripheral artery) and includes the volume of blood in the heart,
lungs, and large vessels (5).

CBV=CO X (MTTa - MTTv — MTTt) [2]

where MTTa is the time during which the indicator travels from the injection site (venous
sensor) to the arterial sensor (Fig. 3); MTTv is the mean transit time of venous injection
recorded by the venous sensor; MTTt is the mean transit time during which the indicator travels
in the arterial loop before reaching the sensor (MTTt = Va/Qa, where Va is the known priming
volume of the tubing segment; and Qa is known blood flow in the loop).

Total end-diastolic volume (TEDV) is the sum of end-diastolic volumes of the atria and
ventricles. Its calculation is based on the assumption that a major spread of the arterial curve
vs. venous curve (Figs. 2 and 3) is due to the indicator traveling through the heart chambers
(6).

TEDV=CO - (1.62/HR+0.77 x CHc) [3]

where CHc = (CHgrt 2 - CHyen 2)Y2; HR is heart rate (number of heart beats per minute); and

CHyen and CHgt are chords (width of the curve at one-half the maximum height of the curve)
of venous and arterial curves in minutes, respectively.
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Active circulation volume (ACV) is defined as the volume of blood in which the indicator
mixes in 1 min from the time of injection (4,7).
ACV=Vinj/H [4]

where Vinj is the volume of injected isotonic saline in milliliters, and H is the new level of
isotonic saline concentration in blood (mL [saline]/mL [blood]) at the end of the first minute
after venous injection as recorded by the arterial sensor (Figs. 2 and 3).

In a clinical setting, a disposable AV loop, primed with heparinized saline, (priming volume
0.9-2.4 mL, depending on patient size) is connected between existing arterial and venous
catheters (Fig. 1). Reusable paired flow/ dilution sensors that measure tubing blood flow and
UD are clamped onto the respective arterial and venous limbs of the AV loop. To perform
measurements, a peristaltic pump circulates blood through the AV loop from the artery to the
vein for 5-6 mins at 6-12 mL/ min. Isotonic saline, heated to body temperature in a saline fluid
warmer (HFW 1000, Transonic Systems), is drawn from the bag with a syringe and quickly
injected, 0.5-1 mL/kg of body weight (up to 30 mL), into the venous limb of the AV loop.
Depending on the resistance of the venous catheter lumen, it takes 0.5-4 secs to perform a 0.5-
to 10-mL saline injection. Hemodynamic variables are automatically calculated and displayed
on a HCM101 monitor (Transonic Systems). After two to three discrete measurements, the AV
loop is filled with heparinized saline and left intact until the next measurement cycle.

In a bench model (Fig. 4), CO, CBV, TEDV, and ACV were measured with two size
modifications. The first modification was customized for a neonatal setting, with volume and
flow variables approximating those of low-weight newborns of 0.5-3 kg. A 5-Fr umbilical
venous catheter and a 3-Fr umbilical arterial catheter were used for this modification. The
second modification was customized for a pediatric setting, with volume and flow variables
approximating those of small patients weighing 2-10 kg. A 4-Fr duallumen central venous
catheter and a 20-gauge arterial catheter were used. The approximate weight divisions for the
modifications were based on the Food and Drug Administration’s (8) definition of low-weight
newborns as weighing <2.5 kg. CO and its changes were simulated by pump flow variation.
To ensure stability of the flow during the dilution measurements, a clamp-on transit-time flow
sensor (HT109, Transonic Systems) was positioned on the line (Fig. 4). Flow was
volumetrically calibrated after each measurement cycle. Volumetric measurements were made
by direct sampling of the liquid into a volumetric flask and graduated cylinder with stopwatch
time count from 30 to 60 secs for flow recording. TEDV was simulated by a mixing chamber
consisting of one to five bubble traps (similar to those used in hemodialysis catheters)
connected in series and the volume in the pump segment. CBV was simulated as the volume
between point a (Fig. 4) and point b (Fig. 4) that included the TEDV plus the liquid in the
tubing segments leading from point a (Fig. 4) to pump segment and from bubble traps to point
b (Fig. 4). ACV was simulated by the volume in the entire system, which included the CBV,
plus the volume in the tubing lines leading to the water tank from points a and b, plus liquid
in the tank. Varying the number of bubble traps, length of the tubing lines, and the amount of
liquid in the tank made it possible to vary the volumes—TEDV, CBV, and ACV.

For the simulated neonatal setting, 0.3-3 mL of saline was injected over 0.5-2 secs. For the
simulated pediatric setting, 2-10 mL of saline was injected over 1-4 secs.

Hypertonic saline was circulated in the model (Fig. 4), as it has been proven to be a convenient
and valid blood substitute for bench modeling of UD technology (3,9). The equivalency of

hypertonic saline to blood for UD measurements is based on blood homogeneity for ultrasound
wave propagation in the range of 4.8 MHz where the HCM101 operates. This equivalency is
supported by publications related to theory and experiments of ultrasound propagation in blood
and saline (3,9,10). This equivalency was also observed during direct injections of hypertonic
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solutions into blood in lung water measurements in hemodialysis patients (11). The accuracy
of UD methodology was investigated over a wide range of hypertonic solutions (3% to 6%
NaCl) equivalent to blood with a hematocrit of 25% to 55% and over a wide range of injection
temperatures (29-38°C) and injection volumes (0.3-10 mL).

Absolute percent error was calculated for every bench measurement (without averaging) as
6=Abs (P — Pv) /Pv - 100% (5]

where P is the model variable measured by dilution, and Pv is a variable measured
volumetrically.

Results presented in Table 1 and in Figure 5 include all the measurements performed, without
any averaging. The mean absolute error for all the measurements was in the range of 3.30% to
5.39%. For the simulated neonatal setting, the mean absolute error was approximately 0.5%
larger than for the simulated pediatric setting. Practically all CO data (2 so) were within 10%
of volumetric data for the simulated pediatric setting and within 12% for the simulated neonatal
setting. Bias between volumetric and UD measurement of in vitro CO was 6 mL/min for the
pediatric setting and -2 mL/min for the neonatal setting (Fig. 5). CBV, TEDV, and ACV were
within 10% to 12% of volumetric data for the pediatric setting and within 12% to 14% for the
neonatal setting (Table 1). The injection volume change from 2 mL to 10 mL (Fig. 6) produced
the variation of measured CO within 5%. This confirms the ability of the venous sensor (Fig.
1) to minimize the influence of operator errors during clinical use.

DISCUSSION

Since its introduction in 1995 (3), UD technology has become widely used in hemodialysis
and in extracorporeal membrane oxygenation to measure shunt flow, vascular access
recirculation, and cardiac output. More than 100 articles referencing UD have been published
in peer-reviewed journals (PubMed search). The purpose of this study is to expand the
application of UD technology with its benefits of high accuracy (12-15); ability to perform
measurements extracorporeally, independent of patient size; and use of reusable sensors. One
prior attempt to use an AV loop approach did not use a pump (14). While the methodology
produced accurate data (14), it appeared unfeasible for routine use, as blood flow in the loop
was periodically unstable. In this study, the concept was to 1) use existing arterial and venous
catheters to create an AV tubing loop; 2) use a special pump to propel blood flow between the
catheters; and 3) create a site within the same loop for intravenous injections.

Cardiac output and central blood volume measurements assume that isotonic saline remains in
the vascular bed during its first pass through the lungs. Moser and Kenner (16,17) made precise
measurements of saline loss during its first pass through the lung capillary bed using a blood
densitometry technique and concluded that only 0.08% of the injected volume was lost. The
absence of indicator loss was also confirmed by the high accuracy of CO measurements using
isotonic saline as an indicator and recording dilution curve in peripheral arteries (12-15,17).
CBYV measurements, observed in the range of 10 -25 mL/kg during hemodialysis by UD (5)
and in the ICU by indocyanine green (18), have confirmed its direct relation to patient volume
status.

Total end-diastolic volume is equivalent to preload volume of the heart. It ranges from 5 to 15
mL/kg depending on the patient’s heart condition and volume status. The assumption that a
major spread of the arterial curve vs. the venous curve (Fig. 2) is due to indicator traversing
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the heart chambers is considered valid (19) except in situations with lung injury. An analogous
variable called global end-diastolic volume is calculated by Pulsion technology and was
recently applied to patients with septic shock (20). Since the neonatal bench model could not
simulate complex heart situations in neonatal ICU patients (e.g., single ventricle), TEDV was
not measured in this bench setting.

Active circulation blood volume is defined as the amount of blood that immediately supports
CO through quick multiple recirculation through the heart, lungs, and other low-resistance
organs, such as the brain, liver, and kidneys. Although total blood volume (~75 mL/kg) could
be used to assess a patient’s volume status, it has not gained widespread clinical acceptance
since it requires the use of an isotope. Hence, researchers are now paying more attention to
ACYV because of its clinical value (7,18,21,22). ACV ranges from 30 to 70 mL/kg depending
on the volume status of the patient. For example, the curve from a 5-mL isotonic saline injection
into a 5.6-kg patient (Fig. 3) shows that the concentration of saline is largely stable at the level
of 1.45% within 40-60 secs from the time of injection. This means that the process of saline
leaving the active circulation to slowly perfused areas (legs) or to extravascular space is
relatively slow. ACV can be easily calculated using Equation 4 as ACV =5 mL/0.0145 = 344
mL or 62 mL/kg body weight. Isotonic saline (3,7), indocyanine green (18,21), starch (22),
and other indicators have been used to calculate ACV with measurement times of 1-5 mins
depending on the indicator used. Considering the high heart rate and small size of neonatal and
pediatric patients, we assume that a 1-min mixing time is adequate to assess ACV in the target
patient population. Future clinical studies are needed to investigate the utility of this variable
in routine patient treatment.

Bench Accuracy of Ultrasound Dilution Method

The main purpose of this in vitro study was not to simulate the extremely complicated
physiology of the child but to confirm the ability of this technology to accurately measure small
volumes and low flows in the range of neonatal and pediatric patients.

Volumetric measurements of flows and volumes were used as a gold standard reference for
validating UD results. The error of volumetric flow measurements consists of the sampling
container error and the stopwatch error. For KIMAX volumetric flasks (100-500 mL), the
factory error was estimated as <0.1%. Stopwatch error can be estimated in a worstcase scenario
as a quarter of a second for a 30-sec sampling, which leads to an error of 0.83%. The total error
of the volumetric flow measurements is thus <1%. The factory error for the KIMAX 50-mL
graduated cylinder that was used for volume estimation in the neonatal model is estimated as
1%. Thus, the accuracy of volumetric measurements by far exceeds the accuracy of any dilution
method, including the UD method, and hence volumetric measurement was used as a reference.

Even without averaging the data, the in vitro study showed that the differences between
volumetric and UD measurement of flows and volumes were within 10% to 12% for the
pediatric setting and within 12% to 14% for the neonatal setting (Table 1). A small bias of 6
mL/min for the pediatric setting (flow range 212-1200 mL/min) and -2 mL/min for the neonatal
setting (flow range 106-370 mL/min) confirms that the UD technology performs equally well
over the applied range (Fig. 5).

One of the major problems with using indicator methods in small patients is the practical
difficulty of injecting precise amounts (from 0.3 to 10 mL) of saline. The use of a venous sensor
(Figs. 1 and 2) that automatically measures injection volume makes the system operator
independent and improves accuracy (Fig. 6).

Pediatr Crit Care Med. Author manuscript; available in PMC 2008 October 28.
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Injection Volumes—The injection volume recommended is 0.5-1 mL/kg of body weight
(up to 30 mL). Two to three injections are recommended to ensure the correct representation
of a patient’s CO status due to possible physiologic variations in CO caused by breathing. In
patients who are clinically sensitive to volume overload, a minimum of two injections of 0.5
mL/kg should be chosen. This additional liquid will constitute a 1% to 2% total blood volume
increase, equal to or less than the increase found with the saline bolus thermodilution method.
Minimizing injection volume to 0.5 mL/kg will not jeopardize CO measurements but makes
it difficult to measure ACV as it requires a new stable ultrasound velocity level (Fig. 2).

Indicator Loss—In patients with inadequate lung perfusion, there could be some lung
segments in which indicator enters but does not leave for a long time. In this case, the indicator
return may not be counted as the first pass of the dilution curve. The indicator will be lost and
CO overestimated in such a scenario. CBV will also be affected. In such a situation, the error
of this method will be analogous to the errors of any other dilution methods in which indicator
is sampled at the artery (e.g., all dye dilution methods, the lithium dilution method, and the
transpulmonary thermodilution method).

Septal Defects—The presence of septal defects is known to produce abnormalities in
dilution curves (23,24) that may influence the accuracy of CO calculation. The presence of
these abnormalities will be obvious from the dilution curve displayed on the HCM101 screen.
In addition, the HCM101 software will produce a related message on the screen to alert the
user.

Cardiac output in animal (rats, pigs, sheep) measured using this technology vs. CO measured
by the gold standard transit-time ultrasound technology with a perivascular flow probe
positioned on the pulmonary artery was presented at the 19th European Society of Intensive
Care Medicine Congress, 2006 (25). The study demonstrated good correlation between
methods (range r2 = .82-.94) over a wide variation of CO, ranging from 49 mL/min in a 230-
g rat to 8000 mL/min in a 65-kg sheep, with injection volumes ranging between 0.3 mL and
20 mL. No adverse events were observed.

Preliminary pediatric studies were presented at the 36th Critical Care Congress, 2007 (26). The
authors reported that the methodology worked reliably for any arterial catheter location (radial,
femoral, and foot artery) and different venous catheter locations (jugular and femoral) in
patients from 3 months to 14 yrs of age. Observed CO ranged from 0.6 to 11.6 L/min in patients
weighing between 2.7 and 110 kg. No adverse events were observed.

CONCLUSION

In vitro validation confirmed the ability of the UD technology to accurately measure small
flows and volumes required for hemodynamic assessments in small pediatric and neonatal size
patients. Additional clinical advantages of this approach include absence of blood loss, use of
existing catheters, and use of an innocuous indicator. Clinical studies are in progress to assess
the reliability of this technology under different clinical situations.
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Figure 1.
Schematic of the arteriovenous (AV) loop setup to measure hemodynamic variables by
ultrasound dilution technology.

Pediatr Crit Care Med. Author manuscript; available in PMC 2008 October 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Krivitski et al. Page 10

200 (ml/min)
f Isotonic saline
] injection (V,;

Venous Sensor } / ! Vi) )
“Inflow limb”  orice e cnepaisaiiiesios. 10 ml/min
|

ig8 x

T

1580 (m/sec)

" WWWWM Wmﬁ,\- — NF I ——— i
Arterial Sensor ., “q ,_W\y,,ﬁwwwwmww o

" “Sampling Limb” Y V\W\

\ / Arterial dilution
: Wt curve
1575 (m/sec) 10 secs “f

ST enta

Figure 2.

Raw data curves from a 5.6-kg patient. Upper curve represents the increase in the flow recorded
by the venous sensor due to injection of 5 mL of isotonic saline. Lower curve represents the
decrease of blood ultrasound velocity recorded by the arterial sensor during the saline bolus
pass.
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Figure 3.

HCM 101 screen shot from a 5.6-kg patient. Scale is the percent concentration of saline in
blood: mL (saline)/mL (blood). The concentration of injected isotonic saline (5 mL) becomes
largely stable within 40-60 secs from the time of injection. MTTa, time during which the
indicator travels from the injection site (venous sensor) to the arterial sensor; CBV, central
blood volume; ACV, active circulation volume; Clw, cardiac index; cardiac output hormalized
on body weight.
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Figure 4.

Schematic of the in vitro model. 1, transit time clamp-on flow sensor connected to HT109
measuring the total flow; 2, mixing chamber containing one to five bubble traps to simulate
the total end-diastolic volume; 3 and 4, arterial and venous flow/dilution clamp-on sensors,
respectively; a, venous catheter location for injection; b, arterial catheter location for withdraw.
Catheters and the mixing device used in the saline jar are not shown in the figure. AV, active
circulation volume.
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Figure 5.

BI%nd-AItman analysis comparing volumetric flow rates with in vitro ultrasound dilution
cardiac output (UDCO) measurements. Bias for the pediatric setting was 6 mL/min and for the
neonatal setting -2 mL/min (not shown on the graph). Every measurement was taken into
account without averaging.

1dudsnuely Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Pediatr Crit Care Med. Author manuscript; available in PMC 2008 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krivitski et al. Page 14

1200

1000 * ¢ =

800

600

400

Flow by UD, ml/min

200

0 T T

0 5 10 15
Injected Volume, ml

Figure 6.

Results of the bench flow measurements from different injection volumes. Injection volume
varied from 2 mL to 10 mL (five times) while observed changes measured by dilution were
within 5%. The venous sensor measures the injection volume, and the HCM 101 automatically
accounts for this, making the system operator independent. UD, ultrasound dilution.

Pediatr Crit Care Med. Author manuscript; available in PMC 2008 October 28.



Page 15

Krivitski et al.

"3SN Yyouaq 10§ paisnipe sem AL JO UOIIe|NDeD 10} EE__om_,qm

*3WINJOA D1]0ISBIP-PUS (210} ‘AL ‘WNJOA UOIIRINIIID BANIE ‘ADY “INdIN0 JBIPJRD ‘0D ‘8WNjOA POO|q [eAusd ‘AgD

LO'EF0EE e’y ¥6€'S Sy9-Lve Lye-v01 vr=u WAV
80°€EF 0Ty VIN T1¢-ve VIN Gce=u TWAQ3L,
YTEF6SY 69°€+ 067 GTE-6S ¢9-0S Syg=u TwAgdO
L6CFL6'E 60V ¥ O’y 00¢T-¢Te 0£€-90T Gyg=u ulw/w ‘0o
oueIpad 9]euUOBN oueIpad 91euUo8N SJUBWBINSEaIA JO JaquINN Js1aweled

040S F UBSIA = @ :Aoeandoy

abuey Jssweled

sBumas awnjoA pue Mo} dLIeIpad pUR [eIeUoaU J0) BIep JLISWN|OA UIIM SIUSLWAINSESW UONN|IP PUNOSLAIN JO UoSLIedwod 04lIA U]

NIH-PA Author Manuscript

Ta|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pediatr Crit Care Med. Author manuscript; available in PMC 2008 October 28.



