Analysis of Transpulmonary Thermodilution Data
Confirms the Influence of Renal Replacement Therapy
on Thermodilution Hemodynamic Measurements

Sven Schmidt, MD,* Timm Westhoff, MD, PhD,+ Peter Schlattmann, MD, PhD,} Walter Zidek, MD, PhD,*

and Friederike Compton, MD*

BACKGROUND: Transpulmonary thermodilution (-) is used frequently in the intensive care
unit to determine cardiac index (Cl), intrathoracic blood volume index (ITBVI), and extravascular

lung volume index (EVLWI). Renal replacement therap (-) influences TPTD results, but the
underlying are [figf completely i We hypothesized that RRT blood flow

induces errors in TPTD measurements.

METHODS: We analyzed TPTD data available from the PiCCO® plus hemodynamic measurement
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dard of care for critically ill patients, and transpul-

monary thermodilution (TPTD) allows not only the
determination of CO but also the estimation of additional
hemodynamic parameters used to assess fluid status: intra-
thoracic blood volume (ITBV) as a measure of preload and
extravascular lung volume (EVLW) as an indicator of excess
pulmonary fluid.! With TPTD, a thermodilution curve is
plotted from the changes in blood temperature detected in
the systemic circulation after injection of a defined bolus of
cooled saline solution into the central venous circulation.?
CO is then calculated from the area under this thermodilu-
tion curve, and ITBV and EVLW are estimated using mean
transit time (MTt) and downslope time (DSt) determined by
advanced analysis of the curve' (Fig. 1). MTt is calculated
as the mean value of the time the indicator particles need

to travel between point of injection and point of detection.
Therefore, it BRMER the EEHRGRIGNGH B o MK
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device on a personal computer usini a proprietary Pulsion Medical Systems software. By using

12 intensive care unit patients determining Cl, ITBVI, and EVLWI during RRT with the BI60d BUMB
of 0@ and .g/ , respectively.
RESULTS: Data export was successful in 17 measurement series and showed a significant
in measured B (618 + 2.5 vs B + 1.9 L/min
+ 274.5vs 1132.8 £ 218.3 mL/m?, P < 0.001) with
+ 4.5 mL/kg, P < 0.001). Biood
injection of the thermal indicator were
of the thermodilution curve, however, were both

, 20 measurement series were performed in

m?2, P < 0.001) a“ (1358.8
and a significant in EVIWI
and the temperature
with the blood

CONCLUSIONS: Analysis of TPTD data shows that fRefmodilutionicurve forms are Mddified with

., resulting in an erroneous calculation of thermodilution-derived hemodynamic parameters.

- is defined as the _ elution time and calcu-

lated by plotting the thermodilution curve on a logarith-
mic (temperature)-linear (time) graph and determining the
time between 85% and 45% of the maximum temperature
response.

The Piegision of thermodilution measurement depends
on the undisturbed injection of the correct amount of ther-
mal indicator into the central venous circulation.>* 08§ of
ifdicator during injection results in an of
€0, which is a relevant problem with Extracorporeal lung
assist where BI80d is continuously dfained from the cen-
tral venous into an extracorporeal device and
returned to the patient.**

Renal replacement therapy (RRI) is an extracorporeal
therapy frequently necessary in critically ill hemodynami-
cally unstable patients, and, as with extracorporeal device
lung assist, blood is pumped through an extracorporeal
unit and back into the patient, albeit at a far Shalle rate
(100=500'mIC/mi with RRI vs EESIE/min with Extracorpo-
- - -) In studies examining the - of -
on TPTD measurements to date, however, Gverestimation
of €0 has ft been Féported.” ' In contrast, several studies
showed a declifié in €0 and ITBV with RRT./$10 In addi-
tion to an actual change in CO caused by RRT, several other
mechanisms have been proposed to explain these findings,

including Ehanges in blood temperatiire caused by RRT, -
BUIEREes in blood flow, and fecirculation, and [6¢ation of the

injection port in relation to the arterial thermistor and the
dialysis catheter.!

To further investigate these potential effects, we took
a closer look at the data used to calculate CO, ITBV, and
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Figure 1. Calculation of mean transit time (MTt) and downslope time
(DSt) from the transpulmonary thermodilution curve (T = tempera-
ture, t = time, | = injection time). As indicated in the figure, MTt
divides the thermodilution curve into half, whereas DSt is calcu-
lated determining the time between 85% and 45% of the maximum
temperature response. Reprinted with kind permission of Pulsion
Medical Systems.

EVLW. Exclusively

for the injection of the thermal indicator,
we analyzed extended TPTD measurement data, including
blood and injectate temperatures (Tinjs) as well as MTt and
DSt used to calculate the volumetric hemodynamic indices.

METHODS
This study was approved by the IRB of the Charité Berlin
(EA4/092/08) who waived the need for informed consent.

Patients

The prospective study was conducted in the medical inten-
sive care unit (ICU) of the Charité Campus Benjamin Franklin
university hospital in Berlin, Germany. All patients were
monitored with a PiCCO® hemodynamic monitoring system
(Pulsion Medical Systems, Feldkirchen, Germany) as part of
their clinical treatment and were receiving RRT. Twenty mea-
surement series were performed in 12 patients. Ameasurement
series consisted of 9 measurements taken at § different R
blood qrates (pump Stopped, pump at [l00 mL /min,
and pump at mL/min) with 3 measurements each per
pump setting. In 6 patients, >1 RRT session was included in
the study; in 4 patients, data from 2 RRT sessions were ana-
lyzed; and in 2 patients, 3 RRT sessions were included. Thus,
a total of 180 measurements were performed as part of the
study. Both intermittent hemodialysis (D) and continuous
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venovenous hemofiltration (@VVEH) sessions were included.

With GVVH, Gircuits were feated to 8810°C, and when THD

was performed, dialysate was heated to 36.5°C.

TPTD Measurements

For TPTD measurement with the PiICCO hemodynamic mon-
itoring system, all patients had a thermistor-tipped féoral
-g (@B, length 20 cm, Pulsiocath PV2015L.20,
Pulsion Medical Systems) and a ffiple [dmen Hialysis cath-
eter (Mahurkar™ Triple Lumen High Pressure Catheter,
Covidien Deutschland GmbH, Neustadt, Germany), inserted
either through the [€ff JUGUIAE vein (length, 20 cm) or the fém-
Btal vein (length, 24 cm). The triple lumen dialysis
catheter has a modified double-D lumen design that allows for
incorporation of a separate 19-gauge (0.4-0.5 mL deadspace)
injection lumen in addition to the 2 large-bore dialysis lumens.
The opening of the outflow (“arterial”) lumen is located on
the side of the catheter approximately 3 cm proximal to the
catheter tip. Blood is ﬂ vial (“ ") inflow lumens
with 2 ﬁ, one located at the catheter tip and the other
approximately 2.3 cm away from the tip on the opposite side
of the catheter. The additional lumen recommended for injec-
tion or infusion of medication and for blood sampling is also
located on the side of the catheter, approximately from
the catheter tip and at a 8° angle to the inflow and outflow
side lumens. To determine CO and thermodilution-derived
volumetric hemodynamic parameters (ITBV and EVLW),
a bolus of BOWME of E8Id normal saline solution (I°C=6°C)
was manually injected (injection time, s) into this
additional lumen of the dialysis catheter and detected by
the thermistor-tipped arterial catheter in the flia¢ aftery or
descending ‘f depending on patient anatomy. A separate
jugular venous catheter was used for vasopressor therapy in
all instances.

Study Protocol

TPTD measurement series were performed during RRT
sessions at 3 different RRT blood pump settings. Baseline
values were obtained with the blood pump and
comparison measurements were taken at a blood pump
flow of 100 and 800 mL/min, respectively. The 3 blood flow
rates were set in a random order 30 seconds before TPTD
measurements and returned to high flow (200 mL/min
with CVVH and >250 mL/min with IHD) immediately after
3 TPTD measurements CO, ITBV, and EVLW were calcu-
lated as a mean of these 3 individual measurements. Results
were ffidexed to body Stifface area and body weight, respec-
tively, and are referred to as cardiac index (CI), ITBV index
(ITBVI), and EVLW index (EMEBWI). All TPTD data, consist-
ing of CI, ITBVI, EVLWI, MTt, DSt, Tinj, blood tempera-
ture before injection (Tblood), and maximum temperature
decrease after injection (AT), were recorded with a PiCCO
plus device (PC 8100, software version 6.0, Pulsion Medical
Systems) and exported to a personal computer using a pro-
prietary software (PICCO-VoLEF-WIN software, version
4.0, Pulsion Medical Systems) along with basic hemody-
namic data (heart rate and mean arterial pressure).

Statistical Analysis

On the basis of clinical experience and previous reports,
we expected RRT to result in changes in measured CI of at
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Transpulmonary Thermodilution and Renal Replacement Therapy

least 0.8 L/min/m? with a SD of 1 L/min/m? when using
the injection lumen of the dialysis catheter for thermodilu-
tion measurements.”*!%12 A sample size of 15 has an 80%
power to detect this difference with an a significance of 0.05
(sample size calculation for paired differences). To account
for technical problems with data export, a sample size of
20 measurement series was, therefore, deemed adequate.
Results are expressed as mean + SD and median. This pre-
test—posttest design induced correlated data. Furthermore,
multiple measurements were made for some patients. Thus,
a linear mixed model with random intercepts was used for
the statistical analysis. This model accounts for variabil-
ity between individuals and correlation within individu-
als.’® For the residual covariance, an equal covariance was
assumed. By using this model, the effect of different RRT
blood flow rates was assessed comparing the baseline val-
ues obtained when the blood pump was stopped with those
obtained at a blood pump flow rate of 100 and 200 mL/min,
respectively. These 3 conditions were included as a classi-
fication variable into the model. Accordingly, least square
means estimates were obtained, and differences between the
different conditions were calculated. Adjustment for multi-
ple comparisons is based on the method by Tukey-Kramer

method.
were assessed by including

Table 1. Patient Characteristics (n = 11)

Age (y), mean + SD (median) 70.3 +13.4(72)

Sex (male), n (%) 7 (64)
Length of ICU stay (d), mean + SD (median) 60.8 + 38.5 (54)
ICU mortality, n (%) 3(27)

SAPS, mean £ SD (median)
Diagnostic categories, n (%)

61.4 £ 25.0 (73)

Sepsis 6 (55)
Gastrointestinal bleeding 3 (27)
Pneumonia 2 (18)

Weight (kg), mean = SD (median)
Height (cm), mean + SD (median)
Body mass index (kg/m?), mean = SD (median)

85.2 + 20.6 (90)
173.7 £ 10.4 (180)
27.9 £ 4.7 (27.8)

Thermodilution measurement series 17
analyzed (total)
Patients with 1 measurement series 6
Patients with 2 measurement series 4
Patients with 3 measurement series 1

ICU = intensive care unit; SAPS = simplified acute physiology score.

these parameters in the analysis as covariates. P < 0.01 was
considered to be statistically significant. Statistical analyses
were performed with the SAS procedure GLIMMIX (SAS
Institute Inc., Cary, NC).

RESULTS

Of the 20 measurement series performed in 12 patients,
3 series had to be excluded because of failed data export.
Thus, a total of 17 measurement series from 11 patients
were available for analysis. In 5 measurement series, data
export was incomplete, so that measurements taken at the
RRT blood pump flow of 100 mL/min could not be ana-
lyzed. Patient characteristics are given in Table 1. At the
time of measurement, all patients were sedated and on
invasive mechanical ventilation. All but 1 received con-
tinuous vasopressor therapy with a mean norepinephrine
dose of 0.42 + 0.951 pg/kg/min (median, 0.11 ug/kg/min),
which remained unchanged during measurements. In

0 patients, measurements were ferformed during [HD,

whereas 7 patients were on at the time of measure-

ment. RRT was performed without net ultrafiltration in
6 cases, and in the other 11 mea-
surement series was at +222mL/h (-, - - / I).

Hemodynamic measurement results are shown in
Table 2. Heart rate and mean arterial pressure remained
unchanged between measurements taken with the RRT
blood pump stopped or running at either 100 or 200 mL/min.
However, we found that € and [EBVI measurements were

significantly [GWeg with the blood pump FmmINg both at a
00 and 200 mL/min, and EVEWI was highex (Fig. 2). Both
MT{ and DSt increased significantly with the blood Pamp

running (Fﬁ 3), whereas were observed in Tinj,

Tblood, or

In . of the 17 measurement series, the dialysis catheter
was in the féiotal position and inserted on the i side as
the fémioral arterial catheter used for TPTD measurement;
in § measurement series, the RRT catheter was either jUgl-
lar venous or , but to the arterial cath-
eter. When entered in the statistical analysis as a covariate,
although, of the Gatheter position
on @ (P = 0.092), ITBVI (P = 0.894), or EMEWI (P = 0.327)
was found. The presence (1 = 6) or absence (n = 11) of

on also had significant - on'
(P =0.589), (P =0.749), and (P =0.350).

Table 2. Hemodynamic Measurement Series (n = 17) on Renal Replacement Therapy

Blood pump Stopped

(n = 17), patients = 11,

Blood flow /)
(n = 12), patients = 9

Blood flow mL/min
(n = 17), patients = 11

Parameter mean * SD (median) Mean * SD (median) P value® Mean * SD (median) P value®
Heart rate (per min) 93.4 £ 21.0 (93.7) 86.9 + 16.0 (87.7) 0.994 94.0 £ 20.7 (93.0) 0.975
MAP (mm Hg) 74.0 + 10.0 (72.0) 72.2+ 7.6 (71.8) 0.555 74.1 + 8.3 (74.7) 0.996
€l (L/min/m?) B8 + 2.5 (6.0) 48 +2.2 (4.0 <0.001 B4 +1.9(5.1) <0.001
ITBVI (ML/m?) 1358.8 + 274.5 (1379.4) 1072.6 + 182.8 (1014.8)  0.001 1132.8 + 218.3 (1027.1)  <0.001
EVIIWI (mL/kg) 86 + 4.4 (8.0) 916 + 5.4 (8.3) 0.004 012 + 4.5 (9.3) <0.001
MTt (s) 24.4 £7.9 (25.8) 27.4 £ 9.5 (29.3) 0.004 26.1 + 8.5 (27.9) 0.001
DSt (s) 8.5+ 3.2 (8.1) 10.8 + 4.7 (11.4) <0.001 10.3 + 3.9 (10.7) <0.001
Tinj (°C) 3.0+£1.2(2.7) 3.5+1.1(3.6) 0.528 2.9+1.0(2.8) 0.900
Tblood (°C) 37.0+ 0.8 (36.8) 36.8 + 0.6 (36.8) 0.946 36.9 + 0.9 (36.8) 1.0

AT (°C) 0.29 # 0.07 (0.29) 0.32 + 0.06 (0.33) 1.0 0.31 + 0.06 (0.31) 0.776

aAdjusted P values according to Tukey—Kramer method based on a linear mixed model: reference condition = blood pump stopped.
Cl = cardiac index; DSt = downslope time; EVLWI = extravascular lung water index; ITBVI = intrathoracic blood volume index; MAP = mean arterial pressure;
MTt = mean transit time; Tblood = blood temperature before injection; Tinj = injectate temperature; AT = maximum temperature decrease after injection.
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Figure 2. Cardiaciindex (Cl; A), intrathoracic blood volume index
(ITBVI; B), and extravascular lung water index (EVLWI; C) with renal
replacement therapy blood pump stopped and at a blood flow of 100
and 200 mL/min, respectively.

DISCUSSION
Our results show that

Thermodilution CO measurement has certain inher-
ent sources of error, including the precision of injectate
amount and temperatures, the injection process, the dis-
tribution and recirculation of the indicator, and variations
in patient physiology, such as baseline temperature fluc-
tuations.>® Extracorporeal therapies, especially RRT, are
frequently necessary in the ICU and can interfere with
indicator distribution and circulation, thus aggravating
errors in thermodilution hemodynamic measurements.®!!
However, alternative methods of CO determination are
less suitable for ICU use. Some require specialized equip-
ment (impedance cardiography, partial CO, rebreathing);
others are invasive, operator dependent, and cannot be
performed over a prolonged period of time (e.g., trans-
esophageal Doppler ultrasound or echocardiography);
still others also require the use of an indicator (e.g., indo-
cyanine green indicator dilution, lithium dye dilution) and

May 2016 e Volume 122 e Number 5
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Figure 3. (MTt; A) and downsiopertime (DSt; B)
with renal replacement therapy blood pump stopped and at a blood
flow of 100 and 200 mL/min, respectively.

are, therefore, prone to the same errors as thermodilution
techniques.*!* Under these circumstances, an understand-
ing of how and to

hemodynamic measurements is of particular importance,
but concerning this
question.” 10

Heise et al.® examined the influence of continuous RRT

on pulmonary artery and TPTD measurements and found
e NEREERR i B (c<hricucs.

Pulmonary artery thermodilution is used less frequently in
the ICU in Europe because less invasive TPTD has yielded
comparable CO results and to allow for calculation of addi-
tional volumetric hemodynamic parameters (ITBVI and

EVLWI).2
were also reported in -
examining TPTD measurements,

whereas Dufour et al. and others found no changes in TPTD
or pulse contour—derived CI with RRT, respectively.”*10
We found both measured CI and ITBVI to be decreased
during RRT blood flow. ITBVI reductions had been reported
in 2 of the aforementioned studies, but none of the investi-
gations also including ITBVI and EVLWI found an increase
in EVLWI, as with our study.”*10
Vesﬁiations-, a

In EORrast to our study, in all previous in
G, and o1 he

central venous
itself, was used

for injection of the thermal indicator, an
approach that could “ influence on [fPTD
measurements, especially are it GI68E to each
other. Exact relations between catheter positions, although, are
reported onlyin 1 s’aﬁr where no Cl reduction was found with

RRT.? We chose to the Hiple men Gatheter for

indicator injection because large,
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Transpulmonary Thermodilution and Renal Replacement Therapy

With of the thermal indicator
injection lumen, we found a
a difference far
in the studies using a
only small changes in were observed.”31° The large

median in our

study suggests an association with the @se of the Hialysis
Gaheter for injection of the fhermallindicator and, thus,
SUPPOTHS the findings of the Gase report mentioned earlier’

Turbulent blood flow during RRT had been hypothesized
by the authors of that report to be the cause of the errone-
ous CI measurement.'

In our study, . apparent _ - form .—
fortions were H Retrospective analysis of all thermo-
dilution curves could not be conducted after data export to
the personal computer using the PICCO-VoLEF-WIN soft-
ware, but analysis of the thermodilution curve form related
arameters MTt and DSt provided some clues. We found that
when measured with the
, a finding that also explains the
decrease in ITBVI and i we observed. The
equations used to calculate the volumetric hemodynamic
indices infer that—with all other variables unchanged—an

increase in PSi leads to an [fcrease in BVEW, and an increase

in MTt produces a decrease in ITBV?:
Intrathoracic thermal volume (ITTV) = CO x MTt
Pulmonary thermal volume (PTV) = CO x DSt
Global end —diastolic volume (GEDV) = ITTV - PTV

Intrathoracic blood volume (ITBV) = 125 x GEDV
Extravascular lung water (-) = [TTV - ITBV.

McGrath and Columb! hypothesized that the effect of
RRT on ITBV and DSt was because of turbulent blood flow
and recirculation, which would be caused by RRT and would
flatten the downslope of the thermodilution curve, thus over-
estimating MTt. However, the prolongation of DSt we found
cannot beg- by this mechanism. Further research will
be necessary to better understand this phenomenon.

Besides recirculation-associated thermodilution curve
form distortion, other potential RRT-related influences on
thermodilution hemodynamic measurements have to be
discussed.

__ has the potential tofiffltience
an effect that has been reported before J

Dufour and coworkers observed a 51gn1ﬁcant

after Stopping blood pump
Thls increase did lead to 51gn1f1cant

, however, probably because the maximum tem-
perature decline after thermal indicator injection remained
unchanged. In our study, we did H6t observe Ehanges in

(Tblood), nor in maximum temperature
decline after injection (At), or in the Tinj itself. This does not
exclude an influence of the extracorporeal circulation on
the injectate temperature as the injectate passes through the
dialysis catheter adjacent to the warmed RRT fluids returned
to the patient. The Tinj can only be measured as it enters
the injection port of the dialysis catheter (Tinj) not when it
exits the dialysis catheter into the blood stream. However,

than reported
where

s
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Warming of the fiijectate as it passes through the dialysis
Gatheter would equal a I688 of the fhefmal indicator, thus
leading to an BVerestimation Aot an finderestimation of C1.+*

Another parameter unlikely to have influenced hemody-
namic results is the use of norepinephrine in all but one of
our study patients. Because vasopressors can be removed
by RRT, hemodynamic changes with RRT could poten-
tially be caused by changes in vasopressor levels.!® In our
study, however, blood pressure and heart rate remained
unchanged during the different RRT blood flow measure-
ments. Norepinephrine was infused exclusively through
a separate central venous catheter located in the superior
vena cava, wherea

Another potential influence on hemodynamic results
could be fluid shifts caused by RRT circuit connection/
disconnection. To minimize such effects, we compared
hemodynamic results after and during RRT without dis-
connection of the extracorporeal circuit—in contrast to the
study by Pathil et al.’® who compared pre-RRT hemody-
namic measurements with those obtained with RRT run-
ning. To avoid blood clotting and minimize RRT blood
ump stop,

A similar
protocol had also been used in another study.” We cannot
rule out the possibility that the changes in RRT blood pump
speed caused short-term hemodynamic destabilizations
and thus influenced our results, but the lack of change in
blood pressure and norepinephrine dose suggests that the
hemodynamic effect of RRT was minimal.

Therefore, we conclude tha

Without simultaneously applying a second, independent,
method of CI determination, however, this hypothesis can-
not be excluded completely, but unchanged blood pressure,
heart rate, and norepinephrine doses during the measure-
ment series make it unlikely. As discussed earlier,

as do other findings of our study.

In[120f 17 measurements, femoral dialysis and thermis-
tor-tipped arterial catheters were located on the Same Side,

and thus El0se to each other, so that hemodynamic measure-

ments could have been influenced by the so-called cross-

talk phenomenon: Arteriovenous [cIOSsHtalk” has been

postulated to explain garly Afterial detection of the fHermal

INAICator after adjacent venous injection.””'* When adjacent

catheter position was examined as a covariate in our anal-
sis, however;

There are several shortcomings of our study. First, data
export was incomplete, and despite adequate statistical
power, our sample size was small.>1° Measurements were
undertaken both during THD and CVVH, and With and
WWithGtt net @lffafiltration, so that the study group was also
rather inhomogeneous. In 2 of the studies published to date,
only patients on CVVH had been included.”? Pathil et al.
and others had investigated only patients on slow-extended
IHD, whereas in one other study, the mode of continu-
ous RRT had not been stated.3!° Also, TPTD was the only
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method used to measure CI in our study. Finally, we did not
obtain thermodilution measurements using a separate cen-
tral venous catheter for indicator injection for comparison.

CONCLUSIONS
When TPTD is run concurrently with RRT, a reduction in
measured CI and ITBVI results. Although the Fiechanism
of this effect is {iiclear, Uis€ of the i - to inject
the thermal indicator may ifitensify the effects of RRE on
hemodynamic measurements, and analysis of TPTD data
indicates that Effoneous could be caused by

in Gurve form BF be influenced
by the phenomenon if adjacent venous and
arterial catheters are used. Therefore, hemodynamic mea-
surements during RRT must be with Gaution,
especially when the for injection of
the thermal indicator or when injection and
detection site are in El08€

DISCLOSURES

Name: Sven Schmidt, MD.

Contribution: This author helped design the study, conduct the
study, analyze the data, and write the manuscript.

Attestation: Sven Schmidt has seen the original study data,
reviewed the analysis of the data, approved the final manu-
script, and is the author responsible for archiving the study files.
Conflicts of Interest: Sven Schmidt declares no conflicts of
interest.

Name: Timm Westhoff, MD, PhD.

Contribution: This author helped design the study, analyze the
data, and write the manuscript.

Attestation: Timm Westhoff has seen the original study data,
reviewed the analysis of the data, and approved the final
manuscript.

Conflicts of Interest: Timm Westhoff declares no conflicts of
interest.

Name: Peter Schlattmann, MD, PhD.

Contribution: This author helped analyze the data and write
the manuscript.

Attestation: Peter Schlattmann has seen the original study
data, reviewed the analysis of the data, and approved the final
manuscript.

Conflicts of Interest: Peter Schlattman declares no conflicts of
interest.

Name: Walter Zidek, MD, PhD.

Contribution: This author helped write the manuscript.
Attestation: Walter Zidek reviewed the analysis of the data and
approved the final manuscript.

Conflicts of Interest: Walter Zidek declares no conflicts of
interest.

Name: Friederike Compton, MD.

Contribution: This author helped analyze the data and write
the manuscript.

Attestation: Friederike Compton has seen the original study
data, reviewed the analysis of the data, and approved the final
manuscript.

May 2016 e Volume 122 e Number 5

Conflicts of Interest: Friederike Compton received a Research
Grant from Pulsion Medical Systems in 2008, unrelated to this
investigation.

This manuscript was handled by: Avery Tung, MD.

REFERENCES
1. Sakka SG, Riihl CC, Pfeiffer UJ, Beale R, McLuckie A, Reinhart
K, Mejer-Hellmann A. Assessment of cardiac preload and
extravascular lung water by single transpulmonary thermodi-
lution. Intensive Care Med 2000;26:180-7
2. Sakka SG, Reinhart K, Meier-Hellmann A. Comparison of pul-
monary artery and arterial thermodilution cardiac output in
critically ill patients. Intensive Care Med 1999;25:843-6
3. Nishikawa T, Dohi S. Errors in the measurement of cardiac out-
put by thermodilution. Can ] Anaesth 1993;40:142-53
4. Reuter DA, Huang C, Edrich T, Shernan SK, Eltzschig HK.
Cardiac output monitoring using indicator-dilution techniques:
basics, limits, and perspectives. Anesth Analg 2010;110:799-811
5. Renner LE, Morton MJ, Sakuma GY. Indicator amount, tem-
perature, and intrinsic cardiac output affect thermodilution
cardiac output accuracy and reproducibility. Crit Care Med
1993,21:586-97
6. Haller M, Zollner C, Manert W, Briegel ], Kilger E, Polasek J,
Hummel T, Forst H, Peter K. Thermodilution cardiac output
may be incorrect in patients on venovenous extracorporeal
lung assist. Am ] Respir Crit Care Med 1995;152:1812-7
7. Sakka SG, Hanusch T, Thuemer O, Wegscheider K. The influ-
ence of venovenous renal replacement therapy on measure-
ments by the transpulmonary thermodilution technique.
Anesth Analg 2007;105:1079-82
8. Heise D, Faulstich M, Morer O, Brauer A, Quintel M. Influence
of continuous renal replacement therapy on cardiac output
measurement using thermodilution techniques. Minerva
Anestesiol 2012;78:315-21
9. Dufour N, Delville M, Teboul JL, Camous L, Favier du Noyer A,
Richard C, Monnet X. Transpulmonary thermodilution measure-
ments are not affected by continuous veno-venous hemofiltra-
tion at high blood pump flow. Intensive Care Med 2012;38:1162-8
10. Pathil A, Stremmel W, Schwenger V, Eisenbach C. The influ-
ence of haemodialysis on haemodynamic measurements using
transpulmonary thermodilution in patients with septic shock:
an observational study. Eur ] Anaesthesiol 2013;30:16-20
11. McGrath BA, Columb MO. Thermodilution cardiac output dur-
ing haemodialysis: what are we measuring? Eur ] Anaesthesiol
2013;30:7-8
12. Martinez-Simén A, Monedero P, Cacho-Asenjo E. Erroneous
measurement of haemodynamic parameters by PiCCO moni-
tor in a critically ill patient with renal replacement therapy: a
case report. Crit Care 2006;10:410
13. Brown H, Prescott R. Applied Mixed Models in Medicine.
Chicester, United Kingdowm, Wiley & Sons, Ltd, 2015
14. Compton F, Schifer JH. Noninvasive cardiac output determina-
tion: broadening the applicability of hemodynamic monitoring.
Semin Cardiothorac Vasc Anesth 2009;13:44-55
15. Sakka SG, Reuter DA, Perel A. The transpulmonary thermodi-
lution technique. ] Clin Monit Comput 2012;26:347-53
16. Bauer SR, Culver DA, Abraham S, Lam SW, Fissell WH,
Wiedemann HP, Reddy A]. Detectability of vasopressin in
continuous venovenous hemodialysis effluent of patients with
vasodilatory shock treated with exogenous arginine vasopres-
sin. Pharmacotherapy 2011;31:857-62
17. Michard E. Looking at transpulmonary thermodilution curves:
the cross-talk phenomenon. Chest 2004;126:656-7
18. Bendjelid K. Avoiding the cross-talk phenomenon when assess-
ing cardiac output using the transpulmonary thermodilution
technique via the femoral vein access. Crit Care Med 2007;35:2670

www.anesthesia-analgesia.org 1479

Copyright © 2016 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

















































=a LETTERS TO THE EDITOR

Influence of Renal Replacement
Therapy on Transpulmonary
Thermodilution: Turbulence in Blood
Flow Is Key

To the Editor

e read with great interest the study by Schmidt
Wet al! about the influence of renal replacement

therapy (RRT) on transpulmonary thermodilu-
tion (TPTD). Measuring the mean transit time (MTt) and the
downslope time (DSt) is very relevant, and to our knowl-
edge, it is the first time that these parameters are studied
in such context. The authors found both MTt and DSt to be
increased with RRT. Among possible mechanisms to explain
the observed changes, authors excluded real hemodynamic
changes with a convincing rationale. But they also disre-
garded turbulence in blood flow during RRT. We think that
it is the most relevant mechanism to explain both decreased
cardiac index (CI) and increased MTt and DSt because of the
slow flow of thermal indicator, the consequences of which
are amplified by associated recirculation and would have
been best derived with curve form analysis.

In this study, the injection lumen is located between
the arterial lumen and the venous lumen (catheter tip;
Mahurkar 12F Triple Lumen High Pressure Catheter,
Covidien Deutschland GmbH, Neustadt, Germany).
Consequently, the thermal indicator is injected into a tur-
bulent blood flow area. It has been shown that the pertur-
bation of blood flow by the insertion of a venous catheter
produces turbulences at the tip of the catheter, which fur-
ther increases the residence time at that position.> This phe-
nomenon slows the cold bolus flow in the vena cava during
TPTD measurement and delays the peak temperature
change at the arterial detection point, hence, the increased
MTt. Staier et al®* have shown that in patients with severe
mitral regurgitation (situations in which indicator bolus
flow is disturbed), the precision of cardiac output mea-
sured by TPTD versus thermodilution through pulmonary
artery catheter was significantly reduced in patients with
predominantly severe mitral regurgitation compared with
the situation after valve repair.

Indicator recirculation could also help explain increased
DSt. Recirculation phenomena observed with TPTD (for
example, when part of the cold indicator translocates into the
pulmonary extravascular space in states of pulmonary edema
and eventually reenters intravascular space) are supposedly
minimized by mathematical processing, such as extrapola-
tion of early portions of thermodilution curves by PiCCO

XXX XXX @ Volume XXX @ Number XXX

algorithms (Pulsion Medical Systems, Munich, Germany).
However, Hillis et al* have shown that aortic or mitral regurgi-
tations (situations in which indicator bolus flow is disturbed)
may produce an abnormal prolongation of the transpulmo-
nary dilution curve, enabling recirculation before the end of
dilution curve downslope. Giraud et al® also observed that
early recirculation is associated with an increase in DSt in
patients with a left-to-right intracardiac or vascular shunt.
Distortions of the dilution curve resulting from the
aforementioned phenomena could therefore have led to an
increased area under curve, hence a decreased measured
CI, beyond extrapolation abilities of underlying algorithms.
Close proximity between lumens of the dialysis catheter
and injection lumen in this particular study could explain
why authors found a decrease in CI when compared with
previous studies in which dialysis catheter and bolus injec-
tion sites were located in different vena caval territories.
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