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Bedside estimation of absolute renal blood
flow and glomerular filtration rate
in the intensive care unit

A validation of two independent methods

Abstract Objective: To evaluate
various treatment strategies in criti-
cally ill patients with ischaemic acute
renal failure, there is a need for reli-
able bedside measurements of total
renal blood flow (RBF), glomerular
filtration rate (GFR) and renal oxy-
gen consumption without the need for
urine collection. Design: The contin-
uous renal vein thermodilution
method and the infusion clearance
techniques were validated against the
gold standard technique, the urinary
clearance of paraaminohippurate
(PAH) and chromium ethylenedi-
aminetetraacetic acid, respectively.
Setting: University hospital cardio-
thoracic ICU. Patients: Seventeen
uncomplicated mechanically venti-
lated post-cardiac surgical patients.
Interventions: None. Measurements
and results: Renal blood flow, GFR
and the renal filtration fraction (FF)
were measured for two consecutive
30-min periods by urinary clearance
and compared with simultaneous
measurements made by the thermo-
dilution and infusion clearance tech-
niques. Urinary clearance for PAH
was corrected for by renal extraction
of PAH. The within-group error, re-

Introduction

Perioperative repeated episodes of renal hypoperfusion
might play a central role in the pathophysiology of acute
renal failure (ARF) [1]. The renal medullary concentrating
mechanism, requiring large amounts of oxygen, renders

peatability coefficient and the coef-
ficient of variation were highest for
the thermodilution technique and
lowest for the infusion clearance
technique with regard to RBF, GFR
and FF. The infusion clearance tech-
nique had a higher agreement with
the urinary clearance method than the
thermodilution method. For estima-
tions of RBF and GFR, the between-
group errors were 33% and 43%
comparing infusion clearance with
urinary clearance and 65% and 67%
comparing thermodilution with uri-
nary clearance. Conclusions: The in-
fusion clearance method had the
highest reproducibility and the high-
est agreement with the urinary clear-
ance reference method. The renal
vein thermodilution technique is less
reliable in the ICU setting due to poor
repeatability and poor agreement
with the reference method.
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the renal medulla hypoxic already under normal condi-
tions [2]. The renal medulla, particularly the outer portion,

is therefore particularly sensitive to acute renal ischaemia.
A logical approach in the management of clinical isch-
aemic ARF would therefore be to improve the renal
oxygen supply/demand relationship by augmenting renal
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blood flow and/or to reduce renal oxygen consumption. In
order to evaluate various interventions to treat ischaemic
ARF in the critically ill patient, there is a need for reliable
bedside measurements of renal blood flow (RBF), glom-
erular filtration rate (GFR) and oxygen consumption.

The use of the standard method for estimating renal
blood flow, urinary clearance of paraaminohippurate
(PAH), has several limitations in patients with ischaemic
ARF. First, it assumes an almost complete extraction
(>90%) of PAH from the renal circulation with subsequent
delivery to the urine [3]; renal extraction of PAH might be
considerably lower in ischaemic ARF [4, 5, 6]. Second,
errors may be introduced by inaccurate collection of urine
and by dead space of the urine collection system [7, 8].
When urine flow is rapidly increased or decreased, the
renal clearance of PAH will be unduly high or low, re-
spectively, as a consequence of the dead space error [7, 8].

To circumvent the problems with the standard urinary
clearance technique, it has been suggested that RBF can
be estimated in humans by the local thermodilution
technique, using an indwelling renal vein catheter without
the need for urine collections [4, 9, 10, 11]. Thermodi-
Iution estimation of RBF was shown to correlate to
standard urinary PAH-clearance determined RBF [4, 9,
10, 11]. However, in none of these studies were the
agreement between the two methods tested as suggested
by Bland and Altman [12].

Another approach for the estimation of RBF without
urine collection is to use the so-called constant-infusion
technique, in which renal clearance is calculated from the
arterial serum level of PAH and the infusion rate of PAH
[7, 13, 14, 15, 16]. Requirements for this method are that
the test substance (e.g. PAH) is rapidly equilibrated after
the start of infusion, not metabolised and only excreted by
the kidney. Furthermore, there should be equilibrium
between the rate of excretion and rate of infusion of the
test substance and its volume of distribution should be
constant during the infusion period, as indicated by stable
serum concentrations of the test substance. To our
knowledge, the validity of the constant-infusion technique
has not been assessed in the intensive care setting.

The aim of the present study was to test the validity of
these two independent methods for bedside estimation of
RBF, GFR and renal filtration fraction without urine
collection in postoperative, sedated and mechanically
ventilated cardiac surgical patients. The agreement be-
tween these two methods and the gold standard technique,
the urinary clearance and renal extraction of PAH and
chromium ethylenediaminetetraacetic acid (*'Cr-EDTA),
respectively, were assessed.

Methods

The Human Ethics Committee of the University of Goteborg ap-
proved the study protocol. Twenty patients with a preoperative

serum creatinine of 150 umol/l or less, undergoing elective cardiac
surgery with cardiopulmonary bypass, were recruited after in-
formed written consent. The patients were excluded from the study
if they required inotropic support with or without intra-aortic bal-
loon pump early after surgery. In the intensive care unit (ICU) the
patients were sedated with propofol and mechanically ventilated. A
pulmonary artery thermodilution catheter (Baxter Healthcare, Ir-
vine, CA.) was inserted through a subclavian vein.

Measurements of renal blood flow
by continuous retrograde thermodilution

A ball-ended 8 Fr two-thermistor retrograde venous thermodilution
catheter (Webster Laboratories, Baldwin Park, CA,), originally
designed for coronary sinus studies [17], was introduced into the
left renal vein via the right jugular vein, under fluoroscopic guid-
ance. The catheter was placed in the central portion of the renal
vein and its position was verified by venography [18]. For mea-
surement of RBF, isotonic saline (indicator), maintained at room
temperature, was infused for 15-30 s at a constant rate of 48 ml/
min. A two-channel Wheatstone bridge was used to measure
changes in resistance due to temperature variations of the indicator
(internal thermistor) and renal vein blood (external thermistor). The
external thermistor was located on the external surface of the
catheter, 2.5 cm proximal to the catheter tip. The analogue signals
from the Wheatstone bridge, as well as arterial and venous pres-
sures, were stored on a computer by using data acquisition software
(AcgKnowledge Biopac, CA,). A proper position of the catheter
was defined as one that yielded a variation of renal vein blood flow
of no more than 10% in at least two consecutive measurements.
Total RBF was assumed to be twice the blood flow to the left
kidney. This technique for measurement of RBF has previously
been described in detail [11, 19].

Administration and measurements of paraaminohippurate
and chromium ethylenediaminetetraacetic

After blood and urine blanks were taken, an intravenous priming
dose of PAH (8 mg/kg body weight) and >'Cr-EDTA (0.6 MegaBq/
m? body surface area) were given followed by an infusion at a
constant rate individualised to body wei%ht and serum creatinine.
Serum concentrations of PAH and serum 'Cr-EDTA activity from
arterial and renal vein blood samples as well as urinary samples
were measured in duplicate by a spectrophotometer (Beckman DU
530, Life Science UV/Vis, Fullerton, CA) and a well counter
(Wizard 3", 1480, Perkin Elmer Turkuu, Finland), respectively.

Experimental procedure

Measurements started when the patients had a stable body tem-
perature higher than 36.5°C, approximately 4-6 h after the end of
cardiopulmonary bypass. The patients were mechanically ventilated
and sedated with propofol (80+38 pg/kg per min) during the ex-
perimental procedure. After an equilibration period of at least
60 min, two 30-min urine collection periods (periods A and B) were
begun. PAH and *'Cr-EDTA levels were obtained from arterial and
renal vein blood samples at the end of each collection period.
Thermodilution (TD) renal blood flow (RBFtp) was measured in
duplicate at 10 and 20 min of each collection period. Systemic
haemodynamics were obtained midway through each collection
period. An indwelling Foley catheter carefully drained bladders. To
improve retrieval of urine, a solution of sterile water (100 ml) was
used for irrigation of the bladder together with gentle supra-pubic
compression.
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Calculated renal variables

Renal extractions of PAH (PAHgx) and >'Cr-EDTA (°!Cr-ED-
TAgx) were derived according to the formula: (arterial concentra-
tion — renal vein concentration)/arterial concentration). Standard
urinary clearance (UC) for PAH was corrected for by PAHgx
to obtain renal plasma flow (RPFyc) and renal blood flow
gRBFuczRPFUC/ 1-hematocrit). Standard urinary clearance for
>!Cr-EDTA was obtained as a measure of glomerular filtration rate
(GFRy(). Renal filtration fraction derived from urinary clearances
was defined as FFyc = GFRy/RPFyc.

Renal extraction of 51Cr-EDTAEX is a direct measurement
of renal filtration fraction (FFrp). Thermodilution glomerular
filtration rate (GFRp) can therefore be calculated as: RBFtp x
(1-hematocrit) x >'Cr-EDTAgx.

Infusion clearance (IC) for PAH (PAH infusion rate/arterial
PAH concentration) was corrected for by PAHgx to obtain renal
plasma flow (RPFjc) and renal blood flow (RBF;c = RPF/
1-hematocrit) without urine collection. Infusion clearance for
SICr-EDTA (C'Cr-EDTA infusion rate/arterial >'Cr-EDTA) was
obtained as a measure of glomerular filtration rate (GFR¢) without
urine collection. Filtration fraction obtained by infusion clearance
was defined as GFRIC/RPFI(E. All renal data were normalised to a
body surface area of 1.73 m~.

Statistical analysis

Descriptive data analysis on RBF, GFR and FF from periods A and
B was performed according to Bland and Altman [12]. The re-
producibility of each of the three methods was assessed by the error
(double standard deviation of the absolute differences divided by
the mean of the repeated measurements), the repeatability coeffi-
cient (the double standard deviation of the absolute differences) and

the mean coefficient of variation (standard deviation of the mean
divided by the mean of repeated measurements).

The mean of the repeated measurements (periods A and B) of
each variable for each method on each patient was calculated. The
agreements between the “gold standard” urinary clearance method
for estimation of RBF, GFR and FF and the two test methods,
infusion clearance and renal vein thermodilution were assessed
according to Bland and Altman [13]. The mean difference between
two methods (bias) and the standard deviation of the differences
were calculated as well as the error (double standard deviation
divided by the mean of the measurements from the two methods)
and the limits of agreement (mean difference + two standard de-
viations). A priori we defined an acceptable within-method error to
be 20% or less and an acceptable between-method error to be 30%
or less, according to Critchley and Critchley [20]. The results are
presented as means + SD.

Results

Twenty patients were enrolled in this study. One patient
was excluded because of development of heart failure
requiring inotropic support during the experimental pro-
cedure. Another two patients were excluded because of
urine sampling errors. The demographic data of the pa-
tients are presented in Table 1. Data on haemodynamics,
mean serum PAH concentration (mg/100 ml), >ICr-EDTA
serum counts, PAHgy and >'Cr-EDTAgx are shown in
Table 2. The mean coefficient of variation for serum PAH
and *'Cr-EDTA serum counts were 5.0+3.5 and 3.3+2.4,
respectively. The mean coefficient of variation for
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Table 1 Patient demographics

Mean + SD
Number of patients 17
Age (years) 65+9
Gender (% men) 74
Body weight (kg) 79.8+14.6
Height (cm) 1729
Diabetes, type I (%) 11
Hypertension (%) 21
Higgins preoperative risk score 1.4£1.4
LVEF 0.61+0.13
Preoperative serum creatinine (umol/l) 103x12
Estimated GFR ( ml/min) 63x12
Postoperative serum creatinine (umol/1) 10014
CPB time (min) 83+26
Aortic cross-clamp time (min) 5127

LVEF left ventricular ejection fraction, GFR Glomerular filtration
rate, CPB cardiopulmonary bypass
Estimated GFR according to the modified MDRD equation [30]

PAHgx and °'Cr-EDTAgx were 2.6+2.6 and 12.8+7.8,
respectively.

Reproducibility within methods

The mean values of RBF for the three methods are seen in
Fig. 1. RBF;c was higher (20%) and RBFrp was lower
(=15%) than RBFyc. The error was highest for the ther-
modilution techniques and lowest for the infusion clear-
ance technique. The coefficients of variation and the re-
peatability coefficients for RBFyc and RBFtp were of
similar magnitudes, being higher than the corresponding
values for RBFjc. The mean coefficient of variation for a
duplicate measurement of RBFrp was 6.2+6.0. The im-
portance of the catheter position for the achievement of
renal vein blood flow is shown in Fig. 2.

The mean values of GFR for the urinary clearance,
infusion clearance and the thermodilution techniques
were 80.6+22.4, 89.5+24.7 and 71.3%£23.1, respectively.
The within-group errors for GFRyc, GFRyc and GFRtp
were 32.5%, 10.8% and 63.6%, respectively. The re-

800
< 600
5
& 400
E
- 200
= - : ________ +25D
E 0 o . -
Ymen| oY
o 200 ey b
t . e .
E .
400{ . 2
.
-600
0 500 1000 1500 2000
(RBFy +RBFy) /2 (mlmin?)
Mean Bias Error (%) limits of agreement
836+301  -179 328 4541 95
300
—_ .
E 6007 | = ——- +25D
= 400
= : * .
~ 200 .
g o — S
20 -
1 . e
w -200 .
=
———————— -25D
E -400
-600
0 500 1000 1500 2000
(RBFy +RBFp) /2 (mlmin)
Mean Bias Error (%) Limits of agreement
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Fig. 2 Shows a continuous renal vein retrograde thermodilution
recording from one patient. During the recording, the renal vein
catheter was withdrawn approximately one centimetre (arrow),
guided by fluoroscopy, which caused a change in the renal vein
temperature corresponding to an increase in renal vein blood flow
by approximately 30%. T}, indicator temperature, 7., renal vein
blood temperature, RBF renal blood flow

Table 2 Haemodynamic and
renal variables

Period A (mean = SD) Period B (mean + SD)

MAP (mmHg)

CO (I/min)

HR (beats/min)

SVR (dynesxsecxcm_s)
PCWP (mmHg)

CVP (mmHg)

Plasma-PAH (mg/100 ml)
Plasma->'Cr-EDTA (cpm/ml)
PAHex (%)

SICr-EDTA (%)

83+7 83+8
5.0x1.6 5.1x1.5

75x12 75x12

1232+343 1213+339

14+4 14+5

11£3 11+4
1.3+0.4 1.4+0.4

140+27 136+25

0.86+0.07 0.85+0.07
0.18+0.04 0.18+0.04

MAP mean arterial pressure, CO cardiac output, HR heart rate, SVR systemic vascular resistance,
PCWP pulmonagy capillary wedge pressure, CVP central venous pressure, PAH,, paraaminohippuric

acid extraction,

!Cr-EDTA,, chromium ethylenediaminetetraacetic acid extraction
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Fig. 3 Agreement between the

M

urinary clearance method (UC)
and a the infusion clearance
(IC) and b the thermodilution
(TD) techniques for estimation
of renal blood flow (RBF). The
agreement with the reference
method (UC) was highest for
the IC and lowest for the TD
technique 11

Valts (T ind)

T ina

Valts (T bload)

T blood
REF 456 mifmin RBF 583 mifmin

peatability coefficients for GFRyc, GFRic and GFRyp
were 26.2, 9.64 and 45.3 ml/min, respectively. The co-
efficients of variation for GFRyc, GFR;c and GFRyp
were 10.2+10.4%, 3.3+2.4% and 14.8+13.1%, respec-
tively.

The mean values of FF for the urinary clearance, in-
fusion clearance and the thermodilution techniques were
0.17+£0.04, 0.16+0.03 and 0.18+0.04, respectively. The
within-group errors for FFyc, FFc and FFrp were 30.5%,
17.5% and 42.1%, respectively. The repeatability coeffi-
cients for FFyc, FFc and FFrp were 0.053, 0.028 and
0.075, respectively. The coefficients of variation for
FFyc, FFic and FErp were 8.9+6.7, 5.1+£3.6 and 13.2+7.7,
respectively.

Agreement between methods

The agreements between RBFyc and RBFj¢ and between
RBFyc and RBFp are described in Fig. 3. The between-
methods bias was —179 ml/min comparing RBFyc with
RBFjc, while it was 123 ml/min comparing RBFyc with
RBFp. The error and the limits of agreement were higher
comparing RBFyc with RBFrp than when comparing
RBFUC with RBFlc.

The between-method bias was —11 ml/min comparing
GFRyc with GFRj¢, while it was 9 ml/min comparing
GFRyc with GFRp. The error was 42.5% and the limits
of agreement were —48.0 to 25.4 ml/min comparing
GFR;c with GFRyc. The corresponding values were
67.0% and —42.3 to 61.2 comparing GFRyp with GFRyc.

The between-method bias was 0.016 comparing FFyc
with FFjc while it was —0.009 comparing FFyc with
FFrp. The error was 50.7% and the limits of agreement
were —0.67 to 0.099 comparing FFic with FFyc. The
corresponding values were 47.0% and —0.092 to 0.075
comparing FFrp with FFyc.

0 . A hai Lo
30 ’ 60

|
80 Time (sec)

Withdrawal of catheler 1 em

Discussion

The renal vein continuous thermodilution technique and
the infusion clearance technique, for bedside estimation
of absolute RBF, GFR and FF were validated in post-
cardiac surgical patients. In a study of method compari-
son, assessment of within-method repeatability is impor-
tant, because the repeatability of each of two methods
limits the amount of agreement, which is possible [12,
21]. The repeatability was highest for the infusion clear-
ance technique and lowest for the thermodilution tech-
nique with regard to RBF, GFR and FF. The gold standard
method, the urinary clearance technique corrected for by
PAHgy, had an unacceptably low repeatability, i.e. an
error of 30-33%. It is therefore not surprising that the
agreement between the infusion clearance and urinary
clearance methods was relatively low, as, in the present
study, the old gold standard method (urinary clearance)
was more variable than the infusion clearance method.
For the same reasons, the problem is even worse when
comparing the thermodilution technique with the urinary
clearance technique.

Since the original publication by Bland and Altman
[12], clearly defined criteria as to whether one method
could replace an older and more established one are
lacking. In an attempt to clarify the criteria for accepting a
newer technique, Critchley and Critchley suggested that
acceptance of a new technique should rely on a between-
methods error of up to 30% [20]. They could also
demonstrate that the limits of within-group error of both
the test and the reference method should be 20% or less to
achieve a between-group error of 30% or less. In the
present study, only the infusion clearance method fulfilled
these criteria, with a within-method error less than 15%
and a between-method error of 33% compared to the
reference method.
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The renal vein thermodilution technique has previ-
ously been described and validated using either a bolus [4,
9, 10] or a continuous infusion technique [11]. The renal
vein thermodilution technique was found to correlate
closely to the urinary clearance technique with a coeffi-
cient of correlation ranging from 0.77-0.89 with both the
bolus and continuous infusion techniques [4, 9, 10, 11].
However, the agreement between the thermodilution and
the urinary clearance techniques, according to Bland and
Altman [12], has not been previously tested with regard to
bias and within-, as well as, between-group errors. The
relatively large bias and between-group error comparing
the thermodilution technique with the reference method,
as shown in the present study, might have several ex-
planations. Thermodilution-derived absolute values of
RBF assume that a single vein is present on the side of
measurement, that equal blood flow is occurring to both
kidneys, that there is minimal admixture of non-renal
blood flow (spermatic, adrenal and ovarian) into the left
renal vein and that there is complete mixing of the in-
jectant with the blood. In our experience, a correct and
stable position of the renal vein catheter thermistor in
relation to the renal vein inflow of non-renal blood flows
is the most critical factor for the estimation of total RBF.
Small adjustments of the thermistor position may cause
large variations in the renal venous flow measured, as
illustrated in Fig. 2.

Plasma concentrations of PAH were stable during the
experimental procedure, indicating that the rate of PAH
infusion was equal to the rate of excretion. However, RBF
values obtained by the infusion clearance method aver-
aged 20% above the urinary clearance technique, indi-
cating an extra-renal elimination of PAH. A similar
magnitude of extra-renal elimination at steady state was
demonstrated by Cole et al. both in patients with normal
renal function and in patients with renal disease [15].
They attributed the observed differences between the
urinary clearance and the infusion clearance for PAH to
extra-renal conjugation of PAH.

It has repeatedly been shown that renal PAHgx ap-
proximates 0.9 in subjects with healthy kidneys [22, 23].
In the present study on post-cardiac surgical patients with
preoperative normal renal function, mean PAHgx was
0.85 with a range from 0.72 to 0.99. Thus, if renal PAHgx
were not measured in the present study, a potential error
of 10-25% in estimated RBF would have been introduced
at the most extreme deviations of PAHgx from 0.9.
Brenner et al. showed, in septic and critically ill patients,
that mean PAHgyx was 56% with a range from 28-90%
[4]. Furthermore, Myers et al. [5] demonstrated that mean
PAHgx was only 43% in patients with early renal dys-
function after total renal ischaemia due to supra-renal

clamping of the aorta. In other words, in post-cardiac
surgical patients, and particularly in critically ill patients
with acute renal dysfunction, the urinary clearance of
PAH without correction for renal PAHgx would give in-
valid measurements of renal plasma flow. Another ad-
vantage with the use of a renal vein catheter is avoidance
of the problem of obtaining perfectly constant arterial
plasma concentrations of PAH after a pharmacological
intervention with the aim to increase RBF [24]. With-
drawing arterial and renal venous blood simultaneously
would allow repeated measurements of RBF at short in-
tervals [24]. However, this needs to be tested in the in-
tensive care setting.

Filtration fraction (FF) is defined as the relationship
between GFR and RPF. Estimation of FF provides im-
portant information on the effects of various vasoactive
agents on pre-glomerular (afferent) and post-glomerular
(efferent) resistance vessels [25, 26, 27, 28]. Although
the two independent methods for estimation of FF had
approximately the same between-methods error when
compared to the urinary clearance method, the within-
group error was lowest for the infusion clearance tech-
nique. However, the estimation of FF by the infusion
clearance method requires equilibrium between rate of
excretion and infusion of >'Cr-EDTA and PAH [15, 16,
17], while repeated estimations of FF at short intervals are
possible by measuring renal >'Cr-EDTAgx. However, one
limitation with substances with low renal extraction, e.g.
filtration markers, is that they may underestimate renal
extraction in conditions with low renal plasma flow and
high diuresis, i.e., when the arteriovenous flow difference
might not be negligible [29].

In conclusion we have validated two independent
methods for estimation of total RBF and GFR against the
urinary clearance technique in the ICU setting. Although
the renal vein thermodilution technique can be performed
rapidly and repeatedly, this technique had the lowest re-
producibility and a lower agreement with the reference
method, when compared to the infusion clearance meth-
od. The infusion clearance method had the highest re-
producibility when compared to both the urinary clear-
ance and the renal vein thermodilution techniques and
should therefore be considered as the reference method in
future studies on renal haemodynamics and function in
the ICU setting.
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