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Renal plasma flow and glomerular filtration rate during

acute kidney injury in man

John R. Prowle!, Ken Ishikawa?, Clive N. May? and Rinaldo Bellomo!

I Department of Intensive Care, Austin Hospital, Heidelberg, Victoria, Australia

2 Howard Florey Institute, University of Melbourne, Parkville, Victoria, Australia

ABSTRACT

During acute kidney injury (AKI), lowered glomerular filtration rate (GFR) is believed to be consequent to
reduced renal plasma flow (RPF). We aimed to systematically evaluate the evidence for such an association.
Using specific search terms, we systematically interrogated the Pub Med electronic reference database for
studies of human AKI where renal plasma or blood flow and GFR were measured; older articles were then
identified by screening bibliographies of retrieved reports. We identified 22 articles describing 250 patients
(203 native kidney, 47 in renal allograft). Of these studies, 8 articles (110 patients) estimated effective renal
plasma flow (ERPF) by clearance techniques and 14 articles (140 patients) estimated true renal plasma flow
(TRPF). Mean RPF was 272 mL/min (95% CI 213-331) and GFR 13.9 mL/min (9.9-17.9). Mean TRPF was sig-
nificantly greater than mean ERPF (344 vs. 180, p = 0.004) despite lower mean GFR (8.8 vs. 20.4, p = 0.002).
There was no significant association between RPF and GFR between studies. Eleven studies presented
individual patient data (76 patients: 49 TRPF, 27 ERPF); here, individual patient ERPF was associated with
GFR ( = 0.52), but TRPF was not. During AKI.in man, there is only a limited association between ERPF and
GFR, and no detectable association between TRPF and GFR.
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INTRODUCTION

Acute kidney injury (AKI) is a common and serious
complication of critical illness, affecting around 20%
of patients admitted to hospital! and over 50% of
those admitted to intensive care units.> Of these,
approximately 5% require renal replacement therapy.>
The crude mortality of AKI has changed little over in
the last 40 years’; however, its epidemiology has
altered and sepsis is now a much more common asso-
ciated condition, occurring in over 50% of cases.”®
Despite its clinical significance, the pathogenesis of
AKI in man remains poorly understood.

AKI is characterized by the sudden and sustained
loss of glomerular filtration rate (GFR) with accumu-
lation of nitrogenous waste products. Current descrip-
tions of the pathophysiology of AKI continue to
emphasize reduction in renal blood flow (RBF) and
consequent renal ischemia as the cause of loss of
GFR.%® However, surprisingly little clinical evidence
is available to support the causative link between

reduced perfusion (RPF, renal plasma flow) and
reduced function (GFR) in common clinical situa-
tions such as sepsis.” A previous systematic literature
review examined reports of RBF measurement during
AKI in man and found that while it is, on average,
reduced, there was with considerable heterogeneity in
measurements within and between studies,!® ques-
tioning the nature of the association between reduc-
tion in RBF and acute renal impairment. However
only a proportion of these studies reported a reliable
measure of GFR, precluding analysis of the associa-
tion between RBF and the severity of AKI. Accord-
ingly we have gone on to identify those studies where
both GFR and renal blood or plasma flow have been
measured to assess the relationship between these
parameters in patients with AKI. We hypothesized
that, in keeping with accepted paradigms, there would
be a significant correlation between published mea-
surements of RPF and GFR during AKI, confirming
the pivotal role of reduced perfusion in the pathogen-
esis of renal dysfunction.
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METHODS

We applied new inclusion criteria: studies of two or
more humans with AKI including a numerical esti-
mate of both renal blood or plasma flow and GFR
(Table 1) to our previous systematic literature search
for reports of RBF during AKI in man.!® This com-
prised a Pub Med database search identifying articles
indexed under the MESH categories: “Kidney failure,
Acute” and “Renal Circulation,” limited to those
involving humans and published in the English lan-
guage, a free text search for references to “acute renal
failure” or “acute kidney failure” and “renal blood
flow” or “renal plasma flow” in title or abstract and
screening of the bibliographies of retrieved publica-
tions for older articles also meeting the inclusion
criteria. A number of publications reported RBF in
kidney transplants with delayed function; clinically this
is considered a form of post-ischemic AKI and pro-
vides a useful human model of the condition; such
articles were thus included as relevant to this review.
For the purposes of this review, AKI was defined
(Table 1) as an acute worsening of renal excretory
function in the absence of documented intrinsic renal
disease or outflow tract obstruction and in the pres-
ence of a recognized acute renal insult (shock, sepsis,
trauma, surgery, toxin, pigment). Excretory failure
was defined by a measured GFR of <37.5 ml./min,
representing a >50% decrease from a normal GFR of
>75 ml/min, thus identifying populations meeting
RIFLE I or F criteria by the modern consensus
definition!!; descriptions of patients with anuria were
taken to represent GFR = 0 and were included in the
analysis. The >50% decline in GFR defining RIFLE I
was chosen to identify a patient population with clini-
cally overt AKI in the context of acute illness.
Conditions and results of individual studies were
tabulated. Where RBF was measured more than once,
values were recorded when renal dysfunction was
maximal. RPF was the most commonly reported mea-
sure of renal perfusion. Accordingly, measurements of
RBF were standardized to that of plasma flow to allow

TABLE 1. Inclusion criteria.

Studies in humans
Numerical measurement of renal blood or plasma flow
Numerical measurement of glomerular filtration rate or studied
in context of anuria (= GFR ~ 0)
>2 individuals with acute renal failure as defined below:
¢ Measured GFR <37.5 mL/min
* No history of chronic kidney disease
* Recognized systemic acute renal insult (shock, sepsis,
trauma, surgery, toxin, pigment)
» Absence of documented intrinsic renal disease or outflow
tract obstruction

comparison between publications and calculation of
filtration fraction (FF). In order to make these com-
parisons, we arbitrarily assumed, in the absence of
specific data, a hematocrit of 0.3, and a total renal
mass of 300 g, allowing conversion of RBF and RBF
per gram of renal tissue to RPF. For single kidney
RPF from renal transplants values for RPF were dou-
bled to allow comparison to total (two kidneys) RPF.
FF was calculated as GFR divided by RPF.

Mean and standard deviation in RPF were obtained
from the retrieved publications or calculated from
individually reported patient data. Data are reported
as means and 95% confidence interval of the mean.
Clearance methods of quantifying RBF measuring an
effective renal plasma flow (ERPF) are at theoretical
disadvantage compared to measurements of true renal
plasma flow (TRPF) by non-clearance methods or
clearance corrected for renal extraction. Thus, we
compared studies estimating ERPF and those measur-
ing TRPF during AKI. Means were compared using
independent two-sample z-tests. ERPF and GFR and
TRPF and GFR were displayed on an x—y plot and
correlation compared using linear regression analysis;
Pearson #* values calculated and slopes were reported
with 95% confidence intervals (Graph Pad Prism,
GraphPad Software, La Jolla, CA, USA).

Comparison of mean values from different studies
will only reveal correlation between these variables if
the different studies examine distinct patient popula-
tions. However, correlations existing within individual
studies may be entirely masked. This may be particu-
larly the case when studies examine similar patient
populations with differing methodology. Given these
concerns, we also similarly analyzed pooled individual
data from all studies where it was available and com-
pared measurements of ERPF and TRPF separately.

Finally, some studies reported RPF and GFR after
recovery of renal function in a small number of patients.
Recovery of renal function in individual patients was pre-
sented on an x—y plot and mean changes in RPF, GFR,
and FF during renal recovery were also calculated.

RESULTS

Using our search strategy, we identified 22 relevant
publications'?? including 203 individuals with native
AKI and 47 cases involving a renal allograft (Table 2).
Eight studies (110 patients) measured ERPF and 14
TRPF (140 patients).

Overall mean RPF during AKI was 272 mL/min
(213-331) and GFR 13.9 mL/min (9.9-17.9).
However, measurement methodology affected esti-
mates of RPF. Thus, mean TRPF was 344 mlL/min,
twice the value of ERPF at 180 mL/min (p = 0.004).

Renal Failure



TABLE 2. Studies of AKI in man reporting RBF and GFR.
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Median time

Measure of

RPF

GFR

References Setting from diagnosis Number Measure of RBF . .
of AKI(days) GFR (mL/min) (mL/min)
Ramaswamy Renal transplant Doppler flow Creatinine
etal.?® primary delayed <1 15 probe and clearance 225 7 0.03
function PC-MRI and inulin
. 30 ~ .
Swird etal. ™ Post-cardiac 2 11 PAH 51Cr EDTA 197 135 0.07
surgery
Ilic et al.'8 Mixed etiology 7 31 Bl1_Hippuran 99mT_DTPA 204 20 0.1
Corrigan Renal transplant Doppler flow Creatinine
etal.l* primary delayed <1 21 probe and clearance 296 5 0.02
function PC-MRI and inulin
32 _ :
Valsson et al. Post-cardiac <1 12 PAH 51cr EDTA 147 20 0.14
surgery
Alejandro Renal transplant Doppler flow Creatinine
etal.!? primary delayed <1 11 PP clearance 150 6 0.04
. probe .
function and inulin
31 _ :
Valsson et al. Post-cardiac <1 6 PAH 51Cr EDTA 147 27 0.18
transplant
22
Lenz et al. Hepatorenal No information 11 PAH Inulin 175 21 0.12
syndrome
Shalmi et al.?°  IL2 immuno-
therapy for 4 5 131I—Hippuran 99mTe._DTPA 311 28 0.09
malignancy
24 : :
Myers et al. Aortic aneurysm PAH (w1t.h . Creatinine
repair supra- <1 15 extraction-ratio), clearance 331 23 0.07
renal clamp electromagnetic .. :
and inulin
flowmeter
20 . . ..
Ladefoged Mixed etiology 75 4 1335 washout Creatinine 200 1.5 0.01
clearance
Pedersen and  Nephrotoxin, Creatinine
Ladefoged?’ sepsis, or No information 22 133X e washout 208 0.9 0
. clearance
hypotension
Reubi et al.?8 Shock 6 7 Indocyanine green °'Cr EDTA 377 <1 0
. 15 . . ..
Epstein et al. Cirrhosis 6 9 1335 washout Creatinine 200 23 0.12
clearance
Ladgfogedlgnd Toxin or septic No information 4 133X e washout Creatinine 210 15 0.07
Winkler shock clearance
Hollentlasrg Nephrotoxin 3 7 1335 washout Creatinine 216 <1 0
et al. clearance
Hollentlagrg Mixed etiology 4 5 1335 washout Creatinine 235 <1 0
et al. clearance
Reubi et al.?’ Septic shock,
nephrotoxm ' 6 8 Indocyanine green  Anuria 453 <1 0
or transfusion
reaction
33 . . .
Walker et al. Nephrf)toxm or 55 8 Indocyanine green Creatinine 308 <1 0
sepsis clearance
13 . . .
Brun et al. Barbiturate 4 4 85K uptake Creatinine 312 <1 0
overdose clearance
Moyer etal.?>  Shock <1 13 PAH Inulin 149 15 0.1
21 -
Lauson et al. Shock, majority <1 21 PAH Inulin 161 24 0.15

trauma

Notes: AKI, acute kidney injury; FF, filtration fraction; GFR, glomerular filtration rate; RBF, renal blood flow.

© 2010 Informa UK Ltd.
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Paradoxically, however, GFR was lower in studies
measuring TRPF (8.8 vs. 20.4 mL/min; p = 0.002).
Mean FF was 0.067 (0.044-0.090). It was 0.027
(0.009-0.044) for TRPF and 0.12 (0.10-0.14) for
ERPF (p < 0.0001).

Mean RPF and GFR between studies were plotted
as an x—y scatter plot (Figure 1). On linear regression
analysis, neither ERPF nor TRPF correlated with
GFR (#* = 0.24 and #* = 0.005, respectively). Slopes
of the regression lines were not significantly different
from zero.

Eleven studies reported
individual data in 76 patients (49 TRPF, 27 ERPF).
In these studies, mean TRPF was 293 (249-337)
mL/min with a mean GFR of 3.2 (-0.15 to 6.5)
mL/min, and a FF of 0.01. Mean ERPF was 135
(80-189) mL/min with a mean GFR of 14.8 (10.6—
19.0) mL/min, and a FF of 0.11. Individual patient
RPF and GFR was plotted on as an x—y scatter plot
(Figure 2). On linear regression analysis, TRPF did
not correlate with GFR (+* = 0.001); however ERPF
showed a modest positive correlation with GFR
(” = 0.52).

Renal recovery data were available in 15 patients
from six studies!>!>16:21.28:33 (Rijgure 3). For these
patients, mean RPF was 241 mL/min (193-290) and
GFR was 4.3 mL/min (-0.8 to 9.4) recovering to a
mean RPF of 601 ml/min (456-746) and a GFR of
76 mL/min (59-92). FF increased from 0.02 to 0.14
with recovery of renal function.

13,15,16,19-21,23,27-29,33

DISCUSSION

Using a systematic strategy, we identified 22 publi-
cations reporting renal blood or plasma flow and
GFR during AKI in man spanning over half a cen-
tury. In this setting, RPF was lower than normal but
the technique of measurement significantly affected
estimates of RPF altering its estimated value by
close to 100%. Furthermore, in contradiction to our
hypothesis, the reduction in GFR was dispropor-
tionately greater than that in TRPF and, in these
patients, there was no correlation between TRPF
and GFR.

Our findings of reduced RPF in AKI are consis-
tent with previous reports in man>*3>; however, they
are not consistent with the far greater reduction in
RBF required to induce AKI in some experimental
models,?*® highlighting the uncertainty surround-
ing to what extent decreased perfusion contributes to
the development of AKI. This uncertainty is further
compounded by concerns about our ability to mea-
sure RPF accurately in man as demonstrated by the
discrepancy between values obtained with different

-3¢ True RPF
600 - -©- Effective RPF
£ %
£ 400 -
-
£ % ............. % %
S B
o
D: -
200 - % %_ﬁ_a

GFR (mL/min)

FIGURE 1. RPF versus GFR in 22 studies of human with AKI.
Bars show standard error of mean RPF. Linear regression lines for
ERPF and true RPF are shown (72 = 0.24 and 0.005, respectively).
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FIGURE 2. RPF versus GFR in 76 patients with individual
data reported. Linear regression line for true and effective RPF
are shown (* = 0.001 and 0.52, respectively, slope for ERPF
significantly nonzero p < 0.0001). Selective underestimation of
ERPF during more severe renal dysfunction is suggested.

1500 A True RPF X
Effective RPF O
Mean recovery +

RPF (mL/min)

0 50 100 150
GFR (mL/min)

FIGURE 3. RPF versus GFR in 15 patients with measurements
during AKI and in recovery; 95% confidence intervals of mean
RPF and GFR are shown.
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techniques in our systematic review. Specifically,
ERPF is usually measured by the renal clearance of
para-aminohippurate (PAH), a marker that is nor-
mally almost totally removed from the renal circula-
tion on first pass. During oliguria and AKI, PAH
clearance greatly underestimates RPF.>° This is
because impairment of tubular uptake and secretion
of PAH occurs during tubular injury,*° which in turn
reduces renal clearance of PAH to between 5 and
50% of true RPF during AKI'>'%27 and by 50% in
septic shock even in the absence of a fall in GFR.41:42
These technical limitations probably account for the
difference between TRPF and ERPF seen in our
study. They are also likely to influence estimates of the
relationship between RPF and GFR by artificially
increasing it. In keeping with this notion, analysis of
data from individual patients in our study revealed a
modest but significant positive correlation between
measurements of ERPF and GFR, but no such rela-
tionship between TRPF and GFR. As ERPF underes-
timates true RPF in a manner related to the severity of
renal tubular injury, it is unsurprising that ERPF
should correlate with GFR during AKI even when
TRPF does not. In addition, studies using ERPF also
differ in context from direct measurements of RPF.
ERPF measurements require urine output and have
been used historically in patients earlier in the course
of AKI, while more complex direct methods (TRPF)
have been employed in established AKI often in the
context of anuria (see Table 2). These contextual dif-
ferences between RPF estimates preclude drawing
definitive conclusions about renal perfusion during the
course of AKI in man and affect assessments of the
relationship between perfusion and GFR. Nonethe-
less, in their aggregate, all of the above observations do
not support our hypothesis.

In our systematic review, we found no correlation
between GFR and TRPF measurements and only a
very weak correlation between GFR and ERPF in
patients with AKI. This contrasts with physiological
responses to the restriction of RBF in animal models;
their diminished renal perfusion is followed by reduc-
tion in downstream afferent arteriolar resistance and
Angiotensin-II-mediated increase in efferent arteriolar
resistance®® which acts to maintain FF and defend
GFR in the face of decreased renal perfusion
pressure.** In these circumstances approximately 4- to
5-fold reduction in RPF was accompanied by an
equivalent fall in GFR* and GFR recovered linearly
with RPF as systemic blood pressure increased.*>>4°
Conversely, during established AKI, where RPF was
only moderately reduced in comparison to the
decrease in GFR, it appears that autoregulatory
mechanisms that maintain coupling between RPF
and GFR may either be inoperative or insufficient or

© 2010 Informa UK Ltd.
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both. Consequently, therapeutic strategies aimed at
restoring RPF might be ineffective in reversing AKI.
These observations were strengthened by analysis of
individual patient data and indirectly supported by
analysis of 15 patients with measurements of RPF and
GFR during both AKI and recovery (Figure 3), which
demonstrate a proportionately greater rise in GFR
than RPF during recovery reflecting a large rise in FF
from very low levels during AKI. The aggregate of
these findings suggest that factors beyond an absolute
reduction in RPF are, at least in part, responsible for
the loss of GFR during AKI.

There are several possible explanations for this
uncoupling between RBF and GFR. These include
raised Bowman’s space pressure secondary to tubular
obstruction and/or failure of active reabsorption of
ultrafiltrate; back-leak of tubular ultrafiltrate into the
interstitium and circulation; tubulo-glomerular feed-
back-induced afferent arteriolar vasoconstriction'®%7;
or decreased efferent arteriolar tone.*® Our study can-
not clarify what mechanisms explain the uncoupling of
GFR from RBF, but by demonstrating this phenome-
non, it can help focus future research into this aspect
of the pathophysiology of AKI in man.

This systematic review has strengths and limita-
tions. To our knowledge, it represents the first system-
atic study of the relationship between RBF and GFR
in man during AKI. Earlier reviews of the hemody-
namics of AKI?*»? only described a fraction of the
studies available in a nonsystematic fashion. By
demonstrating the lack of a relationship between
TRPF and GFR, it challenges the validity, experimen-
tal basis for, and scientific robustness of the prevailing
paradigm that GFR is lost in AKI in man because of
decreased RBF. However, given the diverse nature of
the literature, there are some significant limitations. In
22 publications spanning a 60-year period, there was
considerable heterogeneity in patient populations,
cause of AKI, methodology for estimation of RPF, and
treatment provided. However, this observation itself
further reinforces the overall finding of our study that
the data supporting current paradigms are weak.
Comparing the results of these studies required the
assumption of a hematocrit of 30% to allow calcula-
tion of RPF from RBF. As anemia is extremely
frequent in AKI*® and critical illness®® this approach
seems justified. However, even if inaccurate, assump-
tions of other realistic values for such patients (hemat-
ocrit between 25 and 35%) would not materially alter
our findings. Furthermore, the absence of such specific
information in the available literature once again lends
support to our findings by showing further deficiencies
in the available data. Comparison of mean values
between studies may fail to detect statistical correla-
tions between variables within individual studies. In
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light of this concern, analysis of individual patient was
undertaken, but these data were only available in a
small number of older studies. By examining patients
with falls in GFR > 50% we may have focused on too
narrow a part of the spectrum of AKI. However, the
severity of renal dysfunction in the critically ill is often
significantly underestimated.”!  Consequently, to
examine the relationship between RPF and GFR at
less severe levels of acute renal dysfunction would be
difficult and lack relevance to the problem of clinically
overt AKI in the ICU. In any case no such data are
available.

CONCLUSIONS

Contrary to our expectations, in AKI in man, pub-
lished studies do not show a correlation between
TRPF and GFR, implying uncoupling between perfu-
sion (TRPF) and function (GFR), such that for a
given decrease in decreased perfusion, there is an
unpredictable and much greater loss in function.
These observations are important in highlighting the
need for further measurements of why and how GFR
decreases in AKI as, in patients with clinically signifi-
cant AKI, severity of reduction in GFR does not seem
to reliably correlate with the degree of reduction in
RPF. This information is vital to our understanding of
the pathogenesis of this condition and our ability to
develop targeted therapeutic strategies.
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