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In previous studies of renal oxygen consumption
in man the results have been expressed in the fol-
lowing terms: a) the total oxygen consumed per
two kidneys per minute (TQo2) (1); b) the quan-
tity of oxygen utilized per 100 g per minute based
on the measurement of TQ02 and an assumed
weight of 300 g per two kidneys (1) ; c) the
TQ02 as related to total renal blood flow (TRBF)
and glomerular filtration rate (GFR) (2). In
the later instance Cargill and Hickam (2) con-
cluded that TQO2 was best correlated with the
GFR. Bradley and Halperin (3), on the other
hand, suggested that the TQO2 of the kidney was
probably related to the "tubular functional mass"
as determined by the tubular maximal secre-
tory capacity for sodium para-aminohippurate
(TmPAH). However, as noted by Smith (4),
no data have been forthcoming with regard to the
latter relationship.

Therefore, the present paper is an attempt: 1)
to provide data in which the relationship between
the total renal oxygen consumption and the
TmPAII is defined in normal subjects and in pa-
tients with kidney disease; 2) to demonstrate the
limitations of such a ratio (TQO2/TmPAH); and
3) to suggest that in future studies TQ02 be con-
sidered alone and/or that oxygen consumption
be determined as QO2 per 100 g per minute.

MATERIAL AND, METHODS

Five "normal" 1 subjects, 5 patients with essential hy-
pertension (grade 2-3), 5 with diabetic nephropathy, 5
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t Markle Fellow in Medicine.
1 "Normal" subjects were individuals diagnosed as

having "psychoneurotic reaction" (000-XOY).

with chronic pyelonephritis, and 5 with chronic glomeru-
lonephritis were selected from the wards of the Uni-
versity Hospitals between 1952 and 1958. In addition,
one each of the following types of patients was stud-
ied as a "control": "juvenile" diabetes mellitus without
clinical evidence of retinopathy or nephropathy; essen-
tial hypertension before and after the administration of
oral glucose and intravenous insulin. In all cases the
diagnoses were made on clinical rather than morpho-
logical grounds.

All patients, with the exception of those with diabetes
mellitus, were studied in a fasting state. The exceptions
were given their breakfast as a liquid glucose equivalent 2
along with their daily dose of insulin 1 hour prior to the
start of the test. Evidence that such a procedure did
not appear to influence the results is presented in the
Discussion.

Simultaneous determinations of glomerular filtration
rate, total renal plasma flow (TRPF), TRBF, arterio-
renal venous oxygen difference (A-RVo2), TQo2, renal
blood flow per 100 g per minute (RBF), renal oxygen
consumption per 100 g per minute (Qo2), and in vivo
renal weight (Rt) were made, utilizing right renal vein
catheterization and techniques previously described for
this laboratory (5, 6).

The results, contained in the tables, represent the
average of three 15-minute periods. They are uncor-
rected for surface area since the relationships to be
discussed did not lend themselves to correction and/or re-
sulted in cancellation of this correction by virtue of being
present in both the numerator and the denominator. Fur-
thermore, the mean values for surface area of the 5
groups did not differ significantly from one another per
meter2 ("normals," 1.80; essential hypertension, 1.81;
chronic glomerulonephritis, 1.80; diabetic nephropathy,
1.77; chronic pyelonephritis, 1.82).

Statistical analyses were performed, utilizing the stand-
ard t test (7).

RESULTS

The results are presented in Tables I-III.
Table I contains the individual data. Table II

represents the mean values for each function of

2 The liquid glucose equivalent was calculated as 100
per cent of the carbohydrate, 58 per cent of the protein,
and 10 per cent of the fat which would have been con-
sumed at breakfast.
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TABLE I

Individual renal and metabolic data *

TmPAH GFR GFR TRBF TQo* TQo2

Patient GFR TRBF RBF Rwt TmPAH Rwt TmPAH Rwt TmPAHA-RVo2 TQ,2 Qo2 TmPAH GFR

11ni; mitt nlam~ti/m mnl/iOO g ing," m1Zi1s 171g/mnl, 'ing anli ml, ing vol m"ln, '2 mnl'J100 nl, ing 1ni, 'ml

Normal
M.F.
N.G.
K.T.
K.L.
R.S.

g/nmmn ?nimi/zg mItii?; g kidnseys g/mitn
/mn

133 1,800 528 342 98 0.29 1.36 0.390 18.4 1.3 23.4 6.9 0.237 0.176
91 1,440 300 480 88 0.18 1.03 0.190 16.3 1.4 20.2 4.2 0.236 0.222
86 1,255 342 368 62 0.17 1.39 0.243 20.2 1.2 15.1 4.1 0.172 0.176
81 935 302 310 88 0.28 0.91 0.261 10.5 1.8 16.8 5.4 0.191 0.207

104 1,505 494 305 86 0.28 1.21 0.341 19.7 1.4 20.5 6.8 0.237 0.197

Essential hyp)ertension
E.K. 51 710
L.A. 87 1,215
K.L. 90 1,070
S. R. 62 630
D.N. 57 655

Chronic glomoerulonephritis
M.H. 52 675
D. K. 44 755
C.B. 87 1,085
D.A. 71 1,110
P.M. 15 350

Diabetic nephropathy
A. K. 30 455
W.F. 19 465
E.McM. 61 790
H. B. 44 665
M.W. 36 640

Chronic pyelonephritis
P.S. 30 390
W.H. 11 210
E.W. 41 610
R.G. 21 300
L.E. 27 210

410 173
398 305
303 353
336 188
426 151

60 0.35 0.85 0.295 11.8 1.7 12.1 7.0 0.203 0.237
85 0.28 1.03 0.285 14.3 1.2 14.6 4.8 0.172 0.168
88 0.25 1.03 0.254 12.2 1.8 19.3 5.5 0.219 0.215
69 0.37 0.90 0.329 9.2 2.1 13.2 7.1 0.192 0.213
63 0.41 0.91 0.370 10.4 2.0 13.1 8.5 0.218 0.203

307 220 47 0.21 1.11 0.236 14.4 1.5 10.1 4.6 0.215 0.193
265 285 55 0.19 0.80 0.154 13.7 1.0 7.6 2.7 0.139 0.173
279 389 101 0.26 0.86 0.224 10.8 1.8 19.5 5.0 0.197 0.224
249 446 76 0.17 0.93 0.159 14.6 1.2 13.4 3.0 0.176 0.189
300 117 19 0.16 0.79 0.128 18.4 1.8 6.3 5.4 0.331 0.420

160 284
144 323
208 378
233 285
298 230

157 248
134 157
189 322
121 247

63 331

21 0.07 1.43 0.106 21.3 1.2 5.6 2.0 0.266 0.187
25 0.08 0.76 0.059 18.6 1.4 6.5 2.0 0.260 0.342
57 0.15 1.07 0.162 13.9 2.1 16.8 4.4 0.293 0.275
35 0.12 1.25 0.154 19.0 1.4 9.3 3.3 0.265 0.212
32 0.14 0.12 0.157 19.4 1.3 8.3 3.9 0.269 0.230

30 0.12 1.00 0.121 13.0 2.1 8.2 3.2 0.273 0.272
I 0.07 1.00 0.070 12.2 1.3 2.7 1.7 0.245 0.245
47 0.15 0.87 0.127 13.0 1.5 9.2 2.8 0.195 0.224
19 0.08 1.11 0.085 15.8 1.9 5.7 2.3 0.300 0.272
1 8 0.05 1.05 0.081 11.7 4.1 8.6 2.6 0.486 0.318

* See text for abbreviations.

any given group, the standard errors of such
means, as well as the level of statistical significance
(p) when the mean of a given function in a par-
ticular disease group is compared with the mean
of the corresponding function of the "normal" in-
dividuals. The material contained in Table III
has been reserved for the Discussion.

Normsal. The results obtained in such indi-
viduals were in accord with those previously re-
ported from this (5, 6) and other laboratories
(4). The values for GFRmay be questioned as
being normal. However, "normal" mean values
given by other investigators, using the inulin
clearance technique, with PAHat low plasma lev-
els, have ranged between 114 and 140 ml per min-
ute with standard deviations of + 4.4 to + 40 ml
per minute (4). Also, the GFR's presented in
Table I were obtained at the same time as the de-
terminations of TmPAH. The latter procedure,
based on 30 different investigations in as many
patients, produced a decrease in GFR of 19 per
cent (8) over those obtained before PAH satu-

ration. This is in accord with previous observa-
tions (4).

Essential hypertension. A comparison of the
data of these patients with those obtained in "nor-
mal" subjects shows that GFR (p < 0.05),
TRBF (p < 0.02), and the TQo2 (p < 0.05)
were significantly reduced. In contrast, the
A-RV02 (p > 0.2), the RBF per 100 g per min-
ute (p > 0.7), as well as the renal Qoa per 100 g
per minute (p > 0.3) were not significantly dif-
ferent from normal. The decline in TRBF and
TQ02, as compared with the lack of change in
these functions when expressed on a unit weight
basis, is probably related to the significant reduc-
tion in renal weight (p < 0.05). The mean value
for TmPAHwas 11 mg per minute less than the
mean value for this function in normal subjects,
but this difference was not statistically significant
(p > 0.12).

The ratio of the TQ09 to the TmPAHor to the
GFR remained unaltered (p > 0.3 in both in-
stances). The significant decrease in TRBF/



ARCHERP. CROSLEY, JR., CESARCASTILLO AND GEORGEG. ROWE

m
o

q to
ON!b3N

Nt4o4-c 8

Hto -H -HA -HA -HV -HV

bo --
o oo oo >o

< S b X o o*00000
c o d

_ doXIE X -+ -HA -HA -HV -HV

t) tt).-c )0O N In -

&--H" -H A -H A -HV -H V

H-8'-' ~"-°°H °° V -H° V -HV8

s!
.0P0 e 0 0% -m'

e m; *t + + e ie 4° A C i ° N6 _ ° E

-H H+A -HAV -HAV

0~~~~~~~~~~~~~~~~

0_-'00 -0- C4_-oC

X ° o+ < Hv oH-A +A °-H A x+ A

b 0 0, oo0

00 O C d C

V -HVA -HV -VA

1 m tXS20 WnS '0
-- -HVA -H V -HAV -HAV

C; e6 0~ O
-H V -H AV -H A

c~~~~~~~~~~~~~~~~~0

t, 0~~ 00
N M N 0 -4 eci.4, .-8

-HAV -HA -' A -H V
.~~~~~0

co

~ ~ ~ ~ ~ t

in- V OmV
~~~~~--

0

V '-HV M NV

-H -H -H -H~~~~~~~~~~~~~~~~-.-

cis

en 00 U'occ-
H -H c-H*

Ic co 0c 00
NoV C4 -N

-HV6

838

11



RENAL OXYGENCONSUMPTION

TABLE III

Control studies

GFR TRBF TQo2 TQO2

Patient no. GFR TRBF TmPAH TmPAH TmPAH A-RVo2 TQo2 TmPAH GFR

mllmin mllmin mg/min mlimint ml/mii Voli% ml/2 ml/mng mI/Ml
kidneys

/min
1. Diabetes 65 865 72 0.90 12.0 1.8 15.6 0.216 0.240

mellitus without
nephropathy

2. Essential C* 58 740 49 1.14 15.1 1.4 10.4 0.213 0.178
hypertension Et 53 650 49 1.08 13.3 1.5 9.8 0.200 0.185

* Control, fasting.
t Thirty to 60 minutes after 0.1 U insulin/kg i., plus 100 g glucose p.o.

TmPAH(p < 0.05) and the constancy of the GFR/
R~t (p > 0.7) were expected, in view of the fact
that the pathological changes in such kidneys are
primarily of a vascular nature. In contrast, the
significant reduction in GFR/TmPAH (p < 0.05),
and the increase in TmPAH/Rwt (p < 0.05), were
unexpected findings. A possible explanation for
these observations is presented in a later section.

Chronic glomerulonephritis. As in patients
with essential hypertension, the GFR (p < 0.02)
and TRBF (p < 0.02) were significantly de-
creased. However, when these functions were
related to the TmPAH, a significant reduction was
noted in GFR/TmPAH (p < 0.05), while TRBF/
TmPAHremained unchanged (p > 0.3). Further-
more, there was a fall in GFR/Rwt (p < 0.05).
Such findings indicated the primary glomerular
involvement in this entity. The absence of a
change in TRBF/TmPAH (p > 0.3), despite sig-
nificant reductions in TRBF (p < 0.02) as well
as RBF per 100 g per minute (p < 0.05), is in-
terpreted to mean that the fall in renal blood flow
was proportionate to the progressive renal dam-
age in this disease.

TmPAH/Rwt remained unchanged (p > 0.1)
while all of the other estimations were similar to
those found in the individuals with essential hy-
pertension.

Diabetic nephropathy. The features which dis-
tinguished this group of patients from "normal,"
as compared with the groups with essential hyper-
tension and glomerulonephritis, were the signifi-
cant reductions noted in TmPAH (p < 0.001),
TmPAH/Rwt (p < 0.01), Qo2 per 100 g per min-
ute (p < 0.02) and the significant increases in

TQO2/TMPAH (p < 0.01) and TQo2/GFR (p <
0.05). Furthermore, GFR/TmPAHand TRBF/
TmPAH, which heretofore, either alone or in com-
bination were significantly altered, remained un-
changed in these individuals.

Chronic pyelonephritis. Patients in this group,
with two exceptions, were similar from both
functional and metabolic standpoints to the pa-
tients with diabetic nephropathy. First, although
the mean value for TQO2/TmPAHwas increased to
an even greater extent (0.300 ml per mg) than
that observed in the patients with diabetic ne-
phropathy (0.271 ml per mg) it was nevertheless
not found to be statistically different from nor-
mal, due to the variability of the individuals within
the group. Secondly, TQO2/GFRwas significantly
increased (p < 0.01).

DISCUSSION

It is obvious that the renal TQ02 represents the
sum of the oxygen consumed by the individual
parts of the kidney. However, in the past, ef-
forts have been made to relate the former quan-
tity of oxygen to one functional measurement
[e.g., TRBF (9, 10), GFR (2) ]. Therefore,
since it was conceivable that TQO, might be pri-
marily related to TRBF, to the "tubular functional
mass" or to glomerular function and, since all of
these functions have not heretofore been measured
simultaneously in patients with "normal" and
diseased kidneys (4), the present study was un-
dertaken in an effort to test whether such a pri-
mary relationship existed.

Total renal blood flow. Van Slyke, Rhoads,
Hiller and Alving (9), as well as others (10),
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initially concluded that the total renal oxygen con-
sumption was related to the total renal blood flow.
Subsequent studies by Clark and Barker (1) and
Barker and Crosley and co-workers (11-13), uti-
lizing measures which alter total renal blood flow,
showed that such was not the case in normal hu-
man subjects or in patients with renal disease.
Thus the arterio-renal venous oxygen difference
could indeed narrow or widen in response to
change in blood flow, thereby maintaining an un-
changed oxygen consumption. Furthermore,
since TQo2 is derived as the product of TRBF
and the arterio-renal venous oxygen difference,
one would predict a high correlation between
TRBF and TQo2 on a purely mathematical basis.
In addition, it follows that the narrower the range
of the arterio-renal venous oxygen differences the
higher the correlation. In the present study this
range was so narrow that there was no significant
difference between the arterio-renal venous oxy-
gen differences of the diseased groups and those
of the "normals"; hence a correlation between
TRBF and TQO2 was not considered applicable.

"Tubular functional mass." Although it had
been suggested by Bradley and Halperin (3) that
the most likely relationship between the TQO2
and the renal functional elements was between
TQO2 and the "tubular functional mass" (TQo,/
TmPAH), no data on this ratio have been forth-
coming until the present study (4). Support for
such a relationship is the finding here that the
correlation between these two factors is highly
significant (R = + 0.923, p < 0.001).

Glomerular filtration rate. As previously noted,
Cargill and Hickam (2) reported a positive cor-
relation between the total oxygen consumption of
the kidney and the glomerular filtration rate. On
the surface, such findings pose the problem as to
why oxygen consumption should be related to
a function whose primary energy source is that
of the net hydrostatic pressure of the blood.
However, recent evidence by Dubach and Recant
(14) lend support to such a relationship, since
their in vitro investigations of individual glo-
meruli attribute important oxidative functions to
this structure. The present data are also in ac-
cord with the concept that total oxygen consump-
tion is related to glomerular activity, since the
correlation coefficient between these two functions,

utilizing all of the patients in the five groups, was
R= + 0.955 (p < 0.001).

In view of the highly significant correlation co-
efficients for both GFRand TmPAHas related to
TQO2 it appears that one explanation for such data
is that, in renal disease, there is a symmetrical
destruction of both glomeruli and tubules and
that associated with the loss of such nephrons
there is a proportionate reduction in TQ02. Such
a statement would be in agreement with the find-
ings of Bricker, Morrin and Kime in unilaterally
induced renal disease in dogs, which appear to
demonstrate proportionate declines in glomeruli
and tubules (15). An alternative explanation
would be that suggested by Cargill and Hickam
(2), that tubular activity is largely governed by
the quantity of glomerular filtrate and thus a
close correlation between GFR, TmPAHand TQ02
might be expected.

Finally, the unexpected findings of the increased
TQ0,/TmPAH and TQo0/GFR and the significant
decreases in TmPAH/R t in patients with diabetic
nephropathy and chronic pyelonephritis, as well
as the decreased GFR/TmPAHin essential hyper-
tension, must be considered. No definitive ex-
planation is forthcoming for any of these results.

However, in the case of the increased TQ02/
TmPAHand TQo2/GFR in patients with diabetic
nephropathy and chronic pyelonephritis, these
changes do not appear to be due to: a) the dia-
betic state per se, since they occurred in patients
without diabetes (e.g., chronic pyelonephritis and
Patient P.M. with glomerulonephritis) ; b) the
presence of insulin and/or the glucose-equivalent
breakfast, since a control diabetic patient (Table
III, no. 1) and a nondiabetic patient (no. 2) given
a "glucose-insulin" tolerance test did not show
elevations of these ratios; c) the oxygen consump-
tion of nonexcretory renal tissue (e.g., scar tis-
sue), since the Qo2 of such tissue is lower than
that of excretory renal tissue (16). In view of the
significant decreases in Qo2 per 100 g per min-
ute associated with the increased TQO2/TmPAH
and TQ02/GFR, one can only speculate that the
latter findings may be related to the fact that a
total quantity (oxygen) was related to only a
part (TmPAH and/or GFR) of the total metabo-
lizing tissue of the kidney (TmPAH and/or GFR
plus scar and exudative tissue). In a similar
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fashion, one can only hypothesize that the signifi-
cant depression in TmPAH/Rwt, in these cases, may

be due to the fact that a significant portion of the
kidney weight was composed of nonexcretory re-

nal tissue (scar tissue). If so, the ratio Tmp~m/
R~t may serve as an index of renal "scarring.";

The observation of a significant decrease in
GFR/TmPAH in patients with essential hyper-
tension has not been the usual finding in other
series (4). Such data may be fortuitous, since the
number of patients was small and the significance
was borderline (p < 0.05). However, a recent
report by Baldwin and associates (17) in patients
with essential hypertension revealed a decline in
the GFR/TmPAH in the majority of the cases.

Furthermore, White, Sambhi and Grollman have
reported such findings in experimentally induced
hypertension in rats (18).

SUMMARYANDCONCLUSIONS

1. A number of observations was made in in-
dividuals with "normal" and diseased kidneys in
an effort to determine whether any single func-
tional component [total renal blood flow (TRBF),
glomerular filtration rate (GFR), "tubular func-
tional mass" (TmPAH)] was a primary contribu-
tor to the total oxygen consumed per two kid-
neys per minute (TQo2). None could be found.

2. Since in certain disease categories (diabetic
nephropathy and chronic pyelonephritis) TQo2/

TmPAHor TQo2/GFR was increased, while at the
same time TQO2 and renal oxygen consumption
per 100 g per minute (Qo2) were decreased, it is
suggested that in future studies TQO2 be consid-
ered alone or, if a base reference is desired, that
renal oxygen consumption be determined in terms

of Qo2 per 100 g per minute.
3. TmPAH/RWt was significantly reduced in pa-

tients with chronic pyelonephritis and diabetic
nephropathy, while the GFR/TmPAHwas reduced
in essential hypertension. No definitive explana-
tion is forthcoming for such findings.
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