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Evidence has been presented by several investi-
gators that functional capacity of the kidney in the
premature and young infant is lower than in older
children and adults. Schoenthal (1) using urea
clearance, McCance and Young (2) urea and inu-
lin clearances, Barnett (3) inulin clearance, and
Gordon, Harrison and McNamara (4) urea clear-
ance, showed that the infant had a lower glomeru-
lar function when compared to the adult on the
basis of a unit of surface area. Recently West
et al. (5) reported a study of renal function in
infants during the first two years of life and
Barnett et al. (6), a study in premature infants.
This present study was begun in 1945 to deter-
mine the rate of maturation of certain of the kid-
ney functions from the newborn period through
childhood. The following functions were esti-
mated: glomerular filtration rate, maximal tubu-
lar excretory capacity for para-amino-hippurate,
urea clearance, and effective renal plasma flow.3
Sixty-three normal well children between the ages
of two days and 12 years were studied.

METHODS

G.F. was determined as mannitol clearance by the single
injection technique. A 20 minute period was allowed for

1 Presented before the Society for Pediatric Research,
Stockbridge, Mass., May 1947, and exhibited at the Fifth
International Congress of Pediatrics, New York City,
July 1947.

2 The mannitol and para-amino-hippurate used in these
studies were kindly furnished to us through the courtesy
of Sharp & Dohme, Inc., Glenolden, Pennsylvania.

8 These abbreviations are used throughout the paper:
G.F. = glomerular filtration rate
P.F. = effective renal plasma flow
TmPAH= maximal tubular excretory capacity for para-

amino-hippurate
F.F. = filtration fraction
PAH = para-amino-hippurate

equilibration before the first specimen was collected. The
blood levels were plotted against time on semi-logarithmic
paper; the blood level at the midpoint of each urine col-
lection period, minus two minutes, read off the resulting
curve. The mannitol levels in the blood when so plotted
always formed a straight sloping line (a minimum of
three and in the majority of instances four levels were
determined). There was no evidence of lack of equi-
libration of mannitol in the body fluids after the period
allowed. P.F. was determined simultaneously as the
clearance of sodium para-amino-hippurate (PAH) at low
plasma levels (between 0.5 and 3 mg. per 100 cc. of
plasma); the tubular excretory capacity was determined
by the excretion of PAH at high blood levels (between
50 and 100 mg. per 100 cc. of plasma). In several in-
stances the TmPAH was calculated using the values for
glomerular filtration rate determined in previous periods.
In 27 instances where the TmPAHwas determined simul-
taneously with the last period of mannitol clearance, the
value for glomerular filtration rate was not influenced
by the high concentration of plasma PAH. The blood
level of PAHwas maintained by a priming injection and
a continuous intravenous infusion. The priming solution
of PAHfor Tm determination was always diluted in the
syringe to three to four times its volume, either with the
dilute solution remaining in the infusion tubing or with
saline, and injected as slowly as possible. In larger chil-
dren, where the volume might have been too large for a
syringe, the priming solution was allowed to run in
through the infusion tubing from an open burette flask.
When injected rapidly and in concentrated form, this
amount of PAHsolution may cause a sensation of intense
heat, involuntary defecation, nausea, vomiting, abdominal
pain or pain in the extremity used for injection. With
the technique just described, these reactions were usually
mild or absent; with one exception they ceased shortly
after completion of the priming injection. They seemed
to be milder in infants than in older children. The test
was started in the morning, after the child had had a
light breakfast or, in the case of infants, a bottle one to
three hours previously and was well hydrated.

The laboratory determinations of mannitol and PAH
were carried out according to the methods outlined by
Smith et al. (7, 8). Two modifications were used: (1)
The deproteinization was performed by the Somogyi
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method (one part plasma or, for mannitol, two parts
yeasted plasma dilution, 10 parts distilled water, two
parts 0.3 N barium hydroxide solution, two parts 5%
zinc sulfate solution). (2) For the determination of
mannitol the mixtures of plasma filtrate and acid perio-
date solution were left at room temperature overnight
instead of being heated in a boiling water bath for 20
minutes prior to titration.4

The standard error of the mannitol clearance deter-
mination in a combined series of 75 tests with four periods
each plus 60 tests with three periods each was 5.7 cc. with
a mean error of 4.73 cc. + 0.49. The standard error of
103 determinations of renal plasma flow by PAH clear-
ance with three periods each was 55.2 cc./min. with a
mean error of 39.75 cc. + 6.44. The standard error of
112 determinations of the tubular excretory capacity for
PAH, with three periods in each test, was 5.85 mg./min.
with a mean error of 3.75 mg. + 0.55. These errors include
both the laboratory determination and the bedside tech-
nique, such as urine collection, timing of specimens, etc.

The urea clearance was determined simultaneously with
the mannitol clearance for three periods in each test.

4 Note: Incidentally this modification, which in our
hands gave more constant results than the original
method, may account for the fact that there is no evi-
dence in our figures of the interference of high levels of
PAHwith the mannitol determination. Other investiga-
tors have recently reported such an interference (9).

Urea was determined in blood and urine with urease by
the aeration method of Van Slyke and Cullen (10), but
with boric acid substituted for the standard mineral acid
in the receiving flask. Toward the end of this study,
Conway's micro-method with urease, as modified by
Steinitz (11), was substituted for the Van Slyke and
Cullen method. Both methods give identical results.

It must be made clear that these tests were performed
with a relatively high urine flow, resulting from the
diuresis produced by mannitol and the intravenous infu-
sion. This high urine flow does not alter the clearance
rates greatly, with the exception of the urea clearance
which may be somewhat higher than under ordinary con-
ditions. Most of the tests were performed on quiet or
sleeping children and, therefore, were presumably not
unduly influenced by circulatory changes. Prolonged
periods of starvation before performing the test were not
deemed necessary. We found that the children were
much quieter during the test if they were not hungry.

RESULTS

In Figure 1A we have graphically presented
the glomerular filtration rates obtained at different
ages throughout the first year. In Figure 1B the
glomerular filtration rates of the children over
one year of age are recorded in a similar fashion.
Table I, column 11, gives the actual values for

Clorntmlru Filtrot& in Infants.

i.

A3c in^ months
It 6T 8 to 32.-

FIG. 1A. GLOMERULARFILTRATION RATE IN INFANTS
Each dot represents the average value in an individual child. The horizontal

line represents the mean adult value of the glomerular filtration rate of an adult
with a surface area of 1.73 sq.m. The broken lines represent one standard devia-
tion from this mean, as determined in adults (12).
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Glomerular Filtrate in Older Children.

i 4 6
Age in years

FIG. 1 B. GLOMERULARFILTRATION RATE IN

Symbols as in Figure 1A.

8 RC 12D

OLDER CHITLDREN

Renal Plasmo. Flow in Infants.

2 4 6 10

Age in months

FIG. 2A. EFFECTIVE RENAL PLASMAFLOWIN INFANTS
Symbols as in Figure 1A.
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MATURATIONOF RENAL FUNCTION IN CHILDHOOD

G.F. in cubic centimeters per minute and in column
10 the figures are corrected for surface area. The
individual periods are listed in column 21 to show
the variability from period to period. It is ap-
parent from these data that the G.F. is very low
in the very young infant, averaging about 50 cc./
min. per 1.73 sq.m., and slowly rises during the
first year, reaching adult values of about 130 cc./
min. some time between the first and second year of
life. Under six months of age none of the values
were within the adult range when corrected for
surface area and only a few in the last six months
of the first year. In the second year many were
found within the adult range, some still below.
After the third year all values were found to be
within the adult range.

Table I, column 14, shows the actual values ob-
tained for P.F. in cubic centimeters per Minute as
measured by the clearance of PAH at low blood
levels in the same group of infants and children,
and column 13 gives the values per 1.73 sq.m. sur-
face area. Figure 2A graphically presents the
rate of effective renal plasma flow corrected to
standard surface area as the child matures through-
out the first year of life, and in Figure 2B the same

data are given for the older children. As in the
case of G.F., the P.F. (corrected for surface
area) is also low in the young infant, increasing
gradually and reaching the average adult value
around the second year.

Table I, column 17, lists the actual values ob-
tained in estimating the maximal tubular excre-
tory capacity in these children, and in column 16
the values are corrected for standard surface area.
In Figure 3A the TmpAH in mg./min. per 1.73
sq.m. is shown for the first year of life, and in
Figure 3B the same data are given for the older
children. It is apparent that there is much greater
scatter of the values for TmpAH than of those
for G.F. or P.F. While the lowest figures ob-
tained, around 3 to 15 mg./min. per 1.73 sq.m.
surface area, are seen in the youngest infants
(under one month of age), relatively high values
are obtained in other infants of the same age.
Several already have adult values within the first
six months. After 15 months of age the values
are comparable to adult values with very few
exceptions.

On casual inspection the graphic charts of the
data for G.F. and P.F. appear similar, as if

Renal plastna Flow 'in Older Children.

ia
ce 'n Ye~ars

6T 8 UO

FIG. 2B. EFFECTIVE RENAL PLASMAFLOw IN OLDER CHILDREN

Symbols as in Figure 1A.
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Tubula~r Excret'ory Caxp~ca~cy or PAN in Infants.

*~~~~~~~~~~ X
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S~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.
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i, I , I I I , I , I ,t1 6X 8 I'
Age in months

FIG. 3A. MAXIMAL TUBULAR EXCRETORYCAPACITY FOR PAH IN INFANTS
Symbols as in Figure lA.

the rate of increase of these two physiological
factors with aging were identical. Actually, this
is not the case as can be seen from the figures
on the F.F. (100 x G.F./P.F.) throughout this

age span (Figure 4, upper section). If the rate
of increase in these two values were identical,
then the F.F. would be a constant value and sim-
ilar to the average adult value of 19.6%. As can

Tubuulor Excretory Capacity ror PAH in Older Chldren.
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FIG. 3B. MAXIMALTUBULAREXCRETORYCAPACITY FOR PAHIN OLDERCHILDREN
Symbols as in Figure 1A.
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be seen, this is not the case; for there is a consid-
erable variability of the F.F. throughout the age

groups. While several of the values are within
the adult range early in life, and occasionally
the F.F. is even low in the latter half of the first
year, on the average a larger number of higher
values are obtained in the first two years. In
fact, some high values are found up to the eighth
year of life. The average value for the F.F. in
children is thus higher than that reported for

adults. It might be stated that the fluctuations in
rate of P.F. are normally wider than those of
G.F., being subject to situations which affect the
general circulation, and might thus account for
some of the variations of the G.F./P.F. ratio.
It must be pointed out that our clearance periods
are short and represent "spot" clearances. There
remains the possibility of error in estimating the
P.F. in the very small infants, an error which
would produce false low values. If the blood

.-0

.35 0

0.'..,.*.............. e

F.rF. v~
t............~~......-.............;..;............,.....;.. ;

S-i .. .. . .0... .. . .. . .00..

-iS

92

-Bo

:21

l-o

-35.0

-Xs~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~.0

_4s**0 * .o - ---...----.....

45

-3.

-Zs

*-107

b>

-35

-$4
-3.0

-1to
- 1-7

A9 ,; I I I I II I I I I I I I I I Imosth o O X 6 a I. 12 a',A63 Vso0 k log

FIG. 4. RATIOS OF RENAL FUNCTIONS TO ONEANOTHERIN INDIVIDUAL CASES,
AGAINST AGE

I I I

PLOTTED

Upper section: F.F. (100 X G.F./P.F.).
Middle section: G.F./TmPAH.
Lower section: P.F./TmPAH.
The ordinate scales are logarithmic, so that equal deviations of the numerator and of the

denominator of each ratio from the average will produce equal distances from the line represent-
ing the mean. The solid line in each section represents the mean observed in adults (12); the
broken line in each section represents the mean observed in the series of children here reported,
calculated separately for infants under one year and for children over one year of age. The
dotted lines represent one standard deviation from the mean, calculated for the present series.

1153



MITCHELL I. RUBIN, ERIKA BRUCK, AND MILTON RAPOPORT

o
C4

0004

HYOTI

jollauu

VNoI oi o
in biQ00

00
v-004
V00W

00
in

9
tn 0 000 0A0I.")I 4s0a -041.-00)b. t.o43w000%- -- 000eNe --fW00--_o- $

0-4 0- '-0 In In_-4 --, In

in 00
000~0%~0*~-0e-100o~ C~40~0%t-.o00~0 %t-I-V V1'00 ov) 0%0~0-m"e

__

0+ 0-t'%O"0> 0Y Z0U*c C0-0 0IoC+4£4 +0-Ie
0 M0HPUI o4S.ocSi 0-000%0O tow 010000uei
m* ulf e* 4.4C 4 ~C0000 i '4 NC4e 4 4 (4t """Mrq M q 4intne

'0~

- -- C~~~~~~400 0000~~~' .d.000000 0%e 00 ~0 000l

00 H qId*d 0N_ 0o % - co " o o enNIgx,l 0eIW.M an In In 10In 1* I

4__ _ ___ M m___ WWW oo

C4 1~~~.~ %0- %O 0

.HVd _ ____ ___ _ _

co, H 1du/*q |d | C!|

AjooaoxH md|jnqn/t% 00|°̂1}E11°- 1^ 1+ 1 1 1°->00

o1 ] 1e1on00 1r 1~ 10 0'o

0 7UafYa l-ox 34 Li In_I I0 40- No

0 I -z0N co In111 81t

- (Uqd) AioU iuoId I , - _ - _ - _ -

1~ ~ ~ ~ ~ ~ -0000%' V1^1 - 0- 0-
I 0lo 1t 1o100

" ~~ ~ ~ ~~0 0-40%~s:a°I
0%

o|o|- Sol l.on4eu :odolS 0- 0 0 0

aq V 00%4 co0

CI(@3~) U01IB8419lbI 1t~~t 1" 1^ 1- 0 0 1- 0^ 0-

c
r01

00 XooV-tt7 '7 '0 00 Vo-

% wtu 00 0l-o- 0I
:ub zool!u maon poo°lf I O I 0_

V1P IouHI _I I1 TI___1_

N 4 oo||0 0|
00 1 s:valU ua°pnS 00 00 00

Sv l-IqB~aA0 0 V 00

00 *ly:;q~~~~~~~~oo C

WU0!}d l-
(4 (15

1154

O-

12
04

0

0-;tI.X
.m



MATURATIONOF RENAL FUNCTION IN CHILDHOOD

'0
(4

n

at

HYd

I0)Iaa pq

I+ 0.0Umc0itm
4''"0* 0 U,OIt"mMN

N0 V
" NN'5t0 NNN0'Q4'

N

-. NO't-oo 4'
U,

m000% it,uoschi
4 -4

U, 0t-.
00o -

mmo

soN)C4
U,-.4e

'0aotna

mcgso
-4 -Iq

to m in I0'0U it,

4
U .t-4U co___mm ___0um _^ 4_0

- 00'0 N4 0%t-.
- - ___ ________ _____ _________~i~o~ toW 00i ___ ___ Io 10-~~~~~~~~~~~~~~~~W $ns M-4am" } ~~0,0\ ok W W N --ON-4-4 C o~C s- _eo
N:Moytuu c i co V)0% O 0rq '- 0 04 o-'o ~o W) Ot-f

'0
|

4_CC;u___uci 4_u|u, C4
e MO

M ft H d ___ _ __co _co I e tn c'o It'-

i co co 0% r-so %O NO co|co
%-'ff/N'.IU:c o oNZ

|1|

'(0I/'sOO % 0o0I 00% %0c In|4

o U3 ootu'cost,> _ N_ eIN |0 ~ a -|0 t- .'0 i t_' %|0 , Zn~w/~ o1 coMNO, ~0 0N tt-r
-U c

0'd) cois: dov e oo| -H~~clwlIt, IM

0~~~~- 000 00 '0*~~~~~~~~~~~~~~~~~it, 0% Cpl
co 1- 0

_ (od-o) ~~~UO!tIss!l"/u 77|4 C.|t,| 4|_|N|0

0 | ¢f4S/NW|N |N |N7 N _N

(HVdwl)Acip d - - - -'0 Azojaj~xa xejnqnj tI% w

o c0c0io 1o

( UOTXoT 0|_
U0!~~iJUOT~.I41A N - -N

U,0%~tcM||

____ __ _ ____ _ N N

~~I'0 at,~~V co ~ ,I' ''

it,~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Ai

CA,5)U01.IW41,0 U,g U

.miniatuolIoU'0 00
M 10- 100'

C!o

N Li' f

0
rtpo

Iqtt!0 N 0"% '40

.40o'o):uISU2 M24Fl coU

%ium:sv '0 it

lb

Yi u5 '4

N4

lb(6

1155

04

'b
94



MITCHELL I. RUBIN, ERIKA BRUCK, AND MILTON RAPOPORT

-.0~

.d O}IUUUJA

-

VVV>uso so
-4".W
.n0.0.0U)U-co0)tUt)aoiO st--O 0-4NO)O0Vo"W U)-4U4)- 0t00-- o Uolom -

VVV
N t-Vt--in N VVVubot< OllSs00s ine 01,C4roor N x O oO oOI 0t- 00

V0 tU) - -tnUOV-

0-MoU0
(14m oF l (so4 o

1 0 7 ~o 00 0
U- -

-U
U

90
V

MhO jULIf OOU)-0U) -t)'~U) d'J0U) V-oOo NUUt-r0.0 0OV-UOo +< 0u~ b)-tU)

.2 .

U)U)<<s+_>>">>>e+ ><> >< >

U) 0 H~d~j t'oe esioo nt.u: t-Vt- Voeso 0x~o sus

1- ____
1 -t -) _____

0 fljo X ~ IIJ~ 0 eo' Ic-i0 OVU)e -U)m_ Ins OV
N~~~~~~UV I -c- Wo~ooo 00 O\O I emc----.o 4o+ +t-1.VV1

H ldW t/'xj 0 0°° 1° I- 0 00 \oHHCIId t- \0t)U)0d|
L

00°'- :ollXi~ I 0 - -t- -cC4

in \ i --l1- \__n_nL \_1

a~~~~~~~~~~~~~~~UV>)
U) cumtH0dt N,0" 0 oI 0I
e ( *d) A 'Cl 00 m 0Ch00n a, \ 0 V

~~~~~i to t- t-t j-r o 0\ 0 00 _\_ \

e~~~~~~~~~~~~~~~~O|lBU4 m-!3~ m0 \0In 0 t- It toI4Cm0 eq 0 t

V1VUtu00 Uc-1

I e 1rV I- lU) Vu 0'. U) 0-.

_ Vt8¢2|0 V 0'-0j

H~i clwU _qJi~ - K 0

l(aO)u°!l~z~lY m-1U11)1U1 V 0

oI ou) I Ixl- ' 1U)l0- 1- U)

I0 usu/v I e N I o e °+ Icl II

oo i. V0 U)S~ I) 0'lo-ilo loIr

:OT47au 00U 09 U - 006)LI;.V V V

(H~~cltuL)3ed-8 U) U

,,,~~~~U 0-E 09 e ~a~Jn09 U) j | ) 0|'o ,

A.Tojajinxa i:lnnoIS
0 0 0 00

C:,,*aU 00 V||

00 -4

CISc, U, U).....

.~~~U) 00 Ci 0 '-00~~~~~~~~~~~~~~0

\- Q \0 01V

ca:~o~ -axn poojg 0 - V

ilolniotuTotV 0 0

V 00 ~~~~~~~~~~~~~0U)US, 00 00~ 0000

if V V 0- ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~00U00

U) 00U-0 U )0

c-i S~lj7Uvi OUS:U C 0 0 U V V

jp~~~o O~U C) - o 0

4uaUl~d I(-
ni

'b

1156

U)

Le)
eq



MATURATIONOF RENAL FUNCTION IN CHILDHOOD

HVd

°0Th1' p

00000- in0o I0%00c M0OO c00o In0e ocooo.orI-I manVeI°-4 %m GINOn insXse o m°cow-IC4 -; ;1 ) C U M 4 OI 0 C
-00 %%Q)0)O -

OC'4 Q,,
0

__-I-4 " )N I o s~oNO -NroQ d "u in uouin in ONONOeq-00I e
00l

10 0'm -o0-- VV0%
W0 eq0 ~-d *4I q

-4
mo0V

-

NOI 0o NO
10 m- t In ") 4 i
__ I___.41- -

0%Vo-0000000-

+

'~. Hutc/wjn '0000Le) ON$co 0ZiN s c 000o

MN :A Hvacltu tn

000 0
0co

eOol
0. 0~o0

i0000s0 in0CM
|

4 coVdq|°, | |ooo I-|co o|O a

~~ tt~ t~.eqO 0'.~ 00t400~~ 00V000 0%0%.. 0

Nq|Iw l~ ind, Ine-qmo- - o-o >>vo bX~~~~~~~____ ____ - 00 I _______ -______ -______ _____ _lia0e oq V 0% -%O0%0% --%100 000 0o_o
N~~~~~~~|.04 _8)U0inWVWo 0%00 O)

9eV, q||

0 nZ) 0 r-co C4 0 .0C4 - In-

co__ co McoT
| - |,$ |

-
| W)|W_

HV-dcu.LPAq ) In 00%

C4.

-,, (Hl d/1 AH XOId |c , ||

Vo A~~ox q0 0000e 00
:oilex0-- 00 %0

g | t~~~'ustu/ :X:t 'e%|O|+|(-Vdt,) AB Ved-

uoptiIsXUOIWJadl eq - -o |o-

%OAzojaaax;,.eq 0-. 00co eq
in

~~~~~~~~~0- I , , ,1°° s0 %0 1 00

oeq 00 000|
Ca~U0J0A,500Jj3 %O~) -

00 0%sllean°l|0 0100s|N|

(-,q-,I)%eqo000u00d

Bol ojwonju : |doIS t -||

0 0 0 0 0 0O

) q~~laH | |I0 | 00 - | 0 eq -

NO
eq 0

co I0 0n V

J~C1fl U0O4 f01I°I
001.,-~~~~~~~~~~~~~~~~~~~~~0

%i/ s M0 V '.eq100- :uaso.0~u~a~in poola[
%'N C5_____ _____

uV2 :j~qN00{aH

00 N44ut Ma c 000co ao 12 ~ ~ ~ ~ ~ 0 0

Iti

NOI

"'

1157

3



MITCHELL I. RUBIN, ERIKA BRUCK, AND MILTON RAPOPORT

level of PAH is too high for complete extraction
in one circulation through a kidney with a very
low TmpAH, complete extraction of the PAH cir-
culating through the kidney would not occur, thus
the PAHclearance in an immature child may be
lower than the actual renal plasma flow. It is
possible that in some of our small infants, as well
as in some of the cases published by others, the
PAH load exceeded the tubular excretory capac-
ity, so that falsely low values for P.F. were pro-
duced. Data on the PAHextraction ratio in the
very small infant are needed to clear this point.
The PAHloads were calculated for the 10 young-
est infants on whom the plasma flow has been
determined in the present study. All the chil-
dren older than these ten had a Tmpsm well ca-
pable of excreting ordinary loads. The infants,
E. S. (ten days old), K. C. (19 days old), and
A. Y. (19 days old), had loads which would have
required a TmpsA of at least 10 mg./min. per
1.73 sq.m. to assure complete PAH extraction
(assuming that complete extraction occurs when
load (PAH) is less than 0.5); the loads of L. C.

TmpAH

(two days old), R. B. (20 days old), and J. S.
(81 days old), were low enough to be excreted
with a Tmp&A as low as 2-5 mg./min. per 1.73
sq.m. The remaining four infants in this group
had higher loads of PAH, but their TmpAHwas
determined and found to be high. Actually, only
one infant in the group was observed to have a
TmpA below 10 mg./min. per 1.73 sq.m.

In order to determine the relative rates of matu-
ration of glomerular and tubular function we have
calculated the G.F./Tmpsi ratio on each child
(Table I, column 19 and Figure 4, middle sec-
tion). The scatter of the data is too wide to draw
valid conclusions as to the comparative rates of
maturation of these two functions. In general,
the G.F./Tmpsu ratios (normal for adults taken
as 1.72) show a wider variation in the infants
under two years of age than seen later. Most
of our very high values are seen in this younger
age group. After two years of age the values are
rarely significantly different from adult values.

The amount of renal plasma flow per unit of
tubular excretory capacity as measured by the
ratio P.F./TmpAH is quite variable and evidences

CORRELATIONOF UREACLEARANCEANDFILTRATION RATE

CDLOMeRULARrILTRATE, CC/MIN./1.73 SQM.

FIG. 5. UREA CLEARANCE, Cm, IN CC./MIN., PLOTTED AGAINST GLOMERULAR
FILTRATION RATE

The diagonal line represents a ratio of urea clearance to G.F. of 57.5: 100.
Each dot represents the average value in an individual child.
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the wide variation found in TmpAHand possibly
of the normal fluctuations in P.F. (Table I, col-
umn 18 and Figure 4, lower section). In older
children. the P.F./TmpA ratios are more con-
stantly near the adult value.

The urea clearance values of this same group
of children are listed according to age in Table I,
columns 8 and 9. The wide variation in urea re-
absorption accounts for the variable urea clearance
values. Figure 5 shows the relationship between
urea clearance and glomerular filtration rate with
a correlation coefficient of 0.87. In individual
cases the urea clearance varied between 34%o and
81% of the mannitol clearance. This great vari-
ability has also been observed in adults.

DISCUSSION

It is unfortunate that we could not have col-
lected maturation data in the same individual over
the span of childhood,5 so that the comparative
rates of maturation of the various functions could
be determined more precisely. Our data lend
themselves only to comparing the average develop-
mental state of one renal function to that of an-
other at a given age.

While, in general, the G.F., P.F. and TmpA,
when corrected for surface area, reach adult
values somewhere around the second year of
life, there are exceptions and, as would be ex-
pected, these various functions mature at differ-
ent rates, so that in one child one function has
reached maturity while another is still immature
and the reverse may occur in a second child.
Examination of the simultaneous ratios for these
three variables shows certain trends in compara-
tive maturation. It is apparent from the high
F.F. (Table I, column 15 and Figure 4, upper
section) that G.F. is at a higher level of maturity
than P.F. in many of the younger children,
though not all. This tendency toward a high
G.F./P.F. ratio persists through the second or
third year and in some instances later. West
and his group (5) have also shown that this ratio
is high in most of their infants under two years of

5 Two infants in the group were studied on repeated
occasions: B. K. at 10 and 55 days-of age, and E. D. at
22 and at 54 days of age. In both infants the TmPAH
(absolute values) remained stationary over the interim
period, while the G.F. increased slightly in B. K. and
considerably in E. D.

age and Barnett et al. (6) in examining prema-
ture infants found the F.F. to be even more con-
sistently above that of the normal adult than is
apparent in the series of full-term and older in-
fants reported here. Elevation of the intraglo-
merular capillary pressure (as seen in essential
hypertension [12] ) may exist in infants to account
for the high F.F., but this has not been demon-
strated. Whether the low serum protein concen-
tration in the small infant is a factor in the in-
creased F.F. can only be conjectured.

The G.F./TmpAH ratios (Table I, column 19
and Figure 4, middle section) show a wide scatter.
As with F.F., most of the extremely high and low
values occurred within the first two years of
life. After that time there is less irregularity and
only an occasional high value. The few really
high values occur in the first eight months of life.
However, because of the irregularity of the data
one would hesitate to draw a curve to show the
trend of relative maturation of G.F. and TmPMH.
The scatter in the ratios is chiefly dependent upon
the very variable figures for TmPAHas the values
for G.F. follow a much smoother growth curve.
The data obtained by Barnett et al. (6) suggest
that in premature infants high G.F./TmPAH ratios
may be a more consistent occurrence. The few
high figures obtained by West and his co-workers
(5) were also observed in the youngest infants.
These data suggest that a higher order of matura-
tion of G.F. than of Tmpm exists in the early
months of life but this is by no means constant;
for in fact, none of our children under six months
of age had a G.F. within the adult range, whereas,
several had a TmpAu within the adult range by
this time.

The irregularity in early life of the other ratios
discussed is also apparent in the P.F./TmPwi
ratio. No definite trend in relative rates of in-
crease in the P.F. and TmPAH can be noted
from the data (Table I, column 18 and Figure 4,
lower section). The data of West et al. (5) also
show greater variability in the younger infants.
Whereas, there is a gross correlation between the
rate of increase in P.F. and the maturation of
TmPAJ, both reaching adult values at about two
years of age, the maturation rate of the plasma
flow seems steadier and follows a smoother curve.
The tubular function of excreting PAH in the
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young infant does not seem to be limited by an
inadequate blood supply.

The urea clearances were done simultaneously
with mannitol clearances (under the influence of
mannitol diuresis); therefore, the urea clearance
values are probably higher than would be usual
for these children.

It has been suggested (4) that the low G.F. in
the young infant is dependent upon the resistance
to filtration offered by the visceral layer of Bow-
man's capsule, which in the small infant is com-
posed of cuboidal cells in contrast to the thin flat
cells of the adult membrane (13, 14). The finding
of high F.F.'s in many of these infants indicates
that, contrary to the above assumption, a higher
proportion of the plasma flow is filtered through
the infantile glomerulus than through the adult
one and, therefore, the thicker cell of the mem-
brane in itself presumably does not reduce the
rate of filtration. It is not unreasonable to postu-
late that the small size and number of capillary
loops in the immature glomerulus (13) may ac-
count for the decreased blood flow through the
glomerulus and thus the decreased G.F. The
smaller number and size of capillary loops also
offer a smaller filtering surface than the glomeru-
lar tufts of the adult, although in relation to the
volume of the capillary bed (which influences the
blood flow) the filtering surface in these immature
glomeruli may be larger than in mature glomeruli.
Whether the anatomical difference is the total or
even a prime factor responsible for the low G.F.
is not known. It is interesting, nevertheless, that
both the functional maturation and the anatomic
maturation of the kidney glomerulus occur at
about the same time, around the second or third
year of life (14). Low blood pressure in the small
infant could possibly influence the G.F. but G.F.
increases over a period of several months when the
arterial blood pressure is more or less constant,
indicating a lack of correlation between these
two. Salmi (15) and Taussig (16) have shown
that the arterial blood pressure in infancy changes
very little from one week of age until four years
of age. The anatomical fact that throughout
childhood, and particularly in infancy, the ratio
of the renal cortex to the medulla is lower than
in the adult (14) might lead us to expect a low
G.F./TmPAH ratio. However, our figures do not
substantiate such an expectation; an indication

TABLE II

Glomerular filtration rate related to various body measurements
in individual patients, arranged according to age

Patient

L. C.
R. S.
E. S.
B. K.
J. K.
B. M.
G. K.
K. C.
A. Y.
R. B.
E. D.
E. D.
B. K.
P. C.
E. J.
C. P.
J. S.
D. K.
L. W.
C. M.
J. M.
E. S.
R. M.
A. G.
L. T.
B. S.
K. M.
H. B.
K. T.
D. M.
R. L.
J. F.
J. L.
V. A.
M. P.
E. T.
S. P.
R. M.
T. Z.
J. D.
D. M.

J.M.D.. T.
A. B.
I. R.
R. S.
K. E.
A. S.
D. G.
E. M.
S. C.
J. D.
J. C.
H. M.
M. W.
M. T.
J. K.
C. W.
A. R.
C. M.
B. T.
D. M.
M. J.

Age

Mo.
1/15
1/4
1/3
1/3
1/2
1/2
1/2
2/3
2/3
2/3
3/4

1.8
1.8
2.0
2.1
2.5
2.6
3.3
3.5
3.9
4.5
4.5
6
6.2
7.0
7.3
7.3
7.5
7.6
8.8
9.0

10.0
11.7
12.2
12.3
13
13.7
15
17
17
17.5
18
19
19
25.7
27
30
30
31
34
45
47
50
75
76
78
83
84

102
108
120
138
142

Wt.

Kg.
2.15
1.87
2.14
2.35
1.97
1.41
1.89
2.58
2.31
1.33
2.20
3.14
2.54
2.15
2.54
2.04
2.70
2.66
2.37
1.94
2.98
2.47
3.18
4.56
1.59
2.90
3.46
4.15
2.96
2.06
3.68
2.98
3.92
3.22
3.42
4.24
3.22
2.95
2.76
3.90
6.00
3.49
2.78
3.69
2.60
3.41
3.41
4.05
2.20
2.40
3.79
4.10
3.74
3.06
3.39
2.76
3.32
2.76
2.43
3.26
2.75
2.95
2.42

G. F., cc./min. per

Ht.

cm.
0.103
0.123
0.126
0.147
0.104
0.103
0.135
0.137
0.13
0.08
0.125
0.207
0.156
0.197
0.188
0.187
0.188
0.165
0.195
0.111
0.326
0.275
0.24
0.29
0.19
0.33
0.42
0.454
0.34
0.25
0.45
0.305
0.36
0.38
0.475
0.40
0.39
0.25
0.413
0.49
0.68
0.57
0.37
0.58
0.33
0.37
0.39
0.53
0.36
0.41
0.675
0.58
0.62
0.64
0.53
0.47
0.55
0.49
0.53
0.62
0.505
0.51
0.57

S.A.

sq. m.
24.8
27.1
30.3
33.5
26.6
21.4
28.9
35.2
32.4
18.5
31.8
48.4
37.5
36.6
39.8
35.8
42.1
41.1
40.5
28.8
55.4
45.1
54.5
73.9
30.0
54.4
66.2
77.5
56.0
39.9
71.6
55.5
71.6
63.8
71.9
78.5
64.5
49.6
60.9
80.5

119
78.0
56.6
82.0
53.0
69.5
72.0
88.0
50.3
59.0
91.5
92.0
93.0
84.3
80
77.8
80
69.5
68.0
84.5
69.5
74.0
69.4

Av.
kidney

wt.

Gm.
0.224
0.262
0.268
0.313
0.213
0.215
0.28
0.28
0.27
0.16
0.25
0.39
0.29
0.37
0.35
0.33
0.34
0.28
0.33
0.18
0.55
0.44
0.36
0.44
0.27
0.48
0.60
0.66
0.49
0.35
0.61
0.41
0.47
0.48
0.61
0.50
0.48
0.28
0.44
0.57
0.78
0.65
0.37
0.65
0.31
0.39
0.40
0.53
0.375
0.43
0.66
0.53
0.59
0.63
0.525
0.41
0.53
0.475
0.49
0.55
0.43
0.32
0.46

Av.
B.M.R.

cal./hr.
1.03
1.1
1.1
1.25
0.88
0.9
1.17
1.17
1.15
0.65
0.95
1.3
0.99
1.14
1.10
1.0
1.0
0.77
0.90
0.5
1.41
1.15
0.91
1.10
0.69
1.22
1.54
1.7
1.25
0.90
1.6
1.1
1.3
1.35
1.7
1.4
1.3
0.8
1.2
1.6
2.2
1.8
1.0
1.8
0.86
1.1
1.1
1.5
1.05
1.2
1.9
1.6
1.7
2.0
1.6
1.3
1.7
1.5
1.65
1.9
1.6
1.3
1.9

Adult

=

:

1
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T
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MATURTIONOF RENAL FUNCTION IN CHILDHOOD

that even the mass of tissue in the early months
of life is not closely correlated with function.

Throughout these calculations of renal clear-
ance we have correlated the data collected in the
infants and children to adult values using surface
area as the basis for comparison, as the principle
of correlating renal function to surface area has
been widely accepted (5, 17-19). Since this may
not be the best point of reference, we have also
given the absolute values. In order to determine
if surface area is the best basis of comparing the
G.F. in the growing child to that of the adult, we
have related in Table II the G.F. (in cubic centi-
meters per minute) at different ages throughout
childhood to several different measurements of
reference: such as (1) body weight in Kg., (2)
body height in cm., (3) body surface area in
sq.m., (4) average kidney weight in Gm., and (5)
average basal metabolic rate in calories per hour,
and have compared these ratios to the adult values.
The values for average kidney weight in the dif-
ferent age groups were obtained from the data of
Peter (14), and the average values for basal ca-
loric expenditure per hour were obtained from
Washburn and Iliff (20). It is apparent that
when body weight is used as the measurement of
reference, the data are very irregular. In many
of the smallest infants the values are above the
adult range and after six months of age they are
considerably above this level with a gradual decline
of the values from a high point during the sec-
ond and third years of life. When body height is
used as reference, there is a gradual increase in
the G.F. with growth and the irregularity is less
marked than with body weight. However, under
these circumstances the values in older children
are still much below adult values and this seems
unreasonable in the face of other evidence of
renal functional maturity, in this age group.
When surface area is used as standard, occasional
adult values are reached around six months of
age but the values are not consistently in the adult
range until about the second year. Using basal
caloric expenditure as reference, there is little
change throughout the first six months. After
this age the trend is irregularly upward. This in-
crease is slower than the rise seen when surface
area correction is used, as might be expected con-
sidering the fact that children have a higher basal
metabolic rate per sq.m. surface area than adults.

Whenkidney weight is used as reference, there is
gradual increase of the G.F. per unit of kidney
mass, with maturation being reached between the
fourth and fifth months of life. After this age
and throughout childhood the values more closely
parallel the adult values than when any other
measurement of reference is used. This is the
more remarkable since the values for kidney weight
and basal metabolic rate at different age levels
represent average values obtained from the litera-
ture, whereas, the weight, height, and surface area
were measured in the individual patients, who in
many instances deviated considerably from average
standards.

It has been shown that the mannitol/inulin
clearance ratio may be less than one (21). This
fact does not invalidate the above data since the
same procedure (mannitol clearance) was used in
all the age groups and the values were compared
to adult values obtained with the same substance
(12).

SUMMARY

1. The glomerular filtration rate, effective renal
plasma flow, tubular excretory capacity for PAH
and urea clearance have been measured in 63 nor-
mal infants and children between the ages of two
days and 12 years in order to determine the matu-
ration rate of these individual renal functions.

2. In general, when corrected to standard adult
surface area, the clearance values were lowest in
the smallest infants and gradually rose to reach
adult values around the second year of life. Matu-
ration was most rapid in the first six months, then
proceeded more slowly. The youngest child in
whom all functions were within the adult range
was seven months of age. The average child,
however, did not show complete maturation of
all functions studied before the end of the second
year, although individual functions, particularly
TmPAH, were often found to be mature at a much
younger age.

3. G.F. was found to be closely correlated to
adult values after the first few months of life when
kidney weight is used as the basis for comparison.
When body weight and height are used as the
basis for comparison, the data are very variable
and show no regular maturational trend. When
the surface area is the basis of reference, the matu-
ration rate seems slower than when kidney weight
is used. Since in the literature the surface area
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is most commonly used as the basis for compari-
son with adult values, our graphic charts have
been constructed using surface area correction.

4. Simultaneous ratios of the various functions
were calculated to show relative rates of matura-
tion. In general, it might be said that the ratios
show wider variability in the early part of life
than later on. The data indicate that these indi-
vidual functions develop at irregular rates; one
function might reach maturity in a given child
earlier than another, and in a second child the re-
verse may occur.

a. There is a tendency toward high filtration
fractions (G.F./P.F.) in the early months of life
which continues through the second and third
years.

b. The rate of TmPAHmaturation is extremely
irregular, resulting in great irregularity in the
ratios in which TmPAHis involved.

c. Several of the children under two years of
age had a rate of P.F. closer to the adult range
than was the TmPAH (high P.F./TmpAH ratio)
but this high ratio was also occasionally seen in
older children. In most of the determinations
even in the very young infants the P.F./TmpAH
ratio was close to adult values to show roughly
parallel rates of maturation.

d. The various ratios estimated would suggest
that there is a tendency for G.F. to be more ma-
ture in the youngest infants than the other func-
tions measured.
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