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Summary. Glomerular filtration rate (GFR), renal
plasma flow (RPF) and kidney volume were meas-
ured in thirteen male subjects (mean age 30 years)
with short-term insulin-dependent diabetes (mean
duration of disease 2.4 years) and fourteen normal
male subjects (mean age 29 years). GFR and RPF
were measured by constant infusion technique using
I'%-jothalamate and !*'I-hippuran. Kidney size was
determined by means of ultrasound. GFR, RPF and
kidney volume were increased in the diabetic patients
compared to the normal controls, 144 versus 113 ml/
min X 1.73m? (p < 0.0005), 627 versus 523 ml/
minX 1.73 m? (p < 0.0025) and 278 versus 224 ml/
1.73 m? (p < 0.0005) respectively. Combining results
from diabetic patients and controls revealed a posi-
tive correlation between kidney size and GFR (r =
0.70, p < 0.001) and between kidney size and RPF
(r = 0.61, p < 0.001). Within the groups kidney size
and RPF correlated significantly in the diabetics (p <
0.01) and the same was found for kidney size and
GFR (0.025< p < 0.05), while no correlations were
found in the normal group. GFR and RPF correlated
in the diabetics when evaluated separately (r = 0.81,
p < 0.001) and in the controls (r = 0.73, p < 0.001).
The previous and present data suggest that the
mechanisms of the elevated GFR in insulin-depend-
ent diabetics are enhanced RPF, increased trans-
glomerular hydrostatic pressure gradient and
increased glomerular ultrafiltration coefficient. The
increased kidney size is probably the main cause of
the above alterations in the GFR determinants.

Key words: Glomerular filtration rate, renal plasma
flow, kidney size, insulin-dependent diabetes mel-
litus.

Mogensen and Andersen [1] found that the elevated
glomerular filtration rate (GFR) in short-term insu-
lin-dependent diabetes mellitus (IDD) was associ-

ated -with increased kidney size, measured on
intravenous pyelograms taken with ureteric compres-
sion. Their study revealed a statistically significant
positive correlation between kidney size and GFR as
well as renal plasma flow (RPF). In addition kidney
size and GFR were significantly reduced after 3
months of insulin treatment [2]. These findings led
Mogensen and Andersen to suggest a causal connec-
tion between kidney size and kidney function in IDD
[2]. No other studies in man concerning these two
variables are available.

The aim of the present study was to expand the
observations in man, using a new non-traumatic and
non-invasive ultrasound technique for determination
of kidney volume [3]. GFR and RPF were measur-
ed using classical constant infusion technique with
I'?5-jothalamate and '*'I-hippuran.

Materials and Methods

Thirteen male IDD patients (mean age 30 years) and fourteen
normal male subjects (mean age 29 years) were investigated
(Table 1). All the patients had been treated with insulin since
diabetes was diagnosed, and all were taking insulin twice a day
except patient 11 who was treated with a single injection in the
morning. The patients were selected from the out-patient clinic
without respect to their metabolic control. They were not admitted
to hospital and no attempts were made to improve metabolic con-
trol prior to the investigation. All subjects were fully informed
about the nature of the study before giving their consent. Clinical
signs of diabetic microangiopathy were not present in any of the
patients. At the time of the investigation they had no ketone
bodies in the urine. None of the subjects was taking drugs other
than insulin.

Kidney Function

GFR and RPF were measured using the classical steady state con-
stant infusion technique with I'?>-jothalamate and '3!I-hippuran
respectively [4]. Measurements were carried out in the morning
following an overnight fast. The diabetic patients had their last
injection of insulin 24 h before the experiment. The subjects had
one litre of tap water in the morning and were given 0.751/h
during the clearance experiments. After 60 min constant infusion,
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Table 1. Pertinent clinical data for the thirteen insulin-dependent diabetic patients and the fourteen normal subjects

Subject no. Age Duration of Height Weight Body surface Fasting blood Insulin require-
(years) diabetes (cm) (kg) (m?) glucose ment Units/kg/
(years) (mmol/1) day
1 28 4 182 70 1.88 52 0.34
2 27 4 192 80 2.09 15.0 0.45
3 28 3 178 69 1.86 9.1 0.58
4 21 3 185 74 1.97 111 0.63
5 22 3 186 72 1.92 15.8 0.69
g 6 35 7 181 67 1.86 12.5 0.58
g 7 33 6 188 80 2.05 9.0 0.52
S8 26 0.3 189 73 1.99 9.9 0.22
A 9 36 0.2 169 63 1.70 6.6 0.25
10 37 0.4 179 72 1.89 5.0 0.27
11 35 0.2 178 60 1.75 54 0.16
12 28 0.3 186 61 1.82 3.7 0.46
13 32 0.2 190 73 2.00 7.7 0.38
mean 30 2.4 183 70 1.91 8.9 0.43
SD 5 2.3 6 6 0.11 3.9 0.17
1 29 184 77 2.00 3.6
2 33 186 79 2.03 3.9
3 28 171 61 1.70 3.2
4 26 187 79 2.04 44
. 26 175 67 1.81 34
g 6 26 176 86 2.03 34
_§ 7 26 193 85 2.15 33
5 8 35 179 80 1.97 3.6
§ 9 33 189 99 2.26 2.9
Z 10 31 171 68 1.80 4.6
11 34 169 75 1.85 5.1
12 25 184 69 1.90 4.6
13 25 182 67 1.86 43
14 25 196 93 2.27 52
mean 29 182 78 1.98 4.0
SD 4 8 11 0.17 0.7

six consecutive clearance periods, each of 20 min, were evaluated.
The GFR and RPF values are given as the mean of all clearance
periods. The values were corrected to 1.73 m? body surface.

Thyroid uptake of radioactive iodide was blocked with potas-
sium jodide 200 mg/day for one week prior to the study.

Kidney Size

Determination of the renal volume was performed by ultrasound
scanning as described by Rasmussen et al. [3]. The kidney volume
was measured twice within one hour in each subject. The subjects
were examined in the prone position. Previous ultrasound studies
have revealed no significant difference in volumes of the two kid-
neys [3] and therefore only the right kidney was examined because
of the easiest accessibility by ultrasound. The upper and lower
poles of the kidney were outlined on transverse scans on a storage
oscilloscope. The longitudinal axis was marked on the skin and a
series of 1013 equidistant transverse scans were registered per-
pendicular to this axis. The transverse scans were taken at 1cm
intervals. The kidney volumes were calculated based upon the

areas of the transverse scans by means of a computerized pro-
gramme [3].

To estimate the volumes of both kidneys the right kidney vol-
ume was multiplied by 2. Values were corrected to 1.73 m? body
surface.

The accuracy (i. e. the closeness of the measured values to the
true values) of the present applied ultrasound technique for vol-
ume determination has been investigated previously in a series of
autopsy studies on 16 kidneys [3]. The difference between the
calculated and the true kidney volume was 1 ml, expressed as the
mean value. The 5th and 95th percentiles of this mean were
—21ml! and 27 ml respectively. The precision of the ultrasound
method was 5.7% in the present study, expressed as the coefficient
of variation on double determinations.

Statistical Method

The t-test for unpaired observations was used for statistical evalua-
tion of results.
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Table 2. GFR, RPF (mean of measurements from six clearance periods) and kidney volume (mean of two measurements) in the thirteen
insulin-dependent diabetic patients and the fourteen normal subjects (CV = coefficient of variation)

Subject GFR cv RPF cv Filtration- Kidney volume
no. (mi/minx 1.73m?) (%) (ml/minX 1.73m?) (%) fraction (ml/1.73 m?)
1 151 4.1 684 3.9 0.22 314
2 122 4.0 476 5.9 0.26 257
3 160 33 709 42 0.23 251
4 157 5.1 690 4.8 0.23 320
5 140 50 - 690 438 0.20 300
g 6 153 2.0 590 4.7 0.26 273
2 7 142 39 639 40 022 280
£ 8 180 1.7 691 4.0 0.26 303
Ay 125 39 600 47 0.21 314
10 129 5.4 553 5.1 0.23 247
11 113 5.8 456 49 0.25 207
12 160 3.7 771 4.1 0.21 298
13 142 6.2 599 5.9 0.24 254
mean 144 42 627 47 0.23 278
SD 19 1.3 93 0.7 0.02 . 34
1 114 5.4 590 4.4 0.19 207
2 118 5.5 487 6.6 024 291
3 93 8.3 405 7.9 0.23 252
4 119 25 547 45 0.22 243
w 5 123 7.5 657 8.8 0.19 248
= 6 109 6.3 506 6.0 0.21 239
2 7 139 3.1 559 3.0 0.25 231
5 8 90 4.7 372 5.2 0.24 181
g 9 109 7.3 436 8.9 0.25 191
Z 10 122 14 597 4.8 0.20 242
11 110 24 497 2.3 0.22 242
12 105 44 521 3.0 0.20 160
13 118 49 568 47 0.21 214
14 109 3.1 582 42 0.19 194
mean 113 4.8 523 5.3 0.22 224
SD : 12 2.1 79 2.1 0.02 34
t-test p < 0.0005 p < 0.0025 NS NS p < 0.0005
Results GFR and RPF were correlated in diabetic

Diabetic subjects demonstrated an elevated GFR
(+ 27%, p < 0.0005), an enlarged renal volume (+
24%, p < 0.0005) and also an increased RPF (+
20%, p < 0.0025) (Table 2).

Using data from both diabetic patients and con-
trol subjects significant correlations between kidney
size and GFR, and between kidney size and RPF
were found (r = 0.70,p < 0.001), and (r = 0.61, p<
0.001) (Fig.1). When evaluating data from the
groups separately kidney size and RPF correlated
significantly in the diabetic patients (r = 0.69,
p < 0.01) and the same was found for kidney size
and GFR (r = 0.52, 0.025 < p < 0.05), while no
such correlations were found in the normal group

(Fig. 1).

patients (r = 0.81, p < 0.001) and in control subjects
(r = 0.73, p < 0.001) (Fig. 2). If GFR and RPF are
expressed as ml/min per ml estimated kidney vol-
ume, no significant differences between diabetic
patients (GFR: 0.52 *+ 0.06 (SD) ml/min X ml kid-
ney volume, RPF: 2.26 * 0.25 ml/min X ml kidney
volume) and control subjects (GFR: 0.51 + 0.08 ml/
min X ml kidney volume, RPF: 2.38 + 0.48 ml/min
X ml kidney volume) are found.

Discussion
The present study demonstrates a 24% increase in

kidney volume in short-term IDD compared with
non-diabetic controls in accordance with the original
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Fig. 1. Relation between glomerular filtration rate (GFR) a};&d kid-
ney volume and between renal plasma flow (RPF) and kidney
volume in thirteen insulin-dependent diabetic patients and four-
teen normal subjects. X = Diabetics: GFR: r = 0:52 (0.025 <p
< 0.05) — RPF: r = 0.69 (p < 0.01). © = Controls: GFR: r =
0.37 (n.s.) -~ RPF: r = 0.14 (n.s.)
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report from Mogensen and Andersen [1]. The
ultrasonic technique for kidney volume determina-
tion employed in our study has been shown to be very
accurate [3] and reproducible — the coefficient of var-
iation in this study was 5.7%. Furthermore this pro-
cedure is non-invasive and non-traumatic and thus
suitable for repeated  investigations in the same
patient under different conditions.

Increased kidney volume has also been found in
streptozotocin diabetic rats [5, 6], where a significant
correlation between blood glucose and kidney weight
was found [5]. Seyer-Hansen has demonstrated that
the renal growth in diabetic rats is predominantly due
to hypertrophy (increased RNA/DNA ratio), while
hyperplasia is less pronounced [6]. Furthermore,
studies of compensatory kidney growth following
reduction in renal mass also indicate that hypertro-
phy dominates the kidney growth [7]. Morphological
studies of the kidney in diabetic rats as well as studies
on compensatory hypertrophy in rats following renal
mass reduction implicate the increase in tubular mass
as the main cause of the increase in kidney weight {6,
7]. The demonstrated enlargement of the glomerulus
in early diabetes in man and rats contributes very
little [8, 9]. The cause of the kidney enlargement in
the two above mentioned conditions remains
unknown. Increased work-load has been suggested in
both conditions, but recent studies on kidney growth
following reduction in renal mass do not support this
hypothesis [7, 10]. Such studies are lacking in dia-
betic animals. Alternatively kidney growth is attri-
buted to a humoral substance that may control renal
mass [7]. The elevation of growth hormone in IDD
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Table 3. Comparison of GFR and RPF in IDD patients with different metabolic control (mean = SEM)

Number of Duration of GFR RPF Mean blood- Urinary glucose
patients diabetes (years) (ml/minX1.73m?) (ml/minX1.73m?) glucose® excretion®
(mmol/1) (g/24h)
Parving 9 3x+1 133 £5 530 + 21 9.4 £ 0.9 15+4
et al. [16]
Present study 13 2+1 144 = 5 627 * 26° 13.0 = 1.1¢ 36 * 8°
Christiansen
et al. [13] 8 6+2 141 £ 7 591 = 34 12.8 £ 0.7¢ 36 + 9°

2 Mean of postprandial blood glucose measurements in the morning within the last year
b Mean of 24-hour glucose excretion measurements within the last year

¢ Significantly elevated (p < 0.05) compared with Parving et al. [16]

[11] may, as suggested by Mogensen and Andersen
[2], contribute to the kidney enlargement.
Acromegalic patients have increased growth hor-
mone, kidney size, GFR and RPF [12].

In the present study GFR as well as RPF were
found significantly elevated in the diabetic patients
compared to the controls. Recently we found GFR
and RPF elevated to nearly the same extent in
another group of IDD patients comparable to the
present group of patients — also with respect to
metabolic control [13], (Table 3). Elevated GFR is a
well established feature in short-term IDD [4, 14].
The results regarding RPF in insulin-dependent
juvenile diabetic patients with duration of diabetes
less than 12 years have been conflicting. Ditzel and
Junker found a reduced RPF [14]. The RPF was
measured in the morning after the patients had
received their usual insulin dose at 0700 h. Recent
studies have demonstrated that insulin reduces RPF
in short-term IDD [13, 15]. Mogensen [4] demon-
strated a significantly elevated RPF (+ 10%) in 28
short-term diabetic Patients compared with 31 age
and sex matched normal subjects. Mogensen [1]
obtained the same RPF elevation (+ 10%) in a
larger study dealing with 12 diabetic patients and 12
normal subjects, but this did not reach statistical sig-
nificance. Compilation of the RPF values in the two
investigations by Mogensen clearly shows a signifi-
cantly elevated RPF in his short-term diabetic
patients.

In a recent study dealing with the effect of gluca-
gon on kidney function in IDD patients we reported
normal RPF values [16]. The patients in that study
were selected among out-patients usually showing
excellent metabolic control. They were admitted to
hospital 10—14 days prior to the clearance studies for
further improvement of their metabolic control. No
such attempts were made in the present or in our
previous study [13]. Table 3 shows that mean blood-
glucose and 24-hour urinary glucose excretion were
significantly lower in the IDD patients with normal

RPF compared with the two other groups. This sug-
gests that strict metabolic control decreases GFR and
RPF in agreement with previous findings [17].

The present study revealed a positive correlation
between GFR and RPF in both groups (Fig.2).
Studies of renal haemodynamics have consistently
demonstrated a close relationship between GFR and
RPF as reviewed by Brenner and Humes [18]. One
has to bear in mind, however, that errors in urine
collection will affect GFR and RPF and thus induce a
tendency to a false correlation in our studies. This
influence has, however, been considerably reduced
using results from six clearance periods. Furthermore
the coefficients of variation for GFR and RPF meas-
urements were below 5.3% (Table 2).

A significant positive correlation between kidney
size and GFR and between kidney size and RPF was
found in the present investigation. Mogensen and
Andersen [1] found this relationship to be present
both in the diabetic and normal groups. The lack of
correlation in our normal group cannot be explained
by differences in kidney function tests applied in the
two studies since they were identical. The accuracy
and reproducibility of the different methods for kid-
ney size measurements are fully comparable [3, 19].
Thus, the most likely explanation for the slightly dif-
ferent results is the limited number of subjects and
the relatively small scatter around mean values.
Reduction in kidney size and GFR has been demon-
strated after 3 months of insulin treatment in newly
diagnosed IDD [2 ]. These findings are compatible
with a causal relationship between kidney size and
GFR [2]. The only way increased kidney size can
affect GFR is by altering one of the well defined
determinants of GFR or one of the factors which
control each of these [18]. These determinants
include: a) RPF, determined by afferent and efferent
arteriolar resistence; b) Transglomerular pressure, as
determined by hydrostatic pressure favouring filtra-
tion and oncotic pressure opposing filtration; ¢) Kf
(ultrafiltration coefficient), which is determined by
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the water permeability of the glomerular capillary
and its surface area available for filtration.

The present and the previous findings [1, 2, 4] of
an increased kidney size and elevated RPF and a
significant positive correlation between them, may
suggest that kidney growth in some way stimulates an
increase in RPF, and thereby GFR. Tucker and
Blantz [20] found a highly significant positive corre-
lation between kidney weight and RPF in the mature
growing rat, and demonstrated that this flow increase
was due to parallel reductions in afferent and efferent
resistances. They suggested that this decrease in
arteriolar resistance presumably was a result of
increased arteriolar diameter with growth of the kid-
ney. It is conceiveable that the same alterations take
place during growth of the diabetic kidney.

There is no available information regarding the

transglomerular hydrostatic pressure gradient in .

human diabetes. In 1978, Hostetter et al. [21] carried
out the first detailed study of glomerular dynamics in
streptozotocin diabetic rats. They found increased
kidney weight, elevated single nephron GFR,
increased RPF, increased transglomerular hydro-
static pressure gradient and increased Kf. Recently,
we have confirmed these observations in streptozoto-
cin diabetic rats (Jensen et al., unpublished obser-
vations).

The above mentioned increase in Kf can be due
to increased water permeability of the glomerular
capillary and/or enlarged surface area available for
filtration. Seyer-Hansen and Hansen [22] have
shown enlargement of the glomerular volume in
streptozotocin diabetic rats. Jsterby and her collea-
gues [23] have demonstrated an increase of the
glomeruli and an enlargement of the glomerular fil-
tration surface area in newly diagnosed and short-
term IDD patients. Previous studies in IDD patients
have not revealed any changes in the size-selective
permeability of the glomerular membrane (4, 24).
Therefore we suggest that increased surface area
available for filtration is the main cause of the ele-
vated Ki.

The elevated GFR in diabetics are due to
increased RPF, elevated transglomerular hydrostatic
pressure gradient and increased glomerular ultrafil-
tration coefficient. The contribution from each of
these determinants of GFR remains to be elucidated.
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