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function was prospectively analysed in 26 patients treated with radiotherapy for various types of
malignancies. In patients wnth gastric non-Hodgkln s lymphoma stage I-II (§NHL, n = 5), the **™Tc-diethylene-
triamine-penta-acetic acid (***Tc-DTPA) renal uptake and the relative **"Tc-dimercapto-succinyl acid (*™Tc-
DMSA) accumulation decreased gradually and concomitantly in the high-dose, whole-volume irradiated left
kidney (40 Gy/S, 5 weeks), down to 25 + 10% (mean x 1 S.E.M.) and 31 = 11%, respectively, after 6-9 years.
The absolute **=Tc-DMSA uptake in the left kidney declined down to 33 + 12% whereas in the low-dose, whole-
volume irradiated right kidney (12-13 Gy/3 weeks) it increased up to 187 + 11%. When considering renal volume
changes with single photon emission computed tomography, the left kidney in the gNHL patients was reduced to
30 = 13%, with, surprisingly, a contralateral enlargement up to only 119 = 7% (P < 0.05). The overall renal
function in this group of patients, as assessed by creatinine ciearance and by [***Ijiothalamate/[**:IJhippuran
clearance was reduced to 48-68%. In the Hodgkin’s disease patients (HD, n = 7) given 40 Gy in 4 weeks to
30-50% of the ieft kidney, the ***Tc-DTPA fiitration and the reiative ***Tc-DMSA uptake in the ieft kidney was
reduced to 75 + 4% and 81 = 3%, respectlvely The absolute **"Tc-DMSA changes were 78 + 10% and
135 = 13 /o, respecuvely. No algnnn,anl. renal functional alterations were observed in paucma with either ovarian

carcinoma (n = 7) or seminoma (n = 7). These data suggest a significant, compensatory response of the non-
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irradiated or low-dose irradiated kidney which, however, appears to be incomplete after contralateral, whole-

volume, high-dose irradiation. Such compensatory response might be overestimated when considering only

relative or aheolute chanoes in radioactivity untake.
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INTRODUCTION

OVER THE last 40 vears many investigators have reported on
early and late radiation effects in the kidney [1-7]. The loss of
renal function largely depends on the total radiation dose [5],
the irradiated volume [8-10] and on the dose per fraction [11,
12]. It has also been shown clinically and experimentally that
uniiateral kidney irradiation causes shrinkage of this kidney
with contralateral renal enlargement [9, 13]. In addition, some
experimental data have demonstrated that following removal of
the contralateral unirradiated kidney, the irradiated kidney has
retained some reserve functional capacity [13, 14]. The radiation
response of the Kidney, therefore, seems to be influenced by the
presence and physiological status of its contralateral counterpart,

in a previous paper [10], we reported on a prospective anaiysis
of radiation nephropathy in 26 patients irradiated to various
doses and volumes on their kidnevs for intra-abdominal malie-
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nant disease. A continuously progressive deterioration in renal
function was found from 6 months after irradiation onwards,
which seemed to be both dose- and volume-dependent. All
patients now have a minimal follow-up of 7 years. This paper
presents a progress report on the radiation-induced renai func-
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tional changes in these patients, with particular emphasis on
the compensatory response of the non- or low-dose irradiated
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kidney.

MATERIALS AND METHODS

Patients

Between June 1983 and June 1986, 3% patleﬁib were entered
in the study. 13 were excluded from analysis for various reasons,
such as tumour recurrence or incomplete follow-up data due to
patients’ non-compliance. Patients were divided into four groups
according to their tumour type, and thus the related radiation
treatment technique (Table 1). Patients with gastric non-Hodg-
kin’s lymphoma (gNHL) stage I-IIE (group 1) received whole
abdominal irradiation to a dose of 20 Gy at 1.5 Gy per fraction
with a gastric boost of 20 Gy at the same fraction size, which
included the entire left kidney. The right kidnev was shielded in
the posterior field by a kidney-shaped 50% transmission block,
which reduced the absorbed dose to 12-13 Gy in 3 weeksat 1 Gy
per fraction. A second group of patients with Hodgkin’s disease
(HD) stage I-1IA (group II) was irradiated on the para-aortic
lymph nodes and the spleen to a total dose of 40 Gy in 4 weeks
at 2 Gy per fraction. The radiation field included approximately
30-50% of the left kidnev and less than 30% of the right kidnev
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Patients with ovarian carcinoma (OC) stage I-IIIA (group III)
received total abdominal irradiation to a total dose of 25 Gy in
3.5 weeks. In this group, both kidneys were shielded posteriorly
by a 50% transmission block, which reduced the absorbed dose
to the entire kidneys to 17-18 Gy at 1 Gy per fraction. Finaliy,
patients with testicular seminoma (ST) stage I-1I (group IV)
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Table 1.
Group (n)  Total dose to the kidneys ~ Dose per fractiontothe  Irradiated volume of the
Gy) kidneys (Gy) kidneys (%)

Left Right Left Right Left Right
1(5) 40 12-13 1.5 1.0 100 100
1L (7) 40 40 2.0 2.0 30-50 < 30
a1{7 17-18 17-18 1.0 1.0 100 100
V(@) 25-35 25-35 2.0 2.0 20-30 20-30

Group I, NHL of stomach, stage I-IIE, radiation therapy (XRT) total abdomen plus gastric
boost. Group II, Hodgkin’s disease stage I-IIA, XRT para-aortic nodes and spleen. Group III,
ovarian carcinoma, stage I-IIIA, XRT total abdomen plus pelvic boost. Group IV, testicular

seminoma, stage I-II, XRT para-aortic nodes.

were irradiated on the para-aortic lymph nodes to a total dose of
25-35 Gy in 2.5-3.5 weeks at 2 Gy per fraction, including the
medial third of both kidneys. All patients were treated by
radiation therapy exclusively.

Assessment of renal function

Glomerular function was determined by “™Tc-diethylene-
triamine-penta-acetic acid (***Tc-DTPA) renography and creat-
inine clearance. In addition, glomerular filtration rate (GFR)
and effective renal plasma flow (ERPF) were measured as
standard clearances during continuous infusion of {'>*IJiothala-
mate/['*hippuran [15]. Tubular function was analysed by
#9mTc-dimercapto-succinyl acid (*®*=Tc-DMSA) scintigraphy.

For the renography, patients received 185 MBq **=T¢-DTPA
in an intravenous (i.v.) bolus injection. Images were made on a
128 x 128 matrix by a dual-head gamma camera (Siemens Rota
2, Siemens B.V. The Hague, The Netherlands) at a rate of one
image per second in the first min, and one image every 30 s
thereafter for 29 min. Anterior and posterior images were conju-
gated in order to minimise the influence of absorption within the
patient. The left-to-right ratio in activity between the second
and third min after bolus injection calculated from the generated
time-activity curve was used as an index of the division of the
glomerular filtration between the two kidneys (divided function)
[16, 17]. Changes in the divided function were calculated as
the relative decrease in left-to-right ratio, compared with the
pretreatment value.

For the scintigraphy, 74 MBq **"Tc¢c-DMSA were given
intravenously. The remaining activity in the syringe was meas-
ured to calculate the net injected dose. Five hours later, 5-min
anterior and posterior images were recorded on a 256 X 256
matrix and conjugated, using the same equipment. This was
repeated after placing a standard with known activity on the
patient, in order to estimate the absolute uptake of the radiophar-
maceutical agent in both Kkidneys. The relative uptake was
calculated by taking the background corrected individual uptake
divided by the sum of uptake in both kidneys. The absolute
uptake was calculated by relating the uptake in each kidney to
the standard [18]. Changes in tubular function were assessed by
calculating the differences in relative and absolute uptake,
compared with the pretreatment value. All tests were performed
with patients in the supine position and after proper hydration.

Single photon emission computed tomography analyses

To quantify radiation-induced changes in the renal volume,
single photon emission computed tomography (SPECT)
measurements were performed in the gNHL patients following

each **™Tc¢-DMSA scintigraphy [19]. The SPECT method, used
in lung function analysis [20, 21], was applied to the kidney,
with some modifications. The dual-head rotating gamma camera
recorded 2 x 30 images (6° apart) of 30 s each on a 64 X 64
matrix. The tomographic reconstruction into transaxial 1 pixel
slices took place according to the filtered back-projecting method
(Medical Data Systems, Ann Arbor, Michigan, U.S.A.). A
computer program was used to calculate kidney volumes using a
combination of a gradient search and a threshold operation [22].
The actual pixel size and centre of rotation value were established
by calibration tests. For volume measurements, the number of
pixels in all sections multiplied by the slice thickness (0.63 cm)
was summed up. The accuracy of this analysis was checked in a
phantom with a known volume and was within 2% (E. Damen,
The Netherlands Cancer Institute). Changes in renal volume
were related to the pretreatment values.

All tests, except the iothalamate/hippuran clearance, were
carried out before radiation treatment, and at 6-month intervals
during the first 5 years of follow-up, and once a year thereafter.
The iothalamate/hippuran clearance test was introduced later on
in the follow-up as a complementary and more accurate index of
overall kidney function. It was performed only in patient groups
Iand II.

Blood pressure

Blood pressure was measured at 6-month intervals at the
outpatient clinic. It was always measured with the patient in the
sitting position. A persistently increased blood pressure was
defined as a systolic blood pressure = 145 mmHg and a diastolic
blood pressure > 90 mmHg or an increase = 10% of the latter
compared with the pretreatment value at the third consecutive,
independently measured reading. It was always confirmed by
a number of independent readings at home by the general
practitioner.

Statistical analysis

Statistical analyses of the data were performed by standard
procedures using paired Student’s r-tests. Differences were
considered significant when P values were < 0.05.

RESULTS

Renal functional changes

In the 5 patients with gNHL (group I), the ¥™Tc-DTPA
filtration and **™Tc-DMSA uptake declined progressively down
to 25 = 10% (mean = 1 S.E.M.; P < 0.001) and 31 = 11%
(P < 0.005), respectively, after 6-9 years (Fig. 1a). Inthe 7HD
patients (group II) these functions were reduced to 75 * 4%
(P < 0.005)and 81 = 3% (P < 0.005), respectively (Fig. 1b).
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Fig. 1. Relative change in glomerular (@) and tubular function (O) as
a function of time in gNHL patients (a) and HD patients (b). Error
bars are 1 S.E.M.

Separate kidney function was obtained by analysing the
changes in absolute renal ¥"Tc-DMSA uptake in the left and
right kidney. Absolute ™Tc-DMSA uptake in the left kidney
in the gNHL patients decreased progressively to 33 = 12%
(P < 0.01) of pretreatment value, whereas the uptake in the
right kidney increased to 187 + 11% (P < 0.025; (Fig. 2a).
The changes in the HD patients were less dramatic with a
slightly decreased uptake in the left kidney, down to 78 = 10%
(P < 0.025), and an increase in the right kidney to 135 = 13%
(P < 0.025) of pretreatment value (Fig. 2b).

Creatinine clearance decreased significantly in group I from
110 £ 16 mU/min (mean + 1 S.E.M.) before treatment to
75 = 13 ml/min (P < 0.001) 6-9 years after radiation treat-
ment. In group II, it decreased slightly from 131 * 8 to
101 = 10 ml/min. The [!**I}iothalamate clearance and [**'I]hip-
puran clearance in the group I patients were 59 + 4 ml/min
(normal range 100-120) and 243 = 20 ml/min (normal range
500-600), respectively. In group II, the GFR/ERPF values fell
within the normal range (data not shown).
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Fig. 2. Change in absolute **™Tc-DMSA uptake as a function of time

in the left (O) and right kidney (@) of gNHL patients (a) and HD
patients (b). Error bars are 1 S.E.M.

o

showed a moderate increase in volume to 119 = 7% (P < 0.005)
(Fig. 3).

Blood pressure measurements

A persistently increased blood pressure was observed in 3 out
of 5 patients in group I and in 3 out of 7 patients in group II after
a mean time of 16.4 months (range 12-19) postirradiation. 4 of
these 6 patients received anti-hypertensive medication.

DISCUSSION
With a minimal follow-up of 7 years, both the glomerular and
tubular function decreased in the patients with gNHL and, toa
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were observed in patients with ovarian carcinoma (group III)
and seminoma testis (group IV). Therefore, these data are not
presented.

Renal volume changes

The volume changes of the kidneys were assessed in the
patients irradiated for gNHL (group I) using the SPECT data.
It was found that the left kidney shrank to 30 = 13%
(P < 0.005) of its pretreatment value, whereas the right kidney
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Fig. 3. Relative volume change, as determined with SPECT, of left

(O) and right (@) kidney as a function of time in gNHL patients. Error
bars are 1 S.E.M.
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lesser extent, in patients with HD. The extent of this reduction

is in accordance with the results of other investigators [2, 3, 8,
01 The prooressive nature of the renal functional |m?mrmpnr
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ﬁts in with the concept of late radiation effects in flexible type
(F-type) tissues in general [23, 24] and in the kidney in particular
[25, 26]. It is, therefore, virtually impossible to pinpoint a
specific time point at which the late radiation effects in the
kidney are stabiiised. The progressive nature of the damage
stresses the need for a long-term follow-up of these patients.

The low-dose irradiatad richt kidnev in the oNHT  natiants
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appeared to develop a substantial and sustained compensatory
hyperfunction. The extent of the hyperactivity estimated was,
however, strongly dependent on the assay used, since the
volumetric changes with SPECT showed a much smaller increase
in the right kidney than the absolute ®™Tc-DMSA uptake. It is
likely that the volumetric changes more closely reflect the
changes in renal functional mass than do the scintigraphic
alterations. There are a number of arguments in favour of this
point of view. For instance, renal weight changes in mice,
after unilateral kidney irradiation followed by contralateral
nephrectomy, have been shown to correlate closely with the
number and the size of the remaining tubular cells [13]. In
addition, compensatory renal enlargement in the mouse has
been shown to be largely due to cellular hypertrophy [13, 26],
and, to a lesser extent, due to a hyperplastic cellular response
[26-29). In contrast, scintigraphic analyses in pigs have been
shown to largely overestimate renal functional impairment after
unilateral kidney irradiation [14]. Single radiation doses in
excess of 9 Gy seemed to result in a “non-functioning” kidney
with an apparent—presumed functional—recovery after contral-
oy rll"‘I

ateral nephrectomy by 782%, as assessed with [**‘Ijhippuran
renography. The weight of these kidneys increased, however,

bv onlv 240% at most, 6 months after contralateral npnhrpcmmv
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[15]. Scintigraphic analyses of renal function after umlateral
kidney irradiation, therefore, have to be interpreted with cau-
tion. For a paired organ such as the kidney, unequal changes in
renal function might, for instance, perturb the distribution and
clearance of a bolus i.v. injected radiopharmaceutical agent. The
9mTc-DMSA scintigraphic analyses in the present study suggest

a sustained. near-comnlete. comnensatorv resnonse of the low-
a susiaineg, near vvu;yn-uu, compensaiory respense of tne 1ow

dose irradiated kidney in the gNHL patients. Overall, renal
function in these patients, as assessed with creatinine clearance
and iothalamate/hippuran clearance, was substantially reduced.
This is in accordance with what would be inferred from the
volumetric data. Thus, volumetric analyses appear to reflect
more accurately renal functional changes than do scintigraphic

ancoue of individnal ranal flanstion
assays O1 indiviauai riha: 1uncuoi,

The functional changes observed in the HD patients were
much less pronounced than in the gNHL cases. The absolute
DMSA activity changes were too small to detect discrepancies
with the volumetric changes. Furthermore, creatinine clearance
and iothalamate/hippuran clearance were not substantially
reduced. However, some clinically relevant radiation damage
might have occurred, since 3 of 7
hypertension, presumably of renovascular origin [30].

No significant alterations in renal function were found in the
patients with ovarian carcinoma or seminoma. For the ovarian
carcinoma patients, this is likely to be due to the fact that equal
radiation doses were given to the left and the right kidney, and
only to a modest total dose (17-18 Gy). In such cases, external
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detecting renal functional impairment, even when using the
calculated absolute uptake of the radiopharmaceutical agent
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[19]. In the seminoma patients, the irradiated kidney volume is
apparently too small to be detected by external scintigraphy.

In conclusion. unilateral irradiation of tha entire laft Iridnasr
il Conciusion, unnalfral irraciation oI Uie enure it Kiancy

to a total dose of 40 Gy in fractions of 1.5 Gy is associated with a
severe and progressive unilateral renal functional impairment,
and an incomplete compensatory increased function in the
contralateral, low-dose irradiated kidney. The changes in renal
function are best quantified by measuring renal volume alter-
ations rather than by analysing absolute uptake of a radiopharma
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beyond 7 years after irradiation due to the progressive nature of
this process.
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Evidence of Post-translational Regulation of
P-Glycoprotein Associated with the Expression of
a Distinctive Multiple Drug-resistant Phenotype in

Chinese Hamster Ovary Cells

Siobhian McClean and Bridget T. Hill

Chinese hamster ovary (CHO) cells following exposure to fractionated X-irradiation in vitro dominantly expressed
adistinctive multiple drug-resistant phenotype, characterised by resistance to vinca alkaloids, epipodophyllotoxins
and colchicine, but not to anthracyclines, together with overexpression of P-glycoprotein (Pgp), but without any
concomitant elevation in Pgp mRNA (J Nat! Cancer Inst 1990, 82, 607-612; 1992, 85, 48-53). To investigate the
mechanism of this Pgp overexpression, Pgp stability was examined in an X-irradiation pretreated subline and
compared with that of two colchicine-selected drug-resistant CHO sublines. These studies revealed a slower
turnover of Pgp in the X-irradiated cells (T;,= 40 h) relative to the drug-selected sublines (T,,, = 17 h),
indicating that Pgp overexpression appears to be differently regulated in these independently-derived resistant
sublines. These data add support to our proposal that the development of drug resistance following X-irradiation

may arise by a mechanism distinct from that operating after drug selection.

Eur ¥ Cancer, Vol. 29A, No. 16, pp. 2243-2248, 1993.

INTRODUCTION
THE DEVELOPMENT of drug resistance in patients treated with
chemotherapy alone or combined with radiotherapy represents
a major obstacle to the successful treatment of cancer [1, 2]. In
vitro multidrug resistance (MDR) is characterised by resistance
to many functionally and structurally varied antitumour agents,
and overexpression of the 170 kDa membrane protein, P-glyco-
protein (Pgp) 3, 4). Pgp expression is considered to be regulated
by a number of mechanisms, including gene amplification
[S], transcriptional activation [6] and translational or post-
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translational modifications [7]. For example, Chinese hamster
ovary (CHO) cells, selected clonally with increasing concen-
trations of colchicine, exhibited an increase in Pgp gene copy
number, Pgp mRNA and protein, at every step in the selection
procedure [5, 8]. In contrast, Shen et al. [6] observed that in
colchicine-selected human KB leukaemia sublines, elevation in
Pgp mRNA could occur prior to mdr! gene amplification. In a
series of human ovarian SKOV-3 carcinoma cell lines, derived
by selection with increasing concentrations of vincristine or
vinblastine, initially Pgp mRNA and Pgp levels increased with-
out any amplification of the mdrl gene, but at higher levels of
selection, amplification of the DNA occurred, followed at a later
stage by increased overexpression of Pgp without any further
increase in Pgp mRNA {7].

Recently, we reported that the expression of a stable multiple



