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Late Renal Damage After Total Body Irradiation
and Bone Marrow Transplantation in a Mouse
Model: Effect of Radiation Fractionation

A. Safwat, O.S. Nielsen, S. El-Badawy and J. Overgaard

In response to the accumulating evidence that renal damage is now becoming an important late complication after
total body irradiation (TBI) and bone marrow transplantation (BMT), we have tested the effect of fractionated
and hyperfractionated TBI on late kidney damage in a mouse model. TBI was given as fractionated (three
fractions in 3 days, Fx 3), or hyperfractionated (nine fractions in 3 days, Fx 9) treatment. Kidney damage was
evaluated using ['Cr]JEDTA residual activity, blood urea nitrogen (BUN) and percentage haematocrit (%Hct) as
end-points. We were able to detect progressive renal damage with no evidence of recovery or plateau in the Fx 3
and Fx 9 schedules. The time latency before the expression of renal damage was dependent on both total dose
and end-point and it was shorter the higher the dose. [P'Cr]JEDTA detected renal damage at the same doses as
BUN but earlier in time whereas %Hct detected renal damage at doses lower than both BUN and [*'Cr]JEDTA.
Reducing the dose per fraction spared the kidney from TBI damage. The dose-response curves for renal damage
(using the [*'CrJEDTA end-point) were steep, and tended to shift towards lower doses with longer follow-up
times. The dose-modifying factors defined as the dose needed to cause renal damage in 50% of the animals (EDs)
using single fraction TBI divided by the EDs, using fractionated TBI were 1.3 and 1.9 for the Fx 3 and Fx 9,
respectively. These results may indicate that patients treated with TBI and BMT should be assessed for late
kidney damage and that fractionation and particularly hyperfractionation may protect the kidneys from TBI-

induced renal damage.

Key words: total body irradiation, fractionation, kidney, bone marrow transplantation

Eur ¥ Cancer, Vol. 31A, No. 6, pp. 987-992, 1995

INTRODUCTION
BONE MARROW transplantation is a life-saving treatment that is
indicated in an increasing number of otherwise fatal malignancies
and genetic disorders. However, it is a very toxic procedure with
10% treatment-related mortality even in experienced hands [1].
Recently, a relatively high incidence of late renal dysfunction
after total body irradiation (TBI) and bone marrow transplan-
tation (BMT) has been reported in a few retrospective studies
[2-6]. Few experimental studies have focused on renal damage
in animals treated with different TBI conditioning regimens and
BMT [7-10]. Both the clinical and experimental data suggest
that irradiation may be the major factor causing this renal
damage. However, radiation is not the only nephrotoxic agent
in this very complex treatment modality. Drugs such as cyclospo-
rin A [11], viral [12] and fungal infections [13], and enhancement
of radiation damage by cytotoxic agents [8, 14] may be contribu-
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ting factors. However, the relative importance of each of these
factors and the contributions made by other clinical variables,
such as age and graft versus host disease, have not been
systematically analysed. Thus, the available data on kidney
damage after the complex procedure of BMT are far from being
complete. Since most of the experimental studies on kidney
damage after radiation have been performed by the use of
isolated kidney irradiation and not TBI, we have initiated a
study with the aim of investigating the effect of fractionated
irradiation on late renal damage after TBI and BMT in a mouse
model.

MATERIALS AND METHODS

Animals

Male C;D,F,/BOM mice were used and treated when 14-16
weeks of age. They were kept eight per cage under normal
laboratory conditions and given tap water and food ad libitum.
Light and darkness were adjusted to a 12-h cycle. The animals
were ear marked and each animal was given a unique identifi-
cation number.

Treatment

Unanaesthetised mice were restrained in acrylic jigs placed in
a specially constructed acrylic box as described previously [15].
TBI was delivered with a 250-kV Phillips X-ray unit (10 mA,
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2.2 mm copper half value layer (Cu HVL)), and the dose rate
was 0.71 Gy/min.

Syngeneic bone marrow cells (2 X 10°) were injected into the
tail vein 4-6 h after the last treatment. The marrow was obtained
from both femurs of normal untreated mice. The marrow cell
suspension was diluted appropriately in Hank’s balanced salt
solution.

Assessment of kidney damage

[F'Cr]JEDTA  clearance. The single sample method
described by Stewart and associates [16] was used with minor
modifications. Ten microCuries of the radioactive material (in
0.1 ml) are injected per mouse intraperitoneally. Twenty
minutes after injection, 75 pl of blood were withdrawn from the
retro-orbital sinus in a capillary tube. The residual activity of
the material was calculated as percentage of injected material in
20 wl of plasma.

The haematocrit (Hct). The %Hct values were measured after
centrifugation of the blood samples taken during the chromium
test. The values were determined using a Hawksley Micro-
Haematocrit Reader.

Blood urea nitrogen (BUN). Blood samples for the urea nitro-
gen were taken from the retro-orbital sinus in a 125-pl non-
heparinised capillary tube. The blood was centrifuged for S min
at 64000 cycle/min, and 10 pl of plasma was examined in a
Kodak Ektachrome DT60 analyser.

Experimental design and data analysis

TBI was given as three fractions in 3 days (fractionated, Fx 3)
or as nine fractions in 3 days with interfraction interval of 8 h
(hyperfractionated, Fx 9). In each of these TBI schedules, the
animals were distributed between different dose levels. Control
groups receiving BMT only were included. There were 24
animals in the control group and from eight to 16 animals in the
other groups.

For each functional test a mean value of each group was
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calculated at each point of follow-up and plotted against time.
To convert the values into quantal (all or nothing) data, each
experimental group was then divided into responders and non-
responders. Responders were defined as those animals in which
the values for a specific functional parameter exceeded a prede-
termined (threshold) level. In all functional tests the threshold
level was chosen to be values above three times the standard
deviation of the mean value of an age-matched control group.
All the animals that reached this threshold level (the responders)
showed persistent and progressive damage until death or the end
of follow-up period.

Based on the quantal response data, both time-response and
dose-response data were generated. The time-response curves
were calculated by the use of the Kaplan—-Meier estimate for
responders [17], while the dose-response data were computed
by the use of a logit analysis [18]. The dose-response data were
computed from the [*!Cr]JEDTA data only and were used to
calculate the iso-effective doses for the different schedules. The
dose modifying factor (DMF) was defined as the ratio between
the dose needed to cause response in 50% of the animals (EDs,)
using a certain TBI protocol and the dose needed to cause the
same effect when TBI was given as a single fraction. In the
figures, the error bars represent one standard error.

RESULTS

Using [*!Cr]JEDTA, kidney damage was evident after a dose
of 14 Gy in the three fractions schedule (Fx 3) and 19 Gy in the
nine fractions schedule (Fx 9) (Figure 1). Kidney damage
progressed steadily with no recovery or a tendency to plateau.
Both the level of kidney damage and the rate of progression were
dose-dependent. The lower the dose per fraction, the higher the
total dose at which the damage was observed.

Figure 2 shows the reduction of the %Hct against time after
treatment. The %Hct detected damage at a lower dose than
[*'Cr]JEDTA and serum BUN. Figure 3 shows the elevation of
the serum BUN against time after treatment for different dose
levels. BUN detected kidney damage at the same dose levels as
the [°!CrJEDTA, i.e. 14 Gy and 19 Gy in Fx 3 and Fx 9,
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Figure 1. The change in the average residual activity of ['CrJEDTA after three or nine fractions total body irradiation (TBI). Error bars
represent 1 S.E.
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Figure 2. The change in the average percentage haematocrit (%FHct) after three or nine fractions total body irradiation (TBI). Error bars
represent 1 S.E.
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Figure 3. The change in the average blood urea nitrogen (BUN) after three or nine fractions total body irradiation (TBI). Error bars represent
1S.E.

respectively. However, a longer latency was required. Kidney
damage was evident around week 42 after treatment with both
fractionation schedules.

Using the [*!Cr]JEDTA assay, Figure 4 shows that, for any
point in time there was an increase in the percentage of
responding animals with an increase in the total dose for both
Fx 3 and Fx 9 fractionation schedules. This reflects the reduction
in the latency needed to cause a certain percentage of response
as the total dose increased. Similar results are shown in Figure 5
using the percentage reduction in Hct, and with this end-point,
responders were observed at doses as low as 6 and 8 Gy in both
Fx 3 and Fx 9 schedules, respectively. However, at these low
doses, the latency period needed before the expression of renal

damage was more than a year after irradiation. To a lesser extent,
BUN was also able to detect both an increase in the percentage
of responding animals and a reduction in the latency before the
expression of renal damage with increases in the total dose
(Figure 6). However, BUN required a longer latency period
before renal damage was expressed,

The dose-response curves generated for the two schedules
demonstrated the shift to the left as the time after treatment
increased from 18 to 24 weeks (Figure 7). They also showed the
sparing effect of reducing the dose per fraction. The curves were
shifted towards higher doses when the number of fractions
increased from one to nine fractions (Figure 8). From the
dose-response data, the EDs, and the DMF values for both the
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Figure 4. [>'Cr]JEDTA time-response curves after three or nine fractions TBI. The percentages of responding animals were calculated using
the Kaplan-Meier estimate. Error bars represent 1 S.E.
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Figure 5. Haematocrit time-response curves after three or nine fractions total body irradiation (TBI). The percentage of responding animals
were calculated using the Kaplan—Meier estimate. Error bars represent 1 S.E.

Fx 3 and Fx 9 schedules are shown at different weeks after
treatment in Table 1. As seen, the Fx 9 schedule increased the
EDso more than the Fx 3 schedule. The DMF values remained
constant from 18 to 30 weeks after treatment. The slope of the
dose-response curves also remained constant from 18 to 30
weeks after treatment as the 10-90% response range was about
5 Gy in both fractionation schedules.

DISCUSSION

Despite its limitations, presenting the results as average values
of the functional tests against time has the important value of
demonstrating the progressive and increasing degree of damage,
acriterion which the quantal analysis of data fails to demonstrate.

Using the residual activity of ['Cr]EDTA in plasma, the
minimal doses needed to cause renal dysfunction using the
conventionally fractionated schedule (Fx 3) and the hyperfrac-
tionated schedule (Fx 9) were 14 and 19 Gy, respectively. Thus,
hyperfractionation (with 8 h apart) could spare the kidneys more

than conventional fractionation. This is in accordance with the
data derived from localised kidney irradiation [19]. Since our
schedules were not used in other studies it would be difficult to
compare our results directly with others.

Neither age nor differences in body weight has influenced
the results of the [*'Cr]JEDTA or the BUN functional tests.
However, because:the %Hct showed consistent reduction with
time in the control group (probably a normal physiological
phenomenon in this animal strain), an age-matched control
group was used for determining the threshold level of
“responders” in all functional tests.

In agreement with the literature, the rate of progression of
kidney damage was clearly dose-dependent [20]. Furthermore,
the dependence of the latent period on the end point (%eHct etc.)
and its shortening with higher radiation dose has been reported
before with localised kidney irradiation [21].

The dose-response curves for kidney damage were steep.
However, one should not compare different TBI schedules on
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Figure 6. Blood urea nitrogen (BUN) time-response curves after three or nine fractions of total body irradiation (TBI). The percentages of
responding animals were calculated using the Kaplan—Meier estimate. Error bars represent 1 S.E.
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Figure 7. [>'Cr] EDTA dose-response curves at different weeks after three or nine fractions of total body irradiation (TBI). The graphs were
generated using a logit programme. Error bars represent 1 S_E.

the basis of the slope of dose—response curves because of the few
data points on the curves. Evaluation of published data suggests
that the EDso values of the [*'Cr]JEDTA test in our study are
lower than would be expected from localised bilateral kidney
irradiation in mice. To some extent, this could be explained on
the basis of the results of Moulder and colleagues [22] who
showed that a single fraction of 9 Gy caused a higher degree of
kidney damage when given as TBI than when given as localised
kidney irradiation. However, comparing our results with other
EDso values published in literature should only be performed
with care because of differences in the end-points, time of
evaluation, animal strain and radiation schedule.

The sparing effect achieved by using fractionation has also
been described using localised kidney irradiation. In our study,
the hyperfractionation schedules were designed with an 8-h
interfractional interval to guarantee the maximum repair of
sublethal damage and the data showed that this interval provided
a greater sparing effect than conventional daily fractionation.

The fractionated schedule used in this study provided almost
the same sparing effect as using TBI at a low dose rate (0.08 Gy/
min) [23]. The DMF were 1.3 and 1.2 for the fractionated and
low dose rate (LDR) TBI, respectively. The hyperfractionated
schedule, on the other hand, provided a DMF of about 2. Thus,
using hyperfractionated TBI is better for kidney protection than
using LDR. Decreasing the dose rate below 0.08 Gy/min may
provide even more sparing of kidney damage. However, the long
treatment time needed at these very low dose rates will make
this strategy impractical clinically.

The sensitivity of the Hct test in detecting renal damage has
been described using localised kidney irradiation [19, 24]. It was
suggested that the radiation sensitivity of the cells responsible
for the secretion of erythropoietin in the kidneys is high.
However, in our TBI model, other factors such as bone marrow
suppression, radiation damage to the liver and gastrointestinal
tract and chronic infections should also be considered as con-
tributing to the development of anaemia.
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Figure 8. ['Cr]JEDTA dose-response curves at week 24 after a single

fraction (Fx 1), three fractions (Fx 3) and nine fractions (Fx 9) of total

body irradiation (TBI). The graphs were generated using a logit
programme. Error bars represent 1 S.E.

Table 1. Dose—response data for renal damage evaluated by the
[*!Cr] EDTA residual activity in mice at various weeks after ttal
body irradiation (TBI) and bone marrow transplantation. TBI
was given as a single fraction (Fx 1), fractionated (Fx 3) or
hyperfractionated (Fx 9) treatment

Fx 1 Fx 3 Fx 9

EDs, EDs EDso
Week (Gy) (Gy) DMF (Gy) DMF
18 11.0(0.4) 17.1(0.4) 1.5(0.1) 20.5(1.1) 1.9(0.1)
24 10.1 (0.4) 13.4(0.7) 1.3(0.1) 20.5(1.1) 2.0(0.1)
30 10.1 (0.4) 12.8(0.6) 1.3(0.1) 19.5(0.6) 1.9(0.1)

Values in parentheses are * 1 S.E. DMF, dose-modifying factor.

Interstitial pneumonitis was carefully monitored in these
animals. Although both kidney and lung damage coexisted in
some animals, there was a dose range at which only kidney
damage occurred. A similar observation was demonstrated with
single fraction TBI given at either high or low dose rate [23].

Clinically, renal damage after BMT is now becoming an
increasingly important late complication. In the present study,
we have demonstrated that, in mice, radiation-induced kidney
damage after TBI and BMT is a potentially lethal dose-limiting
complication. It seems to attain the same biological criteria as
after localised kidney irradiation but at lower radiation doses.

Although it is difficult to extrapolate these results to the
clinical situation, the data indicate that it would be prudent to
carefully assess the patients treated with TBI and BMT for late
kidney damage. We recommend the use of a hyperfractionated
TBI schedule with long interfraction intervals for maximum
kidney sparing and the use of a sensitive test using radionuclides
to monitor late renal damage.

1. Vriesendorp HM, Herman MG, Saral R. Future analysis of total
body irradiation. Int ¥ Radiat Oncol Biol Phys 1991, 20, 635-637.

2. Chappell ME, Keeling DM, Prentice HG, Sweny P. Haemolytic
uracmic syndrome after bone marrow transplantation: an adverse

A. Safwat et al.

effect of total body irradiation? Bone Marrow Transplant 1988, 3,
339-347.

3. Lawton CA, Cohen EP, Barber-Derus SW, er al. Late renal
dysfunction in adult survivors of bone marrow transplantation.
Cancer 1991, 67, 2795-2800.

4. Rabinowe SN, Soiffer RJ, Tarbell NJ, et al. Hemolytic-uremic
syndrome following bone marrow transplantation in adults for
hematologic malignancies. Blood 1991, 77, 1837-1844.

5. Van Why SK, Friedman AL, Wei L], Hong R. Renal insufficiency
after bone marrow transplantation in children. Bone Marrow Trans-
plant 1991, 7, 383-388.

6. Lawton CA, Barber-Derus SW, Murray KJ, Cohen EP, Ash RC,
Moulder JE. Influence of renal shielding on the incidence of late
renal dysfunction associated with T-lymphocyte depleted bone
marrow transplantation in adult patients. Int ¥ Radiat Oncol Biol
Phys 1992, 23, 681-686.

7. Moulder JE, Fish BL. Late toxicity of total body irradiation with
bone marrow transplantation in a rat model. Int ¥ Radiat Oncol Biol
Phys 1989, 16, 1501-1509.

8. Moulder JE, Fish BL. Influence of nephrotoxic drugs on the late
renal toxicity associated with bone marrow transplant conditioning
regimens. Int J Radiat Oncol Biol Phys 1991, 20, 333-337.

9. Moulder JE, Fish BL, Abrams RA. Late renal toxicity of total body
irradiation with bone marrow reconstitution. Int ¥ Radiat Oncol
Biol Phys 1985, 11 (suppl. 1), 98 (abstract).

10. Down JD, Berman AJ, Warhol M, Yeap B, Mauch PM. Late
complications following total body irradiation and bone marrow
rescue in mice: predominance of glomerular nephropathy and
hemolytic anemia. Int J Radiat Biol 1990, 57, 551-565.

11. Biggs JC, Atkinson K, Hayes J, Ralston M, Concannon AJ, Dodds
A]J. After allogeneic bone marrow transplantation cyclosporin A is
associated with faster engraftment, less mucositis, and three distinct
svndromes of nephrotoxicity when compared to methotrexate.
Transplant Proc 1983, XV, 1487-1489.

12. Richardson WP, Colvin RB, Cheeseman H. Glomerulopathy associ-
ated with cytomegalovirus viremia in renal allografts. New Engl
Med 1981, 305, 57-63.

13. Zager RA, O’Quigley ], Zager BK, e al. Acute renal failure
following bone marrow transplantation: a retrospective study of 272
patients. Am ¥ Kid Dis 1989, XIII, 210-216.

14. Lawton CA, Fish BL, Moulder JE. Effect of nephrotoxic drugs on
the development of radiation nephropathy after bone marrow
transplantation. Int ¥ Radiat Oncol Biol Phys 1994, 28, 883-889.

15. Von der Masse H. Experimental studies on interactions of radiation
and cancer chemotherapeutic drugs in normal tissues and a solid
tumour. Radiother Oncol 1986, 7, 47-68.

16. Stewart FA, Bohlken S, Begg AC, Bartelink H. Renal damage in
mice after treatment with cisplatinum alone or in combination with
X-irradiation. Int ¥ Radiat Oncol Biol Phys 1986, 12, 927-933.

17. Kaplan EL, Meier P. Nonparametric estimation from incomplete
observations. ¥ Am Stat Assoc 1958, 53, 457-481.

18. Porter EH. The statistics of dose/cure relationships for irradiated
tumours: Part 1. Br ¥ Radiol 1978, 53, 210-227.

19. Stewart FA, Soranson JA, Alpen EL, Williams MV, Denekamp J.
Radiation induced renal damage: the effect of hyperfractionation.
Radiar Res 1984, 98, 407-420.

20. Lebesque JV, Stewart FA, Hart AM. Analysis of the rate of
expression of radiation-induced renal damage and the effects of
hyperfractionation. Radiother Oncol 1986, 5, 147-157.

21. Stevens G, Joiner MC, Joiner B, Johns H, Denckamp ]J. Early
detection of damage following bilateral renal irradiation in the
mouse. Radiother Oncol 1991, 20, 124-131.

22. Moulder JE, Fish BL, Abrams RA. Renal toxicity following total
body irradiation and syngeneic marrow transplantation. Transplant
1987, 43, 589-592.

23. Safwat A, Nielsen OS, El-bakky HM, Overgaard J. Renal damage
after total body irradiation in a mouse model for bone marrow
transplantation: effect of radiation dose rate. Radiother Oncol 1995,
34, 203-209.

24. Alpen EL, Stewart FA. Radiation nephritis and anaemia: a func-
tional assay for renal damage after irradiation. Br ¥ Radiol 1984, 57,
185-188.

Acknowledgements—The authors would like to thank P. Schjerbeck
for enthusiastic and skilful technical help. The study was supported by
a grant from the Danish Cancer Society.



