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Abstract. Total body irradiation (TBI) and bone marrow transplantation
(BMT) are common procedures in the treatment of severe combined
immune deficiency syndromes, leukemia, non-Hodgkin lymphoma and
other hematological disorders. Improved results following TBI and BMT
have increased the number of patients in long term follow up. Late
detrimental effects of TBI have been investigated in non-human primates
and patients with emphasis on vital organs like liver and kidney. The
response of monkeys to radiation is not significantly different from that in
man. Long term effects of TBI could be studied by keeping 84 monkeys of
different ages under continuous observation for a period up to 25 years.
Effects on hepatic and renal function were demonstrated using serological
and histological parameters. The values of the liver function parameters
such as alkaline phosphatase and gamma glutamyl transferase in the
irradiated group are significantly increased after TBI. Also the parameters
of kidney dysfunction, e.g., Ht and urea show a significant change in the
irradiated old aged cohort with respect to the controls.
Between 1967 and 1993, 336 bone marrow transplantations were per-
formed at the University Hospital Leiden. The present study was restricted
to those patients who survived at least 18 months after transplantation.
This retrospective analysis consequently amounts to 120 patients. The
monkey data indicated subclinical organ damage for postirradiation inter-
vals exceeding 15 years. However, up to the present time, the human data
do not support these findings since the follow up time is still restricted to
a median survival of 4,5 years. Detrimental effects in liver and kidney func-
tion at a later stage can not be excluded yet, and careful examinations of
the patients remain indicated.

1. Introduction

High dose total body irradiation in combination with intensive chemotherapy
followed by bone marrow transplantation has shown to be of benefit for the
treatment of hematological malignancies, some non-malignant disorders of the
hemopoietic system and selected solid tumors. Presently, many thousands of
patients per year are being treated with high dose total body irradiation (TBI)
followed by autologous or allogeneic bone marrow transplantation. The number of
patients in long term follow up after bone marrow transplantation has increased
Delayed effects of this treatment modality, including high dose total body
irradiation, become therefore of more importance. The radiation doses involved are
at the threshold for acute radiation damage to lung, kidney and liver.
Radiation experiments in primates are of relevance since the response to radiation
of monkeys does not seem to be significantly different from that in man. This has
been demonstrated for a number of acute effects including those on the hemopoietic
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and intestinal system and also for some late effects such as tumor induction [3, 4, 5,
6]. Furthermore an outbred species as the Rhesus monkey (Macaca mulatta) is more
representative as an animal model to assess the effect of total body irradiation as a
single toxic factor than inbred rodents. The dose distribution of TBI and the number
of circulating T lymphocytes in Rhesus monkeys are comparable to those in man.
Moreover the life expectancy of the Rhesus monkey in captivity can exceed 35 years
and is therefore long enough for simulating late radiation effects in man [7, 8, 9J.
For fractionated irradiation the approximate limits of radiation tolerance of
different human tissues including the kidneys and the liver are clinically defined
[10, 11, 12]. The tolerance dose after fractionated exposure, which is the dose
associated with 1 to 5% complications occurring within 5 years of treatment is
assumed to be 20 Gy for the kidneys and 30 Gy for the liver. There is no universal
agreement on the exact tolerance dose of many tissues after single dose TBI
including the kidneys and liver. Rubin et al. [13] mention values between 11 and 19
Gy and 15 and 20 Gy, respectively as tolerance doses for kidney and liver after single
dose irradiations. Van Rongen [14] observed radiation induced alterations in
different renal functional and histological parameters in the rat after single
irradiations with doses in excess of 6 Gy. He observed that deviations from control
values start earlier and increase more rapidly with increasing radiation dose.
On the basis of the results for fractionated irradiation in man, an iso-effect dose for
kidney damage could be derived under the assumption of an a/is ratio of 2 Gy [15,
16]. The resulting extrapolated total dose, ETD, of 40 Gy would imply a tolerance
value of 8 Gy for single dose irradiation.

We investigated the long term effect of TBI as a common toxic agent in Rhesus
monkeys on the incidence and time course of hepatic and renal function. In addition
we studied the risk of radiation induced late organ damage in a retrospective
analysis using the medical records and laboratory data of the adult bone marrow
transplant patients of the Leiden University Hospital.

2. Materials and Methods

The risks of total body irradiation with large doses of X-rays could be investigated by
keeping long-term surviving monkeys from an experiment on acute effects [17]
under continuous observation for a period up to 25 years. This group of irradiated
animals is a unique population to study late deterministic effects due to irradiation
in relation with age. The control group consisted of untreated monkeys with
comparable age distribution. This group was maintained under identical housing
conditions and they were fed commercial food pellets (Hopefarms) and a diet of
fresh fruit and vegetables. Information on the age distribution of the group of Rhesus
monkeys, the irradiation conditions and the morphological assessment can be found
elsewhere [18].
During all examinations the monkeys were anesthetized by an intramuscular
injection of 10 mg/kg of ketamine hydrochloride. All animals underwent a general
physical examination. Clinical signs of organ failure like jaundice, hepatomegaly
and edema were registered. Blood samples were withdrawn from the femoral vein.
The long term hepatic and renal toxicity of the TBI treatment were investigated
through the parameters summarized in Table 1. In some animals the assessment of
the parameter was performed twice with a time interval of several months, therefore
the total number of blood samples investigated is larger than the total number of
animals. Hematocrit was tested in an additional investigation and therefore the
number of animals equals the number of laboratory results.
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Table 1. Parameters used to monitor hepatic and renal function in Rhesus monkeys.

Hepatic function y g l u t a m y l transpeptidase
alkaline phosphatase
aspartate aminotranspherase (ASAT)
alanine aminotranspherase (ALAT)
total bilirubin
LDH

Renal function serum creatinine
blood urea nitrogen (BUN)
hematocrit
albumin

Between January 1967 and March 1993, 336 bone marrow transplantations were
performed in the Department of Hematology at the Leiden University Hospital. The
indications for BMT including total body irradiation, were investigated in these
patients. The evaluation was restricted to patients who survived at least a period of
18 months after transplantation.
Consequently, the total number of evaluable cases of this retrospective study
amounts to 120. The median follow up time was 43.1 months (range 12.1 - 218., mean
53.3). The series included 68 males and 52 females. Fifty patients were treated with
an autologous BMT, 69 patients were treated with an allogeneic BMT and 1 patients
with an isologous BMT.
Eighty-three (69%) out of the evaluated long term surviving patients were condi-
tioned with chemotherapy (cyclophosphamide 2 x 60 mg/kg body weight) followed
by total body irradiation. Patients with treatment other than TBI (31%) received
cyclophosphamide alone or in combination with cytosin-arabinoside, etoposide,
BCNU (Carmustine) or busulfan. Total body irradiation was performed in a single
fraction with a dose of 8 to 9 Gy in the majority of the cases (97.6%).
The long term hepatic toxicity of the TBI treatment was evaluated by the assessment
of serological parameters of the liver function: alkaline phosphatase (reference
interval 15-60 U/L), total bilirubin (reference interval 1-17 pmol/L), ALAT (reference
interval 1-15 U/L) and ASAT (reference interval 1-15 U/L). Parameters for long term
nephrotoxicity of the TBI treatment included blood urea nitrogen (BUN) (reference
interval 2.5 - 7.5 mmol/L) and serum creatinine levels (reference interval 50 -110

l/L)

3. Results in Rhesus monkeys

With respect to the hepatic function the parameter y-glutamyl transpeptidase
demonstrated a significant difference between the irradiated and non-irradiated
animals in the old cohort (p<0.0001). The difference in alkaline phosphatase levels
between the TBI group and the age-matched control group was significant for the
young cohort (p=0.0021) and the old cohort (p=0.0009). The levels of alkaline phospha-
tase levels (AP) in the middle aged cohort did not show any significant difference.
The increase in AP levels in the old cohort corresponds with the increase of fgluta-
myl transpeptidase in the same cohort. In the non-irradiated control group the levels
of y-glutamyl transpeptidase and AP did not show any increase with age.
The liver parameters alanine aminotranspherase (ALAT), aspartate aminotrans-
pherase (ASAT) and bilirubin did not show any significant difference between the
irradiated and non-irradiated groups. An interesting observation was an increase in
LDH with age, in both the irradiated and non-irradiated groups with p-values of
respectively 0.0013 and 0.0020. Also a significant difference was found between the
TBI group and the control group with regard to the average levels of LDH in the
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young, the middle aged and old cohort with p values of respectively 0.024, 0.029 and
0.0015. The isoenzymes LDH1.5 did not show any statistical changes in the irradiated
animals compared to the control animals.
With respect to renal function the results of the present study demonstrated a
decrease in renal clearance capacity. Since serum creatinine levels are related to
muscle mass the data are expressed in terms of creatinine/body weight. Changes in
bodyweight due to loss of lean body mass should be accompanied by a subsequent
decrease in creatinine levels in absence of renal failure.
A significant increase in serum creatinine/body weight index was found in the
irradiated group indicating significant renal impairment for post-irradiation
intervals exceeding 10 years. The control animals did not show such an increase of
creatinine/body weight, even in the very old animals (age > 30), the creatinine/body
weight index levels seemed to be stable.
Renal impairment is affirmed by a significant decrease of the hematocrit (Ht) levels
with post-irradiation time in the irradiated group (p=0.0083). In contrast the control
group showed a significant increase of Ht with age (p=0.0061). There was a significant
difference of Ht levels between the irradiated and non-irradiated animals of the old
cohort (p=0.0035). There was no significant difference between the Ht values of the
irradiated and non-irradiated animals of the young and middle aged cohort.
The blood urea nitrogen (BUN) levels in the old cohort showed a significant differ-
ence between the TBI and control animals (p=0.0005). The BUN levels demonstrate an
increase with post-irradiation time in the irradiated groups only (p=0.0041). Similar
to the liver parameters, a late radiation effect is demonstrated on the renal function
which becomes only detectable after a latency period of more than 10 years after
TBI.
Albumin levels did not show a significant difference between the irradiated and
non-irradiated monkeys and in both groups a similar decrease was found with age (p
<0.0001). This finding can not be attributed to radiation because in both groups the
same tendency was found.

Table 2. Summary of alterations in hepatic and renal functional parameters in irradiated animals
versus age matched controls.

postirradiation interval
< 5 years 10-15 years > 15 years

parameter
hepatic function
bilirubin
fglutamyl transpeptidase
alkaline phosphatase
ASATandALAT
LDH

renal function
creatinine/body weight
blood urea nitrogen (BUN)
hematocrit
albumin
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=: no change
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p<0.0001
p=0.0009

p=0.0015

p<0.0001
p=0.0005
p=0.0035

From the summary of the results in Table 2 it becomes evident that some determinis-
tic effects become only apparent at long time intervals after irradiation. The
alterations in liver and kidney function which we found were not related to any
clinical symptoms of organ damage.
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4. Patient results

For clarity the numerical values are collected for two time intervals, respectively
before and after 18 months, to demonstrate the disparity between early and late
changes of the parameters of the various organ functions.
After application of the exclusion criteria such as GVHD, the total number of
patients eligible for evaluation for their liver function was 102. At 18 months
posttransplantation the total bilirubin levels remained stable both in the TBI and
non- irradiated group. During the early phase after transplantation in the TBI group
however, the bilirubin levels demonstrate a slight decrease with time (p=0.01). Only
4.8 % of the total bilirubin values of the TBI group exceeds the normal range of 17
mmol/L within the first 18 months after TBI. Elevations of the total bilirubin level
above 50 mmol/L were never seen in the TBI group and only once in the non-TBI
group. A well known early liver toxicity called veno-occlusive disease was never
diagnosed in the group of long term (> 1 year) surviving patients.
During the early phase the ALAT levels show a significant increase in the irradiated
group (p<0.0001); the mean ALAT level in the irradiated group was 26.5 ± 1.4 U/L and
16.9 U/L in the non-irradiated group. The ASAT levels show a similar behaviour. After
18 months the ASAT and ALAT levels remain stable in the TBI and non-TBI group,
but slightly elevated for the mean ALAT level in the TBI group as compared to the
non-irradiated group (p=0.01), at respectively 16.6 ± 1.0 U/L and 12.4 + 0.9 U/L. The
alkaline phosphatase levels gradually declined with time and show no statistical
significant difference between the irradiated and non irradiated group, both in the
early phase as well as the period beyond 18 months post transplantation.
After application of the exclusion criteria such as the use of nephrotoxic drugs or
previous known renal failure, the total number of patients eligible for evaluation of
the kidney function was 112. The BUN levels (reference value 2.5 - 7.5 mmol/L) were
found to be elevated once or more in course of time in 18/81 = 22.2 % of the patients
in the TBI group and in 11/31 = 35,5 % of the non-irradiated group during the total
post-transplantation period. However, clinically significant renal failure was never
reported in either of the groups. Neither was there a significant change of BUN levels
after 18 months post-transplantation between the TBI and non-irradiated group and
the BUN levels never exceeded 15 mmol/L in both groups. Beyond 18 months post
transplantation also no significant increase of creatinine was found in either of the
groups.

During the early and late phase post-transplantation no statistically significant
difference of albumin levels could be demonstrated between the TBI and non-TBI
group.

5. Discussion

To our knowledge delayed hepatic damage following TBI has not been reported for
post-irradiation intervals longer than 10 years, neither in humans nor monkeys. We
observed a significant increase in AP and y-glutamyl transpeptidase levels in the old
cohort of Rhesus monkeys. Since Y-glutamyl transpeptidase is a parameter exclusive
for liver tissue, it can be concluded that after a post-irradiation interval of more than
10 years an increase of this liver parameter might be due to irradiation. The increase
of the LDH level however, in the irradiated group should be attributed to a radiation
effect on other organs since liver cell decay could not be confirmed with the
additionally performed investigations of the iso-enzymes of LDH. The observation of
a significant increase of AP levels in the young irradiated group is likely to be due to
alterations in the bone-metabolism, as the other liver parameters in this age group
did not show any alterations.
The alterations of the levels of alkaline phosphatase and y-glutamyl transferase
could not be explained by pathology of the bile ducts neither by changes in the liver
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tissue resembling nodular regenerative hyperplasia, as described by Snover et al.
[19]. However, the incidence of periportal fibrosis and mild pericentral and capsular
fibrosis was slightly increased in the irradiated animals.
Our study demonstrates a significant alteration in the parameters of renal function
in the irradiated group of old and middle aged monkeys. Since no other toxic agents
were involved in the treatment of the monkeys it is reasonable to conclude that the
radiation (TBI) was the nephrotoxin responsible for the relative elevation in serum
creatinine levels. Also a decrease of hemoglobin and hematocrit levels could be
demonstrated in the irradiated group of monkeys after a post-irradiation interval of
more than 5 years.
In the patient study we tried to identify the role of TBI in the occurrence of late
organ damage. The total body irradiation is carried out to achieve immunosup-
pression in order to allow full engraftment and to increase tumour cell kill. In our
present analysis nearly all irradiated patients were treated with single dose TBI
(97.6%) and no major late liver or renal toxicities were found in this group of long
term (>1 year) BMT survivors. These results are encouraging and suggest that
unfractionated total body irradiation up to a dose of 9 Gy and a high instantaneous
dose rate of about 0.23 Gy/min in this population is well tolerated. The present data
did not show any significant difference between the group of patients with a
conditioning regimen including single dose TBI and the other conditioning regimens
without irradiation with regard to the incidence of liver and kidney dysfunction. In
our experience veno-occlusive disease (VOD) was never diagnosed among the group
of BMT patients while this complication is common according to the literature.
In summary, no late adverse effects of TBI, as a part of the conditioning treatment
preceding bone marrow transplantation, on hepatic or renal function have been
found in man. Studies with non-human primates with post-irradiation intervals of
more than 15 years have provided evidence for subclinical liver and kidney damage.
In patients detrimental effects can not be excluded after longer survival periods and
careful examination of the patients remains indicated.
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. HEALTH EFFECTS

FOLLOWING THE ACCIDENT

A. Treatment of accident victims

Posters


