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RADIOBIOLOGICAL CONSIDERATIONS OF RE-IRRADIATION TOLERANCE OF THE SPINAL CORD
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ABSTRACT
Re-irradiation tolerance of the spinal cord depends upon the volume of the spinal cord irradiated,
the total dose, the dose per fractional, the elapsed time between the treatments and the region
of the spinal cord involved. Clinical data on the retreatment tolerance of the spinal cord are sparse
and inconclusive. Radiobiological laboratory evidence has indicated the presence of long term
recovery of the spinal cord damage. Fractionation sensitivity during reirradiation is comparable with
the first session of radiation treatment. After an initial dose of 45 Gy, 50% recovery has been reported
by Schultheiss and Stephens for an elapsed period of two years for re-irradiation considerations.

INTRODUCTION
The spinal cord is a major dose limiting
organ in radiotherapy. Injury to it results
in a devastating functional deficit manifested one to several years after treatment.
Recently, knowledge of radiobiology
as applied to dose fractionation schedules
has provided useful guidelines so that
a radiation oncologist can now limit
the spinal cord dose to levels which practically eliminate the occurrence of this complication.
As the survival rates of patients with
various tumours increase, radiation oncologists are more frequently faced with
the problem of treatment of late recurrences or second tumours situated within
or close to a previously treated site.
A rationale for treatment decision under
such conditions is even more complex
than under the original conditions and requires knowledge of the kinetics of the decay of occult injury from the previous
treatment.
The radiation oncologist contemplating
the retreatment of a site such as the neck
or thorax within which the spinal cord has
previously been irradiated is faced with
serious medical and legal considerations.
Past treatment history such as the volume
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of spinal cord irradiated, the total dose,
the dose per fraction, the length of the elapsed time since radiation exposure
and the spinal cord region should help
in the decision making process.
To change the conservative treatment
attitudes and practices, what is necessary
in clinical radiotherapy is laboratory and clinical evidence. Decisions whether to reirradiate the spinal cord are often based
on anecdotal reports in the literature,
and on the legal consequences of treatment decisions resulting in myelopathy.
If treatment to the spinal cord is too
conservative, a less than optimum tumour
dose and diminished probability of local
tumour control may result. Thus the question is primarily, if a higher tumour dose
is worth the increased risk of myelopathy
in clinical situations. Since radiation myelopathy is the most catastrophic late consequence of radiotherapy, clinicians usually
err on the side of conservatism when
the spinal cord is within the treatment
volume.
Clinical data on the retreatment
tolerances of the spinal cord are sparse,
being generally limited to case reports.
Whether the human spinal cord has
the ability for long term recovery of radiation injury is also unclear. To date, deci-
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sions regarding retreatment tolerance
of the spinal cord have largely been made
empirically.
In the experimental literature, there
is now accumulating evidence to support
the presence of time-dependent long-term
recovery of radiation damage to the spinal
cord, with the rat spinal cord being the most
common animal model studied. Early data
using split doses and more recent data
using fractionated doses have revealed
a significant long term recovery of the radiation damage in the rat, mouse, guinea
pig and monkey spinal cord.
This review describes the experimental,
radiobiological and clinical considerations
of re-irradiation tolerance of the spinal cord.

Radiobiological Evidence
Ruifrok et al [6] performed experiments
to investigate whether the fractionation
sensitivity in the rat spinal cord is changed
during radiation treatment. All rats received
the first irradiation dose of 15 Gy. A second
course of irradiation was given either
on day one (control) or 6 months after
the first dose with a single dose or fractionated treatments, with fraction sizes
of 3, 4 and 6 Gy. The latent time for the development of paresis, ED50 values and alpha/beta values for various dose schedules
are given in table I. Following irradiation
6 months after the first dose, the latent
times are shortened by about 1-2 months
compared with latency after control treatments. ED50 values were also higher for reirradiation after 6 month interval. There was
no significant difference in the alpha/beta
value. After a six month interval, the long
term recovery from the first treatment was
about 45%.
Ruifrok et al [5] investigated the dose
dependence and time course of long term
recovery in the cervical spinal cord of rats.
The single dose ED50 for white matter
mediated paresis was about 21 Gy
in 3 week old as well as adult rats,
although latency to paresis development
increased from about 90 days in 3-weekold rats to about 250 days in adult rats.
The main long term recovery was seen
during the first month after the initial
radiation treatment after 3 weeks.
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This is in contrast to the long term recovery in adult rats, in which the main recovery took place between 2 and 6 months
after the first irradiation. Calculations according to the incomplete repair (IR) model
showed that the extra dose given to the cervical spinal cord after a 1-6 months interval, a 3-week-old rat recovers a maximum
of about 20% of the total biological effect
resulting in paresis.
In adult rats the extra dose that can be
given to the cervical spinal cord after
a 6- month interval represents about 40%
of the total biological effect. These studies
show that the time course, as well as
the extent of long-term recovery from radiation treatment, not only depend on tissue
and species, but also on age.
Wong et al [12] performed experiments
to assess the re-irradiation fractionation
sensitivity of the rat cervical spinal cord.
Initially animals were given three daily fractions of 9 Gy, representing 75% of tolerance at the ED50 level. After an interval
of 20 weeks, they were re-irradiated with
graded doses of X-rays in single, 2, 5, 10
and 20 daily fractions or a single retreatment top up of 12.5 Gy (equivalent) to 80%
of retreatment tolerance, followed by doses
in 1, 2, 4, 10 and 20 daily fractions.
The latent periods for forelimb paralysis
ranged from 189 to 245 days from the day
of the initial treatment, or 49 to 105 days
from the day of re-treatment. For animals
retreated with an initial top-up dose followed by smaller fractions, the latent times
were similar, ranging from 188 to 233 days
from the day of the initial treatment.
The direct fit of the LQ model gave similar
alpha/beta values of 3.07 Gy and 3.34 Gy
for the retreatment experiments without
and with top-up doses. The fractionation
sensitivity during retreatment compares
well with that of previously non-irradiated
animals, alpha/beta value of 2.41 Gy
for fraction sizes down to 2 Gy/fraction.
Following both initial fractionation schedules, the retreatment ED50 values were
both 58% of ERD, i.e. 42% of the initial
damage was recovered by 20 weeks.
The previous radiation damage to a level
of 75% tolerance dose does not change
the capacity for repair of damage when
the spinal cord is re-irradiated with fractionated X-ray dose after 20 weeks.
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Wong [11] investigated the influence
of the level of the initial radiation damage
on the long-term recovery and re-irradiation
tolerance in the rat spinal cord. Rats were
initially irradiated with 0, 10, 20, 30, 36 daily
fractions of 2.15 Gy. After an interval
of 20 weeks, retreatment with graded single
doses of X-rays was given.
Latent times to paralysis were inversely
proportional to the level of the initial injury
and retreatment doses. The retreatment
ED50 were 19.0, 17.0, 15.7, 14.0 and
11.8 Gy. Using the ERD concept, alpha/
/beta of 3.0 Gy, the retreatment ED50
in percentage ERD were 81, 70, 58
and 42% after the initial doses of 25, 50,
75 and 90% ERD, respectively.
The level of the initial injury appeared
to influence the proportion of the residual
injury. For an initial injury of 25% and 90%
ERD, the residual injury was 74% and
65% of the initial damage. For an initial
injury of 50% and 75%, the residual injury
decreased to 59% and 57%, respectively.
It is concluded that there was a significant
long term recovery in the rat spinal cord,
and the level of the initial radiation
damage influenced both the retreatment
tolerance and the time of expression
of injury.
Ang et al [1] designed a study to assess
the tolerance of the cervical spinal cord
of Rhesus monkeys to reirradiation. Control
animals received a single course of treatment to a total dose of 70.4 Gy, 77.0 Gy
or 83.6 Gy in daily fractions of 2.2 Gy.
Twelve asymptomatic animals that received
70.4 Gy were irradiated two years later to
cumulative doses of 83.6, 92.4 or 101.2 Gy.
Another group of 15 animals received
44 Gy and 2 years later were reirradiated
to cumulative doses of 83.6, 92.4, 101.2
or 110 Gy. The clinical endpoint was myeloparesis. The ED50 values of the single
course irradiation was 76.1 +/- 1.9 Gy, while the extrapolated ED50 for retreatment
after 44 Gy was > 110 Gy.
Substantial recovery of occult injuries
induced by initial 44 Gy had occurred within
two years. The difference between the type
of lesions observed after a single vascular
injury may recover less efficiently or at
a slower rate than white matter damage.
Mason et al [4] assessed various factors
affecting the tolerance of the spinal cord
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to irradiation using a guinea pig model
of lumber myelopathy. A 3cm section
of the lumbar spinal cord of guinea pigs
was irradiated with fractionated deses
of 4.5 Gy given as 5 fractions per week.
Guinea pigs were primed with 9 x 4.5 Gy in
7 days, which constitutes 60% of the ED50
for a continuous course of treatment. After
28 or 40 weeks, animals were retreated
with 6-14 fractions of 4.5 Gy. Twenty-eight
or 40 weeks after 9 x 4.5 Gy only about 8%
of the initial injury was remembered.
The amount of the residual injury was
dependent on the initial damage in proportion to the tolerance doses. The spinal
cord shows a greater capacity for long-term
recovery than it is generally appreciated
and re-treatment doses clinically prescribed
may be lower than necessary.
Lavey et al [3] designed an experiment
to assess the influence of the fraction size
and time interval between fractions on
the tolerance of the spinal cord to high
cumulative doses of radiation and the influence of the long term recovery process
on the tolerance of the spinal cord to reirradiation. The spinal cord of mice was
irradiated using a conventionally fractionated regimen of 2.2 Gy once daily, a prolonged fractionated regimen of 1.2 Gy once
daily, a hyperfractionated regimen of 1.2 Gy
twice daily, and a single dose of 12 Gy
followed 0 - 190 days later by a second
dose of 5 - 20 Gy. Mice in the multi
fractionated regimen group were given
a single 15 Gy top up dose 24 hrs after
receiving a cumulative fractionated dose
of 24 - 70 Gy. The residual from a simple
12 Gy radiation dose was 17% after 190
days, leaving the retreatment ED50 only
10% below the ED50 of the previously nonirradiated spinal cord.
Wong and Hao [10] aimed to assess
the influence of the level of initial injury
on the long-term recovery kinetics of radiation damage in the central nervous system
using a rat spinal cord model. The adult
spinal cord was initially given two or three
daily fractions of 3 Gy or three daily fractions of 10.25 Gy. On day 4 of week 6, 8,
12, 20, 28, 40, 52 animals were re-irradiated with graded single doses of X-rays.
The endpoint was forelimb paralysis
caused by white matter necrosis.
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The latent time to paralysis increased
with increasing time interval between
the initial treatment and re-irradiation, but
decreased with increasing the size of initial
injury. No significant increase in tolerance
was observed for retreatment given within
8 weeks of initial treatment.
A significant long-term recovery was
observed thereafter and it increased with
increased time interval to retreatment.
The retreatment tolerance and radiation
damage recovered at different intervals
were influenced by the initial dose.
Using a direct analysis the recovery
kinetics could be well described by introducing a time function consisting of a linear
and quadratic time component dependent
on the initial dose in the LQ model.

a single incident of myelopathy in patients
who received fractionated radiotherapy
given once daily to an ERD of 100 Gy2
(equivalent to 50 Gy in 25 daily fraction).
Four patients who developed myelopathy
after an ERD of < 100 Gy2 were all treated
according to accelerated fractionation
protocols. Patients who were re-irradiated
received
significantly
higher
doses
(ERD 148 Gy2) than those who had a single
course of treatment (ERD 121 Gy2).
The risk of myelopathy with conventional
fractionation is extremely small: multiple
fractions per day reduce the spinal cord
tolerance, the latent time to myelopathy
decreases following re-treatment, and there
is a possible long-term recovery of radiation
damage in the human spinal cord.

Clinical Evidence

CONCLUSION

Tan and Khor [8] have reported a series
of retreatment cases with the spinal cord
in both treatments. Their treatment
for the carcinoma of the nasopharynx was
5500 r through two lateral and an anterior
facial field to the post nasal space, given
over a 6-7 week period as five treatments
per week. The spinal cord received about
4000 r. In 22 cases, a second full course
was given within a few months to 4 years
after the first treatment. Three cases of radiation myelopathy occurred, two of which
are reported in detail. The intervals between treatments for the two reported
cases were 8 and 52 months. The survival
data of the non-myelopathy cases were not
reported.
To assess the latent time, survival
and dose fractionation factors associated
with permanent radiation myelopathy
following single and multiple courses of radiotherapy to the spinal cord, a retrospective analysis was undertaken of all patients who were registered at the Princess
Margaret Hospital between 1955 and 1985
and who developed permanent radiation
myelopathy [9]. Twenty-four patients developed permanent myelopathy after one
course of radiation and 11 patients following retreatment.
Latent times for myelopthy following
a single course of treatment (18.5 months)
were significantly longer than those after reirradiation (11.4 months). There was not

In summary, recovery from initial damage
has been well proven. The amount of recovery seems to be influenced by different
factors, mainly the initial damage expressed as the percentage of the cord tolerance. The interval between the first treatment and retreatment is probably also
important.
The real total tolerance of the spinal cord
may be about 130% of the tolerance dose
for the first treatment as estimated by Kogel
[2]. Although the general phenomenon
of repair is surely present in humans as
compared to animals, some controversies
remain in terms of transforming the experimental animal data to the clinic. First,
the histological pattern of radiation myelitis
in guinea pigs differs from that in humans.
Second, the repair kinetics is probably
different, and it is questionable how long
it takes to achieve maximum repair and
retolerance in humans.
Schultheiss and Stephens [7] in their
review of permanent radiation myelopathy,
conclude: "Because of the life span, latency
and dose response difference, only general
guidelines for clinical application can be
offered from the rodent data. These data
indicate that substantial recovery of spinal
cord tolerance is achieved during a sufficiently long interval after initial radiation
therapy. In general, a higher retreatment
dose can be given following lower initial
doses and longer intervals between
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treatments. From the sparse clinical and
primate data, it appears that at least 50%

recovery of 45 Gy would be obtained
2 years after treatment".

Tab. 1 : Latent time for development of paresis ED50

ED50 (Gy)

Functional parameters

One day
interval

6 month
interval

One day
interval

6 month
interval

15 Gy + S D

16.2

18.5

10 α (Gy-1)

0.47

0.29

15 Gy + 6 Gy/fr

36.8

43.2

100 β (Gy-2)

2.1

1.5

15Gy + 4 Gy/fr

47.2

65.1

α/β (Gy)

2.3

1.9

15 Gy + 3 Gy/fr

56.6

…

2 fr/day

42.0

54.9

Treatment
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