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Clinical implementation of spinal radiosurgery has increased rapidly in recent years, but little is known regarding
human spinal cord tolerance to single-fraction irradiation. In contrast, preclinical studies in single-fraction spinal
cord tolerance have been ongoing since the 1970s. The influences of field length, dose rate, inhomogeneous dose
distributions, and reirradiation have all been investigated. This review summarizes literature regarding single-
fraction spinal cord tolerance in preclinical models with an emphasis on practical clinical significance. The out-
comes of studies that incorporate uniform irradiation are surprisingly consistent among multiple small- and
large-animal models. Extensive investigation of inhomogeneous dose distributions in the rat has demonstrated
a significant dose-volume effect while preliminary results from one pig study are contradictory. Preclinical spinal
cord dose-volume studies indicate that dose distribution is more critical than the volume irradiated suggesting that
neither dose-volume histogram analysis nor absolute volume constraints are effective in predicting complications.
Reirradiation data are sparse, but results from guinea pig, rat, and pig studies are consistent with the hypothesis
that the spinal cord possesses a large capacity for repair. The mechanisms behind the phenomena observed in spi-
nal cord studies are not readily explained and the ability of dose response models to predict outcomes is variable
underscoring the need for further investigation. Animal studies provide insight into the phenomena and mecha-
nisms of radiosensitivity but the true significance of animal studies can only be discovered through clinical tri-
als. � 2011 Elsevier Inc.
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INTRODUCTION

Investigators of single-fraction spinal cord tolerance in the

1970s and 1980s could not have predicted that their work

would become directly clinically relevant but pioneering

efforts in spinal radiosurgery at the University of Arizona

(1) followed by the development of image-guidance and

dose-shaping technologies caused a renewed interest in

the single-fraction irradiation paradigm for management

of tumors in and around the spine. Clinical implementation

of spinal radiosurgery has increased rapidly in recent

years; the entire spinal radiosurgery experience reported

in the literature before 2003 included approximately 50

patients (2–5), but today one group alone has treated

well over 1,000 lesions (6). The recent opening of a pro-

spective Phase II/III study of image-guided radiosurgery/

stereotactic body radiation therapy for localized spine

metastases by the Radiation Therapy Oncology Group

(RTOG 0631) has launched a new era in the investigation

of spinal radiosurgery.

Although the image-guidance technology that enables spi-

nal radiosurgery has matured to the extent that patient posi-

tioning can be verified in near real-time, understanding of

normal tissue tolerance lags behind. Normal tissue response

to high-dose, single-fraction irradiation is poorly understood

for most organs, but the spinal cord is considered the dose-

limiting organ at risk in spinal radiosurgery and is the focus

of this review. Clinical dose-response information regarding

single-fraction spinal cord irradiation with uniform dose dis-

tributions beyond a dose of 8 Gy is sparse. Macbeth et al. (7)

reported a group of 114 patients that received a single 10-Gy

spinal cord dosewith nomyelopathy. Only four clinical cases

of myelopathy (8–10) have been reported (as of September

2010) after varied doses from single-fraction spinal radiosur-

gery, making it difficult to draw firm conclusions regarding

spinal cord tolerance. Conclusions drawn by leading authors

are: a) the partial volume tolerance of the human spinal cord

is at least 10Gy to 10%of the spinal cord volume defined as 6

mm above and below the radiosurgery target (8), b) use cau-

tion when treating more than 1.0 cm3 of spinal cord to doses

Reprint requests to: Paul Medin, Ph.D., Department of Radiation
Oncology, UT Southwestern Medical Center at Dallas, 5801 Forest
Park Rd, Dallas, TX 75390-9183. Tel: (214) 645-8591; Fax: (214)
645-2885; E-mail: Paul.medin@utsouthwestern.edu
Conflict of interest: Paul Medin teaches radiosurgery courses

sponsored by BrainLAB AG.

Acknowledgments—Paul Medin’s research is funded by the
National Institute of Neurological Disorders and Stroke, R01
NS049517.
Received July 13, 2010, and in revised form Oct 19, 2010.

Accepted for publication Oct 25, 2010.

1302

Int. J. Radiation Oncology Biol. Phys., Vol. 79, No. 5, pp. 1302–1309, 2011
Copyright � 2011 Elsevier Inc.

Printed in the USA. All rights reserved
0360-3016/$–see front matter

doi:10.1016/j.ijrobp.2010.10.052

mailto:Paul.medin@utsouthwestern.edu
http://dx.doi.org/10.1016/j.ijrobp.2010.10.052
http://dx.doi.org/10.1016/j.ijrobp.2010.10.052


greater than 8 Gy or higher dose equivalent (9), and c) a max-
imum point dose of 10 Gy to the thecal sac is safe (11).

In contrast to the paucity of clinical data on single-fraction
spinal cord tolerance, a wealth of data is available from an-
imal models. Rats, guinea pigs, mice, and pigs have been
used to establish general dose-response curves and to inves-
tigate irradiation conditions that modify response. Many var-
iables have been shown to modify spinal cord tolerance
including: a) dose rate, b) irradiated length, c) irradiated lat-
eral cross-section, d) irradiated region, e) dose to adjacent
spinal cord, f) previous irradiation, and g) age. As the num-
ber of patients receiving spinal radiosurgery grows and dose
escalation is considered, a review of the parameters that are
known to affect spinal cord response is increasingly impor-
tant. Although human spinal cord tolerance can only be de-
termined through clinical trials, animal studies serve as
a guide to parameters of interest that should be considered
during the design of clinical trials or when prescribing spinal
radiosurgery.

LIMITATIONS OFANIMAL MODELS

Animal models have long been used to study the phenom-
ena and mechanisms of spinal cord tolerance because the
complex responses of the central nervous system to irradia-
tion necessitate biological models. Every animal model
needs to be evaluated for its relevance to human biology,
and an understanding of the limitations of animal studies
is crucial to the interpretation of their results.

Individual designs vary among the many studies cited in
this review, but generalized limitations are noted in the fol-
lowing: a) enrollment, b) follow-up period, c) comorbidity,
d) previous therapies, e) neurologic assessment, and f) anes-
thesia. Preclinical studies are designed to minimize the num-
ber of animals involved while maintaining the reliability of
results. Dose-response curves are commonly derived from
four to seven dose groups with four to five subjects per
group; thus, conclusions are drawn for a population from
the response of 16–30 animals. The reader should consider
the margin of error in any study, usually reported as a 95%
confidence interval or as standard error. Animal studies fre-
quently include a follow-up period that is either shorter than
the possible latency of the morbidity or life expectancy of
the corresponding human population. Exceptions exist, but
most spinal cord tolerance studies include a follow-up period
of 12 months or less, whereas latency for human myelopathy
has been described with a bimodal distribution peaking at
approximately 9 and 26 months (12). Two distinct patholo-
gies with differing latencies have also been noted in the
rat; white matter necrosis usually occurs in less than 8
months, whereas vascular injury can lead to paralysis be-
tween 8 and 18 months (13). The authors of a pig study
with 70–110 week follow-up reported that the latency for
myelopathy was 7.5–16 weeks, but two pigs experienced
late myelopathy at 64.5 and 75 weeks after irradiation(14).
The only lesion found in late-responding pigs was an 80%
occlusion of the main ventral artery. In contrast, only a single

phase of latencies has been observed for rhesus monkeys
(12). Although long-term follow-up is desirable for clini-
cally oriented studies, few investigators are afforded the re-
sources to complete it. In contrast to the majority of patients
who receive spinal radiosurgery, preclinical spinal cord tol-
erance studies are performed in young healthy animals with-
out comorbidity or previous therapies. The effects of
comorbidity and previous therapies on spinal cord tolerance
are unknown, but have been questioned in human spinal
radiosurgery literature (9). The assessment of neurologic
response in animals is limited compared with humans. Al-
thoughmethods have been reported to assess sensory deficits
in animals, practical challenges and the associated pitfalls
limit their reliability. Radiation dose-response studies are
typically limited to assessment of motor neurologic changes
as determined by observation of gait. Gait change has been
reported to correlate perfectly with the presence of histo-
logic change in one pig study (15), but a study in rats re-
ported a deviation between gait response and histologic
response (16). One must always consider that subtle changes
in neurologic status that are detectable in humans may be un-
detected in animals. Finally, all animal studies are performed
under anesthesia, but anesthesia is unusual for humans re-
ceiving spinal radiosurgery. The effects of anesthesia and
oxygen concentration on spinal cord tolerance have not
been studied widely, but van der Kogel (17) reported a de-
crease of 2–2.5 Gy in dose leading to paralysis in 50% of an-
imals (ED50) for rats receiving single-dose irradiation with
1% halothane/99% O2 versus intraperitoneal injection of so-
dium pentobarbital (60 mg/kg). Fortunately, the anesthesia
effect noted by van der Kogel results in reduced ED50 values
so results from such studies can be expected to be skewed in
the direction of safety.

DOSE-RESPONSE TO UNIFORM IRRADIATION

This review summarizes literature regarding single-
fraction spinal cord tolerance in preclinical models with an
emphasis on practical clinical significance. An understand-
ing of spinal cord tolerance characteristics resulting from
uniform irradiation is necessary before the review of condi-
tions that modify radiation response. A summary of spinal
cord tolerance studies that have been performed under con-
ditions of uniform irradiation to lengths $16 mm is pre-
sented in Table 1. The outcomes of studies that incorporate
uniform irradiation are surprisingly consistent among multi-
ple small and large animal models. The dose-response
curves for rats, guinea pigs, mice, and pigs are all very steep
and have similar ED50 values clustered around 20 Gy. Before
the development of image-guided spinal radiosurgery,
single-fraction spinal cord doses greater than 10 Gy were
rarely reported and the probability of myelopathy was ex-
tremely low.

DOSE-RATE EFFECT

The dose-rate effect is well-established in radiobiology
and has been demonstrated in the spinal cord by multiple
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