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Abstract
Purpose—This study was performed to determine the spinal cord tolerance to single-fraction,
partial-volume irradiation in swine.

Methods/Materials—A 5 cm long cervical segment was irradiated in 38-47 week old Yucatan
minipigs using a dedicated, image-guided radiosurgery linear accelerator. Radiation was delivered
to a cylindrical volume approximately 5 cm in length and 2 cm in diameter that was positioned
lateral to the cervical spinal cord resulting in a dose distribution with the 90%, 50% and 10%
isodose lines traversing the ipsilateral, central and contralateral spinal cord, respectively. Dose was
prescribed to the 90% isodose line. Twenty-six pigs were stratified into 8 dose groups from 12-47
Gy. The mean maximum spinal cord doses were 16.9±0.1, 18.9±0.1, 21.0±0.1, 23.0±0.2, and
25.3±0.3 Gy in the 16, 18, 20, 22 and 24 Gy dose groups, respectively. The mean percentage
spinal cord volumes receiving >= 10 Gy for the same groups were 43%±3, 48%±4, 51%±2, 57%
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±2 and 59%±4. The study endpoint was motor neurologic deficit determined by a change in gait
during a one year follow-up period.

Results—A steep dose response curve was observed with an ED50 (95% CI) for the maximum
dose point of 20.0 Gy (18.3-21.7). Excellent agreement was observed between the occurrence of
neurologic change and the presence of histological change. All animals with motor deficits
showed some degree of demyelination and focal white matter necrosis on the irradiated side with
relative sparing of the gray matter while histology was unremarkable in animals with normal
neurologic status.

Conclusions—Results indicate that for a dose distribution with a steep lateral gradient, pigs
have a lower ED50 for paralysis than has been observed in rats and more closely resembles that for
rats, mice and guinea pigs receiving uniform spinal cord irradiation.
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Introduction
In recent years, many investigators have pursued the use of image-guided stereotactic
radiosurgery (SRS) to escalate single-fraction doses (> 8 Gy) to spinal metastases resulting
in an exponential increase in clinical experience. Prior to 2003, the entire spinal SRS
experience reported in the literature for all methodologies included approximately 50
patients1-4. As of 2010, the published image-guided spinal SRS experience has grown to
more than 1100 lesions treated by the two largest reporting groups alone5,6. Dose escalation
has occurred over time as experience with spinal radiosurgery has increased; prescription
doses of 10-12 Gy were used 5-6 years ago but currently doses of 16-24 Gy are common.
Spinal SRS results in impressive durable pain responses (approximately 90%) and high rates
of local control (approximately 80% or greater) when sufficient doses are delivered7-9. Only
four clinical cases of myelopathy have been reported following varied doses from single-
fraction spinal radiosurgery making it difficult to draw firm conclusions regarding spinal
cord tolerance and underscoring the need for further investigation10,11.

Spinal cord tolerance generally dictates the dose that is prescribed to spinal and paraspinal
tumors, as excessive radiation to the spinal cord results in devastating transient or permanent
myelopathy. Unfortunately, despite the increased clinical application of spinal radiosurgery,
little is known regarding the tolerance of the spinal cord to high-dose single-fraction
irradiation. The maximum tolerated spinal cord dose-volume relationship and/or single point
dose are unknown and are currently a subject of debate. Ryu, et. al. 6 have reported that the
partial-volume tolerance of the spinal cord is at least 10 Gy to 10% of the spinal cord
volume when the spinal cord volume is defined to extend 6 mm superior and inferior to the
radiosurgery target. Sahgal, et. al.11 recommend a dose threshold of 10 Gy to the thecal sac
while Gibbs, et. al.5 recommend caution when considering radiosurgery plans that expose
more than 1.0 cm3 of spinal cord to greater than 8 Gy dose equivalent.

In contrast to the limited knowledge on single-fraction spinal cord tolerance in humans,
there is a wealth of data from pre-clinical studies. Volume-effect studies have been
performed by varying both the length and width of irradiated spinal cord but lateral dose-
volume effects are most relevant to the present study. Lateral dose-volume effects in spinal
cord irradiation have been investigated by van Luijk, et. al. who irradiated the lateral half of
rat cervical spinal cords to a length of 2.0 cm with 150 MeV protons12. A penumbra width
of 1 mm made it possible to create an extremely high dose gradient across the 3.5 mm wide
spinal cord so that the contralateral edge of the spinal cord received < 10% of the dose while
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the ipsilateral edge received 100%. The resulting dose response curve showed an ED50 (95%
confidence interval) of 30.0 Gy (26.3-31.3 Gy) while the corresponding ED50 for full-width
irradiation was 20.4 Gy (19.6-21.1 Gy)12. A more extensive follow-up study further
demonstrated large regional differences in radiosensitivity within the rat cervical spinal
cord, indicating that the lateral white matter is more radiosensitive than the central part13.
The potential existence of a lateral dose-volume effect has important clinical implications,
suggesting that the spinal cord tolerance increases as much as 50% when the spinal cord is
irradiated with an inhomogeneous dose distribution similar to that achieved in spinal
radiosurgery.

Methods and Materials
This study conformed to all national and local regulations regarding the use of animals for
research and was approved by the Institutional Animal Care and Use Committee. The
cervical spinal cords of twenty-six female, 40-47 week old, Yucatan minipigs were
irradiated, one additional animal served as an unirradiated control. All animals received a
treatment planning CT scan with 1.0-1.5 mm thick slices and a 350-400 cm field of view.
Treatment planning calculations were performed using Brainscan 5.31 software (BrainLAB,
AG). Radiation was delivered in a single dose to a cylindrical target volume approximately 5
cm in length and 2 cm in diameter that was positioned lateral to the cervical spinal cord. In
the rostral/caudal direction, the target volume was centered at the level of the rostral end of
the sixth cervical vertebral body and extended from mid-C4 through mid-C7. Dose
distributions in the axial and sagittal planes are shown in Figures 1 and 2. The sagittal plane
shown (Fig. 2) is through the midline of the spine rather than the center of the target volume
to illustrate the level and extent of the spinal cord irradiated. Dynamically-shaped arcs were
used to create a dose distribution with the 90%, 50% and 10% isodose lines traversing the
ipsilateral, central and contralateral spinal cord, respectively, equating to a lateral dose
gradient of approximately 8% per millimeter. The spinal cord was contoured 4.5-7.5 mm
beyond the irradiated volume in the rostral and caudal directions and the dose calculation
grid resolution through the spinal cord ranged from 1.4-1.6 mm. Dose distributions were
normalized to the global plan maximum and dose was prescribed to the 90% isodose line.
Animals were stratified into 8 prescription dose groups as follows: 47 Gy (1), 36 Gy (1), 24
Gy (4), 22 Gy (4), 20 Gy (5), 18 Gy (5), 16 Gy (5), and 12 Gy (1). Treatment planning dose-
volume histogram statistics for the spinal cord are summarized in Table 1 including: a)
maximum dose, b) percentage volume to receive ≥10 Gy, c) percentage volume to receive
≥14 Gy, d) dose to 10% volume, and e) dose to 1 cc volume.

For all procedures, animals were anesthetized with isoflurane and positioned supine in a
body-length, vacuum-molded immobilization cushion. Individual immobilization cushions
were molded for each animal and kept unchanged between simulation and radiosurgery.
Image-guided localization was performed using stereoscopic kilovoltage x-rays (Novalis
Body X-ray 6D, BrainLAB AG). A pair of digital radiographs was exposed and
automatically fused with digitally reconstructed radiographs (DRR’s) generated from the
pre-treatment CT scan to determine if any positioning adjustments were necessary. After
visual evaluation of the fusion results, the treatment table was shifted until the actual
position and required treatment position differed by less than 1 mm in the three primary
axes. Rotations along the axis of the treatment table were corrected to less than one degree
and rotations along the other two axes were corrected to less than two degrees. The image-
guidance process was repeated following table adjustments to ensure that shifts were made
correctly. Biplanar megavoltage portal images were acquired and evaluated to verify
positioning before radiosurgery and kilovoltage image-guidance was repeated midway
through the treatment to verify positioning during radiosurgery. Irradiation was performed
using a 6 MV image-guided radiosurgery linear accelerator (Novalis, BrainLAB AG). Dose
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was delivered at a rate of 800 monitor units per minute that equated to an instantaneous dose
rate of 4.0-7.3 Gy/min at the spinal cord, varying with the depth of overlying tissue. A beam
configuration with three dynamic arcs was used to expedite overall delivery time (first beam
on to last beam off). Overall delivery time varied with prescription dose but a 24 Gy
prescription was typically delivered in 10-15 minutes.

After radiosurgery, animals were followed for a minimum of one year or until a neurologic
response was observed. The general health of animals was observed daily with attention
toward unusual restlessness, vocalizing, loss of mobility, licking, biting, or guarding of a
painful area, failure to groom, unkempt appearance, open sores, skin lesions, loss of
appetite, and weight loss. Gait was observed approximately weekly either with the animal
walking freely in a large space or on an exercise treadmill. Response was defined as any
study-related change in gait whether the change was permanent or transient. Animals
recognized to have a change in gait were evaluated by a veterinarian for symptoms
indicative of pain. After euthanasia, the cervical spinal cords of all 27 study animals were
removed and fixed in formalin before being sectioned and processed for embedding in
paraffin. Five uniformly distributed axial sections through the irradiated volume of each
animal were cut and stained with a Luxol fast blue/periodic acid Schiff combination and
were examined for histology. The dose-related incidence of motor deficit was used as an
endpoint to obtain quantal data that was then analyzed by probit analysis12,14 to establish a
dose-response curve and to calculate the probability of a deficit at increasing dose levels
with the associated 95% confidence bounds.

Results
Parameters such as prescription dose, maximum spinal cord dose, age at radiosurgery, length
of follow-up and latency until response are shown for individual animals in Table 2.
Fourteen of twenty-six pigs developed front limb motor changes on the irradiated side (left),
eleven pigs never developed any detectable deficits and one pig (#26) was euthanized due to
a non-neurologic complication. No deficits were noted on the unirradiated side (right) in any
animal. Five of the fourteen animals that developed front motor deficits were noted to
develop hind limb changes within four weeks of the front limb change. Motor deficits
presented initially as a mild limp and progressed to changes ranging from mild paresis
(carpal knuckling) to flexion contracture. No animal exhibited behavior indicative of pain
throughout this study. The latent period for initial onset of motor deficit ranged from 10-23
weeks with the exception of one animal in the 20 Gy group (#14) with a transient motor
deficit thirty-five weeks after radiosurgery that resolved after two weeks and remained
normal until the study conclusion. A steep dose response curve emerged, with no response
observed when the maximum point dose in the spinal cord was <19 Gy and 100% response
when the maximum dose was >21 Gy. The dose-response curve showing ‘maximum spinal
cord dose’ versus ‘probability of motor neurologic deficit’ along with the upper and lower
95% confidence bounds is shown in Figure 3. Calculated estimates of the maximum spinal
cord doses resulting in 1, 5, 10, 50 and 90% probability of paralysis along with the
associated 95% confidence bounds are shown in Table 3; the dose associated with a 50%
incidence of paralysis (ED50) is 20.0 Gy. A Pearson goodness-of-fit chi-square indicated
(p=0.991) that the probit model is an excellent fit.

Excellent agreement was observed between the occurrence of neurologic change and the
presence of histological change. All animals with motor deficits showed some degree of
demyelination and focal white matter necrosis on the irradiated side with relative sparing of
the gray matter while histology was unremarkable in animals with normal neurologic status.
In a few cases near the threshold dose for myelopathy, histology only showed some very
small foci of demyelination. In addition to diffuse demyelination of the white matter, foci of
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white matter necrosis were observed increasingly with dose. As reported in most species,
including man, focal white matter necrosis is the most common histology underlying
radiation myelopathy of the spinal cord15. The only animal in the 18 Gy group (pig #11 in
Table 3) with mild neurological signs (a limp) had some minor demyelination and gliosis in
the outer lateral part of the white matter near the dorsal root entry zone. At a dose of 20 Gy,
all animals except one (pig #12 in Table 3) showed extensive lateral demyelination but
necrosis was limited to small foci. Histology for pig #12 was unremarkable. A dose of 36
Gy (pig #25 in Table 3) resulted in more severe necrosis, including extensive vascular
damage that extended into the gray matter, though primarily limited to the irradiated half of
the spinal cord.

Discussion
No previous partial-cord irradiation study has included a pre-clinical model in which the
spinal cord was similar in size to humans and the irradiation conditions were similar to those
encountered in clinical spinal radiosurgery. It is unknown exactly how the physical size of
the spinal cord influences radiation tolerance in the setting of partial-cord irradiation, but if
viable oligodendrocytes and oligodendrocyte precursor cells can only migrate 2-3 mm from
unirradiated tissue, as suggested16-19, the size of the human spinal cord could limit the
extent of remyelination and the encouraging results from rat studies may be less relevant.

The complex reactions of biological systems to radiation made this study impossible to
perform in non-biological models. The Yucatan minipig was the animal of choice for this
study. The pig has been used for radiobiological studies involving many anatomical sites of
interest including the skin20, kidney21, lung22 and spinal cord23 because these structures
have many anatomical and physiological similarities to their counterparts in humans 24.
Mature pigs used to study the effects of irradiated length on the response of the spinal cord
showed frank paralysis, vascular changes, white matter demyelination and necrosis
comparable to those seen in humans14,25,26. The spinal cord tolerance to single-fraction,
uniform irradiation was investigated in two previous pig studies at Oxford University. The
first study compared the response of “mature” (37-42.5 weeks) versus “immature” (15.5-23
weeks) animals23 and the second study14 investigated the “length effect.” Pigs defined as
“mature” (40-47 weeks) were used in the current study because one Oxford study23 found
that only transient neurologic changes occurred in “immature” pigs after doses that
paralyzed mature animals suggesting that young pigs have a greater ability to repair or
compensate for radiation damage.

While many studies have been performed to investigate parameters that affect spinal cord
tolerance, only the most relevant studies are compared here. Outlines of study designs from
Bijl, et. al.13, the Oxford study14, and the current study are shown in Table 4. Based on
results of the Oxford study in pigs14 and on studies in rats by Bijl, et. al.13, and van Luijk, et.
al.12, it was hypothesized that the ED50 for spinal cord tolerance to lateral partial-cord
irradiation in pigs would be at least 30 Gy. It is unclear why the ED50 for the present study
was only 20.0 Gy. Migration of functional cells or their precursors from uninjured tissue at
the periphery of a radiation injury has been proposed as one mechanism that accounts for an
increase in spinal cord tolerance when short lengths are irradiated18,27. The ability of
normal remyelinating cells to migrate up to 2 mm from a narrow rim of healthy tissue
surrounding an area of demyelination has been shown by Franklin et. al. in a rat model19
while Bijl, et. al. have suggested a critical migration distance of 2-3 mm18. It may be that
the steep dose gradient created by using the ‘shoot through’ method with a proton beam12
coupled with the relatively small diameter of the rat spinal cord (3.5 mm) allowed for
migration of remyelinating cells from the non-irradiated side of the spinal cord to the
irradiated side whereas the pig spinal cord is too large (8-11 mm diameter) for effective
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migration. This explanation conflicts somewhat with the “bath and shower” experiments by
Bijl, et. al., who showed even doses as low as 4 Gy to tissue surrounding a high-dose
radiation spinal cord injury negatively influence the ability of the high-dose lesion to
recover17. Preliminary results (n=22) from our companion study investigating spinal cord
tolerance to uniform irradiation, suggest that the advent of motor deficit appears to be
independent of irradiated volume in the lateral direction.

The current study is similar to the Oxford study14 in that both studies incorporated mature
female pigs but most other aspects differ. The most significant differences are the dose
distribution and dose rate used. While the Oxford study used parallel opposed fields to
create a uniform dose distribution across the spinal cord, the current study delivered a steep
dose gradient (≈8% per mm) across the spinal cord in the lateral direction. The ED50 of the
present study (20.0 Gy) is much less than reported for the Oxford study14 (27-28 Gy) despite
the steep dose gradient used in the present study. This finding is most likely due to the low
dose rate (0.21-0.30 Gy/min) used in the Oxford study14. Spinal cord tolerance has been
shown to increase dramatically from 21.3 Gy to 27.2 Gy as dose rate is reduced from 1.79
Gy/min to 0.245 Gy/min in a rat model 28,29. Spinal cord tolerance appears to be constant
in the range of typical clinical dose rates from 1.79 Gy/min up to 10-15 Gy/min18,27,28. The
ED50 (20.0 Gy) for the current study is in good agreement with published spinal cord
tolerance data for pigs (if adjusted for the dose-rate effect)14, guinea pigs30, rats18,27,28
and mice31 that receive uniform spinal cord irradiation under similar conditions (field length
≥ 1.6 cm and dose rate > 1.7 Gy/min).

The follow-up period of the current study (53-75 weeks) is considered long enough to
observe the initial phase of radiation myelopathy (4-6 months) as commonly reported for
guinea pigs30, rats18,27,28, mice31 and pigs14. The latent period observed for the onset of
motor deficits in the current study (10-35 weeks) was in good agreement with the Oxford
study14 (7.5-16.5 weeks). The latency period for pigs is shorter than the mean response time
(10.3 months) reported for three cases of human myelopathy following single-fraction spine
radiosurgery but response times do overlap11. It is possible that more cases of radiation
myelopathy would have been observed with a longer follow-up period; the Oxford study
reported two late responding pigs at 65 and 75 weeks following irradiation to doses very
close to ED50. The one non-responding animal in the 20 Gy dose group (pig #12, Table 2) of
the current study was followed out to 75 weeks but no neurologic changes were noted.

The histological changes observed in the lateral white matter are very similar to lesions
observed in other studies in pigs23, monkeys26 and rats32. Lesions consist of diffuse
demyelination, with focal areas of coalescing necrosis in the higher dose groups. In the
current study, the animal showing transient neurological signs and subsequently followed
for at least a year after irradiation, showed some degree of glial scar formation, the extent
and location of which are in agreement with the transient and relatively minor character of
the motor impairment.

The spine of the mature Yucatan minipig is similar in size to humans allowing for inclusion
of the same image-guided positioning and irradiation conditions encountered in clinical
spinal radiosurgery. The accuracy of the Novalis Body image-guidance system has been
reported by Verellen, et. al., as a mean three-dimensional displacement vector of 0.6 mm
with an overall standard deviation of 0.9 mm when 2 mm thick CT slices are used33.
Solberg, et. al.34 used the Novalis Body system to target an anthropomorphic head phantom
and observed a mean (Std. Dev.) three-dimensional vector displacement of 1.1 mm (0.42
mm) in end-to-end positioning verification tests. Vinci, et. al., compared measured versus
calculated positions of the 80% isodose line following Novalis Body image-guided
irradiation of a head phantom and concluded that the addition of 1.25, 1.0, and 1.0 mm
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margins (A-P,R-L,S-I) is appropriate for a gross tumor volume/planning tumor volume
expansion to cover delivery error35. The shape of the dose distribution used in the current
study makes the dose-volume histogram relatively insensitive to 1-2 mm shifts in the
anterior/posterior and rostral/caudal directions. A lateral 1 mm shift of the treatment
isocenter towards the spinal cord would result in an increase in the maximum spinal cord
dose of approximately 1-2% while a 1 mm shift in the opposite direction would result in a
decrease of the maximum spinal cord dose of 3-4%. Respiration-induced spinal motion was
not considered in this study because it has been reported to be negligible in swine under
similar setup conditions36.

In conclusion, results indicate that for a dose distribution with a steep lateral gradient (≈8%
per mm), pigs have an ED50 that closely resembles that for pigs (if adjusted for the dose-rate
effect)14, guinea pigs30, rats18,27,28 and mice31 that receive uniform spinal cord irradiation.
While this study does not ultimately determine the tolerance of the human spinal cord to
radiosurgery, this study could not be performed in a human model. Studies have shown that
pigs have many anatomic and physiologic similarities to humans24 and results of
radiobiological studies have shown good agreement with the limited data from irradiated
humans23. The porcine model provides a homogeneous population to perform a systematic
investigation of radiation dose-volume effects on the spinal cord under conditions
encountered in clinical spinal stereotactic radiosurgery and continuing studies are likely to
elucidate the mechanism of injury and opportunities for intervention.
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Figure 1.
Dose distribution in the axial plane.
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Figure 2.
Dose distribution in the sagittal plane.

Medin et al. Page 11

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Dose response curve for motor neurologic deficit with 95% confidence bounds.
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Table 3

Probit analysis estimates for the probability of myelopathy at a given maximum point dose.

95% Confidence Limits (Gy)

Probability Dose (Gy) Lower bound Upper Bound

0.01 17.4 5.8 18.8

0.05 18.2 9.8 19.3

0.10 18.6 11.9 19.6

0.50 20.0 18.3 21.7

0.90 21.4 20.3 28.1
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Table 4

Spinal cord tolerance study parameter comparison.

Parameter Current Study van den Aardweg, et. al.14 Bijl, et. al.13

Species Yucatan Minipig Large White Pig Wistar Rat

Cord Coverage Lateral Gradient Uniform Lateral Gradient

Dose Rate 4.0-7.3 Gy/minute 0.21-0.30 Gy/minute 10-15 Gy/min

Energy 6MV LINAC 60-Co 150 MeV protons

Planning Images CT CT/fluoroscopy mix N/A

Positioning Method Stereoscopic xray Conventional Planar xray

Field Size(s) 2.5 × 5 cm (w × l) 5×10, 5×5, 5×2.5 cm (w × l) 2×2 cm

Field Arrangement Dynamic arc Parallel opposed Single Posterior

Target mid-C4 to mid-C7 C2-C5 C1-T2

Follow-up 53-58 weeks* 70-110 weeks 52 weeks

Latency 10-23 weeks** 7.5-16.5 weeks 18-23 weeks

Sex Female Female male

Age 40-47 weeks 37-43 weeks 12-14 weeks

ED50 20.0 Gy 27 Gy*** 29-33 Gy

*
One exception at 75 weeks.

**
One exception at 35 weeks.

***
Response not adjusted for low dose rate.
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