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Abstract

Background and Purpose—Incidental irradiation of normal brain tissue during radiotherapy 

is linked to cognitive decline, and may be mediated by damage to healthy cortex. Non-coplanar 

techniques may be used for cortical sparing. We compared normal brain sparing and probability of 

cortical atrophy using 4π radiation therapy planning vs. standard fixed gantry intensity-modulated 

radiotherapy (IMRT).

Material and Methods—Plans from previously irradiated brain tumor patients (“original 

IMRT”, n=13) were re-planned to spare cortex using both 4π optimization (“4π”) and IMRT 

optimization (“optimized IMRT”). Homogeneity index (HI), gradient measure, doses to cortex and 

white matter (excluding tumor), brainstem, optics, and hippocampus were compared with 

matching PTV coverage. Probability of three grades of post-treatment cortical atrophy was 

modeled based on previously established dose response curves.

Results—With matching PTV coverage, 4π significantly improved HI by 27% (p=0.005) and 

gradient measure by 8% (p=0.001) compared with optimized IMRT. 4π optimization reduced 

mean and equivalent uniform doses (EUD) to all standard OARs, with 14–15% reduction in 

hippocampal EUD (p≤0.003) compared with the other two plans. 4π significantly reduced dose to 

fractional cortical volumes (V50, V40 and V30) compared with the original IMRT plans, and 

reduced cortical V30 by 7% (p=0.008) compared with optimized IMRT. White matter EUD, mean 

dose, and fractional volumes V50, V40 and V30 were also significantly lower with 4π (p≤0.001). 

With 4π, probability of grade 1, 2 and 3 cortical atrophy decreased by 12%, 21% and 26% 

compared with original IMRT and by 8%, 14% and 3% compared with optimized IMRT, 

respectively (p≤0.001).
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Conclusions—4π radiotherapy significantly improved cortical sparing and reduced doses to 

standard brain OARs, white matter, and the hippocampus. This was achieved with superior PTV 

dose homogeneity. Such sparing could reduce the probability of cortical atrophy that may lead to 

cognitive decline.

Keywords

Intracranial radiotherapy; Non-coplanar IMRT; brain sparing; NTCP; cortical atrophy

Introduction

Radiation therapy (RT) is a mainstay in the treatment of brain tumors, but incidental 

irradiation of normal brain tissue beyond the tumor is unavoidable. This has been linked to 

late effects on cognitive function [1–5]. As brain tumor patients survive longer [6,7], 

treatment-related neurocognitive decline is becoming increasingly important [7]. 

Technological advances in radiotherapy, e.g., use of intensity-modulated radiotherapy 

(IMRT), volumetric modulated arc therapy (VMAT) [8] and image guidance [9], provide a 

means to deliver radiotherapy in a more conformal and accurate manner. Use of non-

coplanar IMRT fields or arcs adds extra degrees of freedom in shaping dose distribution 

[10]. Region-specific and whole-brain sparing planning studies show potential benefits of 

optimizing radiation delivery pathways [10,11]. More recently, there has been increased 

attention to a new radiation therapy planning technique called 4π IMRT, which can 

significantly reduce dose to normal tissues via optimization of non-coplanar beam angles 

[12–14].

The QUANTEC group (quantitative analysis of normal tissue effects in the clinic) publishes 

guidelines for normal tissue sparing [15], yet notes a lack of high-level evidence for brain 

treatment [16]. While recommendations to avoid symptomatic necrosis are provided, 

constraints to preserve cognitive performance are not well defined. Creating such parameters 

requires careful consideration of neuroanatomic regions in the context of their sensitivity to 

radiotherapy and their role in cognitive functioning.

Normal-appearing cerebral cortex beyond the tumor/target exhibits dose-dependent atrophy 

after brain radiotherapy which parallels neurodegenerative diseases [17]. Areas of cortex 

which are critical for higher-order cognition appear to be most vulnerable to radiation-

related atrophy [18]. In studies of aging and degenerative diseases, cortical atrophy is 

associated with cognitive dysfunction [19–22]. Other studies have reported dose-dependent 

changes in white matter after radiation therapy using diffusion tensor imaging [23–25], and 

these biomarkers of white matter injury are correlated with decline in neurocognitive 

functioning [26,27]. Lately there has been an increased focus on the role of the hippocampus 

in mediating radiation-induced neurocognitive decline [28–30], and a recent study reports 

dose-dependent hippocampal atrophy after brain tumor radiotherapy [31]. While non-

coplanar IMRT and VMAT can improve the ability to spare normal brain, the optimal 

method for sparing critical brain structures, especially those with relevance to cognition, is 

unclear.
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A recent study established radiation treatment planning objectives for brain cortex [32], 

showing the feasibility of cortical-sparing with optimized IMRT/VMAT. However, heavily 

prioritizing cortical dose in standard IMRT optimization was shown to compromise other 

aspects of the plans including PTV dose homogeneity. We sought to analyze whether novel 

4π-IMRT planning could improve cortical sparing as well as the overall plan quality. We 

first compare original standard-of-care IMRT plans, cortical sparing-optimized IMRT plans, 

and 4π-optimized plans. Next, we model the probability of developing cortical atrophy 

among the planning techniques based on cortical doses in a normal tissue complication 

probability model [32]. We hypothesized that 4π optimization would allow better sparing of 

cortical volumes and that this would translate to an improvement in the probability of dose-

dependent cortical atrophy.

Materials and Methods

Patient Population and Treatment

This retrospective study was approved by the institutional review board. The patient cohort 

consisted of 9 male and 4 female subjects (median age 60 years, range 40–77) with high 

grade glioma. Patients were treated on a 6MV TrueBeam (Varian Medical Systems, Palo 

Alto, CA) linear accelerator with a 120-leaf Millennium multi-leaf collimator to a 

prescription dose of 59.4Gy (N=1) and 60Gy (N=12) in 33 or 30 fractions, respectively. All 

patients original clinical plans were 6–8 non-coplanar field, fixed-gantry, sliding-window 

IMRT. The original IMRT plans were obtained and re-planned with region-specific cortical-

sparing IMRT optimization [32], and 4π radiation therapy optimization.

MRI Imaging and Segmentation

In each case, MR imaging was performed on a 3T Signa Excite HDx scanner (GE 

Healthcare, Milwaukee, Wisconsin) equipped with an 8-channel head coil. The imaging 

protocol included pre- and post contrast 3D volumetric T1-weighted inversion recovery 

spoiled gradient-echo sequence (TE, 2.8 ms; TR, 6.5 ms; TI, 450 ms) and a 3D T2-weighted 

FLAIR sequence (TE, 126 ms; TR, 6000 ms; TI,1863 ms). As previously described, all MR 

images were corrected for geometric distortions due to susceptibility, gradient nonlinearities, 

and eddy currents [32]. Cortical volumes, subcortical white matter and hippocampus were 

segmented using Freesurfer (version 5.3; available at http://surfer.ndm.harvard.edu), as 

previously described [17,32]. Surgical scar, tumor, tumor beds and resection cavities were 

manually censored from analyses since these areas do not contain viable normal tissue for 

sparing. Cortex, subcortical white matter, and hippocampus were imported into the research 

Eclipse™ treatment planning system (Varian Medical Systems, Palo Alto, CA) for re-

planning. Contours were visually inspected to ensure that all volumes were properly 

segmented. Cortical, hippocampal, and white matter segmentations were processed to 

remove regions that overlapped with the planning target volume (PTV) since these areas are 

not viable for OAR sparing.

Radiation planning objectives

The original fixed gantry IMRT plans were optimized to meet clinical objectives for PTV 

coverage and standard OARs (including brainstem, optic structures, and spinal cord) at the 
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time when treatment was administered. Dose constraints matched guidelines set by RTOG 

0825 [33], including max doses of brainstem <60Gy, optic nerves <55Gy and optic chiasm 

<56Gy. Field arrangements for these plans were selected by the treating physician and 

dosimetry team to most effectively achieve planning goals for each case. These original 

clinical plans were not optimized for cortical sparing. For each case, two cortical-sparing 

replans were performed: IMRT-optimized and 4π-optimized. Cortical sparing for the IMRT-

optimized plans was performed to minimize cortical volume outside the PTV receiving 

higher than 30Gy [32], with the highest priority given to the cortex. In 4π planning the 

highest constraint for each case was also placed on the normal cortex, then the other OARs 

prioritized based on proximity of OARs to tumor.. The overarching goal was to minimize 

OAR doses while matching the primary objective for PTV coverage in the original plan. The 

objectives and priorities used for the cortical sparing IMRT plans and cortical sparing 4pi 

plans were the same, and were prioritized the same way. Doses in all plans were normalized 

so that 100% of the prescription dose covered 95% of the PTV volume.

4π optimization

The 4π treatment planning process is a highly non-coplanar and non-isocentric system 

developed on C-arm gantry linear accelerators, and has been described in detail previously 

[12–14,34]. Briefly, 4π planning began with 1162 candidate beams evenly distributed 

throughout the solid sphere angle space, with 6° separation between beams. A computer-

aided design (CAD) model of the Varian TrueBeam linear accelerator with a 3D scanned 

human surface model positioned on the couch was utilized to exclude any beams causing a 

collision between the gantry and couch or patient [45]. Dose contribution matrices with 2.5 

× 2.5 × 2.5 mm2 resolution were computed for each of the candidate beams using 

convolution/superposition of a 6MV polyenergetic X-ray kernel. A greedy column 

generation algorithm, with defined upper dose constraints and structure priority weightings, 

was used to iteratively select 20 beam orientations and perform fluence map optimization 

[35]. To compare with the clinical plans without any bias from different dose calculation 

methods, the optimal beam orientations were then imported into Eclipse for dose 

recalculation using an identical dose calculation engine and resolution.

Dosimetric comparison of the plans (PTV and OARs)

Dosimetric parameters for PTV and OARs from each of the three plans were evaluated 

including maximum point dose, mean dose and equivalent uniform doses (EUD). For the 

latter the generalized EUD formalism was used [36]: EUD =
∑i = 1

N Da

N

1
a
, where the value of 

the parameter a signifies sensitivity to cold spots for tumors and hot spots for normal tissues. 

For brain tissues a=5; brainstem a=7; optic chiasm, optic nerves, cochlea a=25; and for 

tumor a= −10 [37].

Furthermore, OAR fractional volumes VX receiving at least dose X (X = 60, 50, 40 and 30 

Gy) were calculated and included in the comparison.
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The PTV conformity index (CI) and homogeneity index (HI) were calculated to test for 

spillage of the prescription dose outside of PTV and hot/cold spots inside PTV. CI was 

defined as the ratio of the volume receiving the prescribed dose to the volume of the PTV: 

CI =
VP

VPTV
 and homogeneity index as HI =

D2 − D98
DP

· 100%, where D2 and D98 are minimum 

doses for 2% and 98% of PTV assessed from the cumulative DVH, and DP is the prescribed 

dose [38,39]. Gradient measure is defined as the difference in radius of equivalent sphere of 

the prescription and 50% isodose lines, measured in centimeters.

NTCP modeling of cortical atrophy

Probability of developing radiation-induced cortical atrophy was modeled using the logistic 

function:

p = 1

1 + e
−4γ50 D

D50
− 1

,

where D50 is the dose that results in 50% chance of developing complication and γ50 is the 

normalized slope of the NTCP curve at the dose D50. Model parameter values used in our 

calculations were previously reported [32] with grades of complication assigned according 

to the extent of cortical thinning at 1 year post-RT: >2% grade 1 (γ50=0.29, D50 =16.88), 

>3% grade 2 (0.62, 29.78) and >5% grade 3 (1.24, 39.77). To facilitate a comparison of 3D 

volume per voxel probability of cortical thinning, we chose to use a mean probability of 

cortical thinning given that this probability is directly correlated to dose. Mean probability of 

developing complication (proportion of voxels exhibiting cortical thinning) was estimated as 

an arithmetic mean of the probabilities for each voxel pmean =
∑i = 1

N pi
N .

Statistical Analysis

Changes in the treatment plan statistical averages were compared using Wilcoxon matched-

pairs signed-rank test. Differences between plans were considered statistically significant for 

p<0.005 (after Bonferroni correction for 10 independent tests). Primary endpoints in the 

analysis were: gradient measure, conformity and homogeneity indices and doses to OARs 

(cortex outside PTV, white matter outside PTV, brainstem, optic chiasm, ipsilateral and 

contralateral optic nerves and hippocampus, Figure 1). As an ad-hoc analysis, we also 

assessed whether tumor location or PTV size predicted for the difference in probability of 

grade 3 cortical atrophy between the treatment plans. All statistical tests were two-sided and 

all calculations were performed in Matlab (Mathworks, Natick, MA).

Results

Dosimetric comparison of the plans is summarized in Table 1. This comparison included 

independent tests (primary endpoints) and tests based on biological response assumptions 

(EUD, NTCP of cortical thinning) and 4π was tested against both clinical (IMRT original) 

plans and IMRT plans optimized for cortical sparing (IMRT optimized). 4π and IMRT 

Murzin et al. Page 5

Radiother Oncol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



optimized planning provided comparable PTV coverage, with slightly higher (+2%, 

p=0.001) conformity index (CI) for 4pi plans compared with original clinical. The 

homogeneity index of 4π was significantly lower than optimized IMRT (−27%, p=0.005), 

and comparable to the original clinical plans. With 4π, gradient measure was reduced by 

20% (p<0.001) compared with the original plans and by 8% compared with optimized IMRT 

(p=0.001), indicating that 4π achieves faster dose fall off outside of the PTV.

Dose-volume histogram (DVH) analysis (example shown in Figure 2) showed that 4π 
planning reduced overall doses to all brain OARs. With 4π, mean doses to cerebral cortex 

excluding PTV decreased by 25% (p<0.001), to hippocampus by 38% (p=0.002) and to 

white matter excluding PTV by 23% (p<0.001) compared to original plans. Mean cortical 

and white matter doses were significantly lower with 4π compared with optimized IMRT, 

along with mean dose to ipsilateral optic nerve and chiasm, Table 1. Relative change in EUD 

to OARs among the three plans are shown in Figure 3, with patients sorted on x-axis by the 

dose in original plan. Compared with clinical plans, 4π reduced EUD to normal cortex and 

white matter in all patients. Compared with optimized IMRT, 4π planning did not 

significantly change cortical EUD, but the median values of white matter EUD (−5%, 

p=0.001) and hippocampal EUD (−15%, p=0.001) were significantly lower along with a 

45% reduction in brainstem EUD (p=0.001).

Changes in fractional volume receiving 60Gy or more, V60, were not significant among the 

three plans. Comparing 4π and clinical plans, V30, V40 and V50 decreased by 11–38% for 

cortex and 23–31% for white matter, Table 1. Comparing 4π and optimized IMRT plans, 

white matter V30 and V40 were significantly lower with 4π, and cortical V30 was 7% lower 

though this did not meet our pre-determined threshold for statistical significance (p=0.008). 

Example of the dose distribution on cortical surface minus PTV for both plans is shown in 

Figures 4a and 4b and the map of the absolute difference in Figure 4c.

Probability of cortical thinning using NTCP was calculated on dose per-voxel basis. When 

averaged across voxels, this probability can be viewed as proportion of voxels that are 

estimated to experience a given degree of cortical thinning. The probability of cortical 

atrophy by grade (median and range) is shown in Table 1. 4π planning significantly reduced 

the probability of each grade of cortical atrophy when compared with standard clinical and 

optimized IMRT plans.

Median PTV size was 90.1 cc (range 17.7 cc–188.9 cc). As PTV volume increases, the 

difference in probability of developing grade 3 (>5%) cortical atrophy with 4π versus the 

standard clinical plan (probability with 4π planning minus probability with original clinical 

plan) decreased (−0.83, p=0.0004, Pearson’s correlation coefficient); this indicates a greater 

decrease in probability of atrophy with 4π optimization with larger PTVs. Tumor location 

(analyzed as temporal location vs. non-temporal) was not associated (p=0.07, Mann-whitney 

Wilcoxon test) with the difference in probability of atrophy between 4π and the other 

treatment plans.

Cochlear doses are shown in supplementary Table 1. There was no difference in dose to 

ipsilateral or contralateral cochlea between the plans.
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Discussion

Reducing the volume of incidentally irradiated normal brain structures in brain RT may help 

to lower the probability of cortical, white matter, and hippocampal damage that could lead to 

late neurocognitive deficits. A previous study showed that cortical sparing was feasible by 

heavily prioritizing cortical dose in standard IMRT planning [32]. This leads to two follow-

up questions: First, can cortical dose be further reduced using new planning methods? 

Second, can improved cortical sparing be achieved without compromising other planning 

metrics including PTV dose homogeneity? In this study, standard-of-care original and 

optimized IMRT plans were compared to 4π-optimized IMRT plans. 4π improved sparing 

of all standard OARs including brainstem and optic structures. Our results also show that 4π 
radiation therapy would reduce V30 by 38% for normal cortex and 31% for white matter 

(p<0.001) when compared to original IMRT. Since doses over 30Gy increase (20% or 

greater) probability of severe cortical thinning [32], 4π optimized IMRT has the potential to 

lower cortical injury.

Plans optimized for region-specific cortical sparing also reduce V30 as previously shown 

[32] but these doses can be further 4π-optimized by 7% (p=0.008) for cortex and by 20% 

(p<0.001) for white matter. These effects may have potential to decrease the burden of 

neuro-cognitive injury. Biomarkers of white matter damage measured with diffusion tensor 

imaging are highly dose-dependent [25,40], with injury occurring even at low doses [25]. In 

WBRT patients, dose to the hippocampus is postulated to mediate post-treatment decline in 

verbal memory [41] and a recent quantitative MRI study reported dose-dependent 

hippocampal atrophy [31] after brain RT. Notably, even though none of the plans were 

optimized with respect to the hippocampus, 4π-optimized IMRT significantly reduced mean 

dose to the hippocampus by 38–39% compared with both original and optimized IMRT, 

suggesting this technique would be helpful in hippocampal avoidance. Also, while cortical 

sparing in optimized IMRT was achieved at the price of increased inhomogeneity of PTV 

coverage [32], 4π optimization allows for better cortical sparing without significant increase 

in inhomogeneity. The reduced dose to the hippocampus and white matter with 4pi 

optimized to cortical sparing appears to be an additional benefit of limiting dose-spill 

outside the PTV.

To our knowledge, this is the first study to estimate the impact of 4π radiotherapy on normal 

tissue complication probability in brain radiotherapy, namely probability of cortical thinning. 

4π radiotherapy has been previously demonstrated to significantly reduce mean/maximum 

doses in the planning studies for head and neck tumors [14,42], lung and liver [12,13,34,43] 

and prostate [44]. These studies showed that 4π planning reduces dose spillage volume and 

dose gradient, maximum and mean doses to proximal OARs while satisfying prescription 

objectives. In addition, 4π allows for escalation of maximum doses to PTV without 

significant impact on OARs [42]. Other studies have shown that optimized non-coplanar 

VMAT trajectories can improve OAR sparing and reduce NTCP [10].

Not all patients are expected to benefit from this new technique to the same degree. This 

study focused on glioma patients and while overall results are convincing, a broad variation 

in dosimetric benefits was observed. We found that the benefit of 4π optimization, when 
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compared with standard clinical IMRT plans, appeared to be greater with larger PTV size. 

With larger volumes and greater “dose spill” with standard VMAT/IMRT treatment, there 

are likely greater cortical volumes at risk for doses in excess of 30Gy which lead to cortical 

thinning. In such cases, 4π optimization to improve cortical sparing would have a greater 

impact on decreasing the probability of cortical atrophy. We were not powered to evaluate 

the impact of tumor location on the benefit of this technique, but given that cortical volumes 

are throughout the brain (unlike the hippocampus, for example, which resides in the medial 

temporal lobe), we would not expect tumor location to make a difference. Systematically 

studying factors influencing the potential benefit of 4π optimization, in particular tumor size 

and location, will require a substantially larger cohort with variations in tumor 

characteristics sufficient for stratification. Also, a planning comparison of 4π against 

multiple non-coplanar VMAT for intracranial SRS will be a natural next step for considering 

its use in intracranial RT. Brain tumor patients with longer life expectancy, including 

children and young adults, and those with the potential for the greatest gain in normal brain 

sparing would likely be those for whom 4π optimization may be best-suited.

Implementation of new technology cannot be separated from practical aspects which impact 

availability, planning time, quality assurance and patient throughput. 4π plans, after being 

imported to an FDA-approved planning system, can be assessed through quality assurance 

procedures and delivered as standard clinical plans. The delivery efficiency of 4π is 

currently under investigation. In a prospective patient trial, it has been observed that manual 

delivery of 4π including 4 sets of images for brain patients can take up to 50 minutes, but 

the time was reduced to approximately 32 minutes using remote couch rotation. For non-

patient treatment using fully automated delivery, the treatment time can be further reduced to 

10 minutes [45], in line with multiple arc VMAT. The feasibility of fully automated delivery 

has been tested on the Varian TrueBeam by executing XML scripts in the Varian TrueBeam 

Developer Mode. The adoption of this technique into the clinical workflow is currently 

limited by FDA approval and pending commercial release, rather than any hardware 

limitations.

This study showed that further improvement in critical brain tissue sparing is feasible with 

4π optimization. Dose reduction in these normal tissues may be critical to decreasing 

incidence of clinically relevant complications. We recognize that further research is needed 

to link these dosimetric advantages to a functional advantage in normal tissue sparing, e.g., 

cortical thinning considered in this study. Studies of this nature are already underway at our 

institution. Future prospective trials that measure the potential gains of 4π radiotherapy in 

brain tumor patients are warranted, which should include robust measurements of 

neurocognitive functioning and imaging biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Axial images of a representative case showing planning target volume (PTV), cerebral 

cortex and other organs at risk (OARs) used for planning (brainstem, hippocampus, optic 

nerves and optic chiasm).
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Fig. 2. 
Dose-volume histogram for a representative patient. 4π optimized plan (short dashed line) 

allows for better sparing of all OARs, subcortical white matter and normal cortex.
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Fig. 3. 
Equivalent uniform dose (EUD) calculated from original clinical IMRT (red), plans 

optimized for brain sparing (green) and corresponding 4π optimized plans (blue) for cortex 

minus PTV, white matter and OARs: optic nerves, chiasm, brainstem and hippocampus. 

Patients are sorted in descending order of original IMRT EUD.
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Fig. 4. 
Illustrative dose maps on the cortical surface of the subject from Figure 1 (top row – left 

hemisphere (LH), bottom row – right hemisphere (RH)) a) original plan, b) 4π optimized 

plan and c) the absolute difference (4π – original). Dose reduction is as great as −20 Gy in 

some areas, but small non-coplanar volumes (red hot spots) received greater doses than the 

nearly zero dose in the coplanar plans.
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