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Abstract

Background: Although radiation therapy contributes to survival benefit in many brain tumor 

patients, it has also been associated with long-term brain injury. Cerebral microbleeds (CMBs) 

represent an important manifestation of radiation-related injury.

Purpose: To characterize the change in size and number of CMBs over time and to evaluate their 

relationship to white matter structural integrity as measured using diffusion MRI indices.

Study Type: Longitudinal, retrospective, human cohort.

Population: 113 brain tumor patients including patients treated with focal radiotherapy (n=91, 

80.5%) and a subset of non-irradiated controls (n=22, 19.5%).

Field Strength/Sequence: Single and multi-echo susceptibility-weighted imaging (SWI) and 

multi-band, shell, and direction diffusion tensor imaging (DTI) at 7T.

Assessment: Patient were scanned either once or serially. CMBs were detected and quantified 

on SWI images using a semi-automated approach. Local and global fractional anisotropy (FA) 

were measured from DTI data for a subset of 35 patients.

Statistical Tests: Potential risk factors for CMB development were determined by multivariate 

linear regression and using linear mixed-effect models. Longitudinal FA was quantitatively and 

qualitatively evaluated for trends.
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Results: All patients scanned at 1 or more years post-RT had CMBs. A history of multiple 

surgical resections was a risk factor for development of CMBs. The total number and volume of 

CMBs increased by 18% and 11% per year, respectively, though individual CMBs decreased in 

volume over time. Simultaneous to these microvascular changes, FA decreased by a median of 

6.5% per year. While the majority of non-irradiated controls had no CMBs, four control patients 

presented with fewer than 5 CMBs.

Data Conclusion: Identifying patients that are at the greatest risk for CMB development, with 

its likely associated long-term cognitive impairment is an important step towards developing and 

piloting preventative and/or rehabilitative measures for patients undergoing RT.
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cerebral microbleeds; radiation therapy; late effects of tumor therapy; adult brain tumors; ultra 
high-field magnetic resonance imaging

INTRODUCTION

While radiation therapy (RT) remains a standard treatment for both adult high-grade 

gliomas, and in low-grade gliomas, it is often associated with long-term side effects 

including neurocognitive decline1, leukoencephalopathy2, radiological evidence of vascular 

brain injury,3 and deep and periventricular white matter alterations4. With current treatment 

strategies, the median survival of a lower grade glioma can be as high as 10 years5, thus 

minimizing the deficits incurred through treatment becomes important for this patient 

population.

RT-induced vascular injury typically manifests as variably sized hemosiderin deposits in the 

brain, termed cerebral microbleeds (CMBs). These can be detected with Susceptibility-

Weighted Imaging (SWI) as early as 8 months following treatment, though in most adult 

patients the onset of vascular injury is usually observed 2 years post-RT.6 Prior smaller 

studies have shown increases in the formation of CMBs over time in patients treated with RT 

for malignant gliomas that were spatially dependent on the RT dose7, and an absence of 

CMBs in patients treated with chemotherapy alone.8 One of the largest and most 

comprehensive studies to date in adult survivors of childhood brain tumors reported 

increases in total CMB burden with accumulated time since RT and with greater spatial 

extent of treatment.9 Patients treated at a younger age or with an anti-angiogenic drug at the 

time of recurrence were also found to be at higher risk for CMB development following 

treatment. When related to neurocognitive measures, CMB burden was associated with 

impairments in multiple domains of cognitive function, suggesting that CMBs may serve as 

a potential marker of cognitive impairment.9 Although this relationship has yet to be shown 

for patients who received treatment for a brain tumor during adulthood, similar forms of 

vascular injury have been related to the cognitive decline experienced by healthy aging 

adults, stroke patients, and patients with neurodegenerative disorders.10

While the outcomes of prior studies provide valuable insights into the potential clinical 

relevance of RT-induced CMBs and the impact that clinical and treatment parameters may 

have on their development, these prior studies have predominately used lower-field MRI 
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systems and less sensitive imaging data that results in reduced visualization of CMBs11, 

thereby warranting further investigation with more advanced methods. Little published 

research exists characterizing CMBs, their prevalence, and risk factors in brain tumor 

patients treated with RT during adulthood. To date, these topics have only been investigated 

on lower field strength systems with less sensitive imaging in adult survivors of childhood 

brain tumors9 for whom age, treatment strategy, and overall disease prognosis and 

characteristics are markedly different from that of adult brain tumors patients.

The current study takes advantage of 7 Tesla MRI to examine (i) the incidence of CMBs in 

those patients treated with versus without RT (ii) risk factors for CMB development 

following treatment with a focal RT regimen and (iii) changes in CMB size, total burden, 

and WM structure over time with serial imaging.

MATERIALS AND METHODS

Patient Recruitment

With approval from our Institutional Review Board, charts and imaging from 133 adult 

patients with brain tumors who had provided informed written consent to participate in 

research scan development between 2006 and 2017 were retrospectively reviewed for this 

study. Inclusion criteria included: diagnosis of an adult brain tumor (preferably an adult 

glioma, 2007 World Health Organization (WHO) grading I-IV) no other major neurological 

or neurovascular disorders, and adequate quality imaging data to permit analysis. A subset 

of non-irradiated patients, treated either with surgery alone or a combination of surgery and 

chemotherapy, were included to form a control group. The final analysis included 113 out of 

133 patients (n = 91 who had received RT at least 2 months prior to imaging and n = 22 non-

irradiated controls), after the exclusion of 20 patient datasets due to motion-related artifacts. 

Patient demographics for the 113 included patients are listed in Table 1.

MRI Acquisition

All patients were scanned on 7-Tesla GE scanner with a two channel transmit coil containing 

a 32 channel receive coil inset either once or for 2-8 serial scans with varying scan intervals. 

SWI data were acquired either using a single-echo sequence13 (spoiled gradient echo, flow 

compensation along readout, TR/TE=50/16ms, FA=20, with 2mm slice thickness, 0.5 mm 

in-plane resolution, 24cm FOV, parallel imaging with R=3) or a newer multi-echo sequence 

that enabled the simultaneous collection of SWI and Time-of-Flight MR angiography data (a 

multi-slab, multi-gradient echo, flow compensation along readout, FA=20, 

TR/TE1/TE2/TE3/TE4= 40/2.7/10.5/13.2/20.9ms, with 1mm slice thickness, 0.5 mm in-

plane resolution, 24cm FOV, parallel imaging with R=3).12 SWI post-processing as 

described in Lupo et al13 and Bian et al12 were used to generate the final images from the 

raw data. T1-weighted images of brain anatomy were also acquired during the same session; 

an inversion recovery, spoiled gradient recalled (IR-SPGR) pulse sequence and/or 

MP2RAGE pulse sequence were acquired (TI/TR/TE = 600ms/6s/2ms, FA=8, with 1mm 

isotropic resolution, 25.6cm FOV, and parallel imaging with R=2.2). Multi-band, shell, and 

direction diffusion-tensor imaging (DTI)14 was performed for 35 patients (spin echo planer 

readout, with 3 simultaneously acquired slices per excitation, TR/TE=5s/70ms, with 2mm 
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isotropic resolution, 25.6cm FOV, 30 directions at b=1000s/mm2, and 60 directions at 

b=2000s/mm2, & in plane parallel imaging R=2). Fractional anisotropy (FA) maps were 

generated from the 30 directions of the b=1000 scans using FSL’s “dtifit” toolbox (FMRIB, 

Oxford, UK). A top-up correction was first performed using all directions and b-values.

Microbleed Detection

CMBs were detected using a semi-automated CMB detection algorithm15, recently updated 

to improve specificity and perform CMB volume quantification16. The MATLAB (Natick, 

MA, USA) algorithm accepts a non-projected stack of SWI images, from which it identifies 

all putative CMB candidates before using hand-crafted features and user-guided 

classification to differentiate true CMBs from hard mimics associated with vessel 

architecture. The final candidates are segmented using an iterative thresholding approach 

and saved as a binary mask that can be overlaid onto the SWI images (Fig. 1C). A summary 

report is then generated, providing details of CMB counts and volumes.

For patients with serial scans (N=19), the algorithm was applied separately to each SWI 

dataset. An intensity normalization step ensured standardized conditions for detecting CMBs 

across serial imaging.

Analysis of Serial Changes

To evaluate changes in CMB size, individual CMBs were randomly selected from serial scan 

data, such that a percent volume change could be calculated between the initial and final 

CMB volumes. Global and local FA, indicative of WM changes, were also quantified 

serially and analyzed for trends. We used an FA threshold of 0.2 to exclude non-WM voxels; 

global mean and median FA were quantified across the whole brain, while local measures 

were evaluated within ring-like regions of interest generated via a dilation of individual 

CMB foci followed by a subtraction of the CMB mask.

Statistical Analysis

To identify potential risk factors for CMB development, we first performed a series of 

univariate Poisson regressions, with total CMB count as the dependent variable. A Poisson 

regression was deemed appropriate for this analysis given the gradual unpredictable onset of 

CMBs. Variables of interest included: sex, race, tumor pathology, primary tumor location, 

treatment with RT, additional RT due to recurrence, age at time of RT, time since RT in 

years, maximum brain radiation measured in gray, treatment with chemotherapy, surgical 

resection, additional surgeries due to recurrence, and type of SWI acquired (single-echo or 

multi-echo SWI). For those patients irradiated multiple times due to tumor recurrence, 

measures of age and time since RT were calculated from the first date of brain radiation 

exposure. Variables that were at least weakly associated with CMB development (P < 0.2) in 

the univariate model were included in the multivariate model, with sex, race, and age at time 

of RT included as covariates.

In the sub-set of patients with serial imaging, linear mixed-effects models were employed to 

relate serial changes in total CMB number and volume as well as in individual CMB size to 

time since RT using the same covariates.
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RESULTS

Frequency of Microbleeds

All patients scanned at 1 or more years post-RT had CMBs. Figure 1A, B illustrates the 

relationship between total CMB burden and time since RT; one patient presented with many 

as 250 CMBs at approximately 15 years post-treatment. In the non-irradiated control group, 

4 of 22 patients between the ages of 40 and 65 had evidence of 5 or fewer CMBs on MRI.

Risk Factors for Microbleed Development

In the univariate analysis, time since RT, multiple surgical resections, tumor pathology, and 

type of SWI acquisition, were associated with increased CMB development (Table 2). 

Maximum brain radiation dose received was not associated with increased CMB 

development.

In the multivariate analysis, all variables remained significant except for type of SWI 

acquired (Table 2). With each additional year following treatment, the data showed an 

approximate 10% increase in CMB burden (rate ratio: 1.10, CI [1.04, 1.16]). Patients who 

underwent multiple resections developed CMBs at a rate 2.42 times greater than those 

patients who had only one intervention (rate ratio: 2.42, CI [1.36, 4.30]); there was no 

significant difference in time elapsed since treatment for these two groups. The rate of CMB 

development was greater for patients diagnosed with WHO grade III anaplastic astrocytomas 

when compared to a WHO grade IV glioblastoma diagnosis (rate ratio: 2.41, CI [1.21, 

4.77]), while patients with other pathological diagnoses developed CMBs at a much lower 

rate than patients with glioblastoma (rate ratio: .257, CI [.064, 1.04]). Frontal lobe tumors 

were associated with increased rates of CMB development in comparison to temporal and 

parietal tumors (rate ratios: .445, CI [.213, .932]; .204, CI [.046, .900]). Patients with 

occipital, cerebellum or brainstem tumors, however, developed CMBs at 3.58 times the rate 

of patients with frontal lobe tumors (rate ratio: 3.58, CI [1.20, 10.6]). Although not 

significant in the multivariate analysis, in the univariate analysis, single-echo SWI was 

associated with fewer CMBs when compared to multi-echo SWI (rate ratio: .534, CI [.291, .

980]) as expected.

Serial Microbleed and White Matter Changes

All irradiated patients imaged at 2 or more timepoints demonstrated serial increases in total 

CMB burden. The total number and volume of CMBs significantly increased by 18% and 

11% per year (rate ratios: 1.18, CI [1.14, 1.22]; 1.11, CI [1.09, 1.13]), respectively (Fig. 1B). 

Individual CMBs however, showed significant decreases in volume, irrespective of their 

initial volume or time since RT, at a rate of −25% per year (rate ratio: .75, CI [.70, .81]) 

(Table 3, Fig. 2). Some CMBs even disappeared altogether. Simultaneous to these vascular 

changes, global FA values showed declines ranging between 1.3% and 21.4% per year 

(median, 6.5%) (Fig. 3). Local FA followed the same trend (Fig. 4).
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DISCUSSION

In this study, we showed that 100% of patients scanned at 1 or more years post-RT presented 

with one or more CMBs. Previously it has been shown using SWI at 7T, high incidence rates 

for CMB formation in glioma patients at 2-years after RT.8 Failure to detect CMBs prior to 

2-years in this earlier study, may be due to the fact that manual CMB labelling was 

performed in the absence of computer aid, lower resolution acquisitions with less coverage, 

and the overall lack of available scans within that time period. Computer-based CMB 

detection algorithms have shown great success in their ability to identify smaller, low-

contrast CMBs that are often overlooked by human raters.14 van den Heuvel et al reported 

an average sensitivity of 77% based on manual detection by six experts, that increased to 

93% with the aid of a guided user interface.17 The implementation of our semi-automated, 

user-guided CMB detection algorithm in this study12, likely enhanced our ability to detect 

CMBs earlier on.

Another group had recently investigated CMB prevalence in low-grade glioma patients using 

ultra high-field MRI techniques, also demonstrating consistent CMB presence after 

treatment with RT.18 In younger brain tumor populations, the majority of published data is 

based on less sensitive imaging data (T2* magnitude images) and/or clinical 1.5T and 3T 

systems, which have a known reduced sensitivity for CMBs compared to SWI images and 

7T MRI where the susceptibility effect is greater and CMB contrast is heightened11. 

Consequently, lower incidence rates have been reported in the literature. For example, 

Roddy et al reported in their study of 149 adult survivors of childhood brain tumors, 

cumulative incidence rates of 10.8% after 1 year and 48.8% a 5-years post-RT, with a 

maximum of 49 CMBs detected in any one patient.9 Another study of the same population 

reported an incidence rate of 44% (n=93) based on a median follow-up of 5.8 years.19 

Roongpiboonsopit et al investigated the prevalence of CMBs in younger adults (median age 

28.8 years) treated with whole-brain RT for a medulloblastoma; they identified CMBs in 

67% (n=18) of patients followed for a median of 4.1 years.20 In our recent experience, in an 

ongoing study using the same methods as in the present study to assess CMB prevalence in 

adult survivors of pediatric medulloblastomas, we have so far observed a 100% cumulative 

incidence rate for CMB formation at follow-up times ranging between 1.1 and 15.5 years 

(median, 6.2 years). This supports early and accurate detection of RT-induced CMBs using 

advance imaging and post-processing methods.

While the majority of non-irradiated controls presented without CMBs, 18.1% were found to 

have 5 or fewer CMBs. This observation agrees well with prior studies investigating the 

prevalence of CMBs in healthy aging adults. The Rotterdam study found that in non-

demented adults aged 45 years and older, 609 subjects (15.3%) had at least one CMB on 

MRI.21 Only 71 (11.7 %) of subjects with evidence of CMBs presented with 5 or more 

CMBs, indicating that the presence of many CMBs is relatively rare in the healthy aging 

population. In our study, we were unable to differentiate age-related CMBs from RT-

associated CMBs since no baseline 7T SWI imaging was performed prior to RT. 

Nonetheless, CMBs were observed as early as 1-year post-treatment in patients younger than 

45 years, who typically do not present with CMBs otherwise.21 Nearly all patients scanned 

at 2 or more years following RT presented with abnormal quantities of CMBs that could not 
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be attributed to aging alone. Since a high burden of CMBs has been associated with 

worsening cognitive performance,21 identifying those patients at risk for developing a 

substantial number of CMBs after RT is an important first step towards strategizing early 

preventative and/or rehabilitative measures.

In our multivariate analysis, exposure to multiple surgical resections was a strong risk factor 

for CMB development. Patients who had experienced tumor recurrence requiring a second 

or third surgical intervention, were more likely to develop CMBs than patients who had only 

one surgery. To our knowledge, CMB development has not yet been linked to surgical 

resection alone, though some have reported the appearance of new CMBs, even in children, 

following endovascular surgery.22 Although the pathophysiology of RT-induced vascular 

injury remains unclear, it appears as though surgery adds further stress to already 

compromised vascular integrity, subsequently accelerating the mechanism through which 

CMBs form over time.

Maximum brain radiation, even when accounting for multiple RT treatments, was not a 

significant risk factor for CMB development. Roddy et al found a similar result in their 

analysis using a maximum dose approximation. These negative findings likely reflect the 

unsuitability of this measure for patients treated with focal RT since the dose is distributed 

non-uniformly and the spatial extent varies with tumor volume. The volume of the higher 

dose region should be a more appropriate metric for evaluation, as Wahl et al7 in 2017 found 

significantly more CMBs in this region in the first 3 years following RT. Unfortunately, 

radiation dosimetry maps were not available for enough patients included in our analysis to 

appropriately assess associations between CMB development and dosimetry volumes and/or 

the extent of treatment.

Specific tumor pathologies and tumor locations were also linked to more severe cases of RT-

induced injury in our analysis. A WHO grade III, anaplastic astrocytoma was associated 

with an increased rate of CMB development when compared to a WHO grade IV 

glioblastoma. This observation at the univariate level could be due to differences in survival 

between the two grades, however, the multivariate analysis with covariates demonstrated a 

similar incidence rate ratio, suggesting there is perhaps an underlying biological factor or 

some other combination of factors driving this difference.

The range of follow-up times for patients with diagnoses belonging to the “other” group 

(including meningioma, ependymoma, chordoma, choroid plexus papilloma, 

hemangioblastoma, and ganglioma) exceeded 2 years, yet patients treated for a glioblastoma 

or an anaplastic astrocytoma were likely to develop CMBs at an increased rate. One 

hypothesis is that high-grade gliomas are treated more aggressively than other tumor 

diagnoses due to their high probability for recurrence.

In regard to tumor location, occipital, cerebellum and brainstem tumors combined were 

associated with the highest rate of CMB development, while frontal lobe tumors were 

associated with increase rates of development compared to temporal and parietal lobe 

tumors. This finding suggests that the posterior brain and frontal lobe are the most 
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radiosensitive brain regions in adults, agreeing well with previous findings in pediatric 

populations.9,20

Despite a steady increase in the total number and volume of CMBs in the years following 

RT, results from this study demonstrate that CMBs are decreasing in size over time, possibly 

by way of blood product breakdown over many years23. A previous report showed possible 

instances of increasing CMB volume based on qualitative evaluation of serial imaging 

during initial formation at 14 and 16 months post-RT6, however the majority of CMBs when 

reassessed with quantitative measures during longer follow up periods were found to be 

decreasing in volume.

Similar changes in CMB volume have previously been reported during the acute and chronic 

phases following a traumatic brain injury.24,25,26 Liu et al found a dramatic decrease in 

quantitative measures of CMBs from serial imaging acquired beyond 2 years post-injury24, 

while Lawrence et al and Watanabe et al reported the appearance of CMBs within the first 

few hours following injury; CMBs showed reductions in volume over a 2-15 day period that 

were associated with patient recovery25,26. Thus, identifying treatment strategies to 

accelerate the mechanism through which CMBs decrease in size may be a viable alternative 

for minimizing CMB-associated deficits.

Simultaneous to vascular injury, our results provide evidence for RT-induced neuronal 

damage not only across the whole-brain, but within local regions surrounding CMB foci. 

WM FA changes suggest decreases by as much as 21.4% per year, which exceeds typical FA 

changes in adults that are associated with natural aging of the brain27
. Prior studies have also 

shown evidence of progressive WM damage after RT in adults28,29, as well as immediate 

changes following the completion of RT when CMBs are typically not yet detected30. 

Mabbott et al showed RT-induced reductions in FA in children were associated with worse 

intellectual outcome when compared to control subjects31, potentially suggesting that there 

may be a relationship between FA and CMBs, though no measures of the latter were 

considered in their study. In our data, there were no direct correlations between total CMB 

burden and the magnitude of FA or change in FA, however, serial DTI was only performed 

for a small sub-set of patients. Future work will aim to more thoroughly investigate the 

relationship between CMBs, WM damage, and cognition.

In addition to aforementioned limitations, imaging data that were included in our analysis 

were acquired at a single time-point for the majority of patients, thus making it unclear as to 

when CMBs first developed. Of the patients that did undergo longitudinal imaging, the data 

were limited.

SWI images were acquired with two different sequences resulting in two different slice 

thicknesses; however, all scans analyzed from the same patient however were acquired with 

the same sequence. The multi-echo sequence12 required a 1-mm thick slice for the first echo 

used for MR angiography, while the prior single-echo sequence13 was performed at 2-mm 

slice thickness to balance SNR, vessel contrast, and scan time. The reduced resolution of the 

latter acquisition limited our ability to accurately detect CMBs with small radii (<2mm); this 

was also evident in our univariate analysis. Biases in patient selection associated with 
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retrospective study designs may also pose as a limitation. To minimize this, we utilized all 

7T imaging data that was available in our database, only discarding those datasets with 

motion-related artifacts and not excluding patients based on clinical factors beyond the 

requirement of treatment with RT. Last, our analysis did not assess the relationship between 

CMBs and neurocognitive outcome as there were no standardized protocols in place to 

measure cognitive function when the study initiated. In general, it is difficult to differentiate 

cancer-related cognitive impairment from treatment-related cognitive impairment for this 

population who experience high levels of recurrence. Nonetheless, the breadth of evidence in 

the literature demonstrates a relationship between CMBs and neurocognitive impairment in 

other adult populations.11

In conclusion, we have shown that CMBs are prevalent in all adult patients treated with RT 

for a brain tumor. Despite decreasing in size over time, their number increases overtime, at a 

rate which is associated with both the total number of surgical interventions undergone and 

the primary tumor location. Identifying patients that are of greatest risk for CMB 

development and associated long-term cognitive impairment is an important step towards 

developing and piloting various preventative and/or rehabilitative measures.
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Figure 1. 
Total number of CMBs as a function of time since radiotherapy in all patients treated with 

RT (panel A) and in those patients who underwent serial imaging (panel B). Each data point 

corresponds to a single imaging time point. In panel B, different colors correspond to 

different patients. Panel C illustrates one representative patient case of candidate CMBs 

labeled on a non-projected SWI axial image slice. The surgical cavity in the right 

hemisphere containing unrelated blood product that has been excluded from the analysis. 

The blue outlined region of interest is magnified in the top right corner for better 

visualization.
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Figure 2. 
Above: Decreasing CMB volume over time. Change in CMB volume percent over time. 

Each line color corresponds to a different patient and each line corresponds to an individual 

CMB tracked over multiple time points. Below: Example of one CMB decreasing in size 

over a 3-year period in a representative patient.

Morrison et al. Page 13

J Magn Reson Imaging. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Serial changes in white matter FA. Above: global changes in FA shown for 10 patients. 

Below: global and local changes shown for 1 representative patient.
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Table 1.

Patient Demographics.

Clinical/Demographic Characteristics Proportion of Patients

Ntot =91 NRT = 22

Female (%) 30 (33.0) 8 (36.4)

Race (%)

White 66 (72.5) 18 (81.8)

Black 2 (2.2) 0 (0)

Asian 8 (8.8) 1 (4.6)

Other 14 (15.4) 3 (13.6)

Unknown 1 (1.1) 0 (0)

Tumor pathology (%)

WHO I Pilocytic Astrocytoma 1 (1.1) 1 (4.5)

WHO II Oligodendroglioma 7 (7.7) 5 (22.8)

WHO II Astrocytoma 8 (8.8) 7 (31.8)

WHO II Oligoastrocytoma 2 (2.2) 2 (9.1)

WHO III Anaplastic Oligodendroglioma 11 (12.1) 2 (9.1)

WHO III Anaplastic Astrocytoma 14 (15.4) 0 (0)

WHO III Oligoastrocytoma 4 (4.4) 1 (4.5)

WHO IV Glioblastoma 33 (36.2) 2 (9.1)

Other 11 (12.1) 2 (9.1)

Tumor location (%)

Frontal 46 (50.5) 11 (50.0)

Temporal 19 (20.9) 4 (18.3)

Parietal 6 (6.6) 2 (9.1)

Frontotemporal 5 (5.5) 1 (4.5)

Frontoparietal 4 (4.4) 1 (4.5)

Occipital, Cerebellum or Brainstem 7 (7.7) 1 (4.5)

Other 4 (4.4) 2 (9.1)

Radiation (%) 91 (100) -

>1 treatment due to recurrence 9 (9.9) -

Age at radiation therapy, median (range) 44 (26-73) -

Chemotherapy (%) 81 (89.0) 10 (45.5)

Time since RT, year median (range) 5.33 (.02 - 35) -

Surgical resection (%) 77 (84.6) 21 (95.4)

>1 surgery due to recurrence 21 (23.1) 8 (36.4)
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Table 2.

Multivariate analysis of risk factors for CMB burden.

Risk factors for CMB development

Univariate Poisson
Analysis Multivariate Poisson Analysis

a

Characteristic Incidence Rate
Ratio

P-value Incidence Rate Ratio P-value

Time since RT, each additional year 1.05 (1.02, 1.09) <.001 1.10 (1.04, 1.16) <.001

>1 surgical resection 1.98 (1.12, 3.51) .022 2.42 (1.36, 4.30) .004

Tumor pathology

Glioblastoma vs anaplastic astrocytoma 2.69 (1.29, 5.61) .010 2.41 (1.21, 4.77) .014

Glioblastoma vs other 1.25 (.464, 3.37) .661 .257 (.064, 1.04) .060

Tumor location

Frontal vs temporal .454 (.188, 1.10) .083 .445 (.213, .932) .035

Frontal vs parietal .353 (.066, 1.87) .225 .204 (.046, .900) .039

Frontal vs occipital, cerebellum or brainstem 1.11 (.413, 2.97) .840 3.58 (1.20, 10.6) .025

Maximum brain radiation, each additional Gy
b 1.00 (.999,1.00) .579 not included as significant

Type of SWI acquired

Multi-echo vs single-echo SWI
c .534 (.291, .980) .046 .717 (.425, 1.21) .217

a
race, sex, and age at time of RT included as covariates.

b
37 subjects

c
difference in slice thickness: 1mm for single echo SWI and 2mm for multi-echo SWI.
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Table 3.

Multivariate analysis of serial changes in CMB burden.

Serial changes in CMB burden

Multivariate Poisson Analysis

Total CMB count, time since RT
b 1.18 (1.14, 1.22) <.001

Total CMB volume, time since RT
b 1.11 (1.09, 1.13) <.001

Individual CMB volume, time since RT
c .750 (.699, .806) <.001

a
race, sex, and age at time of RT included as covariates.

b
19 subjects, 53 observations

c
8 subjects, 79 observations
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