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Abstract

Permutation testing has been widely implemented in voxel-based morphometry (VBM) tools.
However, this type of non-parametric inference has yet to be thoroughly compared with traditional
parametric inference in VBM studies of brain structure. Here we compare both types of inference
and investigate what influence the number of permutations in permutation testing has on results in
an exemplar study of how grey matter proportion changes with age in a group of working age
adults. High resolution Tq-weighted volume scans were acquired from 80 healthy adults aged 25—
64 years. Using a validated VBM procedure and voxel-based permutation testing for Pearson
product-moment coefficient, the effect sizes of changes in grey matter proportion with age were
assessed using traditional parametric and permutation testing inference with 100, 500, 1000, 5000,
10000 and 20000 permutations. The statistical significance was set at P < 0.05 and false discovery
rate (FDR) used to correct for multiple comparisons. Clusters of voxels with statistically
significant (Pgpr < 0.05) declines in grey matter proportion with age identified with permutation
testing inference (N ~ 6000) were approximately twice the size of those identified with parametric
inference (N = 3221 voxels). Permutation testing with 10000 (N = 6251 voxels) and 20000 (N =
6233 voxels) permutations produced clusters that were generally consistent with each other.
However, with = 1000 permutations there were approximately 20% more statistically significant
voxels (N = 7117 voxels) than with 10000 permutations. Permutation testing inference may
provide a more sensitive method than traditional parametric inference for identifying age-related
differences in grey matter proportion. Based on the results reported here, at least 10000
permutations should be used in future univariate VBM studies investigating age related changes in
grey matter to avoid potential false findings. Additional studies using permutation testing in large
imaging databanks are required to address the impact of model complexity, multivariate analysis,

Address for correspondence: Dr. David A. Dickie, Neuroimaging Sciences, The University of Edinburgh, Royal Infirmary of
Edinburgh, Little France, Edinburgh, United Kingdom. ddickiel@staffmail.ed.ac.uk.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dickie et al. Page 2

number of observations, sampling bias and data quality on the accuracy with which subtle
differences in brain structure associated with normal ageing can be identified.
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1. Introduction

Brain MRI data are often analysed using parametric statistical methods, for example the
general linear model (GLM) [1-3]. These methods make a number of assumptions about the
generation and statistical distributions of these imaging data. Specifically, subject samples
are assumed to have been acquired randomly from their population and distributions of data
are assumed to be approximately statistically Normal, or “Gaussian” [4—6]. Previous seminal
work in voxel-based morphometry (VBM) has used voxel-wise smoothing, i.e. averaging, to
circumvent the issue of statistical Normality [1,2]. Permutation testing was proposed at a
similar time [7], and has recently been widely implemented in VBM methods, for example
FMRIB Software Library (FSL; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise), to address
the assumptions of random samples and homoscedasticity [8,9]. Current implementations of
permutation testing in VBM are optimised for t-tests and analysis of variance (ANOVA).
These provide robust tools for assessing differences in, for example, the proportion of grey
matter voxels between two or more groups. Reductions in grey matter volume are a
commonly observed feature of normal ageing [10], and are also seen in diseases such as
amyotrophic lateral sclerosis [11], epilepsy [12], Alzheimer’s disease [13] and schizophrenia
[14]. However, differences in tissue structure can be subtle and difficult to identify
consistently between studies [14,15].

Effect size statistics, for example Cohen’s d for two groups or Pearson product-moment
coefficient (r) for continuous data such as age [16,17], may be a useful addition to imaging
statistics derived from existing implementations of permutation testing. Measures of effect
size provide standardised results that can be more easily compared across different studies
and populations [16,17]. However, the influence of parametric versus permutation inference
for effect sizes and the impact of the number of permutations on results have not yet been
formally tested in VBM studies.

In the present study we therefore describe a framework for permutation testing of effect size
in VBM studies of brain structural MRI data. We then compare parametric and permutation
testing inference and assess the impact of the number of permutations on the latter in an
exemplar study of changes in brain grey matter proportion with age in structural MRI data
acquired from a cohort of healthy subjects with ages spanning normal working age
adulthood.
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2. Materials and Methods

2.1 Subjects

Eighty clinically normal, right-handed, healthy volunteers (40 males, 40 females) aged 25—
64 (median 43, IQR 17) years were recruited by advertisement from staff working at the
University of Edinburgh, the Western General Hospital and the Royal Infirmary, Edinburgh,
United Kingdom. All subjects gave written informed consent. Health status was assessed
using medical questionnaires and all structural MRI scans were reported by a fully qualified
neuroradiologist. To aid identification of age-related differences in brain volumes, the cohort
was divided into four 10-year age bands as detailed in Table 1.

2.2 MRI acquisition

All brain MRI data were acquired using a GE Signa Horizon HDxt 1.5T clinical scanner
(General Electric, Milwaukee, WI, USA) equipped with a self-shielding gradient set (33 mT
m~1 maximum gradient strength) and manufacturer supplied 8-channel phased-array head
coil. The imaging protocol consisted of whole brain axial To-, To*- and FLAIR-weighted
structural sequences, and a high resolution 3D T4-weighted inversion-recovery-prepared fast
spoiled gradient-echo (FSPGR) volume scan acquired in the coronal plane with 180
contiguous 1.3 mm thick slices resulting in voxel dimensions of 1 x 1 x 1.3 mm.

2.3 Voxel-based morphometry

The T1-weighted volume scans were first converted from DICOM to NIfTI-1 format (http://
nifti.nimh.nih.gov/nifti-1) using MRIcron’s “dcm2nii” tool (http://www.nitrc.org/projects/
mricron). A modified FSL-VBM pipeline was then employed to process these imaging data
and produce grey matter proportion volumes for each subject. The first step in this pipeline
consisted of randomly selecting a subject for manual, slice-by-slice, brain extraction. This
subject was then non-linearly registered to all other subjects to produce initial brain masks
for the whole cohort [18]. These initial brain masks were manually edited slice-by-slice and
applied to the raw imaging data to produce brain extracted T1-weighted volumes for each
subject. These brain extracted T1-weighted volumes were then processed using the standard
FSL-VBM pipeline [19]. Briefly, each subject’s T1-weighted scan was segmented into grey
matter, white matter and cerebrospinal fluid volumes using signal intensity and spatial
information [20]. These grey matter volumes contained the proportion of grey matter tissue
within each voxel in native space. No subject had white matter hyperintensities on FLAIR-
weighted MRI (hypointense on Tq-weighted MRI) which might confound the grey matter
segmentations. After segmenting these three tissue types, all data were aligned to Montréal
Neurological Institute (MNI) standard space. A study specific atlas was created by
registering all subjects to the initial average of all subjects aligned in MNI space. The grey
matter proportion volumes were then smoothed using a 3 mm Gaussian kernel in standard
space. There are currently no standard optimal parameters for Gaussian kernels [21], and our
reasoning for choosing 3 mm smoothing was that, based on visual assessment of the imaging
data, it provided a reasonable middle ground between removing noise and maintaining the
underlying anatomy. Finally, a 4D volume of voxel-wise grey matter proportions was
created by concatenating all individual grey matter volumes together in the axial direction in
standard space; effect sizes and P-values were then calculated using this cohort 4D volume.
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2.4 Permutation testing for effect sizes

3. Results

We provide the Pearson product-moment coefficient (r) as a measure of effect size. This was
proposed as a measure of effect size by Cohen [16] and is valid for continuous variable data.
Absolute effect sizes of approximately + 0.1 are considered small, approximately + 0.3
medium and approximately + 0.5 large [16]. Effect size r was calculated using Equation
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where n is the number of pair-wise observations, x is the mean of variable x, y is the mean
of variable y, oy is the standard deviation (SD) of variable x and ay is the SD of variable y. In
the present study, x is age and y is grey matter proportion in each voxel.

Permutation testing is a very simple concept. For i permutations (for example 1000), the
order of independent variables is randomly shuffled and the test statistic of interest (in this
case, effect size) is calculated in each random permutation (see Figure 1). This is supposedly
equal to producing 1000 pseudo random samples and the P-value of the effect size is defined
as the number of times this effect size could be produced by chance, i.e. in each random
permutation of the data (see Figure 1).

We report both parametrically defined P-values and non-parametric permutation testing P-
values for effect sizes with the latter assessed using 100, 500, 1000, 5000, 10000 and 20000
permutations. For 20000 permutations the smallest achievable P-value is 0.00005, a value
twenty times smaller than that used in previous “extensive simulations” [9]. False discovery
rate (FDR) was used to correct for multiple comparisons [22-24], and we provide 1-Prpr
corrected and 1-P uncorrected volumes as outputs. Alpha (P-value cut off) and lambda
(FDR corrected P-value cut off) were set at 0.05.

3.1 Observed effect sizes

Observed effect sizes of age (25 to 64 years) versus grey matter proportion are shown in
Figure 2. Reductions in grey matter proportion are seen across the brain at an effect size of
-0.01 to —0.5, which become increasingly localised, in particular, to clusters in right
hemisphere frontal and parietal/occipital regions as r becomes more negative.

3.2 Parametric inference

Figure 3 provides illustrations of the statistical significance of effect sizes obtained with
parametric inference, while brain regions with parametric effect sizes of Pppr < 0.05 are
displayed in Table 2. Overall, there are 3221 voxels which have significant reductions in
grey matter proportion with parametric effect sizes of Pepr < 0.05. The largest clusters of
voxels with the largest effect sizes are found in the right inferior frontal gyrus, precuneous
cortex, right lateral occipital cortex and right precentral gyrus. There is also a small
concentration (84 voxels) of large effect sizes in the left frontal pole.
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3.3 Permutation testing inference

Figure 4 provides illustrations of statistically significant effect sizes with permutation testing
inference from 100 to 20000 permutations. Brain regions with permutation testing effect
sizes of Pgpr < 0.05 for 1000, 5000, 10000 and 20000 permutations are displayed in Tables
3 to 6, respectively. (Permutation testing with 100 or 500 permutations did not produce
effect sizes with P-values sufficient to survive FDR correction.) With 1000 permutations
there are 7117 voxels which have significant reductions in grey matter proportion with
permutation testing effect sizes of Prpr < 0.05, with 5000 permutations there are 6294
voxels with effect sizes of Pppr < 0.05, while with 10000 permutations there are 6251
voxels with effect sizes of Prpr < 0.05. Finally, with 20000 permutations, there are 6233
voxels with permutation testing effect sizes of Prpr < 0.05.

3.4 Comparison of parametric and permutation testing inference

Tables 2 to 6 show that clusters of statistically significant voxels identified with permutation
testing inference are approximately twice the size of the corresponding clusters identified
with parametric inference. The regional locations of statistically significant voxel clusters
are broadly similar for both types of inference, but permutation testing reveals additional
structures with significant effect size reductions in grey matter proportion with age, most
notably in the right putamen. Other regions identified by permutation testing (but not
parametric inference) are proximate to regions identified with parametric inference.

3.5 Effect of number of permutations on permutation testing inference

Figure 4 and Tables 3 to 6 show that the clusters of statistically significant voxels identified
with 1000 permutation tests are generally 20% larger than the corresponding clusters
identified with =5000 permutations. The statistically significant effect sizes found in the left
thalamus with 1000 permutations disappear when the number of permutations is increased to
>5000. Furthermore, permutation testing with 1000 permutations does not detect the small
but statistically significant regions in the left frontal (~ 80 voxels) and right parietal
operculum (~ 50 voxels) cortices identified with =5000 permutations. A small region (66
voxels) of statistically significant effect sizes identified in the left frontal pole with 5000
permutations also disappears with 10000 and 20000 permutations, while 5000 permutations
fails to identify significant voxels found in the right inferior frontal lobe with 10000 and
20000 permutations (Figure 4). The separate regions of statistically significant effect sizes
seen in the right angular gyrus and precuneous cortex with 5000 and 20000 permutations
become a single continuous region with 10000 permutations. However, aside from these
small differences, clusters of statistically significant effect sizes are in approximately the
same location and of the same volume with 10000 and 20000 permutations.

4. Discussion

Non-parametric permutation testing inference in brain MRI studies has been proposed as a
more robust alternative to traditional parametric inference [7-9,25-27]. We found in a
sample of working age healthy adults, typical of samples commonly used in brain imaging
studies [10,28-34], that permutation testing inference revealed approximately twice as many
voxels with statistically significant reductions in grey matter proportion with age than
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parametric inference, albeit in approximately the same brain regions. These data therefore
suggest that permutation testing inference may be useful in identifying subtle changes in
brain structure which have been difficult to identify consistently with parametric inference
[14,15]. The larger skews from Normal distributions in brain imaging data acquired from
ageing and neurodegenerative disease cohorts further supports the use of permutation testing
inference in these groups [15].

The results from permutation testing with 10000 and 20000 permutations were generally
consistent. The clusters of statistically significant voxels identified with 1000 permutations
were approximately 20% larger than the corresponding clusters identified with =10000
permutations. Although approximately the same number of statistically significant voxels
were identified with 5000 permutations compared with 210000, there were differences in the
locations of statistically significant voxels in 5000 permutations relative to = 10000
permutations. For example, 5000 permutations may have produced false positive findings in
the left frontal pole and false negative findings in the right inferior frontal lobe. Based on
these findings, we recommend that at least 10000 permutations are used in future univariate
VBM permutation testing studies investigating age related changes in grey matter to avoid
potential false findings. However, it should be noted that the number of permutations
required also depends on the quality of data, parameters to be examined, number of
observations and sampling bias. Specifically, our results and recommendations are provided
for studies investigating age related changes in grey matter and do not generalise to
multivariate studies.

We performed a maximum of 20000 permutation tests for effect sizes in each voxel. This
number of permutations is far less than the maximum number of permutations available in
our data (80 factorial). However, 80 factorial permutations are not feasible with current
computing power and not all permutations are required to produce valid results [35,36].
Twenty thousand permutations is twenty times more than that used in previous “extensive
simulations” [9], and future work will determine whether using more than 20000 leads to
marked improvement in the results obtained. The stability of results we show from 10000 to
20000 permutations suggests any improvement may be limited, i.e. although the number of
permutations was doubled from 10000 to 20000, the resulting difference was only
approximately 1%. Our sample size of 80 subjects is small relative to large image databank
projects currently ongoing [15], but is typical of similar studies assessing changes in grey
matter proportion with age [10,28-34]. Other nonparametric methods, for example
bootstrapping [37], are available for providing confidence intervals for test statistics and
these require evaluation in future work. Finally, the effect size measure we used was
univariate and this limits the generalisability of our results. Future work is required to
investigate the role of permutation methods in multivariate statistics, for example repeated
measures regression for longitudinal studies. Additional studies into permutation testing are
also required to address the impact of model complexity, number of observations, sampling
bias and data quality in the plethora of potential VBM analyses.

Notwithstanding these limitations, these results provide one of the first formal investigations
of permutation testing inference for effect sizes in VBM studies of grey matter proportion
differences across working age adulthood. Further work is required to determine if
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permutation testing is truly a more robust alternative to traditional parametric inference.
Large quantities of structural brain MRI data are required to determine whether this is,
indeed, the case. We are collecting such data and encourage others to join our initiative
(http://www.brainsimagebank.ac.uk). This work, and other large databanks currently being
prepared worldwide (see, for example [38]), will determine whether the apparent increased
sensitivity of permutation testing inference shown here can be used to identify subtle brain
structural changes associated with normal ageing and neurodegenerative disease.
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Observed effect size=-0.37
P=area left of line (0.0004)

85 0 0.5
Effect size

Figure 1.
Permutation testing for effect sizes. The statistical significance (P) of an observed effect size

is calculated by counting how many times an effect size larger than the observed effect size
is found in random permutations of the data. In this case the observed effect size of -0.37
was calculated from the Pearson product-moment coefficient formula. When randomly
permuting the data, effect sizes of —0.37 or larger were found 0.04% of the time, i.e.
P=0.0004. This indicates that the observed effect size of —0.37 was highly statistically
significant and unlikely to be due to chance.
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Figure 2.
Observed effect size for reductions in grey matter proportion with age (25-64 years) across

the cohort provided by the Pearson product-moment coefficient. R=right; L=left.
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Parametric

Figure 3.
P-values for effect sizes with parametric inference showing reductions in grey matter

proportion with age (25-64 years) across the cohort. The red volume shows uncorrected P-
values of < 0.05, while the blue volume shows false discovery rate corrected P-values of <
0.05.
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Figure 4.
P -values for effect sizes with permutation testing inference showing reductions in grey

matter proportion with age (25-64 years) across the cohort. The red volumes show
uncorrected P-values of < 0.05, while the blue volumes are false discovery rate (FDR)
corrected P-values of < 0.05. No P-values at 100 and 500 permutations survived FDR
correction. Patterns of grey matter loss were approximately stable from > 10000
permutations.
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Table 1

Demographics of the cohort.

Age group (years) Number
25-34 21
35-44 23
45-54 24
55-64 12
25-64 80

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.

Page 14



Page 15

Dickie et al.

Author Manuscript

"0G°0 Z $9z1S 108449 1586.8] Y Yum suo1Bal 1yBIyBIY smos papjog 810N

(6€'0-) ¥¥'0- 01 9€°0—
(T¥"0-) 05°0- 01 9€°0-
(Ty'0-) 25°0- 03 9€°0-
(T°0-) €5°0- 03 9€°0-
(8€'0-) 2v'0- 03 9€°0-
(6€°0-) £7°0- 01 9€°0-
(8€'0-) 60— 01 9€°0—
(8€'0-) 2v'0- 03 9€°0-
(T'0-) 70— 01 9€°0-
(zv'0-) 50— 03 9€°0-
(T%°0-) 6v°0- 03 9€°0-
(¥'0-) LG6°0- 03 9€°0-
(8€'0-) O¥'0- 03 9€°0—
(6€'0-) G¥'0- 03 9€°0—
(6€°0-) 70— 031 9€°0-

Tece
18
68¢
€EE
€¢S
19
06
YET
79
€91
¥29
€4¢
¥8
18
89
€5y

G0°0 > Y994 J0 $871S 19848 UM S|SXO0A JO A8quuinul [e10|

9S ‘vg- ‘ve-
9S ‘¢T- ‘o
8 ‘85— "0
9 '29- 0
o ‘89— ‘v¥-
9¢€ ‘9- ‘09—
AR A A A
80T ‘8T~
89T 2T
0T ‘92 0§
2-'0S ‘9v—
A2 I ArA RS
0g- ‘09— ‘05~
ve- ¢T-'95-
82- ‘89— ‘8T

(ueaw) abued azis 199143

191SN|9 Ul S|3X0A JO J3qUINN

(wiw) J91SNJO [8X0A JO PI04IURD JO S3TRUIPI00D [NIA

snJAB [esuaoaid Yo

snJAB esauadaad ybry
X81109 [eudi220 [eaare] by
X81409 Snosundaid

%3109 [eNd1290 [eJale] Yo
snJAB [enuadaid Yo

SnJAB [ejuouy Joriajul Ya
ayepned Ya|

aepned b1y

snJAB ejuoJay Joraagul 1ybry
a)od [ejuouy Ya

ajod [eyuouy Yo

SNID Je||80a1ad Ya

snJAB [esodwia) JoLiajul Yo

aIngo] I\ 181130219 146y

24n1on.43s ayewixoaddy

¢ ?dlqel

Author Manuscript

"G0'0 > dd4dd Jo sazis 10943 o1nsweled ylm suolbal ulelg

Author Manuscript

Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 16

Dickie et al.

"0G°0 < S9z1S 109449 1s36.1e] Y YuM suo1Bal 1yBIYBIY smoa papjog 810N

LTTL G0'0 > Y934 JO S3ZIS 198448 UM S[9XOA JO Jaguunu 810 |

(€€°0-) O7'0- 01 92°0— 16 ¥9 '¢-'9g- SnIAB [e3uoy 3|ppIW Yo7
(9€'0-) ¥¥'0- 03 0€°0— 6 9§ 'v¢- 've- snuAB [enusosid Yo
(9€°0-) 05°0- 03 92°0- 259 S '0T- ‘0% snaAB [ejusoaad 1ybry
(L£°0-) €5°0- 03 LZ'0- ran 05 ‘09— ‘v- Xa1100 snosunJsid
(e°0-) 2v'0- 01 62°0- 691 O ‘99— ‘vi- X3H09 [eyd1000 [elaje| Yo
(9€'0-) €7°0- 03 LZ°0- 002 9¢ ‘8- ‘85— snJAB enusoald Yo
(2€'0-) 25'0- 01 82°0- veL v ‘25— ‘v snuAB aenBue ybry
(8€'0-) L¥'0- 04 62°0— €52 0T '9T ‘2T ajepnes oIy
(5€0-) 20— 03 82°0- 99 9'7-'9- snuwefey) Yol
(¥€'0-) 20— 03 L20- €02 89T ‘81— ajepned ya
(5€°0-) 67°0- 01 82'0— G2S 9T ‘8T ‘26— SnAB [ejuo.y JoLisyul Yo
(5e'0-) 2v'0- 01 820 20T v'sze uawend by
(e€°0-) 6€°0- 01 62°0- 18 9'99 ‘ze- ajod [equoyy Yo
(6€°0-) 50— 03 .20~ 120T 0T ‘92 ‘8 SnJAB [ejuouy Jotrvgul 1ybry
(8€'0-) 6v°0- 01 62°0- 107 2- '8y 'op- ajod [ejuo.y Yo
(0v°0-) LG°0- 03 8Z°0- 6ET zz-'9v ‘21— ajod [eyuouy Yo
(5e'0-) O¥'0- 03 82°0— ver 0€- '09- ‘8v— SNJD Je|[82480 Yo
(92°0-) S¥°0- 01 62°0— 0€T 26— ‘21— ‘96— snJAB [esoduwa) JoLagul Yo
(9€0-) 50— 03 92°0- 00T 82— '99- ‘8T aInqo] I Je113ga199 Wby
(ueaw) abuel 8zIS 19943 JBISN|D Ul S|9XOA JO JaqWINN (W) 431SNJD [9XO0A JO PIOJIUSD JO S31RUIPJ00I |NIA 24n1on.43s ayewixoaddy

‘suonenwiad Q00T 104 G0°0 >H934 s8zIs 198448 Bunssl uonenwiad yiim suoibal ureig

€9lqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 17

Dickie et al.

Author Manuscript

"0G°0 < S9z1S 108449 1s36.1e] Y YuM suoiBal 1yBIYBIY Smoa papjog 810N

(¥€'0-) 0¥'0- 03 0E'0—
(L€'0-) ¥¥°0- 03 0€°0—
(££'0-) 05'0- 01 0E°0—
(8€°0-) £5'0- 03 0€°0—
(5€'0-) 20— 03 0€°0—
(8€°0-) ¢5'0- 01 0€°0—
(9€'0-) £¥°0- 03 0E°0—
(v€'0-) 8€°0- 04 TE'0—
(8€°0-) L¥'0- 04 TE'0—
(5e'0-) 6€°0- 01 TE'0—
(5€'0-) 2v°0- 03 0€°0—
(5€'0-) 60— 03 0E0-
(9€'0-) 2v"0- 03 2€°0—
(v€'0-) 6€°0- 04 TE'0—
(6€°0-) ¥5'0- 03 0E'0-
(8€0-) 6°0- 01 0E0-
(T¥'0-) LG50~ 03 TE'0-
(5e'0-) O¥'0- 03 TE'0—
(9€'0-) G¥'0- 04 TE'0—
(9€°0-) 50— 03 0E°0-

7629
L9
g8

LSS
¢10T
LST
685
S6T
¢S
§e¢
¥8
[ZA)
G8¢
18
99
606
9/€
149
vitT
911
606

G0'0 > ¥994 J0 $371S 198)48 YIIM S|SXO0A JO Jaquinul [e1o |

79 ‘- ‘ve-
9S ‘- ‘ve-
vS 2T- ‘ov
0S ‘'09- ‘2—
0 ‘89— ‘9y-
9% ‘95~ ‘2
9¢ ‘8- ‘85—
8z ‘ze- ‘8§
89T CT
92T ‘'8e~
80T ‘81—
0¢C ‘02 'vS-
v'8'Ce
999 ‘cz—
0T ‘82 '8y
2- '8y '9v-
A A A RS
0g- ‘09— ‘87~
[A S AR o
82-'99- ‘8T

(ueaw) abued azis 1993

131SN|9 U1 S[3XO0A JO J3quInN

(W) J91SN[I [9X0A JO P104IUSD JO S3TRUIPI00D [NIA

snJAB [ejuouy appiw Yo
snJAB [esuaoaid Yo

snJAB esquadaad ybry
X81409 SN0auUNdald

Xau09 [end1290 [elare] Yo
snJAB aejnbue 1ybry

snJAB [esuadaid Yo

X809 wnnaJado |eiatied by
ayepnes ybry

X8102 wnnaJado [euoly Ya
arepned Ya

snJAB [ejuouy JoLiajul Ya
uaweind Wby

ajod [euouy Yo

snJAB ejuoJay Joraagul 1ybry
a)od [ejuouy Ya

ajod [eyuouy Yo

SNID Je||80a1ad Ya

snJAB [esodwia) JoLiajul Yo

aIngo] I\ 181130219 146y

24n1on.43s ayewixoaddy

‘suoneinwiad 000G 104 G0°0 > A4 saz1s 198y8 Bunsal uoneinwiad yum suoibai uresg

v alqel

Author Manuscript

Author Manuscript

Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 18

Dickie et al.

Author Manuscript

"0G°0 Z $9z1S 108449 1586.8] Y Yum suo1Bal 1yBIyBIY smos papjog 810N

(¥€'0-) 0¥'0- 03 TE'0—
(L€°0-) 70— 04 TE'0—
(££'0-) 05'0- 03 TE'0-
(8€°0-) €5°0- 01 0£°0-
(9€°0-) 2v'0- 04 TE'0—
(9€°0-) €7°0- 03 2E0-
(v€'0-) 8€°0- 0 TE'0—
(8€°0-) L¥'0- 04 TE'0—
(5€'0-) 6€°0- 03 TE0-
(5e'0-) 2v'0- 04 TE'0-
(9€'0-) 67°0- 04 TE'0—
(9€°0-) ¢v'0- 03 TE0-
(6€°0-) ¥5'0- 03 TE'0—
(8€°0-) 67°0- 04 TE'0—
(T¥'0-) LG50~ 03 TE'0-
(5e'0-) O¥'0- 03 TE'0—
(9€'0-) G¥'0- 04 TE'0—
(9€°0-) 50— 03 0E°0-

TG¢9
09
€8

955
€151
€91
6.1
S5
ove
98
[ZA)
LLE
43
§56
cle
LeT
[44)
911
T€6

G0°0 > Y994 J0 $871S 19848 UM S|SXO0A JO A8quuinul [e10_|

v9 ‘z- ‘ze-
9S 'vz- ‘ve-
S ‘21— ‘ov
8v ‘85— vT
0 ‘99— ‘9p-
9¢ ‘8- ‘85—
8C ‘ze- ‘8§
89T CT
92T ‘'8e—
80T ‘8T~
0¢C ‘02 'v5-
v'8'ce
0T ‘9z ‘8¥
z-'8y ‘v
A A A RS
0g- ‘09— ‘87~
[A S AR o
82-'99- ‘8T

(ueaw) abued azis 1993

131SN|9 U1 S[3XO0A JO J3quInN

(W) J91SN[I [9X0A JO P104IUSD JO S3TRUIPI00D [NIA

snJAB [ejuouy appiw Yo
snJAB [enuaoaid 1Yo

snJAB [esquadaad ybry
X81409 Snosundaid

%3109 [e)d1290 [eJale] Yo
snJAB [enuadaid Yo

X809 wnnaJado |e1atied ybiry
ayepned ybry

X8H09 wnnaJado [euoiy Ya
arepnes Ya

snJAB [ejuouy JoLiajul Yo
uswreind bry

snJAB ejuoJay Joraagul 1ybry
a)od [ejuouy Ya

ajod [eyuouy Yo

SNID Je||80a1ad Ya

snJAB [esodwia) JoLiajul Yo

aIngo] I\ 181130219 146y

24n1on.43s ayewixoaddy

‘suoneInwiad 0000T 104 G0'0 > A4 saz1s 10848 Bunsal uoneinwiad yum suoibal uresg

G 9olqel

Author Manuscript

Author Manuscript

Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



Page 19

Dickie et al.

Author Manuscript

"0G°0= $9Z1S 108449 1586.18] Y Yum suoi1Bal 1yBIyBIy smoa papjog 810N

(¥€'0-) 0¥'0- 03 TE'0—
(L£°0-) 70— 04 TE'0—
(£€'0-) 05'0- 03 TE'0-
(€5°0-) 8€°0- 04 TE'0—
(9€°0-) 2v'0- 04 TE'0—
(8€'0-) ¢5'0- 01 TE'0-
(9€'0-) €7°0- 04 TE'0—
(v€'0-) 8€°0- 03 TE0-
(8€°0-) L¥'0- 03 2€°0—
(5e'0-) 6€°0- 04 TE'0—
(5€'0-) 2v'0- 04 TE'0—
(9€'0-) 67°0- 01 TE'0—
(9€'0-) 2v'0- 04 TE'0—
(6€°0-) ¥5'0- 03 TE'0-
(8€°0-) 67°0- 01 TE'0—
(T¥'0-) 25°0- 03 TE€0-
(5e'0-) 0v'0- 03 2€'0-
(9€'0-) G¥'0- 01 TE'0-
(9€'0-) G¥'0- 04 TE'0—

€€¢9
€5
78
845
6¢0T
¢St
1SS
18T
¥S
€€¢
¥8
LIT
99¢
16
096
9/€
144"
vitT
€11
126

G0°0 > Y094 Jo $871S 198148 YIIM S|8XO0A JO Aaquinul [e10|

99 ‘- ‘ze~
9S ‘- ‘ve-
S ‘21— ‘ov
0S ‘09— ‘¢-
0 ‘99— ‘9p-
9 ‘95— ‘¢
9€ ‘8- ‘85—
8C ‘7€~ 89
80T ‘CT
92T ‘ov—
80T ‘81—
0¢Z ‘02 'vS-
v'8'ce
0T ‘9z ‘8v
z- '8y '9v-
2e-'9v TI-
0€- ‘09— ‘8-
2e- 7T~ 95~
8¢-'99- ‘0¢C

(ueaw) abue. azis 19843

181SN|2 Ul S[3XO0A JO J3quInN

(W) J91SN|9 |8X0A JO PI104IUSD JO S3TRUIPA00D [NIA

snJAB [ejuouy appiw Yo
snJAB [enuaoaid Yo

snJAB esquadaad ybry
X31109 SN03aUNdaid

%3109 [eNd1290 [elale] Yo
snJAB aejnbue 1ybiry

snJAB [esuaoaid 1Yo

X809 wnnaJado [eiatied by
arepned by

X8102 wnnasado [ewoly Ya
ayepned Yo

snJAB [ejuouy Joiajul Yo
uaweind b1y

snJAB ejuoJy Joraapul 1ybiry
ajod [euouy Ya

ajod ejuouy Yo

SNJD JB||808139 Yo

snJAB [esodwia) Joriajul Ya

aIngo] I Je11aga120 1By

84monu3s a1ewixoaddy

‘suoneInwiad 0000Z 104 G0'0 >8G4 sazis 108)48 Husey uonreinwiad yum suoibisl urelg

99|qel

Author Manuscript

Author Manuscript

Author Manuscript

Magn Reson Imaging. Author manuscript; available in PMC 2016 December 01.



