1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATIG,
fiy

Published in final edited form as:
Magn Reson Imaging. 2013 December ; 31(10): 1709-1730. doi:10.1016/j.mri.2013.07.017.

The Effects of Changing Water Content, Relaxation Times, and
Tissue Contrast on Tissue Segmentation and Measures of
Cortical Anatomy in MR Images

Ravi Bansal, Ph.D., Xuejun Hao, Ph.D., Feng Liu, Ph.D., Dongrong Xu, Ph.D., Jun Liu,
Ph.D., and Bradley S. Peterson, M.D.

Department of Psychiatry, Columbia College of Physicians & Surgeons and the New York State
Psychiatric Institute, New York, NY 10032

Abstract

Water content is the dominant chemical compound in the brain and it is the primary determinant
of tissue contrast in magnetic resonance (MR) images. Water content varies greatly between
individuals, and it changes dramatically over time from birth through senescence of the human life
span. We hypothesize that the effects that individual- and age-related variations in water content
have on contrast of the brain in MR images also has important, systematic effects on in vivo, MRI-
based measures of regional brain volumes. We also hypothesize that changes in water content and
tissue contrast across time may account for age-related changes in regional volumes, and that
differences in water content or tissue contrast across differing neuropsychiatric diagnoses may
account for differences in regional volumes across diagnostic groups.

We demonstrate in several complementary ways that subtle variations in water content across age
and tissue compartments alter tissue contrast, and that changing tissue contrast in turn alters
measures of the thickness and volume of the cortical mantle: (1) We derive analytic relations
describing how age-related changes in tissue relaxation times produce age-related changes in
tissue gray-scale intensity values and tissue contrast; (2) We vary tissue contrast in computer-
generated images to assess its effects on tissue segmentation and volumes of gray matter and white
matter; and (3) We use real-world imaging data from adults with either Schizophrenia or Bipolar
Disorder and age- and sex-matched healthy adults to assess the ways in which variations in tissue
contrast across diagnoses affects group differences in tissue segmentation and associated volumes.

We conclude that in vivo MRI-based morphological measures of the brain, including regional
volumes and measures of cortical thickness, are a product of, or at least are confounded by,
differences in tissue contrast across individuals, ages, and diagnostic groups, and that differences
in tissue contrast in turn likely derive from corresponding differences in water content of the brain
across individuals, ages, and diagnostic groups.
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1. Introduction

In vivo morphological measures of the brain from anatomical MR images have been used
extensively for identifying, localizing, and quantifying both normal brain development and
the anatomical disturbances associated with neurological and psychiatric illnesses. Those in
vivo, MRI-based measures are assumed to relate directly and invariantly to ex vivo
histological measures of the same tissue. The relation between in vivo and ex vivo measures
has been largely untested, however, in part because in vivo measures are difficult, if not
impossible, to relate directly to the ex vivo ones, owing partly to fixation artifacts that affect
postmortem tissue, and partly to the fact that some of the most important determinants of
image characteristics, particularly tissue contrast, may affect in vivo MR measures but have
no effect on the ex vivo histological measures. Systematic and regionally specific variations
of these determinants across the brain either with age in healthy individuals or between
healthy and diseased populations may cause variations in in vivo morphological measures
that cannot be related to the ex vivo histological ones. Thus, careful assessment of and
controlling for the effects of variations in these determinants on in vivo measures is
important for understanding better the biological processes associated with both normal
brain maturation and brain pathology.

Gray scale intensity and tissue contrast at each voxel of an MR image are determined solely
by the longitudinal (T1) relaxation time, transverse (T2) relaxation time, and proton density
of the tissue represented in that voxel. Relaxation times, in turn, depend upon the cellular
and molecular characteristics of that tissue, including the density of cells and neuropil (i.e.,
dendrites, axonal terminals, and unmyelinated axons), iron concentration?, the relative
proportion of various macromolecules? 3, the complexity of cellular appendages, and intra-
and extra-cellular water content. Because gray and white matter have distinctively differing
cellular properties and can usually be differentiated unambiguously in histological
preparations, identification of voxels as gray matter (GM) or white matter (WM) in MR
images and measurement of morphological properties also have been assumed to be clear
and unambiguous. In vivo measures of either overall or regional GM and WM volumes have
been presumed valid and independent of subtle variations in the underlying cellular and
molecular properties of the tissues being measured, just as ex vivo histological measures*-’
are assumed to be independent of those same cellular and molecular properties.

We hypothesize that morphological measures8-13 of regional shapes and volumes in MR
images depend upon the contrast between GM, WM, and CSF tissues, and because contrast
depends on relaxation times and relaxation times in turn depend upon the molecular and
cellular characteristics of the tissue being imaged, in vivo measures of regional shapes and
volumes, unlike ex vivo histological measures, will also ultimately depend upon the water
content of the tissue, which can vary considerably across people and across ages. In other
words, MRI-based measures of shape and volume are not as fixed and invariant as they
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generally are assumed to be, as they are heavily influenced by local variations in water
content of the tissue.

The water content of brain tissue varies regionally,1* and within a given brain region it
varies nonlinearly with age3. In healthy adults, water content in GM decreases by 0.034%
per year, whereas in WM it increases with age.15-18 The change in water content is even
more dramatic within the first week of life, decreasing from 95% of tissue volume in 34-
week old infants to 82% in 54-weeks old infants16, and it continues to decrease further
thereafter.1® These rapid, age-related decreases in water content in the neonate produces
rapid changes in the T1- and T2-relaxation times of brain tissues and subsequent dramatic
changes in tissue contrast!®. For nonadipose tissue, the time for T1 relaxation in a 1.5 Tesla
MRI scanner has been modeled as T1 = 7.94w-5.16 ms, where w is water content of the
tissue.2? Moreover, relaxation times and tissue contrast change in a regionally specific
manner across the brain because the rate of change in water content differs regionally across
the brain. Thus, because tissue intensity is determined primarily by water content, variations
of which do not generally affect ex vivo histological measures, we assessed the effects of
previously reported variations in water content on in vivo measures from MR images of the
brain.

We hypothesize that computer algorithms for tissue segmentation yield thinner measures of
the cerebral cortex in images that have lower tissue contrast. We provide support for this
hypothesis in several ways: (1) We derive three analytic relations between (a) the change in
tissue intensity and the change in relaxation times, (b) the change in relaxation times and the
change in tissue contrast, and (c) the change in tissue contrast and the change in tissue
definition. These analytic relations allow us to conclude whether we should expect a change
in tissue contrast and cortical thickness with a change in water content and relaxation times.
(2) We use computer-generated, T1-weighted images simulated from brain-wide maps of
previously reported relaxation times at various ages. Because the ground truth definitions of
GM and WM are known in these simulated images, their values allow us to establish
precisely the effects that regionally specific, spatially varying age-related changes in tissue
contrast have on tissue definition. (3) We also use T1-weighted images of adults who are
healthy or who have either Schizophrenia (SZ) or Bipolar Disorder (BD) to assess whether
tissue contrast can differ across diagnostic groups and whether those differences in tissue
contrast can substantially affect in vivo MR measures of brain morphology. Demonstrating
that these changes in water content, relaxation times, and tissue contrast have substantial
effects on MRI-based measures of brain structure has profound implications for the field of
brain imaging and fundamentally calls into question the validity of what we thought we had
learned until now about brain maturation and the pathophysiologies of neuropsychiatric
illnesses.

2. Methods

2.1 Overview

We assessed the effects of change in tissue intensity and contrast on the segmentation and
regional definition of brain tissue by deriving the analytic relations between these values and
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by demonstrating their influences on anatomical measures from computer-generated and
real-world MR images of the brain.

1. We evaluated the effects of variations in image contrast on tissue segmentation
using (a) three sets of computed-generated images and (b) a large set of images
from healthy adults and adults with psychiatric illnesses.

a.

Each of the computer-generated datasets consisted of T1-weighted images
representing a baseline image of the brain and additional T1-weighted
images representing the same brain but with tissue contrast and relaxation
times modeled as changes over 10-year increments based on previously
published normative values for relaxation times at varying ages. We
segmented brain tissue in the baseline image as either GM or WM by
applying (i) a histogram-based method that modeled image intensities
using a Gaussian mixture model and applied Expectation maximization
algorithm to label voxels as either GM or WM, and (ii) a Markov Random
Field (MRF)-based method that modeled voxel intensities as a MRF to
enfore a regional homogeneity contrast and generated maps of tissue that
were spatially contiguous. The cortex identified in the baseline image was
considered the gold-standard definition with which was compared the
cortical definition in simulated brains at subsequent ages, thereby allowing
us to compute the change in thickness with age that is a function only of
age-related changes in relaxation times and proton density and their effects
on tissue contrast.

We also used imaging data from 79 adults with Schizophrenia (SZ) and
their age-matched 66 healthy adults, and 37 adults with Bipolar Disorder
(BD) and their age-matched 58 healthy adults to assess the effects of real
illness-related variation in tissue contrast on measures of cortical thickness
across diagnoses. We expected that presumed age-related declines in water
content would reduce tissue contrast and thereby would reduce volumes
and thickness of cortical gray matter, and we likewise anticipated that
patient populations with lower tissue contrast would also have reductions
in measured volumes and thicknesses of their cortical gray matter. We also
expected that the regional pattern of differences in cortical thickness
between healthy and patient populations would match the spatial pattern of
changes in cortical thickness with age that we detected in our computer-
generated images, suggesting that regional variations in group differences
across patient populations may be attributable more to local variations in
water content than to real differences in morphological characteristics of
the underlying tissue.

2. Finally, we derived analytic relations between a given change in relaxation times
and the corresponding change in tissue intensity and contrast of the image. In
addition, we showed analytically that the change in tissue contrast would cause
misclassifications of both GM and WM, and in equal proportions.
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2.2 Tissue Segmentation

We briefly describe the two automated methods that we used to segment brain tissue at each
voxel of the image as being either GM or WM. These two methods for tissue segmentation
either are implemented directly within or they form the bases for more advanced methods in
the most commonly used toolboxes for image processing, including Bioimage Suite?1,
FreeSurfer?2, SPM523, and FSL-FAST®.

1. Histogram-Based Segmentation This method modeled the distributions of GM and
WM voxel intensities as Gaussian distributions having means p; and i, and
variances o1 and o». We estimated the empirical distributions of each class of brain
tissue by forming the histogram for the entire image and then using a K-means
clustering algorithm to estimate optimal values for the means and variances of each
tissue type.24 25 The clustering algorithm initialized the means 1 and p and
variances o7 and o» from the histogram of image intensities for the entire brain.
Using these initialized values, the algorithm iterated the two operations until the
estimated means and variances converged to a specific value. The first operation of
the algorithm used the current estimates of the means and variances to compute the
likelihood that each voxel belonged to either GM or WM, and then assigned each
voxel to the class with the higher likelihood. In the second operation, the means
and variances for the two classes were updated using the intensities of the voxels
assigned to that class. The algorithm converged to a particular assignment of voxels
to GM and WM if the changes in the means and variances from one iteration to
another were smaller than a specified threshold.

2. MRF-Based Segmentation In the presence of noise, the histogram-based method
generates tissue definitions that are not spatially contiguous. To reduce noise in the
segmented images and to yield tissue definitions that are spatially homogeneous, an
MRF-based segmentation constrained the tissue classification of each voxel by the
tissue type of its neighboring voxels, thereby generating spatially contiguous
classifications. The constraint requiring a homogeneous neighborhood was imposed
using a Gibbs distribution as a prior on the expected segmentations, and the voxel
intensities were incorporated using a likelihood term of the observed intensity at
that voxel for its current tissue type.2® The optimal tissue type for each voxel was
then estimated using an expectation maximization algorithm.2” Although prior
validation studies have shown these methods to be robust in the presence of
noise?8, those studies have not evaluated the effects of changing tissue contrast on
the estimated segmentation of brain tissue.

2.3 Image Preprocessing

We isolated brain from nonbrain tissue in our real human images. First, we corrected
intensity inhomogeneities using an automated algorithm?2® that models those
inhomogeneities as a multiplicative field. Second, brains were reoriented into a standard
orientation in which the anterior and posterior commissures were positioned in the same
transverse slice and in which landmarks within the interhemispheric fissure were placed in
the same sagittal plane. Finally, brain was isolated from nonbrain tissue using a semi-
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automated technique that first used an automated tool3° to define the surface of the brain,
which was then edited manually in the three orthogonal views to remove connecting dura.

2.4 Computer-Generated Brains

2.4.0. Overview—We created three sets of computer-generated brains that modeled
empirically determined, age-related changes in tissue intensity and contrast: (1) In the first
set (described in detail in section 2.4.1 below), we progressively reduced tissue contrast by
increasing only gray-scale intensity values of GM voxels proportionately with increasing
age based on empirically determined, age-related changes in GM intensities, while keeping
the intensities of WM voxels constant. (2) In the second set (described in section 2.4.2),
brains were generated using simulated maps of T1 and T2 relaxation times based on
published values for GM and WM and then varying those values with age according to
previously reported cross-sectional studiesl4. (3) In the third set (described in section 2.4.3),
brains were generated using real maps of T1 and T2 relaxation times obtained from a single
healthy adult and then varying those values progressively with age. We generated the
images in the second and third sets by varying the T1 and T2 relaxation times at rates
published in the literature. The relevant sections below provide the rationales for
constructing and assessing contrast effects in each of these synthetic datasets.

In all three of these datasets, in both the simulated and real-world maps of relaxation times,
we assumed that a single T1 and single T2 relaxation time measured the average relaxation
times within each voxel. The T1-weighted images at differing ages in the second and third
sets of computer-generated brains were reconstructed from maps of relaxation times. For the
images in the second set, the T1-weighted image used to construct synthetic maps of
relaxation times was acquired on a 1.5T MRI scanner with spatial resolution of 1.2mm x
1.17mm x 1.17mm. On the other hand, for images in the third set, the images used to
construct the real maps of relaxation times were acquired on a 3T MRI scanner at an
isotropic spatial resolution of 1.0 mm3. The voxel size of a brain at 3T was 39% smaller
than the voxel size of a brain at 1.5T. Because the brains acquired using the two scanners
had differing spatial resolutions, relaxation times, intensity inhomogeneities, and signal-to-
noise and contrast-to-noise ratios, we always treated the data from the two scanners
independently and never combined in any of our experiments. In each of these three
simulated datasets, the brain at the youngest age was termed the baseline image and the
segmented cortices defined in brains at differing ages were compared with that baseline
image to assess the effects of changing tissue intensity and contrast on the definition of
cortical GM.

2.4.1 Computer-Generated Images with Age-Related Increases in GM
Intensities—For the first set of computer-generated images, we selected one brain as a
baseline image and then generated brains at increasing ages by progressively increasing GM
intensities. Brain tissues in the baseline image were segmented as GM or WM using MRF.
The GM intensities were progressively increased to generate brains with progressively
decreasing tissue contrast simulating the brains of persons between 20 and 65 years of age.
The rate of increase in GM intensities was estimated empirically from the T1-weighted
images of 43 healthy participants, ages 10 to 57 years old.
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These T1-weighted images were acquired using a 1.5T Siemens MRI scanner and were
preprocessed and segmented using the same semi-automated procedures described for
preprocessing datasets in the present study. For segmenting the brain as GM or WM, we
sampled pure GM and WM in four different regions of the brain using a 4-by-4 window, a
sampling window small enough to provide samples of pure GM and WM intensities and
avoid partial volume effects but sufficiently large to provide stable representations of tissue
intensity in each region. The GM and WM intensities were then averaged across sampling
windows.

We computed tissue contrast as the ratio of the difference in the average WM (AveWM) and
average GM (AveGM) values divided by the average GM intensity: Percent Contrast = 100-
(AveWM — AveGM)/AveGM. In our empirical dataset of healthy participants, tissue percent
contrast decreased linearly by 0.124 units per year (Fig.1). Therefore, contrast Cy at age x
years as a function of contrast Coq at age 20 years was calculated as Cy = Cog—0.00124 (x —
20). Modeling age-related reductions in tissue contrast by keeping WM intensities constant
and increasing only GM intensities, the average GM intensity ‘G7, at age x years was

o= | M
calculated as | 14C, | Where Ti7a7,,, was the average WM intensity at age 20
years. The GM intensity GMy of each voxel in the computer-generated brain at age x years

was then computed by adding the difference in the average intensities G7, and Gz, of
gray matter to the intensity GMyg at age 20 years, i.e. GM = GMzo+(GM, — GMap)-

2.4.2 Synthetic Maps of Age-Related Changes in T1 and T2 Relaxation Times
—The second set of computer-generated images was constructed by first creating synthetic
maps of T1 and T2 relaxation times for the baseline image using previously reported
relaxation times measured with a 1.5T scanner4. Then the maps of relaxation times were
modified using previously reported age-related changes in both relaxation times and water
content!® 31, Finally, the age-specific synthetic maps of relaxation times were used to
reconstruct T1-weighted images at each corresponding age. The maps of relaxation times
should have modeled age-related variation in tissue intensities more accurately than the first
set of synthetic images (in 2.4.1) because they modeled age-related changes in both the
relaxation times and water content of GM and WM tissues, and they varied relaxation times
continuously and smoothly across voxels from the GM/WM boundary to account for partial
volume effects and similar water content. Because relaxation times decrease in GM with
age, we expected that tissue contrast in the images reconstructed from maps of relaxation
times would decrease progressively with increasing age.

Synthetic Maps at Baseline To generate maps of T1- and T2-relaxation times for the
baseline image, we first used MRF to segment the T1-weighted image as GM or WM. We
then removed GM from the image and used a 3D morphological operator3? to distance-
transform the image to generate at each voxel within GM and WM the distance of that voxel
from the GM/WM boundary. We then used the distance of the voxel from the GM/WM
boundary to specify the T1 and T2 relaxation times for each voxel. Relaxation times for both
GM and WM are Gaussian distributed'* and we expected T1 and T2 relaxation times of
voxels within pure GM and WM to equal the previously reported modal values of 1250 ms
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and 94 ms for GM and 560 ms and 87 ms for WM, respectively, in a 1.5T scanner for a 23-
year old healthy adult'#. Furthermore, we modeled equal relaxation times for voxels along
the GM/WM boundary because of the partial volume effects and similar water content in
voxels at those locations. Therefore, we set relaxation times for these voxels to the average
of their modal values (i.e., 900 ms for T1 and 90 ms for T2 relaxation times). Assuming that
voxels located at a distance of two or more voxels from a GM/WM interface represent true
GM and WM, we set their relaxation times to the modal reference values of the healthy
adult®. Finally, we ensured that relaxation times would vary smoothly across the maps by
setting the T1 and T2 times of voxels immediately adjacent to the GM/WM interface to
1075 ms and 92 ms in GM, and 730 ms and 88.5 ms in WM. In these synthetic maps,
however, the relaxation times changed uniformly as a distance from the GM/WM boundary,
and this change in relaxation times was identical from one region of the brain to another.
Using maps of relaxation times that vary smoothly across the GM/WM boundary would
generate images with smaller variation in tissue contrast with age and therefore should yield
a conservative estimate of the effect of varying water content on tissue definition.

Synthetic Maps at Varying Ages Maps of relaxation times at differing ages were generated
using previously reported valuesl# 31, T1 declines linearly in GM by 2.3 ms each year!* and
increases in WM by 1.34 ms each year3!, whereas T2 increases 0.05 ms each year in both
GM and WM3L, To minimize the influence of tissue segmentation on age-related changes in
relaxation times, we changed relaxation times at a rate based on relaxation times in the
baseline image. We therefore changed the relaxation times of the voxels along the GM/WM
boundary at a rate that was the average of the rates for pure GM and WM - i.e., reducing T1
by 0.48 ms each year for voxels in both GM and WM along the GM/WM boundary. For
voxels immediately adjacent to the interface, we reduced T1 times for GM by 1.39 ms each
year and increased them for WM voxels by 0.43 ms each year to account for the smoothly
varying values caused by partial volume effects and similar water content in those voxels.
Therefore, smoothly varying relaxation times across the image would yield smaller changes
in those values with age, thereby producing smaller age-related changes in tissue contrast
than voxels in a real-world dataset. Therefore, our simulated dataset yielded a more
conservative estimate of a change in tissue contrast, and therefore it also yielded a more
conservative estimate of change in cortical thickness with age. Finally, the water content of
brain tissue, and therefore proton density and signal strength, decreases in GM from 81% at
age 20 years to 79% at age 75 years, and it increases in WM from 69% at age 20 years to
about 71% at age 75 years5. Consistent with the increase in water content of WM, in the
simulated dataset we increased the proton density and signal intensity across WM with age,
thereby reducing the rate of decrease in tissue contrast with age.

Reconstructing T1-weighted Images From the synthetic maps of T1- and T2-relaxation
times, we reconstructed T1-weighted brain images at various ages using the well known
relation between MRI signal strength and T1 and T2 relaxation times. MRI signal S, from a
voxel vis modeled as Sy = Sy o - PDy - 1 — exp —TR/T1, -exp(-TE/T2,) where S g is the
maximum MRI signal strength and PD,, is the proton density of the voxel, and where TR is
the repetition time and TE is the echo time of the pulse sequence used to acquire the T1-
weighted image. The detected MR signal S, is processed in the scanner console to generate a
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T1-weighted image with intensity |, at voxel v. We will assumed that I, is directly
proportional to S,-- i.e., I,=C, - Sy = Ky - [1-exp —=TR/T1,] -exp -TE/T2, , where Ky, is a
constant for an MRI scanner that varies from one scanner to another. Using the baseline
maps for T1 and T2 relaxation times, and using TR = 600 ms and TE = 3.4ms for a typical
T1-weighted image acquired on a 1.5T scanner, we computed the map of K, for all voxels
across the brain. We then used the map K, and the synthetic maps of relaxation times at
various ages to reconstruct the T1-weighted images at each of those ages. Finally, because
the water content of tissue changes with age, which in turn affects signal intensity by
changes in proton density, we multiplied the intensities of GM voxels by — 2: x —20/55 +
81 /81 and those of WM voxels by 2- x =20/ 55 + 70 / 70, where x is the age of the
reconstructed brain, and 81% GM and 70% WM water content at age 20 years. Each of
these age-specific, computer-generated T1-weighted images was segmented using both the
histogram- and MRF-based methods. The GM thickness at each age were compared to the
GM thickness of the baseline image to assess the age-related changes in cortical thickness
attributable to the tissue's changing water content.

These synthetic maps of relaxation times more accurately modeled age-related variation in
tissue intensities than did maps in the first synthetic dataset because they modeled age-
related changes in both relaxation times and water content of GM and WM tissues, and
because they varied relaxation times smoothly across voxels at the GM/WM boundary to
account for both their partial volume effects and similar water contents. However, relaxation
times and age-related changes in those values were distributed uniformly across the entire
brain, thereby yielding a uniform change in tissue intensity and contrast throughout the
brain. The third synthetic dataset was designed to address this limitation of uniformity in
intensity and contrast across the brain.

2.4.3 Synthetic Maps of Age-Related Changes in T1 and T2 Relaxation Times
Constructed from Baseline Maps of Relaxation Times in a Healthy Participant
—~Unlike the uniform distribution of relaxation times as modeled for brains in our second
synthetic dataset, relaxation times and water content in real-world data vary from one region
to another. To generate images with realistic regional variations in tissue intensities, we
acquired baseline maps of T1 and T2 relaxation times and a baseline T1-weighted image in a
healthy adult. We then generated synthetic T1-weighted images at various ages by varying
relaxation times using previously published, age-specific values for relaxation times, just as
we did for the second set of synthetic images. Because the variation in relaxation times
across the brain depended upon variations in relaxation times and water content across the
brain at baseline, the synthetic images representing age-related changes in relaxation times,
water content, and contrast that depended on them also varied regionally across the brain.

T1-weighted Image The imaging data for the healthy adult were acquired using a 3 Tesla,
whole body, GE Signa HDx scanner (GE Medical Systems, Milwaukee, WI), ASSET (Array
Spatial Sensitivity Encoding Technique)-based parallel imaging capability (acceleration
factor R=2), and an 8-channel head coil (Invivo Corporation, Orlando, FL). The anatomical
T1-weighted image was acquired using a three-dimensional, fast spoiled gradient-echo
(FSPGR) pulse sequence in the sagittal orientation with inversion time (TI) = 500 ms, echo
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time (TE) = 2.38 ms, slice thickness = 1.0 mm, flip angle = 11°, Field of View (FOV) =25
cm, and acquisition matrix = 256 x 256.

Map of T1 Relaxation Times To construct the map of T1 relaxation times, we acquired six
brain images in the transverse orientation using an inversion recovery fast spin echo (IR-
FSE) pulse sequence with an adiabatic 180° inversion pulse and inversion times (TI) of
60ms, 200ms, 400ms, 700ms, 1300ms, and 2000ms. The other parameters of the pulse
sequence, which was held constant for these six brain images, were TE=8.532ms,
TR=8000ms, flip angle = 90°, and slice thickness = 3mm, providing an in-plane resolution
of 0.9766mm x 0.9766mm. The MRI signal in the IR-FSE sequence was modeled as S = Sy
(1 - 2~ TVT1 + e=(TR-TElast/T1)e~TEeffT2 with TE,,s; = ETL x esp where ETL is the echo
train length and esp is the echo spacing between consecutive echoes.33 We then estimated
the optimal value of T1 relaxation for tissue in each voxel by applying a nonlinear, least
squares fitting in MATLAB (The MathWorks Inc., Natick, MA).

Map of T2 Relaxation Times We constructed the map of T2 relaxation times from seven
brain images acquired using a fast spin echo (FSE) pulse sequence with echo times (TE)
8.532ms, 25ms, 50ms, 75ms, 100ms, 125ms, 150ms, and 175ms. The other pulse sequence
parameters were kept constant across the seven images and included TR=3500ms, flip angle
=90°, and slice thickness = 3mm, providing an in-plane resolution 0.9766mm x 0.9766mm.
The transverse relaxation time (T2-relaxation) was estimated by modeling the observed MRI
signal as34

5250(1_26—(TR—TE/2)/T1+6—TR/T1)6—TE/T2 ~ So(l_e—TR/TI)e—TE/TQZSge—TE/Tg

where the approximation holds for TR > TE. We therefore fitted a monoexponential model
to the data acquired for various TE's using MATLAB (The MathWorks Inc., Natick, MA) to
estimate the optimal value of T2 at each voxel. We used the FSE pulse sequence to acquire
the map of T2 relaxation times because we have previously shown3® that both FSE and SE
based sequences generate high quality images for computing T2 relaxation times. In fact,
several other published studies3®-38 have used FSE for measuring T2 relaxation times.
Although relaxation times computed using the two pulse sequences may differ, those
differences are small®® (<3%), less than +3ms in both GM and WM. These differences are
smaller than the variance of relaxation times within tissue caused by noise and the differing
tissue compositions across the brain. For example, in the adult brain, T2 relaxation times
were 93+12.9 ms in gray matter (GM) and 85+£10.37 ms in white matter (WM), with a 3-4
times larger variance in relaxation times than the possible variance differences produced by
the two different pulse sequences. Furthermore, the small bias in relaxation times across the
two pulse sequences will obtain across all ages of our participants and therefore cannot
account for the changes in tissue contrast with age that we have detected.

Coregistering Images We coregistered the maps of T1 and T2 relaxation times to the T1-
weighted image using a similarity transformation (three translations and three rotations)
such that the mutual information3® between the coregistered images was maximized. We
then used MRF to segment the baseline T1-weighted image and computed the average
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values of T1 and T2 times in GM and WM. Let T1®M and T2CM be the average T1 and T2
relaxation times in GM, and T1WM and T2WM be the average T1 and T2 relaxation times in
WM. We then generated T1-weighted images for various ages by first varying the relaxation
times using previously published values and then computing MR signal for each voxel. In a
3T MRI scanner, T1 relaxation times in GM decline 1.7 ms each year* and in WM they
increase 1.2 ms each year3L. At each voxel we linearly varied the relaxation times T1? and
727 at age x based on its relaxation times 717 and 72} at baseline:

T1} —T1"M
T1%=z —20- {—2.9‘ <”—> +1.2| +71}

T1GM _ T1WM

Therefore, T1 relaxation times at voxels having a relaxation time of T1CM at baseline will
decrease 1.7 ms each year, and those with a relaxation time of T1WM at baseline will
increase 1.2 ms each year. Voxels with intermediate T1 relaxation times at baseline will
have intermediate rates of age-related change. Therefore, because relaxation times vary
smoothly across the baseline image, the rates of age-related change in relaxation times also
will vary smoothly across the brain. This smooth variation in rates yields smaller changes in
tissue intensities and contrast, and therefore the reconstructed images yield smaller age-
related decreases in tissue contrast, than do images in real-world datasets. We assumed that
the water content, and therefore proton density, changed by the same amounts as those in the
second synthetic dataset.

The data in each of the three sets of computer-generated images were registered to the same
brain to ensure that the age-related changes in cortical thickness would be attributable to the
effects of changing water content, relaxation times, and tissue contrast on tissue
segmentation and not to any confounding effects of brain morphology. We expected that
tissue contrast would decrease with age, that automated tools for tissue segmentation would
yield a thinner cortex in images with lower tissue contrast, and that therefore progressively
older participants would have progressively thinner cortices solely because of declining
water content and declining tissue contrast.

2.5 Differences in Tissue Contrast Between Healthy Individuals and Individuals with
Psychiatric Ilinesses

We expected that the automated tools applied to our computer-generated images would
define thinner cortices in images with lower tissue contrast. Therefore, we also expected that
if tissue contrast in real-world images of healthy participants differed from those of
participants with psychiatric illnesses, then the cortex would be thinner in images of
participants with lower tissue contrast. In addition, we expected that the spatial pattern of
difference in cortical thickness between healthy and affected individuals would match the
spatial pattern of decreasing cortical thickness that we detected in association with declining
tissue contrast in the third set of computer-generated images (in section 2.4.3). We therefore
compared tissue contrast and cortical thickness in two sets of participants for whom we had
acquired T1-weighted brain images.
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Sample 1 consisted of 74 adults with Schizophrenia (SZ; 49 males, age 42.00+8.5 years) and
46 healthy adults (HA; 23 males, age 38.7+£10.1 years). Adults with SZ were identified from
general outpatient clinics and met DSM-IV criteria for Schizophrenia. All participants were
on their medications for at least thirty days and had not abused substances for at least sixty
days prior to the acquisition of MRI data. Diagnostic assessments were supplemented using
the Positive and Negative Symptom Scale for Schizophrenia.40: 41

Sample 2 consisted of 38 adolescents and adults with Bipolar Disorder | (BD; 17 males, age
32.2+13.8 years) and 58 HA (29 males, age 27.7+14.3 years). BD participants were
ascertained by a board-certified adult psychiatrist who administered the Structured Clinical
Interview for DSM-IV Axis | & Il Disorders, Version 2.0%2 and the participants younger
than 18 years were ascertained by a child psychiatrist and a psychologist expert in childhood
mood disorders who administered the Schedule for Affective Disorders and Schizophrenia
for School-Age Children—Present and Lifetime Version.43

For healthy adults, the exclusion criteria included a lifetime or a current DSM-1V Axis 1 or
2 disorder, and 1Q<80. Final DSM-1V diagnoses for all participants were established using a
procedure for consensus diagnosis using all available clinical and research materials.4 4

MR images for these two samples were acquired on a 1.5 Tesla GE scanner using a sagittal
spoiled gradient recall sequence (TR=24msec, TE=5msec, 45° flip, frequency encoding S/I,
no wrap, 256x192 matrix, FOV=30 cm, 2 excitations, slice thickness=1.2 mm, 124
contiguous slices). The definition of GM and WM allowed us to compute tissue contrast in
the brains of all participants. We plotted contrast versus age of the participants in each group
to assess change in tissue contrast with age.

We normalized the brains of all participants to a template brain, thereby allowing us to
compute and compare statistically the average cortical thickness at each voxel on the surface
of the brain for each group of participants. We plotted the correlation of cortical thickness
with age at each point of the cerebral surface and compared those correlations across
diagnostic groups in each of our two samples of participants. The brain of a healthy
participant was selected as a template to which the brains of all other participants were
coregistered. Coregistration was performed using first a similarity transformation (3
translations, 3 rotations, and global scaling) that maximized mutual information3® between
the brains and then subsequently a high-dimensional, nonlinear warping algorithm#® that
matched each brain to the exact shape and size of the template. The nonlinear warping
therefore established point-by-point correspondences across the surface of each brain to the
template surface, allowing us to map cortical thickness for each participant onto the template
surface.

We computed cortical thickness within template space as the shortest distance from the pial
surface to the surface of white matter using a 3-dimensional morphological operator that
distance-transformed the surface of white matter to the surface of the same brain.4”- 48 At
each point on the surface of the template brain, we statistically compared cortical thickness
across diagnostic groups and color-encoded the P-value of that statistical difference to
generate maps of P-values across the surface of the template brain.

Magn Reson Imaging. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bansal et al.

Page 13

As before, we expected that reduced tissue contrast would yield a thinner cortex. Therefore,
diagnostic groups with reduced tissue contrast in their images should have thinner cortices
than groups with greater tissue contrast in their images. In addition, we expected that the
pattern of reduction in cortical thickness associated with reduced contrast would match the
pattern of age-related decline in cortical thickness that is attributable solely to the age-
related decline in tissue contrast.

2.6 How Changes in T1 Relaxation Times Produce Changes in MRI Signal Intensity

We expected that changing relaxation times that reduce tissue contrast in computer-
generated images would yield thinner cortices defined with automated tools for
segmentation. In addition to the empirical evidence that tissue intensities and contrast
decrease with age, we derived the relation between changes in relaxation times, changes in
tissue intensities, and changes in tissue contrast. First, we derived the relation between
changes in T1 relaxation times and proton density on the one hand with changes in tissue
intensities on the other. We then used this relation to show how tissue contrast varies with
changes in relaxation times and proton density.

As shown in Appendix A, the fractional change in brain tissue signal relates linearly with
the change in T1 relaxation times as

S, — S, APD® AT16M APD®
~ = |- = — | —6.25-10"1AT1M,
Sy ” PD 4-TR-exp(0.5) — 1 PD

and

Sy — S, _(ApPD™ AT1WM APD"M 4 WM
MMN POV ) TR (e =D\ ppwH —9.96-10"*AT1

Where S, is the MRI signal at voxel v, TR is the repetition time, PD is proton density, and
T1is the T1 relaxation time. These relations show that the intensities of GM voxels change
more slowly than those of WM voxels, and that the change is linear, with changing T1
relaxation times. Furthermore, because T1 relaxation decreases in GM and increases in WM
with age, these relations suggest that voxel intensities increase in GM and decrease in WM,
thereby reduced tissue contrast with advancing age. Moreover, although the fractional
change in tissue intensities relates linearly to a change in relaxation times, tissue intensities
may change nonlinearly with age if relaxation times change nonlinearly with age.

2.7 How Changes in T1 Relaxation Times Change Tissue Contrast

Using the above relation between tissue intensity and relaxation times, in Appendix B we
showed that changes in tissue contrast relate to changes in relaxation times, as follows:

Magn Reson Imaging. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bansal et al. Page 14

=W =G

(s -=57)
§G
sW _ s¢ sW _ s¢ APD® APDWV
_{ <G )=<1+( <G 1) |- e +6.25- 1071 - AT19]| + 1'72'W_17'11'10_4'
APD®
- =5 +6.25-107%. ATlG]

APDW

—15.05-107%. Ale}

Because with increasing age AT1C < 0 and AT1W > 0, contrast decreases linearly with age.
In addition, brain regions with greater baseline tissue contrast will suffer a larger decline in
contrast for the same change in relaxation times with age than will regions where baseline
tissue contrast is lower. Thus, these analytic relations demonstrate that tissue contrast
declines with age in T1-weighted images.

2.8 Change in the Definition of GM and WM with Tissue Contrast

Assuming that voxel intensities in both GM and WM are Gaussian distributed and that brain
tissues are segmented as GM or WM by maximizing the tissue likelihood, we showed in
Appendix C that a change in tissue contrast causes more voxels in GM to be misclassified
as WM. In fact, small changes Afg, Afyy in the fractions of misclassified GM and WM
voxels for small changes in tissue intensities and contrast are shown to be

Afo=bo(ar) - Bag==d(r) - | (145 ) - Bug 122 - AC]

and

Afy=by (2,) - Ay =— 6, (2,) [(1+%) Apgrhe. AC]

Where ¢ X, X denote the Gaussian distributions of the voxel intensities within GM and
WM, respectively, with mean and variance g, og in GM and py, gy in WM,

—(HFw " HFe . o
C= ( Lo > denotes the issue contrast, AC denotes a small change in tissue contrast.

Because at the optimal threshold x1 we have ¢g(XT)= ¢w(XT), the changes in the fraction of
misclassified GM and WM voxels are equal, that is, |Afg| = |Afy]. GM in the brain comprises
60% of voxels and WM 40% of voxels. Therefore, if a decline in tissue contrast
misclassifies, for example, an additional 3% each of GM and WM voxels, then the greater

Magn Reson Imaging. Author manuscript; available in PMC 2014 December 01.

P DW
PD%

ATV | =



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bansal et al.

3. Results

Page 15

number of GM voxels in the brain entails that a larger number of GM voxels will be
misclassified as WM than WM voxels will be misclassified as GM. The high-intensity
voxels in GM located along the GM/WM interface will be increasingly misclassified as WM
as tissue contrast declines, thereby manifesting as a decline in thickness of the cortex, but a
decline that is attributable solely to the age-related decline in tissue contrast, and not a
change in the actual underlying composition of the tissue.

3.1 Computer Generated Brains

3.1.1 Computer-Generated Images with Age-Related Increases in GM
Intensities—Although tissue contrast decreased only 0.13 units per year in computer-
generated images, the thickness of the cortex as defined using both the histogram- and the
MRF-based methods declined rapidly with age across the entire cerebral surface (Fig.2). The
thickness of the cortex defined using the histogram-based segmentation decreased linearly
and uniformly across the surface with age by about 1.2 mm over a sixty-year period,
whereas cortical thickness defined using MRF-based segmentation declines in a spottier
fashion across the surface, probably due to a combination of local noise and smoothness
constraints in the MRF segmentation. We conclude that automated methods for tissue
segmentation yield thinner cortices in images containing lower tissue contrast than in images
of higher contrast.

3.1.2 Synthetic Maps of Age-Related Changes in T1 and T2 Relaxation Times
—Tissue contrast declined with age in T1-weighted images reconstructed from synthetic
maps of T1- and T2-relaxation times modeled using previously reported values for age-
related changes in relaxation times (Fig.3). The changes in voxel intensities with age,
however, were small, with the largest decline in intensity being 2.2% from the age of 20 to
45 years (Fig.4). In addition, changes in voxel intensities were measurable earlier in WM
than those in GM (Fig.4), as we expected from our analytic derivations for age-related
changes in voxel intensities (Al.1) & (Al.2), in which intensity changes in WM were larger
and occurred earlier in life than did changes in GM. The thickness of the cortex defined
using MRF declined significantly and uniformly across the cerebral surface with age (Fig.5).
Although the thickness of the cortex defined using the histogram-based segmentation also
declined with age, the rate of decline was not as pronounced as that for the cortex defined
using MRF. The number of voxels labeled as GM using MRF decreased linearly by 25%
from ages 35 to 65 years (Fig.6). Therefore, previously reported, age-related changes in
relaxation times caused subtle but progressive age-related reductions in tissue contrast that
in turn biased the automated tools for segmentation to define thinner cortices. Thus,
although the differential changes in voxel intensities between GM and WM that occur as a
consequence of age-related changes in relaxation times was subtle (less than 3 percent over
a twenty five-years period), these small differential changes in intensity across tissue types
produced sufficient changes in tissue contrast to yield large, age-related changes in the
measured thicknesses and volumes of the cerebral cortex.
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3.1.3 Synthetic Maps of Age-Related Changes in T1 and T2 Relaxation Times
Constructed from Baseline Maps of Relaxation Times in a Healthy Participant
—The thickness of the cortex defined in T1-weighted images reconstructed from maps of
age-related changes in relaxation times constructed from baseline values in a single human
participant showed regionally specific decreases and increases in thickness with age.
Thickness decreased bilaterally in prefrontal, occipital, and inferior parietal cortex, and in
the cerebellum, and it increased bilaterally in the superior parietal cortex (Fig.7). These
regionally specific changes in cortical thickness were caused by regional variation in
relaxation times across brain regions, thereby producing variable age-related changes in
relaxation times. These regionally specific age-related changes in thickness were detected in
images reconstructed from the baseline maps of relaxation times in a single healthy
participant, with changes in age computed based on findings reported in prior cross-
sectional, not longitudinal, studies. Therefore, measurement error across these cross-
sectional studies undoubtedly introduced more variance to our synthetic longitudinal images
in the single individual than would have been present in true longitudinal data. In addition,
tissue contrast in the reconstructed images declined linearly by 0.1472 each year using the
histogram-based segmentation and 0.1521 each year using MRF-based segmentation (Fig.8),
values that accord well with the age-related declines in contrast that we detected in our real
imaging data from healthy participants (Fig.1). Moreover, even when including voxels in the
superior parietal lobe where cortical thickness increased with age, automated segmentation
labeled 12 percent fewer voxels as GM over the age span of 70 years. If excluding GM in
the superior parietal lobe, voxels labeled as GM declined 15-20 % with age. Thus, when
using maps of relaxation times measured at baseline in a healthy adult and changing those
values with age using previously reported cross-sectional data, thickness of the cortex
changed in a regionally specific fashion, with age-related declines in thickness detected
bilaterally across most brain regions.

3.2 Differences in Tissue Contrast Between Healthy Individuals and Individuals with
Psychiatric Ilinesses

3.2.1 Tissue Contrast and Cortical Thickness in SZ Adults—Tissue contrast
decreased 0.0485 each year in our sample of 74 adults with SZ (Fig.9). Modeling tissue
contrast as the dependent variable in a multiple linear regression and with age, gender, and
diagnosis as independent variables, contrast for the SZ group was significantly higher than
for healthy adults (41.18+2.04 vs 40.17+1.47, respectively, P-value < 0.05, df = 116, for
Student's t-test). Our prior findings suggest that the greater tissue contrast, in turn, should
yield a thicker cortex in the SZ compared with HC group, especially in the lateral and
inferior surfaces of the brain, and thinner surfaces along the dorsal aspect of the parietal
lobe. Consistent with this prediction, cortical thickness measured in the SZ group was
greater along the lateral and inferior surfaces of the brain and thinner in the superior parietal
lobe (Fig.10).

3.2.2 Tissue Contrast and Cortical Thickness in Persons with BD—Tissue
contrast in images from BD participants did not vary with age (Fig.11), but they were
significantly higher than that in images for healthy adults (40.27+£1.04 versus 38.9+1.17, P-
value<0.000001, df = 84). Because tissue contrast in the BD group was higher than in age-
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matched HCs, we expected that automated segmentation would yield thicker cortices in the
BD group, as suggested by findings in our synthetic datasets. Consistent with this prediction,
cortical thickness in the BD group was significantly greater across most of the brain, with
some thinning noted in superior parietal regions (Fig.12), suggesting that greater tissue
contrast contributed to the thicker cortices measured in the BD group.

3.2.3 Correlating Cortical Thickness with Tissue Contrast—Cortical thickness
averaged across the entire cerebral surface correlated significantly with average tissue
contrast for the BD participants (Pearson's r = 0.277, p< 0.05) and for the healthy
participants (Pearson's r = 0.24, p = 0.04) (Fig.13). The maps of correlation of tissue contrast
with cortical thickness at each point across the surface of the brain showed large expanses of
positive correlations between cortical thickness and contrast for BD and healthy participants
(Fig.14). For SZ participants, however, average cortical thickness did not correlate
significantly with the tissue contrast (Pearson's r = 0.0077, p=0.474), and correlation maps
showed regions with both positive and negative correlations between tissue contrast and
cortical thickness (Fig.14). These regional positive and negative correlations cancel one
another in the average and explain why average cortical thickness across the entire brain did
not correlate significantly with tissue contrast in the SZ group (Fig.13).

4. Discussion

We have shown that T1-weighted MR images with lower tissue contrast yield thinner
measures of the cerebral cortex. We have also shown that age-related changes in relaxation
times of GM and WM produce a progressive decline in tissue contrast with age and that this
change in contrast in turn yields measures of cortical thickness that decline with age. This
age-related decline in cortical thickness does not represent what would be measured for
thickness of the cortical mantle ex vivo, but rather is a product solely of changing relaxation
times in GM and WM with advancing age. We have furthermore shown that subtle declines
in water content of GM and WM with age likely account in large part for the age-related
changes in relaxation times and declines in both tissue contrast and measures of cortical
thickness with age. Finally, we have shown that differences in tissue contrast across groups
patients and healthy controls contributes significantly to differences in cortical thickness
measured across groups. We conclude that the changes in cortical thickness across ages and
the differences in cortical thickness across diagnostic groups reported extensively in the
literature are attributable at least in part to differences in tissue contrast across ages and
diagnostic groups. Those group differences in tissue contrast by definition derive, in turn,
from group differences in the cellular and molecular properties of GM and WM tissue,
including their water content, not from true underlying differences in thickness of the
cortical mantle.

A decline in water content with age produces changes in relaxation times for GM and WM
that reduce tissue contrast progressively with age, and this age-related decline in tissue
contrast in turn produces a progressive, age-related thinning of the cortex. We derived
analytic relations associating changes in T1 and T2 relaxation times in GM and WM with
changes in tissue intensities and contrast in T1-weighted images of the brain. Using
previously reported, age-specific values for relaxation times, these analytic relations
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predicted decreases in tissue contrast with age that we confirmed in our real-world cohort of
healthy participants. In addition, we showed analytically that more GM voxels are
misclassified as WM voxels for declining values of tissue contrast. GM voxels along the
interface of GM and WM should be the most misclassified as WM, because those are the
GM voxels with the highest tissue intensities because of the presence of partial volume
effects. Misclassification of GM as WM at locations of GM/WM interface will produce a
progressive thinning of the cortex with progressively declining tissue contrast.

We experimentally assessed the effects of tissue contrast on the segmentation of the cortex
using three sets of computer-generated images and two sets of real-world data from healthy
and patient participants. The computer-generated images in the three simulated datasets
modeled the real-world change in tissue contrast with increasing accuracy and complexity:
In the first set, images increased GM intensities solely to reduce tissue contrast at a rate that
we observed in our real images of healthy adults. In the second set, we reconstructed T1-
weighted images from synthetic maps of T1 and T2 relaxation times in GM and WM
reported previously at specific ages. In the third set, we reconstructed T1-weighted images
from maps of relaxation times measured in a healthy adult and varying those measures by
the values for T1 and T2 reported previously for specific ages. Tissue contrast in the T1-
weighted images reconstructed from the maps of relaxation times in both the second and the
third datasets declined with age, as expected from both our empirical data and as predicted
by the analytic relations we derived between relaxation times and tissue contrast. We
segmented brain tissues in each of the three datasets and in the real-world cohorts using both
histogram- and MRF-based methods for segmentation and showed that although tissue
contrast decreased by only 3-4%, cortical thickness and the number of voxels labeled as GM
declined by more than 15% over the human lifespan. Furthermore, MRF-based segmentation
generated thinner cortical measures than did histogram-based segmentation (Fig.5).

Images reconstructed from maps of relaxation times in a single individual that were then
varied synthetically using previously reported relaxation times at specific ages showed
regions of age-related thinning and thickening of the cortex bilaterally, which we also
observed in our real-world cohort of healthy participants. In these healthy participants, those
with lower tissue contrast had proportionally thinner cortices. These same associations
between tissue contrast and cortical thickness were observed in our group comparisons of
patients with age-matched healthy controls. For example, tissue contrast was greater and
cortical thickness proportionally greater in SZ compared with healthy participants (Fig.10)
in BD compared with healthy control participants (Fig.12) in regionally specific patterns
consistent with those observed for the effects of age on contrast and cortical thickness.
These regionally specific differences in thickness across diagnostic groups were likely
caused by regionally specific differences across groups in relaxation times,4 which in turn
likely depended on regional variation across groups in water content and other cellular
properties of the tissue, rather by group differences in underlying thickness of the cortical
mantle.
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4.1 Corroboration and Internal Consistency of Our Findings

Several independent observations support our thesis that tissue contrast in T1-weighted
images of the brain decreases with increasing age and that its effect on tissue segmentation
is responsible for age-related cortical thinning.

1.

We analytically derived the equations that linearly relate the change in tissue
intensities and the change in tissue contrast with the changes in T1 relaxation times
and water content of GM and WM. With increasing age, T1-relaxation times
decline in GM and increase in WM, thereby reducing tissue contrast. Although the
change in tissue contrast relates linearly to the change in relaxation times,
relaxation times may possibly change nonlinearly with age and therefore may
produce nonlinear, age-related decreases in tissue contrast.

We derived the analytic relation showing that changing tissue contrast yields
misclassification of GM and WM voxels that affects each tissue type in equal
proportions. Nevertheless, the greater number of GM voxels in the brain leads to
misclassification of a greater number of GM than WM voxels, so that declining
tissue contrast produces an apparent overall decline in GM tissue.

The rate of age-related decline in tissue contrast observed empirically in a sample
of healthy adults (Fig.1) matched closely the rate of age-related decline in tissue
contrast that were detected in computer-generated images constructed from maps of
relaxation times measured in a healthy adult participant and modified using age-
specific relaxation times and proton densities reported in prior studies (Fig.8). We
showed that age-related changes in water content is largely responsible for age-
related changes in proton density and relaxation times, and that therefore age-
related changes in water content is also likely responsible for real-world, age-
related changes in tissue contrast.

The regional pattern of age-related change in cortical thickness in T1-weighted
images reconstructed from the age-specific maps of relaxation times matched well
the previously reported, regional pattern of age-related changes in cortical
thickness. Cortical thickness in both instances declined linearly with age in frontal,
superior temporal, and lateral parietal cortices#9-52 and changed little with age in
ventral portions of the brain.49 53,54

In two independent samples of patient and healthy participants, group differences
in tissue contrast accounted for group differences in measured cortical thickness
(Figs.10 & 12). Moreover, the regional pattern of these group differences in cortical
thickness (Figs.10 & 12) matched well the regional pattern of cortical thinning
associated with age-related changes in tissue contrast that we observed in our
synthetic datasets (Fig.7). These findings suggest that group differences in tissue
contrast, and therefore group differences in water content and other cellular or
molecular characteristics of the underlying tissue, rather than real differences in
underlying thickness of the cortical mantle, likely was responsible for the observed
differences across groups in imaging-based measures of cortical thickness.
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6. The previously reported, age-related decline in cortical thickness matches well the
age-related decline in thickness that we observed in our computer-generated
images. One prior study reported a 15-20% reduction in cortical thickness
uniformly across the brain of healthy participants between the ages of 10 and 90
years.55 56 Another reported a decline in GM volume of either 9.2% (corrected for
total intracranial volume) or 14.3% (uncorrected for total intracranial volume) over
40 years in healthy adults®”. The magnitude of these in vivo, age-related changes in
GM agrees well with the magnitude of age-related changes in GM measured in our
computer-generated images.

7. Previous studies3® 76 have also reported larger age-related changes in the gray-
scale intensities of WM than GM. We established these same tissue-specific
changes in gray-scale intensity analytically in the relation of changing tissue
intensity, relaxation times, and water content of brain tissue, and we observed the
same changes in our computer-generated images that modeled relaxation times
using previously published values at differing ages.

8. Although we evaluated the effects of two automated methods for tissue
segmentation on our measures of cortical thickness, prior studies that have used
other segmentation methods, such as FreeSurfer,%8-60 have also reported thinner
cortices in images with lower tissue contrast®® 51, and in regions similar to those
where we detected cortical thinning specifically associated with reduced contrast.

4.2 Changes in Tissue Contrast Associated with Changes in Water Content

We believe that age-related changes in tissue intensity and tissue contrast derive primarily
from age-related changes in water content of the brain. Water content declines rapidly from
95% of brain weight at birth to about 81% at 1 year of age®L. It continues to decrease slowly
with age thereafter, especially in gray matter.1® The rapid changes in water content
immediately after birth alters relaxations times and thereby causes rapid changes in tissue
intensities and tissue contrast in MR images. In fact, the changes in water content cause the
difference in T1 and T2 relaxation times for GM and WM, and therefore the tissue contrast
that depends on those relaxation times, to invert at approximately 3 months of age. Thus the
underlying morphological features of brain tissue have changed relatively little compared to
the very dramatic change in the brain's appearance on MR images around 3 months of age.52
Although other cellular and molecular properties of brain tissue change with age,%3 these are
thought to produce relatively small changes in relaxation times compared with the dramatic
effects that changing water content has on relaxation times and tissue intensities. 636465, 66,
Thus, we contend that the differential change in the water content of GM and WM with age
in healthy individuals largely drives the changes in tissue intensities and contrast with
increasing age and therefore likely also drives the effects that changing contrast has on age-
related changes in measures of cortical thickness in MR images.

4.3 Variance in Tissue Contrast Across Individuals

The variance in brain tissue contrast (Figs. 9, 11, & 13) across participants in scans acquired
using identical pulse sequence parameters is caused by individual differences in brain
chemistry that alters their T1 and T2 relaxation times (Appendix A), as well as partial
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volume effects and noise in the acquisition and reconstruction of the MRI data. Variation in
relaxation times and tissue contrast in a single participant across time derives from these
same sources as well as from physiological changes in the brain, which include changes in
the tissue water content. To demonstrate that the age-related variance in tissue contrast that
we are studying is not likely caused by partial volume effects or noise in image acquisition
and reconstruction, and therefore is likely caused primarily by age-related changes in
physiology and water content, we measured tissue contrast in a cohort of 10 healthy young
adults (9 females, ages 12.03 to 17.76 years) for whom we had acquired two brains scans 3
months apart on a 3T MR scanner. We expected minimal physiological change in the brain
over a 3-month period in each participant and therefore we would attribute any variations
observed in individual scans to errors in measurement of contrast that derived from
variations in scanner performance, noise in image acquisition and reconstruction, and
inaccuracies in measurement of tissue contrast in the images. Because within individual
variance in repeated measures are expected to be small, the large variance across individuals
would therefore be due to physiological differences across brains. As we expected, although
tissue intensities in the brains across the two time points were not correlated (Pearson
r=0.07, P-value=0.86), measures of tissue contrast correlated strongly and significantly
within the same brains across time points (Pearson r=0.94, P-value = 1.42 x 107°) (Fig. 15).
Variation across time was minimal compared with the variance in contrast across individuals
and across ages. We therefore conclude that the large variance in contrast across individuals
and across ages in our study derived from physiological differences across brains and not
from noise or measurement error.

4.4 The Potential Confounding Effects of Changing Water Content on Brain Imaging

Measures

Several imaging studies have shown that tissue contrast differs in patient populations
compared with healthy participants. We suspect that these group differences in tissue
contrast may be caused by subtle differences in water content of the brains across these
diagnostic groups. Changes in water content have been associated with specific
neuropathological conditions, including cerebral haematoma, stroke, brain tumors, and
hepatic encephalopathy.1”: 67-69 |n psychiatric illnesses, group differences in water content
may be more subtle, but their possibility is supported by reports that tissue contrast is
reduced in patients with schizophrenia®® and Alzheimers disease®!. We have shown that
reductions in water content reduce tissue contrast, which in turn reduces measures of GM.
We have shown, similar to other reports, that patient groups can differ in their tissue
contrast, and we further showed that those group differences in tissue contrast account for
group differences in measures of cortical thickness. Therefore, we suspect that the group
differences in GM measures frequently reported in patient populations may derive in large
part from differences in tissue contrast, and that those differences in tissue contrast derive in
turn from group differences in water content of the tissues.

Thus, even though thinning of the cortex has been almost universally presumed to represent
the effects of synaptic or dendritic pruning or increasing myelination of adjacent white
matter’0, it may instead represent differential changes in water content of the GM and WM
and its effects on tissue contrast, rather than true underlying differences in thickness of the
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cortical mantle. Many processes can potentially alter the local water content of brain tissue,
including changes in glial cells or microvasculature’?, intracortical myelination’?, tissue
perfusion, and fat deposition. Steroids’? and other hormones’#, alcohol >, and lithium
treatment’® all cause rapid changes in tissue permeability and water content of the brain, and
they produce measurable and reversible’” changes in MR images over only a few week's
time. Because 80% of brain volume consists of water, MR signal intensity and tissue
contrast are more sensitive to changes in water content than to most other changes in brain
tissue, and thus subtle changes in water content with age and in illness could produce the
previously reported prominent effects of age and diagnosis on brain imaging measures.

4.5 Age-Related Changes in Brain Volume and Water Content in Healthy Participants

Our empirical data in healthy adult participants showed that about 60% of the brain is gray
matter and 40% white matter (Fig.15) and that from age of 25 years to 65 years, whole brain
volume (WBV) decreases overall by 2.9%, with GM volume decreasing by 9.78%, and WM
volume increasing by 8.21% (Fig.16). These age-related changes in the volumes of each
tissue type in healthy adults can be explained by the change in water content of GM and
WM, without the concurrent loss of any neuropil or neurons with age. Here we provide
some additional, simple calculations that support the plausibility of this assertion.

In healthy adults, water content between 25 and 60 years of age declines from 81% to 79%
in GM and increases from 70% to about 72% in WM.1> Assume, for the sake of illustration,
that the entire brain consists of 100 voxels, with 60 voxels belonging to GM and 40 voxels
to WM. Then, assuming only water content in each tissue compartment changes from age 25
to 65 years, we calculate GM and WM volumes at each of those ages:

e GM at age 25 years: with 81% water content in GM at age 25, water occupies
roughly 48.6 GM voxels and non-water tissue occupies 11.4 GM voxels.

WM at age 25 years: with a 70% water content in WM, water occupies 28 WM
voxels and non-water tissue occupies 12 WM voxels.

If only water content were to change with age, then the volumes of each tissue component at
age 65 are as follows:

e GM at age 65 years: with 79% water content in GM at age 65, water occupies
42.88 GM voxels, and non-water tissue occupies 11.4 GM voxels, for a total of
54.28 GM voxels.

WM at age 65 years: with 72% water content, water occupies 30.85 WM voxels
and non-water tissue occupies 12 WM voxels, for a total of 42.85 WM voxels.

»  (Note that we can reverse these calculations of volumes of non-water tissue from
known water content to estimate water content from known brain volumes, and
below we do so in estimating water content in the brains of our SZ and BP
samples.)

At age 65 years, therefore, WBV comprises 97.13 (=54.28 GM+42.85 WM) voxels.
Assuming that only water content had changed since the age of 25 years, WBY would have
decreased by 2.9% (from 100 to 97.1 voxels), GM volume would have decreased by 9.53%
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(from 60 to 54.28 voxels), and WM volume would have increased by 7.125% (from 40 to
42.85 voxels).

Note that these volume changes in WBYV and in the volumes of GM and WM tissue
compartments, which were calculated solely on the basis of the known, previously reported
changes in water content of the brain, account almost entirely for all of the change in WBYV,
GM, and WM that we observed empirically in our sample of healthy adult participants.
Thus, these simple calculations suggest convincingly that changing water content -- and not
the commonly assumed loss of neurons, synaptic density, neuropil, or glial cells -- is the
primary determinant of empirically observed changes in volumes of GM and WM with age.

4.6 Altered Tissue Contrast and Possible Differences in Water Content in Individuals with
Schizophrenia

The higher tissue contrast that we observed in persons with SZ suggests the possibility of
higher water content in their brains. Although we did not directly measure water content in
these participants, we can estimate water content from tissue volumes by reversing the steps
that we used above to estimate tissue volumes from known water content in healthy adults.
From age 25 to 65 years in our SZ participants, WBYV decreased by 14.05%, GM volume
decreased by 16.9%, and WM volume decreased by 9.69% (Fig.16). We assume that water
content at age 25 years is similar in SZ and healthy adults (i.e., 81% in GM and 70% in
WM), given that WBYV across groups is similar for participants at that age (Fig.16). We also
assume that the loss in tissue volume in the SZ group was caused only by reduction in water
content, then by age 65 years the water content would decline in GM to 77.14% and in WM
to 66.78%. Therefore, by age 65 years, the SZ group would have 2% less water content in
GM and 5% less water content in WM compared with healthy control participants.
Therefore, reduced water content in the brains of SZ adults would have reduced WBV but it
would also have produced a differential change in the water content of GM and WM, which
would have increased tissue contrast in the SZ group. Both the scaling of the SZ brains to
match a template brain and the greater tissue contrast in the SZ group contributed to
measures of cortical thickness that were greater in the SZ sample.

4.7 Altered Tissue Contrast and Possible Differences in Water Content in Individuals with
Bipolar Disorder

Similar to the SZ participants, those with BD had higher tissue contrast than their age-
matched healthy peers (Fig.11), and therefore we expected BD participants to have thicker
cortices along the lateral surface of their brains and thinner cortices in superior parietal
regions. This pattern of regional differences was confirmed statistically in the BD group
(Figs. 7 & 12). We used procedures identical to those for the SZ group to estimate
differences in water content of the brains of the BD participants that would be required to
account for the change in tissue volumes if those volume differences were attributable to the
effects of altered water content alone. Between the ages 10 and 60 years in the BD
participants, WBV declined by 9.95%, GM volume decreased by 18.99%, and WM volume
increased by 4.36% (Fig.17). We assume that at age 10 years water content in the brains of
the BD participants was similar to the healthy participants, as their WBVs were similar to
those in healthy participants. Assuming also that group differences in tissue volumes were
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caused solely by group differences in water content, then water content would change from
81% in GM and 70% in WM at age 10 years to 76.5% in GM and 71% in WM at age 60
years. Therefore, although GM water content was lower in the BD compared with healthy
group at age 60 years, the WM water content at age 60 was similar across groups. Thus, a
differential age-related change in water content of GM and WM could have accounted for
the greater tissue contrast in the T1-weighted images of the BD group, which in turn could
account for the thicker cortices measured in that group.

4.8 The Effects of Tissue Contrast on Subcortical Brain Regions

Although we investigated the effects of tissue contrast on the definition of the cerebral
cortex only, changes in tissue contrast will also affect the definition of subcortical regions.
Longitudinal and transverse relaxation times differ from one brain region to anotherl# and
may change nonlinearly with age3. We expect that tools for automated tissue segmentation,
similar to their effects in cortex, will generate reduced volumes of subcortical gray matter
regions in images with lower tissue contrast. In fact, our synthetic images reconstructed
from the maps of relaxation times for the healthy participant showed loss of subcortical gray
matter with age, especially when the brain tissue was segmented using the MRF-based
method (Fig.5). Therefore, In addition to scaling by WBV, incorporating tissue contrast as
an independent variable in multivariate statistical techniques would help to ensure that
between-group findings are associated with true underlying morphological and cellular
processes rather than to the effects of differing tissue contrast. On the other hand, if the
underlying pathological processes alter water content and therefore also change tissue
contrast, then covarying for tissue contrast in these statistical procedures would covary out
the effects of the pathological processes. Thus, disentangling the effects of altered water
content, relaxation times, and tissue contrast from true underlying cellular and pathological
processes is challenging and must be undertaken with caution and care.

4.9 Conclusion

We demonstrated that changes in certain tissue properties can profoundly influence in vivo
measures of brain morphology computed using anatomical MR images, properties that may
not have any effects on the ex vivo measures derived from histological analyses of the tissue.
The water and the iron content of brain tissue are some of the tissue properties that may have
the largest influence on the in vivo measures and their variance with age and across brain
regions. In particular, because water content of brain tissue largely determines MR signal,
variations in water content across individuals, and within individuals across time, is a
powerful determinant of the variability in relaxation times across the brain. Differential
change in relaxation times with age in gray matter and white matter will change tissue
contrast, and change it in regionally specific way across the brain. These changes in tissue
contrast, which has little or nothing to do with the molecular and cellular properties of the
tissue, may have profound influences on the morphological measures derived from MR
images of the brain. By deriving mathematical relations and computer-generated and real-
world imaging data of participants with various neuropsychiatric illnesses, we demonstrated
that differential variations of water content in GM and WM account for important
differences in morphological measures across age and across diagnostic groups. These
morphological variations caused solely by tissue properties unrelated to underlying cellular
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and morphological features of the tissue will cause misinterpretation of imaging findings,
thereby generating invalid inferences for normative development of the brain in healthy
individuals and for the localized disturbances in the brains of individuals with
neuropsychiatric illnesses. Thus, because tissue contrast may differ systematically between
groups of participants, and because tissue contrast changes with age, imaging studies that
aim to define normal brain development or identify the anatomical disturbances associated
with psychiatric illness must develop and incorporate methods to control for the effects that
systematic variations in tissue contrast have on imaging measures.
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Fig.1. Changes in Tissue Contrast with Age and Changes in Cortical Thickness with Tissue
Contrast

In our cohort of 43 healthy participants (age 10 years to 57 years), tissue percent contrast
decreased 0.124 per year (p < 0.02) and cortical thickness increased 0.0462mm per year (p =
0.002) with increasing contrast. The percent tissue contrast was computed as (AveWM-
AveGM)/AveGM * 100, where AveWM is the average intensity in white matter (WM) and
AveGM is the average intensity in gray matter (GM). Average cortical thickness was
computed by averaging thickness at each voxel across the entire surface of the brain. These
plots showed that the tissue contrast decreased with age and that automated methods for
tissue segmentation defined thicker cortex in MR images with higher tissue contrast.
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Fig.2. Voxelwise Changes in Cortical Thickness with Increasing Age
Using a T1-weighted MR image, called the baseline image, from the brain of a 20-year old

healthy adult, we generated a set of brain images with decreasing tissue contrast. The
percent tissue contrast (AveWM-AveGM)/AveGM*100 was decreased by 0.13/year (Fig.1) by
increasing the average intensity of gray matter (GM) and while holding constant the gray
scale intensities of white matter (WM). In these maps, purple and blue encoded thinner
cortex, and red and yellow encoded thicker cortex in the reconstructed images as compared
to the baseline cortex. Top Row: Visually, T1-weighted images showed that tissue contrast
decreased slightly with age. Brain tissue in the synthetically generated images was
segmented using either a histogram-based or a Markov Random Field (MRF)-based method
for tissue segmentation. We subtracted the definition of the baseline cortex from the cortex
definitions in brains at other ages and color encoded voxelwise the statistically significant
differences from the baseline image (Rows 2 and 3) and on the surface of the baseline brain
(Rows 4 and 5). These plots showed that both methods of tissue segmentation defined
thinner cortices in images with lower tissue contrast.
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Fig.3. T1-Weighted Images Reconstructed from Synthetic Maps of Relaxation Times
We reconstructed T1-weighted images of the brain for various ages using (1) T1-weighted

image, called the baseline image, of a 20-year old healthy adult, and (2) typical values for
T1 and T2 relaxation times of GM and WM in a 1.5T scanner. T1-weighted images at
increasing ages were simulated from relaxation times appropriate for that age. Top Row:
Images from left to right are (1) the T1-weighted image of a healthy adult, (2) the synthetic
map of T1 relaxation time, (3) the synthetic map of T2 relaxation time, and (3) the computed
map of multiplication factor. Bottom Row: Images from left to right are (1) the
reconstructed, T1-weighted image, and (2) the simulated map of T1 relaxation times for age
55 years.
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Fig.4. Visualizing Reconstructed Images at Various Ages
Top Row: The T1-weighted images reconstructed from the synthetic maps of relaxation

times at ages 45 and 80 years show decreasing tissue contrast that we observed in images in
our cohort of 43 healthy adults (Fig. 1). Bottom Row: We computed maps of the differences
in pixel intensities between (1) the baseline image at age 20 years and the reconstructed
image at age 45 years, and (2) the baseline image at age 20 years and the reconstructed
image at age 80 years. The maximum intensity in the image at age 20 years was 90, and the
maximum intensity in the difference image was 2 at age 45 years and was 4 at age 80 years.
Therefore, the change in relaxation times caused only subtle changes (less than 5%) in tissue
intensities with age, with intensities only changing across WM in images reconstructed for
early ages.
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Fig.5. Changes in the Cortical Thickness in Images Reconstructed from the Synthetic Maps of
Relaxation Times
In T1-weighted images reconstructed from synthetic maps of relaxation times, voxels were

labeled as GM or WM in the reconstructed images using either a histogram-based or a MRF-
based method for tissue segmentation. The baseline cortex was subtracted from the
definitions of the cortex in reconstructed images and we color encoded the voxelwise
difference using the coding in Fig.2. Top Two Rows: Voxelwise difference in the
reconstructed cortex as compared with the baseline cortex. Bottom Two Rows: The
differences in the cortical thickness were mapped onto the surface of the baseline image.
Both the voxelwise maps and the surface maps show that the automated methods defined
thinner cortex in images with lower tissue contrast with increasing age. Furthermore, the
thinning was more pronounced for the cortex defined using the MRF-based method as
compared to the cortex defined by the histogram-based method for segmentation.
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Fig.6. Plot of the Percent Change in Voxels Labeled as GM Using MRF-Based Tissue

Segmentation
in brain images reconstructed from synthetic maps of relaxation times. The plot shows a

25% decrease in the number of voxels labeled as GM over a period of 45 years.
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Fig.7. Cortical Thickness In Images Reconstructed from Maps of Relaxation Times for a Healthy
Adult
Using T1-weighted image and maps of T1 and T2 relaxation times for a healthy adult, we

generated maps of relaxation times at various ages by varying the T1 relaxation times and
water content with age. We then applied either the histogram-based or the MRF-based
methods for tissue segmentation and generated the voxelwise (Rows One and Two) and
surface maps (Rows Three and Four) of difference in the cortical thickness at increasing age
compared to the cortical thickness at age 20 years. The bottom row shows the various views
of the surface plot as the brain in rotated anticlockwise and the views from the superior and
inferior directions. The difference in the cortical thickness was color encoded using the
coding in Fig.2. These maps showed that the decrease in cortical thickness was regionally
specific, with bilateral decrease in the prefrontal cortex, posterior and inferior parietal
cortex, and the cerebellum, and with bilateral increases in thickness at the vertex of the
brain. Cortical thickness increased at the vertex due to spatial variations in relaxation times
across the brain.
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Fig.8. Tissue Contrast and GM Voxels in the Cortex in Images Reconstructed Using Maps of
Relaxation Times in a Healthy Adult

The plots show differential change in relaxation times decreased percent tissue contrast,
which in turn decreased the number of voxels labeled as GM. In addition, the rate of
decrease in tissue contrast matched the rate of decrease in contrast measured empirically in
our real-world sample of healthy participants (Fig.1). Thus, changes in relaxation times
alone can account for the previously reported, age-related decline in cortical thickness.
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Fig.9. Tissue Contrast in Healthy Participants and Persons with Schizophrenia (SZ)
In our sample of 46 healthy adults (HA) and 74 adults with SZ, a plot of percent tissue

contrast with age showed that the T1-weighted images for SZ adults had higher tissue
contrast compared to the images for the healthy adults. After controlling for age and sex
using multiple linear regression, the contrast in SZ brains was higher by 1.03 (p < 0.05) than
the healthy brains. In addition, the percent contrast decreased at a rate of —0.035 per year,
which was statistically significant (P-value = 0.031). We computed contrast by using the
average GM and WM tissue intensities and therefore the tissue contrast is largely invariant
to the random scanner noise. Because the MR images were acquired on the same MRI
scanner with identical pulse sequences, the variations in tissue contrast across participants
are primarily due to physiological variations in the brain across participants. The variations
in scanner characteristics and noise will have only a small influence on measurement
variations in tissue contrast. Furthermore, the linear fit best explains the change in contrast
with age both visually and our derivations that predicted a linear relation between change in
tissue contrast and relaxation times. The rate of change in contrast was less than that in our
other cohort of healthy participants (Fig.1) because they were older than the healthy adults
of our cohort.

HA=Healthy Adult; SZ=Schizophrenia
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Fig.10. The Surface Maps of Differences in Cortical Thickness Between SZ Adults and Healthy
Adults

We compared cortical thickness in our cohort of 46 healthy adults to those of 74 adults with
Schizophrenia (SZ), while controlling for the effects of gender and whole brain volume. The
P-values of the differences in the cortical thickness were color encoded and displayed on the
surface of the brain. Red and yellow color indicated significant (P-value < 0.05) increases
and purple and blue indicate significant decreases (P-value < 0.05) in cortical thickness of
SZ adults. These maps indicated that SZ adults had thicker cortex in the lateral aspects and
thinner cortex in the superior parietal regions of the brain. The thicker cortex in SZ adults
were expected because the SZ adults had higher tissue contrast (Fig.9) than healthy adults
and because our previous results had shown that the automated methods defined thicker
cortex in images with higher tissue contrast (Figs. 2, 5, & 7). In addition, the spatial pattern
of the between-group differences in thickness matches the spatial pattern of change in
thickness with decreasing tissue contrast (Fig.7), thereby suggesting that the differences in
between-group tissue contrast at least confounded the between-group differences in cortical
thickness.

HA=Healthy Adult; SZ=Schizophrenia
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Fig.11. The Change in Tissue Contrast With Age
in our cohort of 52 healthy participants (HA; 25 males, age 27.71+14.1 years) and 36

participants with Bipolar Disorder (BD; 17 males, age 31.38+14.67 years). Using multiple
linear regression to control for age, gender, and diagnosis, the percent contrast was higher by
1.24 in BD participants as compared to the healthy participants (P-value = 1.07 * 1075). And
similar to the SZ participants, the contrast did not differ (P-value = 0.3155) between males
and females in this cohort of participants. Furthermore, although the percent contrast
decreased at a rate of -0.012 per year for BD participants, the decrease in contrast was not
statistically significant (P-value = 0.34). However, within healthy participant, the decrease in
contrast with age was statistically significant (P-value = 0.0032). Purple Squares: Healthy
Participants; Blue Diamonds: Participants with BD.

HA=Healthy Adult; BD=Bipolar Disorder
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Fig.12. The Maps of Difference in Cortical Thickness Between Healthy Participants and
Participants with Bipolar Disorder (BD)

In our cohort of 52 healthy adults (HA) and 36 participants with Bipolar Disorder (BD) we
computed cortical thickness. At each point on the template surface, we used multiple linear
regression to correlate cortical thickness with diagnosis while controlling for the age and
gender effects. The P-values were color encoded and displayed on the surface, with red and
yellow showing thicker cortex and purple and blue showing thinner cortex in BD
participants. These maps showed that bilaterally the BD participants had thicker cortex in
the lateral aspect and thinner cortex in the vertex of the brain. The spatial pattern of the
differences in cortical thickness matched the spatial pattern of the change in cortical
thickness with tissue contrast (Fig.7) and was similar to the spatial pattern of differences in
thickness between adults with Schizophrenia (SZ) and healthy adults (Fig.10). The BD
participants had higher tissue contrast as compared to the age- and sex-matched healthy
participants (Fig.13), thereby suggesting the observed differences in the thickness in BD
participants compared to the healthy participants.

HA=Healthy Adult; BD=Bipolar Disorder
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The Change in Average Cortical Thickness with Tissue Contrast in our cohort of 52
healthy adults (HA) and 36 participants with Bipolar Disorder (BD). We computed the
average cortical thickness in the participant brains that were not scaled for the whole brain
volumes and segmented the brain tissue as gray matter (GM) and white matter (WM) using
the automated method based on histogram of tissue intensity. These plots showed that the
average cortical thickness was significantly correlated (BD: Pearson r = 0.277, P-value =
0.046; HA: Pearson r = 0.24, P-value = 0.043) with tissue contrast. In addition, BD
participants had thicker cortex (P-value = 0.015) and higher tissue contrast (P-value = 1.07 *
1075) compared to the healthy participants.

HA=Healthy Adult; BD=Bipolar Disorder
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Fig.14. The Maps of Change in Cortical Thickness with Tissue Contrast
while controlling for the effects of sex. We applied multiple linear regression at each point

on the surface of the brain with the cortical thickness as the independent variable and the
tissue contrast and sex as the independent variables. Age was not used as an independent
variable because it correlated significantly with contrast (Fig. 1). We generated these color
maps independently for the 38 participants with Bipolar Disorder (BD, Top Row), 58 healthy
participants (Middle Row), and 74 adults with Schizophrenia (SZ, Bottom Row). The P-value
maps were controlled for false positive due to multiple comparisons by applying a method
for False Discovery Rate (FDR) with the false discovery rate set at 0.05. These maps
showed that although there were few localized brain regions with negative associations,
especially in the adults with SZ, in general changes in cortical thickness were positively
associated with tissue contrast. Thus, automated tools for tissue segmentation defined
thicker cortex in brain images with higher tissue contrast in each of our three independent
sets of brains from healthy participants, participants with BD, and adults with SZ.

SZ = Schizophrenia; BD = Bipolar Disorder
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Fig.15. Gray Matter Intensities and Percent Tissue Contrast Measured in the Same Individuals

at Two Time Points

We measured and plotted the average gray matter (GM) intensities and the percent tissue
contrast in the brains of 10 participants (9 females, age range 12.03 to 17.76 years) for
whom we acquired two scans at a 3-month interval. Although the tissue intensities were not
correlated (Pearson r=0.07, P-value=0.86) at the two time points, the percent contrasts were
nearly perfectly correlated (Pearson r=0.94, P-value=1.42 x 107°) across time, differing by
less than 5% within participants. For a single individual, possible sources of variance across
time points included (1) changes in scanner characteristics, including amplifier gain, over
time, (2) noise in the imaging data, and (3) changes in the brain physiology over the three-
month interval between scans (which seems highly unlikely). The younger adolescents (ages
12.03 to 14.4 years) had a higher percent contrast (>81), whereas the older adolescents (ages
(14.88 to 17.76 years) had a lower percent contrast (<75) at both time points, as we had
expected. Furthermore, this plot demonstrated that tissue contrast can differ across
individuals of similar ages by more than 30% based on physiological differences (the
average Timel contrast was 76.12+8.05). Because tissue contrast depends only on relaxation
times, we surmise that relaxation times vary across individuals because of physiological

differences in their brains.
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Fig.16. The Change in the Whole Brain Volume and Tissue Volumes with Age
in healthy adults and adults with SZ. We applied the histogram-based method to segment the

brain as gray matter (GM) and white matter (WM) in our cohort of 46 healthy adults (HA)
and 74 adults with Schizophrenia (SZ). These plots showed that from age 25 years to age 65
years in healthy adults the WBYV decreased by 2.9% (yellow triangles, Pearson r = -0.06 P-
value = 0.35), the GM volume decreased by 9.78% (blue diamonds, , Pearson r = -0.173, P-
value = 0.125), and the WM volume increased by 8.21% (purple squares, , Pearson r =
0.156, P-value = 0.148). In SZ adults, the WBV decreased by 14.05% (brown circles,
Pearson r = -0.215, P-value = 0.033), the GM volume decreased by 16.9% (red cross,
Pearson r = -0.247, P-value=0.017), and the WM volume decreased by 9.69% (violet cross,
Pearson r = -0.13, P-value = 0.13). Although in healthy adults the volumes did not change
significantly with age, similar to other reported studies®’, volume changes may not be
significant because of small age range (40 years from age 25 years to age 65 years) and
because brain maturation due to developmental changes are typically completed by the
second decade of life. Yet, the data showed that at age 25 years the WBV of adults with SZ
matched the WBV of healthy adults and that for healthy adults the WBV decreased by 2.9%
over the period of 40 years, which was close the 4.5% decrease in WBV in another study’8
for the same age range in healthy adults.

HA=Healthy Adult; SZ=Schizophrenia
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Fig.17. The Change in Tissue Volumes with Age of Participants with Bipolar Disorder (BD)
We isolated the brain in T1-weighted images and labeled the brain tissue as gray matter

(GM) or white matter (WM) by applying the histogram-based method for segmentation.
From age 10 years to age 60 years, the whole brain volume (WBYV) decreased by 9.95% (red
crosses, Pearson r = -0.242, P-value = 0.07), the GM volume decreased by 18.99% (yellow
triangles, Pearson r = -0.4338, P-value = 0.0032), and the WM volume increased by 4.36%
(brown circles, Pearson r = 0.0724, P-value = 0.3328). Although the Pearson correlation for
the increase in WM volume was small and therefore not statistically significant, the volumes
of GM and WM decreased significantly with age.
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