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Abstract

Magnetic resonance (MR) imaging based volumetry is recognized as an important technique for studying the brain. In

this review, two principle volumetric methods using high resolution MR images were introduced, namely the Cavalieri method and the
voxel based morphometry (VBM). The Cavalieri method represents a manual technique that allows the volume of brain structures to be
estimated efficiently with no systematic error or sampling bias, whereby the VBM represents an automated image analysis which involves

the use of statistical parametric mapping of the MR imaging data. Both methods have been refined and applied extensively in recent neuro-
science research. The present paper aims to describe the development of methodologies and also to update the knowledge of their applica-

tions in studying the normal and diseased brain.
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Magnetic resonance (MR) is well established as
a superior imaging modality for providing the anatom-
ical and morphological information, and this is in-
creasingly of importance in basic and clinical neuro-
science. It is assumed that MR imaging based mea-
sure of the volume of a particular brain structure in
healthy brain is partially determined by the number
and size of the neurons it contains. Thus, greater vol-

umes should mean that a structure works more effi-

cientlym. Accordingly, it is plausible to hypothesize
that, unless greater volume primarily reflects inade-

(2} and other

quate pruning of neurons in development
factors (such as the efficiency of neurotransmission)
are fairly constant, individuals with larger brain re-
gions should perform the functions mediated by those
regions better. Therefore, with the superior image
resolution in conjunction with the novel methods of
volumetric image analysis, MR imaging based vol-
umetry has become one of the most commonly used
techniques in brain study. It provides a powerful non-
invasive tool for accessing the change of the regional
brain volume in vivo, and offers basic information for

revealing the links between morphology, metabolism
and function in both normal and diseased brain.

A Tl-weighted three-dimensional (3D) MR
technique is typically used to obtain anatomical high-
spatial-resolution images, and normally, images ac-
quired with conventional 1. 5T MR scanners and 1

mm’ voxels provide sufficient structural details. In
addition, the widely available 3.0 T scanners now of-
fer better image resolution with the advantage of
short acquisition time. For commercial MR scanners,
this technique is usually referred to as MP-RAGE
(Siemens Medical Systems, Erlangen, Germany),
3D Fast SPGR (GE Healthcare, Milwaukee, Wis-
consin, USA) or 3D TFE (Philips Medical Systems,
Best, Netherlands). Traditionally, the brain struc-

tures are manually outlined on all contiguous slices

. . . 3
where the regions of interest are evident! ], and vol-

umes are usually calculated in cubic millimeters taking
into account the size and the number of voxels within
the outlined region. A number of computer-assisted
techniques have been developed to provide fast, objec-
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tive, and precise volume quantification for brain
structures. The accuracy and reproducibility of these
techniques depend on the MR imaging sequence, the
slice thickness, the degree of manual intervention,
and the techniques utilized themselves'*). In this arti-
cle, we focus on the predominant methods of brain
volumetric quantification based on MR imaging, i.e.
the Cavalieri method and the voxel-based morphome-
try (VBM). Our goal is to review the development of
the methodologies, capabilities and limitations of
brain volumetric quantification, and to discuss their
recent applications in neuroscience.

1 Cavalieri method

The Cavalieri method represents one of the new
tools of modern stereology which can be defined as the

statistical inference of geometrical parameters such as

volumes and surface areas using sampled informa-

tion'™. When adapted and applied to MR data, the
Cavalieri method of MR volumetry provides a mathe-
matically unbiased method for determining structural
volumes with high efficiency and precisionm, and it
has the advantage of higher efficiency over conven-
tional planimetrym. This approach involves two
stage sampling of the MR imaging data as follows:
stage one involves sectioning of the gross structure of
interests on images. An object of interest is sectioned
systematically with a series of parallel planes. A uni-
form, random start is required for the first section.

Consecutive sections are acquired at equal intervals
exhaustively through the object[S]. Systematic sam-
pling has been shown to be more efficient than ran-
dom sampling by a factor equal to the square root of

the number of sections®. Only ten systematic sec-
tions are required to obtain the same precision as 100
random sections. By measuring the area of the struc-
tural profiles on each section, structural volume can
then be estimated as the summation of the section ar-
eas multiplied by the distance between successive
planes. The volume of the estimated object can be
then defined as

est, V.= T(A,+ A+ +A_ ) (em’) (1)
where est, V is an unbiased estimator of V, m is the
number of sections and A,, A,,*, A, are the cor-

responding total transect areas on the m sections, and
T is the distance between the parallel section images.

Stage two involves the point-counting which re-
quires systematic sampling prior to estimating the

cross-sectional area. Point-counting employs a test
system comprising a systematic array of points in a u-
niform random position which can be overlaid on the
sectional images of an object of interest'® * 19 This
test system has been incorporated into several soft-
ware packages (e. g. ANZLYZE image software
(MAYO Foundation, Minnesota, USA) which can
be applied at ease on any computer workstation. The
starting position of the test system is uniformly ran-
dom. No preferred start position for point counting
should be allowed in order to ensure the unbiased na-
ture of the method™. The number of test points
falling within the section profile is counted. The total
section area can then be estimated by

estA; = (a/p) M2 P, (i=1,2,,m)
(2)

where estA; is an unbiased estimate of sectional area
(ecm?), (a/p) is the test area associate with each
test point (cm?), namely d*(cm?) if a square grid is
applied with a distance d cm between test points, and
M is the linear magnification.

The unbiased volume estimator becomes
est, V.= T %(P1 +Py,+ -+ +P,) (em’)(3)
where est, V' is an unbiased estimate of feature section

area (cm?), T is the distance between parallel planes
(em), Py, P,,, P, represent the point counts and

a/p is the test area per test point (cm?®). The sub-
script “2” in est, V indicates that the volume is esti-
mated by a two stage sampling, namely sectioning
and point counting. To ensure that the total number
of points counted is about 150, the distance d can be
calculated by

d = JV/(150T) (4)

where V is a rough guess of the volume (cm’). i.e.
if VA200 cm®, and T =3 cm, then d~0.67 cm.
Counting more points will not add a significant preci-
sion to est, V. In general, the best approach to in-
creasing the precision of est, V is to reduce T (or in-
crease the number of sections) instead of increasing
the number of points to be counted.

The precision of a volume estimate made with
the Cavalieri method cannot be assessed via usual sta-
tistical method as the cross-sectional areas on sequen-

tial slices are not independent quantities. Therefore,

(12}

based on the theory of Matheron "“’, new methods of
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error predictions were developed taking into account
the influence from the missing information between

(8,131, Point counting con-

sections and point-counting
tributes to the variance in two ways: it produces un-
certainty with respect to the measures of section area,
and it produces uncertainty with respect to the differ-
ences between sections. Calculation of these contribu-
tions involves the dimensionless shape coefficient! ™!
For a specific object, the relevant shape coefficient is
relatively constant for a chosen sampling direction,
and it is usually sufficient to estimate this coefficient

only once in a pilot study.

The Cavalieri method ideally should be applied in
infinitely thin sections®) . However, given that the
slice thickness selected is small (as a rule of thumb,
smaller than 1/10 of the total length along the sam-
pling direction), the Cavalieri estimator of volume

will be practically unbiased. A worked example in a

. patient with multiple sclerosis is illustrated in Fig.1.

To estimate the cerebellar volume, the same system-
atic random sagittal sections are shown in the two
rows, each separated by a distance of 17 images (slice
thickness = 0.14 cm), which corresponds to a dis-
tance, T, of 2. 39 cm. By counting intersections
(yellow cross) with the square grid of test lines (red)
overlaid on the tumour sections in the top row of Fig.
1, the volume of the tumour is estimated to be 4. 16.
In the bottom row of Fig. 1, the same sections are
overlaid with a test system and the point counting
was performed using a square grid size of 15 pixels,
which is equivalent to 2. 15 cm. The number of
points recorded as lying in cerebellum on consecutive
sections is 11, 33, 34, 37 and 11, which gives a total
of 126. An unbiased estimate of the cerebellar volume
therefore is 126 X 2. 145767 X 2. 39 = 646. 69 cm’.
The predicted coefficient error on the volume estimate

obtained is 2.7% using the optimized formulal® 5.

Fig. 1.

Illustration of the application of Cavalieri method in the estimation of cerebellar volume. The same systematic random sagittal sec-

tions are shown in the two rows. In the first row, the images are overlaid with a square grid suitable for obtaining estimates of the dimen-
sionless shape coefficient by point and intersection counting; in the second row, the images are overlaid with a test system for point count-
ing. Details of the calculation of the volume and precision are given in the text.

Introduction of the Cavalieri method to the MR
volumetry undoubtedly provides an important quanti-
tative measure in clinical neuroscience. These include
estimation of the total fetal brain volume in one of the
early studies of intrauteral growth retardation' %), 1
this study, the first MR imaging evidences were ob-
tained to support the theory of brain sparing in the
abnormal fetus which was thought to be the result of

n

unfavorable effects on growth that occur in early
pregnancy. In the study of multiple sclerosis, based

on the original work by Gong et al. [16], Edwards et
al. presented the volumetric data for the brainstem,

cerebellum and upper cervical cord in a cross-sectional

[15)

study A relatively moderate relationship was

demonstrated between clinical disability and upper
cervical cord volume (C1-C3) obtained from 3D MR
images. In this study, the predicted coefficient error
of better than 6% can be achieved when counting 100
to 200 points on 6 to 9 systematic sagittal sections
through each infratentorial structure and the volume
estimation for each infratentorial structure can be ac-
complished by an experienced user in less than § min-

utes. The Cavalieri method was also applied in pa-

tients with epilepsy[m, chronic substance abuse''™!

and animal studies'® 2?.

As one of the practical methods of MR volume-
try, the application of the Cavalieri method is evolv-
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. 120,21 . T .
mg[ 1 Subject to the individual structure of inter-

ests in normal or abnormal condition, the method it-
self has been constantly optimized, and the high effi-

ciency of the method for volume estimation has been

demonstrated!®11+15:22:231

. To improve the precision
of volume estimation for certain brain structures with
circular shape, the Cavalieri method can be further

developed based on the Pappus method of modern de-

. 2 . . .
sign stereology[ 1. Fornix, for instance, is one of
such structures of interests in psychological research.

It has long been controversial as to what extent the

[25], and there is no ob-

fornix contribute to memory
jective method to assess its volume in normal and le-
sion studies. Whereas estimation of volume by the

Cavalieri method employs linear sectioning, the Pap-

pus method employs co-axial sectioning[m. The for-
mer is particularly appropriate for estimating volume
of the elongate object. For the fornix the Pappus
method is ideal since, if viewed on sagittal sections,
the fornix tracks in an anteriorly facing semi-circle in
its path from the hippocampus to the anterior col-
umn. In a small cohort study of patients with im-

paired memory, Gong et al. (26] first implemented the
Pappus method on 3D high resolution MR images and
provided the volumetric data of the fornix which al-
low the fornix thinning to be detected in patients with
organic amnesia.

Another feature of the Cavalieri method is that it
permits convenient assessment of volumetric changes
in the brain tissue integrity. In conjunction with the
MR parametric mapping techniques, it provides a u-
nique opportunity to quantify regions which are diffi-
cult to measure by conventional MR imaging meth-
ods. The refined method has recently been developed

by Gong et al. (23} in the study of brain tumor after
radiotherapy in an attempt to monitor volumetric
changes of the abnormal brain tissues adjacent to tu-
mour on 3D MR images obtained at fortnightly inter-
vals in patients with high grade glioma. The volumes
of interests were defined as, first, the enhancing ab-
normality which was the portion of tumour on 3D
post-contrast T1-weighted image within the enhance-
ment boundary, and secondly, the non-enhancing ab-
normality which is the abnormalities observed on T2
and magnetization transfer ratio (MTR) tissue char-
acterization maps surrounding regions of tumour en-
hancement. As illustrated in Fig. 2, the volumes of
non-enhancing abnormalities can be readily obtained,
which is not possible with the use of the conventional

technique, and it was recommended for the objective
assessment of tumour response to the therapeutic in-
tervention.

Fig. 2. Example images for assessing volumetric changes of the
impaired brain integrity in a patient with glioma. (a) Pre-contrast
T1 weighted image; (b) post-contrast T1 weighted image; (¢) T2
map; (d) megnetization transfer ratio (MTR) map. T2 map (e)
and MTR map (f) are red colour-coded so that the total abnormality
can be readily identified within the coloured region. Note that stere-
ological test systems for point counting are overlaid on enhancing ab-
normality (top right panel), T2 total abnormality (bottom left pan-
el), and MTR total abnormality (bottom right panel) with uniform
random position for volume estimation. Each red cross ( +) signi-
fies one test point.

2 Voxel based morphometry

Voxel-based morphometry ( VBM) is another

commonly used technique of MR volumetrym]. The
number of publications with the use of VBM is fast
growing. This method involves the segmentation of
MR images into different tissue types (e. g. grey
matter, white matter, and cerebrospinal fluid) and
produces the statistical parametric maps of imaging
data. The grey or white matter map resulting from
segmentation represents the spatial distribution for
each individual at the level of every voxel. This
method allows the quantification of group differences
without any priori region-of-interest, and it is freely
available in popular software packages such as SPM
{ Welcome Department of Imaging Neuroscience,
London, UK) and FSL (FMRIB Analysis Group,
Oxford, UK). However, as MR images need to be
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registered to the same stereotactic space as a priori
images, the segmentation is prone to registration er-
rors. Various methods have been developed to im-

prove registration accuracy, such as employing seg-

(28]

mented images for registration’" ', a mixed model of

registration, tissue classification, and bias correc-

[29], and utilizing the high-resolution registration

[30]

tion
techniques

A modified version of VBM, the so-called opti-

mized VBM, was developed by Good et al. 1) and

31—33 C .
d[ 31, It minimizes

was subsequently widely applie
the inherent problems of the brain artifact resulting
from the non-brain tissues when utilizing the conven-
tional VBM method. This method involves a number
of spatial transformation steps prior to voxel-wise sta-
tistical analysis. Routinely, grey/white matter was
automatically segmented from the raw MR images us-
ing tissue signal intensity values and a priori informa-
tion about the distribution of brain tissue type (the
148 normal dataset of the Montreal Neurological In-
stitute) . An automated brain extraction step was em-
ployed to eliminate the voxels from non-grey matter
structures, such as the dural venous sinuses, scalp,
cranial marrow, and diploic space, which are inher-
ently included as brain tissue during standard segmen-
tation due to similar voxel intensities as grey matter.
Grey matter partitions were then spatially normalized
(usually using a 12-parameter affine transformation
and 7 X 8 X 7 non-linear basis functions as the default
normalization parameters) to a customized grey mat-
ter template, which was constructed from the nor-
segmented and smoothed grey matter
datasets of all studying subjects. The deformation pa-

malized,

rameters obtained from the normalization process
were applied to the original raw images (in native
space) of all participants to create optimally normal-
ized whole-brain images, which were recursively seg-
mented and the brain tissue was extracted. The opti-
mally processed images were smoothed with an
isotropic Gaussian kernel, size of which is dependent
on the volume of brain structure of interests, e.g. us-
ing full width-half maximum of 8 mm for prefrontal
cortex>¥, Voxel-wise statistical analyses on these da-
ta provide statistical parametric maps of grey or white
matter. The output for the analysis is a statistical
parametric map of the ¢ statistic (SPM{¢}), which
can be transformed to a normal distribution ( SPM
{z1). Subject to the valid prior hypothesis, brain re-
gions with significance from analyses are usually

thresholded at a p value of less than 0.05 (corrected
for multiple comparisons) .

With respect to probing the normal brain, VBM
method has been used to study the effect of some fac-

tors such as handedness[u'”], [33.36]’
]

age[28’37’38], gender[”"w] and personality["1 on
brain. The plasticity of the brain has also been

intelligence

demonstrated structurally in the studies of musi-

[42,43] (4

. C 4
cians , taxi drivers Vand speech sound produc-

tion'*>*). It was also found that there were grey
matter changes in healthy individuals dependent on

(4748 Particularly,

a significant increase in grey matter was reported for
[47]

training in comparison to controls

jugglers induced by a 3-month training'" -, and inter-
estingly, the volume of the grey matter reduced to the
original volume after training stopped. In an attempt
to explore the genotype effects on brain, recent VBM
studies have indicated that the polymorphism of cer-

[49,50]

tain genes might cause the structural alter-

ations.

A recent study by Gong et al. [33] reported the
use of MR imaging based volumetry by combining the
Cavalieri method and VBM to investigate the rela-
tionship of the human intelligence with brain struc-
tures. The prefrontal cortical subfield volumes were
specifically assessed in conjunction with the use of a

previously established parcellation technique[m. To
facilitate the analysis, the 3D MR dataset was parcel-
lated based on macroanatomical landmarks. The pro-
cedure involved resizing the dataset to isotropic vox-
els, reformatting the image, and orienting it to a
standardised sagittal plane orthogonal to the bicom-
missural plane. Within each hemisphere, prefrontal
cortex was divided into four subfields, namely dorso-
lateral, dorsomedial, orbitolateral and orbitomedial

areas in consistent with Damasio’s anatomical demar-

cationst . These subfields are relevant to the func-

tional subdivisions of prefrontal cortex supported by

neuropsychological, neuropsychiatric and neuroimag-

. . [51,53 . .
ing studies’®" ®*) . Total intracranial volumes were also
estimated and used as a basis for normalising the re-

gional brain volumes by applying the method as de-
scribed by Gong et al. 151 The Cavalieri volume
estimates of the prefrontal subfields were correlated
with neuropsychological measures of fluid intelligence
by performing a stepwise multiple regression analy-
ses. The author concluded that the medial aspect of
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prefrontal cortex plays an important role in mediating
human intellectual performance, converging with the
findings from the VBM (Fig.3). The convergent ev-
idence obtained from this study represents important
methodological cross-validation of the significance of
medial prefrontal cortex in human intelligence.

&
$
.
.

w
W

Culture Fair Score
N (7]
W [ =4

[~
(=]

1.6 2.0 24 28
Left DM Volume normalised to ICV (%)

Fig. 3. Statistical parametric maps (top panel) showing a positive
correlation between grey matter and Culture Fair scores. A single
cluster in the medial region of frontal cortex shows a significant pos-
itive correlation between Culture Fair scores and grey matter ( p <
0. 05 corrected for the multiple comparisons). The red cursors (<)
point to the locations of the global maxima. Results of stereological
analysis for left dorsomedial {DM) prefrontal cortex support this
finding (bottom panel). The multi-covariate regression analysis of
prefrontal left DM volume was expressed as percentage fractions of
intracranial volume (ICV) against Culture Fair Scores with fitted
regression line (8=0.50, p<0.05).

The application of VBM has been increasingly
extended for the investigation of the neuropsychiatric

diseases in recent years. This includes posttraumatic

stress disorderm], alcoholics[SS], eating disorder[56],

[59] [60] , aphasia[m] ,

mild cognitive impairmentm],

[65,66]

57, .
headache[ ss]’ tinnitus

autism[62],

disorder[“] ,
[

, amusia
bipolar

Tourette’s  syn-
[63,68] . [69,70)
, epilepsy ,

narcolepsy

67 . .
drome ], Alzheimer’s disease

[71,72] [73,74]

Parkinson’ s disease , multiple sclerosis
and the literature is still fast growing. Notably, a-

mongst all VBM studies schizophrenia is particularly

[75=80] A recent review by Honea et al. [s1]

of interest
has reported the regional defects in brain volume of
schizophrenia in a meta-analysis of VBM studies,
with the inclusion of 15 studies recruiting a total of
390 schizophrenic patients and 364 healthy volun-
teers. This is also evident in the recent studies of the

first episode, treatment naive schizophrenia patients

reported by a research team from China >, For

instance, a disassociation of the global grey/white
tnatter ratio with age was found, and this supports
the notion that there may be an impaired balance of

grey and white matter in patients with schizophreni-

al®l, Additionally, by taking the approach of VBM
and applying the methodology to diffusion tensor

imaging and magnetization transfer data, Huang et

al, [85:84] reported the gender difference with respect

to the brain abnormalities in first-episode schizophre-
nia in addition to distinguishing early and adult onset
schizophrenia in first episode drug-naive patients.
Furthermore, recent study of refractory depression by

Yang et al."™? has revealed the brain abnormalities

using the similar approach, and study of epilepsy by

] 16 reported white matter abnormalities be-

Lui et a
yond epileptogenic zone in patients with normal ap-

pearing brain on conventional MR imaging.

3 Limitation and future aspect

Common to any volumetric analysis on MR
imaging data, the results from the Cavalieri method
or VBM depend on the quality of MR images. Any
technical advances in increasing the resolution of MR
images will improve the results of the volumetric anal-
ysis. Image artifacts, such as partial volume effect,
chemical shift and susceptibility, cause difficulty in
determining the true boundary of the region of inter-
est and hence contribute to error of volumetry. How-
ever, with the development of the new MR se-
quences, this difficulty has largely been overcome by
the acquisition of the 3D high-resolution MR images.
When acquiring data from a living subject by MR
imaging, any random movement such as twitching
and tremor, can result in image artifact which can be
minimized with the use of fast MR imaging tech-
niques. Furthermore, the use of the advanced pulse
sequences additionally detects subtle changes in the
cortex that are difficult to detect on conventional MR
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(0] or instance, 3D T1-weighted

], (861

imaging scans
MDEFT sequence designed by Deichmann et a
was recommended for structural analysis of its im-
proved contrast between grey and white matter, and
also for obtaining multi-slice co-registered series of
T1-, T2- and PD-weighted images to support im-

proved tissue classification[33]. The utilization of the

high-field MR scanners certainly offers superior image

(87]

resolution'” °, and with its clinical availability, the

3.0T MR scanners have been increasingly used for
the studies in clinical neuroscience!®" %27,
However, issue remains with respect to effec-
tively comparing or combining the MR dataset from
different research institutions. This is due to the site-
specific properties attributed to MR scanners in dif-
ferent research institutions'®™. Unless this is re-
solved, MR imaging based volumetry will be difficult
to serve as a robust tool for multi-center study of the
brain diseases. Further issue arising from the MR
imaging based volumetry involves the variation in the
measured volumes among individuals. This is appar-
ent as most studies were carried out for small patient
samples in a cross-sectional manner. For the Cavalieri
method, this is attributed to both the inherent biolog-
ical variance among the measured volumes and the

precision of the individual volume estimates. Gong et

al. "' 100k the measure of normalizing the regional

volume to the total intra-cranial volume for each indi-

vidual for minimizing this effect, and this is subse-

quently applied in patients with multiple sclerosis!'*!

and in the study of brain structural correlation with

the human intellectual performancem]. Additionally,
the result of the Cavalieri method is also susceptible to

observer dependent interpretation of images[m. For
VBM, this inter-subject variance can be largely re-
moved by application of image normalization step.
Nevertheless, the ideal approach to resolving this is-
sue is to investigate the volume changes of the indi-
vidual brain overtime by using the identical MR imag-
ing protocol. The resulting images can be matched to
each other taken at different time points during the
course of the longitudinal study, and this is reported
to be highly sensitive to reveal the subtle changes

which cannot be detected in cross-sectional stud-
. [16,47]
ies .

Currently, the interpretation of the brain abnor-
malities detected by MR imaging based volumetry
must take precaution before exactly knowing whether

these are the causes of or the results of the dis-

ease™ . In addition, neuronal substrate underlying

such volumetric changes remains unanswered, and
this issue could not be addressed unless the histologi-
cal data is available for comparison. Lesion studies,
however, may shed light on the underlying mecha-

nism of the brain[zs'm].

As MR imaging technique
enables the multi-mode approaches for probing brain
by providing the structural, functional and metabolic
information, the observed volumetric deficit can be
cross-validated by combining MR imaging based vol-
umetry, functional neuroimaging techniques and MR

spectroscopy. Methodological cross-validation (i. e.

the combined use of at least two methods)***?! could
also be applied to provide convergent results to sup-
port the findings so as to improve our understanding
of the brain.

4 Summary

As the main methods of MR imaging based vol-
umetry, both Cavalieri method and VBM are improv-
ing, and they have been popularly used to explore the
normal and diseased brain. This is largely due to
technical advances in MR imaging techniques as well
as in the volumetric methods themselves. However,
both methods have their pros and cons, and they can-

not serve as a substitute for each other™ . In addi-
tion, the clinical relevance of the volumetric changes
detected is still not known. It is recommended to
cross-validate the findings by combining different vol-
umetric methods. In particular, by taking the advan-
tage of the multi-mode MR imaging modalities of ac-
quiring the structural, functional and metabolic infor-
mation as reported in our most recent studies[94'95],
MR imaging based volumetry will become a powerful
tool to unravel the brain, and clinically to provide
useful biomarkers for early diagnosis and monitoring
progression of the brain diseases.
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