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High-resolution magnetic resonance imaging sinc-interpolation-based
subvoxel registration and semi-automated quantitative lateral
ventricular morphology employing threshold computation and binary
image creation in the study of fatty acid interventions in schizophrenia,
depression, chronic fatigue syndrome and Huntington’s disease

BASANT K. PURI

MRC Clinical Sciences Centre, Imperial College, Hammersmith Hospital, London, UK

Summar

Serial high—resolution structural magnetic resonance imaging scans of the brain can now be precisely aligned, with six
degrees of freedom (three mutually orthogonal translational and three rotational degrees of freedom around three mutually
orthogonal axes), using a rigid-body subvoxel registration technique. This is driven by the in-plane point spread function for
images acquired in the Fourier domain with data obtained over a bounded region of k-space, namely the sinc interpolation
function, where sinc z=(sin 2)/z, with z being any complex number (including zero). Computational subtraction of the
three-dimensional Cartesian spatial representation matrices of serially acquired scan data allows for the determination of
structural cerebral changes with great precision, since voxel signals from unchanged structures are almost completely
cancelled. Thus changes readily show up against a background of noise. Furthermore, lateral ventricular changes can now
be accurately quantified using a semi-automated method involving contour production, threshold computation, binary
image creation and ventricular extraction. These techniques have been applied to the investigation of the effects on cerebral
structure of intervention with fatty acids, particularly the long-chain polyunsaturated n-3 fatty acid eicosapentaenoic
acid (EPA), in disorders such as schizophrenia, treatment-resistant depression, chronic fatigue syndrome (myalgic
encephalomyelitis or ME), and Huntington’s disease.

Introduction is subvoxel, artefacts, such as trans-planar shifts
associated with traditional methods of naked-eye
radiographic alignment, caused by the fact that it
is virtually impossible to ensure that the brain
is in exactly the same position with respect to the
magnetic field during two different scanning ses-
sions, are eliminated. The second technique is a
semi-automated procedure to quantify ventricular
volumes from T;-weighted volume MR scans.

After describing these two methods, their applica-
tion to studying the effects on cerebral structure of
fatty acid intervention is described.

In this paper I review the application to fatty acid
research in neurology and psychiatry of two relatively
new magnetic resonance imaging (MRI) techniques;
my colleagues at Hammersmith Hospital and I have
been involved in the development of these techni-
ques. The first method allows the three-dimensional
Cartesian spatial representation matrices of two or
more serially acquired brain scans from the same
subject to be precisely aligned, following which one
matrix (usually chosen to be the one based on the
baseline scanning data) can readily be subtracted
from others. This monomodal rigid-body registra-
tion and subtraction technique leads to the almost
complete cancellation of signals in voxels (three-
dimensional pixels) that correspond to cerebral

Detection of brain changes using subvoxel
registration and subtraction

structures that have not changed between scans.
Hence, even very small changes between serial scans
show up against a background of noise. Moreover,
since the technique aligns the images with a high
degree of accuracy, corresponding to a precision that

In order to describe the theory underlying this
technique, it is necessarily to distinguish between
the resolution of an image of an object, and the
information contained in that image relating to its
position in three-dimensional space.
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The resolution is a measure of the smallest feature
that can be resolved. For most MR images the
resolution is given by the quotient of the field of view
and the number of phase- (or frequency-) encoded
steps used to acquire the image. The linear dimen-
sions of the image voxels are usually equal to a
resolution element. If the data are zero-filled before
image reconstruction, then these linear dimensions
are slightly smaller than a resolution element.

In contrast, positional information relates to the
precision with which the position of an object can be
located within an image. It is determined by the
distribution of voxel intensity values. Differences in
object position that are much less than the dimension
of a voxel (that is, subvoxel shifts) can be detected on
serial images. A difference image from two serial
images can be obtained by subtracting the baseline
image from the second image.

Changes in image voxel signal intensities resulting
from a subvoxel shift of an object are greatest at the
boundaries and least in the central high signal
intensity region of the object. In order to distinguish
between genuine differences in the object over
successive scans, and misregistration effects, it is
necessary to carry out positional matching of the
images to a small fraction of a resolution element. For
example, Hajnal et al. (1995) achieved a match that
was accurate to substantially less than one-thirty-
ninth of a resolution element, which meant that the
image data had be interpolated to generate new
intensity values on the fixed image pixel grid.

With respect to neuroimaging, in practice differ-
ence signals must be detected against a background
of image noise and artefacts. In the images of
the brain acquired by Hajnal and Bydder (1997),
the signal-to-noise ratio for brain was found to be
typically around 20:1. With this ratio, subvoxel shifts
are detectable at steep signal intensity boundaries
such as characteristically occur between cerebral
tissue and cerebrospinal fluid. If serial images are
aligned very accurately to a very small part of a voxel
(in order to keep misregistration errors below the
image noise level) then small changes in signal
intensity and subvoxel shifts of the order of a few
percent of a voxel produced by genuine changes
in the position, shape or size of the brain may be
detectable as a result of the signal changes produced
on accurately registered difference images.

From the foregoing, it is clearly of the utmost
importance to use methods that produce very
accurate registration of serially acquired images.
Let us suppose that the second, follow-up, image is
a linear translation in one direction such that the
image is displaced from the first in the row, column
or slice direction of the image matrix by nd, where n
is an integer and d is the voxel dimension in the
direction of displacement. Then registration would

simply consist of replacing the value of the jth voxel
by that of the (j+ n)th voxel. A precise correction of
the linear translation would result. This procedure
can be carried out in all three linear mutually
orthogonal dimensions. Difficulties arise, however,
if n is non-integer, and/or a rotation or rotations
is/are required, since shifts of a fraction of a voxel are
then required. In both cases voxel values must be
interpolated from neighbouring voxel values, that is,
image interpolation is required.

Fractional voxel shifts without distortion require
the use of an interpolation function appropriate
to the nature of the MR data. As images are acquired
in the Fourier domain with data obtained over a
bounded region of k-space, their frequency content is
strictly band-limited. The in-plane point spread
function for MR images is therefore the sinc function
(Jain, 1989), where sinc z= (sin 2)/z. In this expres-
sion, 2z can be any complex number. (The domain of
this function is not the complex plane punctuated at
zero; z can take the value zero without producing a
singularity, with sinc 0 equal to one.) Therefore it
should be possible to use sinc interpolation to derive
interstitial data values without introducing errors. Of
course true three-dimensional acquisitions, employ-
ing phase encoding in the slice direction as well as in
plane, are band-limited in all directions and can
therefore be interpolated correctly using this function
(Hajnal et al., 1995). (Note that Fourier interpola-
tion was not chosen owing to the increased computer
storage space needed. For instance, a shift of one-
hundredth of a voxel in any direction would require
enlargement of a three-dimensional data set by a
factor of a million.)

Representing the intensities of a three-dimensional
voxel matrix corresponding to an image data set by
P(X,Y,Z), where the orthogonal Cartesian coordi-
nates X,Y,Z are integers, we wish to interpolate
the intensity P(x,y,z), where x,y,z are real but
not necessarily integers. For band-limited MR
images, this can be achieved without error by
setting P(x,v,2) equal to Xx Xy X, PX,Y,2)
sinc[r (x — X)] sinc[r(y—Y)] sinc[zr(z—Z2)].
However, this is clearly computationally demanding.
Taking into account also that, as the modulus of
z increases the value of sinc z tends to decrease,
ignoring the oscillatory nature of the function for
large values of mod z, so that, in general, the more
distant a voxel the smaller its contribution to the sinc
interpolation, it is reasonable to truncate the inter-
polation by limiting the calculation to a cubic volume
containing (2R+2)> voxels centred on the target
point for which an intensity is to be calculated. With
R set to zero only the nearest neighbours are
included the interpolation. Furthermore, to avoid
truncation errors derived from the oscillating nature
of the sinc function, each of the three sinc functions



in the above equation is multiplied by an appodizing
Hanning window function of the form H(o; R) =
1/2[1 4+ cos (ra/(R+1))], where a=x—X, y—Y,
z—Z.

For matching MR images to each other,
Hajnal et al. (1995) chose to use a least squares
method as it has the advantages of conceptual clarity,
ease of interpretation, and ready availability of
appropriate optimization algorithms. It also provides
a direct estimate of the statistical uncertainty of the
positional match achieved. The subvoxel registration
computer program uses the Levenburg-Marquardt
algorithm to minimize a chi-squared function of
goodness-of-fit (Puri, 2004a). After a minimum
value of chi-squared is found, the three translations
and three rotation angles required for full
three-dimensional registration are stored. If A and
B represent the MR images that are to be positionally
matched, then the registration coordinates are used
to re-slice B to match A using sinc interpolation.
A larger value of R is generally used for re-slicing
than that used for the determination of the registra-
tion coordinates in order to minimize intensity errors
in the final images.

The precision of the positional match achieved
depends on the competition between structure and
noise in the images, and also on genuine differences
existing between the objects depicted in the images.
The first factor can be characterized as the statistical
uncertainty of the positional match, while the second
factor may cause systematic registration changes.
Both of these are now briefly described.

Consider the case in which A and B only differ
with respect to their noise content. Then the
minimum value of chi-squared will be x*= Zyoxels
[s% + s3], where s4 is the standard deviation of
the noise content of image A, and sp the standard
deviation of the noise content of image B. (It is
assumed that 5% and 53 have a correlation of zero.)
Once an optimal value of chi-squared has been
found, the subvoxel registration computer program
then routinely calculates an unbiased estimation of
the standard deviations of the registration coordi-
nates using the inverse of the Hessian matrix of
second derivatives of X2- If, however, the minimum
value of chi-squared found by the program is greater
than the right-hand side of the last equation, then this
implies either that the program has failed to find the
global minimum value, or that there exist structural
differences between A and B that are not associated
with their noise content.

Genuine structural differences between the objects
depicted in images A and B lead to a systematic
effect on the subvoxel registration coordinates; the
optimization procedure leads to a positional match
that balances these differences against differences
induced by positional shifts (Hajnal & Bydder, 1997).
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When looking for genuine structural cerebral
changes, it is important to exclude variable deforma-
tion of soft tissues in the head and neck outside of
the skull. This is achieved by using image segmenta-
tion. For neuroimaging this involves removing the
skull, scalp, facial tissues and neck tissues, so that only
the brain and immediately adjacent tissues and
fluids are used for registration. This is achieved by
replicating the A image set and then editing it using
an automated segmentation algorithm (Marshall
et al., 1990; Saeed, 1990) that leaves only the brain
and its immediate surrounds, with all other voxels
set to zero. A non-zero threshold in the registration
program then restricts the calculation to relevant
voxels.

To test the results of subvoxel registration,
difference images are produced by subtracting the
registered images. For serially acquired neuroimages
in which no anatomical changes in the brain have
occurred, precise positional matching and accurate
interpolation ensures that the tissues signals are
reduced to the background noise level after image
subtraction (Bydder & Hajnal, 1997). Any residual
signals detected on registered subtraction images can
be ascribed to irreconcilable image differences
resulting from real structural changes.

A number of phantom studies have been carried
out by Bydder and Hajnal (1997) that validate these
techniques. Typical alignments in linear dimensions
of less than 0.01 mm were reached, and residual
signals caused by misregistration were reduced to
the noise floor. Serial scans of the brain in normal
volunteers have also validated these techniques. In
a typical example quoted by Bydder and Hajnal
(1997), in which the same adult male volunteer was
scanned twice on the same day using true 3D
rf-spoiled T;-weighted acquisitions, the mid-sagittal
difference image (following image segmentation,
subvoxel registration, and image subtraction)
showed that almost all the structures within the
brain had been reduced to below noise level, with
just one exception: the straight sinus could be
visualized, probably indicating a change in size
between the scans.

Semi-automated quantification of
ventricular volumes

This method was devised by Nadeem Saeed and
Basant Puri during the late 1990s. It requires three
steps: the drawing of contours; threshold computa-
tion and the creation of binary images; and the
extraction of the ventricular components and their
measurement.

Contours are drawn that fully enclose the ven-
tricles. This operation is performed on each
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transverse slice and it approximately defines an area
in which the ventricles can be seen. These contours
are drawn on the basis of neuroanatomical knowl-
edge, taking care to avoid, in particular, the anterior
and posterior parts of the corpus callosum in the
relevant transverse brain slices. This operation is
performed with the aid of a mouse linked to the
image display on the workstation. To speed up the
contouring process, it is possible sometimes to
replicate contours from neighbouring slices.

The next stage entails the installation of circular
regions of interest (ROI) of radius 3 mm to lie fully
within the lateral ventricles. The threshold, 7,
needed to isolate the ventricles uses the following
formula devised by me:

2 n
T»:E;M,-H (1)

where: M;=the intenity in the ith ROI; n=the
number of ROIs; and s=the standard deviation of
the intensities of the #» ROIs.

The image is then thresholded to create a binary
image consisting of ‘black’ and ‘white’ voxels only
(Gonzalez & Woods, 1992).

A contour-following algorithm (Herman & Liu,
1978) is implemented to operate on all binary
components obtained from the previous step. The
contour-following algorithm extracts the boundary
which is then coded using the Freeman 8-way chain
code which provides dimensional and positional
measurements of the isolated structures. The latter
measurement is monitored to ignore all isolated
structures that lie outside the operator-drawn
contour. This means that the centre of mass of
each isolated structure has to lie within the operator-
drawn contour in order to qualify as belonging to
the ventricular system. The dimensional calculation
is used to determine the volume of the ventricular
system in a particular transverse slice. All the
ventricular components can be extracted automati-
cally within the manually drawn contour using the
contour-following procedure. In addition, it has been
found to be useful to enable all voxels within the
extracted contours to be filled by ‘white’ voxels when
the choroid plexi are to be included in the computa-
tion of the ventricular volume. (The choroid plexus
has a high signal intensity compared with cerebro-
spinal fluid on T;-weighted images and so may not
be isolated by the threshold operation.) If this
contour fill option is selected then the extracted
contour is completely filled with ‘white’ voxels;
otherwise it is filled with only the ‘white’ voxels
that appear in the thresholded image.

The ‘white’ voxel count in all the extracted
contours corresponding to all the slices are then

summed, to give the ventricular volume in voxels
(including fractional voxels). Finally, the product of
this sum and the volume of a single voxel expressed
in cubic millimetres gives the volume of the
segmented ventricles in cubic millimetres.

In phantom studies of a model of the brain, this
technique has been found to give a ‘ventricular’
(phantom fluid-compartment) volume that differs by
less than 1% from the calculated volume (according
to the mass, density and temperature of the fluid
compartment), while serial scanning with the phan-
tom repositioned in the scanner led to a difference
in ‘ventricular’ volume between two scans
of just 0.0046% (Saeed, Puri, Oatridge, Hajnal,
& Young, 1998).

Applications to neurological and psychiatric
disorders following fatty acid intervention

The first patient with schizophrenia to be treated
solely with the n-3 long-chain polyunsaturated fatty
acid eicosapentaenoic acid (EPA) showed a remark-
able and sustained remission of positive and negative
symptoms starting within a month of this intervention
(Puri & Richardson, 1998). His brain was scanned
with high-resolution MRI both at one year and six
months before starting the EPA, while he remained
antipsychotic drug-free. He underwent MRI brain
scanning again at baseline (on starting the EPA), and
then after taking the fatty acid daily for six months.
Using the two techniques described in the previous
section, it was found that cerebral atrophy had been
taking place during the year before taking the EPA,
with an increase in lateral ventricular volume occur-
ring from 18,750 mm? (at minus one year with respect
to EPA treatment), through 19,440 mm? (at minus six
months) to 19,800mm’ at baseline. Normalizing
these volumes to the total brain volume at each scan
gave corresponding values of the ventricle-to-brain
ratios (VBRs) of 0.0147, 0.0153 and 0.0155
(Puri et al., 2000; Puri & Richardson, 2003). After
six months of taking EPA (and no other medication),
there was a reversal of this cerebral atrophy, with the
lateral ventricular volume being 18,850 mm?® and
the corresponding VBR falling back to 0.0148. These
results were the first to indicate that EPA might be
able to reverse cerebral atrophy, at least in schizo-
phrenia, as well as to treat positive and negative
symptoms in this disorder.

The first published case of a patient with depres-
sion to be treated with EPA (Puri et al.,, 2002a)
underwent high-resolution MRI brain scanning
at baseline and after nine months of taking the
fatty acid. This was a severe case of treatment-
resistant depression in a 21-year-old male student
with a seven-year history of unremitting



depressive symptoms. After the addition of ultra-
pure EPA (in the form of the ethyl ester) there was
rapid clinical improvement, including the cessation
within one month of previously unremitting severe
suicidal ideation; there was also a marked improve-
ment in social phobia symptomatology. There was
progressive clinical improvement, and by nine
months the patient’s depressive symptoms had
disappeared altogether, without any evident adverse
effects from the EPA. Analysis of the subvoxel-
registered MRI subtraction images showed that,
during the nine-month period of treatment with
EPA, complex changes had taken place in the
patient’s brain including changes in the cerebral
cortex and ventricular system. Overall, a reduction
occurred in the volume of the lateral ventricles (Puri,
Counsell, Hamilton, Richardson, & Horrobin, 2001;
Puri, 2003a).

There is evidence of an association between
chronic fatigue syndrome (or myalgic encephalo-
myelitis, M.E.), a disorder of currently unknown
aetiology, and fatty acids (Puri, 2004b). Indeed, sole
treatment with a combination of ultra-pure EPA
and a mixture of n-6 long-chain polyunsaturated
fatty acids, as found in particular in the VegEPA
supplement, has been found to offer therapeutic
advantages, particularly when used in combination
with certain cofactors (Puri, 2005). In the first neuro-
imaging study of fatty acid treatment in a patient with
chronic fatigue syndrome, high-resolution MRI brain
scanning was carried out at baseline and after
16 weeks. The female patient, who was in her mid-
twenties, had a six-year history of unremitting
symptoms of chronic fatigue syndrome. Following
16 weeks’ treatment with the fatty acids there was
a marked clinical improvement (Puri et al., 2004).
Application of the techniques described in the
previous section showed that during this period of
fatty acid intervention there was a reduction in the
lateral ventricular volume, from 28,940 mm’> to
23,660 mm’.

Following the discovery by Professor Krishna
Vaddadi in the 1990s that fatty acids could benefi-
cially modify the clinical course of Huntington’s
disease (see Vaddadi, 2003), a six-month rando-
mized, placebo-controlled pilot study of EPA was
carried out in seven inpatients with advanced
(clinical stage III) Huntington’s disease. Three of
the patients were randomized to the EPA group and
the remaining four to the placebo group. Using
subvoxel registration of the six-month follow-up
MRI brain scans with the baseline scans, the
subtraction images showed that while the placebo
was associated with progressive cerebral atrophy,
as would be expected in this disorder, treatment
with EPA was associated with a reverse process
(Puri et al., 2002b; Puri, 2003b).
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Discussion and conclusions

This paper has shown how the two recently devel-
oped image analysis techniques described can be
successfully applied to the study of structural
changes in the adult brain associated with fatty acid
intervention. In particular, it would appear that EPA
may be associated with clinical benefits in disorders
as diverse as schizophrenia, depression, chronic
fatigue syndrome and Huntington’s disease, and
that this benefit may be measurable by MRI in
future rigorous clinical trials.
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