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Figure 7
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Figure 12
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Figure 13a
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Figure 13b
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Figure 13c
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AUTOMATED NEUROAXIS (BRAIN AND
SPINE) IMAGING WEITH [TERATIVE SCAN
PRESCRIPTIONS, ANALYSIS,
RECONSTRUCTIONS, LABELING, SURFACE
LOCALIZATION AND GUIDED
INTERVENTION

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation-in-part of and
claims the benefit of PCT Patent Application. International
Application No. PCT/US2005/008311, having an Interna-
tional filing date of 11 Mar. 2005 and designating the United
States, which in turn claims benefit of U.S. Provisional Patent
Application, having Ser. No. 60/552.332, filed 1T Mar. 2004,
the disclosures of which are hereby incorporated by reference
in their entirety.

FIEL.D

The present invention relates, in general, to medical diag-
nostic imaging devices that perform scout seans for localiza-
tion and autoprescription and treatment and diagnosis of the
Neuro-axis.

BACKGROUND

Diagnostic imaging of the spine of a patient is ofien useful
for identifying disease or an injury to the spine itsell or as a
readily locatable landmark for other tissues. Present practice
is to take and digitally store lots of data on a patient, including
MR and CT images. You want to both compare cach patient’s
data to his/her own data. and “pools” of data from other
people. However, making sense of pictures taken at different
times, and using different types of machines presents a prob-
lem which is presently beyond the reach of most antomated
systems. Additional complications are presented by varia-
tions in quality between images, incomplete images of the
spine or neuro-axis (e.g.. an image might not inciude top or
hottom vertebrac). failure to adequately capture portions of
the neurc-axis due to congenitat defect. disease, injury or
surgery, exceptional curvaiure of the spine exhibited in some
individuals. and the existence of individuals having more or
less than the highly prevalent 23 mobile pre-sacral vertebrae.
Thus, analysis of images and prescription of additional data
collection and treatiment requires an extensively trained tech-
nician.

Unfortunately, even for skilled technicians, human error

may occur due to the variability in the patient population or 3

due 1o an oversight. The mistake may arise in incorrectly
identifying vericbrae and discs in a diagnostic image. The
mistake may arise in incorrectly visually identifying the cor-
responding vertebrae under the skin before performing a sur-
gical or therapeutic (¢.g.. radiation) treatment. The mistake
may arise in improperly identifying a normal, benign. or
malignant condition because an opportunity is missed to cor-
rectly correlate information from a plurality of imaging sys-
temns (e.g., a type of tissuc may be determined if an MRI and
a CT image could be properly correlated and analyzed).
Assuming the vertebrae and discs may be accurately iden-
tified in the diagnostic image. it is often helptul 1o be able to
obtain a one-to-one correspondence between the readily vis-
ible and markable skin/surface and underlying structures or
pathology detectable by a variety of imaging modalitics. This
may facilitate clinical correlation. XRT. image guided biopsy
or surgical exploration, multimodality or interstudy image
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fusion, motion correction/compensation, and 3D space track-
ing. However, current methods, (e.g. bath cilfvitamin E cap-
sules for MRI). have several limitations including single
image modality utility requiring completely different and
somelimes incompatible devices for cach medality, compli-
cating the procedure and adding potential error in subsequent
multimodality integration/fusion. They requirc a separate
step to mark the skin/surface where the localizer is placed and
when as commonly affixed to the skin by overlying tape, may
artifactually indent/compress the sofi tissue beneath the
marker or allow the localizer 1o move, further adding to
potential error. Sterile technique is often difficult w achieve.
'urthermore, i may be impossible to discriminate point
localizers from each other or directly attain surface coordi-
nates and measurements with cross sectional imaging tech-
niques. In regards to the latter, indirect instrument values are
subject 1o significant error due to potential inter-scan patient
motion. nemorthogonal surface contours, and technique
related aberrations which may not be appreciated as current

7 multipurpose spatial reference phantoms are not designed for

simultancous patient imaging.

Limited coverage, resolution and contrast of conventional
MRI localizers coupled with a high prevalence of spinal vari-
ance make definitive numbering difficult and may contribute
to the risk of spinal intervention at the wrong level. Only 20%
of the population exhibit the classic 7 cervical, 12 thoracic, 5
lumbar, 5 sacral, and 4 coceygeal grouping. For instance,
2-11% of individuals have a cephalad or caudal shift of lum-
bar-sacral transition, respectively resulting in 23 or 25 rather
than the typical 24 mobile presacral vertebrae. Numbering
difficultics are often heightencd in patients referred lor spine
MRI. Such patients are more likely than the general popula-
tion 1o have anomalies, acquired pathology, or strumenta-
tion that distorts the appearance of vertebrae and discs. More-
over. these patients are often unable to lie still within the
magnet for more than a short period of time due to a high
prevalence of back pain and spasms. Resultant intrascan
motion confounds image interpretation and interscan motion
renders scan coordinates and positional references unreliable.

Those difficulties and inadequacies in presently available
lechnology can lead to significant problems, While data
remains somewhat limited, various authors report an approxi-
mately 2-5% incidence of wrong level approach spinal inter-
vention, with most cases involving the lower lumbar inter-
spaces. Such surgical misadventures may lead to needless
pain and suffering, as well as contribute to accelerating medi-
cal malpractice costs. The first multi-million dollar jury ver-
dict for such a wrong level approach was awarded in 2002. In
addition 1o potentially introducing errors, the use of human
technicians to analyze images in presenl technology leads to
sipnificant delays and cost increases in diagnosis. For
cxample, in the case of an image where insuflicient informa-
tion has been gathered by an initial scan, such as a scout scan,
a human technician would examine the initial images, then

5 prescribe new images, then would have to analyze the new

images as well, leading to the necessity for images to be taken
in multiple sessions over a longer period of time, a more
complicated and expensive process than would be desirable.

Although several research techniques have been described
to automate spine image analysis, to the inveniors’ best
knowledge, none has successfully addressed the need for
accurate and unambiguous numbering. In some cases, the
inadequacies might be caused by simplifying assumptions
based on normal spine anatomy which might not be appro-
priate for paticnts referred for spinal imaging (e.g., U.S. Pat.
No. 6,853,741 to Ruth et al., which assumes that the distance
between vertebrae is substantially constant). In others, inad-
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cquacies might stem from the fact that, even if an individual
vertebra can be located. characterization of a vertebrac or disc
is of limited clinical value if that structure can not be accu-
ratety identified and named.

Consequently, a significant need exists for an improved
approach to localizing and autoprescribing through multi-
modal quick scans of the brain and/or spine. Furthermore,
there is a need for enhancing personal medicine with a
method of aligning skull and spine images.

Once one image set is autoprescribed, it would be further
beneficial to correlate that image set with other types of
imaging modalities that are also autoprescribed. One advan-
tage is that calevlations of changes over time for the same
patient may quickly identify injury or disease. Another
advantage is that different spectral emissions illici different
information about a tissue. Correlating between a plurality of
imaging modalities, if a common tissue structure can be local-
ized for each, may cnable autodiagnosis as to whether the
tissue is normal, benign or malignant. Consequently, it would
be of a further advantage to extend spine autoprescription
across multiple sources of diagnostic itnages.

Additionally, if a volume imaging data set is obtained it
may be beneficial to have amomated optimized 2-D reforma-
tions with labeling as desired to facilitate interpretation.

SUMMARY

The present invention addresses these and other problems

in the prior art by providing an apparatus and method of 3

localizing a spinal column of a patient with robust automated
labeling of vertebrae across a population and across different
imaging modalities facilitating autoprescription and follow-
on therapeutic procedures, Thereby, human error in incor-
rectly identifying a vertebra in an image. and thus misfocating
a surgical site, is avoided.

In one aspect of the invention, an apparatus processed a
medical diagnostic image of a patient’s torso by identifying
voxel clusters of appropriate size, location, shape, orienta-
tion, and intensity t be putative spinal structures. Then addi-
tional constraints are applied to identify a long chain of spinal
structures that are then labeled.

In another aspect of the invention, this processing s in
conjunction with a localizer grid placed on the torso of the
patient that provides an external reference correlated 1o the
identification and labeling, enabling accurate insertion or
aiming of therapentic treatments.

In another aspect of the invention, related to MR1. a tlexible
array surface coil overlies the spine (potentially in conjunc-

tion with the aforementioned localizer grid) to increase the S

signal to noise ratio and afford optimal spine imaging in any
patient position.

By virtue of the foregoing, an entire spine can be ellec-
tively surveyed with sub-millimeter in-plane resolution MR]

or multi-detector CT in less than one minute. All cervical- 33

thoracic-lumbar vertebrae and discs can be readily identified
and definitively numbered by visual inspection. All cervical-
thoracic-lumbar vertebrae and discs can be readily identificd
and definitively numbered by semi-autemated computer
algorithm. Rapid technique should facilitate accurate verte-
bral numbering, improve patient care, and reduce the risk of
surgical misadventure. Coupled with an integrated head and
spine array coil. rapid computer automated iterative prescrip-
tion and analysis of the entire neuro-axis may be possible.

These and other objects and advantages of the present
inventicn shall be made apparent trom the accompanying
drawings and the description thereof.
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BRILF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate embodi-
ments of the invention, and, together with the general descrip-
tion of the invention given above, and the detailed description
of the embodiments given below. serve to explain the prin-
ciples of the present invention.

FIG. 1 is a diagram of an automated spinal diagnostic
system.

FIG. 2 is a flow diagram of a spine identification sequence
of operations or procedure for the automated spinal diagnos-
tic system of FIG. 1.

FIGG. 3 is a diagram of a projection function of adjacent
objects: 4, and a, represent the angles between the line con-
neciing candidate disc p and q through their centroid and the
major axis of discs p and ¢ respectively, wherein 0<a,<90°
let d,. be the value of d for any candidate disc in cervical-
thoracic spine region and d; in the thoracic-lumbar spine,
then 6 mm<d <80 mm and 8 mm=<d, <100 mm.

FIG. 4 is a diagram of distance constrainl chains with a
cluster, k, is part of a disc chain if'its closest superior neighbor
has k as its closest inferior neighbor and ks closest inferior
neighbor has (k) as its closest superior neighbor.

FIG. 5 is a 7-slice sagiital MRI projecied image volume
having a 35 em FOV top half iliustrating a typical search
region where voxels exceeding an intensity threshold are
depicted with those meeting additiona] disc constraints high-
tighted as putative discs and connected by a curved line
through their centroids.

FIG. 6 is a 7-slice sagittal MRI projected image volume
having a 35 cm FOV bottom half illustrating a typical search
region wherein voxels exceeding intensity threshold are
depicted with those meeting additional disc constraints high-
lighted as putative discs and connected by a curved line
through their centroids.

F1G. 7 is a combined sagittal image depicting search paths
parallel to the curved line of FIG. 6 connecting a centroid of
a C2-3 disc with longest disc chains from top and bottom half
images (FIGS. 5 and 6). Dots correspond to local maxima
along, these paths.

FIG. 8 is a sagittal image through the entire spine with all
intervertebral discs auto-labeled with labeling of vertebrae
omitted for ¢larity with three-dimensional (3-1J) coordinates
generated by an algorithm providing a means for discs or
vertebral bodies to be labeled in any subsequent imaging
plane providing no gross inler-scan patient movement.

FIG. 9 is a sagittal image through the entire spine of a
patient with 23 mobile/presacral vertcbrae with correct auto-
labeling of first 22 inlerspaces.

FIG. 10 is a sagittal image through the entire spine of a
patient with 25 potentially mobile presacral vertebrae with
correct auto-labeting of the first 23 inicrspaces.

FIG. 11 is a sagittal image through the entire spine of a
patient with surgically fused 1.4-5 interspace and associated
artifact from a metallic cage with correct labeling of alf 23
interspaces including a good approximation of the .45 disc.

¥IG. 12 js a sagittal image through the entire spine of a
patient with labels generated using robust disc discrimination
and Gaussian filters.

I'IG. 13a is a midline sagittal image through the skull and
entire spine ol'a patient aug-generated from a voluietric C'U
data set with correctly labeled vertebrae using the Automated
Spine Survey Herative Scan ‘lechiigue (ASSIST) algorithm
described herein in the context of MRI spine images. Bone
optimized reconstruction algorithm utilized and contrast set-
tings also optimized lor bone depiction.
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['IG. 135 displays the same midline sagittal section through
the skull (brain) with “standard” soft tissue-optimized recon-
struction algorithm utitized and contrast seftings optimized
for brain depiction.

FIG. 13c displays the same midline sagittal section through
the skull (brain) with composite auto-display of the optimized
bone (skull) from FIG. 13a and the optimized soft tissue
(brain) from FIG. 135

FIGS. 14A-14] are diagrams of a point localizer; FIG. 14A
depicts a frontal view of the point localizer affixed to fabric;
FIG. 14B depicts a reverse side of the point localizer of FIG.
14A: FIG. 14C is a perspective view of the point localizer and
underlying fabric affixed to the skin; FIG. 14D is an enface
view of the fabric with corresponding marking affixed to the
skin: FIG. 14T is an enface view of the localizer aflixed o
skin; FIG. 14F is a diagram view of a port integrated into a
tubular ring; FIG. 144 is a frontal view of a modified ring
shaped localizer affixed to fabric with additional markings:
FIG. 14H is a frontal view of the fabric in FI(5. 14G with the
localizer remaved: FIG. 141 is a frontal view of a multilocal-
izer sheet demonstrating the adhesive backing and overlying
fabric with localizers removed.

FIGS. 15A-15F illustrate a cross-shaped grid configura-
tion:; FIG. 15A is an enface view of the grid with modified
square as the central hub and uniguely positioned rows of
tubing radiating along the vertical and horizontal axes; I1G.
15B is a schematic of axial cross sections acquired at repre-
sentative distances from the horizontal axis; FIG. 15C dem-
onstrates the underlying marked fabric with the superim-
posed tubing in F1G. 154 removed; FIG. 1512 is a vatiant of
FIG. 15A with modified ring serving as a central hub; FIG.
15E depicts a limb fixation ring and angulation adjuster; and
FIG. 15F depicts a radiopaque grid with underlying ruled
fabric strips removed.

FIG. 16A is an enface view of the grid/phantom configu-
ration with tubular lattice, overlying a diagonally oriented
slice indicator, and underlying a partially adhesive fabric with
markings and perforations.

FIG. 16B is a schematic cross section of a representative
axial section of the grid/phantom configuration of F1G. 16 A,

FIGS. 17A-17R are diagrams of localizers in a packaged
strip or roll, regularly spaced at 5 cm or other intervals.

F1GS. 18A-18B are depictions of a lattice localizer having
tube diameters varied to identify unique locations.

FIGS. 19A-19D are depictions of a {ull-spine grid localizer
and multi-element array spine MRI coil.

FIGS. 20A-2013 demonstrate integration of ASSIST with
IDEAL for improved multi-spectral tissue characterization.

FIG. 21 depicts additional multi-parametric maps deriv-
able from GRASE TDLAL.

DETAILED DESCRIPTION

Spine locatization, automated labeling, oplimized recon-
structions. and data fusion diagnostic system.,

FIG. 1 depicts an automated spinal diagnostic system 10.
The system depicted in FIG. 1 includes a diagnostic imaging
system 12. which is a system such as a magnetic resopance
imaging system (MRI), or a computed tomography {C'T)
scanner that is capable of producing a representation of a
portion (it should be understood that, in the context of this
paper, a portion could be the entire patient) of a patient. Such
a representation might be used to create an image which can
be cxamined by a physician or technologist. such as a digital
image displayed on a screen or a physical image printed on
film, or it might be stored internally in a computer’s memory
and used to automate or partially automare the treatment of a
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patient, For the purpose of clarity, when terms such as “imag-
ing system™ and “diagnostic image” are used in this paper, it
should be understood that those terms are not intended to be
limited externally visible images (e.g.. an image on {ilm) and
systems which produce them. but are instead intended to
cncompass systems which produce representations which are
used in a computer’s internal processes and which are not
necessarily displayed to a physician or technologist. Simi-
larly, when the term “label” is used in this paper. it should be
understood 1o refer not only to a visible label. but o any
signifier which can be used for unique and consistent identi-
fication. In FIG. 1, the diagnostic imaging system 12 is used
to image a torso of a patient 14, As depicted in FIG. 1. the
torso of a patient 14 is advantageously covered by a skin/
surface marking system 16. In some embodiments, the skin/
surface marking system 16 might serve as an integraticd mul-
{imodality. multi-functional spatial reference. That is, the
skin/surface marking system 16 might be designed in such a
way as to be visible in medical diagnostic images produced by
different imaging modalities (e.g.. CT scan, MRI system),
and might also be designed in such as away as to achieve
multiple functions (e.g.. to produce a visible representation in
the medical diagnostic image and to leave a marking on the
paticnt’s skin or some other surface). In an embodiment fol-
lowing the diagram of FIG, 1, the diagnostic imaging system
12 might produce one or more medical diagnostic images
depicting the paticnt’s skull 18, the patient’s full spine 20,
and/or the patient’s peivic bones 22. In some embodiments,
the diagnostic imaging system serves to perform an auto-
mated MRI technique that rapidly surveys the entire spine,
labeling all discs (flattened anatomical structures which lie
between adjacent vericbrae in the spine) and vertebrae (the
bones or cartilaginous segments forming the spinal column).
While being tested, the illustrative version described below
was able to survey the entire spine with sub-millimeter in-
plane resolution MR1 in less than 1 minute. C-T-L, veriebrae
and discs can be readily identified and definitively numbcred
by visual inspection or semi-automated computer algorithm
(“ASSIST™).

Correctly identifying each spinal structure, that is, cach
vertebra or disc, in the spine 20 is complicated in certain
instances when the skull 18 and/or the pelvic bones 22 are not
imaged. In some instances, a vertebra or disc (depending on
whether CT. MRI. or some other imaging modality, is being
used) will fail to image properly, depicted at 24. In addition,
the highly predominant number of twenty-four mobile pre-
sacral vertebrae may not be the case for certain individuals.
Having the correct vertebrae references may be important in
localizing a suspicious lesion 26, which might be later tar-
peted by some type of therapeutic insirument, that is any tool
or device which can be used to help improve or restore health.
A non-limiting example of such a therapeutic instrument is
the radiation device 101 depicted in FIG. 1.

The diagnestic imaging system 12 may derive a sagittal
image 28. that is. an image of a plane parallel to the median
plane of the body, of the torso of the paticnt 14 from a volume
C'I scan 30 (also called a sagittal section). Alternatively, the
diagnostic imaging system 12 may produce an upper cervi-
cal-thoracic sagittal image 32 and a lower thoracic-lumbar
sagiltal image 34, such as from MRI. In this application, a
thoracic lumbar sagittal image should be understood to mean
a sagittal image which includes a represcntation ol the botlom
{inferior) portion of the spine, while the term cervical thuracic
sagittal image should be understoed to mean a sagitial image
which includes a representation of the top (superior) portion
ol the spine. In some embodiments following the diagram of
FIG. 1, a spine mmage processor 40, which may be a process
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hosted by the diagnostic imaging system 12 or by a remote
device, performs a number of subprocesses to correetly iden-
tify and label the spine 20

In an illustrative version of the diagnostic imaging system
12, MRI studies were performed on a clinical 1.5 T magnet
with slandard 4-channel quadrature array 6-element spine
coil and surface coil correction algorithm. Contiguous two-
station 35 centimeter (¢cm) field of view (IFOV) sagittal fast
gradient-recalled echo (I'GRE) scquences were pre-pro-
grammed, providing full cervical, thoracic and lumbar (C-T-
L) spine coverage. Combined sagittal FOV of 70 cm., 7 sec-
tions, scans from 15 millimeters left of midline to 15
millimeters right of midline (L15-R15), 4 millimeter {nm)
section thickness with 1 mm intersection gap: 512x352
matrix. | excitation/image acquisition (nex), repetition time
(in milliscconds) (TR) 58, ccho time (in milliseconds) (TE)
2.0, 30° flip, Bandwidth (BW) 5.6 kHz: 21 secx2 sta-
tions=42 sec. To facilitate and standardize auto-prescriptions,
a line was drawn on the spine cail for the technologists to
landmark (set as scammer’s O coordinate) rather than have the
technologist usc a superficial anatomic feature. The coil has a
contoured head/neck rest assuring grossly similar positioning
of the cranial-cervical junction of each patient relative to this
landmark. The semi-automated disc detection and numbering
algorithm of the spine image processor 40 was iteratively
developed, tested and refined on batches of consecutive de-
identified patient studies and results compared to neuroradi-
ologist assignments. The spine image processor 40 was
implemented in MATLAB 7.

In block 41, a computer algorithm is hosted on the spine
image processor for the identification and labeling of disc and
vertebrae from auto-prescribed sagittal MR1 or sagittal auto-
reformatted CT data. described in greater detail below. ‘This
information may be advantageously provided to an auto-
mated spine image analysis algorithm 43 that further charac-
terizes each disc and/or vertebrae level. Alternatively or in
addition, this information from block 41 may be advantu-
geously provided to an auto-prescription algorithm 45 for
additional image scquences, utilizing the identified spinal
landmarks as references. Further, the additional processcs 43,
43 may exchange information with each other. such as
detained analysis and diagnosis of a particular vertebra in
block 43 being enabled by auto-prescribed detailed images in
block 45.

These analyses performed by the spine image processor 40
in the illustrative version key upon one or more sources of
information to identify 4 unique definable reference landmark
for characterization andunambiguous labeling of one or mere

spinal structures. In the illustrative MRI embodiment, the 3

centroid of the top (most cephalad) intervertebral disc (C2-3)
is utilized as a key landmark. Alternatively, the top vertebrae
(C1 or C2), or other upique identifiable structure, or other
landmark may be employed.

In particular, in block 46, the top intervertebral disc is
identified, which may be automated in block 48 by interfacing
with an automated cranium identification system, such as
described in U.8. patent application Ser. No. 10/803.700,
“AUTOMATED BRAIN MRI AND CT PRESCRIPTIONS
IN TALAIRACH SPACE” 1o Dr. Weiss, filed 18 Mar. 2004,
the disclosure of which is hereby incorporated by reference in
its entirety. Alternatively, logic may be incorporated into the
spine image processor 40 wherein a spine algorithm in block
50 recognizes a top vertebra or intervertebral disc, As a fur-
ther alternative and as fall back eption should automated
means fail. in block 52 a technologist input is received to
identify the top vertebra or intervertebral disc.
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During testing, the neuroradiologist could readily visualize
and definitively number all cervical-thoracic-lumbar (C-T-L)
levels on ASSIST localizers. 6/50 patients had a congenital
shift int lumbar-sacral transition; 3 with 23 mobile pre-sacral
veriebrae (as shown in FIG. 9) and 3 with 25 mobile pre-
sacral vertebrae (as shown in VIG. 10). Based upon manual
placement of a single sced in the C2-3 interspace, in the
illustrative version with 50/50 cases perlormed by the spine
image processor 40 the automated disc detection and num-
bering algorithm was concordant with neuroradiclogist
assignments in 50/50 (100%) of cases.

With a labeled disc imape 64, correct relative location to
other imaged tissue of interest 65 may be used for {urther
diagnostic procedures or therapeutic intervention. For
instance. data fusion (block 66) might allow images taken
with the same type of imaging modality at different times to
be correlated, which could facilitate monitoring growth pro-
gression of a suspicious lesion or changes due to an interven-
ing injury. In addition, images taken with different imaging
modalities might be cross referenced to perform multi-spec-
tral diagnoses {block 68), wherein information on a type of
tissue may be gained by its different responses to various
types of electromagnetic spectra. With tissue diagnosis com-
plete, in block 70 a guided therapeutic procedures algorithm
may correctly orient a therapeutic agent, such as the radiation
device 101 or a guided minimally invasive surgical instru-
ment (not shown). Alternatively, for an externally oriented
procedure, a surgeon may refercnce either the relative loca-
tion to a known spinal structure (e.g., vertebrae) and/or ref-
erence the skin/surfacing marking system 16.

During testing of the illustrative algorithm,. patients
received a rapid total spine ASSIST localizer with pre-set
parameters. All studics were performed ona 1.5 T GE Excile
MRI system with standard 4-channel, 6-clement quadraturc
spine coil and surface coil correction algorithm. Contiguous
two-station 35 cm field of view (FOV) sagitial fast gradicnt-
recalled echo (FGRE) sequences were pre-programmed, pro-
viding full cervical, thoracic and lumbar (C-T-L) spine cov-
erage. Combined sagittal FOV was 70 em.. 7 sections were
obtained ar each station, L15-Ri5, 4 mm section thickness
with 1 mm intersection gap; 512x352, 1 nex, TR 58, TE 2.0,
30° flip, BW 15.6; 21 seex2 stations=42 sec. These ASSIST
studies were de-identified in consecutive batches and copied
to CD for subsequent off-tine review, computer algorithm
development and testing. A semi-automated disc detection
and numbering algorithm was itcratively developed and
results compared to neuroradiologist assignments,

During testing, a {irst batch of 27 cases was initially run
with an algorithm 100 developed using previously obtained,
non surface-coil corrected ASSIST images. As the first step
102, we input cervical thoracic (lop half), and thoracic lumbar
(bottom half) spines. A threshold and a median spatial filter
are applied 1o the search region. Then, additional disc con-
straints are applied to identify longest chain in top and bottom
images. Candidate discs must exlend onto at least two adja-
cent slices. As used in this application, adjacent slices should
be understood to refer to two slices for which the space
between those slices is not represented in a medical diagnos-
tic image. Objects at the boundary or touching the boundary
of the scarch region are excluded. Different threshold values,
and candidate discs’ constraints are applied to the top, and
bottom half image.

In FIGi. 2, the automated disc detection and numbering
algorithm 100 is a multi-step iterative process. DICOM (i.e.,
Digital Imaging and Communications in Medicine) ASSIST
images ofthe cervical thoracic (top half). and thoracic lumbar
{bottom half) spine are first input into MATT.AT3 7 (Fhe Math
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Works. Inc.. Natick, Mass.) for digital image processing
(block 102). In the illustrative example, the digitai image
processing is based on analysis of voxels. or units of graphic
information. In the illustrative example. because each medi-
cal diagnostic image represented a sagittal slice, the voxels
represent locations in three dimensional space, though other
embodiments might alternatively be based on analysis of
locations in two dimensional space. or on other units of infor-
mation.

Initially, the two data scts are processed to oblain putative
discs separately, utilizing dilferent threshold values and disc
constraint parameters (block 104}, with resulting upper and
lower images 106, 108 depicted in FIGS. 5 and 6 respectively.
As used in this application, a disc constraint should be under-
stood to mean a criteria applied o determine whether a struc-
ture represented by a plurality of voxels is a spinal disc.
Similarly. a spinal structure constraint should be understood
to mean a criteria applied te determine whether a structure
represented by a plurality of voxels is a spinal structure. The
images 106, 108 are enhanced with a tophat filter and back-
ground noise is suppressed. A posterior edge 110 of the back
is then identified in cach image 106, 108 and search regions
112, 114 assigned respectively. The algorithm 100 thresholds
and applies a median spatial filter to the search regions. Vox-
els 116 exceeding threshold values are then subjected to addi-
tional constraints.

Acceptable voxels must extend onto at least two adjacent
sagittal sections but not touch the boundary of the search
region 112, 114, The acceptable voxels must lic 6-80 mm in
the cervical thoracic (C-T). and 8-100 mm in the thoracic
lumbar (T-L) region from adjacent acceptable voxels. The
centroids. that is. the voxels whose coordinates are deter-
mined by a weighted mean of the coordinates of the voxels in
a voxel cluster, the weight ol the coordinates being deter-
mined by an auribute such as intensity of the voxel at that
coordinate, of these acceptable voxel clusters 120 (candidate
discs) are then connected by curved line 122, The angle
subtended by the line 122 connecting the centroid of adjacent
candidate discs 120 and the major axis of these discs must be
between 45° and 135° in both the C-T and T-L spine. In FIG.
3, projection analysis is used to constrain disc assignments.
Furthermore, for a disc (k) 1o be considered part of a chain. its
closest superior neighbor must have k as its closest inferior
neighbor and k’s closest inferior neighbor must have k as its
closest superior neighbor. In FIG. 4. an angle relative to the
major axis is evaluated 1o constrain disc assignments. ‘The
algorithm selects the longest disc chain in the C-T and T-L
regions respectively (FIGS. 5, 6).

In block 130, the technologist is instructed to approximate

(click on) the centroid of C2-3 at anytime during orbefore the

aforementioned candidate disc evaluation. The centroid of
(2-3 and the longest disc chains in the C-T and T-L spines are
connected with a straight line. Using, 3D linear interpolation,
the program searches along this line and twelve adjacent

parallel lines 140, represented by only four in I'IG. 7 for :

clarity due to their superimposition in the sagittal projection.
After applying Gaussian filters, the algorithm 100 finds local
intensity maxima along cach path (equivalently, the algo-
rithm might also search for other extrema, such as local inten-
sity minima, depending on the imaging modality and image
data obtained). Points 142 that are less than 7.5 mm apart are
grouped into clusters. These clusters are unalyzed based on
orientation, eccentricity. and spatial relationship relative 1o
other clusters (block 144 of FIG. 2).

Continuing with FIG. 2. if twenty-three (23) discs are
selected in block 146, the computer auto-labels these discs or
adjacent vertebrae and stops (block 148). The process of
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labeling discs or vertebrae might result in the production of
images as depicted in FIGS. 8-10. Otherwise, search criteria
and threshelds are refined based on estimated inter-disc
height (h) for each disc level (L) using the following formula:
{equation 1) h=0.6M for L=1, 2, or 3 and h=M+(L-12)
*(),05M for [>3, where M (mean)=distance along linc thru
centroids/23.

In block 150, if 23 discs are not vet identified in block 146.
the program 100 extends the search line inferiorly bascd on
the estimated position (E,. ) of the missing disc(s). (Equation
2)

holx, ¥)
falx. ¥)

il
Eiar = gm0+ uljon ey
1

where h, is the average vertebral height from a 22 subject
training sct. h, is the vertebral height trom the subject in
question. The program searches for local maxima along this
line extension and 24 adjacent paralle! lines. A further deter-
mination is made in block 152 as to whether 23 discs have
been found. [teration continues as long as twenty-three (23)

5 discs are not sclected. as represented by block 154 that

extends the search and the further determination of block 156,
which labels the vertebrae if 23 are selected (block 157).

1f not 23 discs in block 156, then in block 158 a further
determination is then made thar twenty-two (22) discs are
selected. If so, the algorithm 100 will determine in block 160
whether the last identificd level (1.4-5) satisfics criteria for the
terminal pre-sacral interspace suggesting a congenital variant
with 23 rather than the typical 24 mobile presacral vertebrae.
T be considered 4 terniinal disc, the centroid of the 227 disc
must lie within 25% of its expected location E(X, y) relative to
the 21* disc, Additienally, the centroid must lie posterior o
the centroid of the 21*" disc and the slope af the 22 disc must
be positive and preater than that of the 21* disc. 1f those
criteria are met. then twenty two discs will be labeled (block
162).

1f 23 discs are found in block 166, the discs are labeled in
block 168. Else, if the terminal disc criteria are not met in
block 166, the position of the 23" (L5-S1) disc is estimated
using Lquation 2 (block 164), and search constraints refined.
11 the 23" disc is siill not identified in block 166, the disc is
presumed (o be severely degenerated or post-surgical and the
estimated position for L5-S1 will be accepted in block 170
and the discs thus labeled (block 168).

[f1ess than 22 discs are identified by the algorithm in block
158, then the technologist will be instructed in block 174 to
approximate (click on) the centroid of the last disc. The “com-
bine data™ step from block 144 is repeated in block 175 and if
necessary the “search for additional dises” step as well. 1f
twenly-three (23) discs are selected in block 176, then the
discs are labeled in block 178. Else, if twenty three (23) discs
are still not selected in block 176, the algorithm prints out,
“Sorry, computer unable to detect all the discs. Require tech-
nologist revision.” (block 180) Alternatively, rather than
requesting technologist input, the computer could extract
additional information from subsequently or cotcurrently
obtained co-registered sequences such as the separate water
and fat images depicted in FIG. 20a. Such multispectral seg-
mentation may be more robust but require more time than
segmentation algorithms relying on a single form of contrast.

The algorithm was run on an INTEL (San Jose, Calif.)
personal computer with a 2.8 Ghz Xeon processor. Computer
auto-labeling was compared 1o independent nearoradiologist
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assignments for each paticnt’s study. The automated spine
MRI sequencing provided a robust survey of the entire C-T-I.
spine in 42 seconds total acquisition time. In all patients
(50/50), the peuroradiologist could readily visualize and
definitively number all C-'1-1. levels on the ASSIST localiz-
ers. These included six paticnts with a congenital shift in their
lumnbar-sacral transition; three with 23 mobile pre-sacral ver-
tebrae (FIG. 5) and three with 25 mobile pre-sacral vertebrae
(FIG. 6). Several patients had post-operative spines to include
metallic instrumentation (FI1G. 7).

During testing. the excmplary algorithm was accurate in all
50/50 cases (100%) of the patients to include the original 27
patients plus 23 subsequent cases, despite the presence of
congenital variations (FIGS. 5, 6), post-operative changes
(FIG. 11), and prominent disc or vertehral pathology (FIG.
12) in this patient population. None of the 50 cases required
technologist input of mere than a single interspace (C2-3}
though the algorithm provides such an iteralive pathway if
necessary. In the vast majority of cases, the algorithm 100,
running on a personal computer with a 2.8 GHz processor,
{ook less than 2 minutes to identify and label all intervericbral
discs or veriebrae.

Although the ASSIST algoritlun 100 was successful in atl
50 patients studied, the 7 section sagittal acquisition might be
insufficient for some patients. For examples, it might be
expected to fail in subjects with severe scoliosis due to insuf-
ficient spine coverage. As such, if significant scoliosis i3
suspected, more sagittal sections could be auto-prescribed,
the cost being a proportionate increase in scan time. The

automated disc detection/numbering algorithm 100 was 30

designed to accept any number of sagittal sections, and so is
potentially applicable to other populations in addition to the
adult population which was used to test the exemplary
embodiment described above. An alternative method of
accommodating additional populations is to modity the disc
constraints and parameters, described above, before using the
algorithm to identify spinal structures in those populations.
While the illustrative disc detection algorithm 100
described above requires manual input of the most cephalad
disc. (°2-3, to achieve maximal accuracy, it should be appre-
ciated that automated computer detection of this interspace
may be implemented. The C2-3 disc may be readily discerned
on midline sagittal head images with a 22-24 cm FOV, (as
described in 2004 at pages 233-37 of volume 25 of the Ameri-
can Journal of Neuroradiology and in 2003 at pages 922-29 of
volume 24 of the American Journal of Neuroradiclogy, the
teachings of which are incorporated by reference) or ASSIST
35 cm FOV cervico-thoracic spine images based on several
unique featurcs. These include the characteristic shape ol the

(2 vertebrae and relatively constant relationship to the skull s

base and cervico-medullary junction.

The illustrative algorithm above may be modified o
enhance robustness over a wider range of populations,
modalities and scan sequences. For example, rather than ini-

tially scarching for discontinuous structures, (intervertebral 3

discs or vertebral bodies) a MRI algorithm might instead
scarch for the continuous relatively midline and predomi-
nately vertically oriented tube-like spinal cord extending
from the brainstem to the conus and ending at approximately
the L1 level; and a CT-optimized algorithm might scarch for
the non-hone containing spinal canal extending from the fora-
men magrnum (large opening at the skull through which the
brainstem passes as it transitions to the cervical cord) to the
sacrum. For MRI, the algorithm could continue caudal from
the conus by searching for the fluid-filled spinal canal extend-
ing to the sacrum. A region growing algorithm such as
“regiongrow™ (MATLAB) might be employed starting from

"

20

i

35

410

45

hex)

12

the readily identifiable brainstem (with MRI) or foramen
magaum (with CT) and followed caudal to the sacrum. The
idea is to start with a set of *seed” points and from these grow
regions by appending to cach seed neighboring voxels with
predetermined properties similar to the seed.

Once the course of the spinal cord or canal is identified the
search for intervericbral discs or vertebral bodies could be
favorably constrained to the appropriate region immediately
anterior 1o the cord/canal and the orientation of the putative
intervertebral discs and bodies could be constrained so that
they arc nearly perpendicular to the long axis of the cord/
canal at each level.

Alternatively or additionally, the algorithm could itera-
tively scarch for and identify structures from the head cau-
dally to the sacrum. In FI(i. 13a for example, the algorithm
could first locate the tip of the clivus (anterior aspect of the
foramen magnum). As is well known to those of ordinary skill
in the art, the head (brain and skull) is a well characterized
rigid body, and auto-identification of head structures can be
readily achieved on 2D midline sagittal sections or lateral
projections (as described in Weiss K L. H. P. Computer Auto-
mated Three-Step (CATS) Program for Brain MRI Prescrip-
tion in Talairach Space. US Office of Patent and Copyright.
USA: University of Cincinnati, 2004; Weiss K L. Pan H,

5 Storrs 1, et al. Clinical brain MR imaging prescriptions in

Talairach space: technologist- and computer-driven methods.
AJNR Am J Neuroradiol 2003: 24:922-9 and Weiss K L.,
Storrs J, Weiss J L, Strub W. CT brain prescriptions in Talair-
ach spuce: a new clinical standard. AINR Am J Neuroradiol
2004: 25:233-7.) or from 3D velume data sets, the latter
method often employing referential atlases, volumetric
matching, and probabilistic determinations {Auto-Align.
Cortechs Labs Inc., Charlestown, Mass., SPM. Wellcome
Dept. of Imaging Neuroscience, London UK: FSL, Analysis
Group FMRIB, Oxford. UK).

After amo-locating the tip of the clivus, the algerithm
could then search for C2 (dens and body) situated in very
close proximity beneath the clival tip. After identitying and
perhaps outlining the C2 body, the algerithm counld search for
the adjacent disc (C2-3) or vertebra (('3) and continue this
iterative process caudally until the sacrum is identified. As
each vertebra and/or disc is consecutively identified, search
parameters for the next level can be modified based on the size
and orientation of previously identified structures (vertebrae
and discs).

As disclosed for MRI and CT of the brain in the cross-
referenced application, direct scanner integration and related
algorithms for computer assisted diagnosis could eventually
be used in “real-time” automated spine image analysis and
iterative scan prescriptions. For example, with MRI, opti-
mally angled axial oblique sequencing could be auto-pre-
scribed through all interspaces or those discs demonstrating
abnormal morphology or signal characteristics on the
ASSIST or subsequent sagitial sequences. Specific Absorp-
tion Rate (SAR) limitations set by manufaciures, FDA, or
similar international regulatory bodies to reduce body or
body part heating may also be mitigated by an algorithm to
optimize the order of auto-prescriptions (regions to be cov-
ered} s0 as to allow time for cooling of one region while

0 scanning another. By streamlining and converling Matlab

code to C++, algorithm processing time might be signifi-
cantly shortened. Coupled with an integrated head and spine
array <oil, rapid computer automated iterative prescription
and analysis of the entire neuro-axis may be possible.
Alternatively, or additionally. 3-D sagitial spine sequenc-
ing may be obtained. This & volumetric MRI data set or a
volumetric CT data set could then be automatically reformat-
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ted in optimized planes for visualization of anatomy and
pathology with discs and vertebrac accurately labeled. Typi-
cally. the three chosen orthogonal planes would be oriented
relative 1o the patient’s spinal axis as derived with ASSIST
algotithm 100, or modification thercof, rather than conven-
tional auto-generated sagittal, axial. and coronal planes ori-
ented relative to the scanncr.

In regards to CT or other potentially volumetric imaging
techniques. after acquisition of the initial volumetric data set,
the ASSIST computer algorithm could be used to prescribe
additional sections through specific arcas of interest. with
different imaging parameters (¢.g. kVp, mAs, slice thickness
or helical acquisition technique) or in a dynamic mode post
contrast administration. Moreover, ASSIST may be used to
optimize the reconstruction algorithms (block 6) or field-of-
view (FOV) utilized aftcr acquisition of the valumetric data
set. For example. in relation to spinc imaging, FOV centering
or size may be adjusted so0 as 1o focus on the spinal elements.
A bonc-optimized algorithm could be chosen for sections
containing bone (e.p. axial oblique sections through the ver-
tebral bodies) and a sofi-tissue algorithm could be chosen for
sections containing soft tissues (e.g.. discs, or the brain as
shown in F1G. 136}, Furthermore. coniposite images may be
created such that regions containing bone are displayed with
the bone algorithm and those without bone are displayed with
the soft-tissue algorithm (F1G. 13¢). Additionally, once an
algorithm such as described previously has been used to
identify bones and soft tissues, those bones and soft tissues
can be displayed with independent contrast settings such that
the features of the bones and soft tissue are optimally visible.
Further. the contrast settings for bones and soft fissucs could
be independently adjustable, so that a dector, lechnologist or
other individual examining a reconstructed image could
adjust the contrast of the various portions of the image to suit
their purposes and preferences.

Another use for detection and labeling algorithms such as
described above is the automated production of reports. For
example, at the present time, a neuroradiologist examining a
picture of a patient’s neure axis can write notes such as that
the canal is stenotic (tight). However, utilizing the algorithms
described above, a computer can automatically identify vari-
ous features of the neuro axis, and then write summary reports
regarding those features which are much more detailed and
clear than is currently possible. For example, the algorithms
described above could identify the location of the canal, and
produce a report which includes both the precise canal vol-
ume and an indication of its refationship to the average canal
volume in terms of standard deviations. Similar information
could be produced and expressed for any portion of, or struc-
ture in, the neuro axis.

In conclusion, the entire spine can be effectively surveyed
with sub-millimeter in-plane resolution MRI or volumetric
multi-detector CT in less than 1 minute. All C-I-L vertebrac
and discs can be readily identified and definitively numbered
by visual inspection or semi-automated computer algorithm.
We advocate ASSIST [or all thoracic and lumbar spine MRI
studies, as well as all MRI or velumetric C1' studies which
include the entire cervical. thoracic, and lumbar spine. This
rapid technigue should facilitate accurate vertebral number-
ing, improve paticnt care, and reduce the risk of surgical
misadventure. The ASSIST computer algorithm may be
modified to provide iterative patient-optimized MRI or CT
scun prescriptions through regions of suspected pathology as
well as optimized multiplanar reconstruetions. display and
labeling of volumetric MRI or C'1" data sets.
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Integrated Multimodality, Multi-Functional Spatial Refer-
ence and Skin/Surface Marking System.

With or without internal structures labeled. there are a
number of advantages to providing an external skin/surface
marking system. There arc three major contigurations of the
device as follows: (1) a point focalizer, (2) cross-shaped local-
izer grid, and (3) full planar localizer grid/phantom.

In one version, the point localizer 500 of FIGS. 14A-141
includes a detectable region atfixed to an adhesive fabric strip
with corresponding markings so that after application and
imaging the localizer can be removed with skin marking
remaining. It should be understood that the detectable region
is the portion of the localizer that gencrates an identifiable
representation in a medical diagnostic image. As will be
discussed below, a detectable region is preferably, though not
necessarily, multimodality compatible. The localizer canalso
directly adhere to the skin. Alternatively, an ink or dye could
be added to the adhesive/undersurface of the localizer to
directly mark/imprint the skin obviating the [abric strip. For
MRI and CT a detectable region could comprise a small loop
of wbing which could be filled with a radioattenuative solu-
tion (¢.g. containing iodine) deped with a paramagnetic relax-
ant (e.g. CuS04, MgS04, Gd-DTPA). Alternatively, the tub-
ing itself may be radiopaque for optimal C'T visualization. For
nuclear imaging to include planar scintigraphy, SPECT and
PET, the detectable region might include a port to allow filling
with the appropriate radionuclide. While the above localizers
would be visible with planar radiography. a fine wire circle or
dot (e.g. lead, aluminum) could also be utilized as a detectable
region with this modaliey given its very high spatial resolu-
tion. Other shapes and corresponding adhesive markings
could be utilized to discriminate different foci and/or add
further localizing capability. Additionally. an activatable
chemiluminescent mixture ceuld be added for thermography,
optical imaging, light based 3D space tracking or simply
improved visualization in a darkened environment.

In the second major detectable region configuration, a
unique cross shaped grouping of prefilled or fiflable tubing is
wilized as a grid for cross sectional imaging with the number
and position of tubes imaged in the axial or sagittal planes
corresponding respectively to the slice’s z or y distance from
the center. In this configuration, each tubing might be con-
structed as a different section of the detectable region. For
planar radiography, a flexible radiopaque miled cross shaped
grid can be employed as a detectable region. Both grids are
removable from similarly ruled cross shaped adhesive strips
after patient application and imaging.

As a third example of a detectable region. a unique essen-
tially planar grid/phantom is described which may be of tlex-
ible construction and reversibly affixed te an adhesive/plastic
sheet with corresponding grid pattern for skin marking and to
serve as a sterite interface between patient and reusable grid/
phantom. The grid/phantom may also be directly adherent to
the skin for guided aspiration or biopsy with the cross sec-
tionally resolvable spatial reference in place. A diagonally
oriented prefilled or fillable tube overlies a grid like lattice of
regularly spaced tubing so that slice location and thickness
can be readily determined in the axial and sagittat planes.
Additionally. the spatial accuracy of the imaging modality
could be assessed and, if individual tubes are filled with
different solutions, as might be the case ininstances wherc the
different tubes are different sections, multipurpose references
for MR/CT, and nuclear imaging could be achieved. Further-
more, if the tubing is surrounded by a perfluorocarbon or
other uniform substance without magnetic susceptibility, MR
imaging could be improved by reducing skin/air susceptibil-
ity and motion artifact. Additicnally, the grid/phantom could
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be incorporated in routinely utilized pads and binding devices
with or without skin adhesion and marking,

Returning to the drawings, FIGS. 14.A-141 depict an illus-
trative version of a point localizer 500. In FIG. 14A, aloop of
prefilled tubing $10 (i.e., a tubal lumen shaped into a tubal
ring) is shown superimposed on and reversibly affixed to an
underlying medical grade fabric 511, which may double as an
adhesive bandage to both cover and mark a woeund or pune-
ture site. The diameter ol the tubular ring 510 may be 2 cm
mid luminal, as illustrated, or outer luminal, as perhaps prel-
erable for integration with the cross shaped grid configura-
tion. Other sized rings, to include in particular a 1 cm. diam-
eter. may also have merit. The tubal lumen should measure
2-5 mm in cross sectional diameter. Cross sectional images
through the ring will have characteristic and quantifiable
appearances depending on slice thickness and distance from
the center. A thin slice through the loop’s center. for example,
would demonstrate 2 circles of luminal diameter whose cen-
ters are separated by a distance equal to the ring’s diameter.

The tube lnmen can be filled with an appropriate concen-
tration of an iodinated contrast agent for optimal CT visual-
ization doped with a paramagnetic relaxant such as CuS04,
MgS04, or GADTPA to maximize MRI signal via preferen-
tial T1 shortening. Altemmatively, the tubing itsclf may be
optimally radiopaque tor CT, obviating the iodinated con-
trast. If desired, for optical imaging, thermography, light
based 31 space tracking, or improved visibility in a darkened
environment, one could add an activatable chemiluminescent
mixture whose critical reagents arc separated by a membrane
readily breached by external force applied to the ring.

A slightly redundant backing 512 is provided for the adhe-
sive side of the fabric 511 to facilitate peeling (FIG. 1413
arrows) and skin placement. With backing 512 removed, the
unit 500 adheres 1o skin 513 as depicted in FIG. 14C. After
imaging, the loop 510, which has its own adhesive undersur-
face. may be removed revealing an underlying fabric marking
514 as in FIG. 1413. The upper surface of the fabric, or
circumscribed area thereol, may also have adhesive backing-
like properties to facilitate detachment of the loop 510. Once
separated from the fabric, the loop 510 could also directly
adhere to the skin 513 as in FIG. 14E. Additionally, the
adhesive undersurface of the ring could confain a medical
grade dye or ink so that a corresponding imprint would be left
on the skin 513 after removal, potentially obviating the fabric
marker.

A port 515 may be directly inlegrated into the tubular ring
510as in FIG. 14F, and a vacuum created within the lumen to
facilitate filling a1 the imaging center. This feature could be
beneficial for radionuclide scans and add flexibility for other

imaging siudies. Alternatively, the detectable region might :

comprise a virtual space within a composite plastic sheet.
Such a detectable region could be created by adhering two
plastic sheets to one another, but allowing a region of sheets
(the virtual space) to remain separable so that it could later he
filled in a manner similar to the tubing discussed above. Such
use of a virtual space would not require the manufacture with
a vacuwn, becavse a virtual space, unlike a tube, does not
ordinarily have any contents.

To increase spatial relerence capability and allow multiple
localizers to be discriminated fromt each other, the detectable
regions such as the ring and underlving, fabric marking may
be modified as in I'IGS. 14G and 14H. As illustrated, two
tubular spokes 516 at right angles to each other may be added
with luminal diumeter less than or equal to that of the loop.
Typically, the moditied ring would be positioned on the
patient so that the spokes are aligned at 0 and 90 degrees as
perhaps determined by the scanner’s alignment light. Subse-
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quent rings could be progressively rotated 90 degrees so that
quadrants 1, 11 111, and fV are sequentially subserved by the
spokes, With the simple ring included, this would provide 5
distinguishable localizers. Moreover, if stacking of two rings
is utilized, 30 (5x6) distinguishable localizer configurations
are possible. Suggested numbering would employ the base 5
system, assigning the simple ring the value (f and each modi-
fied ring the value of the quadrant subserved.

Multiple localizers may alse be dispensed on a single sheet
rather than individually packaged. FIG. 141 illustrates such a
sheet, demonstrating adhesive backing 517 and overlying
fabric 511 with the simple ring (Iefl side) and modilied ning
(right side) localizers removed. Tabs 518 have been added to
the fabric to facilitate both removal of the unit from the
backing and the localizer from the fabric. Discontinuity of the
backing {solid lines 519) underlying the tabs would also
simplify removal ol the fabric from the backing and perfora-
tions through the backing (dotted lines 520) would facilitate
separation of individual units from each other. If desired, a
smaller diameter {e.g. 1 cm) ring and associated backing
albeit without tab could be placed within the central space
(521) bordered by the simple ring fabric 519,

Embodiments of a prefilled or fillable cross shaped local-
izer grid 609 are illustrated in FIGS. 15A-15F. In FI(r. 154 a
modified tubular square 622 with diagonal dimensions of 2
¢m and containing 2 smaller caliber spokes 623 atright angles
to each other serves as the hub. Uniquely positioned rows of
tubing (624) radiate from each corner along the vertical and
horizontal axes. The luminal diameter of the radiating tubes is
uniform and on the order of 2 mm except where indicated by
dotted lines 625 corresponding to gradual tapering {rom 0 to
the uniforim diameter, Depending on the distance from the
central hub, | or 2 rows of tubing will be present withup to 4
tubes in cachrow as bestillustratedina table of FIG. 15B. The
lower row of tubes (i.e. closest to skin) would correspond to
increments of 1 cm and the upper row to increments of 5 cm
so that a maximum distance of 24 cm would be denoted by 2
full rows. To indicate positive distances. the tubes are pro-
gressively ordered from left 1o right or down to up with the
reverse true for negative distances as illustrated in FIGS.
15A-15B. Fractions of a centimeter would be indicated by the
diameter of a cross section through a tapered portion of tubing
divided by the full uniform diameter.

The cross-shaped grid of tubing is reversibly affixed to a
medical grade adhesive fabric 626 with corresponding mark-
ings and backing. The fabric 626 s illustrated in FIG. 15C
with the overlying tubing removed. The grid and associated
fabric may come as a single cross-shaped unil or as amodified
square and scparate limbs which could be applied to the
patient individually or in various combinations. Modified
squares could also link whole units and/or individual limbs
together to expand coverage, with 25 ¢, spacing between the
center of adjacent squares. The tubing may be {lexible to
allow the limbs to conform to curved body contours such as
the breast. Additionally, either the limbs could be readily
truncated ai 5 cm. intervals or be available in various lengths
for optimal anatomic coverage.

‘lo add further utility and integration with the previously
described point localizers, a modified ring may scrve as the
hub of the cross-shaped grid with associated modification of
the limbs as illustrated in FIG. 15D. The orthogonal limbs
would not have to maintain 2 coincident relationship to the
spokes as with the modified square hub. Rather, by first plac-
ing and rotating a calibrated ring adapter (F1G. 15E) about the

5 maodified loop, 1 to 4 limbs counld be readily positioned at any

desired angle relative 1o the spokes. Pairs of male plugs 627
extending trom the ring, adapter would fit securely into cor-
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responding holes 628 at each limb base to cnsure proper
positioning. It is [oreseen that one would typically align the
modified ring’s spokes with the scanner’s axes and the ring
adapter/limbs with the axes of the body part to be studied. By
noting the chosen angulation marked on the ring adapter.
optimal scanning planes might be determined prior to imag-
ing.

For planar radiography, the detectable region might com-
prise a cross-shaped grid of radiopaque (e.g. lead or alumi-
num)dots at 1 cm infervals interposed by 5 cm spaced dashes
(FI(3. 15E) would minimize the imaging area obseured by
overlying radiopacity. The minute opacitics could be revers-
ibly affixed by clear tape to an underlying marked adhesive
fabric similar to that illustrated in FIG. 15C. Alternatively, in
FIG. 15F similarly spaced radiopaque dots and dashes could
be dispensed reversibly affixed to a rele of medical grade
adhesive tape with corresponding markings. Any length of
this dually marked taped could he applied to the patient to
include a single dot as a point localizer,

In a planar localizer grid/phantom 700, 1 cm spaced hori-
zontal and vertical tubes form a graph paper-like lattice as
illustrated in FIG. 16 A. Tubes at 5 cmt intervals (729) would
have larger luminal diameters (e.g. 3 mm) than the others (e.p.
2 mm). Central vertical 730 and horizontal 731 tubes would
have a smaller diameter (e.g. 1 mm). Overlying the lattice at
a 45 degree angle is a slice indicator tube 732. Depending on
the distance from the horizontal or vertical axes respectively.
axial or sagittal cross sections through the grid/phantom {GF)
would demonstrate the slice indicator tube 732 uniquely posi-
tioned as it overlies a row of 1 cm spaced wbes. F1G. 16B
illustrates a representative axial slice obtained 62 cm above
the horizontal axis. Note that the cross section of the slice
indicator is positioned above and midway between the sixth
and seventh tubes to the right of the sectioned vertical axis
730. Additionally, the thickness (t) of the image section can be
readily determined as it equals the cross-scclional width (w)
of the indicator minus the square root of 2 times the diameter
(d) of the indicator lumen. (1=w-dv2).

The GP may be reversibly affixed to an adhesive/plastic
sheet 713 with a corresponding graph paper-like grid for skin
marking and to serve as a sterile interface between the patient
and GP. Perforations 733 may be placed in the sheet as shown
in FIG. 16A to allow ready separation of a cross-like ruled
adhesive fabrie (similar to that illustrated in FIG. 15C), from
the remaining plastic sheet alter imaging and removal of the
GP.

The square GP can preferably be consiructed to have outer
dimensions equal to a multiple of 10 cm (e.g. 30 cm as
illustrated) to allow for simple computation if GPs are placed
side to side for expanded surface coverage. Adapters could be
provided to ensure secure and precise positioning ol adjacent
GiPs either in plane or at right angle’s to each other. The GPs
can be flexible or rigid in construction and be utilized with or
without skin adhesion and marking.

"Tubes may be {illed uniformly or with a varicty of known
solutions having different imaging properties lo serve as mul-
tipurpose references. For the latter, the 5 cm spaced tubes and
slice indicator may be filled with the same optimized solution
as previously described. while each set of 4 intervening tubes
could be filled with different solutions in similar sequence. In
this fashinn. identieal series of 5 reference solutions would
repeat every 5 om. allowing intraslice signal homogeneity 1o
be assessed as well. 19 rather than 5 different sobutions are
desired, sequences could instead be repeated every 10cm. For
MRI, the central tubes may also be surrounded by an oil/lipid
within a larger lumen tube to serve as hoth a lipid signal
reference and allow for measurement of the fat/water spatial
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chemical shift. Furthermore, if the GP tubing is surrounded
by a perfluorocarbon or other substance without magnetic
susceptibility, MR imaging could be improved by reducing
skin/air susceptibility artifact and dampening motion. The GP
may also be incorporated into a variety of nonmodality spe-
cific pads (including the ubiquitous scanner table pad(s)),
binders, compression platcs, biopsy grids und assoried ster-
eotaxic devices.

Two additional variations are now described, potentially
replacing the somewhat complex cross design (I'1GS. 15A-
15F) with an extension of the basic point localizer (FIGS.
14A-140) or modification of the planar phantom/localizer
(FIS. 16A-16B). These changes may further simplify and
unify the proposed marking system.

In the first instance, rather than packaging the ring local-
izers in a sheet as illusirated in FIG. 141, they could be
packaged in a strip or roll 800, regularly spaced at 5 cm or
other intervals (F1G. 17A}. The strip 800 with attached ring
and/or cross localizers could then serve as a linear reference
of any desired length. By placing two strips orthogonally, a
cross-shaped grid is created (F1G. 17B). Individual rings can
be removed fron the strip or rotated to customize the grid as
desired.

In the second instance, by slightly modifying the square
design illustrated in FIGS. 16 A-168, an elongated rectilinear
or cross configuration (F1G. 18A) is achieved consisting of
linearly arranged squares extending vertically and/or hori-
zontally [rom the central square. One tube in each of these
squares will have a larger diameter than the other similarly
oriented tubes as determined by the square’s distance [rom
the isocenter. For example, the square centered 10 cm above
the isocenter would have its first tube situated to the right of
midline given an increased diameter and the square centered
20 cim above the isocenter would have its second tube to the
right of midline given an increased diameter and so on.

Cross sectional distance from isocenter would be read by
adding the distance determined by each square’s diagenally
oricnted slice indicator to 10 times the numberline position of
the largest diameter tube, FIG. 1813 illustrates the cross sec-
tional appearance of an axial section obtained 1242 cm. above
isocenter. By adding 2% (the slice indicator position) to 10
times 1 (the tube with largest diameter), distance is readily
determined.

Alternatively. the caliber of atl tubes could be kept constant
and instead an additional diagonal indicator tube passing
through isocenter added for each elongated axis (vertical with
slope of 10 and horizontal with slope of Vi0). Cross-sectional
distance from isocenter would then be determined by looking
at the position of both the additional and original diagonal
indicator tubes in reference to the cross sectionally-created
nuniber line.

It should also be noted that locatizer grids similar to those
illustrated in FIGS. 16A-1613 and 18A-18B could be con-
structed of barium (or other high x-ray attenuative material)

s impregnated sheets rather than tubes if computed tomogra-

phy is the primary imaging modality desired and phantom
attenuation values are not needed. This would significantly
reduce the cost of the grid, allowing disposability and retain-
ing 1:1 compatibility with the multifunctional tube filled grid/
phantom.

I'lexible Phased Array Surface Coil with Integrated Multimo-
dality, Multifunctional Spatial Reference and Skin/Surface
Marking System.

Lt should be further noted that applications consistent with
the prescnt invention may be medified to include a sheath for
and inclusion of a flexible array MR surface coil. Positioned
vertically. this device could be closely applied to the entire
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cervical, thoracic, and lumbar-sacral spine. Additionally. the
quantity of twbes which need 10 be filled in the planar con-
figuration to uniquely denote cross-sectional positioning, has
been substantially reduced from the original embodiment.
Phased array surface coils significantly increase signal to
noise in MRI and are commonly employed for spine imaging.
With rigid coils, patients can only be effectively scanned in
the supine position, lying with the back against the coil. This
results in signal drop-off in regions where the spine/back is
not in close proximity to the planar coil, particularly the
lumbar and cervical lordotic regions. By contrast, a flexible
array surface coil would reduce the signal drop-off and allow
patients to be scanned in any position. The prone position, for
example. would facilitate interventional spine procedures
that could not be performed with the patient supine, Patients
could also be more readily scanned in [lexion or extension; or
with traction or compression devices. Current surface coils
also lack an infegrated spatial reference and skin marking

system. [nclusion of the proposed spatial reference and skin 2

marking system would facilitate multi-medality image fusion
and registration as well as the performance of diagnostic or
therapeutic spine procedurcs, such as biopsies, vertebro-
plasty, or XRT. Alternatively, if a coil is not constructed in a
flexible fashion, it could be constructed in a contoured fashion
$0 as to follow the natural curves of a patient’s body, though
this is not as prelerred as a flexible array coil.

A grid-tocalizer sheath overlaying a coil could be adhered
to the patient’s spine. Tubing could be filled with a MRI
readily-visible solution such as water doped with CuSO4.
The grid itself would typically be 10 em wide and 70-90 cm
in length to cover the entire spine. An attached clear plastic
sheath would allow introduction of a flexible array coil such
as illustrated in F1G. 19B.

The configuration of wbing would allow unambiguous
determination of the MRI scan plane (axial or sagittal) in
reference to the paticnt’s back/skin surface. The number of
thin caliber tubes could denote the distance from (0, 0) in
multiples of 10 cm as illustrated in FIG. 19A (those to the
right or superior would be positive; those appearing to the left
or inferior would denote negative distances). Alternatively, as
illustrated in FIGS. 19C-190 the integer distance in centime-
ters from a single thin tube to the central mube could be
multiplied by ten to denote distance trom (0, 0). Thus, 30 cm
could be denoted by a single thin tube 3 cm from the central
tube rather than by 3 thin tubes as in F1G. 19A. As illustrated
in FIGS. 19C, 19D, an axial slice taken 8 i superior to (0, 0),
would reveal the cross sectional tubes illustrated in 19D, The

thin tube being 1 om to the right of the central tube would :

denote a vertical distance of 10 cm. The diagenal oriented
tube in cross-section, being 2 cm to the left of the central tube,
would denote a vertical distance of -2 cm. Thus, the axial
plane of section would be 10-2- 8 cm above (0, 0).

Using the described reference/marking system affixed to
the patient’s back, a diagnostic or therapeutic procedure
could be performed under direct MR guidance. Alternatively
with a corresponding radiopaque grid affixed to patient’s
back, the patient could be taken out of MR1 scanner and have
the procedure done with CT or flucroscopic guidance. In
either casc. procedures could be performed by hand or with a
robotic arm.

In regards to MRI-guided intervention: the spine array coil,
tubular grid, and grid-imprinted/affixed sheath may be
designed so that the tubular grid and/or coil can be indepen-
dently repositionced within the sheath to allow for unencum-
bered instrument insertion into the desired spine region.
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The aforementioned atray coil—localizer grid or parts
thereof in contact with the surgical site may be designed so
that they are disposable or reusable after appropriate steril-
ization.

It should be noted that all aforementioned localizers may
be made with non-liquid CT and/or MRI-visible materials
rather than liquid-fillable tubing. Moreover, rather than actuai
1ubing, corresponding virtual spaces imbedded in plastic may
be advantageously employed so they can be subsequently

o insufflated/filled with an imaging modality visible gas or

liquid.

Algorithms characterizing discs, vertebrae, and other spi-
nal structures, Once identified with ASSIST, spinal structures
can be further auto-characterized in terms of their morphol-
ogy and tissue characteristies: and subsequently compared to
population or individual norms to determine which structures
are ahnormal or in need of [urther imaging. Such character-
ization and comparison could be used in the gencration of
reports as described above, abeling could be used to corre-
late available image data, and facilitate multi-parametric
(spectral) analysis of the identified structures (regions-of-
interest) to evaluate tissue characteristics. The technique can
facilitate the automated scan prescriptions, real-time lesion
deteetion, and examination tailoring such as discussed previ-

s ously.

Advances in MRI to include the clinical implementation of
phased array-coils including multi-channel combined head
and spine coils and parallel sensitivity encoded imaging when
combined with the algorithms described herein offer the
potential for time and cost effective non-invasive holistic
screening and detailed assessment of neuro-axis pathology, to
include stroke and back pain—both leading causes of disabil -
ity in the U.S.

Automated MRI Prescriptions, Detection and Analysis of
Brain Pathology (e.g. Acute Stroke). Based on the teachings
of 1.8, provisional patent application No. 60/552.332, Weiss
2003, and Weiss 2004, Talairach referenced axial oblique
diffusion-weighted images (I3WI), whether prescribed by a
technologist or a computer. are obtained fellowing the initial
roll and yaw corrected sagittal T2 sequence. If computer
image analysis of the initial DWI sequence suggests regions
of acute infarction, the basic brain protocol may be stream-
lined and medified to include MR angiography and perfusion
sequencing, This respectively permits evaluation of the
underlying vascular lesion and the detection of potential per-
fusion/diffusion mismatches directing emergent neuro-vas-
cular intervention. Stroke is the leading cause of disability in
this country. Because the time to cmergent therapy strongly
inversely correlates with morbidity and mortality, the suc-
cesstul implementation of the proposed compurter algorithms
may significantly improve patient outcome.

Automated MRI Detection, Analysis, and Guided-Inter-
vention of Spine Pathology involving verlebrae (fractures,
osteoporosis and refated fracture risk, malignancy, cndplate
degeneration—Modic Type 1, 11 and I1] changes, facet degen-
eration) intervertcbral discs (degeneration and herniation),
spinal canal (spinal stenosis, exiramedullary lesions, cord
lesions or tethering) and nerve roots (compression or neo-
plasm) Spine pathology is a leading cause of morbidity and
disability in this couniry. The techniques described hercin
will improve detection and assessment of disco-vertebral
degeneration, osteoporatic and pathologic compression frac-
tures-all potential underlying causes of ubiquitous back/neck
pain in this country.

Using advanced MR imaging techniques, the entire spinal
axis can be interrogated in the sagittal plane in less than a
minute. With this screening data, the vertebral bodies and
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inter-vertebral discs can be identified and subseguently ana-
ivzed with software implementing the algorithms described
herein. Based on this initial assessment, regions of suspected
pathology to include vertebral fractures and disc hernjations.
could be further inlerrogated with more dedicated computer
driven prescriptions to confirm and better characterize pathol-
ogy. If for example, a fracture is identified, additional multi-
parametric sequencing threugh the involved vertebrae could
be obtained to determine whether the fracture was related to
osteoporosis or underlying malignancy. In some cmbodi-
ments, the screening data might be obtained by the usc of'a
scout scan, or initial scan. In embodiments where a scout scan
is used, regions which were further interrogated would be
referred 10 as regions subjected to detailed scans, that is scans
which obtain information not available from the scout scan.

Automated Spine MRI Assessment and Guided Interven-
tion: The techniques described herein can be used to improve
current spine screening, asscssment, surveillance, and thera-
peutic intervention. As is known to those of skill in the art,
MRI-derived parameters hold promise for improved fracture
risk prediction and evaluation of degenerative sping disease
(see Wehrli F W, Hopkins J A, Hwang S N, Song H K., Snyder
P J. Haddad I G. Cross-sectional study of osteopenia with
quantitative MR imaging and bone densitometry. Radiology
2000, 217:527-38). Unfortunately, MRI has been too time
intensive and costly to justify as an osteoporosis-screening,
instrurnent. [t also has lacked accurate parameltric quantifica-
tion of key markers related to spine degeneration and back

pain. These shortcomings can be addressed by integrating -

MRI-derived parameters of bone quality with a novel rapid
high-resolution total spine screen {ASSIST).

Inparticular, the ASSIST technique described above can be
integrated with fast spin-echo and GRASE (Gradient and
Spin-Echo Imaging) versions of an imaging technique termed
iterative decomposition of water and fat with echo asymmet-
ric and least square estimation (IDEAL). (FIGS. 204, 205,
and 21). The GRASE IDEAL technique provides ‘12, T2%,
and T2" maps as well as the typical water, fat, and composite
(walter plus fat) images. These MRI-derivable parameters
may be helpful in achicving the aforementioned specific
aims. For example. 12" represents cancellous bone-induced
intravoxel dephasing and is negatively correlated with frac-
ture risk. Assist integrated with GRASE-IDIIAL or other
multiparametric derivable MRI sequences provides efficient
automated screening and assessment of post-mencpausal
wormen at risk for osteoporotic or pathologic spine fractures
and/or presenting with back pain.

This integration promotes patient carc by providing
improved risk assessment, identification and characterization
of vertebral fractures; improved assessment of spine degen-
eration-back pain: and metastatic disease; and improved
image-guided therapeutic management as well as facilitate

related image-guided procedures in conjunction with a MRI-

compatible robotic arm and aforementioned intcrventional
spine array coil. The technique of integrating MR1 Automated
Spine Survey Iterative Scan Technique (ASSIST) can be used
to provide quantilative assessment of subendplate degenera-
tive/stress related Modic Type 1, 2, and 3 changes. Addition-
ally, the integrated MRI Automated Spine Survey lerative
Scan Technique { ASSIST) can be used to provide quantitative
assesstnent of faity bone marrow replacement tor early detec-
tion of metastatic disease in the spine and differentiation of
osteoporotic from pathologic fractures. Further, ASSIST
adaptations will enable real-time MRI-guided vertebroplasty,
biopsy, and epidural injections.

15

20

45

50

&0

05

22

Whal is claimed 1s:

1. An apparatus comprising;

(a) a memory configured to receive a medical diagnostic
image representing a neuro-axis of a patient;

(b) a program stored in the memory and operatively con-
figured to detect and label a plurality of spinal structures
in said medical diagnostic image using an iterative pro-
cess;

(c) a processor in communication with the memory fo
perform the program;

wherein the program is further operatively configured 1o
automatically generate a prescription using said labeling
of the plurality of spinal structures.

2. The apparatus of claim 1 wherein the program is opera-
tively configured to utilize a region growth algorithm to iden-
tify a portion of the medical diagnostic image to analyze for
the plurality of spinal structures.

3. The apparatus of claim 1 wherein the program is opera-
tively configured to detect and label a spinal structure based
on a landmark. and is further operatively configured to detect
and label an additional spinal structure based at least in part
on a previously named and detected spinal structure.

4. The apparatus of claim 1 wherem the progtam is opera-
tively configured to detect and label the plurality of spinal
structures based at lcast in part on a landmark.

5. The apparatus of claim 4 wherein the landmark is a top
spinal structure.

6. T'he apparatus of claim 4 wherein the landmark is a secd.

7. The apparatus of claim 4 wherein the landmark is auto-
matically detected.

8. The apparatus of claim 1 wherein the medical diagnostic
image is comprised of a plurality of voxcls, and wherein the
program is further operatively configured to:

(a) identify a plurality of voxels in the medical diagnostic

image as candidate spinal structures;

(b) apply a spinal structure constraint to identify a series of
spinal structures comprising a subset of said candidate
spinal structures.

9. The apparatus of claim 8 wherein the program is further
operatively configured to detect a plurality of voxels in the
medical diagnostic image as candidate spinal structures by
performing a calculation comprising comparing a voxelinthe
medical diagnostic image with a voxel in a second medical
diagnostic image wherein the sccond medical diagnostic
image corresponds to a sagittal section adjacent to a second
section corresponding o the medical diagnostic image.

10. The apparatus of claim 8 wherein the program is further
operatively configured to

(a) identify a line defined in part based on a centroid of a
candidate spinal structure in the series of spinal struc-
tures;

(b) identify an additional spinal structure by scarching for
a local intensity maximum along a region defined in part
by the linc.

11. The apparatus of claim 10 wherein the region defined in
part by the line is defined in further part by extending the line
based on an estimate of a position for the additional disc.

12. The apparatus of claim 10 wherein the region defined in
part by the line is defined in further par( by an additional line,
the additional line being parallel to the line.

13.'l'he apparatus ot claim 1 wherein the medical diagnos-
tic image corresponds o a supenior portion of the neuro-axis,
and wherein the program is further operatively configured 1o
combine the medical diagnostic image with a second medical
diagnostic image corresponding to an inferior portion of the
neuro-axis.
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14. The apparatus of claim 1 wherein the program is further
operatively configured te analyze a spinal structure from the
plurality of spinal structures.

15. The apparatus of claint 1 wherein the program is further
operatively configured 1o produce a report based at least in
part on the naming of the plurality of spinal structures.

16. The apparatus of claim 1 further comprising a printer
operable to produce a labeled visual representation of the
medical diagnostic image on film.

17. The apparatus of claim 1 further comprising a screen
operable to display the labeled visual representation of the
medical diagnostic image.

18. The apparatus of claim 1 wherein the prescription is to
collect additional medical diagnostic images.

19. The apparatus of ¢laim 1 wherein the prescription is for
a therapeutic procedure.

20. The apparatus ofclaim 1 wherein the program is further
operatively confipured to execute the prescription.

21. The apparatus of claim 19 wherein the apparatus fur-
ther comprises a therapeutic instrument and wherein the pro-
gram is operatively configured to execute the prescription
using the therapeutic instrument.

22. The apparatus of claim 1 wherein the program is further
configured to reconstruct a slice by selectively applying a
plurality of reconstruction algorithms based at least in part on
the detection and labeling of the plurality of spinal structures.

23. The apparatus of claim 1 further comprising a screen
wherein the program is operable to display a visual represen-
tation of the medicat diagnostic image using a first contrast
and a second contrast, wherein the first contrast 1s used for
portions of the visual representation corresponding with bone
and wherein the second contrast is used for portions of the
visual representation corresponding with soft tissue.

24. The apparatus of claim 23 wherein the first contrast and
the second contrast are adjustable.

25. An apparatus comprising:

(a) a memory configured to receive a plurality of medical

diagnostic images of a patient’s neuro-axis:

(b) a program stored in the memory and operatively con-

figured to-

(i) generate a composite midline sagittal image volume
of the neuro-axis by combining two or more medical
diagnostic images from the plurality of medical diag-
nostic images, wherein the generated composite mid-
line sagittal image volume includes at least a portion
of all interspaces and vertebrae between the patient’s
axis (C-2 vertebra) and sacrum; and.

(i1} identify a plurality of spinal structures in the com-
posite midline sagittal image volume by iteratively
searching for a predefined search number of spinal
structures between the patient’s axis (C-2 vertebra)
and sacrum, wherein the spinal structures are taken
from the set of spinal structures consisting of?

(1) intervertebral discs: and
(2) vertebrae:

and wherein, if the spinal structures are vertebrae, the

predefined search number is 22, otherwise, if the spinal

structures are interveriebral dises, the predefined search
number is 23; and
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(iti) determine if a set of predefined criteria are met and,
if so, allowing the predefined search number to vary
by one;

(¢) a processor in communication with the memory to
perform the program.

26. The apparatus of claim 25, wherein:

(a) if identifying the plurality of spinal structures in the
composile midline sagittal image volume comprises
identifying the predefined search number of interverte-
bral discs, the program stored in memory is operatively
conligured to, after identifying the plurality of spinal
structures:

(i) based on labeling a cephalad disc from the plurality of
interveriebral discs as (2-3, consecutively label the
remaining discs from the plurality of intervertebral
discs in a cranial-caudal fashion as C3-4 threugh
L5-S1; and

(11) provide vertebrae adjacent to the plurality of discs
with corresponding labels: C2 through S T;

(b) if identifying the plurality of spinal structures in the
composile midline sagittal image volume comprises
identifying the predefined search number of vertebrae,
the program stored in memory is operatively configured
10, after identifying the plurality of spinal structures:
(i) based on labeling a cephalad vertebra from the plu-

rality of vertebrac as C2, consecutively label the
remaining vertebrae from the plurality of vertebrae in
a cranial-caudal fashion as (3 through S1; and

(i) provide intervertebral discs adjacent 1o the plurality
of vertebrae with corresponding labels C2-3 through
[.5-81.

27. The apparatus of claim 25, wherein:

(a) identifying the plurality of spinal structures in the com-
posite midline sagitial image volume comprises, based
on labeling a top spinal structure, iteratively search for
the predefined search number of spinal structures in a
cranial-caudal fashion until the predefined search num-
ber of spinal structures is identified; and

(b) the program stored in memory is operatively configured
to, as each spinal structure is identified, labeling that
spinal structure.

28. The apparatus of claim 25, wherein:

{a) the composite midline sagittal image volume comprises
the paticnt” head; and

(b) the program stored In memory 1s operatively configured
to uniquely identify a plurality ot head structures in the
composite midline sagittal image volumne.

29 The apparatus of claim 25, wherein the program stored
in memory is operatively configured to perform an automated
image analysis at cach disc and vertebral level in patient’s
neuro-axis.

30. The apparatus of claim 25, wherein the program stored
in memory is operatively configured to create an optimized
reconstruction of a volumetric image dataset of the patient’s
neuro-axis based at least in part on identification of the plu-
rality of spinal structures in the composite midline sagitial
image volume.



