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Abstract

Neuroimaging techniques, particularly magnetic resonance imaging, yield increasingly sophisticated markers of brain structure
and function. Combined with ongoing developments in machine learning, these methods refine our abilities to detect subtle

epileptogenic lesions and develop reliable prognostics.
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Hardware and Acquisition Techniques

The reliability of any imaging diagnostic technique depends on
the type and quality of the input. This is particularly relevant
for drug-resistant epilepsy, as the identification of a structural
lesion on magnetic resonance imaging (MRI) is associated with
favorable seizure outcome after surgery. Consequently, the
most recent recommendations of the International League
Against Epilepsy endorse the use of the Harmonized Neuroi-
maging of Epilepsy Structural Sequences protocol, with
high-resolution 3-dimensional (3D) T1-weighted MRI, 3D
fluid-attenuated inversion recovery, and 2-dimesional coronal
T2-weighted MRI at its core." These sequences yield best
image quality at 3 T, particularly when combined with multiple
phased arrays allowing parallel imaging, which shortens scan-
ning time in addition to increasing signal- and contrast-to-noise
ratios. Reduced acquisition time allows adding quantitative
contrasts to the epilepsy protocol for a more in-depth analysis
of tissue microstructural properties and function.
Diffusion-weighted MRI and its analytical extension diffu-
sion tensor imaging (DTI) are widely used to image the white
matter.? One of the main limitations of DTI, however, resides
in its inability to resolve distinct populations of crossing fibers;

moreover, DTI-derived metrics lack specificity as they may be
affected by multiple features.’ The potential, however, contin-
ues to grow with advanced techniques based on multicompart-
ment compartmental models describing diffusion within
distinct microstructural constituents. Thus, besides helping the
interpretation of conventional diffusion metrics, such models
offer more sensitive markers of the microstructural environ-
ment of epileptogenic lesions,* which may ultimately refine
their detection. Among them, high angular resolution diffusion
imaging® based on sampling of a large number of diffusion
sensitization directions is arguably the most efficient sequence
to resolve crossing fibers. Techniques such as diffusion kurto-
sis imaging have gained popularity for their ability to quantify
intravoxel tissue properties.® In temporal lobe epilepsy (TLE),
in addition to revealing altered diffusion profiles along white
matter fibers ipsilateral to the seizure focus,”™ these techniques
have shown abnormalities in both the gray and white matter
extending to regions not detected by conventional DTIL® Sim-
ilar findings were obtained with fixel-based analysis, a recon-
struction technique which combines measurements of fiber
cross-sectional area and density, thereby providing a sensitive
marker of intra-axonal volume.'®!" Neurite orientation disper-
sion and density imaging, commonly referred to as NODDI, is
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another reconstruction technique based on a multishell acqui-
sition protocol that estimates intra- and extracellular volume
fractions of neurites (ie, dendrites and axons), both in the gray
and white matter.'>"?

Unlike conventional “weighted” contrasts that combine
multiple tissue parameters, quantitative contrasts reflect actual
quantities biophysically linked to tissue microstructure. Among
them, T, mapping has been suggested to reflect myelin.'* In
TLE, T, mapping along the cortical mantle and hippocampal
subfield surfaces revealed altered myelin content in ipsilateral
temporal and frontal limbic regions. Anomalies remained con-
sistent after correcting for cortical thickness and cortical inter-
face gradient supporting a role for T; mapping to assess
intracortical structural integrity independently from morphol-
ogy and intensity.'> Multiparametric MRI fingerprinting
(MRF) is a relatively new technique that quantifies several
contrasts (eg, Ty, T,, and proton density)'® in a single acquisi-
tion, thus providing a comprehensive description of multiple
tissue properties. In particular, fast 3D MRF delivers high-
resolution (1.2 mm isotropic) whole-brain quantitative maps
in a clinically plausible acquisition time.'” Preliminary evi-
dence suggests increased sensitivity of MRF compared to
visual evaluation.'”'® In particular, partial volume estimation
can be applied to separately examine the gray and white mat-
ter,'” which may be beneficial to assess anomalies at their
interface, such as those in the temporal pole in TLE or mal-
formations of cortical development affecting other neocortical
regions. Notably, the flexible nature of the MRF allows incor-
porating additional contrasts, such as diffusion, perfusion, and
susceptibility. Multiparametric imaging combining anatomical,
functional, and metabolic data can also be obtained using
hybrid Positron emission tomography-MRI systems, which
may be informative when conventional radiology is nega-
tive.'”?° Notwithstanding the practical advantages of multi-
parametric imaging, considering the high-level technical
competences required, the added clinical value compared to
traditional coregistration remains to be established.

Gains in signal- and contrast-to-noise ratio provided by the
shift from 1.5 T to 3 T scanners have significantly improved
our ability to appraise epileptogenic lesions.>' The potential of
7 T to resolve the cortical laminar structure will likely push
detection capabilities a step further.?” The best example so far
has been the improved visualization of hippocampal sub-
fields®® and cortical dysplasias,®* particularly when combined
with postprocessing.”” However, so far it has been infrequent to
see cortical dysplasia at 7 T that is completely invisible at
3 T.?¢%7 Better visualization of lesional boundaries, neverthe-
less, may help refine the surgical resection and improve
outcome.?®? Perhaps even more relevant is the possibility to
perform molecular imaging of neurotransmitters that are diffi-
cult to evaluate at 3 T, such as y-aminobutyric acid and gluta-
mate.*! In relation to functional MRI (fMRI), improvements in
signal-to-noise ratio and connectivity coefficients are likely to
reveal previously unresolved microscopic features, including
laminar functional organization.**> Disadvantages of ultra-high
field imaging include far greater signal inhomogeneities and
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higher energy deposition in tissue, particularly in the anteroin-
ferior temporal and frontal lobes.?? As strategies such as adia-
batic pulses and parallel transmission emerge to address these
challenges, the case for clinical adoption of this technology
becomes more straightforward.*?

Lesion Detection and Disease Biotyping
Techniques

The pivotal role of the lesion in the surgical management of
drug-resistant epilepsy has motivated the development of
increasingly sophisticated detection methods. In TLE, medial
surface models sampling multiparametric features of hippo-
campal sclerosis along the central path of subficlds lateralize
the focus and predict pathological grading.**>** Surface-based
Laplacian in vivo models of the neocortex and subcortical
white matter profiling focal cortical dysplasia (FCD) improve
the identification of subtle lesions that escape conventional
radiological analysis. Notwithstanding these advances, detec-
tion algorithms have relied on limited set of features designed
by human experts, which may not capture the full complexity
of pathology. Alternatively, deep learning, a data-driven
method incorporating feature engineering into the learning
step, alleviates the challenge of handcrafting pathological fea-
tures. Initial evidence suggests high sensitivity in detecting
MRI-negative FCD. Generalizability across cohorts with vari-
able age, hardware and sequence parameters promise potential
for broad clinical translation.*’

Data-driven, unsupervised machine learning also offers
novel perspectives on the understanding of disease neurobiol-
ogy. In TLE, MRI morphometry combined with clustering
identified subgroups of patients with distinct patterns of mesio-
temporal atrophy that did not spatially overlap.*® Leveraging
individual variability, these techniques may further refine clin-
ical predictors, such as cognitive profiles’"*® and postsurgical
seizure outcome.>® In FCD type II, recent data identified tissue
classes with distinct structural, functional, and histopathologi-
cal profiles within lesions and across patients.>’ Addressing the
full spectrum of developmental cortical malformations may
play a key role in establishing genotype—phenotype associa-
tions, opening opportunities to inform novel personalized treat-
ments so far hindered by the lack of phenotypes linked to
somatic variants.

Network science is expanding and offers unprecedented
opportunities to appraise system-level features of epilepsy. In
parallel to a large body of descriptive studies, initial evidence
suggests that combining connectivity metrics with machine
learning may identify salient features from high-dimensional
imaging data sets. In TLE, a series of reports demonstrated
the utility of the structural connectome as well as measures of
intrinsic brain function to predict seizure outcome.*’**? In
FCD, lesion-based functional connectivity models (ie, con-
nectivity from dysplastic tissue to the rest of the cortex) have
demonstrated that network dysfunction can dissociate
patients with favorable from those with suboptimal postsur-
gical seizure outcomes.*® Network pathology is also relevant
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for the understanding of multidomain cognitive dysfunction;
for example, structural connectome metrics outperform hip-
pocampal volumetry and tractography of large association
fibers to predict memory and language impairment in
TLE.*** Other recent work has shown the ability of preo-
perative resting state fMRI and white matter connectome
markers to predict postoperative cognition, particularly in
relation to language.*®

Conclusion

The integration of increasingly complex imaging techniques
into routine clinical practice remains a challenge. Success is
contingent to continued efforts in education and training of
epileptologists, ultimately fostering close collaborations with
research scientists. In this context, Open Science*’ collabora-
tive efforts are expected to catalyze translation of advanced
analytic methods. A leading example is the ENIGMA-
Epilepsy consortium,*® which has used meta- and mega-
analyses to assess group-level morphology,*® microstructure,
and network models®® of structural compromise across thou-
sands of patients. Knowledge derived from these large-scale
studies is expected to set the basis of novel, clinically applica-
ble individualized disease biomarkers.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: NB is
supported by the Canadian Institutes of Health Research (CIHR
MOP-123520), Natural Sciences and research Council (NSERC;
Discovery-24779), and Canada First Research Excellence Fund
(HBHL-1a-5a-06). IW is supported by NIH R01 NS109439.

ORCID iD

Neda Bernasconi (2 https://orcid.org/0000-0002-8947-9518

References

1. Bernasconi A, Cendes F, Theodore WH, et al. Recommendations
for the use of structural magnetic resonance imaging in the care of
patients with epilepsy: a consensus report from the International
League Against Epilepsy Neuroimaging Task Force. Epilepsia.
2019;60(6):1054-1068.

2. Deleo F, Thom M, Concha L, Bernasconi A, Bernhardt BC, Ber-
nasconi N. Histological and MRI markers of white matter damage
in focal epilepsy. Epilepsy Res. 2017;140:29-38.

3. Jones DK, Cercignani M. Twenty-five pitfalls in the analysis of
diffusion MRI data. NMR Biomed. 2010;23(7):803-820.

4. Vargova L, Homola A, Cicanic M, et al. The diffusion parameters
of the extracellular space are altered in focal cortical dysplasias.
Neurosci Lett. 2011;499(1):19-23.

5. Tuch DS, Reese TG, Wiegell MR, Makris N, Belliveau JW, Wed-
een VJ. High angular resolution diffusion imaging reveals

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

intravoxel white matter fiber heterogeneity. Magn Reson Med.
2002;48(4):577-582.

. Tournier JD, Mori S, Leemans A. Diffusion tensor imaging and

beyond. Magn Reson Med. 2011;65(6):1532-1556.

. Glenn GR, Jensen JH, Helpern JA, et al. Epilepsy-related

cytoarchitectonic abnormalities along white matter pathways.
J Neurol Neurosurg Psychiatry. 2016;87(9):930-936.

. Bonilha L, Lee CY, Jensen JH, et al. Altered microstructure in

temporal lobe epilepsy: a diffusional kurtosis imaging study.
AJNR Am J Neuroradiol. 2015;36(4):719-724.

. Lee CY, Tabesh A, Benitez A, Helpern JA, Jensen JH, Bonilha L.

Microstructural integrity of early- versus late-myelinating white
matter tracts in medial temporal lobe epilepsy. Epilepsia. 2013;
54(10):1801-1809.

Raffelt DA, Tournier JD, Smith RE, et al. Investigating white
matter fibre density and morphology using fixel-based analysis.
Neuroimage. 2017;144(Pt A):58-73.

Vaughan DN, Raffelt D, Curwood E, et al. Tract-specific atrophy
in focal epilepsy: disease, genetics, or seizures? Ann Neurol.
2017;81(2):240-250.

Winston GP, Micallef C, Symms MR, Alexander DC, Duncan JS,
Zhang H. Advanced diffusion imaging sequences could aid asses-
sing patients with focal cortical dysplasia and epilepsy. Epilepsy
Res. 2014;108(2):336-339.

Winston GP, Vos SB, Caldairou B, et al. Microstructural imaging
in temporal lobe epilepsy: diffusion imaging changes relate to
reduced neurite density. Neuroimage Clin. 2020;26:102231.
Koenig SH. Cholesterol of myelin is the determinant of gray-white
contrast in MRI of brain. Magn Reson Med. 1991;20(2):285-291.
Bernhardt BC, Fadaie F, Vos de Wael R, et al. Preferential sus-
ceptibility of limbic cortices to microstructural damage in tem-
poral lobe epilepsy: a quantitative T1 mapping study.
Neuroimage. 2018;182:294-303.

Panda A, Mehta BB, Coppo S, et al. Magnetic resonance
fingerprinting-an overview. Curr Opin Biomed Eng. 2017;3:
56-66.

Ma D, Jones SE, Deshmane A, et al. Development of high-
resolution 3D MR fingerprinting for detection and characteriza-
tion of epileptic lesions. J Magn Reson Imaging. 2019;49(5):
1333-1346.

Wang K, Cao X, Wu D, et al. Magnetic resonance fingerprinting
of temporal lobe white matter in mesial temporal lobe epilepsy.
Ann Clin Transl Neurol. 2019;6(9):1639-1646.
Traub-Weidinger T, Muzik O, Sundar LKS, et al. Utility of abso-
lute quantification in non-lesional extratemporal lobe epilepsy
using FDG PET/MR imaging. Front Neurol. 2020;11:54.

Shang K, Wang J, Fan X, et al. Clinical value of hybrid TOF-PET/
MR imaging-based multiparametric imaging in localizing seizure
focus in patients with MRI-negative temporal lobe epilepsy.
AJNR Am J Neuroradiol. 2018;39(10):1791-1798.

Knake S, Triantafyllou C, Wald LL, et al. 3T phased array MRI
improves the presurgical evaluation in focal epilepsies: a prospec-
tive study. Neurology. 2005;65(7):1026-1031.

Verma G, Delman BN, Balchandani P. UltraHigh field MR ima-
ging in epilepsy. Magn Reson Imaging Clin N Am. 2021;29(1):
41-52.


https://orcid.org/0000-0002-8947-9518
https://orcid.org/0000-0002-8947-9518
https://orcid.org/0000-0002-8947-9518

82

Epilepsy Currents 21(2)

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Shah P, Bassett DS, Wisse LEM, et al. Structural and functional
asymmetry of medial temporal subregions in unilateral temporal
lobe epilepsy: a 7T MRI study. Hum Brain Mapp. 2019;40(8):
2390-2398.

De Ciantis A, Barba C, Tassi L, et al. 7T MRI in focal epilepsy
with unrevealing conventional field strength imaging. Epilepsia.
2016;57(3):445-454.

Wang I, Oh S, Blumcke I, et al. Value of 7T MRI and post-
processing in patients with nonlesional 3T MRI undergoing epi-
lepsy presurgical evaluation. Epilepsia. 2020;61(11):2509-2520.
Veersema TJ, Ferrier CH, van Eijsden P, et al. Seven tesla MRI
improves detection of focal cortical dysplasia in patients with
refractory focal epilepsy. Epilepsia Open. 2017;2(2):162-171.
Feldman RE, Delman BN, Pawha PS, et al. 7T MRI in epilepsy
patients with previously normal clinical MRI exams compared
against healthy controls. PLoS One. 2019;14(3):e0213642.
Bartolini E, Cosottini M, Costagli M, et al. Ultra-high-field tar-
geted imaging of focal cortical dysplasia: the intracortical black
line sign in type IIb. A/NR Am J Neuroradiol. 2019;40(12):
2137-2142.

De Ciantis A, Barkovich AJ, Cosottini M, et al. Ultra-high-field
MR imaging in polymicrogyria and epilepsy. AJNR Am J Neuror-
adiol. 2015;36(2):309-316.

Maillard L, Ramantani G. Epilepsy surgery for polymicrogyria: a
challenge to be undertaken. Epileptic Disord. 2018;20(5):
319-338.

Davis KA, Nanga RP, Das S, et al. Glutamate imaging (Glu-
CEST) lateralizes epileptic foci in nonlesional temporal lobe epi-
lepsy. Sci Transl Med. 2015;7(309):309ral61.

Morris LS, Kundu P, Costi S, et al. Ultra-high field MRI reveals
mood-related circuit disturbances in depression: a comparison
between 3-Tesla and 7-Tesla. Transl Psychiatry. 2019;9(1):94.
Kim H, Bernhardt BC, Kulaga-Yoskovitz J, Caldairou B, Bernas-
coni A, Bernasconi N. Multivariate hippocampal subfield analysis
of local MRI intensity and volume: application to temporal lobe
epilepsy. Med Image Comput Comput Assist Interv. 2014;17(Pt
2):170-178.

Bernhardt BC, Bernasconi A, Liu M, et al. The spectrum of
structural and functional imaging abnormalities in temporal lobe
epilepsy. Ann Neurol. 2016;80(1):142-153.

Gill RS, Hong S-J, Fadaie F, et al. Medical Image Processing and
Computer-Assisted Intervention. 2018:930-934.

Bernhardt BC, Hong SJ, Bernasconi A, Bernasconi N.
Magnetic resonance imaging pattern learning in temporal lobe
epilepsy: classification and prognostics. Ann Neurol. 2015;
77(3):436-446.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

AN I

Reyes A, Kaestner E, Bahrami N, et al. Cognitive phenotypes in
temporal lobe epilepsy are associated with distinct patterns of
white matter network abnormalities. Neurology. 2019;92(17):
€1957-e1968.

Rodriguez-Cruces R, Bernhardt BC, Concha L. Multidimensional
associations between cognition and connectome organization in
temporal lobe epilepsy. Neuroimage. 2020;213:116706.

Lee HM, Gill RS, Fadaie F, et al. Unsupervised machine learning
reveals lesional variability in focal cortical dysplasia at meso-
scopic scale. Neuroimage Clin. 2020;28:102438.

Gleichgerrcht E, Munsell B, Bhatia S, et al. Deep learning applied
to whole-brain connectome to determine seizure control after
epilepsy surgery. Epilepsia. 2018;59(9):1643-1654.

He X, Doucet GE, Pustina D, Sperling MR, Sharan AD, Tracy JI.
Presurgical thalamic “hubness” predicts surgical outcome in tem-
poral lobe epilepsy. Neurology. 2017;88(24):2285-2293.
Lariviere S, Weng Y, Vos de Wael R, et al. Functional connec-
tome contractions in temporal lobe epilepsy: microstructural
underpinnings and predictors of surgical outcome. Epilepsia.
2020;61(6):1221-1233.

Hong S-J, Lee H-M, Gill R, et al. A connectome-based mechan-
istic model of focal cortical dysplasia. Brain. 2019;142(3):
688-699.

Balachandra AR, Kaestner E, Bahrami N, et al. Clinical utility of
structural connectomics in predicting memory in temporal lobe
epilepsy. Neurology. 2020;94(23):e2424-¢2435.

Kaestner E, Balachandra AR, Bahrami N, et al. The white matter
connectome as an individualized biomarker of language impair-
ment in temporal lobe epilepsy. Neuroimage Clin. 2020;25:
102125.

Audrain S, Barnett AJ, McAndrews MP. Language network mea-
sures at rest indicate individual differences in naming decline
after anterior temporal lobe resection. Hum Brain Mapp. 2018;
39(11):4404-4419.

Lhatoo SD, Bernasconi N, Blumcke I, et al. Big data in epilepsy:
clinical and research considerations. Report from the epilepsy big
data task force of the international league against epilepsy. Epi-
lepsia. 2020;61(9):1869-1883.

Sisodiya SM, Whelan CD, Hatton SN, et al. The ENIGMA-
Epilepsy working group: mapping disease from large data sets.
Hum Brain Mapp. 2020. doi: 10.1002/hbm.25037

Whelan CD, Altmann A, Botia JA, et al. Structural brain abnorm-
alities in the common epilepsies assessed in a worldwide
ENIGMA study. Brain. 2018;141(2):391-408.

Lariviere S, Rodriguez-Cruces R, Royer J, et al. Network-based
atrophy modeling in the common epilepsies: a worldwide
ENIGMA study. Sci Adv. 2020;6(47):eabc6457.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


