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ABSTRACT

Purpose

To quantify the extent of lipid rich necrotic core (LRNC) and intraplaque hengarith@H) in

atherosclerotic plaques.
Methods

Patients scheduled for carotid endarterectomy underwent four-point Dixon ameigrited
magnetic resonance imaging (MRE)3T.Fat and R2* maps were generatexn the Dixon
sequenceat the acquired spatial resolution of 0.60 x 0.60 x 0.70 mm voxel size. MRI and 3D
histology volumes of the plaquesreregistered The registration matrix was applied to
segmentations denoting LRNC and IPH in 3D histology to split plaque volumes in regilons w
and without LRNC and IPH.

Results

Five patients were included. Regarding volumes of LRNC identified by 3D hisidlegy
average fat fraction by MRI was significantly higheside LRNCthan outside: 12.64+0.2737 %
versus 9.294+0.1762 ¥mearrSEM, P<0.001). The same was true for IPH identified by 3D
histology, R2* inside versus outside IRts:71.81+1.276 3 versus56.94+0.9095%
(meaxrSEM, P<0.00). There was atrong correlatiometween theumulative fafractionby

MRI and the volume of LRNC from 3D histology%80.92) as well as between cumulative R2*
and IPH (R=0.94).

Conclusion

Quantitative mapping of fat and R2* from Dixon MRI reliably quantifies therexdeLRNC
andIPH.

Key Words: magnetic resonance imaging; quantitative mapping; atherosclerosis; caetd ar



INTRODUCTION

Decisions to intervene in atherosclerotic cardiovascular disease (CVpjraegily based on
stenosis severity. For example, patigglection for carotid endarterectomy (CEA) reliesion
presence odymptoms indicative of cerebral ischemia and the degree of luminal narrowing
caused by the carotid plaque.(Hpwever, there is increasing evidence that stenosis severity
alone is not sufficient to determine stroke risk. It has been stimtpatients atigh riskfor
stroke, but without any measurable stenosis, have a high proportion of advanced plaques (2).
Furthermore, there is evidence that carotid plaque compopgiose is a predictor of
cardiovascular even{8). Thusassessingarotidplague composition nomvasively would
arguably improve risk assessment for cardiovascular events, not only for strokepbghout
the entire arterial circulation.

Plaques at high risk for causing arterial thrombosis with subsergaebetnic necrosiare
called vulnerable plaques. Arterial thrombosis is most often caused by ruptussion@f a
vulnerable plaque (4). Established features of vulhelbques arkpid-rich necrotic core
(LRNC), intraplaque hemorrhage (IPH), thin fibrous cap &md,lesser extenplaque
calcification(4). Owingto its excellent softissuesensitivity magnetic resonance imaging
(MRI) has been used for carotid plague characterizationuyple groupsTypically, blood
suppressed ffweighted (TW), T>-weighted (W), protondensity-weighted (PDW) fast spin
echo, gradiet echo and time of flighgaequences are usés). Using this multicontrastapproach,
different plaque components can be identifiedsed on therelative signalntensityconpared
to the signal intensity of surrounding muscle, typically the sternocleidordd6). Multi-
contrastMRI has been successfully used to characterize carotid plaplas been validated by
histology in a number of studies (5) and it offers stroke risk information beyond measticém
luminal narrowing in carotid atherosclero§is.

Despite these advantagésere are limitations to mwtontrast MR of carotd plaque that
prevent its widespread clinical application. One of these is theglies on extensive post-
acquisition assessment of differenaesnage intensityThe nonguantitative nature of this
assessment, its operator dependeitsyeliance on multiplsequenceand the fact that the
sequences are not entirely specific for the plaque components of irgegsstit barriers to the

adoption of multieontrast MR in routine clinical practiceAs mentioned above, for carotid



plaque imagingre stenocleidomastoid muscie used aseference tissugHowever, when the
signal intensity form the adjacent muscle on $afppressed,;W images is too low for use as a
standard reference, the submandibular and parotid glands have been udedl($}he
reference tissue should represent a uniform distribution of intensity valugsemuidat of its
location withinthe image volume but ireality this is rarely the cas®ne of the biggest sources
of intensity inhomogeneity is the surface coil used in carotid imaging and ousregpproaches
have been proposed to correct this problemK6) example, all manufacturers use coil
sensitivity maps acgred in separate reference scans to correct for intensity inhomogeneity, bu
because these maps only rescaliaéohomogeneity of integrated body coil, they do not
necessarily provide a truly uniform homogeneity. Because of its proxionihye skin, inénsity

in images acquired from the sternocleidomastoid muscle is especially setsitne
inhomogeneity caused by the sensitivity profile of surface coils. Thus, the isgbhassessing
plaque components based @lative image intensity emphasize tieed forguantitative

physical measurement$ plaque constituentsssociated with vulnerability.

Regarding the validation of carotiaqueMRI, histology is the gold standatd determine
plaque composition. éhce validation oin vivo MRI is possible by mapping histological data to
in vivo data.Most often histology sections of the plaque are registeretvigo images using the
carotid bifurcation as a landmark (1Due to the difference iMRI slice thickness (mm) and the
thickness of histology sections (um), thera sk of inaccurate registration, even when using
an easily recognizable landmark such as the carotid bifurcation. This probleasesaith
increasng distance from the bifurcatiofhe need for accurate registration of MfRd histology
is further emphasized by the fact that there is significanation in plaque composition along
the length of the plaque (11). Adding to the complexity of registering 2D histetxdipns with
MRI slices isthe fact that out-of-plane angulations of the higiglsections versus the MR
slices, as well as shrinkage and deformation during tissue processiogtarely neglected
(12).

The goal of he current study was to develop a quantitative fat and R2* mapping technique
to providequantitativein vivo measurements of the extentldNC and IPH in carotid plaque.

To this end we usedfaur-point Dixon gradientecho sequence to measure LRNC and extracted
the R2* value to quantify IPH. Originally proposed by Dixon (13), this gradient sequence

takes advantage of the slightly different resonance frequency of fat and watérewalis to



constructive and destructive interference of signal when measuringeaedifécho times.
Analysis of the resulting signal oseitions allows for the calculation of the quantity of both
water and fat in the human body (13). Simultaneously, signal is lost due to phasectigfiezs
transverse T2* relaxation), which is increased by local magnetic fieldluhsices, for example
due to the presence of iron. Therefore the rate of signal loss (R2* = 1/T2*) iotia gdaque

can be viewed as a measure for the presence of (heme) iron and thus can be expecteddo correl
to the extent of IPH. Indeed, in a different context, i.e. MRI of the brain R2* has been &how
correlate strongly and in a linear fashion with tissue iron content (14). Addlyicimeovercome
theshortcomings related to validationiafvivo MRI with 2D histology, wevalidatel the MRI-
based quantification of LRNC and IR#y correlaing the measurementgth registerecBD
histology volumes of the plaques preliminary version of ta current data was presented in
poster format at the American Heart Association’s Annual Scientifisi@es2014 (15).

METHODS

The study was approved by Linkdping’s Institutional Review Board (record no.: 320122)

andwritten informed consent was obtained from all participanis to study entry.
Patients

Patientswere included in the study if they weseheduled for CEA. The indication for CEA was
the presencef a high grade (> 70%) carotid artery stenosis with or withoutrecent(< 14 days)
cerebrovascular ischemiathe form ofstroke, transient ischemic attack or amaurosis fugax
Stenosis severity was assessed by measuring peak systolic vietooithe Doppler signal
acquiredduring ultrasound imaging of the carotid arteagcordingto criteria established in the

European Carddi Surgery Tria[(16). All patients underwent MRI < 24 hours before surgery.

Magnetic Resonance Imaging

We applied a four-point Dixon sequence at 3T to generate high resolution maps of the fa
percentage and values of R2* relaxation rate per voxel in atherosclerotic plagiethe 3.3
ppm frequency difference between water and fat createscillating gnal every 24 ms.Due
to the limitedgradient slew rate and strengteeded to achieve sufficient resolution in the

acquisition, we chose an out-of-phase, in-phase, out-of-phggskease schemat echo times of
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multiples of 36 ms (hence at TE = 3.6, 7.2, 10.8 and 14.4 kg wateffat-shift was

maximized at 1.3 pixel$t was assumed thatl voxels exhibited a single, effective R2*
relaxation rate Proton density and T1 relaxation differenbesveen water and fatere not

taken into account. Hencé#yesignalmagnitudeS at each echo time TE was modelled according

to:
S(TE) = (W + Fcos(2aTE /2.4))exp(—R2*TE)

whereW is the water fraction and F is the fat fraction. The water and fat percemtages
calculated by division by the sum of the tv@ther acquisition parameters for the sequence were
TR = 18 ms;TFE factor 12and flip angle 10 degreeBhefield of view was 220x220x60 mm,
centered on the flow dividext anisotropic acquisition resolution 0.75 mm, reconstructed at 0.60
mm. The acquisition used@artesian 3D readut where kspace filling was performed from the
center outwards (low-highadial). The camers of kspace were not included, resulting in a
cylindrical. Two regional saturation slabs of 80 mm were added inferior and sujzether
acquisition volume, with a gap of 40 mm, to suppress inflowing blood signal. Using a TR = 18
ms and TFE = 12 these saturation bands were applied every 216 ms. The scan time was 9:45
minutes. Modelling and post-processing was performed in an adapted version of SyMRI
software (SyntheticMR, Linkdping, Swedeprpducing fat, water and R2* mapslag¢ acquired
spatial resolution of 0.60 x 0.60 x 0.i#0n voxel sizeThe post-processing time was 10 seconds.

In addition to the four-point Dixon acquisition aW TSEacquisition was performealith
TE = 9ms, TR=1 heartbeatand TSE factor 6. A black-blood pulse sequence was used with a
delay of 430 ms. The acquisition resolution was 0.55 mm, reconstructed at 0.47 mm; 18 slices of
2.1 mm, no gap, were acquired.

All scans wereacquired on a 3T Philips Ingenia system using eh2bnel

HeadNeckSpine co{Philips Healthcare, Best, the Netherlands).

3D Histology and Image Registration

Figure 1 summarizes the tissue and image processing steps involved in tégenéthe 3D
histology volumes, image segmentation and registration. The plaques were fixed in 10%
formalin immediately after surgery, decalcified, embedded in paraffitremchedat 50pm

intervals.At every 50 um step amage was taken of the plaque surfacth the plaque



positioned vertically in the paraffin block. Thulese so calleen face images representross
sectional views of the plaque. An example is shown in the upper bar of Figure 1, to the right
hand side of the captiorich face images from paraffin blo¢k These imageweretaken using a
fluorescent microscopeith a mechanical stagesing a 5x objective, taking advantage of the
autofluorescence of the tissuméger.Z1AxioCam MRm, Carl Zeiss, Jen&@ermany). At every
200 um step, a 5 um thick section was taken for morphometric assessment of hidRIREi a
Areas containingamorphousnaterialandcholesterol crystaleere classified as LRNO he
sections were stained trichrome to detect red blood aetl areas containing red blood cells
were classified as IPHWhole d#ide digital imaging of the stained sectiomasperformed with
brightfield microscopy using a 10x objective (Imager.Z1 AxioCam ERc 5s Zeas$, Jena,
Germany)

Theen faceimages vere used to generate the 3D backbone for subsequent registration
with the histology sections. To this end they were automatically registeredra@fdigital
image stack using the StackReg plu@dii) within ImageJL.49(National Institutes of Health,
Bethesda, MD, USA). This image stack was loaded into SN&P 2.2 (Penn Image Computing
and Science Laboratory (PICSL), University of Pennsylvania, Philadelphia, 88, tb
automatically create a segmented volume using a sparséefieldet segmentation method
(18,19). Next, the stained histology sections were manually registered to #spoodingn
face image within Imagedisng the interactive affine plugjthuscorrectingfor any
deformations that might have occurred during sectioning and transfer onto thaige3he
tissue expands when sectioned and transferred to the glass slide and to quantignttod ext
expansion, morphometric analysis was used in Imagedsuring the area of tlke faceimage
in the paraffin block and the area of its corresponding trichrome stained section lafethfe s
stack of the histology sections was then generated, imported into ITK-SNAP and 3Ryvalum
theLRNC and IPHwere generateby manual segmentation. These volumes integrate the
morphometric data on LRNC and IPH into the 3D backbone.

The resultant volumes and MRI data were imported into MeVisLab M&¥ié Medical
Solutions AG Bremen, Germanyyhere the TW MRI was automatically registered to the
water,fat, and R2* maps from the four-point Dixon sequence using the MERIT framework
within MeVisLab(20). TheMRI data wasip-sampled by a scale of 10 and thel#Btology
volume was manually registered with th&\'MRI by matching the lumen in the 3D histology



volume with the lumen within the MRhroughout the volume (Fig. 4AThe fresh sample
shrinks during the processg steps that precede para#imbedding andhrinkagewas
accounted for by manually stretching the 3D volume to match the lumen invihamkge thus
achieving accurate registration of both volumes. To quantify the extent of shrinkage
morphometric analysis was performed using ImageJ, comparing the areaofateimage
with the area of the plaque on the cranial surface of the correspondlihgnage sliceln
addition this registration step allowed for adjustmerthef3D histology volume to out-glane
angulations in the MR(Fig. 4B). The resultant registration matrix was then applied to the
segmentations denoting LRNC and IPH from 3D histology to split the plaque volusgans
with and without LRNC and IPH. For each of the resulting volumes (whole plaque vétieia
LRNC, IPH and areas outside LRNC and IPH), the fat and R2* values in each voxel were
recorded.

Statistical Analysis

Statistical analysis was performed using GraphPam (version 6.05, GraphP&dftware,

Inc., La Jolla, CA, USA An unpaired test was used to analyttee differences between average
MRI values per voxel within LRNC and IPH as defined by 3D histology versud®iesalues
outside LRNC and IPHThese values are presented as a mean +tSENR-aaldies < 5 were
considered statistically significariinear regression analysis was perforn@dtudy the
relationshipbetweerthe cumulative value of corresponding MRéasurements from each voxel
throughout the plague and the voluméBNC andIPH from histology. To assess the mean
difference between the MRI values and the corresponding histologicahd&tiaea95% limits of
agreement between them, BlaaAtiman plots were generated. To account for the factttieat
difference between the methods increased as the magnitude of the measured valued, itiezeas
approximate proportionality between difference and magnitude of the measisamas
addressed as recommended by Bland and Altman, by plotting the ratio of theaM&d versus

the 3D histology values as a function of their average (21).

RESULTS

Patients



A total of eightpatients consented to participate in the studgnk patienthe MR wasof
insufficient quality due to bulknotion artefactslue to swallowing and ione patient the scan
had to be aborted because of claustrophobia. Furthermore, patb@etthe plague specimen
was too fragmented to be able to generate a 3D histology volume hEneisye report ofive
patientswith good quality MRI and intact plagepecimensin four patients the stenosis was
associated with recent cerebral ischemia and in one patient the stenosis wasmatimprhe
clinical characteristigscardiovascular risk factors, co-morbidity and medication cfepatients

are summarized imable land 2.
Registration of 3D Histology with Magnetic Resonance Imaging

All plagues exhibited LRNC and IP&hd therefore were all classified as advanced lesions
ranking in category VI of thAmerican Heart Associationaherosclerotic lesion classification
system(22). Registration of théistological sectionto the 3D backbone showedatlisectioning
and positioning of the tissue on glass slides caused an expansion of thieytiESide+ 4.1%
(mean + SDYelative to its dimensions ité¢ paraffin block. The scaling factors used in
registration of 3D histology to:W MRI areshown in Supportingable 1 This registration
revealed that average shrinkage of the plaque was B2 %(mean + SDyelative to the
situationin vivo. The out-of-plane angulations inabgpatient are shown in Figur& 4vhich
shows that there ameardifferences between the scanning directiovivo and thevertical

orientation of the tissue sectianthe paraffin block.

Validation of Magnetic Resonance Imaging by 3D histology

After registration with 3D histology and segmentation of LRNC andIBldmes based othe
histology volumeswe were able to generdi@ and R2* maps from Dixon imaging that gave us
the fatfractionand R2* value for each voxel inside and outside the LRNC andfR}d. 5, 6).
Figure7 illustratesthe fat fractions and the2R values throughout eadhdividual plaqueAs is
apparent from this data, the extent of LRNC and IPH varied considerablydmeplaques and the
MRI measurements tracked this variabilBgecause of the large variation in the extent of LRNC
and IPH between plagues, we chose to use the same length for x and y axes but tcsealy the

on these axes to reflect the different sizes of LRNC and IPH apiagges.



First, we compared thaff fractions and R2* values BRI throughout all plagues inside
and outside volumes of LRNC and IPH as identified by 3D histololgg.average fat fraction by
MRI was significantly higher inside LRNC than outside: 12.64+0.2737 % versus 9.294+0.1762 %
(meanzSEM, P<0.001). The same was true for IPH identified by 3D higtoRg* was
significantly higher inside IPH than outside: 71.81+1.8¥8@ersus 56.94+0.9095' (mean+SEM,
P<0.001).As shown in Figuré these differences persisted at the same level of significance for
each individual patient.

Next, we assessed the correlation betwdwtumulative fafractions and R2* values from
MRI andthe volumesof LRNC and IPH from 3D histologylaking together all values from all
plaques, linear regression showed a strong correlation throughioptagues betweerthe
cumulativefat fraction as measured in each voxel #m& volume of LRNC from 3D histology
(R?=0.92)as well as between thmimulative R2* per voxehnd the volume ofPH (R?=0.94).
These strong correlations were maintained at the level of the individual patsoven in Figure
7. Figure 8 showghe mean difference and 95% limits of agreement between MRI and 3D
histology. Thecumulative fat fraction as measured by Dixon IMRd the volume of the LRNC
are shown in Figuré which shows thator each plaquethere was a strong positieerrelation
throughoutthe plaguebetween the cumulative fat fraction by M&nd the LRNC valme from
3D histology.The correlation betweetumulativeR2* and the volume of IPH also showstdong

positive correlations between these paraméteravery plaque.

DISCUSSION

Here we show that plaque characteristics associated with a higi rigiture and thrombosis,
can bequantifiedin vivo at high resolution by MRI. Moreovere use3D histology to validate
invivo carotid MR, thus increasing the reliability of histology based validatiomaefvo
vascular imaging

Through registration of tWW MRI with a four point Dixongradientecho sequence, we
were able to accurately map the fat fraction and the R2* value of each voxel toc#netias
plaques in the internal carotid artery. There was high variability amongeatpegsl regarding the
extent of LRNC and IPH and the fact that we show strong correlations betvitdlesmit 3D

histology in all plaques speaks to the robustness and wide applicability of this technique



As outlined earliera quantitative MRI method for the measurement of the extent of LRNC
has not been availablRegarding IPH, thers have assessed the extent of IPH usir@ya T
mapping technique (23).his technique was validated against multi contfag{, PDW and
T>W carotid MR but histological validation was noéported Moreover, the T2 images were
acquired using a spieeho sequenceavhich precludes the acquisition of T2* and thus R2Z*
relaxation is seen only with gradient-echo imaging bectiassverse relaxatiacaused by
magnetic field inhomogeneitiés eliminatd by the 180° pulse at spgcho imaging24).
Importantly,theR2* value has a strong, linear correlation with tissue iron content. Using
chemically determined iron concentrations, Langkammer et al. demonshatéhsverse
relaxation rates show a strong, linear correlation with tissue iron coneamttabughotithe
brain but that in white matter structures, only R2* showed a linear correlatiorrovith i
concentration (14). Thus, we chose R2* for the quantification of the extent oMé¥d.recently
guantitative T1 and T2 mapping has been proposed for plaque characterization but these
sequencewerenot validated against plaque histology tituemainsto be determinedhich
plaque components aidentified by this technique (25).

Others have indicated the need for the validatiam wifvo imaging using 3D histologgnd
it has been used to optimize registration of carotid plague histology to carotiddRT
angiographyn vivo (12,26). The improvements in registration offered by 3D histology come
from its ability to account for tissue deformation during different tissueepsitg stepas well
asthe angulation differences between the specipusitioned vertically in a paraffin block and
thein vivo image.The need to correct for tissue deformation is emphasized by the degree of
expansion that we were able to calculate after the tissue sections had beareddgisie 3D
backbone generated from teeface images of the specimen. Furthermave, were able to
correct for shrinkage of the fresh specimen by registering the 3D volumeit MRI, using
the vessel lumen as a landmark. This was greatly facilitated by the blacksbimoehce
acquired during IW imaging, which, owing to its highgnal to noise ratio, allowed for accurate
delineation of the vessel lumen. Moreover, the ability of 3D histology to support camretti
the registration errors caused by angulation differences between tfiengardedded specimen
plague andn vivo MRI is illustrated by the fact that a small angulation error of 7° already results
in a longitudinal displacement error of 0.6 mm (1 voxel) at a distance of 5 mnT(E2).

difficulties encountered in registration of 2D histology with 2D MRI slicesilarstrated in

10



Figure 5Swhere we show thdhere ispartial mismatch between 2fstology and 2D MRI
because the difference in angulation between histology sections and MRI lcartakén into
account upon registration of 2D images. Importanttyehwe advance the utility of 3D
histologybeyond its ability to optimize registratitny generating 3D volumes from the stack
thatinclude volumes relevant to the assessment of atherosclerotic plaque vulyerabitite
volumes of LRNC and IPHTlhis enabled us tadd aquantitativedimension to the improved
registration offered by 3D histology by comparing the voxel-wise measmtevhfat and R2* to
the volume of LRNC and IPH upon 3D histology.

Multi-contrast MR of carotid plaque has been used as a tool to assess stroke risk (7).
However, to daté has beemlifficult to connectMRI biomarkers of carotid plaque vulnerability
with the patho-biology of stroke and atherosclerotic plague progression. There are numerous
reasons for this lack of agreement betwigdtl and cerebrovascular ischemia as welta®tid
plaque pathobiologyit cannot be ruled out however, that the lack of specificity for LRNC and
IPH of the sequences currentlged in multi-contrast plaque MRI, the non-quantitative nature of
the approaclnd its operator dependency have a detrimental effect on accuracy and
reproducibility in longitudinal studies. This, in tumay impact thenalysis of theelationship
between pathdiology and imaging biomarkers of plaque instability. Here, we presengla sin
sequence that allows for dire@atvivo quantitative, automatiemapping of LRNC and IPH in
carotid plaguelmportantly, the method correlates closely with ¢léent of LRNC and IPH in
3D histology over a wide range of volumes of LRNC and IPtk to its quantitative nature, this
approach may be able itnprove estimation of stroke- and overall cardiovascular risk and
elucidate the relationship between patialogy and imaging biomarkers of plague instability.
Moreover, because of itelativesimplicity and its use of automated voxel based quantification
of LRNC andIPH it may prove to be particularly well suited for application in longitudinal
studies.

A limitation inherentto the four-point Dixon method iss coarse modelling, where R2*
differences, proton density differences and T1 relaxation differencesdretmater and fat are
ignored. Moreover, the fat frequency peak is known to consist of multiple components, with a
broad width, leading to an effectivecreased relaxation rate. Thesedel assumptions were
made since adding more degrees of freettbthe analysis would not be valid for a four-point

measuremenOur goal was to develop a sequence that would be practical in routine patient care,
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thus a (r&atively) short scan time and good repeatability for follow-up studies werertemt
requirements. Therefore, we accepted a potestasistical offset for the water and fat fractions
and other limitations inherent in the short scan tidmatherlimitation of our Dixon method is

the TTweighting due to the acquisition settings (TR = 18 ms, flip = 10 degreesjeighting

will suppress the water compartment more than the fat compartment, leadingttbcaal a
enhancement of the fat content. §bhoice was madi#ueto constraints regardingcan time and
thesignal to noiseatio (SNR). If the T1-weighting were to be limitetb < 10% for both
compartments a TR > 130 ms would be required, corresponding fidhiierease in scan time.
Since the exact Flelaxation is unknown, no attempt was made to correct for this effect. It is
therefore reasonable to assume thatT1 weighting in the current protocol will contribute to an
overestimation of théat content. An additional, related effect is the B1 inhomogeneity, which
may cause differences in Fileighting throughout the volume. This effect however, is expected
to be small considering the size of the acquisition volume and the moderate efféct of B
differences on saturation differencésirthermoe, the additional signal loss due to susceptibility
differences over the imaging volume was ignored, potentially leading to an stimeten of

R2*. However, in view of the very high R2* values found in hemorrhagic plagillesates of
over 50 &, theeffect of susceptibility is expected to be negligible.

Regarding registration of 3D histology with NJR is to be expected that the strong
correlations reported here between Mised quantification of LRNC and IPH and 3D
histology would be strengthened further if methods for mgia-registration of MRand 3D
histology volumes had been available during the stAdyexpectedhere are slight differences
in the slope®f the rgression lines shown in Figure 7. In other words there is a strong
correlation between the volume of LRNC and IPH and fat and R2* bywitRiin each patient
but there are differences between individual patients. This speaks to the stesogdretity in
the composition of atherosclerotic plaques in general and the differenceste@tents in the
current study. Even within areas designated as LRNC and IPH by thelogisal appearance,
the tissue is heterogenedirsg. 3)and the fat and R2* values in one voxel may differ from
those in adjacent voxels. Furthermore, there are sources of fat and blood outsitidGhand
IPH, in the form of lipid laden macrophage foam cells and capillaries #hétled with blood
(3). We would submit however, that the strong correlations between 3D histology and MRI

found for every patient speaks to the robustness of the MRI techamgubfat adequately
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powered prospective studies will hagtablisithreshold fat and R2* valudisat predict carotid
plaque rupture and ischemic cerebral events.

Finally, image artifacts due to patient motion constitute a major issue in carotidrdR
around 15%of all carotid MR scans have unacceptable image quéfid). In the current study
the MR qualitywasnot compromised by motion artifacts in six out of seven patients in whom
we were able to acquire MRhus our fail rate due to motion artifact is within the 15% reported
by others. However, we acknowledge that our high-resolution Dixon seqgeaned without
a dedicated carotid coil has a relatively IBWNR. In future studies we anticipate thhetuse of a
dedicatectarotid coilwill increase th&NR andreduce the fail ratdJnfortunately, we did not
haveaccess to such a coil during the present study. The increased SNR could allow for
reductions in scan time via the use of higher parallel imaging fattoreew of the long scan
time and the small voxel size in the current imaging protocol, we would not use ad@tidha
to reduce voxel sizd=urthermorethe present study did not use motion rejection techniques.
3D acquisition is relatively insensitive to pulsatile motion since thpdce readut occurs in a
radial lowhigh fashion. If a number of k-space lines display a different signal intensitg due
blood flowfor example the effect will, after Fourier Transform, be spread out as radeliag
artifacts over the entire image, and not, as in the linear Cartesian case as a baguli atethier
vessel. Bulk motion, however, disrupt®timaging, as exemplified in the one case that was
excluded. Technigudbat reject data acquired duriagrallowingsuch adree-induction decay
navigators could be applied in the future to reducdaiheate (28).

CONCLUSIONS

In conclusion, we present a quantitative mapping technique for atherosclerhie il IPH
whichrelies on direct measurement of fat and sensitive imagingMoreover, we have
validated this technique thoroughly using 3D histology. The quantitative nature afctiscue
should facilitate the interrogation of the relationship between MRI biomarkessaifccplaque
vulnerability, atherosclerotic plaque progression and stroke from carotid pleguetiance on a
single sequence and the automated nature of the quantification should facaitaterability

between scanners and assessmentarfgds in LRNC and IPH inhgitudinal studies.
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SUPPORTING INFORMATION

Supporting Table 1. Scaling Factors Applied upon Registration of 3D Histology with

Magnetic Resonance Imaging.
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TABLES

Table 1. Baseline Characteristics

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Gender male female female male male
Age (years) 64 75 79 66 90
Location of endarterectomy right left left right left
Location of > 70% stenosis right left left right left
Symptomatic stenosis yes yes yes no yes
Peak systolic flow velocity (m/sec.) 3.2 2.5 6.5 2.5 4.6
Stenosis severity 80-99% 70-79% 80-89% 70-79% 80-89%



Table 2. Cardiovascular Risk Factors, Co-Morbidity and Medication at Baseline

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Hypertension yes yes yes yes yes
Body mass index (kg/m?) 27 39 35 32 26
Total cholesterol (mmol/L) 3.3 4.4 4.6 3.0 4.8
LDL cholesterol (mmol/L) 1.2 2.3 2.8 1.2 n.a.
HDL cholesterol (mmol/L) 1.1 1.2 1.1 1.0 0.69
Triglycerides (mmol/L) 2.2 2.1 1.5 1.9 5.8
Diabetes mellitus no no yes yes no
GFR (mL/min.) 112 94 54 72 65
Chronic kidney disease stage 1 1 1 1 2
Current smoker yes no yes no no
Former smoker no yes yes
Alcohol abuse no no no no no
Other cardiovascular disease

Ischemic heart disease no no no yes yes

Lower extremity disease no no yes no no

Atrial fibrillation no no no no no

Heart failure no no no no no
Medication

Statin yes yes yes yes yes

Platelet inhibitor yes yes yes yes yes

Anti-coagulant no no no no no

Anti-hypertensive yes yes yes yes yes

GFR-glomerular filtration rate; HDI= high density lipoprotein; LDL — low density lipoprotein.
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FIGURE LEGENDS

Figure 1. Segmentation and registration steps in 3D histology and registration jmhighted

magnetic resonance imaging.

Workflow outlining the steps involved and the software that was used in generating@0glis
volumes from carotid plaques obtained after carotid endarterectomy surgery. Thesesvol
contain the volumes of lipid rich necrotic core and intraplague hemorrhage and acusnily
registered to the correspondingWeighted cardiovascular magnetic resonance image of the
plague.

ROI - region of interest.

Figure 2. Base magnetic resonance images for each patient.

For each patient, base images are shownf images, as well as fat, water and R2* maps

from the Dixon sequence.

Figure 3. Histology of lipid rich necrotic core and intraplaque hemorrhage.

Trichrome stained histological section of carotid plaque showing regionsdfitipinecrotic
core and intraplaque hemorrhage. The lipid rich necrotic core was identifistbgshaus
material containing cholesterol crystals and intraplaque hemorrhage wafiedest contiguous

areas containing red blood cells as visualized by the trichrome stain.

Figure 4. Registration of 3D histology and the correspondingv&ighted magnetic resonance

image.

(A) The 3D histology volumes amdRI data from patient no. 1 are shown. The upper panels
show non-zoomedfweightedbasemages in the X, Y and Z direction. The fields of view for
the zoom-ins are shown in rethe letters on the panels indicate the orientation of the images: A

17



= anteriorH = head, R = right. The middle panels show zoom#&ul @f the carotid artery lower
panelsin the X, Y and Z direction. The lower pansl®ow the same images with the mask from
3D histology superimposedhe 3D histology and MRYolumes were manually registered in
MeVisLab 2.2.1. (MeVis Medical Solutions AG, Bremen, Germany) by matchingihen in

the 3D histology volume with the lumen in thiRI. The scaling factors applied all five

patients during this registration to account for tissue shrin@agi/o are shown in Supporting
Table 1 (B) Range of angles showing the deviation from the vertical axis of the interatitica
artery in all patients as visualized from thewleighted image. The lisedeviating from the
vertical axisindicate the path of blood flow through the internal carotid artery.

A —anterior; H head; R-right.

Figure 5. Histology section, Fweighted image and corresponding fat and R2* maps showing
clear separation of the fat fraction and R2* signal as well as limitationsisfratign of 2D

histology with 2D magnetic resonance imaging slices.

Histology section and magnetic resonance imaging data showing the a#retasplaque from
patient no. 1. From left to right the panels show the histology section;-theighted image,

and the corresponding fat and R2* maps of the atherosclerotic plaque (a-d). The plaque was
segmented in the;W MRI after registration with 3D histology. The lower panels show the
corresponding base MR imagesg)e The fields of view for the zoom-ins are shown in red.
There is a clear separation of the highest fat fraction (white in (c)tfrerhighest R2* value
(white in (d). The area of lipid rich necrotic core from Hisgy is indicated by the yellow line
superimposed on panel (c) and the area of intraplaque hemorrhage is indicated byrthe red |
superimposed on panel (d). In this patient the atherosclerotic plague was at a 13e/&25 tdweg|
vertical plane (seEig. 4B) resulting in a displacement error causing partial mismatch between
2D histology and 2D MRI as shown in the figure. An angulation error of 7° results in a
displacement error of 0.6 mm (1 voxel) at a distance of 5 mm, thus here this error @nmunte

almost two voxels at 5 mm (12).
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Figure 6. Average fat fractions and R2* values and outsiddipid rich necrotic core and

intraplaque hemorrhage.

Average fat fraction from Dixon imaging within regions of lipid rich necroticeqlabeled “In”)
asidentified by 3D histology versus the average fat fraction in the rest of the glagaked
“Out”) (a-e) and average R2* value from Dixon imaging within regions of intraplaque
hemorrhage as identified by 3D histology versus the average R2* value astloé the plaque
(f-1).

IPH — intraplaque haemorrhage; LRNC — lipid rich necrotic core; *** P < 0.001.

Figure 7. Correlation of cumulative fat fractions and R2* values with 3D histology.

The first column on the left shows visualization of the combined fat and R2* signal fran Dix
imaging (a, e, i, m, q), where aflasked tissue was depicted in 3D as transparent grey. The fat
values were superimposed with a yellow linear color ramp using a threshold of 5%&2The
values were superimposed with a liegar color ramp using a threshold of $0%he red arrows
show the orientation of the interrarotid artery from which the plague was retrieved. The next
column drectly to the rightshows 3D histology volumenderings of the atherosclerotic plaque
(b, f, j, n, r). The orientation is identical tieeinternal carotid artery visualized from magnetic
resonance imaging. The lipid rich necrotic ceoéume is indicated in yellow and the intraplaque
hemorrhage volume is indicated in red. The next two columns show correlation plots of the
cumulative fat fraction (c, g, k, 0, s) and the cumulative R2* value (d, h, I, p, t) within the plaque
from the Dixon sequence against the volume of the lipid rich necrotic core and ouapla
hemorrhage from 3D histology.

IPH — intraplaque hemorrhage; LRNGipid rich necrotic core.

Figure 8. Bland-Altman plots showinghe mean difference and the 95% limits of agreement

betweermagnetic resonance imaging and 3D histology.
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Bland-Altman plotsshowing the mean difference and 95% limits of agreememiédwo

methods. The upper row (a-e) shows the mean difference and 95% limits of agreement f
cumulative fat fractiorirom Dixon imaging and the volume of lipid rich necrotic core from 3D
histology. The lower row shows the same for the cumulative R2* value and the volume of
intraplaque hemorrhadéj). As is apparent from Figure 7, the difference between the methods
increases as the magnitude of the measured values increases. As recommBhaiedi dryd
Altman, this approximate proportionality between difference and magnitude of the
measurements was addressed by plotting the ratio of the MRI values ver3Dshis®logy

values as a function of their averggée).

IPH — intraplaque hemorrhage; LRNGipid rich necrotic core.
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Figure 6.
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Figure 7.
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Figure 8.
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SUPPORTING INFORMATION

Supporting Table 1. Scaling Factors Applied upon Registration of 3D Histology with Magnetic
Resonance Imaging.

X Y Z
Patient 1 0.021 0.021 0.06
Patient 2 0.021 0.021 0.06
Patient 3 0.021 0.021 0.06
Patient 4 0.0207 0.0207 0.06
Patient 5 0.0203 0.0203 0.06

The 3D histology volumes and MRI data were manually registered in MeVisLab 2.2YisMedical
Solutions AG, Bremen, Germany) by matching the lumen in the 3D histology volum#witumen in the
MRI. The table shows the scaling factors applied in all five patients dilnisgegistration to account for tissue

shrinkageex-vivo.
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