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Functional magnetic resonance imaging (fMRI) studies of ¢hauditory region of the
temporal lobe would bene t from the availability of image cotrast that allowed direct
identi cation of the primary auditory cortex, as this regia cannot be accurately located
using gyral landmarks alone. Previous work has suggested #t the primary area can
be identi ed in magnetic resonance (MR) images because ofstrelatively high myelin
content. However, MR images are also affected by the iron caent of the tissue and in this
study we sought to con rm that different MR image contrasts dd correlate with the myelin
content in the gray matter and were not primarily affected byron content as is the case
in the primary visual and somatosensory areas. By imagingdtks of xed post-mortem
cortex in a 7 T scanner and then sectioning them for histologal staining we sought
to assess the relative contribution of myelin and iron to thgray matter contrast in the
auditory region. Evaluating the image contrast in Fweighted images and quantitative B
maps showed a reasonably high correlation between the myalidensity of the gray matter
and the intensity of the MR images. The correlation with ;Fweighted phase sensitive
inversion recovery (PSIR) images was better than with the grious two image types,
and there were clearly differentiated borders between adgent cortical areas in these
images. A signi cant amount of iron was present in the auditoy region, but did not seem
to contribute to the laminar pattern of the cortical gray maer in MR images. Similar levels
of iron were present in the gray and white matter and althougfiron was present in bers
within the gray matter, these bers were fairly uniformly diributed across the cortex.
Thus, we conclude that T;- and T,-weighted imaging sequences do demonstrate the
relatively high myelin levels that are characteristic ofehdeep layers in primary auditory
cortex and allow it and some of the surrounding areas to be r@bly distinguished.

Keywords: auditory cortex, myelin, magnetic resonance imagin g, iron, myeloarchitectonics

INTRODUCTION

Signi cant challenges arise when trying to relate high heon fMRI images to a standard brain
using a standard three-dimensional coordinate systetrpsan et al., 2001; Maldjian et al., 203
Variations in the size of the brain, patterns of cortical gymd the relative position of structures,
confound the representation across all brains of a singlectire, especially for a small cortical
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area like the primary auditory are&r@demacher et al., 2001; In general, free iron and ferritin in the brain are primarily
Wasserthal et al., 20).AThus, it has become more common to try associated with oligodendrocytes; which are particulagypsk
and relate coordinates for functional activity to a corresgimg  in white matter and are responsible for forming the myelin
high-resolution structural image of the same bralfidchl et al., sheath that covers many axon€dnnor and Menzies, 1996
1999; Walters et al., 2003; Sigalovsky et al.,)20bEs works well  Not all oligodendrocytes contain the same levels of irorg an
for many subcortical regions especially if they are largeawela.  so it is important to examine other parts of the neocortex
distinctive structure; however, it is much more challerggimhen  to determine whether other cortical areas also show a close
trying to identify functional areas of the neocortex. Attptahave  correlation between J (or its inverse, R) contrast and the
been made to relate structural images to cytoarchitectoraps  density of myelinated bers and/or the levels of iron. We wer
(Cohen-Adad et al., 20)3uch as the classic map of Brodmannpatrticularly interested in assessing the correlation betwimage
(Garey, 199 However, standard F or T,-weighted images contrast and myelin density in the auditory cortex as it has
are more closely related to the distribution of myelin orriro been suggested that the primary auditory area can be ideti e
in the cortex than cellular distributionKickho et al., 2005; in structural MR images, because of its high myelin content
Geyer et al., 20)1Currently MRI cannot provide much useful (Dick et al., 2012; Wasserthal et al., 2014; De Martino et al.,
information about the size, form, or even density of neurdimst ~ 2015.
are the features used to classify cytoarchitectonic aredlei In this study we compared the contrast in,-veighted
neocortex; although it can detect the more distinctive amgf¢he  gradient recalled echo (GRE), quantitativg, Bnd T;-weighted
hippocampal region because of their unique arrangement of cgtihase sensitive inversion recovery (PSIR) images with
bodies and bers{fugustinack et al., 20)4 histological staining for myelin and iron. Using both;T
Images obtained at ultra-high- eld with a 7 T MRI scanner and T, dependent images gives potentially more information
can provide su ciently high resolution to allow parcellation for identifying distinct cortical areas than the use of eita#one
of the cortex based on signal variations that putatively sho\Wasserthal et al., 20).4maging and staining were carried out
dierences in myelin density and its laminar distribution on auditory regions of the temporal lobe including the primary
(Eickho et al., 2005; Duyn et al., 2007; Waehnert et al., Y016auditory cortex and on sections from the second visual area
This involves the use of quantitative MR parameters, sucfBrodmann area 18) in the occipital lobe.
as relaxation times, that are more directly related to nmyeli
levels than conventional weighted images. Another adgentd
quantitative images is that they are less a ected by experiaien MATERIALS AND METHODS
conditions such as inhomogeneous magnetic elds. Howefer, t
acquisition of high-resolution images brings its own prohke Samples of two human brains were obtained from the
and this has limited its usefulnesgvéehnert et al., 20)6To  Nottingham Health Sciences Biobank using their genericcethi
date, ultra-high- eld (7T) scanners are only used for resba approval from the National Research Ethics Service. This study
but with their increasing prevalence there is a prospect thaivas carried out in accordance with the recommendations ef th
they could become a clinical tool. This would be particularlyUniversity of Nottingham Ethics committee and the tissuastb
useful in studies of the auditory and language regions, wherunder the authority of the UK Human Tissue Act 2004. All
even being able to identify the primary auditory area would besubjects gave written informed consent in accordance with th
a useful anchor point for looking at the relative positions loét Declaration of Helsinki. There were no signi cant neuroioal
surrounding secondary areaSifalovsky et al., 20p@However, or pathological problems and the brains were considered normal
there have been two problems with this approach. One is thdbr their age. The rst was from a 58 year old man who died
although human myeloarchitectonics is a long-establisteddl  of sepsis following immunosuppression to allow treatment for
of study, much of the classic literature was published alnaost multiple myeloma. The second was from an 81 year old man who
100 years ago, in German language journals that are di calt t died of bladder cancer and ischaemic heart disease. Thesbrain
access and interpret. This problem has recently been addressgdre removed intact during post-mortem examination and xed
by a number of anatomists including Nieuwenhuys and Zilledy suspension in 10% formalin for several months. The rstibra
who have reinterpreted the classic literaturkeguwenhuys, 20)3 was scanned in its entirety after rinsing it for 2 days in 0.9%
and have synthesized it to form new myeloarchitectonic mdps aline to remove excess formalin. However, although théecen
the human cerebral cortex that may be of use in neuroimagingf the brain was in focus, more lateral parts such as the andito
studies ieuwenhuys et al., 2015; Zilles et al., 20The second cortex were slightly blurred. The highest resolution imagere
problem is in how to interpret the MR images in relation to all obtained from smaller blocks of tissue, that were rendove
myelin staining. A recent studyF(Ukunaga et al., 20} thas from both brains and most of which were about 15 mm thick.
shown that the laminar pattern shown by, RD1/T,)-weighted These blocks were cut in approximately the coronal plane. They
structural images of the primary visual cortex is at leastlpart were rinsed for several days in 0.9% saline to wash out thesexc
due to a clear laminar pattern of iron content, mainly in the formalin and then setin 1% agar by building up layers in a sphere
form of ferritin. The iron seemed to be the dominant factor of 20 cm diameter. Care was taken to minimize the formation of
in determining the image contrast, but within the gray matte air bubbles either in the agar or at the interface with theitra
the myelin and iron had a very similar distribution, with bot Other stained sections of human temporal lobe were available
forming a dense band corresponding to the stria of Gennarifrom a previous study of the auditory region where a variety of
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Al

FIGURE 1 | Representative staining from the ventral bank of th e lateral ssure. Sections are at the level of the primary auditory cortex (Alndhe rst
transverse (Heschl's) gyrus. Sections were cut in the coral plane. The sections in(A) and (E) are stained by the Gallyas silver stain for myelin whi{8) and (F) are
stained for Nissl substance. Section(C) was stained for cytochrome oxidase activity (CYO) whilgD) was stained for NADH-diaphorase. As well as Al, several other
areas can be identi ed in the rst two panels and their borders ae marked by arrows. These include the lateroposterior are@P), the lateral area (LA), and the superior
temporal area (STA). The later panel€C—F) all show sections through Al. The borders of cortical layerslé ned by Nissl stain) are indicated by the horizontal linesrad
indicated by Roman numerals down to the white matter border\/M). This histological material was prepared for a previoustudy of the auditory cortex where the
brain was xed by perfusion through the internal carotid artey.

histochemical stains (séggure 1) had been used on perfusion- image was calculatedvipugin et al., 201p Multi-echo three

xed brain tissue (Vallace et al., 2002n this study we have used dimensional T,-weighted gradient-recalled echo fIvt. GRE)

the same de nitions and nomenclature to identify corticabas images were acquired with 0.30.3 0.3 mn? resolution ( eld

as that previous study, which also included the use of myalin iof viewD 30 105 105mn®, ip angle D 30, echo time

de ning areas. D 8/21/34 ms, repetition tim® 200 ms), with a scan duration
of 3 h and 55 min. Quantitative Rmaps were calculated from
the T,-weighted images using MATLAB (The Mathworks, Inc.,

MRI Scan_nlng ) ) ) . Natick, Massachusetts, USA).
High resolution MR images were acquired using a Philips

Achieva 7 T MRI system equipped with a 32-channel receiver

head coil. - and T,-weighted images were acquired, andHiStOlogy

quantitative B (D1/T,) maps generated in order to visualize After being scanned, the blocks were post- xed for a week in
variations in tissue composition across the cortex. For the R4% paraformaldehyde in 0.1 M phosphate bu er (pH 7.4) and
values the log of the data was taken so that we could makea linethen placed in 30% sucrose in the same bu er for 2 days or
t for each voxel through the echo times. Three-dimensiomgl  until they sank. They were then frozen and stored in 80 C
weighted phase-sensitive inversion recovery (PSIR) images w freezer before being sectioned at on a sledge microtome
acquired with 0.3 0.3 0.6 mn? resolution (eld of viewD  with a freezing stage. The MR images were generally obtained
25.2 105 105mn?, ip angle D 26 , echo timeD 4.05 ms, from near the middle of the block, parallel to the surface cut i
repetition time D 8.52ms), with a scan duration of 6 h and the coronal plane. The block was sectioned until the gray enatt
35 min. Images were acquired at two inversion times, using morphology corresponded with that shown in the MR image. An
tailored inversion pulseHurley et al., 201Pand then the PSIR example of this is shown iRigures 2A,B As the brain had not
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FIGURE 2 | Six images taken from approximately the same depth into a coronal block of the second visual area in the right occipit al lobe from the rst
immersion- xed brain.  Material from the same brain was also used to prepare the sulefjuent gures so that their xation history was all the same.(A) Unstained
block of brain photographed on the freezing microtome stageas it was being trimmed to a level that corresponded to that ohn MR image. The white arrows point to
a faint change in the color of the gray matter at the layer 3/4 baler caused by layers 4-6 having more myelin and a creamier ggarance. (B) Corresponding R;
image of the same block shown in pane(A). The corresponding line of transition between layers 3/4 isgain shown by white arrows. In the myelin-stained sectioiE)
the same border between the more deeply stained deep layersral the pale outer layers is indicated by the white arrows. Theame junction is also marked by white
arrows in the 'I*Z-weighted GRE image(C), T1-weighted PSIR image(D), and quantitative % map (F). The border between Brodmann areas 18 and 19 is indicated by
the large arrowhead in each of the four image$C—F). The junction between a bright band present in the PSIR and }?images over layer 1 and the dark band in layer 2
is indicated by red arrows. This dual banding in layers 1/2 isat present in the myelin-stained section. Densitometric jrles measured across each of the green lines
labeled X to Z are plotted as % saturation values as rolling means based orhe surrounding 9 pixels (bin) and compared for each of the faumages in panel(G). The
orientation of the pro le is indicated for line X by indicatig the position of the 1st and 51st bins in panelg(C—F). For all three pro les the line starts in the white matter
and ends at the junction with the agar. Each bin has a side of 1Dmm and the sample points are 60mm apart. The vertical black line in each graph indicates the
position of the border between layers 3/4 in the myelin staing.

been perfused the gray matter is a more yellow color than theorresponding to the MRI image were mounted on Superfrost
white matter due to the presence of many red blood corpusclepjus slides (Fisher Scienti c) and then post- xed for at least a
but the contrast is reduced by the presence of many myelinatedhy in 4% paraformaldehyde without any bu er. For t@allyas
bers in the gray matter, that can give it a creamier color. In(1979)myelin stain, sections were then dehydrated in a series of
some areas it is possible to identify the boundary between thgraded alcohols and immersed for 30 min in a solution of 150 ml
deep myelinated layers of the cortex and the super cial layerpyridine and 75 ml glacial acetic acid. They were then rinsed
that have low myelin levels (indicated by white arrows)ti®as three times in distilled water (no more than 5 min in each @)s
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before pre-incubation for 1 h in a solution of 200 mg ammoniumgyrus &3 mm for primary auditory cortex) or a secondary
nitrate, 200 ml distilled water, 200 mg silver nitrate, anthll area in the depths of a sulcus (e.g., area LK atmm) as
of 4% sodium hydroxide (stirred vigorously and in that orjler illustrated in Figure 1 which shows the ventral bank of the
After three rinses in 0.5% acetic acid (3 min. each) they werateral ssure. For large areas such as the second visual are
placed in the physical developer made up of three stock solsition(Brodmann area 18) there are variations in both the total
(A) 259 of anhydrous sodium carbonate in 500 ml of distilledthickness and the proportionate thicknesses of the layers tha
water; (B) 400 mg ammonium nitrate, 400 mg silver nitrate, 2 dorm it. Thus, it has proved to be very di cult to establish clea
silicotungstic acid dissolved in 200 ml of distilled waté€) morphological criteria for de ning a neocortical area. \awis
1g ammonium nitrate, 1 g silver nitrate, 5g silicotungst@da histochemical markers that have been used to aid in identifyi
dissolved in 36.5ml of 4% paraformaldehyde (without bu er)cortical areas such as cytochrome oxidase or NADH diaphorase
in 463.5ml of distilled water. The developer was made up bgre concentrated in layer IV of the primary sensory areas,
combining 100 ml of A, 20 ml of B, and 80 ml of C while stirring including Al (Figures 1C,D. In most cortical areas, it is di cult
vigorously. Sections were then rinsed once in 0.5% aceitic ado identify clear borders between layers and they do notcidie
followed by three quick rinses in distilled water. The backopnd ~ when Nissl and myelin stained sections are compared. This
was cleared by placing them in 0.2% potassium ferricyanide ans illustrated in Figures 1E,FF where the approximate location
xed in 0.5% sodium thiosulphate (1min.) before rinsing in of the layers is indicated by horizontal black lines and by
distilled water. Sections were air dried, dehydrated irolatds  convention these borders are determined by the changesean th
and mounted in Entellan mounting medium (Merck Millipore). size and distribution of the Nissl stained cell bodies. Also by
The presence of free iron (iron that is not bound to convention layers de ned by Nissl staining are indicated by
hemoglobin) was demonstrated by the diaminobenzidineRoman numerals as iRigure 1, while layers de ned by myelin
intensi cation of Perl's reaction§mith et al., 1997 Most free  density are numbered with Arabic numerals. The clearest brorde
iron should be present as the ferric ion and can be revealed by between layer | with its very low density of neurons andidlye
potassium ferrocyanide, but we also checked for the preseincewith its high density of small neurons. Layer Il graduallyris
ferrous iron using potassium ferricyanide. Sections werd-posinto layer Il as the density of small neurons decreases apckt
xed in 4% paraformaldehyde and mounted on gelatin-subbedstart to be more of the larger pyramidal neurons. The border
slides before being air dried. Some were placed in a 1:1 neixtuwith layer IV is again indistinct, but layer IV has a highemdéty
of 4 g of potassium ferrocyanide in 40 ml distilled water mixedof small cells than the adjacent layers. Layer V has moreef th
with 40 ml of 5% hydrochloric acid, while others were placedarger pyramidal neurons, while layer VI has fewer of the large
in a similar mixture where the ferrocyanide was replaced witlpyramidal cells and like layer V it has a low density of neurons
ferricyanide. Sections were incubated for 2h in these gmiat overall. Even the border of layer VI with the white matter is
at 37 C and then washed in phosphate bu er. They were therindistinct, because although the density of neurons dropsethe
intensi ed using the diaminobenzidine reactiorbinith et al., are some neurons in the white matter and the junction is diltu
1997%. to identify at high power magni cation, as there are many smal
Histological sections that corresponded best to the MR imagegial cells in all cortical areas that stain for Nissl substaand
were photographed and the images converted to gray scabtdscure the neuronal patterns.
values for analysis in Adobe Photoshop. The histologicalMRd Layers are even less distinct in the myelin stained sections
images were superimposed to check that they were in registdc.f. Figures 1E,lf and the layer borders that can be discerned
Densitometric measurements were made along two to fouradadi do not coincide with those in the Nissl-stained sections.he t
lines, on either side of the green lines placed on the imag@art of area Al shown irFigure 1, there is a narrow band of
to provide mean density pro les across the cortex at three otangentially running myelinated bers in the outer part of kel
four corresponding sites on each image. Measurements we(k). Otherwise the outer layers have a comparatively lovsiten
made at regular intervals of &n using a 3 3 pixel window of myelin staining. The staining density begins to increase i
to smooth out inconsistencies caused by blood vessels af lodayer IV where there starts to be more prominent bundles of
inhomogeneities in the distribution of myelinated bersh& radially-oriented bers, which continue on down to the whit
corresponding MR images were resampled to the same spatiaktter. There are also more tangentially running ber buesl|
resolution as the histological image (28.3 pixels/mm). Bimi particularly in the middle of layer V (inner band of Baillamye
measurements were made across a series of correspondirg litdowever, even the border with the white matter is di cult to
in the MR images so that the proles from the MR and discern; and appears more like a steeper gradient of increasing
histological data could be correlated. Density was reabra® myelin density than a sharp transition.
% saturation of either the black or white scales depending on There is a better correlation between the myelin stainind an
whether the “white” matter was dark or light in the image. the MR images, but even here the correspondence is imperfect
(Figure 2). In blocks of the occipital lobe in the second visual
area (Brodmann area 18) there was a good correspondence
RESULTS between myelin staining and the,fweighted images, but they
were never perfectly matched. There was a relatively high and
The thickness of the human neocortex is very variable dependi uniform density of myelinated bers in the deep layers of the
on whether it is a primary sensory area on the surface of area 18 gray matter with a clear border between the dark layer
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4 and the pale layers 1-3 (see white arrowsFigure2B. 0.76-0.95. The main di erences were the result of artifacts i
This allowed the detection of the area 18 border, where it wathe R, images caused by bubbles in the surrounding agar or
adjacent to a less myelinated part of Brodmann's area 19 (s@aperfections in the xed tissue. Gradients in the xation pa
large white arrowhead). This border was re ected in thg- T also have caused slight changes in the darkness of mysfimsta
weighted image where the deep layers of area 18 were daréter an the white matter which were not replicated in the MR images.
the light/dark border occurred at the same place in both insage In a block from a more anterior position in the left temporal
(white arrows inFigure 20). The same borders were present inlobe a separate auditory area is located anterior and lai@the
an inverted form in the PSIR imageBigure 2D) and R, maps  primary auditory area (the anterior lateral area—ALAYy{llace
(Figure 2F. The super cial layers had very little myelin staining et al., 200)). For this block and the next only PSIR images
and a corresponding bright band in the,weighted image. The were produced because they seemed to show slightly higher
R, and PSIR data followed the inverse of this behavior with @ontrast than the Rimages and had the same patterns. The
dark band in the super cial layers. There was also a narrondbanmyelin staining in this area is also darker in the deep layers
of higher brightness in layer | of the PSIR ang Rhages even than in the pale outer layers and is similar to the pattern in the
although there was no corresponding increase in the density superior temporal gyrus (ST&Gigure 4A). Although there are
myelinated bers. The PSIR and,Rmages were very similar subtle changes in the myelin staining in the deep layers tfere
to each other and to the myelin values as shown by the similaro evidence of any laminar pattern in the deep layers of either
intensity pro les at three lines across the cortex which hbgen area. However, in the corresponding PSIR imaBg\re 40
plotted together inFigure 2G These pro les start in the white there are four alternating bands of light/dark signal. Thildie
matter and in most cases extend into the agar so that we coulaf these PSIR transitions corresponds to the light/dark rnyel
check how low the baseline measures were when there was st@ining that can also be seen in the STG (see white arrows).
tissue. The exception was thg image where the pro le was cut The outermost light/dark PSIR transition does not have any
short just before the edge of the cortex because the agar hadtarresponding change in myelin staining in any of the cottica
similar value to the white matter and so didn't provide a basel areas (red arrows). Despite this confusing laminar pattern, i
In blocks of the right temporal lobe that included the superioris still possible to discern the borders of a myeloarchiteicton
temporal gyrus and the rst transverse gyrus (Heschl's gyrusarea, with low levels of myelin staining in the deep layers,
a similarly good correspondence was observed between thg examining the PSIR image (see large white arrowheads).
density of myelinated bers and the Rvalues. In the myelin In a block taken from a more posterior part of the left STG
staining there was a moderate density of myelinated bers ir{Figure 4B), there is again a darker myelin staining in the deep
the deep layers and a relative lack of myelin in the upper layeitayers and pale staining in the super cial layers (white arfpws
(Figure 3A). This was the case both in the primary auditory This junction corresponds to a pale/dark junction in the PSIR
cortex (Al) and on the superior temporal gyrus (STG). Theimage as wellRigure 4D). However, the PSIR image, once again,
pattern in the cortex between these two areas was distortdths a light/dark transition that is not present in the myelin
because the section was cut obliquely through an area oédold staining (red arrows). Conversely, the myelin staining e t
gyrus and the regular six-layered pattern of the cortex was ndeep layers has a faint banded pattern with an inner and outer
longer apparent. There were also some faint striations at thieand of Baillarger (blue arrows). There is also a faint indicat
edge of this distorted area which were caused by the sewsgioniof a corresponding banding pattern in the PSIR image. The
process. The thickness of layers 4-6 becomes sharply redugeésence of an architectonic area at the margin of the STG
at the borders of Al and this is marked by the black/whiteis more clearly evident in both the myelin and PSIR images
arrowheads in all three image§igures 3A—Q There was a (large white arrowhead). When the densitometric pro les were
corresponding division in the MR images with the same bordecompared at corresponding points across the cortex they were
at the layer 3/4 junction manifesting as a light/dark traisi  generally similarFigures 4E,F. However, in both sets of images
(corresponding white arrows in the di erent panelsigure 3).  the pro les labeled “Z” had a marked deviation from each other
However, in the B and especially the PSIR images there wasear the surface of the cortex, indicating that factors otihen
also a prominent subdivision in the outer layers with a darkmyelin density were also a ecting the PSIR image. There was
inner band roughly corresponding to layers 2/3 and a brightesome indication of banding in the white matter of these MR
outer band roughly corresponding to layer 1 that did not havesections but this mainly appeared to be related to the presence
a corresponding feature in the myelin staining (red arrowsof large veins some of which were oriented in the plane of the
in Figure 3Q. Another example of this black/white banding section.
occurring at a junction is seen iRigure 3Bwhere there are light In order to try and explain the partial mismatch between
and dark bands at the junction of the gray and white matteha&tt the myelin stain and the MR images, sections from the same
edge of the insula (blue arrows Figure 3). The MRI light/dark  blocks were also stained to determine the presence of iron.
transition corresponds to the gray/white matter transitionthe  The iron staining was not associated with any laminar pattern
myelin staining, but the narrow dark band in the MR imagesin the areas of the temporal lobe that we examined. When a
does not have any corresponding structure in the myelin $tgin  densitometric pro le was measured by taking the mean of four
When the densitometric pro les are plotted for radial lines@ss  parallel lines across a gyrus to compare the myelin staining, i
the cortex the changes in the myelin, PSIR ang iRages staining, and PSIR image, both the PSIR and myelin images
were found to be reasonably similar with correlation valoés had the densest peak in the while matter and a gradually
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FIGURE 3 | Coronal sections through the ventral bank of the la  teral ssure stained for myelin (A) or viewed as quantitative R *2 (B) or PSIR images (C).
The junction between the deep layers (4-6) with their greatelensity of myelinated bers and the super cial layers (1-3) ith their low density of myelinated bers is
indicated by white arrows in the primary auditory cortex (Agnd the superior temporal gyrus (STG) of all three images. €tborders of Al are indicated by the large
black/white arrowheads in all three images. The border betwen the bright band in layer | and the dark band in the layer Il olesved most clearly in PSIR images is
marked by red arrows. The edge of a narrow dark band along the @rgin of the white/gray matter boundary at the edge of the inda is indicated by the blue arrows.
The densitometric pro les across the green lines are plottedn (D) for the myelin and the two MR images with bin 1 being in the whit matter and bin 36 close to the
surface. The vertical black line in the graphs indicates thposition of the 3/4 border in the myelin staining.

falling density in the layers closest to the surface. Thisega DISCUSSION

a correlation of 0.81 Kigure 5. However, the iron staining

had a similar density across the gray and white matter andhe longitudinal relaxation time, i and transverse relaxation
this gave a low correlation of 0.18 between the iron and PSIfime, T,, of the MR signal in brain tissue are predominantly
pro les. The free iron was associated with a di usely arrangedn uenced by the iron content fukunaga et al, 20)0
network of bers in all cortical layersRigure 6B). There were Mmyelination (ee et al., 20)2and degree of binding of water
small clumps of iron staining that may have corresponded td0 macromolecules within each imaging voxéioCk et al.,
oligodendrocyte cell bodies and on rare occasions therdnaas  2009. Heme iron and calcium can also a ect the local magnetic

staining in a few isolated pyramidal celBSigure 6A). The iron

eld, but these are less relevant for post-mortem tissue from

stained bers may have corresponded to a subset of intrinsifealthy brains Cohen-Adad, 2014where most of the blood
axonal branches that were myelinated. However, they did novill have drained into the thorax and there shouldn't be any
correspond to the main pyramidal cell output axons which werePathological calci cation associated with blood vesselsidases
organized into prominent myelinated bundles in layers IV tb \ in iron, myelination and water binding change both &nd T,

(Figure 60).

by di erent degrees, leading to di erent contrast in each type
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FIGURE 4 | Coronal sections through the ventral bank of the la  teral ssure stained for myelin (A,B) or viewed as PSIR images (C ,D). The sections in

(A,C) cut through the area that is anterior and lateral (ALA) to therimary auditory part of the rst transverse (Heschl's) gyrsias well as the superior temporal gyrus
(STG). The sections ir(B,D) are from further posterior on the STG. The junction betweerhe well-myelinated deep layers (4—6) and the pale super cigyers is
marked by white arrows. The borders between myeloarchitecnic areas are indicated by the large white arrowheads in theyelin sections and the corresponding
density changes are also indicated in the PSIR images. The jation between the bright outermost band (layer 1) and the darkand in layer Il of the PSIR images is
marked by red arrows and the corresponding points are indicgd in the myelin sections. The blue arrows mark the faint irex and outer bands of Baillarger in the
myelin staining of section(B) and the PSIR image of(D). The densitometric pro les across the green lines are plotte in (E,F) for the myelin and PSIR images above
them. The vertical black line in the graphs indicates the pason of the 3/4 border in the myelin staining.

of image. T values are more heavily in uenced by myelination concentration Langkammer et al., 20L.0While contrast in any

and water binding, and lower {Tvalues lead to hyperintensity in weighted image is dependent on the imaging parameters as well
T1-weighted images. ;Tis more sensitive to iron content than as the relaxation parameters, contrast in quantitativenkaps

T1, and lower T, values lead to hypointensity in,fweighted is largely independent of the imaging parameters usedarid
images. Quantitative Rmaps show inverted contrast compared T, relaxation parameters are reduced by formalin xatidre(ve

to T,-weighted images and are particularly sensitive to iroretal., 2009; Lee et al., 2Q&nd in this study we tried to minimize
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FIGURE 5 | Densitometric pro les were measured across nearby p arts of the same gyrus to quantify myelin staining intensity (A) , iron (B), and the
PSIR image. Measurements were made across a straight line indicated byhe purple line in the direction from A to B and plotted in pang(C). The correlation
between the myelin and PSIR pro les was 0.81 while that betweerthe PSIR and iron pro les was much lower (0.18).

FIGURE 6 | Presence of ferric iron in sections from the planum te mporale of the temporal lobe. A few pyramidal neurons are stained for iroifA) but the
majority of iron staining occurs in a loose network of bers tht occur in all cortical layergB). These bers may be myelinated, but they do not correspond to he
prominent bundles of myelinated bers which form the output &ons from pyramidal cells in this area and which have been siaed with Gallyas's method in(C).

the role of xation by partially reversing the cross-linkingeets ~ occurred at high contrast gray/white borders in the middfee
of the formalin before imaging the brain. The, Telaxation rate  block at the edge of the insul&igure 3B).
is also dierent for micro compartments that depend on the
orientation of myelinated bers relative to the main magieet In uence of lron on Image Contrast
eld (Bo; Lee et al., 2011; Wharton and Bowtell, 2012; Sati et alThe e ect of iron distribution on R images has already
2013. The e ect of di erences in ber orientation has been been studied in post-mortem visual and somatosensory cortex
shown to be much greater in fresh tissue than in xed¢ et al., (Fukunaga et al., 20)@nd we wanted to focus on the auditory
2012 and the use of post-mortem tissue meant that we could notortex in this study. The primary visual cortex was an obvious
easily assess the importance of bound water or ber orieateiti  region in which to study the relationship between MR contrast
this study. Instead the results are more directly relatechy@lin  and myelin/iron content because of its distinctive band of
and iron distribution. dense myelinated bers in layer IV. This feature makes it
One major concern of the current study is that the prominenteasy to identify reliably in whatever orientation it is sened
banding pattern present in the outer layers of the cortex(Sanchez-Panchuelo et al., 2D However, it is the most atypical
particularly in the PSIR images, may be an edge artifact prediuc of neocortical areas because during primate evolution a new
by a Gibbs overshoot in the inverse Fourier analysis used foopulation of neurons became established in layer IV, that ate n
produce the images. We had attempted to minimize the Gibbfund in other cortical areasiockel et al., 1990The distinctive
truncation artifact by using relatively high sampling ratexla stria of Gennari that distinguishes primary visual cortextans
reducing the eld of view. However, it is not possible to removea plexus of myelinated bers running parallel to the cortical
the overshoot artifact entirely and the prominent light/éar surface that is coexistent with the band of high ferritin cemt
bands in the outer one mm of the cortex (layers I-11l) may not(Fukunaga et al., 20).0These myelinated bers are not present
be re ecting any physical property of the tissue. This bandimg i in such high numbers in any other cortical are&ogt and
layers I-lll was most prominent in the PSIR images but was alsgogt, 1919 and if the dense band of ferritin is also absent in
faintly presentin the Rimages as well. The artifact may also havether cortical areas then this would imply that the ferritin is
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mainly associated with the intrinsic axons of the recentlgleed  This was also true of the myelin pattern and thg Raps and
neurons in layer IV. both the R, and the T,w images had similar patterns to the
In the auditory cortex, we found a diuse plexus of iron myelin density. This supports the contention that MR images
containing bers but they did not form a distinct laminar of the auditory cortex primarily register the levels of myelin
pattern. When the density of iron staining was compared withand can be used for detecting di erences between the degree
the PSIR image intensity there was a low correlation. In thef myelination in di erent auditory cortical areas as sugges
PSIR image there was a clear contrast between gray and whiteeviously Gigalovsky et al., 2006; Lutti et al., 2014; Wasserthal
matter whereas the iron staining had similar levels in bdth. et al., 201)i However, edge artifacts associated with the imaging
the normal brain most non-heme iron is bound to ferritin and methods used, mean that the appearance of banding within
is present in the myelin sheath formed by oligodendrocytes a#e outer cortical layers of the MR images do not represent a
they require iron-dependent enzymes to produce and maintairtorresponding laminar pattern in the myelin of the gray matter
myelin (Todorich et al., 2000 Some of the non-primary auditory Even at 7 T, MRI does not have adequate resolution to detect
areas are characterized by prominent bundles of myelinatetthe thin bands of myelinated bers which can be present in
bers which are arranged in a regular pattern in the deep layerthe neocortex and the images are subject to artifacts asdci
(Wallace and He, 2011; Zilles et al., 2D These form distinctive  with post-mortem changes in the brain. A bright band roughly
radial bundles, but there was no sign of them in the sectiontocated over layer | of the cortex has already been shown in T2
stained for iron. Thus, in the auditory region, there wagldit images of post-mortem brain and it has no relationship to the
correlation between the iron staining and the presence oflmye myelin staining Geyer et al., 20)1Up to 14 sublayers have
In pathological brains, iron is also associated wiamyloid been described in myelin stained areas of the neocortexi(
plagues and nearby microgli&ith et al., 1997; van Duijn et al., and Vogt, 1919 These include four bands of dense myelinated
2013, but we found no evidence of iron in microglia in the bers running parallel to the surface in layers 1a, 3a (Kaes-
blocks examined. A few pyramidal cells were found to stain foBechterew), 4 and 5b (outer and inner bands of Baillarger).
iron and these probably indicate neurons where there has bedn this study, we achieved an isotropic resolution of 8®0
a pathological accumulation of free iron linked to agingygrd by exploiting the high sensitivity of 7T MRI and using a long
et al., 2011 Thus, although iron is present in the cortical gray data acquisition time. This is adequate to detect the erldrg
matter of the auditory region, it may not contribute diregtlto  outer band of Baillarger in layer 4 of the primary visual cortex
the prominent laminar pattern present in the MR images. Nearlyout may not be su cient to detect the bands in other layers
all the iron that we were able to demonstrate histologicalas  which can have a thickness of as little as &80 (Zilles et al.,
present in the ferric state and there was almost no evidentteeof 2015. Another problem is the di erent compartments of water
ferrous ion in levels that could be demonstrated histolafijic = molecules associated with large macromolecules such &sanuc
This is partly because the DAB ampli cation method used tochromatin or the myelin sheath. There are thought to be two
demonstrate the ferric ion does not amplify the signal frone th components to the T associated with the myelin sheath: a
ferrous ion, but also because there are very low levelsiobfi@  short component linked to the water contained in the lipid
ferrous ion in the normal brain$mith et al., 1997 bilayers and a longer component linked to water in the axoplasm
We did not stain blocks of tissue for iron if they had alreadyand extracellular spaceB¢ck et al., 2009 However, xation
been used in producing the MR images. Formalin xationgradients and damage associated with placing the brain in
interferes with the MR image and we had tried to wash out thdormalin and then washing it in saline will lead to damage
excess formalin by washing for 2 days in saline before ingaginto the lipid bilayers and ultrastructure of the cells. This may
When we tried to stain these blocks for iron there was almoshave contributed to an artifactual banding pattern at theevut
none detectable in the gray matter. It appeared that much ofédge of the cortex even although the amount of myelin was
the free iron had been leached out of the cortex by the slghtlpreserved.
acidic (pH 5) saline that was used for the washing. This type Imaging the brainin vivoalso has problems due to pulsations
of leaching has been described previousiyn{th et al., 1997 associated with systolic blood pressure, breathing and ¢tieea
Washing in saline also a ects the myelin staining as the &tgin  ow of blood. Thus, we have not yet reached a position where
method involves a process similar to photographic developmente can use subtle di erences in myeloarchitectutedk, 1928;
and is a ected by minute changes in the pH and redox state of thélieuwenhuys et al., 20).5n order to distinguish between the
surrounding tissue. The myelin staining is also a ected bysio numerous belt areas that are present in the auditory cortex
such as the negatively charged phosphate ion that are normalfiioerel et al., 2014; Leaver and Rauschecker, )2@Mé&spite
used to bu er the pH levels. The phosphate binds to ionic silvethis, in vivo structural MRI imaging is already being used to
and prevents it being reduced to metallic silver crystalaisTthe  distinguish between cortical areas such as the primary aodit
best iron and myelin staining was obtained in blocks thathatl  area with its high levels of myelin in the deep layers andadja

been imaged beforehand. areas such as LP which have much lower levels of myelin dveral
) ) _ (Lutti et al., 201} Identi cation of the primary auditory area,
Relationship of Myelin to Image Contrast the position of which, varies considerably between di erent

The PSIR images did display laminar patterns that looked amil individuals (Rademacher et al., 2002; Da Costa et al., phas
to those seen in the corresponding myelin stained sections ibeen a valuable contribution. We have con rmed that the myel
both the primary area and some of the surrounding areasdensity is a major contribution to MRI image contrast both in

Frontiers in Neuroscience | www.frontiersin.org 10 October 2016 | Volume 10 | Article 455



Wallace et al. Imaging Cortical Myelin at 7T
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