98 Biophysical Journal Volume 76 January 1999 98-102

Three-Dimensional Imaging of Nerve Tissue by X-Ray
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ABSTRACT We show that promising information about the three-dimensional (3D) structure of a peripheral nerve can be
obtained by x-ray phase-contrast microtomography (p-uCT; Beckmann, F., U. Bonse, F. Busch, and O. Glnnewig, 1997.
J. Comp. Assist. Tomogr. 21:539-553). P-uCT measures electronic charge density, which for most substances is proportional
to mass density in fairly good approximation. The true point-by-point variation of density is thus determined in 3D at presently
1 mg/cm? standard error (SE). The intracranial part of the rat trigeminal nerve analyzed for the presence of early schwannoma
“microtumors” displayed a detailed density structure on p-uCT density maps. The average density of brain and nerve tissue
was measured to range from 0.990 to 0.994 g/cm?® and from 1.020 to 1.035 g/cm?, respectively. The brain-nerve interface was
well delineated. Within the nerve tissue, a pattern of nerve fibers could be seen that followed the nerve axis and contrasted
against the bulk by 7 to 10 mg/cm?® density modulation. Based on the fact that regions of tumor growth have an increased
number density of cell nuclei, and hence of the higher z element phosphorus, it may become possible to detect very early
neural “microtumors” through increases of average density on the order of 10 to 15 mg/cm® by using this method.

INTRODUCTION

For histologic structural analyses, 3D imaging is usuallyp-uCT to investigate the structure of the intracranial part of
superior to 2D histologic sectioning techniques, providedthe rat trigeminal nerve and describe some of the results in
the 3D methods furnish comparable spatial resolution anthis study.
contrast. Tomography, and in particular x-ray tomography,
represents a successful and widely employed 3D imagin%’I
method. However, only recently the spatial resolution of ETHOD OF P-pCT
x-ray tomography reached the micrometer range as “Micro*rhe specimen is located in one of the two interfering beams (Fig. 1) of an
tomography CT) essentially through the use of x-rays x-ray interferometer (Bonse and Hart, 1965). The interference pattern is
generated by synchrotron radiation (SR) sources. The aij'aodified b_y the e_Ias_tifDrwarddiffraction of the specime_n and r_ecorded as
plications of uCT in medicine and biology have recently P1ase-shift projection” by an x-ray area detectbeviated diffracted

. beams are eliminated through the Bragg diffraction occurring inside the
been reviewed by Bonse and Busch (1996)' Unfortunatewinterferometer. The detector consists of a single-crystal high-density scin-
conventional x-ray tomography relies on x-ray attenuationillator which converts the x-ray picture to visible light, which is then
contrast and does not give sufficient microstructural infor-imaged onto a CCD detector by an optical lens. Sinceotiter shapeof
mation when the Specimen contains only Iight elements, athe embedd_ed specimen is of no interest it is immersed in_a cell fluid with
is the case with many biological and medical tissue sample§‘. refracted index matching that of the embedding material as closely as

hi f . . . (fossible. This procedure also reduces the total nufloé27r phase shifts
For this type of specimens, besides magnetic resonan § be measured. For a given specimen of thickries® haveP ~ t/t,,

imaging (MRI), which can be tuned on certdight isotopes  wheret, is the lambda thickness calculated from Egs. 2 and 3 using an
(e.g.,*H, *™N), the recently developed x-ray phase contrastlectron density,, which is averaged over the specimen. The maximum

uCT (p-uCT; Beckmann et al., 1995; Momose et al., 1995; numberP,, of phase “wrap-arounds” that can be handled in the measure-
Beckmann, 1998) is a better choice. Withu@T the elec- ment is limited by the condition that consecutive-Rimps must not get

S . L . closer than the given spatial resolution is capable of resolving properly. If
tron Charge distributionin the specimen IS 'maged' which the jumps get too close, then by choosing a shorter wavelentjta phase

implies that contrast scales proportional atomic number Zhift can be reduced. For instance, switchingu® would halveP.
and not~ Z3° as in the case of attenuation contrast. After data readout, the specimen-induced phase shift is evaluated by
Because of the large exponent 3.5 light elements cannot faeans of a special algorithm that eliminates theanbiguity inherent in

seen in the presence of heavier ones. We have applietae primary |nterference data. The corrected phase-_sh!ft projections are
reconstructed using standard methods of tomographic image reconstruc-

tion, such as BKFIL (Kak and Slaney, 1987). The result is the desired
information about the specimen’s 3D “phase structure,” i.e., the phase shift

Received for publication 29 April 1998 and in final form 11 September ®(X. Y, 2) afflicted upon the x-ray wave by a single “voxel” (volume
19908. element) as a function of the voxel’s positirry, zin the specimen. From
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65th birthday. the specimen is obtained. A detailed description of the method ogEp-

. . . . has been given in previous reports (Beckmann et al., 1997; Bonse et al.,
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< = Nal detector of the specimen. The approximation of Eq. 7 holds to better than 5% for all
Z naturally occurring light elements up to calcium @& 20), with the
samPle I interferometer exception of lithium, beryllium, boron, fluorine, and argon, for which the
x deviations from the approximated mass per unit electron charge E6&6,
== IV / y +13%, +8.1%, +5.5%, and+11%, respectively. A prominent exception
CCD is hydrogen, which has no neutron and hence only half the mass per charge
than assumed in the approximation. In a specimen of practically uniform
% mass density, therefore, regions of higher hydrogen concentrations become
l \ SR detectable through increased phase contrast.
Combining Egs. 4-7, we find
beam stop \ monochromator 9
liquid cell phase shifter d(X, Y, 2) = reUA[pdX, ¥, 2) — pell(m, + My + my) (8)

FIGURE 1 Experimental setup for x-ray phase-contrast microtomogra—"e" the phase shifb(x,y, 2) is directly proportional to thelifference in

phy. SR is the synchrotron radiation source. The sample is located insid&12SS der_]sny)f the specimen relative to the cell fluid. To determine the
a liquid cell with parallel-sided walls. The average density of the cell fluid Qen5|ty difference from a measured pha;e ‘o‘mﬁ ¥, 2 numbers must be

is matched to that of the specimen in order to eliminate the influence of thént_roduced for & Me, M, an_dmn. EXpreSS'ngo in gfen®, ¢(x,y, 2) in rad, .
geometrical shape of the specimen on the interference pattern. The settir%\g'n nm, E in keV, anduin um, we obtain a formula for easy use in
of the interferometer for maximum intensity of interfering beams is mon- practice:

itored by the Nal detector. Phase contrast can be “switched off” by
blocking the lower (reference) beam, thereby allowing for direct compar-
ison of attenuation and phase contrast image.

[pdX, Y, 2) — pr] = 1.1883 o(x,y, 2/(A)  (9)

or, alternatively,

[Ps(xy y’ Z) - Pf] = 09584' d)(xi y, Z) ° (E/U) (10)
Denoting withny(x, y, 2) the x-ray refractive index of the specimen, we

obtain Throughout the measurements described below we used linseed oil as cell
fluid with a densityp; = 0.9305 g/cmi (Neuriiler, 1973). Regarding the
d)(X, Y, 2) = 27y — nyX, Y, 2)Ju/A (N detection limit for density changes, experiments performed &ith 12
keV andu = 5.4 um have shown that at present theasedifference
whereu is the voxel size. For x-rays the deviatiérof the refractive index  ¢(x, y, Z) can be measured at 0.5 mrad standard error (SE). Twice this value
n from one,8 = 1 — n, is apositivenumber, which means that the phase may be taken aminimum detectablphase difference, (X, y, 2). Using
advancesn a medium, i.e.$(x,y, 2 > 0; & is of the order of 10° and Eg. 10 we see that this corresponds to a detection limitdensity

given as (James, 1967) differences of~2 mg/cn?. With optimized energy, improved overall
2 stability, and better interferometer parameters, we expect that the limit can
3(X, Y, 2) = rANe(X, Y, 2)/ 27 (2 be decreased to 1 mg/érin the near future.

. ) . The tomograms’ spatial resolution has been experimentally determined
where [ = 2.8179X 10 ** m is the classic radius of the electron and 9 P P y

. ) . . in two ways: first, by calculating modulation transfer (MTF)-curves from
Ne(%, y, 2) the electron density of the material considered as a function of Y y 9 ( )

position. A useful quantity giving the material thickness which causes 2 the measured profile generated by a "phase” edge consisting of an alumi-
. foil of 2 hick i hich h | -
phase shift is the so-called lambda-thickness num foil of 20 um thickness in water which, at the employed x-ray energy

of 12 keV, yields a phase shift ef 7r; and second, by measuring the width

t, = MS(X, Y, 2). (3) of the yellow-violet transition at the boundary nerve/embedding paraffin on
pictures such as those shown in Figs. 2 and 3. Both methods-yjdm
By combining Eqg. 1 and Eq. 2 we find (15 wm) resolution inx-, y-(z-) direction, respectively. The difference
between directions, y, andz (Fig. 1) is due to the smear caused by the
DX, Y, 2) = rUA[NedX, Y, 2) — Ngil 4) Borrmann fan (Borrmann, 1950) which occurs only in a directionmal

N ) ~ to the reflecting Bragg planes used in the interferometer.
NedX, Y, 2), Ngp, are the electron densities of the specimen and the cell fluid,

respectively. Let the specimen (the cell fluid) be composedSdF)
different species of atoms with masseg(x, y, 2) (), atomic numbers
Z,(%, Y, 2) (Z;), and partial mass densitipg(X, Y, 2) (pg), where 1= k =
S(1 =] = F), respectively. With these notations Intracranial parts of trigeminal nerves were dissected from rats of a
(BDIX X BDIV) F, cross. Preparation of the nerve tissues included the

Specimen Preparation

F following steps: fixation in a 4% aqueous solution of formaldehyde (for-
Nt = >, Zspg/my = pd (M, + m, + my) (5) malin) in phosphate buffer at 4°C for 4 h, further fixation in 4% formalin
j=1 at room temperature overnight, sequential dehydration in EtOH of increas-

ing concentration (50%, 60%, 70%, 80%, 90%, 96%, and 100%) followed
by xylene, and embedding in liquid paraffin at 57°C overnight, casting into
(6a) paraffin blocks, and solidification at room temperature. This process re-
places water by paraffin. Since the relative water content of micro tumor
and surrounding tissue is nearly the same0%), thesign of eventual
density differences present in wet tissues is not altered by dehydration.
Nes(xl Y. Z) =~ ps(X, Y, Z)/(mp +m, + me) (6b) Furthermore, since the density of paraffin (0.8 mgigimsmallerthan that
of water, density differences—if altered at all—can onlydsdhancedy
dehydration. Therefore, dehydration may increase the chance to discrimi-
m= Z(mp +m,+m) @) nate normal and tumor tissue byu&T.
Before tomography, histological sections parallel to the nerve axis were
m,, m,, M, are the masses of proton, neutron, and electron, respectyely; made for later comparison with the tomograms. Because of the sectioning,
is the density of the cell fluid anpy(x, y, 2) is the (locally varying) density  all tomography specimens featured a flat surface mostly oriented parallel to

Nes(xa y1 Z) = E Zsk(xv y1 Z)Psk(xy yl Z)/rnsk(xi y1 Z)

k=1

where we have approximated the massesf atoms by
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FIGURE 3 As Fig. 2 except that the tomogranght) is shown together

with the histological sectiorl€ft) of the trigeminal nerve of a rat20 days

after exposure to EtNU on postnatal day 1. Cell nuclei are visible in the
section image as dark spots. They appear to be more crowded at the left and
right edge of the nerve, regions which would correspond to areas of higher
FIGURE 2 Pair of tomograms of the intracranial part of the trigeminal mass density (i.e., more saturated yellow) in the tomogram at the right
nerve (control rat), with 12-keV x-rays, voxel size ut, slice thickness  (arrows), although this correspondence is only partly convincing. It has to
5.4 um. The slices were calculated from a measured 3D data set obe taken into account that the plane of the tomogram is separated from the
densities and are parallel to the plane of histological sections made befof@/ane of the histologic section by 40m. Note the match between the
tomography. The distances of the left and right slice, respectively, to thehapeof the brain/nerve boundary in either picture. The analysis of the
sectioning plane are 7@m and 150um. The scale of 1 mm applies in  density data compiled in Table 1 shows that the overall density of the nerve
vertical and horizontal directions. Density values were converted intopart of this tomogram is-14 mg/cnt higher than in the case of the control
colors using the color bar given at the top. Yellow corresponds to nerve an@pecimen not previously treated with EtNU, which is shown in Fig. 2.

blue to brain tissue. Light violet is the paraffin used as embedding material.

Note the nerve fibers (NF) following the nerve axis. Some of the nerve

fibers cross the brain/nerve boundary (BF). Areas of highest density (HD .

are found notably close to the nerve surface. The horizontal pattern is a)ﬁarly stage of tumor development with those of an unex-
artifact due to air bubbles captured at the nerve-paraffin interface durin©Sed control animal.

the embedding process. In Table 1 density values in various parts of the AS an example, we show a series of tomograms of rat
tomograms are listed. Referring to the single nerve fibers that can be seetigeminal nerve specimens of animals not exposed (Fig. 2)

within the nerve, the fibeposition is denoted byl and theinterval and exposed (Figs. 3 and 4) to EtNU. In the images yellow
between fibers byl. Locations at theedgeof the nerve are marked.

the nerve axis. Cylindrical specimens of 2-5 mm in diameter-addnm
long were then prepared on a small lathe. To the extent practically possible|
the nerve axis was also made the rotation axis of tomography, i.e., thelf
z-axis in Fig. 1. From the tomographic 3D data-set, slices parallel to the §
surfaces caused by sectioning were calculated. k

RESULTS AND DISCUSSION

The goal of the present study was to investigate to what§
extent small structural alterations in the tissue of a periph-§
eral nerve can be visualized byy&T. In particular we
wanted to see whether early stages of carcinogen-inducefj
tumor development can be detected in the immature periphjj
eral nervous system (PNS) of rats by employing phase
contrast. Since cell nuclei, because of their content of phos
phorus, have higher mass density than cell plasma, region®s
with a higher numbe'r density of cell nuclei due to ,tumor FIGURE 4 As Fig. 3, except for representing a different animal that was
growth should have increased average mass density. COBrso exposed to EtNU. Agaifil, [, and [ mark locations of fiber
sequently, on phase contrast tomograms, nerve tissue coOppsitions, intervals between fibers, and more dense regions near the nerve
taining micro tumors in the early growth stage might be-edge, respectively. The arrow points to a region where increased number
come detectable through its higher mass density. Therefordensity of cell nuclei in the section image corresponds to higher mass

. . . . density in the tomogram. The analysis of the density data compiled in
we compared the intracranial ;egments of mg_emmal NEIVeTaple 1 shows that the overall density of the nerve part of this tomogram
of rats exposed to the carcinogéfrethylN-nitrosourea s ~12 mg/cni higher than in the case of the control specimen not
(EtNU) on postnatal day 1 (Nikitin et al., 1991, 1996) at anpreviously treated with EtNU, which is shown in Fig. 2.
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corresponds to nerve tissue, dark blue to brain tissue, anaear the left nerve edge in Figs. 3 and 4, and close to the b/n
light violet to the embedding paraffin. Horizontal bands of interface in Fig. 34rrows). Increased cell nuclei density is
sharp contrast are artifacts caused by air bubbles trapped ltown to result from the uncontrolled proliferation of pre-
the tissue/paraffin interface during the embedding processnalignant and malignant cells. In the tomograms these
The measured primary data are 3D charge- or, as stated megions are more yellow, indicative of higher mass density.
Eq. 6b, mass-density distributions. However, in order toFurthermore, judging from the overall color of the exposed
simplify and ease evaluatiomumbersof density values specimens in Figs. 3 and 4, their density is higher than that
were converted inteolorsaccording to the color bar given of the unexposed specimen (Fig. 2).
at the top of the figures. It should be noted that no manip- To express these findings more quantitatively, we have
ulation (e.g., by some arbitrary color table) is involved in compiled in Table 1 density data from different parts of the
this conversion. Local mass densities can be evaluated frospecimens. All values are measured-at mg/cn? SE.
colors within the same and also between different picture®Referring to the single nerve fibers within the nerve the
in aquantitativeway since the same color table was used indensity was measured at tfider positiond] and at the
all cases. At the same time it always remains possible tinterval O between fibers. A third value was taken at the
work directly from number values of density again if this nerveedgel]. In Figs. 2—4 typical locations where these
should be required, for instance, by interesting structuralalues apply are denoted Ky, 0, and [, respectively.
details in the image. Furthermore, we calculated tfiber contrast(defined as the
Fig. 2 shows two different tomographic slices obtaineddensity difference at locatioris$ and[J), and theaverageof
from a control animal. The left and right slices are locatedvalues taken atd, (I, and 0. All numbers are obtained
inside the nerve at70 and 15Qum, respectively, below the separately for the nerve tissue (at left in Table 1) and the
flat surface resulting from sectioning. The brain/nerve (b/n)adjacent brain tissue (at right in Table 1).
border is very well delineated. Single nerve fiberd5-30 Very close to the nerve edge the density appears to be
wm thick are visible inside the nerve tissue (NF in Fig. 2)increased in all animals, regardless of their carcinogen-
and, in a few cases, also extending into the brain (BF in Figexposed or control status. The data also show that measured
2). The latter is more pronounced in the tomogram at the lefaverage densities in the trigeminal nerve for exposed versus
in Fig. 2 (70 um distance from the sectioning surface), control rats are 1033 mg/chand 1020 mg/cr) respec-
probably because this slice as a whole is close to the 3D b/ively. For exposed rats the trigeminal nerve is thus found to
boundary. Regions of higher density are seen near the nenke ~13 mg/cn? more dense overall. For the adjacent brain
surface (HD in Fig. 2). The higher density could be due totissue this difference is 4 mg/cini.e., only slightly higher
the perineural sheath, although the general shape of thiban the present detection limit for density changes (2
higher density regions and their absence in other surfaceng/cnt). The fiber contrast in either tissue-sl6 mg/cnd.
locations does not confirm this. Figs. 3 and 4 show histoFurthermore, the b/n interface appears more diffuse in ex-
logical sections Iéft) together with tomogramsright) of  posed rats.
trigeminal nerves of two different rats with early stages of We have thus demonstrated that by employing the
tumor development after carcinogen exposure. The tomomethod of puCT it has become possible to investigate
grams were taken of the same nerve region at a depth of 4&tructurally important details even in light specimens
um below the sectioning plane. In the histological sectionthrough mapping density changes of the order of 2 mg/cm
the brain is of lighter color than the nerve tissue. TheThe information achieved isuly three-dimensionain the
matching of histological sections and tomograms is particsense that the final result represents a data set of density
ularly evident from the outline of the b/n interface on values of all voxels in a cylindrical sampieolume of
pictures of the same specimen. Due to the distance pfd0 typically 2 to 5 mm in diameter and up to 10 mm in length.
between tomogram and section, the correspondence is ndhe application of g+CT indicates that the appearance of
complete. Cell nuclei, which in histological sections areearly atypical proliferates in the trigeminal nerves of rats
visible as darker spots, appear to be increased in numbgreviously exposed to EtNU (Swenberg et al., 1975; Nikitin

TABLE 1 Mass density (mg/cm?®) of trigeminal nerves of untreated control rat (row 2) and of rats exposed to EtNU (rows 3
and 4).

Nerve tissue Adjacent brain tissue
Row ad ad | Fiber d g a Fiber
(Fig.) Rat  Fiber Position Fiber Interval Nerve Edge Contrast Average Fiber Position Fiber Interval Nerve Edge Contrast Average
2 Control 1023 1004 1034 19 1020.3 993 977 999 16 989.7
3 Exposed 1035 1021 1048 14 1034.7 999 984 1004 15 995.7
4 Exposed 1031 1017 1048 16 1032.0 997 980 1002 17 993.0

Primary data, measured at 1 mgft8E, are listed in columns, 00, andO, which correspond to different locations in the specimen as indicated in Figs.
2—4 and here. Fiber contrast is colummminus(]. Average is the average of columis [J, and[J. Note that in the nerve tissue (adjacent brain tissue)
averages are-14 mg/cn? (5 mg/cn?) larger for exposed rats than for the control animal, respectively.



102 Biophysical Journal Volume 76 January 1999

et al. 1991, 1996) is reflected by density increases in thé&onse, U., and F. Busch. 1996. X-ray computed microtomograptyf}
affected nerve tissue amounting t010 mg/cn? at ~20 using synchrotron radiation (SR9rog. Biophys. Mol. Biol65:133-169.

days after carcinogen exposure on postnatal day 1. Bonse, U., and M. Hart. 1965. An x-ray interferometer with long separated
interfering beam path#\ppl. Phys. Lett7:99-100.
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