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Abstract

The study of the exocrine pancreatic acinar cell has been central to the development
of models of many cellular processes, especially of protein transport and secretion.
Traditional methods used to examine this. system have provided a wealth of qualitative
information from which mechanistic models have been inferred. However they have
lacked the ability to make quantitative measurements, particularly of the distribution of
protein in the cell, inforrnation critical for grounding of models in terms of magnitude
and relative significance. This dissertation describes the development and application of
new tools that were used to measure the protein content of the major intracellular
compartments in the acinar cell, particularly the zymogen granule. Soft x-ray microscopy

/
permits image formation with high resolution and contrast determined by the underlying
protein content of tissue rather than staining avidity. A sample prepafation method
compatible with x-ray microscopy was developed and its properties evaluated. Automatic
‘computerized methods were developed to acquire, calibrate, and analyze large volumes
of x-ray.microscopic images of exocrine pancreatic tissue sections. Statistics were
compiled on the protein density of several organelles, and on the protein density, size,
and spatial distribution of tens of thousands of zymogen granules. The results of these

measurements, and how they compare to predictions of different models of protein

transport, are discussed.
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Chapter 1. Introduction

The focus of the work that led to this dissenatibn has been the quantitative
characterization of the protein contents of the acinar cell of the exocrine pancreas, in the
hope that proposed models of protein secretion could be evaluated in light of that
.information and their predictions tested. As discussed in some detail in the following
chapters, this cellular system has long been studied and models of the processes involved
in its main function, protein transport and secretion, have served as prototypes of models
for many other cellular functions in many other cell typeé. The classical rriodel of protein
transport is based on now traditional methods that have allowed the description of
ultrastructural morphology, specific bioéhemical identification and localization, and
many other qualitative aspects of the cell (Palade, 1975; Rothman, 1975). However,
quantitative measurements such as the determination of protein content at the level of
individual subcellular structures have not been possible, except in bulk on components

isolated and purified from their source tissue.

My colleague and predecessor Kaarjn K. Goncz performed the first measurements of
the protein content of individual subcellular organelles, zymogen granules, isolated from
pancreatic tissue (Goncz, 1994). The work described in this manuscript, which I
undertook with the help of many collaborators, is an extension of these measurements to
a variety of intracellular organelles within their source tissue rather thaﬁ in isolation. A
large part of this effort was devoted to the development of new tools and technology that
made these measurements possible, particularly soft x-ray microscopy and automated
digital image processing and analysis. In this context a number of significant milestones

were achieved. These include the dynamic imaging of initially living cells, three-



dimensional stereoscopic imaging, the imaging of sections of embedded whole soft
tissues, and dual energy nitrogen-edge imaging, all firsts in high-resolution soft x-ray

microscopy (Rothman et al., 1992; Loo et al., 1992b; Loo et al., in press).

Itook several apprdaches to studying the biological problem before settling on the
one that proved the moét fruitful in the end. Initially, I concentrated on dynamic stqdies
of isolated whole cells, alive and suspended in an aqueous medium, with the intent of
capturing the stimulated secretion events as they happened in the x-ray microscope. This
work, covered briefly in some of the following chapters, met with some success, but also
many technical challenges, including the difficulties of preparing isolated cells reliably,
designing a sample handling system capable of manipuiating these cells and their
microenvironment, and protecting cells from the damaging effects of high-dose ionizing
radiation. Because of the thickness of the cells, it also required the development of three-
dimensional imaging methods in x-ray microscopy, which were nonexistent at the time

(the early work in that area is described in Chapters 4 and 5).

Ultimately, much more rapid progress was made in developing a method of preparing
sections of whole pancreatic tissue that had very favorable prbp‘erties in an x-ray
microscope. It was convenient and effectively solved many problems including those of
sample handling, radiation damage, and sample thickness. Also, since the cells were not
isolated, their organizatioh in the tissue was preserved. However, dynamic studies were
not possible in this system. Instead a statistical approach was taken to test predictions of
how protein should be distributed in various intracellular compartments, especially the
zymogen granule, under different mechanistic models. This required the compilation of

statistics on large populations of organelles and large data sets, and therefore the




development of automated computerized methods for acquiring, calibrating, and
analyzing the data. This experiment, which has turned out to be the largest x-ray
microscopic study to date, and the computerized methods developed to help perform it

are described in the later chapters.

Nearly all of the following chapters have been separately published or accepted for
publication as conference proceedings articles or in peer-reviewed journals. As such, they
span a range in time of the entire lifetime of the project so far, representing different

stages of its development. They have been organized into three sections as follows.

Section 1 (Chapters 2 to 5) deals with the method of biological soft x-ray microscopy.
~ Chapter 2 (Loo & Rothman, 1995) is an overview of biological x-ray mi(‘;roscopy,

~ describing its unique features, relevance to biology, and enabling technologies. Chapters
3 and 4 discuss contrast theory in x;ray microscopy and such related issues as resolution,
dose, and wavelength selection. Chapter 3 (Loo, 1994) focuses on the two-dimensional
imaging case while Chapter 4 (oo et al., 1995)' addresses three-dimensional imaging.
Chapter 5 (Loo et al., 1992a) presents some experimental proofs of pﬁnciple, including
three-dimensional imaging by stereomicroscopy and dynamic imaging of initially living

cells.

Section 2 (Chapters 6 & 7) describes the automafed methods developed to i)erform
the biological experimént. Chapter 6 (Loo et al., 2000) covers automatic acquisition and
calibration of x-ray microscopic images as well as their assembly into lérge-field

-montages. Chapter 7 (Loo et al., 1996) covers automatic image segmentation to identify

and measure large numbers of zymogen granules in images of pancreatic tissue.
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Section 3 (Chapters 8 & 9) describes the quantitative characterization of biological
tissues by x-ray microscopy. Chapter 8 (Loo et al., in press) describes the sample
preparation method used, the radiation tolerance properties of the sample, and
measurements of the distribution of its protein and plastic embedding medium
components. Chépter 9 (Loo & Rothman, in preparation) presents the results of the
experiment, quantitatively characterizing the diétribution of protein in different

compartments of the acinar cell, and its implications for models of protein transport.
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Section 1: X-ray microscopy — overview, theoretical considerations,

and proofs of princ'iple






Chapter 2. High resolution microscopic imaging with x-rays: technology and

application to the biological sciences
Introduction

Ever since the invention of the visible light miéroscope, there has been a quest for
ever sharper views of microscopic biological structure. Even before the advent of
electron microscopy, it was recognized that the short wavelengths of x-rays could in
principle allow high resolution iinaging. But only in the last decade or so have
technological advances made the original promise of biological x-ray microscopy
| realizable (Rudolph et al., 1984; Howells et al., 1991). These advances include the
development of sources, optics, and detectors for the low energy x-rays (“‘soft” x-rays)

 best suited for imaging cellular structure.

Modern x-ray microscopy (XM) is a versatile tool that offers several modes of
operation and a variety of contrast mechanisms. Some of these may be viewed simply as
high resolution extensions of existing visible light methods, while others are unique to x-

rays, allowing new views of biological samples.

XM fills 2 special niche between visible light microscopy (VLM) and electron

- microscopy (EM): it combines resolution beyond VLM, currently 30 to 50 nm, with
‘penetration depth much greater than EM, up to several micrometers of water and organic
material. Thus it can be used to image whole cells in an aqueous environment, in a near
native state, potentially even living. In addition, it is capable of quantitative, element

specific mapping with high sensitivity.



Fiﬁally, XM benefits from the same kinds of digital imaging technologies as have
numerous other modern microscopies. X-ray micrographs are digitized vas part of the
~ imaging process because of the electronic detectors used, producing quantitative
representations of signal strength. Digital image processing can then be used to perform
automated feature detection and measurement, correction of optical blurring, and |

tomographic reconstruction of three-dimensional structure.
X-ray technologies

Most of this century has seen the development of x-ray microscopy languish behind
visible light and electron methods: unlike the case of microscopies using thése other
forms of radiation, there has until recently been no adequate way to produce, focus, and
detect soft x-rays. The coming together of new technologies in these éreas have now

made XM a practical biological instrument.

Synchrotron accelerators are used as high brightness sources of x-rays (Attwood et

. al., 1985). In such an accelerator, a beam of electrons traveling at nea'r light speed emits
synchrotron radiation at x-ray wavelengths as it travels a ring shaped pafh. Precisely
manufactured reflective diffraction gratings can be used to disperse the radiation
according to wavelength, allowing the selection of monochromatic x-fays of the deéired
wavelength. In addition, inserting é straight section into the ring with a periodic magnetic
structure called an undulator produces a laser-like x-ray beam with a high degree of
spatial coherence, a prerequisite for scanning microscopy. Thus wavelength—tunablé
sources with varying degrees of coherence to meet the needs of the desired application

are now available for microscopy.
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Because soft x-rays are strongly attenuated by any substantial thickness of most
materials, lenses that work by refraction cannot be used. Fresnel zoﬁe plates, diffractive
optical elements consisting of alternating opaque and transmissive circular zones, act as
lenses with a resoluti‘on determined by the size of their features, with smaller sizes
corresponding to higher resolution (Anderson, 1989). Microelectronic fabrication
methods are used to produce zone plates with feature dimensions currently as small as 30
nm, or about ten times the wavelength of the x-rays, and with approximately the same
resolution. The ability to fabricate small features continues to improve, and along with it -
resolution. A full field imaging microscope analogous to a convgntiona] visible light
microscope can be built using zone plates as condenser aﬁd objective lenses.
Alternatively, a single zone plate lens can be used to focus a coherent beam to a fine

point, for use as a scanning probe.

Detectors sensitive to soft x-rays now exist that combine high detection efficiency
and low noise with a linear response to x-ray intensity over a large dynamic range
(Wilhein et al., 1994). The result is a Signal quality linﬁted essentially only by photon
coﬁnting statistics. The area detector of choice for imaging microscopes is a back-side
thinned and illuminated charge coupled device (CCD) camera. For point by pojnt

scanning, the typical detectors are a gas proportional counter or an avalanche photodiode.
Imaging with x-rays

Contrast between features of interest and the surrounding background is critical to

any form of microscopy. For most kinds of microscopy, some kind of staining is required

11.



to produce the necessary contrast. Many of the numerous staining protocols that have

been developed over the years for both VLM and EM are useful for XM as well.

Heavy metal stains such as those used for EM attenuate x-rays much more strongly .
thanlorganic material, aﬁd can serve as contrast agents for XM as well (Balhorn et al.,
1992). Because of the greater penetration depth of x-rays, XM can be used for high
resolution imaging when the extensive sample preparation required for EM such as

- dehydration, embedding, and sectioning is undesirable.

Immunolabeling has become a staple of modern microscopy because of the molecular
specificity it affords. Heavy metals and fluorescent probes attached to antibodies specific
to molecules of interest have been used as contrast agents for EM and VLM, respectively.
As mentioned, the heavy metél probes work with XM on the basis of x-ray attenuatién. It
1s also possible to use the finely focused x-ray probe of a scanning x-ray microscope to

excite visible light luminescence in fluorescent probes, and thereby do

immunofluorescence microscopy at XM resolutions (Jacobsen et al., 1993; Irtel von

Brenndorff et al. s 1994).
Unique features

What makes XM unique is the ability to do quantitative imaging with practically no
sample preparation other than isolation of the cells or other biological structures from
their source (Rothman et al., 1992). Not even fixation or staining is requiredv unless
especially desirable for a specific applicatioh. Figure 2-1 illustrates the strength of
attenuation of x-rays by protein and water with respect to x-ray energy (Henke et al.,

1993). In the energy range between the inner shell electron binding energies for carbon
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and oxygen (x-ray wavelengths 444 and 23A, respectively), the difference in attenuation
between protein (or any carbon and nitrogen containing molecule) and water provides a
natural contrast mechanism based solely on constituents already present in the sample.
This soft x-ray energy range is known as the “water window.” The mass of the sample
can be computed readily on a pixel by pixel basis from the intensity of x-ray transmission

through the sample.

In the authors’ own work, we are interested in changes in protein content within the
secretory vesicles of pancreatic acinar cells at various stages of secretion (Goncz &
Rothman, 1992; Goncez et al., 1995). XM has been central to our ability to make these
measurements. Figure 2-2 shows a transmission x-ray micrograph of a pancreatic acinar
cell containing dense secretory vesicles, with darker or more absorptive structures
corresponding to greater protein mass. In general, quantitation of the protein as well as
other contents of intact intracellular compartments, be they vesicles or endoplasmic

reticulum or Golgi apparatus, is done poorly if at all by other methods.

In addition, the sharp transition in the attenuation coefficient at the absorption edge
for a particular element permits the use of dual energy imaging for quantitative mapping
of that element with high sensitivity. The water window contains absorption edges for
several biologically interesting elements, including among others, carbon, nitrogen,
calcium, and potassium. For example, XM has been used for calcium mapping in bone

(Kenney et al., 1985; Jacobsen et al., 1987).
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Digital imaging

The images formed in x-ray microscopes are recorded electronically and stored
directly as digital data. This greatly facilitates image measurement and analysis. It also
allows the application of the large suite of advanced digital imaging tools, both existing

and under development, to XM.

In order to make statistically meaningful measurements on the physical properties of
biological systems, which typically have a great variance, it is necessary to analyze large
volumes of data. Practicality demands that such measurements be automated. For
example, to approach the secretion problem, we are developing computer algorithms to
automatically recognize and compile population statistics on secretory granules within
pancreatic cells (Loo et al., 1996). Figure 2-3 demonstrates this process, showing the cell
from Figure 2-2 with its granules highlighted by the recognition algorithm, and the
histogram of granule sizes for the cell. To perform the equivalent task manually on a

large number of cells would be prohibitive.

Computerized reconstruction methods can be used to correct a number of artifacts
that aré introduced by the imaging process. One such artifact is image blurring due to the
finite aperture of the lens (Jacobsen et al., 1991). Another is the projection of three-di-
mensional structure onto two-dimensional images. As in the case of medical x-ray
tomography, a large number of projections made at different view angles can be used to
reconstruct the three-dimensional sample structure by computerized tomography (Loo et
al., 1992b; Loo et al., 1992a; Loo et al., 1995). This should be applicable to XM in both

transmission and x-ray stimulated luminescence modes. Efforts are currently under way
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at a number of x-ray microscopy facilities to implement the hardware for sample rotation

for tomography.
Future directions

The basic instrumentation technologies of x-ray microscopy have been improving
continually. Progress in optics fabrication and detector technology .will result in higher
resolution, a larger range of usable x-ray energies, and reduced imaging time and
radiation dose. Increased computerized control of the microscopes will lead to automated

imaging and higher sample throughput.

However, the greatest room for growth in XM is in the area of sample handling
technology and its incorporation into microscope designs. Depending on the needs of
particular applications, temperature controlled sample stages, including cryogenic stages,
environmental sample chambers for the injection of hormones and nutrients, rotational
stages for three-dimensional imaging, and a large variety of others are being or will be
developed, as will new contrast modes and staining protocols specifically designed for

XM.

X-ray microscopy has now reached the level of maturity in which the biological

experiment is the ultimate driving force behind the technology.
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Figure 2-1

Figure 2-2
Isolated pancreatic acinar cell containing zymogen granules. Cell is in water, unfixed and
unstained. Scale bar is 5 micrometers.
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Automated recognition and compilation of statistics on zymogen granules by the
computer.

17.



References

Anderson, E.H. (1989) Fabrication technology and applications of zone plates. X-
Ray/EUV Optics for Astronomy and Microscopy, San Diego, California, August 7-11,
1989. (ed. by R.B. Hoover), Proceedings SPIE Vol. 1160, pp. 1-10.

Attwood, D.T., Halbach, K. & Kim, K.J. (1985) Tunable coherent x-rays. Science. 228,
1265-1272.

Balhomn, R., Corz_ett, M., Allen, M.J., Lee, C., Barbee, T.W., Jr., Koch, J.A., MacGowan,
B.J., Matthews, D.L., Mrowka, S.J., Trebes, J.E., McNulty, 1., Da Silva, L.B., Gray, J.W.,
Anderson, E.H., Kern, D. & Attwood, D.T., Jr. (1992) Application of x-rays to the
analysis of DNA packaging in mammalian sperm. Soft X-Ray Microscopy, San Diego,
CA, USA, July 19-21, 1992. (ed. by C. Jacobsen and J.E. Trebes), Proceedings SPIE Vol.
1741, pp. 374-385.

Goncz, K K., Behrsing, R. & Rothman, S.S. (1995) The protein content and
morphogenesis of zymogen granules. Cell and Tissue Research. 280, 519-530.

Goncz, K.K. & Rothman, S.S. (1992) Protein flux across the membrane of single

secretion granules. Biochimica et Biophysica Acta. 1109, 7-16.

Henke, B.L., Gullikson, EM. & Davis, J.C. (1993) X-ray interactions: photoabsorption,
scattering, transmission, and reflection at E=50-30000 eV, Z=1-92. Atomic Data and
Nuclear Data Tables. 54, 181-342.

Howells, M.R,, Kirz, J. & Sayre, D. (1991) X-ray microscopes. Scientific American. 264,
42-48.

Irtel von Brenndorff, A., Moronne, M.M., Larabell, C., Selvin, P. & Meyer-llse, W.
(1994) Soft x-ray stimulated high resolution luminescence microscopy. X-Ray »
Microscopy IV: Proceedings of the Fourth International Conference, Chernogolovka,
Russia, September 20-24, 1993. (ed. by V.V. Aristov and A.I. Erko). Bogorodskii

Pechatnik, Chernogolovka.

18.




Jacobsen, C., Kenney, J.M., Kirz, J., Rosser, R.J., Cinotti, F., Rarback, H. & Pine, J.
(1987) Quantitative imaging and microanalysis with a scanning soft x-ray microscope.

Physics in Medicine and Biology. 32, 431-437.

Jacobsen, C., Lindaas, S., Williams, S. & Zhang, X. (1993) Scanning luminescence x-ray
microscopy: imaging fluorescence dyes at suboptical resolution. Journal of Microscopy.

172, 121-129.

Jacobsen, C., Williams, S., Anderson, E., Browne, M.T., Buckley, C.J., Kem, D., Kirz, J.,
Rivers, M. & Zhang, X. (1991) Diffraction-limited imaging in a scanning transmission x-

ray microscope. Optics Communications. 86, 351-364.

Kenney, J.M., Jacobsen, C., Kirz, J., Rarback, H., Cinotti, F., Thomlinson, W., Rosser, R.
& Schidlovsky, G. (1985) Absorption microanalysis with a scanning soft x-ray
microscope: mapping the distribution of calcium in bone. Journal of Microscopy. 138,

321-328.

Loo, B.W., Jr., Brown, J.K. & Rothman, S.S. (1995) X-ray microtomography: three-
dimensional reconstruction methods for x-ray microscopy of biological samples. Three-
Dimensional Microscopy: Image Acquisition and Processing I, San Jose, California,
February 9-10, 1995. (ed. by T. Wilson and C.J. Cogswell), Proceedings SPIE Vol. 2412,
pp- 196-209.

Loo, B.W., Jr., Parvin, B. & Rothman, S.S. (1996) Two- and three-dimensional
segmentation for measurement of particles in the analysis of microscopic digital images
of biological samples. Three-Dimensional Microscopy: Image Acquisition and
Processing II1, San Jose, California, January 30 - February 1, 1996. (ed. by C.J.
Cogswell, G.S. Kino, and T. Wilson), Proceedings SPIE Vol. 2655, pp. 209-215.

Loo, B.W., Jr., Williams, S., Lin, W.T., Love, W.H., Meizel, S. & Rothman, S.S. (1992a)
High resolution x-ray stereomicroscopy: true three-dimensional imaging of biological
samples. Soft X-Ray Microscopy, San Diego, CA, USA, July 19-21, 1992, Proceedings
SPIE Vol. 1741, pp. 393-401.

19.



Loo, B.W., Jr., Williams, S., Meizel, S. & Rothman, S.S. (1992b) X-ray
stereomicroscopy: high resolution 3-D imaging of human spermatozoa in aqueous

suspension with natural contrast. Journal of Microscopy. 166, RP5-RP6.

Rothman, S.S., Goncz, K.K. & Loo, B.W., Jr. (1992) Following protein transport with the
high resolution x-ray microscope. X-Ray Microscopy III: Proceedings of the Third
International Conference, London, September 3-7, 1990. (ed. by A.G. Michette, G.R.
Morrison, and C.J. Buckley), pp. 373-383. Springer-Verlag, Berlin.

Rudolph, D., Niemann, B., Schmahl, G. & Christ, O. (1984) The Gottingen x-ray
microscope and x-ray microscopy experiments at the BESSY storage ring. X-Ray
Microscopy: Proceedings of the International Symposium, Gottingen, September 14-16,
1983. (ed. by G. Schmahl and D. Rudolph). Springer-Verlag, Berlin.

Wilhein, T., Rothweiler, D., Tusche, A., Scholze, F. & Meyer-Ilse, W. (1994) Thinned,
back-illuminated CCDs for x-ray microscopy. X-Ray Microscopy IV: Proceedings of the
Fourth International Conference, Chernogolovka, Russia, September 20-24, 1993. (ed.
by V.V. Aristov and A.L Erko), pp. 470-474. Bogorodskii Pechatnik, Chernogolovka.

20.




Chapter 3. Density resolution and dose relationships in soft x-ray microscopy
Introduction

Soft x-ray microscopy has some unique features that make it attractive for imaging
biological samples: 1. Short wavelength — it is possible to achieve higher resolution than
with visible light;‘2. Good penetration through air, water, and organic material — it is
possible to image whole cells (up to 10 pm thick) in “natural” environment; 3. Element
specific contrast — it is possible to image without stains; 4. Quantitative densitometry

(especially in absorption contrast mode).

Soft x-rays have enough energy to cause ionizations — radiation damage is an
important consideration. To measure a given feature, what dose must be applied, and on

what factors does it depend?
The Rose model of feature detectability

Let us consider the problem of detecting a weak signal against a noisy background.
Following a well-known argument by Rose (Rose, 1973), we take the mean background

intensity to be I, with a standard deviation oy. The feature we wish to detect differs on

average from the background by Al In order to detect the feature, we require that the
signal deviate from the background by at least k standard deviations. In other words, the

relationship describing the detectability threshold is:

Al =ko, (1)
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Dividing both sides by I, and defining contrast C = A/, and signal to noise ratio

SNR =I/cy, we have:
k= CXSNR (2)

According to Rose, for the human visual system, k must be at least 5 for a feature to be

detectable. This is known as the Rose criterion.
Application to x-ray microscopy

We consider the case of absorption contrast. The derivation is similar to one by
Howells (Howells, 1990; Howells, 1992). The relationship describing transmission of x-

rays through a material is Beer’s Law:

» ~Palt
N = NO é (3)

where N is the mean number of photons transmitted for Ny incident photons, p, is the

plane-projected density (mass per unit area, or areal density) of the material, and W is its

mass dependent absorption coefficient, which depends on photon energy.

As an example of a biological sample, the material we consider is protein in water.
Our sample model is the following: we wish to measure a difference in protein areal den-

sity of Ap, on a background of protein of density p,. We can consider Ap, to be the de-

sired density resolution. Furthermore, the sample is immersed in a water layer of thick-

ness ty. We make the approximation that to first order, the protein is completely solvated
and displaces a negligible amount of water, i.e., the water is of uniform density (py =1

g/cm3) throughout the sample. We also assume that the only source of noise is Poisson
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counting statistics, so that if our background signal is N counts per area element, then

GN=\/N.

First, we derive an expression for contrast. Differentiating equation (3) we have:

dN
=N
dp, 4)

so that for small Ap,:

B BV
N

=~ Ap,
5)

Substituting into equations (2) and (3), and noting that the Beer’s Law expression must
now account for transmission through both protein and water, with py, ty, and pu,, repre-

senting density, thickness, and absorption coefficient for water, we have:

k=1 Ap, VN = Ap, |[Noe PPt | »

We now consider the dose absorbed by protein directly, and the dose to the surround-
ing water. Dose to water is important since free radical species from water radiolysis can

damage biological macromolecules.

Dose is defined as energy absorbed per unit mass, and is proportional to the photon
energy and the number of absorbed photons, and inversely proportional to feature area.
To calculate the number of photons absorbed by protein, Np 45, we must take into ac-
count that the surrounding water partially shields the protein, and introduce a geometry

dependent shielding factor, v, to give:
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“Fa = ( wl w. w)
Np as = No {l—g ™) g T (7)

Solving for Ny in equation (6)-and substituting, the direct dose to protein is:

D __hUXNP.al)s = hv ( k

2
s - (ePa# _1) epnlw/»lw(l—Y)
Ap, Ap,| uAp,

®)

where A is the feature area. In the limit of very low background density (p, = 0), equation

(8) reduces to:

2
D, :Z_v k. o Printh(17)
ul dp,

9)
which has lost its dependence on p,. Following similar reasoning, the dose to the sur-
rounding water is:

2
Dw == hv ( k ] (eﬁwl..-#w _1) ePnﬂ(l—Y')
pr[w ‘Lt Apa (10)

Note that if water shields the protein completely, i.e., photons must pass through the

entire water layer before reaching the protein, then y = 1 and y’ = 0, and vice versa.

Simulation and Results

The figures to follow demonstrate the above relationships when applied to a cell

phantom. The parameters of the phantom are as follows:
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1. Cell: elliptical cylinder of protein, with width 5 um and major and minor diameters of

5 and 4 pm, and density 0.12 g/cm3 (4.8x10-5 g/cm? at peak).
2. Granules: 1 um cubes of protein with density 0.30 g/cm?3 (3.0x10-5 g/cm?).

3. Aggregates: 400 A cubes of protein inside granules with areal densities of 3.0x10-0,
6.0x10-9, 7.5x106, and 9.0x10-6 g/cm?, corresponding respectively to 10, 20, 25, and 30

per cent of the granule areal density.

4. Fibers: 566 A wide bars of protein inside the cell with density 0.30 g/cm?3 (1.76x10-6

g/lcm?).
5. Pixel size is 200 A. Areal densities are summed where features superimpose.

Figure 3-1 shows mass absorption coefficients, dose to protein, and dose to water as
functions of photon energy. For these plots, dose is determined according to the Rose
criterion of detectability (k = 5) for the protein aggregates (400x400 A area, various val-

ues of Ap,) in the thickest part of the cell (p, = 7.80x10-5 g/qmz). As a reasonable guess,

we assume a value of 0.5 for both ¥ and y’. The difference between the absorption coeffi-
cients of protein and water in the spectral range between the K-shell absorption edges of
carbon and oxygen (the “water window”) account for the ability to do absorption contrast

imaging. Here, protein is taken roughly to have the composition

C3.13H4.9801.01N0.8550.03-

In Figures 3-1b and 3-1c, the optimal photon energy is the one for which the

threshold dose is the lowest. They demonstrate the following relationships: decreasing
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Ap, shifts the required dose up; decreasing the background (p, = 5.77 g/cm?) shifts the

optimal energy to the lower energy end of the water window; increasing the shielding of
protein by water (y = 0.75, v’ = 0.25) lowers the optimal energy for dose to protein, but

increases it for dose to water.

Figure 3-2a shows the density map for the phantom. Figure 3-2b shows the
transmission probability maps for the phantom at wavelengths of 29.7 A (417.5 eV) and
23.1 A (536.7 eV), corresponding to the best and worst energies, respectively, within the
water window for detecting the 6.0x10-6 g/cm? aggregate in the thickest part of the cell.
Figure 3-2c shows the same images with the display rewindowed for maximum contrast

in the region of interest.

Figures 3-3a to 3-3c show the maps of photon counts for these two wavelengths when
the dose is 7.29x105, 5.30x103, and 2.33x105 Gray, corresponding respectively to k = 5
at23.1 A, k=5at29.7 A, and k = 5 at 29.7 A for the densest aggregate. Figure 3-4
éhows the same images rewindowed for maximum contrast. Finally, Figure 3-5 shows the
corresponding line plots through the features of interest, superimposed and displaced for

comparison to the noise-free case.

As can be seen in the figures, the difference between the best and worst energies is
not great — usually within a factor of 2 — and not strongly sensitive to the background
density and distribution geometry. Also, k = 5 seems to be a relatively conservative
threshold criterion. The doses in this example are quite high, but typically, small differ-
ences in volume density add up to greater differences in areal density than modeled here,

and the features of interest usually have structure over an area of more than a few pixels
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(e.g., the fibers appear readily detectable even though k is quite small over a 400 A wide

area). These factors would tend to decrease the dose required.
Conclusions

For absorption contrast, the best photon energies from the perspective of the contrast
to dose ratio are in the water window. Within the water window, differences are not great
— other experimental factors (or breakdowns in assumptions) may have a stronger
influence on choice of photon energy. Such factors include sample thickness and depth of
focus, and optical and detective quantum efficiency. The recommendation based on the
simulations here is: for thin samples (< 3 pm) use a wavelength of around 36 A or 344
eV (between C & N absorption edges); for thick samples (< 10 wm) use a wavelength of

around 24 A or 517 eV (close to O absorption edge).
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Figures

Fig. 1a: Mass absorption coefficients for protein and water
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Chapter 4. X-ray microtomography: three-dimensional reconstruction methods for

x-ray microscopy of biological samples
Abstract

Biological soft x-ray microscopy using x-ray optics and synchrotron sources has
made possible quantitative, element-specific imaging of whole cells in aqueous media at
significantly higher resolutions than those of conventional visible light methods.
Tomographic reconstruction has been proposed as a means to realize the full potential of
the method for viewing thick objects whose structures would otherwise be superimposed
in single view projections. The authors present an iterative tomographic reconstruction
algorithm, using a regularized weighted least squares objective function, accelerated with
the conjugate gradient approach, and modified for the problem of transmission
tomography with correction of blurring by an instrumental point spread function. The
non-negativity constraint is implemented using a preconditioner. We show by computer
simulations that reconstructions that meet realistic and acceptable goals for spatial and
density resolution should be achievable at doses compatible with the structural integrity

of biological samples at the specified resolution.
Introduction
Motivation:

Our desire to develop novel imaging methods complementary to existing ones was
motivated originally by our study of mechanisms of cellular protein transport and

secretion in the exocrine cell of the pancreas (Goncz & Rothman, 1992; Goncez et al.,
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1995). In particular, the problem required the ability to determine quantitatively the
protein content and distribution within an intracellular compartment, the roughly
spherical zymogen granules of the pancreatic acinar cell, and to measure changes in these
parameters with the physiological state. The advent of x-ray microscopy made it possible
to make these measurements in the zymogen granule. Clearly however, such a method
would have much broader utility if it could be applied to organelles with finer or more
complicated 3-D structure, and which are difficult to isolate intact, such as endoplasmic
reticulum or Golgi apparatus. Indeed, there appear to be no existing methods to measure

protein content within such compartments.

In addition to the protein content, a question of interest is the 3-D topology of
intracellular compartments. Recently, high resolution scanning electron microscopy has
been used to reveal features of intracellular structure that appear to challenge traditional
views, demonstrating direct communications between the endoplasmic reticulum and
Golgi apparatus, and between adjacent Golgi cisternae (Tanaka & Fukudome, 1991;
Tanaka et al., 1986). While the SEM technique is capable of very high resolution, on the
order of a few nanometers, it can only visualize surfaces, and therefore requires
fracturing the cell and removing all the non-membrane matrix components. Also,
foreground objects obscure the view of background structures, so that the determination
of topology is incomplete. A complementary transmission method could in principle
overcome some of these limitations, while allowing in addition the measurement of intra-

and intercompartmental contents.
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Advantages of soft x-ray illumination for biological microimaging:

The recent technologies of microfabricated diffractive optics and synchrotron
radiation sources have made it possible to build practical x-ray microscopes that realize
the theoretical advantages of soft x-ray illumination that had been understood for about a
century previously (Howells et al., 1991). The achievable resolution is in principle
limited by the wavelength of the radiation to about 2 - 4 nm, though currently it is limited
by the ability to manufacture lenses with sufficiently fine structure to about 30 - 50 nm,
or about 5 - 7 times better than conventional visible light resolutions. Also, the
attenuation length of x-rays in organic material and water is significantly longer than that
of electrons, on the order of several micrometers, allowing the imaging of whole cells in
an aqueous environment without sectioning. In these ways, x-ray microscopy fills a niche

between visible light and electron microscopies.

One aspect unique to the x-ray method is the mode of interaction between the x-ray
photons and the material examined. At these photon energies, the primary interaction is
inner shell absorption of the photons by the typically low Z atoms of biological material
(Howells et al., 1991). Figure 4-1 shows the mass dependent attenuation coefficients of
protein and water as a function of wavelength. In protein, the K shell absorption edges
due to carbon (44 A), nitrogen (31 A), and oxygen (23 A) are clearly demonstrated. Thus
in the energy window between the carbon and oxygen absorption edges, known as the
“water window,” protein absorbs x-rays much more strongly than does water, providing a
“natural” contrast in the absence of stains. It is therefore possible to make element-

specific densitometric measurements of cells on a pixel by pixel basis.
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Advantages and potential difficulties unique to soft x-ray microtomography:

X-ray microscopy is a transmission technique, so that all components in the cell are
simultaneously visible. However, particularly for thick objects, any single view is a
superposition of structures from many planes within the object, making interpretation
difficult. Tomography is a method for recovering depth information from projections of
an object taken at many different view angles. The particular case of soft x-ray
microtomography (XMT) has a number of aspects which distinguish it from

computerized tomography in medical x-ray imaging (MCT).

First, each image formed in the x-ray microscope is approximately a true parallel
projection of object structure, which is the simplest case to handle, whereas medical x-ray
tomography is typically a fan beam problem. This comes about for the following reason.

The numerical aperture of the zone plate lens is given by (Anderson, 1989):

NA=A4/26 ()

where 0 is the outermost zone width of the lens, so that the depth of focus is given by:

Af=+A/2NA2=%2 8/ A )

For typical zone plates and wavelengths, this turns out to be several micrometers, or
around the thickness of an average cell. Because of this, XMT is the method of choice for
recovering 3-D information in soft x-ray imaging, as opposed to the optical sectioning
methods used in visible light microscopy. It should also be noted then that for

tomography, the depth of focus of the optics should be matched to the sample thickness,
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so that thicker samples require the use either of lower resolution lenses or shorter

wavelength radiation, with concomitantly greater depth of focus.

Second, XMT does not suffer from two important artifacts associated with MCT:
beam hardening and scattering. The high spectral brightness of synchrotron sources
makes it possible to illuminate the sample with monochromatized light, which is required
to eliminate chromatic aberration for the Highest resolution. Therefore, the effective
attenuation coefficients do not vary with position in the sample as they do with MCT.
Also, the principal process in the attenuation of soft x-rays is absorption by photoelectric
effect with minimal scattering (Henke et al., 1993), so there is no loss of contrast due to

detection of scattered light.

On the other hand, XMT reconstruction must deal with some potential difficulties not
normally encountered, or at least not treated, in the medical case. The first arises from the
fact that the zone plate lenses have finite numerical aperture, so that the microscopic
images are blurred by a spatially invariant point spread function (PSF). The PSF of a
perfect zone plate is an Airy pattern, with the radius to the first null (equivalent to the

Rayleigh resolution) given by (Anderson, 1989):
r=1228 3)

This blurring results in decreased contrast, which worsens as 8 becomes larger.
Measurements indicate that the performance of current zone plates is close to diffraction
limited (Jacobsen et al., 1991; Meyer-Ilse et al., 1992), so equation (3) is a reasonable
estimate of the degree of blurring. While there are a number of sources of blurring in

MCT, they are typically not corrected for, except in special cases.
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The doses required for. XMT are much higher than for MCT. This is because for
similar signal levels, similar numbers of photons must be deposited into a mass many
orders of magnitude smaller. Therefore, the attempt must be made in XMT to use the
minimum level of counting statistics required to detect features of the targeted size and

density contrast.

Finally, because of the difficulty mechanically to mount free standing samples about
the size of a cell, a sample holder must usually be used which can interfere with the full

range of rotation. In such cases, reconstructions would suffer from limited angle artifacts.
Tomographic reconstruction
Defining a “realistic” problem:

Figure 4-2 shows the digital phantom used for all the reconstructions presented here.
While it is intended to model a cell with several subcellular organelles, as mentioned
above, the actual densities within the various compartments are unknown. Indeed our
objective is to determine them. The values used in this model are based in part on
measurements on 2-D x-ray micrographs of cells imaged by the authors (Rothman et al.,
1992), which apply best to the coarser structures. The phantom is therefore best regarded
simply as a tool for investigating the classes of objects that can be measured by the

method.

The phantom represents a slice containing 256 x 256 pixels 40 nm on a side and 80
nm thick. The pixel values represent density (expressed in g/cm3) of protein-like organic

material. The cell cytoplasm is depicted as a 5 X 9 um ellipse of density 0.06 g/cm3. The
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nucleus is a 3 X 4 pm ellipse with a contrast of 0.04 (i.e., a difference of 0.04 g/cm?
between the nucleus and the surrounding cytoplasm). Several circular granules ranging in
diameter from 0.48 to 1 pm and in contrast from 0.06 to 0.19 are on the opposite side of
the cell. Within the granules are circular aggregates with a diameter of 0.08 um (80 nm)
and contrast of either 0.06 or 0.09. Within the nucleus are 0.1 X 0.2 or 0.1 X 0.4 um
nucleoli with contrast 0.06 or 0.09. Also included are thin ribbon-like structures of width
around 80 nm and a coﬁtrast of 0.06, as well as two 0.40 X 0.76 um mitochondria of
contrast 0.06 and internal contrast 0.03 and 0.05. The cell is assumed to be embedded in a
5 pm thick layer of water of essentially infinite extent that has a uniform density of 1.0

g/cm3, including in the region occupied by the cell.

The problem which we address is to detect with statistical significance the 80 nm
aggregates of contrast 0.09 g/cm?3 within the granules, without the use of exogenous
contrast agents or sectioning, and using x-ray wavelengths within the water window only.
The problem is “realistic” in that it is technically the simplest. In terms of parameters
such as object size, aqueous environment, etc., this is an experiment that could in
principle be performed at any of the existing synchrotron x-ray microscope facilities
given an appropriate rotating sample stage, and perhaps a cryogenic sample stage for
minimizing radiation sensitivity. In fact, the authors have previously acquired x-ray
stereo image pairs of cells as a demonstration of the technical feasibility of tomographic
imaging (Loo et al., 1992a; Loo et al., 1992b). Moreover, from the standpoint of the
reconstruction problem, this represents a worst case scenario in that no measures either to
enhance contrast and resolution or to reduce the required dose are aséumed here. Some

potential measures towards these ends are described below in the discussion.
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Description of the algorithm:

We propose the use of iterative reconstruction algorithms for three reasons: they are
less sensitive to noise than the usual Fourier inversion methods used in medical CT,
which is an issue because of the need to use the minimum acceptable illumination; they
have superior performance on limited angle problems, in which there is a large null space
in the frequency domain; and they allow easily the incorporation of constraints on the
solution space, which can be important since there is typically no unique solution to the

reconstruction problem. The details of the algorithm used here are given in the Appendix.

The weighted least squares objective function, equivalent to the chi-squared statistic
for normally distributed random variables, is an attractive one to use because its gradient
can be easily expressed analytically even when complexities such as blurring by a PSF or
the transformation between density and transmission data are folded into the problem. It
also has a well understood statistical interpretation since for normally distributed random
variables, the minimizer of the chi-squared statistic is the maximum likelihood solution.
And while photon counts are Poisson distributed random variables, the count rates for
imaging are typically sufficiently high that they approach an approximately normal

distribution.

A highly efficient algorithm for the minimization of many functions is the conjugate
gradient algorithm (Press et al., 1992). The algorithm is most efficient if the objective
function is a quadratic surface, so that the distance to the minimum along any line is easy
to compute. However, in the case of transmission tomography, the step size to the

minimum cannot be expressed in closed form because of the non-linear (exponential)
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relationship between object density and transmitted intensity. Our approach is to compute
an approximate distance to the line minimum by linearizing the exponential function in a
way that becomes increasingly valid as the minimum is approached, and improving on
the approximation by making a few computationally inexpensive iterations on each line
minimization (see Appendix). The solution space is constrained by a regularizer, and by
non-negativity. The non-negativity constraint is implemented using a preconditioner by
an approach similar to one described by Kaufman (1993), with the modifications

mentioned above.

Description of simulations:

1. Imaging parameters.

Table 1 shows the imaging parameters that were modeled in these simulations. The
choice of this wavelength / zone plate combination is based primarily on the need to
match the depth of focus to the sample thickness. The whole sample should remain in
focus throughout its range of rotation. In order to maximize resolution for a given depth
of focus, we choose a short wavelength within the water window. This might seem to be
counterproductive since the sample contrast is also the lowest around this wavelength
(see Figure 4-1). However, because of the exponential falloff of intensity with depth in
the sample, the dose distribution is highly uneven for thick samples, with very high doses
on the side of the sample facing the beam. Shorter wavelength radiation with longer
attenuation length spreads the dose more evenly across the sample thickness. The contrast

to dose ratio is therefore actually optimal at this wavelength.
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Imaging Parameters

« Wavelength: A=24 A (E=517eV)

* Zone plate: 4 =80nm (outermost zone width)
* Rayleigh resolution: r=98 nm

* Depth of focus: Af=%533 ym (10.67 pm total)

* Attenuation coefficients at this wavelength:
Kprotein = 10060.0 cm?/g

Pwater = 1114.9 cm?/g
Table 4-1

2. Estimation of required illumination.

We consider now the amount of illumination required to detect our target feature. A
theorem by Hegerl & Hoppe (1976) states that the total number of absorbed photons
required to detect a particular voxel in a 3-D reconstruction is the same as the number
required to detect the same voxel in a single 2-D projection. This implies that we can
estimate the necessary exposure intensity by calculating how many photon counts would
be required to detect our target feature in a single projection, then use that number
divided by the number of views as the exposure intensity for each view in the
tomographic data set. The validity of the Hegerl-Hoppe theorem has been borne out by

recent simulations by McEwen et al. (1995), as well as by the simulations presented here.

We first calculate the illumination required to detect, in one projection, an isolated 80
nm cylinder of 0.09 g/cm? protein against a uniform background. The problem is
illustrated in Figure 4-3. Detection, according to Rose’s criterion for feature detectability
(Rose, 1973), requires that the reduction of transmission by the object relative to the
background be at least five times the noise amplitude on the background, or for Poisson

distributed random variables:

A 5 G, = ST | @)
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where I is the mean number of photons transmitted through the background. Attenuation

of photons by the target material follows Beer’s law (Henke et al., 1993), so:
AI=1-(1-e*) 5)

where p is the density of the target material, p is its mass dependent attenuation
coefficient, and t is its thickness. Solving for I in (4) and (5), the Hegerl-Hoppe theorem
predicts that to detect our feature, the number of photons transmitted through the

background, per pixel, per view, should be:

_1( 5 Y |
I_ﬁ'(l—e_p‘”) ©

where N is the number of angular views. For the imaging parameters above, this werks

outto I =4.7998 x 105/ N.

However, as can be seen in Figure 4-3, the actual background in which the target
feature must be detected in various projections through the phantom is at between 40 -
60% transmission, so that the above prediction should be about doubled. Moreover, there
are two sources of blurring that reduce contrast and for which illumination must be
increased to compenéate. First of all, the backprojection operation implicit in the
tomographic reconstruction process involves convolution of the true object density map
with a 1/r blurring kernel (Jain, 1989; Herman, 1980). We find that an intensity of about
1.6 times the predicted requirement results in satisfactory correction of this factor (see
results section). In addition, there is the blurring due to the instrumental point spread

function, which for the zone plate selected results in a 32 percent decrease in the contrast
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of the target feature. Again, approximately doubling the intensity compensates for this so
that the illumination used for these simulations is about 3.2 times that predicted by the

Hegerl-Hoppe theorem for the case of the feature within a cell.
3. Generation of simulated data sets.

To avoid square pixel artifacts when generating simulated measurements of
transmitted counts, the phantom was constructed on a 1024 x 1024 grid. The projection
step used to compute the ray sums at the various view angles (the sinogram) was
performed on the oversized phantom. All the angular views were evenly spaced, with an
angular spacing of 0.8955°, and with various restrictions on the tilting range. The density
sinogram was then converted to a transmission sinogram, on which the blurring step was
performed by convolving each row of the sinogram, corresponding to one angular view,
with the blurring kernel. The blurring kernel was constructed by taking the appropriate
2-D Airy pattern point spread function for the lens, and projecting it onto a line. Using
this 1-D line spread function allowed us to simplify the problem by dealing with the
reconstruction of a single slice, rather than the entire volume, which was appropriate for
the purpose of this study. Rigorous treatment of the 3-D reconstruction problem would
require taking into account the cross-talk between slices caused by the blurring. The
blurred sinogram was then subsampled by averaging, so that the final number of ray

projections per view was 256. A sample transmission sinogram is shown in Figure 4-4.
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Data for Angular range: N I
reconstruction:
R90 -90° to +90° 201 3880
RO0OU/D -90° to +90° 201 7760
R8O -80° to +80° 179 4356
R80OU/D -80° to +80° 179 8712
R70 -70° to +70° 156 5000
70U/D -70° to +70° 156 10000
R60 -60° to +60° 134 5820
R60U/D -60° to +60° 134 11640
Table 4-2

Finally, each pixel in the transmission sinograms was replaced by a sample from a
Poisson random distribution with mean equal to the mean number of transmitted counts
for that pixel. The mean number of transmitted counts through the background region,
i.e., the water layer, in each view was computed according to equation (6), with the
adjustments described above. Note that because the x-ray path length changes with view
angle, the incident intensity was adjusted for each angular view to produce the required
transmission through the background region. Table 2 summarizes the data sets generated
for the various reconstructions. The reconstructions are named according to the range of
tilt (£60° to +£90°), and whether the reconstruction was done with correction for PSF
blurring by deconvolution (D), was uncorrected for blurring (U), or was done from data
that was not blurred by a PSF (angular range designation only). The U and D
reconstructions were done from the same data sets. The unblurred data sets were
generated with half the counting statistics of the blurred data sets. For the blurred data

sets, the total number of detected counts across all the views is about 3 X 108 counts.
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Results of simulations
Criteria for evaluation:

The reconstructions were evaluated using three figures of merit: visual quality,
quality of a Iine profile through features of interest, and normalized mean squared error
(NMSE) with respect to the phantom, which is given by:
.-p)
NMSE =t-—— @)
Z D; ’
where the r; are the reconstructed pixel values, and the p; are the phantom pixel values.

Figure 4-5 shows the position on the reconstructions at which the line profiles are

measured. The right hand aggregate of the doublet is the one with 0.09 g/cm3 contrast.
Effect of restricted tilt range:

Figure 4-6 shows reconstructions with various restrictions on the range of sample
rotation, with deconvolution of the PSF. Visually, the gross structure appears intact in all
of the reconstructions, though in the reconstruction restricted to +60°, the lower
“mitochondrion” is basically obscured. Interestingly, some of the small features remain
surprisingly sharp despite the restricted angular range. The NMSE of the +£70°
reconstruction is about twice as large as for the reconstruction with the full range of
rotation, but still small at about 4%. On the whole, it appears from these simulations that

restriction of the range of tilt to +£70° still produces acceptable reconstructions.
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Performance of the deconvolution algorithm:

Figure 4-7 compares a reconstruction from an unblurred data set with one from a
blurred data set, corrected by deconvolution. Both were done with the full range of
rotation, but the measurement data for R90D had double the photon counts of the one for
R90, as indicated in table 2. As stated above, the target features in R90 are satisfactorily
resolved with about 1.6 times the required illumination predicted by equation (6), while
R90D is comparable in quality visually with about 3.2 times the predicted threshold. The
line profiles for both reconstructions appear quite good, with the peaks corresponding to
target features sharply defined. In fact, even the features with a contrast of 0.06 g/cm3 are
well defined in the line profiles, though technically they méy not meet the rather stringent
Rose criterion. Evaluated by NMSE, R90D is actually slightly better than R90, even
though visually it appears slightly less sharp than R90. This may be because the higher
statistics in R90D result in less noise in the broad, uniform features, as seen in the line

profiles.

Figure 4-8 compares two reconstructions from the same data set, one uncorrected for
blurring due to the PSF, and the other corrected by deconvolution. The range of view
angles is £70°. Visually, there is a noticeable difference in sharpness between the two
reconstructions. The difference between the line profiles around the peaks corresponding
to the target features bears this out. However, because of the restriction in angular range,
even the corrected reconstruction does not resolve features as well as in the case of no
angular restriction. Finally, the deconvolution reduces the NMSE by a significant
fraction. The relative improvement afforded by deconvolution is more pronounced with

greater restriction in the range of angular views.
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Figure 4-8 compares two reconstructions from the same data set, one uncorrected for
blurring due to the PSF, and the other corrected by deconvolution. The range of view
angles is £70°. Visually, there is a noticeable difference in sharpness between the two
reconstructions. The difference between the line profiles around the peaks corresponding
to the target features bears this out. However, because of the restriction in angular range,
even the corrected reconstruction does not resolve features as well as in the case of no
angular restriction. Finally, the deconvolution reduces the NMSE by a significant
fraction. The relative improvement afforded by deconvolution is more pronounced with

greater restriction in the range of angular views.
Discussion
Radiation dose:

Dose is defined as energy absorbed per unit mass and is measured in Gray (J/g). The
left graph in Figure 4-9a is a surface plot of the dose as a function of position within the
sample for reconstructions R70U/D. For each voxel, the dose was calculated by dividing
the total energy absorbed in the voxel during the data collection process by the total mass
within the voxel. A sharp falloff can be seen from the side of beam entry to the side of
beam exit. As stated above, the incident x-ray intensity was adjusted for each angular

view to produce the required transmission through the water layer.

The average dose within the region occupied by the cell is 9.3 x 106 Gray, with the
range extending from a minimum of 3.3 X 10° to a maximum of 2.0 x 107 Gray. Figure 4-
9b shows the histogram of the dose, demonstrating this wide variance about the mean.

These numbers must be evaluated in the context of what dose can be tolerated before the
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mass distribution of the sample is significantly altered on the size scale of the desired
resolution. There are a number of estimates of what should be considered the threshold
dose. In electron microscopy of frozen, hydrated samples, the “critical dose” that can be
tolerated befofe sample deterioration at the 10 nm resolution level becomes significant is
an electron dose of around 108 Gray (Glaeser, 1975; Glaeser, 1995). In x-ray
crystallography of frozen, hydrated protein crystals, calculations and recent
measurements at synchrotron facilities indicate that an x-ray dose of 2 - 5 X 107 Gray can
be tolerated before the diffraction pattern is lost (Henderson, 1990). These numbers very
likely underestimate the critical dose for the tomography problem described here: they
indicate that in frozen samples, atomic positions remain sufficiently well organized to
produce diffraction patterns at up to 2 X 107 Gray, whereas for the XMT problem, we
require only that the carbon and nitrogen atoms that were originally in an 80 nm voxel
remain in that voxel throughout the data collection, regardless of state of their chemical

bonds.

However, even using 2 X 107 Gray as the worst case critical dose, we see that the
reconstruction problem is solved with on average a factor of 2 lower dose than this
threshold, and a factor of 10 lower than the critical dose for electron microscopy at a
higher resolution. Moreover, the right hand graph of Figure 4-9a shows how the situation
could be further improved by exposing the sample from both sides, with concomitant
redistribution of the dose. In practice, this could be accomplished by flipping the sample
180° after one side has been exposed, and should be relatively simple to implement in the
sample holders used at existing x-ray microscope facilities. The restriction on angular

range would remain the same, as would the average dose, but as illustrated in the figure,
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and in the histogram of Figure 4-9b, nearly all the voxels would receive close to the
average dose, with very few receiving the more extreme doses that approach the

threshold.
Approaches to improving the performance of XMT:

So far, we have concentrated on the problem of making quantitative 3-D protein
densitometric measurements on thick samples. The choice of imaging parameters
required to meet our goals places constraints on the achievable resolution. If however the
goal is high resolution determination of 3-D topology or localization of specific
molecular species, it is possible to trade the ability to make quantitative mass
measurements in favor of potentially much higher resolution. This can be accomplished
by staining the sample with contrast agents such as metals, with or without conjugation to
specific antibodies (Balhorn et al., 1992). Improved resolution follows in a number of
ways. Because the contrast is no longer based on protein-water absorption differences,
wavelengths shorter than those in the water window can be used, where there is still
significant contrast between the metal, and water and organic material. For the same
depth of focus, shorter wavelength allows the use of higher resolution lenses. Finally, at
sufficiently short wavelengths, the attenuation coefficients of the sample are lower than
they are in the water window, so signal intensity is higher for the same dose, allowing
detection of smaller features. One variation that seems particularly promising is using
lanthanide metals as the contrast, and detecting the x-ray induced visible light
luminescence: the luminescence of these probes is resistant to bleaching up to very high
doses, and the resolution of the method is determined by the x-ray probe size rather than

the wavelength of the detected light (Jacobsen et al., 1993; Irtel von Brenndorff e? al.,
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1994). In addition to the above mentioned advantages, detecting an emission signal

makes the reconstruction problem linear, and therefore easier to solve.

If we insist on being able to do quantitative densitometry at higher resolution, there
are still options. Primarily, this could be accomplished by reducing the sample thickness.
The reduction in the required depth of focus would allow the use of higher resolution
lenses. The reduced overall attenuation by the sample would allow the detection of the
same feature at a lower level of illumination and dose, or for the same dose would allow
the detection of smaller features. Some cells, such as cultured cells, are naturally thin
(about 1 - 2 um thick). For thick samples, one possibility would be to make frozen thick
sections of about 1 - 2 pm thickness, which should still be thick enough to preserve much
of the interesting 3-D structure of convoluted objects like the endoplasmic reticulum or
Golgi complex. This would also open the possibility of imaging sections from whole

tissue that would otherwise be impractical to image with soft x-rays.
Conclusions

The results of the simulated x-ray microtomographic reconstructions presented here
indicate that even in a worst case scenario from a reconstruction and feature detection
standpoint, it should be possible to detect interesting features in 3-D at high resolution
within the constraints imposed by radiation dose. Furthermore, from a mefhodological
perspective, XMT of biological samples should be within the technological reach of
existing x-ray microscopy facilities. Finally, a number of methods can in principle be
employed to extend the range of utility of XMT to a broad spectrum of biological

problems.
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Appendix

The reconstruction problem can be formulated in vector notation as follows: let x be a
vector containing an estimate of the true object densities, where each element of x
represents the value of one pixel in the reconstruction. Let the matrix A be the projection
operator, which transforms X to its sinogram, s. AT would then be the backprojection
operator. Let t be the transmission sinogram of x, and let the matrix H be the operation
that convolves t with the PSF to produce the blurred transmission sinogram, ¢. HT would
then be the operator that performs cross-correlation with the PSF. The case of no blur-
ring, when the PSF is a delta function, is represented by H = I, the identity matrix. Let b
be the measured blurred transmission sinogram, and let W be the diagonal matrix whose
elements along the diagonal are the inverse of the estimated variance of the
measurements b;. Let d be the difference between ¢ and b. The preceding definitions are

summarized by:

s=A-x

t=1,exp(-s)

c=H-t (A1)
d=c-b

W:W,=b,W. =0

i#j

where I is the transmitted counts through the background. Then the objective of the

algorithm is to minimize the function:

F(x)=[W".dl +/{B-x =d" -W-d+rx" -B" -B-x (A2)
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The second term in the objective function is known as a regularization term. In the
absence of a unique solution to the weighted least squares problem, the secondary
function can be used to bias the solution according to some criterion. In this case, B is a
high pass filtering operation, so that by minimizing F, we choose a solution that is biased
towards having weaker high frequency Fourier components. For these reconstructions,

the frequency space filter implemented by B was:
B(w) = (w/ wp)r (A3)

where @y is the Nyquist critical frequency. The parameters r and n can be used to choose

the strength of regularization.

Given the ability to compute the gradient of F, and the distance A from any point x, to
the minimum along a direction v, the conjugate gradient algorithm can be used to
construct a set of N conjugate directions v;, where N is the number of elements of x.
Successive line minimizations over this set of directions leads to the overall minimum of
the function if it is a quadratic surface (Press et al., 1992). The algorithm is also useful
for minimizing functions involving nonlinear operators that are approximately quadratic
near their minima, as is this objective function. The algorithm works iteratively, starting

with an initial guess X, as follows:
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l.g, =VF(x,)
2.Vy =8
Begin iteration :

3. A = distance to minimumalong v,

4.x.,, =X, +Av, (A4)
5.8, =VF(x;,)
T
6. ,y = gi+; gi+l
g '8
7. Yipr =YV 8

where i is the iteration index. For this objective function, the gradient is given by:

VF(x)=—2A"-T-H" -W-d+2rB" -B-x
T, =27, =0

i#]

(A5)

Because the objective function and gradient incorporate the effect of the PSF, this

algorithm will lead to its correction.

Step 3 of the algorithm is the most difficult to implement because of the nonlinearity
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