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SUMMAI*IY 

Typical micr.radiographs made with titanium, calcium, silicon and aluminum 
K-radiations are given of sections of the healthy and carious dentine of human teeth. 
Thev are .ffered t.'} indicate the kind of new information about composition which can 
I)e obtained I)v using monochronu~ti{" instt,ad of heter~,chronmtic X-rays for micro- 
radiography. 

iNI'RODUC-I ION 

Radiography, whether (}Ji a gross ~}r a micro scale, i.- important a.~ tht. way to visualize 
the interior of a solid '.;paquc to li~hi. What it shows depends on tile amount of X-rays 
absorbed at different points in the sample, and tiffs absorption is determined by the 
structure and composition of the object as well as by the quality of the X-ray.~. In 
conventional radi~,graphy the X-rays have a wide range of wave lengths and contrast 
is largely the result - I  differences in density throughout the sample. These X-rays, 
as generatcd in most e~mmercial tubes, arc so penetrating that the specimen must be 
thick and its details relatively large to yield the requisite absorption. The more 
strongly absorbed X-rays that can reven! minute detail in thin specimens must be 
produced in an especially made tube equipped with the thinnest lX~ssible window and 
6D'rated at a low voltage. 

Two methods I have been devised for microradiography. In contact microradiog- 
raph.v, as in the radiography of gross objects, the sample is photographed in contact 
with the film or plate. To reveal minute detail the contact must be excellent, the speci- 
met: t~,i, ~.-.-.~ the photograptfic emulsion unusually fine-grained. In projection micro- 
radiograp!-:," the X-ray source must be as small as the detail we hope to see and the 
specimen and film are separated to furnish an enlarged shadowgraph. Both methods 
have their advantages, and disadvr.ntagcs. The equipment for projection microradiog- 
raphy is relatively costly since it involve.s, ~table electron optical s).'stem to supply 
the minute X-ray source. It is l imit~l in the l~umber of different wave lengths it can 
use but has the outstanding advantage that the specimen can be very thick without a 
loss of sharpness hi the microradiographic image. The techniques of contact micra- 
radiography are sinlple and inexper~-e  and it offers the impor tam possibility of using 
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the characteristic X-ravs of all the elements (except the rare ga~es). Its chief limitation 
is to be found in the fact that th~ specimens must be very thin if small details are to be 
portrayed. We are using both types of microradiography in the study of biological 
structures but the present _paper deals only with contact microradiographv. 

In principle X-ray absorption can serve to identify chemical elements present in a 
substance as well as to outline its morpholo~, as indicated by diffe~n, '  : "- " ,n  
An element absorbs ,:cry strongly wave lengths shorter titan those corresponding to the 
ener~" required to excite its charact,,ristic radiation and is particularly transparent 
to its own radiation and to wave lengths somewhat longer. Radioeraphs made with 
these different X-rays there%re ,,,tline reg'ions where a particular elernon_t i~ in high 
conc-~tration. In contrast to .-.1..... many apr, lications alreadv made with hetero- 
chro1,,atic X-rays, few attempts ~ have yet been made to work with these char- 
acteristw radiations. Some years ago one of the present authors employed them to 
identify minerals * in petrographic sections; their use is currentl;" being further 
investigated, especially for the lighter elements. Teeth, employed here to illustrate 
their possibilities, have frequently been investigated with polychromatic X-rays s. 

METHODS 

Characteristic X-ray microradiography requires t,3e use of the radiations from a wide 
range of elements. Such X-rays can be ptoduce,.~ ill one of two ways: either bv 
fluorescence or in a tube equipped ~ith a target of the desired element. 

Fluorescent X-rays are excited when a ~ccondary target is irradiated with an 
intense beam of wave lengths shorter than those characteristic of the target element. 
This method of producing characteristic X-rays for microradiography is especially 
simple because a high-powered commercial tube can supply the primary X-rays and 
the seconda~" target can be placed more or less at one's convenience with respect to it 
and the camera. Fluorescent excitation has the advantage for microradiography that 
only the characteristic spectral lines are produced, unaccompanied by the background 
of continuous radiation that results from electron bombardment. It has the dis- 
advantage that sufficiently intense fluorescent sources are too large to yield micro- 
graphs of the highest re:;olution. Furthermore, the intensity of fluorescent radiations 
falls rapidly for the lighter elements: thus the efficiency of excitation diminishes from 
about 3o?0 for iron radiation to only 20o for magnesium This results in prolonged 
exposure times and in a loss of spectral purity through an increasingly important 
scattering of pmmar~" radiation by the fluorescing target. 

A fluorescent soarce was employed in our earlier werk 2 with mineral specimens. 
In view of the success there obtained, a preliminary series of microradioga'aphs was 
made of sectioned teeth using the fluorescent K-radiations of titanium and calcium 
excited under near-optimal conditions by the output of a tungsten target Philips 
FA-6o X-ray tube operated at xzoo W. With the relatively coarse Eastman Fine 
Grain Positive emtzlsiGn used for minerals, the exposure, time was of the order of a few 
minutes but for the far le~  sensitive ultra fine-grained emulsion needed for work at 
magni~cations above approx. 3o-fold. exposure times were impractically long. 

All mtbsequent work has consequently been carried out with directly excited 
characteristic X- ra~ .  The demountable tdbe employed for this purpose was constr'.~- 
ted in this laboratory; it will be described elsewhere. For the study of teeth the most 
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useful radiations have been those of titanium, calcium, silicon and aluminum. The 
tube window was of 6 # mylar film and became of the high absorption of all these 
X-rays in air the path from the tube window to the specimen and film was filled with 
helium. Light from the tube filament was excluded by interposing an opaque foil 
which wa~, ,-,! titanium for titanium X-rays. It was of evai~mted beryllium when a 
silica target was used and of aluminum for the other radiations. All micrographs 
were made on Eastman Spectroscopic Film Type 649-o. 

Titanium K-radiation is especially strongly absorbed by the calcium and some- 
what less strohgly by the phosphorus in a ~mple. Calcium-rich details will appear 
with much reduced contrast in microradiographs made with calcium K-radiation, 
though since this element occurs in t ~ t h  as phosphate, the strong absorption of 
ph~phorus will partially neutralize the high transmis~ib;-t-;-ty of the calcium. Neverthe- 
less the diminished contrast with calcium X-rays is apparent, as in Fig. 4b. Minimal 
contrast should be obtained with phosphorus K-radiatio~ but because a target has not 
yet been prepared to supply such X-rays, silicon, as th.: next lighter element,has been 
used instead. The absorption of the organic material in a section is negligible for 
radiations as penetrating as that of titanium; but with silicon and even more with 
targets of the lighter aluminum and magnesium, its absorption is comparable with 
that of apatite and sufficient to bring out details of the matrix in sections a few 
thick (Fig. xb and zb). By photographing a section of a tooth with titanium and 
calcium radiations it is thus feasible to see directly the mineral of a tooth; if one 
wishes to learn more about the organic matrix, this can be visualized with aiuminum 
or magnesium radiation after derc, ineralization with EDTA. Sim~ar studies are being 
made of bone and other calcified tissues. An even sharper delineation of the calcium 
distribution is possible in shells of invertebrates because their calcite and aragonite 
do not offer the complication arising through the superimposed absorptions of phos- 
phorus and calcium in apatite. 

RESULTS 

In order to illustrate the possibilities of this microradiography using characteristic 
X-rays, seri~s of contact microradiograpks were made through sections of extracted 
human teeth, choosing for photography regions in both the healthy and the carious 
dentine. The sections were sawed from teeth preserved in formalin and reduced to the 
desired thinness by manual grinding. A tint group of experiments was carried out to 
ascertain the best thickness for the radiations in question. This has proved not to be 
highly critical and to depend somewhat on whether major interest lies in healthy or in 
~.~ou.. ,fractures. For general p~rposes thicknesses between z5 and 40/~ are satis- 
factory, 7%~ctions as thin as z5 ~, yield somewhat less than optimal contrast when 
photographed with the relatively hard titanium radiation ~-hile those much thicker 
than 5o ~ require prolonged exposm~ to the sorer X-rays and frequently show some 
superposition of detail. 

Most sections through normal dentin~ photographed with titanium radiation 
have shown a high absorption which is greater within the often ill-defined tubules 
(Fig. za). In some areas the tubules have been much more clearly outlined as a conse- 
quence of being only partially filled with calciunt phosphate (Fig. aa). The dense 
mineral lining these tubules is evidently the optically refractile zone that has ! ~-,1 
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lqlg. t. (a) A m ~ . p h  made with Idttanlum mdlag l~  oG a 8rotund seetkm of healthy human 
dent~ae in • region not ha" from the enamel-dentinal junction. The m ~ t i o n  in tlds a ,~  al l  
other phototraphs of this paper is 5oo x .  (b) A microlpaph of a fadd adjacent to tlatt of Fig. xa 

alter decalcification of the lection with EDTA. Aiuminum radiation. 

I~ 8. a. (a) A rqicm ol healthy dent/he where most of the tubules ~ / n c o m p b ~ e l y  lJled with 
caJc/um pbmphate, T/tanium radmt/on. (b) The tame region as that of F/g. am after decalcifcat/on 
of the section with EDTA. Aluminum radiation. The opacity of the intertubular spaces is due to the 

reddeal o ~ a a k  raatrix. 

Fig. 3- (&) A transver- section through undiseued dentine cloee to the pulp. There is llttie calcium 
with.n xny of the tub ,;el. Titanium radiation. (b) A longitudinal sect/on through s teflon close to 

that provid/ng F i e  3L Titanium md/atkm. 
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Fill. 4. {a) A az t /on  t h r o q h  carious emuael. ]do~ of the tubelaJ m mote or Jan completely filled 
with calcium phosphate but s certain number, on the right s/de of the photograph; appear, com- 
pletelv transyu~ent. Titanium radiation. (b) The same sect/on photographed with cmcmm rafllatlOn. 
Most m the :antrast  h u  been lost. Momt but not all of the "empty"  tubu i~  of F~.  4 a remain 
transparent. ~.-) The same section phutoll~phed with silicon radiation. There is so l i t t le contra~t 
that the tubules filled with calcium phosphate are hard to distinguish from the intertubulax matrix. 
(d) The same section photoi~raphed with a'tJminum radiation. The absorption of the organic 
matarisl is sufficient not only to suppress the c¢,~trast between tubules and matrix but to render 

ne~rlF invisible the "crop, '-" tubules of Fig. 4a. 

Fig. 5. A Jection towardJ the ~ r d c r  of a cavity showing man), calcified and partly filled tubules. 
Titan/urn radiation. 

Fi 8. 6. A region with a carioua area showing many calc~ed and "rinqed" tutmlo, in a matrix that 
seems deficient in caJcium phcaphate. Titanium radiation. 
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noted since early times and has been recently demonstratt~l by heterochromatic 
rnicror~liography4, t. Close to the pulp, partly or seemingly completely empty tubules 
have been numerous (F~. 3). 

Witlun and in the neighbourhood of cavities the tubules have stood out with 
special clarity. In the titanium pictures fully calcified (opaque) tubules have been 
interspersed with many that appeared entirely empty (Fig. 4 a) in an J', '-~ ~%u .... 
matrix rather poor in calcium (Figs. 5 and 6). As one would expect, most of this high 
contrast has been lost in the calcium photographs (Fig. 4b); when photographed with 
silicon (Fig. 4c) and aluminum (Fig. 4d) X-rays the tubules, even those that were 
transparent to titanium radiation, are scarcely discernible. Since the latter manifest a 
considerable opacity to these very long X-rays, it is obvious that they are not indeed 
empty but must c~mtain organic matter. 

The relative distribution of the inorganic and organic matter in the tubules and 
intertubular spaces of normal dentine is seen in radio~aphs of a section before and 
after demineralization. Thus Fig. xb is an aluminum photograph of a field adjacent to 
that of Fig. xa made after treatment of the ~ction with EDTA; Fig. 2b is the same 
field ~.s Fig. za after decalcification. There i~ -omnlete reve,~! ,,r , . , , . , ,~., .i. . . . . .  ~ ,I.; s 
treatment, the initially more opaque tubules becoming more transparent titan "'~ L I t U  

spaces between. 

DISCUSSION 

The foregoing photographs are pre~ented, not as a specific contribution to the histology 
of teeth, but as an illustration of the possibilities that lie in the use of characteristic 
X-rays for microradiography. Besid?s the kind of information about details visible at 
several hundred times magnification shown in these figures, the exanfination of larger 
areas at low magnifications can contribute much concerning the proccs~.~ of calcifica- 
tion and decalcification. Thus around areas of decay we have often seen very sharply 
delimited zones of reduced calcium phosphate content, and sometimes especially 
strongly marked zones of an enhanced opacity (in titanium photographs) tb~t could 
represent hands of secondary calcification. Within carious areas it is easy to dis- 
tinguish, at both high and low magnifications, the progressive loss of calcium and then 
of organized structure which is decay. It is proposed in subsequent work to illustrate 
these applications to developing and diseased teeth and to indicate what this form 
of microradiography can show about the structure of healthy and disea.~d bone. 

There are a number of ways in winch the techniques employed here cau profitably 
be developed and improved. The X-ray tubes were not specifically des;.gned for this 
type of microrad/ogtaphy and it would not be difliculL in the light of the experience 
already gained, to construct others far more convenient to use and .giving X-ray beams 
of much greater intensity. Further work is needed to show how these low voltage 
tubes should be operated to give an output as monochromatic as possible. This in- 
volves the selection of suitable materials for targets, a determination of optimal 
voltages and the production of filters to imla, ove the monochromatic character of the 
X-ray beam. The microradiographs of this paper yield qualitative informatiGn only. 
In principle tlfis infmrcmt.ion could be made quantitative though at this time, when 
the possibilities o[ the meth~:~ are so inadequately known, it is improbable that such 
results would be worth the effort they require. Nevertheless it would not be hard to 
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render this microradiography semi-quantitative through the use of standard absorbers 
to be photographed at the ~ m e  time &~ the specimens. All these developments are 
straightforward and of an engineering character and it is intended to introduce them 
as the work proceecL~. 
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