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The major publications (Papers No. 1, 4, 6, 3, 10, 11,

13, 15, 17, 19, 21, 22, 24, 26, 27, 28 and 29) are

presented in reprint form, with the exception of 29 which

was not suitable for binding and was retyped. The minor

publications are published abstracts of papers read

(Papers No. 2, 3, 5, 7, 9, 12, 14, 16, 18, 20, 23 and 25)

and a letter to the editor (Paper No. 30). These are

presented as typed copies of the original with the excep-

- 16,23 & 30. The minox publications are bound so

tion O:

as to precede the relevant major paper for they effectively

represent progress reports on work which culminated in that

major publication. The papers are not presented in strict

chronological order of publication, some liberty having

been taken to group them in a more logical way according

to subject matter.
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or authors. The information contained therein is a direct

result of original research by the listed author or authors

unless otherwise indicated by appropriate referencing.

(2) Papers 9-11, 1l3~22 and 28 are under joint authorship with Dr.

& . Alan Boyde, the work for all of them being carried out in his
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were initiated and directed by Dr. Boyde and were conducted
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" (3) Paper 1 1s an abbreviated extract from a thesis entitled "The

Histology of Mature Human Dental Enamel", submitted to the

University of Sydney in 1963 in partial fulfilment of the

requirements for the degree of Master of Dental Surgery.

Papers 2-8 are based on work described in a thesis entitled,

& "A Study of the Bands of Schreger" and submitted to the University

ﬂ’ of Sydney in 1965 in partial fulfilment of the reguirements for

the degree of Doctor of Philosophy in the Faculty of Dentistry.
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2 INTRODUCTION: ‘

This collection of published papers describes research into the

morphology of the three, peculiarly dental, hard tissues: enamel,
dentine and cementum. The high mineral content, the relative
acellularity, and the resultant hardness of these tissues make

their study by normal histological methods difficult and sometimes

impossible, Herein lies both the dilemma and the challenge. It is

p—

for this reason that a variety of microscopical techniques and a

variety of methods of specimen preparation must be brought to bear

1f a true morphological picture 1is to be obtained,

D The first research paper presented here reports a light microscope

study of human enamel. The last research paper reports a scanning

electron microscope study of developing roots of rat molars. The

aim throughout was to investigate the microscopic anatomy of the

dental hard tissues. As with much research, the course taken from

the first experiment to the last was not, and could not possibly

have been, foreseen. In retrospect, three major factors influenced

the course of this work: those colleagues (and their ideés) encoun-
tered along the way; the accidental; and one's own curiosity and

affection for the subject. The introduction provided below is an

attempt to formalize these influences and to provide a continuum in

which the individual papers may be seen to advantage.
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< Paper-1:

This paper is an abbreviated critical review of some aspects of

enamel histology. The purpose of the original survey was to identify

controversial areas in the field of histology which might lend them~

selves to investigation by means of various optical microscopical

tgchniques. One feature of enamel histology in particular, the bands
of Schreger, was found to go by various names, to have been described
under various conditions, and to have been ascribed various origins.
It was apparent that no concerted attempt had been made to ascertain

whether the various bandings coincided or to determine their etiology.

Papers 2-4:

]

The purpose of this initial project was to examine in a controlled way

the range of appearances of the bands of Schreger when a longitudinal

ground section of enamel was examined by incident light. The vari-

ability in appearance was assessed by rotating a longitudinal ground

section of human enamel under a fixed, angulated, incident light

source. A reproduceable sequence of changes in appearance was

described. The findings indicated the need for a methodical examin-

ation of the relationship between the orientation of the constituent

enamel rods, the incident light source, and the appearance of the

iy

bands of Schreger. It was concluded that only by such examination

could an attempt be made to analyse and understand the phenomenon.
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Papers 5 and 6:

parallel enamel rods act essentially as elongated, cylindrical mirrors.

These Papers report the experiments which demonstrated that groups of

This was done by adapting a geological instrument, the Leitz four-axis

universal rotating stage, to Histological use. The device permits

controlled, calibrated rotation for 360° about vertical and inclined

vertical axes and for 260° about horizontal axes. The universal stage

also allows convenient examination of the same specimen area by trans-

mitted polarized (and ordinary) light and by incident light throughout

—

the range of manipulation of the specimen. In this way, a three-

dimensional assessment of crystallite (and thereby of rod) orientation

was determined and combined with assessment of rod reflectivity. The

individual enamel rods, manifeésting en masse the phenomenon of the

bands of Schreger, were found to oblige the laws of reflection.

Papers 7 and 8:

positions, relative to a fixed light source, within which a group o:

-

As a sequel to Paper 6 above, examination was made of the range of

Y

parallel enamel rods remain reflective. By mapping out these zones

Ol

reflectivity, explanation was provided for a number of sequences
of appearances, or patterns of behaviour, of the bands which were

described in previous papers. Finally, assessment of the behaviour

- H-w‘ﬂ—-—?:wmﬁﬂg e At 4




of the bands of Schreger is presented as a means of assessing the

sub-~surface orientation of enamel rods.

Papers 9-22:

The work reported in Papers 9-22 was carried out in conjunction with

Dr. Alan prde. In 1965, Dr. Boyde was working on enamel structure
and development utilizing, in particular, scanning electron MmiCrosScopy
and a high resolution carbon replica technique for transmission
electron microscopy coupled with stereo~photogrammetric analysis. The
scanning electron microscope was, at that time, in the early stages of
its development as a biological instrument for the three-dimensional

sampling of intact mineralized specimens. The carbon replica technique

coupled with stereo~photogrammetric analysis affords a unique oppor-

3

tunity of visualizing detailed surface morphology. The combination o:

these surface techniques provides an ideal means for the examination

of mature, mineralised tissues hitherto generally inaccessible to the

gk

higher resolution afforded by electron microscopy because of the

difficulty of obtaining ultra~thin sections. Organic solvents were

used on much of the material in order to remove soft tissue debris,

often an unwanted complication of direct viewing techniques. Every

one of the Papers 9-22 represents an application of these surface

techniques to a particular tissue or area which had not been examined




with such clarity before, viz.,

Justi.:

predentine (9, 10)

resorbing surfaces of enamel, dentine and cementum (11)

fractured dentine surfaces of a wide variety of

mammalian species (12, 13)

the region of von Korff fibres in developing and adult

dentine (14, 15)
some crystalline components of dentine (16, 17)

caries (remineralization) crystals in enamel and

dentine (18, 19)
bacterial plaque lining carious cavities (20, 21)

marsuplal enamel (22).

fication for these studies is found in the original images

obtained and the unigque visual concept of the subject matter they

provide., Individual introductions to the specific problems studied

and the application of the results to their solution may be found

in the papers themselves.

Papers 23 and 24:

The last of the papers (22) mentioned above, established the much

disputed reality of tubules in marsupial enamel and the fact of

o




their continuity with dentinal tubules across the enamel-dentine

junction. Some questions remained unanswered, among them:

a) Whether or not the tubules contained organic material;

b) If so, whether this material was intracellular or

extracellular; and

c) The precise nature of the origin of the tubules from

the formative cells.

The electron microscope laboratories of Dr. J.A.G. Rhodin and Dr. E.

J. Reith provided an ideal situation for examining these problems.

Large area, ultra-thin sectlions of well~fixed developing opossum

material were prepared and examined and definitive answers obtained

for these questions.

Papers 25-27:

1}

Papers 9 and 10 report, as introduced above, the application of

surface techniques to the study of developing dentine. Papers 25-27

began as a continuation of this work using thin sections of developing

. pa—

dentine of rat molars. The emphasis switched to study of root

development when it was realised that the usual sequence of events




described for mammalian tooth root formation did not occur for the
rat molar. Papers 25 and 26 describe the early phases of cellular
cementum formation and the inclusion of eplthelial cells by the
cementum. Paper 27 examines later phases of cellular cementum
formation where the developing edge of the cellular cementum comes

p—

to precede that of the dentine and Hertwig's epithelial root sheath

1s imbedded en masse between the cementum and the dentine,

Paper 28:

It was found during study of the rat molar root that a very complex

arrangement of the formative tissues exists at the root apex during

the final stages of its formation. It is difficult when working in
two dimensions to reconstruct the third, especially when the method

of examination involves ultra-thin sectioning of mineralized tissue

for transmission electron microscopy. A more direct mode of exami-

nation was desirable. To this end, developing rat molars were
rendered anorganic and their roots examined directly in the scanning
electron microscope. In this way, a project begun with surface

techniques and continued by thin sections was returned to the scanning

microscope for clarification.
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Paper 29:

This paper is a brief summary of the findings on rat molar root

development intended for a clinically oriented, endodontic reader-

p—

ship. Some of

the comparative histological differences between

the teeth of rats and of humans are described in order to enmphasige

the need for care when extrapolating results from one speclies to

another,.

The theme throughout this collection of published work is one of

Fofgle EL SR NI TR RN TS W ML e
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general enquiry into the structure of the dental hard tissues:

enamel, dentine and cementum. Because of the difficulties inherent

in the histological examination of mineralized tissues, advantage

must be taken of any assistance Nature provides.

writexr's belied

It is this

1]

- that a much wider awareness of comparative dental

histology would result in a more purposeful use of particular teeth

of particular species. Unique experimental systems are available

to the researcher in this way and would greatly assist histological

endeavour and the wider application of its results.
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It is clear from the small exploration described here that a vast
~and exciting world of comparative dental ultrastructure lies
accessible to the newer, high resolution techniques. A morpho-
logical banquet awaits the man with the inclination, the time

and the armamentarium.
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Reprinted from the Awusiralian Dental Journal, Vol. 9, Number 2, April, 1964, pp. 82-89.

Some controversies concerning enamel histology -

L

K. §. Lester, M.D.S.%

Introduction
The purpose of this review is to present
some of the disputed points—both past and
present—in the histological study of enamel
and thereby to state the problem rather than
to attempt the solution. 1
There is much to suggest the unique nature
of enamel. There are no contained parent
cells or cell-processes, thus it cannot be defined
as a tissue but rather must be degcribed as
a ‘“substance”.® This absence of cells renders
the enamel incapable of repairing any deficiency
In 1ts structure and is possibly responsible
for the fact that enamel alone of all bodily
elements, does not undergo post-mortem de-
generation.® Further it is the hardest sub-
stance in the body, the calcium salts respon-
sible for its hardness being wunavailable to
the general metabolic pool.®
Although difficult of complete segregation,
the characteristics of enamel in question will
be separated as much as possible for the
purpose of discussion. *

Organic matrix

Until early this century enamel was generally

regarded as consisting entirely of calcium
salts. Tomes® in 1896 studied elephant enamel
and rejected the estimates of von Bibra and
Hoppe-Seyler of approximately 385 per cent

* Teaching Fellow, Department of Histology and
HEmbryology, University of Sydney.

Received for publication January, 1963.
Revised and resubmitted June, 1963.

() The British Medical Dictionary. Hd. Sir Arthur

~ IEIaciG’g%l;:y The Caxton Publishing Co., 1961
D

@ Sognnaes, R. F.—Mlcroradmgraphm observations
on demineralization gradients in the patho-
genesis of hard-tissue destruction. Arch., Oral
Biol,, 1: 2, 106-11%, 1959.

@ Sognnaes, ]R. F.—Microstructure and histo-
chemical characteristics of the mineralized
tissues. Ann. N.Y. Acad. Sci, 60: 5, 545-574
(April) 1955.

4) Tomes, C. 5.~0On the chemical compogition of
enamel.’ Journ. Physiol. Cdmb., 19: 8, 217-223
(Mar. G) 1896.

organic matter because these were made from
estimations of the loss of weight after ignition,
which Tomes stated was equal to and could be
accounted for by the water content, which, of
course, was also lost on ignition. More refined
techniques® gave strong indications of the
presence of an organic matrix but the prob-
lem was now one of histological demonstra-
tion. Perhaps Miller® was the first to see
the organic matrix by drawing nitric acid

under a cover slip over a. ground section of .

enamel. He stated however, “I shall not
attempt to offer: any explanation of these
phenomena although the thought suggests it-
self that we have to do with uncalcified enamel
prisms.” It was not until 1923 that the organiec
matrix was in any way accepied and in that
vear Bodecker® presented to a meeting of the
New York section of the International Asso-
ciation of Dental Research the brown, spongy
remains of a completely decalcified tooth, the
Association lending official recogmtmn to the
discovery.

Serial sections of well preserved decalcified
organic elements were studied by Malleson®
later in the same year as Bodecker’s study,
but independent of it. He concluded that
enamel consisted of: (i) a highly calcified rod
and inter-rod substance; (ii) a rod cortex or
sheath that remained after decalcification and
could be stained with hsematoxylin.

& Mummery, J. H.—The microscopic anatomy of
the-- teeth. London: Henry Frowde, Hodder
and Stoughton, 1919 (p. 77).

® Miller, W. D.—The presence of bacterial plagques
ol the surface of the teeth, and their signi-
{icagce. Dent., Cosmos, 44: 5, 425-446 (May)
902. .

(7 Bodecker, C. F.—A report of further investiga-

tions on the organic matrix in human enamel.
fen ZRGSEELI'Ch Jnl, 6: 2, 117-130 (June)
924-26

® Malleson, H., C.—A preliminary note on the
structure. of . human enamel as revealed in
decalcified sections. Brlt Den, Jnl,, 45: 2, 601-
609 (May) 1924..
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Little attention was, however, paid to the
organic matrix and in 1944 Frisbie, Nuckolls,
and Saunders® said: “ ... with few exceptions
only the most casual consideration has been
given to the possibility of 4 continuous matrix
being present in the adult structure”. The
authors recognhized throughout completely
decalcified sections an organic matrix, that is
to say, core, cortex, and inter-rod substance
were shown to have an organic basis.

Sognnaes® commenced a study of the organic
elements of the enamel and was able to
demonstrate that the histomorphology of
enamel can largely be attributed to the pattern
of its organic framework. (Fig. 1).
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Fig. 1.—Thin decalcified portions of mature
human enamel. Left: Hunter-Schreger bands,
Top centre: Incremental 1lines of Retzius,
Bottom centre: Enamel tufts. Right: Lamella,
showing its independence of the rods. From
Figures 10, 11, 12, 13 on page 548 in ‘‘Micro-
structure and histochemical characteristics of
the mineralized tissues”, by R. F. Sognnaes.
Ann. N.Y. Acad. Seci, 60: b, 1955,

Thus, in completely but carefully decalecified
teeth, Hunter-Schreger bands, enamel tufts,
lamellae and incremental lines may be demon-

strated.®HEn1s) "

(® Frisbie, H. H. Nuckolls, J., and Saunders,
D. C. M.—Distribution of the organic matrix
of the enamel in the human tooth and its
relation to the histopathology of caries. J. Am.
Col. Den., II: 243-279 (Sept.) 1944.

(19 Sognnaes, R. -F.—The organic elements of the
enamel, I. A study of the principal factors
involved in the histological preservation of
the organic elements of enamel and other
highly calcified structures. J. D. Res., 27: 5,
609-622 (0Oct.) 1948.

(1) Sognnaes, R. F.—The organic elements of the
enamel, II. The’ organic framework of the
internal part of the enamel with special regard
to0 the organic basis for the so-called Tufts
and Schreger Bands. J. D. Res., 28: 6, 549-
557 (Dec.) 1949. :

(12) Sognnaes, R. F.—The organic elements of the
enamel. III. The pattern of the organic frame-
work in the region of the neonatal and other
incremental lines of the enamel. J. D. Res,,
28: 6, 5b8-564 (Dec.) 195489,

(18) Sognnaes, R. ¥F—The organic elements of the
enamel. IV. The gross morphology and the
histological relationship of the lamellse to the
organic framework of the enamel. J. D. Res,,
29: 3, 260-269 (June) 1950.

83

Electron microscopy of demineralized sec-
tions has elucidated the problem further and
demonstrated the matrix to consist of sub-
microscopic fibrils and these fibrils to be often
divisible by characteristic grouping into inter-
rod substance, rod sheaths and rods them-
selves @ anae@) (Tig 2),
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Tig. 2.—Orientation of matrix fibrils (de-
mineralized section). A: rod sheath. B: rod.
C: inter-rod substance. x 7,000. From Sicher:
Orban’s oral histology and embryology, oth ed.
St. Louis, The C. V. Mosby Company, 1962.
Courtesy Dr. D. B. Scott.

Thus the organic matrix has come to account
for many of the histological characteristics of
enamel previously ascribed to other Zfactors
and to take a prominent position in many
theories of the wtiology of caries,® @) E)@2)(@)

(14) Bernick, S., Baker, R. F., Rutherford, R. L.,
and Warren, O.—HElectron microscopy of enamel
a;lgl dentin., J.AD.A. 45: 6, 689-696 (Ded.)
1952.

(18) Scott, D. B., Ussing, Marie J., Sognnaes, R. F.,
and Wyckoff, R. W. G.—EHlectron microscopy
of mature human enamel. J. D. Res., 31: 1,
74-84 (Feb.) 1952.

(16) Sognnaes, R. F.—Electron microscopy of the

enamel of teeth in various stages of develop-
ment. J. D. Res, 31: 1, 85-93 (Feb.) 1952,

7 Scott, D. B.—The electron microgcopy of enamel
and- dentin. Ann N.Y. Acad. Sci, 60: b, b7b-
584 (Apl.) 1956b.

18) Quigley, M. B.—Electron microscopy of the
amelodential junction during early develop-
ment of the molars of hamsters. J. D. Res,
38: 3, 558-568 (May-June) 1959,

(19) Frank, R. M. and Sognnaes, R. F.—Eleé¢tron
microscopy of matrix formation and calecifica-
tion in rat enamel. Arch. Oral Biol.,, 1: 339-
348 (March) 1960.

(20) Gottlieb, B.—A new concept of the caries prob-
lem and its clinical application. J.A.D.,A. 31:
1588-1609 (Nov.-Dec.) 1944,

1) Gottlieb, B.—Dental caries, its etiology, patho-
logy, clinical aspects and prophylaxis. Phila-
delphia, L.ea & Febiger, 1947 (p. 140),.

22) Pincus. P._—CEjroguction of dental caries—a new
ﬁrfgthesm. Brit. Med. J., 2: 358-362 (Aug. 13)

23) Martin, J. J., Schatz, A., and Karlgson, K. H.—
Proteolusis-chelation: a new theory of dental
caries. J. New Jersey D. Soc., 27: 7-8
(Comment 6 Nov.) 19556,
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The 1reason for the comparatively Ilate
recognition of the organic matrix 1s now
known to lie in the intimacy of the crystal-
fibril relationship¥® and the delicacy of thse
fibrils themselves.@® TDecalcification procedures
as applied to bone left no trace of organic
structure at all, because the slightest disturb-
ance of the specimen or the decalcifying fluid
would disrupt the fragile matrix. To overcome
this, immobilization of the specimen during a
gentle, slow, decaleification is essential pro
cedure

Enamel rods

Purkinje in 1835 and Retzius in 1837 are
credited with the first description of the
enamel rods., The shape and course of the
rods -and their relation to the other structural
elements of enamel have been and still are
subjects of controversy.

Shape: At first rods were widely held to be
hexagonal in shape, heénce the term “prism”.
This resulted from the difficulty of inter-
pretation of ground sections owing to the
density and the refractive effects resulting in
serious interference with the images. Any
deviation from this hexagonal form was attri-
buted to obliguity of the section and the
“overlapping” of rods. Two workers, voun
Ebner® agnd Smreker® {first argued against
this arrangement and Smreker proposed an
arched and grooved rod which interlocked with
its neighbours and likened the arrangement to
a pavement epithelium. He supported his
argument with teased preparations of enamel
which he said showed individual rods to be
grooved. Study of elephant enamel proved
valuable for their argument as it represents
an exaggeration of that seen in the human in
both form and size, teased preparations show-
ing deeply grooved rods.

These results were reaffirmed by Chage in
1927, who for the first time made serial
gsections of partially decalcified human enamel
which he stained with Mallory’s connective
tissue stain and various hs:matoxylin and
eosin combinations (Fig. 3).

(24) ‘V;:m Ebner, V.—Histologie der Zihne mit
Hinschluss der Histogenes. From Handbuch
der Zahnheilkunde, Wien. REd. J. Scheff, 1909

(p. 240).

23 Smreker, H.—{ber die Form der Schmelz-
prismen menschlicher Zihne und die Kitt-
substanz des Schmelzes. Arch. f. Mikr. Anat.,
66+ 312-333, 1905.

28) Chase, S. W.—The enamel prisms and the

interprismatic Ssubstance. Anat. Rec., 36: 3,
239-258 (Sep.) 19279.
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The nature of the inter-rod substance has
given rise to much controversy. Chase®?’ sup-
ported its calcified nature on the basis that:
(i) decalcification was necegsary before it
could be stained:; (ii) carbon dioxide bubbles
were observed during- decalcification irom
both rods and inter-rod substance.

A recent study® of extremely thin seéctions
(3—4x) of fully calcified enamel by phase-
contrast microscopy has left little doubt that:
(a¢) the “fish-scale” appearance is, in fact, a real

Fig. 3.—Section of partially de-
calecified adult human enamel cut
in a plane perpendicular to the
longitudinal axis of the rods and
stained with Delafield’s hsema-
toxylin and eosin. Top: x 1,000.
Bottom: x 300. From Figures
3-5, Chase, S. W. Anat. Rec,
36 : 3, 245, 1927,

one, and (b) the inter-rod substance is a definite
entity, having a different refractive 1ihdex
from that of the rods. The authors contend
that because the width of the structure appear-
ing in the place of the rod sheath is exactly
the limit of resolution of their apparatus
(0-3x), then there is no such structure. This
opinion seems unjustified, especially in {the
light of evidence from electron microscopy.
On turning to the findings of electron micro-
scopy in this regard one is met with the
following statement: “Instead of leading
directly to a clearer understanding of the

(27) Chase, S. W.—The origin, structure and duration
of Nasmyth’s membrane. Anat., Rec,, 32: 8§,
357-576 (Sep.) 1926.

(28) Fremlin, J. H. and Mathieson, J.—30ome pre-
liminary observations of dental enamel by
phase-contrast mieroscopy. Brit. D, J., 112:
8, 323-327 (April) 1962,
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basic' structural elements of enamel and
dentine these more detailed findings bhave
increased the difficulty of interpretation”®®
Scott felt that on the generally accepted,
although as yet not indisputably proven con-
ceptions that: (i) a single rod is the product
of a single ameloblasgt;@PE0N6ELE2) (i) rods pass
through the full width of enamel,®*®3) the rod

may be taken as the functional unit of enamel.

It is seen as a Iong filament, roughly hexagonal,
round or arcade-shaped in cross section, sur-
rounded by a thin organic sheath and separated
from neighbouring rods by varyving amounts of
inter-rod substance. In a study of 2,000 rods
in 500 electron photomicrographs of replicas
from thin sections of 185 specimens of enamel
only 2 per cent were hexagonal or round with
complete sheaths. The remainder, all with in-
complete sheaths, were arcade-shaped 57 per
cent, polygonal or oval 31 per cent, and very
irregular 10 per cent. Thus the rod form most
often seen is the arcade or scale-like and has
been seen in every type of preparation made:
(1) replicas of etched ground sections; (i1)
thin sections of demineralized mature enamel;
(iii1) carious enamel, that is naturally de-
mineralized enamel; (iv) demineralized, im-
mature enamel. This last rules out the dubious
explanation still proffered®® that as calcifica-~
tion occurs from one side, the rod hardened
first will press into the as yet soft, uncalcified
adjacent rod to make it concave.

Eiven in electron microscopy it has been found
difficult to differentiate inter-rod substance,
sheath, and intra-rod material. In fact the
most common configuration, as yet Iinexplic-
able, has been one in which rods appear to
have ©projections Dbetween adjacent rods.
Another seen often enough to warrant mention
is one in which well-defined secondary struc-

29 Chase, S. W.—The absence of supplementary
prisms in human enamel. Anat. Reec.,, 28: 1,
79-89 (June) 1924.

(30) Chase, S. W.—Development, histology, and
physiology of enamel and dentin—their signi-
ficance to the dental caries process. J. D. Res,,

= 27: 1, 87-92 (Feb.) 1948. u

(@1) Hopewell-Smith, A.~—Concerning human enamel:
facts, explanations and applications. Dental
Cosmos, 69-4, 360-377 (April) 1927.

(2) Gustafson, A. G.—Morphologic investigation of
certain vwvariations iIn the structure and
mineralization of human dental enamel. Odont.
Tskr., 67: 361-472, 1959.

B3 Gustafson, G.—The structure of human dental
enamel. A .histological study by means of
incident light, polarized light, phase-contrast
microscopy and micro-hardness tests. QOdont.
Tskr., 53, Suppl. 194656,

@8 Orban, B.—Oral histology and embryology. Ed.
by H. Sicher, St. Louis, The C. V. Mosby Coy.,
4th ed., 1957 (p. 59).
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tures seem to be present within the rods, that

is to say smaller rods may appear contained

in larger ones (Wig. 4).*

Size of rods: Another problem of enamel
morphology results from the fact that the area
at the enamel surface is greater than that at
the dentino-enamel junction. The question
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Big. 4.—IJIrregular rod outlines in mature
enamel observed in replicas of wvariously pre-
pared enamel sections. A: 7replica of an
etched ground section. B: replica of a thin
section of demineralized matrix showing rods
appearing to have projections between adjacent
rods. C: replica of a thin section of de-
mineralized matrix showing well-defined sec-
ondary structures within some of the rods.
D: replica of fibrillar matrix in a section of
demineralized subsurface enamel (outer enamel
surface at S8). From Figure 3, page 579 in
“The electron microscopy of enamel and dentine’’,
by D. B. Scott. Anniggé.'ﬁi’. Acad. Sei.,, 60: b,

arises as to how the increase in area 1is
accommodated. If we admit that most of
the rods extend through the entire thickness

of the enamel, then the ifollowing possi-
bilities present: (i) increase iIn diameter of
rods,®6euesee  (ji) no Iincrease in diameter

of rod; but supplementary rods added super-

* Recent work suggests, however, that alteration
in orientation of crystallites at rod boundaries is
the major structural feature responsible for the
concept of separate rod, sheath, and inter-rod
substance.

Ronnholm, H.—The amelogenesis of human teeth
as revealed by eleciron microscopy. II. The de-
velopment of the enamel crystallites. J. Ultra-
structure Res., 6: 3, 249-303 (May) 1962.

@3 Liand, M., and Gottlieb, B.—The course of the
enamel prisms near the cemento-enamel junc-
tion. J. D. Res., 23: 1, 39-43 (Feb.) 1944,

G0 Von Ebner, V.—In A. Koelliker’'s Handbuch der
Gewebelehre des Menschen. Leipzig, Wilhelm
Engelmann, 1902 (p. 87).
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ficially,@@Gnen@n (i) glight increase in dia-
meter of rods but supplementary rods added
superficially,“® (iv) rods not at right angles
at outer surface,®®®Y (vy) increase in inter-rod
substance—this last being an unlikely possi-
bility for the inter-rod substance has been
noted as more abundant about the dentine
cusps.c»

It is generally accepted now that there is
an increase in the size of the rods as they
proceed externally and that fthis alone is
sufficient to account for any increase in area.®®
This followed the work of Chase® who,
examining thin cross sections, measured rod
diameter at the dentinc-enamel junction and
at the surface and who measured also the
perimeter of the dentino-enamel junction and
the enamel surface. He found the increases
in the two to coincide being roughly 1:1-3.

Three factors warrant careful reassessment
of this and other similar work: (i) the vari-
ability of the results; (ii) the fact that all
estimates of the diiference in area between
the two surfaces have been gained in two
dimensions only, and (iii) the likelihood that
the increase in prism width is not constant
in different areas of the crown. 'This last is
because the increase in area of the enamel
surface over the dentino-enamel junction 1is
not constant in different areas, for example,
the relative discrepancy would be greater
occlusally than cervically. Thus the statement
in Orban’s text® that rods increase in dia-
meter by 50 per cent from dentino-enamel
junction to surface, would appear unwarranted.

The reason for suspecting the presence of
supplementary rods at all was their apparent
demonstration by Mummery® in the molar of
the wart-hog. While in his published photo-
micrograph (Fig. 5) one can see without .any
doubt two rods, previously running together,
'separate and a third rod appear between
them, the possibility remains that this rod

dental
Trans.

J—On the structure of the

37 Tomes, Phil
il,

tissues of the order Rodentia.
Roy. Soc. Part ii, 529-562, 1850.

%) Broomell, I. N.——Anatomy and histology of the
mouth and teeth. Philadelphia, PP. Blakiston’s
Son & Co., 2nd ed., 1902 (p. 395H).

(80) Williams, J. L.—Disputed points and unsolved
problems in the normal and pathological
histology of enamel. Den. Research Jnl, 5:
27-107, Diecs. 107-116) (iSep.) 1923.

10 T.ewis, F. T. and Stohr, P.—A textbook of
histology arranged upon an embryological
basis. Philadelphia, P. Blakiston’s Son & Co.,
2nd. ed., 1914 (p. 106.).

1) Noyes, F. B.—A textbook of dental histology
and embryology. London, Henry Kimpton, 5th
ed., 1938 (p. T3).
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rather then originating there actually proceeded
from a different plane of section than that
at which the photo-micrograph was taken,@®
Again there is the guestion of origin of any
such supplementary rods and here, at least
three possibilities present: (i) the prolifera-
tion of ameloblasts, but no mitotic figures can
be found after the ameloblasts have com-
menced matrix deposition;®® (ii) the recruit-
ment of stratum intermedium cells to form
ameloblasts® but this has not been proved
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Fig, 5.—Ground section of enamel of Phaco-
coerus (wart-hog) purporting to show sup-
plementary enamel rods. From Figure 17,
Mummery, J. H., “The microscopic anatomy of
the teeth’. Liondon, Hodder and Stoughton, 1919.

conclusively; (iii) individual rods are not the
product of one ameloblast but rather “erystal-
iization products of the homogeneous matrix’.®®

Before leaving the pnroblem of rod morpho-
logy, three points of difference between rat
incisor enamel and human enamel are worthy
of note. In rat incisor enamel: (i) the rods,
at least Iin the inner layer, branch;®® (ii)
there seems to be no increase in rod diameter
towards the outer surface;®™® (iil) no rod
sheath or inter-rod substance can be differenti-
ated in mature adult structure.®® In these it
would seemi to differ, on present knowledge at

least, from human enamel,

#2) T,ehner, J., and Plank, H.—Mollendorff’s Handb.
d. Mikrosp. Anat. d. Mensch., Vol. 3. Berlin,
Julius Springer, 1936 (. 449).

(3 Frank, P. M.—Etude au microscope electronigue
de l'email humain rapports eXxistant entre le
resean fibrillaire organique et les cristaux
:t?.’gaé%atite& Actualites Odontostomat., 13 : 13-35,
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The Hunter-Schreger bands

These were first described by Schreger in
1800, although they are said to have been
pictured by Hunter in his book “The Natural
History of the Human Teeth”—published in
1771.%2  Although Schreger described them as
light bands against a dark background, others
described them as dark against a highly re-
flecting Dbackground. They are generally
regarded as being seen to best advantage by
reflected light in longitudinal sections of
enamel, proceeding from the dentino-enamel
junction to not guite the outer enamel sur-
face (IF'ig. 6).

longi-

bands iIn
tudinally sectioned enamel as seen by reflected
light.

Fig. 6.—Hunter-Schreger

The term “Hunter-Schreger bands” has been
applied to alternating bands observed under a
confusing variety of conditions: (i) reflected
light in fully calcified enamel;®¢®» (ii) trans-
mitted light in fully calcified enamel®¢® gl-
though others have denied this;®GOEHNES (jij)
reflected light in fully decalcified enamel®V
(see Figure 6); (iv) radiography in fully
calcified enamel: (v) vreplicas of etched

enamel—their prominence being proportional-

to the etching time;®%? (vi) haematoxylin

staining of partially decalcified enamel;®®

(#9) TTunter, J.—The works of John Hunter (Plates),
Palmer, J. F. (Ed.), London, 1837 ; L.ongman,
Rees, Orme, DBrown, Green and Longman
(Plate V, RFigs. 22, 23). .

45) HHollander, F., Bodecker, C. F., Applebaum, H.,
and Saper, BEva—A. study of the bands of
Schreger by histological and Grenz-ray methods.
Dent. Cosmos, 77: 12-20 (Jan.) 1985.

(46) Widdowson, T. W.—Special or dental anatomy
and physiology and dental histology. Liondon,
Staples Press Litd.,"Vol. 1, Hd. 7, 1939 (p». 165).

4N Peyton, F. A. and Mortell, J. F.—Observations
of Hunter-Schreger bands., J. D, Res.,, 35bH:
804-813 (Oct.) 19586.

48) Staz, J.~—Bands of Schreger. J. D. Res., 25:
373-380 (Oct.) 109446..
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(vii) vital staining with hemalyzed red blood
cells; ¥ (viii) dye diffusion in vital and mon-

vital teeth:;® (ix) transmitted light in
developing enamel matrix;® (x) transmitted
light in undecalcified developing enamel

matrix.® Little effort has been made, however,
to ascertain if the Hunter-Schreger bands
exhibited by each method actually coincide.
The only work known to the author involved®V
the superimposition of two photographs of the
bands, one by reflected light, the other by
transmitted light, and it was found the bands
exhibited by each method did, in fact, coincide.

The =tiology of the bands was not elucidated
by Schreger and has remained a subject of
controversy @) e@a62  Prejswerk  (1895) at-
tributed the phenomenon to the bending of
groups of rods and this has been the basis
for the majority of explanations of the Hunter-
Schreger bands,@¢DW0ER6G3) oayen though Preis-
werk himself, emphatically denied their c¢o-
incidence.

It is difficult then, to agree with Mummery®
that the bands ‘“are evidently due to optical
phenomena and have little histological signi-
ficance”. It is considered therefore, that
integration of information on these many
conditions under which the bands have been
reported is necessary before an exact account
of the atiology of the bands can be attempted,
and which at this stage would appear to be
a subtle combination of rod course, variance
in the degree of calcification, and qualitative
and gquantitative differences in the maitrix
itself.

L.amellze

There is less agreement upon this subject
than any so far discussed, so little, in fact,
that the leader of a symposium of eminent
dental histologists on lamelle® could only
conclude that: “This symposium demonstrates.

(19) Porshuvud, S.—A: study of the papillary nutri-
tion canals and their possible innervation.
. Acta Odont. Scandinavica 7, 1, 1946.

(50) Westin, Gosta—Some details in the histopatho-
logy of the enamel. Acta Odont. Scandinavica,
10: 29-62 (June) 1952,

G Cleland, K. W.—Personal communication.

(52) T.odge, EH. B.—A study of the enamel with
special reference to the lines of Schreger.
Dent. Cosmos, 59: 1087-1092 (Nov.) 1917.

(53) Erasquin, J.—The aspect of the bands of
Schreger in the horizontal sections of the
enamel. J. D. Res., 28: 195-200 (April) 1949.

G Bodecker, C. F.—Enamel lamelle: a consultant

article (Gottleib, B. Orban, B. Robinson,
H. B. G., Schour, 1., and Sognnaes, R. F.),
Oral ®Surg.,, Oral Med.,, and Oral Path. 4:

T87-7T98 (June) 1951,
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a considerable divergence of opinion which in
itself may be a contribution on the subject
since it indicates a need for research.”

Lamelle can perhaps best be defined as im-
perfections or discontinuities in the highly calci-
fied arrangement of normal rods, sheaths and
inter-rod substance. Such imperfections were
first seen by Miller® in 1902 as dark areas in
otherwise highly refractile, translucent enamel
of ground sections. He called them “HFasern”.
They were named lamellze independently by
Bodecker®®» in 19056. Since that time they
have been the subject of much controversy.
Their significance has ranged from simple
enamel®™ fractures, to abnormal maliorma-
tions®OENEHEN to important, anatomical chan-
nels for metabolism® to the central position
in one of the theories of the @tiology of
caries.@o

By careful decalcification and subsequent
preservation of the matrix, Sognnaes®® was able
to eliminate the possibility of cracks formed
during grinding of the specimen. The follow-
ing were his results and the conclusions he
drew from them: (i) Organic bands were
found in regions where longitudinal cracks
cotlld be observed before decalcification. These
longitudinal cracks he atiributed to trauma.
(i) Organic bands, indistinguishable from
those just mentioned were found about silicate
fillings, that is to say, where (a) rods are
exposed by trauma of cavity preparation, (D)
recurrence of caries is known to be low (a
characteristic of the filling material), (c)
leakage is known td be high (also a charac-
teristic of the filling material). From this he
sugegested that lamellee may be a crude form
of repair and even a nucleus for {future
mineralization. The organic matter, he sug-
gested, originated from the saliva. (iil) The
lamellee neither ran a straight course nor
followed any one rod or group of rods. Also
as no trace of rod structure could be found
in the lamellee it appeared they were not

3) Bodecker, C. EF.—Preliminary communications
upon a new method of decalcifying structures
containing minute quantities of organic matter ;
with special reference to the enamel. Dent.
Review, 19: 448-455 (Sept.) 1905,

&) Awazawa, Y.—Optic and electron microscope
observation of the tissue composition of
enamel lamella. J. Nihon Univ. School Den.,
Part 1, 2:1, 23-34 (Sept.) 1959,

67 Tdem.—Part 2, 2: 2, 91-93 (Dec.) 1959,

58 Tdem.—Part 3, 2: 2, 99-106 (Dec.) 1959,

(59) Tdem. Part 4, 2: 3, 145-162 (Mar.) 1960.

€ Beust, T. B.—Morphology and biology of the
enamel tufts, with remarks on their relation
to caries. Amer. Den. Assn. Jdnl., 19: 488-494
(March) 1932.
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merely poorly calcified rods. (iv) The lamelle
were not found in wunerupted teeth with a
frequency which came anywhere near that of
the erupted teeth. From this, (iii) and (iv),
he concluded that Ilamelle were not of
developmental origin.

In spite of Sognnaes’ dismissal of lainella
formation in unerupted teeth, these are of
cominon occurrence.®? Further, another worker
hag championed the developmental theory of
lamella formation to the virtual exclusion of
all else and claimed to have seen in his
electron photo-micrographs of lamelle the faint
outlines of rods. Yet only one or two of his
series of photo-micrographs are really con-
vincing in this regard. He further claimed
that some of the incorporated rods showed
evidence of extremely fine needle-like crystals
while others showed none. He concluded from
this that lamellae were indeed incompletely
calcified rods. However, Awazawa did admit
the absence of rods from unusually large
lamelize and also that where lamelle were
extremely thin they consisted of inter-rod
substance only, indicative of some other
wtiology besides defective calcification of a
pre-existing matrix,®6 (7 68) &9

The whole complex question of Ilamelle
would seem one of definition, that definition
having to be made with regard to atiology.
There seem to be the following types of
lamelle: (i) A normally existing structure of
enamel seen and detected on the enamel sur-
face and continuous from it through a variable
thickness running towards the dentino-enamel
junction. This type corresponds to Orban’s
type “A” lamelle,® and consists of poorly
calcified rods and inter-rod substance. (1i) A
developmental defect occurring during matrix
formation resulting in discontinuity and which
can become filled with many types of organisms
and cellular debris. This corresponds to
Orban’s type “B” lamella. The 1longitudinal
orientation of these two types of lamellee can
be explained if, as it would seem, their stiology
lies in ameloblast dysfunction. For if one
ameloblast or group of ameloblasts at the
cervical loop of the enamel organ bhecomes..
affected their progeny, similarly affected, will
form beneath them as the cervical loop pro-
ceeds towards the future apex of the tooth.
(iii) A reaction to trauma consgisting of

(61 Scott, D. B., and Wyckoff, R. W. G.—Shadowed
replicas of ground sections through teeth,
Pub. Health Rep., 62: 422-425 (Mar. 21) 1947,
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unspecified organic material, corresponding
to Orban’s type “C” lamellae. Why all frac-
tures should be Ilongitudinal is difficult to
explain, however. The organic film concerned
is salid to originate from the saliva. (iv)
Hlongations of mnormally existing enamel
tufts. These can be differentiated from other
types because they run from the dentino-
enamel junction outwards through one half to
one quarter of the width of the enamel.

Much has been made of the possible pre-

disposition of Jlamella-affected teeth fo caries .

and of the possibility of the lamelle forming
a prepared pathway for cariogenic agents. In
a study®? of 300 replicas of the surfaces of
300 carious lesions it was found that: (i) half
of the cavities involved lamellse; (ii) half of
the cavities were situated between two
lamellee; (ii1) lamell®® may cross any part
of a carious lesion; (iv) the carious Ilesion
may be situated anywhere between the lamells.

It would seem therefore, that from the
point of view of 1inception at Ileast, caries
and lamellee are unrelated—unfortunately no
attempt was made to determine the type of
lamell®e which were involved in the experiment.
On the other hand from the point of view of
progression of the lesion- many workers feel
that caries and lamell®s are intimately
related.®®

Gottlieb® went so far as to describe them
as ‘““the main highways for invasion of the
tooth”, but of course it is realized that the
lamellee themselves are not the complete
answer for they are known to occur in the
teeth of caries-immune animals—monkey,
horse, cow, and rat.

Summary

Organic mairic: The importance of the
organic matrix is realized in that it can
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account for a great number of the histological
characteristics of enamel.

Enamel rods: (@) The idea of regular hexa-
gonal rods with complete sheaths and a definite
inter-rod substance is no longer tenable.
Instead, the “fish-scale” appearance is seen to
be a true one with irregularity of rods, sheaths,
and inter-rod substance the rule rather than
the exception. (D) Rod dimension is discussed,
especially with reference to spatial problems
0of enamel morphology, and need for careful
reassessment of previous work is suggested.

Hunter-Schreger bands: So many investi-
gators, using different material and observing
this material under different conditions, have
nominated observed bandings as Hunter-
Schreger bands that it would be of interest to
determine whether these bandings are all
identical with those originally described by
Schreger. If so, difficulties involving the most
commonly proposed theory of their stiology,
based on the section of bands of rods running
in alternating directions, would arise.

Lamelle: The problem appears one of defini-
tion and yet such definition must be made
with regard to stiology and structural
characteristics about which there is more
dissention than any other aspect of enamel
histology.

The controversies concerning enamel hi§to—
logy are many and while, no doubi, eléctron-
microscopy of developing and mature human
enamel will solve many of these, it would
appear that there is scope for further investiga-
tions by means of optical microscopy, its
modifications and refinements.

Department of Histology and
Embryology,
University of Sydney,
Sydney.
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The Hunter-Schreger Bands of Enamel:

K.5. Lestery Universiﬁy of Sydney.

%
The Hunter~Schreger bands were first described (1800) as
alternating light and dark bands in longitudinally sectioned
naturally occurring human enamel. They were seen to proceed
from the dentino-enamel junction not quite to the outer enamel

surtface, with a cervical convexity and with the outer end more

occlusally or incisally placed than the dentinal end. Since

that time the bands have been observed by many other means in

variously prepared enamel, little effort being made to ascertain

whether the bandings exhibited by the various methods do, in

fact, coincide,

This paper describes a surface manifestation of Hunter~Schreger
bands and some associated optical phenomena. Various aspects

of theories as to their etiology are also discussed.
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Some Optical Properties of the Hunter-Schreger Bands:
e O S PR E ee D DL ol bl mollit egek balilds

K.S5. Lester, University of Sydney, Sydney.

Hunter-Schreger bands appear as alternating light and dark areas,

- generally proceeding from the dentino-enamel junction to not guite

the outer enamel surface, when longitudinally sectioned enamel is
viewed by incident light. That rotation of the enamel specimen
through 180 degrees with respect to a fixed light source results

in an interchange of band colour has long been known (Czermak,

1850). The mechanism of change in colour of a band has been found
to involve a splitting of a light band with subsequent migration
of the segments, the one incisally and the other apically, to

effect fusion with similarly separated segments above and below.

-

This fusion allows for formation of light bands in areas previously

occupied by dark bands, while the "new" dark bands, which arose

in the areas of initial separation of the white bands, have
enlarged as the white band segments diverged. A manifestation of
Huﬁter~Schreger banding appearing at the intact outer enamel
surface 1s reported and also seen to exhibit colour reversal on
rotation. A partial exPlanatioﬁ of band etiology is attempted

on the basis of rod course.
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The vanability of the bands of Schreger

K. S. Lester

Introduction

The classically described bands of Schreger
appear as alternating dark and light bands
when a longitudinal radial section of naturally
occurring enamel is viewed under incident
light. Under these conditions the bands com-
monly extend from the dentino-enamel junec-
tion to mnot guite the outer enamel surface
and in so doing, exhibit a convexity towards
the cervical end of the tooth (Fig. 1).

There are also, however, bandings at the
intact outer enamel surface which may be
observed wunder incident 1ighﬁ These have
been suggested as surface manifestations of
the bands of Schreger.®@®®®® The proportion
of human teeth exhibiting these surface band-
ings to good advantage would appear to be
small. This may be the reason for the surface
bandings having received Ilittle attention.

There is a feature of the classically described
bands of Schreger which has often been dis-
regarded although it was described by Czermak
at least as early as 1850.® The feature referred
to is the change in appearance of the bands
when the enamel specimen is rotated in a
horizontal plane relative to a fixed source of
incident light. The net result was described®
a8 occurring after horizontal rotation of 1800,
when the light bands resulted in dark bands
and vice-versa.

With regard to band appearance during this
change there have been described “two
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points in the circle where théy appear
maximum and two where they appear mini-
mum, with maxima and minima at right
angles to each other”.® That is to say, for
reversal to take place there was thought to
be a gradual fading from a zero rotation posi-
tion of maximal band demarcation fo a
position 90° removed from it of minimal
demarcation. At a position 180°¢ removed from
the zero position there was again maximal
clarity of band configuration but with the
bands reversed.

A B

Fig. 1.—Bands of Schreger as observed in a
longitudinal radial ground section of a molar
by incident light. A: In a lateral plate of
enamel, (a) enamel showing typical curved
banding; (b) an incremental line of Retzius;
(¢) a dead tract in the dentine. B: About a
dentine cusp, (a) enamel showing a more con-
centric type of banding; (b) an incremental
line of Retzius; (c) dentine. x 58,

One group of investigators™ did note how-
ever, that in “other instances the indi-
vidual bands appeared to split in half, thus
doubling the number of bands. When this
occurred,- continued rotation in the same direc-
tion resulted in a fusion of contiguous bands”.

©) Pickerill, H. P.—The structure of enamel. Dent,
Cosmos 55: 10, 969-988 (Oct.) 1913.

(" Hollander, ¥., Bodecker, C. F., Applebaum, E,
and Saper, Eva—A study of the bands of

Schreger by  histological and Grenz-ray
methods. Dent. Cosmos, 77: 1, 12-20 (Jan.)
19386,
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This communication firstly presents, 1In
sequence, some alterations in appearance oi
the bands of Schreger occurring with rotation
of longitudinally sectioned enamel under fixed
incident illumination. Secondly, it reports an

HORIZONTAL
DIRECTION

OF

INCIDENT
LIGHT

RFig. 2
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produce as small a beam of light as was
compatible with the dimensions of the area
under observation. The zero rotation position
for a specimen was with the incident beam
arriving first at the outer enamel edge and

HORIZONTAL
DIRECTION

OF

INCIDENT
LIGHT

Rig, 3

Figs. 2 and 3.—An enamel specimen upon 360° rotation in a horizon-

plane. A particle of carborundum (at arrow) was incorporated beneath

the cover-glip for the purpose of localization. Fig. 2: Initial 180° rotation.

The major change occurs between the 80° and 100° rotation positions

(light to dark). Reversal is complete at the 180° rotation position,

Fig. 3: Remaining 180° rotation. The major change occurs between
the 260° and 280° positions (dark to light). x 74.

attempt to relate the bands of Schreger to the
surface bandings and, to ascertain if reversal
is also a feature of the latter.

Method
1. The bands af sectioned surfaces

The examinations were made on the enamel
of labio-lingual longitudinal ground sections
of human incisors. The sections were 200
microns in thickness. |

The necessary incremental rotation was
obtained by employing a horizontally rotating
microscope stage. The microscope was adapted
for use by oblique incident illumination from
a Leitz “Monla” microscope ‘lamp. The lamp
was placed opposite the observer. The dia-
phragm of the lamp was adjusted so as to

approximately aligned with the Ilongitudinal
axis of the enamel rods.

The following were the procedures carried
out:

Specimen A: It was necessary to have some
point of reference within the area examined
so that accurate comparison could be made
of the different appearances presented by that
area. Carborundum particles were, therefore,
incorporated beneath the coverslip when the
specimen was mounted.

The specimen was rotated through 360° in
increments of 20°. The appearance of a par-
ticular area localized by one of the carbo-
rundum particles was recorded photographi-
cally after each rotational increment (Figs.

2, 3).
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Specimen B: In order to demonstrate more
clearly the critical phases of reversal, a
specimen was chosen for its well-defined bands
rather than for the fortuitous placement of
a carborundum particle. Careful centring of
the objective with respect to the rotating
stage was regarded as providing adequate
means of Idcalization. The specimen was
rotated slowly but continuously through 360°.
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enamel surface and to the newly presented
longitudinally sectioned enamel surface, a small
groove was made. This groove was to act as
a point of reference.

The outer enamel surface and the Ilongi-
tudinally sectioned enamel surface in the
region of the groove were photographed. In
each case the relationship between the incident
light and the specimen was such as to produce
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Rig, 4.—An area with well-demarcated
(1) to the 100° nosition (9) in »5°
divergence and subsequent {fusgion of
numbers 1-9 have heen placed

The appearances presented during the rotation
from the 60° position to the 100° position

were recorded photographically at 5° intervals -

(Fig. 4: 1-9).

2. The bands at an intact outer surface

(1) A human incisor exhibiting the surface
bandings very clearly was sectioned Iongi-
tudinally along the mid-line in a labio-lingual
direction. Subsequent examination was con-
fined to one of the tooth halves so produced.
At an edge common to both the intact outer

bands was rotated from the 60° position

increments. The splitting of light bands, the
light Dband segments is illustrated. The
in the same relative nosition in each print. x 80.

maximum band demarcation. Comparison of
the two surfaces was made by the appropriate
apposition of the resulting photomicrographs
(Fig. 5).

(ii) A small graphite marking, for the
purpose of localization was made in the cervical
region of the intact outer enamel surface of
another specimen. Under a fixed incident
light source, the area about the marking was
observed hefore (I'ig. 6) and after rotation of
the specimen through 180° within a horizontal
plane (Fig. 7).
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Resuits

1. The bands at sectioned surfaces
The appearances observed were as follows.
- Specimen A (Fig. 2):

(i) When the specimen was in the zero
rotation position the carborundum particle
was located within a wide light band. On
either side of the light band was a thinner
dark band.

(ii) The first significant change in the area
about the particle occurred at the 80° rotation
position. The change was a slight darkening
of the underlying light band.

(iii) At the 100° rotation position, the
particle was actually situated within a thin
dark band. On either side of the thin dark
band was a light band apparently split down
the centre to include a thin dark band.
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Fig. 5.—Comparison of surface band-

ings and the bands of Schreger In

the same specimen, (a) Dbanding at

the intact outer enamel surface; (b)

banding at a contiguous longitudinal_ly

sectioned enamel surface; (c¢) localiz-
ing groove., X 43.

(iv) At the 140° rotation position, the pre-
viously split light bands on either side of the
central dark band appeared to be more homo-
geneous.

(v) Reversal was
rotation position. The carborundum particle
was located within a wide dark band, on
either side of which was a thinner light band.

The remaining 180° of the rotation presented
a similar but reversed sequence (Fig. 3).

Specimen B: The first significant change
occurred about the 60° rotation position. There
wias ‘a -8plitting of each light band to allow
the;appearance of a very thin dark band at
the-site of apparent cleavage (Fig. 4, (1)).

With further rotation there was a parting
of the two portions of each split light band

complete at the 180°
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(Figs. 4, (4), (b), and (6)). One of the por-
tions appeared to shift bodily in an incisal
direction. The other portion appeared to
shift bodily in a cervical direction. As a
result, each incisally migrating portion
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Fig. 6.—Bandings at the intact outer

enamel surface as observed by incident

licht. The localizing mark appears in
the region of a light band. x 30.

approached the cervically migrating portion
of a mneighbouring split light band (Fig. 4,
(), (8), and (9)). Subsequent fusion of the
light band portions occurred to reform a wide

light band in the areas previously occupied
by a dark band.

Fig.
‘ Rigure 8 after
tion relative to a fixed source of

T.—The same specimen as in
180° horizontal rota-

incident light. The Ilocalizing mark
now appears in the region between
two light bands. x 30.
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Coincident with the apparent migration of
the two portions of each original light band
away from one another, was an apparent
enlargement of the dark band that had arisen
at the site of light band cleavage. This en-
largement continued until at the 180° rotation
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Fig., 8.—Each numbered segment represents the

same area, and the spnecimen was rotated in

a Thorizontal plane through 360° and photo-

oraphed at each 22:5° of rotation. Xach second

print has been reversed, so that neighbouring

segments may be compared Rotation through
the first 180° x 42,

e e - e e
Fig. 9.—Same arrangement as in Fig. § with
rotation through remaining 180°x 42 Note

that in Fig. 8 and 9, the bands anpear optimal
at pomtmns 1 and 9 agdlgmmmal at positions
Hh an

position, the dark band filled the area pre-
viously occupied by the light band at the
zero rotation position..

In the remaining 180° of rotation the
sequence of change while similar was reversed,
and resulted in the recurrence of the original
configuration on the return of the specimen
to the zero rotation position.
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2. The bands at an intact outer surface

(1) The bhands of Schreger at the longi-
tudinally sectioned surface coincided reason-
ably with the bandings at the intact outer
surface. There was agreement with respect
to both shade and dimension (Fig. 5).

(ii) The surface bandings reversed. The
graphite marking before rotation of the
specimen was located on a light band (Fig. 6).
After rotation the marking was located between
two light bands (Fig. 7).

Discussion
1. The bands at sectioned surfaces

The sequence of band appearances described
is, no doubt, that which Hollander et ql.®
briefly referred to as one of two possibilities
occurring with specimen rotation.

some justification can be offered for the
more common description®@®® of a fading of
the bands at the 90° and the 270° rotation
positions. Such an apparent sequence can be
demonstrated if the examination is made at
a lower working magnification and if the
means of localization is correspondingly not
as definite (Figs. 8 and 9).

It s]:iould be emphasized that reversal of
bands need not neceséarily oceur in every area
in every specimen upon horizontal rotation.,
The total sequence here described is only
pertinent to complete mutual band reversal.

The vast majority of workers have implicated
the tortuosity of rod course as the cause of
the bands. Because of the interweaving of
rods, there may be found in longitudinal
sections of enamel when viewed by transmitted
light, areas of predominantly Ilongitudinally
sectioned rods alternating with areas of pre-
dominantly obliquely or transversely sectioned
rods. The actual naming of these areas as
“parazones” and “diazones” respectively, is
accorded to Preiswerk in 1895.®™

A number of writers®@®®Qa0anG? haye sub-
sequently indicated a constant relation of

(® Churchill, . R.—In Meyer's histology and
h]StO“‘EHE}SIS of the human teeth. Ph1lade1ph1a
J. B. Lippincott Co., 1935 (p. 23).

® Staz, J.—Bands of Schreg‘er J. D. Res., 25: 5,
373-380 (Oct.) 1946.

(10) Er&usquin, J.—Aspects of the bands of Schreger
in the horizontal sections of the enamel. J. D.
Res,, 28: 2, 195-200 (Apr.) 19489,

(11 Wlddowson, T, W.—Special or dental anatomy
and physiology and dental histology. L.ondon,
John Bale, Sons and Curnow Ltd., Vol. 1, 8th
ed., 1952 (p 151). ]

(12) Manley, E., B., Brain EH. B. and Marsland,
. A—An atlas of dental histology. Oxford‘

Blackwell Scientific Publications, 2nd ed., 1955

(p. 1).
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these ‘‘zones” to the bands of Schreger with
regard to either width, shade or both. How-
ever, a parazone must remain a parazone and
a, diazone must remain a diazone, regardless
of the orientation of the specimen within a
horizontal plane. From the wvariability of the
bands described in this paper, it would seem
that unless the direction of the incident light
to a specimen is specified, any comparison
of band appearance with the arrangement of
enamel] rods in that specimen is of limited

value.

Ty N [ iy el

Fig. 10.—The same specimen as
in Figures 6 and 7, photographed
with the camera focussed not
upon the bandings which appear
from “within” the enamel, but
upon ithe graphite marking
exactly at the outer surface.
The bands are not seen. X 30.

2. The bands at an intact outer surface

If the surface bandings and the bands of
Schreger were similar phenomena, some vari-
ability in the appearance of both would neces-
sarily be implied. The degree of coincidence
of the two bandings (Fig. 5) was really there-
fore, somewhat unexpected..

Reversal of the surface bandings offered
further confirmation of their similarity to the

@3 Seott, J. H., and Symons, N. B. B.—Introduction

to dental anatomy. Edinburgh and London,
H. and) S. Livingstone Litd., 2nd ed., 1958
(p. 147).
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bands of Schreger. However, detailed informa-
tion with regard to rotational behaviour of
the surface bandings was difficult to obtain
because of their inherent lack of clarity. This
lack of clarity was noted by Czermak® in
his original description. He wrote of a pattern
which was not superficial but in the thickness
0of the enamel, as if caused by changes in
the deeper structural layers.

The dependence of the surface bandings on
the deeper layers of enamel can be illustrated.
A photograph of the specimen previously
utilized because of its clear surface banding,
was ftaken with the camera focussed on the
graphite marking at the surface rather than
on a point within the substance of the enamel.
The bands were not seen (Fig. 10).

1t would- seem then, that it is the outer
segment o0i the enamel which detracts from
the fullest possible manifestation of the bands
of Schreger at the outer enamel surface. The
outer segment of enamel also exhibits a lack
of band demarcation in longitudinal section.
The assumption is®® that the rods being
parallel, are less likely to exert different
effects upon incident light.

Summary

A sequence of varying appearances of the
bands of Schreger is presented. The sequence
occurred with rotation of longitudinal ground
sections (200 microns thick) of enamel under
incident illumination. The sequence of appear-
ances would seem to be a constant accompani-
ment of complete mutual band reversal.

The similarity of certain aspects of banding
at the intact outer enamel surface to bands
of ©Schreger at a contiguous Ilongitudinally
sectioned ename] surface is demonstrated.
Similarity existed with respeet to both
dimension and the ability to exhibit reversal.

The variability possible in the appearance
of the bands of Schreger in any one specimen
emphasizes the dependence of their manifesta-

tion upon the relationship between the specimen
and the incident light.

Department of Histology and
HEmbryology,
University of Sydney.

AUSTRALASIAN MEDICAL PUBLISHING CO. LTD,.
SEAMER AND ARUNDEL S75., GLEBE, SYDNEY
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The Bands of Schreger:

K.S5. Lester, University of .Sydney, Sydney.

Two thin, ground faciolingual sections of canine dental enamel
have been examined with the aid of a four-axis universal rotating
stage. One specimen was rotated about both vertical and inclined

vertical axes and about horizontal axes under a fixed source of

incident light. Each rotation resulted in a different specific

sequence of appearances of the bands of Schreger. The second

specimen was examined by two means. First, with transmitted

polarized light, assessment was made of the inclination to the

section surface of the rods in a particular portion of a rod

group. Second, under incident light, a number of positions at

which this particular portion of rod group was maximally reflec-

tive were found. It was possible to demonstrate that the rods
appeared as a maximally bright band of Schreger when they were
oriented to the incident light, in a manner to satisfy the laws

ik

Of reflection. The reflectivity of the rods was best explained

by regarding them as acting as elongated cylindrical mirrors.
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THE BANDS OF SCHREGER
THE ROLE OF REFLEXION

K. S. LESTER

Department of Histology and Embryology,
University of Sydney,
Sydney, New South Wales, Australia

Summary—Two thin ground bucco-lingual sections of canine dental enamel have been
examined with the aid of a four-axis universal rotating stage. One specimen was
rotated about both vertical and inclined vertical axes and about horizontal axes under
a fixed source of incident light. Each rotation resulted in a different specific sequence
of appearances of the bands of Schreger.

The second specimen was examined by two means. Firstly, with transmitted
polarized light, assessment 'was made of the inclination to the section surface of the
rods in a particular portion of a rod group. Secondly, under incident light, a number
of positions at which this particular portion of rod group was maximally reflective
were found. It was possible to demonstrate that the rods appeared as a maximally
bright band of Schreger when they were orientated, relative to the incident light, in
such a way as to satisfy the laws of reflexion. The reflectivity of the rods was best
explained by regarding them as acting as elongated cylindrical mirrors.

INTRODUCTION

MANY descriptions of the bands of Schreger, together with explanations of their
possible cause, have been given in the past and these have been reviewed by
HOLLANDER ef al. (1935) and DE BOER and STIEBELING (19358).

The appearance of the bands of Schreger is known to vary when the relationship
between a specimen and its incident illumination is altered (CzErRMAK, 1850; VON
EBNER, 1902; PICKERILL, 1913; HOLLANDER ef al., 1935). However, there has been
little appreciation of the extent and significance of these changes in band appearance.
As a result many writers have attributed the bands of Schreger to characteristics of
enamel which imply a constancy of width and shade, incompatible with band
variability. For example, the bands have been strictly related to zones of transversely
sectioned rods and to zones of longitudinally sectioned rods observed by transmitted
light (PICKERILL, 1913 ; CHURCHILL, 1935; WIDDOWSON, 1946; STAZ, 1946 ; ERAUSQUIN,
1949; MANLEY, BRAIN and MARSLAND, 1955). It is apparent, however, that the
designation of such. zones at the surface of a longitudinal section of enamel is unalter-
able.

The relating of the bands to major differences in the degree of mineralization
(HOLLANDER et al., 1935; BERKE, 1936; MORTELL and PEYTON, 1956) is subject to
similar criticism. Further, there has been an unfortunate tendency to assume that
groups of enamel rods running in differing directions, regardless of the conditions
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under which they are observed, are synonymous with the bands of Schreger (SAUNDERS
NuckoLLs and FRISBIE, 1942; Scorr and WYCKOFF, 1947; YAMAKAWA, 1959
SCHOUR, 1960; AwAzAawaA and ONo, 1961).

It was suggested by CzerMAK (1850) that the appearance of the bands was due to
the reflexion of light by enamel rods running in differing directions. Although this
hypothesis has since been defined more precisely (voN EBNER, 1902; ScorT and
SYMONS, 1952; DE BOER and STIEBELING, 1958), the appearance of the bands has not
been related experimentally to the reflexion of light by enamel rods.

This communication presents, firstly, some of the possible variations in band
appearance with rotation of the specimen in more than one plane under a fixed beam
of incident light. Secondly, it attempts to explain the variability of band appearance
by substantiating the role of the enamel rods in reflexion. Assessment of rod orienta-
tion necessary to consideration of their possible reflectivity was made by study with
transmitted polarized light.

There 1s known to exist a preferential orientation of enamel crystallites with respect
to the enamel rod (CAPE and KiTcHIN, 1930; TuewLris, 1940; LyoN and DARLING,
1957, PooLE and BRrOOKS, 1961; GLAs, 1962). An effect of this preferred crystallite
oriehtation may be seen when an area of enamel containing parallel rods is placed
between crossed polars and examined by polarized light. During rotation of the area
within the horiZontal plane, the parallel rods exhibit birefringence simultaneously.

Maximal bi-refringence, however, can only be exhibited if the mean longitudinal
axis of the crystallites is aligned perpendicular to the optical axis of the microscope.
Such an alignment of the mean longitudinal axis of the crystallites is made possible by
manipulation of the specimen upon a four-axis universal rotating stage. By using
this apparatus and by assessing the position of maximal birefringence, the relation
of the mean longitudinal crystallite axis to the section surface may be established.
While many difficulties arise in ‘the quantitative interpretation of the polarized light
picture of enamel (CARLSTROM and GLAS, 1962) it is not illogical to interpret bi-
refringence in terms of mean crystallite orientation.

Conveniently, canine enamel differs from human enamel with respect to the
preferred crystallite orientation. In canine enamel the mean longitudinal axis of the
crystallites is closely coincident with the longitudinal axis of the enamel rod, both in a
vertical bucco-lingual or labio-lingual plane and in a transverse mesio-distal plane
(CaPE and KiTCHIN, 1930). In human enamel, on the other hand, it is common for the
axes to agree only in a transverse mesio-distal plane (PooLE and BROOKS, 1961;
GLAS, 1962). It follows that in canine enamel definition of the mean longitudinal
crystallite axis affords definition also of rod longitudinal axis. Some asséssment,
then, of rod course in the third dimension is possible.

A _short account of the structure of the universal stage follows in order that
advantage may later be taken of the abbreviations referring to planes, axes and
inclinations.

The Leitz four-axis universal rotating stage (UT4) consists essentially of two turntables (Fig. 1).
Each turntable is capable of independent rotation about a vertical axis but is so hinged that each may
also rotate independently about a horizontal axis. The orientation of the vertical axis for either
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turntable may be altered to become inclined to the optic axis of the microscope. The orientation of
the horizontal axis for either turntable may be altered to include any point about the optical axis
of the microscope within the horizontal plane. Complete 360° rotation is possible by the turntables
about their respective vertical axes. Rotation through an arc of 120° is possible about their respective
horizontal axes.

With the apparatus affixed to the horizontally rotating stage of a polarizing microscope, there
is described a total of five axes of rotation (Fig. 2). Three of these are vertical axes—A;, 4s and 4.

— e mam e et s e Aﬁ

Fic. 2. Diagram of the universal rotating stage affixed to the rotating stage of a
polarizing microscope.
,: vertical axis of inner turntable.
A, horizontal axis of inner turntable (North—South axis).
A, vertical axis of outer turntable.
A, horizontal axis of outer turntable (East—West axis).
As: vertical axis of microscope stage.
a. inner turntable of universal stage.
b. outer turntable of universal stage.
c. microscope stage.

A, is the vertical axis of the inner turntable upon which rests the specimen. 4; is the vertical axis
of the outer turntable. A; is the vertical axis of the microscope stage and is non-variable. The two
axes remaining are horizontal axes—d, and 4,. A, is the horizontal axis of the inner turntable and
A, that of the outer turntable.

Calibration of rotation is achieved as follows. For rotation about vertical axes, the.turntables
are graduated in degrees. Each rotates with respect to a fixed point on its individual supporting well.
An’an example—A4; index = 90°-—signifies that the outer turntable of the universal stage has been
rotated about its vertical axis Ay through an angle of 90°.

There is connected to horizontal axis 4, a graduated drum. Manipulation of the drum efiects
rotation of the outer turntable about horizontal axis 4;. Because the outer turntable may in this
way come to be inclined towards or away from the observer, a prefix of “red” or “black™ respectively
is applied. Thus—A, index =red 20°—signifies a rotation about horizontal axis 4, such that the
outer turntable becomes inclined towards the observer at an angle of 20° to the horizontal.

For calibration of rotation of the inner turntable about horizontal axis 4,, two graduated arms
are raised from the fixed outer turntable. As the outer edge of the inner turntable passes along either
the left or right hand side arm, the angulation made to the horizontal may be read. In this way,
—A, index =)1..H.S. 20°—would signify rotation of the inner turntable about horizontal axis 4,
so that as the observer sees it, the left-hand side of the turntable is raised above the horizontal (the
right-hand side, of course, being lowered). The turntable would be inclined at an angle of 20° to the
horizontal.

Two factors facilitate consideration of the universal rotating stage in this par-
ticular study. Firstly, the inner turntable remained locked for the greater part of the




364 K. S, LESTER

investigation so that it moved automatically with the outer turntable in rotations
about a vertical axis. Only the orientation of vertical axis 4, need therefore be
considered during any 360° rotation. Secondly, the horizontal axes remained fixed
throughout the major part of the study. Horizontal axis A, was positioned parallel
to the vertical crosswire—the North-South axis (EmMMons, 1943). The other horizontal
axis A, remain parallel to the horizontal crosswire—the East-West axis (EMMONS,
1943).

Although the stage is capable of more complicated use, the two manipulations
mainly employed were the following. One was the varying of the inclination of the
plane of the section surface to the optic axis of the microscope. This is referred to as
rotation about a horizontal axis, either 4, or A,.

The other manipulation involved the rotation of the specimen through 360° about
the optic axis of the microscope. The inclination of the plane of the section surface
to the optic axis of the microscope remained constant during any one rotation. This
1s referred to as rotation about vertical axis 4.. The rotation may take place either
within a plane perpendicular to, or within a plane inclined to the optical axis of the
microscope. In the latter situation, rotation of the outer turntable about horizontal
axis A4, effected the necessary inclination of vertical axis 4,. The inclined vertical
axis Ag is then qualified by the appropriate 4, index.

MATERIALS AND METHOD

Two thin bucco-lingual sections of canine premolar enamel were ground and
polished largely after the method described by FREMLIN ef al. (1961), to a thickness
of approximately 12 u. The sections were mounted upon a Leitz four-axis universal
rotating stage. The hemispheres and mountant used were both of refractive index
1-647. The universal rotating stage was then fixed to the stage of a polarizing micro-
scope. The 4; index was locked at 0°. Subsequent study was directed at an area in
the middle third of the lateral plate of enamel of each specimen.

Incident illumination was obtained where required by means of a Leitz “Monla”’
lamp, the diaphragm of which was placed so as to produce as narrow a beam of light
as was compatible with photographic requirements. The beam was angled at 45°
to the horizontal and was directed in a plane perpendicular to the transverse axis of
the microscope from the side opposite the observer. As each of the two specimens
showed a different aspect of the study to best advantage, they will be treated separately.

Specimen A

An area was chosen for study. The area was positioned so that at 4; index=0°,
the longitudinal axes of the rods in question were aligned parallel with the light path
(Fig. 3). The following manipulations were carried out under incident light.

(a) Rotation through 360° was affected about vertical axis Az with the 4, index fixed
at: (1) 0°; (2) black 35°; (3) red 20°.
During these rotations four positions were recorded. These were signified by the
appropriate Ag index—0°, 90°, 180° and 270°.

o
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incident light

T

dentine

area of rod

' ' group examined
outer edge k

Y

F1G. 3. Diagram of specimen A showing the portion of rod group examined and
its relation to the incident light where A, index = Q°,

(b) Rotation was effected about horizontal axis 4, with the 4, index fixed at: (1) 0°;
(2) 180°.
Throughout these manipulations the longitudinal axes of the rods were aligned
parallel with the light path.

(c) Lastly, rotation was effected about horizontal axis 4, with the A, index fixed at:
(1) 270°%; (2) 90°.

Throughout these manipulations the longitudinal axes of the rods were aligned
perpendicular to the light path.

During rotation about horizontal axes 4, or 4,, usually of the order of 90°, any

position where a marked change in appearance occurred was recorded and signified
by the appropriate 4, or 4, index.

Specimen B

An area of a rod group was chosen for study. The particular region was then

orientated to appear at the junction of the crosswires with the longitudinal axes of
the rods roughly parallel to the vertical crosswire (Fig. 4).

1. Examination by transmitted polarized light

A position within the horizontal plane was sought at which the area concerned
exhibited birefringence. This position was found by rotating the specimen about
vertical axis A; with the 4,, 4; and A4, indices fixed at 0°. Polars were crossed with
axes at 45° to the crosswires. The position of birefringence was taken as that midway

N /‘reference point
outerredge \
' \kl \ area of rod
I N \ group examined
dentine L _
crosswires
l EV—/

Fi1G. 4. Diagram of specimen B showing the portion of rod group examined and
its relation to the crosswires.
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between two extinction positions occurring on either side. The specimen was locked
in the position of birefringence with respect to axis A;.

Rotation was then effected about horizontal axis 44. That 1s to say, alteration
was made to the inclination of the longitudinal axes of the rods to the horizontal.
The behaviour of the rod group and particularly the position of maximal birefringence
within this rotation was noted. Two methods aided the assessment of the position
of maximal birefringence. One was to reduce the compensator reading, the com-
pensator being normally set for background extinction. The reduction opposed the
specimen birefringence making its appearance within the rotation more critical. The
other indication was the number of periodicities that could be brought into focus
within the rods in the area concerned. The number should be maximal when the

rods are horizontal.

2. Examination by incident light

(a) The positions at which the particular region of the rod group examined appeared
maximally bright were determined in the following planes.
With the 4, index fixed at (1)0°; (2) 180°; rotation was effected about horizon-

tal axis 4,. Throughout both these rotations the longitudinal axes of the rods

were aligned parallel with the light path.
With the A, index fixed at (3) 90°; (4) 270°; rotation was eifected about

horizontal axis 4,. Throughout both these rotations the longitudinal axes of the
rods were aligned perpendicular to the light path.

(b) With the rod group in the maximally bright position found previously where

(1) the A, index was fixed at 0°, rotation was then effected about horizontal axis

A,; (2) the A4, index was fixed at 90°, rotation was then effected about horizontal
axis A,.

In both these manipulations there resulted a rotation of the rod group about its

approximate longitudinal axis. In the first rotation the rods were aligned parallel

with the light path and in the second, perpendicular to it.

RESULTS
Specimen A

The following were the changes in appearance of the area concerned (Fig. 3)
during the manipulations listed previously in similar order.

(a) (1) at 4; index=0°, the area under examination appeared with a dark central
region which was bordered on each side by two lighter segments. With rotation
the lighter segments appeared to migrate towards each other until at 4, index=90°
they had fused to form a light band. With further rotation of the specimen, the
light band began to fade and at 45 index=180° the area was dark. The area
became light again by the time A5 index=270°, but on continued rotation back
to A, index=0°, there was an apparent gradual splitting of the light band to

result in the appearance initially described (Fig. 3).
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(2) The area remained light, least defined at 4, index=0° throughout the entire
360° rotation (Fig. 6).

(3) Here the area appeared dark at A4, index=0° and 180°, and light where
Ag index=90° and 270°. Transition was gradual with no appearance of splitting
at any stage (Fig. 7).

(b) (1) The area was initially dark (Fig. 8a) at A, index=30°. With rotation it assumed
a “split”” appearance (Fig. 8b, ¢) and, with further apparant migration of segments
from the previously adjacent light bands, became light at 4, index=black 10°
(Fig. 8d). With further rotation there was a gradual fading and a return to dark-
ness at 4, index=black 45° (Fig. 8I).

(2) The sequence was similar to that of (1) when the direction of rotation was the
same.

(¢) (1) The area exhibited firstly a “split” appearance at 4, index= L.H.S. 35° (Fig.

9a). With further rotation, this gave way to a light band at 4, index=0" (I1g. 9b, ¢)
and finally to a dark band at 4, index=R.H.S. 35° (Fig. 94, e).

(2) The sequence was the reverse of (1) when the direction of rotation was the
same..

Specimen B
1. Examination by transmitted polarized light. The position at which the area
concerned (Fig. 4) exhibited birefringence within the horizontal plane was found to
be where the rods were seen to be aligned parallel to the vertical crosswire (Fig. 10b).
With rotation about horizontal axis 4,, the rod group appeared relatively isotropic
in the black quadrant (Fig. 10d) and birefringent in the red quadrant. The position

of maximal birefringence within this rotation was close to the point where A4,
index=red 16° (Fig. 10c).

2. Examination by incident light

(a) The positions where the area appeared maximally bright (Fig. 11) were found to
be in their respective planes where:

(1) A, index=black 7°;
(2) A, index=black 41°;
(3) A4, index=L.H.S. 15°;
(4) A, index=R.H.S. 15°.

(b) When rotated in this manner at both settings, to the degree permitted by the
apparatus (approximately 45° in either direction), the total area photographed
was not without some change in appearance (Figs. 12 and 13). However, the
area in question largely retained its bright appearance. |

DISCUSSION
Specimen A

Rotation about vertical axis A5 involves rotation of the specimen through 360°
relative to the light path. The classically described sequence for such rotation is one
of band reversal from light to dark and vice versa onrotation through 180° (CzZERMAK,
1850; VonN EBNER, 1902). It may be seen that the behaviour of the area examined
does not wholly comply with this (Fig. 5). Indeed with rotation about an inclined
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vertical axis there may be no reversal at all (Fig. 6). When reversal does occur it
may do so with rotation through only 90° (Fig. 7). Again, the sequence of changes
occurring in a particular area may be altered by varying the inclination of the vertical
axis about which the rotation occurs (see Figs. 5, 6 and 7).

It is apparent that band reversal can also be achieved by rotation of the specimen
about a horizontal axis (Figs. 8 and 9). This rotation effects an alteration of the
inclination of the plane of the section surface to the incident light. Reversal occurs
for both a parallel and a perpendicular alignment of rods with the light path. The
reversal may be realized through only 40° of rotation. A specific area may return to
a dark appearance with rotation through the full 90° permitted by the apparatus
(Fig. 8). No area in any specimen yet examined has failed to show an alteration in
appearance with rotation of the specimen in this manner.

For a series of dark and light bands presented by a specimen at a particular
orientation, the “split” light band appearance will only occur if, with rotation, there
is to be some change also in the adjacent dark bands. If the overall change is to be
one of mutual reversal then the segments of the “split’ light bands will appear to
migrate away from each other completely (LESTER, 1965). On the other hand, if
mutual reversal is not fully realized, the segments appear to migrate only a little way.

It must be emphasized that the appearances described depend largely upon the
thinness of the section. With thicker sections (as used by the early investigators)
underlying rods groups appear to affect the nature and clarity of band appearance.
An understanding of the behaviour of specimen A4 is facilitated by consideration of

specimen B.

Specimen B
1. Examination by transmitted polarized light. The first position of birefringence

occurred with the rods at an angle of 45° to the polars. Because the crystallites are
negatively birefringent, this confirms a parallelism of the mean longitudinal axis of
the enamel crystallites and the rod longitudinal axis. This was noted previously by

CarE and KiTcHEN (1930).
The second position of birefringence described at 4, index=red 16°, is that where

the mean longitudinal axis of the crystallites in the area examined is horizontally
aligned. Because there is known to be little deviation of mean crystallite axis and rod
longitudinal axis in a transverse mesio-distal plane (CAPE and KitcHiN, 1930; POOLE
and Brooks, 1961; GLAS, 1962) the rods in the area may also be assumed to lie
horizontally when the specimen is in this position. Taking into account the topo-
graphy of the specimen, it is possible to conclude the following. The rods in the area
examined pass away from the upper surface of the section in the direction of the outer
enamel edge at an angle of approximately 16°. The rods may now be represented
diagrammatically at any given setting of the universal rotating stage (Fig. 14).

2. Examination by incident light. The purpose here is not to argue the presence of
reflexion. It is apparent that reflexion must occur if the appearance of brightness is
to be exhibited with incident light the sole means of illumination. The purpose is
rather to enquire into the source of the reflexion. More specifically, to show that a
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dentine
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-
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FiG. 14. Diagrams of specimen B.

(a) Relation of area examined to whole specimen.

(b) Portion of rod group examined shown at the junction of the crosswires.

(¢) Representative rod of group when the specimen is in the position of maximal
birefringence about horizontal axis A,.

rod group, when orientated to satisfy the laws of reflexion, presents the appearance
of a maximally bright band of Schreger.

Firstly, the two rotations of the area about horizontal axis 4, will be considered
theoretically. Throughout these rotations the rods are aligned parallel to the light
path. Within each of the rotations there is one orientation of the rods which can
satisfy the laws of reflexion as applied to the particular experimental system. Fach
orientation may be represented diagrammatically (Figs 15 and 16). The hypothetical
stage readings would be:

(1) with the A5 index fixed at 0°, 4, iﬁdex= black 6°5°;
(i) with the A; index fixed at 180°, 4, index=black 38-5°.

These compare favourably with the stage readings for the positions of maximal
brightness found experimentally—black 7° and black 41° respectively.

Secondly, the two rotations of the area about horizontal axis 4, will be con-
sidered. Throughout these rotations the rods are aligned perpendicular to the light
path. Theoretically, for reflexion to occur there is but one possible orientation of the
rod group. This applies to both settings of the 4, index, in this case 90° and 270°.

D
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‘observer /I\
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reflected light % /

ocbjective
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(Ag=black 689 o] \ .
' S 2T horizontal
representative S -\_z/ﬁ'
rod "~

FiG. 15. Diagram showing theoretical treatment of maximal reflexion where the
A, index is fixed at 0°.

Only when the longitudinal axis of the rod group is horizontally aligned could thg:
incident ray, the normal, the reflected ray and the objective lie in the one plane. Such
an alignment is essential to reflexion and may be represented diagrammatically

(Fig. 17). The hypothetical stage readings would be

(i) with the 4, index fixed at 90°, A, index=L.H.S. 16°;
(i) with the 4, index fixed at 270°, 4, index= R.H.S. 16°.

Again there is a favourable comparison with the stage readings for the positions of
maximal brightness found experimentally—L.H.S. 15° and R.H.S. 15°.

It is doubly apparent, however, that the rod group cannot be regarded as presenting
a simple plane mirror surface along its length. Firstly, during rotation of the area
about horizontal axis A, as stated, the rods are aligned perpendicular to the light path.
Incident light angled at 45° to the horizontal could not be reflected from a point on a
horizontal plane mirror to enter an objective perpendicularly above that point.
Secondly, when the rod group is rotated about its approximate longitudinal axis
there is little change in reflective behaviour. This would not be so if the rod group

acted as a plane mirror.

observer T

objective _J

- / normal
reflected light :

incident light

2ok

horizontal
section surface(A =black38i)

representative
rod

Fig. 16. Diagram showing theoretical treatment of maximal reflexion where the
Aq index is fixed at 180°.
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Both considerations indicate that the rods act as cylindrical mirrors with the
longitudinal axis of the cylinder coincident with that of the rod. This configuration
would allow of the major reflective change found with rotation about the rod
transverse axis and the lack of significant change found with rotation about the rod
longitudinal axis.

It would seem therefore, that in a thin ground bucco-lingual section of canine
dental enamel, a maximally bright band of Schreger may be explained by the reflexion
of incident light to the observer by a portion of a rod group of suitable orientation.
The rods for this particular purpose are best regarded as elongated cylindrical mirrors.

Any rotational sequence of band appearance may be accounted for by the rods
remaining in, or moving away from a position of maximal reflexion. The apparent

observer fr

i

objective ‘ ‘

incident light %

section surface 1 reflected light

_(i2‘=LHS1.6°) %

representati’ve ﬁ\\' horizontal

Fic. 17. Diagram showing theoretical treatment of maximal reflexion where the
A4 Index is fixed at 90°.

migration of the segments of a “split”’ light band within some sequences finds explana-
tion 1n the gradual change in rod direction known to occur at rod group boundaries
(VON EBNER, 1902; LEH;‘MPLE%1936; HEUSER, 1961). '

The conditions to be met for rods to exhibit significantly different reflective
appearances may be specified in two situations. The first situation is where the
longitudinal axes of the rods appear parallel to the observer but in fact do not He in
the same plane. Their longitudinal axes must then differ in vertical inclination to the
incident light by at least 20°. The second situation is where the longitudinal axes of
the rods lie 1n the same plane and have an identical vertical inclination to the incident
light. In this case their longitudinal axes must be inclined to each other within the
plane in which they lie, at an angle of at least 45°. For well defined bands of Schreger
to appear, the longitudinal axes considered in these two situations would apply to the
mean longitudinal axes of adjacent portions of rod groups.

Throughout this discussion, reflexion has been related to the longitudinal axis
of the enamel rod. However, it is apparent that emphasis could better be shifted to
the mean longitudinal axis of the crystallites. Although coincident to the rod longi-
tudinal axis in canine enamel and closely related in human enamel, this crystallite
axis 1S, theoretically at least, the more basic consideration.
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Résumé—Deux coupes, par usure, minces bucco-linguales d’émail dentaire de canine
sont étudiées A I'aide d’un microscope polarisant présentant un dispositif de rotation
universel & quatre axes. L’un des specimens subit une rotation a la fois autour des
axes verticaux et inclinés verticalement et autour des axes horizontaux sous une
source fixe de lumiére incidente. Chaque rotation donne un aspect spécifique difierent
aux bandes de Schreger.

Le second specimen est étudié par 2 méthodes. Tout d’abord, en lumiere polarisce
transmise, I’inclinaison des prismes par rapport 4 la surface de coupe est déterminée
dans une zone particuliére d’un groupe de prismes. Deuxiémement, sous lumiére in-
cidente, un certain nombre de positions, dans lesquelles cette région particulicre du
sroupe prismatique donne une réflexion maximale, sont notées. Il fut démontré que les
prismes apparaissent comme une bande de Schreger d’intensité’ maximum lorsqu’ils
sont orientés par rapport 2 la lumidre incidente, de telle sorte qu’ils ob€issent aux lois
de la réflexion. La réflectivité des prismes s’explique le mieux les considérant comme
des miroirs cylindriques allonges.

Zusammenfassung—Zwei diinne, bucco-lingual geschliffene Schnitte durch den Eckzahn-
schmelz wurden mit Hilfe eines um vier Achsen schwenkbaren Objektivtisches unter-
sucht. Fin Priifkorper wurde sowohl iiber die vertikalen und iiber die geneigt-verti-
kalen Achsen als auch iiber horizontale Achsen bei fixierter Quelle einfallenden Lichtes
untersucht. Jede Rotation ergab eine unterschiedliche, spezifische Folge von Erschein-
ungen der Schreger’s schen Streifen.

Das zweite Priifobjekt wurde auf zweierlei Weise untersucht. Einerseits wurde in
einem bestimmten Teil einer Prismengruppe mit durchfallendem, polarisiertem Licht
der Winkel der Schmelzprismen zur Schliffoberfliche abgeschétzt. Andererseits
wurden bei auffallendem Licht eine Anzahl Positionen gefunden, bei denen dieser
bestimmte Teil der Prismengruppe maximal reflektierte. Es war moglich zu zeigen,
dass die Prismen dann als maximal breiter Schreger-Streifen erschienen, wenn sie in
Beziehung zum einfallenden Licht so orientiert waren, dass sie den Refiektionsgesetzen
seniigten. Die Reflektion der Prismen liess sich am besten erklaren, wenn man sie
wie verlingerte, zylindrisch wirkende Spiegel betrachtete.
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F1c. 1. The Leitz four-axis universal rotating stage (UT4). The means of calibra-

tion for each of the three axes employed is indicated. The corresponding direction of
rotation is represented diagrammatically.
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Fic. 7. Rotation of specimen A under incident light, about inclined vertical axis '
Az with the A, index fixed at red 20°.

(a) Az Index=0°

(b) A, index =290°

(c) A, index=180°

(d) A4, index=270°
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PLATE 6

Fig. 9. Rotation of specimen A under incident light about horizontal axis A,
with the A4, index fixed at 270°

(a) A, index=L.H.S. 35°

(b) A, index =1.H.S. 20°

(¢) A, index=0°

(d) A4, index =R.H.S. 20°

(e) A, iIndex=R.H.S. 35°
X 450
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PLATE 7

FiG. 10. Specimen B by polarized light showing the portion of rod group examined
in the following positions:
* (a) position of extinction about vertical axis 4,
(b) position of birefringence about vertical axis .41

(¢) position of maximal birefringence about horizontal axis 4,, where 4, index =
red 16°

(d) position of relative isotropy about horizontal axis A4,, where A; index = u
black 50° |
X 338
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PLATE 8

Fic. 11. Specimen B under incident light showing the portion of rod group
examined in the following positions of maximal brightness:

(a) with 45 index fixed at 0° and A, index =black 7°
(b) with A, index fixed at 180° and A4, index =black 41°
(¢) with 4, index fixed at 90° and A, index =L.H.S. 15°

(d) with A4, index fixed at 270° and A, index =R.H.S, 15°
X 338

377




THE BANDS OF SCHREGER . THE ROLE OF REFLEXION

Fic. 12. Rotation of specimen B under incident light about horizontal axis A.,
from a position of brightness. The 45 index was fixed at 0° and the A, index at black 7°.

(a) A, index=L.H.S. 40°

(b) A, index=L.H.S. 20°

(c) A, index=0°

(d) A4, index =R.H.S. 20°

(e) A, 1ndex =R.H.S. 40°

X 338
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Reprinted from the Journal of Anatomy (Lond.) 100, 925, 1966.

Light-Optical Effect: Associated with

the Decussation of ‘Enamel Prisms:
T e e e R i e i S e P P PP = PV Bl a0l Ve

K.5. Lester, King's College, London.

The Hunter-Schreger bands as seen in polished ground sections

of dental enamel viewed by reflected light are known to reverse
thelr appearance with a change in the orientation of the specimen
with réspect.to the light source. The manner in which band
reversal takes place was examined by rotating thick sections in a
horizontal plane relative to a fixed light source (change in

azimuth) .

A definite sequence of band appearances was found to accompany
complete reversal of the bands. The change in appearance is a

very gradual one and involves the apparent splitting, parting

and subsequent reformation of the light bands. However, complete
band reversal does not always take place with such a rotation, in

which case reversal of the original configuration may be completed

by changing the incident angulation of the illumination (change

in altitude).

.

By subsequent examination of predetermined areas of very thin




4 ground sections of dog premolar enamel both by transmitted
polarized ‘light and by reflected ordinary light with the aid
of a four-axis universal rotating stage, the reflective
behaviour of the enamel could be related to the approximate

longitudinal axis of its prisms.

1t was found that the appearance of the Hunter-Schreger bands

in a given area of enamel is entirely dependent upon the

relationship of the specimen to the illumination with respect

both to azimuth and altitude. While the actual site in the

enamel at which the reflexion occurs is still under gquestion,

the reflective behaviour of enamel obeys the laws of reflexion

with respect to the longitudinal axis of the enamel prisms.
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