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INTRODUCTION 

The mineralization of enamel in the course of its developnient 
is considered by some investigators to be a single continuous 
process, the calcium salts being deposited gradually in the first 
enamel layers to be formed, at the same time as the building up 
of the new enamel matrix proceeds towards the outer enamel 
epithelium. 

Such is the conclusion drawn by von Ebner (1906) who, by 
means of the polarizing microscope, observed in ground sections 
of human tooth germs that the optical properties of enamel 
change during its development. He distinguished four stages, the 
boundary between them following the incremental lines. His 
opinion was confirmed by Harders-Steinhauser (1938) who used 
the same method, and by Chase (1935) who observed the staining 
properties of decalcified sections of tooth germs from man and 
various animals. Nuckolls et d. (1947) also maintain that the 
mineralization of the enamel matrix definitely progresses froin 
the dentino-enamel junction towards the surface. This statement 
is based upon examination under the light microscope (Saunders 
et  al. 1942, Nuckolls et al. 1943). Hals (1953) has reached similar 
conclusions in a recent study of the amelogenesis using polarized 
light. 



2 i 4  

There are, however, investigators who do not agree that the 
formation of the enaiiiel iiiatrix and its final mineralization occur 
concurrently. They see in the aiiielogenesis two distinct phases 
~- the formation of the iuatrix and its subsequent mineralization, 
the latter not starting until the enaiiiel has attained a definite 
thickness. 

On inolar tooth germs from pigs uon Belist (1928) established 
that the enamel at  first assuiiies :I horny consistency and is 
slightly impregnated with inorganic matter. This horny iiiatrix 
is subsequently calcified en niasse. May Mellanbg (192Y), study- 
ing the influence of diet on the teeth of young dogs, found that 
the enaiiiel calcifies in two well defined stages, which she 
termed first and secondary calcification. She made the s:me 
observations on human enamel (1934). The claiiii of a iiiass 
change following the completion of an organic iiiatrix is sup- 
ported by Kitchin (1933) in his studies of ground sections of the 
rat incisor in polarized light. 

Diamond and Weinrnrrnn (1940), in a monograph on the 
human enamel, write: "The calcification process begins after the 
completion of the adult organic matrix at  the highest points of 
the cusp eminence of the posterior tooth or the highest points 
of the incisal surfaces of anterior tooth, and proceeds from those 
points in the direction of the dentino-enamel junction, radiating 
laterally in all directions until the entire incisal or occlusal sur- 
faces are fully calcified, and then continues along the peripheral 
surfaces in the direction of the cervical line, until the entire 
enamel is fully calcified. The direction of such calcification is 
in transverse relationship to the incremental lines". This opinion 
is further borne out by cheinical analyses of enaniel in various 
stages of dcvelopnient (Wpinrnann et al.  1942). 

Studies of the Mellanby dog materid by chemical analysis anti 
the exaiiiination of ground sections by soft x-rays tend to con- 
firni that the secondary calcification proceeds cervically from 
the tip of the tooth ((;lock et nl.  1942). 

, l p p l ~ b a r r m  (1943) found support for this theory in the rcsults 
of a study with soft x-rays (1938) while Jlarsland (1952) caiiie 
to the same conclusions in the light of his work on niiielogenesis 
in the rat. 
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Most of the methods applied in the study of the transition of 
the enamel from a soft percursor state to the hardest tissue in 
the body allow only of indirect study of the mineral component. 
In the present investigation a direct method - microradiography 
- has been employed for determining the distribution of the 
calcium salts in the course of amelogenesis. The dental appli- 
cation of this method has been surveyed by Bergman and Eng- 
feldt (1954).  

MATERIAL AND METHOD 

The material for this study comprised mandibles of full term 
infants. The mandibles were fixed in 10 per cent neutral buffered 
formalin (Lillie, 1948). Before examination radiographs were 
taken. One half of the jaw was left for examination by ordinary 
histologic methods. From the other half of the jaw ground sec- 
tions were made. After dehydration and embedding in methyl 
methacrylate thin slabs were cut vertically (longitudinally or 
transverse), or horizontally. A rotating diamond saw was used. 
These "serial" slabs were then ground to 50-100 11 sections by 
the method evolved by Hammarlund-Essler (1955). 

Microradiography with secondary magnification was perforni- 
ed using a Machlett OEG 50 x-ray tube energized with 20 kV 
fully rectified D.C. The radiation was filtered by a 0.2 milli- 
metre beryllium window. The distance from the focus to the 
emulsion was 20 cm. The niicroradiograins were made on East- 
man Kodak spectroscopic plates No. 649, which have a resolving 
power of approximately 1 p. 

FINDINGS 

On the microradiograins the distribution of mineral salts and 
the degree of niineralization are immediately evident, the light 
parts being regions with a high x-ray absorption and hence a 
high content of calcium salts. In this paper the physiologic 
deposition of calcium salts in a tissue is called mineralization, 
and the term calcification should be reserved for pathologic 
conditions ( Westin 1943). 
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7ht- rerttrril incisors 

The iiiicroradiograiiis of the central incisors show that :ill the 
incisal two thirds of the lingual ennmel and one half of the lahial 
enamel is highly and uniformly iiiineralized (Fig. 1 1. The cervical 
parts have a low miner:d content except for a zone along the 
dentino-enamel junction. On the labial side, froiu the incisal edge 
to the middle of the crown, there is :I band of low calciuiii salt 
content below the highly inineralized superficial en:iinel (Fig. 3 ) .  

Thf Inter id incisors 

On the lateral incisors the incisal half of the lingual enaiiiel 
is highly mineralized. Only in its extreiiie incisal part does the 
labial enamel evidence a high content of calcium salts (Fig. 2 ) .  
With the exception of a n  inneriiiost zone the rest of the labial 
enamel and the cervical half of the lingual enamel :ire seen to  
have a lower degree of iiiineralization. On the linsual side, start- 
ing near the incisal edge and continuing for one half the length 
of the crown there is ;I zone of low iiiineralization below the 
highly inineralized superficial enaiiiel. There is a siinilar but 
shorter band on the labial side. The Hunter-Schreger bands are 
discernible in tlie labial enamel. 

1 he rrinines 

The highest degree of miner:ilization in the canines is i n  a 
zone nearest the dentino-enaniel junction. hloreoyer, the nii- 
neralization is niore adwnced in the incisal than in the cervical 
enaiiiel (Fig. 4). The higher mineralized incisal area extends :I 

little further cervically on the lingual than on the labial side of 
the teeth. 

Fig. 1. Microradiogram o f  60,u ground bection through the central part  of ii 
central incisor. The mineralization o f  the l ingual enamel is  more ad\ ;inccd 
than that  of tlie buccal. A thin zone with a low mineral content is  yisible 
inside the highly mineralized superficial buccal enamel, which ib torn an  ay i n  
one place. On account of the cu r \ a tu re  of the tooth the highly mineralized 
m n c  in the cer i i ra l  part of the enamel appears wider than it actually is  x 16. 

Fig. 2. Micrtwadiogram o f  a 60 { I  ground wction through the  central  p:rrt of 
a lateral incisor. One half of the lingual enamel shows a high mineral im- 
tiori except for  a narrow zone helow the highly mineralized superficial 
enamel. The mineralization o f  tlie l ~ ~ c c ; i l  enamel is ies\ ad) anccd. 'l'hc 

Hunter-Schregei- Imnds are \ isible o n  the  buccal \ ide x 35,  
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The niolctrs 

The enamel of the cusps and marginal ridges of the first and 
second inolars resembles that of the canines (Figs. 5--9). The 
occlusal regions of high mineralization are less extensive, how- 
ever, in the second than in the first molar. In both the iiiolars the 
regions of high mineralization are larger on the buccal than on 
the lingual cusps, and the mineralization is more advanced in 
the mesial than in the distal part. 

Geiierril rrniurka 

The pattern of niiner:ilization described is visible in inicro- 
radiograms of sections yertically through the central portion of 
the anterior teeth and of the cusps of the posterior teeth. Micro- 
radiograms of lateral and horizontal sections through various 
levels of the crowns show that the process of inineralization is 
less advanced in the lateral regions of the teeth (Figs. 4, 10) .  

In the enamel of all the teeth the highly mineralized areas pass 
gradually into areas of lower calcium salt content, with the ex- 
ception of the highly mineralized zone along the dentino-enamel 
junction where the difference is niore pronounced. In this inner- 
most zone of high mineralization the enamel tufts are visible 
(Fig. 11 ) .  

DISCUSSIOS AND CONCLUSIONS 

At hirth the deciduous teeth are in various stages of develop- 
ment. The formation of the crowns of the incisors is practically 
complete. The incisal two-thirds of the canines and the occlusal 

Fig. 3. Microradiogram, enlargement of detail of fig. 1.  The zone of low 
mineralization below the highlr mineralized superficial enamel. X 375. 

Fig. 1. Microradiogram of a 50 ,p ground section laterally through a lateral 
incisor and through the middle of the canine. Compared with fig. 2 thc 
mineralization of this part of the lateral incisor is less advanced. The ena- 
mel of the canine, to the right, Itas a liigly mineralized innermost zone 
and the ad\aiiced mineralization of the iocisal part reaches n little furt l~er  

cervically o n  the lingual than on the buccal side. X 20. 
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parts of the first niolars are built up, while the second inolars 
are a little later in development. Specimens of jaws of newborn 
infants thus provide a good opportunity for studying the various 
developniental phases of the enamel. The material is suitable 
also for following the course of mineralization, in virtue of the 
rare disturbance of mineralization during foetal life, and the 
very regular formation of the prenatal enamel. Accentuated in- 
cremental lines - striae of Retzius - very seldoiii appear, Schotrr 

The pattern of iiiineralization of the various teeth described 
above iiiay be considered representing a series of stages in the 
development of the enamel, and it is probable that all anterior 
teeth and the cusps of the niolars pass through the saiiie course 
of niineralization. On account of their anatoiny the picture for 
the molars as  a whole must be somewhat iiiore complicated than 
for the other teeth. Thus the microradiograms reveal the follow- 
ing course of the mineralization: - The enamel layer nearest 
the dentino-enamel junction assullies :I high degree of niinerali- 
zation as  soon as it is formed, a feature first noticed by Hnrders- 
Steinhiiirser 1938). The presence of a highly inineralized inner 
zone has been confirmed by Glock et (11. (19421, Sminders et  ni.  
(1942), dppkbnum (19431, and H d s  (1953).  This zone is, how- 
ever, not uniformly mineralized, there being regions of little, i f  
any, mineralization - the enamel tufts (Fig. 11 ). 

In the enaiiiel inatrix formed outside the innermost zone, the 
calcium salt content increases iiiuch more slowly. The increase 
is first observable at the extreme incisal or occlusal parts of the 
dentino-enamel junction. It then extends to the incisal edge or 
the occlusnl surface, being somewhat faster on the lingual side, at 

1953 ). 

Fig. 3 .  Microradiogram o f  a 100 p ground sectiori through the mesiobuccal 
and mesiolingual cusps of the first molar. The pattern of mineralization is 
most evident in  the mesiohuccal cusp of which the section is taken from 
the centre. 'rhe mesiolingual cusp is cut oblicjucl>-. Hence the structures are 

seen suprrimposed. X 10. 

Fig. 6. Microradiogram of a 100 ;I ground section through the distobuccal 
and distolingual cusps of P first molar. The advanccd mineralization of thc 
distobuccal cusp is visible. 'Ilie section of the distolingual cusp is cut late- 

rally, wherc only the inncri i~ is l  c-iiamcl is Iiighly miner:ilizetl. x 10. 
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the same time as it spreads laterally. The lingual side is there- 
fore leading in the process of mineralization and the lead is ac- 
centuated as the final mineralization continues towards the 
cervix of the tooth. 

The course of the final mineralization is thus independent of 
the incremental lines. This is in contradiction to the opinion that 
the transformation from a soft to a hard mature enamel occurs 
parallel to these lines. However, the findings of this investigation 
support the view that the final mineralization starts at the 
dentino-enamel junction. 

The course of mineralization revealed in the microradiograms 
differs also from the diagrammatic illustration of the "two 
phase" inaturation process in the textbooks of Orban (1953) and 
Schorrr (1953), i.e. modifications of the original in the book by 
Diamond and Weinninnn (1940). They state that the maturation 
process advances from the incisal edge or the cusps at  right 
angles to the long axis of the tooth; they correlate the pattern 
of niaturation to that of tooth eruption. 

It is also evident from the microradiograins that the ininerali- 
zation of the superficial enamel is in advance of that of the 
subjacent enamel. In erupted permanent teeth Gustnfson (1955) 
of ten observed a hypoinineralized zone below a highly mineraliz- 
ed enamel surface. Here, there is probably a persistence of this 
stage of mineralization. 

The microradiograms show that there is no sharp boundary 
between the regions of high and low mineralization. This calls 
to mind the progressive transformation of the organic framework 
in the developing enamel described by Sognnnes et  nl. (1952).  

In the second deciduous molar there is evidence of an ad- 
vanced stage of mineralization before the full  thickness of the 
enaiiiel matrix is attained. According to Schour (1936>, no part 
of the cusp enamel of the second deciduous inolar has reached 
its full height at birth. Thus, the observations of the present 
study do not support the opinion that a definite thickness of the 
enamel matrix must be laid down lwfore a further deposition of 
c:rlciuni salts can take place. 
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Fig. 7. 

Fig. 7. Microradiogram of a 90 ,u ground section through the distal marginal 
ridge of a first molar. A zone of high mineralization along the dentino- 
enamel junction is seen, this zone being widest in the occlusal part. Enamel 

prisms and dentinal tubules are visible. X 200. 

19 - Acfa odont. Seand. T'ol. 14 
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Fig. 11. 

Fig. 8. Microradiogram of a 50 p ground section through the centrobuccal 
cusp of a second molar. There is advanced mineralization of the enamel 

in the cusp tip. X 20. 

Fig. 9. Microradiogram of a 55 ,u ground section through the mesial marginal 
ridge of a second molar. Advanced mineralization of the occlusal enamel is 

evident. Incremental lines are visible in the mesial enamel. X 16 

Fig. 10. Microradiogram of a 60 ,u ground section cut horizontally through 
the middle of the crown of a central incisor and further incisally in  the 
lateral incisor, which is cut obliquely. In both teeth the mineralization is 
more advanced in  the lingual than in the buccal enamel. A narrow low 
mineralization zone is clearly visible below the superficial buccal enamel of 

the central incisor. X 24. 

Fig, 11. Microradiogram of a 9Op ground section horizontally through the 
cervical part of a lateral incisor. The enamel tufts are seen to  pass through 

the highly mineralized inner zone of the enamel. X 475. 
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SL”J1MARY 

Thin serial ground sections of deciduous tooth germs froin the 
mandibles of new-born infants were examined by inicroradio- 
graphy. Various stages of the development of the enamel were 
studied. 

It was found that the enamel nearest the dentine rapidly at- 
tains a high mineral content. In the enamel that is subsequently 
formed the deposition of calcium salts occurs more slowly. The 
degree of mineralization in the inner enamel seeins to increase, 
however, before the final thickness of the enamel matrix is at- 
tained. This increase in the mineral content is first observed at 
the extreme incisal or occlusal parts of the dentino-enamel junc- 
tion. The mineralization continues faster on the lingual than on 
the buccal side, and consequently the course of the final mi- 
neralization of the enamel is neither parallel nor perpendicular 
to the incremental lines. 

It was also found that the mineral content increases to a high 
level in the external enamel, before the underlying enamel has 
reached the same stage of mineralization. 

RBSCMB 

ETUDES SUR LES TISSUS DENTAIRES MINERALIS& 

IX. Etude microradiographique de la min6ralisation de 1’6mail en cows 
de dtveloppement 

Une sPrie de coupes ininces par usure de gernies temporaires 
provenant de inichoires de nouveaux-nls ont CtC exainin6es h 
la microradiographie. Divers stades de dCveloypeinent de 1’Cmail 
ont C t C  CtudiCs. 

I1 est apparu que l ’ h a i l  situi. & proximite de la dentine ac- 
quiert rapideinent un contenu iiiiniiral &lev&. Dans 1’Cmail forrnC 
par la suite, le dCp6t de sels de calcium se produit plus lentement. 
Le degrC de ininCralisation de l’email interne semble toutefois 
augnienter avant que I’Cpaisseur totale de l’Cniail soit atteinte. 
Cet accroissernent du contenu min6ral s’observe tout d’abord 
dans les parties insisales ou occlusales de la liniite dentino- 
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adamantine. La inin6ralisation se produit plus rapidement du 
cat6 lingual que de cat6 buccal: en conskquence l’orientation 
g6nCrale de 1’Cmail compktement minCralis6 n’est ni parallble ni 
perpendiculaire aux stries de Retzius. On a pu constater bgale- 
ment que le contenu min6ral auginente considCrablement a la 
surface de 1’Cmail avant que 1’6mail sous-jacent ait atteint le 
meme degr6 de min6ralisation. 

ZUSAMMENFASSUNG 

STUDIEN AN MINERALISIERTEN ZAHNGEWEREN 

IX. Eine rnikroradiographische Untersuchung der Mineralisation 
wahrend der Schrnelzentwicklung 

Diinne Serienschliffe von Milchzahnanlagen des Unterkiefers 
neugeborener Kinder wurden mit Hilfe der Mikroradiographie 
untersucht. Verschiedene Stadien der Schmelzentwicklung wur- 
den untersucht, wobei der folgende Verlauf der endgultigen 
Mineralisierung des Schmelzes festgestellt werden konnte. Der 
Schmelz, der sich in unmittelbarer Nahe des Dentines bildet, 
erreicht schnell einen hohen Mineralgehalt. Die Einlagerung von 
Kalksalzen in den Schmelz, der danach gebildet wird, geschieht 
langsamer. Der Mineralisierungsgrad in den inneren Schmelz- 
schichten scheint jedoch zuzunehmen, ehe die definitive Dicke 
des Schmelzes erreicht ist. Diese Zunahme des Mineralgehaltes 
kann zuerst uber den1 hochsten Punkt der Schmelz-Dentingrenze 
beobachtet werden. Die Mineralisierung schreitet danach schnel- 
ler auf der lingualen Seite fort als auf der buccalen. Darauf folgt, 
dass die endgultige Mineralisierung des Schmelzes weder parallel 
mit den Retziusschen Streifen noch senkrecht zu diesen verlauft. 
Es konnte auch festgestellt werden, dass der Mineralgehalt in 
der Oberflache des Schmelzes zu einem hohen Wert ansteigt, 
ehe der am nachsten darunterliegende Schmelz den gleichen Mi- 
neralisierungsgrad erreicht. 
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