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Chemical and crystallographic characterization of 
the inorganic deposits present in the human aortic 
wall is reported. No evidence of calcification has 
been found in the adventitia layer of the aortic wall, 
while two different phases have been identified in the 
intima and media kyers. The inorganic deposits 
localized in the atherosclerotic plaques of the intima 
layer have been identified as hydroxyapatite. The 
inorganic phase uniformly deposited in the human 
media aortic wall is hiphly crystalline PTCMP with a 
magnesium content which depends on the calcifica- 
tion degree. 

Introduction 

Calcification of human aortic wall occurs com- 
monly [l , 21. It begins in the youth and increases 
progressively with age. Although pathogenesis is not 
clear, calcium deposition appears to be associated 
with accumulation of lipids [2, 31, while recent 
evidence suggests that ‘aging’ changes of the connec- 
tive tissue of the aortic wall may play a role in the 
mechanism of calcification [4]. Atherosclerotic 
plaques which occur exclusively in the intima layer 
of the aortic wall are the most evident culminative 
trauma of atherosclerotic disease [S, 61. 

X-ray diffraction studies [7-lo] established that 
the main crystalline constituent of the atherosclerotic 
plaques in the aortic wall is the polycrystalline form 
of hydroxyapatite. Many authors [9, 1 l-131 iden- 
tified as hydroxyapatite the inorganic deposits 
observed in the aortic media layer by electron dif- 
fraction studies. Kim [ 131 described these deposits 
as large, calcified bodies containing needle-shaped, 
rodly arranged apatite crystals. 

Taylor and Little [14] described the presence of 
/3-tricalcium phosphate in abnormal calcified abdomi- 
nal aorta and in a variety of pathological human 
calcifications. 

Le Geros et al. [ 151 suggested that the presence of 
magnesium promotes the formation of an amorphous 

calcium phosphate in visceral calcification of patients 
affected with chronic renal failure. 

The effect of magnesium on the conversion of 
calcium phosphate to hydroxyapatite (HA) has been 
described [16-191. Since amorphous calcium phos- 
phate is believed to be the precursor of bone apatite, 
the magnesium content of the biological calcifica- 
tions is of great importance. 

The aim of this research is to establish the 
chemical composition and crystalline nature of the 
inorganic phases present in the intima and media 
layers of the human aortic wall. We have put partic- 
ular care to evaluate the magnesium content and the 
Ca/Mg molar ratio of the inorganic deposits of the 
aortic wall not only to explain the replacement of 
magnesium to calcium ions in calcium phosphates, 
but also to investigate the role played by magnesium 
concentration on the aortic wall calcification. 
Furthermore we have examined the composition and 
structure of these inorganic phases as a function of the 
calcification degree of the artery and of the distance 
from the aortic arch. 

Experimental 

Materials 
Samples of calcified aortae were obtained at 

autopsy from forty 19-80 years old human subjects 
and stored at -30 “C until used. The adventitia, 
media and intima tonacae were hand-dissected. Ten 
media layer specimens 1 cm wide were excised within 
the upper 10 cm of the descending artery. Atheros- 
clerotic plaques were stripped from the intima layer 
within the examined arterial segment. The ashes of 
the tissues were obtained by heating at 700 “C. 

Synthetic amorphous calcium phosphates contain- 
ing magnesium were synthesized after Le Geros [19] 
by addition of calcium-magnesium acetate solutions 
(Ca/Mg molar ratio ranging from 32.3 to 0.7) into a 
phosphate solution. 

Synthetic hydroxyapatite was prepared by addi- 
tion of phosphoric acid into a solution of Ca(OH)2. 
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TABLE 1. Chemical Composition of Samples of Media Layer and Atherosclerotic Plaques. Two values of the ionic contents cor- 
responding to the lowest and highest calcification degree are given for media layer. Average values are reported for atherosclerotic 
plaques.* 

Media layer Atherosclerotic 
plaques 

Ca’+ (0.78 * 0.02) lo4 (10.0 + 0.2) lo-4 * (9.5 f 0.1) 1o-3 b 

Mga+ (1.56 f 0.03) lo+ (9.7 f 0.2) lo+ a (5.2 + 0.2) lo4 b 

PO;-- (0.73 f 0.02) lo4 (6.5 f 0.1) lo+ a (5.94 f 0.04) 1o-3 b 

Ca/P 1.1 1.5 1.6 

CalMg 5.0 10.2 18.3 

(Ca + Mg)/P 1.3 1.7 1.7 

*The analytical data are expressed (a) in mol per gram of dry tissue and (b) in mol per gram of inorganic deposit. 

Chemical Analysis 
Calcium and magnesium contents were determined 

using an atomic absorption spectrophotometer 
(Perkin Elmer 373). Ashed tissue was diluted to an 
appropriate volume with 10% lanthanum in 50% 
HCl. 

Phosphorus was determined spectrophotometri- 
tally as molybdovanadophosphoric acid [20] . 

Infrared Absorption Analysis 
Infrared spectra were used to determine the car- 

bonate content. About 1 mg of the powdered sample 
was mixed intimately with 300 mg of KBr (infrared 
grade) and pelletized under vacuum. The pellets were 
analysed using a grating spectrophotometer (Perkin 
Elmer 390 IR), ranges 4000 to 400 cm-‘, normal slit, 
scanning speed 50 min. 

The quantitative determination of the carbonate 
ion in the calcium phosphates present in the ashed 
media layer and in the ashed atherosclerotic plaques 
was obtained by an analysis of the absorption bands 
characteristic of phosphates and carbonates. We have 
correlated the ratio of the absorbances of carbonates 
and phosphates (measured from the areas of the two 
absorption bands at 870 and 960 cm-‘) to the carbo- 
nate content of the material, through the comparison 
with the ratio of carbonate and phosphate absorption 
bands of synthetic mixtures of hydroxyapatite 
containing different amounts of calcium carbonate. 

X-ray Diffraction Analysis 
X-ray diffraction patterns were recorded by means 

of a powder diffractometer unit (Philips Norelco). 
The 28 diffraction range covered was from 10” to 
65” at a scanning speed of O.S”/min. Patterns were 
interpreted by comparing them to the american 
Society of Testing Materials (ASTM) index cards. 

X-ray photographs of wet or air-dried tissue 
samples were recorded using a flat or a Debye- 
Scherrer camera (diameter 57.3 mm). All the dif- 

fraction patterns were obtained with nickel-filtered 
CuK radiation. 

The lattice constants were determined by a least 
squares refinement with the angular values of at least 
12 reflections for each sample. 

Results 

Chemical Composition 
The results of the chemical analysis carried out 

on samples of aortic media layer and on athero- 
sclerotic plaques are shown in Table I. The degree 
of calcification of the samples of media layer dried 
for 72 hours at 110 “C to constant weight ranges 
between 0.78 X 10e4 and 10.0 X 10e4 mol of 
calcium per gram of dried tissue. The calcium, phos- 
phorus and magnesium contents of the media layer 
depend on the degree of calcification of the aortic 
wall and range between the lowest and highest values 
reported in Table I, while no significant change in 
the ionic content of the examined atherosclerotic 
plaques has been observed. The analytical data for 
atherosclerotic plaques reported in Table I are the 
average values of measurements performed on about 
fifty different samples. 

In the media layer the Ca/P and Ca/Mg molar 
ratios increase from 1.1 to 1.5 and from 5.1 to 10.4 
respectively, with the increase of the calcification 
degree. The replacement of calcium with magnesium 
is higher when the calcification degree is low, as can 
be see in Fig. 1 where the Ca/Mg molar ratio is plot- 
ted against the calcium content. No correlation 
between the calcificiation degree of the sample and 
its distance from the aortic arch was found. 

The Ca/P molar ratio of the atherosclerotic 
plaques is 1.6, slightly lower than the stoichiometric 
value of hydroxyapatite. The relative content of 
magnesium of the atherosclerotic plaques is 
constantly lower than that obtained for media 
layer. 
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Fig. 1. Ca/Mg molar ratio of the ashed media layer plotted 
against the degree of calcification expressed as mol of cal- 
cium ion per gram of dry tissue. 

Fig. 2. X-ray diffraction patterns of a powdered athero- 
sclerotic plaque annealed at different temperatures: 150 ‘C 
(a), 3OO’C (b), 450°C (c), 600°C (d), 750°C (e), 800°C 
(f), 900 “C (g). Debye-Scherrer camera, 57.3 mm diameter. 

X-ray Diffraction Analysis 
From the Debye-Scherrer patterns of the inor- 

ganic deposits of the atherosclerotic plaques it is 
possible to identify this material as hydroxyapatite. 
After heating of the samples for 10 hours at dif- 
ferent temperatures it is possible to see a clear 
sharpening of the Debye-Scherrer lines with increas- 
ing annealing temperature up to 900 “C (Fig. 2). 
The X-ray diffraction pattern does not change after 

TABLE II. Lattice Constants of the Synthetic /3-TCMP as a 
Function of the Ca/Mg Molar Ratio in the Mother Solution 
(a) and in the Solid Phase (b). 

Ca/Mga Ca/M$ a-axis (A) c-axis (A) 

32.3 46.4 10.442(6) 37.35(3) 
13.3 29.3 10.406(6) 37.27(2) 
4.0 16.4 10.370(4) 37.20(2) 
3.0 11.4 10.342(l) 37.15(S) 
1.5 4.4 10.332(2) 37.1 l(1) 
0.7 3.6 10.334(3) 37.09(2) 

Standard deviations, in units of the last significant figure, 
are given in parenthesis. 

Fig. 3. X-ray diffraction pattern of a sample of defatted air- 
dried media layer. Flat camera, sample to film distance 40 
mm. 

heating at temperatures from 900 to 1200 “C. From 
the diffraction maxima characteristic of the hexa- 
gonal form of hydroxyapatite it is possible to calcu- 
late the lattice constants a = 9.417(2) A, c = 6.886(2) 
A, very close to the ASTM data [21]. 

The X-ray diffraction pattern of samples of media 
layer after lipids elimination by treatment with 
methanol+hloroform (1:3, v/v) for 22 hours allows 
to identify the mineral phase present in the tissue 
as highly crystalline P-tricalcium phosphate (P-TCP) 
(Fig. 3). The heat-treatment of the sample does not 
produce changes in the shape of the diffraction peaks 
but reduces the background because of the 
elimination of the organic matrix which disappears 
completely by heating at 600-700 “C for 10 hr. The 
lattice constants of the mineral phase of the aortic 
media calculated from the angular values of the reflec- 
tions obtained for samples annealed at 700 “C are a = 
10.345(4) A and c = 37.05(2) A and are shorter than 
those of /3-TCP (a = 10.429 A, c = 37.38 A) [22]. 
The shortening of the a- and c-axes can be ascribed 
to the magnesium substitution according to the 
contraction of the lattice constants measured for 
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phate with a partial replacement of calcium with 
magnesium (&TCMP). 

The heat-treatment of the atherosclerotic plaques 
for 10 hours at 700 “C produces the elimination of 
the organic matrix and an increase of the crystalli- 
nity, while no phase variation is evident up to 
1200 “C. The complete removal of the carbonate 
ion after annealing at 1200 “C observed by infrared 
analysis, does not produce any change in the X-ray 
diffraction pattern. Since the carbonate content of 
3% wt. in the inorganic phase does not produce any 
change in the lattice constants of hydroxyapatite, a 
replacement of phosphate or hydroxyl with carbo- 
nate in the crystal lattice can be excluded. This is 
in agreement with the IR spectrum which shows the 
characteristic absorption bands of calcium carbonate 
at 1450, 1410,870 cm-’ , while the carbonate apatite 
with a replacement of carbonate to hydroxyl or to 
phosphate shows absorption bands respectively at 
1465,1534,883 and 1430,1455,864 cm‘-’ [24]. 

The chemical analysis of the inorganic deposits in 
the media layer has shown that the magnesium con- 
tent in these deposits is a function of the degree of 
calcification. In the last stages of calcification the 
Ca/Mg molar ratio is about twice that in the first 
stages. The inorganic phase is uniformly distributed 
within the media layer and its chemical composition 
is practically the same along the first ten centimeters 
of the descending thoracic aorta. The X-ray diffrac- 
tion patterns indicate that the crystalline inorganic 
phase is magnesium substituted fl-TCP. The values 
of the lattice constants are in agreement with those 
obtained for synthetic /3-TCMP with a magnesium 
content in the same range as that of biological 
samples. The variation of the lattice constants within 
this range is too small to appreciate a lattice contrac- 
tion passing from the more to the less calcified 
samples. On the other hand as regards this compari- 
son it must be noted that magnesium substituted 
fl-TCP from different sources can show differences 
in lattice constants due to defective structure or 
to different conditions of formation [23] . 

Pure @-TCP is transformed to apatite by heating 
at 900 “C [15]. However the crystalline P-TCMP 
found in media layer resisted the transformation to 
apatite, suggesting that the substitution of magnesium 
to calcium with a molar ratio Ca/Mg = 10 is enough 
to stabilize the /3-TCP structure. This is in agreement 
with the results obtained by Le Geros et al. [ 151 for 
a pathological calcification associated with uremia. 

At high calcification degree of the arterial wall 
the Ca/P molar ratio in the media layer is 1.5, in 
agreement with the stoichiometric value of /3-TCP, 
but undoubtedly greater than the value calculated 
of 1.35 and 1.20 for fl-TCP with a replacement of one 
and two magnesium ions respectively every ten 
calcium ions. The (Ca + Mg)/P molar ratio of 1.7 is 
clearly greater than the stoichiometric value. At the 

synthetic magnesium substituted &TCP (P-TCMP). 
The Ca/Mg molar ratio and the lattice constants of 
the synthetic @-TCMP annealed at 700 “C for 10 hours 
are reported in Table II together with the Ca/Mg 
molar ratio of the mother solution. The variation of 
the lattice constants with the magnesium content 
shows some discrepancies with the data reported by 
Rowles [23]. However, this is not surprising in view 
of the fact that the same Author reported different 
values of the lattice constants for samples prepared 
by sintering at 1100 “C or from aqueous solutions. 
When the Ca/Mg molar ratio of the synthetic fl- 
TCMP is within the values obtained for the biological 
material the lattice constants agree well with those of 
the crystalline inorganic phase of the media layer. 
Thus this phase can be identified as magnesium 
substituted fl-TCP. 

Spectroscopic Analysis 
The IR spectrum of ashed atherosclerotic plaques 

gives absorption bands corresponding to vibration 
modes of the hydroxyl and phosphate ions in agree- 
ment with the identification of this material as 
hydroxyapatite. However the absorption peaks at 
1450, 1410 and 870 cm-’ reveal also the presence of 
the carbonate ion. 

The IR spectrum of the media layer heated at 
700 “C shows absorption bands which suggest the 
presence of phosphate and carbonate groups. No 
evidence for hydroxyl group has been found. This is 
in agreement with the identification of this material 
by X-ray diffraction analysis as a non-hydroxyapa- 
titic form of calcium phosphate. 

The carbonate content of the inorganic phase of 
the media layer ranges from about 4% to about 6% 
wt. as a function of the calcification degree. The car- 
bonate content of the atherosclerotic plaques is 
about 3% wt. and no appreciable differences have 
been revealed as a function of the calcification degree 
of the artery and of the localization of the athero- 
sclerotic plaques in the aortic segment. 

Discussion 

The adventitia layer of the human arterial wall 
does not show any evidence of calcification during 
the ontogenetic process, while inorganic deposits 
are present in the media and intima layers. The intima 
layer shows a deposition of mineral salts localized 
mainly in the atherosclerotic plaques. On the 
contrary, no evidence of preferential localization 
of the inorganic phase has been revealed in the media 
tonaca. Furthermore two distinct inorganic phases 
have been found. The inorganic phase of the athero- 
sclerotic plaques is hydroxyapatite, while the inor- 
ganic deposit of the media layer is /3-tricalcium phos- 
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first stage of the calcification process the Ca/P 
molar ratio is lower than the stoichiometric value 
calculated for P-TCP and fl-TCMP. This holds true 
also for (Ca t Mg)/P molar ratio. The presence of 
carbonate and possible structural defects can be 
invoked to explain the non-stoichiometry. 

The Ca/P molar ratio of 1.6 obtained from the 
analysis of the inorganic phase present in the athero- 
sclerotic plaques is very close to the stoichiometric 
value calculated for hydroxyapatite, in agreement 
with the observed low ionic substitution in the 
mineral phase. 

The results, besides confirming the presence of 
hydroxyapatite in the atherosclerotic plaques [8] , 
show that the unique inorganic phase present in the 
aortic media layer is highly crystalline /3-TCMP with 
a magnesium content which depends on the calcifi- 
cation degree. Although the ability of magnesium to 
promote the formationof /L?-TCMP found in a variety 
of abnormal human calcification has been previously 
demonstrated [15, 17, 18, 251, chemical and 
crystallographic characterization of crystalline 
/I-TCMP uniformly deposited in the human media 
aortic wall is reported here for the first time. 
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