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Clinical Investigations 

Cortical Bone Senescence and Mineral Bone Density of the Humerus 
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Summary. Study of the humeral  cortex of  89 acute 
cadave r s  showed  that an impor tan t  fac tor  con- 
tributing to the physiologic bone loss of  aging is 
increasing bone porosity.  Mean cortical porosi ty in- 
creases in both sexes with age, from 4.6% in men 
and 4%. in women  at 40 years of  age to 10% and 
more at age 80. In the population studied, no signifi- 
cant difference of  porosi ty  was observed between 
men and women.  Apparent  mineral density is linked 
to porosi ty,  and decreases  markedly with age in 
women.  Changes in men are lesser in magnitude and 
show a larger difference of density values. Correc- 
tion of the apparent  mineral density, by a factor  
reflecting the proport ion of  vascular  and resorption 
spaces in the cortical bone,  produces a true mineral 
density which does not vary significantly with age in 
ei ther  sex. The densi ty  values obta ined  for the 
proximal  humerus  differ f rom those in the literature 
which represent  the femur.  However ,  they are more 
readily compared  with the results of  clinical den- 
s i tomet ry  and may  have  g rea te r  clinical applica-  
tions. 
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The aging process  is manifested by bone loss in- 
volving the entire skeleton. The alterations are both 
qualitative and quantitat ive and vary somewhat  at 
different sites. It is evident that the study of bone 
density and its variation with aging is rather differ- 
ent for compac t  bone,  such as the humeral cortex,  
than it is for the cancellous bone of the axial skeleton. 

In the strict sense of  its definition, the density of  a 
bone sample is its specific mass,  that is, mass per 
unit volume of  whole bone. This is to be distin- 
gu ished  f r o m  a p p a r e n t  minera l  dens i ty  (AMD) 

which is the ashweight per  cm 3 and the true mineral 
density (TMD) which is the ashweight per unit vol- 
ume of bone freed of its canals and spaces.  The 
TMD is derived by correcting the AMD for the vol- 
ume occupied by spaces.  It represents  a true den- 
sity in the sense o f  point  mineral content.  

The senescent  change in cortical bone appears  
largely related to a decrease in bone volume. With 
age, there is a decrease in cortical thickness and in 
the cort ico-diaphyseal  index which is similar for 
m e t a c a r p a l ,  radius ,  h u m e r u s ,  f emur ,  and t ibia 
[1-5] .  There  is also a tendency to increased poros- 
ity which may not be uniform [6-8] .  Somet imes  the 
alterations of  the endosteal  surface make the inner 
margin of the cortex difficult to define, thus com- 
plicating measuremen t  of  cort ical  thickness and 
radiologic density. 

It is not clear to what extent bone density (AMD) 
decreases because of the loss of  bone due to in- 
tracortical porosi ty,  and to what extent it may re- 
flect alterations in the degree of calcification (TMD) 
at a given point in the remaining bone. The implica- 
tions of  quantifying these changes in normal and 
pathologic populations are evident.  

The cortical bone chosen for this in vitro study is 
the proximal  humeral  shaft. The humerus is a site 
readily used for clinical measurements  of  bone den- 
sity [9, 10] and cortical thickness [11]. It presents 
the advantages  of  having an easily defined area free 
of  muscular  insertions, a rounded cross-sect ion,  
and a cortical thickness and surface large enough 
for accurate measurements .  Studies of  the trabecu- 
lar bone of  the lilac crest  and lumbar  ver tebral  
bodies obtained f rom the same subjects will be the 
subject of  future discussions. 

Material and Methods 

Send offprint requests to A. M. Laval-Jeantet at the above 
address. 

The proximal humerus was removed from the cadavers of 89 
subjects (44 women and 45 men) who died in hospital from 
trauma or acute diseases not affecting the skeleton. Samples 
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were taken from an area free of  muscular  insert ions 8 - 1 0  cm 
below the humeral  head.  Two cont iguous t ransverse  sections 
were obtained, one for his tomorphornetr ic  s tudy and the other  
for determination of ash  weight. 

Porosity 

Contact  microradiographs were made  of a thin (100 p~) t ransverse  
section of  humera l  shaft.  His tomorphometr ic  measure  of  the 
proport ion of  the cortical bone area occupied by vascular  and 
resorpt ion cavities was performed using a semiautomat ic  Leitz 
ASM sys tem.  Osteoid seams are not  visible in microradiographs 
and  are included in the me asu remen t  of  porosity.  The mean  value 
of measu remen t s  f rom areas  evenly distributed around the cir- 
cumference  of cortical bone was calculated (Fig. 1). The total 
area of  measu remen t s  represents  50% of  total sect ion area. 

Cortical Area 

This  is the cross-sect ional  area derived from compute r  reading of 
the microradiograph using 9111 graphic table and HP 85 com- 
puter .  Data are fed into the sys tem with a 11.65 x magnification. 
The algorithm had been described by Meunier  et al [12], and the 
s y s t e m ' s  accuracy  had been evaluated to less than  1%. 

Mineral Density 

Thick (5 mm) t ransverse  sections were scraped free of periosteal 
fibers and endosteal  bone  spicules.  A light coating o f  polyester  
varnish was applied to seal off the vascular  cavities. Volume was 
obtained by displacement  in water,  ethanol, and cyclohexane.  
The bone was ashed  at 800~ in an oxygenated  a tmosphere  for 4 
h. The ashes  were weighed after cooling in a dessicator.  

The weight of  ashes  was divided by the vo lume of  the bone 
sample to obtain the AMD.  True mineral  densi ty was derived by 
correcting for porosity.  

AMD x 100 
T M D  = 

100 - porosity 

Statistical Methods 

Multiple analyses ,  including linear and polynomial  regressions 
and analyses  of  variance,  were performed (Table 2) following the 
program G E N S T A T  V (Mark 4.01) of  the CNRS Computing 
Center  (CIRCE Orsay- -France ) .  Between decades ,  S tudent ' s  t 
tes t  were performed using the "Genera l  Statistic Pac"  of  HP  85. 

Results 

(See Table 1 for summary of all numerical results) 

Porosity 

The measurements of porosity, defined as the per- 
centage of cortical bone occupied by vascular and 

Fig. 1. Section of  the humerus  showing 7 sites for m e a s u r e m e n t  

of  porosity.  

resorption cavities, increased with age in both sexes 
(Fig. 2). For younger  persons (33-50  years) the 
values were relatively homogeneous and less than 
6%. It was only after 50 years that a significant in- 
crease of  porosity was seen. The t test between 
means of  porosity values becomes significant (P < 
0.005) at 60 years for men and 50 years for women.  
The distribution of  values shows a great dispersion 
after 70 years in men and 60 years in women.  The 
regression curves are almost identical for either sex 
(Fig. 2), but the correlation coefficient is better for 
women (r = 0.70) than men (r = 0.67). To the in- 
crease of  porosity of  women, the best fitted function 
is an exponential one. 

Total and Corrected Bone Area 

Two values were obtained: the area of  the section 
and a true area corrected for porosity. The area of 
the humeral section was related to body size and 
was larger in men. For men, we did not prove a 
significant modif icat ion of  areas with age. For  
women, bone loss related to aging was manifested 
by decreased cortical thickness as well as by in- 
c reased  in t racor t ical  poros i ty .  The total  cross-  
sectional area and the corrected area decrease sig- 
nificantly after 60 years of  age (P < 0.001). 

Apparent Mineral Density (AMD) 

The measured AMD reflects both the true mineral- 
ization of  the bone and its porosity. Apparent  min- 
eral density was seen to decrease with age in both 
sexes (Fig. 3). The mean value of AMD of young 
women (under 50) is not significantly higher than 
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T a b l e  1. S u m m a r y  o f  r e su l t s  

A . - M .  L a v a l - J e a n t e t  e t  al . :  M i n e r a l  D e n s i t y  o f  the  H u m e r u s  

Men 
Age  g r o u p  

M e a n  age  

N u m b e r  o f  
c a s e s  

P o r o s i t y  (%) 

C o r t i c a l  
a r e a  ( c m  z) 

C o r r e c t e d  

a r e a  ( c m  ~-) 

C o r t i c a l  

4 2 - 4 9  50 59 60 69 7 0 - 7 9  8 0 - 8 9  90 

45.5 • 2.7 53.9  • 2.8 65.9  • 2.3 74.3 • 1.7 84 .0  • 3.3 90 

6 10 11 8 9 

4 .6  • 0 .8  5.5 • 2 .0  6 .6  _+ 1.1 8.1 • 4 .0  10.1 • 2 .9  

1.76 •  1.61 •  1.90 •  1.86 •  1.71 -+0.31  

1.68 •  1.52 •  1.77 •  1.71 •  1.53 •  

d i a m e t e r  (cm)  2.35 -+ 0 .10  2.11 • 0 .28  2 .27 • 0 .22 2.18 + 0 .16  2 .34 -+ 0 .18  

Spec i f i c  
m a s s  ( g / c m  a) 

A M D  (g /cm a) 

T M D  (g /cm a) 

1 
11.1 

1.87 

1.66 

2.40 

1.888 • 0 .037  1.912 -+ 0 . 0 6 6  1.885 • 0 .048  1.858 § 0 .102  1.824 • 0 .098  1.812 

1.161 • 0 .069  1. I33 • 0 .057  I. 118 • 0 .046  1.093 z 0 .080  1.058 • 0 .090  1.038 

1.216 • 0 .070  1.199 • 0 .043  1.198 + 0 .047  1.189 • 0 .079  1.176 • 0 .081 1.168 

G r a n d  m e a n  

66.1 • 13.8 

( total :  45) 

7.1 • 3 .0  

1.77 -+ 0 .3 I  

1.63 • 0 .29 

2.25 • 0.21 

1.873 + 0 .077  

1.109 -* 0 .073  

1.194 § 0 .062  

W o m e n  

A g e  g r o u p  

M e a n  age  

N u m b e r  o f  

c a s e s  

P o r o s i t y  (%) 

C o r t i c a l  
a r e a  ( c m  z) 

C o r r e c t e d  
a r e a  ( c m  '2) 

C o r t i c a l  

d i a m e t e r  ( cm)  
Spec i f i c  

m a s s  ( g / c m  :~) 
A M D  ( g / c m  3) 

T M D  (g /cm 3) 

3 3 - 4 9  5 0 - 5 9  6 0 - 6 9  7 0 - 7 9  80 89 9 0 - 9 6  

41.5 + 6.5 54 .8  • 3.5 65.2  _+ 3.7 73.0  • 2 .8  83 .6  + 3.0 94 .7  • 1.5 

6 6 6 

4 .0  + 0 .8  6.5 • 1.1 7.7 _+ 4 .6  

1.63 -+0 .13  1.37 -~0.31 1.26 - ' 0 . 1 6  

1.57 •  1.29 -+0 .30  1.16 •  

1.95 •  1.90 •  1.91 •  

G r a n d  m e a n  

69 .98  § 16.3 

10 12 4 ( total :  44) 

7.5 • 3.2 11.8 • 4.3 13.9 • 4.3 8.7 + 4.5 

1.19 •  1.09 §  0 .86  •  1.22 + 0 .28  

1.12 •  0 .96  + 0 . 1 6  0 .74  •  1.12 _+ 0 .33 

1.93 •  1.89 - ' 0 . 1 8  1.88 _+0.11 1.91 • 0.21 

1.950 • 0 .053  1.892 • 0 .042  1.888 • 0 .083 1.878 • 0 . 1 2 0  1.782 + 0 .078  1.721 • 0 .113 1.849 § 0 .110  

1.195 + 0 .056  1.125 -* 0 .038  1.142 • 0 .072 1.117 • 0 .080  1.050 • 0 . 0 6 0  0 .956  • 0 .067  1.097 • 0.091 
1.244 • 0 .053  1.202 -+- 0.031 1.236 ~- 0 .040  1.207 + 0 . 0 6 4  1.190 -*- 0 .034  1.110 § 0 .046  1.201 • 0 . 0 5 6  

T a b l e  2. S t a t i s t i c a l  r e su l t s  

M e a s u r e  p r e c i s i o n  G r o u p  A n o v a  F R a t i o  R e g r e s s i o n  v e r s u s  a g e  r F Ra t io  

P o r o s i t y  6 %  

C o r t i c a l  a r e a  1% 

A p p a r e n t  m i n e r a l  d e n s i t y  0 .5% 

T r u e  m i n e r a l  d e n s i t y  6 . 5 %  

m e n  7 .6  +t P o l y n o m i a l - 2  0 .67  I7 .3  ~ 

w o m e n  6 .7  't E x p o n e n t i a l  0 .70  40.3 d 

m e n  1. I a L i n e a r  - 0 . 0 8  0.3 'L 

w o m e n  10.3" P o l y n o m i a l - 2  0 .70  18.8 ~ 

m e n  2 .T '  P o l y n o m i a l - 2  0.51 7.2 ~ 

w o m e n  8.3" P o l y n o m i a l - 2  0 .69  12.0 c 

m e n  0 .4  a L i n e a r :  - 0 . 2 0  1.8 a 

T M D  = - 0 . 0 0 1  ~ a g e  + 1.263 

w o m e n  4.8  ~ L i n e a r :  - 0 . 4 8  12.5 + 

T M D  = - 0 . 0 0 2  ~ age  + 1.318 

A M D  v e r s u s  p o r o s i t y  m e n  L i n e a r :  - 0 . 6 6  32.4  d 

A M D  = - 0 . 0 1 6  P + 1.222 

w o m e n  L i n e a r :  - 0 . 8 6  63.3"  

A M D  - - 0 . 0 1 7  P + 1.249 

r = r e g r e s s i o n  coe f f i c i en t  
'~ N o  s i g n i f i c a n c e  

L, S i g n i f i c a n c e  a t  P < 0 .05 

L. S i g n i f i c a n c e  a t  P < 0.01 
d S i g n i f i c a n c e  a t  P < 0 .001 
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Fig. 2. Porosity (expressed as the percentage of cortical bone occupied by vascular cavities) versus age in men and women. Fig. 3. 
Apparent mineral density (g/cm z) versus age. AMD is ashweight per volume unit of cortical bone. Fig. 4. Apparent mineral density 
(g/cm 3) versus porosity (%). Fig. 5. True mineral density (g/cm z) versus age. TMD is ashweight per volume unit of bone freed of its canals 
and resorption spaces. 

AMD of men of  the same age. After 50 years,  the 
decrease is faster in women. There was a clear re- 
lationship between porosity and AMD (Fig. 4) in 
women (r = -0.86)  and men (r = -0.66) .  

True Mineral Densio' 

Correcting apparent mineral density for the pres- 
ence of vascular and resorption spaces enables us to 
derive the true mineral density (TMD). It does not 
decrease with age in men (Fig. 5) and shows only 
a slight decrease after 80 years of age in women 
(P < 0.0l).  

Discussion 

Although age-related cortical bone loss has been 
studied for many years [1-3]  the increase of bone 
porosity has been diversely appreciated. Jowsey [6, 
13] found 3 - 4 0 %  of incompletely closed osteons, 
and an increasing number in women,  but not in 
men. Martin et al [8] evaluated an increase of femo- 
ral porosity from about 9 -  18% in men between ages 
40 and 90. Currey [14] found a constant osteonic 
canal diameter,  and Singh and Gunberg [15] found a 
decrease of canal diameter with aging. Thompson 
[16] showed that increased porosity in both sexes 
co r re l a t e s  with bone  minera l  index.  All these  
studies used femoral cortical bone from different 
sites, whereas Atkinson and Weatherell  [17] dem- 
onstrated the density differences between the quad- 

rants of the femoral shaft. This fact could explain 
the discrepancies between, for instance, the values of 
Thompson (anterior shaft) and Currey (total shaft 
including linea aspera). We feel that the measure- 
ment of the total porosity,  all around the section, 
may be a better  index. 

From our data, there is much evidence also that 
supports the view that a nonbearing bone is more 
homogeneous and more significant for age-related 
loss [18]. Lindahl and Lindgren [19] made a similar 
observation: the loss of  density with age is earlier 
and greater for the humerus than for the femur.  
Martin et al [8] show similar porosity trends in men, 
but their values for humeral porosity were higher 
than ours; these differences can be due to differ- 
ences in methods of valuation. As in the femur [20], 
the distribution of the porosi ty throughout the hu- 
meral cortex is not uniform [8, 21]. Porosity increase 
is linked to the increase of canal number and the 
widening of  their individual area [21]. With aging, 
the modified activity of the Haversian systems is 
reflected by variation in the form and the size of  the 
osteons which may become irregular and even con- 
fluent [7, 13]. The differences between the haver- 
sian systems and the spaces of  Volkmann become 
less obvious than in young bone. Both types of  vas- 
cular spaces contribute significantly to porosity.  We 
have not considered the canaliculi or the os teocyte  
spaces because the absolute magnitude of  their area 
is small [22, 23]. Also, their variations seem more 
closely to reflect reversible metabolic changes than 
bone senescence [24]. 

Age-related decrease of cortical area in women 
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a c c o m p a n i e s  the p r e s e r v a t i o n  o f  the bone  d iamete r .  
The  d e c r e a s e  o f  cor t ica l  a rea  is due to thinning.  In 

men ,  we cou ld  not  d e m o n s t r a t e  a dec rease  o f  cort i-  
cal a rea  or  d iamete r .  Mar t in  found dec rea se  in a rea  
af ter  80 years  o f  age [8]. 

The  mineral density values  descr ibed ,  as well  as 
the aging var ia t ions  in poros i ty ,  canno t  be re la ted to 
va lues  in the l i t e ra ture  e x c e p t  in a ve ry  genera l  
fashion,  pr inc ipa l ly  because  they usual ly  re la te  to 
the femur .  The  va lues  for  humera l  cor t ica l  dens i ty  
r epo r t ed  by L indah l  and Lindgren  [19] were  ob- 
ta ined for  a d i f fe ren t ly  o r i en ted  site and relate  to 
in tact  hyd ra t ed  bone .  T h e y  are o f  the same o rde r  as 
our  f igures for  specif ic  mass .  

Signif icant  cor t ica l  A M D  dec rease  only b e c o m e s  
apparen t  in no rma l  w o m e n  af ter  about  age 60, and 
in men  af ter  age 70. The  changes  are less marked  in 
men ,  and more  gradual  in onset .  F o r  the humera l  
co r t ex ,  our  resul ts  indica te  that  the pr incipal  fac tor  
r e spons ib le  for  aging var ia t ions  in A M D  is the in- 

c rease  o f  the poros i ty .  This  is o b s e r v e d  in both 
sexes .  I n c r e a s e d  po ros i ty  also expla ins  the varia- 
t ions in X- ray  dens i t ome t r i c  m e a s u r e m e n t s  in o lder  
subjects  and con t r ibu tes  to the dec rease  o f  the bone  
minera l  index.  

F ina l ly ,  it b e c o m e s  obv ious  that m e a s u r e m e n t s  o f  
minera l  dens i ty  (AMD)  must  be c o r r e c t e d  to ref lect  
the p re sence  o f  in t racor t ica l  vascu la r  spaces  if  an 
accu ra t e  value  is des i red  for  mineral  con ten t  o f  the 
bone  subs t ance  remain ing  (TMD).  F u r t h e r m o r e  it 
appears  that  aging changes  in humera l  T M D  are not  
s ignif icant  until  a d v a n c e d  ages,  when  a small  de- 
c rease  is o b s e r v e d  only  in w o m e n .  

In  w o m e n ,  a g i n g  is c h a r a c t e r i z e d  by  c r o s s -  
sec t iona l  a rea  shr inking (due to cor t ica l  thinning) 
and by increas ing  poros i ty .  B e t w e e n  ages 40 and 80, 
w o m e n  lose 28% o f  humera l  bone  mass  by cor t ica l  
th inning and only  2% by  inc rease  of  poros i ty .  The  
minera l  con ten t  o f  the remain ing  bone  (TMD) is 
ma in ta ined  until  a d v a n c e d  ages.  

In men ,  we o b s e r v e d  an a lmos t  ident ica l  increase  
o f  poros i ty  wi thou t  p rovab le  loss o f  cor t ica l  area  
and with p r e s e r v a t i o n  o f  the t rue minera l  densi ty .  
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