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target tissues for irradiation damage, then 
the relative'biological effectiveness of these 
isotopes may be different man and dog 
$ the surface/volume ratios of bone and the 
percentage of marrow irradiated are differ- 
ent. (The d a t i v e  rat& of boric turnover 
play also be an important factor.) 
i' In addition to the prqblem of relative tOX- 
icity of radioelements, measurements of the 
microscopic structure Of bone are important 
for the diagnosis of bone diseases. In study- 
ing small biopsy samples of bone it is im- 
portant to know the variation in structure in 
different bones in the same normal individ- 
ual as well as the type of variations to be 
expected due to small differences in position- 
ing of the exact sampling location. 
5 For our study we obtained all the bones 
of a human skeleton Of an Asian male his 
mid-forties. 'rhe total skeletal, dry, fat-free 
weight was 3.6 kg. Table 1 shows the rela- 
tive weights of the individual bones. For 
COInparkOn the table ak0  gives values for 
the average values of 10 adult male skeletons 
described by Trotter and Peterson.22 As 
we can see from the table, the relative values 
for the weight of different bones of the 
skeleton are very similar to the normal 

. a  of the U. S. Atomic Energy Commission, Radio- average Values. From these data. together 
with the fact that no abnormalities were 
observable in the microradiographs, it was 

logically normal skelctally. We also meas- 
u rd  bone f o r 3  dogs and 1 mouse. 

i ' I,, 

An automatic scanning device under thc 
control of a computer (CHLOE)15 has been 
used to analyze microradiographs from ' a  
large number of bone sections from 'man,,  
dog, and mouse. Our previous publications 
have dealt only with surface/volume ratios 
for a very small number of bones. The pres- 
ent report 
hensive survey of all of the parameters meas- 
ured for a much larger number of bones. 
These parameters include bone volume, bone 
surface, trabecular thickness, and sizes of 
marrow cavities. 

All of these results can be obtained in less 
than a minute per sample. A comparison 
is made between values for the human skele- 
ton and those for dogs and mice. The amount 
of marrow irradiated by a radioisotope de- 
posited in bone will depend on the she of 
the marrow cavities, and the endosteal dose 
to bone will depend on the surface/vohme 
ratio. Some isotopes deposit throughout the 
whole volume of bone (such as **e&), 
while others deposit on bone surfaces (such , 
as z39Pu or z 4 1 b ) .  If we consider the en- 
dosteal surface and the marrow to be &e 
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hlETHODS AND MATERIALS TABLE 1. Relative Weights of 
Individual Bones Taken  from the 

i ,  

Whole Skeleton ' ,  lndiviclual bones from the adult skclclon 
\vert ciit iiim convenient sizes, usually about 5 

i n  \2ngth, for cmhcdding i n  methyl mcth- f ' V R l U P C  CXoreSSed as the D2TC""t"uP nf the 
ncrylutc. Sections 100 ( 1  thick. a n d  less tll;lil  whole skeletal weight) r : .  ! I  
1 inch square, \yere cut f rom these pieces. The  ' 

scctioiis wcre x-rn!,ed uiing a hiachlctt x-ray 
tube ni th  a tungsten filament. operated at 5 
Kc\' and 20 mA. Thc wction \vas mounted in 
close contact with a high contra\t film (East- 
man Kodalc. fine grain. positive). This was 
lontled into a 35 nim c:imera attached to the 
exit port of thc x-iay tuhc. A t!.pical expo- 

T r o f f e r  nut1 
Pclerson'i 

skc l~ fons )  ( I  skcictnn) 

:r 
( A  ?!, IO ndllii -- 

3KUII  

!. 
.. . . 
i. ;' ', f I Femora, tibiae, 

surc for  a I O U  {I thick wction was 4 minutes. fibulae 32.0 31.0 

10.0 

10.5 13.2 I -  I 

" 6.3 6.3 
1 : :  

The film u n q  developed in a high contrast 
clevclaper (dextral, 1 1 d i lu t ion)  for 1 %  Humeri, radii, ulna 11.9 

- 
100.0 100.0 

mi n u tcs. Vertebrae 
Thc 35 mni film u d  hcrc had sevcral ad- 

vantapcs over more conventional spcctro- Ribs 
scopic plates. First, scanning of the film to 
dctcrniinc the perimeter a n d  area was greatly' 
facilitatcd by obtaining maximum contrast be- 
tween the bone (white a r e s )  and those .areas 
[vhcrc hone was absent (black areas). Second, 
3 5  mrn film made possible the automatic scan- 

of film; the computer program provided for skeletal weight ' 3*86 kg 3.59 kg 
film advance under the control of an on-line 

Other bones (inp,,,A- 
ing hands, fe 

bones) 

ning of a largc number of picture< on a roll I . .  
I .  O X -  
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.ant typewriter. 
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AREA 
The area of bone is oicasiired by taking the 

sum of the lengths of all line segments lying 

d y- : : 1 . ,  , . 

.. I 
, .  

, .  Thc automatic scanner (CHLOE) was de- 
1 .. ..-....,.,- ..-.,-.. ...... -. .... ...U...y., ".* "> ._._ .-.._--. - - r - L I , I I L I " L ,  " L L I * C r r l l  

tion i p  given eketvhereg. I": for  the sake of scans. Figure 1 shows the line segments over 
complctcncss, a \,cry brief summary of the a small portion of trabecular bone. The line 

A spot of light (about 25 I I  in diameter) by subtracting the x-coordinates of the begin- 

onto the film, and the transmitted light is de- ning in the x-direction. These are  summed for 

on- 

tries operation is included here. segment lcngth in each linear scan is obtained i l  
) .  : ,  1. 

, 1 '  
generated by a cathode ray tube i q  focused 

tcctcd by a photomultiplier. The  light spot 

ning and end of cach line segment when scan- 

all of the line scans-up to 212 (4096) per 

his 
f ree  
C13- 

for 
-011s 

As 
lues 

mal 
thcr 
vcre 
was 
?ho- 
eas- 

I .  For mows in discercte steps in the x-direction and inch. The scanning area is calibrated by using . 
then returns to make successive scans. T h e  a 2 - m ~  z r ; A  nn ?< mm film 9:: ;:;;:kg t k  

tors of 2 down to 7 P .  

separation of these scans can bc varied by fac- number of scanning lines in each of the x- and 

scan, including the rectangular boundaries of ' size. 
the area. scanned, are under the contrc 

cords the coordinates of the point at which 

\-,hitc or from white to black. A pair of such by summing the distances between the adja- 

segment parallel to the x-axis. The equipment scans intersect thc bone (square root of thc 
can he prograniiiied so that the line segments sum of squares of theldifferenccs in x- and y- 
lie over cithcr whitc arcas on a black back- coordinates). This does not involve the ac- 
crciund .or   black areas on a white background,,.l sumption of random skapes as does the formula 

. t  All parameters of the y-directions corresponding < '  to a known grid 1 :  ? !  iI 
'Y 'I P T.R 1 METER t h e  on-line typewriter. The scanner system re-'.. I ' '  ' I '  

thc light spot dctccts a change from black to 

points marks the beginning and end of a line 

The  perimetcr of bone, P, was U C L C ~ I ~ I I I I C U  

cent pair of end points where successive line 

r ,  

e .  
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FIG. I .  Coiuputcr print-out of line seg- 

iiiciits over a small portion of trnbccular honc. 

TABLE 2. Typewriter Print-out from 
the Computer of the Valucs Obtained 

from the Automatic  Scan of a 
Microradiograph of the Rib 

jthc symbols used are identified bclow 
the print-out) 

~ ~~ 

H CS*IO 75 x 12 Y 1 2  I913WOB RR6G22 161 

NL 6679 

LL/S 31629 

P 015.729 cin 

A 0.14233cni.cm 

TA 1.79717 cm.cm 

FA 0.07920 

ALS 284 rnicions 

PIA 1 10.5 13 cm/cm.cm 
~~ 

The first linc refeis to the condittonz of meas- 
urement and the picture designation. . 

NL = number of line segments 
LL = length of line segments I *., 

P = pcrmietcr / a  

A = area . , , I  

TA = total area scanned 
FA = fractional area over hone 
ALS = avcriige line segment length 
P/A = perinieter divided b) area . 

, ,,,, I , ,  
, . ,, 

' 2 ,  *, I I 1  , , . I .  

of Hcnnings bnscd on the nurnhcr of line 'q. 
mcnts rind used in previous work, hut ir ;in nr- 
curatc nicasurc of perimeter no niatlcr u.li;i[ 

thapc is measured., , 

S URF A c E / VOLU hi E RAT 10s 

Whcn cortical bone is measured. thc riitiu 
for surfaceivolume is identical to thc two. 
dimcnsionnl ratio of perirncter/arc;i bcciurs 
thc bone wrfaces in a cross scction :irc iivt 
randomly oriented but lie predoniiii:inlly piiriil- 

!el to thc long axis of the bone. .For tr;ihccul;ir 
hone, however, the orientation is rnorc r;iiiili)in 
and the difference between the two-dinicmioiiiil 
and the three-diiiicnsional ratio requircl; n cttr- 

rection of 4 i ~ .  This factor and thc rc;iwn lor 
its use is discussed fully in the Appcndix. ' l l i i i  
iiieans that the values reported in our ciirlirr 
paper for  perimeter/ nrca have to bc iiicrcasctl 
by a factor of 1.273 to give the corrcct v n l u s ~  
for the surface/volume ratios for trahccular 
bone, although the surfacc/volume vnliics lor 
cortical bone are  the same as thosc rcporlctl 
for pcrinicteriarea. Table 2 shows a typicd 
typcwrite print-out from the cornputcr lor :III 
automatic scan of, a bone .section (rib). . 

RESULTS 
FEMUR-CORTEX 

Thc fcmur was scgniented ;IS sliuwn in 
Figure 2.  Figure 3 shows Havcrsiiin cnit;il\ 
and resorption cavities seen i n  tlic iiiicio- 

radiograph of cortical bone takcn froiii wg- 
ment 4 (Fig. 2) .  Figure 4A is a n  ciilargc- 
men1 of the "boxed" atea of bonc inrlic;ilcil 
in Figure 3,  and Figure 4B is a coniputcr 
print-out of the line scgnients generated ovcr 
the holes seen in the microradiograph. 1 hr 
separate line s e p e n t s  are not visiblc hc- 
cause the line spacings are only 711 qxirt, 
Table 3 gives values for the perimctcr, :irc':i 

of bone' studied, and surface/volumc ratios 
for four different arcas of the cortcx. As 
already rncntioned, the surfnce/volunic riitio 
is nunicrically equal to perimctcr/arca for 
cortical bone. These measurements do not 
iiicludc the periostcal and endosteal surl;lcc$. 
Separate Iiicasurcrncm indicatc that thcso 
surfaccs add about 10 per ccnt to llic valucf 
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H E A D  OF FEMUR 
Figute 5 shows the microradiograph [5A)  

and thc computer print-out ( 513) of a sectiorl 
takcn from scgmcnt 1 of Figure 2. Table 
4 givcs vducs obtained for 8 sites takcn 
from :his bone scgmcnt. As previously men- 
tioned. and discussed later, the surface; 
volunie ratio is obtained by multiplying the 
perimetcr/arca by 1.273. 

VERTEBRA 

Figurc 6 shows thin section taken from 
the scvcnth thoracic vertebra. The "boxed 
in" ; w a  indicates the region over which the 
mensurerncnts tvcre made. Values are given in 
Table 5 €or the perimeter. arca. and surface/ 
volume ratios for the "boxed in" portions 
of bone takcn from 8 diffcrent sections. The 
ef fect  of including the whole bone is also 
includcd in Table 5 for the same scctions. 
Whcn ttic cortex of the bone is included, 
the surfacc/volume ratios are reduced by 
about 5 pcr cent from the valucs obtained 
for puIc tr;ibccular bone. Average values 
for thc Icngth of the line scgments over bone 
arc given in Table 6 ,  both for the horizontal 
and vertical directions of scan, These values 
refer to pure trabecular bone. When the 
scan was in the horizorltal direction, the 
average length o€ the line segnicnts was 
about 25 per cent less than when it was in 
the vertical direction because the trabeculae 
wcre primarily parallel to the vertical dircc- 
tion of the scan. The average length for the 
line segments in the horizontal direction was 
about 300 p. However, the variations in 
averagc line segment lengths for the 8 sec- 
tions was about n factor of two (200-400 p ) .  

Table 7 gives the corresponding values 
made over the marrow cavities. Again, as 
expected. the horizontal scans show average 
linc scgrncnt lengths about 25 per cent less 
than those found in the vertical scans. These 
values ( -  800 p )  are about two to three 
times the values obtained for,  the segment 
lcngths uvcr thc bone. which fits well with 
a fractional volume of bone in ?ny section 

FIG. 7,. Human femur showing the 11 seg- 
ments into which the bone was cut for sampling. 

being about 25 per cent of the total volume. 
Exact nieasurements of fractional bone V O ~  

ume were made for the third lumbar verte- 
brae. These are given irl Table 8 and show 
variations between 20 per cent and 36 per 
cent for serial sagittal sections. Values for 
perimeter, area, and surface/volume ratios 
for the third lumbar vcrtcbrae are also given 
in Table 9. The swfacc/volumc ratios ap- 
pear to be of the same order as those found 
for the thoracic vertebra, although they are 
about 15 per cent higher than those for the 
fcmoral head (Tablc 4 ) .  Average values for 
the line segment length over bone are given 

I : ' 1  

I I ,. , I  

FIG: 3. Microradiograph of a crossSIMon 
of bonc:taken from, the midcortcx of the 
femur. 
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FIG. 4 A-B. A. hficrorndiograph. at a 
higticr magnification, of the portion of .hone 
indicated by ttic square i n  Figure 3. 13, Cor- 
responding print-out of the same portion of 
bonc. 

., ' . ' . I .  I .  . I  . I ' , 1  

I . . , .  

in l'ablc 10. The average valuc for the hori- 
zontal nieasuremcnts is 300 p. This is vcry 
close to the.value of 3-96 p, found for..the 
thoracic vertebra (Table 6).  j .  1 : : (  

I C  ' i ' .  I RIB - .  
. .  . , - .  . . . . . . .  

The sixth rib was first cut into 7 segments 
along' its length, each segment about 4 . 5  cm 
long. Mcasurements of 40 differcnt cross- 
sections'were made. 

Figure' 7 demonstrates the appearaiicc of 
niicroiadiographs of the cross-sections of 
bone taken at the juiiction of each of thc 7 
scgmciits.' It is interesting to note that CIOSC 

, , , . . .  . .  

, , ' .  . I ~. 
. . , .  , I .. L , ,  

TABLE 3. Perimetcr, Area, and 
Surfnce/\'olumc Ratios of Cortical " 

Bone from the Midshaft of the Fcniur" 

RF l,., 7.6  0.23 34 
RF 2 . 9.6 0.32 1 '  3 1 . ' ~ -  
RF 3 I' ' 8.2 0.30 27 . 
RF ' 4 '  30 

, .\ 
I - ,  - 

4.0 0.13 
. I  

' hlcan 30.' ' 

Notr: (Perimetcr/Area) IS nurne.ncri)ly equal !o 
(Sirrf;icciVolurne)-see text. 

to the costal cartilage junction thc co~ti . \  i. 
very t h in  and this cncloscs a lnrfc I I U I I I ~ Y I  

of very fine trabcculations. / Ihout  .S C I I ~  

from the vertebral cnd. thc cortcx is n l u i h  

thicker and the trabcculations ;irc fcncr  ;IIIL! 

coarscr. Table 11 givcs values for tllc crcl+ 
sectional area, togcther with thc surl.irx 
length or perinictcr of cach of thc bonc scc-I 
tions studied. Valucs of perinictcr/nrc;l ; I I I ~  

surface/volumc ratios arc also listctl. A 
correction factor of 1.1 3 was applied III 
convert from perimctcr/arca to surf;icc/ v o l -  
ume instead of the 1.27 uscd for pi i ic  

trabecular bone because about 1h of tlic Iww 
was cortical. 

The sections were numbered, starting \villi 

number 1 takcn from the sternal crld o l  ttio 

rib ranging up to nunib:r 72 takcn tiom tlw 
vertebra1 end (Table 11) .  The .boric a i c i  

changes from 0.10 cm2 to 0.36 cm2 whilc. I I I C  
perimeter changes from 12.9 cm lo 29 ciii. 

The bone area is greatcst about S ciii froiii 
the vertebral end where the cortcx is thickc\t. 
The perimeter is small at this point, givirin 
a value of 4 3  cni/'cm2 for pcrinlctcr/iils;! 
(P /A)  comparcd with a value about 5 t i i w i  

greater obtained for a section taken c l w  
to the sternal end. :The mean marrow SpiIW 

taken from the middle of..the rib mcnsurrd 
1200 p, and the width of thc trabcculae nt 
this site averaged about 100 p. 

0, . , 
. I  

. . .  -~-  . . . . .  ................................ 
ILIAC, CREST 

Figure 8 iliustrates the cuts which wcIc 
made 'to study thc iliac crest. Exaiiiplcs of 
microradiographs taken from scctioiis ;~lon&! 
its length are also shown. Table 12 givck 
values for pure trabccular bone togcthcr \villi 
values obtained for the ,whole bonc sccliciii. 
Values €or the whole bone are about 30 
per cent lower than  those for thc ccnml 
portion of pure trabccular bonc. Thc pcr- 
ccntagc volumc of bow is very siniilnr lo 
that obtaincd for thc third lumbar vcrlclrr;i 
(about 25%) .  The m a n  valuc lor l l i c  tray 
beculiir thickness was 150 p, and thc :ivcr;ica- 
scgment length of thc marrow spaccs \vi\\ 

.II ...... , . .  i ...... . . .  1.. .... ..,* .............. . . . . . .  - .. . - .  . . . . . . I . .  
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iibOt1I 8OU ,-L in a section taken about 2 cm ' and a mouse at the. same"magnificati0n. 
f t tyi1 t l ~ c  ;iiitcrior superior iliac spine. These Values for'  the s ~ t  Encc/vdumc ratios for 
\ ;~ luc . \  : I ~ C  vcry similar to those obtained for two sections from each' dog" are give11 in 
IIIC i l i  1i.icic vcrtcbra. except that the trabec- Table 15. The percentage volume of bone 
uliic LLI:C, synic\vhat thinner. . ,.. ~ . for the wholc bone section and for a "boxed 

. I . ,  . ,  1 7 1 ' .  in" portion'of trabecular ':; bone, excluding the 
cortex, are also given. The values for the : , .  . ,  .CRANIUM 
surface/volumc ratios (about 200 ciii2/cm3j 
are 50 to 100 per cent higher, the values Sccticms ut' thc cranium were studied at 

?-cii i  ~i i~cIva ls  starting at the bregma and 
i i t t n i i i q  I posteriorly parallel to the coronal 
siilurc.d> hown in Figure 9. Typical IlliCrO- 
ix1iu~r;iphs '[nkci~ at different sites  are^ also .' 

ih1W:iIed. Table 13 gives Values for the 
Ixriiiictcr and area together with valucs lor 
~lrc surtacc/volume ratio. The correction Perim- 

'ilt~c)r' 0' I ' 1  3 was used to convert from ' 

pcriiiictcr/uca to surface/volume. The. av-'. Nirrnber [ C ~ X )  (cn12)  cmg) (cn~l/crn') 
c r q x  valuc for curEace/volume ratio of the 
9 scctions nicasured was 41 cm2/cm3. This Ba 5 48 0.65 74 94 
viiluc. is soincwhat greater than the' value Ba 7 47 0.58 ' SI 103 lor cortical bone from the midshaft of the 
fcniur. hut about a factor of 3 less than the.. Ba 10 ' 25  0.34 81 103 
hbccular bow of the iliac crest. 

Ba 13 1 1  0.15 "' 70 89 

\ * , .  I . .I 

TABLE 4. Perimeter, Area, and 
Surface/Volun1c Ratios of Trabecular 

Bone from Head of Femur'(Segment 1) 

.. .. : .  

' " '1 tter/Area Surface/ 
Section Perimeter Area., . , (cnt/ ; Volume 

. . .  
..,,, , 
. . ' ,  I 

i ( I  

I\.!LASURESlENTS ON BEAGLE DOGS 

f.rnibar vertebra. The lumbar vertebra 
of 3 bcagle dogs (kindly given us by Di. 
Wcbstcc Jce, University of Utah), two aged 
2 ).cars (MAC 56 and MAC 58) and one 
npxl  3 ycurs (MAC 71) were sectioned 

' sqi la l ly  in  tho same way as the human 
luriihai VCI tchr;ic. Figurc 10 shows sagittal 
scctions lroui  thc,ve'rtebrae OE a man, a dog,, . .  ' 

!:e 

I,,'., , 
' , I :  ' , L  

I .  

$ 1 , '  

Bb 4 51 0.70 73 93 

Bb 7 44 0.63 70 89 

Bb 9 , 37 0.46 79 100 

Bb 12 23 0.30 77 98 

hIcan..76 __ 9 6  
- - 

I 

Note: (Surface/Volumc I is calculalcd by multi- 
plying (Perimeter/Area) hy 1.273-see text. 

I 
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DlSCUSSION 
These nicasurenients have immediate ap- 

1. Quantitativc structural difiercnces bc- 

2 .  Relative bone turnover rates in  differ- 

3. Radiation doses from bone-seeking 

4. Thc fraction of the total bone surface 

plication 111 the estimation of: 

tween bones of the same skeleton. 

ent regions of the same skeleton. 

isotopes:-: 

in cortical and in trabecular bone. 

FIG. . G. Microradiograph of the seventh 
'.. , 

thoracic vertebrae. 
, .  1 

. , . : >  

obtained for the human; values of the pcr- 
centage bone \tolunie within the cortex (about 
4 0 % )  are also greater by about the sainc 
amount. Corrcspondingly, values for thc 
average line segment lengths over thc mar- 
row spaces (300 p) are much less than in 
the human vcrtebrac (about 800 { I ) .  In the 
dog, average values for line segment Icngtlis 
over bone and over the marrow spaccs arc 
of the. sainc order (Table 1 5 ) ,  unlike the 
situation iri humans where the scgmcnt 
lengths over the marrow spaces are in gcncral 
two or thrce times the segment lengths o k r  
the bone. " 

* ,  

/ I  , ' ,  

I .  ' , I . ,  
MEASUREhiEXTS O N  MICE ;, ..,_ 

. I '  

Lririibar la~tcl~r.cl. So far, the nieasure- 
ments on mice (Fig. 10) have been confined 
to a very .few sections; however. even for 
these few sections i t  is obvious that the 
surfaceivolulile ratios are even larger than 
for the dog. Average values range betwccn 
250 and 350 cni2/cm3. The trabecular thick- 
ness is much s:iialler, in the region of SO 
for an adult niouse ( 5  months old). .':I.)' 

Fcnirir. Provisional measurements on the 
femur cortex of mousc suggest that the sur- 
faceivolume ratio is about 30 to 40!Cma/ 
cm3. ' This..valuc appears to be abouf'-the 
same as hi the  dog and in man. i ',.. 

5 .  The relative biological effcctivcness of 
surface and volume bone seekers in animals 
and in man. 

There is no doubt that many other appli- 
cations of these measured parameters will be 
made, perhaps in areas we have not fore- 
seen. For this reason, we have tabulated our 
data in full for others to ,use in their own 
calculations. 

1. Quantitative Structural Differences 
Between Bones. In  the human skeleton, 
cortical bone taken from different sites ap- 
pears to show very JittIe diffcrence in struc- 
ture. More itork, however, is needed to 
provide a realistic range of valucs to cover 
the extent of the variation 'found between 
different cortical bones. It is interesting that 
the values obtained. for the surface/volurne 
ratio of cortical bone in both dog and mouse 
bone are of the same order as those found 
in human cortical bone (30 cm2/cm3). 

For trabecular bone, as far as is known, 
there are no published data on the quanti- 
tative structural differences of different can- 
cellous bones taken from the sanie skeleton. 
Table 16 was therefore compiled to show 
typical values for four different trabecular 
bone sites. Perhaps the most significant fea- 
ture in this comparison is the similarity in 
the average values for each parameter for 
different trabecular bones even though, as 
seen in the preceding tables, there is a wide 
variation between samples taken from the 
same boiie. The percentage volume of the 
bone within the cortex of the iliac crest, lum- 

6. Exchangeable honc calcium. 
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bar and tlior:icic .vertebrae, and the head of 
the femur atc all of thc same order. between 8. 

7 ind:  30 'Ilcr cent. The surface?volunic 
ratios 1;>11 ' wittiin the range of a facto? Of 

two ( 100-1 80); . The average widths 'bf the 
line scgnicnts -wxr  trabeculae also fall'within 
n factor of tw;o,(220,~330,; for the hori- '. 

zontal scans aciotis the bone and 2901;300p 
for the vcrtical statis along the bo- axis). ' ' 

Although no published data 'are airailable 
on coni~arisons-between different cancellous 5 E 
bones in thc same individual, much published 9 % Y 

data w e  nvailable on the physical character- d' 5 E >  
istics oi rhc lumbar  vertebrae. Some of these, < 
studies have involved sampling of a large - u 

Z E  numbcr oi trrtebrac from different post- 2 o 
niortcni sainplcs to determine changcs with .E $ 
agc, scx,  and disense.2-J Table 17 summar- & -g izcs the values obtained by other workers (y c) 

together with the values obtained in the 
present study. For purposes of comparison 2 2 with o u r  studics, only those normal cases in 
the 30-50 year ;igc group were selected. The- 
number of vertebrae studied and the thick- ' 2 

a .E! 
ness of thc sections used are given in ' the  2 $ 
table. z"1 

From thc tablc we see that values for the" 4 5 
percentage bone volume reported by all the g *: 

authors for nornial human lumbar vertebrae 2: 
lie bcttveen 13.5' per cent and 33 per.cent, PC: 0 
except for o m  value of 69 per cent calcu- ';j .$ 
lated from the porosity values given by - CJ !dPC: Atkinson.*' This'high value may be the re- 
sult of thc nicthod of measurement. which 

I 1 

sections (2.5 mm. thick). It would appear 
that projection of the thickness of the section 
would lead to an overestimate of values for, 
bone volumc. In our work we were unable 
to demonstrate any difference in our bone 
volumc measurcments between sections 
which wcrc 3Op and loop thick. The prepa- 
ration of much thinner scctions, it was felt, 
carried thc risk of cracking or total loss 
of sornc spiculcs' of bone. Our value- of .25 
per cent ' lo r  boiie volume would therefore 
appear to lie within the normal range of 
values reported by other authors. 

.d 

L 

0 2  v) 

> %  

, 7 .  . . . .  s 

* 

.- 

z ;  
vig 
5 %  

involved using radiographs of very .thick 

m 
4 1" 
b"1 
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TABLE 6. Average Length of Line 
Scgiil::nts microns) Over Bone in 

" Human Thoracic Vertebrae 

~~~~ ~ 

A 170 * 451 3 02 

_ _  _ _  A 121 , 302 197, 

' A  122 . 407 289 

A ' 1 2 3  3 69 269 

x 124 328 247 . 
A 125 3 99 3 22 

A 126' ' 41 1 310. 

A 177 5 3 1  3 84 

' Mean 400 296 
- _. 

# > I ,  

Valucs reported for surface/volumc ratios 
of bone miiicral in the vertebrac ale also 
given in Table 17. Our value ic in p o d  
agreement with the value given by Ainstutz 
and Sissonsl and that rcportcd by Bromley, 
et a].,: but it  is almost a factor of tno lower 
than the valuc of Dyson, el al.5 Values for 

* ,  

. \  
/ .  

TABLE 7.  Average Length of Line 
Segments ( in  microns) Over Marrow in 

Huninn Scventh Thoracic Vertebra 

~~ 

A 120 91 5 627 

A 121 1223 R43 * 

A 122 938 677 

A 123 A 965 695 

A 124 9 60 743 

A 125 875 ' 699 " 

A 126 ' , ,  983 763 

t 

i l  
I !  

i A 127 184 , ,579 L - L. I \ ) ' ' I .  

Mean 955 ' 703 

,: - 
<: 

the surface area of bone per unit of bone 
ticsue volume are also given in the table. 
These values are o b t a i ~ d  by multiplying 
the surface arca/unit volume of bone mineral 
by the fraction of bone volume. Our value 
of 32 cniZ/cmJ is within the range of the 
values reported by others (19-33 cin2/cm31. 
Mcasuremcnts on the iliac crest havc also 
been made on a large number of cases by 
LVakamatsu and Sissons23 who rcport an 
average value of 23 per cent for thc perccnt- 
age of bone volume; this is in good agree- 
ment with our value of 25 per cent. How- 
ever, no values are available in  their . 
publication for line sogment lengths over 
bone and marrow; Instead thcy havc defined 
another parameter, "trabecular bone thick- 
ness," which will always be smaller than 
our measurements of bone segment lengths 
because i t  is measured at right angles to 
each trabecula rather than randomly as in 
the present work. 

Other bone sites for which values should 
be available soon iucludc radius, ulna, pha- 
lanx, temporal bouc, clavicle, slernum, and 
os calcis. 

2. Relation of Bonc Mineral (Surface/ 
Volume) Ratios to Bone Turnover. If we 
know the perccntagc of bone surface which 
is involved in bonc formation, then knowing 
the surface/volumc ratio of bone mineral 
together with the linear apposition rate we 
can calculate the percentage bone turnover. 

In  the midshaft of the adult femur. Jowsey 
et al.I1 found that 3 per cent of the bone 
surface was involved in bone formation. If 
we assume a linear growth rate of 1p ( 1 0 - 4  
cm) per day,5 together with our surface/ 
volume ratio of 30 cmz/cm3, then the frac- 
tional volume, F, of cortical bone formed 
per day will be 

3 cm2 lov4 cm x -  day x 30 F =  - 
100 

= 9 X 10-6/day 

i.e., 0.009%/iday or 3.3%/year. 

. _  
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urenicnts reported by Frost' using tetracy- 
cline lab,:liiig. It is also in close agreement 
with valu~s rcported by Rowlnnd'7 which 
wcrc dcrivcd froia long-term radium studies. 
.An avciLigi. value of 7.4% for the perccritage 
of bone-forniii1g surface in the iliac crest 
h3s also been rcportcd.I1 Using this value 
togcthcr with our surface/ volume ratio of 
180 cni:.:cni' and 1 p. :day linear apposition 
rate ( a  v;!luc found by Lee13 to be the same 
;IS i i i  cortical bone), we can calculatc the 
fractioi!. F, of trabecular bone formed per 
day. 

1.4 180 cni2 10.' cm 
X -- 

day >: cm: I 
F = 100 

i . c r . ,  0.133%/'day or 48.6%/year. 

\o  rcli,ible rcbults for trabecular bonc 
turnoLcr have bcen reported using tetra- 
cyclino iLib:iiiig; however. the relative rates 
of t i  dbccuiar and cortical turnover can be 
i n f e r r d  from radioactive tracer experiments. 
In  a tracer experiment in rabbits V'C 

found tho rate ot bone turnover in the tra- 

TABLE 8. Perccntage Volume of 
Bone Mineral ill Trabecular Bone 

Tissue of the Human Third 
Lumbar Vertebra 

131 
131 
133 

134 
135 
136 
137 

138 

139 

140 ' 

25.2 
I .  ' 27.9 

I .  ' 27.2 

24.5 
36.0 

, 27.9 
. ) I  -.* 24.5 

.- . A 19.7 

24.5 
29.9 

Mean 26.7 

! - *  

, '  

, I  

1 . , ,  
9 L 

- . b !  

' , . a  # I  

becular bone (vertchrae) l2 to be higher thar 
in cortical bone by about a factor of 4. 

Values obtained for the concentration o 
22GRa in different human bones from the MI1 
series,G and plotted, $s , ,a  *. function of timc 

A A t * , , , : ,  - 

TABLE 9. Perimeter, Area, and Surface/Volume Ratios ',of Bone 
Mineral in the Human Third Lunibar Vertebra '!' 

131 

1 3 1  

133 
134 

133 

136 

137 
13s 
139 

140 

36.9 

39.1 
39.2 

37.9 
42.8 

37.9 

34.9 
33.7 
32.9 

35.9 

' 0.37 
0.4: 
0.40 

0.36 
0.53 

.I' 0.41 

0.36 
. . : 0.29 

0.36 
0.44 

97 - 93 

98 

10.1 
79 

I 91 
* 96 

113 
90 
82 

\. 

Mean 94 

124 

119 

, .  

99 

'I I16 
122 
143 

115 
105 

Note: (Surfacc/Volume) is calculated by muitiplying (Perirneler/Alea) by 1.273-see text. 
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TABLE 11. Perimeter, Area, and Surface/Volume RLitios in Cross 
. Sections of Bone Taken from Different Positions +ong'the 

Length ot ;I Human Rib 

Secrron A reo Bone Perrrnetcr Bone Pet iriieter/Area Srrrface/Vo/llfne 
R'irmber 

8 
9 
10 
1 1  
13 
15 
17 
19 
20 
21 
22 

25 
26 
18 
3 0 
31 

34 
35 
38 
39 

' 0.18 ' ' 42 
1 .0.18 ' 4 43 

45 0.22b' I 

0.21 ' 46 

I ( C t I I ) )  ( C t f I )  (c tI l /cnIQ) (CIIIJ / c m J  ) 

176 195 0.16 38.0 Sternai end 
184 163 0.1 8 29.3 21 8 

193 0.13 25.1 201 
178 
176 0.1 1 19.4 

0.13 
0.10 
0.1 3 
0.10 
0.12 
0.1 3 

0.13 
0.14 
0.14 
0.1 6 
0.16 

0.16 
0.17 
0.1 6 
0.1 6 

I 

0.14 24.9 199 

1 

16.5 
15.2 
14.8 
15.2 
14.0 

165 I86 
117 132 
I48 167 
127 144 
1 08 122 

14.9 106 120 
15.1 107 121 
12.8 80 91 

I 

17.3 135 153 

13.1 \ s - "  /. , 

14.7 ' 
14.5 
15.1 
14.7 

14.8 
73.. I L ' I  83 13.3 

17.1 77 88 

104 
92Lq( "I,.... I 

16.7 79 " 90 

16.8 84 95 

. . ,. 

93 

20.0 81 98 
19.7- - - 94 106 

. 8 ,  4 

49 0,20 16.4 82, . . 
50 0.20 
52 0.23 
53 -0.21- - . - -. .. --.. -- 

82 93 

-. ,' 15.5 43 48 

1 12.9 38 43 '3 

SI 92 

41 46 

55 0.24 19.8 
0.24 19.6 56 

60 0.36 
61 -' 0.36 14.8.; 

63 ' 
44 
62 
76 

0.34 
,- 64 0.33 12.9 39 

14.8 55 
68 0.27 18.1 67 -- .. 66 0.27 . 

0.25 21 .o 84 95 Vertebral end 72 

Note: (Surface/Volume) is calculated by multiplying (Perimeter/Area) by 1.13-see text. 
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FIG. 9. ‘Picture of the human crmiuni 
shoicing the appearance of niicroradiographs 
mri t le  from thin sections of hone from differ- 
ent sites. 

bone surfaces to be made if the skeletal, 
fat-free weight can be estimated from body 
weight . 
S. Estrapolation of the Relative Biolog- 

ical Eflectiveness of Surface and Volume 
Bone Seekers in Animals to that Experted 
in hlan. Our best estimations of maximum 
permissible doses of bone-seeking isotopes 
are based on a comparison with radium tox- 
icity in man. For this reason, many experi- 
ments have been designed to relate the toxic- 
ity of difcrcnt radioisotopcs in expcrinicntal 
animals to radium. I f ,  howcvcr, wc coiiiparc 
the rclativc toxicity of a surface sccker such 
as c3gPu to thc volume sccker “GIRa in the 
bcaglc dog in the absence of other nlodifying 
factors, one would only expcct thc relation- 

ship to be the samc if the surfacc/volume 
ratio in the two species were the same. 

The total skeletal surfacc/volume ratio for 
the beagle dog calculated in the same way 
as shown above, using 40 cm‘/cm“ for cor- 
tical bone and 225 cni’,’cm’ for trabecular 
bone (Table 15) is 

This value is about 50 per cent highcr than 
the value calculated for man. However. it 
must be regarded as only a preliminary value 
awaiting more extensive sampling on the 
beagles. I t  does. however. suggest that the 
ratio for the relative toxicity 2?oPu/226Ra in 
the dog is lower than that which we would 
expect in man. In turn. the relative effective- 
ness of the two isotopes compared in mice 
would be expected to be even lower than in 
cither dog or man. However, i t  is recognized * 

that thc percentage of bone surface taking 
part in bone formation and the extent to 
which this surface becomes buried may turn 
out to be of much greater importance in 
the comparison of the relative toxicity of 
these elements in dog and man. It is certainly 
apparent that we cannot take the relative 
toxicity in one species and apply this directly 
to man without consideration of all these 
factors ‘together. 

6. Exchangeable Bone Calcium. Row- 
land1* has used quantitative autoradiography 
to determine the amount of calcium which 
is rapidly exchanged on bone surfaces when 
‘ T a  is injected into dogs and rabbits. He 
estimated that bone surfaces would be re- 
quired to exchange an amount of calcium, 
equivalent to that contained within 2000A 
of the bone surface to account for the rapid 
deposition of ‘“a on these surfaces. If the 
thickness of this laycr is thc same in man as 
in dogs and rabbits, the total amount of bone 
calcium involved in this short-term exchange 
compartment in  man can bc calculated using 
the surface/vclume ratio.16 Assuming our 
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I3 1 1 1  

B 1 1 1  

B 1 1 3  

H 114 

u 1 1 5  

H 116 

B 117 
B 173 
u l Z 4  

3 6.3 

7 9 3  
25.7 
34.1 

35.6 
X.0 
33.2. 
43.0 

49.9 

1 .04 
0.88 

0.91 

0.97 
0.93 
0.93 

0.97, 

1.07 
I .01 

34 
33 
2s 
35 
38 
37 

36 
40 

47 

38 
37 
32 
40 
43 

42 
41 

45 

5 3  

&-lean 41 
- 

Sore: (Surf. ic.c/~'olunie) I \  calculated by r n u l t i p l ~ ~ n g  (Perimeter/Area) by I .  I?--\ce tent. 

value of 50 cm-,'cm'. this is 0.1 pcr ccnt of 
bone calcium: 

cm- 
cm" 

2000 ;< 10 .. cn1 ':: 50--T,"<  IO0 = 10 ' 7 , ; .  

This ~ ~ a l u e  is one-fifth of the value obtaincd 
from kinetic studies for the total short-term 
cxchangenblc calcium in man. The rest of 
the short-term exchangeable calcium is prob- 
ably contained in soft tissues and hody Huids. 
Thc importance of this short-term exchangc 
compartment in the measurements and mod- 
els oi skcletnl metabolism is discusscd fully 
by hlarshall.16 

SUMMARY 

An automatic scanning dcvicc has made 
possible for the first time the ropid quanti- 
t3tion of ;\ large number oE structural pa- 
rameters for bone froin :I Inrge number OE 
bone sitcs in the skele(oi1. JMcasuremcnts 
are tabulated for bones f r o m  man. dog, and 
mouse. Sites include fcmur.  vertebra. ribs, 
iliac crest. and crrinium. The parameters 
measured include bonc vulume. surface/ vol- 
ume ratios, linear nnth lengths over bone, 
and linear path lengths over trabecular 
spaces. 

FIG. 10. Comparison 
of microradiographs of 
thin sections of bone 
from thc vertcbrue of 
the huninn, dog, and 
mouse skclctoii. 
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TABLE 14. S u r f a ~ i .  \'oiurnc Ratios a id  Pcrccntage Bone Volume 
in thc  I.unibar Vertcbrae of 3 Dogs 

52 181 

55  180 

38 248 

36 26s 

58 245 

54 22s 

49 225 
- - 

43 

43 

30 

25 

35 

3 1  

35 
- 

~~ ~ 

hole:  (Surface/Volurne I I \  ccilcLil,lted t7\ multiplying (Pcrimcter/Area) by 1.273-see text  

TABLE 15. Avcragc Line Segment Lengths Over Bone and Marrow 
Spaces i x  thc Luinbnr Vertebrae of 3 Dogs 

56 A 3 20 420 240 330 
( : I?)* (300) 

B 3 25 430 240 330 
('18) (311) 

58 

71 

A 

B 
. .  

A 

B 

270 3 50 320 440 
162) (218) 

220 320 380 61 0 
139) (226) I 

230 310 250 340 
165) (220) 

330 460 310 450 

* Figures i n  parentheses refer to thc bone excluding the cortex 
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' ,d ing Cortex 

Bone 
'b Volume 

43 
'-. 
T 

43 

30 

25 

35 

32 

35 

- 

~ 

text. 

OW 

' ine 
.*Ill ( p )  

-- 

Yertical 
~ 

330 

330 

440 

610 

340 

450 

417 

__.I_ 

Different Trabecular Bones of the Same Individual:: 
. .... ..I- 

Iliac Thoracic ' 

Crest Vertebra Vertebra 

Per cent bone volume 

Surfacdvolume ratio of 
bone mineral 180 , 120 120 , 100 

Line segment length 220 (H)+ -hq300 ( H ) t  . 300 (H) 300 ' >. 

over bone ( p )  290 (V)  :p 400 (V) . 380 (V) '''x 390 
- _. - - 

Mean 255 ' ' 350 340 345 

Line segment length 650 ( H )  700 (H) 750 (H) 700 

I' i ._ r t ,  I' , I  * H refers to honzontal scan. 4 ) I 1  

t V refers to vertical scan. . -9; i _._. -.-.* .-.. -. - 
--l?T," - - . .  5 % .  - .  * -  . .  

- > ,  
I .  TABLE 17, Summary of Published Data on 

! .  Normal Human Lumbar Vertebrae I. 

. 'I , 4 , r  . Af,; 

-..A. Surface Area/. Surface Area/. -_ -. - -.E" k .. . .--.-..? * - 
f 't . Volume Bone, ,,Volume Bone 

;I; Perimeter/Area Minemi Tissue 
(cm/cml) (crn*/cniJ) (cmz/cmJ) 

13.5 .-' Surface only 
(1) ' . 

I. I . * '  

Dyson, et 01.9 
, I .  

F:' 

Dunhill, et ul.6 25 ? .  

. ,  
(30) 

Amstutz and Sissonslo 25 
(av. 4 areas. 
in 1 vert.) 

Atkinsod. ' 69 (calc.), ~2.5 m.m 
: ' * T , J  

:: 
(28) ' 

Bromley, et al.8 15 

~~ 

165 

: I  

3 .  . r l  

. -  

100 - .  

0.;. .' - 9 4  I '  
-....- . .. . . 

I ' i ;  

207 28 

- - .  

I 147 33 
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These measurements are shown to have 
applications in the assessment of quantita- 
tive structural differences between bones, 
bone turnover rates, calcium kinetic studies, 
radiation doses from bone-seeking isotopes, 
and the extrapoiation of the relative bio- 
logical effectiveness of surface and volume 
bone seekers in animals to that in man. The 
data have been tabulated in full so that they 
are'avaklable to others to make their 1 own 
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i APPENDIX 
I 1 , .  4: ,  . i I v.1 

In this formula i t  is assumed that a body of. 
volume, V, is intersected by a total length, L, , !  
of straight lines arranged at random in space. 1 3  

The total number of intersections with the 
specimen is n. In practice, measurements are 
normally made of a section in a two-dimen- 
sional plane. For thesc measurements a single 
line of length, 1, is thrown at random over the . I . '  
two-dimensional specimen a large number of a .,*(*# . 9 

times, and the average intercept of the length 
is calculated from adding up the total lengths * 

of the intercepts and dividing by the number 1, 

of intersections. The formula for surface/vol- 
ume theq becomes 

"T'S/V = 2/1, - 

length of. the.two-dimensiona1 perimefer- multi. ,. . I 

plied by the thickness of the section under- I .  a /  .,;p*n,va 1 ' s  

estimates the surface area by the amount sin' e,:,, Perimeter: For .the circle, the perimeter 
where 8 is the angle of the surface to the secYi, P = = D where D'is the diameter (Fig. 11). 
tion plane: I n  the case of Haversian canals ,, The diameter D = n,d, where n, = the number 
where the 'surfaces of the canals are at right of line segments crossing it and d = the dis- 
angles to the cutting plane, sin 8 = 1; heqce,,,, tance between successive'-lines. Each line seg- 
no correction is necessary to extrapolate from ment gives risc to 2 intersections with the sur- 
the two-dimensional to the three-dim 
surface by using the section thickn 
ever, in the case of trabecular bone 
trabeculae are to a fit'st approximation orien- 
tated random/.], the average value fof all angles '" 
of sin 8 is 4/n = 1.273. Measurement of the 
volume of bone, unlike the surface problem, is 
independent of the direction of sectioning and; 

the section by\its thickness. Hence, for hn- 
dom shapes the three-dimensional parameter 1;. sum of all the line segrncnt lengths times the :-- 
surface/volume is numerically equal ta;94bw 'J, distance bctween thcm:' Le:,' area, A, = Ld,,, , 
times pef@eCer/carea. This relationship 'can I .I where L i= the surnl'bf kill' tEe'Iine segments 

\ 

(1) 

I 
: ,  $ 1  . i . . P,..= md/2. . ' i  I 

i is always obtained by multiplying the area t@? _I 
a 

t i  Aren: ?The area of a' circle is given by the 

. . Y  1 i 
< 1  

-. . 
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