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I. INTRODUCTION 

One of the most important problems in quantitative cytochemistry is the determi- 
nation of the mass of extremely small biological objects. The ideal would be a method 
for weighing a single cell or a part of a cell. The masses to be determined are of the 
magnitude of lO-1°-1o -13 g. It is necessary to be able to localize in the specimen the 
special cytological structure whose mass is to be determined. Thus, the weighing pro- 
cedure must be performed in situ in a smear of cells or a microtome section of a biological 
tissue. 

By quantitative x-ray absorption spectrography (ENGsTROM 1946 etc.) the content 
of a given element may be determined in grams per unit area. From this the content 
can be calculated in grams per unit volume of dry cell substance after measurement of 
the thickness of the biological sample. Since the specific gravity of individual cell struc- 
tures is not exactly known, these results cannot be expressed in per cent of the total 
dry mass but only in grams per unit volume. Therefore, a method to determine the mass 
of single cell structures would be of great value. This also has the advantage of auto- 
matically correcting for the shrinkage of the 
specimen secondary to fixation and drying, and V- ~ - -  ] 

such shrinkage is difficult to avoid. I I ! I il i I 
This paper describes a method for the deter- [ I 

ruination of the mass of single cell structures by ! [3 ,/D I 

using micro-absorption measurements of x-rays. [ ~ ! ! ,  [ '"F II 1111 

II. PRINCIPLE 

The principle of the ultramicro mass deter- 
ruination method can be seen from the schematic 
fig. x (c[. the text of the figure). By a con- 
tinuous x-ray spectrum (white x-rays), passing 
through the Al-foil which serves as a filter, a 
microradiogram is taken of a biological sample, 
such as a microtome section or a smear prepara- 
tion, and of a reference system. The reference 
system is a step wedge of thin absorbing foils. 
Re/erences p. 373. 
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Fig. i .  Schematic representation of the 
method of micro determination of m a s s .  

A, hot filament cathode; B, anode; C, dia- 
phragm; D, ALfoil (filter); 1~ sample 
holder; F, fine grained photographic film; 
G, sample and reference system. Thewhole 

is enclosed in high v a c u u m .  
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The details are given in the section on apparatus and technique. In the optically enlarged 
image of the microradiogram the absorptions in different cell structures are compared 
with those of the reference system by photometric measurements. In the following 
section the theoretical basis of the ultramicro mass determination is presented, and 
proper experimental conditions, such as the voltage of the x-ray tube, suitable filter 
and reference system, are deduced. 

I I I .  THEORETICAL BASIS 

A. The mass absorption coefficients o/the biological material 

To perform the following calculations it is necessary to know, for a certain wave- 

length region of the x-rays, the mass absorption coefficients, ~, of the elements consti- 
e 

tuting the biological material. (# is the linear absorption coefficient and e the specific 
gravity). Most of these elements have atomic numbers below 2o. The mass absorption 
coefficients of the biological elements and other elements with similar atomic numbers 

are tabulated in table I for certain wavelengths. The values of ~ are taken from the 

experimental tables published in the monograph of COMPTON AND ALLISON, and the 
values within brackets are extrapolated. 

T A B L E  I 
THE MASS ABSORPTION COEFFICIENTS OF ELEMENTS WITH LOW ATOMIC NUMBERS 

FOR CERTAIN WAVELENGTHS 

Elemen t  6.97 -~ 8.32 ]k 9.87 ~- 11.9 ° h 13.37 .~ 

I H  
2 H e  
3 Li 
4 Be 
5 B  
6 C  
7 N 
8 0  
9 F  

IO Ne 
I I  Na 
12 Mg 
13 A1 
14 Si 
I 5 P  
I 6 S  
17 C1 
18 A 
I 9 K  
20 Ca 
23 V 
26 Fe 
28 Ni 
29 Cxl 

4.36 A 5.17 h 

1. 5 2.2 
4 .6 7.5 

19.2 32 
29 .2 49 
46.o 75 
97.8 16o 

166 273 
258 413 
37 ° 57 ° 
478 763 
6oo 93 ° 
75 ° 113 ° 
88o 137o 

IlOO 165 ° 
133o 2OlO 
155o 221 
18oo 277 

202 324 
(255) (380) 
(305) (44 ° ) 
(455) (650) 
610 (910) 
715 I I 5 0  
760 119 ° 

4.8 
18 
78 

119 
185 
39o 
645 
976 

133o 
1727 
2070 
244o 
2800 
(290) 
(400) 
500 
61o 
748 

(880) 
(iooo) 
(I38O) 
(175o) 
2 0 0 0  

213o 

7.9 
33 

13o 
200 
32o 
656 

11o9 
1589 
21oo 
2750 
33o0 
39oo 

33 ° 
(45o) 
(650) 
794 
962 

1160 
(132o) 
(155o) 
(211o) 
(2700) 
314o 
345 o 

13 
56 

22O 

34 ° 
520 

1063 
1796 
254o 
3o00 
431o 
5000 
(420) 
500 

(715) 
(IO4O) 
132o 
157o 
186o 

(21oo) 
(236o) 
(316o) 
(4ooo) 
454 ° 
5o36 

(22) 
(92) 

(380) 
(575) 
(850) 

(165o) 
(2865) 
(407 ° ) 
(5030) 
6850 
(500) 
(7Io) 
850 

(12oo) 
(I7oo) 
21OO 
2500 
3ooo 

(34 °0 ) 
(3800) 
(5000) 
(62oo) 
69oo 
7550 

31 
126 

53 ° 
800 

115o 
217o 
3836 
5456 
695o 
8500 
(700) 
(900) 

(I I00) 
(16OO) 
(2300) 
(2850) 
(345 ° ) 
(405 ° ) 
(4700) 
(5Ioo) 
(6500) 
(830o) 

T h e  m a i n  e l e m e n t s  of b i o l o g i c a l  m a t e r i a l s  ( e x c e p t  ca lc i f i ed  t i s sues )  a re  h y d r o g e n ,  

c a r b o n ,  n i t r o g e n  a n d  o x y g e n .  Of t h e s e  h y d r o g e n  c o n t r i b u t e s  l e a s t  t o  t h e  x - r a y  a b s o r p t i o n .  

Re/erences p. 373. 
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For the primary calculation the biological material is assumed to be built up of 
only carbon, nitrogen and oxygen. The mass absorption coefficient of various mixtures 
of these three elements can be calculated from the diagram in fig. 2. The diagram is valid 
for the wavelength 8.32 A. The abscissa indicates the ratio between carbon and oxygen, 
and the ordinate the resulting mass absorption coefficient for the mixture, hereafter 

designated (~CNO. The t ransverse lines indicate different concentra t ions  of nitrogen. 

ONO 

],.oo 
150 1500 

140~ 1400 

130q 1300 

120 q 

tO0 

t200 

IlO0 

I000 
I 0 0 0  

°° f 
BOO 

700 

eO0 i 

~o '~o 
I 

i I I I , I  I t I 

900 

800 

700 

,o% % 

Fig2Thom, ni u eo themas, ab  tioncoe c,oot( )C Ofor rbi rarymixturoso, c boo 
nitrogen and oxygen at the wavelength 8.32 A. The percentage of nitrogen is calculated on the total 
amount of carbon, nitrogen and oxygen. The abscissa expresses the ratio between carbon and oxygen 
in such a way that the lines for the same nitrogen percentage become straight. 

The amount of nitrogen is calculated in per cent of the total amount of C, N and O. 
The abscissa expresses only the ratio between C and 0 and not the percentages of these 
elements. The numerator, y, in these ratios is best expressed as: 

IO0" % C 
Y= % C + % 0  (I) 

where % C and % O are calculated in per cent of total weight. For protein of an average 
composition the percentages of the principal elements are: 5z% C, z6% N, 24% O, 
7 % H and ~ 2 % S. The mass absorption coefficient of the carbon, nitrogen and oxygen 

in protein, (~)CNOv, is thus calculated : 

Re/eve~es p. 373. 
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ioo • 5I 
yp - 68. 

51 + 24  

The pelcentage of nitrogen must be expressed as per cent of C, N and O only: 

16 • ioo 
%No .... 16 + 2 4  4-51 m 18. 

The (~)c~op, as read from the diagram in fig. 2, is then 978. 

The diagram can be used for the cMculations of (~)cNo also for other wavelengths. 

This depends on the fact that the ratios between ~ for carbon, nitrogen and oxygen are 

practically constant for different wavelengths, as is shown in table II, where N is 

selected as unity. Thus there is a constant proportionality between a certain (~)eNO and 

e,g. N, independent of the wavelength. For CN% the constant of propor- 

tionality is: 

( ~ ) C N O p  : ( ~ ) N -  1~O9978 - 0 . 8 8 ,  

calculated at 8.32 2~, at which wavelength the mass absorption coefficients are known. 

T A B L E  II  

THE RATIOS BETWEEN THE MASS ABSORPTION COEFFICIENTS OF CARBON, NITROGEN AND OXYGEN FOR 
CERTAIN WAVELENGTHS 

W a v e l e n g t h  
( ~ ) c :  ( ~ ) N : ( ~ ) O  

4.36 
5.17 
6.97 
8.32 
9.87 

11.9o 
13.37 

0.59 : I.OO : 1.55 
0.59 : i .oo : 1.51 
0.60 : i .oo  : 1.5i 
0.59 : i .oo : 1.43 
0.59 : i .oo  : 1.41 
o.58 : i .oo  : 1.42 
o.57 : i .oo  : 1.42 

Using the calculated constant of proportionality one obtains the mass absorption 
coefficients of "C-N-O protein" at different wavelengths. The values are shown in 
table III .  

T A B L E  I I I  
THE RESULTING MASS ABSORPTION COEFFICIENT OF THE MEAN MIXTURE OF CARBON, NITROGEN AND 

W a v e l e n g t h  
£ 

OXYGEN IN PROTEIN FOR CERTAIN WAVELENGTHS 

4.36 5.17 6.97 8.32 9.87 

146 240 568 978 158o 

11.9o 

2530 

13.37 

3380 

Re]erences p. 373. 
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B. Calculations o[ the systematic errors 

It can be seen from fig. 2 that a rather large variation in the ratio between carbon, 

nitrogen and oxygen does not affect the value of (-~CNOp to any considerable extent. 
\ 0 /  

However, biological materials consist of a number of elements besides carbon, 
nitrogen and oxygen. To what extent do these other elements affect the analytical 
results ? We shall now calculate the influence of these elements on the result of micro 

mass determination by x-ray absorption measurements, using the values of -# in the 
previous section. 

The absorption of x-rays follows the law: 

--~om 
I = I o • e q ( 2 )  

where Io is the intensity of the incident x-rays and I the intensity of the transmitted 
x-rays and m the amount of absorbing substance in grams/cm s. Thus 

l n - - = - . I °  /* m (2a) 
I e 

Io 
By absorption measurements ha T is obtained experimentally. For the calculations 

from the experimental results it is assumed that the mass absorption coefficient of the 

composite biological sample is the same as (~)CNO p. Obviously a systematic error is 

introduced by this assumption, as the elements other than those which have been taken 
into consideration above, have different mass absorption coefficients. The question is, 

however, to what extent these differences in ~ affect the final result. This effect will be 
shown in the following calculations. 0 

To the "C-N-O protein" mixture, used for the calculations above, various elements 
will be added. Also superimposed variations in the proportions of carbon, nitrogen and 
oxygen to each other are considered. The absorption of CNOp is proportional to 

(~)CNOp " mCNOp ' 

where rncNop is the mass of carbon, nitrogen and oxygen in the protein. An element x, 
added to this mixture, has the absorption proportional to 

The sum of the two last formulae is the  true expression for the absorption of the 
mixture. "When calculating the mass from the experimental results, assuming that 

(~)CNO1, is the mass absorption coefficient of the mixture (CNOp + x), an approximate 

value for the total mass, ma, is obtained. We thus get two expressions for In 1-2" 
I '  

Retere',~es p. 373. 
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In ~- = CNOp" mcNop + x" mx ---- CNOp" m,, (3) 

If a systematic error of e% is allowed in the mass determination, m a has the value: 

where + is used when 

and - -  when 

( m= = I 4- IOO " (mcN°p 

If m~ is eliminated from (3) and (4), we obtain : 

(~)CNOp'mCNOp+ ( ~ ) x  "rex = 

which can be transformed to 

W h e n  - -  

+ mx) (4) 

( ~ ) C N O p ' ( I ±  i O 0 ) ' ( m c N o p + m x )  (5) 

m x ± e 

IOO ~ ¢ I 0 0  • 

£ m x 
- - ,  we obtain - -  
IOO mcNop 

I ±  

(sa) 

-+o,o. 

6 8 
For I - -  < < I + - -  the equation (5a) is not valid, because ma be- 

i o o  i o o  
CNOp 

m x  
tween these limits cannot differ e% from the correct value. In this interval - -  
is also approaching infinity, mcN°P 

When e is fixed at 5 %, and the element x is varied from atomic number I (H) to 

2 9 (Cu), the values of m_~___ in equation (5 a) are graphically presented in figures 3a 
mcNop 

to 3g for seven different wavelengths. The mass absorption coefficients and wavelengths 
used are those given in tables I and III .  

From the diagrams it can be seen that  there are two maxima. One is constantly 
situated at the C-N-O region and has its center for a hypotl~etical element with the 
mass absorption coefficient equal to that  for the C-N-O mixture, defined above. The 
other broadens at longer wavelengths. The increase of the breadth is most prominent 
on the side towards lower atomic numbers. This depends on the influence of the K- 
absorption edge. Elements with lower atomic numbers have their K-edges at longer 

Re/eremes p. 373. 
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wavelengths than those with higher atomic numbers. In the parts of the curves where 
the derivative is positive, the systematic 
error e is negative and vice versa. This fact 
indicates that the systematic errors for dif- 
ferent elements can compensate each other, 
at least to some extent. 

It  is also obvious that the systematic 
errors will decrease if x-rays of longer wave-o.zs 
lengths are used for the ultramicro mass 
determination due to the elementary compo- 
sition of a mean biological sample. There- 
fore the position of the continuous x-rays in 
the spectrum must be chosen properly. The azo 
short wavelength limit of the continuous 
x-ray spectrum is determined by 

m Z W-~.b= ,A~V.,aT, ,~3,; 

I 

;t = 12340 (6) u 
V 

where ;t is the wavelength in Angstr6m units 
and V the voltage across the tube in volts. 
As the intensity of the longer parts of the 
spectrum is small, it would be desirable to 
operate the x-ray tube with a relatively high 
voltage and filter off the short wavelength 
portion. 

The desired filtering of the continuous 
x-ray spectrum, used for the ultramicro 
mass determination, can be performed by an 
Al-foil, as this element has its K-absorption 
edge at 7.94 A. X-rays of wavelengths shorter 
than this value are strongly absorbed, and 
the transmission above 7.94 A is fairly 
high. A suitable thickness of the filter is 9 
microns, when the tube voltage is 3000 volts, 
corresponding to a short wavelength limit of 
4.II A. 

O.iO 

0.05 

o 
I0 20  30 

ATOMIC NUMBER 

Fig. 3a -g .  D i a g r a m m a t i c  r ep re sen ta t ion  of 

mCNOp as  a f unc t i on  of t h e  a tomic  n u m b e r  
mx  

for seven  different  wave leng ths .  The  s y s t e m -  
at ic  er ror  is f ixed a t  5 ~/o. C[. t he  t ex t .  

Fig. 4 shows the approximate shape of the continuous x-ray spectrum generated 
at 3o00 volts before and after filtering through 9/~ A1. The filtering effect of the sup- 
porting collodion membrane in the preparation holder is negligible. If the relative 
distribution of the intensity in the filtered x-ray spectrum is estimated for certain 
wavelength ranges, we obtain the values in table IV. The table shows that the major 
part of the intensity (about 85%) lies in the region 7.65-12.64 A, which is favourable 
according to fig. 3d, 3e and 3f. 

A commercial x-ray tube with a beryllium window, such as MACHLETT Type AEG5o, 
is not suitable for the purposes discussed here, as the filtering effect is not favourable 
and the exposure times become extremely long for the following reasons. The LIPPMANN 
Re/erences p. 373. 
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film to be used is very insensitive, and the wavelength region desired is almost comple- 
tely absorbed in a beryllium window 0,5-I mm thick. 

REL. INTENSITY 
b 

5 - 

3 - 

I 

0 
*:: 5i e i' 

I 

4.36 5.17 6 .97  

~" T U ~z 

,i 
8 !  

8.32 

; i . . . .  " 
9 ii0 II ?2 i3 ] 14 WAVELENGTH ~. 

s.e7 . .90  ,3.~7 

Fig. 4. The  approx imate  shape  of a cont inuous  x- ray  spec t rum,  generated w:::h 3000 volts, before 
and after  filtering t h ro ugh  9 /z A1. The seven wavelength  regions are mark ~ I - V I I .  The values 
of the  wavelengths  opposi te  the  broken lines indicate those used for the ca ulations. 

T A B L E  IV 

THE RELATIV~ DISTRIBUTION OF THE INTENSITIES OF THE CONTINUOUS X-RAY SPECTRUM FOR CERTAIN 
WAVELENGTH REGIONS. TUBE VOLTAGE: 3000 VOLTS. FILTER: 9 /* AL 

Waveleng th  aI-vII = % of the 
Region /~ tota l  in tens i ty  

I 
I I  
I I I  
I V  
V 
VI  
V I I  

4.12-4.76 
4.76-6.07 
6.07-7.65 
7.65-9.1o 
9.1O-lO.89 

lO.89-12.64 
12 .64-oo  

2.5 
7.2 
2.8 

38.9 
33.5 
11.2 
3.9 

The next step is to calculate the limiting concentrations of the different biological 
elements which restrict the error to e, taking into consideration both the intensity 
distribution of the continuous spectrum after filtration and the different values of the 

allowable percentages (i.e. mm-~ov) in the different regions. Assuming a tube voltage of 

3000 volts and a filter of 9 # A1 the whole wavelength region may be divided into seven 
parts according to fig. 4. In each partial region the percentage of the total intensity is 

called _a (cf. table IV), and mx is called b (cf. fig. 3a-3g). The division into regions 
mcNop 

is made in such a way that the wavelengths used for the calculations of b represent the 
approximate mean of each region. Small deviations from the mean values have no 
influence on the final result. 

The incident x-rays with the wavelength distribution showed above passes through 
the sample, consisting of CNOp plus an extra element x. Each region contributes a 

Re/erences p. 373. 
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certain value of e. The concentration of the element x that  in a particular region gives 
e = 5 %, is given by 

b 
--" IO 4 = C (7) 
a 

where b_ and a are defined above, and £ is the concentration of the element x in per cent 
of the mass ~ CNOp. ci-Cvli for the seven regions are given in the first seven columns 
of table V for elements of biological interest. 

One region, however, has the smallest value of £, called cmin. This percentage (cmiu) 
gives e = 5 % in that  particular region. In the other regions we then obtain six other 
values of e, but  each of them less than 5 %. These remaining values of e are obtained 
from the direct proportionality which exists between c and e according to equation (5a), 
where e in the denominator can be neglected. The values of e for cm~ are given in the 
next seven columns in table V. 

For cmi. for the element x the total systematic error (=  q%) is the sum of the 
values of e in the different regions. All wavelength regions are taken into account. 
As a resulting systematic error of 5 % is al- 
lowed, Cmln must be reduced with the factor {c=~, 

5. Thus 5 .  c,,~ is the maximally allowed per- 
q q 
centage o/ the element x which keeps e within ~o 

5%. 
For the main elements, occurring in a 

biological tissue, table V shows the values 
which are discussed above. The values for 
c~ ,  are underlined, and the last column 

5 gives - • cram, which is also graphically pre- 
q ac 

sented in fig. 5. Consideration must natur- 
ally also be paid to the different spectral 
sensitivity of the LIPPMANN film used. I t  can 
be demonstrated that  relatively large dif- 3o 
ferences in the spectral sensitivity of the 
film do not affect the values in fig. 5. 

From table V and fig. 5 the following 
conclusions can be drawn. Rather large 2o 
variations in the proportion of the basic 
elementg (C, N and O) do not affect the final 
result to any considerable extent. The limits ,o 
of variation can be wide: ~-~ 18% for C, 
N 60% for N, and ~ 8,5% for O. I t  can 
also be seen that  the elements Na, Mg, P, S, 
C1, K, Ca, and Fe may occur in concentra- o 
tions which are considerably higher than 
their percentages in biological material in 
general with the exception of bone tissue, 
without disturbing the mass determination 

Re/erences p. 373. 
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error of 5% in the complete spectrum 
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by x-ray absorption measurements. Other elements with atomic numbers both higher 
and lower than 3 ° occur in biological material in such small concentrations that they 
do not disturb the measurements. 

TABLE V 
T H E  C A L C U L A T I O N  O F  T H E  F I N A L  L I M I T  C O N C E N T R A T I O N S  O F  D I F F E R E N T  E L E M E N T S  O F  B I O L O G I C A L  

I N T E R E S T  F O R  E ~ 5 % .  F O R  E X P L A N A T I O N  O F  T H E  S Y M B O L S :  C/. T H E  T E X T  

m e n t  c I I  C l I I  I V  c v c v I  

i 
i 

I H 213 i 73"7 19o I3.6115.8 47'4 
6 C 715 245 676 45.8i53.71 I5O 
7 N :3oo1 788 2IOO1 I57 I i r e  ] 545 
8 0  28o[ io4 266r22 .41269]8o5  

11Na 65.3~24.6 69.o 5.52 7.o7 6o.8 
I 12 Mg 49.2 19.o 55.0 4.37 21.8 67. 7 

248194_6o725t44915io I i61 
16 S 20.912390 -56o]93.71 129 I 372 
i7 cl  _~7.81 680 715o I o ~  I o~  [ o ~  

I 9 K  288[ 13o 357142.8153.3 [ ISI 
2o Ca 192188.5 ~52124.ol33.7[99.2 

64.o,25 2 93.ol7.5ol io.i 13i 9 

cvIIi  [, rI 

I 

i 
136110.32 0.92 0.36 4.4 ° 1.44 Io.5o 12.94 
41711°"32[ °.94 0'34 4.26 1.53io.55 12.94 

i53oho.3411.oo o.37 4,46 1.441o.51 13.12 
22811o4o1io8 o42 4 .17]139 049 12.95 
173 [Io.42[I.I210.4o 3.911o.45[o. I6 I1.46 
i87[1o44]i 15]o4o 1.oolo.321o,i2 843 
475 /1.9 ° 5 o.07 I o 5 o.93 o.29 o.io 9.34 

I2OO/] 5 o.o 4 o.o 4 I 12 o.81 o.28/o.o9 7.38 
' 5 o.13 o.oi o o o ] o 5.i 4 

376 0.74 11.64 0.60 5 4 -ol 1.43 0.57 13.99 
279l°"63 1"35 o.48 5 3.56 1.21 .43 12.66 

915t o5911491o4o 5 3 7 1 1 1 1 6 i o 4 i - 7 6  

. . . . . . .  ]- ...... ! . . . . . .  

J I . . . . . . .  r i . . . . . . . . . . . . .  [2 q 

5.27 
17.7o 
59.8 

8.65 
2.40 
2.59 
5.07 

14.18 
17.33 
15.3o 
9.48 
2.94 

C. The correction/or hydrogen 

The only element which can be expected to disturb the measurement is hydrogen 
(~f. fig- 5). In protein the content of hydrogen is about 8% of the mass of carbon, nitrogen 
and oxygen, i.e. mcNop. From the diagram in fig. 5 it is seen that  if the percentage of 
hydrogen is 5.3% of mCNOw the systematic error is - -5%.  As there is a direct propor- 
tionality between the percentage of hydrogen and the corresponding systematic error 
(cf. equation (5a) where e in the denominator can be neglected), 8 % H gives a systematic 
error of about --7.5 %- Substituting this value in equation (4) we get 

m a  = I -  " (mCNOp + m a p ) ,  
IOO 

where mrlp is the amount of hydrogen in the protein and (mcNop + mr~p) the true total 
mass. The correction factor thus is 

7.5 
k a p = I - - - - = 0 . 9 2 5  

IOO 

for the hydrogen in the protein. The general expression then becomes 

ma 
kx --  mcNop + m x (8) 

m~ 
where ~ is the corrected total mass of the sample (CNOp + x) under investigation. 

The right side of equation (3) then takes the form 

kx" CNOp" kx, 
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I o  
as the product must be constant, because it is equal to In T" Thus 

In ~ -- k x • cNop" (9) 
kx 

Hydrogen produces a negative error, and the sum of the errors from the other 
elements will give a positive error, although not totalling 5%. The hydrogen in the 
calculations above refers to the protein, but there is also hydrogen in other compounds. 
This latter hydrogen, however, is compensated by the positive error from the other 
elements in the biological sample. 

D. The re[erence system 

When transferring the values of the absorption measurements to absolute values 
of mass the x-ray absorption of the biological material is compared with that of a 
standard reference system, the absolute weight of which per surface unit is known. 
This reference system must consist of a material with a mass absorption coefficient 
which has the same wavelength dependence as the CNOp mixture. Thus foils of cellulose 
nitrate, consisting mainly of carbon, oxygen and nitrogen, is the most suitable material. 

Io 
This principle of comparison gives two expressions for In -~- in equation (9) : 

kHp.(~)CNOp, m~ (~)CNO,,f mre, (IO) H p  = k H r e f "  

where kitre f is the correction factor for the hydrogen in the reference system, mre f is 
the true total mass of that part of the reference system which gives the same absorption 
as the sample being measured. Thus the mass of the biological structure is expressed in 
units of the reference system. The unit of this system, one foil, is determined by gravi- 
metric methods. We get the expression 

m~ kI-,re f (~)C~Oref (Ioa) 
- -  , . m r e  f • _ 

ma 
In equation (ioa) ~ is the weight of the biological structure under investigation. 

mre f is determined experimentally, kHp has the value 0.925 (see above) and kHref is 

determined in the same way as kHp. (~)cNor~, is determined from the diagram in fig. 2. 

(~)cNop is taken from table III. (~)cNo~ and (~)cNop must naturally be taken at the 

same wavelength, but the wavelength can be arbitrarily chosen, as there is a constant 
proportionality between them, independent of wavelength. 

When the reference system consists of a step wedge of cellulose nitrate foils, the 
values of the mass absorption coefficients and of the constants kHref in table VI hold 
good for different nitrated celluloses. 
Re]erences p. 373, 
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TABLE VI 
CORRECTION FACTORS FOR HYDROGEN AND MASS ABSORPTION COEFFICIENTS FOR SUBSTANCES TO BE 

USED AS REFERENCE SYSTEM. WAVELENGTH:  8 . 3 2  A 

Substance 

Cellulose 
Dinitrate 

Cellulose 
Trinitrate 

Cellulose 
Tetranitrate 

Cellulose 
Pentanitrate 

Cellulose 
Hexanitrate 

Formula 

Cx~Hls(ONO2)tOs 

C12Hl~(ONO,)80~ 

Cl~Hx~(ONO~)406 

C1zH15(ONO~)505 

C12Hl,(ONO2) eO4 

Mol. weight 

414.3 

459.3 

504.3 

549.3 

594.3 

ol of N /o  

7 . I  

9.5 

11. 5 

13.1 

I 
1 4 .  

C 

39 
6i 

36 
64 

33 
67 

3 I 

~-9 
29 
7~ 

( )cNo. 
1217 

124o 

126o 

1274 

1288 

kHre  f 

0.96 

0.96 

0.97 

0.97 

0.98 

The nitrocellulose used for the reference system in the experiments described later 

had the composition: C46.7%, N6.6%,  O41.4%, and H5 .3%.  (~)cNore ~ is IO6O at 

8.32/k and kHref 0.95. 

IV. APPARATUS 

A schematic representation of the experimental apparatus is shown in fig. 6. The 
x-ray tube is evacuated by  a SIEGBAHN molecular pump, backed by an ordinary two 
step rotating fore-pump. The anode, cathode and body of the tube are watercooled. 

COOLING WATER 

X-RAY 

I 

Fig. 6. Schematic representation of the experimental equipment. 

The flow of water is maintained above a minimum pressure by a relay. The high voltage 
D.C. is obtained from the A.C. line by transforming, rectifying, stabilizing and smoothing. 

A drawing of the x-ray tube is shown in fig. 7. The body of the x-ray tube, (A), is 
made of forged brass. The anode, (B), is isolated from (A) by  means of the porcelain 
tube, (C). A greased cone, (D), and the metal bellow, (E), serves for adjustment of the 
anode with its target, (F). The target, (F), is exchangeable. Cooling water is let in at the 
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Fig. 7. The  cons t ruc t ion  of t he  x - r a y  tube.  
C[. the  tex t .  

top of the anode. The cathode, (G), is placed 
opposite to the anode and has  a hot wire 
filament, (H). The filament can be adjusted 
with (K) and (L). (K) and (I) are isolated 
from the rest of the cathode. (M) is the 
window, consisting of 9 # A1, £nd (N) is the 
preparation holder. The body of the tube 
and the cathode are groul~ded. All vacuum 
connections are made with rubber gaskets. 
By the vacuum connection, (0), the same 
pressure is maintained on both sides of the 
window. The vacuum connection is provided 
with two light traps. Evacuation takes place 
through (P). 

A detailed drawing of the preparation 
holder, (N), is shown in fig. 8. The sample 
holder, (7), and the film are held firmly 
against the end of the adjustable bar, (2), 
by the holder, (3), which screws into (4) 
against the flange, (5). (6) is a tap for keeping 
(3) in position. (I) is the block which is fas- 
tened against the body of the x-ray tube by 
two screws, (8). 

8 I 

2 

0 IOOmm 
I J l , I  ~1 I I  i I  i I  , I  , i  , r  ~J 

Fig. 8. The  cons t ruc t ion  of t he  p r epa ra t i on  holder.  
C[. t h e  t ex t .  

The stabilizing arrangement of the high voltage is shown in fig. 9. The high voltage 
equipment used had a relatively high inner impedance. Therefore the voltage will vary 
with the x-ray tube current. With constant filament current the emission of electrons 
varies, among other things, with the vacuum. In order to obtain constant experimental 
conditions the stabilizer changes the filament current in such a way that the high 
voltage is constant. The line voltage for the high voltage unit is stabilized separately. 
Fig. IO shows a photograph of the equipment. 
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÷HV , R3 ] T2 Re1 

ITi T "  

V . . . . . . . . . . . . . . .  

I, I°4o.111 &o, &.__ ,, 

" & . V  ' 'v G o,ff   ; 

.3<, 
Fig. 9. Wi r ing  d i a g r a m  for the  h igh  vo l t age  s t ab i l i z ing  unit .  

R Res i s to rs  C Condensers  
R I o, 5 MQ C i 2ooo p F  
R 2 i o o k a Q  C 2 501*F 
R 3 2 o k Q  C 3 3o /~F  
R 4 I k Q C 4 500 p F  
R 5 I k ~ Q  C 5 5 o / * F  
R 6 o. 5 M.(2 C 6 o . o 2 t ,  F 
R 7 0.5 MQ C 7 2000 p F  
R 8 I k Q  C 8 700 p F  
R 9 0 5  MQ C 9 OlO2 / iF  
R I O  7 5  k.(2 C IO 2o00 p F  
R I I  I o k Q  C I I  o.I / IF 
R 12 2. 5 k Q  C 12 3 o / I F  
R 13 4 k Q C 13 8 /iF 
R 14 4 k Q C 14 o.I HF 

C 15 I6  F F  
C t6 16 F F  

V Tubes  
g I 6J5 

25 V V 2 6J5 
45 ° V v 3 6J5 

v 4 6H4 
25 V V 5 6L6 

V 6 6 L6 
V 7 6J5  
V 8 V R I o  5 
V 9 V R I o 5  
V lo 5U4G 
V t I 5Y3GT 

45 ° V 
45 ° V X x - r a y  tube  

45 ° V 
45 ° V 

& 
1 

FI F2 

220V 

T I Audio f requency  t r ans fo rmer  1:2 
T 2 Audio  f requency  t r ans fo rmer  1:3 
T 3 Var iac  t r ans fo rmer  
T 4 Tuned  t r an s fo rmer  
T 5 Power  t r ans fo rmer  

CH I Choke 20 H 
CH 2 Swing  choke 
Re r Reac to r  
S t, S 2 Swi tches  
F l ,  F 2  Fuses  

V. TECHNIQUE 

Careful moun t ing  of the  p repa ra t ion  is impor t an t .  The me thod  of mount ing  is 

m r n  

Fig. i i .  The sample  holder,  A. 
B is the  p r epa ra t i on  and C the  

reference svstelll. 

briefly descr ibed with  reference to fig. I I .  A thin collo- 
dion foil (ca. o.3-0.  5/~), la id over  the  slit of the sample  
holder ,  (A), serves as a suppor t ing  membrane  for the  
p repara t ion .  The micro tome section or a smear  of the  
t issue being examined,  (B), is laid on one half  of t ha t  
membrane .  The o ther  half  of the  membrane  is reserved 
for an absorp t ion  s tep wedge, (C/, made  of cellulose 
n i t ra te  foils. The foils were made  from zapon varnish.  
The x - r ay  absorp t ion  of the  foils should  be of the  same 
order  as t ha t  of the  sample.  The p repa ra t ion  is la id 
agains t  the  pho tograph ic  emulsion of a LIPPMANN film 
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Fig. io. View of the experimental apparatus: A, x-ray tube; B, molecular pump; C, high voltage 
equipment; D, stabilizing unit; E, high voltage meters. 

or any  other fine-grained emulsion. Very good contact  must  be secured. A microradio- 
gram is then registered with long wavelength x-rays. In  the following experiments the 
tube voltage is 3000 volts, according to the previous calculations. A check was first made, 
however, to control tha t  the intensity of the incident x-rays was the same ovei the whole 
slit, so tha t  subsequent photometr ic  measurements  could be made. The granular i ty  of the 
LIPPMANN film must  be kept as small as possible by  proper development.  The developer 
mus t  give high contrast .  The following developer proved satisfactory. 

Metol 4 g Sodium carbonate  cryst, I iO g 
Sodium sulf. cryst.  13o ,, Potassium bromide 5 ,, 
Hydroquinone  IO ,, Water  to IOOO ml 
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The opt imum time of development is 6 minutes at 20 ° C. The film is fixed in normal 
hypofixative and rinsed for about 3 ° minutes in water. The microradiograms are dried 
in a dustfree chamber. 

The microradiogram of the sample and wedge is then enlarged 2oo-5oo times by 
photomicrography. The granularity of the 
LIPPMANN emulsion does not disturb photo- 
metric measurements at these magnifica- 
tions. The different parts of the microradio- 
gram and the wedge are photographed 
separately on the same photographic plate 
with constant exposure time, illumination 
and focusing. By this arrangement it is 
not necessary to know either the density 
curve of the LIPPMANN film or that  of the 
photographic plate when performing the 
subsequent photometry.  Fig. 12 shows the 
enlarged images of a microradiogram of 

Fig. 12. A photomicrographofamicroradiogram nerve fibres and the step wedge. In the 
of single nerve fibres and the corresponding 
step wedge. Magnification 32o ×. C/. the text. photograph the sample is to the right and 

the step wedge to the left. 
The absorptions of single cell structures are compared with those of the nitro 

cellulose reference system by photometric measurements on the enlarged negative. This 
is illustrated in fig. 13. The solid line indicates the photometer deflection as a function 

I00  

,' 
II 

• ~ -  5 0  ttl 
'~ o I',E 
,.~ ~ !' 

, . . , I . I . . I t , , i  i i |  i . * I |  

0 t 2 

NUMBER OF FOILS 

Fig. 13. The pho tomete r  deflection as a 
funct ion of the n u m b e r  of foils in the 
reference system.  The horizontal  dotted 
lines indicate the pho tomete r  deflections 
for points  in the sample.  The vertical 
.dotted lines give the foil equivalents  for 
those  points.  In  the figure, C indicates 
a measu remen t  in the central  pa r t  of a 
fibre in fig. 12 and E measurements  in 
the  corresponding edges of the fibre 

of the number of foils in the wedge. The dot- 
ted lines are values for cell structures. The 
mass of a cell structure is thus obtained 
in foil equivalents. The real mass of the 

F 

f 

U 

Fig. 14 . Derivat ion of the geometrical 
unsharpness  for a poin t  in the sample. 
A, x-ray source; S, sample;  F, film. 

C/. the text.  

biological sample is calculated from equation (Ioa). A homogeneously absorbing back- 
ground of a special biological structure can easily be corrected for by subtracting the 
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foil equivalent of the background from the foil equivalent of the biological structure. 
The resolving power of the technique described depends on the properties of the 

film emulsions and the arrangement of the film; sample and x-ray source. As mentioned 
above the LIPPMANN emulsion has a resolving power of about I #. 

The geometrical unsharpness will be discussed with reference to fig. 14. If f is the 
size of the focal spot in the x-ray tube, b the distance between the focus and the sample 
and _a the distance between a point in the sample and the film, we get the following 
expression for the geometrical unsharpness U for a point in the sample" 

f . a  
U = ( I I )  

b 

In the following experiments the values are : f = 5 mm, b = 5 ° mm, and a = 0.005 
ram. Then U has the value 0. 5/~, which is below the resolving power of the film. 

VI. BIOLOGICAL APPLICATIONS 

In the following some biological applications will be briefly discussed. A more 
complete result will be published later. 

Fig. 15 shows a photomicrograph of a microradiogram from a 5 # thick microtome 
section of human skin, from the 
sole of the foot, fixed in io% 
formaldehyde. The paraffin was 
removed by  xylene. From the 
figure it can be seen that  the 
outer layer of the skin, S t ra tum 

corneum, has a stronger absorp- 
tion of x-rays than have the 
inner layers. The limit between 
the epithelium and the connec- 
t ive  tissue is also sharp. In the 
epithelium a higher magnifica- 
tion would reveal single cells 
and cell structures. In another 
section ca. I 5 / ~  thick an ultra 
micro mass determination was 
performed according to the 
statements described earlier in 
this paper. The S t ra tum corneum 

had a mass of 7.8-1o -l° g per 
IOO #2 and the other layers of 
the epithelium 5.6"1o -1° g per 

Fig. 15. A mic ro r ad iog ra m  of h u m a n  
skin  f rom the  sole of t he  foot. Th ick -  
ness of sec t ion:  5 #. Magnif ica t ion  
70 × .  3o00 vol t s  x- rays ,  f i l tered 
t h r o u g h  9 /~ A1. The  wh i t e  areas  
a re  more  opaque  to x - r a y s  t h a n  the  

d a r k  ones. 

' Re]erences  p.  373.  
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a b 

Fig. t6. Nerve cells from (;anglion olfactorium in Helix pomalict. N, nuclei; C, cytoplasm. Thickness 
of section : 5 u. ,Magnification : a) ~ -  75 >, b) 285 N. 3ooo volts x-rays, filtered through 0 !t .\I. The 

white areas are opaque to x-rays. 

IOO #2  The mass  ra t io  thus  was about  1.4:1 This quot ien t  var ied  in skin s,ections taken 

from different  par t s  of the body.  
A ma te r i a l  which offers the  o p p o r t u n i t y  of measur ing  grea t  differences in mass is 

nerve cells from gangl ia  in Hel ix .  1)ifferences occur bo th  within the cells (nucleus-cyto-  
plasm) and between different cells. Fig. I0 shows an enlarged mic ro rad iogram from a 
sect ion of such a ganglion.  The p ic ture  shows tha t  cells va ry  g rea t ly  in mass and  tha t  
the  nucleus regular ly  has less mass than  the cy toplasm.  The qua n t i t a t i ve  da t a  from 
the measurement s  will be pab l i shed  later ,  Cf. also fig. 17. 

An example ,  where a grea t  resolving power is employed,  is shown in fig. iS, which 
is an enlarged mic ro rad iog ram of single nerve fibres from the sciat ic  nerve in frog. 
These fibres have  a d iamete r  of abou t  io  t*. They were dissected according to the 
technique  descr ibed by  S'I'XMPHLI (see ENGSTROM AND L(?THY I949). F rom the figure jt 
can be seen t ha t  the  fibres have a greater  mass  in the per iphery  than  in the center.  (Cf. the 
t ex t  of the  figure). The fibres thus  have a tubu la r  s t ructure ,  where the tube wall has 
a g rea te r  mass  than  the conten ts  of the  tube.  Af ter  drying q u a n t i t a t i v e  me a su re me n t s  
show tha t  the  outer  layer  of the  fibre, which corresponds  to the  myel in  shea th ,  conta ins  
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Fig. 17. A photomicrograph of a microradiogram of a 
5 # section through a growing root tip from A llium cepa. 
Magnification IIO ×. 3ooo volts x-rays. Filter: 9/* A1. 
The white nuclei have a strong x-ray absorption, in- 
dicating a greater mass per unit volume than the sur- 
rounding cytoplasm. Note the cell walls. In the peri- 
pheral cells the cytoplasm has a greater mass per unit 

volume than in the central cells. 

5 to 8 times more material  than  the 
inner part ,  which corresponds to the 
axon. The outer  layer has  a mass of 
o.3_o.4.io-1~ g/#3. In  the picture 
some constrictions of RANVIER are 
seen. 

,By determining the mass in 
these fibres before and after extrac- 
t ion of lipids the amount  of these 
could be determined. I t  was found 
tha t  about  5o% of the outer layer 
could be extracted.  For  details con- 
cerning the analyses of nerve fibres 
the reader is referred to the paper 
by  ENGSTROM AND L/JTHY (1949). 

By  the method  described in this 
paper  several problems have been 
studied. ENGSTROM AND GLICK 
(1949) ' investigated the different cells 
in the gastric mucosa. Mass deter- 
minations in i .a.  striated muscle 
fibres and chromosomes are being 
performed. For  a survey of the x-ray 
techniques in general see ENGSTR6M 

1946--1949. 

VII. POSSIBILITIES OF THE METHOD 

I t  can be expected tha t  the 
method of mass determination of 

biological material  by x-ray absorption measurements  will be a useful tool when solving 
several problems in cytochemistry.  The method is being used in combinat ion with 
the x-ray  methods for quant i ta t ive  estimation of single elements to arrive at  analyses 
of elements referred to dry  weight basis. Also, planimetric methods m a y  be used to 
obtain total  mass of cell parts. Absolute dry  weight can be est imated where section 
thickness is known with sufficient accuracy. 

By  first determining the mass of a cellular s tructure in a sample and then extract ing 
with specific solvents or t reat ing with enzymes a repeat determination of the mass gives 
information about  the mass of material  removed. 
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Fig. 18. Single nerve  fibres f rom the  sc ia t ic  nerve  in frog. Magni f ica t ion  200 > .  4000 vol ts  x-rays,  
f i l tered t h r o u g h  9/~ AI. The  black areas  are those  more opaque  to x-rays .  

S U M M A R Y  

A m e t h o d  for the  d e t e r m i n a t i o n  of the  mass  of as snla l l  biological  objec ts  as s ingle  cell s t r u c t u r e s  
is descr ibed.  The  m e t h o d  is based upon  abso rp t i on  m e a s u r e m e n t s  of soft  f i l tered con t inuous  x-rays .  
F r o m  abso rp t ion  d a t a  the  mass  can be ca lcu la ted .  The  comple te  t heo ry  of the  m e t h o d  is given.  An 
x - r a y  e q u i p m e n t  for t he  mass  d e t e r m i n a t i o n  has  been cons t ruc ted  and is descr ibed in detai l .  A 
n u m b e r  of b iological  app l i ca t ions  are  presented .  

RI~SUMI~: 

On d6cr i t  une  m6thode  pour  mesure r  la  masse  d 'ob jec t s  b io logiques  tr~s pe t i t s ,  tels  que les 
s t r u c t u r e s  d ' u n e  cellule. La  base de ce t te  m~thode  consis te  dans  la mesure  d ' a b s o r p t i o n  des r a y o n s - X  
mous  con t inus .  A p a r t i r  de ces donn~es d ' a b s o rp t i on  on p e u t  ca lculer  la masse.  On expose  ensui te  
la  th6or ie  c o m p l e t e  de ce t te  m6thode.  Un a p p a r e i l  ~ r ayons -X ,  don t  on donne une descr ip t ion  d6taill6e, 
a 6t6 c o n s t r u i t  l~our ces mesures.  On pr6sente  enfin que lques  app l i ca t ions  b io logiqnes  de ce t te  m6thode.  

Z U S A M M E N F A S S U N G  

E s  wird  eine Methode  beschr ieben,  welche g e s t a t t e t  die Masse von Ze l l s t ruk tu ren  zu bes t immen .  
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Aus der Absorption weicher, filtrierter, kontinuierlicher Rbntgenstrahlen l ~ s t  sich die Masse dieser 
Strukturen berechnen. Die vollst/indige Theorie der Methode wird beschrieben. Fiir diese Massen- 
bestimmung wurde eine R6ntgenapparatur gebaut;  sie ist bier in ihren Einzelheiten dargestellt. 
Erste Ergebnisse an verschiedenen biologischen Objekten werden mitgeteilt. 

REFERENCES 

A. H, COMPTON AND S. K. ALLISON, X-Rays in Theory and Experiment, Van Nostrand Co., New 
York (1943). 

A. ENGSTRbM, Aeta Radiol., Suppl. L X l I I  (1946). 
A. ENGSTROM AND D. GLICK, Science. To be published. 
A. ENGSTRbM AND B. LINDSTRbM, Nature, 163 (1949) 563. 
A. ENGSTR6M AND H. LOTItY, Experientia, 5 (1949) 244. 

R e c e i v e d  J u l y  i 9 t h  , 194 9 


