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IN Q U A N T I T A T I V E  H I S T O R A D I O G R A P H Y *  

by 
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Department o/Pathology, University o/Wisconsin Medical School, 
Madison, Wisconsin (U.S.A.) 

Historadiography is a te rm that  was used by LAMARQUE 1, 2 to describe the use of 
very soft X-rays (2-1o A) for the study of structures with microscopic dimensions. 
Animal and plant tissues a few microns thick were X-rayed at potentials of 5 kV in a 
special apparatus,  and the historadiograph was recorded on very fine-grain Lippman film 
capable of magnification up to 500 times. LAMARQUE'S procedures were an improvement  
over those of other workers 3, 4 in the field and provided a new method for morphological 
studies and a method for determining the localization of pharmaceuticals containing 
heavy metals 5. ENGSTROM AND LINDSTROM 6 greatly advanced the use of the technique 
in histochemistry by applying physical laws dealing with X-ray absorption. This ad- 
vancement enabled quanti tat ive in situ determinations of the mass of various histo- 
logic and cytologic structures. The technique is new and has had serious limitations to 
overcome in order to be of more than semiquanti tat ive value. A discussion of the pro- 
cedures developed in this laboratory and their limitations and errors will be presented. 

Theory 

X-rays are absorbed according to the Lambert-Bouguer law. Ix, is the intensity of 

- -  loge ~ \ e / 

the initial X-ray  beam and Ix, the intensity of the beam after passing through an ab- 
sorbing substance of thickness X and density ~. If the beam of radiation has a cross 
section of I cm 2, ~ represents the fraction of energy absorbed per cubic centimeter of the 
absorber traversed. The mass absorption coefficient (t~/Q) is used as it enables an expres- 
sion of the absorption per gram of the absorber. 

ex'X = m~ (2) 

m, is the mass of the absorber per square centimeter. 

Ix 1 
dr = --log10 1,0 

x" 2.3 (3) 

X-rays differ from visible light in tha t  their absorption is an atomic process, and the 
mass absorption coefficient is in an additive relationship to those of the elements present. 

* Aided by grants from the Atomic Energy Commission AT(II-I)-64 Project 8. 
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If the sample is a protein with the composition carbon, hydrogen, nitrogen, oxygen, 
and unknown elements in the proportion C, H, N, O, and R, equation (4) represents 
the general case where R could represent other than the principal elements. 

C + t t  + N ~ O 4 R - -  : 

In order to determine the mass of a histologic structure by X-ray absorption, a com- 
parison is made between the absorption of the X-rays by a reference of known weight 
per 1.2, mr ' and that  of the unknown structure, rap. The weight per/*2 of the unknown is 
converted to mass per/,a, 3@, on dividing by the structure's thickness. 

\ O / P  2"3 

< ~7/," -'~ (6) 

(/*/0)p and (/*/~o), are the mass absorption coefficients for the protein and the reference 
material. 

Dividing equation (5) by (6) and solving for rnp: 

'"~ = ,,,, ___(~)~ .__d' (7) 

and when the thickness of the standard is adjusted to absorb X-rays to the same extent 
as the unknown: 

mp = m~ - -  (8) 

('o2, 
The relationship is greatly simplified if the protein and reference have identical com- 
position. 

mp= dp. , . ,  (o) 
dr 

Equation (9) is seldom the case, for the following reasons : the variation in composition 
of different proteins; the extreme difficulty in preparing thin protein standards which 
necessitated the use of a nitrocellulose for the reference system; the polychromatic 
X-ray beam. 

When using the nitrocellulose reference system, equation (8) expresses the general 
case, as the mass absorption coefficient of the protein and the reference material have 
different values. ENGSTROM AND L I N D S T R O M  6 based their mass determination on a cal- 
culation of CNO mass absorption coefficients (/,/~o)t, CNO and (/*/Q)zeCNO. These values 
were calculated from the percentages of carbon, nitrogen, and oxygen obtained by a 
chemical analysis of the reference material and an average protein. The mass absorption 
coefficient for a CNO protein and reference system was obtained by substituting values 
for the elemental mass absorption coefficients at 8 A and the relative amounts of carbon 
nitrogen, and oxygen into equation (4). I t  was then necessary to introduce the correc- 
tions knp and kH~ for the hydrogen content of the protein and the reference material. 

l?e/ere~ces p. 321. 
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A systematic error arising from deviations from the assumed composition of an average 
protein has been considered by ENGSTROI~ AND LINDSTROM 6. Equation (IO) was used 
by these investigators for the calculation of mass. 

- -  . , ~ ,  ( I O )  

m P =  ( t d ) p C N O  " kHr 

t r ip  = B " ~n r ( I I )  

The above discussion and calculations are based upon the absorption of monochromatic 
X-rays (8 A), although the X-ray beam is polyehromatic, as is illustrated in Fig. I. 
A method will be discussed for the 
determination of "mass absorption con- 
stants", Zv and Z~e, for the protein and 
the reference material under the exact 
conditions of the historadiographic 
procedure. The technique and the cal- 
culations are thus simplified, and the 
accuracy of the method is increased. 

The X-ray beam in the historadio- 
graphic procedure has its greatest in- 
tensity between 8-12 A. It  is necessary 
to define a "mass absorption constant", 
Z, for this spectra instead of the mass 

6 ? 8 9 I0 II 12 13 14 
A 

Fig. i. Characterist ic X-ray  beam. Top curve indi- 
cates the var iat ion of in tensi ty  wi th  wavelength at 
3 kV tube  potential .  Bo t tom curve indicates the effect 

of a 9t~ a luminum filter on radiation. 

absorption coefficient which is defined for monochromatic X-rays only. The mass absorp- 
tion coefficient remains constant for a given wave length with changes in the mass per 
unit area of the absorber. The "mass absorption constant", Z, for the broad spectrum of 
X-rays may be relatively constant for only a limited range of mass variation. For an 
accurate calculation of mass it is necessary to determine experimentally the "mass 
absorption constant" for an average protein or other material for analysis and the 
reference material. When these constants have been determined, equation (IO) becomes 

.3O 

o 
× 

~q 
~o~ P 

0 2 3 4 5 6 7 8 9 

L 2 M  (ABSORPTION EQUIVALENT)  

Fig. 2. Graph for conver t ing absorp-  
t ion equivalent  to concentrat ion at 

different section thickness. (2 kV) 

modified, andthe calculation of mass is made by using 
equation (12). 

Z~e 
• . ~  ( 1 2 )  m p = ~ p  

The ratio of the mass absorption constants defines a 
constant B. 

rnp = I3 .m  r (13) 

B has the same significance in equations (II) and (13) 
but was derived by different methods. 

The unknown on a historadiograph absorbs to 
the same extent as a reference foil of thickness l 2, the 
"absorption equivalent". The value l 2 is convenient 

to work with and will be used instead of mass per unit area in the text of this paper. 
The conversion from mp to mass or grams of protein per /z s, Mp is made with equation 
(14) or Fig. 2. 12.q,.B. 1 0  - 1 2  

]kip = - ls (14) 

Re[erences p. 321. 
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Q, is the density of the nitrocellulose reference material (1.59). ls is the thickness of 
the tissue section. The experimental determination of B will be discussed. 

Selecting the wave length region 

The magnitude of the mass absorption coefficient varies with wave lengths, gener- 
ally increasing at longer wave lengths, unless an absorption discontinuity for one of the 
elements is encountered. It is possible to compute the mass absorption coefficient for a 
substance of known composition if the wave length region is known. With this value 
it is possible to determine the degree of transparency of the absorber to the X-rays and 
then vary the wave length to obtain the desired absorption for greatest accuracy in the 
mass determination. As mentioned previously, monochromatic X-rays are not used in 
historadiography but a continuous spectrum that is defined by varying the tube poten- 
tial and through the use of filters. In order to estimate the transparency of the specimen, 
it is essential to have an understanding of intensity and wave length variation as a 
function of the tube potential, tube current and thickness of filters. 

If the X-ray tube is operated at a given potential, the highest energy (shortest wave 
length) X-rays have a wave length that can be calculated using equation (15). 

he 
t . o -  ~,V ('5) 

c = charge on an electron (4.8o'1o l° e.s.u.) 
c ~ velocity of the radiation (2.99. lO 1° cm/sec) 
h = Planck's constant (6.55" Io .27 erg sec) 

The above constants may be combined to give the minimum wave length, 20, in Angstrom 
units for any tube potential, V, in kilovolts. 

)40 = 12'340~ (16) 
V 

Knowledge of the minimum wave length enables the Kulenkampff equation (17) to be 
used for calculating the shape of intensity curves 

5.0 

Fig. 3. The cont inuous  X-ray  spec- 
t rum for tube potentials  between 2 

to 5 1,V. 

the spectrum below 8 A, the point 
The net result is a spectrum with 

References p. 322. 

(Fig. 3) for the various tube potentials. 

] --" ~ ' 2  -~0" +- bZ2 ~2 (I 7) 

b and C are constants, and Z is the atomic number 
of the target element, b is so small that the second 
term is generally neglected. 

The mass absorption coefficient, at various wave- 
lengths, for aluminum is obtained from physical 
tables. These constants permit calculation of the 
transmittance for various thicknesses of aluminum. 
By correlating this information with the intensity 
curves (Fig. 3) it is possible to indicate the effect of 
a 9/* aluminum foil on the continuous spectrum of 
X-rays produced when the tube potential is 3 kV 
(Fig. I). The filter effectively reduces the intensity of 
at which aluminum has an absorption discontinuity. 
maximum intensity at 8- Io  A. Higher potentials are 
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required for thin sections of bone. For  thin sections of tissue, originally containing a 
high water  content ,  it m a y  be necessary to use potentials as low as 1.0-2.o kV. When 
potentials  as low as 1.0 kV are used, the 9~ a luminum filter has no value in defining 
the X-ray  beam and only reduces the intensity. For very  low voltages, thin Parlodion 
films m a y  be shadowed with aluminum. This filter absorbs the visible cathode light, bnt  
is very  t ransparent  to X-rays.  

Preparing the sample/or analysis 

Samples for analysis by  his toradiography are preferably fixed by the freeze-dry 
technique 7,s. TURCHINI 9 discussed some of the advantages  and disadvantages of various 
fixation procedures. The description appeared be- 
fore the technique was introduced as a quant i ta-  
tive procedure, and therefore some of the methods 
cannot be used. Shrinkage, loss of cellular com- 
ponents, diffusion, and the presence of heavy  
metals in the fixative are to be avoided in the 
quant i ta t ive  technique. Subsequent t rea tment  
required for other histochemical tests will also 
influence the choice of method in tissue fixation. 
Paraffin embedding is generally used, but  the 

Fig. 4. Foils and specimen are mounted 
on a metal disc. Illustration is not in 
proportion, as the thickest foil is gener- 
ally o. 1 to o. 5 the thickness of the tissue. 

carbowax technique as described by  RINEHART AND SULEIMAN 1° has been used when 
determining the lipid content  of structures.  The tissues are sectioned (4-1o/,) and floated 
on water  or mercury  and then lifted onto the support ing foil of a disc (Fig. 4). Occasion- 
ally it is advisable to place the section directly on the disc. The samples are placed in an 
oven at 45 ° C for 2o-3o minutes before removing the embedding medium. 

Thickness o/section 

The X-ray  procedure does not damage the tissue, and therefore it may  be stained 
or used for other  histochemical studies. If, for example, the mass of a nucleus is deter- 
mined and then the DNA content  determined by other  methods,  the per cent DNA of 
the total  weight of the nucleus m a y  be expressed without  knowledge of section thickness. 
In experiments where relative values of mass suffice, it is advisable to embed the control 
and experimental  tissue in the same paraffin block. The simultaneous sectioning of the 
samples may  eliminate the need for thickness determinations.  However,  for some 
problems a thickness determinat ion is required. This has been a difficult problem in 
histochemical studies, and various methods have been described to overcome it. Inter-  
ferometry n, optical micrometers 12, microeators 13 are among the procedures in use and 
have been reviewed by  LAN(;E AND ENGSTROM 1~. A method has been in use in this 
laboratory tha t  gives an average thickness for the entire section but  not a measurement  
of individual structures.  

The procedure involves a determinat ion of the mass of a s tandard  protein plug that  
is embedded next to the tissue so that  the two are sectioned simultaneously.  The s tandard  
is prepared from the following solutions: 

(a) 3% fibrinogen in normal  saline 
(b) 10% albumin in normal  saline 
(c) 5 mg thrombin in I0  ml saline. 

Re[crevices p. 321. 



3o2 J . j .  ¢LE~.~ONS VOL 17 (1955) 

The solutions are centrifuged to remove any undissolved material. Five ml of the al- 
bumin solution are mixed with 4 ml of the fibrinogen solution, I ml of the thrombin 
solution is added, and the clot which forms is allowed to remain overnight at 5'; C. The 
clot is cut into small pieces and freeze-dried, or fixed in acetone for 48 hours, and then 
placed in Io% formalin for further fixation and hardening. The preparation is then 
treated as any tissue and finally embedded in paraffin. The clot is removed after it is 
thoroughly impregnated with paraffin and then cut into squares so that no excess of 
paraffin remains on the surfaces. The volume of these pieces is determined by Archi- 
medes' principle, and the sample is then thoroughly deparaffinized and weighed. The 
weight per unit volume for each preparation is calculated. This preparation serves as a 
standard and is embedded next to the tissue, and the two are sectioned simultaneously. 
A calibration curve of thickness vs. mass per 12' is constructed. This is easily done, as 
the density of the preparation was determined as outlined above. When a section is cut, 
the tissue is placed on one disc and the standard on another and historadiographs taken. 
The mass of the standard is determined and from this the thickness of the section. 

The historadiographic apparatus 

A special apparatus is required for quantitative historadiography, as the extremely 
soft X-ray region (8-I2 A) is used. The specimen and film are placed in a vacuum chamber 
to avoid absorption of tile soft X-rays by air. LAMARQOE 2 designed an instrument 
consisting of a demountable, continuously evacuated X-ray tube separated from a pho- 
tographic chamber by a thin lithium window. As the photo chamber is at a very low 
pressure and the window thin, there was little absorption of the X-rays. The apparatus 
produced good radiographs when operated at 7-1o kV and 8o-Ioo mA. Exposure times 
were IO-45 minutes. There is a marked increase in the accuracy of the technique if lower 
potentials are used in the quantitative technique. ENC, SIROM 6, is has described two instru- 
ments, one suitable for bone or tissues impregnated with heavy metals and the other 
designed for soft tissues. A modification of this apparatus is presented by BRATTGARD 

et al. 1~. To facilitate work with the technique, CLEMMONS AND APRISON 17 introduced 
electrostatic focusing and a vacuum lock. With this apparatus lO-15 exposures may be 
made per hour with potentials as low as I kV. An accessory to this apparatus has been 
devised to obtain experimentally the values Zp and ZR, thereby eliminating the need 
for a tedious chemical analysis of the reference and an average protein, and the introduc- 
tion of correcting factors for hydrogen (Figs. 5 and 6). The determinations are made 
under conditions identical with the mass measurements, and the mass absorption con- 
stants are for the polychromatic beam, The accessory apparatus and its application 
will be discussed under photometric error. 

The above instruments have no primary magnification and are limited by the resol- 
ving power of the Lippman film. Although not developed, as yet, for quantitative his- 
toradiography, two instruments of considerable interest have been described. COSSLETT 
AND NIXON 18 have developed an X-ray shadow microscope in which a micro-focus X-ray 
tube gives a point source of X-rays. By placing a specimen at a given distance from the 
source, a primary enlargement of up to 3o0 ~," with resohltion of I/X is obtained. The 
instrument has only been used with dense structures or material impregnated with 
heavy metals. Voltages up to 15 kV are used, and the film and sample are not placed in a 
vacuum chamber. This technique must be modified to meet the requirements for quanti- 
tative mass determinations of structures in thin tissue sections; however, it may offer 

Re/ere~zces p. 32I. 
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possibilities in overcoming the l imi ta t ion  in resolution when working with the sample 
in direct contact  with L ippman  film. 

KIRKPATRICK ANn BAEZ 19 have developed an X-ray microscope capable of high 
resolution, bu t  this  i n s t r u m e n t  has not  been applied to th in  tissue sections for histo- 
logical invest igat ions.  

c 

Fig. 5. Frontal section through historadiographic 
apparatus equipped with a crystal detector. B -  
Cesium bromide crystal; C - Cathode ; N - Metal 
bellows; D - Photomultiplier tube ; F - Anode ; 
R - Inlet and outlet for water cooling; G - Gal- 
vanometer; J - Aluminum filter (9/*); K - Fo- 

cusing cup ; P - Photo-tube power supply. 

The supporting loll 

S° J 

Fig. 6. Section through photographic chamber 
of historadiographic apparatus equipped with 
crystal detector. B Cesium bromide crystal; C-  
Outlet to vacuum system; D-Photomultiplier 
tube ; T - Port for inserting camera ; H - Slide for 
carrying camerathrough vacuum lock ; F -  Anode ; 
V-3-way valve; R - R o t a r y  vacuum seal; J -  

Crank for moving sample. 

The t issue and  reference system are moun ted  over a slit in a metal  disc made from 
brass or stainless steel. I t  is necessary to cover the slit with a very th in  support ing foil. 
The discs are coated with a I" I a lbumin-glycer ine solution, @ 
allowed to dry, and  are then  placed on a wire rack in a 
funnel-l ike conta iner  (Fig. 7). Wate r  is added to a level 
above the rack and  all particles removed from the surface. 
A few drops of a s t andard  1% Parlodion-dye-acetate  solu- 
t ion, as was used in prepar ing a reference wedge, are added 
to the surface and  allowed to spread evenly.  As the Par-  
lodion film begins to shrink,  the water  level is lowered 
unt i l  the film is in contact  with the meta l  discs. The rack 
and  discs are dried in an oven at 45 ° C. The discs are 
separated and  examined after they  have dried. Discs pos- 
sessing mult icolored interference pa t te rns  or art ifacts are 
discarded. 

A source of error f requent ly  overlooked in this  tech- 
nique is the non-un i fo rmi ty  of support ing foils. If this 
membrane  is prepared as previously described with the 
use of a s t andard  1% Parlodion-dye-acetate  solution 
conta in ing  D and  C green @ 6, as used in the reference Fig. 7. Apparatus for preparing 

supporting foils. 
system, it  is possible to determine the thickness of the 
membrane  by  using equat ion (22). The value AT F is obtained,  and  from equat ion (24) 
the per cent var ia t ion  in thickness, Alr/lr may  be calculated. If this value is too great, 
the support ing foil should be discarded, as the unevenness  will produce a large error in 

Re/erences p. 32r. 
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the  mass  de te rmina t ion .  Omission of th is  s t ep  m a y  lead  to  errors of 25-5 o % when the  
t issues ana lyzed  have  small  mass  and  require  reference foils o.3-o. 5 /x thick.  

T h e  re/erence s y s t e m  

The purpose  of the  reference sys tem has a l r eady  been discussed. Several  methods  
for p repar ing  and measur ing  the  th ickness  of thin ni trocel lulose foils required for th is  

/d d v ~  ~ 

Fig. 8. The cut foils are stripped 
from the glass slide by immersing 

it into water. 

sys tem have been descr ibed 2°, 31, 22. In th is  l abora to ry ,  

the  me thod  descr ibed by  CLEMMONS AND WEBSTER 23 is 
in use. Thin,  uni form foils are p repa red  b y  immers ing  
glass slides into a s t anda rd  solut ion of Par lodion and 
D and C green @ 6* in amyl  ace ta te .  Af te r  the  slides 
have  dried,  cut  foils are s t r ipped  from them by  im- 
mersion into water  (Fig. 8). The th ickness  of each s tep 
forming the reference wedge is ca lcu la ted  by  measur ing  
its ex t inc t ion  at  635 m/x. The procedure  requires  a 
comparison,  at  th is  wavelength ,  between a s t a n d a r d  
Pa r lod ion-dye -ace ta t e  p repa ra t ion  in a I cm cuve t t e  
measured  wi th  a Beckman  spec t ropho tomete r  and the  
moun ted  reference foil, whose ext inc t ion  is measured  

with a microcolor imeter .  Equa t ion  (18) was der ived  for ca lcula t ing  thickness  of the  foils 

by  th is  method .  ~t 2 . ( ~ .  J( 
l 2 - -  ( I S )  

dl C2 

C 1 and  C 2 represent  the  concent ra t ions  of Par lodion  in the  s t a n d a r d  solut ion and in the  
reference foil. d 1 is the  ex t inc t ion  for the  s t a n d a r d  solution, and  d~ for the  foil. /,J is a 
cons tan t  correc t ing  for the  weight of the  dye t h a t  was added  to the  Par lodion.  K also 
correc ted  for differences in the  half  band -wid th  charac ter i s t ics  of the  two ins t ruments .  
The procedure  can be fur ther  s implif ied from the following re la t ionship  : 

d, C~ I s 
d~ = C 2 l e (I9) 

ds is the  ex t inc t ion  for a s t a n d a r d  foil of thickness ,  L, having  concent ra t ion  C,; 12, C 2 
and  d2 are values  for the  unknown foil as defined above.  C~ and C 2 are equal,  as the  weight  
per  uni t  volume of the  foils is independen t  of foil thickness.  

12 = d ,  " ~t~ (-'o) 

As the  L a m b e r t - B e e r  law can be appl ied  to the  system,  a new cons tant ,  K N ,  can be 
defined, and  equat ion  (2o) reduces  to (22). 

l~'x - (-, l ) 
d., 

l s - -  A'\ , .d  2 (._,) 

/, : -Y~ (-'3) ~r. ,4 

w = weight  of the  s t a n d a r d  foil 
9, - dens i ty  of the  foil ma te r i a l  
A = area  of the  s t a n d a r d  foil. 

* National Aniline Division Allied Chemical and Dye Corp., New York 0, N.Y. 
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The concentration of dye in the nitrocellulose foils can be varied by altering the 
amount of Parlodion* used in preparing the standard Parlodion-dye-acetate solution. 
The concentration of dye in the acetate solution is constant. When a small amount of 
Parlodion is added to the dye-acetate, evaporation of the acetate leaves a high concen- 
tration of dye in the Parlodion ; the opposite occurs when a large amount of Parlodion is 
used. The Parlodion alters the viscosity of the dyed solution, and the viscosity deter- 
mines to an extent the thickness of the Parlodion foils formed by immersing slides into 
the Parlodion-dye-acetate solution. Fig. () gives the extinctions obtained for foils of 
varying thickness prepared by using I-4°'o concentrations of Parlodion in acetate. 

0t  

3 0  

.01 

~ 5  

4% 3% 2% *% 

2O 
All .04 

L2~ ~ 

.0| 

. . . . . . . . .  o!2 o!4 °'6 o!. 
d~ T 

Fig. 9- Graph  r e l a t i ng  th i ckness  and  e x t i n c t i o n  Fig. io. Er ro r  in e x t i n c t i o n  for va lues  of t r ans -  
of dyed  foils p repared  from 1 - 4 %  Par lod ion .  m i t t a n c e  a s suming  the  u n c e r t a i n t y  in T is o.ot .  

The accuracy of the method is primarily dependent upon the reliability of the pho- 
tometry  in determining d 2 with the microcolorimeter. In arriving at this photometric 
error, the relationship between transmittance,  T, and extinction, d, is considered ~,25. 

I 
- - -  = T d = loglo 7" 
Io 

,'ld ~| T 
d = T d  " ° '434  (24) 

The fractional error in d for any uncertainty AT in determining T is given by equation 
(24). A T is obtained by taking several readings of T for the same foil, and may be taken 
as the standard deviation of the measurement. In most cases, A T may be the inaccuracy 
in reading the transmittance scale (O.Ol-O.OO5). Figs. 9 and IO may be used together 
to determine the uncertainty of the d vahle for foils of varying thickness. 

The probable error in the thickness of a foil as calculated in equation (22) is given 

in equation (25). :112 = [(d~zJKX)2+ ( K x z J d ~ ) ' z ]  ~- (25) 

Ad s is calculated from equation (24). 
AK:v may be determined from the experimental determination of Kx. Conditions 
may be selected so that  the error in K,~. is minimized (I-2 %). This is done by having a 
standard foil thick enough to give an accurate determination of ds and one that  can be 
easily weighed with an accurate microbalance. The only significant erroI results in deter- 
mining the thickness of very thin foils ( <  0.5/~) when the transmittance of the foils is 
high. I t  is seldom that  reference foils of less than 0.3 /~ are required. The error for this 

* Mal l inck rod t  Chemica l  ~,Vorks, New York,  N.Y. 

R e f e r e n c e s  15. 3 2 I .  
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o~ s tandard  dye-Parlodion-acetate  solution, is only o, The colori- thickness, using a 1 .o 3-5 'o. 
metric method for thickness measurements  can be used for foils as thin as o.15 /x. There 
are interferometric methods that  can be used to measure the thickness of extremely 
thin foils, but  great accuracy in measuring foil thickness does not increase the accuracy 
of tile mass determination.  If  the mass absorption coefficient for the reference material 
is lO9O at 8 A, a foil o.15 ~ has a t ransmit tance to the X-rays  of o.97, and on increasing 
the thickness IOO %, the t ransmit tance  is only reduced to 0.95. A high degree of accuracy 
in measuring the thickness of the extremely thin foils will not  overcome the photo- 
metric error in determining the mass of a structure with very high t ransmit tance to 
X-rays. 

DJUrLE AND HALLEN 26 have described an interferometric method for determining 
the thickness of nitrocellulose foils. The uncer ta in ty  of the method was stated to be 
o.o28 /, (dl 2 o.o28) and the authors give this value as I o,o of thinnest  foils tha t  they  
used. This would indicate tha t  the thinnest  foils used by  these workers were 2.8 /,. The 
water content  of embedded tissues has been replaced by paraffin, which is removed prior 
to taking a historadiograph. A 5 /* section of tissue originally containing 5 o% protein 
and 5O°.o water would require a reference foil approximately  1.3 /x thick. This would 
indicate tha t  DJURLE AND HALLEN have represented the error in measuring foils used 
for tissues possessing a very  high protein content ,  or for tissue sections greater  than 
IO/x thick. The error of the colorimetric method is approximate ly  5 °o for foils o.I o.2/,  
thick, compared with an error of 15-25°o for DJURLE AND HALLEN'S method  when 
used in the same range. Interferometric  methods of greater accuracy are available, but,  
as discussed previously, these methods will not  increase the accuracy of the historadio- 
graphic procedure, as the uncer ta in ty  in determining the X-rav  absorption for very thin 
foils becomes the limiting factor. 

The colorimetric method is accurate and provides a quick means for scanning the 
support ing foils and each step of a reference wedge in order to detect any non-uniformity 

) 

i 

i i 

I I 

Fig .  I I. P u n c h  for c u t t i n g  s m a l l  
d i scs  of fi lm. 

direct contact  with the emulsion side of the fine-grain 
film and then exposed to X-rays. The historadiographs are developed in filtered solutions 
and  then dried under  dust-free conditions. The films can be held in a rack as illustrated in 

Re/erences p. 3 2 r .  

in thickness. The measurements  of d 2 are made after the 
foils are mounted,  as i l lustrated in Fig. 4. I t  is possible 
to have direct recordings of readings across the wedge 
when the microcolorimeter is used with a motor  driven 
stage and a recording galvanometer .  Another  advantage  
of the colorimetric procedure for thickness measurements  
is tha t  the microdensi tometer  used for reading the histo- 
radiographs is easily conver ted to a microcolorimeter 
and this eliminates the need for addit ional expensive 
apparatus.  

Developing the historadiograph 

Discs of film (15 mm in diameter) are punched from 
6 :, 9 cm sheets of film with an altered riveting machine 
(Fig. I I ) .  Ext reme care in handling the film is necessary 
to avoid dust  particles, scratches, and finger prints. The 
metal  disc, with tissue and reference wedge, is placed in 
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Fig. 12. A rack of this type is convenient, as it may be used to hold the preparation for 
staining procedures after the historadiographs have been taken. 

Two types of film have been used for the historadiographic 
procedure. Gevaert-Lippman film and Eastman 649 film have 
been found satisfactory. ENGSTROM AND LINDSTROY127 and 
BELLMAN 2s have discussed the properties of some microradio- 
graphic films. The developer recommended for the Lippman 
film is the following: 

G-2o 9 A Pictol-Hydroquinone Developer 

Pictol 4 g [ P  
Sodium sulfite (cryst.) 13o g 

or anhydrous 65 g 
Hydroquinone IO g 
Sodium carbonate (cryst.) IiO g 

or anhydrous 45 g Fig. 12. Holder used in devel- 
Potassium bromide 5 g oping and drying the histo- 
Water  IOOO ml radiograph. 

The following data apply to Lippman film: 

Speed : A very slow emulsion at 5 kV; it is 300 × less sensitive than standard X-ray film. 
Contrast: A gamma of 3-5 when developed for 6 minutes. 
Grain: 5oo linear enlargements without grain. 
Developer: G-2o9A, develop at 18 ° C for 6 minutes. 
Darkroom Light : Lippman film can be treated under a bright red or yellow light. 

Microdensi tometry  

The historadiograph is placed between a glass slide and a cover glass which is then 
taped to the slide. The mounted film should be inspected for "Newton 's  rings". These 
rings may appear frequently and are formed by interference in the air film trapped 
between the historadiograph and the cover slip or slide. The colored pat terns act as 
miniature filters, absorbing a portion of the light path  through the densitometer, and 
therefore introduce large errors. 

Direct and indirect procedures have been used for the microdensitometry of the 
historadiograph. The indirect method involves making a photomicrograph of the his- 
toradiograph in such a manner that  the structure and the reference appear on the same 
photographic plate. This procedure has all of the problems encountered in photomicro- 
scopy, although it does provide a permanent  enlarged record of the structures measured. 
BRATTGARD et al. 12 state that  this method has a very large error. In the direct method, 
a microdensitometer is used to take readings on the original historadiograph. The in- 
s t rument  used is similar to the microcolorimeter described by POLLISTER 29. An infra-red 
absorbing filter is used to avoid melting the photographic emulsion. The details of the 
apparatus are illustrated in Fig. 13. When a 635 m/~ filter is used, the same instrument 
is used to obtain extinctions of the dyed reference foils. These values are used, as ex- 
plained in the discussion of the reference system, to calculate the thickness of steps in 
a reference wedge. The apparatus  may  be used as a microcolorimeter to obtain other 
histochemical data  to be correlated with historadiographic observations. 

Many readings are required of the dyed reference foils and of their image on the 
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historadiograph in order to construct  a cal ibrat ion curve. To facilitate reading the 
wedges a motor  driven stage was constructed.  This device enables numerous  readings to 

F H 

E 

L K 

A M 

G 

i i 

F i g .  13. Microdensitometer and 
microcolorimeter. 

A Microscope stand: B- Ob- 
jectives on clutchmount; C 
Objective for condenser; D 
Galvanometer: E l'hototube 
power supply; F Phototube 
housing; G Prism: H -Tele- 
scope: K Iris diaphragm ; 
L Bellows; M Motor-driven 
stage; N-F i l t e r  hoMer: O 
Light source (AH 4 or Ribbon 
filament); P IAght source 

housing: R Cooling fan. 

be taken  quickly and is indispensable when a recording 
ga lvanometer  is used. The stage is driven by a 2 RPM 
motor  and moves from o.5-8.o microns per second. Fre- 
quent ly ,  small inhomogeniet ies exist in the emulsion and 
do not become apparent  if only a few readings are made 
on a wedge. With  the motor  dr iven stage, Fig. 14, readings 
are taken down one portion of the wedge and up another.  
Manual  movement  of the stage is used when specific 
s t ructures  are to be measured. Ext reme care should be 
taken at this point,  and it is the most t ime-consuming 
operation. Centering the s t ructure  on the cross-hair of 
the densi tometer  is a tedious manipula t ion ,  as a fractional 
movement  of the stage will move the object several milli- 
meters in the image plane. A gear a r rangement  similar 
to tha t  used in some electron microscopes is used for 
center ing the object to be measured. 

The reading of the historadiograph is done by the 
re la t ive- t ransmi t tance  technique.  In  this technique the 
microdensi tometer  is focused on the historadiographic 
image of the thickest  step of the reference wedge (I a in 
Fig. 15). The sensi t iv i ty  of the i n s t rumen t  is adjusted so 
tha t  t ransmi t tance ,  "I'R3, for this step is I.O. The motor- 
driven stage is started,  and the ~I" R readings across 13, 12, 
11 and I 0 are recorded automatical ly .  Manual man ipu la t ion  
is then used to read the t r ansmi t t ance  of L, which repre- 
sents the image of the tissue specimen. A cal ibrat ion curve 

consisting of the re la t ive- t ransmi t tance  values (TH0-TH3) 
plot ted against  the corresponding thickness of each step in the reference wedge is con- 
structed.  This plot establishes a cali- 
bra t ion  curve for de te rmin ing  the 
"absorpt ion  equiva lent , "  1.,, of struc- 
tures  giving the image I~. The "absorp- 
t ion equiva len t"  is used in equat ion 
(i4Y to calculate mass per t, 3. In the 
case cited, 13 was set for m a x i m u m  
t r ansmi t t ance ;  however, [2, I , ,  or 
whatever  step nearest the t ransmi t -  
tance of the s t ructure  measured in I~, 
is selected for m a x i m u m  t ransmi t t ance  
and  the cal ibrat ion curve constructed 
accordingly. I t  should be noted (Fig. 15) 
tha t  the lower the mass of the object, 
the darker it  will appear  and  approach 
I 0 on the historadiograph. Therefore 

rn 

D 

, I 

0, . . . . . . . . .  ,.o 

Fig. 14 . Motor driven stage. 
A 2 RPM synchronous motor; B Knob for varying 
speed: C -  Clutch for speed control: D - Gears for 
changing direction; E Threaded shaft; F Slide 
carrier; G Glass slide; H--Historadiograph; K 
Shaft for horizontal movement; L -  Shaft for vertical 

movement ; M Reduction gear. 

in set t ing the t r ansmi t t ance  of the corresponding foil image at a max imum,  there will 
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be a greater amplification factor than if the foil had been very thick. The importance of 
this amplification factor will be discussed with photometric errors. The relative-trans- 
mittance method is more accurate than ordinary 
procedures where the clear or unexposed portion of 
the film is set at maximum transmittance.  The errors 
and theoretical advantages of this method will be 
discussed. 

In setting 13 at T ~ I.O, there arises the problem 
of a reference point to check the densitometer for 

TH x TH 0 TH~ TH 2 TH 5 

~ t H l o  0 

I s I o I t I a I~ 

tH x tH O tHt tH 2 )H:5 

Fig. ~5. The historadiographic image. 

drift. Inhomogeneities exist in the film, and therefore 13 cannot be used as a reference 
point. After I3 is read, it is removed from the optical path and a neutral density filter 
inserted and the transmittance recorded. "['he filter is then removed and the readings on 
the historadiograph continued. Drift of the reference point is checked by reinserting the 
neutral density filter and checking the reading. 

Determining the absorption constant, Z~, o~ the re/erence system. 

If direct measurements of Ix 1 and Ixo are made of X-rays through foils of known 
thickness, equation (26) may be used to arrive at the "mass absorption constant",  ZR, 

log e Ix~ = Z.m (26) 
Ia 0 

of the reference system. Technical problems have made the measurement of soft X-rays 
difficult, and therefore ENGSTROM AND LINDSTROM 6 obtained values for their constant 
from a chemical analysis of the reference material and the use of equation (4). The mass 
absorption coefficients for the elements were obtained from physical tables. A correction 
factor was introduced to correct for hydrogen. In this procedure the X-ray source 
was treated as if it were monochromatic, although the characteristics of the X-ray 
beam are as illustrated in Fig. I .  The mass absorption coefficient was expressed as 

( ~ C N O  "kH2~, where ( ~ C N O  is the absorption coefficient for a CNO reference and kI~ R 
O / R  \ ~ / R  

~0]~-~ is the correction for the hydrogen content of the reference 
material. 

In this laboratory a modified scintillation counter has 
been introduced into the historadiographic apparatus de- 

& scribed by CLE1VI1VfONS AND APRISON a~. This accessory permits 
II Illll ~ an accurate measurement of X-ray intensities, Ix1 and Ixo, 

I 
through foils of known thickness while under conditions 
identical to those present when recording a historadiograph. 
The detector consists of a cesium bromide crystal mounted 

~-C at the end of a lucite rod which projects into the photographic 
~ B - -  chamber of the X-ray apparatus (Fig. 5 and 6). At the oppo- 

site end of the rod is at tached an RCA-IP2I  photomultiplier 
o 5 
L ,  , i , _, tube connected to a Farrand power supply and a sensitive 

Fig. I6. Crystal X-ray galvanometer.  Another type of detector is described in Fig. 16. 
detector. 

A-End-windowpho tomul t i -  In this detector an end-window photomultiplier tube is in- 
plier; B Cesium bromide troduced into the photochamber and sealed by an "0"  ring. 
crystal;  C -  "O"  ring seal. The cesium bromide crystal is placed in direct contact with 
the end window. This detector is more convenient to use and has greater sensitivity. 
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To determine the "mass  absorption cons tant" ,  Zj~, the X-ray  beam is stabilized 
and the Ix o reading taken;  then a foil of known thickness, mounted  on a special disc 
and camera (Fig. I7), is introduced and the Ix0 reading recorded. The camera is easily 
displaced by turning the crank " J " ,  as illustrated in Fig. 6. The results of this pro- 
cedure with varying thickness and voltage are given in Fig. 18. I t  is possible to calculate 
the "mass  absorption cons tant , "  Zu, at any potential  for the reference material  from 
these curves. In this determination there is no need to correct for hydrogen.  The "mass 
absorption cons tan t"  arrived at by  this procedure is more correct than are values ob- 
tained by chemical analysis of the reference material  and the use of physical constants  

1 

Fig .  17. S p e c i a l  c a m e r a  a n d  d i s c  fo r  u se  
w i t h  c r y s t a l  d e t e c t o r  in  t h e  d e t e r m i n a t i o n  

of  Z p  a n d  Z R. 

at a single wavelength.  
A o.73 /x reference foil has an extinction of o.oSz 

in the X-ray  beam (2 kV 9ff A1 filter). Parlodion has 
a density of r.59. 

2. 3 x o .o81 
Z I ¢ -  - -  [ 0 o o  

I. '59 X 0 .73  ¢ so  ~ 

~O 

2.5 

2 0  

, 5  

Lt jU 

~O 

03 06 09  12 r5 18 21 24 27 30 

Fig .  ]8 .  G r a p h  r e l a t i n g  e x t i n c t i o n  a n d  t h i c k n e s s  fo r  
X - r a y  t u b e  p o t e n t i a l s  f r o m  2 4 kV.  

Delermining the mass absorption constant, Z p, o~ protein 

In some instances it is possible to determine the "mass  absorption cons tant" ,  Zv 
of various proteins and other  tissue components  to increase the accuracy of the mass 
determination.  An accurate estimate of these values extends the usefulness of the pro- 
cedure. Albumin-fibrin clots are formed as previously described. A sample of the fixed 
material  is analyzed for its nitrogen content  to obtain a constant  for convert ing ni- 
trogen content  to grams of protein. Sections (5-I5 tz) are cut from the paraffin embedded 
material  and mounted  on I × 3 glass slides tha t  have been dipped into a s tandard  dye- 
Parlodion-acetate  solution. One of the slides prepared for the reference system may  be 
used. One side of the slide is cleaned with ethyl acetate so tha t  a thin dyed nitrocellulose 
foil remains on one side only. The "d2" value is obtained over a uniform area of the slide 
and the thickness of the foil calculated. The paraffin section of the s tandard  is placed on 
this area. A I cm 2 area is cut in the section, pressing hard enough with the knife to cut 
the underlying foil. The preparat ion is then stripped from the glass slide by immersing 
it in water, as il lustrated in Fig. 8. The sample is then mounted  on a special disc (Fig. I7), 
tha t  has been covered with a thin support ing foil of known thickness. The mount ing  is 
done on water  as in the preparat ion of the reference system. When the sample is d ry  
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the disc is placed in the special camera (Fig. 17) and introduced into the historadiographic 
apparatus where Ix 1 and Ix0 readings are taken with the crystal X-ray detector. Readings 
are taken at different X-ray tube potentials so that  the "mass absorption constant" is 
known for different wavelength regions. The sample is then carefully removed from the 
disc by immersing it in ethyl acetate. The sample is washed by adding solvent, cen- 
trifuging and then decanting the solvent. This procedure is followed by a Kjeldahl 
digestion and nitrogen determination. The weight of the sample is calculated by using 
the factor determined above. The area of the sample was measured, and from the ni- 
trogen constant, it is possible to calculate the weight, rap, of the protein per cm 2. The 
Ix 1 and Ix0 values are used to calculate the extinction, dr. This value is the extinction 
for both the protein and the underlying nitrocellulose foils. The thickness of the under- 
lying foil is calculated, and from Fig. 9 the extinction, dx, of this foil is determined. The 
calculation of the "mass absorption constant" is made by substitution into equation (27). 

d T -  d r = Z p . m p  (27) 

The calculation is made for varying mass of protein. As polychromatic X-rays are being 
used, the value is not constant for all values of mass, although it is generally constant 
for the small range encountered in historadiography. 

The "mass absorption constants" for other proteins or non-proteins may be deter- 
mined in a similar manner. The standard is prepared as above, but a known amount of 
substance, X,  is added to the albumin-fibrinogen solution. A nitrogen determination is 
made and the procedure outlined above is followed. The "mass absorption constant",  
Zx, of the added substance is determined by substitution into equation (28). 

= %P d T - - d  x Z p ' m  T .  / + Z x . m T . ° / o  X (28) 

In the above equation, mr  is the total  weight per cm 2 of the preparation. % P and 
% X are known from the amounts of each used in preparing the standard. 

In equation (28), X could represent bone salts, glycogen, etc. The determination of 
the constants for bone salts would be of value in studies of early ossification mechanisms. 
In this experiment the bone salts of one limb of an animal are extracted, precipitated 
and then redissolved in a known amount of the albumin-fibrinogen solution. The weight 
per cm 2 of the sectioned standard is determined from the nitrogen constant of the 
standard clot containing the added component. The dr and dx values are determined. In 
this procedure equation (28) is used, and the "mass absorption constant" is for "bone- 
salts" and not for any individual element or salt. The procedure is useful in determining 
the ratio of bone salts to protein matrix in the early stage of bone formation. During 
this stage of ossification it is possible to obtain thin tissue sections without decalcifying. 
Historadiographs may be taken of the tissue sections and the absorption of X-ray related 
as in equation (29). 

d B = Z p . m p  -7 Z~'ms (29) 

Z~ is the "mass absorption constant" of the bone salts as determined with equation (28). 
Equation (29) represents the case before decalcification and dz~, the extinction value. 
Z v is the mass absorption constant of the protein matr ix  and mp and ms the mass per 
cm 2 of the protein matrix and the bone salts respectively. When decalcified, the absorp- 
tion of the X-rays may be expressed as follows: 

dA = Z p ' m p  (3 ° ) 

where d~ represents extinction value following decalcification. 
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Substracting (30) from (29): 
d B - d  a = Z s ' m  s (31 ) 

I t  is possible to determine the ratio of bone salts to protein by  the calculation of mp 
and m,, using equations (30) and (31). 

The discussion demonstrates how the "mass absorption constants" may be determined 
and then used to gather more definite information about tissue components. In some 
cases the experimentally determined "mass absorption constants" for various substances 
will be very different. Knowledge of this is of value in ascertaining the influence a high 
concentration of this material will have on the total  mass determination when basing 
calculations on the "mass absorption constant" of an average protein. 

A 6.3/~ section of 20.6% protein standard absorbed X-rays (2 kV) to the same extent 
as a 0.73 /, reference foil. 

0.206 ~ 1o 1~ ~: 6. 3 
- -  1 .  3 X I O  4 g / t i l l  2 

~ J ~  - -  I O  8 

F r o m  Fig.  18 

12 0.73 
= 9 . ' . - - -  = o.o81 

dx 9 

[x  1 
- - l o g e  I ~ o  = Zp. mp 

Zp 2. 3 X o.o81 
1. 3 :< IO 4 -- 1415 

Z R 16oo 
B - -  1 . 1 3  

Zp 1415 

Expression o/photometric error as influenced by hardness o/X-rays, mass o/the absorbent, 

and uncertainty in photometry o/the historadiograph 

Photometric error may be defined as the error in mass resulting from an uncertainty 
in measuring the intensities of the X-ray beams (Ix1 and Ix0). In a direct method it is 
the error in the direct measurement of Ix I and IXo with a geiger counter or the crystal 
detector previously described. In the indirect or photographic recording of Ix~ and Ixo, 
there is a photometric uncertainty in measuring intensities (I~, and IH0) of the visible 
light through the historadiograph which produces an uncertainty in measuring the 
X-ray intensity. In order to arrive at the photometric error in the indirect procedures 
one must establish the relationship between photographic blackening and X-ray in- 
tensity. 

Direct measurements." In arriving at an expression of photometric error in quanti- 
tative historadiography the Lambert-Bouguer law 1 and its application to the absorption 
of X-rays by the nitrocellulose reference system and tissues under analysis is considered. 
The relationship between transmittance, T, and extinction, d, is as follows: 

d~ = k_ l O g l 0 T  x Tx  = Ix~ 
Jx  o 

,J d x ./I T x 
-0 .434 (32) 

d x Tx  log10 Tx 

In equation (32) Ad./d. is the error in extinction for any uncertainty, ATx, in measuring 
the X-ray transmittance through the absorbent and may  be expressed for any value of 

Re/erences  p. 32z .  



VOL. 17 (1955) QUANTITATIVE FIISTORADIOGRAPHY 313 

transmittance from o-I.O. A plot of Ad/d for values of T is given in Fig. IO. This curve 
has been referred to as the Twyman-Lothian curve. Since, in the direct procedure, d, is 
in direct proportion to the mass of the reference system or the unknown protein mass, 
Ad,/d,  is a direct expression of the error in mass resulting from any uncertainty, A Tx, 
in measuring T:~,. 

Adx Amp 
(33) d x mp 

Fig. IO was constructed assuming AT equal to o.oi. I t  is evident that at very high or 
very low transmittance values the error becomes 
large. Low value.s of Tx are seldom encountered 
in the direct historadiographic procedure, as an 
increase in tube potential will increase the trans- 
mittance of the absorbant. In indirect methods, 
however, low transmittance values are encoun- 
tered in the densitometry of the historadiograph. 
The transmittance for varying thicknesses of 
reference foils is given in Fig. 18. Fig. 19 com- 
bines data from Fig. IO and Fig. 18 and is an 
expression of the error in the mass determination 
of an unknown structure absorbing to the same 
extent as foils of thickness 12. This is the expec- 
ted error in mass when there is an uncertainty 
of o.oi in measuring Ixl / Ix  o directly with a coun- 
ter or similar device. 

iil 

Fig. 19, Representa t ion of the error in 
measur ing the mass of s t ruc tures  having  
different absorpt ion  equivalents,  for the 

2-  4 kV range. 

The thickness of the reference wedge required for the analysis of a tissue may be 
estimated from equation (34). 

Mp" OP .Is 
l ,  --  Or (34) 

i .59 

l 2 is the required thickness of the reference wedge, or the "absorption equivalent"; 1s is 
the section thickness ; Mp is the protein concentration in the tissue ; ~, is the density of 
the nitrocellulose reference, and Qp is the density of the average protein (1.3o). A 5 /~ 
section of tissue with protein content of 20% requires an absorption equivalent, l~, of 
o.513 ~. The protein concentration is arrived at from the wet and dry weights of fresh 
tissue slices. This value is only a crude approximation because of the heterogeneous 
distribution of water and the variability of the non-protein constituents in tissues ; how- 
ever, it permits an estimation of the foil thickness to be used as a reference wedge. 

In Fig. 19, it can be seen that at 2 kV an uncertainty of o.oi in measuring Ix l / Ix  o pro- 
duces a 7 % error in the mass determination of a structure absorbing X-rays to the same 
extent as the o.513 ~ foil. The error in mass for this foil is greater than 15 % when the 
X-ray tube potential is 4 kV. It  becomes evident that there is a great advantage in 
using low tube potentials and even then the error for a o.513/~ foil is above 5 %. Equation 
(14) is used to convert the "absorption equivalent" to mass per/,a for any tissue section 
thickness. High X-ray tube potentials are used only when very thick reference foils 
would be required to match the absorbance of the sample. 

The above discussion expresses the error for an ideal system where X-ray absorption 
is measured directly. A detector of the type described previously cannot be used for X-ray 
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absorption measurements in historadiography due to the demands, as far as resolution, 
in measuring cellular structures. I t  is necessary to rely on indirect methods as recording 
the image on fine-grain film and subsequent microdensitometry to arrive at the values 

of Ix l and L~ 0. 
Indirect measurements. In the indirect method there is again interest in the density, 

intensity, and transmittance relationship. X-rays produce a certain opacity in the 
photographic film after being partially absorbed by the tissue. This opacity, OH, is 
related to the transmittance of the light required to measure it in accord with 

equation (35). 

I H,  : IHa dH~ h)gl°  [ H , ,  = IOgl° OHx (35) 
I H  0 

The amount of metallic silver in a unit area of the image on the historadiograph is 
closely proportional to the photographic density, 

,2C 

I00 

s o  
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Fig .  2o. E x p o s u r e  a n d  h i s t o r a d i o g r a p h i c  
e x t i n c t i o n s  a r e  i n  l i n e a r  r e l a t i o n s h i p  w i t h  
L i p p m a n  f i lm o v e r  t h e  e x t i n c t i o n  r a n g e  

u s e d  in  h i s t o r a d i o g r a p h y .  

d. .  Photographic density is measured by sending 
a beam of light, IH0, through the area and measu- 
ring the fraction of light Ira ,  that  emerges. The 
ratio IHUIHo is called the transmittance, tin, of 
the image, and the reciprocal of this is the 
opacity, 0 m. When working with X-rays the 
extinction, dH, is found to be proportional to the 
exposure of X-rays producing the silver deposit. 
Fig. 20 indicates that  there is a linear relationship 
between the X-ray exposure and the photogra- 
phic density, dH.,. The shape of this curve should 
be determined for each pack of film. Assuming 
the reciprocity law for the and intensity, the 
following relationship is established: 

1:~ ] dH r logto  IH~ Tx= - = - -  (3~) 
Ix  o dH o log10/H o 

For direct measurements with a counter, the error in d. for any value of T., and uncer- 
tainty, A Tx, is given by equation (32), and for indirect photographic measurements, the 
error in d. is given by equation (37) 

(37) 
d.~ dHx dH~ 

\ ~ - / -  a H o 2  _ ( 3 s )  

Adu./dm and Aduo/dHo are errors that  arise from two independent density measurements 
on the historadiograph and are calculated from equations (39) and (4o). 

Adr~° A I H ° ' ° ' 4 3 4  (39) 
dH o IH o • --- lOgl0tH o 

/ldH ~ AlHx" O.4 34 
- ( 4 0 )  

dHv tH ~ . . . .  loglo lH r 
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The value A(dHx/dHo) may be used in equation (37) or substituted for AT~ in equation 
(32). When the latter is used, an approximation of the accuracy can be obtained by using 
the data in Fig. 18. Thus by knowing the approximate water content of the fresh tissue 
and the section thickness to be used, one may determine the region on the Twyman-  
Lothian curve that  measurements are being made and thereby estimate the error. When 
an estimate of error has been made, it is possible to ascertain the gain in accuracy ob- 
tained by increasing or decreasing tube potential, or by varying the thickness of the 
sample. 

In equation (37), A(dHx/dHo) is the uncertainty that  exists in the photographic 
measurement of X-ray t ransmit tance.  AtH in equations (39) and (40) is the uncertainty 
in measuring the transmittance of visible light through the historadiograph. The value 
for tH may range from 0.05 to 0.80 depending upon the time of exposure to X-rays. An 
u n c e r t a i n t y ,  AtH, for values of t H will give rise to errors in d H which are related to Tx in 
accord with equation (41 ) 

Arx = A( ,l(aHx  
\ IXo ] = \dHoHo / (4I) 

A Tx is influenced by the transmittance of the historadiograph and the uncertainty, AtH, 
in measuring this transmittance.  The error in measuring the extinction of a historadio- 
graphic structure is at a minimum if its t ransmittance is o.38 (Fig. IO). If the historadio- 
graphic image is that  of a o.513 ~ nitrocellulose foil, then Tx for this foil at 2 kV is o.8I. 
(Fig. 18). If the transmittance,  tHx, is O.38, then trio can be calculated with equation (36) 
I t  then becomes possible to determine A (dHx/dHo) by using equations (39), (4 o) and (38) 
Since A(dHx/dHo) is equal to ATH, it may  be substituted for it in equation (32). I t  is 
found tha t  an uncertainty of o.oi in measuring tH, gives rise to AT, = o.o 3. This uncer- 
ta inty  in measuring the transmittance of a o.513 tx foil gives rise to a 2o% error in its 
mass determination. I t  can be stated that  a simple value cannot be assigned to the photo- 
metric error in historadiography and have it represent the error in mass. One may deter- 
mine from experimental data  the uncertainty in photometry  and then calculate the 
reliability of the mass determination at a given mass range and X-ray tube potential. 
I t  is noted in the above calculations that  the error in mass for a o.513 t~ foil, resulting 
from both direct and indirect measurements of I~  and Ixo is relatively high even with 
a small photometric uncertainty. This is because of the high transmittance of the sample. 
Greater accuracy is achieved by direct methods. The error in the indirect method be- 
comes even larger if the transmittance values, tH, of the historadiograph are above or 
below o.38 , as is frequently the case. 

The relative-fransmi#ance technique 

The photographic method of recording X-ray intensities will give rise to a greater 
error in determining mass than would direct methods if the latter could be used in 
quanti tat ive historadiography. The high density values generally encountered in photo- 
graphic methods have definite advantages. This fact becomes evident in the relative 
transmittance technique and provides a unique method for obtaining the high degree of 
accuracy required for measuring X-ray intensities in historadiography. 

Relative transmittance methods in colorimetry have been discussed by GRIDGE- 
MAN 25 and HISKEY a°. The principles of the technique are readily adapted to densitometry. 
In ordinary photometry  the blank is placed at IOO % transmission and then transmittance 
values are obtained on standards for the construction of a calibration curve. In the 
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relative-transmittance technique, one of the standards is placed at Ioo % transmission, 
and the transmittance of the other standards and the unknown are then measured. 

~t~ G 

? , ", - . ~  .,~ .~ .~, .6, .: .8, .? ,? 
tH 0 IH I tH 2 tH,.~ ¢HIO O 

8 T  H R-T  

0 .l l '~l , "11 - -  4, ~ 61 "~I , .Ell ,? i.Oi 
TH O TH, THat T:~ 3 

Fig. 2 ~. I l lus t ra t ing the "scale-stretching" principle 
in the re la t ive- t ransmit tance procedure. 

O -  Readings for ordinary pho tome t ry ;  R - T  The 
same sys tem read using the re la t ive- t ransmit tance 

principle. 

The standard having transmittance 
close to that of the unknown is the 
one selected to be set at io0% trans- 
mission. An understanding of the 
method can be obtained from Fig. 21 
and Fig. 23. The method provides a 
convenient procedure for stretching the 
scale and thereby increasing the accur- 
racy of the readings. 

Theory. The absorption of visible light by the historadiograph can be related to 
the concentration of silver in the film resulting from exposure to X-rays. If Q. and C O 
represent the concentration of silver particles in the image of the reference and clear 
space (t~ o, Fig. 15) respectively, equations (42) and (43) represent the relationship 
between concentration of silver particles and the light intensities through the area where 
the silver is concentrated. 

dH o . . . .  l{}gl0 lH o ~ k 'C  O (4 2) 

dHx = - -  logx0 tHr ~ k "Cx (43) 

dH o - -  dHx = k(AC) 

lHo _ TH ° 
tHx 

--logl0THo = k(AC) (44) 

His~:~zv 3o has shown that the error in measuring concentration by the relative trans- 
mittance procedure is given by equation (45) 

AC o.434-AT H 
- -  ( 4 5 )  

C TH ((--loglo TH) + (--lOglo tH)~ 

ACx/Cx and ACo/C o are calculated by substituting the appropriate values THo , tHo or 
Tin, tHx in equation (45). AC/C ~ ddH/d~ and therefore equation (45) expresses the 
error in measuring extinctions by the relative-transmittance method. 

Equation (46) is the general expression for determining the error in mass for a given 
photometric uncertainty. 

Amp dH02 ] "0'434 

mp T x log10 T x (46) 

While equation (37) represents the uncertainty in measuring the intensity of the 
X-ray beam by ordinary photometry of the historadiograph, equation (45) represents 
the uncertainty when the relative-transmittance method is used. Assuming that the 
"absorption equivalent" of the unknown structure is o.5I /z, it becomes possible to cal- 
culate the expected accuracy of the mass determination when the relative transmittance 
procedure is used. The transmittance values trio and tH, are the values obtained pre- 
viously, but must be converted to relative-transmittance values. Taking the special case 
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where the "absorption equivalent" is equal to the absorption of the standard wedge 
tha t  is set at maximum transmit tance,  then THx = I.O, and T,o is calculated from 
equation (47). equation (47). r tH ° 

H o = - -  (47) IHx 

Trio calculated from equation (47) is 0.82. Equation (45) is then used to calculate 
Adn~/dH~ by substituting the relative-transmittance, TH, values. A(dHx/dHo) is then cal- 
culated using equation (38). This value is then substi tuted for ATx in equation (32) and 
the uncertainty in dx is calculated, dx is directly proportional to mass, and therefore 
equation (46) is the general formula for calculating error in mass resulting from photo- 
metric uncertainty. With the o.51 /x "absorption equivalent" the photometric error in 
mass with the relative t ransmit tance procedure is lO%. This value could be reduced by 
having lower values of tm as is indicated in Fig. 22. The curves in Fig. 22 were constructed 
assuming ATH equal to o.oi, and give the uncertainty in measuring dH~ by the relative- 
t ransmit tance technique. 

A.O 

o; o~ & o; , o 

Fig. 22. The error in extinction for values of 
relative-transmittance. 
A = --lOglo/H x. 

24 
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O~ / 
/ / /  x6 RT 

/ . /  
/ / / / ' /  

,/ / 
20 30 40 $0 60 ?0 80 90 {.00 ;tO 

Fig. 23 . The theoretical calibration curve. 
Curve O -  Ordinary photometry; 
Curve R - T -  Relative-transmittance. 
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i 
1.44 

Lt~  
i.oo 

.50 t, 
1.20 T, 

Fig. 23 demonstrates the value of the relative t ransmit tance technique. Curve "O"  
represents readings by ordinary photometry.  Curve "R-T"  represents the calibration 
curve for the relat ive-transmittance procedure where tHx was o.14 and then the sensi- 
t ivi ty  increased until THx was 0.85. This was equivalent to "stretching" the trans- 
mittance scale 6 times. A T H may increase, as the sensitivity is necessarily increased to 
"s t re tch"  the scale. A TH may also increase due to amplifying artifacts in the emulsion. 
If  A TH increases in proportion to the increase in sensitivity there will be no gain in 
accuracy with the relat ive-transmittance method. I t  is obvious that  dust-free film, a 
uniform emulsion, and a stable densitometer are of great importance in achieving high 
accuracy. 

Calibration curves 

In establishing calibration curves it is necessary to have an understanding of the 
values plotted and the expected shape of the curve. I t  becomes possible to plot a theore- 
tical calibration curve, similar to Fig. 23, by knowing the shape of the intensity-density 
curve. Fig. 23 was constructed assuming a linear response of the photo emulsion, which 
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T A B L E  i 

. - l o g l o t H x  
d~ I~ No. IH 0 IH.t - I°glOIHo ---l°glOtH~ ~lOglotH 0 . 

I 0 .05  0 .06  I "3 1.22 0 . 9 3 8  0 . 0 2 8  0 .25  
2 O.O 5 0 . 0 8  1.3 I .  IO 0 . 8 4 5  0 . 0 7 2  0 .65  
3 o .05  o A o  1. 3 I.OO o .77  ° o . I  12 I .o2 
4 0 .05  o. 12 1.3 0 .92  o . 7 0 6  o. 15o ~ .35 
5 0 .05  o. [4  1.3 0 .85  0 . 6 5 5  o. 183 1.65 

(--lOglotHx ] 
d~ = - - l o g a 0  \ Z ~ /  

was justified by the data plotted in Fig. 20. The time of exposure was such that trio was 
0.05 (Table I). If the structure radiographed does not absorb strongly, the tH, values for 
it will be close to o.o 5 and therefore tH, values of O.O6-O.14 were selected. The relation- 
ship between these values and d~ is expressed in equation (48). 

I ,  .... l og ,0  dH x {--loglotHx~ (48 ) 
lz~-~ d r = - l o g t o T r  = logto  I t  ° - l o g t o d H o  l ° g t o  \ - t o g l 0 t H o ]  

Fig. 18 enables a conversion from the d, values to thickness of the reference foil, which 
can then be expressed as mass of protein per /~2. Thus in establishing the theoretical 

(- -l°~gl°tHx ) is plotted against Trt, whereas in the experimental calibration curve - - l O g l 0  \ _ _ l o g w / H o  

curve l 2 is plotted against T H. The curve is practically linear when thin foils (o-I u) 
are used. 

An estimate of error for the linear portion of the calibration curve is obtained from 
equation (49) 

/Jl 2 ,J THx 
(49) 12 TH., A" 

X is the distance from the intercept to zero. A 7"Hx may be taken as the standard devia- 
tion when reading the unknown structure. This formula does not take into consideration 
the uncertainties that may alter the slope of the calibration curve. The value of the R - T  
method becomes apparent by equation (49) and Fig. 23. If the reference wedge having 
mass near the unknown is set at 7"H = X.00, the value for the unknown will now be 
near I.OO, and for/17" = o.o2, the error in mass will be small. Curve " 0 " ,  Fig. 23 is the 
calibration curve when the historadiograph is read by setting lOO% 7" through the 
unexposed fihn. Curve RT, Fig. 23, is the case if the R-T  method is used. Applying 
equation (49) to these two curves illustrates the advantage of the R - T  method. The 
amplification or "scale stretching" is 6 × for curve "RT" ,  Fig. 23. 

Experimental determination o~ error 

Table I I  and Fig. 24 and 25 present data from an experiment to determine the mass 
of o.I-o4 /x reference foils by using the historadiographic procedure described in this 
article. The reference system was made from a 2 % Parlodion-dye acetate solution, and 
tile unknown foil from a 1% solution. The thickness of the unknown was determined 
by the colorimetric method and then compared with data obtained by X-ray absorption 
(2 kV). The accuracy for this rather ideal system is very good. The deviation noted in 
the experiment was due primarily to photometric error and the relatively small mass 
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T A B L E  I I  

E X P E R I M E N T A L  E R R O R  

No. 12 12 I* 122" I~3" Average % Error 

BI O.131 O.180 O.120 O,I90 O.163 24. 5 
31 0.220 O.240 0.200 O.180 0.206 6. 3 

Eo 0.236 0.250 0.240 o,25o 0.246 4.25 
De 0.446 0.475 0.488 0.438 0.454 4.70 

12 represents  values for unknown  foils whose thickness was determined by  colorimetry. /zI*, 
Iz2*, 123" are the values from three historadiographic measurements  of the same foil. 

3t 
0.5 

o/ 
1.0 

"tti~ 

. . . . . . . . .  0 

' I 
;tO 30 .40 50 60 .70 .8~ 90 tDO ,jlo L20 

Tt4 

Fig. 24 . An exper imenta l  calibration curve. The 
t ransmi t tance  of the image of the thickest  refe- 
rence wedge was set for m a x i m u m  transmit tance .  

I I 
. 5 0  ,60  7 0  ,80 90 IDO UO 

T. 
Fig. 25 . The same as Fig. 24, b u t  read sett ing 
the t ransmi t tance  of the image of foil closest 

to the unknown  at a max imum.  

measured. The error obtained experimentally is in agreement with the theoretical error 
for the foil. This accuracy cannot always be achieved with the biological samples, as 
they contain other factors contributing to the error. 

The unknown foils were prepared from a different Parlodion-dye-acetate solution 
than was used for preparing the unknown foil. This indicates a different constant, K,, 
and therefore the error expressed in Table I I  would check the accuracy of the entire 
historadiographic procedure (Fig. ~5). 

If the experimental foil had been a 5/* section of tissue, the mass/~ 3 would be 8 g 
% as calculated with equation (14) or Fig. 2. 

DISCUSSION 

In defining quantitative historadiographic errors, workers have failed to describe 
the errors in terms of the quantities involved, the X-ray tube potential, and the trans- 
mittance of the material in the X-ray beam. ENGSTROM ~ND MALMSTROM al and LIND- 
STRO~ 32 have calculated the random error to be 26%, assuming photometric error of 
23 %, systematic error in B of 5 %, and an I I  % error in the reference system. The 23% 
error in photometry is to be expected for the mass of the tissues (85% water) and the 
tube potentials (4 kV) used by ENGSTRO~ 6, 31. A 5 ~ section of tissue originally con- 
taining 8o% water would require a o. 5/~ reference foil. In Fig. 19 it can be seen that  the 
photometric error in measuring the mass of this foil by direct methods would be 2o% 
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when the tube  potent ia l  is 4 kV, bu t  reduced to 7 % when the tube  potent ia l  is 2 kV. 
Although BRATTGARD et al. 33 report reducing the photometr ic  error, it should be noted 
tha t  they did not  reduce the tube  potent ial ,  bu t  reported the error obta ined with tissue 
having a high protein content  (2.5"1o -9 gm//~2), amoun t ing  to a 5 o% protein solution, 
providing the section thickness was 5/z. These workers 12, 16, ~3 have consis tent ly  reported 
the use of thick foils and high protein contents  in tissues. In  one case 12 the value 
0.98-lO -12 gm//~ ~ was reported. This would be equivalent  to a 9 8 % protein solution. The 
"absorpt ion  equ iva len t"  for the 5o % protein tissue sectioned at 5/x would be 1.2/~, and 
the photometr ic  error for this  foil at 4 kV would be 3%, assuming ATx = o.oi.  The 
reference system described by ENGSTROg AND LINDSTROM 6,34 is not  as accurate as the 
one used by  BRATTGARD AND HYDEN; however, the accuracy for the reference system 
reported by  these workers was for thick foils (2.8/x) and  the error in their  method would 
be 5--10% for foils of the thickness used by ENGSTROM AND MALMSTROM 31 and ENGSTROM 
AND GLICK 35. The increase in accuracy achieved by  BRATTGARD et al. 3~ is more apparen t  
than  real, as it was brought  about  by working at an ent irely different mass range and 
not  by  improving  the technique.  

The following factors have been demons t ra ted  to influence the accuracy of the 
quan t i t a t ive  historadiographic technique and should be considered before under tak ing  
any  exper iment  : 

(a) approximate  mass of the sample 
(b) accuracy of the reference system 
(c) tube  potent ia l  
(d) accuracy of the B value 
(e) photometr ic  errors 
(f) film inhomogenei ty  
(g) specimen inhomogenei ty  
(h) geometric unsharpness.  

While the error has been discussed for differences in mass, photometr ic  uncer ta in ty ,  
and  tube  potential ,  it should be realized that  Amp~rap also reflects the m i n i m u m  amoun t  
tha t  can be removed from the tissue to produce a noticeable ZlTH. This fact is of im- 
por tance in deciding whether  loss in weight result ing from selective solvent or enzyme 
act ion can be detected by  the historadiographic procedure. 

SUMMARY 

A thorough discussion of the procedures and errors in quantitative historadiography is presented. 
Accessory apparatus is described for obtaining accurate values for the X-ray absorption constants 
used in the calculation of mass. Theoretical considerations are made of the accuracy achieved in 
measuring X-ray absorption with varying tube potential and mass of the unknown structure. The 
use of relative transmittance procedures is described for increased accuracy in photometry. Results 
from an experimental determination of the inass of standards are presented. 

RI2SUMP~ 

Une discussion approfondie des m6thodes et des erreurs en historadiographie quantitative est 
pr6sent6e. Un appareil accessoire qui permet d'obtenir les valeurs exactes des constantes d'absorption 
des rayons X, utilis6es dans le calcul des masses, est d~crit. Des consid6rations th6oriques, qui 
portent sur la pr6cision obtenue dans la mesure de l'absorption des rayons X en fonction de la 
variation du potentiel de tube et de la masse de la structure inconnue, sont expos6es. L'emploi de 
proc6d6s de trausnfission relative, qui augmentent la pr6cision en photom6trie, est d6crit. Ires r6sultats 
de d6terminations exp6rimentales de la masse de standards sont pr~sentds. 
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ZUSAMMENFASSUNG 

Methoden und Fehler im Gebiete der quan t i t a t iven  Historadiographie  werden eingehend er6rtert .  
Eine Nebenappa ra tu r  zum Erhal ten  yon genauen \Verten ffir X-St rahlenabsorpt ionskons tanten ,  
die zum Errechnen der Massen gebraucht  werden, wird beschrieben. Theoretische Bet rachtungen 
fiber die Genauigkeit  von X-St rahlenabsorpt ionsmessungen unter  ]~nderung des R6hrenpotent ia ls  
und der Masse der unbekann ten  S t ruk tur  werden angestellt. Der Gebrauch yon relativen Durchl/is- 
s igkei tsmethoden zum Erhal ten yon gr6sserer Exakthe i t  in der Photometr ie  wird beschrieben. 
Ergebnisse experimenteller Bes t immungen  yon Standardmassen werden gebracht.  
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