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'·· ORIGINAL CONTRIBUTIONS 

A con1parison of the dielectric behaYiour of pure ·wate:r 
and huinan blood at mierovt'ave frequencies 

By H. F. Com~, B.Sc., Ph.D., A.I.M.E.E., F.Inst.P., Department,: Physics A,!ipli<-d to Medicine, 
The Middlesex Hospital, London, W.1 

[Paper received 21 February, 1952) 
Methods used to me:1sure 1he complex dielectric constant of water and blood at frequencies from I · 7 X ]09 to 2 · 4 x 1010 c/s are described. The results obtained for water at temperatures · between O and 60° C are given and analysed with relation to the Debye and the Cole-Cole dispersion equations. The possibility that the dispersion in water is characterized by a narrow spectrum of relaxation times is briefly discussed. The complex dielectric constant of whole humrn blood has been measured at temperatures between 15 and 35° C. The dispersion observed is aHributed enti:ely to water relaxation. It is shown to fit the Debye dispersion cqu.:;.tions if the effects of a frequency-independent ionic condu,:tivity are allowed for. Comparison of the results for blood with those for water leads tc approximate estimates of the erythrocyte intracellular ionic conductivity and haemoglob_in hydration. 

·, nart of the initial stage in investigations of the propagation 
:· ~ •. "pcr-high-frequency radio energy in human tissues, a 
~i·: h:i.s been made cf the dielectric properties of pure water 
J ·L,Je,od in the frequency range 1 · 7 :,,: 109 to 2 · 4 x l 01 o c.' s. 

. : ·,•.JS anticipated that the eiectricai behaviour of these liquids 
.:·jd be similar at such high frequencies, and that a com

. ,:!Son would yield information regarding the electrical 
'.: ~rerties of the intrncellular contents of human erythrocytes 
·~ :heir normal environment 

T!ie anomalous dielectric disi:ersion of water iJt micro-
. ~11: frequendes h:ts been widely in-.-estigated in the past. . 

:·~:; ~erious Jack of agreement between the results of various 
, . · '.y workers h;1s been attrib12ted to several causes, notable 
_··:·)111! these heim? the cse of sc12rces prod~ci.'lg damped 

•1·es~ The adve;t of stable continuous wave sources oi 
, - :::-owaves and improved techniques of measurement has 
... !bicd more reliable measurements to be made in recent 
~::rs. However, ·at the time of the commencement of the 

. · ~sent work serious. discrepancies between the results of the 
)1! re.cent workers were apparent. The work of Connor 

. · J Smyth,(!) Abadie,(2) a.'1.d Saxton and Lane<3> shewed lack 
' ~;;reement regarding the relaxation time when the results 

- ~~c :ma.lysed in tem1s of Debye's dispersion equations:· 
, c• - c.,. . , 

c = ] + (wr)2 + c~ 

,, E'. - £a;. 
£ = ( )2c,r. 1 + WT. 

r = c' '- jc" is the dielectric constant at frequency 
w/2TT, . 

· c• a;id E:oc arc .the low and high frequency values of 
c' on either side of a dispersion frequency region 
(c• is not necessarily the static constant) 

.- is a generalized reiaxation time. 

'.':hile the prerent work wa& in progress Collie, Hasted and 
' >0;1(4) published the results of a c.:ompre.hcnsive investiga

·, uf the dielectric properties of water at microwave fro-
· .. ~-~.;es. They pointed out the discrepancies between 

:-.1(lus workers' results and claimed that their own sati!>ficd 
: lkbyc equations (with a single relaxation time) within 

-: ·._. c:-:pcr;mental error (approximately ± 2 ~~ in both 
0 ~-<l £

0 
). At the same time, the results of workers in 

·- •::ica c;ir,,e to :;.er.~ral notice (Mo;:tgomery(~) :!nd large 
::1:r:,:-cs be!ween these results ::m<l those of Collie and 

oLhers wen~ apparent. Whereas the latter indicate<l a single 
relaxation time for water, the Amedcan results showed a wide 
relaxation time spectrum to be present. Thus the present 
work was contbJed wiih an object additional to the primary 
enc in that a full investigation of the dielectric behaviour of 
,,.,·ater in its disperslon reg.ion might confirm one or other of 
the. above conclusions . 

Jn the case of whole human blood little reliable work in 
any range of f;-equency in the radio frequency spectrum was 
known to the :il.lthor. Work on the blood of various animals 
has b~en reporteJC6;7, s, 9) and the observed dispersion 
discussed in terms of an extension of Wagner's theory for 
inhomogeneous diefoctrics.0°. 11) The only work at fre
quencks hiiher than about 109 c/s is that on whole human 
blood by England and Sharplcs(t:!) and England.03) Their 
method of measurement of the dielectric constant of blood 
in the frequency range 3 x 109 to 2 ·4 x 1010 c/s was not 
well suited to the mea~urement of a material of such high 
dielectric constant and Joss. The present investigation was 
intended to obtain results of higher accuracy than was achieved 
by these workers, and to use similar specimens at all frequencies. 

DESCRIPTION AND PP.INCIPLE OF THE 
EXPERIMENTAL METHODS 

The essential feature of the methods use.d was that the 
measured quantities were largely, or completely, independent ' 
of an air-liquid reflexion coefficient. With high dielectric 
constant materials the measurement of such a coefficient tci 
an accura1.,-y sufficient to oblain ± 1 % accuracy in c' is very 
difficult. Thus methods were employed where the liquid 
propagation constant, o: + jf3, was measured directly, as far 
as possible, to an accuraC'J commensurate with limits of error 
of approximately± 1 % in E' :md ± 2% inc'.'. 

The derivation of the relationships between c' - jc" and 
the propagation constants for materials contained in coaxial 
Jines or wave-guides and carrying travellir.g or standi;ig wa'.1es 
is well known0 4> and it suffices only to state them: 

[ . . (2-:r)2] , ). )2 
£' = fJ2 - o:2 + .).c (217 
,, 2 Q( ,\ )2 £ = a.I-' -

2r. 

whe,e >. = free space wavele.ngtr. .!nd >., = cut-offw:welcngth. 
For c-oaxial Jin•:!S >.c = co for the principal wave, and in 
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H.F. Cook 
the wave-guide it is dep~ndent • on the guide~ ·geometry and 
order of mode. Where>. and >.c &re known to high accuracy 
it f<•llows that, wh~n /32 > a1, to obtain the required accuracy 
in (' - jf." it is necessary to measure fi to within ± 0 · 5 % 
and a to within ± I· 5 %. . . 

(a) Me1hods used at frequencies lower than 5 x 109 c/s. 
To enable a wide frequency range to be covered in one 
apparatus a coaxial line method was employed. This was the 
coaxial version of the twin-wire method used by Knerr05l 
and Cooper(t6}, and is similar to a method described by 
Abadie. A diagrammatic section of the apparatus is shown 
in Fig. I. The the'ory of the method has been given by Knerr 

output 

I I 
cm 

A, resonant air section; 
B, thin mica window; 
C, liquid filled section; 
D, plunger, movement of 
which is measured by 
micrometer or scale and 
vernier, F; · E, liquid 
reservoir. (Not shown 
are the joint in the line 
at B, and the water jacket 
which extends from above 

E to below B.) · 

Fig. 1. Diagrammatic section of coaxial line apparatus 
used at frequencies lower than 5 X 109 c/s 

and Cooper. Briefly, the method consists of varying the signal 
output of the air-filled section (previously tuned to resonance) 
by movement of the reflecting plunger in the liquid-filled 
section. Maxima and minima of the signal output occur and 
are related to the position of the plunger. The maxima and 
minima recur for successive movements of the plunger 

• through Tr/2fi, and their relative amplitudes are related to a. 
The accuracy of the method depends upon: 

(i) the stability of the signal generator output power 2nd 

cut-off attenuator. Frequencies near 3 x IO? c/s '-•· 
measured to an accuracy of± 0·05% by means of a k.", .. 
wavemeter, while other frequencie~ · were measure.! · ± 0· l % by the use of a line wavemeter. The plungi~r rnv .. : 
ment was normally between I and 4 cm, correspor.diw• , . · 
number of half wavelengths in the liquid equal to, or g~c~:: 
than, three. It was measured by a micrometer pro·. :J:. 
length readings accurate to ± 0·01 mm. Temperature• .. : 
controlled by a large water jacket surrounding the appar ~:,_: 
During a set of observations at any one tempernturc :· 
n:mained constant to within ± 0· 1° C except at the hii;;:•;·• 
temperatures employed. The final accuracy of measurer.'.,:: 
of fi was estimated to be ± 0 · 4 %, and of a to be ± 2 ~-•• f . 
water at temperatures near room temperature. Thus the i:,; : 
accuracy achieved for water was approximately ± l ~{ i~ , 

· (fl2 > :x2) and ± 2 · 5 % in £
11

, with somewhat great~r '.i~·., ., 
of error at temperatures lower than 10' C and higher 1:::.. 
30° C. 

At a frequency of 3 x 109 c/s a second method was a: .. 
used for measurements on water. A cylindrical water-fi::· : 
wave-guide (H11 mode) was provided with a movable pid:- .; 
loop. The signal output was fed to an air-filled wave-gl: :: 
section, into which was also fed a constant phase output f;,,
a cut-off attenuator (see Fig. 2). The attenuation in the w~:c 
filled guide was measured directly, and fi w~ obtained fr,: 

--8--

output to 
receiver 

\_ 

F 

r . 
, , , output from 

· :" cut-off 
~: I attenucilbr 

::::~~,. c=c_J 
Fig. 2. Diagram of wave-guide apparatus used 

at 3 x 109 c/s 
A, rack and pinion with scale and 'Vernier; B, water jack•::· C, lossy cable; D, signal generator; E, attenuator; F, rcrr.i;-.. 

gular guide, 3 x 1 iri. 
of the signal detection apparatus; the movements of the pick-up loop providing successive r.· . (ii) the accuracy of measurement of frequency, plunger in the combined output of the air-filled guide. The ac.:cir .. movement and temperature. · · · of measurement of both a and fi was considered to ~ ::: 1 • The klystron oscillators used were operated from we!I- giving limits for f. 1 and E" of ± 2 %. stabilized power supplies derived from automatically regulated (b) Method used at approximately 1010 c/s and2 ·4 x JO!•'• alternators. Their outputs were very stable. Similarly, the Buchanan<m has described a null method of measure:1:,--: · signal measuring apparatus, consisting of a microwave mixer these frequencies, and the·measurements on water a,1d !-' · and intermediate frequency amplifier; was operated on were made using his apparatus at 1010 c/s, and, at th:! hi; independent supplies and · gave very stable amplification. frequency, on similar apparatus set up by HaggisOSl for ·,, · The ·relationship between the second detector current (read on protein solutions. · · · t .• • , on a 6 in, 1 mA full-scale meter) and the relative signal input · Briefly, the principle of the method is that on whk~• : · · to the mixer was established by use ofinputs·from an accurate cylindrical wave-guide method used at 3 x 109 c/s was r.,•-. · 

250 BRITISH JOURNAL OF APPLIED pin·s,, '. 

1 ••••••••••••••• I•······•······· t • • • • • • • • • • • • • • • 

I··············· ! ............... _ 

r·············· 

[PtE .. 
L:::: 
f::::::::::·.· 
.::::.:::::::· 
r:::.·::: .. ·.·.·.·.· 

r::::::::::::::: 
Ir-••:•·-••······ 
1"··············· 
\:::::::::::::::. ~--·· .......... . 

I:•:.·.::·::::::::: ................. 
\············:·· 
1:::::::::::::::. 
!::::: .......... . 

t ........... . 

1 ............... . 

(-:-:-:-:-:-:-::::::···· 

i:::::::::::····. 

r·•·••··········• 
1--·············· 
;::_:_:_.·:.-·.:_:_:_:_:_:_:_:_._. 

L:-

················· ················· ················· r-················ 
,::::::::::::::::: -................ . 
:.-:::::::::::::::. 

f,;;Ji ff;;; 
.. r·--·.·.:::::::·:.::· 

i. ......•..•.....• 

················ ················ ................ 
················ 
················· ················ :.·:::.·:::::::::.·. 
················ ················· .················ 
················· 

fl\',//(':/. 

@'•'~ :,;;, ; '':'!::'.CC i;;~t:,~·:, ·N,ii½;iPiic• • ;,•'ti i: ,;, ; ; ,,~; ii&LlE :;;;-;;;;;,;;;;.=:~;.;- ;=:=. ;;; ;; :;;Zdci ;;g; ,,;;;; '. ' ;~; : 



1 comparison of the diC'lectric b.ehaviour of pure w,ater and human blood at micro11•a1•e frequencies .nid which· followed a suggestion by Buchan.an. At the ANALYSIS OF THE RESULTS AND COMPARISON 
;;:":hl!r frequencies, rectangular wave-guide cells were used, WITH PREVIOUS WORK ::,c l,utputs from this and from a cut-off attenuator being fed (a) Water. :,, the arms of a hybrid tee and thence to a mixer and inter- Analysis. The results for water were analysed in relation 
~,:.Jiate frequency amplifier. Movements required in the to both the Debye dispersion equations and the empirical 
.:::nal pick-up mechanisms of the liquid cell and attenuator to form of these due to Cole and Cole.(19) These authors show 
/,ain successive nulls in the output of the hybrid tee are that many materials behave in their dispersion regions 
.::,cctly related to f3 and ex for the H01 mode. An important according to the equation: .... ,ture of the method is that the measurements are largely .·'..kpendent of oscillator output instability, an annoying ;·:,,perty of valves working at these frequencies. The best .:~uracy attainable for water near room temperature was ::: I % for both e' and e". 

EXPERIMENTAL RESULTS 
(a) Water. Results at four frequencies were ·obtained and .re listed in Table I. They have all been interpolated from 

Table J. Experimental values of e' - je" for pure water 
, ..... ,r, Frequency (c/s) 

t7 3-00 :.C J09 4•63 X 109 9·39 X 109 2•377 X 1010 ,) (80·2-j24·0) (71·4-j33·4) (43·4-j4l·l) (l4·5-j26·5) 80·0 20· 3) 73 · 1 28 · 7 49· 6 39· 2 18·0 29·7 · ;) 79·4 17·5 74·3 25·2 54·4 37·1 22·0 32·5 :., 77·7 13·0 74·0 18·8 61 ·5 31 ·6 31 ·0 35·7 :J 75·3 9·90 73·1 14·6 64·8 25·6 38·5 35·6 ~J 72·6 7·55 70·7 12·0 65·5 20·9 43·0 34·0 '1 69·7 5·9s 68·5 9·40 64·6 17·0 (46·3 30·8) '..'-J 66·4 4·6o 66·3 7·4o 

,;~Jphs of a large number of observations made at different ·:rnperatures and at each frequency. Those for 3 x 109 c/s a:~ the means from the two methods used at this frequency, :\~ ag.eement obtained between these being well \Vithin the ;,:~ulated limits of error. 
: lb) Whole human blood. The specimens were selected '.·:·:n normal males so that the red cell concentrations were ;'.hin the limits 4·8 to 5·0 x ]06 per mm3. The corre-: ~ "nding total cell volume was 43 %, 1 · 9 mg heparin was : .. •~cd to each l O ml of whole blood to prevent coagulation. >.:s substance does not ionize, and, in such Jow.concentra.:.,n, it was considered unlikely to affect the electrical properties .· ' the specimens. The measurements were carried out in the . ·;matus used for water. A fortunate result of the use of a ·:•.::iger or signal pick-ups moving in the liquid cells was that · ·: blood was kept well stirred by this means alone. Measure. ·:'.'\ts were made at a frequency lower than 3 x ]09 c/s (the -v~st used for water) to give more accurate information on : ionic contribution to dielectric loss. The full results, ·c,polated from experimental curves through a large .::Jber of individual observations at each frequency, are -:ed in Table 2. · 

.,!-.le 2. · Expcri1J1ental values of e' - je" for whole human blood (cell concentration 4 · 9 x 106 per mm3) 
·•.,. Fuquency (c/s) 

1 I •n X 109 2•99 X 109 9·39 X 109 2•377 X 1010 (59·2 -j17·8) (59·9 - j 19·9) (42·4 -j26·7) ~6-8 17·8 57·5 17·1 45·5 23·0 (2~·0-j24·8) 56·2 18·1 56·0 15·9 47·8 19·7 30·2 26·0 

The results are considered to be within ± 2 % for e' and 5 ~~ for £ 11 of the true values for male blood containing ,'::ge cells in concentration 4·9 x 106 per mm3 (43 % of ·.-1 volume). 

£. - £ E - €00 = oo 
1 + 0W7')1-a. 

where ex is a parameter depending on the width of a spectrum of relaxation times characterizing the dispersion. For a single relaxation time ex is zero and the equation then becomes. identical with the corresponding Debye equation. The outcome of the analysis can be summarized as follows: 
(i) The best average fit of the experimental results to values calculated from the Debye equations was obtained if e• was taken as the static dielectric constant as given by Lattey and others,(20) e

00 was 5 · 0, and the single values of -r shown in Fig. 3 were used. Only half the experimental values agreed with calculated ones within the experimental error. 

2·Q,....--...-------------

u 
QJ ... 
0 1-0 
)( , 

p 

0 20 40 
temperature {'Q 

Fig. 3. Variation of relaxation time with 
temperature for pure water 

(ii) Slightly better overall agreement was obtained between the experimental results and values calculated from the Cole and Cole equation if E.., = 4·0 (the far infra-red value<21, 22)), a:= 0·02 at all temperatures, and -r had values approximately 2 % lower than those of Fig. 3. In this case two-thirds of the experimental results agreed with calculated ones within experimental limits of error. · 
(iii) In both the above cases E,,; was assumed independent of temperature. Improved agreement was obtained when e.., was allowed to vary with temperature, but the results are not sufficiently accurate to warrant any conclusions regarding any systematic dependence of e.., on temperature. Similarly, in (ii), agreement was improved when a: was allowed to vary with temperature. 

It must be concluded that the accuracy of the present results is not sufficiently high to be able to state that the anomalous dispersion of water is definitely characterized by a single relaxation time and a temperature.independent £..,. The possible existence of a narrow relaxation time spectrum \'ot. 3, AUGUST 1952 251 
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H.F. Cook 
r:::·.·.·.-.·.-.·.::: cannot be ruled out. The latter possibility is attractive in that" the far infra-re.cl restilts can be linked with those in the microwa vc region without introducing an additional dispersion process at frequencies between the two regions. 

Comparison with pre~•ious work. Good agreement exists txtwccn the preser.t results and those of Collie and others. The relaxation times shown in Fig. 3 are within 2% of these workers' values. Whereas Collie and others found E,., = 5 · 5 gave the best average fit to the Debye equations, the present work provides a lower estimate of 5 · 0. It should be noted · that their experimental results can also_.be fitted reasonably well to the Cole and Cole equation with a:> 0. The results referred to by Montgomery are approximately consistent with .the Cole and Cole equation with E00 = 15 and a:= 0· 19 and differ markedly from the present results and those of Collie and others. The large discrepancies may be due to the use by the American workers of techniques unsuited to dielectric measurements on water. Saxton analysed the results of Saxton and Lane and found water to obey the Debye equations v.ith E00 = 5 · 5. Later work (private communication) by Saxton and Lane suggests 4 · 9 as the value of E,., to use in . the Debyc equations to obtain best agreement between theory and experiment. 
(b) Whole blood: It has been shown by Danzer and by. Schwan that the dispersion of the dielectric constant of animal · blood at frequencies lower than JOS c/s can be explained approximately in terms of an extension of the theory for inhomogeneous dielectrics due to Wagner.(23J The effects of dispersion due to inhomogeneity are, however, negligibly small at frequencies higher than 109 c/s.(8) E' remains constant over a small range in the region of this frequency. The present results show dispersion at frequencies higher t!lan this and it is reasonable to conclude that this is due to the large water content and not inhomogeneity. 

Therefore, the results were analysed in relation to the Debye equations, in which an additional term was included to allow for ionic conductivity, a. It is assumed that a is independent of frequency at hyper-high frequencies. It was found that all the experimental results agreed with values ·ca1culated from the modified Debye equations, within the experimental limits of error, if, in these, E00 was taken as 4 · 5 and the values of the other constants used were as in Table 3. 
Table 3. Whole blood-consta11ts derired from analysis of 

Temp.(0 C) 

15 
25 
35 

experimental results 
,. 

62·0 
58·0 
56·0 

-r(see) 

1·19 X J0-11 
0·90 X 10-11 
0·70 X J0-11 

o(n-lcm-1) 

0·010 
0·012 
0·014 

Comparison of the values of E' - jE" at 35° C in Table 2 can be made with the results of England and Sharples, and England, for a temperature of 37° C. Allowing for the wider range of cell concentrations and higher temperature of their specimens, reasonable agreement exists between the two .sets of results. ' 

geneous medium cons!sting of strata of materials with differ..:~. ,·::::::::::::.: dielectric constants and ionic conductivities and showeu lb,, , .......... . dispersion would ·result. Wagner extended the theory to cu,., .. [\/.\. the case of spheres, and bodies of other shapes, suspended ; · ''''''''''' a medium of diITerent dielectric properties. This Maxi1,;· · Wagner theory is well established and has been discussed i . ·. many authors (see, for instance, Jackson(24J and Hartshorn':'-. Briefly, the theory proposes that dielectric dispersion occ.;, in such a heterogeneous medium as a result of restricted mr.,., . rnent of ions at the boundaries of the constituents. f.c .. ''::::':::::: I example, if a constant potential difference is set up in such •. ·: medium, ionic accumulations occur at the boundaries oft:: · constituents. These lead to polarization electromotive for(:.' being set up in opposition to the applied potential differcr,c~ ::,., ... ,,,,,,,,,1 and then to a simple, or complex, exponential decay of curr~:,: depending on the number of different types of bound~.•. present. This is a relaxation process and can be described r ·. dispersion equations similar in form to those of Debye f,_:: · dipole relaxation. 
Danzer applied the theory to the type of inhomogen~:,. represented by blood and derived equations which can t_-: written 

, E_, - E* + • 
£ ~ 1 + w2T2 E 

(E., - E*) w2T 
u = u., + (1 + w2T2) 41r 

where £sis the dielectric constant at .zero frequency, 
£* is the value of E' between the dispersion regions d~: 

to inhomogeneity and water relaxation, 
u., is the conductivity at zero frequency, 
a is the conductivity at a frequency, w/21r, 
Tis a time constant (relaxation time), related to 1!:: radius and thickness of the cell membru1:e a;:~ its dielectric constant, and to the conduc,ivit) c: 

its contents. · 

Schwan has used Danzer's equations to discuss the cbpersion of blood observed at frequencies well below those ,.,: microwaves. He shows that the published results on anir::_,: blood are approximately consistent with the theory if £, i, about 5 000 and Tbetween 10-7 and 10-s sec. Confirmati,0
:; that blood has such a high dielectric constant at low frequcn::,. is provided by the results of Iwase who obtained E' = 3 I:_; at 30 kc/s for rabbits' blood at 14 · 5° C. Rajcwsky an~ Schwan have more recently obtained results on sheep's bhK .' at wavelengths between 36·5 and 185 cm, showing agreem,·:·.: between the experimental results and those calculated fn)r., Danzer's equations. · · · 

The present results have provided the values of E* and ,· No measurements were made of Es for the specimens used i~. the investigation, but u
1 was measured at 1 000 c/s in a c/1 

designed to minimize the effects of polarization. Using tl': values thus obtained for as, and those for a from Tab!..'. :: the time constants, T, for human blood have been cakul~t,·.: on the assumption that E., - E* = S 000. Table 4 li~::, the results. · 
{·::::::::::::· DISCUSSION OF THE DIELECTRIC Table 4. Whole blood-the time constant, T v;-;-;;-:::::;., PROPERTIES OF BLC'OD Temp.(oC) o,(O-lcm-1) a(Q-lcm-1) T(sec) '.,::::::'::'::'::'-

For the purposes of this discussion the effect of cells other 15 0·0050 0·010 8·9 x 10-s t-:-:-:-:-::~:_:_:_:_:_:::. than erythrocytes present in blood will be neglected, since the 25 0·0060 0·012 7·4 ~;;;\;\/.\ 
erythrocytes far outnumber the other cells. 35 0·0072 0·014 6·5 , .............. :.·. (a) Dispersion at radio frequencies. The phenomena 

· ................. . observed can be discussed in terms of Wagner's extension of Follo~g. Schwan; thes~ values of_ T arfe aphpr~xi
1
m:i:t: !::::::::::::::::: Maxwclrs theory for inhomogeneous dielectrics possessing consistent with the 1ollowmg properties o sp enca CL• ': .f:':i:::°:°::::::::'' . ,. . . ionic conduc1iv;1y, Ma,well considered the case of a hete,o-25ttemal conductivity=~~~::::..\:::::: .:~:~ • i'i'i~iij 

·.·-~.,.~ .. ~~~~:~. . :, ~ ... :~-~.-~. 
..~- ················· i:;::: :::::; ::5. ": ~ ~~ :~~=-__ :: ? '. ' -C - C C :: :C : c, : '~C ti ' • C ,-•• ,-, t 



A comparison of the dielectric behaviour of pure water and human blood at microwal'e frequencies 

. . 

. 

,:,instant = 6, membrane thickness = 30 A, and cell radius = in this frequency region is characteri1.ed approximately by a 

~ :-: 10- 4 cm. The foregoing shows that the ionic contribu- single relaxation time. Comparison of the relaxation times 

;;,in to dielectric Joss observed at hyper-high frequencies is of blood with those of w:iter at the same temperature sho· 

,~~sonably consistent with existing di~persion theories and the former to be nearly 10% longer. Thus the dispersion in 

~;,proximate c.ell data. It will now be of value to compare the blood can be attributed to water relaxation with times in
,,tism1ed microwave ionic conductivity of whole blood with creased probably by hydrogen bond formation to active 

::1:it of blood plasma, since this leads to information regarding groups of other types of molecule. (A large increase in 

::1c internal conductivity of the cells. 
relaxation time has recently been reported when. water 

(l1) Intracellular conductivity. The relationship between associates with dioxan.)<31, 32) 
:'1c specific conductivity of whole blood, blood plasma and (ii) Interpretation of E* ill terms of hydration. Comparison 

,.:ll contents given by Danzer can be written can also be made between the values of E* for blood and water. In the case of blood it can safely be assumed that . 
rr = o-1 ( 1 + 3p o-2 - o-1 

) contributions to the polarization corresponding to E* from 
0-2 + 20-, protein relaxation are negligibly zmall, since the relaxation 

•,,here a, o-1, and a2 are -the conductivities of whole blood, times of proteins in aqueous solution lie in 1he region of 

!•:ood plasma, and cell fluid respectively, and pis the volume 10-1 sec.(33) The polarization can then be attributed to the 

> 1nc~ntration of cells. 
orientation polarization of water molecules and to the atomic 

This appears to be the approximation for spheres at low and electronic polarizations of all the constituents of blood. 

:.,ncentration to the relation derived by Fricke<26> for any When the value of E* for blood is calculated using any 

0Jspension: 
existing dielectric theory for solutions, mixtures or suspen-

a - a, = p 0'2 - 0'1 
sions, it is found that the experimental value is lower than 

u + xcr I a2 + xa1 the calculated one. Following previous workers, the explana-

·.-. here x is a numerical factor dependent on the shape of the tion for this is that some water is bound in such a way to 

.:,pended particles and on a2/a1• For spheres, x = 2, and, ions and proteins as not to contribute to orientation polariz.a..: 

.~.en a nearly equals a1, the equation can be simplified to the tion. Estimates of hydration can thus be made from a com

:~m given by Danzer. · 
parison of dielectric constants, the estimate depending upon 

Applying Fricke's relation to blood at microwave fre- which dielectric theory is assumed to apply. 
::cncies it is necessary to assume that the cell membrane Dielectric measurements at frequencies lower than in . the 

.Jctance is negligible at such frequencies, and that the microwave region have already been used to obtain hydration 

:lation holds for high concentrations. FrickeC27) has shown estimates. ErraraC34) and Girard and AbadieC3S) have worked 

'.e theory to apply in the cases of the low-frequency con- · · with colloidal suspensions, gluten and other systems. Much 

c:tivity of blood and of cream up to a concentration of of the work done on protein solutions has been summarized · 

?~lo of cream in skimmed milk. He has also given the by Oncley. More recentiy, Hasted and otheis(36) showed that 

1ues·of x for spheroids of various axial ratios and for the full dielectric measurements at microwave frequencies could lead 

age of variation of a2/a1.<26> It is establishcd<28> that to hydration estimates in aqueous ionic solutions, and Haggis 

,man erythrocytes behave electrically at low frequencies and others have extended the work to protein solutions. 

:cording to Fricke's relation) as oblate spheroids of axial In the present case ofbfood a hydration estimate for haemo

io l : 4. Table 5 shows the results of calculations made · globin can be made. It is necessary to use a dielectric theory 

;ilg Fricke's equation. Here, the ionic conductivities of ac:counting for inhomogeneity since the dielectric constant of 
ble 5. 

Temp. 
l'C) 
15 
25 
35 

Whole blood-ionic conductivities of blood, plasma, and cell contents 

Blopd 

0·010 
0·012 
0·014 

o(0-1 cm-I) 
Plasma c~/ls 

0·0108 
0·0128 
0·0155 

. 0·0090 
0·0100 
0·0122 

" -
1 ·90 
1 ·92 
1·88 

~e blood are taken from Table 3, and those for the plasma the ionic conductivities measured at low frequency )() c/s) and assumed to be unchanged at hyper-high '.tencies. 
.. . . 1.: ionic conductivity of the intracellular fluid is lower that of the plasma, the ratio of the two being approxily that calculated from published data<29> for the ion 1cc: of normal human erythrocytes and plasma. There lrs to be no previous dielectric work on human erythro-

the cell contents differs from that of the plasma. The dielectric theories of Maxwell,<37> Wiener<3S) and Fricke<39> all lead to the relation · 
€ - Et ( E2 - E1 ) 

E + xe, = p Ez + XE1 
identical in form to the conductivity equation. Hence e, £ 1 
and e2 refer to the suspension, suspending and suspended media respectively. xis Fricke's numerical factor, dependept on shape and Eif e1. 

Table 6 gives the dielectric CC\nstants, E*, of blood plasma, whole blood and red c.ell contents. 

Table 6. Whole blood-the dielectric constarrt, ~•. of blood, plasma and cell contents 
Temp. c• 
(° C) B1-1 Plasma Cdb 15 62·0 78·3 43-9 25 58·0 74·3 40·1 35 56·0 70·6 39·8 

leading to an estimate of intracellular conductivity. Jnd CurtisC30) list the results of several workers on the .>f other animals. The present work indicates that the ellular ionic conductivity of human erythrocytes is : than that for erythrocytes of other animals. 
Those for plasma have been· calculated from pure water values allowing for ionic and protein depression of the dielectric constant. The erythrocyte values have been 

e dispersion of the dielectric constant in the microwa1•e obtained using the above equation with p = 0·43 and 

region. 
x = 1 • 70 (from Fricke, for oblate spheroid of a'Cial ratio 1 : 4). 

relaxation time. It has been noted that the dispersion From the values of E* for red cell contents one can proceed 

; ............ . 
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H.F. Cook 
' "to derivi: the partial ".Olurr.e ·of the intracellular hydrated hacmoelobin. It will be asswned that the erythrocyte contents represent an inhomogeneous dit:lectric and that the above rcbtion applies. l!smg average cell data<40> and assuming a hydrated haemoglobin molecule is equivalent to · :m oblate spheroid of axial ratio = 1 : 2 and x = l · 72, the partial volum-:s and hydration estimates shown in Table 7 • have been obtained. · 

Table 7. Human erythrocytes-partial volume and hydration 

Temp. 
<· C) 

15 
25 
35 

of 1-.aemoglobin ---
Partial r,ob,me 

Hb. + •·ater Hb. 
0·340 0·266 
0·361 0·266 
0·.340 0·266 

Hydration 
(g water per g) 

0·21 
0:27 
0·21 

The further assumptions that .4ave been made are: (a) the partial molar volume of haemoglobin= 0·75, (b) the hydrated haemoglobin molecules have a dielectric constant of 2·0 and are dispersed in a me..iium of dielectric constant equal to that of a saline solution cf ionic conductivity as shown in Table 5, and (c) constituents other than water, haemoglobin and ions occupy I · 5 % of the total volume and have a dielectric constant of 2 · 0. 
Fuli consideration of all the limits of error involved shows that, as in all hydration estimates, the accuracy of the final estimate is very low. The best that can be claimed here is that the haemoglobin hydration for human erythrocytes is 0·23 ± O· 16 g water per g, assuming the inhomogeneous dielectric theory to apply. Agreement with the results of . Haggis and others. who used aqueous solutions of haemoglobin, is reasonably good, though t_he hydration in a Jiving cell may differ from that in a more dilute aqueous solution. It should be noted that if the hydration is calculated from simple volume proportions<41, 9) the estimate obtained is approximately double the above figure. 

CONCLUSIONS AND SUMMARY 
(a) Water. The present results show that the dispersion in water is such that E' falls through the dispersion region . from the static value to a value of 5 ·O if a single relaxation time is assumed; but also that a fall to the infra-red value of 4·0 is equally possible if relaxation is characterized by a . narrow spectrum of relaxation times. A decision between the two would only be possible if results of greater accuracy over a wider frequency range were obtainable. This would also enable any variations of E,.. with temperature to be detected. 

(b) Blood. 
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The spectrophofon1etry of light sources By S. T. HENDERSON, Ph.D., F.Inst.P., and M. B. J-f..ALSTEAD, B.Sc., Grad.Inst.P., Thom Electrical Industries Ltd., London [Poper first received 21 February, and in final form 24 March, 1952] The calibration and use of simple, non~automatic equipment for spectrophotometry of light 
sources is described, with particular attention to precautions required for accuracy. The .com
putation of chromaticity from the spectral energy distribution curves is illustrated, with results 
for a variety of lamps. These results show better agreement with visual colorimetry than in 
other recently published work.· The change of chromaticity of fluorescent lamps with varied 
loading is analysed by the same methods, and the application to the study of phosphors briefly mentioned. c:":ctrophotometry has been widely practised in the detennina::",in of transmittance and reflectance factors, and perhaps to " lesser degree in the study of light sources. Automatic ,·.struments have been developed for this latter application.Cl-3) fhe methods used, whether in automatic operation or other· .. i,e, are well known in principle, and are surveyed in a \;;tional Bureau of Standards handbook,<4) but there is often , lack of experimental detail available to guide those interested ::, the technique. This paper shows how, with some pre:~utions, simple apparatus may be used to give results which .re not inferior in accuracy to those obtained by more ela' ;irate methods, and which are valuable in problems con:~rning fluorescent lamps. 

The curve of spectral energy distribution (s.e.d.) in the ,;sib!e region, expressed as energy per unit wavelength :~:erval against wavelength, is fundamental to considerations : ~ colour and colour rendering. Examples of its use are: :1 the chromaticity or colour appearance of the light source :,n be calculated from this curve, while the agreement with . Yisual match on a reliable colorimeter is a crucial test of 'z accuracy of the experimental work; (ii) the curve is of . •nsiderable value in the investigation of solid inorganic · C.osphors, especially those in which preparative conditions ·e critical for the development of any desirable type of ·::i~sion; (iii) ·the s.e.d. curve can be reduced to luminance :jinates instead of energy. From this, any division can be ~de into bands of specified wavelength intervals with a view :neasuring the total luminance in each band. This method, ·,·bably not yet in its final form, provides a concise though · ;,roximate description of the colour rendering properties of ~ light source. 
. 

A stabilized a.c. supply and half-wave rectifier circuit provided the multiplier with about 1 kV during operation. while a potential divider (-.::: 2 Mil total resistance} supplied about 100 V to each of the nine stages of amplification and about 50 V between the anode and the ninth dynode. The output was fed through a universal shunt (10 ill) to a d'Arsonval galvanometer (450 Q) by the Cambridge Instrument Co. Ltd. with a sensitivity of about I 300 mm/µ.A at 1 m, which was the scale distance used. For _calibration -0f the apparatus by light of known s.e.d. a 1 kW tungsten projector lamp standardized for colour temperature was found convenient, with a magnesium oxide screen illuminated thereby fixed in front of the spectrometer slit. 

PROCEDURE 
After an initial period of running to stabilize the multiplier circuit and the fluorescent lamp, and to fatigue the photo. surface, readings were taken of the galvanometer deflexion for each 50 or 100 A interval on the wavelength drum, proceeding from red to blue. The total voltage on the multiplier was held constant at a value in the range l 000-1 050 V by a variable 1 MD resistor in series, and the lamp loading controlled over the narrow range necessary by a variable resistor in series with the choke. Galvanometer deflexions were restricted to about 35 cm, above which a higher range on the universal shunt was introduced. This was chiefly required for the mercury line measurements which in the final form of the experiment were made after the readings through the spectrum of the phosphor bands. For each mercury line the maximum was found by trial adjustment of the drum, and two separate peaks recorded for the yellow doublet. 

.. , APPARATUS 
For calibration, numerous separate runs were .made with 

\ . wavelength spectrometer by Adam Hilger Ltd., with the tungsten lamp at a colour temperature of 2 848° K (old 
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:'., prism (n = l · 74) and wavelength drum was used as a temperature scale), firstly with an unstabilized a.c. supply with ·:::.:::::.:.·:::. 

, :1ochromator with the entrance slit narrower than the exit Variac control, which produced some unsteadiness in the C::::::'.::. 

i. :. the latter normally at constant width (see below). The resulting deflexions; secondly by a d.c. battery supply, with ~;;;-;::,;-,;;-:,:, 

\ ·,ance slit received light directly from a fluorescent lamp much improved stability. The observations agreed closely ······· 

\ · J vertically and run at constant wattage or current as with the averaged a.c. ones. The smooth curve resulting ;..:: ... ••·:·.::::: \I~~S~)~~~;~?;i~,~1 [£~~S£~~~~}¥~i1l~tif ~1 · \t?i" · : into the red end cf the spectrum: its very much higher sources. The effects of variable exit waveband (in A), uneven , ... 

·i:ivity at the blue end is .compensated by increasing photocell sensitivity and certain instrument errors, were thus H:·.:.:.:.:·i:':':':' ,:;~;;:· !~~:~~;;sh W•ss of the •~trnmetec ~•m-~;1;~~·::.•:hHeili: =o•.due·••-di~:.~.~~ :: ··•,er rn I:1~1:,-~ 
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