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INTRODUCTION

A subjeet of urgent contreversy in African malariology is that of immunity
and particularly how it is acquired; whether the known tolerance which is
developed by adults in some areas is always related to the amount of infecticn
they have received, or whether there is a résial element which encouraées its
‘development in some people. This matter cannot be settled until brth the
tolerance and the degree of transmissicn producing it can be measured with
reasenable accurazy. The first is pessible by examination of parasite densities,
the second has only been attempted by the laborious and very uncertain means of
analysis of mosquito numbers and infeetivity. There is, therefere, a need to

develop a more usable and accurate means of measuring transmission,
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Such a means would also be of great value in the measurement of the results Y

of malaria control by different methods. Residuzal spray campaigns have, for in-

staﬂcé; been carried out in Uganda, and while the entomological results are beyond i/

serious question the effect _on the transm1851on of disease is a matter of consid~

erable doubt, as the meanlng of the pdreSlue rates observed is not understood.

There have been several .studies of the transmission rate based on anopheline
analysis, such as those of GORDON and DAVEY (1932), WALTON (1947) and GARNHAM
(1950). They are all however, based on a series of assumptions which are of two
types; concerning anophellne habits and anophellne infectivity. Those of the
first type concern the relation between the numbers of anophelines in the house
in the day and of those biting atrnight° the frequency of biting; the numbers
of people bitten on’ any night by one- hungry mosquito; and the proportion of the
species which bite man and animals, Pew of thE€se assumptions are based on relisble
evidence, Even ifhihey were secure,- datawould have to be collected from a very
large number of houses at short intervals for at least a year to give any reliable

general figure,

The assumption which does not seem to be even questioned in the literature is
the infectivity of mosquitoes with sporozoites in the salivary glands., All the
studies known to the writer take it for granted that 100 per cent of such mosquitoes

are infective and calculate transmission ¥ates on this basis, but it is a quite

untenable assumption, Most of the direct evidence concerns Plasmodium vivax, bub
it is all in direct opposition to the ides. BOYD (1940), inoculating susceptible
peoﬁle, showed that two biﬁééfroﬁ”éndphelihosiwith less ‘thdn 50 oocysts' in the
‘stomdch “‘only infected ha¥f the subjects, and everi six to ten ‘such bites only in-
‘feéfé&u87 per cent. Most natural mosquito infections are of this order, JAMES
(1951) made ‘an ‘elaborate study of this matter. Dealirg with susceptible people
and with anophelines infé&fed in-'thé laboratory-on heavy gametocyte ca¥riers, he
was dnl§ successful in infecting 985 out of 1,356 subjects, or 72 per cent., In
considériné his ‘failures he came to the following conclusiors

"The test of finding sporozoites in the salivary glands of a mosquito after

biting is not good evidence that sporozoites were injected by that mos—

quito when it bit the patient . « . . . . Taking this into account, it

-
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is obvious that great caution is necessary in coming to a decision that
failure is due to the patient being "insusceptible" or Yimmune," It is
preferable in our opinion to meet the difficulty of explaining failures
such as are recorded in the above examples by assuming that a requirement
for successful infection is that sporozoites, in addition to being present

in the cells of the salivary gland, must be lying free in the common

salivary duct of thc mosquito at thc time of biting...." (Italics in the

original.)

This is a necessary standard when dealing with anophelines infected from carefully
selected carriers having numerous gametocytes in their blood, and with the deliber-
ate object of assuring heavy infection of the mosquito, There is no example of
this standard having been apblied to estimate infectivity in nature, and its
omission alone invalidates all conclusions based on the sporozoite rate as a
measure of the transmission rate, There arey; however, other additional sources

of error in the“field° BARBER (1936) showed that in very large proportions of
‘infepted anophelines tﬁe sporozoites were degenérate. Working in the Mediterranean
lands'he found that degeneration was commoner in winter than ir summer in

A. sacharovig but in A, superpictus only 9.5 per cent of those examined in the

summer had healthy sporozoites, and laboratory experiments showed that this degen-

eration might occur in quite young infections.

There are statements in the literature which give concrete figures for the
inoculation rate. They =li appear to be based on anopheline analysis, and cannot
be accepted unless they are considerably elaborated in the ways suggested by the

above findings, or confirmed by some other means,
THE INFANT PARASITE RATE

Several observers have examined infants of different age groups and observed
the rising incidence of infection in monthly or three monthly poeriods, Studies of
this nature from places wherc malaria is transmitted more or less perennially have

been made by ELACKLOCK and GORDON (1925), DAVEY and GORDON (1933), BARTER and
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OLINGER {131}, WaLTON (194"} and GARNAaM (1949), These all show graduated curves,
and it is clear tnat the curve must in some way be determined by the frequency of
inoculaticn, the speed of recovery from infection, and the extent to which super—

infection is posczible.

The actucl part which these play has not been satisfactorily elucidated. ROSS
(1916) made a general mathemetical analysis of the probabilities, but was dealing
not with mclaria bubt with infections of all types. His formula cannot be applied
to heppeuings in mzlaria, av least net without considerable modification, as the
recovery rates which mucst be stipulated to make theoretical and observed curves
agree are far lower than any malariologist would accept as credible, It is now
realized thet the reason Why they cannot be applied is that he assumed that super-
infection did not take place, wihereas il is common. BARIOVATZ (1940) has tackled
the problerx of msiaria and produced simple theoretical curves which explain
happenings in highly malarious parts of the Belgian Congo, However, his theoreti-
cal basis does not permit any chance of recovery, or of superinfection, and cannot
‘be taken 25 & general case. It does not appear, in fact, that the author so in-
tended it. WALTON {(i947) has producced a theoretical analysis, Whilst dealing
with superinfection it omits correct reference to recovery and, in fact, if his

constants arc agreed; shows the level of the parasite rate after one year of

exposure only.

.'.;(.
The present writer has prepezed elsewhere (MACDONAID, 1950) a mathematical
znalysis of the expected happenings on the following assumptionss

A Y

{a} The superimposivion of infections with P.falciparum is a common

happening in nature at lcast during the early years of life.
(6) The common form of recovery from initial parasitaemia (due to a
single infection) is its interruption by progressively lengthening

periods of freedom,

‘Prepared with the Zweteuiion of submission to this Conference, but production
made impossible by an incasirvial dispute in the printing trade, The material
is not susceptible tc rapid veprcluction by other means than printing, and
this brief statement is sthmitted in its place. A single copy of the original
can b rade 2vaileble for any wishing to study it.
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The insertion of a proper allowance for the superimposition of infections makes the
resultlng formula dlffer radlcally and in principle fron previous ones, though it
is related to that of ROSS, whose methods of worklng were followed., Its effest is
to reduce the probablllpy of the occurﬁenoeof perlods of freedom from infection in
proportion fo the probability of superinfection havingroccurred, that is in propor-

tion to the inoculation rate.

The inoculation rate, referred to in following mathematical equations as h,
is defined as the proportion of the population receiving infective inocula in unit
of time. (The unit of time used in this work is one day). The recovery. rate,
referred to as r, is the proportion of affected people (who have received one
1nfect1ve inoculum only) who revert to the unaffected group in unit of time. The
standard of pos1t1ve or negative used is the presence or absence of parasites in a
blood film, 150 fields of a thick film being suggested for examination.

It is found on mathematical analysis that two different basic formulae must
be used; one for those cases where the inoculation rate does not exceed the recovery
rate;. one for the cases where it does exceed the recovery rate. These will be
referred to hereafter as the cases “where récovery is probable" and "where recovery

is improbable.!

In both cases the theoretical curves produced are regular, concave to the %ime
axis, and asymptote to a final level, to which they constantly approach nearer and
nearer without ever finally reaching it, This final value is known as the ILimit,

referred to in the formulae as L, Curves of this nature are shown in Figure 1.

Case when recovery is probable

. - h ’ . .
In the case where rccovery is probable, L is equal to 0 and because in this

case k is always less than r (see above) thls value is always less than 1.0,

This limit represents thc para31te rate when stablllty is reached or approached
at about two years of ags. It expresses the rate as a proportion, and to turn it
into a percentage it should be muitijlied by 100. For ease of mathematical state-
ment rétes will reneeforthbe expressed as proportions, and they can be converted

into percentages},if,that is desired, by this multiplication..
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The parasite rcte at 2 to 3 years can be measured; it is clewr that if the
recovery rebe were also known it would be possible to calculate the inoculation
rote frow thz two known figures, The resovery rate can be measured directly in

one series of observations by E4RLE et al (1939) on P, falesiparum malaria in

Puerto Rico, The figure deduced from this series is 0,705, & subsequent study

of seversl African series shows that this figurelcould have been derived indirectly
from them and that it is impossible to explain African happenings except on the
basis thaf i% is at least approximately correct. This velue of r, 0,005, has

therefore been adopied as a standard one.

Where the proportion positive at 2 1o 3 years is well below 1.0 (that is well
below 100 per cent)y”tﬁé inogulation rate sausing it can easily be determined from
the identity ' T ' ‘

h - rL

or the inosulation rate is equal to the proportion positive multiplied by 0,005,

The surve which precedes the attainment of stability can be expressed by a
more compliéated formula, given in. the papers referred to., In the case now con=-
sidered, wherc récovery is provable, and which is characterized by the fact that
the ultimate level of the parasite rate remains permanently below 1,0 (br 100 per
cent), the ihfqrmation_needed van be derived direct from the parasite rate of
children agecd 2 onwards %o about 5 years, The more complicated formula need not,

therefore . be used for routine purposes in analyzing this case.

Case wher recovary is improbable

This cuvers all examples when the parasite rate at anyuage (usvally 2 years
or before) reaches 1,0 or 1CO per cent. As error and chance happenings might
produce cccasional nzgatives even in this group, it is best to consider its use in
every case where the parasite rate at any age exceeds 0.9 or GO per cent, When
there is doubt as to which type an example falls into, the parasite rate at age
six meaths should be noted, The 4dividing line is 0,61 or 61 per cent. Figures
sbove this indicate that the example is one of the preéent cése, below it that the
example oelongs to the previous case, An aiternative means of differentiation is

given in = later part of this paper.
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In these cases the limit is always 1.0. No further information can be derived
rom the final value of the parasite rate other than that the example falls into
the present group. It is, therefore, necessary to study the age incidence amongst

infants from birth to two years to measure the inoculation rate, The basic formula

iss

in whichy '

x is the proportion affectéd,

is the mathematical constant 2,71828,

is the inoculation rate, and

it 1o 1o

is the age in days ‘after subtractlon of 1¢ days to

allow for the 1ncubat10n period,

This formula may be converted into a logarithmic form which is very much

easier to works

n = Log (1 = x)
= =0.4343 &

In using this, the expression Log (1 - x) is derived from the parasite rate
(x) in any particular age group, which aftetr .conversion into a mean age in days is
the t in the denominator. Tables I and II give values of Iog (1 - x) and of
~0,4343 t for representative parasite fatesiand age periods, If a series of exami~
nations of different age groups is available, the value of h can be5reagily worked
out for each of them from these tables, and the éverage value so found taken as the

ruling one,

Figure 1 shows the formulae for the two cases graphically, Fach curve repre~
sents the changes with age in the parasite rate which would be expected with differ—

ent inoculation rates, which are given on the curves themselves,

Comparison with observed happenings

A detailed comparison of observed results in the field with expected values
shown by the formulae has been made in the original paper, The method was to derive
a value cf h from the actuals, and then to draw a curve using this value of h and

putiing r at 0,005 in each case,
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The original illustrations are reproduced in Figures 2 to 7. Two curves were
drawn to compare with BARBER and OLINGER'S data (Figurev}) because those authors
suggested that there were changes in the transmission rate during their observations,

" which would have resulted in young and old infants having been exposéd to different
degrees of infection., The lower curve is therefore inpended to represent conditions

before six months of age, the upper one conditions after that age.

It will Ee noted that in eachmse a reasonable degree of correspondence has been
attained between the actual and theoretical happenings., This is taken first to
establish that the general form of the formulae used is correct, and that it repre-
sents the type of happenings which are inflﬁencing the parasite rate, It should -
particularly be noted that no correspondence could be achieved with any value of the
recovery rate differing greatly from 0,005, and it is therefore taken that this

figure is quite sufficiently .correct for general use in Africa,

The inoculation rate was calculated in each of the examples., In some cases
there was information in the original authors! paper on the transmission rate as
derived from anopheline analysis, The compliance between the two figures,'defived

from the parasite rate and from anopheline examinations, is very poor, The relevant

figures ares
' Daily ‘inoculation rate
Series Derived from infant Derived from
' parasite rate anopheline analysis
BRAEXIOCK & GORDNON, :

Freetowns 0,00205 None given
DAVEY & GORDON,

Freetowns 0,00441 ? 0.0033
WALTON ,Freetowns 0.00036 0.00002 *
DAVEY & GORDON, ' ‘ ‘

Kissy: 0.0133 0.1
GARNHAM, Kenyas 0.006525 , 0,02
BARBER & OLINGER, -

lagoss . 0.00435 : ? 0.079

*WALTON comments that this is clearly ihadequate to
account for the malaria found.

**\oan of the two values used.
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The calculated values are by their origin closely related to the infant parasite
rates, The observed values show no constant relation, WALTON's figure‘is totally
insufficient to account for any material amount of melaria in the population, Only
0,7 per cent of children would get infective bites in a year, but the parasiﬁe rate
at 18 months was 6,5 per cent, He showed from observation on children that 16 to 20
per cent of children received such bites annually. WALTON explained this by saying
that the children must get malaria elsewhere, not in the pla ces where he made his
anopheline observations. Whatever the explanation, and his is a possible one, his
inoculation rate does not represent the amount of infective bites to which the

children were exposed, in Freetown or elsewhere,

The figures given by DAVEY and GORDON, and by BARBER and OLINGER, differ in the
opposite way., Their inoculation rates are>grossly higher than those now calculated,
The writer has attempted to relate the observed parasite rates to the given inoculéfion
rates by every means he can imagine,‘not only by the use of the present theory, and
has failed to produce any consistent explanation. A rate such as that given by
DAVEY and GORDON would inevitably result in the infection of 90 per cent of children
by the age 33 &ays,'but this proportion is not reached until after six months, The
‘recovery rate does not enter.into the formula used, the fact that it should not do
50 is shown by the actual curve touching 1,0 (100 per cent) at one year, which is
incompatible with the consistent occurrence of recoveries, The formula used merely
represents the summation of cases, for whiéh no alternative explanation can be found
to the one that they increased by about 0,0135 or 1,35 per cent per day whilst recov-
eries were few or virtually non-existent., the Lagos figures do not reach a level of
1,0 at any age, so the existence of recovery must be allowed, The substitution of .
different recovery rates produces quite different shaped curves which cannot be made

to approach the shape of observed ones,

Other series of observations of the age incidence of infections have been made
in Africa, but most concern the group fimply described as "under 1," which is inade-
quate for any analysis, It is, however, clear fhat in most cases the inoculation
rate derived by the present method would be much lower on the whole than those derived

from anopheline studies, The present method, however, contains many fewer sources of
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materlal error than do the anopheline stuales, and any errors are 11kely to be more
or less constant from one series to another so that they should not analldate

comparisons, B S . <

Practical use

The first obJect of the mala r1010~1st in many of his. studles is, in fact, to
determlne the inoculation rate, of which he has previously only had an indirect know-
ledge, or knowledge gained throu#h a cumbersone and 1naccurate method of anopheline
analysis., The inoculation rdate is the final measure of the intensity of malaria, and
information on it is nceded in studies of control measures, ahd in estimations of

different degrees of. endemicity.

To make an estimate, examination should at fifst be made-of children under 2::
years of age, their dge in months beingbrecordeq‘ If the parasite rate does not
reach or approach 1,0 at any age, examinations may be ektehded to clder children up
to a:maximum of about 5-‘years. Thé'results should be prépared in graph form and .

only analyzed if they fall into some consistent curve,

If the parasite rate does not exceed 0,9 at any age the highest level, or the
average of several high ones, should be taken as representing the limit, and the
daily inoculation rate simply calculated by multiplying it by 0,005 (remembering that
theAﬁarasite rate should be'éxpressed as a proportion, such as 0,85 and not 85 per -
cehﬁ); '

If the value recaches 0,1 at any age, the value of the inoculation rate should
be calculated for all values before it does so, using the expre551on3 |
h = loz (1~ x)

~0,4343 %
and the values for the numerator and dgnominator of this fraotdxﬁlgiveﬁ in Tables I
and II. '

There may be a few cases when there is doubt as £d'wbichvméthod should be used,
In such cases a value of L can be calculated from the.observations on the yoﬁng

groups of infants., Take each group separately, and note for it'the proportion
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positive; or x. A value of L can then be calculated from the equationss

X ,
L =_ =
~0.005 &
l-ce¢e ‘

Table II gives values of the denominator in this identitys so that the caleculation

is a simple division,

If the value of L so found is below 1,0, the example falls irfto the first case
of probable recovery, If it is above 1,0 the example is one of the second case, of

improbable recovery, The working for both of these is described above.
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TABIE I,

Values of log (1 - x) for various values of x

X log (1 - x) X log (l-— x)
0;:;‘95 - 0.,02228 0,55 = 0.34679
0.10 - 0,04576 0.60 -~ 0,39794
0,15 -~ 0,07058 0.65 -~ 0,45593
0,20 ~ 0.09691 0.70 ~ 0.52288
0.25 - 0;12494 0,75 ~ 0,60206
0.30 -~ 0,15490 0.80 ~ 0,69897
0.35 - 0,18709 0.85 - 0,82391
0.40 -~ 0,22185 0,90 -~ 1,00000

0.45 ~ 0425964 0.95 - 1,301.03

0. 50 - 0,30103
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TABIE II.
Values of 1 - ¢ 0*%%% 4pg 0.4343% for different values of %
Age group i . ¢70-005t ~0,4343t
Under 1 month _ 0;02456 ~2,1715
1 month 0.16171 ‘-*1.‘5.2_0@5
2 months - 0,28109 ‘—28.664
3 0 0.38432 =42 ,127
4 n ‘ 0.48213 ~55.,156 -
5 "‘ 0.54615 ~68,619
6 0,61028 ~81,648
7 " 0.,66388 ‘l -94 677
g : 0,71213 ~108,14
9 0.75397 -121,60
10 0,78777 ~134.63
1 " o2 147,66
1 year “ 0.93280 - —234.5é
2 years 0.99889 ~390.87

Notes Where age groups such as 3 = 4 -~ 5 months are handled; the
corrected median age is that for the median month, in this

case 4 months.
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