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Abstract

We examine the dynamics of parasitemia and gametocytemia reflected in the preintervention charts
of 221 malaria-naive U.S. neurosyphilis patients infected with the St. Elizabeth strain of Plasmodium
vivax, for malariatherapy, focusing on the 109 charts for which 15 or more days of patency preceded
intervention and daily records encompassed an average 98% of the duration of each infection. Our
approximations of merogony cycles (via “local peaks” in parasitemia) seldom fit patterns that
correspond to “textbook” tertian brood structures. Peak parasitemia was higher in trophozoite-
induced infections than in sporozoite-induced ones. Relative densities of male and female
gametocytes appeared to alternate, though without a discernably regular period. Successful
transmission to mosquitoes did not depend on detectable gametocytemia or on absence of fever.
When gametocytes were detected, transmission success depended on densities of only male
gametocytes. Successful feeds occurred on average 4.7 days later in an infection than did failures.
Parasitemia was lower in homologous reinfection, gametocytemia lower or absent.

Plasmodium vivax asexual blood-stage cycles are authoritatively cited as displaying a period
of 48 hr (Cox, 1993; Reisberg, 1997). Hence, a single-brood P. vivax infection would be
expected to produce peaks of asexual parasitemia (in the form of merozoites) and
corresponding fevers on alternate days and a 2-brood infection to produce daily (quotidian)
peaks of parasitemia and fever. Whorton et al. (1947) attributed their observations of irregular
or steady fevers to irregular parasite segmentation. Kitchen (1949) agreed, noting that the
earliest phases of patent P. vivax infections might be marked by “continuous fever caused by
more or less constant sporulation,” but argued that “the great majority of the vivax plasmodia
are segregated into two pyrogenic broods ... whose corresponding developmental stages are
separated by approximately twenty-four hours.” Coatney et al. (1971) found P. vivax as often
tertian as quotidian and remarked that “if the infection is allowed to run, it is not unusual for
multiple broods to get-in-step resulting in a tertian fever pattern; likewise, tertian patterns,
sometimes, become quotidian for a time, only to revert to tertian again.” Garnham (1966)
reported that “the process of schizogony in P. vivax is never of clockwork regularity.”
According to Shute (1958), “the true explanation is that the cycle depends on the patient and
not on the parasite,” meaning, in particular, that quotidian behavior marks the initial infection
in a malaria-naive patient, whereas tertian behavior typifies relapses and subsequent infections.

A companion paper on trophozoite-induced P. malariae infections addressed some of these
phenomena (McKenzie et al., 2001). With the P. vivax charts, they can be addressed in the
context of sporozoite- as well as trophozoite-induced infections. Inoculation modes may
influence subsequent events: sporozoite-induced infections will show longer prepatency and
incubation, of course, and, with P. vivax, only sporozoite-induced infections can produce the
hypnozoites from which long-term relapses may arise, but there may be more subtle differences
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as well. For instance, Coatney et al. (1971) noted that after 7 wk of patency, at roughly the
same levels, asexual parasitemia dropped more rapidly in sporozoite-induced than in
trophozoite-induced P. vivax infections. Boyd (1938, 1940b) found that peak parasitemia was
higher and occurred earlier, that parasitemia at the final fever was higher, and that the mean
duration of the febrile phase of infection was shorter in trophozoite-induced infections. He also
wrote (Boyd, 1941) that “artificially induced infections in human subjects do not exhibit the
chronicity which characterizes the naturally induced infections.” Our previous work on
uninterrupted P. falciparum infections indicated that, with all but a non-gametocyte-producing
variant of 1 strain, the mean duration of detectable primary parasitemia was greater in the
sporozoite- than in the trophozoite-induced infections (Collins and Jeffery, 1999).

The initial pyrogenic density of P. vivax is considerably lower than that of P. falciparum, and
parasitemia at the final fever is said to be similar to that at the first fever >104 F (Boyd,
1938, 1944). Plasmodium vivax infections are characterized by relatively low parasitemia and
pathogenicity, generally attributed to a restriction to the youngest red blood cells, i.e., its
“merozoites can only invade reticulocytes” (Gilles, 1993). The canonical studies of the species
drew more cautious conclusions in this regard, however, e.g., stating that P. vivax “merozoites
selectively invade reticulocytes” (Shushan et al., 1937) or “show a greater tendency to invade
immature red cells than mature erythrocytes” (Kitchen, 1938), and the most recent appraisals
show similar reserve (Galinski and Barnwell, 1996; Simpson et al., 1999).

Gametocyte production in P. vivax may start with the first generation of merozoites;
gametocytes become infective within 2-3 days and survive perhaps 3 days more (Carter and
Graves, 1988). They are said to become patent about 5 days after the asexual forms (Fairley,
1947; Garnham, 1966). Malaria-naive patients often show near-continuous gametocytemia,
and near-continuous infectivity, for the first 2 mo of patency, i.e., before, during, and after the
period of fevers and peak parasitemia (Boyd, 1949). Gametocyte density is said to peak about
4-6 days after the peak parasitemia and then decline gradually; gametocytemia is usually
reported as <400-700 mm3, only rarely as exceeding 2,000—-4,000 mm™3 (Boyd, Stratman-
Thomas, and Muench, 1936; Basu, 1947; Garnham, 1966; Sattabongkot et al., 1991). However,
“production of gametocytes is not a uniformly continuous affair, but is a process that
rhythmically recurs in a ‘shower-like’ manner after completion of a certain fairly definite
number of schizogonous divisions ... upward trends appear with great regularity at
approximately 5-day intervals” (Boyd, Stratman-Thomas, and Muench, 1936). As with most
of its congeners, P. vivax gametocyte sex ratios are typically female-biased (Carter and Graves,
1988; Read et al., 1995), with macrogametocyte densities typically about twice those of
microgametocytes (Boyd, 1942a). As with P. malariae (McKenzie et al., 2001), the infectivity
of P. vivax may vary widely (Boyd et al., 1935; Boyd, 1942a): it seems at most loosely coupled
to gametocyte density, and, as one would expect, gametocyte density seems more closely
related to mean oocyst density per mosquito than to the proportion of mosquitoes infected
(Knowles and Basu, 1944; Gamage-Mendis et al., 1991; Sattabongkot et al., 1991).

The present paper takes advantage of a unique opportunity to address several unresolved
questions about relationships between P. vivax parasitemia, fever, gametocytemia, and
infectivity by examining the preintervention dynamics of trophozoite-and sporozoite-induced
infections in malaria-naive U.S. neurosyphilis patients infected with a well-characterized strain
of the parasite.

MATERIALS AND METHODS

Materials and methods are described in detail in a companion paper on P. malariae dynamics
(McKenzie et al., 2001), which includes information on malariatherapy treatment procedures,
the patient population, and relevant ethical issues. The present study and many others would
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have been impossible without the participation of hundreds of malariatherapy patients, to
whom we are extremely grateful.

The St. Elizabeth strain of P. vivax was isolated in 1937 and was used continuously at the South
Carolina USPHS facility until it closed in 1963. Through at least its first 3 yr there, it was
characterized as reliable in clinical presentation, fever and gametocyte production, with
relapses “decidedly infrequent” (Coatney and Young, 1941). We reviewed the charts of the
221 adult neurosyphilis patients, with no history of previous malaria infection, whose infections
with this strain began between September 1942 (patient S-325) and September 1960 (patient
S-1335).

Parasitological and clinical data collection

Parasitemia, gametocytemia, and patient rectal temperature were determined during each
infection as described previously (McKenzie et al., 2001). We analyzed only those parts of
charts that preceded any intervention; such interventions were by drugs for 204 patients (8 after
“spontaneous clearance”). Daily records of parasitemia and gametocytemia were available for
88-100% (mean 98%) of the days of each infection, following initial patency; isolated absences
or omissions by staff led to occasional blank daily records in charts. Because fever records are
available on an hourly (vs. only daily) basis for most of these P. vivax patient charts, their
detailed fever dynamics will be the focus of a separate paper.

Data presentation

As with the P. malariae charts (McKenzie et al., 2001), or any truncated time series, the values
of some timing-related variables are confounded by dependence on the number of days of
preintervention infection observed. This dependence declined much more slowly than in the
P. malariae charts, however, and r2 values did not decline monotonically or uniformly across
the variables; hence, we found no single clear cutoff point. Linear regression (Sokal and Rohlf,
1981) of the day of peak parasitemia and the day of peak fever on the number of preintervention
days observed gave overall 2 values of 0.09 and 0.04, respectively. For the day of peak
gametocytemia, r2 values for the 2 male and 1 female categories (see following text) were 0.29,
0.47, and 0.49 overall. The transition point at day 14—15 offered the best combination, with
72 values dropping from 0.49 to 0.40 for the day of peak parasitemia and from 0.28 to 0.22 for
the day of peak fever. So we focused our analyses on the 109 patient charts with 15 or more
days of patency before intervention (Fig. 1; Tables I, II).

These infections were initiated by (1) inoculation of 5 ml of whole blood from a patently
infected patient (61 cases); (2) bites of infectious mosquitoes previously fed on a patient (26
cases); or (3) inoculation of glands or sporozoites extracted from infectious mosquitoes (22
cases). Our analyses show no significant differences between routes 2 and 3; so, in line with
our earlier work (Collins and Jeffery, 1999), we distinguish “sporozoite-induced” (2 and 3)
from “trophozoite-induced” (1) infections. This allows us to compare relatively natural and
artificial modes of induction. Information on prepatency was available only for sporozoite-
induced infections (mean 15.2, standard deviation 3.7 days). Information on inoculum size was
available only for mosquito-initiated infections (2), and then only as an integer, ranging here
from 1 to 58, that had been determined by multiplying the number of mosquitoes that fed by
their average “intensity” rating (an integer from 1 to 4, indicating whether 1-10, 11-100, 101-
1,000, or >1,000 sporozoites were found in their salivary glands at postfeed dissection;
Coatney, Cooper, Ruhe et al., 1950). Our analyses of these cases showed no relationships
between “inoculum size” and prepatency or any other variable considered here.

Fever records were absent in 2 charts. The presence of gametocytes was reported in 100 patient
charts: only females (macrogametocytes) were reported in 4, only males (microgametocytes)
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in 30, and both sexes in 66. The female-only gametocyte counts totaled only 11 days in the 4
cases, and were excluded from our analyses. The male-only gametocyte counts are problematic.
They represent 28 of the 30 gametocytemic patient charts from 1943-1944 and so may reflect
standard practice with P. vivax during those years (as with P. malariae throughout). It is
generally easier to obtain reliable counts of microgametocytes than of macrogametocytes (De
Buck, 1936; E. McKenzie, pers. obs.), and, although most of the relevant technical staff at the
South Carolina USPHS facility were exceptionally well-qualified, it may be that less-
experienced personnel recorded or attempted to record only microgametocytes. The high
densities recorded in these male-only counts further suggest that in some cases, both sexes
might have been counted as males. Accordingly, because we are not certain that females would
have been recorded as such had they been detected, these counts are reported and analyzed
separately. For charts in which both sexes were recorded, we report counts for each sex
separately and, where appropriate, for their simultaneous appearance. Mosquitoes were fed on
377 days on 75 patients: 290 feeds on 66 patients before and 87 feeds on 23 patients after
subcurative drug administration. As before, we defined as “successful” any instance in which
mosquitoes were found to be infected.

We used the same rough approximation of brood structures in these infections as with the P.
malariae charts (McKenzie et al., 2001), and, as before, considered only the (85) cases with 4
or more “local peaks” in preintervention parasitemias and thus 3 or more intervals between
peaks; the mean interval between these “local peaks” was 4.1 days. We again considered only
the “middle” intervals for these “local peaks,” the frequency distributions of which were
indistinguishable from those of the full set. Of these 692 intervals between local peaks, 0.006
were 1 day, 0.438 were 2 days, 0.240 were 3 days, and 0.316 were >4 days in length. We again
calculated 4 x 4 matrices representing the frequencies of transitions between particular
intervals.

Statistical procedures

For the patient charts with 15 or more days of preintervention patency we calculated pairwise
linear regressions with the variables given in Tables I and II, log-transformed values for the
density variables, and patient identification numbers (assigned in order of admission to the
facility). We split the full series of 109 charts into trophozoite- and sporozoite-induced groups
and into 2 subgroups by patient identification number, <S-805 (the first 55, “earlier””) or >S-805
(the last 54, “later””). Note that patient identification numbers are not directly proportional to
elapsed time, (e.g., patient S-805 was infected in July 1947) because the size of the patient
population dwindled, but are more likely proportional to the number of parasite passages. The
“earlier” subgroup consists of 60% sporozoite-induced infections, the “later” subgroup only
28%; among the charts in which gametocytes were recorded, 61% in the earlier subgroup
reported only 1 sex (“male”), versus 6% in the later subgroup.

We used the Mann—Whitney test to examine distributional differences for each variable, with
P values <0.01 marking significant differences. As with any procedure involving multiple
comparisons, the results should be interpreted with caution. To investigate independence within
contingency tables for drug response, fevers, and infectivity, we again used G-tests (for 2 x 2
and 2 x N) and log-linear models (for 2 x 2 x 2), again with P values <0.01 marking significant
differences (Sokal and Rohlf, 1981). We calculated autocorrelation coefficients and plotted
correlograms for the “raw” per cubic millimeter parasitemia data, for the local peaks in
parasitemia, and for the data on gametocyte presence or absence, as before (McKenzie et al.,
2001).
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Tables I and II give summary statistics for the 109 St. Elizabeth P. vivax patient charts with
15 or more days of patency observed before intervention (see Materials and Methods). Figure
2 summarizes daily infection dynamics in these patient charts; Figure 3 depicts the individual
charts of 7 infected patients.

The results from linear regression and other statistical procedures on the P. vivax patient charts
contrast dramatically with those from the P. malariae patient charts (McKenzie et al., 2001).
For the trophozoite-induced infections, 2 values with 122 of the variable pairs exceed 0.33;
60 of these exceed 0.50, and 26 of these 60 exceed 0.67. For the sporozoite-induced infections,
2 values with 239 of the variable pairs exceed 0.33; 118 of these exceed 0.50, and 59 of these
118 exceed 0.67. That is, roughly twice as many pairs exceed a given 72 value for the sporozoite-
induced as for the trophozoite-induced infections. Only the pairs with 2 values >0.80 are
reported in the sections below; no 72 value for a pair involving a fever-related variable exceeds
0.67.

Parasitemia was <20,000 mm 3 on 99.9% of preintervention days observed and <10,000
mm 3 on 96%; the mean peak parasitemia was roughly 10,000 mm 3. Under the standard
curative chloroquine (1,500 mg of base administered over 3 days; 39 cases) and atabrine (300
mg per day for 5 days; 29 cases) regimes, parasites were cleared within a mean 0.7 and 2.1
days, respectively. Prior treatment did not influence rates of clearance.

In charts that showed “spontaneous clearance,” detectable parasitemia lasted, on average, 5
days longer in the 6 trophozoite-induced than in the 6 sporozoite-induced infections. However,
in charts that reported at least 7 wk of patency before “spontaneous clearance,” subsequent
detectable parasitemia dropped to 0, on average, 6 days more quickly in the 2 trophozoite-
induced than in the 2 sporozoite-induced infections.

Peak parasitemia, and the mean parasitemia from first patency to that peak, were higher in
trophozoite- than in sporozoite-induced infections, though the peak occurred on approximately
the same day of patency. The overall difference derives from a difference in the later (>S-805;
mean 11,181 > 6,512 mm 3, and 3,883 > 1,947 mm_3) rather than the earlier (<S-805)
subgroup. In the later subgroup, the mean parasitemia from first patency to the first local peak,
the first fever, the first and the peak gametocytemia, and intervention were higher in
trophozoite- than in sporozoite-induced infections. In the trophozoite-induced infections, the
parasitemia when first detected was higher in the later than in the earlier subgroup (mean 57
> 24). In the sporozoite-induced infections, the mean parasitemia to the peak, the first and peak
fevers, the peak male and female gametocytemias, and intervention were higher in the earlier
than in the later subgroup.

The correlogram of the “raw” per cubic millimeter parasitemia data shows a smooth tailing-
off of positive autocorrelation coefficients, which indicates that these data lack a dominant
frequency or period and display only serial day-to-day correlation of densities above or below
the mean value. The correlogram for the binary “local peaks” in parasitemia (Fig. 4) indicates
positive values only for period 2 and, very slightly, period 9; the other 7 coefficients are slightly
negative.

Table III gives the transition matrix for the 692 intervals between these local peaks in

parasitemia. The 2 “textbook” possibilities (tertian-to-tertian, quotidian-to-quotidian) together
account for only 19.2% of the transitions; if the >4-day categories are eliminated, for instance,
this figure rises to 40%. Even allowing for enormous error in “local peak” approximations, the
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Table IIT matrix suggests that changes in brood structure during the course of an infection and
differences in brood structure between infections could account for only about 20% of the
local-peak transitions, i.e., for strictly tertian brood structures.

The observed frequencies in the transition matrix are very close to those expected on the basis
of the frequency distribution (see Materials and Methods). A priori expectations for longer
sequences of intervals can easily be calculated from the frequency distribution. Such
calculations (not shown) suggest that whereas consecutive 1-day intervals and 2-day intervals
each occurred almost precisely as often as would be expected, overall, this is a consequence
of combining results from the earlier sporozoite- and later trophozoite-induced infections, in
which these observed frequencies were higher than expected, with those from the later
sporozoite- and earlier trophozoite-induced infections, in which they were lower than expected.

Table IV compares transition-matrix entries across different species and induction modes with
respect to their conformance to “textbook” brood structures and the degree to which, with
respect to “local peaks” in parasitemia, this correspondence might increase or decrease over a
sequence of infections or over the course of a single infection. With P. vivax, local peaks in
the sporozoite-induced and earlier infections and in later phases of infections fit recognized
tertian patterns more often than did those in the trophozoite-induced and later infections and
in earlier phases of infections. Considered over all 4 species, and both induction modes, fevers
followed patterns that fit recognized brood structures roughly twice as often as did these “local
peaks.”

Parasitemia and fevers

In all cases, parasitemia was patent on or before the day the first fever was reported. In 71 of
the 107 infections with fever records, 1 or more of the fevers exceeded 106 F. There were no
apparent differences between the trophozoite- and sporozoite-induced infections, or the earlier
and later infections, with respect to any fever-related measures considered here (P > 0.2).

No fevers were detected after day 60. Among charts in which fevers had ceased at least 1 wk
before intervention, there was no difference between the (24) trophozoite- and (18) sporozoite-
induced infections with respect to the final day on which a fever was reported (mean day 29.5).

Parasitemia at the first fever >104 F was higher than that at the final fever in half of the
infections and lower in half, whether trophozoite- or sporozoite-induced; it was higher in two-
thirds of the earlier and one-third of the later subgroup. Among charts in which fevers had
ceased at least 1 wk before intervention, there was no difference between trophozoite- and
sporozoite-induced infections with respect to the parasitemia (mean 1,893 mm™2) or fever
(mean 102.7 F) on the final day on which a fever was reported. The mean parasitemia from
first patency to the peak fever was higher in trophozoite- than in sporozoite-induced infections,
though the peak fever occurred on approximately the same day of patency. The overall
difference derives from a difference in the later (mean 3,329 > 1,605 mm_3) rather than the
earlier subgroup.

In only 13 of the 107 patient charts with fever records did the peak fever and the peak
parasitemia occur on the same day, and in 26 more they occurred within 1 day of each other.
In 65 charts, the peak fever preceded and in 29 followed the peak parasitemia. The peak fever
and 1 of the next 2 highest parasitemias co-occurred in 29 charts; the peak parasitemia and 1
of the next 2 highest fevers co-occurred in 22 charts. In 34 charts, the peak fever coincided
with a local peak in parasitemia; in 72 charts the peak parasitemia coincided with a fever. We
found no strong relationships between measures of parasitemia and fever, in timing or
magnitude (Tables I, IT); we cannot explain such absences of association.
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Parasitemia and gametocytemia

Gametocytes were recorded before intervention in 100 patient charts, on a total of 1,533 days.
Gametocytes of both sexes were reported in 66 patient charts, with both males and females
detected on 581 days, only females on 324 days, and only males on 107 days. Only males were
reported in 30 patient charts, on a total of 510 days; recall that 4 patient charts reported only
females, on a total of 11 days. In 1 patient, gametocytes were detected only after subcurative
drug interference. Gametocytes were frequently detected (Fig. 2) and at densities generally
well above the threshold of detection: only 5% of the days recorded 10 gametocytes/mm? (of
one or both sexes), whereas nearly 15% recorded >200 mm3,

Among the infections in which both gametocyte sexes were reported, the mean asexual density
from the first day of patency to the peak female density correlates with that to the peak male
density (2 = 0.97 for sporozoite-induced, 0.83 for trophozoite-induced). Among sporozoite-
induced infections, the mean asexual density to the day of peak female density correlates with
the peak asexual density (2= 0.81); the same holds with respect to the day of peak male density,
both for infections in which both gametocyte sexes were reported (2 = 0.80) and those in which
only males were reported (2 = 0.82).

In infections in which both gametocytes sexes were reported, the peak parasitemia and peak
female (male) density occurred on the same day in 6 (7) patient charts, and in 6 (9) more
occurred within 1 day of each other. In 20 charts, the peak female density and peak male density
occurred on the same day and in 16 more occurred within 1 day of each other. Peak parasitemia
preceded peak female (male) density in 52 (52) charts, followed itin 8 (11), and coincided with
itin 6 (3). In 19 charts, the peak female density preceded, in 26 followed, and in 21 coincided
with the peak male density. Peak female (male) density followed peak parasitemia by an
average of 7.5 (6.9) days.

In infections in which only males were reported, the peak parasitemia and peak gametocytemia
occurred on the same day in 1 chart and in 6 more occurred within 1 day of each other. In 8
charts, the peak gametocytemia preceded, in 19 followed, and in 2 coincided with the peak
parasitemia. Peak gametocyte density followed peak parasitemia by an average of 5.2 days.
There were no apparent differences between the trophozoite-and sporozoite-induced
infections, or the earlier and later infections, with respect to these timing-related measures.

The mean parasitemia from first patency to the day on which females were first detected was
higher in trophozoite- than in sporozoite-induced infections; the overall difference derives from
a difference in the later (mean 3,321 > 2,169 mm ) rather than the earlier subgroup. Among
the sporozoite-induced infections, females were first detected in the earlier subgroup earlier
than in the later subgroup (mean day 8.7 < 16.2).

For all categories of infections, the peak male density correlates with the mean male density
from the first day of patency to the day of peak male density (2 = 0.84 for sporozoite-induced,
0.88 for trophozoite-induced) and to the day of intervention (0.86, 0.89). The last 2 variables
are correlated, as are the corresponding variables for females. Among sporozoite-induced
infections, the day of peak female density correlates with the day of peak male density (72 =
0.80), and peak female density correlates with mean female density to the day of peak female
density (0.92) and to the day of intervention (0.94); mean female density to the day of
intervention is correlated with the mean male density to the day of peak male density (0.81)
and to the day of intervention (0.82).

In the later subgroup (>S-805), among infections in which both gametocyte sexes were
reported, the proportion of days on which both were detected simultaneously was higher in the
trophozoite- than in the sporozoite-induced infections (mean 0.27 > 0.13). In the sporozoite-
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induced infections in which both gametocyte sexes were reported, the proportion of days on
which both were detected simultaneously was higher in the earlier than the in later subgroup
(mean 0.32 > 0.13).

The female density when first detected (mean 63 > 25 mm ), and at their peak (mean 191 >
88 mm ), and the mean female density to their peak (mean 101 > 38 mm ) and to intervention
(mean 92 > 33 mm ) were higher in the earlier than in the later subgroup. In the sporozoite-
induced infections, the male density when first detected (mean 31 > 11 mm73), and at their

peak (mean 107 > 32 mm3), and the mean male density to their peak (mean 50 > 17 mm )
and to intervention (mean 50 > 16 mm ) were higher in the earlier than in the later subgroup.

As with the per cubic millimeter parasitemia data, the correlograms of gametocyte densities
(in the patient charts in which gametocytes were reported before intervention) indicate that
these data lack a dominant frequency or period and display only serial day-to-day correlation.

The relative densities of male and female gametocytes appeared to alternate, though not with
a discernably regular period. Figure 5 plots the course of male and female gametocytemia
relative to parasitemia, and the gametocyte sex ratio, in the infections in which both gametocyte
sexes were reported. Notice that the gametocyte densities were higher in sporozoite-than in
trophozoite-induced infections, though the day-to-day gametocyte frequencies were lower
(Fig. 2A).

Gametocytes and infectivity

Feeds on trophozite- and sporozoite-induced infections did not differ with respect to the
presence or absence of gametocytes; pre- and postdrug feeds did not either. When gametocytes
of both sexes were reported at feeds, the density of females was higher than that of males (mean
113 > 42/mm3, P < 0.001). Among the infections in which both gametocyte sexes were
reported, gametocyte densities at feeds on sporozoite-induced infections were higher than those
in trophozoite-induced infections (females 217 > 62 mm 3, P < 0.0001; males 73 > 27 mm 3,
P <0.001); among the sporozoite-induced infections, gametocyte densities were higher at
postdrug than at predrug feeds (females 328 > 106 mm 3, P < 0.001; males 105 > 41 mm 3,
P <0.01). Parasitemia at feeds was higher in the earlier than in the later subgroup (mean 5,301
> 3,423 mm 3, P < 0.0001) and, in the later subgroup, was higher in trophozoite-than in
sporozoite-induced infections (mean 3,807 > 2,341 mm73, P < 0.01).

Successful transmission occurred in 249 of the 290 mosquito feeds before and 76 of the 87
feeds after subcurative drug administration. One or more of the feeds on each of 71 different
patients succeeded; feeds on 4 other patients (total 9 feeds) failed entirely. The earliest
successful and failed feeds were each on day 7 of patency, the latest on days 44 and 39. Overall,
the success of feeds did not differ between trophozoite- and sporozoite-induced infections or
between the earlier and later subgroups; the success of feeds was not affected by the
administration of subcurative drugs. Successful feeds occurred later in infections, by a mean
of 4.7 days (mean day 25.4 vs. 20.7); the overall difference derives from differences within
the pre-drug trophozoite-induced (mean day 25.5 vs. 20.5) and post-drug sporozoite-induced
(mean day 29.0 vs. 24.3) infections.

The presence or absence of detected gametocytes did not determine the success or failure of a
feed, and levels of parasitemia did not either. Seven of the 8 feeds undertaken at peak
parasitemia and 4 of the 5 undertaken at peak fever were successful. When gametocytes were
detected, the success or failure of a feed did not depend on whether either or both sexes were
detected. Male densities were higher at successful than at failed feeds, both in the infections
in which only males were reported and those in which gametocytes of both sexes were reported;
among the latter, the difference derives from a difference in the sporozoite-induced infections
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(mean 77 > 33 mm 3, P < 0.01). Female densities did not differ between successful and failed
feeds or between feeds on trophozoite- and sporozoite-induced infections. There was no
relationship between the proportion of mosquitoes infected at feeds and the corresponding
gametocyte densities in any gametocyte category (7% < 0.05).

Homologous reinfection

Previously malaria-naive patients were occasionally infected twice in succession with the St.
Elizabeth strain of P. vivax in the South Carolina facility; both charts are available for 5 such
patients. With 2 of these patients, the first and second infections both occurred in the 1940s,
with intervals between the final parasite-positive day of the first and the day of inoculation
with the second of 161 and 1,010 days. With 2 others, the first infection occurred in the 1940s
and the second in the 1950s, with intervals of 2,115 and 2,302 days. In each pair, with the first
patient, the first infection was sporozoite-induced, the second trophozoite-induced, and the
order was reversed with the second patient; in each, the first infection lasted 3—7 wk. With the
remaining patient, the first and second infections both occurred in the 1950s, with an interval
of 172 days; the first infection was trophozoite-induced and lasted 14 wk, and the second was
sporozoite-induced.

With all 5 patients, in the second infection the mean fever, peak fever and number of days of
fever were lower, and the day of peak fever earlier, than in the first. With 3, the day of the first
fever was earlier and with 1 later; with 2, the first fever was lower and with 2 higher. With all
5 patients, the mean asexual density was lower in the second infection than in the first. In 4,
the peak asexual density was lower, the day of peak asexual density earlier, and intervention
later; in each case 1 of the patients with a short interinfection interval showed the reverse
relationship. There were no clear patterns with respect to initial asexual-form density.
Gametocytes were detected in all 5 patients in the first infection, but in only 2 in the second
infection; in those 2, gametocytemia decreased, by all measures.

DISCUSSION

We have taken advantage of a unique opportunity to examine the preintervention blood-stage
dynamics of P. vivax infections in a population of malaria-naive U.S. neurosyphilis patients
infected with a well-characterized strain of the parasite, in circumstances nominally identical
to those of canonical studies of the species. However, because the dynamics of parasitemia in
these patient charts seldom seem to correspond to conventional, “textbook” descriptions of
tertian patterns, we join Coatney, Cooper, and Young (1950) in reporting that “the results in
our controlled studies serve to reemphasize the variability of vivax malaria.”

Previous work suggests that different P. vivax inoculum sizes may lead to different
prepatencies, which may in turn be associated with differences in frequencies of tertian fevers
and spontaneous recovery, more strongly so in sporozoite- than in trophozoite-induced
infections (Glynn and Bradley, 1995). This may be a complicating factor in our data; e.g.,
though initial parasitemia did not differ between the trophozoite- and sporozoite-induced
infections, variation within each group was high.

Other complicating factors are the skewed distributions of the male-only gametocyte counts
and sporozoite-induced infections toward the “earlier” group of infections. Though the notable
differences within this data set seem more often related to change over time, i.e., the “earlier”
versus the “later” group, than to trophozoite- versus sporozoite-transmission per se, the 2
elements are closely intertwined at many levels; in particular, there was not 1 purely sporozoite-
and another purely trophozoite-transmitted line. Furthermore, many of the relevant differences
relate to net growth rates, i.e., to the trade-offs between geometric, asexual-form and arithmetic,
sexual-form growth we have examined elsewhere (McKenzie and Bossert, 1998a, 1998b); our
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regression results indicate that the only pairs of variables that yield 72 values >0.80 are those
that involve gametocytemia or asexual parasitemia in relation to gametocytemia. Parasitemia
and gametocytemia in the sporozoite-induced infections were generally higher in the earlier
than in the later subgroup. In the trophozoite-induced infections, the only measure of
parasitemia that differed between the earlier and later subgroups was the initial density (higher
later), and only female gametocytemia declined. Hence, in the later subgroup and overall,
parasitemia was higher in the trophozoite- than in the sporozoite-induced infections, whereas
gametocytemia per se showed few significant differences (see Figs. 2, 5). The overall success
of feeds did not differ between the trophozoite- and sporozoite-induced infections or the earlier
and later infections.

Nonetheless, our regression results indicate that pairs of variables show more frequent and
stronger correlation in sporozoite- than in trophozoite-induced infections. We speculate that
host immune responses contribute to these differences, i.e., that there are relevant differences
between host responses to the relatively gradual release of primary merozoites from hepatic
schizonts and the relatively instantaneous introduction of a mixture of the various asexual and
sexual blood forms of the parasite, spirochaetes, and host antigens. It is also conceivable that
a given number of primary merozoites are more closely related than an equivalent number
taken at random from the host circulation, in which case one would expect the evolutionary
path of the parasite to be biased by the relative frequencies of sporozoite- and trophozoite-
based transmission.

Whatever the scenario, whereas the parasites represented in this data seem to have displayed
consistencies in line with their continued recognition as a coherent “strain” (see following text),
they must have been subject to genetic drift. With respect to possible selective forces, all we
can infer is that the regime would consciously have focused only on clinical criteria, thus
primarily on whatever phenotypic traits might be associated with fevers. No fever-related
variables differed between the trophozoite- and sporozoite-induced infections or the earlier
and later infections.

We know of 1 report of dramatic changes in P. vivax with repeated passage, in the form of an
oft-cited paper from the Horton Hospital, U.K. (James et al., 1936), which describes an apparent
instance of artificial selection, the conversion of a relatively mild strain of P. vivax, “to the
production of individuals which represent the species in its perfect form. Between 1925 and
1930 we succeeded in increasing the physical vigour and activity of an endemic strain of P.
vivax from Madagascar to the degree in which it caused this severe ‘epidemic type’ of the
disease in 80% of our cases. We did so by using a particular procedure in passaging the strain
through the human host and insect vector.” The paper gives no details about the “particular
procedure” of mosquito and blood inoculations but claims that it led to infections with higher
fevers, higher mortality (if untreated), and more consistent transmission to Anopheles, changes
“evidenced not only by an increase in the number of asexual parasites but particularly by the
earlier appearance and greater number of gametocytes.” We are wary of the discrepancies
between this account and reports on the same strain in the same facility during the same period
that were published 5 yr earlier (James, 1931) and 15 yr later (Covell and Nicol, 1951),
however.

Decades of experience with the common malariatherapy “strains” seemed to confirm the
presence and persistence of characteristic differences between primary infections with each of
them (Boyd, 1940a; Kaplan et al., 1946), e.g., between the El Limon, McLendon, and Santee-
Cooper strains of P. falciparum (Collins and Jeffery, 1999). Several citations in the first
paragraph of this paper are generalizations from the authors’ extensive experience, each
predominantly with 1 strain of P. vivax: Chesson (Whorton et al., 1947), McCoy (Kitchen,
1949), or Madagascar (Shute, 1958). The quote from Coatney et al. (1971) refers explicitly to
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Chesson infections and so may not apply to the authors’ experience with St. Elizabeth
infections. Our results apply to the St. Elizabeth strain, and we have noted that several contrast
with those of Boyd (1938) and Kitchen (1949), for instance, who worked primarily with the
McCoy strain. It may be that most or all differences between our results and those of previous
authors arise from differences in the circumstances or parasites involved.

Such P. vivax strains may differ dramatically in their pre-patency and relapse intervals
(Tiburskaja et al., 1968; Coatney et al., 1971; Shute et al., 1976; Clyde, 1989), in their response
to primaquine and other drugs (Collins and Jeffery, 1996), and in their infectivity to various
species and strains of Anopheles, e.g., An. culifacies (Collins et al., 1986; Adak et al., 1999).
Simultaneous infection with 2 P. vivax strains may interfere with the development of
homologous immunity to either (Boyd et al., 1938), allow transmission either of 1 or both
strains (Boyd et al., 1941), and produce relapse patterns that combine the characteristics of
each (Cooper et al., 1950). Different P. vivax strains are said to produce different numbers of
merozoites per schizont, on average, ranging from 12-24 (Boyd, 1941; Pampana, 1963;
Garnham, 1966). Perhaps mostimportant with respect to the present paper, however, are reports
that such strains differ in periodicity (Garnham, 1966; Coatney et al., 1971). Based on fever-
peak-to-fever-peak measurements on patients in the South Carolina USPHS facility, Young
(1944) reported periodicities of 43.4 hr for the St. Elizabeth strain, 41.5 hr for a Baltimore
strain, and 45.8 hr for a New Hebrides strain; he concluded that “each strain might have a
characteristic periodicity” (but see Kitchen and Putnam, 1946).

It is now well-known that different lines cloned from a single P. falciparum isolate may differ
in drug susceptibility, antigenic profile, gametocyte production, infectivity, and other
phenotypic characteristics (Burkot et al., 1984; Thaitong et al., 1984), but there is no
comparable information on P. vivax. There has been remarkably little research on P. vivax
diversity, in antigenic (Udagama et al., 1990; Kolakovich, 1996; Putaporntip et al., 1997) or
other (Tsuboi et al., 1994; Joshi et al., 1997) terms. Studies of 2 worldwide variants of the P.
vivax CSP repeat region, VK210 and VK247, have demonstrated that they may coinfect
humans (Kain et al., 1991) and Anopheles (Wirtz et al., 1992) and that they raise distinct
antibody responses (Wirtz et al., 1990). It has been reported that VK210 is associated with
higher parasitemia and chloroquine resistance (Kain et al., 1993; but see Machado and Povoa,
2000) and that year-to-year changes in the relative prevalence of VK210 and VK247 may be
because of immune selection (Burkot et al., 1992). Their relative prevalence may also vary
with the season (Suwanabun et al., 1994), and different sympatric species of Anopheles may
be more susceptible to each (Gonzalez-Ceron et al., 1999). These contrasting characteristics
seem to correspond in part to those of the “strains” discussed in the classic literature, in part
to those of “strains” discussed in the recent literature (Gupta et al., 1996), and in part to neither.
We hope that more research on within-host dynamics of Plasmodium will address such
discrepancies and will clarify the biological nature of strains and of broods.

Our results clearly fit the observation by Kitchen (1949) that per cubic millimeter P. vivax
parasitemia “usually remains below 30,000.” The timing of peak parasitemia fell within the
range given by Kitchen (1949) but was therefore several days in advance of the range given
by Garnham (1966). Peak parasitemia was higher in trophozoite- than in sporozoite-induced
infections but, in contrast to Boyd (1938), not earlier. Our results on the duration of trophozoite-
versus sporozoite-induced infections differ from the results of Coatney et al. (1971) with a
larger sample of St. Elizabeth P. vivax infections, as cited previously, and from our results with
P. falciparum (Collins and Jeffery, 1999).

It is not clear whether the magnitudes of the fevers fit the observation by Kitchen (1949) that
P. vivax fever “frequently exceeds 106 F.” The timing of the peak fever was several days in
advance of the range given by Kitchen (1949), however. In the sporozoite-induced infections,
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the mean 28.4-day duration of the febrile phase was longer (by 9 days) and the mean maximum
fever of 105.8 F higher (by 1.6-3.3 F) than those cited by Coatney et al. (1971) for mosquito-
induced infections. It is not clear whether the variation in the relation of parasitemia to the first
and final fevers falls within the bounds of the “similarity” remarked on by Boyd (1938,
1944), as cited previously. Neither the duration of the febrile phase of infection nor the
parasitemia at the final fever differed between trophozoite- and sporozoite-induced infections,
in contrast to Boyd (1938, 1940b).

Taking into consideration the lengths of the initial infections and the interinfection intervals,
the data on homologous reinfections appear to conform to those in earlier reports on
homologous P. vivax reinfections in malariatherapy (Boyd and Kitchen, 1936; Boyd, Stratman-
Thomas, and Kitchen 1936; Boyd, 1942b; Kitchen, 1949; Coatney, Cooper, and Young,
1950; Garnham, 1966; Coatney et al., 1971) and to the corresponding summary hypothesis of
that era, i.e., that homologous-strain immunity sufficient to suppress patent parasitemia and
prevent clinical attack could be acquired through a P. vivax infection of 6 mo or more that
concluded with “spontaneous recovery,” and that, once acquired, such immunity might persist
3-7 yr.

The lag between asexual-form and gametocyte patency was 3—7 days longer than in previous
reports (Fairley, 1947; Garnham, 1966); the lag between peak parasitemia and peak
gametocytemia was no more than 1-2 days longer, however (Boyd, Stratman-Thomas, and
Muench, 1936; Garnham, 1966). Boyd, Stratman-Thomas, and Muench, (1936) calculated that
“one-quarter of those previously negative, develop gametocytes in their blood daily”;
comparable figures for our data are closer to one-fifth, yet gametocytes were detected on 57%
of preintervention days versus the 48% reported by Boyd, Stratman-Thomas, and Muench
(1936).

Gametocyte density was usually about 100 mm 3, however, hence well below the previously-
reported levels (Boyd, Stratman-Thomas, and Muench, 1936; Basu, 1947; Garnham, 1966;
Sattabongkot et al., 1991), as cited previously. We found no evidence of the 5-day intervals
between gametocyte “showers” remarked on by Boyd, Stratman-Thomas, and Muench
(1936). Fevers did not affect the presence or density of gametocytes or the success of feeds, in
contrast to the report of Eyles et al. (1948), who found infectivity lower in asymptomatic than
in symptomatic phases of P. vivax infection, and that of Mendis and Carter (1992), who reported
a decline in infectivity at the febrile “crisis” stages of infections.

Our results indicate that an absence of detected gametocytes of either sex does not hinder P.
vivax transmission to Anopheles and that the presence of abundant gametocytes of either sex
does not guarantee it; this is in line with most previous reports (Boyd and Stratman-Thomas,
1932; Boyd et al., 1935; Boyd, 1942a; Watson, 1945). However, our results also support the
hypothesis that “the best estimate of the potential infectivity of a patient can be made on the
basis of the male gametocyte count” (Eyles et al., 1948). Earlier work reported that the mean
oocyst density per mosquito increased with the density of microgametocytes (males) but not
macrogametocytes (Boyd and Stratman-Thomas, 1932) and that the mean oocyst density and
the proportion of mosquitoes infected tended to vary together (Boyd, 1942a). Boyd and Kitchen
(1937) found microgametocyte density critical in the infectivity of P. vivax, but not of P.
falciparum, and attributed the difference primarily to a higher overall gametocytemia required
for successful P. falciparum transmission.

It is well-known that Duffy-antigen expression on red blood cells is implicated in P. vivax
susceptibility (Boyd and Stratman-Thomas, 1933; Bray, 1958; Miller et al., 1976). Recent
studies indicate that Duffy-antigen expression is higher on reticulocytes (Woolley et al.,
2000), that gametocyte production and infectivity in P. falciparum are higher in reticulocytotic
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blood, e.g., from sickle-cell anemics (Trager and Gill, 1992; Robert, Tchuinkam et al., 1996;
Drakeley et al., 1999; Trager et al., 1999), that P. falciparum infectivity increases with the
proportion of male gametocytes (Robert, Read et al., 1996), and that stimulation of
erythropoesis, but not reticulocytosis per se, shifts gametocyte sex ratios in P. gallinaceum and
P. vinckei toward males (Paul et al., 2000). This new conjunction suggests possible links to
the homeostatic mechanisms that boost reticulocyte production in response to red blood cell
depletion and potential insights into the within- and between-host dynamics of mixed-species
Plasmodium infections (Snewin et al., 1991; McKenzie and Bossert, 1997, 1999; Worku et al.,
1997; Mason and McKenzie, 1999). In Aotus monkeys, for instance, prior infection with either
P. falciparum or P. vivax increases the infectivity of a subsequent infection with the other
species (Collins et al., 1979). Hegner (1938) pointed out a seasonal rise in human reticulocyte
counts, coincident with P. vivax relapses and Boyd and Kitchen (1938) a similar seasonal rise
in P. vivax infectivity. We hope and expect that research along these lines will develop rapidly.
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Figure 1.

Page 18

The day of patent infection on which the peak gametocyte density (A), peak fever (B), and

peak asexual-form density (C) occurred (vertical axes) plotted against the overall number of
days of patent infection before intervention in the corresponding individual chart (horizontal
axis). The arrow indicates day 14 of patency (see text).
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Figure 2.

Page 19

Patent gametocyte frequency (A, binary) and asexual-form density (B, as the mean of the log
10 parasitemia) for each day of patent, preintervention infection in charts with more than 14

days of observed preintervention patency. The solid line represents sporozoite-induced

infections, the dotted line trophozoite-induced infections.
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Examples of charts with more than 14 days of preintervention patency. For each chart, the line
graph shows log 10 parasitemia (as circles) and gametocytemia (males as triangles, females as
squares) per cubic millimeter of blood, plotted from the first day of patent parasitemia to the
last day before intervention. Patient identification numbers and days plotted are (A) S-611, 50
days; (B) S-554, 53 days; (C) S-533, 66 days; (D) S-757, 40 days; (E) S-1084, 31 days; (F)
S-932,76 days; (G) S-772, 50 and 60 days (see following text). Single tertian intervals between
“local peaks” in parasitemia are most evident in B (days 35—43) and D (days 20-28). Note that
only males were reported in B and C (see text). The patient in part G was treated with atabrine
(1 g on day 47, 400 mg daily on days 48-53) and reinoculated with St. Elizabeth P. vivax 76
mo later.
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Figure 4.

The correlogram of local peaks in parasitemia (binary) in the patient charts with >4 local peaks.
The solid line represents sporozoite-induced infections, the dotted line trophozoite-induced
infections.
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Figure 5.

The day-by-day course of the mean male (A) and female (B) gametocytemia per asexual form
and the gametocyte sex ratio (C) between days 5 and 40 of patency. Only charts in which each
gametocyte sex was reported on at least 1 day were included; charts in which the sex ratio
exceeded 10 were excluded (4 charts, on a total of 11 days). If the density of only 1 sex was
recorded on a given day, the density of the other on that day was set at 5 mm > (the threshold
of detection was roughly 10 mm ). The solid line represents sporozoite-induced infections,
the dotted line trophozoite-induced infections.
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Table lll
Transition matrices for the intervals between “local peaks” in parasitemia, in 85 patient charts (see text).
Transition To 1 day To 2 days To 3 days To >4 days
From 1 day 0.001 0.004 0.001 0.000
From 2 days 0.000 0.191 0.097 0.140
From 3 days 0.001 0.110 0.069 0.071
From >4 days 0.001 0.118 0.082 0.114
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