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Abstract
Background—In patients with severe malaria, acute respiratory distress syndrome usually
develops after the start of drug treatment and is a major cause of death. Its pathogenesis is not well
understood.

Methods—Respiratory symptom, spirometry, and gas transfer analyses were performed
longitudinally in adults in Papua, Indonesia, with uncomplicated (n = 50) and severe (n = 30)
falciparum malaria; normal values were derived from 109 control subjects. Gas transfer was
partitioned into its alveolar-capillary membrane (DM) and pulmonary vascular (Vc) components,
to characterize the site of impaired gas transfer.

Results—Cough was frequent in both patients with uncomplicated malaria (50%) and those with
severe malaria (30%) and resolved by day 14. Reduced midexpiratory flow indicated obstruction
of the small airways. Gas transfer was significantly impaired in patients with severe malaria. DM
was reduced in patients with severe malaria but not in those with uncomplicated malaria and only
returned to normal levels after 2 weeks. In patients with uncomplicated malaria, Vc was reduced at
presentation but improved thereafter. In patients with severe malaria, Vc decreased with treatment
and was lowest at day 7.

Conclusions—Our results suggest that pulmonary vascular occlusion occurs in both patients
with uncomplicated malaria and those with severe malaria, likely from sequestration of both red
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blood cells (RBCs) and white blood cells. There was also impaired alveolar-capillary membrane
function in patients with severe malaria but not in those with uncomplicated malaria. Persistent
impairment long after clearance of parasitized RBCs suggests prolonged posttreatment
inflammatory alveolar-capillary injury.

Acute respiratory distress syndrome (ARDS) is a major cause of death in adults with severe
malaria [1, 2]. In hospital case series of severe malaria, 9%-23% of patients developed
pulmonary edema [3-5]. Without ventilatory support for affected patients, the mortality for
malaria-associated ARDS reaches at least 80% [2], which is higher than the 15%-30%
overall case-fatality rate for severe malaria [1]. Despite this finding, the pathogenesis of
ARDS in patients with severe malaria is poorly understood; no previous studies have
examined altered pulmonary physiology in patients with severe malaria [2]. Microvascular
sequestration of parasitized red blood cells (RBCs) underlies most extrapulmonary organ-
specific manifestations of severe falciparum malaria [6, 7]. However, ARDS usually
commences during the first 5 days after the start of treatment, when peripheral parasitemia
has decreased or disappeared [1, 8-10]. It has therefore been hypothesized that lung injury
following treatment of malaria may be predominantly an inflammatory response, rather than
a purely microvascular mechanical obstructive phenomenon [11].

In recent pilot studies, disease-related changes in pulmonary function were defined in
returned travellers with uncomplicated malaria [11]. Altered lung function was common in
both patients with uncomplicated falciparum malaria and those with vivax malaria and
included obstruction of the small airways, reduced alveolar ventilation, reduced alveolar gas
transfer, and increased pulmonary phagocytic cell activity [11]. Although we have
hypothesized that lung function would be impaired to a greater extent in patients with severe
malaria, there are no data on the nature, site, or magnitude of impaired lung function in
patients with severe malaria. The extent to which impaired gas transfer results from
microvascular obstruction, pathological abnormality at the alveolar membrane, or both in
patients with uncomplicated malaria and those with severe malaria is not known. Also, there
are no data on the effects of malaria on lung function in adult residents of malaria-endemic
areas who have past exposure to malaria, nor are there data on whether noninvasive
assessments of lung physiology are feasible and reproducible in malaria-endemic settings.

We thus undertook more-detailed studies, including respiratory symptom, spirometry, and
gas transfer analyses, in larger numbers of adult subjects with and without severe falciparum
malaria in a malaria-endemic area of Papua, Indonesia. We partitioned gas transfer into its
alveolar-capillary membrane and pulmonary vascular components, to characterize more
closely the site of impairment in gas transfer in patients with uncomplicated malaria and in
those with severe malaria. Because lung injury in patients with malaria most commonly
develops after the start of antimalarial treatment, we also performed longitudinal
assessments of lung function, to examine whether gas transfer would deteriorate with
treatment.

PATIENTS, MATERIALS, AND METHODS
The present study was a prospective, longitudinal observational study of altered lung
physiology in malaria. It was conducted at Mitra Masyarakat Hospital (RSMM) in Timika,
Papua, Indonesia, a lowland region of unstable malaria transmission in which both
Plasmodium falciparum and Plasmodium vivax are endemic. All research was conducted in
accordance with national and institutional guidelines for human experimentation. The study
was explained in Indonesian language, using local health providers and, when necessary,
local language translators. Individuals who agreed to participate were provided with a
written information sheet in Indonesian and signed a consent form.

Maguire et al. Page 2

J Infect Dis. Author manuscript; available in PMC 2008 October 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Three groups of patients ≥18 years old were enrolled from the outpatient clinic or
emergency department: (1) patients with uncomplicated falciparum malaria, defined as P.
falciparum parasitemia (>1000 asexual parasites/μL) with documented fever (axillary
temperature ≥38°C) or self-reported history of fever during the preceding 48 h, with no other
cause present; (2) patients with severe falciparum malaria, defined as P. falciparum
parasitemia (>1000 asexual parasites/μL) with normal mental state and ≥1 modified World
Health Organization criteria [12] (acute renal failure [creatinine level >265 μmol/L],
hyperbilirubinemia with either renal impairment [creatinine level >130 μmol/L] or
parasitemia of >100,000 asexual parasites/μL, blackwater fever, or hyperparasitemia [>10%
parasitized RBCs]); and (3) healthy control subjects with no history of fever during the
preceding 48 h, no parasitemia, no history of current or recent wheeze (within the preceding
12 months), and no history indicating chronic bronchitis (i.e., no cough productive of
sputum on most days for ≥3 months/year for ≥2 years). Control subjects were usually well
family members of patients. Pregnant women were excluded from all groups. Patients with
uncomplicated malaria were required to have a hemoglobin concentration >8 g/dL.

Clinical assessments included those of respiratory signs and symptoms, the history of
episodes of malaria, and the length of illness before presentation. Hemoglobin concentration
and RBC and white blood cell (WBC) counts were determined by use of a Coulter counter,
and parasite counts were determined by use of Giemsa-stained thick film. Cough was
recorded as being present on the basis of patient history (either volunteered or elicited in
response to direct questioning) with or without observed cough. Treatment of falciparum
malaria included 7 days of quinine, in accordance with the standard Indonesian Ministry of
Health and RSMM guidelines, either oral (for uncomplicated malaria) or intravenous (for
severe malaria). Patients with uncomplicated malaria underwent repeat assessments, at 7 and
14 days after enrollment. Patients with severe malaria were reviewed at days 4, 7, 14, and
28.

Each assessment included questions relating to current cough, recent tobacco consumption,
and the measurement of capillary hemoglobin concentration (HemoCue). Tests of lung
function at each review included spirometry and measurement of gas transfer (DLCOSB),
including its partitioning into membranous (DM) and vascular (Vc) components (see below).
Local medical staff (T.H. and E.K.) were trained in the performance and quality assurance
of lung function testing; ongoing distant supervision of electronic test data was provided by
a respiratory physician (G.P.M.).

Lung function was measured using a pulmonary function testing station (TT544; Morgan
Transflow System; Morgan Medical) that had been adapted for portable use. Twice-daily
calibration of the flow detector and gas analyzers was performed using a known
concentration of a gas mixture of He, CO, and O2.

Spirometry was performed using American Thoracic Society criteria for technique and
reproducibility [13]. Values were converted to normal body temperature (37°C), ambient
pressure, saturated with water vapor [13]. Forced midexpiratory flow (FEF25-75), forced
expiratory flow in 1 s (FEV1), and forced vital capacity (FVC) were measured. Gas transfer
and lung volumes were measured using the single-breath apnea technique (DLCOSB)
corrected for hemoglobin [14, 15]. This required patients to inhale a known concentration
and volume of a mixture of He, CO, and O2, hold their breath for 10 s, and then exhale. The
composition of the exhaled mixture was then analyzed.

DLCOSB was partitioned into a pulmonary membrane (DM) and capillary component
(encompassing the uptake rate for CO [θCO] and pulmonary capillary volume [Vc]),
according to the Roughton-Forster relationship: 1/DLCO = 1/DM+1/(θCO × Vc) [15, 16]. To
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do this required the measurement of DLCOSB using a gas mixture of high and low
concentrations of oxygen, with the mixture containing a high concentration of oxygen being
preceded by 5 min of breathing 100% oxygen. Analyses of gas transfer using low
concentrations of oxygen were performed at least twice. Results of gas transfer analyses
using high and low concentrations of oxygen were only included for analysis if these
duplicates agreed to within 10% and if the time holding breath was between 9 and 10 s.

Data were analyzed using Intercooled Stata (version 7.0; Stata Corp). Normal values for
spirometry and gas transfer analyses were derived from control subjects, using multivariate
linear regression modelling that incorporated age, sex, and height (authors’ unpublished
data). Although the majority of malaria cases were seen in highlanders, sufficient numbers
of control subjects from both the highlands and the lowlands were recruited, to enable the
calculation of predicted values for lung function in each ethnic group.

For spirometry analyses, there was no significant independent association with ethnicity
(highland vs. lowland), and ethnicity was not incorporated. Gas transfer regression models,
however, also included significant independent associations with ethnicity (highland vs.
lowland) and tobacco consumption within the preceding 24 h (authors’ unpublished data).
Univariate statistics were used to compare calculated normal lung function values with those
for patients with malaria, using Student’s t test for normally distributed data and the
Wilcoxon rank sum test for nonparametric data. For univariate analysis of categorical
variables, the χ2 test or Fisher’s exact test was used, as appropriate. All statistical tests were
2-sided; P < .05 was taken to indicate statistical significance.

RESULTS
Between January 2002 and February 2004, 80 patients with falciparum malaria were
enrolled into the study; 30 had severe malaria. There were 109 control subjects. The
proportion of patients who were assessed at baseline, were available for review on follow-
up, and had adequate-quality results of lung function tests are listed in table 1. Compared
with control subjects, patients with either severe or uncomplicated malaria were less able to
perform gas transfer analyses (P < .01). Compared with patients with uncomplicated
malaria, patients with severe malaria were also less able to perform spirometry analyses (P
= .03), but there was no such difference with gas transfer analyses. Inability to have lung
function testing performed was not associated with sex, ethnicity, anemia, or previous
antimalarial treatment.

Baseline demographics
Demographic and clinical details of the patients for whom data on cough or acceptable
results of at least 1 lung function test were available are compared in table 2. Patients with
malaria were 1.3-fold (95% confidence interval [CI], 1.1-1.5-fold) more likely to come from
the highlands, compared with control subjects (P = .01). In total, 14% (3/21) of patients with
severe malaria had a hemoglobin level <7 g/dL, compared with 1% (1/108) of control
subjects and 4.2% (2/48) of patients with uncomplicated malaria (P = .008). None of the
patients with malaria died or developed ARDS.

Clinical evidence of respiratory involvement
At presentation, cough was present in 26% (45/175) of patients and control subjects.
Smokers were 1.8-fold (95% CI, 1.1-2.9-fold) (P = .02) more likely to complain of a cough,
but there was no significant difference in cough rates for other baseline characteristics.
Patients with malaria were at a higher risk of reporting a cough than were control subjects. A
total of 14% (15/105) of control subjects reported having a cough, compared with 49%
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(24/49) of patients with uncomplicated malaria and 29% (6/21) of patients with severe
malaria (P < .001). The increased risk of cough in patients with uncomplicated malaria
continued to day 7 but had resolved by day 14 (figure 1). By day 3, a greater proportion of
patients with severe malaria (39%) than control subjects had a cough (P = .02). None of 105
control subjects had a respiratory rate >32 breaths/min, compared with 10% of patients with
uncomplicated malaria and 38% of patients with severe malaria (P = .001). By day 3, only
12% (2/17) of patients with severe malaria had a respiratory rate >32 breaths/min, and, by
day 7, this number had fallen to zero (0/12). Patients with malaria also had marginally lower
room-air oxygen saturation levels at presentation, compared with control subjects (median,
98% [interquartile range {IQR}, 97%-98%] vs. 98% [IQR, 98%-99%]; P = .001). No patient
had an oxygen saturation level <95%.

Lung function tests
Adequate spirometry [13] was performed at presentation on 80 control subjects, 30 patients
with uncomplicated malaria, and 12 patients with severe malaria. FEF25-75 in patients with
uncomplicated malaria (85% of that predicted from control data [95% CI, 71%-98%]) was
significantly lower than that in control subjects (P = .03). By day 7, this difference had
resolved (figure 2). There were no significant differences in FEV1 or FVC (data not shown).

At presentation, patients with severe malaria had a significant reduction in DLCO (mean,
78% of that predicted from control data [95% CI, 62%-94%]; P = .001), and this difference
persisted until after day 14. There was a smaller reduction in DLCO in patients with
uncomplicated malaria, which became significant on day 7 and persisted until after day 14
(figure 3A).

Gas transfer was partitioned into its constituent membranous and vascular components
(figure 3B and 3C). In patients with uncomplicated malaria, the alveolar-capillary membrane
component was not significantly impaired at any stage. In contrast, in patients with severe
malaria, the alveolar-capillary membrane component was significantly reduced on day 3
(mean, 69% of that predicted from control data [95% CI, 43%-95%]; P = .02) and returned
slowly to normal levels thereafter (figure 3B). In patients with uncomplicated malaria, the
pulmonary capillary vascular component was reduced at presentation (mean, 72% of that
predicted from control data [95% CI, 51%-93%]; P = .03), but, by day 7, it was not
significantly lower than that in control subjects. In contrast, in patients with severe malaria,
Vc decreased after treatment and was significantly impaired on day 7, with a gradual
improvement apparent on later assessment (figure 3C). There was no significant relationship
between WBC count or parasitemia and gas transfer variables in multivariate analysis.

DISCUSSION
Cough was common in both patients with uncomplicated malaria and those with severe
malaria. Although cough and respiratory symptoms of falciparum malaria have been well
recognized in children residing in malaria-endemic areas [17, 18] and in adult returned
travellers [11], the present study has demonstrated that cough is also a dominant presenting
symptom in adults residing in malaria-endemic areas. Cough occurred with similar
frequency in patients with severe malaria and those with uncomplicated malaria and
resolved within 2 weeks of treatment. The respiratory rate at presentation was significantly
increased in both patients with uncomplicated malaria and those with severe malaria. This
tachypnoea may have been due to several factors, including fever, metabolic acidosis, and
lung injury. Lack of hypoxemia is unsurprising, since no patients developed ARDS. On
many occasions, patients with severe malaria were too sick to have lung function testing,
particularly spirometry, performed. This tended to exclude patients with the most-severe
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disease. As a result of this, the abnormalities reported are likely to underestimate the
derangement in lung function in patients with severe malaria.

The only significant spirometric abnormality was a modest reduction in FEF25-75 in patients
who had uncomplicated malaria on presentation that resolved within 7 days. This finding is
consistent with our earlier study [11] and indicates the likelihood of pathological
abnormality selectively involving and obstructing the small airways [19, 20]. Midexpiratory
flow was not statistically significantly lower in patients with severe malaria. This may be
explained by the smaller number of patients with severe malaria who were able to perform
acceptable spirometry.

A reduction in single-breath diffusion capacity was found in both patients with
uncomplicated malaria and those with severe malaria. Cough did not predict gas transfer
impairment, suggesting that cough may be associated with irritation of the larger airways,
rather than the more-distal pathology that caused the abnormalities of the gas exchanging
units noted in the present study.

A range of potential factors may influence gas transfer, including alterations in pulmonary
capillary blood flow and hemoglobin concentration, injury to capillary endothelial or
alveolar epithelial cells, infiltration of the alveolar space or lung interstitium, and reduced
alveolar ventilation [15]. Many of these factors may be operating within the context of
falciparum malaria to cause a reduction in gas transfer. Ventilation-perfusion mismatch and
matched ventilation and perfusion defects are the most likely functional explanations. Fever
alone is an unlikely factor, since the abnormality persisted well after the patients became
afebrile and the overall diffusing capacity was not greatly influenced by temperature [21].
Increased cardiac output, as a result of an acute febrile illness, will increase DLCO
(including both Vc and DM) [15] and, therefore, does not explain our results. Anemia, which
was common in these patients, was taken into account with a correction factor applied in the
derivation of DLCO. The abnormal ventilatory capacity, as reflected in the reduction in
FEF25-75, suggested an abnormality in the small airways and, thus, some maldistribution in
ventilation and ventilation/blood-flow imbalance. However, the airway dysfunction was
very mild and, therefore, unlikely to explain the reduction in diffusing capacity. In patients
with asthma, in whom airflow obstruction is greater than that in patients with malaria,
diffusing capacity and pulmonary capillary blood volume remain normal [22].

The pattern of uncoupling of DM and Vc in patients with uncomplicated malaria has not
previously been noted in patients with other diseases [15]. We speculate that the changes in
Vc in both patients with uncomplicated malaria and those with severe malaria represent
encroachment of the vascular compartment in patients with malaria, causing reduced
pulmonary capillary blood flow. This could be caused by pulmonary microvascular
sequestration of cytoadherent blood cells, either parasitized RBCs or leukocytes. Leukocyte
cytoadherence to the vascular endothelium is unlikely to be the predominant cause of this
impairment in Vc in patients with uncomplicated malaria, since this should also cause a
parallel decrease in DM [15], which was not found in patients with uncomplicated malaria.

The decrease in Vc with treatment in patients with severe malaria occurred at a time when
parasitized RBCs had been cleared and, thus, was unlikely to reflect significant residual
microvascular obstruction of pulmonary capillaries by parasitized RBCs. Instead, it likely
reflected a posttreatment inflammatory response with enhanced pulmonary vascular WBC
sequestration, causing reduced pulmonary vascular blood volume and reduced pulmonary
capillary blood flow after the start of treatment. This finding is supported by our earlier
studies, which showed a significant increase in WBC phagocytic activity in patients with
uncomplicated malaria within 2 days of the start of treatment [11] and by the few autopsy
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series that have reported detailed pulmonary intravascular histopathological findings after
death from severe malaria [6, 8, 23-27]. Intravascular monocytes are seen to a much greater
degree in alveolar capillaries than in other organ microvasculature [6, 8, 24] or peripheral
blood [24]. Similar findings have also been reported in hamster models of malaria lung
injury [28]. Intravascular neutrophils were also seen [6], and further histopathological
studies are needed to clarify the relative importance of monocytes and neutrophils in
malarial ARDS. The mechanisms leading to this infiltration of leukocytes remain unclear.
Parasite-induced endothelial cell activation may cause binding of WBCs to pulmonary
endothelial cell-adhesion molecules. Subsequent and additional leukocyte chemotaxis may
occur as part of an inflammatory response to parasite products circulating through the lung
after the death of parasites in both the systemic extrapulmonary and the local pulmonary
microvasculature. Intravascular sequestration of parasitized RBCs is less marked in the
lungs than in other organs, at least by the time of death [6, 24]. In contrast to the mature
stages predominating in other organs, those found in pulmonary capillaries are more
frequently small rings and trophozoites [6, 24]. The reduced Vc was slow to return to
normal, which is consistent with a prolonged subclinical inflammatory response in the lungs
after recovery from clinical symptoms of severe malaria. Other contributing mechanisms to
impaired Vc in malaria could include decreased pulmonary capillary flow from the known
reduction in RBC deformability and increased RBC viscosity in severe malaria [29, 30].

Although membrane changes were minimal, compared with changes in Vc in patients with
uncomplicated malaria, DM was significantly abnormal in patients with severe malaria and
appeared to parallel changes in Vc in patients with severe malaria, with initial deterioration
during treatment followed by slow improvement. The DM data indicate pathological
abnormality at the alveolar-capillary membrane and that changes in gas transfer in patients
with severe malaria are not exclusively caused by intravascular obstruction and reduced
pulmonary capillary blood flow. Potential explanations for the reduced DM include
endothelial injury and alterations in endothelial permeability that result in interstitial edema.
Electron-microscopic findings in patients who died from malaria include endothelial
swelling, interstitial edema, and adherence of intravascular monocytes to the capillary
endothelium [25, 26]. Cytoadherence of leukocytes to pulmonary vascular endothelium [11]
would reduce DM, as well as Vc. Deterioration in DM after treatment is, again, consistent
with the inflammatory response being exacerbated by antimalarial treatment in patients with
severe malaria and mirrors the time course of lung injury in clinical disease [31]. It is
unlikely that the abnormality in DM seen in patients with severe malaria is a consequence of
ventilation maldistribution that causes ventilation-perfusion mismatch, since, in patients
with uncomplicated malaria, in whom the reduction in FEF25-75 was similar, DM was not
reduced.

After consideration of the partitioning of DLCO in patients with malaria, there remains some
uncertainty relating to the assumption implied in the derivation of θ, the reaction rate of CO
with the red cell. The regression constants proposed by Roughton and Forster for the
relationship between θ and oxygen tension for normal blood [16] were used in the present
study. However, θ may be influenced by changes in internal RBC viscosity, membrane
physicochemical properties [32], RBC shape, and alterations in hemoglobin. To what extent
these factors alter θ in falciparum malaria and the influence they would have on DLCO and
its partitioned constituents are not known. Further elucidation of this gas transfer defect will
require a more detailed understanding of the effect of malaria on CO-RBC kinetics.

It is also not known to what extent differences in endogenous pulmonary CO production
may have influenced DLCO in patients with malaria. Expression of heme oxygenase (HO)-1,
the enzyme that produces CO, is increased in multiple organs, including the lungs, of
children dying from severe malaria [33]. However, levels of carboxyhemoglobin in children

Maguire et al. Page 7

J Infect Dis. Author manuscript; available in PMC 2008 October 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



admitted to the hospital with uncomplicated malaria were modest and not different from
levels found in patients with cerebral malaria (or with other infective and noninfective
causes for admission), suggesting that there may not necessarily be an increase in systemic
HO activity/CO production with increasing malaria disease severity [34].

In conclusion, the results of the present study suggest that lung injury is likely to be a
continuum from subclinical involvement in uncomplicated malaria and severe malaria
through to frank ARDS in severe malaria. The pathophysiology of impaired lung function in
falciparum malaria is likely to involve more than just pulmonary microvascular obstruction
by parasitized RBCs. We speculate that, in patients with severe malaria without acute lung
injury, the impairment in gas transfer results from ventilation-perfusion mismatch caused by
endovascular obstruction from WBCs, parasitized RBCs, and RBCs with reduced
deformability, with or without endothelial injury and interstitial edema. Worsening and
persisting abnormality in gas transfer after treatment and beyond the expected time of
clearance of parasitized RBCs is consistent with a prolonged posttreatment inflammatory
response. Further clarification of the mechanisms of lung injury will require correlation of
physiological indices with inflammatory mediators and markers of endothelial/epithelial
activation and injury. Greater understanding of the underlying pathophysiology may lead to
new treatment options for this grave complication of falciparum malaria and may allow the
early identification of patients who may progress from subclinical impairment to ARDS.
The noninvasive techniques for assessing pulmonary function used in the present study may
prove to be useful in monitoring organ-specific responses to future adjunctive therapies, to
prevent and treat lung injury in patients with malaria.
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Figure 1.
Proportion of patients with falciparum malaria who had cough over time, compared with
control subjects. The whiskers denote 95% confidence intervals. *P < .05; **P < .01 (χ2

test).
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Figure 2.
Forced midexpiratory flow (FEF25-75) over time, for patients with falciparum malaria.
Whiskers denote SEs. *P < .05.
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Figure 3.
Gas transfer measures over time, for patients with falciparum malaria. Whiskers denote SEs.
DLCO, gas transfer; DM, alveolar-capillary membranous component of gas transfer; Vc,
pulmonary capillary vascular component of gas transfer. *P < .05; **P < .01; and +P < .001.
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Table 1
Proportion of patients who achieved follow-up, as per the study protocol, and who were
able to have adequate spirometry and gas transfer analyses performed

Patients with

Variable Control subjects Uncomplicated malaria Severe malaria

Reviews ... 93 (62) 68 (45)

Spirometry 80 (73) 63 (68) 38 (56)

Gas transfer 67 (61) 34 (37) 24 (35)

NOTE. Data are no. (%) of patients or control subjects.
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