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Impaired Skeletal Muscle Microvascular
Function and Increased Skeletal Muscle Oxygen
Consumption in Severe Falciparum Malaria
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Background. Organ dysfunction and tissue hypoxia in severe falciparum malaria result from an imbalance
between oxygen delivery and demand. In severe malaria, microvascular obstruction from parasite sequestration
decreases oxygen delivery. However, host microvascular function (defined as the capacity to increase oxygen deliv-
ery in response to ischemia) and oxygen consumption have not been assessed.

Methods. We used near-infrared resonance spectroscopy to measure thenar muscle microvascular function
(StO,recov) and oxygen consumption (VO,) in 36 adults in Papua, Indonesia, with severe malaria, 33 with mod-
erately severe malaria (MSM), 24 with severe sepsis, and 36 healthy controls.

Results. In the severe malaria group, the StO,recov of 2.7%/second was 16% and 22% lower than that in the
MSM group (3.1%/second) and control group (3.5%/second), respectively (P <.001), and comparable to that in the
severe sepsis group (2.5%/second). In the severe malaria group, StO,recov was inversely correlated with lactate level
(r=-0.63; P<.001) and predicted death (area under the receiver operating characteristic curve, 0.71 [95% confi-
dence interval {CI}, .51-.92]), with each percentage decrease associated with an increased odds of mortality (odds
ratio, 2.49 [95% CI, 1.05-6.2]). Conversely, VO, increased in the severe malaria group by 18%, compared with
levels in the control and severe sepsis groups (P <.001), and was associated with parasite biomass (r=0.49; P =.04).

Conclusions. Impaired microvascular function is associated with increased mortality among individuals with
severe malaria, while oxygen consumption is increased. Tissue hypoxia may result not only from microvascular
obstruction, but also from impaired ability of the microvasculature to match oxygen delivery to increased oxygen
demand.
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Mortality from severe Plasmodium falciparum malaria
has decreased with use of intravenous artesunate.
However, case-fatality rates remain at 8% and 15% for
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African children and Asian adults, respectively [1, 2].
Adjunctive therapies to improve outcomes require de-
lineation of the pathogenic processes causing severe
malaria.

A major pathogenic mechanism in severe malaria is
microvascular sequestration of parasitized erythrocytes,
resulting in obstructed flow and tissue hypoxia [3]. In
adults with severe malaria, we have used reactive-hy-
peremia peripheral arterial tonometry to show func-
tional impairment of nitric oxide (NO)-dependent
vascular reactivity in larger conductance vessels [4].
Other investigators have visualized rectal capillaries,
using orthogonal polarizing spectroscopy, and demon-
strated heterogeneous blood flow during severe malaria
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instead of complete blockage [5], with vessels having increased
flow adjacent to obstructed vessels. This suggests that, in addi-
tion to obstruction, the microvascular function or capacity of
patent capillaries to compensate for decreased oxygen delivery
is impaired during severe malaria [6]. This is proposed to be a
pathogenic mechanism in sepsis but has not been well charac-
terized in malaria [7]. The methods above have provided valu-
able information about vascular pathology during severe
malaria but have not characterized the effects on oxygen
delivery.

Oxygen demand affects tissue hypoxia. Sepsis patients have
decreased oxygen consumption proportional to disease se-
verity, with a postulated mechanism being mitochondrial inhi-
bition by NO [8]. This mechanism has been proposed in the
past to contribute to severe disease in falciparum malaria [9].
However, systemic and organ-specific NO bioavailability is de-
creased in both African children and Asian adults with severe
malaria [4, 10]. Oxygen consumption in malaria and the rela-
tion to disease severity has not been assessed, nor has this
been compared between patients with sepsis and healthy
controls.

Near-infrared resonance spectroscopy (NIRS) measures
tissue oxygenation by comparing absorption of near-infrared
light by oxyhemoglobin (O,Hb) and deoxyhemoglobin (HHDb)
[11] solely in microcirculatory vessels, the vessels most affected
by malaria [11]. By inducing an ischemic stress, NIRS has
been used to assess microvascular function and oxygen con-
sumption in sepsis and other diseases [12-15].

We assessed skeletal muscle microvascular function and
oxygen consumption using NIRS in Indonesian adults with
malaria or sepsis and control subjects. We hypothesized that
microvascular function would be impaired in malaria in pro-
portion to disease severity and that oxygen consumption in
severe malaria would be reduced similar to sepsis. We also ex-
amined the factors associated with microvascular function and
oxygen consumption.

METHODS

The study was conducted at Mitra Masyarakat Hospital,
Timika, Indonesia, an area with unstable malaria transmission
[16], and was approved by ethics committees of the National
Institute of Health Research and Development, Indonesia, and
the Menzies School of Health Research, Australia. Written in-
formed consent was obtained from patients or from relatives,
if patients were comatose or too ill.

Patients >18 years of age with severe P. falciparum malaria,
moderately severe P. falciparum malaria (MSM), or severe
sepsis were enrolled. Severe malaria was defined as peripheral
parasitemia with >1 modified World Health Organization
(WHO) criterion of severity: a Glasgow coma score of <11,
acute renal failure (defined as a creatinine level of >265 pumol/L

after rehydration or as a urine output of <400 mL per 24
hours), hyperbilirubinemia (defined as a total bilirubin level of
>50 pmol, with either a creatinine level of >130 umol/L or a
parasite count of >100 000 parasites/uL), blackwater fever, hy-
poglycemia (defined as a whole blood glucose level of <2.2
mmol/L), respiratory distress (defined as a respiratory rate of
>32 breaths/minutes), acidosis (defined as a venous bicarbon-
ate level of <15 mmol/L), shock (defined as a systolic blood
pressure of <80 mm Hg after fluid resuscitation), and hyper-
parasitemia (defined as parasitized erythrocyte level of >10%)
[4, 17]. Patients were excluded if hemoglobin levels were <60
g/L or if they received antimalarial treatment for >18 hours.
MSM was defined as falciparum malaria with fever within the
past 48 hours, a parasite count of >1000 parasites/uL, and the
need for hospital admission because of the inability to tolerate
oral therapy, but without WHO warning signs or severe crite-
ria [4]. Severe sepsis was defined as clinical evidence of infec-
tion, >3 features of the systemic inflammatory response
syndrome, and evidence of dysfunction of >1 organs, with or
without septic shock, according to American College of Chest
Physicians criteria [18], with no parasites detected by micros-
copy or rapid diagnostic testing. Healthy controls were nonre-
lated hospital visitors without fever in the past 48 hours and
no parasitemia. All patients were evaluated by hospital physi-
cians who were no involved in this study and were treated
with antimalarials and antibiotics, using hospital protocols.

A standardized history was documented, and a physical ex-
amination was performed. Venous blood was collected at en-
rollment and daily until discharge or death to measure
biomarkers of severity, including lactate and plasma histidine
rich protein 2, a measure of parasite biomass. Plasma was ob-
tained within 20 minutes and stored at —70°C. Parasite counts
were determined by thick and thin film microscopy. Hemoglo-
bin level, biochemistry and acid-base parameters, and lactate
level were measured with a bedside analyzer (i-STAT). NIRS
measurements were performed daily until discharge or death.
Plasma histidine rich protein 2 was measured using an enzyme-
linked immunosorbent assay as previously described [4].

NIRS Analysis

NIRS noninvasively assesses microcirculatory oxygenation by
measuring differential absorption of O,Hb and HHb [11]. Ac-
cording to Beer’s law, this is confined to arterioles, capillaries,
and venules of skeletal muscle with minimal interference from
skin blood flow and myoglobin [11]. A clinical spectroscope
(InSpectra 650, Hutchinson Technology, Hutchinson, MN)
was used for the study. This uses a probe applied to the thenar
eminence with a 15-mm gap between emitter and detector to
measure optical attenuation at 680, 720, 760, and 800 nm: at-
tenuation at 720 nm is sensitive for O,Hb, and attenuation at
760 nm is sensitive for O,Hb and HHb [19]. The attenuation
is transformed into a wide-gap second derivative signal not
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affected by total tissue hemoglobin level, optical path length,
and scattering [19]. Two measurements are displayed: tissue
oxygen saturation (StO,; expressed as the ratio of the O,Hb
signal to the sum of the O,Hb and HHb signals) and tissue
hemoglobin index (THI; defined as the total thenar hemoglo-
bin level, expressed as the sum of the relative tissue O,Hb and
HHD signals).

To induce an ischemic stress, a vascular cuff was inflated to
200 mm Hg for 5 minutes and rapidly deflated. We assessed
the following characteristics in all patients: (1) baseline StO,;
(2) baseline THI; (3) StO, at the end of occlusion (StO,low);
(4) THI at end of occlusion (THIlow); (5) peak StO2 after
release of occlusion (StO2peak); (6) difference in StO,peak
and baseline StO, (StO,diff); (6) peak THI after release of oc-
clusion (THIhigh); (7) microvascular function or rate of skele-
tal muscle reoxygenation (StO,recov), defined as the rate of
increase in StO, in the first 14 seconds after release of occlu-
sion, as previously described [12]; and (8) skeletal muscle
tissue oxygen consumption (VO,), defined as the difference in
tissue O, content (THI x 1.39 x StO,) before and at the end of
vascular occlusion, divided by the duration, as previously de-
scribed [13]. Methemoglobin level was assessed concurrently
with a CO-oximeter (Masimo Radical 7), as levels affect NIRS
results [19, 20].

Statistical Methods

Statistical analysis was performed using Stata 11 software. In-
tergroup differences among malaria groups (MSM and severe
malaria) and controls were compared by analysis of variance
or the Kruskal-Wallis test, where appropriate. An a priori pair-
wise comparison, performed using the Sidak method, com-
pared severe malaria and sepsis groups, severe malaria and
MSM groups, and severe malaria and control groups. Pearson
or Spearman correlation coefficients were determined depend-
ing on the normality of the distributions. Multivariable linear
regression was used to adjust for confounding variables, with
disease severity defined as the number of WHO severity crite-
ria. Longitudinal associations were assessed by mixed effects
modeling, using generalized estimating equations. Logistic re-
gression was used to determine the association between binary
outcomes, and goodness of fit was assessed by the Hosmer-
Lemeshow goodness-of-fit test. A 2-sided P value of <.05 was
considered statistically significant. Sample size calculation
based on previous studies of endothelial function in severe
malaria showed that 36 patients in each group would have 80%
power to detect a 20% difference in microvascular function.

RESULTS

Patients
A total of 129 adults were enrolled: 36 had severe malaria, 33
had MSM, 20 had severe sepsis, 4 had septic shock, and 36

were controls. Among patients with severe malaria, 13 (36%)
had 1 severity criterion, 8 (22%) had 2, and the remaining 15
(42%) had >2, with 2 severity criteria being the median.
Among patients with severe sepsis, 13 (55%) had pneumonia,
7 (29%) had diarrheal disease, 3 (12%) had meningitis, and 1
(4%) had an undifferentiated febrile illness. There were 9
deaths (25% of patients) in the severe malaria group, 2 (8%)
in the severe sepsis group, and 2 (50%) in the septic shock
group. All patients with severe malaria received intravenous
artesunate, with antibiotics coadministered in 19 (53%). All
patients with MSM received intravenous artesunate initially
and had treatment switched to oral artemisinin combination
therapy once it could be tolerated. In patients with sepsis, 22
(92%) received ceftriaxone, with 9 also receiving gentamicin,
and 2 received ampicillin and gentamicin. Baseline character-
istics and laboratory results for all patients are shown in
Table 1.

St0,, THI, and Disease Severity

NIRS data are presented in Table 2, with the exception of 3
patients with uninterpretable results (2 with severe malaria
and 1 with severe sepsis). There was no significant difference
in StO, on enrollment among patients with MSM, patients
with severe malaria, and controls, but StO, was 3.5% lower in
patients with severe sepsis, compared with controls (P=.01).
There was no difference in StO,low among groups or in
StO,peak. Values for baseline THI, THIlow, and THIhigh did
not significantly differ among patient groups. In the severe
malaria and MSM groups, there was a decrease in THI over
time; however, no change was seen in StO, with clinical recov-
ery in any group. There were no significant differences in
methemoglobin percentages among groups for which CO-
oximetry was performed.

Microvascular Function and Clinical Disease

Among patients with severe malaria, the StO,recov was 16%
and 22% lower than that for patients with MSM and controls
(P <.001), decreased in proportion to disease severity, and was
comparable to that for patients with severe sepsis (Table 2 and
Figures 1-3). Post hoc pairwise comparison showed significant
differences between the severe malaria and MSM groups and
the severe malaria and control groups (Figures 1-3). There
was no longitudinal change in StO,recov until death or dis-
charge in all patients, regardless of severity or outcome. In the
severe malaria group, the StO,diff was lower than that for pa-
tients in the MSM and control groups (P <.001), with no lon-
gitudinal change (Table 2). In severe malaria, there was a
significant difference among the quartiles in age and parasite
density (P=.04 and P = .03, respectively), with patients in the
lowest quartile of microvascular reactivity being older (median
age, 34 years) and having a higher median parasite density
(247 180 parasites/puL). There were no other differences in
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Table 1. Baseline Demographic, Clinical, and Laboratory Values for Healthy Controls and Patients with Moderately Severe Malaria, Severe Malaria, or Severe Sepsis

Variable

Healthy Controls (n = 36)

Moderately Severe Malaria (n = 33)

Severe Malaria (n = 36)

Severe Sepsis (n = 24)

Age, y, median (range)

Male sex, no. (%)

Fever duration before presentation, d, median (range)
Systolic blood pressure, mm Hg, mean (range)®
Diastolic blood pressure, mm Hg, mean (range)®
Pulse rate, beats/min, mean (range)®

Pulse oxygen saturation, % saturation, mean (range)
Temperature, °C, mean (range)®

White blood cell count, x10° cells/uL, mean (range)®
Hemoglobin level, g/dL, mean (range)?

Platelet level, x10° platelets/L, mean (range)?
Creatinine level, mmol/L, mean (range)?

Lactate level, mmol/L, mean (range)?

Parasite density, parasites/uL, geometric mean (95% CI)®

29 (19-54)
27 (75)
NA
118 (101-140)
70 (57-89)
67 (62-108)
99 (96-100)
36.3 (35-37)
6.3 (2.8-9.2)
12.9 (8.8-16.5)
158 (112-247)
NA
NA
NA

30 (18-50)
18 (55)

3 (1-14)
105 (95-136)
60 (47-90)
81 (65-115)
99 (94-100)
36.8 (35.3-40.4)
4.2 (2-11.6)

11.15 (6.8-15)
48 (12-143)
96 (28-180)

1.06 (0.45-3.2)

9153 (6632-12 634)

27 (18-55)
29 (82)
4(1-14)
106 (78-153)
64 (40-90)
92 (61-120)
98 (75-100)
37.0 (35.1-39.6)
8.1(2.7-31.8)
11.0 (4.1-17)
36 (11-188)
235.5 (66-1190)
3.11 (0.54-20)

30432 (8094-114 421)

27 (18-50)

16 (67)

3.5 (1-21)
101 (61-140)

61 (31-87)
109 (70-175)

98 (86-100)
37.9 (35-39.4)
15.5 (1.7-56.3)
11.2 (6.8-14.6)
103 (19-220)
130 (567-626)
2.67 (0.98-8.42)

NA

Abbreviations: Cl, confidence interval; NA, not available.
@ P< .05, by analysis of variance, the Kruskal-\Wallis test, or x? test

, comparing the severe malaria, moderately severe malaria, severe sepsis, and healthy control groups.



Table 2. Near Infrared Resonance Spectroscopy and CO-Oximetry Values for Healthy Controls and Patients with Moderately Severe
Malaria, Severe Malaria, or Severe Sepsis

Healthy Controls

Moderately Severe

Severe Malaria

Severe Sepsis

Variable (n=236) Malaria (n =33) (n=33) (n=23)
StO; at baseline, %° 88.7 (88-90) 88.4 (87-90) 88.8 (86-92) 85.6 (83-88)
THI at baseline 16.9 (16.1-17.7) 17.0 (16.2-18.0) 18.8 (17.6-20.0) 16.9 (15.7-18.3)
StO, at end of occlusion, % 44 .8 (41-48) 42.0 (38-46) 44.6 (42-50) 43.5 (39-48)
THI at end of occlusion 14.7 (13.9-15.6) 13.6 (12.6-14.7) 14.8 (13.9-15.8) 14.0 (12.8-15.4)
StO, recovery, %/second®P 3.5 (3.3-3.7) 3.1 (3.0-3.5) 2.7 (2.4-3.0) 2.5 (2.0-3.0)
StO, peak after release, % 97.0 (97-98) 96.4 (96-97) 95.1 (92-96) 92.8 (90-96)
Absolute difference in tissue 8.4 (7.5-9.2) 7.9 (7.0-9.0) 6.4 (5.5-6.9) 7.3 (6.5-9.0)
oxygen saturation, %%°
Oxygen consumption®
Arbitrary units 230 (208-251) 255 (244-268) 270 (252-298) 232 (206-247)
Methemoglobin, % 0.9 (.5-1.1) 1.4 (5-2.3) 1.3(1.1-1.6) 1.3(1.0-1.7)

All values are mean (95% confidence interval).
Abbreviations: StO,, tissue oxygen saturation; THI, tissue hemoglobin index.

@ P< .05, by analysis of variance or the Kruskal-Wallis test, comparing the severe malaria, moderately severe malaria, severe sepsis, and healthy control groups.

® Defined as the rate of increase in StO, in the first 14 seconds after release of occlusion, as previously described [12].

¢ Defined as ([StO, peak after release] — [StO, at baseline]).

clinical or laboratory variables among quartiles. In the severe
sepsis group, there was a significant difference among the
quartiles in white blood cell count and mean arterial blood
pressure, with increased leukocytes (mean leukocyte count,
19.6 x 10° cells/uL) and lower mean arterial pressure (60 mm
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Figure 1. Skeletal muscle reoxygenation rate (defined as the rate of
increase in tissue oxygen saturation in the first 14 seconds after release
of occlusion; P<.001, by analysis of variance) in healthy control, moder-
ately severe malaria, severe malaria, and severe sepsis groups. Open
squares represent fatal cases, and horizontal lines represent mean
values for each group. Horizontal bars represent pairwise comparisons
between groups.

Hg) in the lowest microvascular reactivity quartile. Compari-
son of patients with severe sepsis and those with severe
malaria in the lowest microvascular reactivity quartile revealed
that the severe sepsis group had lower median blood pressure
(60 mm Hg vs 77 mm Hg; P =.03) and higher mean leukocyte
count (19.6 x 10” cells/pL vs 8.1 x 10° cells/pL; P =.03).

Microvascular Function and Biomarkers of Severity

There was a significant negative association between venous
lactate level and StO,recov in all patients with malaria
(r=—0.53; P<.001) and in patients with severe malaria
(r=-0.63; P<.001), both at baseline and longitudinally, but
not in the MSM group alone. In the severe malaria group, this
association remained after adjustment for disease severity.
There was no significant association between lactate level and
StO,recov in the severe sepsis group (r=—0.27; P=.15).

Oxygen Consumption, Clinical Disease, and Biomarkers of
Severity

The mean VO, among patients with severe malaria was 8%
and 18% higher than that for the MSM and control groups,
respectively (P <.001; Figure 4). Post hoc pairwise comparison
showed a significant difference between the severe malaria and
control groups but not between the severe malaria and MSM
groups (Figure 4). Patients with severe malaria and those with
MSM had higher VO, than patients with severe sepsis
(P <.001; Figure 4), with the VO, in the severe malaria group
16% higher than that in the severe sepsis group (P=.03;
Figure 4). In contrast, there was no difference between the
severe sepsis and control groups. There was a significant
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Figure 2. Representative tissue oxygen saturation (StO,) curves from a

patient with severe malaria (upper panel) and a healthy control (lower
panel).

negative association between lactate and VO, among 35 pa-
tients with severe malaria (r=—0.37; P=.03) but not in the
MSM or severe sepsis groups, both at baseline and longitudi-
nally (Figure 4). This association in the severe malaria group
remained significant on a multivariable model adjusted for
microvascular function and disease severity. In 18 patients
with severe malaria, VO, and parasite biomass were signifi-
cantly correlated (r=0.49; P=.04). The rate of oxygen con-
sumption decreased over time in all patients with severe
malaria (P <.001) and in patients who survived severe malaria
(P<.001), but this did not occur in patients who died of
severe malaria. There was no association between StO,recov
and VO, in any of the disease groups and controls, suggesting
that oxygen consumption was not supply dependent. There
were no differences in age, sex, temperature, leukocyte count,
blood pressure, hemoglobin level, and blood glucose level
among the VO, quartiles in either the severe malaria or severe
sepsis groups.
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Figure 3. Representative curves of skeletal muscle reoxygenation rate
(defined as the rate of increase in tissue oxygen saturation in the first 14
seconds after release of occlusion) in patients with severe malaria, pa-
tients with moderately severe malaria, and healthy controls. The curves
were chosen by having rates closest to the mean for the disease
categories.

Microvascular Function, Oxygen Consumption, and Mortality
Area Under the Receiver Operating Characteristic Curve (ROC)
In the severe malaria group, microvascular function was 28%
lower in patients who died, compared with patients who sur-
vived (P=.01). On univariate analysis, each percentage de-
crease in microvascular function was associated with an
increased risk of death, with an odds ratio of 2.49 (95% CI,
1.05-6.2). The prognostic value of microvascular dysfunction
in predicting death, as measured by the ROC, was 0.71 (95%
CI, .51-.92). Microvascular function of <2.3%/second was 76%
sensitive and 48% specific in predicting a fatal outcome. No
significant difference in VO, between survivors and nonsurvi-
vors were seen in the severe malaria or severe sepsis groups.

DISCUSSION

Microvascular function, a measure of the capacity to increase
flow and oxygen delivery in response to ischemia, is decreased
in severe falciparum malaria and associated with an increased
risk of death. In contrast, skeletal muscle oxygen consumption
is increased in patients with severe malaria as compared to
patients with MSM, control subjects, and patients with severe
sepsis. These results suggest that tissue hypoxia in severe fal-
ciparum malaria could result not only from parasite sequestra-
tion and microcirculatory obstruction, but also from impaired
ability of the microvasculature to match delivery to increased
oxygen demand.

A decrease in baseline StO, was observed in the severe
sepsis group but not in the MSM or severe malaria groups.
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Figure 4. Skeletal muscle oxygen consumption in healthy controls, pa-
tients with moderately severe malaria, patients with severe malaria
(P<.001, by analysis of variance), and patients with severe sepsis. Open
squares represent fatal cases, and horizontal lines represent mean
values for each group. Horizontal bars represent pairwise comparisons
between disease groups.

StO, represents the aggregate of microvascular O, hemoglobin
saturations and may not reveal ischemic areas when blood
flow is heterogeneous. However, the rate of StO, increase after
ischemia assesses microvascular function (ie, the capacity to
increase oxygen delivery in response to hypoxia). This was
reduced in falciparum malaria in proportion to disease se-
verity and was associated with an increased risk of death, with
both the rate of reoxygenation and the overall response being
impaired. The impairment in the severe malaria group was
comparable to that seen in the severe sepsis group, which was
previously reported to be decreased [12]. Increased lactate
level and metabolic acidosis due to decreased oxygen delivery
are prognostic indicators of a fatal outcome in adult falcipa-
rum malaria [21]. Inverse associations between venous lactate
level and microvascular function, cross-sectionally and longi-
tudinally, suggest that failure of the microcirculation to
respond adequately to ischemic stress may contribute to tissue
hypoxia during severe malaria.

The hyperemic response during assessment of microvascu-
lar function measures the maximal ability of organs or tissues
to increase blood flow on demand [6]. This results from in-
creased delivery to patent capillaries and recruitment of addi-
tional capillaries, both of which are regulated by precapillary
arterioles [6, 7]. Arteriolar dysfunction results in decreased
functional capillary density and in the inability to compensate
for obstructed capillaries [7]. Krogh’s model states that,
because of diffusion limitations, oxygen delivery by capillaries
is limited to a fixed tissue volume [22], suggesting that de-
creased capillary density results in tissue hypoxia due to

failure of adjacent capillaries to compensate for obstructed
ones. Real-time visualization of hamster capillaries infected
with Plasmodium berghei has demonstrated marked increase
in the heterogeneity of blood flow velocity and distribution,
with decreased functional capillary density a major lethal
event [23]. This heterogeneous pattern has also been demon-
strated in rectal capillaries of Asian adults with severe malaria,
using orthogonal polarizing spectroscopy, with obstructed
capillaries visualized adjacent to those with hyperdynamic
flow [5].

A key mediator of arteriole function is NO bioavailability
[24], which is impaired during severe malaria because of mul-
tiple factors, including hypoargininemia; increased concentra-
tions of the endogenous inhibitor of NO synthase, asymmetric
dimethylarginine; and quenching due to increased cell-free he-
moglobin [4, 25, 26]. Decreased NO bioavailability in severe
malaria is likely to play a key role in the impaired regulation
of capillary density [4, 25, 26]; other possible causes include
increased microvascular resistance through decreased erythro-
cyte deformability, which has been associated with a fatal
outcome in falciparum malaria [27].

This study demonstrated increased skeletal muscle oxygen
consumption in patients with malaria, compared with patients
with severe sepsis and controls, that was proportional to
disease severity. Our results are consistent with those of a
study of Vietnamese adults in an intensive care unit, in whom
systemic oxygen consumption was measured by thermodilu-
tion [28]: the study demonstrated increased consumption in a
severe malaria group, compared with a septic shock group,
but it did not include controls. In contrast, a study of Thai
adults with cerebral malaria showed decreased cerebral oxygen
consumption but did not measure overall consumption [29].
Increased host metabolism during severe disease could be a
factor: in a murine model of P. berghei, severe disease was as-
sociated with increased oxygen consumption [30], which can
result from alternative activation of macrophages [31]. This
has been shown in human nematode and trypanosomal infec-
tions [32] but not in malaria. Our results do not support the
hypothesis of impaired oxygen use due to host mitochondrial
dysfunction; however, since we were unable to measure host
and parasite parameters separately, we could not completely
exclude this hypothesis. The results also do not demonstrate
supply dependence of oxygen in malaria, in which decreased
oxygen delivery would result in less oxygen utilization.

The association between oxygen consumption and parasite
biomass could be related to a dose-response relationship in
parasite induction of host metabolism, although we cannot
exclude a contribution from parasite oxidative metabolism.
In vitro, P. falciparum is microaerophilic, consuming mini-
mal oxygen [33] and relying on anaerobic metabolism to
produce energy. This suggests that the oxidative phosphoryla-
tion via the tricarboxylic acid cycle (TCA) seen in human
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mitochondria may be absent. However, in vitro studies have
also shown measurable increases in oxygen use in parasitized
erythrocytes, albeit at significantly less levels than that in other
blood cells, such as leukocytes [34, 35]. Recent in vitro metab-
olomic studies of P. falciparum revealed an active TCA cycle
involved in the metabolism of amino acids but not of carbo-
hydrates [36]. African children with malaria had increased ex-
pression of P. falciparum genes involved with oxidative
phosphorylation and respiration proportional to disease se-
verity, suggesting the parasite TCA cycle could be active in
vivo [37]. However, it is unclear whether the parasite biomass
sequestered in the thenar muscles would have been large
enough to induce a measurable difference in oxygen con-
sumption, and parasite induction of host metabolism appears
to be the most likely explanation.

Interestingly, an inverse association was noted between
lactate level and oxygen consumption on univariate and mul-
tivariable analysis in patients with severe malaria. This sug-
gests that, whereas an increase in oxygen use might
theoretically lead to tissue hypoxia due to elevated oxygen
demand, it is also associated with decreased lactate level. In
vitro, host muscle and erythrocytes metabolize lactate when
oxygen is limited but not absent [38], and both Plasmodium
knowlesi and P. falciparum metabolize lactate at low oxygen
tensions [39, 40]. NO is thought to impair mitochondrial
function in patients with sepsis [8], and decreased NO bioa-
vailability in patients with severe malaria [4] could lead to less
inhibition and increased mitochondrial oxidation.

Our studies had several limitations. Lack of microbiological
facilities prevented us from excluding bacterial infections in
patients with malaria and from defining the bacterial etiology
in severe sepsis. Assessment of microvascular function and
oxygen consumption in thenar muscles may not reflect the sit-
uation in other organs. Hemozoin, a product of hemoglobin
metabolism by P. falciparum, could affect NIRS results, al-
though the optimal wavelength for absorption is 650 nm,
which is below the spectra used by NIRS [19, 41]. In addition,
it cannot explain the abnormal results in patients with sepsis,
in whom hemozoin is absent. To begin to significantly affect
NIRS results, tissue hemozoin concentrations would have to
be >10% of the tissue hemoglobin level of 10000 pg/mL,
which approximates to a parasitemia of well over 50% [42].
Parasitemia in our study did not reach such levels, and analy-
sis of muscle biopsy specimens from Thai adults with severe
noncerebral or cerebral malaria showed that a median of 5%
and 14% of erythrocytes, respectively, were parasitized [43].

In conclusion, microvascular function was impaired in pa-
tients with severe malaria and was associated with increased
mortality, and skeletal muscle oxygen consumption was unex-
pectedly increased. Tissue hypoxia and organ failure may
result not only from mechanical microvascular obstruction
due to parasite sequestration, but also from a functional

impairment of the microvasculature to match oxygen delivery
to increased oxygen demand. Further studies are needed to
fully characterize the factors causing both impaired microvas-
cular function and increased oxygen consumption.
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