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In clinical laboratories, diagnosis of imported malaria is commonly performed by microscopy. However, the volume of speci-
mens is generally low and maintaining proficiency in reading blood smears, particularly at the species level, is challenging in this
setting. To address this problem, the Provincial Laboratory for Public Health (ProvLab) in Alberta, Canada, implemented real-
time PCR for routine confirmation of all smear-positive samples in the province. Here we report our experience over a 4-year
period (2008 to 2012) with this new diagnostic algorithm. While detection of Plasmodium falciparum by microscopy alone was
accurate, real-time PCR served as an important adjunct to microscopy for the identification of non-falciparum species. In 18% of
cases, the result was reported as non-falciparum or the species could not be identified by microscopy alone, and in all cases, the
species was resolved by real-time PCR. In another 4% of cases, the species was misidentified by microscopy. To enhance surveil-
lance for malaria, we integrated our demographic, clinical, and laboratory data into a new system developed by the Canadian
Network for Public Health Intelligence, called the Malaria System for Online Surveillance (SOS). Using this application, we char-
acterized our patient populations and travel history to identify risk factors associated with malaria infection abroad.

Malaria is the leading cause of febrile illness reported in trav-
elers (1, 2) and requires prompt diagnosis and treatment.

The majority of imported cases are caused by the species Plasmo-
dium falciparum (3–8), which can cause a lethal infection in trav-
elers with no immunity. About 50 million travelers are at risk of
acquiring and importing malaria from the tropics and subtropics
every year (9). Semi-immune immigrants and refugees are also at
risk and can develop clinical malaria even years after leaving an
area where malaria is endemic.

In most countries where malaria is nonendemic, malaria is a
notifiable disease and cases are tracked by national surveillance
programs or sentinel networks. Each year, 10,000 cases are re-
ported globally, yet this likely represents a gross underestimate
due to widespread underreporting (10, 11). In 2010, France re-
ported the highest burden of imported malaria in Europe, with
2,438 cases (12), while the United States reported 1,688 cases (6).
The number of cases in Canada is approximately 400 per year, but
only 30 to 50% of cases are reported to public health agencies
(5, 13).

In addition to case tracking, surveillance programs facilitate
the identification of high-risk groups that can be targeted with
specific prevention strategies. Epidemiological data from national
and international surveillance programs consistently identify
travelers visiting friends and relatives in their country of origin
(VFRs) at greatest risk of acquiring travel-related malaria (6, 7,
10). Children are another important risk group, accounting for 15
to 20% of all imported cases (14, 15). Based on these data, public
awareness and education campaigns that promote pretravel con-
sultation and adherence to malaria prophylaxis can be tailored to
these populations.

The impact of surveillance programs is intrinsically dependent
on the accuracy of the malaria diagnosis. The most common di-
agnostic methods are microscopic analysis of blood smears and
antigen detection with rapid diagnostic tests (RDT). While the
sensitivity of these methods is generally sufficient to diagnose
acute malaria cases, they have important limitations in settings

where malaria is nonendemic. Microscopy requires skilled tech-
nologists, proficient in the identification of Plasmodium to the
species level, yet the availability of expert microscopy in local or
regional laboratories can be a challenge. RDTs are useful to rule
out P. falciparum infections but lack sensitivity and specificity for
the identification of the non-falciparum species (16).

Over the last decade, nucleic acid testing by PCR has emerged
as a highly sensitive and specific diagnostic method. A number of
PCR assays have been validated for the diagnosis of malaria in
returning travelers, all demonstrating superior performance char-
acteristics compared with microscopy (17). However, widespread
implementation has been limited by the cost per test, the need for
skilled labor, and the specific work flow requirements. In France,
daily routine testing by conventional PCR was evaluated in com-
parison with microscopic methods over a period of 1 year (18).
PCR testing was more efficient and provided a more accurate di-
agnosis than microscopy, particularly in cases with mixed infec-
tions.

In 2008, the Provincial Laboratory for Public Health (ProvLab)
in Alberta was the first clinical microbiology lab in Canada to offer
routine confirmation of malaria diagnosis and species identifica-
tion by real-time PCR. Here we present an analysis of the impact
of routine PCR confirmation on the accuracy of malaria diagnosis
within a clinical laboratory setting. To support the integration of
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laboratory results with the national surveillance for malaria, data
were analyzed using a new online application developed within
the Canadian Network for Public Health Intelligence (CNPHI)
platform called the Malaria System for Online Surveillance (Ma-
laria SOS).

MATERIALS AND METHODS
Malaria diagnosis. Frontline diagnosis was performed by microscopic
examination of Giemsa-stained thick and thin smears at local and regional
health facilities. In certain laboratories, samples were tested by RDT using
the BinaxNOW kit (Alere, Canada). Patients were treated according to
national guidelines. If the result was positive or there remained a strong
clinical suspicion or travel history consistent with malaria, whole blood
was forwarded to the Alberta ProvLab for confirmation by real-time PCR.
Real-time PCR was performed as described previously (19) with Plasmo-
dium consensus and species-specific primers and probes. Amplification of
a region of the human �2-microglobulin gene served as an extraction and
inhibition control. Samples were batch tested with a 1-week turnaround
time. Submitters were notified immediately of any PCR results that were
discordant with microscopy. The Alberta Ministry of Health was notified
of cases, and data were entered in Malaria SOS for surveillance.

Malaria SOS. Malaria SOS is a secure web-based application that pro-
vides a seamless mechanism to submit case reports using a quick and
interactive online form and includes integrated data integrity checks to
alleviate data errors. The application provides a facility to interactively
query the data and generate various trends, including comparisons of
laboratory diagnostic methods. The chart presented in Fig. 1 and the map
presented in Fig. 2 were extracted directly from the Malaria SOS applica-
tion.

Statistics. Descriptive epidemiology and clinical characteristics are
described using means, medians, and proportions with 95% confidence
intervals (CIs). Time abroad, days to presentation, and percent para-
sitemia were characterized using the range, interquartile range (IQR),

median, and 95% confidence interval surrounding the median. All statis-
tics were estimated using SAS version 9.2 (SAS Institute, Inc., Cary, NC).

RESULTS
Population. One clinical specimen from each of 312 suspected
cases of malaria was tested by real-time PCR between 25 April
2008 and 31 December 2012. Of these, 297 specimens were posi-
tive for malaria by PCR. Of the 297 PCR-positive specimens, 285
were smear positive, 11 were smear negative, and the smear results
for 1 specimen were unknown (see Fig. S1 in the supplemental
material). One patient was infected twice and is therefore counted
as two cases.

General demographics of PCR-positive cases are presented in
Table 1. The majority (63%) of cases were between the ages of 19
and 49 years, and 69% were male. Cases were classified either as
travelers who were resident in Canada or immigrants who arrived
in Canada from abroad. Based on this classification, 65% of cases
were travelers. It was not possible to distinguish VFRs from Cana-
dian-born travelers. Most cases acquired malaria in Africa (Sudan,
Nigeria, Uganda, and Ghana being the most common destina-
tions) or in South Asia (India and Pakistan) (Table 1). Travel and
arrival dates were available for 85% of patients.

Laboratory diagnosis. By microscopy, the species of Plasmo-
dium was identified in 231 cases; the remainder were either iden-
tified as non-falciparum (35 cases), “unable to speciate,” or “sus-
pected mixed infection” (18 cases) (Fig. 1). In one sample, only
gametocytes were observed by microscopy and the species was not
identified. The percentages of parasitemia from thin film exami-
nation ranged from �0.01% to 9.2%, with 30.7% of samples be-
low 0.1% parasitemia. The percentages of parasitemia ranged

FIG 1 Malaria diagnosis. Results from microscopy (light gray) were compared with those from real-time PCR (dark gray) for identification of Plasmodium
species. In all cases where the species could not be defined by microscopy, identification was obtained by real-time PCR.
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from 0.0% to 9.2% for P. falciparum infections, compared to the
next largest range, 0.0% to 3.0%, for P. vivax (Table 1).

By real-time PCR, 297 samples were positive for Plasmodium
(Fig. 1), including 3 relapse infections. Assuming PCR as a “gold
standard,” there were 11 false negatives and 3 false positives by
microscopy. The majority of infections were caused by P. falcipa-
rum (177 single infections), followed by P. vivax (89 infections),
Plasmodium ovale (20 infections), and Plasmodium malariae (7
infections). In addition, there were 4 mixed infections: 3 P. fal-
ciparum-P. ovale and 1 P. falciparum-P. vivax. Overall, the thresh-
old cycle (CT) values ranged from 16 to 40, but a broader distribution
was observed for P. falciparum compared with the other species.

There were 56 samples in which the species could not be iden-
tified by microscopy: 53 were positive, while 3 were negative by
real-time PCR. The species was resolved by PCR in all 53 samples,
including 13 infections caused by P. falciparum (Table 2). Using
PCR as the gold standard, the species was misidentified by micros-
copy in 13 cases: 4 with P. falciparum, 2 with P. vivax, 5 with P.
ovale, and 2 with P. malariae. Another 11 samples were tested by
PCR that were negative by microscopy; 7 had a positive RDT re-
sult, while 4 had clinical suspicion of malaria. All of these were
confirmed positive for P. falciparum by real-time PCR.

Species distribution and travel history. The species distribu-
tion according to countries visited by patients is consistent with
prevalence data for each of the four major species of Plasmodium
(Fig. 2). The times to presentation differed according to the spe-

cies of Plasmodium (Table 3). The median time to presentation
was significantly shorter in those cases infected with P. falciparum.
While the 95% confidence intervals overlapped upon stratifica-
tion by immigration and travel status, the median time to presen-
tation continued to be significantly longer in cases infected with P.
vivax than that in cases infected with P. falciparum.

The median time spent abroad was 46 days (Table 1). Follow-
ing arrival in Canada as returning travelers or immigrants, pa-
tients presented to a health facility with symptoms within a me-
dian of 14 days. In addition, travelers presented sooner than
immigrants. It should be noted that for the immigrant population,
travel history during the interim between arrival in Canada and
date of presentation with symptoms was not always known. This
could explain the long periods to presentation in certain patients.

DISCUSSION

A new algorithm for malaria diagnosis was implemented at the
Alberta ProvLab in 2008, which includes frontline diagnosis by
microscopy supported by weekly routine confirmation by real-
time PCR. Given the longer turnaround time for PCR, this algo-
rithm relies on rapid diagnosis of P. falciparum by microscopy.
This infection is potentially lethal, particularly in travelers with no
immunity, and requires immediate treatment. Over the 4-year
period, 150/166 cases (90.4%) of P. falciparum were correctly
identified by frontline microscopy performed in a variety of health
facilities across the province of Alberta, demonstrating profi-
ciency for detection of this species. The greater challenge in ma-
laria diagnosis by microscopy is the discrimination between the
non-falciparum species. Although these infections are generally
less severe, patients often require different treatment regimens to
eliminate the chronic liver stages and prevent relapse. Here, real-
time PCR plays an important, complementary role in species
identification. Most infections with these species had very low
parasitemias, yet all were identified by real-time PCR. These ob-
servations are consistent with our previous studies demonstrating
higher sensitivity of the real-time PCR assay compared with mi-
croscopy in our traveler and refugee populations (19, 20).

Based on our 4-year experience with real-time PCR, this algo-
rithm provides enhanced diagnostics and species identification
for malaria. Incorporation of RDTs could also be considered an
adjunct to frontline microscopy, but given the proficiency for P.
falciparum detection and the reported insensitivity of RDTs for

TABLE 1 Demographic and clinical characteristics of malaria cases

Characteristic Result for characteristic 95% CI

No. (%) malea 204 (68.7) 63.4–74.0
Mean age, yr (range) 32.3 (1–87) 30.5–34.1
No. (%) with Alberta as province

of residence
288 (97.3) 95.5–99.1

No. (%) of immigrants 98 (35.1) 29.5–40.7
No. (%) of travelers 181 (64.9) 59.3–70.5
Median no. of travel days abroad

(range)
46 (3–1,245) 40–61

No. (%) of infections acquired by
country:

Ghana 21 (7.1) 4.2–10.1
India 41 (13.9) 10.0–17.9
Nigeria 38 (12.9) 9.1–16.7
Pakistan 21 (7.1) 4.2–10.1
Sudan 43 (14.6) 10.6–18.6
Uganda 22 (7.5) 4.5–10.5
Other 109 (37.0) 31.4–42.5

Median no. of days to presentation
by group (range):

Immigrants 23 (1–2,259) 19–34
Travelers 11.5 (0–1,006) 10–13
Total 14 (0–2,259) 12–16

Median % parasitemia by species
(range [IQR]):

0.2 (0.0–9.2 [0.01–0.9]) 0.1–0.3

P. falciparum 0.3 (0.0–9.2 [0.01–1.3]) 0.2–0.5
P. vivax 0.2 (0.0–3.0 [0.01–0.5]) 0.1–0.3
P. ovale 0.1 (0.0–1.4 [0.01–0.1]) 0.01–0.1
P. malariae 0.06 (0.01–0.3[0.01–0.3]) 0.01–0.3

a Gender was not recorded for 1 patient sample.

TABLE 2 PCR-positive samples with discordant results by microscopy

Microscopy
result

No. of PCR results

P.
falciparum

P.
malariae

P.
ovale

P.
vivax

Mixed
infection Total

P. falciparum 0 2 0 1 3
P. malariae 0 0 0 0 0
P. ovale 3 0 2 0 5
P. vivax 1 2 3 0 6
Mixed infection 0 0 0 0 0
Non-falciparum 1 4 10 19 1 35
Species not

identified
11 1 3 3 0 18

Negative 10 0 0 0 1 11

Total 26 7 18 24 3 78a

a The percentage of discordant results was 26.4% (n � 78; 95% CI, 21.3% to 31.4%).
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discrimination of the non-falciparum species, RDTs may not sig-
nificantly impact frontline diagnosis. However, given the high cost
of real-time PCR, RDTs may be a more cost-effective alternative
for confirmation of P. falciparum infections if the sensitivity is
comparable.

The availability of a new online data management application,
Malaria SOS, from the Canadian Network for Public Health In-
telligence facilitates the integration of laboratory, demographic,
and clinical data from all malaria cases in the province. Compar-
ison of results from different diagnostic methods provides quality
indicators for each test and can be used to identify specific sites
where proficiency training is needed in the province. It can also be
used to monitor the performance of the real-time PCR test over
time and identify sources of variation within the laboratory or
across laboratories using standardized test methods.

Furthermore, the ability to query and graph results from the

nonidentifying case data is a powerful tool for surveillance of im-
ported malaria in Canada. Using these functionalities built into
the Malaria SOS application, we can identify high-risk groups and
monitor the distribution of different species acquired internation-
ally. Consistent with reports from other surveillance networks (6,
10), our higher-risk group includes males ranging in age from 19
to 49 years, although children also represent an important group,
accounting for 19.9% of all cases. Most infections were from P.
falciparum and were acquired in 4 countries in Africa or in South
Asia.

The inclusion of travel dates and time to presentation with
symptoms provides an opportunity to characterize the latency of
infection, and we report cases in which the infection occurred
several years after arrival in Canada. It is therefore important that
health professionals consider malaria in the differential diagnosis
despite the lengthy periods since malaria exposure. Also of interest
is that travelers presented to health facilities earlier than immi-
grants. This likely reflects more rapid onset of symptoms in pa-
tients lacking immunity (21) but may also suggest differences in
health-seeking behaviors among these two populations. Although
we cannot distinguish VFRs from Canadian-born travelers, the
length of time spent abroad is consistent with the travel patterns
observed with VFRs. Given these lengthy stays in areas where ma-
laria is endemic, issues related to the cost of antimalarials and
adherence to prophylaxis may be important considerations for
pretravel prevention strategies.

FIG 2 Plasmodium species according to country of travel. Map of countries visited by patients with a positive infection by real-time PCR. Colored markers
denote the species of infection as follows: red, P. falciparum; orange, P. vivax; yellow, P. ovale; and blue, P. malariae. There were no cases of P. knowlesi infection.

TABLE 3 Median number of days from arrival in Canada to sample
collection

Species

Median no. of days (95% CI)

Travelers Immigrants Total

P. falciparum 9 (6–10) 10.5 (8–21) 9 (7–11)
P. vivax 93.5 (23–208) 95 (54–248) 95 (50–186)
P. ovale 38 (7–171) 59.5 (8–491) 38 (17–171)
P. malariae 74 (13–135) 37 (20–119) 37 (13–135)
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As many countries where malaria is endemic implement con-
trol measures and progress toward elimination phases, the success
of these programs will be monitored by quality diagnostic and
surveillance systems. Nonimmune travelers can serve as sentinels
for the reemergence of malaria and sporadic outbreaks in these
countries. Alerting cases through coordinated national and inter-
national surveillance networks such as Malaria SOS is one way for
countries where malaria is nonendemic to contribute to global
malaria control efforts.
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