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Abstract

Background: The ability of mature forms of Plasmodium falciparum infected erythrocytes to bind to a range of
host receptors including those displayed on endothelial cells has been associated with the pathology of this
infection. Investigations into this adhesive phenomenon have used protein and cell-based adhesion assays to
quantify the ability of infected red blood cells to bind. These adhesion assays tend to have relatively high inherent
variability and so require multiple experiments in order to provide good quantitation. This means that investigators
doing these experiments must count many fields of adherent parasites, a task that is time-consuming and
laborious. To address this issue and to facilitate cytoadherence research, developed automated protocols were
developed for counting parasite adhesion.

Methods: Parasite adhesion assays were mainly carried out under static conditions using purified receptors, which
is the simplest form of these assays and is translatable to the field. Two different software platforms were used,
one commercial (Image Pro-Plus (Media Cybernetics)) and one available in the public domain (ImageSXM) based
on the freely available NIH Image software. The adhesion assays were performed and parasite binding quantified
using standard manual techniques. Images were also captured using video microscopy and analysed using the two
automated systems. The results generated by each system were compared using the Bland and Altman method
for assessing the agreement between two methods.

Results: Both automated counting programs showed concordance compared to the ‘gold standard’ manual
counting within the normal range of adhesion seen with these assays, although the ImageSXM technique had
some systematic bias. There was some fall-off in accuracy at very high parasite densities, but this can be resolved
through good design of the experiments. Cell based assays were also used as inputs to one of the automated
systems (ImageSXM) and produced variable, but encouraging, results.

Conclusions: The automated counting programs are an accurate and practical way of quantifying static parasite
binding assays to purified proteins. They are less accurate when applied to cell based systems, but can still provide
a reasonable level of accuracy to give a semi-quantitative readout.

Background
Plasmodium falciparum malaria remains a major burden
in terms of its contribution to morbidity and mortality
in resource poor countries [1]. Despite many years of
research the basis of severe disease is still unclear,
although clearly relates to be pro-inflammatory nature
of the infection. The ability of the parasite infected red
blood cell (pRBC) to bind to host receptors has been

associated with pathology [2], with several studies
attempting to correlate specific binding phenotypes with
clinical outcome [3-6]. The basis of these experiments is
often the use of static parasite binding assays, either
using purified receptors or cells, either expressing speci-
fic receptors or host-derived endothelium. An inherent
factor of these binding assays is their variability, requir-
ing the enumeration of many fields and replicate experi-
ments to produce accurate values for parasite binding.
Counting parasites manually is a tedious and time-con-
suming task and so investigators will tend to minimize
the amount of fields being counted, as well as having a
small but significant element of observer bias. To
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address these issues we decided to develop automated
counting systems, particularly for static assays with puri-
fied receptors, and validate them against the ‘gold stan-
dard’ of manual counting. The use of automated
systems for counting cell-based assays was also consid-
ered. These assays have the additional difficulty in terms
of automating counting due to the high ‘background’ of
particulate matter caused by the cellular material com-
prising the target.

Methods
Parasite binding assays
Parasite culture
The parasite line ItG-ICAM [7] was used throughout.
Parasites were cultured in RPMI 1640 medium (supple-
mented with 37.5 mM HEPES, 7 mM D-glucose, 6 mM
NaOH, 25 μg ml-1 gentamicin sulphate, 2 mM L-gluta-
mine and 10% human serum) at a pH of 7.2, in a gas
mixture of 96% nitrogen, 3% carbon dioxide and 1%
oxygen. Parasites were synchronized using 5% sorbitol.
Prior to use, parasites were washed twice in binding buf-
fer (RPMI 1640 medium, supplemented with 6 mM glu-
cose, pH 7.2) and re-suspended at 1% haematocrit
(Coulter counter) and 3% parasitaemia (Giemsa stain-
ing). All parasite lines are subject to antigenic switching
in vitro and so stabilates of ICAM-1 selected ItG-ICAM
were used up to three weeks post-selection to minimize
the effect of mixed populations.
Endothelial cells
Characterized human umbilical vein endothelial cells
(HUVEC) and human dermal microvascular endothelial
cells (HDMEC) were obtained from Promocell. Cells
were grown in manufacturer’s recommended medium
and then frozen down in 7.5% DMSO/92.5% FCS.
HUVEC and HDMEC were used at 6th passage.

Static protein assay
Static protein binding assays were carried out as pre-
viously described [8]. Briefly, 2 μl of ICAM-1-Fc (25, 50
or 100 μg ml-1) [9] or CD36 (25 μg ml-1) (R&D Systems)
were spotted onto 60 mm diameter bacteriological Petri
dishes and incubated in a humidified chamber for 2 h at
37°C. Proteins were aspirated off and dishes blocked
overnight at 4°C in 1% BSA/PBS. Blocking solution was
removed, the dish washed in binding buffer and 2 ml of
parasite suspension at 3% parasitaemia and 1% haemato-
crit added to each dish. Dishes were incubated at 37°C
for 1 h, with re-suspension for every 10 min. Unbound
RBC and pRBC were removed by repeated washing,
bound cells fixed with 1% glutaraldehyde for 1 h and
then stained with 5% Giemsa for 20 min. Levels of
ICAM-1 adhesion were quantitated microscopically or
using automated image analysis (see below). CD36 adhe-
sion was included solely as a positive control for the

binding assay and was not included in the automated
counting analysis in this study.

Static cell assay
Static cell binding assays were carried out using a modi-
fied version of a previously described method [8].
HUVEC or HDMEC (6th passage) were seeded onto 1%
gelatin-coated 13 mm Thermanox coverslips (Nalgene,
Nunc). Once confluent, they were incubated overnight
at 37°C with or without 0.5 ng ml-1rTNF (Biosource
International). Cells were washed with binding buffer
and incubated with 0.5 ml of parasite suspension (3%
parasitaemia, 1% haematocrit) for 1 h at 37°C, with gen-
tle resuspension every 10 min. A 1 h gravity wash
removed unbound cells, adherent cells were fixed using
2% glutaraldehyde for 1 h and then stained with 5%
Giemsa for 20 min. Coverslips were dried and mounted
on slides using DPX mounting buffer (BDH Lab Sup-
plies). Levels of adhesion were quantitated microscopi-
cally or using automated image analysis (see below).

Image capture
Microscopy and image capture was carried out using a
Nikon Eclipse TE2000 microscope with cooled CCD
camera (QICAM) and remotely operated stage (Prior
Optiscan) using the Image-Pro Plus 5.1 suite of image
capture tools (IPP 5.1, Media Cybernetics) at 300× mag-
nification. Eleven separate replicate experiments were
carried out with twenty fields captured per assay.
pRBC were manually counted at 200× magnification. 6

× 0.25 mm2 fields were selected by the user and counted
for each of 12 ICAM-1 protein spots (3 dilutions plus
negative control, in triplicate) per plate (CD36 was used
only as a control for binding), and the mean of these
counts multiplied by 4 to give a count of pRBC/mm2 (4
× 0.25 mm2 fields).

Image analysis
Image Pro Plus
As an adjunct to image capture using IPP 5.1, a pro-
gram was written using the Visual Basic for Applications
(Microsoft Corporation) programming language that
allowed any specified number of images to be analysed
simultaneously within IPP 5.1. The program was then
able to export the cell count information and user
defined attributes to an Excel (Microsoft Corporation)
database, which had been pre-prepared to analyse the
data and output an pRBC/mm2 result.
Following image capture, adherent pRBC appear as

dark spots on a light background. Therefore IPP 5.1 was
calibrated to recognize dark areas on the image. After
initial testing, 3 potential sources of error were identi-
fied: incorrectly including uninfected red blood cells
(uRBC) and non-cellular objects such as dust and dark
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marks on the camera lens in the final count, and incor-
rectly counting several clustered or overlapping cells as
one single dark object. These problems were addressed
as follows:
IPP 5.1 includes an algorithm which resolves cluster-

ing by determining the mean area of objects it identifies
as single (assuming, as in this case, that area was nor-
mally distributed about the mean) and then dividing the
area of any objects identified as clusters (anything
beyond 2 standard deviations from the mean ‘single
object’ area) by the mean single object area and adjust-
ing the count accordingly.
The area of objects such as dust, fibres and marks on

the camera lens were measured using the IPP 5.1 image
analysis suite. These were then compared to the area of
pRBC.
Un-infected cells: Uninfected RBC are generally un- or

lightly stained when compared to pRBC and appear as
brighter objects in images. Also, as a result of them
maintaining their concave shape and in contrast to
pRBC, they have a tendency to be brighter in the centre.
With this in mind, attributes based on optical density,
the degree of ‘clumpiness’ (patchiness in the optical den-
sity throughout the cell) and the ‘margination’ (the dif-
ference in optical density between the centre and the
border of the cell) were measured and compared with
those of pRBC.
ImageSXM
Image SXM [10] is an image analysis application that
originated as a spin-off from the public domain software
NIH Image [11] in the 1990s (developed at the U.S.
National Institutes of Health). The software is continu-
ously being updated and extended to handle images
from various types of scanning microscopes (~50 image
file formats) and image processing and analysis routines
are being added to help research scientists working in
the physical sciences (especially nanoscience), earth
sciences and life sciences. Although many routines were
developed with scanning microscopy in mind, a substan-
tial part of the software is equally applicable to images
from light microscopes. Using Image SXM as a starting
platform, specialist image analysis solutions have been
developed that address the needs of users in the life
sciences for specific applications. MIASMA (Microscopy
Image Analysis Software for Medical Applications) [12]
is the result of a number of these specialist applications,
such as the Parasite Counting Analysis (PCA) described
here, having some common ground and so benefiting
from being considered as part of a larger, overarching
project.
The PCA routines were written in the Pascal source

code of Image SXM using the CodeWarrior compiler
system (Metrowerks). The PCA takes minimal input
from the user (specifying limits on the minimum and

maximum sizes of objects that should be analysed as
potential candidates for pRBC) and then carries out a
batch analysis of all images in a set of folders. The out-
put is (i) a text file giving the details of the pRBC count
in each image and (ii) a summary of the batch analysis
with the average pRBC count for images in each folder.
In addition, a colour-coded image is generated for each
image that shows the pRBC that were identified and
counted. After the PCA routines have completed, a
blink comparator allows the user to compare these out-
put images with the original images to determine
whether or not the analysis ran with satisfactory
accuracy.
Each image is processed to compensate for differences

in brightness and/or contrast and then a background
subtraction routine is applied to minimize the influence
of cell structure on pRBC recognition. The geometric
characteristics of each candidate for a pRBC, which
appear as dark objects on a light background, are mea-
sured – area, perimeter, and lengths of the major and
minor axes of the best-fit ellipse. These measurements
are used to (i) veto those objects that do not meet geo-
metric criteria and (ii) determine if the object is two or
more touching pRBC.
The criteria for valid pRBC were determined from a

batch of test images:

(i) perimeter2/area < 100 (a test of the convolution
of the object’s outline)
(ii) major axis/minor axis < 3 (a test of the aspect
ratio of the object)

The criteria for an object being recognized as n touch-
ing pRBC use a combination of area, perimeter and
aspect ratio, with the value of n being calculated from
the object’s area relative to the mean area of all objects
found in the image.
The blink comparator can be used to check an image

with the corresponding output image that shows which
pixels were identified as cytoplasm and pRBC. This can
be done on a selection of images before or after a full
PCA run is executed. If there is any consistent under/
overestimate of the pRBC count then the user can
adjust global parameters that fine tune the PCA algo-
rithms and run the analysis again. If there is no consis-
tent under/over-estimate of the pRBC count but some
objects in some images have been identified incorrectly,
then the user can opt to apply a manual override to
adjust the analysis on an image-by-image basis.

Statistical analysis
The results obtained using the Image ProPlus and SXM
automatic methods (Additional file 1) were compared
against the manual method using the Bland and Altman
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method [13] for assessing the agreement between two
measurements. The arithmetic means of the triplicate
readings taken on each of 11 plates at each of the four
concentrations were evaluated. The differences between
the methods followed approximate Normal distributions
at each of the four concentrations tested, although the
variation in these differences increased with concentra-
tion level. Levels of agreement are described graphically
using a Bland and Altman plot (differences between the
automatic and manual measurements versus the
averages of the two measurements) for all four concen-
trations combined. Mean differences (automatic minus
manual) with their 95% reference ranges (mean differ-
ence ± 2*standard deviation) are reported for each con-
centration separately. The 95% reference range
represents the interval within which 95% of differences
between the two methods are likely to fall.

Results
The Bland and Altman plots (Figure 1) show clearly that
the variation in the differences between the automatic
and manual measurements tended to increase as the

(average) count level increased (and hence as concentra-
tion increased) - and this was particularly marked for
the SXM method.
For the comparison of the Image ProPlus and manual

methods, the mean difference between the two measure-
ments was not statistically significant for any of the indi-
vidual concentration levels, indicating an absence of any
systematic bias between these two methods. However,
the Bland and Altman plot does suggest a tendency for
the automatic Image ProPlus method to systematically
produce higher counts than the manual method when
the counts are very large (> 6,000).
For the comparison of the SXM and manual methods,

the mean difference between the two measurements was
statistically significant for the 0 μg/ml and 50 μg/ml
concentration levels and was close to statistical signifi-
cance (0.05 < p < 0.10) for the 12.5 μg/ml and 25 μg/ml
concentration levels. The automatic SXM method
tended to systematically over-estimate counts at the 0
μg/ml and 12.5 μg/ml concentration levels but to under-
estimate counts at the 25 μg/ml and 50 μg/ml concen-
tration levels.
Table 1 shows the 95% reference range for the differ-

ences between the two methods at each of the four con-
centrations tested. Proportionally, the reference ranges
represent, for both automatic methods relative to the
corresponding manual counts, potential differences
between the counting methods of less than (approxi-
mately) ± 40% for the 12.5 μg/ml concentration and ±
30% for the 25 μg/ml and 50 μg/ml concentrations.
Additional file 2 shows data for a single experiment

using ImageSXM to analyse endothelial cell binding
assays compared to manual counts.

Discussion
One of the major challenges for malaria cytoadherence
assays has been the counting. These assays are also
notoriously variable, requiring several replicates that add
to this burden. In this paper we have investigated two
automated methods for parasite counting based on the
simplest format, namely static assays performed with
purified protein. The counting software used represent
commercial (Image ProPlus) and publically-available
(ImageSXM) platforms and we have attempted to opti-
mize both so that they are able to cover a broad range
of values generated by the assays. Of the two methods
the Image ProPlus platform more closely represented
the counts obtain manually with no significant differ-
ences at all concentrations tested. ImageSXM did show
some bias, and this varied based on the concentration of
receptor used, and therefore the number of adherent
parasites per field.
The superiority of the commercial software may

reflect, in part, the better user interface available with

Figure 1 Comparison of binding results. Bland and Altman plots
comparing Image Pro Plus (ProPlus) and ImageSXM (SXM)
automated counting techniques with manual counts for adhesion
assays on plastic to ICAM-1 using the P. falciparum line ItG-ICAM.
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the Image ProPlus package and better familiarity with
the Image SXM software might have improved the out-
come. However, despite having access to an expert on
ImageSXM (SBD), the software backage was tested with-
out extensive intervention to see how it would perform
under ‘standard’ conditions. As well as the small bias
seen with ImageSXM we also encountered some pro-
blems with the analysis of images from different batches,
where SXM had less flexibility to cope with changes in
exposure and contrast. Despite this SXM still performed
well producing results that were consistent with the
other methods and without the need to purchase com-
mercial software. ImageSXM software was also applied
to cell-based assays, which bring an added level of com-
plexity to automated counting due to the presence of
many ‘particles’ contributed by the endothelium. The
results (Additional file 2) are still too variable to be con-
fident in replacing manual counting for this assay for-
mat but they were at the very least encouraging and
with the need to move to more ‘biologically-relevant’
adhesion assays using primary endothelial cells this
could become an important issue. As stated in the
Results section, the Bland and Altman plot suggested a
tendency for the automatic Image ProPlus method to
systematically produce higher counts than the manual
method when the counts are very large (> 6,000) but as
only a few very large observations were obtained, this
finding requires further investigation to identify whether
this is a real effect or not.
In conclusion, an automated counting procedure has

been successfully applied to malaria parasite adhesion
assays that is able to produce accurate results over a
range of values, with some loss of accuracy only at very
high levels of binding. A related, freely-available package
(ImageSXM) produced some systematic errors when
compared to the ‘gold-standard’ manual counting but
still provided data that were consistent with the other
techniques, and with the flexibility to be applied to the
next generation of cell-based adhesion assays.

Additional material

Additional file 1: Table of pRBC binding data. The binding results
using manual and automated counting for replicate experiments to
measure pRBC adhesion to ICAM-1.

Additional file 2: Automated counting of cell-based assays. An
example of cell-based adhesion assay automated counting using Image
SXM from a single assay. The results from manual and SXM methods
have been plotted against each other to demonstrate the level of
concordance, and three images have been included to provide one
example of successful automated counting and two images where the
automated system does not match the manual counts.
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