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Abstract: In several parasitological diseases, as for leishmaniasis, measurement of the size of cutaneous lesions, which
develop at the site of parasite inoculation in animal models, are the most commonly used index to assess disease progression,
to compare parasites pathogenicity or virulence and to determine the effects of drug treatment and immunotherapies. The aim
of this study is to compare the accuracy of two measurement tools i.e., the caliper and the plethysmometer to refine the lesion
size determination. Our findings showed that the use of plethysmometer produced higher correlation with the importance of the
lesion mass at experimental endpoints. These findings suggest that, for better differentiation in drug monitoring or Leishmania
(L.) strains’ virulence and pathogenicity, plethysmometer method is more sensitive to detect parasite-induced swelling and
lesions differences at the end of experimental protocols when lesion size is important but caliper is more indicated for small
lesions.
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controlled by the immune anti-parasite responses in
susceptible BALB/c mice and the disease disseminates
towards the visceral organs with fatal outcome.

1. Introduction

The clinical manifestations of human cutaneous

leishmaniasis caused by Leishmania (L.) major display a
spectrum of disease severity varying from an asymptomatic
infection to multiple disfiguring scars [1, 2]. This differential
clinical expression is considered as the result of interaction
between individual behaviour of the microorganism and the
host immunologic background. Relative contribution of the
host immune background and the vector components
involvement are difficult to measure [1, 3, 4], especially in
host-outbred individuals such as humans.

Animal models of cutaneous leishmaniasis are useful tools
for dissecting mechanisms related to disease pathogenesis
and vaccine or drug development [5]. Indeed, cutaneous
infection of mice with L. major is a well-established
experimental model of chronic human disease caused by an
intracellular parasite. This local infection is not well

Upon experimental infection with different L. major
strains, distinct aspects of the clinical spectrum of human
cutaneous leishmaniasis have been generally reflecting the
spectrum of clinical manifestations in humans with
reasonable success. Indeed, infection of different inbred
strains of mice with L. major can, to certain limits, mimic the
disease phenotype observed in human cutaneous
leishmaniasis [6] and is routinely used for vaccine or
treatment discovery [7-9].

This model is also suitable for comparing the intrinsic
virulence of different isolates of Leishmania belonging to the
same species [1, 10] and might hence reflect the
pathogenicity and virulence of each isolate. It is also suitable
for the determination of the effects of drug treatment,
immunotherapies and vaccines.

Several previous [11, 12] as well as new [13-15] studies
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used routinely the caliper to monitor the lesion development
induced in the footpad of animals. This measure represents the
difference between the widths and/or the thicknesses of the
infected and the uninfected paws of the same mouse. Hence,
caliper measurements are commonly collected along the
longest two dimensions of the lesion x/y plane only, with the z-
axis dimension assumed to be the same [16]. Depending on the
manipulator, caliper measures may suffer errors and are not
easily reproducible from an experiment to another.

Another measure tool is more and more used i. e., the
plethysmometer. It is routinely used to study tumors and
potential anti-inflammatory or anti-edema properties of
pharmacological substances [17-20]. It is more and more
routinely used to measure paw inflammation and edema in
rodent models [21, 22]. Instead of measuring the lesion
diameter, the size is rather determined by the difference
between the volume of the infected paw and the volume of
the uninfected one of the same mouse. To our knowledge,
there are no studies reporting comparison between the two
methods in the experimental model of L. major infection.

In this work, using the BALB/c experimental mice model,
we aimed to compare lesion measurements obtained by both
methods on the same animals infected with different L. major
wild strains isolated from patients living in a zoonotic
cutaneous leishmaniasis (ZCL) endemic area of Tunisia.

2. Materials and Methods

Eleven strains of L. major were isolated from fresh lesions
of patients living in the Centre of Tunisia, an endemic region
for ZCL. The study protocol, consent forms and procedures
were reviewed and approved by the Institut Pasteur de Tunis
Ethical Review Board. Patients provided written informed
consent for the collection of parasites and subsequent use.

The isolates were harvested between October 2009 and
March 2010, the period in which the lesions of the majority
of the individuals infected during the ZCL transmission
period appear.

2.1. Parasite Culture, Metacyclic form Purification

Promastigotes were cultured in NNN solid medium at
26°C, and then progressively adapted to a medium composed
of RPMI 1640 and 10% of Fetal Calf Serum (FCS) and
supplemented with 100 U of penicillin/ml, 100 pg of
streptomycin/ml and 2 mM L-glutamine. When the stationary
phase was reached, the metacyclic promastigotes were then
purified by a negative selection with peanut agglutinin (PNA)
(Sigma, Saint-Quentin Fallavier, France). The PNA™ and
PNA" fractions were separated by density gradient
centrifugation. The PNA-metacyclic promastigotes were
washed and diluted at the desired density.

2.2. Animal Infection and Monitoring of the Disease
Pattern

BALB/c female mice were obtained from the specific
pathogen-free animal-breeding facility Janvier (France) and

maintained in a conventional animal facility at Institut
Pasteur de Tunis, Tunisia. Animal experiments were
performed in compliance with the directive 86/609/EEC of
the European parliament and the council on the protection of
animals used for scientific purposes, in agreement with the
guidelines of International Guiding Principles for Biomedical
Research Involving Animals and with the approval of the
Ethical Review Board of Institut Pasteur de Tunis.

For each Leishmania isolate (identified by an Arabic
number), a group of 5 to 6 eight-week old BALB/c mice was
infected with 2x10° metacyclic promastigotes. Isolates
correspond to parasites obtained from ZCL patients with
heterogeneous clinical outcomes. The parasites were
suspended in 50 pl of 1X PBS and injected in the left footpad.
The right footpad is considered as an uninfected control.

From the second week of infection, lesion development
was assessed weekly by measuring the diameter and volume
of right and left pads by the same operator and using the
same devices i. e.; a vernier caliper and a plethysmometer
(Model 7140; Ugo Basile, Italy). Lesion development using
caliper was then assessed by measuring the thickness
diameter difference between the infected and non-infected
footpad of every mouse (mm). Immediately following
measurements, data sets were also collected using
plethysmometer device.

The water digital plethysmometer is formed by two
interconnected tubes filled with a conductive solution, a
platinum electrode for each chamber and a control unit.
When the mouse paw is immersed in the measuring tube, the
water displacement is also produced in the second tube
inducing a change in the conductance between the two
platinum electrodes. The control unit detects the conductance
changes and generates an output signal to the digital display
indicating the volume displacement measured in milliliter
(0.01 ml resolution). Difference between the volume
displacement of the infected and uninfected footpad indicates
the lesion volume (ml). At the end of the experimental
protocol, mice were sacrificed and the infected and
contralateral footpads of each mouse were excised and
weighed using a precision balance. Parasite load from
infected mice was determined by limiting-dilution method
following a protocol described elsewhere [23]. Briefly,
excised pads were homogenized. A serial 10-fold dilutions
were plated in duplicate in 96-well flat-bottom microtiter
plates (Nunc, Roskilde, Denmark) containing Schneider’s
Drosophila  medium (both from Gibco-BRL, Paisley,
Scotland) supplemented with 100 U of penicillin/ml, 100 ug
of streptomycin/ml, 2 mM L-glutamine, and 10% heat-
inactivated fetal calf serum. Viable parasites were observed
microscopically after seven to 10 days of incubation at 26°C.
Parasite load was then determined as the reciprocal of the
highest dilution at which promastigotes could be grown in
culture at 26°C and detected by microscope.

2.3. Statistical Analyses

All the statistical tests were performed using PRISM
software. To measure the correlation between the lesion size
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obtained either using a plethysmometer or a caliper, the
Pearson correlation coefficient » and the p value were used.
To evaluate the sensitivity of plethysmometer method versus
caliper one, number of variables above or below the linear
regression were quantified.

3. Results

3.1. Lesion Size Monitoring

For each tested Leishmania isolate, a group of five to six
BALB/c mice were infected. Footpad sizes were weekly
measured during eight weeks using both the caliper and the
plethysmometer. The sizes of the contralateral footpads of
each mouse were also measured using both methods in the
same day of the former measurement.
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Figure 1. Lesion evolution in BALB/c mice infected with different wild
Leishmania major field isolates. Left hind footpad Mice were inoculated
subcutaneously with 2x10° metacyclic promastigotes. Measurements were
performed weekly using a vernier caliper (4) and a plethysmometer (B).
Lesion diameter (4) and volume (B) were calculated by subtracting the
measure of the contralateral-uninfected footpad using the same tool. Arabic
numbers corresponding to each isolate mentions the parasite identification.
Results are expressed as the mean lesion size of five to six mice per group +
SD.

As shown in Fig. 1, lesion evolution in each group of mice
was measured either with caliper (Panel A) or
plethysmometer (Panel B). Results showed a heterogeneous
evolution of lesions during the infection course, according to
the parasite isolate used. When comparing the two methods
for each isolate, we did not notice any important difference
according to the lesion evolution. Nevertheless, scale extent
seems to be more pronounced at the beginning or the end of

infection course, when measures were taken by caliper or by
plethysmometer, respectively.
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Figure 2. Pair-comparison and linear regression of 362 plethysmometer
measurements against their caliper counterparts of lesion sizes during eight-
week protocol. Caliper measurements were expressed by mm and
plethysmometer measurements were expressed by ml and correspond
respectively to the diameter and the volume of each lesion as the difference
between the infected and uninfected footpad. Pearson r correlation
coefficients were 0.9070 and 0.8227 respectively.
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Figure 3. Pair-comparison and linear regression of caliper measurements
against their plethysmometer counterparts of lesion sizes depending on their
diameter range. Panel A corresponds to lesion diameter < 4 mm (r=0.8578)
and panel B corresponds to lesion diameter > 4 mm (r=0.8089). Caliper
measurements were expressed by mm and plethysmometer measurements
were expressed by ml and correspond respectively to the diameter and the
volume of each lesion after calculating the difference between the infected
and uninfected footpads.
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3.2. Correlation, Sensitivity and Reproducibility Between
Plethysmometer and Caliper

Lesion size obtained with plethysmometer and caliper
were then pair-compared for each mouse at each time point.
The distribution of the total 362 paired-measures was plotted.
Results (Fig. 2) showed that global correlation between these
paired-measures is statistically significant with a Pearson r
coefficient significantly close to 1 (Pearson 7=0.9070 and p <
0. 0001). This result witnesses a high correlation between the
measures generated using the caliper and those using the
plethysmometer.

To assess the sensitivity of each method towards the other,
we considered number of points above and below the linear
regression curve.

Points above the regression line were more numerous than
those below the line (200 versus 162, respectively) indicating
that sensitivity is more important by plethysmometer than
caliper.

Interestingly, paired-measures’ points above the regression
line are more numerous when lesion measurements are
higher (by both methods) and vice versa. Accordingly, we
separated the paired-measures lower or higher than 4 mm as
measured by caliper and compared points of each group
(range 1 and range 2 respectively, Fig. 3). When comparing
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paired-measures at range 1, (lower than 4 mm by caliper),
Pearson 7=0.8578 and p < 0.0001 and when comparing
measures at range 2 (higher than 4 mm by caliper), Pearson
=0.8089 and p < 0.0001. Points above the line are more
numerous at range 2 (24 out of 42; 57%; Fig. 3, Panel B)
than at range 1 (155 out of 313; 49%); Fig. 3, Panel A).

All these results indicate that sensitivity of
plethysmometer measurements seems higher than caliper
ones with bigger lesions than with smaller ones and vice
versa.

To assess reproducibility, we assumed that diameter and
volume of each non-infected footpad would be the same
during the whole time of experiment. Hence, measures of
diameter and volume of contralateral non-infected pads were
weakly taken by the same experimenter using both
plethysmometer and caliper. Intra-observational variations
were 2,5% (2.45 + 0,06 mm; mean + SD) in caliper measures
and 15,1% (0.13 £ 0.02 ml; mean + SD) in plethysmometer
measures. This result indicates that measures using caliper
were more reproducible than those taken with
plethysmometer. However, this should be taken with caution
since all measures of non-infected footpad are within a range
where caliper is more sensitive.
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Figure 4. Pair-comparison and linear regression of plethysmometer and caliper measurement of infected footpads size against footpad weight (panels A and
B) and parasite load (panels C and D). Panel A corresponds to plethysmometer measurement versus footpad weight (r=0.8515), panel B to caliper
measurement versus footpad weight (r=0.7936), panel C to plethysmometer measurement versus parasite load (r=0.3239) and panel D to caliper

measurement versus parasite load (r=0.4634).
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3.3. Correlation Between Plethysmometer or Caliper
Measures and Footpad Weight or Parasite Load

At the end of the eight weeks, mice were sacrificed and the
infected feet were excised and weighed. Parasite load was
also monitored. The foot weight and the parasite load were
used as golden standard measures to evaluate the accuracy of
each method. Accuracy can be defined as proximity between
the measure of an object and its true value. Indeed, the foot
weight is likely reflecting the direct effect of a given isolate
on tissue inflammation and lesional extent and the parasite
load might be correlated with the apparent lesion size.

As shown in Fig. 4, the volume of the whole infected
footpad determined by plethysmometer correlated with footpad
weight (Pearson =0.8515; Fig. 4, panel A) slightly better than
the diameter of the whole infected footpad measured with
caliper (Pearson r=0.7936; Fig. 4, panel B). When splitting the
measurements into two ranges, in those higher than 4 mm by
caliper (data not shown), correlations still slightly higher
between plethysmometer measurements and footpad weight
than those between caliper measurements and footpad weight
(Pearson r=0.9436 and 0.8852 respectively). In < 4mm
diameters, correlations between plethysmometer
measurements and footpad weight are however faintly lower
than those between caliper measurements and footpad weight
(=0.8835 and 0.9435 respectively).

When comparing the diameter and volume measures with
footpad parasite load, Pearson coefficients are much lower
with a slight better correlation with caliper measurements
(Pearson r=0.4634; Fig. 4, panel D) then with
plethysmometer measurements (Pearson r=0.3239; Fig. 4,
panel C). These very low correlations indicate that parasite
load cannot be considered, like footpad weight, as a good
standard for lesion monitoring.

In conclusion, all these results indicate that measures
undertaken either by plethysmometre or caliper are
comparable and not revealing notable differences.
Nevertheless, when lesions are important, the measures made
by plethysmometre are dimly better correlated with infected
footpad weight than those undertaken wusing caliper.
However, caliper is better to be used when lesions are small.

4. Discussion

In order to compare two measurement methods for lesion
development, Tunisian isolates of L. major freshly collected
from the field were tested for their experimental
pathogenicity in BALB/C mice model. Lesion development
was assessed during the infection course using both the
caliper and the plethysmometer. Despite the strong
correlation between the two methods, power discrimination
between the isolates when measures were taken by caliper or
plethysmometer was different depending on the lesion size.
Indeed, for lesion diameter lower than 4 mm by caliper,
plethysmometer is less sensitive but when lesion size is
higher than 4 mm, caliper is less sensitive.

Interestingly, when correlating the lesions diameters or
volumes obtained by both methods, with total infected foot
weight as a standard for lesion development, plethysmometer
shows faintly more accurate measures; whereas caliper
method seems more accurate when correlating its measures
with the total parasite load in infected pads.

These results indicate that both methods could be used,
depending on the objectives.

Many studies argued in favor of the use of plethysmometer
instead of caliper. As for parasitological studies, cancer
studies for instance, require a precise tool to measure tumor
volume. Several authors concluded that caliper is inaccurate
and encumbered with a significant and size dependent bias
compared to other methods [24, 25]. Indeed, and despite its
low cost, caliper method was often affected by much error,
subjective and inaccurate especially for large tumors which
shape differs from small ones [24]. To measure pathogen-
induced edema and hyperalgesia during inflammation, other
authors used the plethysmometer rather than the caliper for
its accuracy [26]. Other physical methods have been shown
superior to caliper measurements for determining xenograft
tumor volume in mouse models [27].

However, and as far as we know, only one study suggested
that the micrometer method, a method comparable to caliper
one, could be more sensitive and useful in measuring paw
edema in mice than the plethysmometer method, when used
to assess the anti-inflammatory activity [28]. Besides the
mice models, a recent study presented a precise, complete
and noncontact 3D assessment tool for monitoring the
evolution of human cutaneous leishmaniasis wounds based
on a 3D laser scanner and computer vision algorithms [29].
This proposed 3D assessment tool showed higher accuracy
and precision rates than conventional manual methods.

We conclude that use of plethysmometer to measure lesion
volume in Leishmania mouse model will result in more
sensitive measures of volume change at endpoints, especially
when lesions are important, like those induced by high
virulent strains. However, the caliper method, the current
gold standard for lesion measurement in experimental
leishmaniasis shows a slight more reproducibility and should
be used to monitor lesion size for anti-Leishmania vaccines
or drugs, where the lesions are expected to be smaller.

5. Conclusion

In conclusion, the use of caliper or plethysmometer for
monitoring disease progression in Leishmania infected mice
should depend mainly on the study goals, having in mind the
limitations of each tool and used methodology towards better
accuracy. Hence, plethysmometer method showed more
sensitivity at the end of experimental protocols when lesion
size is important but caliper is more indicated for small lesions.
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