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Czech Republic, Vı́deňská 1083, Prague, Czech Republic

Abstract. This paper concerns the comparison of automatic volume
estimation methods for isolated pancreatic islets. The estimated islet
volumes are needed during the process of assessing the islet sample qual-
ity prior to the islet transplantation. We study several different methods
for automatic volume estimation. For this purpose we acquired a set of
projections using optical tomography for a sample of an islet popula-
tion. Based on these projections we estimated the islet volumes using
two stereological methods (the automatic Wulfsohn’s method and the
manual fakir method, considered to be the ground truth in this study),
together with the filtered back projection followed by 3D segmentation.
We have also employed two simple methods, currently used in medical
practice, based on fitting a sphere or a prolate ellipsoid to a single bina-
rized 2D islet projections.

1 Introduction

Transplantation of isolated pancreatic islets from cadaver donors is a promising
therapy for patients with the type 1 diabetes [1]. To determine the quality of
the isolated islets and their suitability for successful transplantation, microscopy
images (2D) of islet graft samples are acquired and the volume of the islets is
estimated.

The classical Ricordi approach for islet volume estimation is to use an optical
microscope with a calibrated grid for manual islet diameter measurement [2]. The
islet volume, under the assumption of the spherical shape, is then estimated from
the histogram of islet diameters (determined manually). This manual method is
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very time consuming. Image processing methods were employed during the last
two decades in order to reduce the manual workload.

The currently used method consists of microscopy image acquisition (i.e.
obtaining an islet projection), segmentation of the microscopy images to get
binary images and fitting a circle (assuming a spherical shape) or an ellipse
(assuming a prolate ellipsoidal shape of the islet) to the 2D segmented projection
[3].

Several different approaches were used to segment the microscopy images
of the Langerhans islets, e.g. Girman et al. [4] use multilevel thresholding of
RGB microscopy images, where the thresholds are set manually. However, such
an approach is very time consuming and medical expert dependent. In [5] au-
thors proposed an automated algorithm for the analysis of microscopy images of
Langerhans islets, where the segmentation method is based on a trained random
forest classifier (HSV features) followed by a graph cut regularization.

The ultimate goal is to find a robust method for islet volume estimation from
a single 2D projection (microscopy image) that could be quickly and easily used
for large islet samples in the transplantation practice where the stringent time
constraints prevent one from using slower and/or more expensive procedures. So
far only the simple methods mentioned above (assuming the spherical or prolate
ellipsoidal shape of the islet) are used.

To provide ground truth information in studies of volume estimation meth-
ods from 2D images of Langerhans islets one has to obtain also 3D information
about the same islets, using e.g. optical tomography to obtain projections of the
islets from different angles. From such data the islet volume can be estimated by
the established stereological method called fakir [6]. This method is manual and
time-consuming and we aim to investigate the possibility to use automatic meth-
ods for volume estimation from a set of projections in order to decide whether
they can replace the fakir method in providing the ground truth information
in future larger scale studies focusing on the volume estimation from a single
projection.

The fakir method is based on applying perpendicular systems of linear probes
and indicating the intersection of the probes with the object under study. Since
the medical expert determines the boundary of the islets, this method is consid-
ered to be the ground truth in this study.

The fakir method is as reproducible and objective as the criteria for recog-
nition of the object surface. When such criteria are more difficult to implement
than to explain to human operator, i.e. it is difficult to segment the object,
the interactive method is better. In fact, manual delineation is widely used for
segmentation of 3D objects in medicine and biology. When the volume and/or
surface area is of interest, our fakir approach requires fraction of time needed
to manually delineate the object sections to obtain required precision, because
only discrete points on the object surface have to be sampled. The information
from neighboring pixels is highly correlated, so sampling rather sparse points
may be sufficiently precise and more efficient. In practice, the fakir method is
both precise and reproducible, and hence objective.
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As for the automatic estimation methods based on a set of projections we
employ a classical approach based on reconstruction of sections using filtered
back projection (FBP) followed by segmentation of the reconstructed sections.
However, the quality of reconstruction is poor due to insufficient transparency
of the islets, see Fig. 3. To overcome the problem with islet transparency we
employ the stereological Wulfsohn’s method which allows to estimate the islet
volume directly from the segmented projections [7]. It combines the Cavalieri
principle with the known formula for the area in terms of the support function
of a convex set. For comparison we also consider two simple methods, commonly
used in practice, based on the spherical or ellipsoidal shape assumption and a
single projection.

2 Method

2.1 Image data and segmentation technique

We acquired a set of projections using optical tomography (OPT) for each of
60 islets from 6 donors. The volume of the individual islets was then estimated,
based on this data, by a medical expert using the stereological fakir method [6].

The methods for the islet volume estimation presented in this paper need
binarized images. We work with two types of image data.

The first type of images—sets of projections for the volume estimation meth-
ods based on the 3D information, see subsections 2.2, 2.3 and 2.4—are 16 bpp
grayscale optical tomography projections (1000 x 1000 pixels). In our experiment
we use the optical tomography scanner Milano developed in cooperation with
the Technical University in Milano.

For every islet there are 401 projections obtained by rotating the islet around
an axis by a fixed angle. These projections are segmented by the statistical
region merging (SRM) algorithm [8], see Fig. 1. SRM (implemented in Matlab)
was chosen as a compromise between the segmentation quality and the time
necessary for the segmentation of a single projection.

Images of the second type—single projections used for the methods of volume
estimation from the 2D information, see subsection 2.5—contain 8 bpp RGB mi-
croscopy images (2048 x 1536 pixels), see Fig. 2(a). These images are segmented
using method decribed in [5]. Firstly, the microscopy images are preprocessed to
compensate for nonuniform illumination and to apply a color normalization. We
obtain a pixelwise probability map using a random forest classifier (using color
HSV features). We consider two classes: islets vs. background + the so called
exocrine tissue which wraps the islets and sometimes is not completely removed
during the isolation process. The final classification (see Fig. 2(b)) is obtained
using GraphCut. The algorithm was implemented in Fiji [9].

2.2 Fakir method

The fakir method is a stereological method based on the so called fakir probes
[6]. A fakir probe is a regular system of parallel lines intercepting the 3D object
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(a) acquired (b) segmented using SRM

(c) overlaid

Fig. 1. Example of OPT projection and corresponding segmentation.

of interest. The volume estimation is based on manually determining the length
of such intercepts between 3D object and the lines of the probe. In order to
increase the efficiency of estimation, usually three perpendicular probes are used
in practice. The volume estimate of a given islet is then

VF =
λ2

3
(L1 + L2 + L3), (1)

where λ is the grid constant, i.e. the distance between the neighboring parallel
lines of the probe and Li, i = 1, 2, 3, is the length of the intercepts between the
object and the lines of the i-th probe.

2.3 Wulfsohn’s method

The Wulfsohn’s method [7] is a stereological method for volume estimation from
projections from different angles. The method assumes the object to be axially
convex, i.e. we assume that there is a fixed axis L and that all the planar sections
through the object, perpendicular to the axis L, are convex sets. The projections
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(a) acquired (b) segmented

(c) overlaid

Fig. 2. Example of RGB microscopy images of islet projection and corresponding seg-
mentation.

are obtained at angles ϕj with angular steps ∆ϕj in such a way that the axis L
is always parallel to the projection plane.

The estimation is based on the Cavalieri principle and the known formula
for the area A(K) of a convex planar set K in terms of its support function hK .
In this case K or Ku will be a planar section through the object perpendicular
to the axis L, at height u measured along L. It is rather surprising that it is
possible to measure the value of the support function hKu

(ϕ) at the angle ϕ
(measured in the section plane containing Ku) from the available projection
data – it is enough to look at the projection at angle ϕ perpendicular to L. The
value hKu

(ϕ) is then simply the distance from L (in the projection image) to
the rightmost point of the object at height u in the direction perpendicular to
L. For more technical details see [7]. In the following the symbol h′Ku

(ϕ) will
denote the derivative of hKu

(ϕ) with respect to ϕ.
The estimation then proceeds as follows:

1. Segmentation of OPT projections.
2. Small objects (artifacts) removal from the binary segmentation.
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3. Determining the position of the axis L from the centroids computed from
the projections.

4. Computing the values of the support function hKu
(ϕ).

5. The area of the planar section Ku at height u is given by the formula

A(Ku) =
1

2

∫ 2π

0

(
hKu(ϕ)2 − h′Ku

(ϕ)2
)

dϕ, (2)

which can be approximated numerically and estimated as

Â(Ku) ≈ 1

4

∑
j

(ϕj+1 − ϕj) (Hj+1(u) +Hj(u)) , (3)

where Hj(u) = h2Ku
(ϕj)− ̂h′Ku

(ϕj)
2

and hKu
(ϕj) denotes the support func-

tion computed for the projection at angle ϕj . The integral in (2) is ap-
proximated using the trapezoidal rule. The support function is filtered by a
Gaussian filter due to noise contamination resulting from the segmentation
procedure.
The derivative of the support function h′Ku

(ϕj) was approximated by the

difference ̂h′Ku
(ϕj) = 1

∆ϕj
[hKu(ϕj+1)− hKu(ϕj)], where ∆ϕj = ϕj+1 − ϕj .

6. The volume of the object V =
∫∞
−∞A(Ku) du is then estimated by

VW = ∆u
∑
i

A(Kui
), (4)

where ∆u is the discretization step along the axis L, i.e. the pixel size in the
projection image, and ui are the discrete values of u.

2.4 Filtered back projection

The filtered back projection is a well known method for the reconstruction of
sections from the projections of a 3D object [10]. The reconstructed sections are
of rather poor quality in our case because the islets are not sufficiently trans-
parent. Hence, we segment the volume slice by slice using a level set algorithm
[11]. Example of a reconstructed section and the corresponding segmentation
can be seen in Fig. 3. The volume of a given islet is then directly calculated from
the segmented slices, known pixel size and the distance between the neighboring
slices.

2.5 Fitting an ellipsoid and sphere

In this subsection we deal with the methods of volume estimation from a single
projection, as is the most commonly used method in clinical practice. A prolate
ellipsoid and a sphere are the simple shape models currently used for islet volume
estimation from a single projection [12]. In the case of the sphere model we
measure the area A of the islet profile in a binarized image. The radius of the
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(a) reconstructed slice (b) segmented using level set

Fig. 3. Example of FBP reconstruction from OPT projections and the corresponding
segmentation.

islet is estimated as r =
√
p2A/π, where p2 denotes the pixel area. The islet

volume is then estimated as VS = 4
3πr

3.
In the case of the prolate ellipsoid model an ellipse is fitted to the binarized

islet profile using the method based on the second moments [3]. The islet volume
is then estimated as VP = 4

3πa
2b, where a is the length of the minor semiaxis

and b is the length of the major semiaxis of the fitted ellipse.

3 Results

By the different methods considered in this paper we have estimated the volumes
of 60 Langerhans islets from 6 donors. We consider the volumes given by the
manual fakir method to be the ground truth in this study [13].

The volumes of 30 Langerhans islets were evaluated by two independent
experts using the fakir method. The relative error was computed for each islet as
follows: EFF (i) = 2|VF1(i)−VF2(i)|/(VF1(i))+VF2(i)), where VF1(i) and VF2(i)
are the volumes of the i-th islet determined by the fakir method by the first and
the second expert. The mean relative error EFF between the experts was 4.07 %.
The mean relative error of the volume estimates by fakir method evaluated by
each (individual) expert was about 1 % (the principle of the estimation of the
relative error for one expert in the case of fakir method can be found in [14]).

For the islets, if a certain number of projections (in our case maximally 12
subsequent projections) turned out to be unusable (see Fig. 4), these projections
were removed. Hence, ∆ϕj is in fact not constant through the given set in that
case. However, the volume estimates (Wulfsohn’s method is considered) can be
computed also for these reduced sets of projections. Two examples of projections
of the same islet are given in Fig. 4. Note that the left projection is overlaid by
impurity and cannot be used for volume estimation – it cannot be segmented
correctly.
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(a) unusable (b) usable

Fig. 4. Projections of Langerhans islets from OPT microscopy.

Numerical comparison of the studied methods is shown in Tab. 1 and Tab. 2.
The relative error was computed for each islet as follows: ER(i) = |VF (i) −
V (i)|/VF (i), where VF (i) is the volume of the i-th islet determined by the fakir
method and V (i) is the volume of the i-th islet estimated by tested method
(i.e. Wulfsohn’s, FBP, Sphere and Ellipsoid methods). The relative bias was
computed for each islet as follows: BR(i) = (VF (i) − V (i))/VF (i). The relative
error ER and relative bias BR were averaged for each individual donor. The
number of islets used for the volume estimation for a given donor is listed in the
column “No. of islets”.

The tables show that the Wulfsohn’s method and the FBP give better results
and are in rather good agreement with the manual fakir method, considered to
be the ground truth in this study. The numerical results also indicate that the
Wulfsohn’s method provides more precise estimates than FBP in terms of relative
bias and relative error of the estimates.

The two methods based on a single projection (assuming a spherical or ellip-
soidal shape) provide estimates with large systematic bias and high variability,
see also Fig. 5. Estimates with high positive bias are observed mainly in the case
of large islets. This is caused by the fact that the larger islets are considerably
more flat shaped and more irregular in comparison with small islets.

To assess the deviations between the methods we also calculated the nu-
merical characteristics for the estimation methods also in two other situations
where we consider the Wolfsohn’s method or the FBP, respectively, to be the
ground truth. The results are given in Tab. 3 and 4. Together with the results
discussed above they provide a consistent picture of the relationship between the
methods: the Wulfsohn’s method and FBP are, loosely speaking, closer to the
fakir method than to each other. Wulfsohn’s method gives, on average, slightly
smaller estimates than the fakir method while FBP gives larger values of the
estimates than fakir.
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Fig. 5. Scatter plot of volumes [m3] estimated by tested methods in comparison with
ground truth volumes (fakir method).

Table 1. The relative error of the islet volume estimates. Fakir method was used as
the ground truth. Methods to compare: Wulfsohn’s, FBP, Sphere, Ellipsoid.

Relative error [%]

Set No. of islets
Wulfsohn’s FBP Sphere Ellipsoid

mean std mean std mean std mean std

Donor 1 5 3.20 2.68 11.02 3.17 31.12 23.68 15.23 12.30

Donor 2 6 8.67 5.84 8.86 3.68 37.38 49.89 37.83 37.28

Donor 3 11 2.33 2.16 11.86 2.88 26.01 21.21 14.75 17.45

Donor 4 9 4.03 1.97 12.82 3.28 19.76 20.57 10.38 7.44

Donor 5 5 4.62 2.81 10.17 2.64 27.30 14.86 15.40 6.46

Donor 6 24 5.02 3.86 4.96 3.96 42.91 18.37 29.51 18.94

overall 4.56 3.47 8.73 3.49 33.50 24.39 22.40 19.04
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Table 2. The relative bias of the islet volume estimates. Fakir method was used as the
ground truth. Methods to compare: Wulfsohn’s, FBP, Sphere, Ellipsoid.

Relative bias [%]

Set No. of islets
Wulfsohn’s FBP Sphere Ellipse

mean std mean std mean std mean std

Donor 1 5 -1.53 3.88 11.02 3.17 31.12 23.68 8.78 17.50

Donor 2 6 -8.47 5.98 8.06 5.99 5.90 67.08 -11.10 56.28

Donor 3 11 -0.70 -3.10 11.86 -2.88 21.94 -25.40 7.20 -21.68

Donor 4 9 -3.74 2.47 12.82 3.28 17.81 22.28 1.27 12.71

Donor 5 5 -4.62 2.81 10.17 2.64 27.30 14.86 12.24 11.37

Donor 6 24 -2.50 5.81 2.65 5.77 31.41 34.52 16.82 30.76

overall -3.05 4.66 7.73 4.63 24.72 34.41 8.88 29.02

Table 3. The relative error of the islet volume estimates. For assessing the difference
between the methods, Wulfsohn’s method was used as the ground truth. Methods to
compare: Fakir, FBP, Sphere, Ellipsoid.

Relative error [%]

GT: Wulfsohn’s method

Set No. of islets
Fakir FBP Sphere Ellipsoid

mean std mean std mean std mean std

Donor 1 5 3.32 2.91 12.85 3.69 33.31 24.16 16.41 11.30

Donor 2 6 12.04 6.04 22.73 5.57 56.55 65.38 50.11 45.22

Donor 3 11 2.36 2.19 12.70 3.19 26.24 23.96 15.73 18.87

Donor 4 9 4.24 2.10 17.21 1.51 22.59 21.17 11.25 7.12

Donor 5 5 4.94 3.08 15.63 5.02 33.74 17.76 18.76 11.96

Donor 6 24 5.16 3.82 5.53 3.27 45.70 19.03 31.82 18.16

overall 5.03 3.54 11.77 3.58 37.72 28.63 25.24 20.78
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Table 4. The relative error of the islet volume estimates. For assessing the difference
between the methods, FBP was used as the ground truth. Methods to compare: Fakir,
Wulfsohn’s, Sphere, Ellipsoid.

Relative error [%]

GT: FBP

Set No. of islets
Fakir Wulfsohn’s Sphere Ellipsoid

mean std mean std mean std mean std

Donor 1 5 9.86 2.54 11.29 2.89 22.21 20.59 13.35 11.36

Donor 2 6 8.10 3.41 16.92 1.55 39.20 42.51 39.32 33.44

Donor 3 11 10.54 2.33 11.20 2.46 16.31 16.16 15.76 10.77

Donor 4 9 11.29 2.56 17.21 1.51 15.92 11.70 12.58 8.39

Donor 5 5 9.18 2.21 13.36 3.76 16.05 10.64 7.91 3.79

Donor 6 24 4.76 3.72 5.16 2.89 40.01 19.00 26.85 19.63

overall 7.93 3.10 10.44 2.63 28.49 20.94 21.22 17.60

4 Conclusion

We have estimated volumes of 60 islets from 6 donors based on the OPT pro-
jections using the fakir method, the Wulfsohn’s method and the filtered back
projection. We also estimated the islet volumes from a single projection using
the simple spherical and ellipsoidal models.

The evaluated relative error and relative bias of the FBP and the Wulsohn’s
method are acceptable for medical experts. However, we recommend the use of
the Wulfsohn’s method as it estimates the volume directly from the segmented
projections without the need of reconstruction of the whole islet and provide
more precise estimates in terms of relative bias and relative error, as seen from
Tab. 1 and 2.

The numerical results also show that the ellipsoidal model gives relatively
good results, taking into account its simplicity and the fact that it uses only a
single projection. This suggests that at least some part of the islet population
in fact has a rather ellipsoidal shape.
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