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Abstract

Morphogenesis is a complex process that integrates sev-

eral mechanisms from the molecular to the organ scales. In

plants, division and growth are the two fundamental cellu-

lar mechanisms that drive morphogenesis. However, little

is known about how these mechanisms are coordinated to

establish functional tissue structure. A fundamental bot-

tleneck is the current lack of techniques to systematically

quantify the spatio-temporal evolution of 3D cell morphol-

ogy during organ growth. Using leaf development as a rel-

evant and challenging model to study morphogenesis, we

developed a computational framework for cell analysis and

quantification from 3D images and for the generation of 3D

cell shape atlas. A remarkable feature of leaf morphogene-

sis being the formation of a laminar-like structure, we pro-

pose to automatically separate the cells corresponding to

the leaf sides in the segmented leaves, by applying a clus-

tering algorithm. The performance of the proposed pipeline

was experimentally assessed on a dataset of 46 leaves in an

early developmental state.

1. Introduction

A challenging task in plant developmental biology is to

understand how a few cells can give rise to complex struc-

tures such as leaves. Because of the presence of a cellular

wall, plant morphogenesis essentially results from cell di-

vision, growth and elongation. However, the coordination

between these mechanisms at the whole leaf scale remains

largely unknown [7]. Imaging protocols have been devel-

oped to monitor morphological changes at the cellular level

[3, 8] and image analysis has been used to quantify spatial

and temporal growth patterns of cells on the basis of mor-

phological features [4]. In particular, the geometric prop-

erties (size, shape) of segmented cells have been analyzed

[6, 5]. A popular approach is to track growth of plant organs

using 2D and 2.5D images (curved surfaces). Elsner et al.

[6] proposed to track growth on 2D images where a sample

of leaf cells was analyzed. Barbier de Reuille et al.[5] relied

on intensity projections on curved surfaces to obtain a clear

outline of the cell morphology in simple plant organs like

the shoot apical meristem that can be assimilated to essen-

tially 2D structures. In [12], the authors investigated a com-

putational approach to generate 3D cellular atlases based on

an automatic cell type identification within 3D images of

radially symmetric plant organs like roots. However, leaves

are asymmetric, dome-shaped with a complex structure and

organization of cells. To tackle this complexity, cell mor-

phology must be analyzed in 3D and take into account the

entire spatial cell organization.

Leaves have two different epidermal cell populations, the

adaxial (upper) and abaxial (lower) ones. The differences in

gene expression between both sides play an important role

in cell differentiation pattern and leaf growth [13]. To date,

no quantitative analysis has been performed to quantify the

difference between abaxial and adaxial populations in terms

of cell morphology. Only a visual assessment of a sample of

leaf cells was provided [9, 13, 16] which is tedious and user

dependent. Thus, cell morphology must be characterized

automatically regarding the leaf sides in order to properly

quantify shape features during leaf growth.

In this paper, we propose a comprehensive pipeline for

analyzing and quantifying epidermal cell morphology dur-

ing leaf development. Our strategy relies on a robust and au-

tomated 3D cell shape spatial distribution analysis, and also

includes an approach to separate the adaxial and abaxial cell

populations. For each epidermal cell, several shape proper-

ties are measured, resulting in building a spatio-temporal

atlas of epidermal cell morphologies during leaf morpho-

genesis. Therewith, systematic maps of cell geometrical

properties are generated over the whole leaf surface. These

surface maps can then be visualized in a 3D viewer to reveal

domains with distinct characteristics.

The paper is organized as follows. In Sec. 2, we describe

the methodology used to generate the data. The methods

for the 3D cell shape analysis are presented in Sec. 3. The
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Figure 1: Acquired and processed 3D leaf images. (A) Vol-

ume rendering of a 3D confocal image of a leaf with stained

cellular walls. (B) Result of the segmentation of epidermal

cells, visualized using the Sviewer software [2].

results are shown in Sec. 4. Finally, the relevance of our

proposed strategy is discussed and conclusions are proposed

in Sec. 5.

2. Image data

In this work, leaves were extracted from different shoot

apical meristems of Arabidopsis thaliana Col-0 plants.

Leaves were fixed, stained and imaged using a confocal mi-

croscope according to the protocol described in [18] to high-

light cell walls, thus providing a clear cell boundary for seg-

mentation. The size of images (respectively width, height,

depth) varied from 91× 94× 97 voxels for the smallest leaf

to 1263×687×309 voxels for the largest one. Voxels were

cubic with a size of 0.53× 0.53× 0.53 µm. Fig. 1A shows

an example of a volume rendering of a stained leaf. One

disadvantage of using fixed leaves is that only static images

can be analyzed. To address this issue, leaves were sampled

at different stages of their development. Leaf length was

used as a proxy of the developmental time and was mea-

sured manually as the distance between the bottom of the

leaf blade and the leaf tip (Fig. 2B).

Images were automatically segmented using a 3D wa-

tershed algorithm. The segmentation process followed the

method described in [15]. Briefly, a local intensity vari-

ance normalization was performed in order to alleviate at-

tenuation and irregular staining effect. Also the contrast be-

tween cell walls and other regions was enhanced by apply-

ing an anisotropic filtering [19]. The segmentation results

presented high accuracy and thus no post-processing was

needed. An expert manually edited the segmented images to

assign a single label to all sub-epidermal cells (Fig. 2B). Tri-

chomes (leaf hairs; see arrows in Fig. 1A) which are huge

differentiated cells, were manually removed from the seg-

mented images. Fig. 1B shows an example of a segmented

leaf after edition.

Our data-set was composed of 46 leaf images with
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Figure 2: Distribution of leaf size in the data-set. (A) Num-

ber of epidermal cells as a function of leaf length. (B) Leaf

length measurement.

lengths varying from 50 µm to 580 µm, thus covering the

early developmental stages. The number of epidermal cells

per leaf varied from 40 to 7000. Fig. 2A plots the number of

epidermal cells as a function of leaf length in the data-set.

We noticed that estimating developmental time on the basis

of the leaf length was consistent with regards to the number

of cells.

3. 3D cell image analysis

In order to analyze morphological features of epidermal

cells, we propose a variety of quantitative parameters which

are related to cell and tissue growth, including size, shape

and spatial organization, and that can be extracted from the

3D segmented images. Two types of cellular parameters

can be measured in our pipeline. Firstly, we present the

measurements that do not depend on the context (local en-

vironment in the organ) of the cell. These non-contextual

measurements are similar to the parameters described in [1]

to analyze the shape of animal and plant cell nuclei. Sec-

ondly, we propose parameters that depend on the relative

positioning of each cell with regards to its immediate envi-

ronment. Finally, we present a method for the separation

of abaxial and adaxial cell populations. This classification

will allow the comparison of the morphological parameters

between the two leaf sides.

3.1. Non­contextual cell shape parameters

3.1.1 Sphericity

This classical parameter quantifies the similarity between a

cell and a sphere and is defined as:

Ψ = 36πV 2/A3 (1)

where V and A are, respectively, the volume and the cell

surface area. For a sphere, Ψ ≃ 1 and Ψ decreases when

the shape becomes more elongated or irregular.
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3.1.2 Elongation

Cell elongation was measured based on the ratio of the first

two eigenvalues of the cell inertia matrix:

E =
√

λ1/λ2 (2)

where λ1 (major axis) and λ2 (intermediate axis) are the

first two eigenvalues of the inertia matrix.

3.1.3 Flatness

The flatness was quantified based on the ratio of the last two

eigenvalues of the inertia matrix:

F =
√

λ2/λ3 (3)

where λ2 (intermediate axis) and λ3 (minor axis) are the

last two eigenvalues of the inertia matrix.

3.2. Contextual cell shape parameters

3.2.1 Thickness

Leaf thickness has been investigated in studies of leaf ex-

pansion [20, 17]. There, manual 2D measurements under a

light microscope [17] or on an orthogonal view of images

acquired using confocal microscopes [20] were performed.

In the present work, we introduce an automatic measure of

the Epidermal Cell Thickness (ECT), defined for each epi-

dermal cell as the distance between the sub-epidermal tissue

and the leaf external surface.

Many approaches have been proposed to estimate the

local thickness of complex 3D objects. In [14], a local

maximum diameter which fits the 3D objects along the

medial axis was used. More recently in [21], the clas-

sic erosion thickness measurement over the medial axes of

2D shapes [10] was generalized in 3D. Although both ap-

proaches show robust results for the local thickness estima-

tion of 3D objects, they are not adapted to measure ECT.

Indeed, ECT is defined by considering the extension of the

cell relatively to the local orientation of the leaf surface. For

the same reason, ECT cannot be measured using the prin-

cipal axis of inertia of the cell. For example, in Fig. 3A,

two cells with the same ECT are shown. On the left, the

ECT corresponds to the smallest axis, while on the right, it

corresponds to the largest one.

We propose to calculate ECT with respect to the posi-

tion of the sub-epidermal cells. Let Bs be the barycenter

of the patch of cell surface that is in contact with the sub-

epidermal cells and let Bc be the barycenter of the cell. The

surface of contact used to compute Bs corresponds to the

coordinates of the cell voxels that are neighbors to voxels

with sub-epidermal label within a 3× 3× 3 neighborhood.

Let
−→
Nt be the thickness direction vector defined as the unit

direction vector of the
−−−→
BsBc line (Fig. 3B). Let Sc be the

Sub-epidermal voxels

Bc
Nt

Bs
Sub-epidermal cells

A  B

Figure 3: Epidermal cell thickness. (A) Epidermal cell

thickness direction. (B) Calculation of the thickness direc-

tion vector
−→
Nt and the ECT.
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Figure 4: Measuring cell orientation with regards to local

leaf surface.

intersection point between the line spanned by
−→
Nt and the

external cell surface. The ECT is defined as ‖
−−−→
BsSc‖. Note

that
−→
Nt can be used as an approximation of the leaf surface

normal vector.

3.2.2 Cell orientation

Cell division and differential growth are cellular processes

that occur during leaf growth. In particular, cell orientation

can be interpreted in terms of local growth orientation. In

this paper, we propose a measurement of the cell orientation

based on the normal vector
−→
Nt and the first principal axis of

the cell
−→
U . The relative cell orientation was measured as:

O = |
−→
U ·

−→
Nt| (4)

For example, let us for instance consider two cells C1 and

C2 with distinct orientations (see Fig. 4). Let
−−→
Nt,1 and

−−→
Nt,2

be the estimates of the leaf surface normals for C1 and C2,

respectively. Let
−→
U1 and

−→
U2 be the major axis vectors of

C1 and C2, respectively. The absolute value of the scalar

product |
−→
U1 ·

−−→
Nt,1 |≃ 1 indicates that C1 is oriented per-

pendicularly to the leaf surface. Conversely, |
−→
U2 ·

−−→
Nt,2 |≃ 0

indicates that C2 is elongated along the parallel direction to

the surface.

We set a threshold on the scalar product absolute value

at
√
2

2
(corresponding to an angle 45◦) in order to separate
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cells in two groups: collinear (above threshold) and perpen-

dicular (below threshold) to the leaf surface.

3.3. Separation of the abaxial and the adaxial sides

Leaves develop distinct upper and lower surfaces that

are known to have different characteristics. This raises the

question whether the two cell populations of the abaxial and

adaxial sides exhibit differences in their geometrical prop-

erties. In turn, this leads to the problem of automatically

separating these two populations.

3.3.1 Automatic leaf side separation

We propose to automatically separate the cells from the two

sides in the segmented leaves by applying a clustering al-

gorithm to the set of normal vectors {
−−→
Nt,i}. Fig. 5 sum-

marizes the proposed approach and provides an example of

cell partition. From a segmented image we compute the

normal vectors {
−−→
Nt,i} of cells that indicate, as shown in

Fig. 5, their orientations with respect to the sub-epidermal

cells. In this example, we display the normalized {
−−→
Nt,i}

vectors in a common 3D coordinate system. Applying the

K-means algorithm to classify vectors in two clusters, one

can clearly see that the vectors are separated in two distinct

groups regarding their main orientations and that the two

groups correspond to the two leaf sides.

3.3.2 Validation of the method

In order to validate the proposed method for the separa-

tion of the abaxial and adaxial cell populations, we asked

four biologist experts to define the margin of the abaxial

and adaxial cells by manually annotating cells. The ex-

perts independently labeled the margins of 6 leaves using

the Sviewer software [2]. They interactively oriented the

surface of segmented leaves and marked the cells they con-

sidered to be at the abaxial and adaxial margins (respec-

tively, red and green spheres in Fig. 6). Considering this

margin annotation, we assigned all unmarked cells to either

abaxial or adaxial sides (in practical, by propagating the ex-

pert margin annotations from cell to cell). For each expert,

we obtained two distinct groups of cells corresponding to

the separation of the two sides (turquoise and orange cells

in Fig. 6). The annotation provided by each expert was used

in turn as a ground truth to which the results of our classi-

fication algorithm and the annotation of the other experts

were compared. The ratio of incorrectly labeled cells was

computed as:

Err =
|Xi 6= Yi|

|Xi|
(5)

where Xi =







abaxial
or

adaxial
and Yi =







abaxial
or

adaxial
are, re-

spectively, ground truth expert cell annotations and the cell

labels defined by the algorithm or another expert. For each

incorrect cell we also measured a cell distance which corre-

sponds to the number of cells separating it from the margin

defined by the ground truth.

4. Results

We assess in this section the practical value of our pro-

posed strategy for analyzing and quantifying cell morphol-

ogy during leaf growth. Firstly, we give an overview of the

quantifications that can be provided using our framework

for leaf epidermal cell analysis. Secondly, we show that

our proposed method for the separation of the abaxial and

adaxial cell populations provide similar results as those pro-

vided by the annotation of the experts. Finally, we compare

the difference in cell shape measurement between abaxial

and adaxial sides.

4.1. Quantifications of leaf cell parameters

Thanks to our strategy, many possible analyses of cell

parameters are possible. As an illustration, Fig. 7 shows a

comprehensive map of epidermal cell thickness through the

surface of an individual leaf. Parameter values are projected

on a 3D surface extracted from a binary mask of the 3D vol-

ume image using the Marching Cubes algorithm [11] and

displayed using a color look-up-table. Substantial varia-

tions of the ECT were observed throughout the leaf surface.

More specifically, we noticed that the thickness was high at

the leaf tip margin and along the central axis of the abaxial

side and was low in tooth regions (blue squares in Fig. 7).

We also noticed the presence of a cell with a high thickness

in the tooth region (green square in Fig. 7) that will indu-

bitably become a trichome. For each computed parameter,

such a surface with projected values can be generated, thus

providing a way to visualize and compare various cell shape

parameters during leaf development.

Table 1 shows the average and standard deviation of

the cell parameters computed on 8 leaves. These leaves

were selected at different developmental steps to give a

synthetic overview of the leaf spatio-temporal evolution.

Firstly, we observed an increase of the ECT and cell vol-

ume, which is correlated with the increase of leaf length

and number of cells. There was a globally decreasing trend

of cell elongation with leaf length. However, we also ob-

served that the maximal elongation value increased with

leaf length, cell volume and ECT. For example, for leaf 4

the maximal values were: E = 4.66, V = 1093.6 µm3,

ECT = 12.01 µm; for leaf 8 the maximal values were:

E = 6.71, V = 7813.8 µm3, ECT = 15.58 µm. The

increase of these parameters suggests that a group of cells
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Figure 5: Separation of the adaxial and the abaxial sides based on clustering of thickness direction vectors.

Table 1: 3D morphological cell parameters (average ± standard deviation)

Leaves L(µm) Cells V (µm3) Ψ E F ECT (µm)

1 41 69 151.61± 58.40 0.18± 0.02 1.54± 0.48 1.41± 0.24 5.26± 1.54
2 72 281 245.46± 129.21 0.20± 0.03 1.56± 0.44 1.24± 0.19 6.37± 1.44
3 133 764 245.49± 146.47 0.19± 0.03 1.41± 0.34 1.34± 0.25 6.79± 1.45
4 214 1172 267.68± 154.61 0.21± 0.04 1.43± 0.37 1.32± 0.23 6.94± 1.31
5 222 1400 293.56± 192.15 0.20± 0.03 1.42± 0.33 1.31± 0.24 7.43± 1.44
6 358 2953 292.14± 253.82 0.20± 0.03 1.36± 0.32 1.37± 0.26 7.85± 2.01
7 428 3781 333.10± 332.36 0.20± 0.04 1.41± 0.47 1.39± 0.27 8.24± 1.77
8 478 4797 329.70± 362.47 0.20± 0.03 1.37± 0.35 1.41± 0.28 8.20± 1.55

Figure 6: Example of manual annotation of one expert for

the abaxial (Red) and adaxial (Green) margin cells, defining

the unambiguous leaf side separation (Turquoise: abaxial

side; Orange: adaxial side).

differentiate from the rest by acquiring a particular shape.

Secondly, the cellular sphericity did not present remarkable

evolution. Given the variations in the other parameters, this

could be due to compensations between opposite effects on

this parameter. Thirdly, for the flatness parameter, a de-

crease of the average values for leaves from 50 to 250 µm

of length was observed in a first step. In a second step, for

leaves from 300 to 400µm, the average value of the flatness

increased and beyond 400 µm, it remained stable.

Figure 8 shows histograms of cell orientation. We ob-

served an increase in the number of cells oriented perpen-

dicularly relatively to the leaf surface, thus suggesting an

anisotropic directional growth of the cells during the con-

sidered leaf developmental stages.

In summary, the variations of the cell parameters over

time and throughout leaf surface are indications of the com-

plex and significant morphological evolution of the tissues

during leaf morphogenesis and on the onset of cellular

groups with an distinct cellular growth pattern.

4.2. Validation of abaxial­adaxial automatic anno­
tation

The proposed method to partition leaf epidermis into

abaxial and adaxial cell populations was validated by four

biologist experts as described in Sec. 3.3.2. Fig. 9 shows

histograms of the classification error rate for our proposed

method (algorithm) and the experts. The annotation pro-
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Figure 7: Example of thickness measurement mapped on a 3D leaf surface (leaf 6 Tab.1). Left: abaxial side. Right: adaxial

side. Blue squares: leaf teeth. Green square: future trichome.
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binarized absolute value of the scalar product between cell

thickness direction vector and cell major axis).

 1

 2

 3

 4

 1

 2

 3

 4

 1

 2

 3

 4

 1

 2

 3

 4

1 2 3
Distance of cells to the margin

C
la

s
s
ifi

c
a
ti
o
n
 e

rr
o
r 

(%
)

Expert-1 ground truth

Expert-2 ground truth

Expert-3 ground truth

Expert-4 ground truth

Expert-4

Algorithm

Expert-1

Expert-2

Expert-3

Figure 9: Abaxial-adaxial side segmentation: histograms of
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vided by each expert in turn was used as a ground truth.

We observed that our proposed method provides the low-

est error rate against the other experts regarding the ground

truth defined by experts 1 and 4 (respectively 1.82% and

1.94%). For the ground truth defined by experts 2, our

method yielded the highest error rate (4.09%), which re-

mains relatively low. Besides, the localization of the sepa-

ration between abaxial and adaxial sides with our algorithm

was generally at most at one cell away from the margin de-

fined by the experts and in only a few cases at two or three

cells away. For each expert ground truth, the method pro-

vided an error rate comparable to the ones of the other ex-

perts. In conclusion, our results suggest that our method

performs well for abaxial/adaxial side classification.

4.3. Comparison between abaxial and adaxial sides

Thanks to our proposed method to partition epidermal

cells into abaxial and adaxial populations, we were able

to quantify the differences of cell morphological parame-

ters between the two sides. Tab. 2 shows the results of the

computed cell parameters for 7 leaves by giving the average

value and the standard deviation of each parameter. The se-

lected leaves are the same as in Tab. 1 except for leaf 1 that

was excluded because its size.

Firstly, we observed that cell volume and elongation in

the abaxial population are higher than adaxial one. Sec-

ondly, we observed that the difference between the two

sides in term of cell number and ECT decreases with time.

Thirdly, concerning the flatness and the sphericity parame-

ters, we observed that the average values for the adaxial face
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Table 2: Face-specific measurements of morphological 3D cell parameters (average ± standard-deviation). Top: abaxial face.

Bottom: adaxial face.

Leaves L(µm) Cells V (µm3) Ψ E F ECT (µm)

2 72 173 256.67± 128.82 0.20± 0.04 1.66± 0.49 1.25± 0.20 6.26± 1.52
3 133 456 288.85± 163.83 0.19± 0.03 1.48± 0.39 1.28± 0.21 6.61± 1.15
4 214 659 296.01± 165.57 0.20± 0.03 1.47± 0.42 1.28± 0.21 6.91± 1.26
5 222 780 333.73± 200.10 0.21± 0.04 1.43± 0.36 1.28± 0.24 7.41± 1.34
6 358 1458 349.23± 293.71 0.19± 0.03 1.38± 0.34 1.33± 0.25 7.96± 2.42
7 428 1829 408.01± 397.07 0.20± 0.04 1.45± 0.56 1.36± 0.25 8.46± 2.06
8 478 2303 405.60± 444.07 0.19± 0.03 1.39± 0.36 1.39± 0.28 8.37± 1.67

2 72 108 226.11± 128.05 0.22± 0.03 1.39± 0.28 1.24± 0.18 6.54± 1.31
3 133 308 221.52± 130.02 0.19± 0.03 1.37± 0.25 1.37± 0.27 7.07± 1.76
4 214 513 231.29± 130.70 0.22± 0.03 1.37± 0.30 1.36± 0.23 7.01± 1.37
5 222 620 243.03± 168.75 0.20± 0.03 1.39± 0.29 1.35± 0.23 7.47± 1.56
6 358 1495 236.46± 192.06 0.21± 0.03 1.34± 0.30 1.40± 0.26 7.73± 1.47
7 428 1952 262.92± 236.88 0.21± 0.04 1.37± 0.35 1.42± 0.27 8.04± 1.41
8 478 2494 259.57± 245.80 0.20± 0.04 1.36± 0.34 1.42± 0.27 7.85± 1.29
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Figure 10: Histograms of cell orientation (Horizontal axis:

binarized absolute value of the scalar product between cell

thickness direction vector and cell major axis). Red: abaxial

side. Green: adaxial side.

are slightly higher than for the abaxial one. Finally, Fig-

ure 10 shows histograms of cell orientation for both sides.

We observed a higher number of cells oriented perpendic-

ularly to leaf surface in the adaxial side when compared to

the abaxial one. This difference increased with leaf length.

To summarize, our results suggest that a large spectrum

of differential cellular growth occurs between the two sides

during leaf development. This differential growth could

participate to the overall evolution of the leaf shape and pro-

gressive apparition of blade curvature.

5. Discussion and conclusion

Considering our results, many confirmations and new

observations on leaf epidermal cell morphologies have been

obtained. However, an in-depth discussion of the biologi-

cal relevance and implications of these results is out of the

scope of the present paper. We discuss here the contribu-

tions and the performances of the proposed pipeline for cell

shape analysis.

Based on the presented results, it is interesting to note

that our pipeline proposes an exhaustive atlas of epidermal

cell parameters for leaf morphogenesis quantification. The

large amount of computed 3D cell parameters holds great

promise for future investigations of organ growth at cellu-

lar scale. Our results show that the epidermis of the leaf

is composed of a complex cellular organization with varia-

tions of cell shape parameters during the development. Fur-

thermore, from the evaluation of the ECT as well as the

cellular orientation, we show that the analysis of the leaf

cell development should be considered in 3D to system-

atically capture the spatio-temporal evolution of cell mor-

phology during organ development. Conversely, simplify-

ing cell shapes to 2D could hinder the understanding of leaf

morphogenesis. Moreover, thanks to the quantification of

the abaxial-adaxial cell shape parameters, we provide a de-

tailed quantitative description of the the differential growth

between the two sides.

In this work, we developed a framework for 3D leaf epi-

dermal cell shape analysis that allows quantification of 3D

cell morphology and its evolution during leaf morphogene-

sis. This framework was implemented in C++ and the pro-

posed algorithms was integrated in our home made library.

The computed cell shape parameters can be mapped on the

3D leaf surface and thus help for the identification of do-

mains with distinct characteristics. The registration and in-

tegration of these parametric surface-based representations

will provide the basis for developing statistical atlases of

leaf morphogenesis. The obtained results can be used for

the purpose of quantitative modeling. Last but not least, the

various 3D cell parameters that can be computed with our

pipeline will also be useful to decipher the development of
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other plant organs at the cellular level.
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