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Abstract

Objectives: This study describes and demonstrates the functionalities and application

of a new R package, morphomap, designed to extract shape information as semi-

landmarks in multiple sections, build cortical thickness maps, and calculate biome-

chanical parameters on long bones.

Methods: morphomap creates, from a single input (an oriented 3D mesh representing the

long bone surface), multiple evenly spaced virtual sections. morphomap then directly and

rapidly computes morphometric and biomechanical parameters on each of these sections.

The R package comprises three modules: (a) to place semilandmarks on the inner and

outer outlines of each section, (b) to extract cortical thicknesses for 2D and 3D mor-

phometric mapping, and (c) to compute cross-sectional geometry.

Results: In this article, we apply morphomap to femora from Homo sapiens and Pan

troglodytes to demonstrate its utility and show its typical outputs. morphomap greatly

facilitates rapid analysis and functional interpretation of long bone form and should

prove a valuable addition to the osteoarcheological analysis software toolkit.

Conclusions: Long bone loading history is commonly retrodicted by calculating bio-

mechanical parameters such as area moments of inertia, analyzing external shape and

measuring cortical thickness. morphomap is a software written in the open source R

environment, it integrates the main methodological approaches (geometric morpho-

metrics, cortical morphometric maps, and cross-sectional geometry) used to parame-

trize long bones.
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cross-sectional geometry, geometric morphometrics, long bones, morphomap, morphometric
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1 | INTRODUCTION

The study of diaphyseal bone form based on landmarks or measure-

ments between them, cortical thickness variations and cross-sectional

geometry (CSG) are commonly carried to retrodict long bone behavior

and adaptation in response to loading. Such analyses are applicable in

studies of the impacts on adult form and developing bones of locomo-

tion, the nature, intensity and repetitiveness of physical activity and
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body mass. In the field of specialism of the authors, biological anthro-

pology, many past studies have used parameters of form, cortical thick-

nesses or CSG, to study past behavior and loading, in primates

(Connour, Glander, & Vincent, 2000; Kimura, 2003; Marchi, 2005,

2007, 2010; Marchi, Leischner, Pastor, & Hartstone-Rose, 2018; Patel,

Ruff, Simons, & Organ, 2013; Ruff, 2002; Ruff & Runestad, 1992),

ancient human populations (Carlson & Marchi, 2014; Holt, 2003; Mac-

intosh, Davies, Pinhasi, & Stock, 2015; Macintosh, Pinhasi, &

Stock, 2017; Marchi, Sparacello, Holt, & Formicola, 2006; Niinimäki

et al., 2017; Ruff & Hayes, 1983; Ruff & Larsen, 2014; Shaw &

Stock, 2013; Sparacello, Marchi, & Shaw, 2014; Stock & Pfeiffer, 2001),

and fossil hominins (Friedl et al., 2019; Jungers & Minns, 1979; Marchi,

Harper, Chirchir, & Ruff, 2019; Rodríguez, Carretero, García-González, &

Arsuaga, 2018; Ruff, Burgess, Ketcham, & Kappelman, 2016; Ruff,

Trinkaus, Walker, & Larsen, 1993; Trinkaus & Ruff, 1989, 2012). While

parameters describing bone form, cortical thickness variations and CSG

have proven to be very useful for reconstructing bone loading patterns

(Endo & Takahashi, 1982; Huiskes, 1982; Piziali, Hight, & Nagel, 1976;

Uhthoff & Jaworski, 1978), the effort in calculation has tended to limit

studies to a few cross-sections, although some previous studies have

shown the value of finer detailed analysis of whole long bone shafts

and multiple sections (Lacoste Jeanson, Santos, Dupej, 2018; Lacoste

Jeanson, Santos, Villa, et al., 2018; Puymerail et al., 2012).

Computerized tomography (CT) scanning and advances in three

dimensional (3D) reconstruction, visualization, parameterization, and

analysis of skeletal form have facilitated the collection, sharing

(i.e., morphosource, MorphoMuseum, Digital Morphology museum

available at http://dmm.pri.kyoto-u.ac.jp, Kupri and NESPOS) (Boyer,

Gunnell, Kaufman, & McGeary, 2016; Bradtmöller, Pastoors,

Slizewski, & Weniger, 2010; Lebrun & Orliac, 2016) interpretation of

large datasets (Davies et al., 2017). These advances underpin a specific

subdiscipline within our field of biological anthropology, virtual anthro-

pology (VA; Weber, Recheis, Scholze, & Seidler, 1998; Weber, 2001;

Cunningham, Rahman, Lautenschlager, Rayfield, & Donoghue, 2014).

The methods of VA are applicable to skeletal studies in all species.

Increasingly, studies utilize skeletal landmark coordinates to

investigate form variation using geometric morphometric

(GM) methods. However, while landmarks can readily be identified in

the cranium (Cardini & O'Higgins, 2004; Mitteroecker, Gunz, &

Bookstein, 2005) and epiphyses (Almécija et al., 2019; Arias-Martorell,

Potau, Bello-Hellegouarch, Pastor, & Pérez-Pérez, 2012; Brzobohatá,

Krajíček, Velemínský, Poláček, & Velemínská, 2014; Galletta, Ste-

phens, Bardo, Kivell, & Marchi, 2019; Harmon, 2007; Holliday, Hutch-

inson, Morrow, & Livesay, 2010; Rein, 2019), the diaphysis presents

fewer unequivocal matching points between specimens. Therefore,

semilandmarks (landmarks placed according to some mathematical

rule, e.g., evenly spaced around an outline) offer a potential solution,

to characterize both external and internal diaphyseal surface form,

albeit with limitations and complications (Brzobohatá et al., 2014; Car-

dini, O'Higgins, & Rohlf, 2019; De Groote, Lockwood, & Aiello, 2010;

Frelat, Katina, Weber, & Bookstein, 2012; Gunz, Mitteroecker, &

Bookstein, 2005; Morimoto, De León, & Zollikofer, 2011; Morimoto,

Nakatsukasa, de León, & Zollikofer, 2018; Oxnard & O'Higgins, 2009).

One of the most recent developments of VA in functional mor-

phology is the creation of morphometric maps (MMs) aimed at visual-

izing bone thickness variations along the diaphysis. MMs were first

introduced by Amtmann and Schmitt (1968) for visualization in two

dimensions (2D). The method was first taken up in medical studies

(Benson, Prihoda, & Glass, 1991; Garn, Poznanski, & Nagy, 1971;

Poole et al., 2012; Treece, Poole, & Gee, 2012) and only later were

MM formalized as color maps and combined with 3D imaging for

applications in comparative studies of cortical thickness variation in

relation to locomotion (Bondioli et al., 2010; Jashashvili, Dowdeswell,

Lebrun, & Carlson, 2015; Puymerail et al., 2012; Puymerail &

O'Higgins, 2013; Zollikofer & Ponce de León, 2001). As well as quanti-

tative analyses of diaphyseal cortical thicknesses, MMs allow rapid

visual comparison of these among individuals (Lacoste Jeanson, San-

tos, Dupej, 2018; Lacoste Jeanson, Santos, Villa, et al., 2018).

While landmarks and MMs measure the form of the diaphysis,

CSG predicts resistance to particular loading scenarios

(e.g., compression, bending, etc.) and has proven effective in

retrodicting bone loading history (Endo & Takahashi, 1982;

Huiskes, 1982; Piziali et al., 1976; Uhthoff & Jaworski, 1978). Ana-

lyses of CSG have been widely applied to studies of locomotion, hand-

edness, body mass, and other aspects of habitual loading.

Here, we present morphomap, an R package specifically designed

to extract cross-sections from long bone meshes at specified intervals

along the diaphysis and to site semilandmarks on the periosteal and

endosteal outlines of each cross-section and to calculate 2D and 3D

MM and CSG parameters. We demonstrate the validity of this compu-

tational tool by showing that it obtains the same results as those from

manual and other computational approaches. We then demonstrate

the functionality of morphomap in comparing a human and a chimpan-

zee femur. The R code and examples are freely distributed in the R-

package morphomap (Profico, Bondioli, Raia, O'Higgins, &

Marchi, 2019). An R vignette with runnable examples is reported in

Supporting Information.

2 | MATERIALS AND METHODS

We tested the functionality of the morphomap R package on a human

and a chimpanzee femur. The human femur (OdN 244) is from a

Northern Italian Bronze Age necropolis of Olmo di Nogara (Canci,

Tafuri, Fornaciari, Cupito, & Salzani, 2011). It was imaged at the hospi-

tal of the University of Pisa using a GE LightSpeed RT16 medical CT

scanner (slice thickness 0.625 mm. slice increment 0.625 mm, voltage

120 kV, X-ray tube current 300 mA, standard reconstruction algo-

rithm, pixel size 479 μm). The chimpanzee femur (Kupri 1022) was

obtained from the Digital Morphology Museum, KUPRI (http://dmm.

pri.kyoto-u.ac.jp/dmm/WebGallery/index.html). Its acquisition was

performed on a Toshiba Asteio medical CT scanner (slice thickness

1.0 mm, slice increment 0.4 mm, voltage 120 kV, X-ray tube current

150 mA, standard reconstruction algorithm, pixel size 399 μm). The

external and internal surfaces extracted from these are included in the

morphomap R package.
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2.1 | The morphomap R package

morphomap is designed to produce by default 61 cross-sections along

the diaphysis of the long bone defined at increments of 1% between

20 and 80% of its biomechanical length as it is commonly defined in

studies of diaphyseal CSG (Ruff, 2002; Marchi, 2005, 2007;

Figure 1a). If required, the number of sections can be changed by

the user.

To extract morphometric parameters, the centroid of each cross

section is first identified and its coordinates Cx and Cy reported. Next,

a set of lines are drawn at equally spaced angles from the centroid of

the section. For each line, cortical thickness is calculated as the seg-

ment length of the line intersecting the cross-section at the medullary

and at the subperiosteal contours. morphomap can output the mean

cortical thickness (MeanThick), the minimum cortical thickness

(MinThick), the standard deviation of the cortical thickness (SdThick),

and the maximum cortical thickness (MaxThick). Alternative calcula-

tions of thickness can also be derived with morphomap (e.g., between

points on the medullary outline and their nearest points on the cor-

tex). The coordinates of the points of intersection (semilandmarks) are

provided as output for morphometric analysis (Figure 1b,c).

At each cross-section, morphomap also calculates the periosteal

(ExtP, mm) and endosteal perimeters (MedP), the cortical thickness

measured at the four anatomical quadrants (anterior, posterior, medial,

and lateral, in mm) and the CSG variables: the total area (TotA, mm2),

the medullary area (MedA, mm2), the cortical area (CA, mm2), the area

moments of inertia around the y and x axis, (Ix and Iy, mm4), the maxi-

mum and minimum area moments of inertia (Imax and Imin, mm4), the

angle between the major axis and the mediolateral axis of the cross-

section, theta (θ, radians), the polar moment of inertia (J, mm4), the

section moduli (Zx,Zy, Zmax, Zmin, and Zpol, mm4) and the maximum

chord lengths from y and x axes (dx and dy, mm; see Supporting Infor-

mation). Table 1 summarizes the main functions of morphomap. The

morphomap R package is available for all major platforms (Windows,

Linux/Unix and Mac OS X).

2.2 | Automatic segmentation of long bone
meshes

morphomap requires an oriented long bone mesh as the input

(Figure S1). The orientation of the mesh can be checked using the

function morphomapCheck which is described in Supporting Informa-

tion. It may be necessary to mirror long bones to avoid issues of

laterality. This can be achieved using the morphomapMirror function

(Table 1). The first step of the measurement procedure is the auto-

matic separation of the periosteal and endosteal surfaces (Figure 2) by

applying the CA-LSE R-tool (Computer Assisted Laser Scanner Emula-

tor; Profico, Schlager, et al., 2018). This is carried out by the function

morphomapSegm (Table 1).

2.3 | Extraction of cross-sections

Sectioning is carried out using the morphomapCore function. First,

the user specifies the biomechanical length of the long mesh. Next,

morphomap extracts by default cross-sections at regular increments

of 1% (but the user can choose a different increment) along the shaft

between 20 (distal) and 80% (proximal) of the biomechanical length

of the bone. The user can choose to change the start and end points

by defining these parameters in the function morphomapCore. At

each level, a transverse plane (perpendicular to the frontal plane) is

drawn and the intersection between the transverse plane and the

two meshes (periosteal and endosteal) (Figure 2) is used to define

the periosteal and endosteal outlines of each cross-section

(Figure 1c).

F IGURE 1 (a) Periosteal surface with 21 planes used to obtain the cross-sections; the 24 semilandmarks corresponding to the periosteal
contours are reported in blue. (b) Endosteal surface with the 21 planes used to obtain the cross-sections; the 24 semilandmarks corresponding to
the endosteal contours are reported in orange. (c) A cross-section at 50% of the bone biomechanical length is shown. Twenty-four lines are
drawn at equally spaced angles from the centroid of the cross-section (L, lateral; A, anterior; M, medial, and P, posterior). At each angle, thickness
is calculated as the segment length of the intersection of the line with the medullary and subperiosteal contours, and the points of
intersection are provided as semilandmarks. In blue are shown the semilandmarks defining the periosteal contour; in orange, the semilandmarks
defining the endosteal contour; the centroid of the cross-section is in black
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2.4 | Shape data module: Semilandmarking of
cross-sections

By default, a set of 24 equiangular semilandmark pairs is defined by

the intersections of the lines originating from the centroid of the

cross-section and the endosteal and periosteal contours (Figure 1c).

The morphomapShape function is used to output 2D and 3D coordi-

nates of these semilandmarks. For subsequent analyses, the semi-

landmarks are numbered starting from the most anterior point on

both contours, incrementing anticlockwise. The semilandmark

configurations can be exported from morphomap in the morphologika

format file (O'Higgins & Jones, 1998) using the function

morphomapWriteMorphologika.

2.5 | MM module: Drawing of two- and three-
dimensional MMs

MMs of cortical thickness facilitate visualization of the distribution of

cortical bone in long bone diaphyses. They are calculated by the func-

tions morphomap2Dmap and morphomap3Dmap from the Euclidean

distances between each pair of semilandmarks (cortical and the equiv-

alent endosteal one), which is the cortical thickness at each angle. This

calculation is carried out between each pair (cortical-endosteal) of

semilandmarks in each and every section. In this way, a matrix

(by default, 24 distances by 61 slices) of cortical thicknesses is cre-

ated, which is then converted into 2D and 3D MMs (Figure 3). 2D

MMs can be drawn without any interpolation or more smoothly by

applying generalized additive modeling (GAM, see Bondioli et al., 2010).

3D MMs are created by allocating to each node of the mesh the

weighted (by distance) thickness values associated with its five nearest

TABLE 1 Description of the main functions of the morphomap R package

Function Description Notes

morphomapCheck Check the orientation of the input mesh Useful to visualize orientation of the mesh

axes

morphomapMirror Mirror a long bone mesh along the yz plane Useful tool to mirror a long bone, for

example, from right to left.

morphomapSegm Separates a mesh from its visible and not

visible components by using CA-LSE

method

Creates the periosteal and endosteal long

bone meshes

morphomapCore Tool to slice long bones. The function

creates 2D and 3D sections

The core of the morphomap R package.

Slices the long bone and extracts cross

sections

morphomapShape Calculates equiangular semilandmarks on

each cross section outline. For each cross

section it extracts the coordinates of both

periosteal and endosteal outlines.

Tool for extracting semilandmarks for

morphometric analyses.

morphomapWriteMorphologika Saves the semilandmark configuration in

the morphologika format file

Function to export semilandmarks

morphomapPlotShape Creates 2D and 3D plots of the

semilandmark configuration

Useful to visualize the semilandmark

configuration

morphomap2Dmap Creates and plots a 2D cortical thickness

map

Tool for the definition of the 2D cortical

thickness map

morphomap3Dmap Creates and plots a 3D cortical thickness

map

Plots the cortical thickness dataset on the

long bone mesh

morphomapPic Saves pictures of the sections with a scale

and A, L, P, and M thicknesses.

Function to export cross section

morphomapRaster Convert a section to a raster image Useful tool to export a cross-section of

actual size

morphomapCSG Calculates for each section the

biomechanical parameters commonly

used in studies of cross-sectional

geometry

Tool for the calculation of the main

parameters used in cross-sectional

geometry studies

F IGURE 2 The output of the automatic segmentation procedure
using the CA-LSE method. The method is part of the Arothron R
package (Profico et al., 2018; Profico, Veneziano, Melchionna,
Marchi, & Raia, 2018). The periosteal surface is shown in light green,
the endosteal surface in purple
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semilandmarks (this parameter can be changed by the user). The resolu-

tion of the 2D and 3D MMs is fully customizable by the user in order

to remove outliers, smooth, and scale the matrix of thickness values.

In functions morphomap2Dmap or morphomap3Dmap (Table 1)

the cortical thicknesses are used to draw topographic maps in 2D or

3D. In these, colors represent thickness, standardized by default (but

selectable) from 0 (minimum) to 1 (maximum), on a 100-step color

(the color palette is fully customizable by the user) scale from dark red

(thickest) to dark blue (thinnest). These colors are plotted in 2D with

the x axis corresponding to the unfolded cylinder projection of the

diaphysis starting and ending at the anterior (A) border passing

through the lateral (L), posterior (P), and medial (M) borders. On the

y axis is plotted the diaphyseal length expressed as a percentage of

the biomechanical length (Figure 3). In 3D, a plot is returned showing

the femur in four anatomical views: anterior, lateral, medial, and pos-

terior (Figure 4).

2.6 | Exporting images of cross-sections

The morphomapPic function (Table 1) exports pictures of each cross-

section in TIFF image format. By default, the cortical area is represen-

ted in black, the medullary canal in white. A scale bar is drawn to the

bottom left (Figure 5). Thickness values at the four quadrants (A, L, P,

and M) can be added to the exported cross-section (Figure 5a). The

background, the legend and the cortical bone colors are fully custom-

izable by the user.

The morphomapRaster function (Table 1) allows the pixel/mm

ratio to be adjusted (0.1 by default) and exports the resulting bitmap

(raster image) in TIFF format. This is useful to prepare images with-

out a scale bar for importing into other morphometric or reconstruc-

tion software.

2.7 | Cross-sectional geometry module and its
validation

The morphomapCSG function calculates in each section the CSG

parameters most commonly used in biomechanical studies: the area,

the area moments of inertia (Ix, Iy; Figure S4), the principal area

moments of inertia (Imax and Imin; Figure S5), theta (θ), the polar

moment of inertia (J) (Figure S6), and the section moduli (Zx, Zy, Zmax,

Zmin, and Zpol). The formulae used to calculate each CSG parameter

implemented in morphomap are given in Table S1. For the calculation

of these parameters morphomap converts the cortical area defined by

periosteal and endosteal contours into picture elements of adjustable

side length (delta) (Figure S2). In this way, all the parameters are calcu-

lated without interpolation. By default, delta has length 0.1 mm, this is

customizable by the user (Figure S3).

We tested the calculation of CSG parameters embedded in mor-

phomap by extracting two cross-sections from two surfaces artifi-

cially created for this purpose; a hollow circular cross-section and a

hollow rectangular cross-section (Figure 6a,b). Table 2 shows the

comparison between the values obtained via morphomap and those

obtained by applying the formulae reported in Supporting

Information.

In addition, we compared the values calculated in morphomap

with the corresponding figures obtained when using BoneJ (Doube

et al., 2010) for diaphyseal cross-sections at 50% of the total biome-

chanical length of a human femur (OdN 244) and a Pan troglodytes

(Kupri 1022) femur (Figure 6). Table 3 shows the parameters calcu-

lated via morphomap and BoneJ.

3 | RESULTS

3.1 | Case study—The human and chimpanzee
femora

In this section, we show the application of the main functions embed-

ded in the morphomap R functions to a human and a chimpanzee

F IGURE 3 2D morphometric maps of cortical thickness along the

diaphysis of OdN 244. X axis: unfolded cylinder projection starting
and ending at the anterior (A) border, passing through the lateral (L),
posterior (P), and medial (M) borders. Y axis: diaphyseal length
expressed as a percentage of the biomechanical length from distal
(bottom) to proximal (top). The colors indicate the standardized
cortical thickness and range from dark red (thickest) to dark blue
(thinnest)
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F IGURE 4 3D morphometric map of
cortical thickness along the diaphysis of
OdN 244. The map is shown in anterior
(top left), lateral (top right), medial
(bottom right) and posterior (bottom left)
views. The colors indicate the
standardized cortical thickness associated
with each vertex of the mesh and range
from dark red (thickest) to dark blue

(thinnest)

F IGURE 5 Example images of cross-
sections exported from morphomap.
(a) cross-section with anterior, lateral,
posterior and medial thicknesses
indicated (A, L, P, and M). (b) cross-section
with no mark-up, (suitable for import into
other software as BoneJ); The bar at the
bottom left of each figure is the scale

F IGURE 6 Cross-sections used to test the
performance of morphomap. The parametric cross-
sections consist of a hollow circular
section (a) (ro = 10 mm, ri = 9 mm) and a hollow
rectangular cross-section (b) (B = 24 mm,
H = 20 mm, b = 16 mm, h = 15 mm). In (c) and
(d) two cross-sections extracted at 50% of the
biomechanical length of the femur of a chimpanzee
(Kupri No. 1022) and a human (OdN 244),
respectively, are represented. The pictures were
exported using the function morphomapRaster
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femur. The detailed functionality of the R code is reported in

Supporting Information. The 3D femur meshes were aligned using

Avizo 6.3 (Visualization Sciences Group, Mérignac, France) following

the protocol explained in Ruff (2002). The biomechanical lengths of

the bones are 380.23 mm and 277.13 mm for the human and the

chimpanzee, respectively. First, the mesh was uploaded into R by

using the file2mesh function belonging to the Morpho R package

(Schlager, 2017). Second, the morphomapSegm function was used to

separate the periosteal and endosteal contours. The morphomapSegm

function was used to produce two suitable surfaces for the extraction

of the cross-sections. The morphomapCore function extracted sixty-

one cross-sections from 20 to 80% of the biomechanical length of the

two femora (see Figure 1a,b and Figures S7–S8).

Third, the morphomapShape function was used to extract from

each cross-section 24 equiangular semi-landmarks on the periosteal

and endosteal outlines (see Figure 1c). Fourth, the morphomap2Dmap

function was used to create 2D MMs (Figure S9) and fifth, the

morphomap3Dmap function was used to create 3D MMs (Figure 7).

In agreement with a previous study (Puymerail, 2013) performed

on a sample of 12 modern humans and 10 chimpanzees, the human

diaphysis shows greater cortical thickness, resisting posterior bending

along the linea aspera, while the chimpanzee femur is characterized

by medial and lateral bony reinforcements in the proximal portion of

the bone. We have reported in Tables S2 and S3 the CSG parameters

computed for the human and chimpanzee femora, respectively. These

were calculated for 13 cross-sections taken a at 5% increments (for

simplicity) from 20 to 80% of the biomechanical length of the femur.

Finally, morphomap offers the prospect of rapid processing of

large samples. Table 4 shows the CPU time required to process the

chimpanzee femur.

4 | DISCUSSION

Cortical bone topographic thickness variation in long bones reflects

biomechanical loading history (Kivell, Davenport, Hublin, Thackeray, &

TABLE 2 Cross-sectional geometry of the sections in Figure 6a,b

Geometric shapes formulae Morphomap Difference (%) BoneJ Difference (%)

Hollow cylindric section

Ix (mm4) 2,700.984 2,700.602 0.01 2,706.6305 −0.21

Iy (mm4) 2,700.984 2,700.602 0.01 2,706.6305 −0.21

CA (mm2) 59.690 59.690 0.00 59.80 −0.18

Hollow rectangular section

Ix (mm4) 11,500.00 11,500.00 0.00 11,500.00 0.00

Iy (mm4) 17,920.00 17,920.00 0.00 17,919.8 0.00

CA (mm2) 240.00 240.00 0.00 240.00 0.00

Note: Parameters are calculated with morphomap and directly using the formulae reported in Supporting Information.

TABLE 3 Cross-sectional geometric parameters calculated using morphomap and BoneJ on cross sections extracted at the 50% of the
biomechanical length of the femur of a human (OdN 244) and of a chimpanzee (Kupri No. 1022)

Homo sapiens Pan troglodytes

Morphomap BoneJ Diff (%) Morphomap BoneJ Diff (%)

Cortical area (mm2) 386.06 386.17 −0.03 357.00 357.06 −0.02

Ix (mm4) 15,788.98 15,795.66 −0.04 14,093.96 14,109.6 −0.11

Iy (mm4) 18,443.6 18,444.83 −0.01 16,881.29 16,907.60 −0.16

Zx (mm3) 1,164.53 1,173.55 −0.77 1,203.09 1,213.32 −0.84

Zy (mm3) 1,358.84 1,366.66 −0.57 1,337.16 1,342.81 −0.42

Imax (mm4) 19,525.64 19,540.94 −0.08 17,201.32 17,216.36 −0.09

Imin (mm4) 14,668.7 14,699.94 −0.21 13,794.83 13,800.50 −0.04

Zmax (mm3) 1,484.86 1,488.25 −0.23 1,312.725 1,315.87 −0.24

Zmin (mm3) 1,208.47 1,213.25 −0.39 1,189.54 1,192.35 −0.24

Theta (rad) 0.50 0.50 0.00 0.31 0.31 0.00

Note: Differences in results are expressed as percentages.
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Skinner, 2018; Niinimäki et al., 2017; Ruff, Holt, & Trinkaus, 2006;

Shaw & Stock, 2009). The R package, morphomap is intended to facili-

tate the work of functional morphologists in understanding how corti-

cal bone distribution relates to loading history or other factors.

Morphomap is designed to semi-automatically: (a) place semilandmarks

on the inner and outer outlines of each section, (b) extract cortical

thicknesses for 2D and 3D morphometric mapping, and (c) to compute

cross-sectional geometry.

In this article, we detail the algorithms and tools incorporated in

morphomap and show that its calculations are valid. The tests per-

formed concerning the use of morphomap to calculate cross-sectional

geometric properties are in agreement with both theoretical expecta-

tions and the results obtained using the most popular software for

such purpose (i.e., BoneJ) (Doube et al., 2010). Further, we compare

2D and 3D MMs from human and chimpanzee femora and show they

are in agreement with those from previous work on larger samples

(Puymerail, 2013).

Thus, morphomap is a new tool for the study of cortical varia-

tion in long bones. It is written in the open source R environment

(R Development Core Team, 2016) and is compatible with other R

packages commonly used in mesh manipulation, such as Morpho

(Schlager, 2017) and Arothron (Profico, Schlager, et al., 2018), mor-

phological studies (Adams & Otárola-Castillo, 2013) and MMs

(Adler, Nenadic, & Zucchini, 2003; Sarkar, 2008). morphomap semi-

automatically processes the entire bone, beginning with an input

mesh that is separated into outer and inner cortical meshes using

the CAL-SE method from the Arothron R package (Profico, Ven-

eziano, et al., 2018). The R programming language allows for easy

editing of the R code for alternative implementations and

debugging. The developmental version of the morphomap R pack-

age is available on github (https:// https://github.com/AProfico/

morphomap) and the stable version is available on CRAN (https://

CRAN.R-project.org/package=morphomap). We strongly encour-

age R developers to propose and code new functionalities to be

included in morphomap.
F IGURE 7 Three dimensional morphometric maps calculated on a
human (OdN 244) (left) and a chimpanzee (Kupri 1022) (right) femur

TABLE 4 Details on the computation times required by morphomap to process the chimpanzee femur. Inter(R) Core (TM) i7-7700HQ CPU
2.80 GHz RAM memory 16.0 GB

Process Function Time (s) Note

Automatic segmentation morphomapSegm 17.65 347,840 vertices

Cross sections definition morphomapCore 39.92 61 sections and 1,000 points on each cross section

Definition of equiangular semilandmarks morphomapShape 22.39 48 semilandmarks on each cross section and definition

of the centroid

Creation of 2D morphometric map morphomapGam

morphomap2Dmap

5.94 Creation and plotting of the 2D morphometric map

paired with the application of GAM smoothing

algorithm

Creation of 3D morphometric map morphomap3Dmap 7.95 Creation and plotting of the 3D morphometric map

paired with the application of GAM smoothing

algorithm

Calculation of cross-sectional geometry parameter

on the cross section at the 50% of the

biomechanical length

morphomapCSG 14.91 Full calculation of the cross-sectional geometry

parameters. The speed of execution mainly depends

on the definition of the picture elements side length

(delta) (for details see Supporting Information).

Entire process 108.76
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