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Focus e A technical note

Research design in digital luminance analysis

Cara M. Wall a,*, Zachary R. Wall b

a Leverhulme Centre for Human Evolutionary Anthropology, Department of Biological Anthropology, University of Cambridge,
Downing Street, CB2 3DZ, UK

b Department of Electrical Engineering, University of Washington, Seattle, WA 98195, USA

Received 22 August 2005; received in revised form 7 December 2005; accepted 8 December 2005

Abstract

The prevalence of digital image analysis in studies spanning a wide range of fields makes the importance of set-up design decidedly impor-
tant for repeatability and testing between studies, especially for those interested in the analysis of microscopic properties. This note outlines
some important guidelines for setting up an image analysis protocol, and provides a case study based on the digital analysis of dental cement.
Our method allowed for us (1) to get data through the conversion of optical luminance into numerical values and (2) to accurately measure image
features through numerical analysis.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The digital imaging of material for analysis has become
widely used throughout palaeoanthropology in the processing
of art [2], the analysis of soil morphology [4,14], the detec-
tion of archaeological sites from the air [10,15], and in the
analysis of incremental structures, such as dental cementum
[8,16] and tree rings [3]. While digital imaging has been
used to document images and clean up photographic noise,
successful uses of digitized images for the analysis of rela-
tionships between features and between samples are becom-
ing far more common and useful. However, studies such as
Conner et al.’s [3], illustrate the importance of designing
a protocol based on the precise questions being asked. With-
out a specific experimental design, repeatable results will
remain impossible and quantitative analysis more difficult.
This note thus utilizes the variation in the incremental
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features of dental cementum as a case study for experimental
protocol in digital image analysis.

2. Materials and methods

This investigation is based on the use of digital analysis to
detect the luminance of cementum bands. Because cementum
bands alternate between opaque and translucent appearances
under transmitted polarized light, and these optical properties
are based on variations in the collagen orientation of Sharpey’s
fibres and changes in the rate of cementum deposition [6], it
seems feasible that variations in the optical properties could
be quantifiable (i.e. converted from optical luminance into nu-
merical values) and subsequently analysed in relation to other
measurable variables. Such variables could include environ-
mental measurements such as temperature and precipitation,
in addition to life history information such as sex and number
of offspring. Evidence that such variables might relate to the
tissue structure of teeth and are appropriate for analysis is
found in Lieberman’s work on cementum deposition [6,7] as
well as studies relating to the growth of rut lines (i.e. reproduc-
tive stress leads to alteration in dental tissue histology) [9].
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Fig. 1. This figure illustrates the inherent dilemmas with working with low resolution images of cementum. Each of these graphs is representative of the same exact

location on a tooth, with the high resolution graph representing the image quality established for this investigation and the low resolution graph representative of

the image quality of earlier studies.
Upon definition of the hypothesis e quantification and anal-
ysis of cementum luminance should allow for a detailed
comparison of cementum growth and environmental variation e
a means of capturing an image of cementum luminance had
to be defined to include the levels of precision appropriate
for the types of inferences of interest. The most crucial aspect
of this was the determination of the number of pixels compul-
sory per cementum band to give us the resolution basic to pull-
ing a robust association of optical brightness and cementum
histology. To be more specific, at lower resolutions, photo-
graphs of cementum did not allow the viewer to make even
general statements as to the band number, much less specific
optical properties (see Fig. 1 and also [5] for similar findings).
To achieve higher resolution, we determined that we wanted at
least 10 pixels per band based on average findings on the width
of acellular cementum (in the ungulate populations of interest)
which generally has a minimum width of 10 mm. This would
require a pixel to micrometer width ratio of at least one to
one. Such a requirement does not generally facilitate the use
of commonly used video-cameras to capture the image, as
video-camera images do not provide the necessary resolution
(e.g. Lieberman’s images e magnified at 100� and 200� e
had to be digitized to the low resolution of 640� 480 pixels
while using a Panaxonic WV-CD50 video-camera [8]; Pike-
Tay also magnifies at 100�, and 250�, and captures using
a video-camera, but makes no mention of the resolution of cap-
ture [11]).

We then had to determine, not simply the resolution of
our camera, but also the magnification at which we would
be analysing the cementum bands, as this would change
the micrometer to pixel ratio. Considering the microscope
available e a Leica DM EP e the objectives available for
that microscope, the magnification of the phototube, and
the optical and digital magnifications offered by most digital
cameras, we further had to consider the possibility of
shooting slides and then scanning the slides to get the high-
est quality of digital images. As this proved to be not only
expensive, but also laborious, it was determined that by us-
ing a 5.0 mega-pixel camera (which offers the resolution
of a high quality image at 2560� 1920 pixels), the minimum
magnification necessary was 120�, which would offer just
over a 1:1 ratio of micrometers to pixels. At 240� the ratio
became 3:1 and this proved to be preferable for the medium-
sized ungulate teeth being viewed. We then tested our
calculations by capturing a microscope calibration slide
and counting the number of pixels per 10 mm to verify our
assessment.

If shooting and scanning slides were not such a particularly
unwieldy proposition, would the additional resolution be
worth attaining? More resolution does generally equal in-
creased precision, but at some point precision becomes itself
unnecessary. Each question demands its own assessment of
the precision necessary. If one is simply trying to attain differ-
ences in a length measure, would the accuracy of a pixel to
every nm be necessary over a band that is at least 10 mm?
The size and shape of each specimen should be considered
when determining resolution and precision.

3. Results

The application of this set-up allowed us to develop a custom
graphical user interface (GUI) to grab numerical values of
cementum luminance and to measure image features for nu-
merical analysis within and between populations and data
sets (see Fig. 2). To accomplish this we used the programme
MATLAB 6.5,1 a numerical processing tool which provides
data output suitable for robust numerical analysis (http://
www.mathworks.com/). MATLAB provides tools that facili-
tate the process of rapidly prototyping algorithms and applica-
tions. MATLAB tools include the GUI development
environment and the image processing toolbox which provide

1 Contact C. Wall for further information and access to the MATLAB GUI.
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Fig. 2. The MatLab GUI which allowed us to move through an image of cementum pixel by pixel, gave us control over the placement of image analysis and the

ability to measure distances.
built-in functions for the import, export and visualization of
image data. In other programmes, GUI development involves
many supplementary lines of programming and as such, the de-
velopment of these functions requires additional effort. Addi-
tionally, MATLAB is an open analysis programme, not
simply an image capturing programme. This functionality per-
mits the creation of an integrated analysis environment where
a user is able to interact with the application while computa-
tionally intensive tasks are executing. This is in contrast to pro-
grammes run by macros which do the same task over and over.

Our MATLAB GUI (Fig. 2) converted the raw numbers of
our high resolution digital images into graphs which could be
rapidly processed (e.g. cropped, smoothed, measurements of
the distances between features, and minimum and maximum
point locations) and analysed before large spreadsheets of
numbers were created. This meant that large sample sizes
could be considered for the most representative image in a rel-
atively short amount of time. Direct obtainment of analysed
numerical values from a large number of samples permitted
us to quickly make exact calculations of distances and point
extremes between features in cementum images (Fig. 3 illus-
trates width and luminance features).

Previous cementum researchers have utilized programmes
such as NIH Image [1,8,11] and SPSS SigmaScan [5] which
were likely perfectly suitable for their analyses and will
remain so if their interest is not to easily grab numerical values
of tissue properties. While these programmes might allow for
an interpretation of the raw brightness framework of a photo-
graphed image, at the default level they do not allow the types
of inferences in which we were interested: SigmaScan, Photo-
shop or NIH Image does not allow for the analysis of cemen-
tum features in conjunction with readily obtained numerical
values for immediate investigation with other data sets.

While it is obviously possible to obtain a toolbox that
would allow one to write custom plug-ins for Photoshop or
to programme an ‘extension’ for SigmaScan, such tools have
to be developed. Because of the ease of writing GUIs in the
MATLAB language, our use of MATLAB allowed us to de-
velop our application quickly and in the end, cheaply. None-
theless, it is the experimental design (capturing images in
a uniform manner at a high resolution) and not the programme
which allowed our analysis. MATLAB gave us complete
control over our application which was what we wanted; how-
ever, this could be accomplished with other softwares.

4. Discussion

The purpose of this note has been to emphasize the impor-
tance of research design in obtaining results from digital
image analysis (see Fig. 4 for summary). As Conner et al.
also emphasize [3], our goal was to create a computer-assisted
analysis of cementum banding properties and not to automate
the detection of cementum bands. A trained observer is vital
and necessary for choosing cementum areas appropriate to
digitize. Our hypothesis was that by using appropriate technol-
ogy, a trained observer can finally test whether the variation of
cementum bands is simply relative [8], or if histological vari-
ation can be absolute and directly related to environmental
variables. Preliminary results as shown in Fig. 3 and other
manuscripts [12,13] suggest that histological variation can
be directly related to environmental variables and, based on
low inter-observer error [13], is not relative.

Luminance profiles do appear to offer the opportunity to
accurately measure band widths across an entire region instead
of relying on point sampling. They allow for a quick and
accurate calculation of width measurements which can be uti-
lized for comparisons across species, within a population and
within a single individual.

Furthermore, by applying image processing techniques to the
luminance profile, we can improve the accuracy of our results.
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Fig. 3. This example illustrates the ability to gain numerical values for minimum and maximum points of cementum bands; the x-axis of the graph is pixel number

and the y-axis is brightness. These results did prove to be repeatable and the graphs and numbers of a non-expert compared with those of C. Wall were significantly

similar ( p< 0.01) to the 99% confidence limit.
This allows debris and mineral deposits to have only a minimal
affect on measurement outcomes e either measures of width or
other tissue properties, such as fibre orientation and density.

In addition, the high resolution images can support transfer
and comparison of samples between researchers and computers
without necessitating the reliance on fragile glass slides;
whereas the quality of digital images used by some does not al-
low ‘sufficient detail for measuring the edge of the specimen’
[5], the quality of these images does allow for optical image
analysis.

In conclusion, the process of creating our methodology in-
volved a number of calculations and tests to determine the
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most appropriate way to gather data on the optical properties
of cementum. Any protocol that follows a similar sequence
of steps (Fig. 4) should ensure that future analysis and corre-
lations can be robust and repeatable.
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