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Detecting Nematode Features from Digital Images 
N. PI~REZ DE LA BLANCA, 1 J .  FDEZ-VALDIVIA, 1 P. CASTILLO, 2 AND A. GOMEZ-BARCINA 3 

Abstract: Procedures for estimating and calibrating nematode features from digitial images are 
described and evaluated by illustration and mathematical formulae. Technical problems, such as 
capturing and cleaning raw images, standardizing the grey level range of images, and the detection 
of characteristics of the body habitus, presence or absence of stylet knobs, and tail and lip region 
shape are discussed. This study is the first of a series aimed at developing a set of automated methods 
to permit  more rapid, objective characterizations of  nematode features than is achievable by cum- 
bersome conventional methods. 
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Digital image analysis techniques offer 
alternative expedient ways to differentiate 
morphological features objectively in mi- 
croscopic images of  nematodes, thereby al- 
lowing an automated approach to identifi- 
cation and classification (3). Use of these 
techniques implies the digitization of the 
observed scene through the microscope. 
The aims of digital image analysis tech- 
niques are to extract the most relevant geo- 
metrical and textural information f rom 
the images and to combine them to pro- 
duce high-level concepts. There  are three 
main steps in this process. The first is con- 
cerned with the algorithms for cleaning, 
smoothing, deconvolving, storing, and dis- 
playing images. The second uses pattern 
recognition techniques to define the dif- 
ferent geometric shapes in images repro- 
duced from grey levels of  pixels and re- 
gional textural information. The last step 
is the use of  statistical or artificial intelli- 
gence techniques for identifying, classify- 
ing, or making decisions by combining the 
information supplied from step two. Fea- 
ture identification from digitized micro- 
scopic images has been used for more than 
10 years (5,12) but  is relatively new in 
nematology. Fdez-Valdivia et al. (3) and 
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Peet et al. (8) were the first to apply these 
concepts in nematode investigations. Im- 
provements are now needed to refine the 
parameters and to reduce the expert  su- 
pervision in the acquisition of information. 

A perplexing problem in nematology is 
the precise identification of  problematic 
species. Because of  the difficuhies of  as- 
similating and collating the large numbers 
of diverse morphological characters by 
conventional microscopic methods, identi- 
fications are time consuming and subjec- 
tive and depend on the level of  expertise 
of  the investigator. Our ultimate purpose 
in these studies is to develop a rapid, more 
objective alternative for identifying and 
classifying nematodes. 

MATERIALS AND METHODS 

Nematode specimens: Specimens of Ampli- 
merlinius longicauda, Ditylenchus dipsaci, Fi- 
lenchus thornei, Rotylenchus cazorlaensis, and 
Rotylenchus magnus were selected for this 
study. They were collected on surveys of 
natural and cultivated habitats in south- 
eastern Spain, extracted from soil samples 
by centrifugation (6), then killed by gentle 
heat and fixed in 4% formaldehyde. Some 
specimens were processed to glycerin by 
Seinhorst 's  rapid me thod  (10,11). For 
comparison of  the quality of  the digital im- 
ages obtained from these specimens, mi- 
croscopic observat ions were made  on 
freshly killed specimens and on specimens 
preserved in formaldehyde or glycerin. 

Microscopy: Transmission images were 
a c q u i r e d  us ing  d i f f e r e n t  ob jec t ives  
mounted on a Photomicroscope Zeiss III: 
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FIG. 1A-C. Examples of raw, background, and cleaned images of Rotylenchus cazorlaensis, respectively, 

taken with a 10× lens. D-F) Grey-level histograms. 

a lOx objective for whole nematodes, a 
40× lens for detecting features of  interme- 
diate levels such as lip region and tail 

shape, and a 100x oil immersion objective 
for detecting more subtle features of  ex- 
ternal and internal structure. A plane of  



TABLE 1. Statistical measures  associated with a sample  o f  80 raw and transformed images.  

Image Mode Mean Range 

Raw 111.3 --- 27 .4  108 --- 24.3 25 .4  --- 9.0 176.3 ± 29.1 
T r a n s f o r m e d  191 --- 0 .4  186.9 --- 2.8 76.2 ± 7.7 255 --- 0.0 
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FIG. 2 A - C .  Images  o f  dif ferent  nematode  positions: a) Amplimerlinius longicauda, b) Rotylenchus cazorlaensis, 
C) Rotylenchus cazorlaensis. D--F) Medial  axes  and right lines cutting them in different  directions. 
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FIG. 3A. Whole nematode image (Rotylench.us ca- 
zorlaensis). B) Binarized image from A. C) Boundary 
estimation together with the medial axis. 

focus, calibrated from the body diameter, 
was chosen that best represented a partic- 
ular feature for display. 

Hardware: The  computer  workstation 
for getting the images was an Olivetti M/28 
enhanced AT computer, equipped with 1 
Mbyte RAM, a 40 Mbyte hard disk, a 1.2 
Mbyte floppy drive, and a mathematical 
coprocessor for floating point calculations. 
The image digitation module, a single-slot 
frame-grabber card manufactured by Im- 
aging Technology, was plugged directly 
into the computer workstation. A standard 
monochrome video monitor was used to 
drive the process, and the images were dis- 
p l a y e d  on  g rey  levels  (256) wi th  a 
pseudocolor video monitor. A CCD video 
camera with 512 x 512 resolution was at- 
tached to the microscope-frame grabber 
system. An ALR FlexCache 25386Z com- 
puter  equipped with 4 Mbyte memory,  
mathematical coprocessor, and 150 Mbyte 
hard disk was used for developing and 
testing the algorithms on images. 

Software: Two C-language-based soft- 
ware packages from Imaging Technology 
(Woburn, MA) were used to manage the 
acquisition and display processes: IMAGE 
ACTION and ITEX/PC. Some parts of  the 
algorithms were carried out  using the 
VISILOG image analysis package. 

Feature set: To achieve our ultimate ob- 
jective of developing a set of  automated 
methods for building a nematode classi- 
fier, we selected in a first level the follow- 
ing features: body habitus, head and tail 
shape, and presence or absence of stylet 
knobs. The following high-level features 
are in capitals, with each followed by the 
d i f ferent  possibilities for its part icular 
characteristic in parentheses, and by its op- 
tional list. 

HABITUS:  (general shape) straight, 
curved, helicoidal: (total length, maximum 
body width). 

LIP REGION: (shape, situation): contig- 
uous to the body, set off. 

TAIL: (length, shape): filiform, cylin- 
drical, conoid, straight, curved. 

STYLET KNOBS: present, absent. 

RESULTS AND DISCUSSION 

Obtaining and cleaning the image: Freshly 
killed specimens provided the best contrast 
in the observed images; those processed in 
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TABLE 2. Compara t ive  resul ts  be tween  m e a s u r e s  taken  by classic m e t h o d s  and  tha t  ob ta ined  f r o m  apply-  
ing  the  a lgor i thm to t en  images  o f  Amplimerlinius lar~gicauda. 

Image 1 2 3 4 5 6 7 8 9 10 

1 c 1873 1632 1685 1598 1732 1802 1784 1693 1775 1801 
1 a 1865 1650 1675 1532 1720 1934 1842 1731 1695 1753 
w c 32.4 31.2 36.4 33.4 30.5 34.6 32.4 39.3 37.4 33.4 
w a 31.2 30.1 35.3 33.1 31.0 33.8 31.5 38.6 36.9 32.8 

lc and we denote length and width in Izm obtained by classical nematological methods; la and w a are respective values 
obtained with the algorithm. 

glycerin provided the poorest. During the 
cleaning and smoothing process to im- 
prove the image contrast, there was no ap- 
preciable difference between specimens 
freshly killed or those fixed in formalin. In 
addition to the state of  preservation of  the 
specimens, several sources of  distortion af- 
fected the observed images. Apart from 
the limited resolution of our video camera 
and frame grabber, the lack of  uniformity 
in the light distribution on the field of  ob- 
servations and dirt in the microscope opti- 
cal systems were sources of  noise in the 
image derived from the grey level of the 
pixels. Because our video camera is a CCD, 
we can suppose there is a linear relation 
between the luminosity measured and the 
true luminosity in each pixel, expressed as: 
Observed luminosity = True  luminosity × 
constant. Distortion is removed by observ- 
ing a background image, using a clean mi- 
croscope slide with each data image. Using 
both images, data and background, a new 
image is imposed on the pixels from the 
following equation: 

transformed image = 
255 × min (1, h × I i/Bi) (A), 

where I represents the raw image, B the 
background image, and k a constant. Be- 
cause Ii and B i represent  the grey-level 
measurements of  the same pixel from the 
slide with and without nematodes, respec- 
tively, it is expected that I i < B i for all the 
pixels. In practice, however, the flux of  
light crossing the nematodes creates zones 
of  a higher level of  luminosity than ex- 
pected due to the refraction of  light along 
the surfaces of  the nematode and internal 
structures. To correct this distortion, and 
because Ii/Bi > 1, it is necessary to shift the 

histogram of the grey levels by a constant 
of less than one. By successive trials, the 
most effective constant was found to be 
= 0.75 (Fig. 1). Statistical parameters of  
raw background and cleaned images (Ta- 
ble 1) shows that: 1) independently of  the 
grey level mean of  the raw images, equa- 
tion A produces images with similar mean 
values; 2) transformed images have an al- 
most constant mode value that is an imme- 
diate consequence of  equation A if we take 
I = B; 3) the transformed images have a 
grey-level range wider than the raw ones. 
There fore ,  t ransformat ion A produces  
cleaner images with higher contrast and 
constant background, which allows the use 
of  simple thresholding techniques to seg- 
ment some nematode structures. 

Feature estimation: Transforming an im- 
age before using feature-detecting algo- 
rithms is a proven technique for emphasiz- 
ing or eliminating information present on 
the image. Filtering and binarizing are two 
of  these transformations used to isolate 
that part of  the image containing the fea- 
ture. For this purpose, the notation 010 
was used to represent  a part icular  se- 
quence of  black and white pixels, repre- 
sented by 0 and 1, respectively, present in 
a binary image. 

Habitus: Steps followed for presenting 
an algorithm to detect the general shape of  
the nematode were as follows: 1) binariza- 
tion of  the image, 2) calculation of  the me- 
dial axis, 3) counting of the number  of  con- 
figurations 010 present in each row, col- 
umn, and diagonal, 4) calculation of  the 
maximum by rows (NR), columns (NC), 
and diagonals (ND1) (ND2), and 5) calcu- 
lating MAXC = max (MR, NC, ND1, 
ND2) and MINC = min (NR, NC, ND1, 
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FIG. 4A-D. Images of lip region (Rotylenchus magnus), rounded tail (Rotylenchus magnus), conical tail (Dity- 

lenchus dipsaci), and filiform tail (Filenchus thornei), respectively. E-H) Corresponding estimated pattern of 
curvature, respectively, where for homogenization reasons 512 points on each boundary were taken. 
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Fro. 5. Classification tree built using C A R T  soft- 

ware f rom a sample o f  80 curvature  curves. Each 
sample i tem is r ep re sen ted  by a vector o f  25 e lements  
built f rom the points o f  local max imum and mini- 
m u m  curvature  and  interpolated values in between 
each of  two adjacent  landmarks.  LR = lip region, CT 
= conical tail, RT = r o u n d e d  tail, FT = filiform tail. 
Xlo and x13 are variables associated to the tenth  and 
th i r teenth  elements ,  respectively. 

ND2). From this information, if (MAXC > 
2 and MINC > 2), then the body shape is 
helicoidal; but if(MAXC i> 2 and MINC = 
1 or MINC =- 2), then the body shape is 
either curved or linear (Fig. 2). To binarize 
the image, step 1 of  the procedure, the al- 
gorithm of  iterative thresholding (7) was 
used. Transformed images from equation 
A permit an increase in the performance 
of  the algorithm because the threshold 
value, once estimated, is constant for all 
images. 

Medial axis, skeleton, and symmetric 
axis are synonymous terms. Generally, the 
medial axis of  a structure is the locus of  
points defining the strongest tendencies 
present. For instance, the image of one 
nematode obtained through a 10x objec- 
tive has a medial axis represented by a sin- 
gle line through the center of the body 
(Fig. 3). Although there are different ways 
of  defining and calculating the medial axis, 
the procedure described by Serra (12) for 
making successive thinnings of  the image 
was the most adequate. When the resulting 
image from the binarization process is too 
noisy to apply the medial axis algorithm, 
the image must be filtered using filters 
based on mathematical morphology oper- 
ations (2). 

Length and maximum width of  a nema- 
tode can be estimated automatically using 
the medial axis concept and the mathemat- 
ical morphology operation of  erosion, re- 
spectively. Length of  a nematode along its 
medial axis was calculated by counting the 
number of  pixels crossed by that curve af- 
ter continuing its extremities up to the ex- 
ternal boundary of  the nematode. Pixels 
c rossed  in d i agona l  d i r ec t i ons  we re  
weighted by X/2. Maximum width can be 
calculated by iterating the erosion opera- 
tion on the image, repeatedly  using a 
three-by-three structural element,  until 
the significant part of  the image is lesser 
than the structural element. If  k was the 
number of  erosions carried out, the esti- 
mation of  the maximum width, in pixels, is 
2 x k + 1. Table 2 shows a comparison 
between the results obtained by conven- 
tional microscopic methods and those ob- 
tained by the algorithm. 

Head and tail: Characterization of both 
extremities of  the nematode  image in 
terms of their border  rather than the bor- 
der alone is necessary to identify the inter- 
mediate features of  the head and tail trans- 
mitted by the 40 x objective. Fdez-Valdivia 
(4) gave a precise account of  the details 
involved, in which the set of  the local max- 
imum and minimum curvature points con- 
tain enough information to characterize 
the curves. They also discussed the proce- 
dures for estimating these points. Figure 4 
shows the discrimination of  four different 
shapes with their associated curvature  
curves. From these estimated curvature 
curves, a classification tree was built using 
the methodology given in Breiman (1) 
(Fig. 5). The three variables appearing on 
the tree nodes belong to the set of  local 
maximum and minimum curvature and 
correspond to these points of  the graphs 
(Fig. 4E-H).  To verify the classifier, a new 
sample of  curvature curve was taken and 
new items were classified according to 
shape (class) based on information derived 
from the tree. The results gave a perfect 
classification for all shapes, demonstrating 
that all the necessary information to dis- 
criminate the different shapes is contained 

t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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FIG. 6A,B. Two examples of images used in the detection of stylet knobs (Amplimerlinius longicauda). C,D) 
Resulting images after binarization. 

in the three variables. It is noteworthy that 
this algorithm is invariant with respect to 
the size, place, and rotation of the nema- 

FIG. 7. 
knobs. 

L 

N 

Template used to detect presence of stylet 

tode image as it is to small local fluctua- 
tions on its boundary. 

Stylet knobs: Because stylet knobs and 
stylets are tridimensional structures, no 
single focus plane contains all the struc- 
tural information. To detect styler knobs, 
images were obtained from a focus plane 
that best represented this feature (Fig. 6). 

The algorithm selected to detect stylet 
knobs is based mainly on nematode sym- 
metry. With few exceptions, the knobs lie 
along the body axis, which can be esti- 
mated once the external borders of  the 
body are delineated. In cases where the 
knobs are not centered, or are apparently 
absent, the algorithm can be adjusted to 
search a larger area. 

A template-matching technique (9) was 
used to detect the presence or absence of 
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Curves representing the results of matching nematodes with and without knobs through their 

stylet knobs. The results are summarized 
in Fig. 7, which shows the template used to 
test the algorithm and the graphs (Fig. 8), 
showing a good fit of  points on body axis 
line guide. By this method, more accurate 
templates can be constructed to identify 
stylet knob shapes. 

Digital image analysis offers a relatively 
new approach to rapidly and effectively 
characterize and identify nematodes with- 
out expert  supervision. The quality of im- 
ages is essential in successful application of 
this technology in nematode systematics. 
In this study, we propose a method for im- 
proving and standardizing the grey-level 
range of images. To approach nematode 
identification in an automated way, we de- 
velop a set of  image analysis algorithms for 
detecting some features used in the nema- 
tode identification process. 
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