
Monitoring epidemics (continued)

REVIEW:
Disease intensity:
 Disease incidence
 Disease severity
□ (usual usage for area [relative area] 

affected by disease)
 Ordinal severity rating

□ Disease count (density)
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Measuring severity -- approaches    
○ Visual estimation
○ Remote sensing and electronic methods
○ Indirect methods

Visual estimation or assessment -- a classification
a. Direct estimation
b. Direct, with aid of disease diagrams
c. Use of disease scales
d. Use or ordinal rating scales

See:
Bock, C.H, et al. Critical Reviews in Plant 
Sciences 29: 59-107.
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Estimation of severity using ordinal 
disease severity rating scales
○ Rating scale: ordered categories (or classes) 

of disease severity (or 'degree of infection'). 
○ As with disease scales, one observes a 

specimen and assigns it a class value
○ Class values are only interpretable in terms of 

their arrangement (order), not in terms of their 
actual values

Specimen:Rater
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Example ordinal rating scale:
McKinney index for plant disease severity (1923)

Class Severity
0 No disease
0.75 Very slight
1 Slight
2 Moderate
3 Abundant

Note: could just as easily used 1, 2, 3, 
4, 5; or 0, 10, 20, 50, 100; etc.

See text  and 
previous 
lecture for 
some current 
examples or 
rating scales, 
for root 
diseases and 
viruses
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Ordinal disease rating scales:

Good point: as with disease scales, they may be 
easy and rapid to use, allowing large sample sizes

Bad points:
○ Arbitrary class values
○ Differences between class values do not have 

the same quantitative meaning
 2-1 may not have same meaning as 4-3, etc.

○ Requires statistical methods appropriate for 
ordinal categorical data
 See Shah & Madden (2004), Phytopathology , vol. 

94, pp. 33-43. for NONPARAMETRIC methods.
 See Schabenberger & Pierce (2002) textbook for 

proportional odds models for data.
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Ordinal disease rating scales

 Epidemiologists generally prefer to deal with:
○  severity as a continuous random variable
○ (and incidence as a binary or count variable)
○ (and counts of lesions, etc., where appropriate)

 Nevertheless, for certain types of diseases, it is not 
practical to assess severity objectively on a 0-100% 
scale.
○ For these cases, rating scales are of value!
 Example: for wilts, some virus infections, or 

any time that one cannot do better than 
'degree of infection' as a general concept

   Epidem18_3 Page 6  



Measuring severity -- approaches 
○ Visual estimation
○ Remote sensing and electronic methods
○ Indirect methods

Remote sensing:
Technique for measuring the 
characteristic manner in which a 
substance or object (e.g., plant, diseased 
plant, etc.) emits, absorbs, transmits, or 
reflects electromagnetic radiation using a 
device at some distance from the 
substance
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Remote sensing:

 In a sense, visual estimation of severity is remote 
sensing (our eye is not in contact with the object).

 As usually used, however, remote sensing involves the 
use of some non-human sensor, such as a camera, 
radiometer, or other electronic instruments

 One can classify remote sensing by the distance of the 
sensor from the object of interest
○ Satellites in orbit
○ Planes and drones flying over fields
○ Hand-held sensors 1-2 m from the plant 

specimens.
 Approach depends on the spectral signature of a 

specimen
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Spectral signature:

 Electromagnetic radiation emerging from a plant, plant unit (leaf), 
or plant canopy (or anything else), is determined by many 
interactions (reflections, transmissions, absorptions) between 
the incident (incoming) radiation (primarily from sunlight) and the 
plant tissues.

 With various instruments (radiometers), one can measure 
reflected radiation from the plant (or plant unit, canopy), and 
also the incident radiation. Dividing reflected by incident gives 
the spectral signature.

 Many attributes of plants, and diseases, can be 
quantified based on the spectral signature.
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Healthy plant:
 Low reflectance in visible,

○ But high for green 
 High reflectance in NIR,
 Low reflectance in SWIR

Visible    380-700 nm

   Blue    380-450 
   Green  ~550
   Red     650-700

NIR       700-1200
SWIR    1200-2400

Thermal ~10 m
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Diseased plant:

 Increase reflectance overall in visible region (but decrease in green)
 Decreased reflectance overall in NIR

Specifically, increasing severity means (among other things)
Increased reflectance at 600 nm and decreased at 800 nm

   Epidem18_3 Page 12  



APSnet Feature Article
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Remote sensing:
○ Can be used for far more than just measurement of 

severity (%)
 Detection before symptoms, diagnosis, 

pathogenesis, etc.; crop productivity, etc.
○ See West et al. (2003) -- Annu. Rev. Phytopathol.

 Many contributions from F. Nutter, H. Nilsson, etc.
 A big field and getting bigger with drones and 

precision agriculture



○ A special form (type) of remote sensing is:
Image Analysis
 The reflected radiation is recorded for an object 
□ Often, visible spectrum region is used.

 The image is digitized (divided into pixels)
 Each pixel is classified into discrete categories

1) Healthy plant, 2) diseased, 3) background
          --->Based on % reflectance<---
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Image analysis:
○ Severity is determined as
  number of "diseased pixels" divided by number 

of "diseased pixels"+"healthy pixels",
 Multiply by 100 to get percentage

○ It could be argued that a human rater actually mimics 
this process (subconsciously divides up a specimen into 
the two categories, and adds these up…)

○ This approach was once very tedious, requiring 
specialized equipment and software

○ With the advances in scanning technology, and 
software, this is now much easier

○ Several commercial products for sale.

APS Press--> 

See Xie et al. (2012). Phytopathology 102: 
434-442 for a good article on image analysis 
for measuring bacterial blight of bean.
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https://sites.google.com/a/hawaii.edu/leafdoctor/

The Leaf Doctor app 
The Leaf Doctor is a free iPhone app for pathometry, the 
quantitative assessment of plant disease intensity.
Download The Leaf Doctor at iTunes: 
https://itunes.apple.com/us/app/leaf-doctor/id874509900?
ls=1&mt=8
This interactive app allows users to collect or submit 
photographs of symptomatic plant organs (e.g., leaves) 
and measure the percentage of tissue area diseased. The 
assessment data and photographs may be sent by e-mail 
to any recipient. This site describes the app and provides 
instructions for using it.
Pasted from <https://sites.google.com/a/hawaii.edu/leafdoctor/> 
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Difference between remote sensing (in general) and 
image analysis (special case of remote sensing)

 Typically, remote sensing involves a measurement of 
reflectance -- usually on a continuous scale (0-100%) -- for 
an entire object (e.g., plant specimen), and this is related to 
% area affected by disease (severity; also continuous) or 
other responses
○ Can be done for different wavelengths (or wavebands)
○ Get degrees of infection or degrees of stress

 For image analysis, the continuous values of reflectance are 
assigned to categories (for each pixel)
○ Example: low reflectance of green would be diseased.
○ The numbers are then added up
 Although discrete, there is a very large number of 

pixels;
 Thus, this easily approaches a continuous variable.
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Measuring severity -- approaches 
○ Visual estimation
○ Remote sensing and electronic methods
○ Indirect methods

 As mentioned several times, it is difficult to directly 
determine severity as % area affected by disease
○ Example: Root diseases require destructive 

harvesting, and lots of processing
 Plus: it can be slow and tedious to determine 

severity (even for the classic visible-lesion 
situations)

 Thus, alternatives are used -- indirect methods
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Indirect measurement of severity

 Measure another plant part (plant unit) as a 
substitute for the part of interest
○ Example: estimate the severity of root 

disease based on above ground symptoms 
(degree of wilting, …)

○ See Campbell & Neher (1994)
 Use a different measure of disease intensity

○ Example: 
Estimate mean severity from mean 
incidence

 Note: results pertain only to populations or 
samples, not individuals

 That is, a single diseased leaf could have 
any severity above 0, but for a population, 
mean incidence is often a good predictor of 
mean severity

   Epidem18_3 Page 22    



Incidence    Severity (mean)

Average includes 
the zeros

8, 35, 0, 0, 7

0, 15, 20, 0, 0
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A consequence of the 
statistical distribution of 
disease severity (continuous), 
or counts of lesions 
(discrete), and disease 
incidence (discrete). 

See sections 9.8.1-9.8.3 in 
MHV text.
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Severity (S)-Incidence (I) relations (S-I)
○ Studied for many years, at least since the 1970s
 Very important contributions by: James; Seem; and others

○ See McRoberts, Hughes, and Madden (2003; Ann. 
Appl. Biol.) for details

○ This is a population-level phenomenon, not an 
individual phenomenon
 Knowing a single plant is diseased tells you 

(almost) nothing about the severity on that plant.
 But, mean severity of many individuals can be 

predicted from % of plants diseased (incidence)
 Statistical models are needed, and there can be 

considerable variation
 We won't cover here in any detail now

□ In Chapter 9 of MHV (9.9.1 - 9.8.3)
□ Depends on the population dynamics of disease (in 

space and time) and statistical distributions of 
incidence and severity
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(mean) Disease Severity --
standard definition (standard usage)

 Average of all assessed specimens (plant 
units, individuals), including those that are 
disease free
○ Estimate of the expected severity of disease 

of a population for a given time, location, 
etc.

○ The mean severity of just the infected 
individuals is really a 'conditional 
severity'
 That is, result is conditional on the 

disease status of the individuals
 Severity = (incidence)x(conditional severity)
 0.10 = .60*CS,   CS = .10/.6 = 1/6 = 0.167, or 

16.7% 
 (same as average of 8, 35, and 7%)

Incidence    Severity 
                 (mean)
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Measurement Agreement
Measurements need to be reliable and accurate

 Consider the measurement of air temperature with 
a thermometer (sensor)…

 Suppose there is a chamber with some fixed (non-
changing) air temperature.

 Ideally, one should obtain the same measurement 
of temperature when the:
○ Same thermometer is used two different times
 Intra-sensor reliability

○ Two different thermometers are used
 Inter-sensor reliability

Other terms are also used 
for reliability:
    Repeatability;
    Reproducibility;
    Consistency.

Or Precision.
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 Moreover, the measurement of temperature (at 
two different times or by two different 
thermometers) should match the actual (true) air 
temperature
○ Accurate

Accuracy is also known as conformity, 
concordance
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Measurement Agreement

 We consider measurement agreement for the visual 
assessment of disease severity as a continuous 
variable.
○ One could also do this for incidence, lesion counts, 

severity as an ordinal variable, and for remote 
sensing assessments.
 See Chapter 2 for more on this….

 Here, the disease rater is the sensing (measuring) 
device, 
and the plant specimen is the object (individual) being 
measured.
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Reliability (one definition - from measurement 
science): 

The extent to which the same measurements of 
individuals obtained under different conditions 
yield similar results.

○ The individuals could be any objects, including 
diseased specimens

○ The different conditions could be different raters 
(inter-rater reliability) or different times (intra-
rater reliability)

○ There are other terms used for these concepts
 Precision (because it deals with variability)

○ To characterize reliability, a sample of N specimens 
are observed for severity (two or more times, two or 
more raters)
 Since each specimen has a different severity 

(probably), one needs techniques for bivariate data
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Consider N = 5 leaves (inter-
rater reliability)
Leaf Rater 1 Rater 2
1 10 10
2 20 35
3 40 45
4 50 65
5 70 75

 "Agreement" (in a broad sense) could be 
determined with the correlation 
coefficient, r
○ Really, a relationship

 Correlation quantifies the variability around 
a straight-line relationship between two 
variables
○ Thus, r gives information on precision.

For real-world 
analysis, one 
needs many more 
than 5 specimens
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 Correlation ( r ) quantifies the 
variability around a straight 
line between two variables

○ Thus, r gives information 
on precision.

 Correlation does not show if 
one rater is higher (or lower) 
than the other, only 
association.
○ Perfect agreement is 

when two raters obtain 
identical results

 Better measure: so-called 
intra-class correlation 
coefficient (determined from 
random effects ANOVA) (ρ) 
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Reliability (summary):
 Use correlation coefficient or intra-class correlation (better)

○ The latter can easily be determined for >2 raters

○ For single rater at different times: intra-rater reliability
 Note: set of specimens must be the same at the different 

times!
○ For different raters: inter-rater reliability
 At same time (also with same set of specimens)

 Note: in reliability studies in general, it is possible 
that none of the measurements equal the true or 
actual severities of the specimens. 

 In most studies, one does not know the true values, 
and the researcher is content to determine intra- and 
inter-rater reliability.
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Accuracy
 In many disciplines, a particular method becomes 

accepted as best (the gold standard) for 
measurements of a property of interest

 Gold standards change with new research, and new 
technologies
○ (e.g., DIAGNOSIS: morphology-->biochemical 

reactions-->polyclonal antibodies-->monoclonal 
antibodies-->PCR-->sequences--> etc. --> ….)

 With assessment of disease severity, image 
analysis measurements often are considered gold-
standard values (but other measurements are 
possible, and used)
○ One can used computer-generated diseased leaves 

to know the exact percent severity for accuracy 
studies

 Determination of accuracy is based on a 
generalization of reliability statistics.
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Accuracy (definition):
Degree of conformity or closeness of measured 
values to some recognized standard ("True values", 
"Actual values")

As you will see, it involves two components:
precision and bias.

Precision: some aspect of variability
Bias: some aspect of systematic deviation from true value

Accuracy is also known as: 
Agreement or Conformity
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 One uses a sample of 
N specimens, and 
measurement of 
severity is made by two 
methods (e.g., visual 
estimate, gold-standard 
method) 

 Return to same data 
points….

 But consider that the 
measurements from 
Rater 1 are true 
severities (pretend for 
demo purposes)

Accuracy:

   Leaf__ Rater 1=True Rater 2=Meas.
       1 10 10
       2 20 35
       3 40 45
       4 50 65
       5 70 75
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Accuracy:
 Correlation coefficient ( r ) 

indicates variability about 
a best fitting line (an 
indication of precision)

 r does not indicate 
closeness of measured 
values to the true ones
○ See next slides

 Perfect agreement:
○ All points on a line, 

and the line has an 
intercept of 0 and a 
slope of 1 (45 
degrees); 
 "1:1 line"
 "Concordance 

line"

Concordance line: 
Measured = True Severity

Red line: concordance line, can be 
produced "by hand" by plotting 
True (W) versus True (W).
Actual measured points will be on 
this line if 

Measured = True severity

Blue line: comes from a plot of 
Measured (U) versus True (W)
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Concordance line:

Actual (best-fit) line:

 If intercept of best-fit line 
is not 0, there is bias in 
measurement

 If slope of best-fit line is 
not 1, the bias depends 
on true value.

 It is very common to use 
regression analysis to 
evaluate agreement

 Results are misleading!
○ Precision affects tests 

of slope and intercept

One key concept: there are two lines of 
relevance..

Best-fit line
Perfect-agreement line 
(Concordance line)

Regression is very powerful for a million 
applications, but is not the best 
analytical choice for quantifying 
accuracy (agreement) 
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 There are several useful 
methods for determining 
accuracy or agreement

 See references within 
chapter 2.

 We consider only the 
Concordance Correlation 
Coefficient (ρC, or CCC), 
developed by Lin (1989)
○ Cited over 2800 times!

 This is a type of intra-class 
correlation

 Not used enough in plant 
pathology

 Used in many other fields
 Also of use in model 

validation (agreement 
between observed and 
model predictions)
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model predictions)
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Calculation of  ρC requires only correlation coefficient, 
means, and standard deviations for measurements (U) 
and the true values (W)

For the simple case, of one rater, with a sample of 
measured and true values:

Accuracy (ρC) = ("Precision")*("Bias")

   Epidem18_3 Page 45    

Calculation of  ρC requires only correlation coefficient, means, 
and standard deviations for measurements (U) and the true 
values (W)

r : a measure of precision
Cb: a measure of bias 

Strictly speaking, the standard deviations in the formula should 
be based on Maximum Likelihood (slightly larger than more 
usual least-squares or moment estimates)
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Accuracy:  
ρC = r·Cb

r:   precision
Variability about a best-fitting line

0: random scatter
1: perfect straight line

Cb: bias (or generalized bias)
Difference between best-fitting 
line and the concordance line
(slope of 1, intercept of 0).
0: no agreement between best 
fitting line and concordance line
1: best fitting = concordance line
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Descriptive Statistics: W(true), U(meas.) 

Variable  N  N*  Mean  SE Mean  StDev  
W(true)   5   0  38.0     10.7      23.9
U(meas.)  5  0  46.0     11.4      25.6
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Accuracy: See Figure 2.7; see how to interpret
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Reliability and accuracy

 Of value to determine the usefulness of disease 

assessment
 Can be used to find the better (or best) raters
 Can be used to compare different visual 

methods
 Can be used for training

○ Finding out if assessments can be improved
 We will calculate accuracy in the first problem 

assignment
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Assignment

 Read all of Chapter 2
 Make sure you learn about crop 

measurement (section 2.6--will not 
cover in class, but you need to know):
○ Leaf area index (LAI)
○ Crop phenology

Check out the first problem assignment on the 
website. -- available in a couple of days.

Watch the videos on carrying out the assignment. 
(the disease assessment program may not run on 
some of the newest Windows 10 releases. You 
will need to find a computer where it works. 
Macs should be fine.
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p
Macs should be fine.
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