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ABSTRACT  20 

 21 

The present paper aims to evaluate the actual relevance of the application of metrological 
criteria for the diagnosis of bovine tuberculosis using Comparative Cervical Tuberculin (CCT) 
inoculation tests. For that, the work involved the following steps: identification of the 
measurement instruments used to measure skin thickness in tuberculin inoculation tests; 
calibration of the measurement instruments (callipers) using gauge blocks; identification of 
the variables that can affect the calibration results and the measurement results from 
inoculation tests; development of a methodology to evaluate the uncertainties associated 
with both the calliper calibration and with the measurements carried out during diagnosis; 
mathematical modelling of calliper calibration process and measurement process with the 
calliper; CCT tests in a total of 40 cattle comprising Nellore breed and mixed-breed dairy 
animals; discussion of the effects of uncertainty on the test diagnosis; and comparison of 
results obtained using callipers with resolutions of 0.1 mm and 0.01 mm. The results 
obtained showed that measurement uncertainty influences the final diagnosis. Therefore, the 
application of metrological criteria can increase scientific rigor and quality of the results 
obtained with CCT tests, and consequently, the reliability of the final diagnosis. 

 22 
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1. INTRODUCTION 25 

 26 

Tuberculosis (TB) caused by Mycobacterium bovis, also called bovine tuberculosis, was first 27 
described in 14 A.D, but only with the discovery of the tubercle bacillus in 1882 by Robert 28 
Koch it started to be properly researched [1]. 29 
Nowadays, bovine tuberculosis still poses serious risks to human health, since cattle to man 30 
infection is possible via milk and unpasteurized dairy products and via the respiratory route 31 
[2]. 32 
Even though the impact on human health is a strong determinant for initiating programs for 33 
the control of bovine  tuberculosis, economic losses have also been recognized [3]. Bovine 34 
tuberculosis has significant consequences for farming economies throughout the world [4]. 35 
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The economic costs of this zoonosis associated to farming include direct losses due to 36 
death, reduction in weight gain, reduction in milk production, premature slaughtering for 37 
control of the disease, loss of cattle with high zootechnical value, condemnation of 38 
carcasses during  slaughtering, etc. [5]. 39 
When suitable control measures are not taken, the effects on economy and health evolve 40 
slowly and steadily, and sometimes the consequences can be dramatic [6]. In industrialized 41 
countries, programs for control and eradication of  bovine tuberculosis, together with 42 
pasteurizing techniques and vaccination [7] , have drastically reduced the incidence of 43 
infection by Mycobacterium bovis both in cattle and in humans. North America , Europe [8, 44 
9], Australia and New Zealand [10] have been more successful in controlling and eradicating 45 
bovine tuberculosis than Latin American countries [3, 11] and other developing countries [12, 46 
13] However, bovine tuberculosis remains a problem for countries both with and without 47 
control programs [14-16]. 48 
The diagnosis of bovine tuberculosis can be carried out using both direct and indirect 49 
methods. The direct methods involve the detection and identification of the infecting agent in 50 
biological samples [17, 18], whereas the indirect methods investigate immune responses of 51 
individuals to the infecting agent. An example of an indirect method is the tuberculin 52 
inoculation test, which involves a cellular immune response against Mycobacterium bovis 53 
manifested as a delayed hypersensitisation reaction [2]. 54 
Diagnosis using tuberculin inoculation is fast, safe and relatively cheap [5]. The tuberculin 55 
tests are the internationally accepted standard and the most robust tool currently available 56 
for the diagnosis of infection by Mycobacterium bovis [19]. 57 
The use of tuberculin inoculation tests has drastically reduced bovine tuberculosis [14]. 58 
However, the infection of feral animals in preservation areas around farms makes difficult the 59 
eradication of this disease from cattle herds even in countries  with  successful  tuberculosis 60 
control [20-22]. Cattle-to-cattle transmission has also lead to a slight increase of bovine 61 
tuberculosis in some developed countries [16, 23]. 62 
Diagnosis using results of inoculation tests involve measurements of skin thickness before 63 
and after tuberculin inoculation using callipers. However, the majority of the documents with 64 
norms and specifications for using tuberculin inoculation tests in eradication programs do not 65 
mention either the technical characteristics of the calliper or the qualification of the staff 66 
involved in the measurements. For  example, the national program for bovine tuberculosis 67 
eradication in Spain [24] only states that the callipers must be in good condition, whereas the 68 
use of callipers which are specific for tuberculin inoculation tests are the sole 69 
recommendation by the Brazilian national program for bovine tuberculosis eradication [5]. 70 
In 2006, a report was a produced for the Defra (UK) and the Welsh Assembly Government 71 
reviewing risks involved in bovine TB tests [19]. The report emphasizes the need for a 72 
methodical and well-defined test procedure in order to guarantee a reliable result for each 73 
animal. In particular, this report revealed that equipment used during TB screening tests, 74 
including callipers for skin thickness measurements, can incur in deviations of the final 75 
results. This probably occurs because this equipment has not been improved for decades. 76 
They suggest that some fresh ideas and professional considerations should be given to help 77 
manufacturers improve the design of equipment used in TB tests, including skin 78 
measurement. Also, although manuals generally specify all the procedures to be followed 79 
during tuberculin inoculation tests, it is not uncommon that personnel involved in the tests do 80 
not follow strictly all the recommendations. This behaviour was associated to various 81 
reasons: the use of difficult language in manuals, many cross-references and a general 82 
failure to consider the level of users when designing and writing the procedures may 83 
jeopardize the understanding of the procedures; rules are broken, because they are felt to 84 
be irrelevant or because people no longer appreciate the dangers, creating a culture that 85 
tolerates violations; lack of local resources; and insufficient procedural guidance or 86 
inexperienced staff. 87 
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In order to obtain valid results from skin thickness measurements for tuberculosis diagnosis, 88 
the measurement instrument (calliper) must be adequate in terms of accuracy and precision 89 
and must be traceable in terms of the international length standard (metre). Traceability 90 
includes the declaration of the uncertainty  at all levels of the traceability chain, including for 91 
the measurement results [25]. According to ISO TAG 4/WG 3 [26], popularly known as GUM 92 
(Guide to the Expression of Uncertainty in Measurement), any measurement result must 93 
declare the reliability associated with the measurement, denominated measurement 94 
uncertainty. 95 
Therefore, improvements in the design of the equipment and conformity with procedure 96 
regulations would not suffice to reduce deviations that occur in the results from tuberculin 97 
inoculation tests. Manuals must be improved to include recommendations related to: the 98 
need for calibration of all the equipment involved, aiming the traceability of the results and 99 
the reduction of errors; the calculation of measurement uncertainty; the consideration of 100 
measurement uncertainty to interpret the results; and the technical specification of the 101 
metrological parameters of the equipment, such as accuracy, precision and resolution.  102 
The present paper aims to evaluate the actual relevance of the application of metrological 103 
criteria for the diagnosis of bovine tuberculosis using Comparative Cervical Tuberculin (CCT) 104 
inoculation tests. The criteria to be investigated are: calibration of the calliper using gauge 105 
blocks; development of a methodology to evaluate the uncertainties associated with both the 106 
calliper calibration and with the measurements carried out during diagnosis; discussion of 107 
the effects of uncertainty on the test diagnosis; and comparison of results obtained using 108 
callipers with resolutions of 0.1 mm and 0.01 mm. 109 
 110 

2. THEORETICAL BACKGROUND 111 

 112 

A simple methodology to control and eradicate bovine tuberculosis involves the intradermal 113 
injection of tuberculin and assessment of the test site. In most cattle infected with 114 
Mycobacterium bovis, this will cause the immune system of the animal to react to the 115 
tuberculin and cause a localised allergic reaction (swelling) of the skin a few days after the 116 
injection.  The presence of induration or swelling, or the measurement of these reactions in 117 
millimetres, is carried out at 72 (±6) hours following the injection. A variety of test methods 118 
have been used over the years, but they are classically described as a delayed-type 119 
hypersensitivity response, relying on the individual response in vivo of the animal to the 120 
injection.  Estimates of the sensitivity of tuberculin tests range from 68 to 95% while 121 
specificity is estimated to be between 96 to 99 % 30. 122 
Although tuberculin was first produced by Robert Koch in 1890, Purified Protein Derivative 123 
(PPD) tuberculin was developed in 1934 by Seibert. PPD tuberculins, despite being 124 
commonly described as "pure", are complex mixtures of proteins, lipids, sugars and nucleic 125 
acids including a great variety of antigens, many of which are common to several 126 
mycobacterial species 30. In Brazil, bovine PPD tuberculin is produced from Mycobacterium 127 
bovis AN5, containing 1 mg of protein per ml (32.500 UI) and avian PPD tuberculin is 128 
produced from Mycobacterium avium D4, containing 0.5 mg of protein per ml (25.000 UI) 5. 129 
The Brazilian National Program for Control and Eradication of Animal Brucellosis and 130 
Tuberculosis (PNCEBT) presents three test methods that involve tuberculin inoculation: i) 131 
the caudal fold test; ii) the single cervical test, and iii) the comparative cervical test 5. 132 
The Caudal Foldal (CF) Test is mainly used in North America, Australia and New Zealand 133 
30. In this test, a 0.1 ml dose of bovine tuberculin PPD is injected intradermally at the centre 134 
of the caudal fold approximately 6 to 10 cm distal to the base of the tail.  135 
Reading of the test is by palpation of the injection site at 72 hours post injection. Cattle are 136 
classified as negative when there is no detectable response at the injection site. Any 137 
increase in the thickness of the caudal fold at the injection site result in an animal being 138 
classified as either "suspect" or "reactor".  139 
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The Single Cervical Tuberculin (SCT) test is carried out in the skin of the neck using bovine 140 
tuberculin. It is the main screening test used in most countries of the European Union [27] 141 
and is also largely used in Brazil [5]. 142 
During SCT tests, intradermal injection of 0.1 ml of approved bovine tuberculin is made at 143 
the junction of the anterior and middle thirds of the neck. The interpretation of reactions is 144 
based on clinical observations and records of the increase in fold of skin thickness at the site 145 
of injection 72 hours later.  146 
Table 1 summarizes reference values used to interpret clinical observations and thickness 147 
measurements and therefore to diagnose the animal [5].  148 
 149 
Table 1. Reference values for the interpretation of results obtained with SCT tests [5]. 150 
 151 

ΔB (mm) Pain sensitivity Consistency Other interpretations Diagnosis 

0 a 1.9 – – – negative 

2.0 a 3.9 Some pain endured delimited inconclusive 

2.0 a 3.9 Intense pain soft exudation, necrosis positive 

≥ 4.0 – – – positive 

 152 
Therefore, the test involves two measurements of the fold of skin thickness at the inoculation 153 

site. The first is the thickness immediately before injection with bovine PPD tuberculin ( 0B ). 154 

The second measurement of the fold of skin thickness is carried out 72 hours after 155 

inoculation ( 72B ). The increase in fold of skin thickness at the injection site ( B ) is 156 

calculated using Eq. (1) as the difference in thickness due to PPD tuberculin inoculation. 157 
 158 

072 BBB                                                (1) 159 

 160 
Cattle are sometimes infected with other types of mycobacteria which may cause the animal 161 
to react to the test. In order to distinguish between animals infected with Mycobacterium 162 
bovis and those infected by other mycobacteria, another test called Comparative Cervical 163 
Tuberculin (CCT) also involves the injection with tuberculin produced from Mycobacterium 164 
avium, an organism that can cause tuberculosis in birds. The size and nature of the 165 
reactions to both tuberculins (avian and bovine) is compared to determine whether the test 166 
result is considered positive, negative or inconclusive.  167 
The CCT test is a confirmatory test to be used in animals that reacted in either CF tests or in 168 
SCT tests. The thickness of the fold of skin is measured using callipers before (Ao and Bo) 169 

and after inoculation with avian ( 72A ) and bovine PPD tuberculin ( 72B ). The increase in fold 170 

of skin thickness due to avian ( A ) and bovine ( B ) tuberculin inoculation is then calculated 171 
as:  172 
 173 

072 AAA                                   (2) 174 

 175 

072 BBB                                                (3) 176 

 177 
A comparison of the values obtained with Eq. (1) and Eq. (2) is then carried out with 178 
reference values (Table 2), in order to obtain a final diagnosis. 179 
 180 
 181 
 182 

UNDER PEER REVIEW



 

Table 2. Reference data for tuberculosis diagnosis using Comparative Cervical Tests 183 
[5]. 184 
 185 

 ΔB - ΔA (mm) Diagnosis 

ΔB < 2.0 – negative 

ΔB < ΔA < 0 negative 

ΔB ≥ ΔA 0.0 to 1.9 negative 

ΔB > ΔA 2.0 to 3.9 inconclusive 

ΔB > ΔA ≥ 4.0 positive 

 186 
The results of diagnosis carried out using SCT and CCT tests depend on the values 187 
obtained with the calliper. Therefore, the scientific rigor of the diagnosis depends on the 188 
quality of the measurements. Some uncertainty will always exist in relation to how correctly 189 
the measurement result represents the value being measured, i.e., the measurement result 190 
is only an approximation or estimative of measurand value. Many factors can influence the 191 
measurement quality, so that when measurement results are presented, some quantitative 192 
indication of the measurement quality must always be provided. This allows users of such 193 
results to evaluate their reliability. Measurement results cannot be compared without some 194 
indication of the measurement quality, either between themselves or with a reference value 195 
[26]. 196 
Measurement uncertainty is defined as a non-negative value that characterizes the 197 
dispersion of the values that can be attributed to the measurand, based on the used 198 
information. The methodology proposed by ISO TAG 4/ WG 3 [26] can be used to evaluate 199 
measurement uncertainty. However, this methodology does not substitute critical thinking, 200 
intellectual honesty and professional ability. The evaluation of measurement uncertainty is 201 
neither a routine task nor a purely mathematical task. It depends on a detailed knowledge 202 
about both the measurand nature and the measurement. The quality and usefulness of the 203 
uncertainty indicated for a result depend on knowledge, critical thinking and honesty of those 204 
involved in finding the uncertainty value. 205 
The evaluation of the measurement uncertainty is particularly useful for decision making 206 
[28]. When maximum or minimum tolerance limits exist for the measurand, dictated, for 207 
example, by some legislation, uncertainty becomes essential for a correct interpretation of 208 
the measurement result. Weckenmann et. al. [29] have graphically represented how 209 
measurement uncertainty can affect the established limits, reducing the conformance zone 210 
(Figure 1). 211 
 212 
 213 
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 214 
 215 
Fig. 1. Consequence of uncertainty on the assessment of measurement results [29]. 216 
 217 
Figure 1 shows that all zones are affected by the expanded uncertainty value associated 218 
with the measurement. The expanded uncertainty is distributed around the limit values, 219 
generating ranges where no analysis can be obtained without risk.  220 
The probability of the measurand value being above the maximum value allowed by 221 
specification (legislation) can be evaluated taking into account the uncertainty measurement. 222 
For that, first the variable is transformed into a z-score: 223 
 224 

 
)y(u

xX
Z

c

i
                                                                                                                             (4) 225 

 226 

Where X is the upper legislation limit, ix  is the measurement result and  yuc  is the value 227 

of the combined standard uncertainty, which is equivalent to a dispersion measurement of a 228 

standard deviation, obtained by kU . 229 

In sequence, the probability of the variable assuming a standard value higher than the 230 
calculated z-score is defined: 231 
 232 

   zXP1zXP                                                                                                                  (5) 233 

 234 
This type of information allows users to evaluate and define an acceptable risk during 235 
decision making. When a user of the measurement decides to approve a sample, he or she 236 
will know the risk of making the wrong decision, i.e., approving a sample that should be 237 
rejected. This concept of risk evaluation, which requires the knowledge of the measurement 238 
uncertainty, can be extended to various situations. Therefore, when uncertainty is not 239 
evaluated and expressed properly, the interpretation of the results can be jeopardized, 240 
leading to errors. 241 
 242 
 243 
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3. MATERIAL AND METHODS 244 

 245 

Comparative Cervical Tuberculin (CCT) tests were carried out in a total of 40 cattle 246 
comprising Nellore breed and mixed-breed dairy animals. First, hair was shaved around the 247 
two injection sites located on the same side of the cervical area of each animal. A fold of skin 248 
at both sites was measured with callipers. Small amounts (0.1 ml) of bovine PPD tuberculin 249 
and of avian PPD tuberculin were injected at room temperature into the shaved skin using 250 
22 G x 3 mm multi-dose syringes at two different sites separated by a distance between 15 251 
and 20 mm.   252 
The PPD tuberculins were used according to the regulations by the Brazilian Ministry for 253 
Agriculture and Livestock (MAPA). They were stored at temperatures between 2ºC and 8ºC, 254 
protected from direct sunlight and, after opening, bottles were completely used within 24 255 
hours.  256 
After 72 hours, after confirming the animal identity, the fold of skin at both sites were 257 
measured with the same calliper and the thickness of the skin fold was recorded. 258 
For the measurements, an analog calliper model SUPRIVET (Figure 2) with a resolution of 259 
0.1 mm and a nominal range of 40 mm was used. 260 
 261 

3.1 Calibration of the Calliper 262 

 263 
Initially, the calliper was calibrated using a box of steel gauge blocks (Figure 2), model 264 
Starrett, with calibration certificate n.1505/11 issued in July 2011 by LAROY S. STARRETT 265 
Metrology Laboratory (LAROYLAB). 266 
 267 
  268 

 269 
 270 
 271 
Fig. 2. Analog calliper used in the measurements. 272 
 273 
Calibration was carried out in a metrology laboratory at a controlled temperature of (20 ± 1) 274 
ºC, according to recommendations by NM-ISO 1 [30]. During calibration, temperature was 275 
monitored using a digital thermo-hygrometer with a resolution of 0.1 ºC and a nominal range 276 
of -20 to 60 ºC. 277 
Calibration in discrete points within the measurement range used gauge blocks with the 278 
following lengths: 5.1, 15.0, 22.8, 25.0, and 35.3 mm. The zero point was also calibrated. 279 
Five measurement cycles allowed the estimation of the arithmetic mean and of the standard 280 
deviation for each point, in order to obtain the error curve for the calliper.  281 
 282 
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3.2 Evaluation of the Uncertainty Associated with the Calliper Calibration 283 

 284 
Uncertainty was evaluated according to recommendations from ISO TAG 4 WG/3 [26]. 285 
Initially, the variables that could affect the calibration result were identified: i) variability of the 286 

value indicated by the calliper at each point ))L(S( ; ii) calliper resolution )R( ; iii) uncertainty 287 

associated with the gauge block calibration )UC( GB ; iv) distancing of the temperature in 288 

relation to 20 °C ( T ); and v) temperature variation during the measurements ( T ). 289 

A mathematical model was proposed to assess the uncertainty associated with each 290 
evaluated point, which results from the algebraic sum of the corrections associated with the 291 
identified variables: 292 
 293 

TLTLUCR)L(sUC
i0i0iGBiCi
                                                         (6) 294 

Where: 295 

iCUC  – Uncertainty of the value obtained with the calliper at the point i during calibration; 296 

i)L(s  – Correction associated with the variability of the value indicated by the calliper at the 297 

point i; 298 

R  – Correction associated with the calliper resolution; 299 

iBPIC  – Correction associated with the gauge block calibration; 300 

T  – Distance between the calibration temperature and the reference temperature of 20 °C; 301 

T  – Temperature variation during calibration; 302 

i0L  - Mean indicated value at the point i; 303 

  – Differential expansion between the materials of the calliper and of the gauge blocks.  304 

 305 

3.3 Evaluation Associated With the Measurement of the Fold of Skin 306 

 307 
The mathematical model for the estimation of the uncertainty associated with the 308 
measurement of the fold of skin is given by: 309 
 310 

ABM                                               (7) 311 
 312 

Where M  represents the variation in the fold of skin thickness between the two inoculation 313 

tests; A  is the thickness variation before and after inoculation with avian PPD tuberculin; 314 

and B  is the thickness variation before and after inoculation with bovine PPD tuberculin.  315 
The variation of the measurement of the fold of skin thickness due to bovine PPD inoculation 316 
is given by Eq. (3), as the difference between the measurement of the fold of skin thickness 317 

72 hours after inoculation )B( 72  and the measurement of the fold of skin thickness before 318 

inoculation )B( 0 . Similarly, the variation of the measurement of the fold of skin thickness 319 

due to avian PPD inoculation is given by Eq. (2) as the difference between the measurement 320 

of the fold of skin thickness 72 hours after inoculation )A( 72  and the measurement of the 321 

fold of skin thickness before inoculation )A( 0 .
 

322 

In this case, the uncertainty associated with the variation of the fold of skin thickness 323 
between the tests with bovine and avian inoculation depends on the uncertainties associated 324 

with the measurements of 0A , 72A , 0B  and 72B . Since those variables were obtained 325 

using the same measurement system, they can be considered correlated variables. 326 
Therefore, the mathematical model to evaluate uncertainty is given by Eq. (8). 327 
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)AA()BB(ABM 072072                                           (8) 329 

 330 

The variables that can contribute to the uncertainty during the measurements of 0A , 72A , 331 

0B , and 72B  were identified as: i) repeatability of the calliper )Rp( , ii) resolution of the 332 

calliper )R( , and (iii) uncertainty associated with the calliper calibration )UC( C . The 333 

variables that contribute to the uncertainty to determine A0 are shown in Eq. (9), where 334 

Rp  is the correction associated with the calliper repeatability, R  represents the 335 

correction due to the calliper resolution, and cUC  is the correction due to the uncertainty 336 

associated with the calliper calibration. 337 
 338 

C0 UCRRp)A(U                                                                    (9)  339 

 340 
Most measurement processes involve various readings of the same measurand under 341 
similar conditions in order to allow statistical treatment of the data, detection of possible 342 
gross errors, and evaluation of the uncertainty measurement. However, in the case of the 343 
tuberculin inoculation tests, repetition of the readings is almost impossible, since the 344 
inoculated site generally becomes sore.   345 
In this case, to calculate the standard uncertainty associated with the variability of the 346 
readings, 30 measurements were carried out under repeatability conditions. So, uncertainty 347 
can be evaluated with a Type A evaluation using a normal distribution and n-1 degrees of 348 
freedom, as shown in Eq. (10). 349 
 350 

n

Rp
)Rp(u                                                  (10) 351 

 352 
Where n is the number of readings. 353 
In relation to the calliper resolution, a Type B evaluation can be applied using a rectangular 354 
distribution and an infinite number of degrees of freedom, Eq. (11). 355 
 356 

3

solutionRe
)R(u 

  

                                               (11) 357 

 358 
The standard uncertainty associated with the calliper calibration can be obtained by dividing 359 

the extended uncertainty (U)
 
declared in the calibration certificate by the coverage factor 360 

(k,), Eq. (12). 361 
 362 

k

)nCalibratio(U
)IC(u                                                          (12)  363 

 364 
In this case, a Type B evaluation is applied using a normal probability distribution. The 365 
number of degrees of freedom can be determined using a t-student distribution table for the 366 
coverage factor (k) and the coverage probability, declared in the calibration certificate.  367 
After the calculation of all standard uncertainties, the combined standard uncertainty (uc) can 368 
be estimated. For that, the law of propagation of uncertainty is applied to the initial 369 
mathematical model, as shown in Eq. (13). In this equation, all the partial derivatives 370 
(sensibility coefficients) assume unitary values. 371 
 372 
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 374 
To calculate the expanded uncertainty U, the combined standard uncertainty was multiplied 375 
by a coverage factor k, obtained from the t-student table according to the measurement 376 

effective degree of freedom 
efv , in order to increase the coverage probability to 95 %, as 377 

shown in Eq. (14). The measurement effective degree of freedom 
efv is obtained from the 378 

Welch-Satterwaite expression, Eq. (15), where ci is the sensibility coefficient of the input 379 
variable i. 380 
 381 

cu.kU                                                     (14) 382 

 383 
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 385 

4. RESULTS AND DISCUSSION 386 

 387 

4.1 Calibration of the Calliper 388 

 389 
Table 3 shows the values obtained during calibration of the calliper, where VC represents 390 

the length of the gauge block; L1 to L5 represent the readings and s  is the experimental 391 

standard deviation. The table also presents arithmetic mean and tendency (error). 392 

 393 

Table 3. Results of the calliper calibration (mm) 394 
 395 

VC L 1 L 2 L 3 L 4 L 5 Mean s Tendency 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 0 

5.1 5.3 5.3 5.3 5.3 5.3 5.3 0.02 0.2 

15.0 15.2 15.2 15.2 15.2 15.3 15.2 0.02 0.2 

22.8 22.9 22.9 23.0 23.0 23.0 22.9 0.03 0.1 

35.3 35.5 35.4 35.4 35.4 35.4 35.4 0.02 0.1 

 396 
The tendency values are positive within the whole calliper nominal range, reaching 0.2 mm 397 
for the points 5.1 mm and 15.0 mm. Therefore, the measurement instrument tends to 398 
provide values higher than the measurand. 399 
The uncertainty associated with the calliper calibration was then evaluated. From the 400 
calibration certificate for the gauge blocks, the expanded uncertainty associated with their 401 
calibration is 0.09 µm for k = 2 and a coverage probability of 95 %. The values of expanded 402 
uncertainty for each point evaluated during calibration are shown in Table 4, which 403 
evidences identical values of 0.2 mm for k = 2 and a coverage probability of 95 %, for all the 404 
points evaluated during calibration. 405 
 406 
 407 
 408 
 409 
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Table 4. Combined and expanded standard uncertainty for the points evaluated during 410 
calibration.  411 
 412 

 
0 mm 5.1 mm 15.0 mm 22.8 mm 25.0 mm 35.3 mm 

cu (mm) 0.1 0.1 0.1 0.1 0.1 0.1 

efv
 

125 124 125 125 125 124 

k  2 2 2 2 2 2 

U (mm) 0.2 0.2 0.2 0.2 0.2 0.2 

 413 

 414 

4.2 Fold of Skin Thickness Measurements 415 

 416 
The measurement results of the fold of skin thickness after inoculation tests are summarized 417 

in Table 5, where: 0A  is the fold of skin thickness before inoculation with avian PPD; 72A   418 

is the fold of skin thickness 72 h after inoculation with avian PPD; A  is the thickness 419 

difference before and after inoculation with avian PPD; 0B  is the fold of skin thickness 420 

before inoculation with bovine PPD; 72B  is the fold of skin thickness 72 h after inoculation 421 

with bovine PPD; and B
 
is the thickness difference before and after inoculation with 422 

bovine PPD. In the last column, the difference between the results with each inoculation is 423 
presented. 424 
 425 
Table 5. Measurements of the fold of skin thickness for inoculation tests using bovine 426 
and avian PPD Tuberculin. 427 
 428 

Animal A0 A72 A72-A0=∆A B0 B72 B72-B0=∆B ∆B-∆A 

1 6.1 9.9 3.8 4.6 8.5 3.9 0.1 

2 7.6 11.5 3.9 8.9 11.6 2.7 -1.2 

3 6.4 7.0 0.6 8.2 8.6 0.4 -0.2 

4 6.5 8.0 1.5 8.0 8.7 0.7 -0.8 

5 5.3 6.6 1.3 5.3 5.9 0.6 -0.7 

6 6.2 6.4 0.2 6.2 6.4 0.2 0.0 

7 9.5 9.1 -0.4 9.9 10.0 0.1 0.5 

8 6.4 6.5 0.1 6.5 6.8 0.3 0.2 

9 5.0 5.5 0.5 5.2 5.7 0.5 0.0 

10 7.6 7.6 0.0 8.7 9.8 1.1 1.1 

11 6.7 7.2 0.5 7.7 9.7 2.0 1.5 

12 7.4 7.5 0.1 8.3 8.3 0.0 -0.1 

13 6.3 6.4 0.1 8.9 9.0 0.1 0.0 

14 10.0 10.0 0.0 9.0 9.5 0.5 0.5 

15 6.4 10.2 3.8 7.8 10.0 2.2 -1.6 

16 7.6 9.0 1.4 6.8 7.8 1.0 -0.4 

17 8.0 10.6 2.6 7.3 8.6 1.3 -1.3 

18 8.5 10.1 1.6 8.7 9.5 0.8 -0.8 

19 8.7 9.0 0.3 8.3 10.5 2.2 1.9 

20 8.2 12.3 4.1 8.2 9.9 1.7 -2.4 

21 7.3 8.5 1.2 7.1 8.0 0.9 -0.3 
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22 7.6 10.6 3.0 6.1 7.5 1.4 -1.6 

23 8.1 9.5 1.4 6.4 7.5 1.1 -0.3 

24 7.6 8.2 0.6 7.6 8.0 0.4 -0.2 

25 7.4 7.5 0.1 7.0 7.4 0.4 0.3 

26 8.6 9.5 0.9 7.3 9.4 2.1 1.2 

27 7.6 7.6 0.0 7.3 7.7 0.4 0.4 

28 7.6 7.8 0.2 7.1 8.2 1.1 0.9 

29 6.0 8.5 2.5 6.5 8.5 2.0 -0.5 

30 7.3 7.6 0.3 7.0 8.0 1.0 0.7 

31 7.1 10.0 2.9 7.1 8.5 1.4 -1.5 

32 7.0 7.5 0.5 7.9 8.7 0.8 0.3 

33 7.1 7.9 0.8 6.7 15.5 8.8 8.0 

34 8.5 9.6 1.1 7.8 10.6 2.8 1.7 

35 9.7 9.4 -0.3 7.3 8.7 1.4 1.7 

36 7.2 7.6 0.4 7.6 8.1 0.5 0.1 

37 7.0 7.2 0.2 6.5 7.4 0.9 0.7 

38 8.1 8.8 0.7 8.5 10.2 1.7 1.0 

39 8.0 8.5 0.5 8.2 10.0 1.8 1.3 

40 7.6 8.2 0.6 6.3 7.4 1.1 0.5 

 429 
Comparing the values in Table 5, which do not consider measurement uncertainty, with the 430 
reference values shown in Table 2, the CCT tests carried out for the 40 cattle identified 39 431 

animals with fold of skin thickness variation  AB 
 
below 2 mm, indicating negative 432 

diagnosis. One animal (animal 33) showed positive diagnosis, which requires measurements 433 
to be taken according to regulations [5]. 434 
 435 

4.3 Measurement Uncertainty 436 

 437 
TableTable 6 exemplifies the calculation of measurement uncertainty (coverage probability = 438 

95%) associated with 0A  for Animal 1. Similar procedures can be extended for the 439 

calculation of measurement uncertainties associated with 72A , 0B  and 72B . 440 

 441 
Table 6. Parameters for the calculation of measurement uncertainty associated with 442 

0A  for a coverage probability of 95%. 443 

 444 

Measurand 
Xi 

Estimation 
xi 

Probability 
distribution 

Sensibility 
coefficient 

Degrees of 
freedom 

Standard 
Uncertainty 

∆Rp 0.058 mm Normal 1 29 0.0106 mm 

∆R 0.1 mm Rectangular 1  0.0577 mm 

∆IC 0.19 mm Normal 1 100 0.0850 mm 

Combined standard uncertainty (uc), in mm 0.1033 
Effective degree of freedom (vef) 218 
Coverage factor (95 %) k = 2.00 

Expanded uncertainty (U), in mm 0.2 

 445 
Table 6 shows that for this animal, the expanded uncertainty for k=2 and coverage 446 

probability of 95 % associated with 0A
 

was 0.2 mm. This uncertainty value can be 447 

extended to the values of 0A , 72A , 0B  and 72B
 
for all  the animals, since the variables 448 
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that influence each  value are the same and assume the same values. If a larger value of 449 
coverage probability is desired, for example, 99%, the coverage factor is 3.36 and therefore 450 
the extended uncertainty becomes 0.3 mm. 451 
The uncertainty associated with the calliper calibration is the variable with the strongest 452 
influence on the combined standard uncertainty and therefore on the expanded uncertainty. 453 
Table 7 and Table 8 present as exemplified, for Animal 1, the uncertainties associated with 454 

the variation in the fold of skin thickness due to both avian PPD inoculation A  and to 455 

bovine PPD inoculation B  were calculated.  456 
 457 
Table 7. Uncertainty associated with the variation in the fold of skin thickness due to 458 
avian PPD inoculation for a coverage probability of 95 %. 459 
 460 

Measurand 
Xi 

Estimation 
xi 

Probability 
distribution 

Sensibility 
coefficient 

Degrees 
of 

freedom 

Standard 
uncertainty 

A0 9.6 mm Normal 1 218 0.1033 mm 
A72 12.2 mm Normal 1 218 0.1033 mm 

Combined standard uncertainty (uc), in mm 0.1461 
Effective degree of freedom (vef) 436 
Coverage factor (95 %) k = 2.00 
Expanded uncertainty (U), in mm 0.3 

 461 
Table 8. Uncertainty associated with the variation in the fold of skin thickness due to 462 
bovine PPD inoculation for a coverage probability of 95 %. 463 
 464 

Measurand 
Xi 

Estimation 
xi 

Probability 
distribution 

Sensibility 
coefficient 

Degrees  
of freedom 

Standard 
uncertainty 

B0 8.6 mm Normal 1 218 0.1033 mm 
B72 10.1 mm Normal 1 218 0.1033 mm 

Combined standard uncertainty (uc), in mm 0.1461 
Effective degree of freedom (vef) 436 
Coverage factor (95 %) k = 2.00 
Expanded uncertainty (U), in mm 0.3 

 465 
Finally, the uncertainty associated with the difference in fold of skin thickness variation 466 
between the two inoculations (ΔB - ΔA) was calculated for a coverage probability of 95 %, 467 
which is exemplified in Table 9 for animal 1.  468 

For A  and B  the expanded uncertainty was 0.3 mm, whereas the difference )AB(   469 

presented an uncertainty of 0.4 mm, for k = 2 and coverage probability of 95 %. These 470 
values can be extended to all tested animals. 471 
 472 
Table 9. Uncertainty associated with the difference (ΔB - ΔA). 473 
 474 

Measurand 
Xi 

Estimation 
xi 

Probability 
distribution 

Sensibility 
coefficient 

Degrees  of 
freedom 

Standard 
uncertainty 

∆A 2.6 mm Normal 1 436 0.1461 mm 
∆B 1.5 mm Normal 1 436 0.1461 mm 

Combined standard uncertainty (uc), in mm 0.2066 
Effective degree of freedom (vef) 436 
Coverage factor (95 %) k = 2.00 
Expanded uncertainty (U), in mm 0.4 
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 475 
The values from Table 5 can be compared again with the reference values in Table 2, but 476 
now taking into account measurement uncertainty. Animals 34 and 35 presented values of 477 

)AB(   = 1.7 mm and for animal 19 this value was 1.9 mm. Without taking measurement 478 

uncertainty into account, these animals had been diagnosed as negatives. Considering the 479 
expanded uncertainty of 0.4 for k = 2 and coverage probability of 95 %, they fall into the 480 
uncertainty zone. Using Eq. 4, it is possible to calculate that deciding for a negative 481 
diagnosis for animals 34 and45 implies in a risk of 7% of taking the wrong decision, when in 482 
fact the result is inconclusive. For animal 19, the chance of surpassing the maximum limit 483 
allowed for a negative diagnosis is significantly higher, around 31 %. 484 

A value of expanded uncertainty associated with )AB(   of 0.4 mm can be considered 485 

excessively high, since it reduces the maximum limit allowed for a negative diagnosis in 486 
around 20 %. Therefore, it is recommended the use of a calliper with a better resolution in 487 
order to reduce the uncertainty associated with the measurements.  488 
As a comparative example, uncertainty values were obtained for a digital calliper with a 489 
resolution of 0.01 mm and a nominal range of 30 mm, model Agrozootec, with calibration 490 
certificate n.1300/11issued in February 2011 by QUALIMETRO metrology laboratory. Table 491 
10 compares the results obtained using the methodology proposed in Eqs. (9-15), where 492 
Calliper A is the analog calliper, model SUPRIVET, with a resolution of 0.1 mm and Calliper 493 
B is the digital calliper, model Agrozootec, with a resolution of 0.01 mm. 494 
 495 
Table 10. Comparison of the uncertainty for both callipers. 496 
 497 

 Calliper A (mm) Calliper B (mm) 

u(∆Rp) 0.0106 0.0015 
u(∆R) 0.0577 0.0029 

u(∆IC) 0.0850 0.0800 

uc(A0) 0.2066 0.0801 

uc(A72) 0.2066 0.0801 

uc(B0) 0.2066 0.0801 

uc(B72) 0.2066 0.0801 

)A(uc   0.2922 0.1133 

)B(uc   0.2922 0.1133 

U( AB  ) 0.4132 0.3205 

 498 
The use of a calliper with better resolution reduced the expanded uncertainty associated with 499 
the result from 0.41 mm (Calliper A) to 0.32 mm (Calliper B), which represents a reduction of 500 
22%. The standard uncertainty associated with the resolution reduced from 0.0577 mm 501 
(Calliper A) to 0.019 mm (Calliper B). Repeatability varied from 0.0106 mm (Calliper A) to 502 
0.0015 mm (Calliper B). Figure 3 summarizes the effect of expanded uncertainty on the 503 
values established for the final diagnosis for both callipers. 504 
 505 
 506 
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 507 
 508 
Fig. 3. Effect of the uncertainty on limit values for diagnosis; (a) Calliper A; (b) Calliper 509 
B. 510 
  511 
Figure 3 evidences that a calliper with better resolution (0.01 mm) must have a better 512 
precision and therefore the uncertainty zone for diagnosis is reduced. Despite the availability 513 
in the market of callipers of a variety of models and resolutions generally varying from 0.1 514 
mm to 0.01 mm, this work recommends the use of calibrated and traceable callipers with a 515 
resolution of 0.01 mm for tuberculin inoculation tests.  516 
 517 

5. CONCLUSION 518 

 519 

This work investigated metrological aspects associated with the diagnosis of bovine 520 
tuberculosis using tuberculin inoculation tests. 521 
A methodology was applied to evaluate uncertainty of the measurements carried out during 522 
diagnosis in order to increase scientific rigor and reliability of the measurements, and 523 
therefore the quality of diagnosis obtained from tuberculin inoculation tests.  524 
It was observed that when measurement uncertainty is used to interpret the results, the final 525 
diagnosis can change, so that animals that could be diagnosed as negatives should in fact 526 
have an inconclusive diagnosis. 527 
The expanded uncertainty associated with the final result was 0.4 for an analog calliper with 528 
a resolution of 0.1 mm, but it was reduced to 0.32 mm (22 %) when a digital calliper with a 529 
resolution of 0.01 mm was used. 530 
 531 

 533 
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 644 
 645 
 646 
 647 

DEFINITIONS, ACRONYMS, ABBREVIATIONS 648 

 649 
CCT: Comparative Cervical Tuberculin 650 
CF: Caudal Foldal Test 651 
GUM: Guide to the Expression of Uncertainty in Measurement 652 
MAPA: Brazilian Ministry for Agriculture and Livestock  653 
PNCEBT: Brazilian National Program for Control and Eradication of Animal Brucellosis and 654 
Tuberculosis 655 
PPD: Purified Protein Derivative 656 
SCT: Single Cervical Tuberculin 657 
TB: Tuberculosis 658 
ΔB: Increase in fold of skin thickness 659 
Ao: Thickness of the fold of skin measured before inoculation with avian 660 

72A : Thickness of the fold of skin measured after inoculation with avian
 

661 

0B : Thickness before injection with bovine PPD tuberculin 662 

72B : Skin thickness 72 hours after inoculation 663 

ci: Sensibility coefficient of the input variable i 664 
k: Coverage factor  665 
L: Calliper indication 666 

i0L : Mean indicated value at the point i 667 

M : Variation in the fold of skin thickness between the two inoculation tests  668 
n: Number of readings 669 
P: Probability of the variable assuming a standard value higher than the calculated z-score  670 
R: Calliper resolution 671 
RP: Repeatability of the calliper  672 

)L(S : Variability of the value indicated by the calliper at each point 673 

u: Standard uncertainty  674 
uc: Combined standard uncertainty  675 
U: Expanded uncertainty 676 

GBUC : Uncertainty associated with the gauge block calibration
 

677 

CUC : Uncertainty associated with the calliper calibration
 

678 

iCUC : Uncertainty of the value obtained with the calliper at the point i during calibration 679 

VC: Conventional value 680 
X: Upper legislation limit 681 
z: Score 682 
s: Standard deviation 683 
Xi: Measurand 684 
xi: Estimation of measurand 685 

T : Temperature variation during calibration 686 

 : Differential expansion between the materials of the calliper and of the gauge blocks.  687 

A : Thickness variation before and after inoculation with avian PPD tuberculin 688 

B : Thickness variation before and after inoculation with bovine PPD tuberculin  689 

i)L(s : Correction associated with the variability of the value indicated by the calliper at the 690 

point i 691 
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R : Correction associated with the calliper resolution 692 

iBPIC : Correction associated with the gauge block calibration 693 

T  : Distance between the calibration temperature and the reference temperature of 20 °C 694 

Rp : Correction associated with the calliper repeatability 695 

cUC : Correction due to the uncertainty associated with the calliper calibration 696 

efv : Effective degree of freedom 697 

 698 
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