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INTRODUCTION

The subject of this quandary is the analysis of measurement systems. Mea-
surement systems are everywhere—we find them at home (bathroom scales,
thermostats), in our cars (speedometers, check engine lights), in hospitals (heart
rate monitors, blood pressure monitors), during sports (stopwatches), and
around our wrists (watches). Measurement system analysis (MSA) is the part of
applied statistics that attempts to describe, categorize, and evaluate measure-
ment error, improve the usefulness, accuracy, and precision of measurements,
and propose methods for developing new and better measurement instruments
(Allen and Yen 1979).

MSA is an important field of research in industrial statistics, a branch of
statistics that is often applied in industry. For example, for the automotive
industry, the Automotive Industry Action Group (AIAG) prescribes how
measurement error should be quantified, and dictates upper bounds (AIAG
2003). This is essential: for example, we dislike break systems that fail to suf-
ficiently decelerate a car, because there was an error in quality measurement
before it was built into the car. Measurement errors can thus endanger one’s
wellbeing. We believe that measurements in medicine are of comparable
importance. It is interesting to find out how well methods used in industry
perform in a medical context. For that reason, we apply a technique that is
popular in industry, to a measurement device that is very relevant in
medicine.

In particular, we will report on a study of infrared ear thermometers (ETs). In
contrast to the introduction of new drugs, which is bound to strict regulations
and procedures, most “over the counter” diagnostic tests are not scrutinized in
a similar fashion before they become available for consumers.

ETs reflect body temperature by measuring radiation from the tympanic
membrane. The average body temperature for a healthy person is 36:8�C,
but values between 36:0�C and 37:6�C are considered normal (Mackowiak,
Wasserman, and Levine 1992). Variations within this normal range result
from differences in gender, menstrual cycle, race, time of the day, and age, but
temperatures outside this range may well be due to a medical condition
(Mackowiak, Wasserman, and Levine 1992; Sund-Levander, Forsberg, and
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Wahren 2002). There are different ways to measure
body temperature. Reliable and accurate measurement
of rectal temperature is the gold standard of the
body’s core temperature. Therefore, a rectal thermom-
eter (RT) is frequently used to measure body tempera-
ture (Craig et al. 2002; Smitz, Van de Winckel, and
Smitz 2003). ETs are more convenient for obvious rea-
sons, although they are generally believed to be less
reliable due to influences from ambient temperature,
conditions of the ear that is measured (e.g., local
inflammation), training of the nurse handling the
thermometer, and local hyperemia (Smitz, Van de
Winckel, and Smitz 2003; Amoateng-Adjepong, Del
Mundo, and Manthous 1999; Doyle, Zehner, and
Terndrup 1992; Heusch and McCarthy 2005; Korshid
et al. 2004; Petersen and Hauge 1997; Stavem, Sax-
holm, and Smith-Erichsen 1997; Weiss Pue, and
Smith 1991).

The technique used here is an expanded gage repeat-
ability and reproducibility (R&R) study (Montgomery
and Runger 1993a, 1993b). This study is based on the
fundamentals of experimental design (Box, Hunter,
and Hunter 1978) and enables subdividing measure-
ment error into various sources. Gage R&R studies are
common practice in industry but can be applied to
any numerical measurement system. For categorical
measurements, one can, for example, consider kappa
(k ) statistics (Cohen 1960; Erdmann, De Mast, and
Warrens 2015) or sensitivity/specificity probabilities
(Pepe 2003).

In current medical literature, measurement error is
often quantified using correlation, regression, confi-
dence intervals, Blant-Altman plots, and t-tests
(Craig et al. 2002; Smitz, Van de Winckel, and
Smitz 2003; Korshid et al. 2004; Stavem, Saxholm,
and Smith-Erichsen 1997). A gage R&R study is
more complete in the sense that it provides a statis-
tical model for measurement error. This study has
been performed in limited form in a previous Qual-
ity Quandary by Erdmann, Does, and Bisgaard
(2010). We revisit this subject because in this study
(i) we have applied a gold standard (the RT measure-
ments), and (ii) we have used an experimental design
that allows us to estimate the effect of various fac-
tors on measurement error.

We start with a definition and decomposition of
measurement error, and then detail the experimental
design and statistical model. Then we interpret the
results and close with a discussion.

MEASUREMENT ERROR

Measurement error is defined as the discrepancy
between the (hypothesized) reference value of the prop-
erty of the subject and the measured value. The refer-
ence value is defined as the mean value that would be
assigned to the subject’s property by a standard mea-
surement system (i.e., taken by general consent as a
basis for comparison, set up, and established by an
authority). This is a conceptual value. In this section,
we detail the components (and subcomponents) of
measurement error.

Measurement error is dissected first into accuracy
and precision. Other categorizations are documented
as well. For example, psychometrics uses a categoriza-
tion into validity and reliability (Kerlinger and Lee
2000).

� Accuracy: The degree to which the measurement sys-
tem is free of bias. Bias is the difference between the
overall average of repetitive measurements of the
property of the subject and the reference value of
the subject’s property. Systematic measurement error
and location variation are equivalent concepts.

� Precision: The extent to which one obtains similar
results if one measures the same subject multiple
times. It is further split up in two components.

B If the repeated measurements are conducted
under identical circumstances (involving the
same subject, the same measurement instru-
ment, the same person, the same location,
one directly after the other), the observed var-
iation represents the best attainable precision
with this measurement system. This variation
is referred to as repeatability.

B If a subset of the measurement is conducted
under different circumstances, the observed
variation will increase. The additional varia-
tion due to varying circumstances is called
reproducibility. A valid statement of reproduc-
ibility requires specification of the conditions
changed, e.g., other raters handling the mea-
surement system, alternative measuring
equipment used, changed environmental
conditions.

Random measurement error and width variation are
equivalent concepts.

Accuracy is inversely related to bias, in the sense that
low bias means high accuracy. Bias is often quantified

2 T. S. Akkerhuis et al.
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as a mean value (m). Equivalently, high precision means
that repeatability and reproducibility are high, which
happens when variation in measurements of the same
subject is low. Precision is often quantified in terms of
variance (s2), but strictly speaking, precision is
inversely related to variance.

CASE STUDY: EXPERIMENTAL DESIGN
AND STATISTICAL MODELING

This gage R&R study establishes the measurement
error of ETs. Both reproducibility and repeatability
will be quantified. To express accuracy, RT measure-
ments are performed to obtain reference values. This
section discusses the experiment and statistical model.

The first step in a gage R&R study is to plan an
experiment. Experimental data has many advantages
over observational data. The fundamental difference is
the degree of control (Box, Hunter, and Hunter 1978).
We start with making an inventory of the possible fac-
tors (we use the word “factor” instead of “circum-
stance” as the former is the common term used in the
context of design of experiments) that may influence
measurement. Some factors are of interest, and are
manipulated in the experiment according to an experi-
mental design. Manipulation allows for the estimation
of their effects. Other factors are not of interest, and it
is made sure that they remain constant during the
experiment, as not to confound effect estimates. Then
there are factors that are either not in the inventory, or
not controllable. These are averaged out by randomiza-
tion, i.e., performing the measurements in random
order.

After thorough brainstorming sessions, the follow-
ing factors were chosen to be manipulated in the
experiment:

� Subject ( p): 10 healthy volunteers participated in the
experiment. These were not actual patients, but
employees of the hospital. As not all 10 volunteers
have the same body temperature, it is important to
take subject into account as a factor.

� Nurse ( j): Ear temperatures have been measured by 5
different nurses (4 registered nurses, 1 student nurse).
This is relevant because the technique that is used to
insert the ET in an ear can influence outcomes.

� Thermometer (k): Two different ETs are used.
Although both are validated, it is interesting to see
whether they influence measurement error.

� Ear (l): There may be a difference between tempera-
ture measurements in the left ear and the right ear.
As opposed to the previous three factors, ear is taken
as a fixed effect.

In order to be able to calculate repeatability, we
perform 2 measurements for each combination of set-
tings for these factors, as is convention in gage R&R
studies. A factorial design is chosen, requiring
10£ 5£ 2£ 2£ 2 D 400 measurements. Addition-
ally, RT measurements are performed to serve as refer-
ence values. Although RT measurement is assumed
unbiased, it is not perfectly precise. For that reason,
two RT measurements are performed per subject, and
the average is used as reference value. The total number
of measurements is 420. The complete dataset can be
found in the Appendix.

The 10 subjects were gathered in a room with 10
chairs in a circle. The nurses walked around the inside
of the circle to collect measurements. The subjects per-
formed RT measurements themselves in a room within
3 meters walking distance, directly before and after the
measurements with the ETs. The following factors were
kept constant:

� Ambient temperature. The room was climate con-
trolled so ear temperature measurements cannot be
influenced by changes in climate.

� Body temperature. As subjects could remain seated,
changes in body temperature over the course of the
experiment were minimal. Subjects could perform
rectal measurements very close to their chair, as not
to influence body temperature.

As body temperature has been shown to fluctuate over
time, it was essential to minimize the duration of the
experiment. Therefore, the experimenters have chosen
not to randomize the order of measurements. It is
believed that the effect of other variables is negligible.
Temperatures were measured and denoted with one
decimal place.

Using the data, we can estimate accuracy and preci-
sion. For accuracy, we calculate an average ear tempera-
ture and an average rectal temperature for each subject,
and compare them using a paired-samples t-test.

To establish precision, we start out with a linear
model for the m th measurement of subject p by nurse j

Precision and Accuracy of Ear Thermometry 3
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using ET k in ear l, Tpjklm:

Tpjklm D mCbpC bj Cbk Cb‘Cbpj C bpk
Cbp‘Cbjk Cbj‘Cbk‘C epjk‘m;

[1]

for p D 1; . . . ; 10, j D 1; . . . ; 5, k D 1; 2, and
l D 1; 2. m is the grand average, the b’s are main and
interaction effects, and � is error. Equation [1] can be
estimated using least squares, under the restriction that
the average effects are 0. For the subject effect, for
example, this restriction is implemented by setting
bp5, the effect of subject 5, equal to ¡ .bp1 C
bp2 Cbp3Cbp4/. The implementation of the restriction
for other effects is equivalent. Writing the model in
terms of the associated variances, we obtain the gage
R&R model:

s2
totalD s2

subject C s2
measurementD s2

subject C s2
reproducibility C s2

repeatability

D [s2
p]C s2

j C s2
k C s2

‘ C s2
pj C s2

pk C s2
p‘ C s2

jk C s2
j‘C s2

k‘

h i

C [s2
� ]:

[2]

Equation [2] shows how variation in all measure-
ment outcomes, s2

total, is decomposed. s2
p is subject var-

iation, also called part-to-part spread: variation due to
different subjects. It is not part of measurement error.
s2
j ; s

2
k ; s

2
l represent random measurement error due to

differences in nurses, ETs, and ears, respectively. The
interactions are included as well, as is customary in
analysis of experiments in industry, because some sour-
ces of variation may be influenced by other factors.
The main and interaction effects together represent
reproducibility. s2

e is repeatability: the measurement
error that remains if the factors are held constant.

RESULTS

In Table 1, descriptive statistics of the measurements
are given per subject. Note that, per subject,
5£ 2£ 2£ 2C 2 D 42 measurements are performed.

All subjects seem healthy based on the average tem-
peratures (being between 36:0�C and 37:6�C). Look-
ing, however, at the extreme values, we see that subjects
1, 2, 7, and 9 were at least once measured to have a
temperature below 36:0�C, indicative of a potential
medical condition. This illustrates how measurement
error can influence a diagnosis.

Interestingly, the distribution of ear measurements is
negatively skewed for nine out of ten subjects. This can
be explained as follows. If the ET is not inserted in the
outer ear canal deep enough, which may be due to
insertion under a wrong angle, measurements will be
lower due to the ambient temperature. In contrast,
there is a limit to how far a thermometer can be
inserted, and thus there is an upper boundary to the
measurement outcomes.

Equation [1] was estimated: see Table 2, which tab-
ulates the main effect estimates. For simplicity, interac-
tion effect estimates have not been included in the
table.

TABLE 1 Descriptive Statistics of Temperature Measurements

1 2 3 4 5 6 7 8 9 10

ET Mean 35:9 36:3 37:1 36:7 36:4 36:9 36:4 37:2 36:4 37:0

St. Dev. 0:26 0:19 0:24 0:25 0:15 0:24 0:20 0:22 0:29 0:22

Skewness ¡0:20 ¡0:03 ¡0:07 ¡0:54 ¡0:65 0:29 ¡1:01 ¡0:63 ¡0:36 ¡0:79

Min 35:3 35:8 36:7 36:1 36:0 36:5 35:7 36:7 35:8 36:4

Max 36:3 36:8 37:5 37:1 36:6 37:5 36:7 37:6 37:0 37:3

RT Mean 36:5 36:9 37:5 36:9 37:2 37:1 36:9 37:7 37:1 37:4

TABLE 2 Main Effects Estimated for Eq. [1]. Interaction Effects

Omitted. *Means Significant at 5 Percent Level

Baseline:

m D 36.3�C Subject Nurse Side Thermometer

1 ¡0:78� ¡0.10� 0.01 ¡0.04�

2 ¡0:32� 0.04� ¡0.01 0.04�

3 0:49� 0.03

4 0:06� ¡0.14�

5 ¡0:24� 0.17�

6 0:31�

7 ¡0:26�

8 0:60�

9 ¡0:19�

10 0:34�

4 T. S. Akkerhuis et al.
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Effects with p> 0:05 have been removed, but as the
experimental design is orthogonal due to its factorial
structure, the estimates in Table 2 remain unchanged.
The variance components of the remaining factors are
given in Table 3.

Table 3 shows the total variation in the measure-
ments by the ETs, decomposed into repeatability,
reproducibility, and subject variation. The dominant
source of variation for the ear measurements is the sub-
ject variation (74:7%), and the measurement spread is
roughly equally distributed over repeatability (12:0%)
and reproducibility (13:4%). The total measurement
spread is §F¡ 1 0:995ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0611
p D § 0:637�C (99%

confidence).
The major component of reproducibility is the nurse

effect (0:0130). This suggests that nurses have different
ways of measuring. The effect of which ET is used is
significant, but relatively small (0:0029). The Subject-
Nurse interaction is also of considerable influence
(0:0084). A reason could be body length: the difference
in body length of the nurse and of the subject deter-
mines the angle under which an ET is inserted. The
interaction between Nurse and Ear (0:0013) may
point to left- or right-handedness, but is very small. For
left-handed nurses, left ears may be slightly easier to
measure, and vice versa. Finally, the interaction
between Subject and Ear (0:0066) shows that, for some
subjects, there are differences between the two ears.
This asymmetry may be a result of one ear being
cleaner than the other.

Repeatability is the random measurement error that
remains when all factors are unchanged, and equals
0:0289. Nurses never exactly insert the ET at constant

depths, under constant angles, leading to errors. This
source is only marginally smaller than measurement
error that is attributable to the factors considered
(reproducibility).

In order to determine whether the precision is suffi-
cient, we use the precision-to-tolerance ratio (P/T%). It
compares the 99% confidence interval of the measure-
ment spread smeasurement to the tolerance interval. In
this case, the tolerance interval is the range of tempera-
tures that are considered normal. If the ratio is large,
much of the tolerance interval is “consumed” by mea-
surement spread, and the measurement system is con-
sidered imprecise. In symbols, we have

P/T D 5:15smeasurement

37:6¡ 36:0
£ 100%:

To guarantee the quality of measurement, AIAG
(2003) has proposed criteria for the P/T -ratio.
Although the boundaries are debatable (Engel and De
Vries 1997), they are commonly used in industry.

� P/T > 30%: Quality of measurements is inadequate.
� 10%< P/T < 30%: Quality of measurements is
moderate.

� P/T < 10%: Quality of measurements is adequate.

In this case, we have that P/T D 79:6%, which is
considered too large.

In cases where there is no clear tolerance interval to
compare the measurement spread to, the gage R&R
percentage (GRR%) is used, which is defined by
smeasurement/sp : The ratio between measurement varia-
tion and subject variation. AIAG (2003) prescribes that

TABLE 3 Outcome of Gage R&R Analysis of Ear Thermometry

Measurements

ET measurements

Baseline: mD 36:6�C
Source Variance

Variance

(percent)

Total measurement spread 0:0611 25:3%

Repeatability (s2
e ) 0:0289 12:0%

Reproducibility 0:0322 13:4%

Nurse (s2
j ) 0:0130 5:4%

Thermometer (s2
k ) 0:0029 1:2%

Subject–Nurse interaction (s2
pj ) 0:0084 3:5%

Subject–Ear interaction (s2
pl ) 0:0066 2:7%

Nurse–Ear interaction (s2
jl ) 0:0013 0:5%

Subject variation (s2
p ) 0:1802 74:7%

Total variation 0:2413 100%

FIGURE 1 Boxplot of residuals.

Precision and Accuracy of Ear Thermometry 5
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this ratio should be below 10%. In this case, we have
that GRR% D 58:3%, which confirms that the preci-
sion of the ET is insufficient.

Regarding accuracy, we compared 10 pairs of average
ET measurements, with an average difference of
¡ 0:466§ 0:140 (with 95 percent confidence, the RT
measurements being higher). The associated p-value for
the paired sample t-test is 0:000.

Finally, we study the residuals of the linear model.
Figure 1 shows a boxplot of the residuals and Figure 2
the probability plot. The boxplot contains asterisks for
measurements outside the interval [Q1¡ 3

2 Q3 ¡Q1ð Þ;
Q3C 3

2 Q3 ¡Q1ð Þ], with Qu the uth quartile, u D 1; 3.
Outliers are indicated mostly on the lower side. We do
not believe these are actual outliers, but rather a result
of the negative skewed distribution of the measure-
ments. The Anderson–Darling test rejects normality
with p D 0:008, but the deviation from normality
seems to be negligible.

Importantly, there are no ET measurements that
really stand out, ruling out disturbing influences during
the experiment. As there are no irregularities, we view
the data as reliable.

DISCUSSION

A gage R&R study is used to decompose random
measurement error into repeatability and reproducibil-
ity, and further attributes reproducibility to various fac-
tors. Reference measurements are used to determine
and test accuracy.

The main conclusions are that ETs give downward
biased estimates of body temperature by roughly 0:5�C
(using rectal temperatures as gold standard), and have a

P/T-ratio of roughly 80%. The bias is in the same order
of magnitude as the 0:29�C found in (Craig et al.
2002). The P/T-ratio is many times larger than the
industrial standard of 10¡ 30%. These numbers indi-
cate that the ETs are insufficiently precise and accurate
in the way that they are commonly used in practice.

Some modern ETs apply bias corrections automati-
cally, and some are able to perform multiple measure-
ments in a small timeframe and automatically report
the maximum. The first approach may solve issues
with accuracy, but does not improve precision. The lat-
ter can work well for both. First, the selection of a maxi-
mum may partially offset the bias of 0:5 degrees (note
that the measurement spread is roughly § 0:6�C). Fur-
thermore, as we have shown that the distribution of
measured temperatures is negatively skewed in general,
this will improve precision. The improved measure-
ment quality of selecting the highest temperature out
of multiple measurements is proven in research (Smitz
et al. 2009; Haugan et al. 2012). It has been suggested
to perform the repeated measurements over both ears
(Erdmann, Does, and Bisgaard 2010).

Based on the results, we offer three recommenda-
tions, as follows:

� This particular group of nurses may benefit from
training. First, learning a standardized technique will
help in reducing variation due to different nurses
(decreasing s2

j ). Second, such a technique is devel-
oped to give more consistent outcomes (decreasing
s2
� ). Thirdly, it may give suggestions regarding how

to compensate for the difference in height among
subjects (decreasing s2

pj ), and which ear to measure
depending on the handedness of the nurse (decreas-
ing s2

jl and s2
pl ). In summary, the goal would be mak-

ing sure that the thermometer is inserted deep
enough.

� We have seen that the differences between the two
thermometers are a significant source of variation,
even though the same brand and type of thermome-
ter was used. This may be due to wear or small differ-
ences in calibration. Although this source of
variation is relatively small, routine checks for wear
and judicious calibration are expected to enhance
precision.

� Finally, we found that the interaction between “ear”
(left or right) and “subject” significantly induced var-
iation. It has been suggested that cerumen may
reduce measurement outcomes. This can be solved

FIGURE 2 Probability plot of the residuals.
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by either cleaning an ear before measurement, or by
measuring both ears and taking the maximum (clean-
est ear).

The result of the gage R&R study is encouraging
because it confirms and combines the findings of many
of the articles that are cited in the introduction. That
is, ear thermometers are downward biased and can be
relatively imprecise. Moreover, we see that the recom-
mendation of performing multiple measurements and
taking the maximum is already implemented in mod-
ern ear thermometers. Further research could focus on
a comparable gage R&R study on the rectal thermome-
ters, which is expected to yield a precision that is sub-
stantially higher. In the meanwhile, it is recommended
to make decisions that influence a patient’s health
based on rectal thermometry, and to use ear thermome-
try only for screening purposes.

The results are thus only valid for the type of ther-
mometer used in this research (Genius II), and it is not
clear whether they hold for other ETs as well. Other
thermometers can be evaluated using the techniques
outlined here. It also must be noted that only healthy
subjects have been used in this experiment, and that it
is not clear how well ETs perform in terms of measure-
ment error, when true temperatures are outside the nor-
mal range.
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APPENDIX: DATA

The first dataset is of the gage R&R experiment with
the ear thermometers and can be analyzed with the
“Gage R&R Study (Expanded)” function in Minitab.

The rightmost column “Temp” contains measure-
ment outcomes. The other columns contain the set-
tings for the factors that have been manipulated.

� The first column (“Ne”) shows which nurse did
the measurement (1 through 5).

� The second column (“Te”) shows which of the
two measurement devices has been used.

� The third column (“Pe”) shows which of the 10
patients were measured.

� The fourth column (“Se”) shows whether the
right or left ear has been measured.

� The fifth column (“Re”) indicates whether it is the
first measurement (1) or a repeat (2).

The dataset below gives the gold standard measure-
ments in column “Tempr.” The patient is indicated by
“Pr,” and the replication by “Rr.” The first replication
took place before the gage R&R experiment above, and
the second afterwards.

TABLE A1 Data of the Ear Thermometers

Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp.

1 1 1 1 1 35.4 3 1 1 1 1 35.8 5 1 1 1 1 35.9 2 2 1 1 1 35.6 4 2 1 1 1 35.6

1 1 2 1 1 36.2 3 1 2 1 1 36.3 5 1 2 1 1 36.5 2 2 2 1 1 36.3 4 2 2 1 1 36.3

1 1 3 1 1 37 3 1 3 1 1 37.2 5 1 3 1 1 37.3 2 2 3 1 1 37.2 4 2 3 1 1 36.9

1 1 4 1 1 36.6 3 1 4 1 1 36.7 5 1 4 1 1 37 2 2 4 1 1 36.8 4 2 4 1 1 36.4

1 1 5 1 1 36.4 3 1 5 1 1 36.4 5 1 5 1 1 36.4 2 2 5 1 1 36.2 4 2 5 1 1 36.3

1 1 6 1 1 36.6 3 1 6 1 1 36.9 5 1 6 1 1 37.1 2 2 6 1 1 36.8 4 2 6 1 1 36.7

1 1 7 1 1 36.5 3 1 7 1 1 36.3 5 1 7 1 1 36.6 2 2 7 1 1 36.2 4 2 7 1 1 36.3

1 1 8 1 1 37.1 3 1 8 1 1 37.3 5 1 8 1 1 37.2 2 2 8 1 1 37.3 4 2 8 1 1 37.1

1 1 9 1 1 36.4 3 1 9 1 1 36.6 5 1 9 1 1 36.7 2 2 9 1 1 36.3 4 2 9 1 1 36

1 1 10 1 1 36.4 3 1 10 1 1 36.5 5 1 10 1 1 36.6 2 2 10 1 1 36.6 4 2 10 1 1 36.7

1 1 1 2 1 35.3 3 1 1 2 1 35.4 5 1 1 2 1 35.9 2 2 1 2 1 35.9 4 2 1 2 1 35.7

1 1 2 2 1 35.8 3 1 2 2 1 36.1 5 1 2 2 1 36.3 2 2 2 2 1 36.1 4 2 2 2 1 36.5

1 1 3 2 1 36.7 3 1 3 2 1 36.9 5 1 3 2 1 37.1 2 2 3 2 1 37.3 4 2 3 2 1 36.8

1 1 4 2 1 36.4 3 1 4 2 1 36.5 5 1 4 2 1 37.1 2 2 4 2 1 36.7 4 2 4 2 1 36.4

1 1 5 2 1 36.2 3 1 5 2 1 36.3 5 1 5 2 1 36.6 2 2 5 2 1 36 4 2 5 2 1 36.2

1 1 6 2 1 36.5 3 1 6 2 1 36.8 5 1 6 2 1 37.3 2 2 6 2 1 37 4 2 6 2 1 36.7

1 1 7 2 1 35.7 3 1 7 2 1 36.2 5 1 7 2 1 36.3 2 2 7 2 1 36.2 4 2 7 2 1 36

1 1 8 2 1 37.2 3 1 8 2 1 37.1 5 1 8 2 1 37.5 2 2 8 2 1 37.6 4 2 8 2 1 36.8

1 1 9 2 1 35.9 3 1 9 2 1 36.1 5 1 9 2 1 36.6 2 2 9 2 1 36.6 4 2 9 2 1 36

1 1 10 2 1 36.8 3 1 10 2 1 36.8 5 1 10 2 1 36.8 2 2 10 2 1 37.1 4 2 10 2 1 36.9

1 1 1 1 2 35.7 3 1 1 1 2 36.2 5 1 1 1 2 35.8 2 2 1 1 2 35.8 4 2 1 1 2 35.8

(Continued on next page )
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TABLE A1 Data of the Ear Thermometers (Continued)

Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp.

1 1 2 1 2 36.3 3 1 2 1 2 36.4 5 1 2 1 2 36.4 2 2 2 1 2 36.3 4 2 2 1 2 36.5

1 1 3 1 2 36.8 3 1 3 1 2 37.2 5 1 3 1 2 36.7 2 2 3 1 2 37.4 4 2 3 1 2 37

1 1 4 1 2 36.1 3 1 4 1 2 36.6 5 1 4 1 2 36.9 2 2 4 1 2 36.8 4 2 4 1 2 36.6

1 1 5 1 2 36.6 3 1 5 1 2 36.4 5 1 5 1 2 36.3 2 2 5 1 2 36.5 4 2 5 1 2 36.5

1 1 6 1 2 36.9 3 1 6 1 2 37 5 1 6 1 2 37.1 2 2 6 1 2 37 4 2 6 1 2 37.1

1 1 7 1 2 36.5 3 1 7 1 2 36.6 5 1 7 1 2 36.7 2 2 7 1 2 36.6 4 2 7 1 2 36.7

1 1 8 1 2 37.3 3 1 8 1 2 37.5 5 1 8 1 2 37 2 2 8 1 2 37.5 4 2 8 1 2 37.3

1 1 9 1 2 36.6 3 1 9 1 2 36.7 5 1 9 1 2 36.8 2 2 9 1 2 36.5 4 2 9 1 2 36.4

1 1 10 1 2 37.2 3 1 10 1 2 37.1 5 1 10 1 2 37 2 2 10 1 2 37.2 4 2 10 1 2 37.1

1 1 1 2 2 35.9 3 1 1 2 2 36.1 5 1 1 2 2 36.1 2 2 1 2 2 36.1 4 2 1 2 2 35.9

1 1 2 2 2 36.2 3 1 2 2 2 36.1 5 1 2 2 2 36.3 2 2 2 2 2 36.2 4 2 2 2 2 36.4

1 1 3 2 2 36.7 3 1 3 2 2 37.3 5 1 3 2 2 37.4 2 2 3 2 2 37.3 4 2 3 2 2 36.9

1 1 4 2 2 36.7 3 1 4 2 2 36.7 5 1 4 2 2 37 2 2 4 2 2 36.9 4 2 4 2 2 36.7

1 1 5 2 2 36.5 3 1 5 2 2 36.6 5 1 5 2 2 36.2 2 2 5 2 2 36.4 4 2 5 2 2 36.4

1 1 6 2 2 36.9 3 1 6 2 2 37.2 5 1 6 2 2 37.2 2 2 6 2 2 37.5 4 2 6 2 2 36.9

1 1 7 2 2 36.4 3 1 7 2 2 36.5 5 1 7 2 2 36.4 2 2 7 2 2 36.3 4 2 7 2 2 36.4

1 1 8 2 2 37.1 3 1 8 2 2 37.3 5 1 8 2 2 37.6 2 2 8 2 2 37.4 4 2 8 2 2 37.1

1 1 9 2 2 36.4 3 1 9 2 2 36.5 5 1 9 2 2 36.7 2 2 9 2 2 36.4 4 2 9 2 2 36

1 1 10 2 2 37.1 3 1 10 2 2 36.9 5 1 10 2 2 37.1 2 2 10 2 2 37.3 4 2 10 2 2 37.1

2 1 1 1 1 36.1 4 1 1 1 1 35.5 1 2 1 1 1 35.4 3 2 1 1 1 36.1 5 2 1 1 1 36

2 1 2 1 1 36.5 4 1 2 1 1 36.5 1 2 2 1 1 36.5 3 2 2 1 1 36.4 5 2 2 1 1 36.8

2 1 3 1 1 37.4 4 1 3 1 1 36.8 1 2 3 1 1 37.1 3 2 3 1 1 37.1 5 2 3 1 1 37.5

2 1 4 1 1 36.6 4 1 4 1 1 36.3 1 2 4 1 1 36.7 3 2 4 1 1 36.8 5 2 4 1 1 37

2 1 5 1 1 36.3 4 1 5 1 1 36.1 1 2 5 1 1 36.5 3 2 5 1 1 36.5 5 2 5 1 1 36.5

2 1 6 1 1 36.9 4 1 6 1 1 36.6 1 2 6 1 1 36.7 3 2 6 1 1 36.8 5 2 6 1 1 37.1

2 1 7 1 1 36.3 4 1 7 1 1 36.5 1 2 7 1 1 36.2 3 2 7 1 1 36.5 5 2 7 1 1 36.6

2 1 8 1 1 37.3 4 1 8 1 1 37.1 1 2 8 1 1 37.2 3 2 8 1 1 37.5 5 2 8 1 1 37.3

2 1 9 1 1 36.7 4 1 9 1 1 36.1 1 2 9 1 1 36.2 3 2 9 1 1 36.8 5 2 9 1 1 36.8

2 1 10 1 1 36.7 4 1 10 1 1 36.8 1 2 10 1 1 36.8 3 2 10 1 1 36.8 5 2 10 1 1 37.1

2 1 1 2 1 35.9 4 1 1 2 1 35.7 1 2 1 2 1 35.9 3 2 1 2 1 36 5 2 1 2 1 36.3

2 1 2 2 1 36.4 4 1 2 2 1 36.4 1 2 2 2 1 36.3 3 2 2 2 1 36.3 5 2 2 2 1 36.7

2 1 3 2 1 37.1 4 1 3 2 1 36.9 1 2 3 2 1 37.1 3 2 3 2 1 37.1 5 2 3 2 1 37.5

2 1 4 2 1 36.7 4 1 4 2 1 36.3 1 2 4 2 1 36.5 3 2 4 2 1 36.6 5 2 4 2 1 37

2 1 5 2 1 36.2 4 1 5 2 1 36.3 1 2 5 2 1 36.5 3 2 5 2 1 36.4 5 2 5 2 1 36.5

2 1 6 2 1 37 4 1 6 2 1 36.6 1 2 6 2 1 37 3 2 6 2 1 37.1 5 2 6 2 1 37.4

2 1 7 2 1 36.3 4 1 7 2 1 36.1 1 2 7 2 1 36.2 3 2 7 2 1 36.4 5 2 7 2 1 36.4

2 1 8 2 1 37.4 4 1 8 2 1 36.7 1 2 8 2 1 37.4 3 2 8 2 1 37.4 5 2 8 2 1 37.5

2 1 9 2 1 36.1 4 1 9 2 1 35.8 1 2 9 2 1 36.2 3 2 9 2 1 36.5 5 2 9 2 1 36.8

2 1 10 2 1 36.9 4 1 10 2 1 37 1 2 10 2 1 37.2 3 2 10 2 1 37 5 2 10 2 1 37.1

2 1 1 1 2 35.6 4 1 1 1 2 35.7 1 2 1 1 2 35.7 3 2 1 1 2 36.3 5 2 1 1 2 36

2 1 2 1 2 36.5 4 1 2 1 2 36 1 2 2 1 2 36.3 3 2 2 1 2 36.3 5 2 2 1 2 36.3

2 1 3 1 2 37.3 4 1 3 1 2 37 1 2 3 1 2 36.9 3 2 3 1 2 37.4 5 2 3 1 2 37.4

2 1 4 1 2 37 4 1 4 1 2 36.1 1 2 4 1 2 36.8 3 2 4 1 2 36.8 5 2 4 1 2 36.9

2 1 5 1 2 36.4 4 1 5 1 2 36.4 1 2 5 1 2 36.6 3 2 5 1 2 36.5 5 2 5 1 2 36.5

2 1 6 1 2 36.9 4 1 6 1 2 36.8 1 2 6 1 2 36.6 3 2 6 1 2 36.8 5 2 6 1 2 37.1

2 1 7 1 2 36.5 4 1 7 1 2 36.6 1 2 7 1 2 36.5 3 2 7 1 2 36.4 5 2 7 1 2 36.5

2 1 8 1 2 37.2 4 1 8 1 2 37.2 1 2 8 1 2 37.3 3 2 8 1 2 37 5 2 8 1 2 37.1

2 1 9 1 2 36.7 4 1 9 1 2 36.3 1 2 9 1 2 36.6 3 2 9 1 2 36.8 5 2 9 1 2 37

2 1 10 1 2 37 4 1 10 1 2 37.1 1 2 10 1 2 37.3 3 2 10 1 2 37.1 5 2 10 1 2 37.1

2 1 1 2 2 36 4 1 1 2 2 35.7 1 2 1 2 2 35.9 3 2 1 2 2 36.1 5 2 1 2 2 36.3

2 1 2 2 2 36.1 4 1 2 2 2 36.3 1 2 2 2 2 36.1 3 2 2 2 2 36.2 5 2 2 2 2 36.2

(Continued on next page )
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TABLE A2 Data of the Rectal Thermometer

Pr Rr Temp. Pr Rr Tr Pr Rr Temp. Pr Rr Tr Pr Rr Temp.

1 1 36.6 5 1 37.3 9 1 37.2 3 2 37.6 7 2 37

2 1 36.9 6 1 37.1 10 1 37.5 4 2 36.8 8 2 37.6

3 1 37.4 7 1 36.8 1 2 36.4 5 2 37 9 2 36.9

4 1 37 8 1 37.8 2 2 36.8 6 2 37 10 2 37.3

TABLE A1 Data of the Ear Thermometers (Continued)

Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp. Ne Te Pe Se Re Temp.

2 1 3 2 2 37.3 4 1 3 2 2 36.9 1 2 3 2 2 36.9 3 2 3 2 2 37.2 5 2 3 2 2 37.5

2 1 4 2 2 37 4 1 4 2 2 36.7 1 2 4 2 2 36.7 3 2 4 2 2 36.5 5 2 4 2 2 37

2 1 5 2 2 36.3 4 1 5 2 2 36.4 1 2 5 2 2 36.4 3 2 5 2 2 36.5 5 2 5 2 2 36.6

2 1 6 2 2 37 4 1 6 2 2 36.7 1 2 6 2 2 36.9 3 2 6 2 2 37.2 5 2 6 2 2 37.4

2 1 7 2 2 36.3 4 1 7 2 2 36.3 1 2 7 2 2 36.3 3 2 7 2 2 36.3 5 2 7 2 2 36.5

2 1 8 2 2 37.3 4 1 8 2 2 36.7 1 2 8 2 2 36.9 3 2 8 2 2 37.2 5 2 8 2 2 37.4

2 1 9 2 2 36.4 4 1 9 2 2 36.4 1 2 9 2 2 36.3 3 2 9 2 2 36.4 5 2 9 2 2 36.8

2 1 10 2 2 37.2 4 1 10 2 2 37.2 1 2 10 2 2 37.1 3 2 10 2 2 37 5 2 10 2 2 37
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