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1 | INTRODUCTION

Ulrike Blume-Peytavi®

Abstract

In skin and wound research the instrumental measurement of skin function is
established. Despite the widespread use, empirical evidence about measurement
errors is widely lacking. The aim of this study was to measure reliability and
agreement of skin temperature, transepidermal water loss, epidermal hydration,
and erythema at the heel and sacral skin. Four experienced researchers performed
skin measurements in 15 subjects. Lowest reliability was observed for trans-
epidermal water loss at the sacral skin (ICC (1) 0.46 (95% CI 0.00-0.78)) and
highest for skin temperature at the heel skin (ICC (1) 0.99 (95% CI 0.99-1.00)).
Lowest Standard Errors of Measurement were calculated for skin temperature
measurements at the heels (0.11°C) and highest for erythema measurements at
the sacral skin (26.7 arbitrary units). There was a clear association between vari-
ability of estimates and reliability coefficients. Single measurements of skin tem-
perature, stratum corneum, and epidermal hydration at the sacral and heel skin
areas can be used in clinical research and practice. Means of at least two measure-
ments should be used for estimating transepidermal water loss and erythema. Evi-
dence is needed to inform researchers about relative and absolute measurement
errors of commonly applied instruments and measurements in skin and wound
research.
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from the inside and protects the human body from drying
out thus enabling survival on land."

The skin is often considered the largest organ of the human
body and it fulfils a variety of important functions. One of
the most important tasks is protection against environmen-
tal influences such as physical or chemical irritants. At the
same time, the skin prevents uncontrolled loss of water

In the fields of skin and wound research and
dermatology the measurement of selected aspects of skin
function such as skin temperature, transepidermal water
loss (TEWL), or skin hydration is established for decades.
For example, skin temperature is considered an important
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variable associated with pressure ulcer (PU) development
and detection,>* TEWL is proposed as a parameter to mea-
sure maceration in venous leg ulcers® or scar quality,’ and
stratum corneum hydration (SCH) is used to measure the
occlusivity of wound dressings.”®

Today, skin barrier measurements are also increas-
ingly used in the context of skin microclimate and PU
prevention research,’ because mechanical loading is not
only associated with skin and soft tissue deformation but
also with occlusion.'® In addition to the parameters
listed above, erythema measurements play an important
role, because the degree of erythema is associated with
(reactive) hyperaemia and vasodilation during and after
loading.'*"?

Despite the widespread use and availability of vari-
ous measurement devices from various manufacturers,
the accurate estimation of skin barrier properties is not
easy and prone to error.'*'> Therefore, numerous docu-
ments and standards have been published to provide
guidance how to plan, to conduct, to report, and how to
interpret obtained values appropriately.'®?° However,
transparent and comprehensive reporting is often miss-
ing’"** and interpretation of skin barrier estimates
sometimes surprising.'>*

Fundamental properties of all clinical and instrumen-
tal measurements in clinical practice and research are
reliability quantifying the relative measurement error
and agreement quantifying the absolute measurement
error.”**> Evidence about both types of measurement
errors is important, because they directly affect the power
of statistical tests of between and within group compari-
sons and the usefulness of the measurements for clinical
decision-making.***

Currently, the evidence about common skin barrier mea-
surement properties in different clinical and research settings
is rare. In an environmentally controlled research setting
intraclass correlation coefficients (ICC) of TEWL ranged
between 0.85 and 0.94 with rather high absolute limits of
agreement ranging from 4 to 12 g/m*/h when measuring dif-
ferent skin areas.® High ICCs of approximately 0.9 of TEWL
measurements were also observed in geriatric care settings
with limits of agreement ranging from approximately 2 to
5 g/m*/h.***° The high reported ICCs of TEWL estimates
indicate that this measurement seems to be useful in clinical
research for group comparisons,” but the absolute measure-
ment errors of single readings are high. Evidence about the
absolute and relative measurement errors of other relevant
skin barrier measurements in clinical skin and wound
research is missing completely, in particular for skin areas
prone to pressure ulceration. Therefore, the aim of this study
was to measure reliability and agreement of skin tempera-
ture, TEWL, SCH, epidermal hydration, and erythema at the
heel and sacral skin before and after loading.

P wWiLEy-L ™

Key messages

« reliability and agreement are fundamental
properties of all clinical and instrumental mea-
surements in clinical practice and research

« relative and absolute measurement errors were
calculated for skin temperature, transepidermal
water loss, stratum corneum hydration, epidermal
hydration, and erythema in a clinical research
setting

« reliability was high for stratum corneum and
epidermal hydration. Absolute measurement
errors were high for erythema and epidermal
hydration

« measurement error is closely associated with
biological variability of the parameter of inter-
est and the skin area

2 | MATERIALS AND METHODS

2.1 | Study design
This is a secondary data analysis of a randomised controlled
exploratory clinical trial comparing the effects of support
surfaces on the skin function of pressure areas when lying
supine.*® After written informed consent, 15 female subjects
were invited to consecutively lie on three different support
surfaces in supine position for 2 hours. Main eligibility
criteria were being non-smoker, absence of any skin dis-
eases or conditions that may influence the skin mea-
surements. The use of topical leave-on products on the
investigational skin areas was not allowed.*®

Skin temperature, TEWL, SCH, epidermal hydration,
and erythema were measured on the sacral and heel skin
areas before and after loading. In order to reduce mea-
surement errors, all skin measurements were conducted
twice per measurement time and means were used for
results presentation and calculation. Differences between
baseline and 2 hours were calculated and compared
between support surface types. The study design and pro-
cedures were approved by the responsible ethics commit-
tee (EA1/270/15) and results have been published in
clinicaltrials.gov (NCT02930590) and in this journal.*

2.2 | Measurement devices and process

All measurements were conducted by experienced and
educated researchers according to standard operating


http://clinicaltrials.gov

7 | wiLey-[IEF)

KOTTNER anxp BLUME-PEYTAVI

procedures for controlled clinical skin research settings.
Before baseline measurements, the subjects acclimatised
to standard room conditions of 40% to 60% relative
humidity and 20°C to 22°C temperature with the
sacral and heel skin uncovered for 30 minutes. All
skin measurements were conducted twice per investiga-
tional skin area and per subject by the same researcher.
During the prone position after acclimatisation at base-
line and after loading one researcher performed the
sacral and another researcher the heel measurements.
The reason was that all skin measurements needed to be
conducted in parallel as fast as possible to capture imme-
diately the cutaneous response due to loading and occlu-
sion. After the first readings were taken, the probes were
removed and immediately placed again on the same skin
areas and second measurements were conducted. This
method resembles a test-retest design but not all subjects
were measured by all raters. The researchers were not
blinded to the two readings per skin area.

Skin surface temperature (°C) was measured with a
skin thermometer based on the infrared technique
(Courage & Khazaka electronic GmbH, Cologne, Ger-
many). TEWL was measured with the Tewemeter TM
300 (Courage & Khazaka electronic GmbH, Cologne,
Germany). This is an open chamber device and readings
are expressed in in g/m?/h. According to the applied
standard operating procedures, the TEWL probe was
placed on the skin surface and readings started with a
frequency of 1 Hz. The readings stopped automatically
after the standard deviation (SD) of the average of the
last 20 readings was lower than 1 g/m*/h. The mean of
these 20 readings was then used. According to the man-
ufacturer, the device has an accuracy of +0.5 g/m*/h
under normal room conditions (10°C-30°C) with TEWL-
values lower than 70 g/m*/h. SCH was measured with
the Corneometer CM 825 (Courage & Khazaka elec-
tronic GmbH, Cologne, Germany) in arbitrary units
(AU) (range, 0-120 AU). This device measures the SCH
from the skin surface to and a depth of approximately
20 pm. According to the manufacturer, the accuracy is
+3%. The MoistureMeterEpiD (Delfin Technologies
Ltd.) was used to measure hydration of deeper epider-
mal and dermal skin layers up to a depth 0.5 mm. The
values are expressed in percent of local tissue water (0%-
100%). Erythema was measured with the Mexameter
MX 18 (Courage & Khazaka electronic GmbH, Cologne,
Germany). This is a narrow-band reflectance spectro-
photometer. An erythema index was expressed in AU
(range, 0-999). The values are the decimal logarithm of
the ratio between the intensity of the reflected red
(4 =660 nm) and green (1 =568 nm) lights (accu-
racy +5%).

2.3 | Statistical analyses

For this secondary data analysis, the obtained values of
the standard mattress group were used only because it is
well-known that reliability and agreement are affected by
the population values and within this trial the baseline
and post-loading values were most different. The support
surface was a Basic Foam mattress (Stryker Medical, Por-
tage, Michigan) with an depth of 12 cm.*

The means and SDs were calculated per time point
and for sacral and heel skin areas. One researcher con-
ducted the repeat measurements per subject and skin
area, but different researchers measured different sub-
jects and different skin areas. Therefore, a one-way model
of the ICC was selected to estimate reliability. The ICC
was calculated for one reading (ICC (1) and for the
means of both readings (ICC (1, 2)) according to the ter-
minology by Shrout and Fleiss.* According to widely
adopted criteria reliability coefficients of 0.8 and higher
are considered ‘almost perfect’.?> The standard errors of
measurement (SEM)** and lower and upper limits of
agreement’ were calculated to estimate agreement.
Bland-Altman plots®® were created for all skin areas and
measurements at baseline.

3 | RESULTS

In total, four experienced researchers performed the skin
measurements in 15 female subjects, whereas different
researchers measured different subjects and skin areas. All
researchers passed the standardised education programme
for skin measurements according to the standard operat-
ing procedures of the study centre. They were female and
actively conducted skin measurements for at least 5 years.

The median age of the subjects was 66 (interquartile
range 63-69) years and the median BMI 24.5 (inter-
quartile range 23.7-26.0) kg/m>*° Nine subjects hat a
Fitzpatrick skin phototype II, and three subjects each had
phototypes I and II1.>*** The reliability and agreement
estimates per skin area and time point are shown in
Table 1. Bland-Altman plots are shown in Figures 1
to 10.

The ICC (1) for skin temperature was highest for the
heel skin at baseline (0.99, 95% CI 0.99-1.00) and lowest
at the sacral skin (0.70, 95% CI 0.32-0.89) after 2 hours.
The SEM was approximately 0.3°C for the sacrum, and
substantially lower for the heel. The limits of agreement
were wider for the sacrum (—0.8 to 1.0) and narrower for
the heels (—0.3 to 0.6) and the Bland-Altman plots indi-
cate higher variability for sacral (Figure 1) compared
with the heel area temperature measurements (Figure 2).
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FIGURE 1 Bland-Altman plot of skin temperature water loss measurements at the sacral skin area at baseline (n = 15)
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FIGURE 2

Reliability of TEWL at the sacral area at baseline
and after 2 hours was low (ICC (1) 0.46 and 0.66) and
high for the heels. On the contrary, the SEM was
higher and the limits of agreement were wider for the
heel skin compared with the sacral skin at both time
points. Bland-Altman plots indicate that the absolute

Bland-Altman plot of skin temperature measurements at the heel skin area at baseline (n = 15)

measurement errors for the sacral (Figure 3) and the
heel area (Figure 4) were comparable.

The reliability of the SCH estimates was high for both
skin areas and time points (ICC (1) 0.92-0.98). Limits of
agreement and SEM were similar between all four esti-
mates (Figures 5 and 6).
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FIGURE 3

Bland-Altman plot of transepidermal water loss measurements at the sacral skin area at baseline (n = 15)
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FIGURE 4

The reliability of the epidermal hydration measure-
ments was lower compared with the SCH with ICC (1) rang-
ing from 0.86 to 0.90. Limits of agreement and SEM were
comparable to the SCH measurements and nearly identical
between skin areas and time points (Figures 7 and 8).

The lowest reliability was observed for erythema
measurements at the sacral skin area at baseline (ICC

Bland-Altman plot of transepidermal water loss measurements at the heel skin area at baseline (n = 15)

(1) 0.75) but it was higher than 0.9 at the heel skin
and after 2 hours. Compared with all other skin bar-
rier measurements the SEM was highest ranging from
14.5 to 26.7 a.u. and the limits of agreement where
widest. The high absolute measurement errors can be
also seen in the Bland-Altman Plots (Figures 9
and 10).
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4 | DISCUSSION to be realistic estimates for the sacral and heel skin in

Temperature, TEWL, SCH, and erythema values at base-
line and after 2 hours loading were very well comparable
with previous study results and reference values.'®'"*!
Therefore, the observed skin barrier measurements seem

healthy aged women. In addition, comparing baseline
with post loading values indicates that 2 hours loading
on a basic foam mattress leads to an increase of skin tem-
perature, TEWL, SCH, epidermal hydration, and ery-
thema.?® Similar observations were described previously
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FIGURE 7

Bland-Altman plot of epidermal hydration measurements at the sacral skin area at baseline (n = 15)
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FIGURE 8 Bland-Altman plot of epidermal hydration measurements at the heel skin area at baseline (n = 15)

and indicate that mechanical loading of heel and sacral
skin on a basic foam mattress leads to occlusion and to a
variety of structural skin and soft tissue changes.”*">°
Overall, the SCH and the epidermal hydration single
measurements (ICC (1)) showed nearly perfect reliability
at both skin areas and time points. Therefore, the

reliability increase of the means of both repeat measure-
ments (ICC (1, 2)) was small. Similar high ICC of SCH for
the forearm and leg skin was previously reported.® There-
fore, single SCH estimates using the abovementioned
device and measurement procedures seem to contain low
relative measurement errors and seem to be a useful
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parameter in clinical skin and PU prevention research for
group comparisons. The same may apply for epidermal
hydration measurements, but because this is the first
published reliability estimate of this device, it is difficult
to be generalised. The SEM of approximately two for
both hydration measurements and the range of limits of

agreement of approximately 10 indicate rather high
absolute measurement errors. Therefore, single SCH
and epidermal hydration estimates at the heels and
sacrum should not be used to make inferences about
individual skin conditions and or changes during an
intervention.
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Except for the sacrum after 2 hours, there was a
nearly perfect reliability for skin temperature measure-
ments, which is also supported by previous research.*
Using different infrared thermal imaging systems Liu
et al reported an ICC of 0.82 for back skin®’ and
Chatchawan et al reported ICCs for foot skin tempera-
tures higher than 0.9.%® This indicates that skin tempera-
ture measurements using infrared methods are reliable.
Limits of agreement and the SEM also indicate small
absolute measurement errors not exceeding 1°C. The low
ICC (1) of 0.7 might be explained by the low variability of
the mean sacral temperature of 31.8°C. The SD of 0.6 was
substantially lower compared with the other three tem-
perature values.

At the sacral skin the reliability of the single (ICC (1))
and the mean of both TEWL measurements (ICC (1, 2))
was low, but high at the heel skin. Similar to the skin
temperature, the SD indicates a higher variability of the
heel measurements, which may explain the lower relative
error. On the contrary, the absolute measurements errors
of TEWL at the heels were higher compared with the
sacrum. Interestingly, the SEM and limits of agreement
at baseline are very well comparable to previous esti-
mates.”® After 2 hours the absolute measurement errors
of TEWL increased substantially at heels and sacrum but
our results are very similar to SEMs and limits of agree-
ment in scar research.® It is well-known that compared
with other skin barrier measurements, TEWL readings
may be affected by various internal and external influ-
ences causing variability.'”'® Our results seem to support
this biological variability of TEWL in PU prevention
research. Increasing the number of repeated measure-
ments and/or using closed or condenser chamber®
instead of open chamber devices might decrease mea-
surement error in this setting. Because TEWL is associ-
ated with skin temperature, adjustment to a standard
reference temperature is also recommended to reduce
variability in clinical research.’*4%4!

Except for the sacrum at baseline, the erythema mea-
surements were nearly perfectly reliable. ICC estimates
of 0.87 for Mexameter MX 18 values in 258 newborns*?
and near 1 in approximately 400 women were reported
recently.*® This indicates that erythema values using this
device are reliable in different populations. The SEM and
the limits of agreement were highest compared with all
other skin parameters indicating high absolute measure-
ment errors. However, related to the rather wide range of
possible readings produced by this device the errors seem
to be comparable.

Results further indicate a clear association between
variability in terms of SD and reliability coefficients,
which in turn is not necessarily related to absolute mea-
surement errors. Therefore, our results support the

P wWiLEy-L =

methodological recommendation that always both, reli-
ability and agreement must be reported to characterise
the performance of empirical measurements.>*® At the
same time results indicate that measurement errors seem
to be independent from the observed values and there
were no substantial differences between baseline and
post loading values.

In wound and PU prevention research skin barrier
measurements are increasingly being used.® One major
advantage is, that functional cutaneous changes occur
long before obvious physical alterations become visi-
ble.>%** However, our results indicate that obtained read-
ings of skin barrier are prone to measurement error. This
is not usual. Measurement errors occur in nearly every
discipline.*> Because it cannot be avoided completely, we
recommend (a) that more empirical evidence is generated
to obtain an understanding of the measurement instru-
ment properties of different skin measurement devices
and instruments in the skin and wound care field; (b) to
select those skin instruments and measurements that
contain low measurement errors; (c) to develop strategies
to reduce known sources of variability by strictly develop-
ing and following standard operating procedures in clini-
cal research and practice.

5 | LIMITATIONS

This study was not planned as a reliability and agreement
study, but existing data from a clinical trial was used.
Therefore, the sample size of n = 15 was low and vari-
ability of skin measurements was investigated, but not
possible examiner variability. The analysis followed an
exploratory descriptive approach and it was not intended
to demonstrate certain degrees of reliability or agree-
ment. Female subjects were included only, to reduce pos-
sible additional biological variability due to sex. The
presented measurement properties of the sacral and heel
skin values are not generalisable to other skin areas and
skin measurement instruments.

6 | CONCLUSION

Single measurements of skin temperature, SCH, and epi-
dermal hydration using the applied methods at the sacral
and heel skin areas are nearly perfectly reliable and can
be used for group comparisons in clinical research and
practice. Means of at least two measurements should be
used for estimating TEWL and erythema. Evidence is
needed to inform researchers about relative and absolute
measurement errors of commonly applied instruments
and measurements in skin and wound research and the
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provided estimates are to be used for future confirmatory
study designs.
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