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Abstract—Terahertz (THz) spectroscopy is a technique proving
extremely useful for investigating various biomedical applications
by virtue of its high sensitivity in the measurement of water
content and non-ionizing nature. By combining this with sparse
deconvolution, the THz response of skin directly underneath
transdermal drug delivery (TDD) patches was isolated and
reconstructed to determine the skin water content in vivo.
Verification for this method was given by a comparison of skin
measured through patches using sparse deconvolution, and skin
measurements immediately following patch removal processed
with standard approaches. It was found that patches with a non-
permeable film backing hydrated the skin to a greater extent than
permeable woven polyester fiber backed patches and that this
hydration effect primarily occurs within the first 30 minutes of
patch application and lasts for at least 24 hours given that the
patch remains applied. We demonstrate the effectiveness of this
sparse reconstruction method to track hydration levels through
layers such as patches and identify scope for further applications
including TDD patch development and wound healing techniques
and monitoring.

Index Terms—SKkin hydration, sparse deconvolution, terahertz
imaging, transdermal drug delivery.

I. INTRODUCTION

r I \ERAHERTZ time-domain spectroscopy (THz TDS) has
been employed in the study of various biomedical
processes. This is primarily due to its strong attenuation

by water molecules and non-ionizing nature resulting in an

attractive avenue for this research. For example, successful in
vivo studies have been conducted for evaluating the healing
process of human scars [1], assessing corneal hydration levels

[2] and early screening of diabetic foot syndrome [3]. This

strong attenuation, caused by the high absorption coefficient of

water at THz frequencies leads to a high sensitivity of THz light
to water content, providing unique information not available via
other approaches. Since most polymers and other packaging
materials have a low water content, THz light is able to see
through them and has demonstrated potential in security
applications [4]. Similarly, transdermal drug delivery (TDD)

patches are typically made from lightweight fabric/polymer and
THz light is able to pass through them with minimal
attenuation. In this study, we exploit the sensitivity of THz light
to water along with its ability to see through TDD patch
materials, to probe skin hydration whilst the patch is still being
worn. The high attenuation by the skin requires reflection
geometry to be used for such measurements as the penetration
depth into living tissues is limited and thus we need to use
sparse deconvolution to separate out the reflections from the
patch and the skin. A key benefit of the high sensitivity to water
is the ability to monitor the occlusion of skin, which is when the
natural loss of water through the skin barrier (sweating) has
been obstructed leading to a buildup of water in the stratum
corneum altering the hydration profile [5]. Additionally,
variations in pressure applied to skin can cause a compression
of the tissue leading to changes in the water content and the
density of biological background hence the THz response is
affected [6]. Observation of skin hydration in general has been
exploited in the research and development into moist wound
healing methods. Dry, moist and wet healing methods were
compared and contrasted by Junker et al [7]. It was shown that,
compared to standard dry healing methods, a controlled wet
environment promoted healing and reduced scar formation.
Emerging moist healing methods using various commonly
available dressings have been shown to effectively utilize the
benefits of this healing method [8]. Silicone gel sheeting is used
to occlude severely burned skin as a treatment method, due to
the increased water content helping with the burn healing
process. Wang et al. studied the occlusive effects of silicone gel
sheets applied to skin using THz measurements [9].

This benefit of high sensitivity to water content is especially
relevant to TDD through medical patches, as skin hydration can
be closely linked to the efficacy of drug delivery [10]. TDD is
being used for an increasing number of applications, varying
from localized pain relief [11] to controlling the symptoms of
Parkinson’s disease [12]. This approach to drug delivery is
being used as it can avoid issues with other delivery methods,
such as potential side effects from the liver or gastrointestinal
tract metabolizing the drug or the use of needle injections.
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Additionally, this simple delivery method is easy for care
workers to follow, in the case of patients lacking the ability to
take treatments themselves. A further benefit is a greater degree
of control over the drug release for the whole time period of
drug treatment maintaining the requited therapeutic dose [13].
The functionality of TDD patches can be greatly affected by the
design of the patch. By changing the backing material of the
patch, the occlusive property of the patch can be controlled to
some extent. In cases where the drug is potentially toxic to the
wrong person which can occur via transfer, for example, a fully
occlusive backing material can be used to ensure no leakage of
the drug. Furthermore, by preventing any drug leakage the
dosage can lead to better control giving a more effective
treatment. However, it has been found that highly occlusive
backing materials can lead to skin irritation due to the buildup
of water [14]. Thus, less occlusive backing materials can be
preferable when the drug treatment allows for it. The adhesive
material used for the TDD patch can affect how securely the
patch will remain in place, the drug load possible and ease of
patch removal [15].

The reflected signals off different layers or “echoes” for THz
TDS in reflection geometry can partially or totally overlap,
especially in the case of TDD patch measurements due to their
thin thickness, requiring deconvolution to accurately resolve
these overlapping reflections and extract relevant sample
information. Crucially, these signals have a sparse
representation due to the limited number of echoes containing
all the significant information, and so only a limited number of
data points have non-zero values when ignoring noise. The
sparse constraint can be applied to such signals, allowing sparse
deconvolution to be utilized to retrieve the impulse-response
function via an inverse problem where detection and estimation
of the signal are performed jointly. Sparse deconvolution has
been shown to perform extremely well in many areas, from
processing seismic data whilst being robust against outliers [16]
to improving the resolution of fluorescence microscopy for
live-cells [17]. THz TDS sparse deconvolution has met success
for the nondestructive evaluation and characterization of a 17th
century easel painting [18] and subsurface damage visualization
for carbon fiber-reinforced composites [19].

In this paper, a sparse deconvolution method is used to
process in vivo reflected THz measurements from TDD patches
applied to skin, with a view to being able to evaluate the skin
hydration through the patches. Other analytical approaches
have failed due to the thin TDD patches causing overlapping
pulse echoes. The remainder of the paper is organized as
follows. In Section II sparse deconvolution for THz TDS is
outlined, followed by a method to obtain the reconstructed skin
reflection peak-to-peak from the sparse result. Section III
introduces the experimental setup and protocol used for in vivo
measurements taken in both a 2-hour and 24-hour long
experiment. The results and discussion for the two experiments
are presented in section IV, along with measurements to
describe the patches. Finally, the conclusions of this work are
contained in section V.

II. SPARSE DECONVOLUTION APPLIED TO THZ

For reflective THz imaging in time domain, the incident THz
pulse i(?) is convoluted with the impulse-response function /(z)
to give the measured THz reflected signal y(2):

Y(©) = i(®) @ h(t) = f (At —Ddr. (1)

Sample information, such as the structure and properties, are
contained within the impulse-response function. In practice, the
discrete version of (1) is experimentally obtained, given by:
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Here, y, = y(nTy), iy, = i(inTy), Ty is the sampling period, n
and m are the indices of data points, M is the length of the data
set and e,, accounts for the noise in the measurement due to the
measurement system and materials. By letting column vectors
y, i, h, and e collect y,, i,, h, and e,, respectively then (2)
becomes:

y = Ah +e, 3)

where A is the square Toeplitz matrix where delayed versions
of i make up its columns [20]. Each consecutive column has i
delayed by a further one element, until the whole of i has been
cycled through and a square matrix has resulted.

The key focus of sparse deconvolution is obtaining the
solution for the following /y regularized optimization problem,
which exploits the sparse constraint by approximating y with
Ah, where h crucially is a sparse sequence. Being a sparse
sequence demands that h only has few non-zero elements. The
lo regularized optimization problem is defined by:

1
min > [|Ah =yl + Allhllo, )

where || ||, and || ||, represents the /l-norm and /o-norm
respectively. Here, A is the sparsity factor chosen to select the
tradeoff between the sparsity of h and the residue norm. The
higher this sparsity factor is set, the more sparse the resulting h
will be, and so the smaller the second term will be. The first
term represents the distance between the approximation Ah and
actual measured reflected THz signal y. However, the solution
to this problem is known to be non-deterministic polynomial-
time hard in general [21] and it has been shown that an
approximation using the /j-norm in place of the /p-norm
performs well whilst guaranteeing a global optimum, unlike
when using the /p-norm [22]. Now, by using the /;-norm for h
instead, ||h||,, (4) becomes:

1
min > [|Ah —ylIZ + Allhll; . )

To solve (5) an iterative shrinkage algorithm will be
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employed, where soft-thresholding is applied to the result of a
vector multiplication for each iteration:

hiyy = Sy (h; — 7AT(Ah; —y)), (6)

where 7 is a suitable step size, constrained by:

2

< —, 7
" < IATAT, @

in order to ensure convergence. The soft-thresholding
component is contained within the operator S;;:

h[n] + At h[n] < —At
Sy(h[n]) = 0 |h[n]| <Az . (3)
h[n] — At h[n] = At

Now that the sparse result contained in h has been obtained,
this can be used to reconstruct the individual reflections within
the reflected signal y. Typically, this sparse result consists of
separate small clusters of points to represent each reflection
contained within the reflected signal. The points corresponding
to the reflection of interest can easily be isolated. By aligning
and scaling multiple incident THz pulses with the chosen
reflection points’ temporal locations and amplitudes
respectively, a recreation of the reflection of interest can be
created. The peak-to-peak of this reflection can then be
measured by combining the magnitude of the most positive and
most negative points in the reflection.

For the results contained within this paper, the incident THz
pulse was obtained via measuring the reflection off an optically
thick piece of quartz and multiplying by -1 for phase correction.
A sparsity factor A=3.5 was chosen, as this gave the best results
whilst not over-aggressively soft-thresholding for the data sets
we were using. A step size T = 1.2/||ATA||, was selected as a
trade-off between run-time and accuracy whilst abiding by the
constraint stated in (7). The iteration outlined in (6) was
repeated 2000 times for each result, chosen for the same reasons
as the step size.

ITI. SAMPLES AND EXPERIMENT

Ethical approval was obtained for this study from the
Biomedical Scientific Research Ethics Committee, BSREC,
(REGO-2018-2273 AMO03). Written informed consent was
obtained from each volunteer prior to their involvement in the
study. A Menlo Systems Tera K15 fibre-coupled THz TDS
system was used for the acquisition of the in-vivo skin
measurements. The emitter and the detector were arranged on
optical rails and mounted below a quartz window, at a 30° angle
of incidence to it, as shown in fig. 1. Before volunteer
measurements began, a reference measurement was taken by
setting a thick piece of quartz at the sample recording position.
This was measured each day to account for any daily variations
in the THz signal produced by the system. An example of a
reference pulse used in this paper is shown in fig. 2. A quartz
reflection was used as the reference since a quartz imaging

window was used for the measurements taken on volunteers.
Further, sparse deconvolution performs best when the reference
used closely resembles the shape of sample reflections, thus a
quartz reference is the closest reference obtainable. For the
sample measurements, the volunteers placed their volar forearm
atop of the quartz window for 1 minute to acquire
approximately 280 reflected THz pulses from a single point on
their skin for each region of interest. To ensure a consistent
contact of skin with the quartz imaging window, as to avoid the
occurrence of air gaps between the two for example, a pressure
sensor was placed on each side of the imaging window and the
volunteers kept a consistent pressure in the 1.5 — 2.5 Nem?
range. This pressure range was found to be comfortable and
easy for the volunteers to maintain.

TDD patches with two types of backing materials and with
different excipient percentages were placed on both volar
forearms of the volunteers, as demonstrated in fig. 3. The
patches placed on the left volar forearm were the occlusive
poly(ethylene terephthalate) film backed ones, whilst the
partially occlusive polyester fiber woven backed patches were
placed on the right volar forearm. The excipients in TDD
patches, serving as vehicles for the drugs in the patches, boost
the latter’s drug delivery rate. To analyze if different
percentages of these excipients have an effect on the skin’s
hydration levels, three patches, each with a different excipient
concentration (0%, 3% and 6%), were placed on each arm. In
addition to the patches, a region of skin on both volar forearms
was designated as a control region to be measured and left
untreated to account for a person’s natural temporal variation of
their skin hydration. These 4 regions on each arm constituted
the regions of interest to be measured. In this experiment the
excipient in use was propylene glycol (CH;CH(OH)CH,OH)
[23] and the aforementioned excipient concentrations were
chosen as these are commonly found in commercial TDD
patches. It is noteworthy that propylene glycol is reported to
dehydrate skin [24], while the act of occluding the skin by
wearing a patch will increase the hydration, it is therefore
interesting to see the relative effects of the changes in propylene
glycol concentration and the type of patch backing material
used. The adhesive material used for the patches was a
proprietary polyurea cross-linked thermoset, with 10%
Transcutol® present [15]. These non-active patches were
manufactured by Medherant Ltd. No other drugs were present
in the patches to isolate any changes on the skin as a
consequence of the patches backing material and excipient. The
findings on the effects of the excipients are detailed in [25]. The
key extension in this work is that we show that through sparse
deconvolution, we can evaluate the skin beneath the patch while
the patch is still being worn.

The skin on the volunteer’s volar forearm was measured
before applying the TDD patches. Once the patches were
applied, the imaging window was placed atop of the patches and
the skin was measured with the patches on. During each set of
measurements, the untreated control region was also measured
for both arms. For the 2-hour experiment the measurements
were taken with the patches on the volar forearm, i.e. through
the patches, at 0 minutes, 30 minutes and 2 hours after the
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patches were applied for 8 volunteers. For the 24-hour
experiment measurements on 14 volunteers were taken
immediately following patch application and then 24 hours later
with both the patches still applied and then shortly after
removing them. By conducting these two experiments with
measurements at various time intervals both the short- and long-
term effects on skin of the TDD patches and the excipients
contained within them can be examined. As the 24-hour
experiment has measurements shortly before patch application
and shortly following patch removal, these patchless
measurements can be used to verify our sparse reconstruction
method applied to the paired patch measurements. Before the
start of each measurement the subjects acclimatized for a period
of 20 minutes in the controlled environment of the laboratory to
exclude any effects that being in different rooms and
environments might have on the skin.

Even with this protocol in place, there are many other factors
which significantly impact the condition of skin that could not
be controlled for during the 24-hour experiment. For example,
the volunteer could have gone swimming, showered or
significantly changed diet and water consumption between
measurements. To account for such variations, the normalized
relative change (NRC) [26] was calculated:

(Xst — Xsp) — Xee — Xew)
Xsp + (Xee — Xep)

NRC(%) = x100%, (9)
where Xs, is the measured parameter at time ¢ following
application of a patch and X, is the measured parameter at the
same region of skin before the patch was applied. X, and X
are the same parameters for the control region which did not
have a patch applied. X, — X, represents the variation of the
skin between the measurements, which accounts for the other
aforementioned variations in the volunteers’ skin, such as if the
volunteer had showered between the measurements. This
processing was not required for the 2-hour experiment as this
was over a shorter time period and volunteers remained in
controlled room conditions. Additionally, they avoided any
factors which could significantly affect the skin, such as
applying moisturizer.

IV. RESULTS AND DISCUSSION

Firstly, THz reflection data for the patches alone will be
presented, as to characterize their THz response and
demonstrate the sparse deconvolution results. Both a film and
woven patch of 0% excipient were placed directly onto the
quartz imaging window and measured using the same system as
described in the previous section. Fig. 4a contains the measured
THz data, y, for a single point scan through the center of the
film patch, in reflection geometry. This means that the first
reflection corresponds to the quartz-patch interface and the
second reflection corresponds to the patch-skin interface. The
sparse deconvolution result, h, is also shown. Lastly, the results
from using a standard THz processing method fully described
in [25] are also presented. This processing method includes
accounting for the use of a quartz imaging window and the
application of a double Gaussian filter centered at 0.6 THz. Fig.

4b shows the same data but for the woven patch. The sparse
result tracks the center of the first peak of the THz reflection. A
clear difference between the optical thickness of the two
patches can be observed, due to the optical delay being much
larger between the two surface reflections for the woven patch.
For the film patch, there is a clear overlap between its bottom
and top surface reflections. This overlap results in interference,
destructive for the first reflection but constructive for the
second reflection, due to the incident THz pulse shape (as
shown in fig. 2) and the resulting phase shift. The sparse
deconvolution result is able to account for this overlap and
interference, recovering the temporal location and relative
amplitude associated with the overlapping reflections. For the
purposes of this paper, the sparse reconstruction method
presented can recover useful sample information in such
overlaps. It can also be noticed that the second reflection from
the woven backed patch is significantly smaller than the second
reflection from the film patch. As the woven patch is thicker,
the reflection has become more attenuated during this increased
travel time. Additionally, the woven patches have a refractive
index closer to that of skin than the film patches did, thus a
relatively smaller reflection from the patch-skin boundary for
the woven patches resulted. The refractive index of the patches
at 0.6 THz were calculated from transmission measurements to
be 1.523 for the woven patches and 1.464 for the film patches.
This can be compared to a bare skin refractive index of 1.904,
also at 0.6 THz, obtained by standard reflection approaches
introduced earlier in this section.

Fig. 5a shows the average NRC, defined in (9), for the peak-to-
peak of the reconstructed skin reflection for 14 volunteers. This
reconstruction was made using the sparse result of in vivo skin
measurements with a TDD patch applied, with these
measurements containing the reflections highlighted in the
schematic shown in fig. 1. Then, following the steps outlined in
section II, the reconstruction and the peak-to-peak measurement
were obtained. The first data set was taken shortly following patch
application and the second 24 hours after application. For both
patch types and each excipient percentage, the NRC can be
obtained by using the reconstruction from these patch
measurements together with the control measurements taken at
the same times, following the procedure outlined in section III.
Measurements taken with the film and woven backed patches are
shown on the left and right sections of the figure respectively, with
the color indicating excipient level. The error bars indicate the
standard error of the mean.

All results presented in fig. Sa demonstrate a significant
decrease in peak-to-peak NRC, which is linked to an increase in
hydration level [27]. This signifies that the patches have led to
water collecting in the skin beneath them due to the
aforementioned occlusion effect. As the decrease in the woven
patch data is less severe, it can be determined that these patches
are more breathable. This demonstrates the ability of this method
to discern the occlusive characteristics of various medical patches
and bandages. Furthermore, a slight trend in decreasing
magnitude of the peak-to-peak NRC as excipient level increases
can be observed, indicating a decrease in skin hydration with
higher excipient level. However, this trend is mostly within the
errors of each individual result, demonstrating the need for further
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measurements to ascertain this relationship. Regardless, this
highlights the potential of this method for monitoring the effects
of transdermal drugs on skin hydration beneath patches or
bandages. The errors for the woven patches are smaller than those
for the film patches. As shown earlier in this section, the woven
patches were thicker which resulted in a larger optical separation
between the quartz-patch and patch-skin reflection. Thus, the
sparse deconvolution could perform more accurately and
consistently, resulting in a smaller error.

Fig. 5b contains data taken as a verification for our sparse
reconstruction method and as a comparison to previous work
covered in [25]. The procedure is very similar to that used above,
however the measurements were taken shortly before patch
application and immediately after the patches were removed after
24 hours of them being applied. This meant that the skin could be
directly measured, without the need of any sparse deconvolution
and reconstruction to obtain and separate the skin data from under
the patch. Therefore, these similar direct skin measurements can
be compared to those obtained via our sparse reconstruction
method.

By comparing fig. 5a and b it can be seen that a significant
reduction in the NRC for the peak-to-peaks are obtained in both
data sets, but the measurements taken with the patches remaining
applied show a noticeably larger reduction. Furthermore, in the
skin only measurements shown in fig. 5b there is no longer a clear
significant difference between the patch types. An explanation for
both of these differences is the nature of removing the patches
before the 24-hour measurements allows some time for the skin to
breath and become less hydrated, resulting in a smaller peak-to-
peak NRC. Additionally, as the skin under the film patches was
initially more hydrated it would dehydrate to a normal state at a
faster rate than the skin under the woven patches, proceeding to a
less obvious difference between them. This distinction between
the types of patches reveals the benefit of monitoring the skin
whilst the patch is still applied, which our sparse reconstruction
method allows. Furthermore, we expect that the NRC in the peak-
to-peak to be more accurate following the sparse method, as the
skin hydration can be monitored without patch removal, and
consequently without time for the skin to dehydrate.

To demonstrate the correlation between the NRC for the peak-
to-peaks contained in fig. 5a and fig. 5b we have plotted them
against each other as shown in fig. 6 and calculated the Pearson
correlation coefficient from the line of best fit for these results.
With the coefficient being 0.97, it demonstrates the strong
correlation between the results with the patch on and with only
skin, providing evidence to the accuracy of our sparse
reconstruction method used for the data with the patch applied.

A further experiment was conducted for investigating the
shorter-term response of skin to the patches, collecting data
from 8 volunteers. This time, measurements were taken
immediately following patch application, 30 minutes after and
finally 2 hours after application. All measurements were taken
through the patch and reconstructed using our sparse method.
Results from these measurements can be seen in fig. 7, where
the left section contains the film results and the right contains
woven ones. This time, the color of the bars signifies the
measurement time following patch application with the
excipient level changes for each cluster of bars and is denoted
on the x-axis. Unlike in the previous data presented, here we do
not use the average NRC in the peak-to-peak, but the average

raw peak-to-peak itself. As this experiment was conducted over
a shorter time period, only 2 hours, and volunteers remained in
consistent laboratory room conditions during which other
factors that affect the skin were controlled. The error bars
indicate the standard error of the mean.

A clear trend of the measurements taken immediately after
patch application being higher than the other two measurements
for that patch type and excipient level can be observed in fig. 7.
As explained previously, a higher peak-to-peak indicates less
hydrated skin comparatively. Thus, in all cases there is a
significant increase in hydration after the patch has been applied
for 30 minutes. This hydrating effect drops off between the 30
minute and 2-hour measurements, as there is only a small
decrease in peak-to-peak which is generally within the error of
these results. Therefore, by considering the 24-hour results too,
we can conclude that the majority of the hydrating effect of the
patches occurs within the first 30 minutes of their application
and lasts for at least 24 hours, if the patch remains on the skin.
A very big difference between the average peak-to-peak results
for the film backed patches and the woven backed patches can
be seen. As explored at the beginning of this section, the THz
measurements for these patches look very different.
Specifically, a larger optical delay and smaller amplitude for the
woven patch reflection as compared to the film patch. This
smaller reflection amplitude causes the sparse reconstruction
for this reflection to also have a lower peak-to-peak. However,
this does not signify that the skin under the woven patch is less
hydrated than the skin beneath the film patch but highlights that
the hydration information is contained within how this
amplitude changes over time. By observing how the average
peak-to-peak decreases for the woven data sets compared to the
film sets, we can see that there is a greater relative decrease in
the film data. Thus, these results agree with the film patches
being more occlusive and so having a greater hydrating effect,
as found in the 24-hour data. In this case there was only slight
variation in skin hydration for the different excipient levels, but
in situations such as a burn wound healing under a bandage
there are significant hydration level changes [28]. A further
application of our sparse reconstruction method could be for
other situations where monitoring how the hydration level of
skin under patches or bandages changes over time, without
having to remove them, would be helpful.

V. CONCLUSION

In this paper, a sparse reconstruction method has been
introduced and successfully employed to in vivo THz
measurements of various TDD patches. Such a method is
required in situations where overlap between reflections occurs,
as to retrieve accurate sample information. TDD patch
measurements are often such a case, by virtue of the patch’s
thinness. This method was verified by a comparison of sparse
reconstruction results with the patch applied to standard
measurements in the same locations immediately before or after
the patch was applied or removed, respectively. A significant
difference in occlusion properties of patches with different
backing materials was found, with a film backing proving to be
much more occlusive than a woven backing. It was discovered
that the majority of the occlusion effects occurred within the
first 30 minutes of patch application and persisted for at least
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24 hours if the patch remained applied. A slight difference
between excipient levels was observed, with hydration
decreasing with higher excipient concentration. However, this
was generally within error bars and thus further research into
this effect is required. Further work could include using this
method to observe wound healing beneath casts or bandages, as
the healing process is closely linked to skin hydration levels.
Additionally, moist and wet healing methods are gaining
traction, as it has been shown that wounds can heal better in
moist conditions. This sparse reconstruction method of THz
TDS data could be applied to help with research into these
healing methods by monitoring hydration levels non invasively.
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Fig. 1. A Menlo Systems Tera K15 fibre-coupled THz TDS set
up in reflection geometry to measure an arm with TDD patches
applied with a schematic of the highlighted region.
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Fig. 2. An example of a THz reference signal used in the sparse

deconvolution of measured THz reflected signals. This

reference was obtained by measuring the reflection off a thick

piece of quartz placed at the sample measuring location.

Fig. 3. A photo with boxes to highlight skin locations for where
the patches and control areas typically were. Film patches are
applied to the left arm and woven patches to the right arm.
Close-up photos of each patch type shown to the right.
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Fig. 4. The measured reflected THz signals (y), the
deconvolution results from sparse deconvolution (h) and a
standard THz processing method result for a) the film backed
patch and b) the woven backed patch, both with 0% propylene
glycol. The peak labels correspond with those schematically
shown in fig. 1.
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Fig. 5. The average peak-to-peak normalized relative change in
skin over a 24-hour period for 14 volunteers with a) transdermal
drug delivery patches applied and b) the same location but with
patches removed. The color indicates differing excipient levels
of 0%, 3% and 6% propylene glycol. Data for film backed
patches is located on the left side of the figures, with woven
backed data on the right. Error bars are the standard error on the
mean.
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Patch Measurement NRC (%)
Fig. 6. A demonstration of the correlation between the NRC in
measurements through the patch and of the bare skin presented
in fig. 5. The red line shows the line of best fit, with a
correlation coefficient of r = 0.97. Error bars are the standard
error on the mean.
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Fig. 7. The average peak-to-peak observed in 8 volunteers at 0
minutes, 30 minutes and 2 hours following the application of
transdermal drug delivery patches. The patches consisted of
film backed and woven backed types, with different excipient
levels of 0%, 3% and 6% propylene glycol. The error bars are
the standard error on the mean.
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