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Sweat sensing may provide a noninvasive means of estimating blood biomarker levels if a number of
technological hurdles can be overcome. This report describes progress on a physiologically based
transport model relating sweat glucose and key electrolyte concentrations to those in blood. Ionto-
phoretically stimulated sweat glucose and fasted blood glucose were simultaneously measured in 2
healthy human subjects. Sweat glucose was measured with a novel, prototype skin sweat collection/
analysis system and blood glucose with a commercial fingerstick glucometer. These data, in combination
with data from 3 published studies, were used to calibrate a dynamic mathematical model for glucose
transport and uptake in human skin, followed by extraction into sweat. Model simulations revealed that
experimental and literature sweat glucose values were well represented under varying physiologic
conditions. The glucose model, calibrated under a variety of experimental conditions including electrical
enhancement, revealed a 10 min blood-to-sweat lag time and a sweat/blood glucose level ranging from
0.001 to 0.02, depending on the sweat rate. These values are consistent with those reported in the
literature. The developed model satisfactorily described the sweat-to-blood relationship for glucose
concentrations measured under different conditions in 4 human studies including the present pilot
study. The algorithm may be used to facilitate sweat biosensor development.

© 2018 Published by Elsevier Inc. on behalf of the American Pharmacists Association.
Introduction

Diabetes in the United States affects approximately 10% of the
general population. Diabetic complications of neuropathy, glau-
coma, ketoacidosis, hypertension, stroke, kidney and heart dis-
eases, and other medical costs exceeded $245 billion in 2012.1

Diabetic risks can be reduced through tight glycemic control,
most commonly assessed by finger pricking. Unfortunately, this
manner of invasive glucose sampling reveals only glucose level
snapshots, meaning fluctuations over time are likely not detected.
This limitation has served as an impetus for continuous glucose
monitoring (CGM) devices, which capture temporal blood glucose
swings through frequent assessments, but still require confirma-
tory blood glucose measurements.2
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An early CGM contender was the GlucoWatch,™3 which deliv-
ered interstitial fluid (ISF) for glucose readings to the device on the
skin surface by reverse iontophoresis.4 Although it provided reli-
able physiologic correlations between steady-state glucose ISF
levels5 and blood, lack of widespread acceptance for GlucoWatch™
can be attributed to measurement inaccuracies (stemming from
blood glucose/sensor reading lag times), requisite fingerstick cali-
brations, and skin irritation engendered by the delivery technique.6

Current CGM devices,7 some of which use a glucose sensor inserted
dermally for frequent ISF glucose testing, still require twice-daily
calibrations with finger blood glucose measurements and experi-
ence inaccuracy issues. Recently, multifaceted approaches have led
to pivotal advances in biosensor research, piquing renewed interest
in noninvasive biofluid monitoring,8 with skin viewed as particu-
larly promising.

Current noninvasive skin biosensor research is focused on sweat
biomarker sampling.9 Besides the ease and convenience of collec-
tion capability, sweat analysis is especially promising because
biomarkers generally partition into sweat at levels that correlate to
blood, making it a biomarker-rich sampling matrix.9 Furthermore,
sweat has a reduced potential for adulteration, and facile methods
(e.g., iontophoresis) exist for increasing sample volumes, enabling
sociation.
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Nomenclature

C i DE Concentration of biomarker i in dermis (mol/L)
C i ISF Concentration of biomarker i in interstitial fluid

(mol/L)
Ci k Biomarker i concentration in skin layer k (mol/L)
Ci m Biomarker i concentration in sweat gland section m

(mol/L)
C i p Concentration of biomarker i in plasma (mol/L)
C i SG Concentration of biomarker i in sweat gland (mol/L)
C i (t) Concentration as a function of time t (mol/L)
C i VE Concentration of biomarker i in viable epidermis
Cl i, Na i, K i Intercellular (luminal) chloride, sodium, and

potassium concentration (mol/L)
Cl s, Na s, K s Serosal (extracellular) chloride, sodium, and

potassium concentration (mol/L)
D Ci

TM Transmembrane concentration difference of
biomarker i (mOsm/L)

Di ISF Diffusivity of biomarker i in interstitial fluid (cm2/s)
Di k Diffusivity of biomarker i in skin layer k (cm2/s)
Di m Diffusivity of biomarker i in sweat gland section m

(cm2/s)
Di SG Diffusivity of biomarker i in sweat gland (cm2/s)
F Faraday’s constant (C/mol)
J NaK Flux of NaK pump (mol/m2)
J NKCC Flux of NKCC cotransporter (mol/m2)
J source i Flux that serves as source of biomarker i (mol/s)
J w

TM Transmembrane water flux (m3/s)
k b Backward reaction rate for NKCC cotransporter (1/s)
kde i Dermal clearance constant for biomarker i (1/s)

k f Forward reaction rate for NKCC cotransporter (1/s)
Km Michaelis-Menten analyte affinity constant (mol/L)
K SG/ISF Partition coefficient of biomarker i between sweat

gland and interstitial fluid
k uptake ik Metabolic uptake rate for biomarker i in skin layer k

(mol/m3 s)
L p

TM Transmembrane hydraulic permeability of water
(mm/s)

m Sweat gland sections: acrosyringium, resorptive duct,
secretory coil

Pi Permeability coefficient of biomarker i (cm/s)
R Gas constant (J/mol K)
S Surface area of membrane (cm2)
SA Capillary surface area (cm2)
T Temperature (K)
t Time (s)
u Fluid velocity in sweat gland (m/s)
Vk Volume of skin layer k (L)
Vmax Michaelis-Menten maximum uptake rate (mol/Ls)
Vp Volume of plasma (L)
z Longitudinal sweat gland/skin axis (cm)
zi Valence of biomarker i

Greek symbols
j Potential difference across membrane (V)
r NaK Density of NaK pump (mol/cm2)
r NKCC Density of NKCC cotransporter (mol/cm2)
y NaK Turnover rate of NaK pump
y NKCC Turnover rate of NKCC cotransporter
y w Partial molar volume of water (m3/mol)
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sampling under sedentary conditions as exemplified by infantile
cystic fibrosis diagnoses.10 Advantages for skin-intimate wearable
biosensors that incorporate sweat as the biofluid sampling matrix
include (1) improved time resolution for diagnostic detection/
treatment, affording immediate health assessments and (2) elimi-
nation of sample transport problems encountered with free-
standing biosensor platforms. Complementary to such develop-
ment is the theoretical basis of the biophysical processes pertinent
to biomarker transport.

A better understanding of the glucose skin/appendageal
transport processes is imperative for facilitating the development
of noninvasive glucose sensing devices. Although components of
this relationshipddetailed capillary transport,11 cellular glucose
transport,12-15 and dynamic skin layer modeling15-17dexist in the
literature, a complete mathematical model for predictive
biomarker estimates for sweat gland (SG) delivery is lacking. Our
objective was to develop a computational model, based on SG and
skin physiology/biochemistry, which can provide a detailed
mechanistic and chronological understanding of the various
transport and biochemical processes impacting glucose delivery
to sweat from systemic circulation. Accurate modeling of these
dynamics can shed insight into the transport parameters that
most impact glucose delivery, thereby facilitating noninvasive
biosensor development. Ultimately, sweat glucose may not be
competitive with existing CGM techniques; regardless, we
explore sweat glucose in detail here because it is well studied and
therefore useful in terms of comparing modeling and in vivo re-
sults. Such a model may potentially be applied to other bio-
markers (metabolites, amino acids, proteins), further facilitating
health diagnoses.
Experimental Sweat Measurements

Sweat glucose samples were obtained in an institutional review
boardeapproved human subjects study described elsewhere.18 Six
healthy volunteers (5male,1 female) between the ages of 20 and 40
years participated in the study. These individuals fasted for 8 h
before the start and throughout the entire duration of the experi-
ment. All experiments began at ~9 AM. After attaching a custom-
made testing device to the clean volar forearm skin at a distance
of 15 cm from the distal wrist crease of each volunteer, sweat was
initiated via iontophoretic delivery of carbachol.19,20 Sample
contamination was mitigated by using a thin layer of oil before
device attachment. At 20 min after initial sweat stimulation (to
ensure attainment of stable sweating), a 3-pronged experimental
protocol was followed. First, the sweat rate was measured gravi-
metrically for 10 min, with blood glucose measured concurrently
(at the midway point) using a fingerstick glucometer outfitted with
Accu-Chek Aviva Plus test strips (Roche Diagnostics) rated within
±10%-15% accuracy. The finger to be tested was first cleaned with
soap/water, then wiped with isopropyl alcohol, and finally rinsed
with water and dried. Finally, sweat was collected for 45 min, and
then extracted from the absorbent hydrophilic mesh collection
disks (TX609 TechniCloth; Texwipe) by centrifugation and stored in
a �20�C freezer. For sweat glucose determinations, sweat samples
were first thawed to room temperature and diluted 2-fold with the
buffer provided with the assay to mitigate pH effects on enzyme
activity. They were then read via a microplate reader (Synergy H1;
BioTek) with an enzymatic glucose assay (Amplex Red Glucose
Assay; Thermo Fisher Scientific). Sweat rate and blood glucose
measurements from before and after each collection period were



Figure 2. (a) Concentration profile of select biomarkers along the sweat duct length,
beginning at the bottom of the sweat gland and ending at the skin surface (z ¼ 0 mm).
(b) Concentration-time profile of emergent sweat, using t ¼ 0 to indicate the beginning
of sweat stimulation at the base of the gland. Modeling used a sweat rate of 5 nL/min/
gland.
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averaged to determine the average values during the collection
period. The 3-step sequence was repeated 6-8 times per volunteer.
The modeled data shown represents the results of 2 subjects.

Computational Modeling Method

Overview

Electrolyte and fluid transport is foundational to sweat gener-
ation, osmoticity, and pH. As these factors may also impact other
biomarker transport, a modeling framework incorporating the
basic physiology of the SG was initially developed for key electro-
lyte transport. Due to the flexibility of the model, this approach
facilitated the extension of the model to other biomarkers, specif-
ically glucose. Of particular interest in using this biomarker as an
example was the correlation between glucose biomarker concen-
tration and sweat rate.

Development of a biomarker transport model from the circu-
latory system to emergent sweat entails the driving forces of
diffusion, andwhere applicable, convection, through the capillaries,
ISF, and the 3 SG compartments. Additional pertinent factors for
biomarker transport include electrostatic interactions, active
transport mechanisms, interplay between sweat rate and final
sweat composition, and applied electric fields.

Steady-state analytical solutions are the first step in modeling
such processes,9 but the various factors impinging upon the overall
transport process plus the possible number of analytes of physio-
logic relevance dictate the need for a more complex microfluidic
model. Transient conditions also yield invaluable information for
tracking blood glucose changes.

Biomarkers present in the skin originate predominantly in the
bloodstream, for which the capillaries are densest within 2 plex-
uses: a superficial plexus located just beneath the dermal-
epidermal junction, and a lower plexus residing in the hypoder-
mis. Capillaries are also distributed throughout the dermal ISF, with
local populations that encircle the hair follicle/SG appendages. For
modeling blood-to-sweat transport, the appropriate transport
mechanisms are used for each domain (Fig. 1).

Mass Transport Through Capillary Walls

Materials are transported through the capillary endothelial cells
into ISF via diffusion and hindered convection. Modeling blood-to-
Figure 1. Assumed modeling geometry for sweat duct (right) with surrounding skin layers st
in comparison to a realistic skin diagram. The gray section surrounding the gland denotes IS
uniformly distributed ISF capillaries plus capillaries encircling the sweat duct base. Modeling
the vertical length of duct is denoted by the z-axis (not shown). Transport phenomena and e
Drawing not to scale.
tissue mass transport is based on the Ibrahim and Kasting anal-
ysis,11 modified to reflect appropriate analyte ISF concentrations,
yielding a clearance constant kde. The study by Ibrahim et al.11 has
complete details. This clearance value is then used in ISF transport
modeling to calculate a biomarker source term.

Mass Transport Through Well-Stirred Dermal ISF

A uniform capillary distribution assumption renders the ISF well
stirred (uniform concentration). This simplifies the modeling pro-
cess because the entire domain can be treated on a compartmental
basis, resulting in a computational savings. Ordinary differential
equations account for both any cellular uptake (metabolism) and
analyte source terms specific to the skin layers of viable epidermis
(VE) and dermis (DE):

Vk
vCi k
vt

¼ Jsource i � kuptake i k Vk (1)

where subscript k denotes the ISF section corresponding to specific
sweat duct domains (i.e., VE, upper DE, lower DE), Vk is the volume
associated with layer k and the molar biomarker i source term,
Jsource i (mol/s), is due to either the passive transport from the DE to
VE layers because the latter lacks a blood supply (Eq. 2a)
ratum corneum (SC), viable epidermis (VE), and dermal interstitial fluid (ISF), as shown
F devoid of capillaries, forming an aqueous boundary layer (ABL). Pink curves represent
was conducted on an axisymmetric basis around the duct centerline; in the modeling,
quations for each section are discussed in the main text and are biomarker dependent.



Table 2
Typical Ionic Concentrations (mM) of Select Electrolytes in Blood, ISF, Precursor, and
Final Sweat

Electrolyte Blood Plasma21 ISF21 Precursor Sweata Final Sweatb

Naþ 142 139 139 ~48
Cl� 108 108 108 ~45
Kþ 4 4 4-5 ~14
HCO3

�, 24 28 ~28c ~3d

a Base of sweat gland.
b Sonner et al.9; Emergent on skin surface.
c Bovell.22
d Harvey et al.23

Figure 3. Glucose efflux concentration profiles as a function of sweat rate (SR), in nL/
min/gland, and time (with t ¼ 0 indicative of sweat stimulation in the base of the
sweat gland) using a constant blood glucose level of 5mM.
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Jsource i ¼ PiSðCi DE � Ci VEÞ (2a)

Jsource i ¼ kde iS
�
Ci p � Ci ISF

�
Vp (2b)

or influx from the blood (DE layer, Eq. 2b) represented by the
uniform capillary removal rate of analytes equal to the clearance
constant previously determined, kde i(1/s), times the local concen-
tration gradient (i.e., plasma concentrationminus ISF concentration).
In the VE source term, Pi (cm/s) is biomarker permeability and S
(cm2) is transport area. For cases of negligible interstitial biomarker
concentration, the plasma concentration in the DE source term
serves as the driving force. In addition, biomarkers susceptible to
fluctuating blood levels due to diet, stress, inflammation, environ-
mental assaults, or exercise are handled through the clearance term.

For biomarkers that undergo metabolic uptake, for example
glucose, the last term in Equation 1 accounts for biomarker con-
sumption in each skin layer k via Michaelis-Menten kinetics:

kuptake i k ¼
Vmax C iðtÞ
Km þ C iðtÞ

(3)

where k uptake i is the biomarker uptake rate (mol/m3s), Vmax (mol/L
s) the maximum uptake rate, Km (mol/L) the analyte affinity con-
stant, and Ci (t) (mol/L) the biomarker concentration in that
domain. Table 1 lists the parameter values used for modeling
glucose.

ISF initial conditions are contingent upon the biomarker of in-
terest. Electrolyte concentrations (specifically Naþ, Cl�, Kþ and
HCO3

�) are maintained at nearly isotonic levels with blood concen-
trations (Table 2). Conversely, other biomarkers are generally at
negligible levels in the ISF, such as ethanol, present at baseline values
corresponding to somewhat steady-state conditions, for example,
glucose, or variable throughout the day, for example, cortisol.

It should be noted that the sweat values are representative; for
example, Kþ concentrations in sweat are subject to interindividual
variability and environmental variability.

The calculated domain concentrations dictate the boundary
condition between the ISF and the aqueous boundary layer (ABL)
Table 1
Michaelis-Menten Parameters for Skin Glucose Uptake

Domain V�106 (mM) Km�103 (mM) Source

VE 8.4 0.5 14, 15
DE 47 6 13, 15
Hypo DE 44 5 12, 15
domains encircling the sweat duct in the ABL transport equations,
as described in the next section.

Mass Transport Through ABL ISF

Because local capillary populations supplying the SGs lie a
discrete distance from the surface, the ISF portion adjacent to the
SG is treated as an unperfused ABL. Transient 2-dimensional
biomarker transport through the ABL sections is modeled on a
diffusive basis only:

vCi k
vt

¼ Di k
vC2

i k
vz2

(4)

Here Cik and Dik are the analyte i concentration (mol/L) and
diffusivity (cm2/s) in domain k (k ¼ VE, DE upper and lower), and z
denotes transverse distance coordinate (cm), that is, depth below
the surface opening, z ¼ 0.

ABL ISF Boundary and Initial Conditions

As boundary conditions differ depending on the SG section in
contact with the ABL ISF area, the ABL ISF domain is modeled in 3
compartmentsdupper layer pertaining to the epidermal region
adjacent to the acrosyringium, middle layer corresponding to the
resorption ductal region, and lower layer in contact with the
secretory coildusing the previously determined analyte concen-
tration boundary conditions and perfused ISF initial conditions. The
mechanisms for electrolyte transport into each ductal region are
discussed in the next 3 sections.

Secretory Portion ISF Boundary Conditions

Transport along the axial length of the secretory coil circum-
ference into the SG lumen occurs by 2 meansdactive Cl� ion24

transport (under direct basolateral Na-K-Cl [NKCC] cotransporter
control), which then dictates the corresponding Naþ flux, or passive
transport for other electrolytes and uncharged biomarkers. Thus,
Naþ and Cl� fluxes are modeled to reflect the physiological func-
tioning of the NKCC cotransporter based on a steady-state flux
approximation,25,26 mathematically described by

JNKCC ¼ rNKCC yNKCC (5)

where r NKCC is the cotransporter density within themembrane and
yNKCC , the transporter turnover rate, is given by:

yNKCC ¼
kfullf kempty

f g4Cl2s KsNa s � kfullb kempty
b g4Cl2i KiNa iP16

n¼1Z
n
NKCC

(6)

In Eq. 6, the pump variables represent the following: k, rate
constant values for forward f and backward b reactions; g, activity
coefficient; and Cl, Na, K, electrolyte concentrations (here i
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denotes intracellular [luminal] and s serosal [extracellular]); more
detailed cotransporter information can be found in the study by
Benjamin and Johnson.26 HCO3

� and Kþ
fluxes are modeled

through continuity and partitioning conditions at the ISF/SG
interface because these are transported into the lumen at rates
sufficient to maintain concentration levels in equilibrium with ISF
concentrations:

KSG=ISF ¼ CSG
CISF

(7a)

Di ISF
vCi ISF
vz

¼ Di SG
vCi SG
vz

(7b)

The end result is precursor sweat generation that is essentially
isotonic with ISF insofar as Naþ, Cl� , Kþ, and HCO3

� concentrations.
Passive diffusion for other biomarkers, such as glucose, is also
modeled for this SG section.

Water flux across the membrane Jw
TM (m3/s) (equal to the ABL

ISF water efflux) is modeled as a laminar flow rate physiologically
controlled by the osmotic gradient established by (mainly) Cl� and
Naþ luminal influx via27

JTMw ¼ LTMp nw SA
�
DCTM

i

�
(8)

where Lp
TM is the transmembrane (TM) hydraulic water conduc-

tivity (mm/s), vw the partial molar volume of water (m3/mol), SA the
surface area impacting the water flux (m2), and the TM concen-
tration gradient of biomarker i, D Ci

TM, is in mOsm/L. Typical sweat
rates range from 1-5 nL/min/gland, with 0.5 nL/min/gland assumed
for passive sweating and enhanced sweating close to 9 nL/min/
gland.
Resorptive Duct ISF Boundary Conditions

The resorptive fluxes of Naþ and Cl� of the lumen24 via the
epithelial sodium channel and cystic fibrosis transmembrane
regulator transporters, respectively, are modeled to reflect the
physiologic functioning of the epithelial basolateral NaK25,28 pump
based on a steady-state flux approximation mathematically
described by

JNaK ¼ rNaK yNaK (9)

where r NaK is the membrane pump density and yNaK , the pump
turnover rate, is given by

yNaK ¼ aþ1 aþ2 aþ3 aþ4 � a�1 a�2 a�3 a�4
S

(10)

Additional details about the forward (þ) and backward (�)
apparent reaction rates, a1,2,3,4

± , which comprise forward and
backward rate and equilibrium constants of the individual reaction
steps, and other pump details can be found in the study by Smith
and Crampin.28 The actions of these facilitators renders the final
sweat hypotonic compared to precursor levels.

Supplemental resorptive fluxes include additional lumen-to-
ISF fluxes for Naþ and Cl� (due to the presence of redundant ion
channels), as well as ISF-to-lumen boundary fluxes for Kþ, Hþ,
HCO3

�, the latter evidenced by the lower pH reported in final
sweat, the increase in potassium in final sweat compared to
blood and ISF (Table 2), and in predicting electrolyte concen-
trations in final sweat for cystic fibrosis conditions for a given
sweat rate.9
Mass Transport Through Sweat Gland

Convective and diffusive transport occurs within the ductal
secretory and resorptive regions for uncharged biomarkers. For
electrolytes, the driving force includes electrodiffusion and elec-
trostatic interactions with the charged pores, with transient axial
biomarker transport modeled via:

vCi m
vt

¼ Di m
vC2

i m

vz2
þ u

vCi m
vz

þ zi
Di m F
RT

�
v

vz

�
Ci m

vj

vz

��
(11)

where zi is the biomarker charge, j electrical potential (V), u sol-
vent velocity (m/s), and m represents the 3 SG sections (secretory
coil, resorptive duct, and acrosyringium). For nonelectrolytes, the
last term in Equation 11 drops out.

SG Initial and Boundary Conditions

Biomarker concentrations are initially assumed to be zero
throughout SG sections. Boundary flux conditions for the secretory
and resorptive portions of the SG correspond to the bidirectional
fluxes for Naþ, Cl�, and Kþ described previously in the ABL ISF
boundary condition sections; passive ISF-to-lumen diffusion of
uncharged biomarkers is also modeled. Because the acrosyringium
is intraepidermally located, only passive diffusion of uncharged
biomarkers into the SG will be modeled for the acrosyringium
portion that is located within the VE.

Applied Electrical Field

The impact from applied electrical fields, subject to time of
treatment, affects the biomarker ductal permeability via epithelial
cell wall pore creation. Applied fields can also serve as amechanism
for SG secretion and modulation (i.e., sweat stimulation [via
iontophoretic cholinergic administration], sweat augmentation [via
reverse iontophoresis], increased biomarker paracellular perme-
ability, which is especially important under low sweat rate condi-
tions where the analyte detection level limits are already low).
Thus, electrical techniques not only affect ductal lining integrity but
also impact the sweat rate, and ultimately sweat concentrations.
The model presently handles the electrically enhanced data in a
macroscopic manner via a global permeability coefficient termed
Pwall. This approach is advantageous in that a passive permeability
coefficient can be devolved from data under similar conditions.
Notably, this coefficient can also be segregated into the various
electrical field components, given sufficient suitable data; this work
is the subject of future studies.

Temporal Conditions of Blood Glucose and Sweat Rate

Blood glucose and sweat rate can display temporal effects. For
blood glucose changes, glucose administration (ingestion or intra-
venous) raises blood levels, which impacts the skin insulin
response (i.e., glucose uptake). Similarly, direct insulin adminis-
tration causes the increased uptake, lowering blood glucose levels.
Meal ingestion, especially of high glycemic foods, plays a similar
role to glucose administration. Sweat rates, which vary between
thermal or chemical stimuli, exhibit a sharp uptick after exposures
followed by a gradual decay upon stimuli cessation. Differing sweat
electrolytes levels based on the sweat rate can most likely be
attributed to the limited capability of pump activity in the resorp-
tive duct section (i.e., pump functionality reaches a maximal level).
In the model, both glucose and sweat rate temporal changes are
handled as tabulated input parameters, while the sweat rate vari-
ability is tied to pump turnover rate. To allow for an estimate of the



Figure 4. Simulated sweat data (lines) compared to experimental data (symbols) from
(a) Lee et al.,30 variable blood glucose (via meals), stable low sweat rate, and healthy
subjects; (b) Boysen et al.,31 variable blood glucose (via glucose ingestion/intravenous
infusion), stable, high (8 nL/min/gland) sweat rate, and healthy subjects; (c) Moyer
et al.,32 variable blood glucose (via glucose/insulin administration), estimated variable
sweat rate, and diabetic subjects; (d) present study, fasting glucose conditions,
measured carbachol-initiated sweat rates (baseline rate to 5 nL/min/gland, followed by
decline), and healthy subjects. Symbols: sweat glucose (SG): circles; blood glucose
(BG): triangles. Here, time is measured relative to blood glucose measurements (t ¼ 0
at initial blood glucose measurement).
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pump/cotransporter turnover rate for each sweat level, sweat
electrolyte concentrations were modeled over a range of discrete
sweat rates.

Computational Details

Time-dependent simulations were performed using COMSOL®

Multiphysics finite element analysis platform (Burlington, MA).
Two-dimensional axisymmetric transport was modeled within
domains comprised of the ABL ISF and SG sections. Initial and
boundary conditions are biomarker-dependent. COMSOL auto-
matically implements the best solver, but a default override is
available. Simulations used the PARDISO direct default solver with
absolute and relative tolerances of 0.001 and 0.01, respectively.

Results and Discussion

This work represents, for the first time, glucose transport
modeling from systemic circulation and into sweat.

Electrolyte Levels

The foundational dynamic flow model initially developed for
blood/ISF-to-sweat electrolyte transport entailed modeling the
sweating cascade/resorption processes and ensuing osmotically
driven water influx into the duct. Based on a nominal sweat rate of
5 nL/min/gland, the modeling of select key electrolytes (Naþ, Cl�,
Kþ, and HCO3

�, which play primary roles in the sweating process
yet have stable interstitial concentrations) yielded electrolyte
transport through (Fig. 2a) and emerging from (Fig. 2b) the SG.
Due to the homeostatic nature of the body regarding these elec-
trolytes in blood and ISF, the main kinetics involved are those
associated with sweat duct transport; thus, through the resorptive
and passive ductal transport functions, only affected electrolytes
display altered levels in Figure 2. Modeling reproduces the typical
values of electrolytes at the base of the SG and sweat efflux based
on steady-state plasma, ISF, precursor sweat, and final sweat
values (Table 2).

While varying sweat rates dictate sweat Naþ and Cl� efflux
values, glucose transport is affected by sweat rate changes for
multiple reasons.

Glucose Levels

Glucose sensing via sweat monitoring uses different methods
for fluid generation: thermal sweating,29 which relies on hypo-
thalamus signaling, and chemically stimulated sweating, specif-
ically iontophoretic administration of Ca2þ agonists, for example
acetylcholine, carbachol, methylcholine. Thermal sweating is more
variable29 compared to chemically induced sweating, but both
dissipate over time and acclimatize after multiple exposures. The
model accommodates for physiologic sweating (initiation methods
and sweat dissipation) via modulation of sweat rates.

Sweat rate variability is particularly important for glucose
because it impacts the corresponding sweat efflux analyte levels.
Sweat glucose at a sweat rate of 9 nL/min/gland (profuse sweating)
is diluted over that at 1 nL/min/gland (slightly above passive/
intrinsic sweating), as shown in the sensitivity analysis of the effect
of the sweat rate on sweat glucose concentrations (Fig. 3).

CalibrationdGlucose

Many studies measure steady-state ratios between blood and
various bodily fluids (ISF, saliva, tears, sweat). More pertinent from
a glucose monitoring perspective are the glucose profiles within
these domains over time. In contrast to key electrolyte transport,
sweat glucose levels reflect metabolic skin uptakemechanisms that
are predicated upon temporal physiologic blood concentrations, for
example, diabetic glucose swings, nondiabetic fasting. The tem-
poral skin glucose levels in turn impact sweat efflux levels.

Sweat glucose levels were modeled using literature and exper-
imental data under different conditions of blood glucose and sweat
rate for both healthy and diabetic subjects (Fig. 4). Under passive
sweating, healthy subjects in the Lee et al.30 investigation displayed
blood glucose peaks and troughs corresponding to alternating pe-
riods of meal ingestion followed by fasting interludes (Fig. 4a). The
sweat rate in that case was estimated at 0.5 nL/min/gland. Similar
spikes and dips were observed in sweat glucose levels, albeit at
slightly lower concentrations; simulated sweat data closely match
the experimental data. Because sweat data were gathered at the
same discrete time points as the blood draws, glucose lag time is
not obvious. However, lag time can be estimated from the differ-
ence between blood and simulated sweat peaks (~5 min), which is
within the range reported in the literature.3,4,33-35 With glucose
ingestion and infusion (standard glucose tolerance test bolus of
100g glucose dissolved in 10 oz. water and 25 g glucose in 25 mL
water intravenously), healthy subjects in the Boysen et al.31 study
incurred much larger blood glucose swings (Fig. 4b). Sweat initia-
tion/maintenance for these subjects resulted from thermal stimuli
(sauna exposure), whereby a stable 50�C air temperature corre-
sponded to ~8 nL/min/gland sweat rate. Despite the higher blood
glucose levels, sweat glucose dilution is evident compared to the
passive sweating data. Simulated sweat data, in agreement with
experimental data, showed a similar time lag after glucose intra-
venous infusion (1500 s blood glucose peak revealed as ~1750-2000
s sweat peak). Both experimental and simulated sweat data in that
study trend with the blood glucose changes, except at the end
when blood glucose levels off and the sweat levels continue to
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increase. A partial explanation for the observed discrepancy might
lie with the estimation of sweat rate decline, especially because
lower sweat rates would impact sweat glucose levels greatly
(Fig. 3:~9-fold sweat glucose dilution corresponds to a 9-fold sweat
rate increase). The objective of the Moyer et al.32 study (Fig. 4c) was
to show a correlation between sweat and blood glucose; to achieve
sizable blood glucose swings, diabetic patients were administered
glucose (a solution containing 75 g glucose if initial BG was normal
or low) or insulin (for high initial BG levels at a dose instructed by a
physician). Furthermore, the sweat rate range, iontophoretically
initiated via pilocarpine administration, was estimated, not
measured. For modeling, a passive a sweat rate of 0.5 nL/min/gland
was assumed before iontophoresis, followed by a 5 nL/min/gland
peak sweat rate immediately after sweat initiation, with a gradual
return to the passive sweat rate. As with the Boysen data, experi-
mental and simulated sweat data in the Moyer study are well
correlated, except during initial increasing sweat rates. The
assumption of a dramatic sweat rate increase just after iontopho-
retic stimulation may explain the lower simulated result compared
to experimental data. A different sweat rate profile, although it
might improve the data agreement, cannot be defended over the
assumed ramping rate.

In the present study, experimental electrically enhanced sweat
glucose data were obtained from 2 healthy subjects under fasting
conditions, concurrently with sweat rate measurements and blood
glucose draws (Fig. 4d). Counter to diminishing blood glucose
levels, experimental glucose concentrations in sweat rose over time
in response to the decay in the sweat rate after iontophoresis
ceased. The different sweat glucose profiles highlight the inter-
subject variability of in vivo sweating due to gender, age, acclima-
tization, and other factors.36 Simulated sweat data were in
agreement with experimental values. The small drop in blood
glucose levels, compounded by inter- and intra-subject sweating
variability, precludes an accurate estimation of lag time from the
data. The average sweat/blood glucose levels in Figure 4 ranged
from 0.001 to 0.02 for both experimental and simulated ratios,
varying according to the sweat rate.

The intersubject variability displayed in Figure 4d is one of several
known factors that impacts sweat analyses. For example, physical
fitness impacts sweat production, as does repeated heat exposures,
age, gender, and bodily site. Studies conducted in our laboratory for
sweat stimulation feasibility have shown significant age and gender
differences, in particular.36 Despite control of many factors in this
study (time of day for conducting experiments, stimulation of sweat
Figure 5. Critical parameters in the determination of the concentration and tran
in a controlled manner, fasting subjects, precise bodily location for
sweat procurement, etc.), age and gender differences were not
controlled. Reasons for this include the small number of overall
subjects and unequal gender distribution; hence, no attempt was
made to investigate or model gender and age differences as distinct
factors. Instead, the differences are modeled herein through blood
concentration, sweat rate, uptake kinetics, and epithelial glucose
permeability coefficient. The latter is particularly important as it
facilely lends itself to the application of electrical field applications,
which directly impact ductal epithelial permeabilities.

Modeling simulated sweat glucose data to experimental sweat
glucose data highlighted the importance of certain parameters in
sweat biomarker concentrations. Specifically, 4 parameters
(Fig. 5)dskin layer metabolic uptake, dermal clearance constant,
epithelial glucose permeability, and sweat ratedplayed a signifi-
cant role in the fitting process, although in differing capacities. For
example, the sweat rate is critical and was measured experimen-
tally. In addition, dermal clearance was calculated from measured
blood glucose concentrations using calculated dermal diffusivities
of solutes. Thus, only 2 parameters, metabolic uptake rates and
epithelial glucose permeability, were fitted to match the simulated
and experimental data, given the constraint of the other parame-
ters. The interplay between skin metabolism of glucose and sweat
glucose transport is significant, mainly due to the overwhelming
influence of skin concentrations impacted by glucose skin kinetics
compared to the passive sweat duct epithelial transport of glucose
and the rapid convective transport of glucose through the duct. An
alternative approach for future studies would be experimental
determination of the metabolic skin rate variables, leaving only a
fitted epithelial permeability coefficient. Parametric sweeps for
sensitivity studies would also be beneficial in a follow-up study.

Herein, sweat duct permeability to glucose has been modeled in
terms of a global permeability coefficient, P, without any specifi-
cation of the transport mechanism across the epithelial cell layers
comprising the sweat duct wall. Some glucose may enter the duct
naturally with the osmotic flow of water in the secretory coil. This
transport is augmented by carbachol iontophoresis (Fig. 4d).
Possible mechanisms for this enhancement include electroporation
of the epithelial cell membranes as proposed by Chizmadzhev
et al.37 and/or electroosmosis through tight junctions.18 Both phe-
nomenon would be most likely to occur in the resorptive duct
rather than the secretory coil due to the higher electric field in the
former region.37 The extent to which the permeability is increased
by such treatments and the duration of this effect are of
sport rate of glucose from the blood to sweat include kuptake, P, SR, and kde.
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considerable interest in understanding the relationship between
sweat and blood glucose levels. This question forms the basis for
further study in our laboratory.

Conclusions

The computational model quantitatively describes the various
processes of sweat analyte transport originating from systemic
distribution, including sweat initiation and metabolic skin uptake
dynamics. Key electrolytes were modeled within the sweating
cascade as well as glucose, important from a diagnostic health
perspective. The glucose model, calibrated under a variety of
experimental conditions including electrical enhancement,
revealed a 10 min blood-to-sweat lag time and a sweat/blood
glucose level ranging from 0.001 to 0.02, depending on the sweat
rate.
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