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Reverse iontophoresis is a relatively new technique for non-invasive drug monitoring
in the body. It involves a small electrical current being passed through the skin to
facilitate the movement of small charged ions and polar molecules on the skin’s surface
where the amount of drug can then be measured and hence an accurate estimate of the
blood concentration can be made. In vivo studies for several molecules show that
initially large amounts of drug are extracted from the body, which are unrelated to the
magnitude of the blood concentration; over time the fluxes of extraction decrease to a
level proportional to the steady state blood concentration. This suggests that, at first, the
drug is being extracted from some source other than the blood; one such candidate for
this source is the dead cells which form the stratum corneum. In this paper, we
construct two related mathematical models; the first describes the formation of the drug
reservoir in the stratum corneum as a consequence of repeated drug intake and natural
death of skin cells in the body. The output from this model provides initial conditions
for the model of reverse iontophoresis in which charged ions from both the blood and
the stratum corneum reservoir compete for the electric current. Model parameters are
estimated from data collected for lithium monitoring. Our models will improve
interpretation of reverse iontophoretic data by discriminating the subdermal from the
skin contribution to the fluxes of extraction. They also suggest that analysis of the skin
reservoir might be a valuable tool to investigate patients’ exposure to chemicals
including therapeutic drugs.

Keywords: reverse iontophoresis; non-invasive sampling; drug monitoring; drug
reservoir; mathematical model; lithium

1. Introduction

Reverse iontophoresis is a relatively new technique for non-invasive drug monitoring in

the body. It involves a small electrical current being passed through the skin to facilitate

the movement of small charged ions and polar molecules to the skin’s surface where the

amount of drug can then be measured and hence an accurate estimate of the blood

concentration can be made. Figure 1 is a schematic of this process. An electric current is

applied to the surface of the skin. The current density must be maintained at less than

0.5 mA cm22 in order to prevent skin damage [19]. The reduction and oxidation reactions

occurring at the electrodes provoke a charge imbalance at the anodal and cathodal

solution; as a consequence ions flow across the skin to keep electroneutrality [18].
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This results in positive ions being drawn to the cathode and negative ions to the anode.

This process is known as electromigration and is the focus of our work here.

Two other transport mechanisms may be involved in the movement of charged ions

in the skin:

1. Electroosmosis. This is caused by the natural negative charge of the skin [18]; when

an electric charge is applied, a solvent flow occurs in the anode to the cathode

direction. This solvent flow allows transporting neutral and zwiterrionic species

and adds to the transport of cations by electromigration.

2. Passive diffusion. This occurs regardless of whether the electric current is running

and its importance as a transport method appears to vary depending on the molecule

in question.

It has been shown that there is a linear correlation for any substance extracted between the

amount of drug collected outside the skin and that present in the subdermal concentration

[9]. However, electromigration is not ion-specific: any free ion sufficiently mobile and

concentrated will move in order to maintain neutrality. This ion competition for charge

carrying is expressed via the transport number or fraction of the total charge transported by

a specific ion. Lithium is an excellent candidate to be sampled via transdermal

iontophoresis as recently shown [16] because it is a small and charged drug whose

therapeutic concentrations are relatively high. Nevertheless, lithium ions compete for

charge carrying with other cations present subdermally. This ‘competition’ between ions to

carry the charge across the skin barrier, must be modelled when trying to predict the amount

of drug collected at the pad.

Three potential pathways could be followed by ions moving as a result of

electromigration: the transcellular route (through the corneocytes of the stratum corneum),

the paracellular route (through the lipid bilayer which holds the cells together) and along

the appendages of the skin (such as hair follicles and sweat glands). Of the three, the

appendageal route appears to be the most important during reverse iontophoresis (as

demonstrated by Cullander and Guy [5]) as it provides the least resistance to the

movement of ions.

The time of each extraction period must be sufficiently long to ensure that enough

analyte is detectable with the current analytic chemistry methods available, but not so long

that significant changes in the serum concentration have occurred. This implies that
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Figure 1. Schematic of the process of reverse iontophoresis reproduced from [18].
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reverse iontophoresis can only provide an estimation of the average level of drug in the

body during the monitoring period. Some compounds fluctuate in the body very rapidly

and so reverse iontophoresis is currently not a useful technique for monitoring such

chemicals. However, the technique is ideal for drugs at ‘steady-state’ as a prolonged

sampling time will still give accurate results for the average amount of drug in the body.

In this paper, lithium has been chosen as the focus molecule to extract via reverse

iontophoresis. It is a small, positively charged ion which is prescribed to bipolar sufferers

as the best method to stabilize moods and prevent the likelihood of suicide. However, it

can be toxic at high concentrations and, therefore, its presence in the body must be

carefully monitored, as well as in keeping the concentration within the therapeutic window

(0.4–1.4 mEq/l [33]). Poor compliance with the specified drug dosage regimen is frequent

among patients [29] and, therefore, it would be beneficial to have a method to test patients’

adherence to their therapy. Blood levels have the disadvantage that they only correspond

to the amount of lithium taken on that day.

Lithium has additional advantages: it does not bind to protein and therefore exists in

the body purely as free cations which are sampled via reverse iontophoresis efficiently. It

also distributes evenly in the total body water space, and is not metabolized, so its

elimination is limited to renal excretion. The renal excretion of lithium varies with

creatinine clearance [2], pH of urine [7] and dehydration as well as the time of day (night

clearance is lower than daytime); however, lithium clearance stays within a range of

10–40 ml/min, resulting in an elimination half-life of 12–27 h [2]. This is long compared

to the average extraction period (about 2 h [16]) and so there should not be significant

changes in the blood concentration within this time.

It has also been shown [16] in vivo that the extraction fluxes of lithium, after the 30 min

warm up period, are very closely correlated with the serum concentration. However, for

several molecules (including lithium [16], lactate [24] and glucose [25]), in vivo data

collected in this time shows an initially large amount of drug being extracted from the

body during the ‘warm up’ period, which is unrelated to the magnitude of the serum

concentration. Over time, the fluxes of the amount of drug decreases in a smooth curve to

reach a level proportional to the steady state of the blood concentration [16]; these

behaviours are shown from experimental data in Figure 2. This suggests that, at first, the

drug molecule is being extracted from some other source as well as the blood.

It has been suggested that the dead cells of the stratum corneum act as a ‘reservoir’,

where the repeated drug intake leads to a build up of ions [34]. The part of the reservoir

directly underneath the collection pad must therefore be emptied before the readings

correspond to the blood alone. In vitro iontophoresis experiments performed with pig skin

sourced from animals unexposed to lithium so that no build up has been possible, show a

slow increase of the amount of drug being extracted until the steady state concentration is

displayed and thus strengthen this hypothesis [18].

While currently this reservoir is a hindrance to monitoring, it is hoped that it could hold

some useful information about the patient’s drug taking history. For example, it could be

possible to predict if the patient had taken his/her dose regularly and at the correct intervals

from the concentration of drug in the reservoir. If the initial readings from the extraction

period differed from these predicted values it may suggest that the patient had been trying

to avoid medication.

The purpose of this paper is to build a mathematical model which can describe the

development of a drug reservoir in the stratum corneum upon repeated drug administration

and hence to explore the impact of a drug reservoir on the monitoring of lithium using

reverse iontophoresis. This is a novel modelling study; previously compartmental models
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have been developed to explore iontophoretic delivery of drugs [14,15]. These models

incorporate a delay in transversing the stratum corneum but do not account for drug loss

through desquamation of the stratum corneum nor the ionic competition for charge. By

contrast, [12,13] incorporate ionic competition in a model of iontophoresis but they are

only interested in how ions move across the stratum corneum. Here we reverse the

direction of interest by considering reverse iontophoresis, we model the formation of a

drug reservoir in the stratum corneum and we add in the essential ionic competition. In

order to obtain quantitative results to compare to real data, the findings shall be restricted

to values for lithium monitoring – however, the basis of the model should stand for other

ions, for example lactate which is monitored in critical care patients, athletes and shock

patients, as well as being studied in the cosmetic industry. It is hoped that the ability to

draw conclusions from these readings would make the iontophoresis devices currently on

the market much more informative.

2. Mathematical modelling

We separate the modelling problem into two stages to reflect the very different timescales

which are being considered. The first model considers the formation of a drug reservoir in

the stratum corneum and has a timescale of the order of weeks. The second model

determines how iontophoresis draws the drug from the reservoir and blood compartments
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Figure 2. Reproduced from [16]. (a) Experimental data for the flux of lithium collected from in vivo
patients during reverse iontophoresis drug monitoring; (b) ratio of lithium flux collected to serum
concentration of lithium (g) as a function of duration of iontophoresis.
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using a timescale of the order of hours. The models are linked since output from the first

model provides initial conditions for the second.

2.1 Model 1: Formation of the drug reservoir

This model has two compartments, for the amount of lithium in the body (x1(t)) and

stratum corneum reservoir (x2(t)) respectively, as shown in Figure 3(a). By using this

model structure, we are assuming that:

1. Both compartments are homogeneous and well mixed [27].

2. Any changes that occur in the blood serum drug levels reflect changes occurring in

tissue drug levels [8]. Blood serum is the same as blood plasma without various

clotting factors; it is general practice to use blood serum instead of blood values, as

taking whole blood measurements can cause interference in several blood assay

methods [33].

3. Blood serum is in equilibrium with both the blood and living cells in the body.

We assume that the drug is administered in equal amounts daily. Taking a constant

absorption rate k, the rate at which the drug reaches the serum compartment is

rðtÞ ¼
XN
i¼1

dk expð2kðt2 TiÞÞ:

where d is the daily drug dosage, Ti is the time at which these doses have been taken and N

is the number of doses which have been taken up to the present time [20]. Since lithium is

almost entirely absorbed from the stomach into the blood, the full amount of drug

administered will eventually be available in the serum [35]. While lithium

pharmacokinetics are usually described by means of a two-compartmental model, the
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Figure 3. (a) Schematic of the compartmental structure used to model the formation of the drug
reservoir in the stratum corneum for a patient receiving lithium treatment. (b) Schematic of the
compartmental model used to model the process of reverse iontophoresis.
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drug distribution kinetics were not included in the model for two reasons: (a) the

extracellular space where iontophoretic sampling takes place is part of the central

compartment constituted by plasma and fast equilibrating tissues, and (b) the patients

participating in the in vivo study had been receiving lithium for a sufficiently long time for

the equilibrium of distribution to be achieved [2]. We assume that renal elimination rate is

essentially constant and denote this constant l.

We assume that the drug enters the stratum corneum at the rate at which living cells die

to form the stratum corneum, and is then trapped in the reservoir. It is also assumed the

drug is only released from the body when the outer layer of skin is shed in desquamation.

In normal skin, the entire stratum corneum is shed approximately every 2 weeks [26]. In

this 2-week period, the dead cells slowly travel closer to the surface of the skin. Therefore,

our model is set up so that the amount of lithium entering the stratum corneum on any

given day is then lost 2 weeks later; if lithium enters the stratum corneum at a rate gx1(t),

where t is measured in days, the rate at which it leaves is gx1(t 2 14), and x1 ¼ 0 if

t 2 14 , 0 where g is the rate constant. We assume that no lithium is present in either the

serum or the stratum corneum before the first dose.

Combining the above assumptions we obtain the model:

dx1

dt
ðtÞ ¼ 2lx1ðtÞ2 gx1ðtÞ þ

XN
i¼1

dk expð2kðt2 TiÞÞ; ð1aÞ

dx2

dt
ðtÞ ¼

gx1ðtÞ t # 14;

gx1ðtÞ2 gx1ðt2 14Þ t . 14;

(
ð1bÞ

with initial conditions

x1ðiÞ ¼ 0 ;i [ ½214; 0�;

x2ð0Þ ¼ 0:
ð2Þ

Parameter ranges and estimates, given in Table 1 are derived from published sources in

Appendix A.

2.2 Model 2: Reverse iontophoresis model

To incorporate the effects of reverse iontophoresis we extend model 1 to include a

compartment for the collection of lithium as shown in Figure 3(b). The entire skin barrier

can again be modelled as a single compartment as the stratum corneum provides the limit

for the rate of drug transport across the skin; all other barriers can be considered simply by

using parameters corresponding to this outer layer. We assume that during the monitoring

Table 1. Parameter estimates used with model 1.

Parameter Definition Value Source

d Daily dosage 24.3 mmol [31]
l Rate of renal elimination 0.654 days21 [31]
g Rate of lithium movement into stratum corneum 0.005 days21 [6,27]
k Lithium absorption rate 4.62 days21 [31]
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period, the rate of decay of lithium within the body is small enough to be negligible, and

hence the body can remain as a single compartment with a fixed concentration of lithium.

In this model, one pathway goes from the stratum corneum to the collection pad and a

second from the serum to the pad. In practice the drug has to pass through the stratum

corneum on its way from the serum, but this will be taken into account in the parameters

used for the iontophoretic flux. The pathway through the stratum corneum is not explicitly

specified: the majority of lithium may be travelling through hair follicles, but some may

take the transcellular route. Again, by estimating parameters from published experimental

data we do not need to specify further detail. Lithium is also excreted in sweat so it is

assumed that the extraction area is cleaned to remove any residue before the current is

switched on as described in Ref. [16].

As lithium is a small positively charged ion, electromigration is the primary mode of

transport during iontophoresis. Previous work [18] has shown the passive diffusion and

electroosmotic contributions to be negligible compared to electromigration and in

consequence these minor mechanisms of transport will not be included in the model.

However, small charged ions similar to lithium – namely sodium, potassium and chloride –

are included as they are the most abundant competitors with lithium and their concentration

and mobility will have a significant impact on lithium flux.

The flux of ions of type i (i ¼ Li, Na, K, Cl) across the stratum corneum can be

derived analytically, from Faraday’s Law [12,13,17,18], to be

Ji ¼
Iti

Fzi
;

where I is the intensity of the current, ti and zi are the transport number and valence of the

type i ion, respectively, and F is Faraday’s constant (see Table 2).

The transport number ti is a measure of the competition between ions for transporting

the charge; it gives the fraction of charge obtained by ions of type i. Assuming that we

have Liþ, Naþ, Kþ, Cl2 ions, this gives

tLi ¼
cLizLiuLi

cLi zLij juLi þ cNa zNaj juNa þ cK zKj juK þ cCl zClj juCl

ð3Þ

as the transport number for lithium, where ui is the aqueous mobility of the ith ion in

cm2 s21 V21 (assumed to be constant in all compartments), ci is the concentration in

Table 2. Parameter estimates used with model 2.

Parameter Definition Value Source

uLi Aqueous mobility of lithium 4.01 £ 1024 cm2 s21 V21 [3]
uNa Aqueous mobility of sodium 5.19 £ 1024 cm2 s21 V21 [3]
uK Aqueous mobility of potassium 7.62 £ 1024 cm2 s21 V21 [3]
uCl Aqueous mobility of chloride 7.91 £ 1024 cm2 s21 V21 [22]
I Intensity of current 0.8 mA [16]
F Faraday’s constant 96.487 C mmol21 [16]
SNa Amount of sodium ions in the serum 5838 mmol [16]
SK Amount of potassium ions in the serum 155.4 mmol [16]
SCl Amount of chloride ions in the serum 4200 mmol [35]
xNa Amount of available sodium ions in the SC 0.2688 mmol [11]
xK Amount of available potassium ions in the SC 0.5056 mmol [11]
xCl Amount of available chloride ions in the SC 0.7488 mmol [11]
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the compartment and zi is the valence (þ1 for lithium, sodium, potassium and 21 for

chloride). To express the transport number in terms of amounts, we can use the

transformation

ci £ Vd ¼ xi;

where Vd is the volume of distribution of the particular compartment with respect to ion i.

For the serum compartment it may be expected that this value would be different for the

different competitors. However, as all the ions in question are small and hydrophilic they

can be assumed to distribute to similar volumes of distribution – lithium distributes nearly

evenly in the total body water space [2] so it can be assumed that Vd ø 42L.

The problem in the stratum corneum is slightly less well-defined as it is not known

where the lithium is stored in the reservoir with respect to cells, follicles, etc. However, it

is sensible to assume that all competitors are extracted from the same location in the

reservoir, and again as all the competitors are similarly charged it is assumed that they

have similar volumes of distribution within the reservoir. Hence, for both compartments,

the concentrations can be converted to amounts as the volume term will cancel from the

numerator and denominator of (3). The transport number for lithium is therefore given as

tLi ¼
xLiuLi

xLiuLi þ xNauNa þ xKuK þ xCluCl

: ð4Þ

We hold the levels of sodium, potassium and chloride ions in both compartments constant

over the period of ion extraction since they are found in much higher levels than lithium.

We also assume that the amount of lithium in the serum is constant, so that x1(t) ¼ F1,

calculated as the final level of lithium at the end of the simulation from model 1 (for our

purposes this is the value x1(30)).

Combining these modelling assumptions, the decrease in the amount of Liþ in the

stratum corneum as a result of reverse iontophoresis is governed by

dx2

dt
¼ 2

I

F

x2uLi

x2uLi þ xNauNa þ xKuK þ xCluCl

; ð5Þ

where xNa, xK and xCl correspond to the amounts of the competitors in the stratum

corneum.

The amount of Liþ collected on the pad is the sum of fluxes from the serum and the

reservoir:

dx3

dt
¼

I

F

x2uLi

x2uLi þ xNauNa þ xKuK þ xCluCl

þ
I

F

F1uLi

F1uLi þ SNauNa þ SKuK þ SCluCl

; ð6Þ

where again it is assumed that the serum concentrations of the competitors (Si, i ¼ Na, K,

Cl) are constant throughout the iontophoretic period.

The initial conditions are taken as

x2ð0Þ ¼ F2;

x3ð0Þ ¼ 0;
ð7Þ

where F2 is the amount of lithium in the stratum corneum calculated from the first model

as the final value attained at the end of the simulation of model 1, scaled to include on that

amount which is directly below the collection pad. This scaling was also applied to the
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other ions in the stratum corneum, since it is only those ions which directly encounter the

electric current that will be collected during the relatively short extraction period. The

collection pad has no maximum capacity, i.e. lithium will never be hindered from entering

the pad regardless of the amounts already there. Parameter estimates used with this model

are given in Table 2.

3. Model analysis

3.1 Model 1: Formation of a drug reservoir

We can solve (1a) and (1b) exactly to obtain

x1ðtÞ ¼
dk

lþ g2 k
e2kt

XN
i¼1

ekTi 2 e2ðlþgÞt
XN
i¼1

eðlþgÞTi

" #
;

x2ðtÞ ¼

gdk

lþ g2 k

1

k
Y 2 e2kt

XFL

i¼0

eki

 !
þ

1

lþ g
e2ðlþgÞt

XFL

i¼0

eðlþgÞi 2 Y

 !" #

t # 14;

gdk

lþ g2 k

XT
i¼0

2e2kðt2iÞ

k
þ

e2ðlþgÞðt2iÞ

lþ g

� �"

þ
XT214

i¼0

e2kðt2142iÞ

k
2

e2ðlþgÞðt2142iÞ

lþ g

� �
þ

14

k
2

14

lþ g

#
t . 14:

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

Details of this calculation are given in Appendix B. This solution gives the amount of

lithium in the plasma (x1(t)) and stratum corneum (x2(t)) in a patient taking lithium daily.

Given the pharmacokinetic properties of lithium [2], it is expected that the steady state

will be achieved after a few days of drug administration; therefore, the patients

participating in the in vivo study will have steady state serum amounts which are well-

represented in our model solution (see Figure 4(a)). The daily dose takes a small amount of

time to enter the serum due to the absorption rate, and then the renal excretion term begins

to dominate so that the amount of lithium decreases exponentially until the next dosage.

The toxicity bound for lithium is at 1.5 mmol/l [28] which, if the total body water is taken

as 42 l (as quoted for a 70 kg human in Ref. [30]), corresponds to 63 mmol in the body at

any time. The graph produced shows a daily variation which stays below the toxic level.

Moreover, serum concentration has been shown to fluctuate between 0.8 and 1.2 mmol/l

on a daily basis [10], assuming a single dose taken each day. This relates to serum amounts

of 33–50 mmol which corresponds well to the results in Figure 4(a). The amount of

lithium in the reservoir is shown in Figure 4(b). Initially it increases rapidly, followed by a

steady increase for the 2 weeks before any lithium begins to be lost from the outer layers of

the stratum corneum by desquamation. Once desquamation starts to play a role, the

amount of lithium in the reservoir settles to a steady state.

3.1.1 Non-compliance

We use our solution to explore non-compliance, i.e. patients not taking their daily dose;

the results are presented in Figure 5. There are several interesting observations which can

be made: firstly there is a difference in the length of impact of non-compliance between
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drug levels in the serum and corresponding levels in the stratum corneum. In the serum

(Figure 5(a),(c),(e)), the impact of non-compliance is short-lived and within a few days

lithium levels are fully recovered. However, in the reservoir the impact is significantly

longer lived (Figure 5(b),(d),(f)) and differences in lithium levels will be observable for 2

weeks following the missed dose (corresponding to the desquamation time). Moreover, if

non-compliance occurs in the first 15 days of prescription for a new patient, it is unlikely to

be noticed by studying drug levels in the stratum corneum reservoir; this contrasts with

non-compliance in patients who have been taking the drug for a longer period of time

(cf. Figure 5(b) with Figure 5(d)). Having said that, if there is only a single

non-compliance event, then the actual change in lithium levels in the stratum corneum

Figure 4. (a) Analytical solution for the amount of lithium in the blood serum of a naı̈ve patient
receiving daily doses of the drug. Parameter values as given in Table 1. (b) Analytical solution of the
amount of lithium collected in the stratum corneum reservoir for a naı̈ve patient receiving daily doses
of the drug. Parameter values as given in Table 1.
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may be difficult to detect in a clinical setting. With patients that consistently fail to take

their prescription, we show that the reservoir may provide important information about the

degree of non-compliance. In Figure 5(e),(f), we present results for a patient who takes

his/her prescription every other day and in that case, there is a clear difference in lithium

Figure 5. Effect of non-compliance with a drug regime on lithium levels in blood serum. Parameter
values as given in Table 1. In (a) and (b), patient fails to take drug on day 10; in (c) and (d), patient
fails to take drug on day 20; in (e) and (f), patient fails to take drug every other day. (a), (c) and (e)
show the level of lithium in the serum on a daily basis whilst (b), (d) and (f) show the lithium levels in
the stratum corneum.
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levels both in the serum and reservoir compared with the expected levels (Figure 5(a),(b)).

These findings can now be validated by in vivo studies.

3.2 Model 2: Reverse iontophoresis model

This model is presented in (5)–(7) with initial conditions determined from the previous

model. Again we can solve the model system exactly but not explicitly (the variable x2(t)

can only be found implicitly). Therefore we present only numerical solutions. Because we

want to compare model results with the experimental data reproduced in Figure 2, we

assume that the patient complied with their dosage regimen for 30 days and iontophoresis

occurred for 3 h at the start of the 31st day. Figure 6(a),(b) shows the amount of lithium in

the stratum corneum and on the pad over a period of 150 min. Clearly, during the first

30 min, lithium is drained from the reservoir which accounts for the high fluxes during the

warm-up period. Subsequently, the flux onto the pad originates from lithium pulled from

the serum across the stratum corneum and at this point, the reverse iontophoresis technique

becomes an accurate monitoring technique for monitoring lithium amounts in a patient.

Figure 6. (a) Amount of lithium in the stratum corneum following the onset of reverse
iontophoresis at time t ¼ 0. (b) Amount of lithium collected on the pad following the onset of reverse
iontophoresis at time t ¼ 0. (c) Flux of lithium collected on the pad during reverse iontophoresis
using parameter values as given in Tables 1 and 2. We take F1 ¼ 29.73 mmol and F2 ¼ 2.59 mmol as
determined by the final levels of lithium in the serum and stratum corneum from model 1 (shown in
Figure 4(a),(b)).
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Figure 6(c) shows the flux of lithium onto the collection pad over 30 min periods. These

results compare very well with the data presented in Figure 2.

4. Discussion

Two models have been developed to predict drug accumulation into the stratum corneum

and the impact of this reservoir on reverse iontophoretic fluxes of drug extraction. These

models will improve interpretation of reverse iontophoretic data by discriminating the

subdermal from the skin contribution to the fluxes of extraction. They also suggest that

analysis of the skin reservoir might be a valuable tool to investigate patient’s exposure to

chemicals including therapeutic drugs. Iontophoresis was initially developed in the 1980s

[4] as a method for drug delivery, where the current accelerated the transport of molecules

from outside the skin into the subcutaneous layer, but it is only in the last 10 years or so that

the potential of the reverse transport was appreciated [18]. Its potential applications

include the detection of diagnostic markers, drug dosage control and possibly even in

determining the prognosis of a patient (for example in the case of lactate, which is produced

in varying amounts when the patient is under stress [21]). The major benefit of this

technique is that there should theoretically be no need for a blood sample, so pain and

discomfort would be reduced, which in turn should lead to increased compliance from

patients and a decreased risk of infection. Furthermore, iontophoresis devices do not require

trained personnel to operate them so patients can monitor their own progress at home.

The GlucoWatch Biographer was the first reverse iontophoresis device commercia-

lized [32]. It can return glucose levels every twenty minutes and therefore picks up

changes in the blood sugar concentrations very quickly, which could prevent

hyperglycaemic and hypoglycaemic events. However, reverse iontophoresis is still

very much under development: an initial finger stick is needed to calibrate the machine to

the blood concentration of a particular patient, and there is currently a ‘warm up’ period

before the readings gathered relate to the steady concentration of the blood. By

comparing data from in vitro and in vivo studies, the following observations about the

warm up period can be made: for drug naı̈ve patients, the period corresponds to the

amount of time until lithium ions are pulled across the stratum corneum by the electric

current in competition with the other charged ions being pulled; for patients who have

built up a reservoir of lithium in the stratum corneum, the period corresponds to the time

to empty this reservoir. Moreover, data collected during the warm up period for this

second group of individuals can be used to measure non-compliance with drug regimes.

The results from our mathematical model have been able to effectively mimic the

warm up period and have highlighted those parameters which play a key role in

determining the level of the stratum corneum reservoir and how it is emptied during

reverse iontophoresis. The model is able to estimate the degree of non-compliance for a

chronically ill patient by comparing the data collected during the warm up period with the

values expected for a fully compliant individual.

Using the parameter estimates presented here, the length of the warm up period was

fairly consistent, around 30–60 min. To determine the key parameters driving this length

of time we will extend our initial model to consider the movement of ions across the

stratum corneum using a nonlinear advection–diffusion model. However, even in the

absence of such a complex model, we are able to demonstrate the potential of a simple

mathematical model to help in understanding how to make effective use of information

contained in a skin drug reservoir both to understand patient compliance and also to guide

the experimental work in parameter estimation.
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Appendix A: Estimation of parameter values

A.1 Rate of renal decay, l

The elimination rate can be calculated from the biological elimination half-life. This half-life is
defined as the period of time it takes for the concentration of drug in the body to decrease by 50%.
For lithium, this can range between 12 and 27 h [2]. Clinical trials by Thornhill [31] found that the
average elimination half-life for manic patients taking an acute dose of sustained-release lithium
carbonate was 25.6 h, which corresponds to 1.06 days. The elimination rate constant can thus be
calculated as 0.654 by utilising the equation l ¼ ln 2=t1=2 (assuming exponential decay).

A.2 Dosage, d

The amount to give in a single dose is in itself a complex pharmacokinetic problem as the dose–
response ratio for lithium can vary considerably between patients [1]. It is generally accepted that
taking three doses per day is safest as this causes the serum concentration to vary less, although
single daily doses are frequently used to facilitate compliance. In order to replicate a real system
as closely as possible the value for d was again taken from Thornhill’s study [31], and hence
24.3 mmol of sustained-release lithium was taken as the daily dosage. This seems to be a sensible
value to use, as 24 mmol was used in both single and multiple dose experiments by
Nielsen-Kudsk and Amdisen [23], and the patients in the in vivo study [16] were receiving doses
of 12–36 mmol/day.

A.3 Rate of lithium movement into the stratum corneum, g

The depth of the stratum corneum remains constant at about 20mm [26] and hence the rate of
formation of the stratum corneum should equal its rate of loss. In our compartmental model, the
parameter g is movement from the serum into the stratum corneum; since it is only the viable
epidermal cells which make this transition, we scale the rate of movement by the fraction f of
possible lithium that could make this transition. We estimate this fraction as 0.1. The stratum
corneum takes between 14 and 28 days to renew [26] and so the average time that lithium would
remain in the stratum corneum is about 20 days. Combining these considerations, we take
g ¼ 1/200 days21.

A.4 Absorption rate constant, k

Similarly to calculating the elimination rate constant, this can be calculated as k ¼ ln 2=t1=2, where
t1/2 is the absorption half-life of lithium and is quoted by Thornhill [31] for the sustained-release
lithium as 3.73 h or 0.155 days. Hence k ¼ 4.62 days21.
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Appendix B: Exact solution of model 1

To solve (1a):

dx1

dt
ðtÞ þ ðlþ gÞx1ðtÞ ¼

XN
i¼1

dk expð2kðt2 TiÞÞ;

we use the integrating factor eðlþgÞt and solve on sequential intervals T , t , T þ 1 to give the
solution

x1ðtÞ ¼
dk

lþ g2 k
e2kt

XN
i¼1

ekTi 2 e2ðlþgÞt
XN
i¼1

eðlþgÞTi

" #
: ðA1Þ

To find x2(t) we solve (1b) in two time intervals. For t , 14,

dx2

dt
¼ gx1ðtÞ ¼

gdk

lþ g2 k
e2kt

XFL

i¼0

eki 2 e2ðlþgÞt
XFL

i¼0

eðlþgÞi

" #
;

where FL ¼ floor(t) is the integer part of t. Integrating with respect to t, we obtain

x2ðtÞ ¼
gdk

lþ g2 k

2e2kt

k

XFL

i¼0

eki þ
e2ðlþgÞt

lþ g

XFL

i¼0

eðlþgÞi

" #
þ B:

The parameter B is derived using the value of x1(t) at each integer t giving for 0 , t , 14

x2ðtÞ ¼
gdk

lþ g2 k

1

k
Y 2 e2kt

XFL

i¼0

eki

 !
þ

1

lþ g
e2ðlþgÞt

XFL

i¼0

eðlþgÞi 2 Y

 !" #
; ðA2Þ

where Y ¼ ceilðtÞ is the nearest integer value greater than t.
Now when the desquamation process begins (i.e. t . 14),

dx2

dt
¼

gdk

lþ g2 k
e2kt

XFL

i¼0

eki 2 e2ðlþgÞt
XFL

i¼0

eðlþgÞi 2 e2kðt214Þ
XFL214

i¼0

eki þ e2ðlþgÞðt214Þ
XFL214

i¼0

eðlþgÞi

" #
;

which can simply be integrated with respect to t to give

x2ðtÞ ¼
gdk

lþ g2 k

2e2kt

k

XT
i¼0

eki þ
e2ðlþgÞt

lþ g

XT
i¼0

eðlþgÞi

"

þ
e2kðt214Þ

k

XT214

i¼0

ekTi 2
e2ðlþgÞðt214Þ

lþ g

XT214

i¼0

eðlþgÞi

#
þ E:

Using the initial condition from (A2), we obtain the solution

x2ðtÞ ¼
gdk

lþ g2 k

XT
i¼0

2e2kðt2iÞ

k
þ

e2ðlþgÞðt2iÞ

lþ g

� �"

þ
XT214

i¼0

e2kðt2142iÞ

k
2

e2ðlþgÞðt2142iÞ

lþ g

� �
þ

14

k
2

14

lþ g

#
:

ðA3Þ
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