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Introduction

Inhalation of bronchodilators and anti-in¯ammatory

agents enables direct delivery to the therapeutic sites in

the airways for the management of asthma and chronic

obstructive pulmonary disease. Figure 1. shows that

following inhalation up to 20% of the dose is delivered

to the lungs whilst the majority is swallowed [1, 2.]. The

proportion of the dose delivered to the lungs, following

inhalation, will be cleared either by the mucociliary

convenor belt or by absorption through the airway wall

into the systemic circulation. The latter is the fraction of

the dose that will exert the clinical effect within the airway

wall. The total amount of drug which enters the systemic

circulation via the pulmonary and gastrointestinal routes,

has the potential to cause extra-pulmonary side-effects.

The high ®rst pass effect of some corticosteroids (e.g.

¯uticasone) limits this potential.

Drug particles less than 5 mm have the greatest

probability of deposition in the lung [3.], whereas those

less than 2 mm tend to be concentrated in the alveoli [4, 5.].

The dose emitted from an inhaled product contains a large

proportion of particles within the 2±5 mm range ensuring

a fairly even distribution throughout the lungs [2.]. When

comparing inhaled products, especially generic against

innovator or different devices, emphasis is placed on the

in-vitro aerodynamic particle size characteristics measured

using cascade impactors. Regulatory authorities view these

as important quality-control procedures but for equiva-

lence they focus on the amount delivered to the airways

and to the body.

Table 1.lists the pharmacokinetic and scintigraphic

methods that have been developed to identify the

amount of drug delivered to the lungs following an

inhalation. Pharmacokinetic methods are indirect mea-

surements because they utilize measurements from serum

[6±8.] or urine [9, 10.]. Figure 1.illustrates how these

methods identify the amount of drug delivered to the

systemic circulation via the lungs and gastrointestinal tract;

thus procedures to differentiate between these two routes

of absorption are required. These procedures are men-

tioned in Table 1.. Although these methods do not

differentiate between the distribution of drug into different

zones of the lungs they do provide an index of the relative

amount of the inhaled dose which has the potential to

produce a clinical effect within the airways. The methods

are therefore useful in crossover studies to investigate the

equivalence between two inhaled products or differences

between inhalation techniques. Following inhalation, drug

is distributed to all parts of the airway and that the total

dose, rather than pulmonary distribution, is related to the

clinical effect [2.]. This is consistent with reports that

suggest that the receptors for the b-adrenoceptor agonists

[4, 5, 11±13.] and the in¯ammatory markers [14±18.] are

distributed throughout the airways.

Scintigraphic methods following inhalation using two

[1, 19, 20.] and three [21±23.] dimensional imaging are

direct methods for the determination of lung deposition.

These techniques, which have been extensively described

elsewhere [24.], can highlight the zones of the lungs into

which the drug is deposited. However, they do not

differentiate between the removal of drug from the lungs

by systemic absorption or by mucociliary clearance, and

also require modi®cation to the original drug formulation.

Pharmacokinetic methods

Pharmacokinetic methods can be used to estimate the total

systemic delivery via the oral and inhaled routes and thus

provide valuable data which predict extrapulmonary

effects. Estimation of delivery can be achieved by

comparing area-under-the-curve data or urinary drug

excretion (to in®nity) for inhaled products. To identify the

effective lung dose, methods which differentiate between

drug delivered to the systemic circulation via the oral and

pulmonary routes are needed. This approach is not

necessary if oral absorption is poor (e.g. sodium
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cromoglycate) or when the ®rst pass effect is substantial

(e.g. ¯uticasone). To separate systemic delivery via the

gastrointestinal and pulmonary routes, oral charcoal to

block all gastrointestinal absorption or sampling during the

lag time of the absorption phase has been used.

(a) Identi®cation of total systemic delivery

Inhaled drugs with a high extraction ratio are extensively

metabolized on ®rst pass through the liver and thus will

enter the body via the oral route as metabolites which may

(e.g. beclomethasone) or may not (e.g. ¯uticasone) be

active. The oral bioavailability of inhaled corticosteroids is

<1% for ¯uticasone [25, 26.] and 11% for budesonide [27.].

Thus, for ¯uticasone propionate virtually all the systemic

delivery of the intact molecule is by the pulmonary route.

Mollman et al. [28.] highlighted this in a study of plasma

¯uticasone propionate concentrations following inhalation

of 500 mg with and without oral charcoal administration.

There was no statistically signi®cant difference in the

pharmacokinetic parameters with and without charcoal

administration.

Studies have measured the area under the curve for

¯uticasone following inhalation and intravenous admin-

istration to identify the absolute systemic (and hence lung)

bioavailability. Mackie et al. [29.] measured serial plasma

¯uticasone concentrations following a 250-mg intravenous

dose and after separate inhalations of 1000 mg, in healthy

volunteers using a Diskhaler and a Diskus (otherwise

known as an Accuhaler in the UK). The mean (90%

con®dence interval) bioavailability was 11.9 (9.0±15.7)%

and 16.6 (13.6±20.3)% for the Diskhaler and the Diskus,

respectively. A similar bioavailability for the Diskhaler was

reported by Thorsson et al. [26.]. Following intravenous

administration of 200 mg of ¯uticasone and a single

inhalation of 1000 mg from a Diskhaler, in 12 healthy

adults, these authors reported a mean (90% con®dence

interval) absolute bioavailability of 15.6 (13.6±18.4)% of

the nominal dose.

Plasma ¯uticasone concentrations following inhalation

of 500 mg twice daily by asthmatic patients using a

Diskhaler and Diskus [30.] were lower than those obtained

in healthy volunteers [29.]. All these asthmatic patients had

mild to moderate asthma (FEV1 50±80% of predicted).

The lower values indicate a reduced delivery of drug to the

lungs. In asthmatic patients, area-under-the-curve data for

the Diskus was greater than those for the Diskhaler, with

a mean relative bioavailability of 115.1% [30.] which

compares with 119.7% reported in the study using the

healthy volunteers [29.].

The area under the curve measured after inhalation for

drugs that do not have a high ®rst pass effect gives some

indication of total systemic delivery via the oral and

pulmonary routes. Comparison of this parameter from

crossover studies for different inhaled methods or products

gives some indication of relative safety. Derendorf et al. [31.]

measured plasma triamcinolone concentrations following

intravenous (2 mg), oral (5 mg) and inhaled (2 mg)

80% swallowed

20% deposited
in lung

Systemic
circulation

Urine

Figure 1. Pharmacokinetic description

of an inhaled dose.

Table 1 Summary of the methods used to identify the bioequivalence of

inhaled products.

Pharmacokinetic (using plasma or urine samples)

Relative lung deposition (drugs with an extensive ®rst pass,

charcoal block, absorption lag times)

Total systemic delivery

Gamma scintigraphy

Two dimensional

SPECT

PET

Clinical studies

Spirometry (crossover or parallel design)

Bronchoprovocation for lung desposition

Multiple dosing for extra-pulmonary effects

In vitro

Determination of the in vitro particle size distribution, ®ne

particle (respirable) dose, emitted dose
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administration. The oral bioavailability was 23% and after

inhalation the average lung bioavailability was 20%.

Metered dose inhaler (MDI) formulations of beclo-

methasone dipropionate using hydro¯uoroalkane (HFA)

propellants instead of chloro¯uorocarbon (CFC)-based

propellants are now available. Figure 2.indicates increased

systemic delivery via the pulmonary route has been shown

for new formulations of beclomethasone dipropionate

emitted from a metered dose inhaler (MDI) [32±34.]. The

increased area under the curve (AUC) for the HFA

formulations indicates that the dose should be halved. The

particles in the beclomethasone HFA-MDI currently

available, are ultra®ne [35.] because alcohol is included

in the formulation and beclomethasone is soluble in this

excipient. All other MDI formulations are suspensions of a

dry powder in a propellant and thus the particle

characteristics are determined by manufacturing processes.

Particles emitted from solution aerosols are usually less

than 2 mm (ultra®ne) and thus have the potential for

greater deposition in the alveoli. This has been shown

using gamma scintigraphy [36.] with 50% of the inhaled

dose from the beclomethasone HFA-MDI deposited in

the lungs and only 28% in the oropharyngeal region. In

contrast, the particles emitted from the CFC-MDI

formulation are bigger and only 4% is delivered to the

lungs with 94% deposited in the oropharyngeal region

[36.]. The greater proportion of the inhaled dose delivered

via the lungs rather than the gastrointestinal tract results in

a high systemic delivery from the HFA-MDI formulations

of beclomethasone. The AUC following inhalation of

200 mg beclomethasone HFA-MDI was 13.4% greater

than that after 400 mg from a CFC-MDI. The respective

time to maximum plasma beclomethasone concentration

(tmax) of 0.6 h compared with 2 h indicates that the

majority of the systemic delivery from the HFA product is

via the pulmonary route [33.]. The longer tmax for the

CFC-MDI formulation indicates that most of its inhaled

dose is delivered to the body via the gastrointestinal tract.

The ®nding of doubled systemic delivery from the

beclomethasone HFA-MDIs led to parallel group clinical

studies which suggest that the inhaled dose from these

should be halved (compared with those from the CFC-

MDI) [37, 38.]. However this conclusion may not be

justi®ed owing to the relatively high corticosteroid doses

used in these studies. Other clinical studies do not support

this conclusion [39±41.]. One of these studies [39.]

involved parallel groups taking three separate daily doses

of beclomethasone from the HFA and CFC propellant-

based MDI products (i.e. six different parallel groups of

patients were used). Owing to the shallow dose-response

relationships a Finney Bioassay was used to demonstrate

that the two relationships for each preparation were

parallel. From this analysis it was found that HFA product

was 2.6 times more potent than the CFC formulation
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although the 95% con®dence interval was wide (1.1,11.1).

Thus, at one extreme the ratio supports the lack of a

clinically signi®cant difference between each dose while at

the other extreme the ratio supports the lung deposition

data [36.].

Total systemic delivery can also be assessed using urinary

excretion, especially if the molecules are polar and basic.

The latter property ensures that ionization is unaffected by

changes in the pH of urine. Both physicochemical

properties prevent passive tubular reabsorption within

the kidney and thus urine pH does not have to be

controlled. Hindle & Chrystyn [10.] collected urine up to

24 h postdose following inhaled and oral salbutamol

administration. The mean (s.d.) urinary excretion of

salbutamol and its metabolite 24 h postoral and inhaled

dosing was 63.3 (10.9) and 57.4 (4.4)% of the nominal

dose. This index, the relative bioavailability of salbutamol

to the body, provides a comparison of systemic delivery

between two inhaled products or methods.

(b) Assessment of pulmonary deposition using charcoal block

To identify lung deposition using pharmacokinetic

methods, methods to separate absorption via the pulmon-

ary and oral routes are required except for drugs with a

high ®rst pass effect such as ¯uticasone (Figure 1.). A

charcoal block method was described in a study of

13 healthy patients who received budesonide [42.]. On

separate occasions, these subjects inhaled 1 mg of

budesonide from a Turbohaler and an MDI, with and

without oral co-administration of charcoal. They also

received an oral dose of 4 mg budesonide with the

concurrent oral administration of charcoal and on a

separate occasion they were given 50 mg budesonide

intravenously. Plasma budesonide concentrations showed

that oral availability with the concurrent charcoal

administration was 2.5%. The preventative effect of

charcoal on budesonide absorption was estimated to be

approximately 80%. However, the oral dose was four

times that inhaled and so if 1 mg had been swallowed the

preventative effect would have been complete. The studies

with charcoal showed that the pulmonary deposition from

the Turbohaler was 32% and for the MDI was 18%. In the

absence of charcoal the systemic availability was 38% and

20%, respectively, highlighting the relatively high ®rst-pass

metabolism of budesonide. A similar ratio with and

without charcoal for the Turbohaler using AUC data up to

4 h postdose was previously reported in eight children

(<13 years) [43.].

Urinary excretion of drug following the oral adminis-

tration of charcoal has also been reported to identify the

total effective lung dose. This method was ®rst proposed

by BorgstroÈm & Nilsson [9.]. Eleven volunteers inhaled

four doses of 250 mg terbutaline from an MDI with

concurrent oral administration of 50 g charcoal suspended

in 500 ml of water. The mean (s.d.) amount of terbutaline

excreted in the urine up to 48 h postinhalation was 9.1

(30.1)% of the nominal dose. Following oral terbutaline

and charcoal administration (50 g over 4 h) in ®ve of the

individuals the mean (s.d.) amount of terbutaline excreted

in the urine was 0.30 (0.21)% of the nominal dose. A

similar study in six volunteers, inhaling from a Turbohaler,

reported that the total effective lung dose was 21.1 (3.2)%

of the nominal dose [44.]. Similar urinary excretion studies

have also been carried out using salbutamol and charcoal

but only data on salbutamol rather than salbutamol and its

metabolite have been reported [45.], thereby under-

estimating the total effective lung dose. For the MDI

the mean (s.d.) amount of unchanged salbutamol excreted

in the 24 h postinhalation with oral charcoal was 13.3

(3.6)% of the nominal dose [45.].

(c) Assessment of pulmonary deposition utilizing absorption
lag times

Most drugs are absorbed in the small intestine and thus

after oral administration there is a time lag before drug

enters the body as indicated in Figure 1.. In contrast

salbutamol following inhalation is delivered to the lungs

within 1±3 s and is instantly absorbed [46.]. Salbutamol

delivered to the systematic circulation is very rapidly

eliminated in the urine. The lag time for oral absorption of

salbutamol into the systematic circulation is described in

Figure 3. [10.]. This ®gure shows that following oral

administration there are negligible amounts of salbultamol

excreted in the urine within the ®rst 30 min postdosing.

In contrast, following inhalation there are signi®cantly

greater amounts of salbulatmol excreted in the urine [10.].

Lipworth and coworkers have shown that plasma

salbutamol concentrations taken at 5, 10 and 20 min

post inhalation are a useful index to compare lung

deposition of inhaled products or methods [6, 45, 47.].

Using this method the relative bioavailability of salbutamol

to the lungs following inhalation can be determined by

comparing either Cmax concentrations or the average of

the three plasma salbutamol concentrations. Multiple doses

are inhaled (e.g. 12 doses) to enable quanti®cation of

plasma salbutamol concentrations. Whether or not the

actuation of 12 consecutive doses from an MDI affects the

aerodynamic particle size characteristics of the emitted

dose is not clear because consecutive dosing will alter the

temperature of the valve in the MDI. Furthermore, the

authors have yet to evaluate their method using oral

administration or simultaneous oral administration of

charcoal to block any gastrointestinal absorption.

Comparing plasma salbutamol taken at 5, 10, 20, 30

and 60 min postinhalation for an MDI and a novel

MDI incorporating a modi®ed actuator provided a

H. Chrystyn
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AUC(0,60 min) which was 25% more for the latter [6.].

Simultaneous extra-pulmonary responses were also greater

although the differences were not signi®cant. This study

highlights the issue of bioequivalence between inhaled

products but missing from the study was the in vitro

determination of the emitted dose and the ®ne particle

dose for each product.

Clark & Lipworth [48.] have compared their plasma

salbutamol concentration technique with the 30 min

urinary salbutamol method pursued by Hindle & Chrystyn

[10.]. They reported that a CFC (chloro¯uorocarbon)-free

formulation in an MDI (Airomir, 3 M, UK) produced

signi®cantly higher plasma salbutamol concentrations than

following the original MDI containing a CFC propellant

and those from a Diskhaler. Urinary salbutamol could not

distinguish between the three products. These workers

obtained similar results comparing generic innovator

MDIs [47.]. However, they collected urine up to 30 min

after the last of 12 doses rather than after the start of the

®rst (of four) dose as used by Hindle & Chrystyn [10.]. The

12 doses used by Clark & Lipworth [48.] would have been

inhaled over 6 min and thus a urine sample taken in the

36 min after the start of the ®rst inhalation would have

contained the drug, which had been delivered via the

gastrointestinal route [56, 57.].

Figure 3. shows that following oral and inhaled

salbutamol the mean (s.d.) salbutamol excreted in the

urine in the ®rst 30 min (after the start of the ®rst

inhalation) was 0.18 (0.14) and 2.06 (0.80)% of the

nominal dose (P<0.01) [10.]. This index, termed the

relative bioavailability of salbutamol to the body, could be

used to compare lung deposition between two inhaled

products and has subsequently been shown to be

suf®ciently sensitive to demonstrate differences between

inhalation techniques [58.], spacer devices [59, 60.], dry

powder inhalers [61±65.], formulations [65.] and nebulisers

[66.]. A linear relationship for the 30 min urinary excretion

between 1, 2, 3, 4 and 5 doses has been shown for a

salbutamol MDI [67.]. It is not necessary to swallow oral

charcoal when using the 30 min urinary salbutamol

excretion method [68.]. Following oral administration of

25 g activated charcoal, no salbutamol was detected

following oral administration. The mean (s.d.) salbutamol

excreted 30 min postdose was 13.90 (4.89) mg and 13.53

(4.73) mg with and without charcoal administration with a

mean difference (95% con®dence interval) of 0.45

(x0.48, 1.37) mg. For the 24 h urinary excretion of

salbutamol the mean (s.d.)% of the nominal dose with

charcoal administration was 14.5 (5.8)%, which compares

with a value of 13.3 (3.6)% reported by Olsson et al. [45.].

However, these values do not include the metabolite. The

mean (s.d.)% of the nominal dose for the excretion of

salbutamol and its metabolite for the 24 h postdose with

charcoal administration was 20.0 (9.1)% of the nominal

dose [68.]. This indicates the total effective lung dose. The

30 min urinary method has recently been shown to

determine the relative bioavailability of sodium cromo-

glycate [69.], nedocromil [70.] and gentamicin [71.] to the

lungs following inhalation.

(d) Total effective lung dose rather than distribution

One disadvantage of the pharmacokinetic methods to

evaluate lung deposition is that they do not highlight

differences in regional deposition. However, following

inhalation, using techniques according to the manufac-

turer's instructions by clinically stable subjects, it has been

demonstrated that the total lung deposition can vary but

the percentage of the total lung dose distributed into the

zones of the lungs remains constant [2.].

Lipworth & Clark have suggested that an even

distribution of drug throughout the lungs may not occur

when the airway calibre alters, especially in severe asthma

[51.]. Following nebulization of salbutamol over 8 min in

normal subjects and patients with mild and with severe

asthma, they reported lower plasma salbutamol concen-

trations (up to 30 min postend of the 8 min nebulization)

in the severe asthmatic group. Concentrations in the mild

asthmatics were also lower than in normals. It was

postulated that their concentrations postinhalation re¯ect

absorption mainly from the peripheral alveolar rather than

the proximal bronchial sites. However, the results are

more likely due to a decrease in the total lung dose as the

calibre of the airways declines, even though deposition in

the central zones could be increased.

Although either plasma or urine drawn soon after

inhalation could re¯ect alveolar deposition it should be

borne in mind that distribution of drug throughout the

airways is not affected by the total lung dose when a
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normal inhalation technique is used [2.]. Furthermore,

drug delivered to the alveolar region can be redistributed

to the large airways either by the pulmonary circulation or

via mucociliary clearance. A recent study comparing the

30 min urinary excretion of salbutamol to the dose of

methacholine to reduce the FEV1 by 20% (PD20) [72.] has

shown a correlation between the pharmacokinetic and

pharmacodynamic method. Twelve asthmatics inhaled 0,

1 and 2 doses of 100 mg salbutamol from a breath-activated

MDI on separate study days. The mean (s.d.) salbutamol

30 min postdose was 0, 2.25 (0.65) and 5.18 (1.68) mg,

respectively, with a ratio between 1 : 2 doses of 2.29. The

mean (s.d.) PD20 was 1.07 (1.24), 3.77 (3.56) and 8.76

(8.16) mmol, respectively, with a ratio of 2 : 30 between 1

and 2 doses. The response to methacholine would be from

the upper and central airways. Hence the correlation

suggests that the urinary salbutamol method re¯ects total

lung deposition rather than deposition only in the alveolar

region. Recently we have compared urinary sulbutamol

excretion 30 min post inhalation to PD20 following

different inhalation techniques from the same product

by 12 asthmatics [73.]. The urinary sulbutamol excretion

30 min postdose mean ratio (90% con®dence interval),

between the two inhalation methods, was 76.8 (61.5,

93.1)% and for PD20 it was 84.9 (66.5,103.4)%. This

indicates that during bioequivalence studies the inhalation

technique used can in¯uence the results and raises issues

about what is being compared during these studies.

Gamma scintigraphy

(a) Two-dimensional gamma scintigraphy

Gamma scintigraphy was ®rst used during diagnostic

testing, and its use was extended to pharmaceuticals in the

1970s. Originally, radiolabelled Te¯on particles [19.] were

used but more recently techniques have been developed to

adhere the radionuclide (usually 99 m Technetium) to

either the formulation or the drug molecule [74.]. The

imaging of a radionuclide relies on stable activity and

distribution. The processes of mucociliary clearance and

coughing together with rapid permeability through the

airways into the blood stream mean that the imaging

period is limited and should be over a short period of

time. Also, the absolute amount of radioactivity within

the respiratory tract is complicated by attenuation and

scatter within the tissues. Thus, tissue attenuation cor-

rections have to be made and these values validated [24.].

Furthermore, since deposition occurs in three dimensions,

for planar imaging a correction for the distance from the

imaging apparatus is required. The technique provides a

two-dimensional image of the oropharynx, lungs and the

stomach together with the inhalation device. A krypton

ventilation or a transmission scan is also carried out, usually

some time before the study, to outline the lung ®elds. The

method enables deposition into `central', `intermediate'

and `peripheral' zones to be quanti®ed together with a

penetration index (peripheral/central zone ratio) but the

clinical relevance of these is not proven.

Two-dimensional gamma scintigraphy has been the

most commonly used method to determine the lung

deposition following inhalations. Using this method, if

two inhalation products deliver the same amount of drug

and have similar whole lung and regional deposition

patterns then their clinical effect within the airways should

be the same. All scintigraphic methods involve changes to

the original formulation to incorporate the radiolabel.

Thus in vitro assessment of the emitted dose and its

aerodynamic particle size distribution should be carried

out. Some recommendations for these in vitro measure-

ments have been made [24.]. For MDIs an Andersen

Cascade Impactor method has been recommended. This

method allows extensive characterization of the particle

size distribution emitted from an inhaler. However, for dry

powder inhalers the multistage liquid impinger has been

recommended [24.]. This method has limitations in the

determination of the particle size range especially the

respirable fraction. A previous report has shown that when

using the Andersen Cascade Impactor the mass median

aerodynamic diameter of a labelled drug was larger than

the original product and that there was a difference in the

homogeneity of the size distribution [76.]. Furthermore,

particle size ranges should be quoted as amounts emitted

rather than percentage, and in vitro determinations should

use the same number of doses that were used in the

scintigraphic study. More careful consideration of these

in vitro recommendations should therefore be made.

Amongst the numerous studies in the literature are those

which focus on inhalation technique [76±80.], inhaled

products [1, 44, 81±84.], spacers [19, 85±88.] and nebulizers

[89±93.]. The planar images obtained with this method

may be insensitive to the relative deposition in the

different zones of the lungs because of the three

dimensional structure of the lungs. To overcome this

problem three-dimensional imaging methods (SPECT and

PET) have recently been introduced.

(b) SPECT (single photon emission computed tomography)

This method [21, 22, 94, 95.] is similar to two-dimensional

gamma scintigraphy except that the gamma camera rotates

through 360u. This allows a full three-dimensional

reconstruction of the lungs but takes much longer so

the radiation dose has to be higher. Furthemore, the

technique is dif®cult to apply to multidose inhaled

products. The increased imaging time may affect the

actual distribution due to mucociliary clearance, coughing

and absorption into the systemic circulation. Using this

H. Chrystyn
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method it is possible to create a three-dimensional

penetration index which provides more sensitivity than

two-dimensional imaging [1, 96.]. To date lung deposition

has only been reported for the cromones [28.].

(c) PET (Positron emission tomography)

It is now possible to directly incorporate a radiolabel into

the drug molecule. The ones recently used are positron

emitters such as 11C or 18F. Disadvantages of this new

method are that the positron emitters used so far have short

half-lives and the method is very expensive. 11C has been

introduced into triamcinolone acetonide and studies have

highlighted the greater peripheral deposition when a

spacer is attached to an MDI [23.]. This was mainly due to a

substantial increase in the total amount of drug deposited

in the lungs (13.6% with and 4.9% without the spacer).

This technique has recently been used for ¯uticasone [97.].

Comparison between pharmacokinetic methods
and gamma scintigraphy

The charcoal block method using urinary excretion of

terbutaline [9.] has been compared with total lung

deposition measured by gamma scintigraphy [44.]. The

mean (s.d.) terbutaline excreted in the urine postinhalation

with concurrent charcoal administration was 21.1 (3.2)%

of the nominal dose whilst gamma scintigraphy showed

the total lung deposition was 26.9 (3.8)%. Gamma

scintigraphy identi®es total lung deposition of a drug

that is cleared from the lungs either by absorption into the

systemic circulation (effective lung dose) or by mucociliary

clearance. The difference obtained is because pharmaco-

kinetic methods only identify the former. This has been

highlighted by Newman et al. [77.] who compared the two

methods using different ¯ow rates when inhaling from an

MDI and when using a large volume spacer. Table 2.

shows that following inhalation at 15 l minx1 from the

MDI when it was attached to a Nebuhaler and at

30 l minx1 for the MDI alone there was little difference

between the urinary and scintigraphy methods. Following

fast inhalation with the MDI using a ¯ow rate of

180 l minx1, total lung deposition was greater when

measured by gamma scintigraphy. The fraction deposited

onto the central airways was increased (39.4% of the total

lung dose compared with 26.6% for the nebuliser and

26.2% for the MDI at 30 l minx1). The increased

mucociliary clearance, because of greater deposition in

the central airways, would not have been detected by the

pharmacokinetic method.

Using gamma scintigraphy Melchor et al. [1.] have

shown that total lung deposition following inhalation from

an MDI, MDI+ spacer and a dry powder inhaler (DPI)

was lower in asthmatic subjects and that the tendency was

for more drug to be deposited into the central airways of

the asthmatic subjects. Again, more of the dose would be

removed by mucociliary clearance as it would be deposited

more centrally. These two factors would explain the lower

plasma salbutamol [51.] and ¯uticasone [29, 30.] concentra-

tions reported in asthmatics compared with healthy

volunteers. It is most likely that the difference in the

total effective lung dose between asthmatics and normals is

due to decreased total lung deposition and greater

mucociliary clearance because more drug could be

deposited in the central zone. This would also explain

the failure of LUDEP, a computerized model, to predict

lung deposition in asthmatics [98.].

Conclusion

Planar (two-dimensional) gamma scintigraphy is the most

widely used method to identify lung deposition. Although

it is not as sensitive as the new three-dimensional methods

to quantify regional deposition there are no conclusive

studies that show the importance of targeting drug to

different regions of the lungs. The lung deposition

identi®ed by gamma scintigraphy includes the effective

lung dose and the amount removed by mucociliary

clearance, whereas the pharmacokinetic methods only

identify the former. This may be why gamma scintigraphy

studies between an MDI and a Gentlehaler showed no

difference [83.] whereas a pharmacokinetic method using

plasma salbutamol, drawn during the lag phase of oral

absorption, revealed greater lung deposition from the

Gentlehaler with corresponding increased extrapulmonary

effects [6.]. Pharmacokinetic methods do not differentiate

between deposition into different zones of the lungs but as

mentioned above the relevance of distribution is not

proven. When using pharmacokinetic methods modi®ca-

tion/reformulation of the inhaled product is not necessary

and by incorporating an intravenous study absolute values

may be obtained. These pharmacokinetic methods can

identify the safety and ef®cacy of inhaled products,

methods or techniques. For identi®cation of the effective

lung dose techniques to differentiate between the inhaled

and swallowed fractions are required. This can be achieved

by oral charcoal administration, but patient studies may be

Table 2 Mean (s.d.) whole lung deposition data expressed as

percentages of the metered dose determined by gamma scintigraphy and

by the charcoal-block method. Inhaled ¯ows are targeted values

(reproduced from [77.] with permission).

MDI at

30 l minx1

MDI at

180 l minx1

MDI+Nebuliser

spacer at 15 l minx1

Charcoal block 11.2 (4.0) 7.2 (2.2) 33.8 (10.6)

Gamma scintigraphy 10.7 (2.6) 10.4 (5.0) 31.6 (10.1)
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limited on ethical grounds if they are prescribed other oral

medications. Studies using samples during the lag phase of

oral absorption are useful for comparisons with the

innovator product. These would be suitable for patient

studies.

To identify bioequivalence between two inhaled

products Regulatory Authorities favour the demonstration

of clinical equivalence together with in vitro character-

ization of the emitted dose. For clinical studies, owing to

maximal spirometric response from therapeutic inhaled

doses, bronchoprovocation challenge has been advocated

[99.]. However the interpatient variability is high [72.] and

thus sensitivity to detect a difference is low. Thus, a large

number of subjects need to be studied. Comparing the

urinary salbutamol method to bronchoprovocation [73.]

revealed that the former was more sensitive. This study

also showed that small differences in the inhalation

technique affect the results and thus raises the question

`What is compared during these clinical studies ± the

product's performance or the patient's technique?'. The

bronchoprovocation agents stimulate different receptors to

those of the drug studied, cause deterioration of lung

function (owing to their action together with the changing

osmolarity and pH of the solutions nebulized) and these

are very expensive studies to commission. Other problems

include strict inclusion criteria to identify responsive

subjects and poor dosage consistency for the emitted dose

from the methods used to deliver the bronchoprovocating

agents. All these lead to wide con®dence intervals. The

advantages and disadvantages of pharmacokinetic methods

and gamma scintigraphy are highlighted in Table 3..

The Regulatory Authorities regard pharmacokinetic

and gamma scintigraphy methods as useful for supporting

data. Both of these methods demonstrate dose-response

relationships. Also, these methods are easier to carry out

than bronchoprovocation studies, are ideal for a cross-over

design and do not require special criteria to select

responsive patients. Unlike bronchoprovocation they

produce therapeutic bene®t from the study dose. Recently

the two methods, especially the pharmacokinetic

approaches, have been extensively developed and further

validated and viewed with less scepticism by the

Regulatory Authorities. In future their use will increase.
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