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SUMMARY 

A specific assay method for radioiabeiied digoxin and its known apolar metaboiites in 
plasma, urine and saliva was developed. The assay permits the delineation of the pharmaco- 
kinetics of digoxin and its metaboiites after singledose administration of the drug to 
humans. Column chromatographic and solvent extraction procedures were used for the 
separation of apolar and polar compounds. Thin-layer chromatography was applied for the 
individual and specific assessment of digoxin and its apoiar metaboiites. Apoiar and polar 
standards were used for quantitative assessments of all the procedures used. Accuracy and 
precision of the assay deveioped were evshrated in plasma, urine and saliva using biological 
samples spiked with known amounts of standards and by measuring replicates of biological 
samples obtained from pbarmacokinetic studies with digoxin administration to humans. 

INTRODUCI=ION 

A large number of methods have been described for the measurement of 
digoxin in various biological fiuids in humans. These methods can be divided in 
two classes: biochemical and chromatographic assays. Among the biochemical 
methods there are immunoassays (radio- and enzyme immunoassay [1,2]), 
procedures based on competitive protein binding 131, inhibition of red cell 
Q8Rb uptake [4] and Na*,K+-ATPase 151. Double isotope dilution derivative 
assay [S] , gas chromatography 171 alone or in combination with mass spectros- 
copy [S], high-performance liquid chromatography [9], column chromato- 
graphy and thin-layer chromatography (TLC) combined with extraction proce- 
dures [lO,ll] or mass spectroscopy 1121 are the principal chromatographic 
methods. The biochemical methods are sensitive but not specific per se; the 
chromatographic methods are claimed to be specific 1131. Unfortunately, the 
respe&ive sensitivities- of the double isotope dilution derivative assay, the high- 
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performance liquid chromatographic and gas chromatographic methods are so 
low as not to permit pharmacokinetic analyses of digoxin after single-dose 
administration_ Column chromatographic and TLC methods could, however, 
produce both the necessary specifiw and sensitivity if a radiolabelled drug is 
used. The column chromatographic and TLC procedures which have been 
reported to separate digoxin from its metabolites while possibly being quanti- 
tative do not allow assessment of the efficiency of extraction procedures [lo, 
111. 

There is a definite need for pharmacokinetic investigations with digoxin in 
humans as a function of dose, formulation and route of administration using 
specific and sensitive methods of analysis_ To our knowledge no published 
studies have been performed to demonstrate the linearity or otherwise of the 
kinetics of digoxin or of its metabolites [14]. There is conflicting evidence in 
theliteratureregarding the extent of metabolism of digoxin. A total of 80-90% 
of the amormts excreted in the urine was unchanged digoxin after oral adminis- 
tration of the drug in healthy subjects [ 15-11]_ These results contrast with the 
results of another study, where equal amounts of digoxin and digoxin metab- 
elites were excreted in the urine [lS]. An average of 13% (range l-47%) of 
the urinary glycosides was dihydrodigoxin assayed by a gas chromatographic 
method following multiple doses of the drug [19]_ However, less than 1% of 
the urinary excreted total radioactivity represented dihydrodigoxin (assayed 
following column chromatography) after singledose administration of radio- 
actively labelled digoxin [ 151. 

Qualitative and quantitative information on the presence of polar, water- 
soluble metabolites of digoxin is limited. In a recent investigation on the bio- 
transformation of digoxin the polar metabolites were apparently disregarded 
[X5]. In other studies these radioactive metabolites were determined in 
aqueous residues of urine following chloroform or ethyl acetate extractions in 
the first 24 h after oral administration of digoxin [20,21] _ The proportions 
ranged between 16 and 20% (chloroformextracted residue) and 3-30% (ethyl 
acetateextracted residue) of the total urinary excretion of radioactivity 120, 
211. Polar, water-soluble metabolites were defined relative to the solvents used 
for separation in these studies. 

Digoxin is a drug with a narrow therapeutic index with overlapping thera- 
peutic and toxic plasma concentrations [22]_ Some of its metabolites have 
been shown to be pharmacologically active in animals [23-251. The delinea- 
tion of the kinetics and the extent and type of metabolism of digoxin is crucial 
for clinical therapy. 

We have now developed a specific and sensitive assay to enable measurement 
of the parent drug and metabolites in plasma, urine and saliva over adequate 
time periods after singledose administration of labelled digoxin. The effi- 
ciencies of extraction and separation of all the individual steps have been 
quantified_ Labelled apolar and polar standards have been employed to assess 
the recoveries_ Polar metabolites have been separated relative to a known polar 
standard. The performance, accuracy and precision of the assay have been 
determined using biological samples spiked with known amounts of labelled 
standards and also with biological samples obtained from pharmacokinetic 
studies with adminis tration of digoxin to humans. 
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EXPERIMENTAL 

Material 
The folIowing labelled and unlabelled compounds were used and employed 

as standards: [12a-3H]digoxin (D*), [12cy-3H]digoxigenin bisdigitoxoside 
(DB*), [12a-3H]digoxigenin monodigitoxoside (DM*), digoxin (D), dihydro- 
digoxin (DH), digoxigenin bisdigitoxoside (DB), digoxigenin (DG), epidoxigenin 
(EDG), and digitoxin (DT) were donated by Boehringer, Mannheim, G.F.R.; 
[1241-3H]digoxin-16’-glucuronide (DGL*), [lZ~~H]dihydrodigoxin (DH*A), 
[21,22-3H]digitoxin (DT*), digoxin16’glucuronide (DGL) were donated by 
Beiersdorf, Hamburg, G-F-R.; [21,22-3H]dihydrodigoxin (DH*n) was provided 
by Hoffmann-La Roche, B&e, Switzerland. The compounds with the label in 
the a-position were synthesized according to the method of Von Wartburg et 
al. [26] and had the following specific activities: D*, 1460 &i/mg; DB*, 
552 &i/mg; DM*, 457 &i/mg; DH*, 12772 pCi/mg; DGL*, 435 pCi/mg. 
DH*B was obtained as described elsewhere 1271 and had a specific activity of 
539 pCi/mg. DT* was synthesized according to the method of Haberland and 
Maerten [28] and had a specific activity of 539 &i/mg. 

Different TLC systems were set up for the separation of digoxin and its 
apolar metabolites (TLC systems A-C) and polar metabolites (TLC systems E 
and F). TLC system D was used for preliminary clean-up of coeluted biological 
material_ The TLC systems were as follows. System A: chloroform developed 
on Kieselguhr (Fzs4, 5738,200 pm, Merck, Darmstadt, G.F.R.) pretreated with 
ethylene glycol (lo%, v/v) in acetone in preequilibrated chambers_ System B: 
chloroform developed on Kieselguhr (Fzs4, 5738, Merck) pretreated with 
formamide (8%, v/v) in acetone in preequihbrated chambers. System C: 
dimethyl malonate-propionic acid (3 :l) developed on silica gel (Silicagel,, , 
F 254, 5642,250 pm, Merck). System D: chloroform-methanol (9:l) developed 
on silica gel (Silicagel,,, Fz5.+, 5744, 500 pm, Merck)_ System E: chloroform- 
methanol (9 :l) developed on silica gel (Silicagel,, , FzM, 5715,250 pm, Merck) 
pretreated with ethylene glycol (lo%, v/v)_ System F: methanol- water (1:l) 
developed on silanized silica gel (Silicagel,,, s&mixed, F2s4, 5747, 250 pm, 
Merck)_ All the TLC systems except for system C were developed over the 
whole length of the plates (20 cm); system C was developed over 15 cm only. 

The radiochemical purity of D*, DB*, DM*, DHX, DH;, DT* and DGL* 
was investigated with systems A, B, C, E and F. The results are listed in Table I. 
For TLC system A separable contaminants with their percentage of retained 
radioactivity are given in Table II. TLC system A separated DH and DB 
optimally from D; however, it could not differentiate between DM, DG and 
EDG. System B assayed D and all of its known apolar metabolites individually, 
with the exception of the isomers DG and EDG. The separation of DH from D 
in the latter system was clearly inferior to that of system A. The only advantage 
of system C was its selective separation of DM Tom DG and EDG. 

DH has been claimed to be a major apolar digoxin metabolite [12,19]. 
Since optimum selectivity for DH is achieved in TLC system A, this system 
was employed in the routine analysis of biological samples obtained in the 
phannacokinetic studies with D in humans. 

The reproducibility of the separation of D and its apolar metabolites DH, 
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TABLE I 

RADIOCHEWICAL PURITY OF LABELLED STANDARDS OF RECOVERED TOTAL 
RADIOACTIVITY IN TLC SYSTEMS A, B, C, E AND F 

Compound Percentage purity in TLC system 

A B C E F 

Df 94.8 94-5 91.8 
DH; 100.0 
DH; 97.5 97.2 
DB* 92.5 94.6 93.0 
DM+ 97.8 98.4 95.9 
DT* 100.0 100.0 
DGL* 98.5 94.8 

TABLE II 

CONTAMINANTS OF LABELLED STANDARDS IN PERCENTAGE OF RECOVERED 
TOTAL RADIOACTIVITY IN TLC SYSTEM A 

Compound Contamillanis 

D* DH* DB* (DM*+DG*+EDG*) 

D* 94.8 1.88 2.39 0.92 
DH; 2-49 97.5 0 0 
DB+ 1.44 0.88 92.5 5-20 
DA&* O-67 0 1-49 97.8 

DB, DG and EDG was studied with system A. An ethanol&z solution containing 
labelled and unlabelled species of the above compounds was spotted on Kiesel- 
guhr plates. After development and visualization the respective RDH values 
for the different compounds relative to DH (RDH = 1.0) were (n = 6): 
D, 0.85 f 0.03; DB, 0.58 f 0.06; DM, DG and EDG, 0.34 f 6.03. 

AlI organic solvents were of analytical grade. 
A commercially available scintillation fluid (In&gel@, Packard-Becker, 

Groningen, The Netherlands) was used for the counting of radioactivity. 

Instruments 

The following were used: commercially available columns (Extrelut@, Fertig- 
sgulen, Merck) for column chromatography, various plates for TLC as indicated 
above, and liquid scintillation spectrometers (Packard Tri-Carb Nos_ 3280 and 
3255, Pzckard Instruments, Downers Grove, IL, U.S.A.) for the measurement 
of radioactivi~_ 

Liquid scin tillatkm cow t&g 
Aliquots of biological fluids and their supematants, eluates, extracts, 

residues and thin-layer scrapings were transferred into liquid scintilIation vials. 
Eluates and extracts were concentrated to dryness. Then 3.5 ml of water and 
10 ml of liquid scintillation fluid were added, After mixing the contents 
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thoroughly, the vials were kept at 37OC for 2 h to enable thorough dissolution 
with liquid scintillation fluid. Subsequently the vials were kept at 4°C in the 
dark for several hours prior to counting. The activities measured were corrected 
for background and quenching using an external standard_ Separate quench 
curves were determined for radioactivity measurements in biological fluids and 
thin-layer scrapings. Activities of less than twice the background were rejected. 

METHODS AND RESULTS 

The plus and minus values for mean values ii, the text refer to the standard 
deviation (S-D.) of such means; n is the number of experiments performed. The 
aim of this study was to establish a specific and sensitive assay for (1) labelled 

D*, (2) its known individual apolar metabolites including DH*, and (3) its (as 
yet unknown) polar metabolites. The strategy in setting up this assay was to 
develop three independent methods [methods I, K, and L (Schemes 1 and 2)]: 
a column chromatographic method (= method K) for the measurement of polar 
total radioactivity in biological fluids; a solvent extraction method (= method 
L) for the determination of apolar and polar total radioactivity; a third method 
(= method I) for the assay of apolar total and individual radioactivity. Method I 

unlabeued standards 

Labelled internal standard 

1 1-5ml 

sample 

TR measm-ement 

Column chromatography 
(Kieselgubr) 

Organic eluate K, Aqueous eluate K, 
i 

- TLC. system E 
- mIltion 

(cbGroform-met&.nol) 
- TLCsystemA 
- ==Pbw 

TRP measurement 
TRA cakulation 

METHOD K 

TRA, DA measurement via internal standard 
TRP calculation 

MBX’HOD I 

kberrie 1, Specific assay for labelled digoxin and metabolites in biological fluids: Flow 
liagmm of flet@s I and R 
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Unlabelled standards ) 1-5ml 
sample 

) TR measurement 

Extraction 
(chlorofoml) 

METHOD L 

Scheme 2. Specific assay for labelled digoxin and metabolites in biological fluids: Flow 
diagram of method L. 

applied the column chromatographic procedure of method K for separation of 
apolar and polar total radioactivity followed by specific separation of D, DH, 
DB and (DM+DG+EDG) by TLC system A_ In method I use of DT* as internal 
standard compensated for losses during the procedure. 

Use of unlabelled standards 
To ensure constant recoveries, 50 pg unlabelled D, DH, DB, DM, DG, EDG, 

DGL and DT were routinely added to all the samples prior to processing. 
Addition of unlabelled standards was also necessary for visualization of the 
spots on the TLC plates after development. Thus 500 ~1 of an ethanol-chloro- 
form (1:l) solution containing the standards in a concentration of 100 pg/ml 
each were placed in glass tubes and subsequently evaporated_ Aliquots of the 
biological samples to be processed were then added. 

Measurement of total radioactivity in plasma, urine and saliva 
Duplicates of 100-500 ~1 of plasma, 100 ~1 of urine and 100-300 ~1 of 

pre-centrifuged saliva were assayed and the means used for calculation of the 
respective concentrations. Saliva samples were centrifuged at 300 g for 10 min 
prior to assay. Radioactivity was subsequently measured in the clear super- 
natant -devoid of mucus_ In preliminary experiments fresh saliva was spiked 
with known amounts of D* and after centrifugation the percenLee Fecovery of 
the apolar standard, D*, in the supematant, r&, was determined: r&* = 86.6 + 
3.8% (n = 4). Total radioactivity in sal+a, TR’, was then calculated from total 
radioactivity in saliva supematant, TRs , on the assumption that the recovery 
of total radioactivity in saliva supematant, $R, was similar to that of D*, i.e. , 
@R = r&*_ 

Method I 
In this procedure DT* was used as an internal standard, to measure the 

respective apolar total and individual radioactivities in biological fluids, TRAbf 
and DA&f I= D*bf + D@‘f + (DM*+DG*+EDG*)bf]_ Polar totaI radioactiv- 
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ity in biological fluids, TRPbf, was a calculated value with method I and was 
obtained from the difference between the experimentally measured total radio- 
activity in a sample TRbf , and its total apolar radioactivity, TRAbf_ 

DT* dissolved h the corresponding biological fluid was added as internal 
standard to aliquots of 1 or 5 ml of plasma or 1 ml of urine or saliva. DT* 
radioactivity approximated the inherent total radioactivity of the sample. At 
the same time au aliquot of DT* as internal standard was transferred to a liquid 
scintillation vial for measurement of its radioactivity_ The biological samples 
were then diluted with water to total volumes of 20 ml and placed on the 
Kieselguhr columns according to method K as described below. Eluate 1 con- 
taining the apolar D*, DHS, DB*, DM* and DT* was evaporated under vacuum 
at 40°C and redissolved in 0.5 ml of chloroform--ethanol (1:l). Aliquots of 
200-500 ~1 of this fraction were added in bands of 6 cm on preparative silica 
gel plates and developed in TLC system D. This was effected by means of 
pipettes (“Konstriktionspipetten”, Becton-Dickinson, Rutherford, NJ, U.S.A.), 
which had specially prepared polyethylene tubiugs set over their tips. This 
first TLC step proved to be necessary for the de&itive elimination of coeluted 
biological material which hindered an effective TLC separation of D and its 
apolar metabolites (DH, DB, DM, DG, EDG). The silica gel plates of system D 
were developed as described above. 

For reversible visualization of the TLC area containing the glycosides the 
plates were sprayed with a 1% ethauolic solution of iodine for 30 sec. In 
preliminary experiments it was shown that the 1% ethanolic solution of iodine 
did not induce degradation of the standards with loss of the label. Two clearly 
separated areas were apparent on the plates: one containing the glycosides, 
the other eluted biological contaminants. The latter part of the plate was cut 
out and the remaining part was then subjected to an elution procedure for 24 h_ 
Slices (10 cm) of filter paper were used: one end was attached to the upper 
part of the plate by clamps, the other end reached into a sink containing a 
solution of chloroform-methanol (1:l). III preliminary experiments the effi- 
ciency of this elution procedure was checked at different periods of time. 

Elution was considered to be complete when spraying with the 1% ethanolic 
solution of iodine did not reveal any visible spots on the plates. This was 
accomplished in less than 24 h. The eluates thus obtained were then evaporated 
under vacuum at 40°C and redissolved in 0.5 ml of chloroform--ethanol (1:l). 
Aliquots (20-500 ~1) of this solution were added to Kieselguhr plates by 
means of Lambda pipettes (Clay Adams Co., New York, NY, U.S.A.) or added 
as bands by means of pipettes equipped with specially prepared polyethylene 
tubing;, The plates of systkzm A were then developed as described above. After 
development the plate areas adjacent to the solvent front were first scraped off. 
These areas contained the internal standard DT*. When aliquots of 500 ~1 had 
been added as bands, rectangular sections (2.5 X 10 cm)-were scraped off for 
radioactivity determination; when aliquots of 20-50~1 had been added as 
spots, squares of 2-5 X2.5 cm were scraped off for radioactivity determination. 
The parts of the plates containing the unlabelled and labelled D, DH, DB, 
(DMtDG+EDG) and DGL were then heated at 110°C for 5 mm and the spots 
were visualized by spraying the plates with 1% ethanolic iodine solution. 
Removal of the internal standard DT* from the plates prior to the visualization 
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procedure proved to be necessary_ Preliminary experiments bad shown that the 
DT* employed was thermolabile (contrary to all the other labelled standards 
used). In other experiments it was demonstrated that the scraped areas con- 
tained reproducibly ah the DT* present on the plates. In further experiments 
the relative sixes of the spots of the labelled and unlabelled species of the 
standard compounds D, DI-I, DB, (DM+DG+EDG) and DGL were compared. 
Systematic measurements of the radioactivity from l-mm scrapings showed 
that the areas which contained the labelled species exceeded clearly those that 
contained the visualized fraction of the unlabelled species. The visualized spots 
and bands were expanded, respectively, to 2 X 2 cm squares and 10 X 2 cm 
rectangular sections. Such scrapings yielded radioactivity peaks for the 
individual standard compounds similar to those obtained from the scrapings of 
l-mm bands. In the routine procedure the visualized spots and bands were 
expanded as described and marked accordingly_ Prior to scraping the plates 
were heated again for 2 min at 110°C to eliminate remaining traces of iodine, 
since iodine was shown to be a potent quencher of radioactivity_ The scrapings 
(2-mm bands) were then individually transferred to liquid scintillation vials 
and their radioactivity counted. The radioactive distribution pattern was 
plotted by a computer plotter programmed to give the total radioactivity 
scraped from the plates, the number of radioactivity peaks, their RF values and 
the percentage of radioactivity in each peak. 

The accuracy and precision of method I were tested by spiking plasma, urine 
and saliva with a solution containing known relative radioactivities of D* 
(59.5%), DH; (6.220/o), DB* (7.61’%), DM* (6.14%) and DLG* (20.51%). 
Similar percentage radioactivities of the individual compounds were expected 
to occur in biological samples after administration of digoxin to humans 
[20,21]. The internal standard, DT*, had a radioactivity equal to the total 
radioactivity of the labelled digoxin derivatives_ Aliquots of fresh plasma (1 and 
5 ml), urine (1 ml) and saliva (1 and 5 ml) were spiked, subsequently assayed 
by method I as described above and the recoveries for the individual apolar 
radioactivity, DAfbft total apolar radioactivity. TRAFf, and total polar radio- 
activity, TRPif, determined (see Appendix). Percentage recoveries (accuracies) 
and deviations (pm&ions) for DAFbf, TRAkf and TRPkf as obtained by 
method I in plasma, urine and saliva are listed in Table III. 

The percentage recoveries of the experimentally measured DArbf and 
TRAbf bf I * ‘I DA* and +%RA, were except for rFfDH* in the range 91-113% in 
aii the biological fIni& tested (T&e III)_ rfDH; a.ndrFDHf deviated more and 
were 55% and 1190/o, respectively. The percentage recdveries of the calculated 
TRPbf I , r:fTRp, differed more from 100% from those of the experimentally 
measured ‘TRAkf, $&A (Table III). It was concluded that method I was 
most adequate for Leasming D-4Fbf and TRAtf reliably with reservations 
regarding DI-I*. The results obtained for TRPqf suggested that these calculated 
values were less reliable and more biased_ 

Methods K and L 
Methods K and L were set up for a direct measurement of polar total radio- 

activity in biological fluids, TRPbf. Apolar total radioactivity in biological 
fluids, TR_4bf, was a measured value with method L and a calculated value with 



75 

method K. TRAF was obtained from the difference between the experimen- 
tally measured total radioactivity in a sample, TRbf, and its polar total radio- 
activity, TRPkf, with method K_ 

The values for TRPbf and consequently for TRAbf (so obtained) respectively 
by methods K and L were not expected to be identical, since the separation 
procedure of the two methods differs. 

Individual apolar radioactivity, DAsbf, could only be assessed by methods K 
and L if the relative radioactivities for D*, DH*, DB* and (DM+DG+EDG)* 
simultaneously obtained by method I were used. 

Method K 
Columns (8 X 2.5 em) were packed with Kieselguhr of 0.5 mm particle diam- 

eter (Extrelut@, FertigsZulen, Merck). Aliquots of 1 ml of urine and saliva 
and l-5 ml of plasma were diluted with water to total volumes of 20 ml and 
then immediately applied on the columns. The first elution was carried out 
with 40 ml of chloroform-methyl acetate (1:4) (flow-rate, 0.4 ml/min); 
25 ml of eluate 1 containing the apolar digoxin and metabolites were obtained 
and processed as described above (method I)_ The second elution obtained on 
passage of 40 ml of water-methanol-diethyl ether (1:l:l) yielded eluate 2 
containing the polar metabolites (flow-rate, 0.2 ml/min). Eluate 2 was then 
concentrated to dryness by evaporation at 40°C under vacuum, redissolved in 
3 ml of methanol and transferred to a liquid scintillation vial. The radioactivity 
was measured after concentrating it to dryness under a stream of air. 

In preliminary experiments the separation and elution efficiency of method 
K was tested with the apolar and polar standards D* and DGL*, respectively. 
Aliquots of 1, 2, 3 and 5 ml of plasma and 1 ml of urine were spiked with 
known amounts of D* and DGL* in separate experiments, and the recoveries 
determined (see Appendix). The percentage recovery of D* in eluate 2 for 1,2, 
3 and 5 mi of plasma was 2.2 f 0.40% (n = 6) and was volume-independent. 
The percentage recovery of DGL* for 1, 2, 3 and 5 ml plasma was 83.970, 
81.0%, 69.3% and 56.8%, respectively, and was volume-dependent (two-tailed 
paired t-test: t (0.05) = 2.02, f d = 13.64). The percentage recovery of D* and 
DGL* in eluate 2 of urine, was 2.3% and 89.5%, respectively. These results 
indicate that separation of apolar and polar total radioactivity in eluate 2 was 
not complete and that the measured activity represented total radioactivity, 
TR%bf_ 

The accuracy and precision of method K were tested by spiking aliquots of 
plasma, urine and saliva with a solution containing known amounts and radio- 
activities of D*, DHg, DB*, DM* and DGL* as described above (see method I)_ 
Samples of fresh plasma (1 and 5 ml), urine (1 ml) and saliva (1 and 5 ml) were 
spiked with these standards, carried throu h method K as described above and 
the recoveries of DAgbf, TRAbf and TRP i? f were then determined. DA* bi was 
assessed by combining data obtained by methods I and K (see Appendix). The 
percentage recoveries (accuracies) and deviations (precisions) for TRPkf, 
TRAK”’ and DA*% as obtained by method K in plasma, urine and saliva are 
listed in Table IV. 

The percentage recoveries of the experimentally measured TRPgf, rkf TRp, 
ranged between 84 and 116% in the three biological fluids studied (Tab16 IV). 
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The percentage recoveries of the calculated TRAEf and DA*&,rbf 

rb& DA 
&%?A and 

* respectively, were even closer to 100% and were (except for r 1/@3H” 
in the-range 92405% (Table IV). The precision of method K for TRP and 
TRAbf appear4 to be superior to that of method I_ It was concluded that 
method K was suitable for assessment of TRPbf and TRAbf_ 

Method L 
A volume of 1 ml of plasma, urine or saliva was diluted with water to a total 

volume of 5 ml and then extracted three times with chloroform_ Plasma was 
extracted with five times the volume of chloroform and urine and saliva with 
three times the volume of chloroform. These volume ratios were adequate for 
the clear separation of the organic and aqueous phases with minimal emulsion_ 
The chloroform extracts were then combined and 1- or 2-ml aliquots were 
transferred to liquid scintillation vials. The radioactivity was determined after 
concentration under a stream of air to dryness. Aliquots of 1-3 ml of aqueous 
residues were transferred to liquid scintillation vials and the radioactivity deter- 
mined after the remaining chloroform had been eliminated. 

In preliminary experiments the extraction efficiency of method L was tested 
with the apolar and polar standards D* and DGL*, respectively. Aliquots of 
1 ml of plasma or urine were spiked with known amounts of D* and DGL* in 
separate experiments and the respective recoveries determined (see Appendix). 

The percentage recoveries were: in plasma for D* (n = 2), in eluate 1 = 98.9, 
9’7.1%, in eluate 2 = 1.1, 2.9%; and for DGL* (n = 2) in eluate 1 = 2.5,3.3% 
and eluate 2 = 97-5, 97.1% The corresponding percentage recovery values for 
D+ in urine were (n = 2), in elm&e 1 = 98.9, 98.8% in eluate 2 = 1.1, 1.2% 
and for DGL* (n = Z), in eluate 1 = 2.8, 2.5%, and in eluate 2 = 97.2,97.5X. 

The extraction efficiency of D* and DGL* in saliva with method L was not 
determined and was assumed to be identical to that in urine. 

The accuracy and precision of method L were tested by spiking plasma, 
urine and saliva with a solution containing known amounts and relative radio- 
activities of D*, DHg, DB*, DM* and DGL*, as described above (see method I)_ 
Samples of fresh plasma (1 and 5 ml), urine (1 ml) and saliva (1 and 5 ml) were 
spiked with those standards, carried through the procedure of method L as 
described above, and the recoveries of DA*bf, TRAbf and TRPbf were then 
determined_ The extraction efficiency obtained for D* and DGL* in prelim- 
inary experiments showed that the measured radioactivities in both the 
aqueous residue, L, and the or 
sented total radioactivity, TR zvbf and TRLlsbf, respectively_ DA*bf was & 

anic extract, L, , of a biological sample repre- 

assessed by combining data obtained by methods I and L (see Appen*). 
Percentage recoveries (accuracies) and deviations (precisions) for TRPkf and 

TRAif in the biological samples as obtained by method L in plasma, urine and 
saliva are listed in Table V. Percentage recoveries for DA*& are also included_ 

The respective 
TRPbf and TRAbf 

percentage 
bf b 

accuracies) of the experimentally measured 

’ %,TRP and rLfTRA. were close to 100% and ranged between 
99 and 105% in &I three biological fluids studied (Table V). The percentage 
recoveries of DA* (except for DH*) ranged between 92 and 101%. The preci- 
sion of TRAbf assessments by method L appeared to be similar to that by 
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methods I and K. The precision of TRPbf estimates by method L was closer to 
that by method K 

6 
Table V). It was concluded that method L was adequate for 

assessments of TRP ’ and TRAbf. 

Stability and radiolysis 
Four plasma and urine aliquots (20 ml) were spiked with known amounts of 

De*. The D* used had the known percentage impurities [DH* (l-9%), DB* 
(2.4%), (DM+DG+EDG)* (0.9%)] previously determined with TLC system A. 
The spiked plasma and urine aliquots were deep-frozen and kept at -20% for 
X-10 months, The aliquots underwent different treatments. The first pair of 
plasma and urine aliquots was thawed and subsequently refrozen four times at 
1, 4, 7 and 10 months after spiking. The second pair of aliquots was thawed 
and refrozen three times at 1,4 and ‘7 months after spiking. The third pair of 
aliquots was thawed and refrozen twice at 1 and 4 months after spiking, and the 
fourth pair was thawed after it bad been kept frozen for 1 month. After 
thawing all the aliquots were kept at room temperature for 8 h and samples 
were then taken. They were processed according to method K. 

The percentages of recovered total radioactivity, TRbf, which really repre- 
sented total apolar radioactivity, TRAbf, were time-independent and constant 
and were on the average for plasma and urine 97.9 +- 5.1% (n = 10) and 96.2 
+ 4_9% (rz = ll), respectively. These values agreed with the respective 97,80/o 
and 97.7% which optimally could be expected on the basis of the data of 
preliminary experiments in which plasma and urine aliquots had been spiked 
with D* and its recovery had been determined in eluate K2. Of the recovered 
TRAbf constantly 95.3 + 0.46% (n = 10) was D*, 1.4 + 0.36% (n = LO) was 
DH*, 24 2 0.15% (n = 10) was DB* and 0.96 t 0.14% (n = 10) was (DM+DG 
+EDG)* in plasma. In urine the corresponding figures were: 94.5 f 0.76% 
(n = 11) was D*, 2.7 f 0.20% was DH *, 2.4 f 0_09% (n = 11) was DB* and 
0.82 f 0.09% was (DMtDG+EDG)*. It was concluded that the tested 
compounds were stable for at least ten months at -20°C including repeated 
thawiug and exposure to ambient temperature. 

Identical studies were performed with DGL* in plasma and urine to investi- 
gate a possible deconjugation of this compound_ The DGL* used had a known 
percentage impurity (D* 1.5%, 5.2%) previously determined with TLC systems 
E and F. TRbf was determined in eluates K, and K2 according to method K 
(see scheme 1) except that eluate K1 was obtained by using 40 ml of methyl 
acetate instead of chloroform-methyl acetate (1:4). The percentages of re- 
covered TRbf in the experiments with plasma and urine were on the average 
102.2 + 4.5% (n = 10) and 101.7 a 2.8 (n = 10) respectively. 2.2 i: 0.38% 
(n = 10) and 2.5 + 0.79% (n = 10) respectively of TRbf were recovered 
constantly and time independently in the apolar elm&e K1 with plasma and 
urine. It was concluded that hydrolysis of DGL* did not occur for at least ten 
months at -20°C including repeated thawing and exposure to ambient tempera- 
ture. 
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l?recision of methods I, K and L assessed from replicate measurements of 
unknown radioactivity in biological samples obtained mm pharmacokinetic 
studies 

Replicate determinations of TRAbf and TRPbf in plasma and urine were 
performed by methods I, K and L. The samples were obtained from two 
healthy male subjects to which [‘Hlcligoxin had been administered 
intravenously (0.6 mg to H.R., 1.2 mg to R.F.). The samples chosen covered 
the whole concentration range of radioactivi 

$ 
found after intravenous dosing 

of the labelled drug. Unknown DAebf, TRAb and TRPbf in biolo ‘cal sam les 
F were determined by method I by measuring TRbf and DA*Kb k-f). (TRA 

These values were correc~uxl by the individual recoveries of DA*bf TRAbf and 
TRPbf previously determined with spiked plasma, urine and saliva Lampies (see 
Appendix). Unknown TRPbf and TRAbf in biological samples were determined 
by method K by assaying TRbf and TRqabf (see Appendix 

1 
. These values were 

corrected by the individual recoveries of TRAbf and TRP f previously deter- 
mined with spiked plasma, urine and saliva samples. Unknown TRPbf and 
TRAbf in biolo _ 
T$+>bf ad TR I? 

‘Cal samples were determm 
,,bf 

ed by method L by mezzaring 

and considering the previously found individual recoveries 
of DAebf, TRAbf and TRPbf with spiked plasma, urine and saliva samples (see 
Appendix)_ Replicate determinations were also made of DA*qbf/TRAkbf by 
method I and of TRbf by direct measurement_ 

Precision was defined as percentage standard deviation about the means of 
replicate measurements. Medians and ranges of recision for TRAbf and TRPbf 
obtained by the different methods and for TR gf obtained by direct assay are 
listed in Table VI. The estimated precisions of TRbf and TRAbf determined 
directly and by methods I, K and L were similarly high in both biological fluids 
studied (Table VI). The precisions of TRPbf were high for method L only and 
were significantly lower for methods I and K in plasma and urine. The 
precisions of DA*Kbf decreased in the order D*> DB*> DHjj > DM*, and the 
individual values for the compounds susggested that at least D*bf and DBebf 
measurements were sufficiently precise (Table VI). It was concluded that 
method L displayed the highest overall precision and was the only method in 
which reproducible estimates of TRPb* in plasma and urine were obtained_ 
Methods I, K and L were considered to be equally precise re 

bq 
arding TRAbf 

measurements. The comparatively lowest precision of TRP - obtained by 
method I was considered to result from the fact that after intravenous admin- 
istration the percentage of total polar radioactivity was small [1G2 X (TRPbf/ 
TRbf) < 5%] in both plasma and urine. The value of TRP:’ was calzulakd and 
obtained from the difference of two values of almost equal size (TRbf = 
TRAbf)_ Estimates of TRPbf by method L have a higher precision than those 
by method K. This could be due to the fact that with method L both TRAbf 
and TRPbf were measured (and normalized) values, whereas with method K 
only TRPbf was a measured value, but TRAbf a calcmulated value. Alternatively, 
the column chromatographic procedure of method K (and method I) could 
have produced more variable estimates of TRP than the chloroform extraction 
procedure of method L. 
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Correlations of apolar and polar total radioactivity determinations by methods 
I, K and L in plasma and urine 

It appeared to be useful to study the nature of existing relationships between 
methods I, K and L regarding their respective assessments of TRAbf and 
TRPbf_ Knowledge of the nature of such interassay relationships could give 
valuable information on the individual characteristics and Possible biases of the 
methods used. Correlations between the different TRAb values and between 
the different TRPbf values determined by methods I, K and L in plasma and 
urine were attempted_ The plasma and urine samples for this investigation had 
been obtained from volunteer R.F_ who had received four dosages of [3H] - 
digoxin on separate occasions: 1.2 mg and 0.6 mg intravenously as well as 
orally. The correlations were performed with the data sets of each study: 
separately for TRAbf and TRPbf and separately for these values in plasma and 
urine. No attempt was made to correlate TRPbf data obtained by the three 
methods in the intravenous studies. The precision of TRPbf measurements by 
methods I and K (Table VI) was considered to be too low_ 

Linear regressions of the type y = mx + c were attempted, where y and x 
correspond to the TRAbf (or TRPbf) data sets obtained by two different 
methods and where m and c represent slope and intercept, respectively. A 
statistical program 1291 was used which yielded correlation coefficients, slopes 
and intercepts. Both variables were assumed to be normally distributed. The 
means of the variances for TRAbf and TRPbf measurements by methods I, K 
and L, obtained previously from replicate determination of samples by these 
methods, were used as variability estimates. Coefficients of correlations were 
also calculated according to non-parametric statistical procedures [ 303. 

Highly significant linear correlations existed between the TRAbf values (y,x) 
and between the TRPbf(y*x) values assayed by methods I. K and L in plasma 
and urine at both dosage levels 

(1) 

(2) 

(3) 

The parameters of eqns. l-3 are given for TRAbf and TRPbf, respectively, in 
Tables VII and VIII, For TRAbf the slopes of all regressions were close to 1.0 
and the intercepts negligible [not withstanding the fact that in some cases 
slopes and intercepts were statistically significantly different from 1.0 and 0, 
respectively (Table VII)]. Methods L and K gave practically identical values 
and small interassay variability in plasma and urine. TRAbf estimates by these 
methods tended to be higher than those by method I. Regressions between 
TRPbf values by method L or K and by method I yielded slopes that were 
clearly smaller than 1.0 and intercepts that were close to zero (Table VIII). 
TRPb.f estimates by method I were thus larger than those by methods K or L. 
TRPbf values by methods L and K were equivalent in urine, whereas in plasma 
method K tended to give smaller values than method L. 

It was concluded that method I estimates of TRPbf and TRAbf differed from 
those by methods K and L. This discrepancy was pronounced for the TRPbf 
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values and was probably a consequence of the fact that with method I TRPbf 
was a calculated value obtained from the difference of two similarly large 
values, TRbf and TRAb’_ The smaller discrepancies between the experimentally 
measured TRPbf values by methods K and L were most likely due to the use of 
different separation procedures. It was concluded that method I estiates of 
TRPbf (and TRAbf) were more biased than those by methods K and L. Method 
L which, unlike the other two methods, determines both TRAbf and TRPbf 
experimentally, was regarded as the most adequate assay. In conclusion, 
method L in combination with method I appears to be the best procedure for 
the determination of digoxin and its apolar and polar metabolites in biological 
samples obtained from humans after administration of radiolabelled digoxin. 

M!X!US!3ION 

The assay methods presented allow a complete pharmacokinetic analysis of 
digoxin and its metabolites in biological fluids in humans after single-dose 
administration of the drug (Pigs. l-6). They provide the necessary specificity 
and, if radiolabelIed drug is used, sensitivity. Parent drug and apolar individual 

OIGOXIN 

OIGOXIN 

WWOROOIGOXlN a 

Fig- Z_ Typical semilogarithmic plots of plasma concentrations of digoxin, Cp (o), rates of 
urinary excretion of digoxin, AU/& (A), and amounts of digoxin yet to be excreted, (VW - 
&) (.A). agsinst time for intravenous administration (0.6 mg of [3H]digoxin to H-R.)_ Data 
were obtaked by method L in combination with method L 

Fig_ 2_ Typical semiiogarithmic plots of plasma concentrations of digoxin (0). digoxigenin 
bisdigitoxoside (A) and- dihydrodigoxin (A) against time for intravhious administration 
(0.6 mg of E3H]digoxin to H-R.)_ Data were determined by meth+i L in combination with 
method L 
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DIGDXIN 

POLAR TOTAL 
METABOLITES 

Fig. 3. -ical semilogarithmic plots of plasma concentrations of digoxin (6) and polar total 
metabolites (0) against time for intravenous administration (0.6 mg of CSH]digoxin to H-R.) 
(A)_ l&et: plasma levels of digoxin on an expanded time scale_ Data were obtained by 
method L in combination with method L 

Fig. 4_ Spical semilogarithmic plots of plasma concentrations of digoxin (0) and polar 
total metabolites (0) against time for oral administration (0.6 mg of [“Hldigoxin to R-F.) 
(A)_ Inset: plasma levels of digoxin on an expanded time scale. Data were determined by 
method L in combination with method I_ 

30- 

T zo- 

3 
a 

DIGOXIN 

OG-BISDIGITOXOSIDE 

10 20 
I 1 L AAUC kq/mlImm 

50 loo 2Kl 

A AUC lng/mll min 

Fig_ 5. Typical linear renal clearance plots for digoxin and digoxigenin bisdigitoxoside (inset) 
after oral administration of 0.6 mg of [?H]digoxin to R.F. The_ values of the renal clearance, 
cl were obtined from the slopes of these plots. I)ata were assayed by method K in 
cozination with method L 

1 
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Fig. 6. Typical linear plots of saliva concentrations against plasma concentrations for digoxin 
and digoxigenin bisdigitoxuside after intravenous administration of 1.2 mg of [“I-X]digoxin 
to E-F_ Apparent linear correlations existed for digoxin and digoxigenin bisdigitoxoside 
between the concentrations in saliva and plasma measured at identical times after drug 
administration. 

and total polar metabolites can be folIowed over time intervals sufficiently 
large for unambiguous delineations of the pharmacokinetics (Pigs. I-4). The 
recovery, precision and reproducibility performance of methods I, K and L 
have been characterized and tested in biological samples spiked with standards 
and/or obtained from pharmacokinetic studies with digoxin, The critical 
evaluation of the three methods used showed that the assay performance of 
method L was best. Method L assayed TRAbf and TRPbf accurately and 
precisely. Methods K and L determined TRAbf adequately; TRPbf assessments 
by method K were clearly less precise than those by method L. Method I 
measured DA*bf specifically and precisely. There was evidence that method 1 
estimates of TRPbf 
TRA)pf and TRAkf 

(and of TRAbf) were biased. A combination of (DA*/ 
obtained, respectively, by methods I and L in the same 

biological samples gave optimum (unbiased) date which were suitable for 
pharmacokinetic analysis (Figs. l-4). It appeared that the anticipated superior 
assay characteristics of method L were mainly due to the fact that both TRAbf 
and TRPbf were experimentally measured values with this method, contrary to 
those with methods I and K. 

APPENDIX 

Method I 

A_ Determination of recoveries in biological samples 
The recoveries were obtained in experiments where plasma, urine, and saliva 

samples were spiked with known amounts of DT*, D*, DH:, DB*, (DM+DG+ 
EDG)* and DGL*. 

The percentage recovery of DT* with method I, rh!?&, was obtained from 

rhg$ = 102. DT&‘f/DT,*bf (Al) 

where DT*qbf represents the measured DT* radioactivity from the scrapings 
and DTzbf the known DT* radioactivity added to a biological sample. 
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The individual amounts or radioactivities of D 
DG+EDG)zbf 

pbf, DHFbf, DBgbf and (DM+ 
in a biological sample, DAzbf, were obtained from eqn. A2: 

DAgbf = DA*& bf/ && (A2) 

where DA*qbf correspond to the apolar individual radioactivities assignable to 
D, DH, DB and (DM+DG+EDG) as obtained from the scraping of the plates 
from TLC system A. Summation of the individual DA*kb values yields 
TRAkbf : 

Accordingly the summed individual DAzbf values give TRA?bf: 

TRAji’ = ZDA$=bf (A4) 

For the spiked biological samples the percentage recovery of apolar individ- 
ual radioactivity, r&e, and the percentage recovery of apolar total radio- 
activity, $4~ were obtained from eqns. A5 and A6, respectively 

‘?$A+ 
= 102 _ DAgbf/DGbf (As) 

r&4 = lo+ - TRAtf/TRAtf (A6) 

where DAfbf and DGbf represent, respectively, measured and known (added) 
amounts of individual apolar radioactivity and TRA,bf and TRgf correspond 
respectively to measured and known (added) apolar total radioactivity, 

The percentage recovery of polar total radioacti-vity (=DGL*), rt;f-Rp, for 
the biological samples tested was obtained from eqn. A7: 

(A7) 

where TRPkf and TRPkf correspond, respectively, to the calculated and known 
(added) amounts of DGL$ radioactivity. The recoveries of DAebf, TRAbf and 
of TRPbf obtained by method I are listed in Table III. 

B. Determination of unknown concentrations in biological samples 
The individual DArbf were obtained by eqn. AS: 

DAzbf = f~-(l~-DA*~bf)/(~~~~-~~~A*) (A@ 

where f~ is a correction factor obtained from the experiments which deter- 
mindbftie recoveries in samples spiked with the standards (Table III), i.e. fI = 
102 /qj-@* I 

TRA, was obtained from eqn. A4 as described above and TRPkf was calcu- 
lated from eqn_ A9: 

TRPtf = TRbf - TRA;’ (A9) 
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Method K 

A_ Determination of recoveries in biological samples 
The recoveries were determined as described above (see method I)_ The 

respective~x?;centag~ reeoveries of D * and DGL* in eluate 2 of a biological 
sample, rD: and rl,&*, were determined from 

r& bf = 102. D&,bf/ Dzb' (AlW 

+.& = l(')LDGLd%,bf/DGL$bf (All) 

where D*K=,bf and DGL*G*bf, respectively, are the measured radioactivities 
of D* and DGL* in eluate 2 of a biological sample and Dgbf and DGLgbf are 
thus the respective known (added) amounts of D* and DGL* in that biological 
sample. According to the results obtained with the standards D* and DGL*, 
the measured radioactivity in eluate 2 represents total radioactivity, TRKzsbf, 
and eqn. Al2 holds: 

TRKz .bf = TRpK,,bf + TRA&bf (Al2) 

where TRPK=abr and TRAq,bf correspond, respectively, to polar and apolar 
total radioactivi 

Since TRPKzyf 
in eluate 2 of a biological sample. 
could be estimated from eqn_ A13, assuming that D* and 

DA* behaved comparably throughout the procedures of method K, i.e. rg$sbf 
= rDA* , Kl*bf then: 

TRp%bf = [TR Kz*bf - TRbf (+.$bf/102)] /[I- (r$bf/r&;$)] (Al3) 

The value of TRPgf was thus obtained from eqn. A14: 

TRPkf = lo2 - TRPq *“‘/r&$ 

and TRAbf was calculated subsequently from eqn_ A15 

TRAkf = TRbf - TRPkf 

(Al4) 

(Al5) 

B. Combination of data by methods K and I 
Data by methods K and I were combined according to eqn_ A16: 

DA% = TRAkf - (DA*/TRA)kf (Al6) 

where TRAkf re 
Ef 

resents apolar total radioactivity as obtained by method K 
and (DA*/TRA)l corresponds to the fractional apolar individual radioactivity 
as determined by method I. 

For the biological samples spiked with known amounts of D*, DHg. DB*, 
DM* and DGL”, the percentage zxoveries of polar and apolar total and 
individual radioactivity, rkf,TRp, rK,TRA and rb&,~A*, were thus obtained 
from eqns. A17-Al9: 

+&RP = lo2 - TRPgf/TRPbf 0 (A17) 
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+&z* = lo* - TRAkf/TRef (A=) 

r&,DAf = lo* - TRAkf- (DA*/TRA)tf/D@bf (AW 

where TRPK, TRAK and DA$K correspond, respectively, to the measured 
amounts of polar total radioactivity, apolar total and individual radioactivity 
by method K, and TRPO, TRA, and De represent the known (added) 
amounts of these radioactivities. 

The recoveries of TRAbf and TRPbf obtained by method K and the recovery 
of DA*bf received by combining data from methods I and K are listed in 
Table IV. 

C_ Determination o 
Unknown TRPb f 

unknown concentrations in biological samples 
and TRAbf in biological samples were determined by 

method K by assaying TRbf and TRKzabf_ The value of TRP:;’ was computed 
from eqn. A20: 

TRpg = fK- (lO*-TRK.bf - TRbf-+bf)/(r~&-$- &‘bf) (AW 

The correction factor fK, was obtained from the experiments in which the 
recoveries in samples spiked with the standards were determined (Table IV), 
i.e. fK = 102/rkf TRp_ 

TRAbf was dalculated from eqn. Al5 as indicated previously. Unknown 
DA*bf was assessed upon combining the results obtained by methods K and I 
according to eqn. Al6 as outlined above_ 

Method L 

A. Determination of recoveries from biological samples 
The recoveries were determined as described above (see method I). The 

measured radioactivities in both the aqueous residue, Lz, and the or anic ex- 
tract, LX, of a biological sample represented total radioactivity, TR E a*bf and 
TRLxabf, respectively. They were defined by eqns. A21 and A22:. 

T&&f = TRpLd’f + TRAL,sbf (A.=) 

T&&f = T’AL,d” + q’Rp& hf a=) 

Since TRPLzabf can be estimated from eqn. A23, assuming that D* and DA* 
behaved comparably throughout the procedures of method L, i-e. rkgbf = 
rDktf, then 

TRPLB~’ = [TRL*bf - TRbf-(r~;bf/102)] /[I- (r$;bf/r$&$)] (A23) 

TRAL2*bf can be obtained from eqn. A21 after rearrangement. Similarly, 
TRAblabf can be estimated from eqn. A24: 

T&$&f = fT&+bf _ TRbf - (r&-&fJ102 ] /[ 1 - (r&kfJr$bf)] (A24) 
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TRPL~)bf was then obtained from eqn_ A22 after rearrangement and TRbf was 
estimated from eqn. A25: 

TRb,f = TRLx,bf + TRL,,bf (A25) 

The ratio of TRbf (measured directly) to TRkf (obtained by method L) yields 
correction factor 

q = TRbf/TRkf (A26) 

TRPbf and TRAbf L were obtained, respectively, from eqns. A27 and 28: 

TRPkf 4 q-10* - (TRPLZ.bf/&&) (A27) 

TRALf = q-102(TRALl*bf/r&bf) (A=) 

B_ Combination of data by methods L and I 
The value of DA*bf could only be assessed if data from methods L and I 

were combined according to eqn. A29: 

DA;E = TRAkf- (DA*/TRA),bf (A29) 

where TRAbf represents apolar total radioactivity as obtained by method L and 
(DA*/TRA)p corresponds to the fractional apolar individual radioactivity 
as determined by method I. 

For the biological samples spiked with known amounts of D*, DHg , DB*, 
DM* and DGL*, the percentage recoveries of polar total radioactivity, apolar 
total and individual radioactivity, rEfTW, rif.rRA and rg,DA*, were obtained 
from eqns. A30-A32: 

* , 

‘&RP = lo2 - TRPkf/TRPkf (A301 

r&RA = lo2 - TRAkf/TRgf (A311 

rgJ,DA* = lo* l TRAb,f, (DA”/TRA)Ff (~32) 

where TRPkf, TRAkf and DAg correspond to the measured values of these 
radioactivities as ob+&xined by method L or I and TRP,bf, TR@’ and Debf 
represent the known (added) amounts of the standards in the biological sam- 
ple% 

The recoveries of TRAbf and TRPbf obtained by method L and the recovery 
of DA*bf received by combining data from methods I and L are listed in 
Table V. 

C. Retermina tion of unknown concentrations in biological samples 
Unknown TRAbf aud TRPbf iu biological samples were determined by 

method L by measuring TRbf, TRGsbf and TRL1sbf. TRPbf and TRAbf could 
be obtained by eqns. A33 and A34, respectively. 

TRPkf = _ fI,-q-(lOZ-TRL=bf - TRbf*r~;bf)/($&$ - i$gbf) (A33) 
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TRAkf = f,t-q-(102-TRL~*bf - TRbf+&$)/(+bf - +&$) (A34) 

de= f~, ad f~, are correction factors obtained from the experiments which 
determined the recoveries in samples spiked with the standards (Table V), i.e. 
f~, = 102/r~$RP and f~, = lo*/+&,. 

LIST OF SYMBOLS AND ABBREVIATIONS 

D 
DH 
DB 
DM 
DG 
BDG 
DT 
DGL 
D* 
TR 
TRA 
DA* 

TRP = 

DT*, D*, DGL*, DH*, 
DB*, DM*, TR*, DA*, 
TRA*, TRP* = 

Rkf (PPU*S) = 

= 

+x&f, (R’d’f) = 

+a .bf, (RLx .bf ) = 

digoxin (unlabelled) 
dihyd.rodigoxin 
digoxigenin bisdigitoxoside 
digoxigenin monodigitoxoside 
digoxigenin 
epidigoxigenin 
digitoxin 
digoxin-16’glucurouide 
digoxin (labelled) 
total radioactivity (TR=TRA+TRP) 
apolar total radioactivity 
apolar individual radioactivity [DA* = D*, DH*, 
DB”, (DM+DG+EDG)*] 
polar total radioactivity 

radioactivity, R 
kuowu added radioactivity in a biological sample 
(plasma, urine, saliva) 
percentage recovery of radioactivity (recovered 
radioactivity) of a biological sample spiked with 
DT* as obtained by method I from TLC scrapings 
percentage recovery of radioactivity (recovered 
radioactivity) of a biological sample spiked witb 
D* or DGL* as obtained by method K in aqueous 
eluate, K2 
percentage -recovery of radioactivity (recovered 
radioactivity) of- a biological sample spiked with 
D* or DGL* as obtained by method L in aqueous 
residue, b 
percentage recovery of radioactivity (recovered 
radioactivity) of a biological sample, spiked with 
D.* or DGL* as obtained by method L in organic 
extract L1 
measured radioactivity of .a biological sample as 
obtained by methods I, K or L 
measured radioactivity of a biological sample as 
obtained by combining data by methods I and K or 
Iand L 
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= percentage recovery of radioactivi~ in a biological 
sample as obtained by methods I, K or L 

= percentage recovery of radioactivity in a biological 
sample as obtained by combining data by methods 
IandKorIandL 
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