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Abstract Absorption of cyclospor- 
in from the microemulsion formula- 
tion Neoral is less variable than 
from Sandimmun. Because of a lack 
of data in pediatric liver transplant 
recipients, the pharmacokinetic pro- 
files with Sandimmun and Neoral 
were compared in a conversion 
study. Thirty-eight children with sta- 
ble graft function were converted 
2-12.3 years post-transplant at a 1:1 
ratio. The trough-level (C,,,) with 
Neoral was 123 k 39 ng/ml versus 
134 f 29 ng/ml with Sandimmun 
( P  = NS), the area under the time- 
concentration curve (AUC) was 
3325 f 1125 ng,h/ml versus 
2423 f 846 ng,h/ml ( P  < O.OOl),  the 
peak concentration (C,,,) was 
650 f 280 ng/ml versus 337 f 142 ng/ 
ml ( P  < 0.001), and the median time 
to C,,, was 2 h (range 0.5-3 h) ver- 
sus 4 h (range 1-8 h; P < 0.05). The 
weak correlation between Cmin and 
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AUC with Sandimmun ( r  = 0.5; 
P = NS) was improved by using Ne- 
oral (Y = 0.7; P < 0.001). The best 
predictor of AUC was the 2-h con- 
centration (C,,,) of Neoral (Y = 0.9; 
P < 0.001). Increased absorption 
and a more predictable pharmaco- 
kinetic profile with Neoral permit 
safer therapeutic monitoring in chil- 
dren. The exclusive measurement of 
Neoral-C,, allows one to estimate 
drug exposure with high precision 
( > 90 %). 
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Introduction 

The widespread use of cyclosporin as an immunosup- 
pressant has led to a substantial improvement in the out- 
come of pediatric liver transplantation, with long-term 
survival rates of up to more than 70% [5,  9, 19, 221. 
The prerequisite for successful immunosuppression and 
for a low rate of adverse events is the reliable and con- 
stant absorption of the drug. The most important factors 
influencing cyclosporin absorption from the conven- 
tional formulation, Sandimmun (SIM), are bile flow, 
gastrointestinal motility, bowel length, and food intake 
and composition [lo, 12, 13,14,18,25]. 

Children have been shown to have an increased cy- 
closporin clearance and lower bioavailability than 
adults. Therefore, larger doses of oral SIM in relation 
to body weight (kg) are necessary [4]. Pediatric liver 
transplant recipients younger than 2 years are especially 
likely to have variable and unpredictable immunosup- 
pression. The reason is that the most common indication 
for orthotopic liver transplantation (OLT) in children - 
biliary atresia after a Kasai procedure - affects at least 
50 % of pediatric patients. 

The new microemulsion oral formulation of cy- 
closporin, Neoral (NEO), has been shown in adults to 
be less influenced by bile flow, food intake, and gastro- 
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P Table 1 Biochemical charac- 
teristics of the pediatric liver Prior to switch 3 Months after switch n Test 
transplant recipients. Data are AST (Ufl) 19 f 13 19k  17 33 NS 
expressed as mean f SD ALT (U/I) 18 f 16 18 k 20 33 NS 

GlDH (UA) 7 f 1 6  5 f 6  33 NS 
y GT (U/1) 1 7 f 2 5  18 k 29 32 NS 
ALP (U/l) 328 f 135 306f110 32 5 0 . 0 5  
CHE (kU/I) 5.06 f 1.06 5.02 k 0.98 33 NS 
Bilirubin (pmol/l) I O f 5  9 f 5  33 NS 
Total bile acids (Fmol/l) 11 f l l  1 2 f  11 33 NS 
Lipoprotein-X (g/l) 0.11 f 0.08 0.11 k 0.15 33 NS 
MEGX A30 (pg/l) 
S-Creatinine (pmol/l) 63 f 20 66 k 20 33 NS 
S-Urea (mmol/l) 8.6 f 2.9 8.1 * 3.3 33 NS 
S-Potassium (mmol/l) 4.6 f 0.4 4.7 f 0.5 32 NS 
S-Uric acid (pmol/l) 387 * 90 402 * 89 27 NS 
GFR (ml/min * 1.73 m’) 89 k 22 86 k 25 33 NS 

- - 75 f 20 

intestinal motility [3, 231. From a theoretical point of 
view, this should translate into clinical benefit. Expe- 
rience with NEO in pediatric OLT is limited [6, 16,241. 
In order to determine whether this also holds true for 
children, we performed a conversion study in stable pe- 
diatric liver transplant recipients. 

Patients and methods 
Thirty-eight children (19 girls, 19 boys) with a median age of 10.75 
(range 4.9-19) years were enrolled in the study a median of 5.3 
(range 2-12.3) years post-OLT. The indications for OLTwere: bili- 
ary atresia (n = 14), Byler’s disease (n = l l ) ,  acute liver failure 
(n = 4), Alagille’s syndrome (n  = 3), hepatoblastoma (n = 2), ty- 
rosinemia (n  = 2), glycogen storage disease I (n = 1), and cryptoge- 
nic cirrhosis (n = 1). Fifteen patients underwent a Kasai procedure 
prior to OLT, and three had a Roux-en-Y anastomosis during OLT. 
Thirty-four were primary transplants while four were retrans- 
plants. Three girls with Byler’s disease had chronic diarrhea. 

The conversion ratio from SIM to NEO was 1:l. At the begin- 
ning of the study, maintenance immunosuppression consisted of 
SIM (173 f 49 mg/m2 per day) and prednisolone (2 ? 1 mg/m2 per 
day). Biochemical liver and kidney function parameters are shown 
in Table 1. All patients were switched to NEO and had received at 
least three doses prior to a 12-h absorption profile. Twelve of them 
had a preconversion SIM profile. Blood samples for the NEO pro- 
file were drawn prior to the dose and at 0.5, 1, 1.5, 2, 3, 5,  7, and 
12 h; for the SIM profile, they were taken prior to the dose and at 
1, 2, 4, 6, 8, and 12 h after oral intake. Trough level (C,,,) was de- 
fined as the cyclosporin concentration in a morning predose blood 
sample 12 h after the last drug intake. The highest measured con- 
centration and the corresponding sampling time were defined as 
C,,, and T,,,, respectively. Area under the concentration-time 
curve for 12 h (AUC) was calculated according to the standard 
trapezoidal rule [l I]. Concentrations of cyclosporin were mea- 
sured in hemolyzed EDTA whole blood by monoclonal-specific ra- 
dioimmunoassay (SP; Sandoz, Basel, Switzerland) [2]. Additional- 
ly, in the C,,, sample, a monoclonal-nonspecific radioimmunoas- 
say (NSP; Sandoz) was applied in order to determine the capacity 
to eliminate cyclosporin metabolites [26]. Liver and kidney func- 
tion parameters were determined by standard methods. Mono- 
ethylglycinexylidide (MEGX) was determined by high-perfor- 

mance liquid chromatography (HPLC). The difference in serum 
concentrations between baseline value and 30 min (MEGX 630) 
after i.v. administration of 1 mg/kg body weight lidocaine was 
used as a dynamic liver function test [17]. Glomerular filtration 
rate (GFR) was estimated as: body height x 38 + serum creatinine, 
according to the formula of Schwartz et al. [20]. 

Statistical analyses were performed using the SPSS for Win- 
dows 6.1 statistical program (SPSS, Chicago, Ill., USA). Data are 
presented as mean k standard deviation (SD). Not normally dis- 
tributed data are presented as median and range. Differences 
with P values below 0.05 were considered as significant. For com- 
parative analyses, Student’s paired t-test and Wilcoxon’s test were 
used; for correlation analyses, Pearson’s product moment correla- 
tion coefficient ( r )  was used. The equation for the calculation of 
the AUC was assessed by linear regression analysis. 

Results 

Cyclosporin pharmacokinetics 

The pharmacokinetic (PK) parameters with NEO and 
SIM are shown in Table 2. The corresponding 32-h cy- 
closporin absorption profiles are depicted in Figs. 1, 2, 
and 4, respectively. Cmin was not significantly different 
between SIM and NEO when measured by SP or by 
NSP (Table 2). AUC as well as C,,, were significantly 
higher and T,,, was reached significantly earlier and 
with a more consistent interindividual pattern with 
NEO than with SIM (Table 2). Three patients with flat 
PK profiles with SIM (one with a Roux-en-Y anastomo- 
sis, another with Byler’s disease and chronic diarrhea) 
presented only slight increases in AUC with NEO 
(Fig. 3). 

The correlation between Cmin and AUC with SIM 
(Table 3; Fig. 5 )  was not significant. In contrast, with 
NEO the correlations between most of the single-point 
blood concentrations (including Cmin) and AUC (Ta- 
ble 3; Fig. 6) were significant. The NEO-C,, was found 
to predict the AUC with the highest precision (Table 3; 
Fig. 7); thus, NEO-AUC was calculable from the equa- 
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Table 2 Pharmacokinetic pa- 
rameters with Sandimmun and 
with Neoral. Data are expres- 
sed as mean f SD (SP mono- 
clonal-specific 
radioimmunoassay, NSP mono- 
clonal-nonspecific radioimmu- 
noassay) 

Neoral Sandimmun Neoral P” 
(n = 38) (n = 12) (n = 12) 

12-h AUC (ng * himl) 3325 * 1125 2423 f 846 3484 * 1050 < 0.001 
C,,, (ngiml); SP 123 rt 39 134 f 28 I18 f 32 NS 
C,,, (ngiml); NSP 517 f 191 541 & 195 565 f 182 NS 
C,,, NSPIC,,, SP 3.9f 1.2 4.63 * 1.85 4.95 f 1.44 NS 
c,,, ( n g W  650 f 280 337 * 142 673 f 290 < 0.001 
T m a x  (h)’ 2 (0.5-3) 4 (1-8) 2 (1-3) 50 .05  

a Intraindividual comparison between values with Sandimmun and Neoral in 12 of the 38 patients; ‘ Median (range) 

tion NEO-AUC = 4.18 * c 2 h  + 1021 ng * ml/h, with a 
standard error of 417 ng * ml/h. 

Taking into account one (C2h + c , h  or c 2 h  + C,, or 

additional point measurements, r increased to 0.96 and 
0.97, respectively. 

Whereas a weakly significant relationship ( r  = 0.42; 
P < 0.01) was found between age and NEO dose related 
to body weight (mg/kg), NEO dose related to body sur- 
face area (mg/m2) was independent of age (Y = 0.24; 
P = NS). 

Cmin, C,,,, T,,,, and AUC were all found to be inde- 
pendent of NEO dose related to body surface area 
(mg/m2) and independent of age (Y for each < 0.4). 

c2h + c7h) Or two (c2h + c0.5h + c3h Or cZh + C3h C7h) 

Three-month follow-up with Neoral 

During the 3 months of follow-up with NEO, no death, 
graft loss, rejection episode, or relevant adverse event oc- 
curred. The mean daily NEO dose related to body sur- 
face area remained the same, but Cmin measured both by 
SP and by NSP were significantly lower after 3 months 
(Table 4). The SP/NSP ratio remained unchanged (Ta- 
ble 4). Serum aspartate aminotransaminase (AST), ala- 
nine aminotransaminase (ALT), glutamate dehydroge- 
nase (GlDH), gamma glutamyl transpeptidase (yGT), 
cholinesterase activity (CHE), total bile acids, and lipo- 
protein X (LPX) remained stable during the study period 
(Table 1), whereas alkaline phosphatase (AP) decreased 
significantly ( P  I 0.05; Table 1). Serum concentrations of 
creatinine, urea, uric acid, and potassium, as well as cal- 
culated GFR, remained unchanged (Table l). 

Discussion 

Currently, cyclosporin is the predominant immunosup- 
pressive drug for pediatric organ transplant recipients. 
However, the clinical use of SIM is associated with high- 
ly variable PK parameters, especially following pediat- 
ric OLT [21, 271. This has been associated with an un- 
predictable response to therapy [15]. Several studies 
have shown an improved absorption and a more consis- 
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Fig.2 Cyclosporin profiles with Neoral in 38 stable pediatric liver 
transplant recipients 

tent bioavailability of cyclosporin from NEO than from 
SIM in adults and in pediatric kidney recipients [3, 6, 
81. Overall tolerability of NEO is regarded to be very 
good. 
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Table 3 Correlation between single-point cyclosporin blood con- 
centrations and AUC 

Time after Sandimmun AUC Neoral AUC 

P r P oral intake (h) 

.? 400 
P 
3 200 
u” 

0 2 4 6 8 10 12 

Time after Sandimmun / Neoral intake (hours) 

Fig.3 Cyclosporin profiles with Sandimmun and Neoral in three 
poor absorbers of Sandimmun. Same markers represent corre- 
sponding profiles 

-.+ Neoral + Sandimmun 

n 2 4 6 8 10 12 

Time after Sandimmun / Neoral intake (hours) 
Fig.4 Cyclosporin profiles (mean k SD) with Sandimmun and Ne- 
oral in 12 stable pediatric liver transplant recipients 

These promising results, together with the announce- 
ment from Sandoz that SIM will be withdrawn from the 
market, motivated us to compare PK parameters from 
SIM and NEO in stable pediatric long-term liver recipi- 
ents in a conversion study. This study revealed an in- 
creased and more consistent absorption of cyclosporin 
from the NEO formulation, expressed as a shorter time 
to achieve maximum concentration (T,,,), increased 
peak concentration (C,,,), increased drug exposure 
(AUC), and an improved correlation between single- 
point concentrations and AUC. For AUC, Cmin, C,,,, 
and T,,,, similar results were found in de novo-treated 
pediatric liver transplant recipients [24]. It has been sug- 
gested that NEO converts all so-called poor absorbers 
of SIM to good absorber status [7]. In contrast, in the 

0 
0.5 
1 
1.5 
2 
3 
4 
5 
6 
7 
8 

12 

0.50 NS 0.70 
0.48 

0.52 NS 0.58 
0.84 

0.65 < 0.01 0.94 
0.88 

0.47 NS 
0.83 

0.70 < 0.01 
0.81 

0.93 < 0.001 
0.50 NS 0.49 

< 0.001 
< 0.01 
< 0.001 
< 0.001 
< 0.001 
< 0.001 

< 0.001 

< 0.001 

< 0.01, 

group of 12 patients with SIM and NEO profiles, 3 with 
poor cyclosporin absorption from SIM remained poor 
absorbers under NEO, although on a higher level 
(Fig. 3). 

There were no significant differences between per- 
centage of variability of Cmin, C,,,, or AUC with SIM 
and NEO. However, there was a significantly decreased 
variability of T,,,, and the PK profiles from NEO fol- 
lowed a uniform pattern with a peak concentration at 
around 2 h in all patients (Figs. 1,2,  and 4). 

With regard to the anthropometric differences, it is 
more sensible to administer drug doses according to 
body surface area than to body weight, especially in 
young children. Our results showed that NEO dose ad- 
justed to C,,, was age-dependent related to body weight 
but independent from age related to body surface area. 
The pharmacokinetic parameters (Cmin, C,,,, T,,,, 
AUC) of NEO were independent of the dose related to 
body surface area and independent of age. 

In view of the increased AUC with NEO, a signifi- 
cant dose reduction for NEO was postulated [3, 241. 
This was not supported by our findings. In contrast, we 
found a gradual decline in mean Cmin during 3 months 
of follow-up in our patients, while dose in relation to 
body surface area remained unchanged. 

It is, as yet, not known whether an increased peak 
concentration or drug exposure may improve immuno- 
suppression or result in more frequent side effects. It 
has been shown that a higher C,,, and AUC are not 
necessarily correlated with more side effects. On the 
contrary, while C,,, increased with NEO, a decrease in 
renal proximal tubular toxicity was found [l]. It could 
be speculated that a relatively short, but high, peak con- 
centration with a subsequent sharp decrease may be less 
toxic than a PK profile with a lower peak, but more per- 
sistent and relatively high concentration plateau. 

Our results have shown that there is no relationship 
between the trough level and AUC with SIM. This 
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closporin time-concentration curve, C,,, cyclosporin trough lev- 
el). r = 0.94, P < 0.001 

might be due to the undefined interval between cy- 
closporin intake and blood sampling for C,,,, especially 
in outpatients. Therefore, C,,, is an unreliable parame- 
ter of individual cyclosporin exposure with SIM. Al- 
though the correlation between C,,, and NEO-AUC 
was better, a remarkable increase in predictability of 
AUC was obtained using the NEO 2-h concentration 
(C,J. The NEO-AUC can be estimated by C,, 
(AUC = 4.18 * C,, + 1021 ng * ml/h) with a precision er- 
ror of less than 10%. Therefore, C,, measurement of- 
fers a practical alternative for routine cyclosporin moni- 
toring. In particular, it is easy to administer NEO in the 
outpatient clinic and to take the blood sample exactly 
2 h later. Holmberg recently reported that the shape of 
any individual NEO profile for pediatric liver recipients 
remains reproducible over a 1-year period (personal 
communication; Madrid, Spain; 1996). Thus, if the indi- 
vidual AUC is evaluated at baseline, it could again be 
calculated exactly by C,, at follow-up. Two and three- 
point measurements have been suggested as most pre- 
dictive for AUC [15]. In our cohort, one or two further 
point measurements, in combination with the 2-h con- 
centration, improved the predictive ability only slightly. 
Then again, a routine monitoring strategy with repeated 
blood sampling is expensive, impractical, and would not 
be accepted by patients and their parents. Currently, cy- 
closporin dose adjusting to C,,, is the most widely ac- 
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Table 4 Immunosuppressive course with Neoral. Data are expres- 
sed as mean k SD 
( S P  monoclonal-specific radioimmunoassay, NSP monoclonal- 
nonspecific radioimmunoassay) 

lstweek 3months n P 

Daily dosage (mg/m2) 174 f 40 172 k 43 33 NS 
C,,,, ( n g W ;  SP 124 I 37 97k25 33 <0.001 
C,,, (ngiml); NSP 511 I 170 402 k 109 26 < 0.01 
C,,, NSPIC,,, SP 4.4k 1.4 4.410.9 25 NS 

cepted method. However, in the future, it would seem 
reasonable to establish a 12-h profile as the baseline 
and parallel C,,, and C,, measurements in routine cy- 
closporin monitoring to gain experience with these new 
kinetic parameters in comparison to the trough level. 
Data from such prospectively conducted follow-up trials 
(at least 1 year) are necessary to determine which phar- 
macokinetic parameter (and which target range for 
that parameter) is most reliable and the most practical 
and which should be routinely used. 

While further pharmacokinetic data are being col- 
lected, we recommend continuing to adjust the cy- 
closporin dose to the locally established target range 

~ ~ ~~ 

for C,,,, and we consider any recommendations to re- 
duce C,,, with NEO [3,24] as premature. 

In this trial, no death, graft loss, or rejection episode 
occurred after the switch. Although the mean AUC in- 
creased by 44 % and C,,, by 100 %, no evidence of in- 
creased toxicity, especially nephrotoxicity, was found af- 
ter 3 months with NEO. The relevance of the decrease 
in mean AP remains vague, but has been reported by 
others [7]. 

In conclusion, the main difference between NEO and 
SIM is their absorption. In NEO, it is greater, as reflect- 
ed in a shorter T,,,, higher C,,, and higher AUC; there 
is also a strong relationship between AUC and corre- 
sponding single-point blood concentrations. These guar, 
antee a better predictability of systemic drug exposur6 
especially from C2h, and permit less drug monitoring 
and fewer dose adjustments. Consequently, NEO is ex- 
pected to improve the management of pediatric liver re- 
cipients, in whom unstable and unpredictable SIM ab- 
sorption is frequently observed. Long-term follow-up 
trials should be done to evaluate the significance of C,, 
or other limited sampling strategies as a routine cy- 
closporin monitoring approach and to develop target 
ranges for them. 
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