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INTRODUCTION

The introduction of the immunosuppressive agent, cy-
closporin A (CsA) revolutionized our approach to trans-
plantation1. Not only did the use of this agent lead to in-
creased patient and graft survival following renal
transplantation, but its introduction allowed the success-
ful implementation of liver, lung, heart and pancreas
transplant programs2. Incomplete, high intra- and inter-
patient variability and unpredictable and inconsistent ab-
sorption of Sandimmune limited the use of this galenic
formulation and necessitated the need for intra venous
CsA early in the post transplant period3. This approach
resulted in increased neuro and renal toxicity limiting the
clinical usefulness of this agent. To preclude toxicity, the-
rapeutic drug monitoring was initiated initially by measu-
rement of trough blood levels (C0)

4. This approach was
largely adopted to limit toxicity, although C0 was subse-
quently studied for its ability to predict freedom from re-
jection5. The introduction of the microemulsion formula-
tion Neoral improved a number of the problems
associated with the use of the previous galenic formula-
tion, Sandimmune6-8. Its use resulted in less intra and in-
terpatient variability, improved absorption and less de-
pendence on bile for absorption especially early in the
post operative period9. Studies demonstrated that Neoral
is absorbed more uniformly from the intestine than San-
dimmune, providing a closer correlation between dose
and exposure assessed in area under the time concentra-
tion curve (AUC)10. However, it soon became apparent
that the correlation between trough levels and AUC alt-
hough markedly better for Neoral than Sandimmune was
still insuffcient to reflect AUC by itself11. The introduc-
tion of Neoral as a superior formulation of CsA has led to
an interest in evaluating the traditional approach to thera-
peutic drug monitoring of CsA based on trough levels12.

Therapeutic drug monitoring strategies

For drugs with a low therapeutic index (narrow window
between efficacy and toxicity) which are utilized in criti-
cally ill patients, whose status is changing over time, it 
is appreciated that therapeutic drug monitoring (TDM) is
essential13. To this end, applied pharmacokinetics, that 
is a strategy by which dosing regimens for patients are
guided by repeated measurements of blood drug concen-
trations must be adopted. Drug concentrations are then
adjusted to keep patients within a defined target concen-
tration range. Intuitively, drug concentrations above the
target range are defined as toxic and below the range as
sub therapeutic.

CO monitoring

Initial TDM of CsA utilized samples drawn at trough, na-
mely, the time immediately before the next dose is admi-
nistered (Cmin). On examination of Cmin records from pa-
tients experiencing toxic complications of CsA therapy, a
serum trough level of 250 ng/ml was established as the
upper limit of the putative therapeutic window. The lower
limit of the therapeutic window was assumed to corres-
pond to the dose of CsA necessary to cause a 50% inhibi-
tion of an in-vitro mixed lymphocyte reaction and was
found to be 100 ng/ml. Utilizing C0, it soon became appa-
rent that measurements did not consistently predict 
freedom from rejection or drug toxicity (table I). Thus,
studies were undertaken to determine if other monitoring
strategies could be utilized to define parameters to diffe-
rentiate efficacy and toxicity.
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TABLE I. Failure of correlation between trough levels (TL):
rejection versus toxicity/non-selective serum RIA

TL Serum (ng/ml) N Rejection NTX or HTX

< 100 16 0.025 NS
≥ 40 NS 0.001

Reproduced from Kahan BD, et al. Trans Proc 1984;16:1195-9.



Area under the time concentration curve (AUC)
monitoring

Kahan et al has provided evidence that full AUC monitoring
in kidney transplant recipients is the most sensitive and preci-
se indicator of drug exposure14,15. In his pivotal studies, it was
clearly shown that large inter and intra patient variability in
CsA pharmacokinetic parameters, bioavailability and clea-
rance rate correlated with poor patient and graft outcome16.

Abbreviated AUC monitoring

As full AUC monitoring proved impractical, attempts
were made to use sparse sampling models for estimation

of AUC17,18. It was shown that the use of three sampling
points could estimate full AUC with high precision and
predict freedom from acute and chronic rejection with
95% accuracy17-19. More recently, use of two points 
(2 and 6 hours post dose) was highly predictive of the ab-
sorption phase of AUC and correlated with freedom from
rejection20,21.

Concentration 2 hour after intake (C2) monitoring
Neoral Formulation Study 8 (NOF-8)

A pivotal prospective study conducted in liver transplant
recipients demonstrated that measurements of Cmax in
contrast to Cmin (trough, C0) correlated with freedom from
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Fig. 1. Relationship between rejection and cyclosporine blood levels. Patients were randomized to receive Sandimmune or Neoral. Retrospectively,

patients were divided into four equal Cmin or Cmax quartiles and incidence of rejection was analyzed. CsA levels were monitored by Cmin (trough). Inci-

dence of rejection was analyzed in patient cohorts in relation to (A) Cmin or (B) Cmax (reproduced from Grant D, et al22).



rejection22. Rejection rates in Neoral treated patients who
achieved Cmax values greater than 800 ng/ml were 34% (fig.
1). A similar relationship was seen in patients who received
Sandimmune, however, as compared with Neoral fewer pa-
tients receiving Sandimmune achieved high Cmax reflected
absorption difficulties with Sandimmune in liver transplant
recipients. In contrast, patients who achieved Cmax levels
less than 600 ng/ml has rejection rates of 71%. In patients
who received Neoral, C2 proved to be an excellent surrogate
marker of AUC 0-6 and Cmax (r2 = 0.93), whereas no rela-
tionship between C0 (trough level) and freedom from rejec-
tion was observed, even when C0 approached or exceeded
450 ng/ml. The relationship of C2 with Cmax was less strong
in the early post operative period (< 5 days) but it was exce-
llent thereafter.
This study provided an important pharmacokinetic correlation of C2

with acute rejection in liver transplant recipients. Not only was the
sampling point C2 and accurate predictor of the AUC for Neoral
treated patients, but there was strong correlation between C2 con-
centrations and incidence of acute rejection and provided an impe-
tus for additional studies to evaluate the role of C2 as TDM tool in
both the acute and maintenance phases of liver transplantation

INT-06 Study

The reliability of C2 monitoring as a tool for optimizing
Neoral administration has now been evaluated in a pros-
pective, multicentre, open-label international study23.
This study was designed to compare the utility of monito-
ring Neoral therapy by C2 versus C0 in de novo liver
transplant patients. The target CsA range for the C2 group
(n = 149) between 0 and 3 months post transplant was
0.80 to 1.2 ug/m and for the C0 cohort (n = 158) was 250
to 400 ng/ml. At 3 months post transplantation, the C2

group of patients had a 25% reduction in the percentage
of patients with acute rejection compared with the C0

group (23.6 versus 31%) p < 0.006 (fig. 2). In those pa-
tients who achieved C2 target values by day 3-5 post
transplantation, the incidence of acute cellular rejection was

reduced to 12.5%. The incidence of moderate to severe acute
rejection was significantly lower than in the C2 monitored
group (p = 0.01). Furthermore, when HCV patients were ex-
cluded from the analysis, patients monitored by C2 had a
highly statistically significant reduction in the incidence and
severity of rejection (p < 0.03). By Cox Regression Analy-
sis, it was shown that only C2 and not dose or C0 levels co-
rrelated with rejection (table II). It was important to note that
patients monitored by C2 did not have an increase in serious
adverse events. This is the first prospective clinical trial to
clearly show the superiority of monitoring by C2 versus C0.

Effect of Achieving C2 Early

More recent studies have now been conducted at the Univer-
sity of Toronto to examine the effect of achieving C2 target
values (0.8 to 1.2 µg/ml) within 3 to 5 days of transplanta-
tion on the incidence of rejection and renal in de novo liver
transplant recipients24. In 30 de novo transplant recipients,
cyclosporin microemulsion administration was initiated at
15 mg/kg/day in divided doses and adjustments to C2 target
values were made according to the following formula:

New daily dose = old daily dose X target level
desired/level measured

By day 3,80% of patients achieved target levels and by
day 5 all patients achieved target levels using an aggressi-
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Fig. 2. Cyclosporin microemulsion (Neo-

ral) concentrations at 2 hours after admi-

nistration (C2) up to 91 days post-trans-

plantation in liver transplant recipients.

C2 monitoring results in a significant re-

duction in rejection severity compared

with pre-dose trough concentration (C0)

monitoring. (reproduced from Levy GA,

et al25).

Variable Coefficient SE (coef) z p

Dose (mg/kg) _0.046409 0.033154 _1.400 0.1616
C0 (ng/ml) 0.000212 0.000503 0.422 0.6731
C2 (µg/ml) _0.000985 _0.000247 _3.985 0.0001

TABLE II. Effect of predictor variables on primary outcome
as analysed by the Cox Regression Model

SE (coef): standard error (coefficient); z: coefficient/SE (coefficient); C0: trough
CsA concentration; C2: CsA concentration at 2 hours post-dose. Proceding from
Levy GA, et al23.



ve drug administration strategy as outlined. No apparent
renal toxicity was observed, with serum creatinine levels
remaining within normal ranges (< 110 µmol/l). An ove-
rall incidence of rejection of 7% (2/30 patients) was ob-
served and in the 2 patients who experienced rejection,
the rejection was mild and reversed by a single course of
high dose steroids.

C2 in Maintenance Phase

Recently we have reported short term results of conver-
sion of liver transplant patients in the maintenance phase
from C0 monitoring to C2 monitoring25. In that study, con-
version of maintenance liver transplant patients to C2 mo-
nitoring resulted in an improvement in renal function, re-
duction in the incidence and severity of diabetes mellitus
and hypertension with no improvement in serum choles-
terol. Our center has now converted 351 patients on Neo-
ral who were a minimum of 3 months post-transplant and
we now provide data on these patients with a mean fo-
llow up of 15 months (range 9-24 months). One hundred
and ninety-one (191) of the patients were male and 160
female with an average age of 50.2 ± 11.6 years (10 to
71.2 years) at the time of transplantation. At the time of
conversion, the mean C0 was 164 ng/ml (range 92 
to 482 ng/ml); the mean C2 at time of conversion was 740
ng/ml (range 114 to 1900 ng/ml). There was a poor corre-
lation between C0 and C2 (r2 = 0.14). Thirty-six percent
(36%) of patients at time of conversion had C2 levels ex-
ceeding recommended targets (0-6 months, 1,000 ng/ml;
6-12 months, 800 ng/ml; > 12 months, 600 ng/ml) (fig.
3). Within 3 months of conversion to C2 there was a mean
decrease in serum creatinine of 26%: pre-conversion 161
µmol/l (range 70-284 µmol/l); post-conversion mean of
134 µmol/l (range 60-272 µmol/l) (p < 0.001). A similar
improvement in blood pressure was seen with C2 adjust-
ment to target (mean decrease in diastolic pressure of 16
± 3 mmHg) (p < 0.001). An improvement in serum cho-
lesterol (normal range 4.6-6.2 mmol/l) which was not
previously seen in our early follow-up, was observed

(pre-conversion 7.4 ± 1.8 mmol/l; post-conversion 6.1
+/-1.4 mmol/l) To achieve target, a mean dose reduction
of 16% (range 4-26%) was required (p < 0.04). In 62 pa-
tients, once day dosing was adopted with C2 monitoring
resulting in an improvement in renal function and a re-
duction in hypertension with no adverse events seen. No
clinical or biochemical evidence of rejection was seen 
during dose adjustments. This study provides further evi-
dence of the advantages of conversion of maintenance 
liver transplantation to C2 monitoring resulting in impro-
vement in renal function, hypertension, diabetes and dis-
turbances in cholesterol.

Summary

In summary, the introduction of Neoral has allowed investi-

gators to examine alternative therapeutic drug monitoring

strategies to improve liver transplant patient outcomes. C2

monitoring in the liver transplant recipient has been identi-

fied as a sensitive predictor of acute cellular rejection in de

novo liver transplant recipients in a multi-center prospective

trial. Furthermore, in long term transplant recipients, adop-

tion of C2 monitoring results in a reduction in toxicity inclu-

ding nephrotoxicity, incidence of diabetes and hypertension

and disturbances in lipid metabolism. C2 monitoring has

now been shown to correlate best with AUC0-4 in all trans-
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Organ Author

AUC0-4  Correlation (r2)

C2 C0

Renal Mahalti20 0.81 0.18
Liver Grant22 0.93 -
Heart Cantarovich* 0.82 0.41
Paediatric renal Kelles** 0.81 0.41
Paediatric liver Dunn*** 0.89 0.03

TABLE III. Neoral C2 correlates best with AUC0-4 in all
transplant patient groups

*Cantarovich et al. Clin Transplant 1998;12:243-9. **Kelles et al. Pediatr
Transplant 1999;3:283-7. ***Dunn et al. Am J Transplant 2001.
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Fig. 3. C2 levels in maintenance liver

transplant patients monitored by C0. At

time of adoption of C2, the mean C0

was 198 ng/ml (range 96-482 ng/ml)

and the mean C2 was 0.88 µg/ml (range

0.114-1.90 µg/ml). Thirty-three percent

(33%) of patients had C2 levels excee-

ding recommended targets, and 18% of

patients had C2 levels below target.

There was a poor correlation between

C0 and C2 (r2 = 0.19).



plant patient groups and also correlates with rejection (table

III). Collectively these data demonstrate the superiority of

monitoring liver transplant patients taking Neoral by C2

monitoring and provide a rationale for its adoption by the

transplant community.

BIBLIOGRAFÍA

1. Borel JF, Bauman G, Chapman I, Donatach P, Fahr A, Mueller
EA, et al. In vivo pharmacological effects of ciclosporin and
some analogues. Advances in Pharmacology 1996;35:115-246.

2. Kahan B. Cyclosporine. N Engl J Med 1989;321:1725-38.
3. Grevel J. Absorption of cyclosporine A after oral dosing. Trans

Proc 1986;18:9-15.
4. Ohlman S, Lindholm A, Hagglund H, Sawe J, Kahan BD. On

the intraindividual variabililty and chronobiology of cyclospori-
ne pharmacokinetics in renal transplantation. Eur J Clin Phar-
macol 1993;44:265-9.

5. Best NG, Trull AK, Tan KKC, Hue KL, Spiegelhalter DJ, Gore
SM, et al. Blood cyclosporin concentrations and the short term
risk of lung rejection following heart-lung transplantation. Br J
Clin Pharmacol 1992;34:315-20.

6. Vonderscher J, Meinzer A. Rationale for the development of
Sandimmun Neoral Trans Proc 1994;26:2925-7.

7. Coukell AJ and Plosker GL. Cyclosporin microemulsion (neo-
ral): a pharmacoeconomic review of its use compared with
standard cyclosporin in renal and hepatic transplantation. Phar-
macoeconomics 1998;14:691-708.

8. Kovarik JM, Mueller EA, Van Bree JB, Arns W, Renner E,
Kutz K. Within-day consistency in cyclosporine pharmacokine-
tics from a microemulsion formulation in renal transplant pa-
tients. Ther Drug Monit 1994;16:232-7.

9. Mueller EA, Kovarik JM, Van Bree JB, Lison AE, Kutz K.
Pharmacokinetics and tolerability of a microemulsion formula-
tion of cyclosporine in renal allograft recipients –a concentra-
tion-controlled comparison with the commercial formulation.
Transplantation 1994;57:1178-82.

10. Keown P, Kahan BD, Johnston A, Levy G, Dunn SP, Cittero F,
et al. Optimization of cyclosporine therapy with new therapeu-
tic drug monitoring strategies: report from the International Ne-
oral TDM Advisory Consensus Meeting (Vancouver, Novem-
ber 1997) Trans Proc 1998;30:1-100.

11. Levy GA. C2 monitoring strategy for optimising cyclosporin
immunosuppression from the Neoral® formulation. Biodrugs
2001;15:279-90.

12. Belitsky P, Levy GA, Johnston A. Neoral absorption profiling:
an evolution in effectiveness. Transplant Proc 2000;32:45S-
52S.

13. Kahan BD. Individualization of cyclosporine therapy using
pharmacokinetic and pharmacodynamic parameters. Transplan-
tation 1985;40:457-69.

14. Kahan BD. Pharmacokinetics of cyclosporin formulations and
their relationship to clinical outcomes. Focus on Medicine
1998;13:3-6.

15. Lindholm A, Kahan BD. Influence of cyclosporine pharmaco-
kinetics, trough concentrations and AUC monitoring on outco-
me after kidney transplantation. Clin Trials Ther 1993;54:
205-28.

16. Kahan BD, Welsh M, Schoenberg L, et al. Variable absorption
of cyclosporin. Transplantation 1996;62:599-606.

17. Johnston A, Skertis I, Marsden JT, et al. A limited sampling
strategy for the measurement of cyclosporin AUC. Trans Proc
1990;22:1345-6.

18. Johnston A, Kovarik JM, Mueller EA, Holt DW. Predicting pa-
tients’ exposure to cyclosporin. Trans Int 1996;9(Suppl 1):
305-7.

19. Johnston A. Sparse-sampling- a practical method for measure-
ment of AUCs. Focus on Medicine 1998;13:7-10.

20. Mahalti K, Sketris I, West K, Panek R, Belitsky P. Neoral mo-
nitoring by simplified sparse sampling AUC: its relationship to
acute rejection and cyclosporine nephrotoxicity early after kid-
ney transplantation. Transplantation 1999;68:55-62.

21. Belitsky P, Dunn S, Johnston A, et al. Impact of absorption pro-
filing on efficacy and safety of cyclosporin therapy in trans-
plant recipients. Clin Pharmacokinet 2000;39:117-25.

22. Grant D, Kneteman N, Tchervenkov J, Roy A, Tan A, Hen-
dricks L, et al. Peak cyclosporine levels (Cmax) correlate with
freedom from liver graft rejection: results of a prospective, ran-
domized comparison of Neoral and Sandimmune for liver trans-
plantation (NOF-8). Transplantation 2000;67:1133-7.

23. Levy G, Burra P, Cavallari A, Duvoux C, Lake J, Mayer AD, et
al. Improved clinical outcomes for liver transplant recipients
using cyclosporine monitoring based on 2-hr post-dose levels
(C2). 73(6). [en prensa] 2002.

24. Levy GA. Two-hour cyclosporin concentration (C2) as a moni-
toring tool for Neoral. Focus on Medicine 1998;13:19-22.

25. Levy GA, O’Grady C, Lilly LB, et al. Conversion to C-2 cy-
closporine monitoring using Neoral immunosuppression in
maintenance in liver transplant patients: improvement in renal
function and hypertension [abstract]. Am J Transplant 2002;
1:310.

Gastroenterol Hepatol 2002;25(1):289-93 293

LEVY GA, ET AL. NEW STRATEGIES TO OPTIMIZE CLINICAL OUTCOMES WITH CYCLOSPORINE IN LIVER TRANSPLANTATION


