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__________________________________________________________________________ 
RESUME en français 

Plusieurs cancers sont associés à des concentrations sériques anormales de marqueurs 

tumoraux, tels que le prostate specific antigen (PSA) dans le cancer de prostate, l’alfa-

foetoproteine (AFP) ou l’human chorionic gonadotrophin (hCG) dans les tumeurs germinales 

ou les maladies trophoblastiques gestationnelles (MTG). Le traitement du cancer doit 

s’accompagner d’une chute de leurs concentrations. Les valeurs prédictives de nombreux 

paramètres cinétiques censés caractériser la décroissance des marqueurs ont été publiées 

dans la littérature (nadir, valeur seuil, demi-vie, temps à normalisation etc…) Cependant très 

peu de ces paramètres sont utilisés en pratique par manque de reproductibilité.  

La modélisation en approche de cinétique de population, déjà utilisée dans les études 

pharmacocinétiques, permettrait de caractériser de façon dynamique la décroissance des 

marqueurs tumoraux sériques et de compenser les limites des autres méthodes. Nous avons 

étudié la faisabilité et l’intérêt de cette approche dans 4 études portant sur le PSA après 

chirurgie d’adénome ou de cancer de la prostate, l’hCG-AFP dans les tumeurs germinales 

non-séminomateuses traitées par polychimiothérapie de type Bléomycine-Etoposide-

Cisplatine (BEP) et l’hCG dans les MTG traitées par méthotrexate. La modélisation de la 

décroissance  des marqueurs tumoraux a été possible dans toutes les études en adaptant la 

méthodologie aux spécificités de chaque marqueur. Il apparaît que les clairances apparentes 

du PSA et de l’hCG permettraient d’identifier les patients ayant des profils cinétiques 

défavorables et donc à haut risque de rechute. Des études de validation sur des cohortes 

indépendantes sont nécessaires. 
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__________________________________________________________________________ 
TITRE en anglais 

Dynamic analysis of serum tumor marker decline during anti-cancer treatment using 
population kinetic modelling approach. 

__________________________________________________________________________ 
RESUME en anglais 

Several cancers are associated with abnormal serum concentrations of tumor markers 

such as prostate specific antigen (PSA) in prostate tumor diseases, alfa-fetoprotein (AFP) or 

human chorionic gonadotrophin (hCG) in germ cell tumors or persistent gestational 

trophoblastic diseases (GTD). Cancer treatment should induce decline of serum tumor 

marker concentrations. The predictive values of many kinetic parameters supposed to 

characterize tumor marker declines such as nadir, time-point cutoff, half-life, time to 

normalization etc…, have been reported in previous studies.  However very few of them have 

been used in routine due to the lack of outcome reproducibility. 

Population pharmacokinetic approach-based modeling is already used in 

pharmacokinetic studies. It might be helpful to characterize tumor marker decline equations 

dynamically and overcome limitations of previous studies. The feasibility and the relevance of 

this approach were assessed in 4 studies involving: PSA titers in patients with prostate 

adenoma or cancer treated with surgery; hCG-AFP in non-seminomatous germ cell tumor 

patients treated with BEP regimen (Bleomycin-Etoposide-Cisplatin) and hCG in GTD patients 

treated with methotrexate. Tumor marker decline modeling was feasible in all studies 

provided the methodology was adjusted to marker specificities. Apparent clearance of hCG 

and PSA might enable identification of patients with unfavorable decline profiles and thereby 

with high risk of relapse. Confirmatory studies with independent cohorts of patients are 

warranted.  
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__________________________________________________________________________ 
RESUME substantiel en français 

Les marqueurs tumoraux sont des molécules retrouvées en quantités anormales 

dans certains tissus, tels que le sang, les urines ou le tissu tumoral, chez des patients 

atteints de cancer. Ils sont généralement produits par les cellules tumorales mais peuvent-

être également sécrétés par l’organisme en réponse à la présence d’un cancer. Les 

marqueurs tumoraux sont plus ou moins spécifiques des cancers qu’ils sont supposés 

caractériser. Par exemple le prostate specific antigen (PSA) est très spécifique du tissu 

prostatique mais pas du cancer de prostate. En effet, il peut-être produit par les cellules 

normales, par les cellules adénomateuses ou par les cellules cancéreuses à des taux 

différents. Le traitement du cancer doit s’accompagner d’une chute des marqueurs tumoraux 

dont on peut suivre les cinétiques de décroissance. Ainsi de nombreux auteurs ont cherché à 

caractériser la décroissance des marqueurs tumoraux aux moyens de différentes 

techniques. Certains investigateurs se sont intéressés à une valeur spécifique de 

concentration sur la courbe de décroissance, telle que la valeur basale pré-thérapeutique, le 

nadir, la normalisation du marqueur ou une valeur seuil à un temps t. D’autres auteurs ont 

utilisé des approches cinétiques basées sur un minimum de 2 valeurs de concentration telles 

que le pourcentage de décroissance, la pente de décroissance, la demi-vie d’élimination, le 

temps au nadir ou encore le temps à normalisation. Enfin l’aire sous la courbe des 

concentrations en fonction du temps (area under the curve ou AUC) a été analysée dans une 

étude portant sur le CA 125 chez des patientes traitées pour un cancer de l’ovaire. Dans la 

plupart des études, les investigateurs ont cherché à mettre en évidence une valeur prédictive 

aux marqueurs cinétiques étudiés par rapport au risque de rechute ou à la  survie globale. 

En revanche, le rôle de la modélisation mathématique pour analyser la décroissance de 

marqueurs tumoraux en cours de traitement a été très peu évalué. 

Dans ce projet de recherche, nous proposons d’utiliser la modélisation en approche 

de cinétique de population pour étudier la décroissance de marqueurs tumoraux à la suite ou 

pendant un traitement anticancéreux. En effet cette technique permet de modéliser 

l’équation de la décroissance d’un marqueur tumoral dans une population de patients, de 

quantifier les variabilités inter et intra-individuelles, d’évaluer l’influence de covariables 

individuelles sur la variabilité inexpliquée et de prédire le profil de décroissance individuel 

chez chaque patient. Cette méthode présente un certain nombre d’avantages puisqu’elle 

permet de travailler dans des conditions de sparse data (peu de points par patient) et de 

travailler rétrospectivement sur des données hétérogènes, provenant de patients non 

sélectionnés.  
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Dans 4 travaux publiés, la modélisation en approche de cinétique de population a été 

utilisée avec succès pour étudier la décroissance de marqueurs tumoraux, en adaptant la 

méthodologie aux caractéristiques du marqueur étudié. Dans la première étude, la faisabilité 

de la modélisation de la décroissance du PSA après adénomectomie de prostate selon la 

technique de Millin a été évaluée. Deux méthodologies basées sur une approche similaire 

(modèle basé sur la clairance du PSA et modèle multiparamétrique) ont été comparées. 

L’approche multiparamétrique a permis d’évaluer la production de PSA par les différentes 

zones prostatiques ainsi que la production de PSA résiduelle après adénomectomie. 

L’approche basée sur la clairance apparente du PSA est apparue plus simple et plus 

précise. La deuxième étude a confirmé la décroissance bi-exponentielle du PSA après 

prostatectomie radicale chez des patients atteints de cancer de prostate. La clairance 

apparente du PSA était le seul facteur prédictif significatif indépendant de rechute biologique. 

Dans la mesure où ce paramètre a pu être défini précocement dans le mois qui suivait la 

chirurgie, nous pensons qu’il pourrait être utilisé pour adapter le traitement chez les patients 

présentant un profil de décroissance défavorable du PSA. Dans la troisième étude, les 

cinétiques particulières de l’AFP et l’hCG, comportant une ascension initiale du marqueur 

durant la première semaine de traitement suivie d’une décroissance, ne nous a pas permis 

d’analyser la clairance apparente du marqueur comme dans les études antérieures. Nous 

avons donc caractérisé l’aire sous la courbe des concentrations en fonction du temps des 2 

marqueurs. Deux groupes pronostiques ont pu être définis en fonction des AUCs de chaque 

marqueur tumoral. Les résultats de la quatrième étude impliquant des patientes atteintes de 

maladies trophoblastiques gestationnelles traitées par méthotrexate ont suggéré que la 

clairance apparente de l’hCG pourrait permettre de prédire le risque de résistance au 

méthotrexate. L’identification des patientes présentant un faible risque de résistance 

permettrait de réduire la dose-intensité de la chimiothérapie, comme cela a été proposé par 

certains experts.  

Les études présentées ici présentent un certain nombre de limites susceptibles de 

réduire l’intérêt de l’approche utilisée. La complexité des analyses pourrait contribuer à 

réduire la faisabilité et l’extension de cette approche pour l’étude d’autres marqueurs 

tumoraux. De plus, contrairement aux études classiques de pharmacocinétique, il n’était pas 

possible de caractériser les taux de production de marqueur tumoral par le cancer. C’est la 

raison pour laquelle nous avons dû poser des hypothèses concernant ces productions. Par 

ailleurs, la précision des paramètres cinétiques estimés a pu être réduite par le caractère 

non-centralisé des mesures de concentration des marqueurs tumoraux. En effet en dehors 

de l’étude portant sur les tumeurs germinales non-séminomateuses, les concentrations 

avaient été mesurées dans plusieurs laboratoires en utilisant des trousses de dosage 

différents. Ceci pourrait avoir contribué à augmenter l’hétérogénéité des données et les 
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variabilités inter et intra-individuelles des estimations. Cependant la modélisation en 

approche de cinétique de population, capable d’évaluer les paramètres cinétiques de façon 

dynamique, indépendamment des points de temps-concentration, et de quantifier ces 

variabilités, a dû être moins pénalisée par ce problème que les autres méthodes rapportées 

antérieurement. 

L’intérêt de l’approche de cinétique de population dans l’analyse de la cinétique des 

marqueurs tumoraux doit être encore confirmé sur les données d’études rétrospectives ou  

prospectives impliquant des cohortes de patients indépendantes. Une étude prospective a 

été prévue avec le service d’urologie du Centre Hospitalier Lyon-Sud. Près d’une centaine 

de patients, dont les PSA ont été mesurés à 4 reprises dans le mois qui suivait la chirurgie, 

ont été inclus dans une étude prospective entre octobre 2007 et octobre 2008. De plus des 

collaborations ont été mises en place avec des équipes internationales pour confirmer la 

faisabilité de la modélisation de l’hCG ainsi que la valeur prédictive de la clairance apparente 

de l’hCG dans les tumeurs trophoblastiques.  

Enfin, nous avons prévu d’analyser les cinétiques des marqueurs tumoraux avec des 

modèles mécanistiques. Cette approche permettra de décrire la production de marqueur 

tumoral par la tumeur au moyen d’un set d’équations alors que la cinétique d’élimination du 

marqueur sera décrite par un autre set d’équations. L’interaction entre les 2 systèmes sera 

caractérisée par une inhibition du taux de production de marqueur tumoral induite par le 

traitement.  

En conclusion, les cinétiques de décroissance des marqueurs tumoraux, supposées 

refléter l’efficacité des traitements anticancéreux, ont été très largement étudiées avec des 

stratégies différentes. Cependant très peu des marqueurs cinétiques rapportés jusqu’à ce 

jour sont reconnus et utilisés en routine. La modélisation mathématique pourrait permettre de 

mieux caractériser la décroissance des marqueurs tumoraux. De plus elle pourrait permettre 

de distinguer des groupes de patients selon leurs risques de rechute en vue d’un ajustement 

thérapeutique. 
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I. Introduction and Background
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Tumor markers are molecules, generally proteins, which are associated with cancers. 

They can be measured at normal or abnormal titers in different tissues including tumor, urine 

or blood. Tumor markers are generally produced by cancer cells or can be released by 

organism in response to cancer’s presence 1-2.  

Depending on their features and activities, 3 types of tumor markers can be distinguished 

1-2. Cancer antigens (CA) represent the majority of tumor markers and include 

carcinoembryonic antigen (CEA); alfa-fetoprotein (AFP); CA 125; CA 19-9; CA 15-3; CYFRA 

21-1 and squamous cell carcinoma (SCC).  Hormone tumor markers characterized by 

endocrine functions include human chorionic gonadotropin (hCG); thyrocalcitonin; 

thyroglobulin and chromogranin A. Enzyme tumor markers comprise lactate deshydrogenase 

(LDH); prostate specific antigen (PSA) and neuron specific enolase (NSE).  

Tumor markers are more or less specific of cancers that they are supposed to 

characterize. For instance, PSA is a 33 kDa glycoprotein released by prostate cells.  If PSA 

is very specific of prostate tissue, it is not specific of prostate cancer. Indeed it is produced by 

prostate normal cells, adenoma cells and cancer cells at different rates 3-4. High blood PSA 

titers frequently found in cancer patients can be understood by the higher PSA release rate 

by prostate cancer cells. Changes in PSA titers are generally linked to alteration in prostate 

cancer growth induced by treatment. However high PSA values can also be related to benign 

prostate inflammation such as prostatitis 5.  

HCG is a 37.5 kDa glycoprotein produced by placenta syncitiotrophoblastic cells during 

pregnancy. This marker is frequently released by seminomatous or non-seminomatous germ 

cell tumors (NSGCTs) and gestational trophoblastic diseases (GTD), rarely by breast, small 

cell lung, gastro-intestinal and urothelial cancers 6-7.  

CA 125 is a 200 kDa protein which is expressed in 80% of epithelial ovarian cells. This 

marker is poorly specific of ovarian cancer. Indeed high CA 125 serum titer can be found in 

patients with ovarian carcinoma, endometrial cancer, breast cancer or lung cancer along with 

benign diseases such as endometriosis, renal failure, pancreatitis, pregnancy or any 

peritoneal inflammation 8-9. 

Parallel evolution of serum tumor marker titers and cancer growth has been reported in 

many cancers. The role of tumor markers in screening or staging of cancer has been 

extensively analyzed and is still under debate. The kinetics of tumor marker titers following 

cancer treatment, considered as a reflection of treatment efficacy, has also been largely 
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investigated. Indeed the need for prognostic or predictive factors able to inform on treatment 

efficacy early and on risk of relapse/progression prompted the development of such studies.  

« Prévoir consiste à projeter dans l’avenir ce qu’on a perçu dans le passé » 
« Prediction is projecting in the future what has been seen in the past» 

Henri Bergson, French philosopher (1859-1941) 
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II. Approaches Used to Analyze Tumor 
Marker Declines During Anti-Cancer 

Treatment in the Literature 
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Different approaches have been used to analyze tumor marker decrease following anti-

cancer treatment. However the most adequate method has not been determined yet. Figure 

1 is an illustration of the kinetics of a serum tumor marker to be investigated.   

Tumor marker concentration

Time

Start of 

treatment

t1 t2 t3 t4 t6t5

Normal 

titersof 

tumor

marker

Figure 1. Typical example of serum tumor marker concentration decline profile to be 
analyzed.  

II.1. Approaches based on a single time-point 

Several authors reported the predictive value of one specific time-point supposed to 

characterize the tumor marker decline profile, including baseline titer; normalization of tumor 

marker value; nadir and cut-off at a time t.  

II.1.1. Baseline (pre-treatment) titer 

The predictive or prognostic value of the baseline concentration measured prior to the 

start of treatment has been described for most tumor markers (Figure 2). Indeed it has been 

reported for ACE in colorectal cancers 10-11 ; CA 125 in ovarian cancers 12-15; AFP in 

hepatocellular carcinoma 7, 16 and germ cell tumors 17; CA 15-3 in breast cancers 18-21; CA 19-

9 in colorectal cancer 22-23  and pancreatic cancers 24-26; CYFRA 21-1 in lung cancers 27; SCC 

in head and neck carcinomas 28; hCG in germ cell tumors 17 and trophoblastic tumors 29; 

chromogranin A in neuroendocrine tumors 30; LDH in germ cell tumors 17;  PSA in prostate 

cancers 5, 31-32 or NSE in lung cancers 33. Across studies, the reported cut-offs were 

heterogeneous.  
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Tumor marker concentration
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Unfavorable baseline value

Favorable baseline value

Figure 2. Prognostic value of the baseline tumor marker concentration. According to a cut-off, 
patients are classified into favorable or unfavorable groups regardless of further tumor 
marker kinetics.   

Only the baseline serum concentrations of hCG & AFP in germ cell tumors and hCG in 

trophoblastic tumors have been consensually recognized. They are now used for treatment 

decision making in routine 17, 29. The baseline values of the other tumor makers have not 

been considered reliable enough to be used for treatment adjustment.  

This approach, although being simple to apply, presents several limitations able to 

explain the lack of reproducibility of reported results. First it relies on a time-point measured 

before the start of treatment but not on further tumor marker titers. As a result, the tumor 

marker baseline value does not integrate the effect of treatment, and thereby embodies a 

prognostic factor rather than a predictive factor. Moreover this strategy relies on the value of 

a single time-point prone to unexplained inter- and intra-individual variability. A single time-

point outside normal decline curve might lead to wrong conclusions of abnormal decrease. 

As a consequence this approach is static and inaccurate to assess the decrease of tumor 

marker concentrations following anti-cancer treatment.  
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II.1.2. Normalization of tumor marker 

Using this approach, a tumor marker titer is supposed to be in the normal range at a time 

t that is the end of treatment or another time frame defined by the authors (Figure 3). A tumor 

marker value outside normal values at that time means treatment failure and thereby higher 

risk of relapse. This strategy was mainly used for analysis of CA 125 decline during 

chemotherapy treatment. For instance, the predictive value of CA 125 normalization in 

ovarian cancers was described in 3 studies: at the end of 6 chemotherapy cycles in a review 

of 7 Gynecology Oncology Group (GOG) trials 34 or by the third cycle in 2 other studies 35-36. 

Similar conclusions were drawn with CA 125 concentration measured after neo-adjuvant 

chemotherapy in ovarian cancer patients 37-38 and CA 125 after 3 chemotherapy cycles in 

endometrial cancers 39.  In another study including pancreatic cancer patients treated with 

surgery, normalization of CA 19-9 within 2 months after surgery was a positive predictor of 

survival 40. The predictive value of tumor marker normalization was also reported with CA 15-

3 in breast cancer patients 41-42 as well as with CEA, CA 19-9 and CA 125 in non-small cell 

lung cancer patients 43 along with SCC in cervix carcinoma patients treated with 

chemotherapy 44.  

Normal 

titersof 

tumor

marker

Favorable

Tumor marker concentration

Time

Start of 

treatment

Unfavorable

t1 t2 t3 t4 t5 t6

Time t

Figure 3. Predictive value of tumor marker normalization at a time t. Patients are classified 
into favorable or unfavorable groups according to normalization of tumor marker (yes/no) at a 
time t.   

None of these parameters are currently used in routine due to the lack of reproducibility 

of this approach. It might be understood by some limitations. First this strategy is static and 

relies on a single time-point prone to inter- and intra-individual variability. Moreover 
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normalization can be expected in curative intent treatment only. As a consequence, this 

approach can not be applied in the cases of most of metastatic cancer patients.  

II.1.3. Nadir 

In this case, normalization of tumor marker is not necessarily expected. The minimum 

titer observed at a time t, frequently at the end of treatment, during the period of observation 

is considered as a predictive factor of treatment efficacy (Figure 4). This strategy has mainly 

been used for analysis of CA 125 concentrations in patients with ovarian cancer and of PSA 

values in patients with prostate cancer. 

Favorable

Tumor marker concentration

Time

Start of 

treatment

Unfavorable

Nadir

t1 t2 t3 t4 t5 t6

Period of observation

Figure 4. Predictive value of tumor marker nadir. According to the minimum tumor marker 
value observed during tumor marker concentration monitoring, patient are classified into 
favorable or unfavorable groups.  

The predictive value of CA 125 nadir regarding overall survival was reported in patients 

with ovarian cancer at the end of neo-adjuvant chemotherapy (20 IU/mL45); after surgery (5 

IU/mL 46; 10 IU/mL 47); at the end of adjuvant chemotherapy (10 IU/mL 48-49) or before 

maintenance chemotherapy (10 IU/mL 49).  

Different predictive PSA nadirs were reported in prostate cancer patients treated with 

radiotherapy regarding biochemical relapse free survival or disease free survival50 (0.2 ng/mL 

51; 0.4 ng/mL 52; 0.4-2.0 ng/mL 53; 0.5 ng/mL 54-56; 1.0 ng/mL56-58; 1.2 ng/mL 59, 1.5 ng/mL60;  3 

ng/mL 61 or nadir + 2 ng/mL 62 measured  3 months to 5 years after start of treatment). PSA 

nadirs predictive of  biochemical recurrence were also reported in prostate cancer patients 

treated with radical prostatectomy (no cut-off due to continuous predictive value 63; 0.01 
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ng/mL64; 0.4 ng/mL65) or treated with hormonotherapy (0.1 ng/mL66-67; 0.2 ng/mL 68-69; 0.4 

ng/mL 70). In addition, a PSA nadir less than 0.2 ng/mL during first line treatment was 

described as a predictor of second line treatment efficacy in metastatic prostate cancer 

patients 71.  

The CA 19-9 nadir after radiotherapy was also described as a predictive factor of survival 

(162.5 IU/mL 72) in patients with pancreatic cancers, as was the CEA nadir during 

chemotherapy in patients with colorectal cancer regarding disease free survival (DFS) 73.  

None of these parameters are currently used in routine. Indeed the nadir-based strategy 

is limited by dependence on a single time-point prone to inter- and intra-individual variability. 

Moreover it is necessarily influenced by the time frame of observation. Outside a clearly 

defined monitoring time window, it is difficult to know if tumor marker nadir has been reached 

or not.  

II.1.4. Cut-off at a time t 

A threshold, different from assay normal limit or nadir, is sought as a predictive factor 

(Figure 5). The cut-off time is generally arbitrarily defined by authors.  

Favorable

Tumor marker concentration

Time

Start of 

treatment

Unfavorable
Threshold

Time t

t1 t2 t3 t4 t5 t6

Figure 5. Predictive value of tumor marker threshold at a time t. Patients are classified into 
favorable or unfavorable groups depending on the value of their tumor marker with respect to 
this cut-off. 

Different methodologies have been used to determine the cut-offs reported so far: 
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- Arbitrarily set thresholds. Authors compared the predictive values of different time-point 

cut-offs that they consider of interest and then selected the best one to predict the risk of 

relapse or death 48, 74-76.  

- Thresholds determined according to distribution of tumor marker concentrations at a 

time t. Authors calculated the distribution of tumor marker values at a time t to select some 

percentiles of interest. Subsequently they assessed the predictive values of these cut-offs 

using different tests 77.  

- Corridor-based approach (Figure 6). Distributions of tumor marker concentration time 

curves were calculated in patients with favorable outcomes and/or in patients with 

unfavorable outcomes. Time-point cut-offs able to discriminate patients with adequate and 

patients with inadequate decline profiles were inferred from observation of corridors. The 

predictive values of these cut-offs were sometimes subsequently tested using receiver 

operating characteristic (ROC) curve analyses 78-79.  

Figure 6. Typical example of tumor marker corridor analysis in patients with gestational 
trophoblastic disease treated with methotrexate. Distributions of serum hCG titers at different 
times were represented in patient population to identify cut-offs able to discriminate patients 
with favorable tumor decreases and those with unfavorable tumor marker declines 79.  

Time-point cut-offs were reported for PSA in patients with prostate cancer after surgery 

regarding the risk of relapse (0.2 ng/mL 74). As well, CA 125 cutoffs predictive of overall 

survival were found at the end of adjuvant chemotherapy (35 IU/mL 75; 10 IU/mL 48) or before 

maintenance chemotherapy (10 IU/mL76, 80) in patients with ovarian cancers. Predictive cut-

offs were also described for post-operative CA 19-9 in patients with pancreatic cancer 

regarding overall survival (37 IU/mL 77; 90 or 180 IU/mL 81). Different predictive thresholds 

were reported for 7th week hCG titers in patients with trophoblastic tumors treated with 

methotrexate regarding the risk of relapse or resistance (56 μg/L 78; 737 IU/L 79 or 500 

mIU/mL 82).  
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None of reported cut-offs are used in routine. As mentioned above with other single time-

point-based parameters, this approach is limited by dependence on the unique value of 

tumor markers prone to inter- and intra-individual variability. Moreover thresholds and times 

were arbitrarily selected by authors in most studies. It may explain the high inconsistency in 

cut-offs reported so far.   

II.2. Kinetic approach based on minimum 2 time-points 

Many authors reported the predictive values of kinetic parameters calculated with at least 

2 time-points and supposed to characterize the tumor marker concentration-time profile. The 

following parameters were reported: percentage change in tumor marker concentrations; 

decline slope; decline half-life(ves); time to normalization, time to nadir and area under the 

curve.  

II.2.1. Percentage change in tumor marker concentrations 

Using this strategy, the tumor marker percentage decrease was assessed, with or without 

consideration of time frame required to observe this decline. A predictive percentage cut-off 

was sought to discriminate patients with favorable decline and those with unfavorable decline 

(Figure 7). 

Tumor marker concentration

Time

Start of 

treatment

Percentage of 

decrease

t1 t2 t3 t4 t5 t6

Figure 7. Predictive value of tumor marker decrease percentage. According to decrease 
percentage, patients are classified into favorable or unfavorable groups. 

CA 125 decrease percentage by 50% or 75% correlated with response to chemotherapy 

in ovarian cancer patients 83-86. A reduction of CEA, CA 15-3 or NCC-ST-439 levels by 10 or 

20% or more during the 8th or 12th week of treatment was associated with better time to 

progression (TTP) in patients with localized or metastatic breast cancers 87-90. A decline of 
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CA 19-9 by 20% or more was the only predictor of survival in advanced pancreatic cancer 

patients treated with chemotherapy 91.  

Percentage change in tumor marker value is mainly used for assessment of tumor 

response in prostate cancer patients. Several studies showed that the decrease of PSA more 

than 50% over a 8-12 week treatment period was associated with longer median survivals in 

castration-resistant prostate cancer patients treated with systemic treatments 92-94. In 1999, 

PSA working group declared PSA decline œ 50% on 2 measurements separated by œ 4 

weeks was the official definition of PSA biochemical response for clinical trials 95. Since then, 

this surrogate marker has been widely used to assess the efficacy of systemic treatments in 

prostate cancer patients 96-106.  For instance, a PSA decrease of œ 50% during at least 1 

month was associated with better overall survival (OS) and progression free survival (PFS) in 

patients with advanced prostate cancer treated with suramine 96. 

This strategy enables an easy quantification of tumor marker value decrease and 

comparison of decline profiles among patients, especially if times frames of measurements 

are homogeneous. However the calculation of tumor marker percentage decrease requires 2 

time-points. It is also influenced by the inter- and intra-individual variability of tumor marker 

values. Because it is not possible to integrate more that 2 time-points to calculate tumor 

marker percentage decline, a dynamic assessment of tumor marker decline using this 

strategy is impossible. 

II.2.2. Decline slope 

The predictive value of the tumor marker decrease slope has been reported in a few 

studies (Figure 8). It was always determined using linear regression tests.  

Tumor marker concentration

Time

Start of 

treatment

Decline slope

t1 t2 t3 t4 t5 t6

Figure 8. Predictive value of tumor marker decline slope calculated using linear regression.  
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The linear regression slope of CA 15-3 correlated with PFS in 122 patients with 

metastatic breast cancer treated with chemotherapy 107. In addition, the linear regression 

slope of CA 125 correlated with overall survival in 126 patients with ovarian cancer treated by 

chemotherapy 108-109.  

No tumor marker decline slope is currently used in routine for treatment adjustment. 

Although this strategy might offer an interesting assessment of tumor marker decline profile 

in some situations, it has been poorly used. Indeed if the studied tumor marker decrease is 

linear or mono-exponential, linear regression may enable an accurate assessment of tumor 

marker decrease rate provided several time-points have been measured to counterbalance 

variability. However the interpretation of tumor marker decrease slopes would not have been 

clear to clinicians and patients. This might have contributed to investigation of other time-

dependent kinetic parameters.   

II.2.3. Time to events 

This strategy, which has been the most widely used, relies on calculation of the time 

required to observe a tumor marker event such as:  

- Decrease by 50%: Half-life (HL)  

- Minimum value: Time to nadir  

- Normalization: Time to normalization (TTN) 

II.2.3.1. Half-life/lives (HL) 

The half-life is the length of time required to observe a decrease of tumor marker values 

by 50%. Depending on the shape of tumor marker decline, one or more elimination half-lives 

can be sought. If the decrease curve is mono-exponential, only one half-life can be found 

(e.g. Titer (t) = A * e – g*t + B). A bi-exponential decline profile can be characterized by two 

HLs (e.g. HL g and HLく if Titer (t) = A * e – g*t + B * e –く*t + C). As shown in Figure 9, HL value 

may depend on time-points selected to calculate it in the case of multi-exponential decline 

curve.  
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Figure 9. Predictive value of tumor marker half-lives (HLs). Half-life value depends on the 
time-points selected to calculate it. 

The number of exponentials was arbitrarily defined on the basis of authors’ assumptions 

or on observations of concentration-time curves. Across studies, the methodologies used to 

calculate tumor marker elimination half-lives differed significantly. Indeed the method was 

sometimes poorly reported 110-111. In other studies, graphical representation of tumor marker 

concentrations versus time were used to estimate one or two decline slopes (“s”) depending 

on author assumptions regarding tumor marker decrease profiles 112-115. Then half-life could 

be calculated using Formula 1: 

HL = Ln 2 / s   (Formula 1) 

An example of graphical calculation of tumor marker HL is shown in Figure 10.  

In some studies, HL between time-point A and time-point B was calculated using the 

following Formula 2 116-120: 

HL = (Ln 2 * (Time A – Time B)) / (Ln (Titer A) - Ln (Titer B))  (Formula 2) 
  

Elsewhere, linear regression tests were applied to assess decline slopes using multiple time-

points when tumor maker decline profiles were assumed to be mono-exponential 121-122 123 124-

129. Reported HL values were inferred from Formula 1. An example of linear regression 

approach is shown in Figure 10.  
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Figure 10. Typical example of half-life calculation using graphical representation and linear 
regression of tumor marker concentrations versus time 114. CA 125 were measured after 
surgery (time-point I), before chemotherapy (ct) (time-point II) and during chemotherapy (last 
time-point III) in patients with ovarian cancers. Different half-lives were calculated during pre-
chemotherapy period (t1/2(c)), during chemotherapy (t1/2(a)) or between the first and the last 
time-point (t1/2(b)) using graphical representation. Linear regression was used to assess 
decline slope using all time-points (t1/2(d)).  

Non-linear least-square regression analyses were occasionally used to fit tumor decline 

profiles according to mono- or bi-exponential equations and then to calculate 1 or 2 decline 

slopes 130 131-134.  

Half-lives were frequently calculated to assess PSA, CA 125 and hCG-AFP declines 

following anti-cancer treatments.  

II.2.3.1.1. PSA in patients with prostate cancer 

Decrease of PSA after prostate cancer surgery or radiation treatment has been 

extensively analyzed using half-lives. The first study was reported in 1988 by Oesterling et al. 

who reported a mono-exponential decrease using a log-linear regression model in 178 

patients with prostate cancer. The HL was 3.15 +/-0.09 days 123. Other authors subsequently 

reported different values of PSA HL ranging from 1.9 days to 3.4 days (Table 1).  
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Table 1. Results of studies in which PSA decline in patients with prostate cancer after radical 
prostatectomy was investigated using mono-exponential models.  
Study Equation 

PSA(t)=PSA0 * e
-

kt

Number of 
patients 

HL 
(SD) days 

Disease Predictive value 

Oesterling et al. 
123

k= 0.219  178 3.15 (0.09)  Prostate cancer Not assessed 

Haab et al. 
124

 ND 10 
10 

1.92 (1.20) 
2.50 (1.33)  

Bladder cancer 
Prostate cancer 

Not assessed 

Ravery et al. 
122

 ND 27 3.39 (2.33)  
2.15 (1.79)  

Prostate benign 
hypertrophia 
Prostate cancer 

Not assessed 

Vollmer et al. 
135

 k=0.216  27 3.20 (ND) Prostate cancer Not assessed 

PSA0: Initial value of PSA; HL: Half-life;"SD: Standard Deviation; ND: Not Defined 

When PSA decrease after radical prostatectomy was fit to bi-exponential decline curves, 

the 2 HLs (HLg and HLく) were reported in between 1.4 and 45.4 hours and 52.8 and 182.9 

hours respectively (Table 2).  

Table 2. Results of studies in which PSA decline in patients with prostate cancer after radical 
prostatectomy was investigated using bi-exponential models. 
Study Equation 

PSA(t)= Ae
-gt

 + Be
-くt

Number 
of 
patients 

HLg (SD) 
hours 

HLく (SD) 
hours 

Predictive 
value; 
cut-off 

Stamey et al. 
113

 ND 378 12.60  
(19.7) 

52.80 
(ND) 

Not 
assessed 

Van Straalen et al. 
136

 ND 8 1.63  
(ND) 

111.12 
(ND) 

Not 
assessed 

Haab et al. 
124

 ND 7 22.56 
(19.2) 

182.88 
(152.0) 

Not 
assessed 

Lein et al. 
137

 ND 11 6.30 
(6.1) 

85.60  
(11.0) 

Not 
assessed 

Brandle et al. 
130

  PSA(t)=51.5e
-0.0079t 

+48.5e
-0.000177t

 11 1.45 
(0.3) 

65.26 
(ND) 

Not 
assessed 

Gregorakis et al. 
112

 PSA(t)=3,34
e-0,859t

+0,167
e-0,0212t 

 9 1.75  
(0.26) 

71.96  
(ND) 

Not 
assessed 

May et al. 
116

 N.D. 77 45.36 
(0.7) 

81.36 
(8.4) 

RFS ; 3.8 
days 

PSA0: Initial value of PSA; HL: Half-life; ND: Not Defined; SD: Standard Deviation; RFS: Relapse free survival 

Mono-exponential models were used to describe PSA decrease after radiation treatment. 

In many studies, an additional exponential rate rise was incorporated in the equation. PSA 

HL ranged in between 0.33 and 6.93 months (Table 3).  

Table 3. Results of studies in which PSA decline after radiotherapy in patients with prostate 
cancer was investigated 
Study Equation Number 

of 
patients 

K HL of 
decrease 
months (SD) 

Predictive 
value 

Meek et al. 
138

  PSA(t)=PSA0e
-kt

 81 ND 1.43 (0.36) Not 
assessed 

Kaplan et al. 
134

  PSA(t)= PSA0*e
-kt

 25 2.07 0.33  Metastatic 
relapse 

Ritter et al. 
139

  PSA(t)= PSA0+Be
-kt

 63 ND 2.60  Not 
assessed 
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Zagars et al. 
133

 PSA(t)= PSA0e
-kt 

+ Be
rt
 154 ND 1.9  Not 

assessed 

Zagars et al. 
131

 PSA(t)= PSA0e
-kt 

+ Be
rt
 578 ND 1.60  Not 

assessed 

Hanlon et al. 
140

  PSA(t)= PSA0e
-kt

 + B*(t-20)*It 153 0.10 6.93  Not 
assessed 

Vollmer et al. 
135

  PSA(t)= 22.8e
-kt 

+0.9e
0.048t

 164 0.37 1.87   

PSA0: Initial value of PSA; HL: Half-life; ND: Not Defined; SD: Standard Deviation 

Few studies investigated the predictive values of PSA half-lives during systemic anti-

cancer treatments. Treatments and results were heterogeneous among studies (Table 4).  

Table 4. Results of studies in which PSA decline in patients with prostate cancer during 
systemic treatment was investigated  
Study Treatment Number 

of 
patients 

HL (months) Predictive value and cut-off 

Malik et al. 
141

 Neo-adjuvant 
hormonotherapy 

117 0.5 Biochemical relapse; 2 weeks 

Hanninen et al. 
119

Chemotherapy 154 13.2 Overall survival; 70 days 

Banu et al. 
124

 Chemotherapy 256 ND Time to failure; Not reported 

Lin et al. 
70

 Hormonotherapy 153 0.5 Overall survival; 0.5 months 

ND: Not Defined, SD: Standard Deviation; HL: Half-life 

II.2.3.1.2. CA 125 in patients with ovarian cancer 

Assessments of CA 125 half-lives in patients with ovarian cancer treated with 

chemotherapy were reported in several studies. CA 125 HLs along with predictive cut-offs 

were inconsistent among studies (Table 5). Riedinger et al. first introduced the concept of CA 

125 bi-exponential decrease. In a study involving 130 ovarian patients, a mono-exponential 

decline profile was found in 54 patients and a bi-exponential decrease in 38 patients. They 

concluded the initial half-life (cut-off = 14 days) and decline profiles (mono- versus bi-

exponential) were predictive factors of disease free survival and overall survival 142.  

Table 5. Results of studies in which CA 125 decline during treatment in patients with ovarian 
cancers was investigated.  

Mono-
exponential 

Bi-exponential Predictive 
value and cut-
off 

Study Treatment Number 
of 
patients 

HL (days) HLg
(SD) 
hours 

HLく
(SD) 
hours 

Buller et al. 
143

 Surgery  10     

Markowska et 
al. 

144
Adjuvant chemotherapy 130    OS ; ND 

Yedema et al. 
114

Adjuvant chemotherapy 60 10    OS; 20 days 

Gadducci et al. 
118

Palliative chemotherapy 225 25    OS; 25 days 

Colakovic et al.  Palliative Chemotherapy 222    OS; 20 days 

Mano et al. 
120

 Adjuvant chemotherapy 63 Not reported   OS; 16 days 

Gadducci et al. 
117

Palliative chemotherapy 71 14   OS; 14 days 

Riedinger et al. 
45

Induction chemotherapy 631 15.8   DFS and OS; 
14 days 
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54 17.0   Riedinger et al. 
142

Induction chemotherapy 

38  13.6 53.1 

OS; initial half-
life 14 days 

ND: Not defined; HL: Half-life; OS: Overall survival; DFS: Disease free survival 

II.2.3.1.3. hCG and AFP in germ cell tumor patients

Most works that have assessed the predictive value of tumor marker kinetics in patients 

with non-seminomatous germ cell tumors relied on hCG and/or AFP half-lives (Table 6). The 

leading HL-based model, described by Murphy et al. 126, was based on HLhCG and/or HLAFP

calculated between day 7 (D7; day 1 was the first day of chemotherapy) and D42 

(completion of the second cycle of treatment). It was used by the Memorial Sloan-Kettering 

Cancer Center (MSKCC) in 2 chemotherapy dose-densification clinical trials 126, 128, 145. 

Table 6. Results of studies in which AFP and hCG declines following treatment in patients 
with non seminomatous germ cell tumors were investigated.  

Mono-exponential Predictive value and  
cut-off 

Study Treatment Number of 
patients 

HL (days)  

Lange et al. 
125

 Surgery 36 AFP: 5.0-7.0 days 
hCG: 0.5–2.0 days 

Overall response rate 

Vogelzang et al. 
146

Induction 
chemotherapy 

37 AFP: 6.0-7.9 days 
hCG: 3.1 days 

Relapse rate 

Toner et al. 
111

 Surgery 198  OS; AFP 7 days, hCG 3 
days 

Murphy et al. 
126

 Salvage 
chemotherapy 

54  OS; AFP 7 days, hCG 3 
days 

Gerl et al. 
121

 Induction 
chemotherapy 

263 AFP: 6.2 days 
hCG: 2.8 days 

OS, PFS; AFP 7 days, hCG 
2.5 days 

Inanc et al. 
127

 Induction 
chemotherapy 

34 AFP: 3.3 days 
hCG: 4.4 days 

EFS, OS: AFP 7 days 

Stevens et al. 
147

Induction 
chemotherapy 

183 AFP: 6 days 
hCG: 2.6 days 

OS; AFP 7 days, hCG 3 
days 

Mazumadar et 
al. 

148
Induction 
chemotherapy 

189  OS, EFS; AFP 7 days, hCG 
3.5 days 

ND: Not defined; HL: Half-life; OS: Overall survival; EFS: Event free survival; PFS: Progression free survival; SD: 
Standard deviation 

II.2.3.1.4. Other tumor markers 

CEA half-life after colorectal cancer surgery correlated with risk of relapse 149-151.  

Despite extensive publications, none of predictive HLs reported so far have been used for 

treatment adjustment in routine. Heterogeneity in methods used to assess HL and in 

outcomes among studies might have contributed to reduce the reproducibility of reported 

results. HL outcomes were very dependent on the time-points selected for HL calculation. In 

most works, a few time-points different among studies were retrospectively used to calculate 

one or two half-lives. Moreover the high unexplained inter- and intra-individual variability of 

tumor marker values might have introduced additional inaccuracy in HL calculations. No 

authors showed the predictive value of a HL was reproducible in independent cohorts of 

patients.   
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II.2.3.2. Time to nadir 

This is the length of time required to observe decline of tumor markers to the minimum 

value during a period of observation (Figure 11). The calculation of this kinetic parameter 

was based on longitudinal observations of tumor markers.   

Tumor marker concentration

Time

Start of 

treatment

t1 t2 t3 t4 t6t5

Time to nadir

Period of observation

Figure 11. Time to nadir defined as the length of time required to observe minimum value of 
tumor marker. 

 This kinetic parameter has mainly been investigated for analysis of PSA in patients 

with prostate cancer treated with radiation treatment. It sometimes correlated with 

biochemical relapse free survival (cut-off at 1 year 58, 2 years 52, 1-3 years 53; no cut-off 

defined 50, 61) or not 56-57, 152 . As well, PSA time to nadir was assessed in prostate cancer 

patients  treated with hormonotherapy 153 and correlated with disease specific survival (cut-

off of 6 months 154 ) or with biochemical relapse free survival (cut-off of 24 months 66).  

Time to nadir was assessed in patients with ovarian cancer treated with induction 

chemotherapy or adjuvant chemotherapy but had no real predictive value 45, 155.  

None of these parameters are currently used in routine. This strategy presents the same 

limitations as nadir-based approach. Its relevance is reduced by dependence on a nadir 

time-point prone to inter- and intra-individual variability. Moreover it is necessarily influenced 

by the period of observation of tumor marker values. Outside a clearly defined monitoring 

time window, it is difficult to know if tumor marker nadir has been reached or not.  
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II.2.3.3. Time to normalization (TTN) 

This kinetic parameter is defined as the length of time required for normalization of tumor 

marker titer (Figure 12).  

Tumor marker concentration

Time

Start of 

treatment

Nornal

titers of 

tumor

marker

TTN

t1 t2 t3 t4 t5 t6

Figure 12. Definition of time to normalization (TTN).  

Different methodologies were used to determine time to normalization. In some studies, it 

resulted from observations of patients who normalized their tumor markers 155-157. In other 

studies, it was calculated using the following formula 158: 

TTN (weeks) = 3 * (log C0 – log CN) / (log C0 – log C1)   (Formula 3) 

where C0 is the baseline tumor marker titer; CN is normal upper bound of tumor marker; 

C1 is tumor marker value after 1 cycle of chemotherapy.  

TTN has mainly been assessed in patients with non-seminomatous germ cell tumors 

(NSGCT) by Fizazi et al. In a retrospective study involving 654 NSGCT patients treated by 

chemotherapy, hCG and AFP TTNs were used to determine 2 prognostic groups regarding 

risks of progression. Indeed the patients with hCG TTN < 6 weeks and AFP TTN < 9 weeks 

had better PFS than the other patients 158. This classification has been used to adjust 

treatment in the on-going GETUG 13 trial in which dose-dense chemotherapy is 

administered in the case of unfavorable tumor marker decline profile. Similar results were 
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reported in a TTN-based study involving 75 patients with relapsed NSGCTs treated with 

salvage chemotherapy 159.  

CA 125 TTN correlated with survival of ovarian cancer patients treated with surgery and 

adjuvant chemotherapy. The authors suggested a second look surgery was not required in 

patients classified into the favorable group (TTN < 1 month) in terms of overall survival 156. 

Furthermore CA 125 TTNs were used to compare efficacies of 2 adjuvant chemotherapy 

regimens 160 or treatment route 155 in ovarian cancers. As well, PSA TTN was used to 

compare 2 radiation treatment modalities in patients with prostate cancer 157. 

The TTN-based strategy is limited by dependence on 2 unique time-points prone to 

unexplained inter- and intra-individual variability. Moreover it is not applicable to treatment of 

most of metastatic cancers in which normalization of tumor marker is not necessarily 

expected. 

II.2.4. Area under the curve (AUC) 

The area under the concentration-time curve (AUC) was investigated in only one study 

161. Calculation of AUC was based on the sum of trapezoid areas (Figure 13).   

Tumor marker concentration

Time

Start of 

treatment

t1 t2 t3 t4 t5 t6

Figure 13. Calculation of tumor marker AUC between t1 and t6 using the sum of trapezoid 
areas. 

In Mano et al., the area under CA 125 concentration-time curve was assessed in ovarian 

cancer patients treated with surgery followed by post-operative chemotherapy. Individual 
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AUCs were estimated using trapezoid areas with at least 3 time-points (Figure 14). ROC 

curve analysis was used to discriminate the best AUC cut-off in terms of tumor response and 

survival. The best CA 125 AUC able to predict patient overall survival was 1000 IU/mL*days 

161.   

Figure 14. Trapezoid area-based approach used to calculate the AUC of CA 125 during post-
operative chemotherapy in patients with locally advanced ovarian cancer in Mano et al. study 
161. 

A better integration of the whole decline curve might be offered by this kinetic parameter 

calculated with several time-points. It should be less influenced by inter- and intra-individual 

variability of tumor marker values than above methods. However the number of trapezoids is 

directly linked to the number of time-points used to calculate AUCs. As a result the accuracy 

of this method is influenced by the selected time-points.  

II.2.5. Tumor marker modeling studies 

In occasional studies, modeling was used to characterize decline profile with or without 

production and/or elimination of tumor marker. None of the results reported in these studies 

are used in routine for treatment decision.  

Hanlon used non-linear mixed effect modeling (Nlinmix macro under the SAS System.17) 

to analyze decrease of PSA concentrations after radiation treatment in 153 prostate cancer 

patients 140. PSA decline was fit to mono-exponential or bi-exponential models. Estimation 

was done using maximum likelihood. The authors concluded PSA was well described by a 

mono-exponential decline curve including an additional parameter to integrate the slight PSA 

increase related to repopulation of normal epithelial prostate cells  

[PSA(t)= 4.65e-0.10t+0.02*(time-20)*I(time<20)]   (Formula 4) 
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The indicator function, I(time<20), specifies that the ‘‘tail’’ be considered only for PSA levels 

observed more than 20 months after treatment. They found that equation parameters were 

influenced by Gleason score and baseline PSA value 140.  

Vollmer built a first-order kinetic semi-mechanistic model using non-linear least square 

algorithm to describe PSA decline in prostate cancer patients after radical prostatectomy and 

to discriminate PSA produced by benign tissues from PSA released by cancer tissues 135

(Figure 15). Both PSA production and elimination were considered in the model: 

PSA(t)=g/く*(1-e- くt) + PSA0*e
-くt   (Formula 5) 

where PSA0 is baseline PSA; g relates to the release of PSA by prostate cells into the 

prostate tissue, く relates to the excretion of PSA from the prostate to the serum 

compartment, k is coefficient controlling the loss of PSA from the serum. Using this model, 

Vollmer et al. estimated PSA productions by prostate normal and cancer tissues at 100 

ng/mL.day and 1070 ng/mL.day respectively 135.  

Figure 15.The 2 compartment model used by Vollmer et al. 135.  

In 1994, Cappelli et al. defined the basic principles of a mechanistic modeling study for 

analysis of tumor marker kinetics after treatment, meant to go “beyond the cut-off”. They 

presented different mathematical models potentially available to describe tumor marker 

increase related to tumor growth (logistics models, Gomperz model) or tumor marker 

decrease after radical treatment (non-linear regression models, half-lives) 162. However, they 

did not apply these principles for the analysis of a tumor marker. 

II.3.  Limitations of methods used to analyze tumor marker decline in the literature 

As shown above, many studies meant to analyze tumor marker decline following cancer 

treatment were published over the last 30 years. Different approaches based on baseline 

value; cut-off at a time t; half-life; time to normalization etc… were used to find predictive 

factors of treatment efficacy. However very few of them have been validated on independent 

cohorts of patients and consensually adopted for management of cancer 17, 29 95. It might be 

linked to the high heterogeneity in outcomes and the low reproducibility of reported results. 

For instance, in gestational trophoblastic disease patients treated with methotrexate, 3 

different hCG cut-offs measured during the 7th week of treatment were predictive of 

resistance: 56 たg/L equivalent to 520.24 mIU/mL for Van Trommel et al. 78; 500 mIU/mL for 
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Savage et al. 82 and 737 mIU/mL for Kerkmeijer et al. 79. The lack of reproducibility of results 

reported in the literature might be understood by: 

- Intra-individual variability of biological marker titers. Despite the advantage of its 

simplicity, the use of a single time-point for characterizing the complex kinetics of tumor 

markers is a cause of inaccuracy. A single time-point outside normal decline curve might 

lead to false conclusions of abnormal decrease. As a result dynamic analysis of tumor 

marker kinetics integrating several time-points is warranted.  

- Inconsistency in time-points selected to assess time-dependent parameters such as 

HLs, TTNs or decline slopes. If the actual tumor-marker decline curve is not mono-

exponential, as it seems to be for PSA or CA 125, HL depend on the time-points selected for 

analysis. No guidelines have been defined for the time-points that had to be selected to 

assess half-lives. As a consequence, variable time-points were chosen and heterogeneous 

results were reported.  

- Inaccurate determination of equation parameters due to limited number of time-points in 

non-linear regression models. A few time-points per patient are not enough to calculate with 

accuracy more than 4 kinetic parameters (decrease rates along with intercepts) in the case 

of pluri-exponential decreases. 

- Lack of assessment of inter-individual variability.  

- Lack of search for individual covariates able to explain parts of unexplained variability.  

Population kinetic approach might enable to overcome most of these limitations. Indeed 

this strategy offers a dynamic analysis of tumor marker decline curve independently on 

selected time-points, even in sparse data conditions; allows to quantify inter & intra-individual 

variability and enables determination of individual covariates able to reduce unexplained 

variability.  
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"
III. Population Kinetic Approach for Analysis 

of Tumor Marker Declines 

"
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III.1. Principles of population pharmacokinetics 

III.1.1. Definition 

Population pharmacokinetics describe: 

-The typical relationships between physiology (both normal and disease 

altered) and pharmacokinetics (PK)/pharmacodynamics (PD),  

-The inter-individual variability in these relationships, and  

-Their residual intra-individual variability.  

Sheiner-LB  

Drug Metab Rev. 1984; 15(1-2): 153-71 

III.1.2. General principles 

Population kinetic approach is commonly used to analyze the pharmacokinetic (PK) 

parameters of drugs administered to study subjects. The general principles have already 

been described elsewhere 163-165. 

On the basis of a few concentration time-points per patient exposed to a drug, this 

approach enables (Figure 16): 

- To determine the drug concentration kinetic profile of patient population, 

- To quantify inter- and intra-individual variability, 

- To assess the influence of patient covariates on unexplained inter- and intra-individual 

variability, 

- To predict drug concentration kinetic profile of every patient.  
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Concentration

Time

Patient A
Patient B
Patient C

Equation for population

(i.e. C(t)=Ae -g*t + Be -く*t)

Inter-individual variability

Equation for patient A

(i.e. C(t)=A1e –g1*t + B1e –く1*t )

Patient A

Equation for patient B

(i.e. C(t)=A2e –g2*t + B2e –く2*t )

Patient B Patient C

Equation for patient C

(i.e. C(t)=A3e –g3*t + B3e –く3*t )
Intra-individual 

variability

Figure 16. Principles of population kinetic approach: assessment of population decline profile 
using all available data, quantification of inter- and inter-individual variability, investigation of 
influence of individual covariates on unexplained inter-individual variability and prediction of 
individual decline profiles.  

This approach presents several advantages: 

- Sparse sampling strategy. Because all patient time-points are grouped to determine the 

population kinetic profile, a few data per patient (2-3 concentrations/subject) are sufficient to 

perform accurate PK analyses. 

- Identification of covariates able to explain inter-individual variability. It is possible to test 

the influences of individual covariates such as renal function, liver function, age, weight, etc 

… on unexplained inter-individual variability of parameter estimates and thereby to increase 

accuracy of individual predictions.  

- Large selection of patients. In opposition with other strategies that require enrollment of 

highly selected patients to reduce variability able to alter study outcomes, result accuracy is 

improved by inclusion of patients with different characteristics. As a consequence, results are 

more applicable to general population.   

- Independence on selected time-points. The model relies on the mathematical equation 

of decline curves. As a result it is possible to predict the tumor marker values in any time-

point of the curve.    
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However the population PK strategy presents some limitations: 

- Complexity of analyses. Implementation of population PK models requires skills to deal 

with mathematical and pharmacological concepts along with computer programs. 

- Time consuming analyses. This strategy requires time to format the database, design 

the model, to implement models in computer program, to analyze the data along with the 

results and to ensure external & internal validation of results.  

We performed 4 studies to assess the feasibility and the relevance of population kinetic 

approach for analyzing decline of different tumor markers in cancer patients treated with 

surgery or chemotherapy.   

III.2. Studies and Articles 

III.2.1. PSA decline after adenomectomy in patients prostate benign hypertrophia:  

"
You B, Perrin P, Freyer G, et al. Advantages of prostate-specific antigen (PSA) 
clearance model over simple PSA half-life computation to describe PSA decrease after 
prostate adenomectomy. Clin Biochemistry 2008;41:785-95 166. 

Study details and outcomes are shown in the article presented in pages 63 to 73.  

III.2.2. PSA decrease after radical prostatectomy in patients with prostate cancer:  

You B, Girard P, Paparel P, et al. Prognostic value of modeled PSA clearance on 
biochemical relapse free survival after radical prostatectomy. Prostate 2009;69:1325-
33 167.  

Study details and outcomes are shown in the article presented in pages 74 to 82.  

III.2.3. hCG and AFP declines during chemotherapy in patients with non 
seminomatous germ cell tumors treated with BEP regimen:  

  
You B, Fronton L, Boyle H, et al. Predictive value of modeled AUC(AFP-hCG), a 
dynamic kinetic parameter characterizing serum tumor marker decline in patients with 
nonseminomatous germ cell tumor. Urology 2010;76:423-9 e2 168.  

Study details and outcomes are shown in the article presented in pages 83 to 90.  

III.2.4. hCG decrease in patients with gestational trophoblastic disease treated with 
methotrexate:  

You B, Pollet-Villard M, Fronton L, et al. Predictive values of hCG clearance for risk of 
methotrexate resistance in low-risk gestational trophoblastic neoplasias. Ann Oncol 
2010;21:1643-50 169. 

Study details and outcomes are shown in the article presented in pages 91 to 98.  
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III.3. Implementation of models with NONMEM software® 

The versions V and VI of NONMEM software® (NON linear Mixed Effect Model, 

University of San Francisco, California, USA) compiled with Digital Visual Fortran 5.0 were 

used to analyze tumor marker concentration-time data with first order (FO) and  first order 

conditional event interaction (FOCEI) methods. The following parameters were estimated: 

- Fixed effects parameters:  

o Intercepts & decrease constants in multi-exponential models 166, 168-169. 

o Clearance, central compartment volume (V1) & inter-compartmental transfer 

rates (K12, K21) in clearance-based models 166-167. 

- . Random effects: 

o  Inter-individual variability. 

o Intra-individual residual variability arising from assay errors and model 

misspecifications.  

Extensive graphical analyses of predicted versus observed concentrations were 

performed to test the value of each model. The search was also guided by looking at the 

differences between the objective functions (OF) given by NONMEM. The NONMEM OF is 

an approximation of twice the logarithm of the likelihood. When a model could be reduced to 

a simpler one by fixing some parameters to a given value (e.g., 0), the difference between 

the 2 NONMEM OF was approximately distributed according to a ぬ² with n degrees of 

freedom, n being equal to the number of additional fixed parameters in the reduced model. In 

addition, the hypotheses of independence or dependence of parameter inter-individual 

variability were investigated. 

Subsequently, the main individual covariates such as patient age, weight, blood cell 

counts, sodium, total protein, serum creatinine clearance etc… were tested to estimate their 

impacts on kinetic parameters. When a covariate demonstrated significant relationships with 

any kinetic parameters, it was introduced into the model describing the fixed effects by 

forward inclusion. The covariate was kept in the model only if the decrease in the NONMEM 

OF was at least greater than 7, corresponding to a nominal p value < 0.01.  

For instance, the influence of the “age” covariate on CLPSA was tested with the following 

equations 166-167: 

CLPSA =王1*( age)王2 * exp(さ1)  (Formula 6) 

Or  

CLPSA =王1*( age/ agemed)
王2 * exp(さ1)   (Formula 7) 

where: 

/ age is the patient age and agemed is the median age of all patients among the cohort; 

/ 王1 and 王2 are the fixed-effect parameters 
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/ さ1 is the random-effect parameter. 

The latter equation gives an easy parameter interpretation because 王1 is the clearance 

of a patient whose age equals the agemed. Afterwards, a stepwise backward elimination 

procedure was performed to keep in the model only the significant covariates, producing an 

OF decrease of at least 11, corresponding to a p < 0.001. 

III.4. Qualifications of the models 

In efforts to qualify model abilities to predict correctly tumor marker distribution values 170-

171, 100 to 500 tumor marker decline profiles were simulated across studies using the final 

parameters of the different models. They were subsequently compared with associated 

observed data using visual predictive checks (VPC) regarding the whole curves 166-169 with or 

without statistical predictive checks (SPC) regarding the first portion and the last portion of 

decline curve 166 or the decrease slope 167-168, as previously described 172. 
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IV. Discussion and Projects 

"
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In four studies involving 3 different tumor markers, population kinetic approach-based 

models could be implemented with success to assess decline of tumor markers after or 

during treatment. In each study, methodology was adjusted to the specific characteristics of 

the tumor marker analyzed.  

The first study mainly investigated the feasibility of PSA decline assessment after 

prostate adenomectomy 166. Two methodologies based on a similar approach were 

compared to prepare the second study involving PSA decline after radical prostatectomy. 

The clearance-based model was simpler due to the reduced number of model parameters. 

However the multi-parameter approach gave the opportunity to assess PSA productions by 

the different prostate zones along with the residual PSA release after surgery, which was 

requested by urologists 166.  

The second study was an extension of the latter study. Consistently with studies 

previously reported 113, 124, 130, 136-137 112, 116, a bi-exponential decline profile best fit PSA 

decrease after radical prostatectomy. In addition, PSA apparent clearance was the only 

significant predictive factor of biochemical relapse. Given this parameter was determined 

with serum PSA concentrations measured early, during the first month following surgery, we 

assumed it could be used for treatment adjustment in patients with unfavorable PSA decline 

profiles. However this hypothesis will have to be validated prospectively.  

In the third study, the specific shape of AFP and hCG kinetics including an initial surge 

during the first week of treatment avoided calculation of tumor marker apparent clearance. 

Areas under the tumor marker concentration-time curves were selected as predictive kinetic 

markers. Modeling of hCG decline curve was less accurate than AFP decrease curve. The 

results of this study should be considered with caution due to the limited numbers of patients 

& time-points, the significant number of missing data and the lack of multivariate analysis. 

Moreover the AUCs of 2 tumor markers had to be combined to define predictive groups, 

which contributed to increase uncertainty.  

Given treatment of gestational trophoblastic disease has to be adjusted on hCG 

concentration evolution only, determination of a hCG kinetic parameter able to inform on the 

risk of treatment failure is warranted. The results the fourth study involving patients with 

trophoblastic tumors treated with methotrexate suggested hCG clearance might offer an 

early prediction of methotrexate resistance risk. Identification of patients with low resistance 

risk might enable treatment reduction, as advocated by some authors. Confirmation of the 

predictive value of modeled hCG clearance is warranted.  

Did the population kinetic approach implemented improve assessment of tumor marker 

declines following anti-cancer treatment?  
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Several limitations able to reduce the relevance of population kinetic approach for 

analysis of tumor marker kinetics were identified. Compared with the simple algorithms used 

in studies reported in section II (graphical measurements, linear or non-linear regression), 

our modeling analyses were complex and time-consuming. This might contribute to reduce 

the feasibility and spread of such analyses on a large scale.  

Moreover, in opposition with traditional population PK studies in which drug dose 

administered to organism is known, it was not possible to characterize tumor marker 

released by cancer in blood. Ideally we would have identified the production rate (Kp), the 

starting date of production and the steady state concentration so that we could discriminate 

Kp and elimination rates as showed in Figure 17 in the case of prostate cancer. However it 

was not possible to perform such an analysis due to unavailable data prior to the start of 

treatment. As a consequence, we had to do assumptions regarding tumor marker production. 

In prostate disease studies, PSA production was assimilated into an intravenous bolus 

arbitrarily set at 1, with an unknown bioavailability F that was greater than 1. As a result, the 

apparent volume of distribution and clearance corresponding to Clearance/F=Ke*V1 and 

V1/F respectively were determined, where V1 and CL were the unknown actual volume of 

distribution and clearance.  

Figure 17. The optimal specification for PSA decrease model. Kp is the rate constant of PSA 
release from prostate to serum; K12 and K21 are the PSA transfer rate constants between 
the peripheral compartment and central compartment; and Ke is the elimination rate 
constant. PSA concentration is assayed in the central compartment 166. 
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In the trophoblastic tumor study, we decided to implement multi-exponential equations.  

Subsequently we calculated the individual apparent clearance (CLhCGi) which was equal to 

the product of Ki and the volume of distribution (Vd) based on a previous estimation of Vd 173.  

In NSGCT study, the area under the time-concentration curve between day 0 and day 42 

was assessed by the sum of a trapezoid area (between day 0 and day 7) and area under the 

modeled tumor marker concentration-time curve (between day 7 and day 42). Indeed this 

study was complicated by the initial surge of hCG and AFP following start of treatment found 

in about 25% patients, consistently with previous reports 174-175, and led us to split tumor 

marker kinetics in 2 parts. The same phenomenon was reported with CEA, CA 15-3 or CA 

19-9 107, 176-178. It might limit the exploration of these markers by population kinetic approach.   

In addition, the accuracy of kinetic parameter assessment might have been reduced by 

the non-centralized measurement of tumor marker concentrations. Indeed except in NSGCT 

study, tumor marker concentrations were determined in different laboratories using variable 

assay kits. Many authors highlighted the large variability in tumor marker titers provided by 

different assays and thereby the risk of treatment making based on tumor marker values 

measured using different methods 179-183. Variability related to use of different immunoassays 

might have contributed to increase inter- and intra-individual variability and to scatter kinetic 

parameter results. This might explain failures in previous studies investigating the predictive 

values of tumor marker kinetic parameters 184-187. However population kinetic approach able 

to quantify inter- and intra-individual variability and to calculate kinetic parameters 

dynamically, independently on selected time-points, is supposed to be less involved by this 

issue. It might explain that the results regarding predictive values of modeled kinetic 

parameters were encouraging against those previously published.  

The relevance of population kinetic approach has still to be confirmed with retrospective 

studies along with prospective analyses involving independent cohorts of patients. A 

prospective confirmatory study has been planned with Department of Urology at Centre 

Hospitalier Lyon-Sud. Four PSA were assayed on day 0, day 1, day 3, day 7 and day 30 

after surgery in 101 patients treated with radical prostatectomy between October 2007 and 

October 2008. Analysis of results is planned in October 2011.  

International collaborations were developed to assess the reproducibility of hCG 

modeling and of hCG clearance predictive value in trophoblastic tumors treated with 

chemotherapy. The gynecology team at Charing Cross Hospital provided with a database 

including hCG titers from 200 patients with low risk trophoblastic tumors treated with 

methotrexate. An abstract with promising results was submitted to the 2011 Annual Meeting 

of American Society of Clinical Oncology (Chicago, USA). 
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Moreover, the US Gynecology Oncology Group has recently planned to analyze 

decrease of hCG titers using population kinetic approach in patients enrolled in GOG 174 

phase 3 trial, in which 2 chemotherapy regimens were compared. In addition, the prospective 

assessment of hCG clearance using population kinetic approach will be included in the 

protocol of the future UC 1005 phase 3 trial aiming at comparing 3 chemotherapy regimens 

in low risk trophoblastic tumors (GOG Semi-Annual Meeting, Boston, July 2010). 

A way of improving modeling of tumor marker titer evolution would rely on mechanistic 

modeling approach. Using this strategy, tumor marker production related to the tumour size 

and proliferation would be described by one set of equation while the kinetics and the effect 

of chemotherapy on tumor proliferation and tumor marker production would be described by 

another set of equations as proposed by Cappelli et al. 162. The interaction between the two 

systems would then be characterized as an inhibition of the marker production rate by the 

treatment. In an effort to improve characterization of tumor marker production by cancers, 

Sostelly et al. developed a mechanistic model describing PSA production rates by the 

different prostate compartments after combining the 2 post-operative PSA kinetic databases 

(Figure 18) 188. They showed this approach was feasible and relevant. However their 

conclusions were limited due to the high number of missing PSA data before prostate 

surgery.  

"
Figure 18. Schema of model used to describe PSA productions by prostate compartments as 
well as PSA elimination, in Sostelly et al.  188. 

In addition, we are assessing the role of semi-mechanistic mathematical modeling for 

analysis of CA 125 kinetics in patients enrolled in the international CALYPSO phase III trial. 

In this study coordinated by ARCAGY-GINECO-IGCG Intergroup, the efficacies of two 

carboplatin-based regimens were compared. An abstract with promising results was 



" 6:"

submitted to the 2011 Annual Meeting of American Society of Clinical Oncology (Chicago, 

USA). 

 In conclusion, tumor marker kinetics following cancer treatment, considered as a 

reflection of treatment efficacy, has been studied by many authors using variable 

methodologies. Very few of these kinetic parameters have been adopted in routine. 

Mathematical modeling might help better characterize the accurate equation of tumor marker 

decline curve. Moreover it might contribute to discriminate patients with favorable or 

unfavorable decrease profiles, to predict risk of relapse and thereby to adjust treatment early.  

"
« Savoir pour prévoir, afin de pouvoir » 

« Knowledge to foresee in order to be able» 

Auguste Comte, French philosopher (1798-1857) 
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