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Lung can cer is a ma jor pub lic health 

prob lem. It is one of the most fre quent 

can cers in both sex es in France, with 

28,000 new cas es and 27,200 deaths in 

the year 2000 [1]. A pa tient’s like li hood 

of sur viv ing lung can cer de pends on the 

stage of the dis ease at the time of di ag no-

sis. A sol i tary pul mo na ry nod ule (SPN) 

is in dica tive of ear ly, and there fore po ten-

tial ly cur able, bron cho gen ic car ci no ma, 

but di ag no sis and man age ment are of ten 

prob lem at ic. In prac tice, SPNs are usu al-

ly iden ti fied by chance on stan dard chest 

ra di og ra phy and as sessed for ma lig nan cy 

us ing com put ed tomo gra phy (CT). How-

ev er, full ra dio log i cal char ac ter i za tion of 

nod ules is not al ways pos si ble, and the 

sta tus of many of them re mains in de ter-

mi nate [2].

Four stra te gies have been re port ed 

to pro vide fur ther in for ma tion: (a) wait 

and watch with pe ri od ic CT (WW); (b) 

trans tho rac ic nee dle bi op sy (TNB); (c) 

ex plor ato ry tho ra cot o my (ET); and (d) 

video-as sist ed tho rac ic sur gery (VATS) 

[3, 4]. All have draw backs, how ev er; for 

ex am ple, pa tients un der go ing WW may 

suf fer re cur rent anx i ety about the pos si-

bil i ty of CT re veal ing a neo plas tic nod-

ule, and ET and VATS can re sult in mor-

bid i ty and mor tal i ty due to an es the sia or 

re sec tion.

Promis ing new er tech nolo gies in the 

ini tial di ag no sis of SPN in clude [18F]2-flu-

o ro-2-de oxy-d-glu cose (FDG) pos i tron 

emis sion tomo gra phy (PET), a scin ti-

graph ic im ag ing tech nique that re lies on 

in creased rates of glu cose me tab o lism in 

ma lig nant cells. Di ag no sis by PET is su pe-

ri or to that achieved us ing CT, with sen-

si tiv i ty and spec i fic i ty vary ing be tween 

85 and 100 in dif fer ent stud ies [5, 6, 

7, 8, 9].

About ten PETs are cur rent ly im ple-

ment ed in France. To be deemed a pri or i-

ty from a pub lic health pol i cy per spec tive 

any new tech nique must prove it self to be 

ef fec tive and cost-ef fec tive. Ide al ly, cost-ef-

fec tive ness should be an a lyzed us ing da-

ta col lect ed in con trolled stud ies de signed 

to eval u ate the ef fi ca cy of di ag nos tic stra-

te gies, but the size of the pop u la tions re-

quired and the length of the la tent pe ri-

od be tween the start of a study and the 

avail abil i ty of ini tial re sults make many 

op tions dif fi cult to as sess. A num ber of 

cost-ef fec tive ness anal y ses in this area ha-

ve been pub lished [4, 10, 11]. Over all the-

se demon strate that WW is the most ap-

pro pri ate strat e gy when the risk of ma lig-

nan cy is low, CT+PET is op ti mal in cas es 

of mod er ate risk, and sur gery is the most 

suit able strat e gy in cas es of high risk. How-

ev er, these find ings can not nec es sar i ly be 

ex trap o lat ed from one coun try to an oth-

er be cause of vari a tions in health care pro-

vi sion, ap proach es to pric ing and re im-

burse ment, and (po ten tial ly at least) clin-

i cal prac tice.

The pres ent study de vel oped a de ci sion 

anal y sis mod el to com pare the cost-ef fec-

tive ness of PET with that of stan dard im-

ag ing tech niques in SPN man age ment 

from the French health care sys tem per-

spec tive.

Ma te ri al and meth ods

Base case

Pub lished se ries re port that SPNs vary in 

size be tween 1 and 4 cm [5, 12, 13, 14]. The 

pres ent study con sid ered only those less 

than 3 cm in di am e ter be cause above this 
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treat ments ar ranged ac cord ing to the es-

ti mat ed prob a bil i ty of par tic u lar clin i cal 

events oc cur ring. At the ex treme end of 

each arm of the tree (rep re sent ed by a ter-

mi nal node), pay offs were as signed cor-

re spond ing to the to tal cost of care (di ag-

no sis cost plus treat ment cost) and life ex-

pect an cy in years (LE). The se quences of 

med i cal pro ce dures were first con struct ed 

from data ob tained from pub lished lit er a-

en large ments of me di as ti nal lymph nodes, 

and a ma lig nan cy risk of 43.

Gen er al de scrip tion of the mod el

The de ci sion anal y sis mod el was based on 

a de ci sion tree (Figs. 1, 2, 3, 4), with each 

com pet ing di ag nos tic strat e gy orig i nat-

ing from a de ci sion node. Stra te gies com-

prised se quences of di ag nos tic tests and 

thresh old the prob a bil i ty of ma lig nan cy 

is greater than 0.90 [15]. Oth er ex clu sion 

cri te ria were con firmed me tas tas es or di-

ag nosed pri ma ry lung can cer, and pre vi-

ous tho rac ic ra dio graph ic ev i dence es tab-

lish ing the sta bil i ty or growth of the nod-

ule. Based on re cent clin i cal ar ti cles [16], 

the base case was a 65-year-old male-cur-

rent smok er (1.5 packs per day) with a 2-

cm SPN with out cal ci fi ca tion, spec u la and 

Fig. 1 9 Out line of de ci sion tree show ing the 
three mod eled stra te gies. Squares De ci sion 
nodes; cir cles chance nodes; di a monds con tin u a-
tion to the des ig nat ed strat e gy

Fig. 2 8 Wait and watch strat e gy. Cir cles chance nodes; cir cles with M Markov nodes; tri an gles 
ter mi na tion nodes; CT com put ed tomo gra phy. The Markov mod el pre sent ed here was cre at ed 
with the soft ware Data Tree Age 3.5. Branch es em a nat ing from the Markov node enu mer ate 
all Markov health states through which the pa tient can progress ac cord ing to tran si tion prob a-
bil i ties. These health states em a nat ing from the Markov node are then used as ref er ences when 
tran si tions be tween states are cre at ed. If a growth in SPN size was ob served, the pa tient was 
ori ent ed to ward sur gery with pos si ble as so ci at ed risks of com pli ca tions and death. In the 
ab sence of growth, a new CT was per formed
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ture. A com mit tee of mul ti dis ci plinary ex-

perts was then cre at ed and con sult ed to 

val i date the mod el and the choice of the 

pa ram e ters. Data 3.5 soft ware (TreeAge, 

Williamston, Mass., USA) was used to con-

struct de ci sion trees.

Stra te gies

Three stra te gies were com pared: wait and 

watch (WW), PET and an a tom i cal com put-

ed tomo gra phy (PET), and CT plus PET 

(CT+PET). Be fore any strat e gy was ini ti at-

ed, SPN was as sumed to be iden ti fied by 

chance us ing stan dard chest ra di og ra phy.

Wait and watch
Ab dom i nal-pel vic-tho rac ic CT was ini-

tial ly per formed to con firm the pres ence 

of the nod ule, the size of which was then 

mon i tored ev ery 3 months, as rec om mend-

ed, us ing tho rac ic CT (. Fig. 1) [17]. The 

growth rate of an SPN was de fined by the 

time that it took to dou ble in vol ume, a 

use ful in di ca tor of ma lig nan cy. Most ma-

lig nant nod ules have a dou bling time 

be tween 1 month and 1 year [18, 19, 20], 

where as the ma jor i ty of be nign nod ules ei-

ther sta bi lize or de crease in size. It was as-

sumed for pres ent pur pos es that most nod-

ules, whether be nign or ma lig nant, are like-

ly to change in size with in a year of be ing 

iden ti fied [3]. A Markov pro cess, the aim 

of which is to re pres ent repet i tive events 

over time [21], was used to sim u late fol low-

up with pe ri od ic tho rac ic CT (. Fig. 2). 

The time ho ri zon of the fol low-up was 

di vid ed into four 3-month in cre ments 

(Markov cy cles) over the course of 1 year. 

In oth er words, CT was per formed ev ery 

3 months. As be nign and ma lig nant nod-

ules progress at dif fer ent rates, both were 

con sid ered (. Ta ble 1). On the ba sis of a 

clin i cal study [20] we used the fol low ing 

prob a bil i ty cal cu la tions: a 50 that a ma-

lig nant nod ule will grow dur ing the first 

3 months, a 75 cu mu la tive ly at 6 months, 

90 cu mu la tive ly at 9 months, and 100 

cu mu la tive ly at 1 year. For a be nign SPN 

the prob a bil i ty that the nod ule would de-

crease in size was based on ex perts’ opin-

ion and con sid ered con stant at 50 ev ery 

3 months. Pa tients in whom growth was 

ob served un der went ex plor ato ry tho ra-

cot o my and were treat ed sur gi cal ly by lo-

bec to my.
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nod ule

Ab stract
This study as sessed the use of pos i tron emis-
sion tomo gra phy (PET) in iden ti fy ing and 
di ag nos ing sol i tary pul mo na ry nod ules 
(SPNs). For this a de ci sion anal y sis mod el 
was con struct ed, and three al ter na tives we-
re com pared: wait and watch (WW), PET 
and an a tom i cal com put ed tomo gra phy 
(PET), and CT plus PET (CT+PET). Tran si-
tion prob a bil i ties were es ti mat ed from pub-
lished data and con sul ta tions with ex perts. 
Costs of di ag no sis were de rived from the 
French re im burse ment scale, and treat ment 
costs from a na tion al hos pi tal database of di-
ag no sis-re lat ed groups. The base case was 
de fined as a 65-year-old male smok er with 
a 2-cm SPN and an as so ci at ed high risk of 
ma lig nan cy of 43%. Eval u a tion cri te ria in-
clud ed in cre men tal cost-ef fec tive ness ra tios 
and the pro por tion of un nec es sary op er a-
tions avoid ed in pa tients with out ma lig nant 
SPN. For the base case WW was the least ef-
fec tive and cheap est strat e gy. CT+PET was 
more ef fec tive and pre sent ed low er in cre-

men tal cost-ef fec tive ness ra tio (€3,022 per 
life-year gained). It also was su pe ri or to PET 
in cost-ef fec tive ness terms and re sult ed in 
4.3% few er un nec es sary re sec tions of be-
nign SPN than did PET. Risk pro file anal y ses 
per formed on SPN ma lig nan cy risk showed 
that CT + PET re mains the most cost-ef fec-
tive strat e gy in the range of 5.7–87%, and 
that WW is more cost-ef fec tive in the range 
of 0.3–5.0%. CT+PET is thus cost-ef fec tive 
in de tect ing ma lig nant SPN in pa tients with 
a risk of ma lig ni ty of at least 5.7% and may 
avoid in ap pro pri ate re sec tions of be nign 
SPN. These find ings sup port the at tempts to 
in tro duce a larg er num ber of PETs in France 
for SPN di ag no sis.

Key words
Pos i tron-emis sion tomo gra phy · 
Sol i tary pul mo na ry nod ule · 
De ci sion mod el ing · Cost-ef fec tive ness · 
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Fig. 3 9 Bi op sy (TNB) strat e gy. 
Cir cles Chance nodes; 
di a monds con tin u a tion 
to the des ig nat ed strat e gy

Fig. 4 9 Sur gery 
strat e gy (ET or VATS). 
Cir cles Chance nodes; 
tri an gles ter mi na tion 
nodes; ET eplorato ry 
tho ra cot o my; 
VATS video-as sist ed 
tho rac ic sur gery

Fig. 5 9 Di ag nos tic stra te gies to be 
rec om mend ed from a medi coeco nom ic 
point of view ac cord ing to the risk 
pro files of pa tients (age, smok ing his to ry, 
and size of the nod ule)
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PET and an a tom i cal CT
This strat e gy in volved PET im me di ate ly af-

ter chest ra di og ra phy. When the find ings 

were pos i tive, ma lig nant SPN was sus pect-

ed, and the di ag no sis was con firmed us-

ing one of three in va sive tech niques: TNB 

(. Fig. 3), ET, or VATS (. Fig. 4). On the 

ba sis of ex perts’ opin ion it was as sumed 

that TNB would be used in 15 of cas-

es, ET in 80, and VATS in 5. The sit u-

a tion in which pa tients ex pe ri ence com pli-

ca tions dur ing TNB was in tro duced in the 

con struc tion of the de ci sion tree. His to log-

i cal ex am i na tion of un com pli cat ed or com-

pli cat ed TNB sam ples might con firm that 

the nod ule is ma lig nant, cor rob o rat ing the 

ini tial PET di ag no sis and pro vid ing a ra tio-

nale for sur gery (tho ra cot o my and lo bec to-

my). The sit u a tion in which TNB is neg a-

tive al though PET cor rect ly re veals sus pect-

ed ma lig nant SPN was also mod eled. The-

se false-neg a tive pa tients were fol lowed for 

1 year with a tho rac ic CT ev ery 3 months. 

When VATS or ET was per formed, his to log-

i cal ex am i na tion was car ried out at the sa-

me time. VATS and ET were as sumed to 

have a 100 sen si tiv i ty and spec i fic i ty [14, 

22]. Pa tients un der went lo bec to my if the 

SPN was shown his to log i cal ly to be ma lig-

nant, or wedge re sec tion if it was be nign. A 

risk of com pli ca tion and mor tal i ty as so ci at-

ed with these sur gi cal pro ce dures was tak-

en into ac count in the de ci sion tree. As CT 

was re quired to de fine the lo ca tion of the 

SPN be fore op er at ing, it was con sid ered in 

the mod el as a cost el e ment when ex plor ato-

ry sur gery was in di cat ed [23]. When PET 

find ings were neg a tive (i.e., when be nign 

SPN was sus pect ed) WW with tho rac ic CT 

ev ery 3 months was ini ti at ed.

CT plus PET
Pos i tive CT re sults (like ly high prob a bil-

i ty that SPN be ma lig nant) and neg a tive 

(like ly high prob a bil i ty that SPN be be-

nign) were con firmed by PET. When both 

CT and PET were pos i tive, an ET was car-

ried out. Pa tients in whom both were neg-

a tive were fol lowed for 1 year with CT ev-

ery 3 months. When CT and PET were in-

con sis tent, TNB was per formed. Be cause 

TNB does not have per fect spec i fic i ty [24, 

25, 26], the mod el in clud ed cas es in which 

there was a pos i tive his to log i cal di ag no sis 

of a nod ule de spite a true neg a tive PET. 

These false-pos i tive pa tients would un der-

go tho ra cot o my, with all the mor bid i ty 

and mor tal i ty risk that this car ries. Cas es 

in which TNB was neg a tive but PET was 

pos i tive were also mod eled. False-neg a tive 

pa tients were fol lowed for 1 year.

Epi demi o log i cal data

Tran si tion prob a bil i ties
Epi demi o log i cal data are sum ma rized in 

. Ta ble 1. The prob a bil i ty that a pa tient 

Ta ble 1

Base line val ues and ranges of clin i cal pa ram e ters used in the de ci sion 
tree (CT com put ed tomo gra phy, PET pos i tron emis sion tomo gra phy, 
TNB trans tho rac ic nee dle bi op sy, VATS video-as sist ed tho rac ic sur gery, 
ET ex plor ato ry tho ra cot o my, SPN sol i tary pul mo na ry nod ule)

Base line Range Sources

Di ag nos tic test per for mance (%)
• CT sen si tiv i ty
• CT spec i fic i ty
• PET sen si tiv i ty
• PET spec i fic i ty
• TNB sen si tiv i ty
• TNB spec i fic i ty
• VATS and ET sen si tiv i ty
•  VATS and ET spec i fic i ty

 98
 65
 95
 81
 85
 95
  1
  1

95–100
60–70
80–100
75–90
80–98
90–98
–
–

[32, 33]
[32, 33]
[5, 7, 34, 35, 36]
[5, 7, 34, 35, 36]
[24, 25, 26]
[24, 25, 26]
[22]
[22]

Prob a bil i ties (%)
• If ma lig nant SPN
   – Cu mu la tive growth rate at 3 months
   – Cu mu la tive growth rate at 6 months
   – Cu mu la tive growth rate at 9 months
   – Cu mu la tive growth rate at 12 months
• If be nign SPN
   –  Prob a bil i ty that the SPN size 

de creas es (ev ery 3 months)

 50
 75
 90
100

 50

–
–
–
–

–

[38]
[38]
[38]
[38]

Ex perts

Mor bid i ty rate (%)
• TNB
• Lo bec to my/wedge re sec tion

 20
 20

10–30
10–30

[27, 28, 29, 30]
[23, 31]

Mor tal i ty (%)
• Wedge re sec tion by ET
• Wedge re sec tion by VATS
• Lo bec to my

  1
  0.5
  3

 0–5
 0.2–3
 1–5

[23, 31]
[23, 31]
[23, 31]

Life ex pect an cy (years)
• If be nign SPN
   –  40 years old
   –  55 years old
   –  65 years old
   –  75 years old
• If ma lig nant SPNa

   –  40 years old pT1/pT2
   –  55 years old: pT1/pT2
   –  65 years old: pT1/pT2
   –  75 years old: pT1/pT2

 40.19
 27.32
 19.2
 10.83

  8.55/5.16
  7.75/4.85
  6.94/4.53
  5.44/3.83

–
–
–
–

–
–
–
–

[42]
[42]
[42]
[42]

[18, 20, 43, 44, 45, 46]
[18, 20, 43, 44, 45, 46]
[18, 20, 43, 44, 45, 46]
[18, 20, 43, 44, 45, 46]

Du ra tion of hos pi tal stay (years)
• TNB
• VATS
• Lo bec to my
• Wedge re sec tion

  0.004
  0.014
  0.03
  0.02

–
–
–
–

[20, 23, 47]
[20, 23, 47]
[20, 23, 47]
[20, 23, 47]

a pT1 SPNs are ma lig nant, but not in creased size nod ules and im me di ate ly re sect ed. 
pT2 SPNs are nod ules di ag nosed as ma lig nant dur ing WW due to the in crease in their size
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ex pe ri ences a com pli cat ed TNB as well as 

a com pli cat ed and le thal re sec tion was es-

ti mat ed us ing mor bid i ty and mor tal i ty ra-

tes as so ci at ed with di ag nos tic tests and sur-

gi cal pro ce dures. In for ma tion on mor bid i-

ty re lat ed to TNB [27, 28, 29, 30] as well as 

mor bid i ty and mor tal i ty re lat ed to sur gery 

[23, 31] was drawn from the in ter na tion al ly 

pub lished lit er a ture. Com pli ca tions as so ci-

at ed with bi op sy con sist ed es sen tial ly of 

pneu mo tho rax. Com pli ca tions due to sur-

gery in clud ed hem or rhage and res pi ra to-

ry and car dio vas cu lar com pli ca tions. Sen-

si tiv i ty and spec i fic i ty of CT [32, 33], PET 

[5, 7, 34, 35, 36], TNB [24, 25, 26], VATS, 

and ET [22] were also ob tained from sci-

en tif ic re ports. The prob a bil i ty of hav ing 

a be nign or a ma lig nant SPN as well as the 

prob a bil i ty that CT, PET, TNB, VATS, and 

ET pres ent false-/true-pos i tive and false-/

true-neg a tive re sults was es ti mat ed us ing 

a Bayesian anal y sis [37] from a con tin gen-

cy ta ble based on the re port ed sen si tiv i ty 

and spec i fic i ty of im ag ing tech niques and 

ma lig nan cy prev a lence fig ures. The prob-

a bil i ty that SPN is ma lig nant was cal cu lat-

ed from the lit er a ture [38] and de pend ed 

on three main in de pen dent fac tors: the 

pa tient’s age, the pa tient’s smok ing his to-

ry, and the di am e ter of the nod ule. Due 

to the ab sence of pub lished data val ues at-

tribut ed to pa ram e ters such as growth rate 

in the size of ma lig nant SPN and the prob a-

bil i ty that the size of a be nign SPN de creas-

es were based on the opin ions of a mul ti-

dis ci plinary group of ex perts in north east-

ern France cre at ed for the pur pose of the 

study.

Life ex pectan cies
LE val ues were cal cu lat ed from 5-year 

sur vival rates us ing the “de clin ing ex po-

nen tial ap prox i ma tion of life ex pect an cy” 

meth od de vel oped by Beck et al. [39, 40] 

and as pre vi ous ly used in de ci sion anal y-

sis mod el ing. This meth od es ti mates LE in 

quan ti ta tive de ci sion mak ing and as sumes 

that pop u la tion sur vival can be ap prox i-

mat ed by a sim ple de clin ing ex po nen tial 

func tion [39, 41]. The LE of an in di vid u al 

with a spe cif ic ill ness can be de fined as the 

re cip ro cal of the sum of the gen er al pop-

u la tion mor tal i ty tak en from ta bles of vi-

tal sta tis tics (µ Pop) and the dis ease-spe cif-

ic mor tal i ty (µ Dis). The fol low ing ex am-

ple is that of a 64-year-old man: His life ex-

pect an cy ac cord ing to French cen sus da-

ta is 15 years, i.e., a mor tal i ty cal cu lat ed as 

µPop=1/15=0.067. As sum ing that this pa-

tient has a 2.3-cm nod ule with an as so ci-

at ed mor tal i ty of µDis=0.075, the pa tient-

spe cif ic LE is: 1/(0.075+0.067)=7.04 years

For a be nign nod ule the mod el used 

the nor mal LE of the gen er al pop u la tion 

as record ed in the 1999 French cen sus 

[42], vary ing be tween 40.19 years (if the 

pa tient is 40 years old) and 10.83 years (if 

the pa tient is 75 years old). Sur vival rates 

of pa tients with a ma lig nant nod ule we-

re de rived from pub lished lit er a ture on 

re sect ed bron chi al can cer [18, 20, 43, 44, 

45, 46]. A pa tient pre sent ing a ma lig nant 

SPN (clas si fied pT1) was as sumed to ha-

ve a LE rang ing from 8.55 years (if the pa-

tient is 40 years old) to 5.44 years (if the 

pa tient is 75 years old). If the same ma lig-

nant SPN was dis cov ered dur ing the WW 

strat e gy due to the in crease in its size (and 

clas si fied pT2), LE ranged from 5.16 years 

(if the pa tient is 40 years old) to 3.83 ye-

ars (if the pa tient is 75 years old). Life ex-

pectan cies as signed to each arm of the de-

ci sion tree were weight ed by the prob a bil i-

ty that a clin i cal event oc curs, i.e., that a pa-

tient ex pe ri ences a com pli cat ed TNB and/

or sur gi cal pro ce dure. All es ti mat ed life ex-

pectan cies were also re duced for the du ra-

tion of the hos pi tal stays in duced by the re-

al iza tion of bi op sy and sur gi cal treat ments 

[20, 23, 47] (. Ta ble 1).

Eco nom ic pa ram e ters

The eco nom ic anal y sis was per formed 

from the na tion al health in sur ance. Costs 

are ex pressed in eu ros.

Cost of di ag nos tic tests
All im ag ing ex am i na tions (ra di og ra phy, 

CT, and PET) were as sumed to be per-

formed on am bu la to ry pa tients. Costs of 

ra di og ra phy and CT were ob tained from 

The “No men cla ture Générale des Actes 

Pro fes sion nels” (NGAP), a fixed costs sca-

le of med i cal pro ce dures based on prac ti-

tion ers’ fees, fixed costs for the med i cal 

pro ce dures them selves, and in some cas es 

(here for CT) fixed costs for op er at ing the 

Ta ble 2

Base line val ues of the cost of di ag nos tic tests used in the de ci sion tree 
(SPN sol i tary pul mo na ry nod ule, FDG [18F]2-flu o ro-2-de oxy-D-glu cose, 
PET pos i tron emis sion tomo gra phy, CT com put ed tomo gra phy, 
TNB trans tho rac ic nee dle bi op sy)

Re source used Cost (€) To tal cost (€)

If ma lig nant SPNa If be nign SPNb

Ra di og ra phy
• Med i cal pro ce dure  41

   41    32

CT
• Equip ment
• Med i cal pro ce dure

107
 30

  137   131

TNB
• Pre-an es the sia con sul ta tion
•  Med i cal Pro ce dure (an es the sia)
• Med i cal pro ce dure (TNB)
• His to pa thol o gy
• In-pa tient stay

 23
 48
 77
 31
381

  560   439

PET
• FDG cost
• FDG trans port cost
• Equip ment
• Med i cal pro ce dure

 389
106
457
 69

1,021 1,000

a In the case of ma lig nant SPN, all care is cov ered by the French health in sur ance
b If SPN is be nign, 80% of the cost for med i cal pro ce dure and hos pi tal iza tion stay, 70% of the cost for 
con sul ta tion, and 60% of the cost for bi o log i cal anal y ses are cov ered by the French health in sur ance. 
The re main ing 20%, 30%, and 40% are charged to the pa tient
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equip ment. At the time of the study PET 

was not in clud ed in the NGAP. The cost 

was there fore is sued from two French stud-

ies [48, 49]. In these stud ies the es ti mat ed 

cost of PET in clud ed the cost of FDG, the 

FDG trans port cost, the cost of op er at ing 

the equip ment, and the cost of med i cal 

pro ce dure. The main part of the TNB cost 

was cal cu lat ed on the ba sis of the NGAP 

and in clud ed the cost of the pre an es the sia 

con sul ta tion and the an es the sia pro ce dure, 

the med i cal pro ce dure of TNB and the his-

to path o log i cal ex am i na tion. Be cause TNB 

re quires that the pa tient be fol lowed af ter 

the pro ce dure dur ing a 12- to 24-h pe ri od, 

the cost of the pa tient stay was also tak en 

into ac count and ob tained us ing “Tar ifs de 

Presta tions Jour nal ières” cor re spond ing 

to the cost for short hos pi tal iza tion re im-

bursed by the French health in sur ance.

All costs of di ag nos tic tests are sum ma-

rized in . Ta ble 2. A dis tinc tion was ma-

de be tween the cost of di ag nos tic test for 

ma lig nant SPN and for be nign SPN. If 

the SPN is ma lig nant, all care is cov ered 

by the French health in sur ance. Con verse-

ly, if SPN is be nign, only part of the costs 

for med i cal pro ce dures, con sul ta tions, hos-

pi tal iza tion stays and bi o log i cal anal y ses, 

vary ing be tween 60 to 80, are cov ered 

by the French health in sur ance, the re main-

ing costs be ing charged to the pa tient.

Cost of treat ment pro ce dures
In or der to eval u ate treat ment costs a ca-

se-mix was de rived from the na tion al hos-

pi tal database on di ag no sis-re lat ed groups 

(DRGs, “Groupe Ho mogène de Malades” 

in French) for 2003 in the pub lic health 

care sec tor. This database al lowed us to de-

ter mine which of the 580 ex ist ing DRGs 

cov ered each of the spe cif ic med i cal pro-

ce dures mod eled in the study. Once the 

DRG was de fined, it was pos si ble to de-

ter mine the cost of the pa tient hos pi tal 

stay us ing “Echelle Na tionale des Coûts” 

(ENC), a French na tion al pub lic cost scale 

com piled by the Min istry of Health from 

data col lect ed from a rep re sen ta tive sam-

ple of pub lic hos pi tals. The ENC in cludes 

bud get head ings such as costs for la bor, 

tech ni cal pro ce dure, con sum able prod-

ucts, main te nance, pro vi sion for de pre ci-

a tion, laun der ing, cater ing, and gen er al lo-

gis tics. Eco nom ic pa ram e ters are sum ma-

rized in . Ta ble 3.

Out comes

Ef fec tive ness, costs, 
and cost-ef fec tive ness
A cost-ef fec tive ness anal y sis was per formed 

us ing WW as the ref er ence strat e gy. In cre-

men tal ef fec tive ness was mea sured in terms 

of the dif fer ence in ex pect ed av er age LE be-

tween a strat e gy X and the ref er ence strat-

e gy. In cre men tal costs were eval u at ed in 

a sim i lar fash ion. The cost-ef fec tive ness 

anal y sis was based on ICER. ICER was cal-

cu lat ed by di vid ing the in cre men tal costs 

by the in cre men tal ef fects of two al ter na-

tives ac cord ing to the fol low ing for mu la: 

ICER=(coststrategy X−cost reference strategy)/

(LEstrategy X−LEreference strategy). The most 

cost-ef fec tive strat e gy was de fined as that 

with the low est ICER com pared to the ref er-

ence. In cre men tal costs were not dis count-

ed giv en the time ho ri zon of the mod el ing 

(1 year). In cre men tal gains in ef fec tive ness 

(LEstrategy X−LEreference strategy) were dis count ed 

back at the an nu al dis count rate of 5 [50].

Ta ble 3

Base line val ues of the cost of sur gi cal pro ce dures used in the de ci sion tree 
(VATS video-as sist ed tho rac ic sur gery)

Re source used Cost of re source use (€) To tal cost (€)

VATS and Wedge-re sec tiona

• La bor cost
• Tech ni cal pro ce dures
• Con sum able prod ucts
• Pro vi sion for de pre ci a tion + main te nance
• Laun der ing
• Cater ing
• Gen er al lo gis tics

2,878
2,862
  499
  177
   87
  222
1,385

 8,109

Lo bec to my
• La bor cost
• Tech ni cal pro ce dures
• Con sum able prod ucts
• Pro vi sion for de pre ci a tion + main te nance
•  Laun der ing
• Cater ing
• Gen er al lo gis tics

5,722
3,698
1,383
  517
  132
  357
2,139

13,947

a VATS and wedge-re sec tion pres ent a sim i lar cost be cause they be long to the same DRG

Ta ble 4

Ma lig nan cy prob a bil i ties in sol i tary pul mo na ry nod ule ac cord ing to the 
pa tient’s age, smok ing his to ry, and the di am e ter of the nod ule (per cent ages) 
[38]

<1.5 cm 1.5–2.2 cm 2.3–3.2 cm

40 years
• Smok era

• Non smok er
 2.1
 0.3

10.0
 2.0

26.0
 5.0

55 years
• Smok er
• Non smok er

 9.5
 1.6

35.0
 7.0

64.0
21.0

65 years
• Smok er
• Non smok er

12.8
 2.2

43.0
10.0

71.0
27.0

75 years
• Smok er
• Non smok er

28.5
 5.7

67.0
23.0

87.0
50.0

a Smok er=1.5 packs per day
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Re sults were also an a lyzed and ex-

pressed in terms of the num ber of un nec-

es sary op er a tions avoid ed among pa tients 

with out ma lig nant nod ules.

Sen si tiv i ty anal y sis

One-way sen si tiv i ty anal y ses were per-

formed on di ag nos tic test find ings and on 

the rate of use of TNB, ET, and VATS and 

the val ue of eco nom ic pa ram e ters. More-

over ICERs were re cal cu lat ed with out ad-

just ing LE for the time spent in the hos-

pi tal. Thresh old val ues were de ter mined 

and de fined as cut off points be yond which 

the hi er ar chy be tween stra te gies could be 

mod i fied, there fore af fect ing the con clu-

sion of the study.

Anal y sis of the risk pro files 
of pa tients

Sep a rate anal y ses were per formed ac cord-

ing to dif fer ent SPN ma lig nan cy risks. The 

risk of ma lig nan cy was con sid ered low 

(0.3–5.0) in young non smok ers with nod-

ules less than 1.5 cm in di am e ter, mod er ate 

(5.7–12.8) in most non smok ers with an 

Ta ble 5

Life ex pectan cies, costs and cost-ef fec tive ness ra tios for the base case and ma lig nan cy risks. In cre men tal 
cost-ef fec tive ness ra tio (ICER, com pared to WW, € per life-year gained) are cal cu lat ed us ing in cre men tal costs 
di vid ed by in cre men tal gains in life ex pect an cy dis count ed at an an nu al 5% rate WW wait and watch, 
PET [18F]2-flu o ro-2-de oxy-D-dlu cose pos i tron emis sion tomo gra phy, CT com put ed tomo gra phy, LE life ex pect an cy, 
ΔLE dis count ed in cre men tal gains in life ex pect an cy)

Base case 
(43%)a

Ma lig nan cy risk

0.3% 5.0% 5.7% 12.8% 21.0% 87.0%

WW
• LE
• Cost

   12.81
6,327

   40.08
  451

     38.43
  1,097

    10.42
 1,194

    17.30
 2,171

    22.56
 3,299

     4.59
12,383

PET
• LE
• Cost
• ΔLE
• ICER

   13.73
8,770
    0.51
4,790

   40.02
3,895
–
Dom i nat ed

     38.52
  4,431
      0.01
333,400

    10.48
 4,511
     0.04
82,925

    17.55
 5,322
     0.11
28,645

    23.07
 6,258
     0.17
17,406

     5.87
13,794
     1.04
 1,357

CT+PET
• LE
• Cost
• ΔLE
• ICER

   13.78
7,959
    0.54
3,022

   39.95
2,428
–
Dom i nat ed

     38.46
  3,037
      0.00
∞

    10.48
 3,128
     0.04
48,350

    17.54
 4,047
     0.10
18,760

    23.08
 5,109
     0.18
10,056

     5.95
13,658
     1.10
 1,159

a 65-year-old male cur rent smok er (1.5 packs per day) with a 2-cm SPN with out cal ci fi ca tion, spec u la and en large ments of me di as ti nal lymph nodes

Ta ble 6

Pro por tion of ther a peu tic man age ment of pa tients ac cord ing to the stra te gies mod eled and three rep re sen ta tive 
ma lig nan cy risks (per cent ages) (CT com put ed tomo gra phy, PET [18F]2-flu o ro-2-de oxy-D-glu cose pos i tron emis sion 
tomo gra phy)

Ap pro pri ate re sec tion Wait and watch Un nec es sary re sec tiona In ap pro pri ate wait and watchb

Ma lig nan cy risk 0.3%
• PET
• CT+PET

 0.3
 0.3

83.5
91.0

16.2
 8.7

0.0
0.0

Ma lig nan cy risk 7.0%
• PET
• CT+PET

 6.5
 6.9

77.8
84.7

15.1
 8.1

0.5
0.3

Ma lig nan cy risk 43% (base case)
• PET
• CT+PET

39.9
42.5

47.7
50.8

 9.3
 5.0

3.1
1.8

Ma lig nan cy risk 87%
•  PET
• CT+PET

80.7
86.0

10.9
 9.9

 2.1
 1.1

6.2
2.9

a Re sec tions per formed when the nod ule was be nign
b Wait and watch strat e gy adopt ed when the nod ule was ma lig nant
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av er age age of 60 years and nod ules of in-

ter me di ate size, and high (21–87) among 

70-year-old (on av er age) smok ers with lar-

ge nod ules (. Ta ble 4).

Re sults

Cost-ef fec tive ness mod el ing 
base line val ue

. Ta ble 5 il lus trates LEs, costs, and ICERs 

for each al ter na tive com pared with WW. 

WW was the least ef fec tive strat e gy and 

CT+PET the most ef fec tive. Com pared 

to WW, all al ter na tives pre sent ed pos i tive 

ICERs, with high er costs and high er LEs. 

CT+PET had the low est cost-ef fec tive ness 

ra tio, €3,022 per life-year gained (LYG). 

When al ter na tives were com pared, PET 

was in fe ri or to CT+PET.

Sen si tiv i ty anal y sis

Pa ram e ters of di ag nos tic tests
The di ag nos tic per for mance ranges of CT, 

PET, and TNB were suc ces sive ly test ed in 

one-way sen si tiv i ty anal y ses, but no thresh-

old val ues were found. CT+PET re mained 

the most cost-ef fec tive strat e gy.

Fre quen cy of Use of ET and VATS
In the base case TNB was as sumed to be used 

in 15 of pa tients, ET in 80, and VATS in 

5. With re spec tive fre quen cies of 80, 5 

and 15, and then 5, 15 and 80 to test 

the ro bust ness of the mod el, no chang es we-

re ob served in the hi er ar chy of al ter na tives.

Eco nom ic pa ram e ters
The cost of PET was test ed over the in ter-

val (€250–1500). No thresh old was found 

when these data were sub ject ed to sen si tiv-

i ty anal y ses.

Ad just ment of life ex pect an cy 
for the length of stay at hos pi tal
Cal cu la tions were per formed with out any 

ad just ment for the time spent in the hos-

pi tal due to the com ple tion of bi op sy and 

sur gi cal treat ments. The con clu sion of the 

anal y sis was un changed.

Anal y ses of risk pro files of pa tients 
with an SPN
Dis con tin u ous ma lig nan cy rates, es ti mat-

ed ac cord ing to the av er age pa tient’s age, 

SPN di am e ter, and smok ing his to ry we-

re in tro duced into the mod el. They var ied 

be tween 0.3 and 87 [38]. . Ta ble 5 pre-

sents LEs, costs, and ICERs for a num ber 

of rep re sen ta tive prob a bil i ties of SPN ma-

lig nan cy in low-, mod er ate- and high-risk 

cas es. WW was the most ef fec tive strat e gy 

in the risk range of 0.3–2.1, PET in that 

of 2.2–12.8, and CT+PET in that of 21–

87. WW was the most cost-ef fec tive strat-

e gy in the risk range of 0.3–5. CT+PET 

was the most at trac tive ap proach be tween 

5.7 and 87 with ICERs vary ing from 

€1,159 to €48,350 per LYG.

Ther a peu tic out comes and SPN 
man age ment

. Ta ble 6 shows the chang es ob served in 

three rep re sen ta tive lev els of ma lig nan cy 

risk around the base line risk of 43: low 

risk of 0.3, mod er ate risk of 7, and high 

risk of 87. The re sults in di cate that the 

pro por tion of re sec tion in creas es with the 

de gree of ma lig nan cy, re gard less of the al-

ter na tive mod eled. The pro por tion of ap-

pro pri ate re sec tions in cas es of ma lig nant 

nod ule var ied from 0.3 (with a 0.3 ma-

lig nan cy risk) to 80.7 (with a 87.0 ma-

lig nan cy risk) when us ing PET. These pro-

por tions were 0.3 and 86.0, re spec tive-

ly, when us ing CT+PET. De pend ing on 

the lev el of ma lig nan cy, the rate of un war-

rant ed sur gery was low est with CT+PET, 

re sult ing in 1.0–7.5 few er un nec es sary 

re sec tions of be nign SPN than with PET 

alone. With the base line risk of 43, 4.3 

in ap pro pri ate re sec tion com pared to PET 

may be avoid ed due to the as so ci a tion 

CT+PET.

Dis cus sion

The ob jec tive of the pres ent in ves ti ga tion 

was to de ter mine the medi coeco nom ic 

con se quences of in tro duc ing PET into 

the pro cess of di ag nos ing SPN and to es ti-

mate the mod i fi ca tion in the man age ment 

of pa tients due to the in tro duc tion of PET. 

The re sults show that WW can be rec om-

mend ed for use among in di vid u als at ve-

ry low risk of ma lig nan cy (≤ 5), for ex am-

ple, a 40-year-old non smok er with an SPN 

of less than 1.5 cm. Re sults also clear ly in di-

cate that CT+PET is ap pro pri ate for mod-

er ate risk in di vid u als (5.7–12.8), such as 

non smok ers aged about 65 years with an 

SPN of 1.5–2.2 cm, and in di vid u als at high 

risk of ma lig nan cy (21–87), il lus trat ed by 

a 75-year-old smok er with an SPN of mo-

re than 2.3 cm (. Fig. 5).

These rec om men da tions have been 

based on the com par i son be tween the es-

ti mat ed ICERs ob tained in this study and 

the low est com mon ly ac cept ed thresh old 

of $50,000 per qual i ty-ad just ed life-year 

(QALY) [51, 52, 53]. In deed, in the 0.3–2.1 

risk range WW was su pe ri or to all oth er 

al ter na tives. At 5 PET pre sent ed low er 

ICER than WW (€333,400 per LYG), but 

this ra tio was well above the thresh old 

of $50,000 per QALY. Fi nal ly, CT+PET 

was the most at trac tive ap proach in the 

risk range of 5.7–87 with ICERs vary ing 

from €1,159 to €48,350 per LYG. An oth er 

usu al al ter na tive is to com pare the cost-ef-

fec tive ness ra tio es ti mat ed by the mod el 

to the cost-ef fec tive ness ra tio of pro grams 

for oth er patholo gies. How ev er, the com-

par i son with pub lished ta bles is dif fi cult 

and would be bi ased be cause these ta bles 

rarely in clude re sults by sub groups of pa-

tients.

Two stud ies have com pared WW with 

in va sive tech niques such as ET, VATS, 

and TNB [3, 4]. Kun staet ter et al. [4] de-

vel oped a sim pli fied mod el with which to 

com pare the LE im pli ca tions of ET, TNB, 

and man age ment by a sin gle chest ra di og-

ra phy. The study by Ber nard et al. [3] com-

pared four stra te gies: ET, VATS, TNB, and 

WW. De spite dif fer ences in the con struc-

tion of the de ci sion anal y sis trees be tween 

the stud ies, WW was rec om mend ed when 

the risk of can cer is low, TNB when it is 

mod er ate, and sur gery when it is high. 

The aim of the pres ent study was to in te-

grate PET with oth er im ag ing tech niques 

as re port ed by Gamb hir et al. [11], Di etlein 

et al. [10], and Gould et al. [54]. Gamb hir 

et al. [11] com pared WW to CT alone, 

CT+PET, and sur gery. They dem on stra-

ted that WW was the most cost-ef fec tive 

strat e gy in the 0–12 risk range, as were 

CT+PET in 12 to 69, CT alone from 

69 to 90, and sur gery above 90. Di-

etlein et al. [10] com pared the use of WW 

to TNB, sur gery and PET af ter work-up in-

clud ing CT. WW was the pre ferred strat e-

gy at 5, CT+PET was op ti mal from 10 

to 70, and sur gery was the most ap pro pri-

ate strat e gy above 75. Gould et al. [54] de-
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vel oped a more com plex mod el with al ter-

na tives that we did not con sid er, with 40 

clin i cal com bi na tions of five di ag nos tic in-

ter ven tions (in clud ing CT, PET, TNB, sur-

gery, and WW). PET was rec om mend-

ed to be used among pa tients pre sent-

ing a 55 pretest prob a bil i ty and at high 

risk for sur gi cal com pli ca tions In all the-

se stud ies re sults were ob tained from de-

ci sion anal y sis mod els. Oth er al ter na tive 

tech niques could have been used such as 

dis crete event sim u la tion [55, 56]. This ty-

pe of mod el is par tic u lar ly use ful to avoid 

the rep re sen ta tion of an ex ces sive num ber 

of states and branch es in the tree but can 

be great ly time-con sum ing. In the pres ent 

study the only pa ram e ter chang ing over 

time was the prob a bil i ty that the size of a 

ma lig nant SPN would in crease. Only two 

health states were mod eled (growth ob-

served, no growth ob served) and the ti-

me pe ri od was lim it ed to 1 year. The use 

of a sim ple Markov mod el was also con sid-

ered as suf fi cient ly rel e vant giv en the nat u-

ral his to ry of the dis ease.

There are a num ber of dif fer ences be-

tween the pres ent study and the pre vi ous 

cost-ef fec tive ness anal y ses. The out comes 

of the pres ent study were not ex pressed in 

QALY, in con trast to the Gould et al. [54] 

study. No French data are avail able to ad-

just LE for qual i ty of life. An oth er dif fer-

ence con cerns the time frame of the anal y-

sis. In the Gould et al. study the mod el fol-

lowed a hy po thet i cal co hort over their re-

main ing life span, and av er age long-term 

health care costs for pa tients with sur gi cal-

ly treat ed lo cal lung can cer were es ti mat-

ed. In the pres ent study the na tion al hos-

pi tal database of DRGs (the ENC) did not 

al low the costs of fol low-up to be es ti mat-

ed. De spite these dif fer ences the pres ent 

study reached sev er al sim i lar con clu sions. 

WW was the op ti mal ap proach when the 

risk of ma lig nan cy was low (≤ 5.0), but 

CT+PET was prefer able at a lev el of risk be-

tween 5.7 and 87. These re sults sug gest 

that tech no log i cal ly high ly de vel oped stra-

te gies pres ent a par tic u lar in ter est when 

pa tients are at greater risk of dis ease. At 

a low er risk these stra te gies lose in ef fec-

tive ness com pared to con ven tion al meth-

ods be cause they are of ten as so ci at ed with 

more ag gres sive tech niques such as TNB, 

ET, and VATS.

Lim i ta tions to the pres ent anal y sis in-

clude the omis sion of a sin gle CT-based 

ap proach. Ex perts con sult ed to val i date 

the de ci sion anal y sis tree con sid ered that 

ra dio log i cal cri te ria on the ba sis of a sin-

gle CT only were not suf fi cient ly pre cise 

to man age the pa tient with an SPN small-

er than 3 cm, and that WW based on the 

re it er a tion of CT would be more rel e vant. 

Sim i lar ly, the com bi na tion of PET and CT 

was not mod eled due to a lack of rel e vant 

data in pub lished lit er a ture. Sec ond, it was 

as sumed that TNB was used in 15 of pa-

tients, ET in 80, and VATS in 5 af ter 

pos i tive PET re sults. A sen si tiv i ty anal y sis 

was per formed here demon strat ing the ro-

bust ness of the cost-ef fec tive ness re sults. 

In a sim i lar fash ion there is an ar gu ment 

for mod el ing a 1-year pe ri od of ob ser va-

tion. A num ber of oth er pub lished stud-

ies [10, 11] have mon i tored SPN growth 

over a 2-year ob ser va tion pe ri od with pe-

ri od ic CT su per vi sion. How ev er, the 1-ye-

ar pe ri od is sup port ed by pub lished lit er a-

ture and was val i dat ed by ex perts [3], as 

were con cern ing growth rates of be nign/

ma lig nant nod ule.

The an a lyt ic per spec tive used here is 

open to ques tion. The cost-ef fec tive ness 

anal y sis was per formed from the point 

of view of the na tion al health in sur ance. 

Only re im bursed costs were con sid ered. 

There fore the choice of dif fer ent sources of 

costs used in the anal y sis can be dis put ed. 

In deed, the cost of di ag nos tic tests was es-

ti mat ed us ing the NGAP, a fixed cost sca-

le used by the French in sur ance for re im-

burse ments, where as treat ment costs we-

re is sued from the ENC, a na tion al hos pi-

tal costs database of DRGs. This database 

is not used for re im burs ing hos pi tal costs 

but is used to eval u ate hos pi tal ac tiv i ty, 

and to help with the bud get al lo ca tion be-

tween hos pi tals. The ENC was cho sen for 

this study be cause it is not pos si ble at pres-

ent to de ter mine the cost of hos pi tal stays 

for a spe cif ic pro ce dure and pa thol o gy us-

ing the pub lished re im burse ment databa-

se of the French health in sur ance. An oth er 

lim i ta tion is the ab sence of dis tinc tion in 

the costs, es pe cial ly treat ment costs, with 

and with out com pli ca tions. The DRGs 

se lect ed for this study did not al low this 

dis tinc tion to be made. Adopt ing an oth-

er point of view in this study, such as the 

so ci etal view point, would have been prob-

lem at i cal also be cause of the dif fi cul ty in-

volved in es ti mat ing in di rect costs, and in-

tan gi ble costs. Fi nal ly, the base line val ues 

of the per for mances of di ag nos tic tests in-

tro duced into the mod el could be a po ten-

tial source of er ror. Ide al ly, as a se quence 

of two tests was mod eled, the sen si tiv i ty 

and spec i fic i ty of PET to be in tro duced in-

to the con tin gen cy ta ble should have been 

de ter mined in var i ous sub groups ac cord-

ing to CT re sults. How ev er, such data we-

re not avail able at the time of this work. 

There fore sen si tiv i ty and spec i fic i ty for 

PET were is sued from stud ies an a lyz ing in-

de pen dent ly the di ag nos tic per for mances 

for PET and CT.

At the mo ment very few PETs ex ist in 

France, and the medi coeco nom ic con se-

quences of its use are still poor ly un der-

stood. This work, per formed from the 

French health care in sur ance per spec tive, 

dem on stra ted the im por tance of the as so ci-

a tion be tween CT and PET both in cost-ef-

fec tive ness and in clin i cal terms. The mod-

el was also able to de fine a place for PET in 

fu ture prac tice ac cord ing to the risk of ma-

lig nan cy of SPN. These re sults sup port the 

at tempts to gen er al ize the in tro duc tion of 

PET for SPN di ag no sis. How ev er, a long-

term clin i cal tri al with a rep re sen ta tive 

sam ple re mains the only way to prop er ly 

as sess all these out comes. It would be in ter-

est ing to con firm the re sults of the mod el 

es pe cial ly in sub groups with a mod er ate 

risk of ma lig nan cy (5.7–18) and to de ter-

mine whether they dif fer us ing cost per 

QALY in stead of cost per LYG.
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