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Abstract-Primary breast cancers from 85 patients undergoing post-surgical adjuvant chemother- 
apy were analyzed for five &co&tic cwymes: lactate dehydrogenase (LDH); phosphohexose 
isomerase (PHI); glucose-6-phosphate dehydrogenase (G-GPD); pyruvate-kinare (PK); and 
6-phospho-gluconate dehydrogenase (6-PGD). The purpose of this stuaj was to determine whether 
biochemical parameters could oflit a prognostic index to determine outcome of therapy. The patients 
were followed up to a maximum of 54 months; during this period 30 of them developed recurrent or 
metastatic disease. The en.gme activities were expressed by the three following reference parameters: 
units/g proteins, units/g tissue weight and units/mg DNA. Two methods of analysis were 
compared:jrstly, univariate analysis using lift tables; and secondly, multivariate analysis using the 
Cox’s model, where erqyme levels were testedfor each mode of expression in addition to node status, 
histological features, receptor and menopausal status. Life table analysts appear limited when 
subsets of patients were studied because the sample sire tends to become too small to warrantjnn 
conclusions. Using the Cox’s model, a prognostic index 1 was proposed, including the number of 
involved nodes and the product of logarithms of G-6PD and 6-PGD expressed as unitslmg DNA. 
Compared to the number of involved nodes, this index gives a slightb better discrimination of the 
patients at 2 yr after mastectomy. 

INTRODUCTION 
ACCURATE estimation of prognosis in breast cancer 
patients is of particular importance when consider- 
ing the necessity for adjuvant therapy after initial 
surgery. If prognosis could be determined more 
precisely than at present, unnecessary treatment 
could be avoided and appropriate therapy could be 
reserved for high-risk patients. It is well estab- 
lished that tumor size, grade and axillary nodal 
status are important prognostic indicators [l-5]. 
A number of trials provided data on the relation 
between the length of disease-free interval and 
several other factors, particularly hormone recep- 
tors [5-71. Attempts have also been made to use 
tissue glycolytic enzyme levels as a prognostic 
factor [8] or as an index of response to chemother- 

apy [9, 101. 
In this study five glycolytic enzymes were mea- 

sured in 85 primary breast cancer patients present- 
ing a high risk of recurrence (evaluated by the 
usual clinical and pathological criteria) and under- 
going postsurgical chemotherapy: lactate dehyd- 
rogenase (LDH); phosphohexose isomerase (PHI); 
glucose-6-phosphate dehydrogenase (G-GPD); 
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pyruvate kinase (PK); and 6-phosphogluconate 
dehydrogenase (6-PGD). The enzyme values were 
expressed by the three following reference para- 
meters: units/g proteins, units/g tissue and units/ 
mg DNA. In order to assess their actual value in 
clinical practice, two methods of analysis were 
performed: univariate, using life tables, and multi- 
variate, using the Cox’s model. 

MATERIALS AND METHODS 
Patients 

Between January 1980 and April 1982, 85 
women with early breast cancer (age range 32-67 
yr; average age 50 yr) underwent modified radical 
or segmental mastectomies. The stage of the dis- 
ease was classified according to the TNM system 
[ 111. The diagnosis of carcinoma was confirmed 
by histological examination in each case. All pa- 
tients were staged pathologically by examination of 
the axillary lymph nodes found in the mastectomy 
specimen. The malignancy grade of infiltrating 
carcinomas was determined according to Bloom 
and Richardson [ 121. 

The following criteria were used in selecting the 
population for this study: grading II according to 
Bloom and Richardson, with m&e than three 
axillary nodes invaded; grading III irrespective of 
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the number of axillary nodes invaded. 
Because of their nodal invasion or their unfavor- 

able histological grading, the 85 patients under- 
went adjuvant chemotherapy. For 55 patients this 
comprised 12 cycles of a combination of CMF 
(cyclophosphamide, methotrexate, and 5- 
fluorouracil) and FAC (5-fluorouracil, adriamycin 
and cyclophosphamide); and for 30 patients, 12 
cycles of FAC. No difference between these two 
groups was observed with regard to TNM, nodal, 
menopausal or receptor status. The treatment 
started 3-4 weeks after surgery. 

None of the patients had demonstrable metas- 
tases at the beginning of the study. They were 
followed up at Centre Rent! Huguenin (St-Cloud, 
France) for up to 54 months. Physical examina- 
tions were performed and routine chest X-rays 
were made at 3-month intervals over a period of 2 
yr, then subsequently once a year. Liver scintigra- 
phy, bone scans and mammograms were taken at 
yearly intervals. The length of disease-free inter- 
vals was defined as the time from mastectomy until 
the first detection of recurrent or metastatic dis- 
ease, or to the end of the investigation (30 June 
1984). Thirty out of the 85 patients had a failure 
during the follow-up period. The median follow-up 
time was 811 days. 

Sample preparation 
Breast tumours, trimmed of excess fat and non- 

tumorous tissue, were frozen immediately after 
surgery and stored in liquid nitrogen until use. A 
portion of each tumor was examined for pathology. 
Tissue was powdered in a Thermovac auto- 
pulverizer and homogenized in Tris-HCl buffer 
0.01 M, pH 7.4, containing DTT 0.5 mM and 
EDTA 1.5 mM. The high-speed supernatant (cyto- 
sol) was prepared by ultracentrifugation at 105,000 
g for 60 min at 4°C. It was then used for estradiol 
and progesterone receptor assays, for enzyme stu- 
dies and for the estimation of proteins. The pellet 
was used for DNA determinations. 

Receptor assay 
The assay of estrogen and progesterone recep- 

tors was carried out using the method described by 
the European Organization for Research and 
Treatment for Cancer (EORTC) [13]. The detec- 
tion limit was set at 10 fmol/mg cytosol proteins. 

Assay for glycolytic enqmes 
The enzyme activities were measured at 37°C 

according to Shonk and Boxer [ 141, with a Beck- 
man spectrophotometer model 34. Under these 
conditions, the enzyme values were expressed as 
pmol NADPH produced/min or as pmol NADH 
oxidized (or produced)/min. The DTT necessary 
for receptor assays is not used in the Shonk and 

Boxer method; it does not alter the enzyme activity 
measurements (results not shown). 

The protein content of the cytosol was deter- 
mined by the method of Bradford [15] using 
human serum albumin for the calibration curve. 
The pellet was used for DNA estimation according 
to Gross-Bellard et al. [ 161 using human lympho- 
cytes as a standard. 

All the chemicals, substrates and enzymes were 
purchased from Boehringer Mannheim. 

Expression of the results 
The results were analyzed as units of enzyme 

activity in three different ways: units/g total pro- 
tein; units/g tissue; and units/mg DNA. 

Statistical analysis 
For patients having an enzyme activity either 

above or below the median value calculated for the 
entire group, the life tables [17] were calculated 
for each enzyme and each mode of expression. 
Tests of differences between curves were made with 
the log-rank test [ 181. Firstly, all patients were 
classified in a single population. They were then 
classified according to their nodal, histological, 
menopausal and hormone receptor status. The 
multivariate analysis is based upon the Cox regres- 
sion model [ 191 and allows identification, in a 
stepwise manner, of the most significant prognostic 
factors related to the length of disease-free interval. 
From multiple factors the method selects the com- 
bination of variables that, when taken together, 
give the best fit to the data. The order of selection is 
determined by using the maximum log-likelihood 
value as a measure of the importance of variables 
not yet in the regression equation. The statistical 
significance of adding variables at each step was 
evaluated by a chi-square test of change in maxi- 
mized log-likelihood. Data as enzyme activities and 
estrogen and progesterone binding levels under- 
went a logarithmic transformation before the mul- 
tivariate analysis was carried out. 

RESULTS 
Clinical characteristics of the patients 

A summary of various clinical and histological 
parameters of the patients in each stratification is 
presented in Table 1. 

Relation of tumor g&o&tic enzymes to disease-free survival 
following chemotherapy 

Life-table analyses. The median values of each 
enzyme and each reference parameter are pre- 
sented in Table 2. 

Allpatients. In the total population, no significant 
difference in recurrence pattern was attributable to 
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Table 1. Characteristics of the patient population receiving 
chemotherapy 

Characteristics No. of patients failures 

Age (yr) 
S 50 
> 50 

Tumour size 
Tl 
T2 
T3+T4 
Unknown 

Histologic grade 
II 
III 

No. of involved 
nodes 

S-3 
>3 
Unknown 

Menopausal status 
Pre-menopause 
Post-menopause 

Estrogen receptor 
status 

Negative 
Positivet 

Progesterone 
receptor status 

Negative 
Positive7 

Treatment 
FAC 
FAC+CMF 

Total 

44 (52)* 
41 (48) 

7( 8) 
52 (61) 
25 (29) 

1( 1) 

28 (33) 
57 (67) 

26 (31) 
57 (67) 

2( 2) 

4 (13) 
24 (80) 

2( 7) 

49 (58) 16 (53) 
36 (42) 14 (47) 

40 (47) 
45 (33) 

55 (65) 
30 (35) 

30 (35) 
55 (65) 

85 

17 (57) 
13 (43) 

4 (13) 
17 (57) 

9 (30) 
O( 0) 

9 (30) 
21 (70) 

14 (47) 
16 (53) 

21 (70) 

9 (30) 

13 (43) 
17 (57) 

30 

* Figures in parentheses are the percentages of patients. 
t Specimens considered receptor-positive if they contained more 

than 10 fmol/mg protein. 

enzyme status, irrespective of the mode of ex- 
pression. 

The state of involvement and the histological 
grading are now well-established prognostic factors 
in breast cancer. It is therefore important to deter- 
mine whether glycolytic enzyme measurements 
could provide further information in patient sub- 
groups defined by these criteria. The patients in 
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Fig. 1. Patients with more than three invaded brnph nodes: lift tables 
for 6-PGD content of carcinomas expressed as u/mg DNA (N: total No. 

of patients; R: No. of recurrences). 

this study were also classified on the basis of their 
menopausal status and hormone receptors content. 

Patients separate according to the number of axillary 
invaded bmph nodes (l-3 us > 3). In the group of 
patients having up to three invaded lymph nodes, 
no clear difference was observed when considering 
recurrence in relation to the five enzyme levels 
expressed by the three modes of expression. 

In the group of patients with more than three 
invaded lymph nodes (Table 3), no significant 
difference was observed for LDH and PHI. High 
values of GGPD expressed/g tissue, of PK express- 
ed/g tissue and mg DNA, and of 6-PGD expressed/ 
g protein, g tissue and mg DNA (Fig. 1) were 
significantly associated with higher recurrence risk. 

Patients classijkd according to their histological grad- 
ing. No significant difference for the five enzyme 

Table 2. Activities of glycolytic cqymes in the total jo/ndation 

P.K. G-6PD 6-PGD PHI LDH 

Units/g proteins 

Units/g tissue 

Units/mg DNA 

308* 
(&O) (26& 

2148 1711 
(62-563)t (864-4447) (465-4038) 

4.37 1.06 0.72 30.4 22.8 
(0.79-8.07) (0.18-2.61) (0.19-2.80) (8.68-44.4) (8.S59.4) 

5.32 0.82 0.83 20.9 18.6 
(0.66-9.63) (0.17-2.41) (0.15-1.90) (7.02-68.41) (4.03-57.40) 

No difference in the medians was observed in patient subgroups defined by their nodal, 
histological and receptor status, 
* Median. 
t Range. 
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Table 3. Summary of the results of lzfe table analyses 

Enzymes LDH PHI G-6PD PK 6-PGD 

Patients with u/g total proteins 0.55 0.58 0.32 0.10 0.03 
> 3 lymph u/g tissue 0.21 0.55 0.04 o.o09_ 0.004 
nodes invaded u/mg DNA 0.57 0.96 zz 0.002 0.03 

Patients 

: 

u/g total protein N.S.* N.S. 0.04 KS. N.S. 
with positive u/g tissue N.S. N.S. ziz 0.003 N.S. 
PR u/mg DNA o.ol N.S. N.S. N.S. N.S. 

Life tables were calculated for patients having an enzyme activity either above or below the 
median value calculated for the entire group. P values were calculated by the log-rank test. 
Patients having low values of LDH and high values of G-GPD, PK and 6-PGD have a greater 
tendency to recurrence. 
* N.S. = not significant. 

values were observed in histological gradings II 
and III. 

Patients cLassiJied according to their menopausal status. 
Analyses relating patient disease-free survival fol- 
lowing chemotherapy to glycolytic enzymes failed 
to demonstrate that there was any difference in 
outcome between pre- and post-menopausal sub- 
groups. 

Patients class$ed according to the estrogen and prog- 
esterone receptor status. No significant difference was 
observed when the patients were grouped accord- 
ing to the ER status. In the patients whose tumors 
contained PR, high values of PK expressed/g tissue 
(P = 0.003), high values of G-6PD expressed/g 
proteins (P = 0.04) or g tissue (P = 0.04) were 
significantly associated with higher recurrence risk. 
Low values of LDH expressed per mg DNA were 
associated with higher recurrence risk (P = 0.01) 
(Fig. 2). 

Multivariate analysis. In another approach to ev- 
aluate the relationship of enzyme levels to the 
length of disease-free interval, enzymes factors 
were tested in Cox’s regression model in addition 
to grade of Bloom, tumor size, histologic number of 
involved nodes, menopausal status, and estrogen 
and progesterone binding levels. Treatment (FAC 
vs FAC + CMF) was also included as a potential 
variable in Cox’s regression model. All the possible 
ratios and products of one enzyme activity to 
another were also retained as candidate factors in 
Cox’s model. 

Three multivariate analyses were performed, 
each of them being related to the enzyme level 
expression. Table 4 presents the results obtained 
for each mode of expression. In all models the 
histologic number of involved nodes is the most 
significant prognostic factor. This factor is the 
single important factor delineated by the multivari- 
ate analysis when the enzyme levels were expressed 
either as g total protein or as g tissue, although for 
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Fig. 2. Patients whose hemours contained PR: lije tables for LDH 
content of carcinomas as ufmg DNA (N: total no. of patients, 

R: no. of recurrences). 

that latter node the logorithm of G-6PD was of 
borderline significance (P = 0.06). The Cox’s 
model that offered the greater maximization was 
one that contained the histologic number of in- 
volved nodes and the product of logarithms of 
G-6PD and 6-PGD expressed in mg DNA. The 
statistical significance of the entering patient fac- 
tors and other details concerning the fit of the 
model, when enzyme level is expressed in mg 
DNA, are given in Table 5. Additional variables 
which did not result in a significant change in 
maximized log-likelihood (P > 0.05) were not 
included. The model that performed best was then 
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Table 4. Multivariate analysis: summary of results obtained according to each mode of 
cnqymc expression 

Enzyme levels 
expression 

No. of patients Selected factors 1st eliminated factor 

g/total protein 79’ 
g/tissue 79 

mg/DNA 75 

nodes (0.019)t PK: (0.10) 
nodes (0.019) G-6PD (0.06) 
nodes (0.008) 

G-6PD x 6-PGD PHI (0.21) 
(0.02) 

* Not every patient had complete information on all candidate variables. 
t P value of adding variables at each step in the model. 
: Enzyme levels underwent a logarithmic transformation 

Table 5. Prognostic factors related to disease-free interval when enzyte activities are 
expressed in ulmg DNA 

Step Factors Regression coef- Maximized log- Chi-square 
ficient likelihood 

P value 

0 None - -94.312 - - 

1 No. of involved 0.129 (0.04)* -90.850 6.925 0.0083 

nodes 
2 G-6PD x 6-PGD -3.801 (1.85) -88.239 5.222 0.0223 

* Figures in parentheses are the standard deviations. 

taken as the full working model. Knowledge of the 
two most significant prognostic variables and their 
associated regression coefficients allows one to 
obtain a prognostic index for each patient. The 
index I for each patient is then: 

c 

I- 

I : I si 0.13(25) 
0.2 - 2 : I > 0.13tSox)) 

= 0.129 X (nodes) - 3.801 
14444 

22222 

i x (log(G-6PD) x log(G-PGD)), 

7_- 
where A(&) is the hazard rate for being disease- 
free at time t and h,(t) is the underlying hazard 
computed at the average values of the variables < in 
the model. 

The larger the value of I, the worse the prognosis 
for the patients. If G-6PD value is less than 1 u/mg 
DNA and the G/PGD value is greater than or equal 
to 1 u/mg of DNA, and, conversely, the larger the 
value of number of involved nodes, the worse the 
prognosis for the patient. In all other cases, the 
larger the value of the product G-6PD X 6-PGD, 
the better the prognosis for the patient. 

The I was computed for each patient, and the 
patients then arranged in order of decreasing 
values of I. We have compared the performance of 
the index I with that of the number of involved 
nodes (the most significant single factor) alone. 
The patient group consisted of 25 with nodes d 3 
and 50 with nodes >3. Figure 3 shows the disease- 
free curves for these groups (curves 3 and 4) 
together with those for subgroups containing the 

3: NO&S < 3(2% 
4:r+odw 5 3fSoo) 

P,0,027 

I I I 
0 340 660 I’ D 

Days post -mast6ctomy 
Fig. 3. Evaluation of the index compared with the nwnbcr of involved 

nodes, using disease-fret EYNCS. 

same numbers of patients but selected according to 
their I value (i.e. the 25 with the lowest values and 
the 50 with the highest values). The I gives a 
slightly better discrimination at about 2 yr after 
mastectomy. The difference between the two risk 
groups is significant, with P = 0.02. 



26 F. Spyratos et al. 

DISCUSSION 
Previous studies have shown that the activities of 

a number of glycolytic enzymes were altered in 
patients with breast cancer and some correlations 
were found between enzyme activities, prognosis 
and response to chemotherapy [8-10, 201. 

We have attempted here to determine whether 
the tumor levels of glycolytic enzymes could iden- 
tify patients most likely to benefit from adjuvant 
therapy. If the enzyme parameters could offer such 
a distinction, the patients would avoid being ex- 
posed to the side-effects of unnecessary cytotoxic 
treatment. Our patient population presented prim- 
ary breast cancer and was homogeneous regarding 
histopathological features and treatments. Surgical 
treatment, pathological control, clinical follow-up, 
and biochemical assays including hormone recep- 
tors and enzymes were all performed at the same 
institute. In order to investigate whether our en- 
zyme parameters could predict the patient out- 
come following chemotherapy, we compared uni- 
variate (life table analyses) and multivariate 
methods (Cox’s model). 

The results of the first study, after 54 months of 
life table analyses, support in part the conclusions 
drawn by previous reports. 

In a study of 54 primary breast cancer patients, 
Savlov et al. [9] found that low levels of glycolytic 
enzymes, including LDH, PHI, G-6PD and PK, 
occurred in patients failing to benefit from ad- 
juvant chemotherapy; however, the statistical 
analysis of the data (not including life tables) was 
probably not sufficient to make firm conclusions 
regarding the relation of glycolytic enzymes to 
patient outcome. In our study low enzyme values 
were observed for LDH expressed per mg DNA, 
but the P values (log-rank test) were significant 
only in patients whose tumours contained PR. 

Savlov’s working hypothesis was based on in vitro 
studies 1211 demonstrating that reduced activities 
of glycolytic enzymes were shown to be correlated 
with less rapid tumour growth. It was then post- 
ulated that slower growing lesions with low enzyme 
levels might be less affected by cytotoxic agents 
than faster growing lesions. However, the concept 
observed in in vitro studies [21] is not necessarily 
transferable to the in viuo clinical situation. 
Moreover, lower levels of glycolytic enzymes are 

found in normal tissue and benign breast lesions 
than in carcinomas [22-241; the low levels of 
enzymes observed in benign lesions probably being 
indicative of their slower growth. 

Like Savlov et al. [9], we did not observe PHI, 
G-6PD and PK low levels of in patients failing to 
benefit from chemotherapy. We observed high 

values of PK associated with higher recurrence risk 
in patients with more than three invaded lymph 
nodes and in patients with positive PR. Several 
explanations for these discrepancies need to be 
considered: firstly, the duration of treatment, the 
drug and dosages used, and the criteria for deter- 
mining response to chemotherapy all vary con- 
siderably between studies; and secondly, the statis- 
tical analyses of the results are quite different. 

We found significant results for 6-PGD in the 
patiens with more than three invaded lymph 
nodes. These results confirm those obtained by 
Deshpande et al. [S] in a population of primary 
breast cancer patients. 6-PGD associated with 
alpha-GPDH was found to be useful as an aid to 
prognosis, high levels of 6-PGD being associated 
with higher risk of recurrence (post-surgical treat- 
ment was not taken into account in Deshpande’s 
study). However, in our population the univariate 
factor analysis appears to be insufficient to warrant 
firm conclusions regarding the usefulness of these 
enzymes as an aid to evaluate outcome of patients 
following chemotherapy. The use of the median to 
separate population is probably not adequate and 
wastes a lot of information. 

Using the Cox’s regression model, a prognosis 
index was proposed using the number of involved 
nodes and levels of G-6PD and 6-PGD. The valid- 
ity of this model has now to be treated in a true 
prospective manner. 

In conclusion, the multivariate model as per- 
formed in this study is a demonstration of one 
method of dealing with the interrelationships ex- 
isting between prognostic variables in breast- can- 
cer and illustrates the limitations of the univariate 
factor analysis. 
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