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Abstract Objectives were to evaluate the relevance of pro-
liferating fraction (Ki-67) along with apoptotic index (AI)
which denoted growth index (Ki-67/AI ratio, GI) to predict
pathological response to preoperative chemotherapy, and the
pattern of their modifications following chemotherapy in
women with locally advanced breast cancer. Archival material
of diagnostic biopsies and surgical specimens from 106 pa-
tients were examined. Response rate to chemotherapy in this
group was 95 %, eight (8 %) patients achieved a pathological
complete remission (pCR) and five (5 %) had a
progressive/stable disease (PD/SD). The expression of Ki-67
and AI were assessed using immunohistochemistry and in situ
DNA nick labeling assay respectively. Higher baseline level
of Ki-67 and GI were associated with an improved patholog-
ical response (p=0.0001 and p=0.008), but the degree of
correlation with GI was no greater than that with Ki-67 alone.
Ki-67 below 1 % highly indicated a lack of tumor response.
High AI which characterized the opposite chemo-sensitive
tumors, pCR vs. PD/SD (p=0.72) implied that treatment
response was not influenced by the “presence” or “absence”

of apoptosis. A significant decrease in Ki-67 (p<0.001), AI (p
=0.035) and GI (p=0.008) was found following chemothera-
py, but percentage change in biomarker values revealed an
increase in a number of cases. Higher initial Ki-67 and AI was
associated with profound reduction of GI and raising value of
GI after treatment, respectively. Such a variance of a given
parameter elicited by chemotherapy may have various impact
on disease outcome.
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Introduction

Predictive marker can be defined as a factor that indicates
sensitivity or resistance to a specific treatment [1]. Hormonal
receptors and c-erbB2 expressions aid in selecting the breast
cancer therapies, such as, tamoxifen and trastuzumab [2], but
predictive molecular determinants for conventionally dosed
chemotherapy responsenses are only emerging [3–5].
Neoadjuvant clinical setting or preoperative (primary) system-
ic therapy of breast cancer has been proposed as an ideal in
vivo model for studying the tumor biological features that
might become reliable markers for the assessment of tumor
response to therapy and/or valuable indices for long–term
disease outcome [6, 7]. In addition, the use of neoadjuvant
chemotherapy offers the opportunity to test clinical relevance
of the pattern of modifications in the cell phenotype in-
duced by therapy with the tumor remaining in situ
throughout treatment as an in vivo measure of response.

The proliferation kinetics and apoptosis pathway are con-
sidered as the most relevant phenomena that are associated
with cellular effects induced in vivo by chemotherapy [8]. The
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impossibility of performing an apoptotic program is consid-
ered as an important factor in the appearance of resistance to
cytotoxic drugs [8–10]. Nevertheless, evidence for the impor-
tance of this mechanism of sensitivity / resistance in clinical
conditions has not yet led to unequivocal attitude. At present
the multi-parameter signatures have been derived with the aim
of improving the accuracy of prediction of susceptibility to
cytotoxic drugs. Given that changes in apoptosis and prolifer-
ation are ultimately involved in the chemoresponsiveness,
these parameters of cell growth are suitable as single candidate
of predictors of tumor response.

The balance between proliferation and apoptosis is crucial
in determining the overall growth or regression of the tumor
[8, 11]. A complication in the use of proliferative indices as
single markers of response is the undeniable contribution of
apoptosis to tumor growth dynamics. Therefore, it was
suggested that an index based on the Ki-67/apoptosis ratio, a
parameter which was described as a growth index - GI [12],
would be more appropriate for the prediction of response to
drug therapy [13]. Since only a few studies evaluated the
clinical utility of growth index in neoadjuvant chemotherapy
setting [14], the question remains whether the growth index
itself may be a better indicator of tumor response rather than
each of the two parameters individually.

In this paper the predictive value of GI, together with the
estimation of relevance of its two constitutive parameters,
Ki-67 antigen as an indicator of proliferating fraction and
the apoptosis phenomenon, are considered to be of main
importance. The objective was to determine which of the
parameters provides the accurate prediction of the patholog-
ical remission of breast cancer to anthracycline-based che-
motherapy. In addition, we assessed the pattern of their
modifications following chemotherapy.

Materials and Methods

Patients

Patients with primary breast cancer who received neoadjuvant,
anthracycline-based chemotherapy at our institution between
September 1999 and September 2003 have been chosen.
Criteria for the selection of patients were as follows:1) an
incisional biopsy of the primary breast cancer confirming
invasive carcinoma before commencing the treatment; 2) pa-
tients who had primary locally advanced breast cancer that was
not strictly operable; 3) available and sufficient sample of
tumor tissue for the accurate measurement of apoptosis and
proliferation, preserved in paraffin blocks in both cases, setting
up the initial diagnosis and evaluation of resected surgical
material. Patients with bilateral or metastatic disease were not
included in the analysis. Women with inflammatory breast
cancer were included (5 cases). Data on age and time of the

last menstrual cycle histories were taken from patients’ medi-
cal history. Tumors were classified according to the WHO
scheme [15] and graded using modified histological Scarf-
Bloom-Richardson score [16].

Treatment and Efficiency Assessment

Prior to surgery, all patients were treated with standard
anthracycline-based chemotherapy (5-fluorouracil
500 mg/m2, doxorubicin 50 mg/m2 and cyclophosphamide
500 mg/m2 intravenously), repeatedly every 3 weeks for three
to four cycles, according to the institutional protocol at that
time. After the clinical assessment of objective response of the
primary tumor at the end of cycle III, chemotherapy continued
to cycle IV, unless the disease progression (or stable disease)
was established in the course of administration. The patients
were considered for surgery within 3–4 weeks following the
last cycles of chemotherapy, which was usually modified rad-
ical mastectomy or quandrantectomy with full axillary dissec-
tion. Objective pathological responses were determined by
macro/microscopic examination of the resected surgical mate-
rial after completion of therapy. Pathological complete remis-
sion (pCR) was defined as the absence of histological evidence
of invasive cancer cells in breast and lymph nodes, but it
includes the presence of in situ lesions according to the recom-
mendations of International Expert Panel [17]; histologically
determined residual, invasive disease of any degree (in the
breast and / or lymph nodes) included the cases with patholog-
ical partial response (pPR) [17, 18]. The cases for which there
was clinical evidence of progression (stable) disease during
treatment (PD/SD) were not considered due to unsuitability
for surgical treatment. The local research and ethics committee
approved the study prior to patient recruitment.

Ki-67 Immunohistochemistry

Ki-67 immunostaining was performed on histological sections
prepared from a biopsy sample taken before treatment and from
the surgical specimens removed after treatment. Four-μm sec-
tions from formalin-fixed, paraffin-embedded tissues were cut
and mounted on SuperFrost® Plus slides. Tissue sections were
deparaffinized, rehydrated, and treated with 3 % hydrogen
peroxide for 10 min to neutralize endogenous peroxidase ac-
tivity. The slides were subjected to heat-induced epitope re-
trieval by immersing them in 10 mM boiling citrate buffer
(pH 6) in microwave oven for 15 min (400 W), followed by
a 20-min cooling-off period, and then rinsed in Tris-buffered
saline (TBS, pH 7.4). To reduce nonspecific staining, sections
were preincubated at room temperature first in 0.1 M Tris–HCl
pH 7.5 buffer containing 3 % BSA and then in TBS containing
0.02 % biotin (15 min each). Sections were then incubated for
30 min with an anti - Ki-67 mAb (clone MIB-1, Dako, Den-
mark) at 1: 80 dilutions. After an additional three washes in
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TBS, the staining was revealed using the streptavidin-biotin-
peroxidase method (LSAB+kit, DAKO, Denmark) and
diamino-benzidine (DAB) as a chromogen, according to the
manufacturer’s directions. Slides were slightly counterstained
with haematoxylin, dehydrated and mounted. Positive control
(cases with known imunoreactivity) and negative control
(omission of primary antibody) were performed in each
staining procedure. Paired incisional biopsies and surgical
specimens from the same patients were stained in the same run.

In situ Apoptosis Assay

The method of TdT-mediated dURT-biotin nick end labeling
(TUNEL) is based on the specific binding of terminal
deoxynucleotidyl transferase (TdT) to exposed 3’- OH ends of
DNA fragments, ensuring a synthesis of a polydeoxynucleotide
polymer [19]. TdT was used to incorporate labeled
nucleotides at sites of DNA strand breaks in a template-
independent manner. The signal was amplified by
immunoenzyme complex, enabling conventional histochemi-
cal identification by light microscopy. In situ detection of
cleaved, apoptotic fragments was performed using a commer-
cial kit („In situ Cell Death Detection Kit, POD” Roche,
Basel, Switzerland) according to the manufacturer’s instruc-
tions for paraffin-embedded tissues. Tissue sections were
deparaffinized, rehydrated, and treated with 3 % hydrogen
peroxide for 10 min to neutralize endogenous peroxidase
activity. The nuclei of tissue sections were stripped of proteins
by microwave irradiation for 5 min (400 W) using 10 mM
citrate buffer, pH 6.0, followed by rapid cooling with addition
of doubly deionized water. After rinsing twice with TBS for
5 min, to reduce nonspecific staining, sections were
preincubated at room temperature first in 0.1 M Tris–HCl
pH 7.5 buffer containing 3%BSA and then in TBS containing
0.02 % biotin (15 min each) The next step included the
application of TUNEL reaction mixture on section, for 1 h at
37 C in humidified chamber. This reaction mixture was com-
posed of enzyme TdT and the fluorescein labeled nucleotides.
The according concentration of TdTwas reduced by diluting it
1:5 up to 1: 7 with TUNEL Dilution Buffer pursuant to
instructions. Converter-POD solution (anti-fluoroscein anti-
body conjugated with horse-radish peroxidase) was added,
and the sample was kept for 30 min at 37 C in a humidified
chamber. After rinsing (3 times in TBS, for 5 min), DAB
chromogen was added to generate an insoluble colored sub-
strate at the site of DNA fragmentation. Slides were
counterstained with haematoxylin, dehydrated and mounted.

Scoring

The stained slides were evaluated independently by two of the
authors (KK, ST) using a standard light microscope (Olympus
Bx51, Olympus Optical, Tokyo, Japan). Sections were

examined at low magnification (x 20) to identify „hot spot“
areas with the most intense and frequent staining. Successive
counts, performed by individuals blinded to the groups, were
made within at least five selected „hot spot“ areas in each case
at magnification of x 40. Referring to MIB-1 positivity, only
clear nuclear staining in malignant cells was considered pos-
itive. Stained apoptotic cells were recorded, and evan
unstained cells displaying classic apoptotic morphology were
also incorporated in the AI, avoiding areas of necrosis. The
proliferation index (Ki-67 index) was defined as the number
of Ki-67 – positive nuclei per 1000 tumor cells. The apoptosis
index (AI) was defined as the number of TUNEL-positive
cells per 3000 malignant cells counted. Growth index (GI)
was calculated as the ratio of Ki-67 index and AI.

Statistical Analysis

Descriptive statistics were reported as proportions and me-
dians. Pathological responses to the regimen were reported
as the proportion of patients responding to therapy out of the
total number of patients enrolled in the study. Differences
between specified patient groups have been analyzed using
the Mann–Whitney U test. Correlation analyses were done
using Spearman’s non parametric correlation coefficient.
Comparison of pre- and post-treatment samples within
matched cohort of patients with surgical specimens was
performed using Wilcoxon matched-pairs signed-rank test.
Proportional change in Ki-67 score, AI and growth index
were calculated as the ratio of on-treatment and pretreatment
values, to examine whether the proportional change differs
significantly from unity. Categorical data were compared
using Fisher’s exact and χ2 test. P values<0.05 were con-
sidered statistically significant.

Results

Clinical Data, Tumor Pathology and Treatment Response

During the study period 106 patients were eligible for the
analysis. The median age of the study group was 49 years -
interquartile (IQ range - 25–75 %, 31–69 years) with 54
(51 %) of the patients being premenopausal. The patients
and tumor characteristics and pathological tumor responses
are summarized in Table 1. Ninety three (87 %) patients had
residual disease in the post-chemotherapy specimen (pPR),
and 8 patients (8 %) achieved pathological complete remis-
sion (pCR). In five (5 %) patients during primary chemo-
therapy a PD/SD was clinically confirmed and their post-
therapy surgical tissue has not been available. Comparisons
of pre and post-treatment specimens were available only in
subgroup of patients with pPR; patients with a clinical
assessment of PD/SD during therapy were not suitable for

Prediction of breast cancer chemo-responsiveness 579



surgical treatment, and invasive malignant breast cancer
cells were not presented in residual tissue samples of
patients with pCR.

Biomarkers before Chemotherapy: Association
with Pathological Tumor Response

Baseline Values of Biomarkers Table 2 lists the median and
IQ ranges of the baseline values of biomarkers for the entire
group and subgroups of patients related to treatment out-
come. Median baseline values of Ki-67 index and AI for all
of the study participants were 14.68 (IQ range, 5.18–24.72)
and 1.314 (IQ range, 0.734–1.818), respectively. For pa-
tients who achieved a pPR, median baseline values of Ki-
67 index and AI were 14.68 (IQ range, 5.25–23.86) and
1.207 (IQ range, 0.674–1.736) respectively. For patients
who had pCR, median Ki-67 index and AI were 34.77 (IQ
range, 18.24–59.94) and 2.239 (IQ range, 1.621–2.744)
respectively. For the patients displaying disease progression
during therapy (PD/SD), the median baseline value for Ki-
67 index was 0.70 (IQ range, 0.46–4.13) and median value
of AI was 1.901 (IQ range, 1.575–2.391).

Correlations between Biomarkers at a Baseline and their
Association with Pathological Tumor Response We ob-
served a significant positive correlation between Ki-67 in-
dex and AI in pretreatment samples within the entire group
(ρ=0.201, p=0.041), but not in a predominant subgroup of
patients with pPR (ρ=0.182, p=0.08). No significant corre-
lation between Ki-67 and AI, at a baseline, was observed in
patients with pCR or in patients with PD/SD.

Higher basal Ki-67 values were associated with better
pathological response (ρ=0.362, p=0.0001), but association
of AI values with pathological tumor response was not
found (ρ=0.103, p=0.29). The GI which summarizes the
opposing effects of apoptosis and proliferation was also

Table 1 Patient and tumor characteristics and treatment response

Characteristics No. of patients (%)

No.of patients 106 (100)

Age (years)

Median 49
aIQ range 31–69

Menopausal status

Pre 54 (51)

Post 52 (49)

Clinical staging

T0 2 (2)

T1 4 (4)

T2 43 (40)

T3 13 (12)

T4 7 (7)

T4b 32 (30)

T4d 2 (2)

Unknown 3 (3)

Nodal stage

Node negative 6 (5)

Node positive 98 (93)

Unknown 2 (2)

Histological type

IDC 36 (34)

ILC 27 (25)

Others 2 (2)

Unclassiffied 25 (24)

Unknown 16 (15)

Histological grade

I 3 (3)

II 46 (43)

III 16 (15)

Unclassified 25 (24)

Unknown 16 (15)

ER status 91 (86)

Negative 44 (48)

Positive 47 (52)

PR status 91 (86)

Negative 67 (74)

Positive 24 (26)

Unknown 15 (14)

Pathological response

Complete remission (pCR) 8 (8)

Partial remission (pPR) 93 (87)

Progressive/Stable disease (PD/SD) 5 (5)

a IQ range 25–75 % range

Table 2 Median and aIQ range of baseline values of Ki-67 index, AI
and bGI according to pathological response

Biomarker Ki-67 index AI bGI

Patient
subgroups
i.e., response
categories

Entire group

Median 14.68 1.314 10.20
aIQ range 5,18–24,72 0,734–1,818 3,84–24,88

pCR

Median 34.77 2.239 14.84

IQ range 18.24–59.94 1,621–2,744 8,25–27,84

pPR

Median 14.68 1.207 10.39

IQ range 5,25–23,86 0,674–1,736 3,90–25,21

PD/SD

Median 0.70 1.901 0.37

IQ range 0,46–4,13 1,575–2,391 0,28–1,75

a IQ range - interquartile (25–75 %) range
b GI - growth index (Ki-67 index / AI)
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significantly associated with better treatment outcome
(ρ=0.260, p=0.008).

Status of Biomarkers in Relation to Pathological Tumor
Response Based on cut-offs for biomolecular assessments
defined according to the median values, the association of
marker’ status (positive/negative) with treatment response
was analyzed, and results are presented in Tables 3 and 4.

A baseline status of Ki-67 index was associated with
improved pathological remission (p=0.029, Table 3). A
clear statistical significance of Ki-67 status for the predic-
tion of response to cytotoxic drugs was found only for
tumors with pCR compared to those with PD/SD
(p=0.021, Table 4). It is worthy of notice that there was only
the negative status of Ki-67 in patients in whom the disease
progression during therapy (PD/SD) was observed, Table 3.

Baseline status of AI was associated with better patholog-
ical remission (p=0.005, Table 3). Further analysis showed
that the predictive significance of baseline status of AI was
observed in patients with pPR compared to both, the subgroup
of patients with pCR (p=0.027, Table 4) and that with PD/SD
(p=0.021, Table 4). However, baseline status of AI did not
show significant difference (p=1.0, Table 4) between the
extremes in terms of tumor chemo-sensitivity, i.e., tumors
with pCR compared to tumors with PD/SD.

A strong trend for predicting pathological response was
found in relation to the status of GI (p=0.059, Table 3). Due
to lack of significant differences in the baseline status of GI
between different response categories (Table 4), status of GI
was not predictive for breast cancer pathological response to
the effects of chemotherapy.

Scattered Plot Diagrams of Baseline Values of Biomarkers
Related to Different Response Categories Scattered plot

diagrams of baseline values of biomarkers in relation to tumor
response categories are presented on Fig. 1a-c. Values of
markers are presented on a logarithmic scale to allow the
lower values to be visually separated. Figure 1a shows that
there is opposite distribution of Ki-67 values in tumors with
opposed sensitivity to the effects of chemotherapy (pCR vs.
PD/SD). Approximately, the Ki-67 level below the threshold
of 10 % (log10 (10)=1) may indicate a low proliferative
tumors in which the resistance to the cytotoxic therapy is
likely to occur. Moreover, the rigorous value as a threshold
for Ki-67 of about 1 % (log10(1)=0) strongly indicates a lack
of tumor response to chemotherapy. Conversely, the value of
Ki-67≥10 % points to the more proliferative tumors with the
possibility of pathological complete remission induced by
chemotherapy. The baseline values of AI show similar distri-
bution in tumors with the opposite chemo-sensitivity (pCR vs.
PD/SD), Fig. 1b. The graphical distribution of GI values (Fig.
1c) resembles the distribution of Ki-67 values, suggesting that
the observed difference in baseline GI between extra sensitive
(pCR) and resistant (PD/SD) tumors may be primarily due to
the proliferative activity of malignant cells.

Analysis of Variability (Heterogeneity) of Biomarkers Be-
tween Patients’ Subgroups with Different Treatment
Outcome Differences in the distribution of biomarker base-
line values between patient’s subgroups with different re-
sponse to chemotherapy are summarized in Table 5,
showing that the baseline values of Ki-67 were significantly
different between all three subgroups of patients. Taking
into consideration the median and IQ ranges for biomarkers
that are shown in Table 2, baseline Ki-67 values (Med
34.77, IQ range, 18.24–59.94) were significantly higher in
patients who achieved pCR , compared to both, those with
pPR (p=0.008) and those with PD/SD (p=0.003), Table 5.

The lowest values of Ki-67 (Med 0.70, IQ range
0.46–4.13, Table 2) found in tumors that progressed or
remained stable during chemotherapy imply that these tu-
mors could be construed as extremely chemo-resistant
breast cancers as opposed to highly chemo-sensitive tumors
with pCR. In patients with pPR the values of Ki-67 were of
“intermediate level” (Med 14.68, IQ range, 5.23–23.86), but

Table 3 The distribution (frequency) of the baseline status of Ki-67
index, AI and aGI according to pathological response, and correlation
of biomarker status with response

Biomarker Patient subgroups with different treatment outcome

pCR pPR PD/SD p
No.of
cases (%)

No.of
cases (%)

No.of
cases (%)

Ki-67 index

Positive 6 (75) 48 (52) 0 0.029
Negative 2 (25) 45 (48) 5 (100)

AI

Positive 7 (88) 41 (45) 5 (100) 0.005
Negative 1 (12) 51 (55) 0
aGI

Positive 48 (52) 5 (63) 0 0.059
Negative 44 (48) 3 (37) 5 (100)

a GI - growth index (Ki-67 index / AI)

Table 4 Correlation between the different response categories in rela-
tion to the baseline status of biomarkers

Response categories Biomarker

Ki-67 index AI aGI
p p p

pPR vs. pCR 0.37 0.027 0.72

pPR vs. PD/SD 0.056 0.021 0.056

pCR vs. PD/SD 0.021 1.0 0.08

a GI - growth index (Ki-67 index / AI)
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still significantly different compared to both, the patient
subgroup with pCR (p=0.002) and the patient subgroup
with PD/SD (p=0.025), Table 5.

The baseline AI values were significantly lower in pa-
tients with pPR (Med 1.207; IQ range, 0.674–1.736; Table 2)

compared to both, those in patients with pCR (p=0.002.)
and those in patients with PD/DS (p=0.025), Table 5. There
was no significant difference in AI values between patients
with pCR and those with PD/SD (p=0.72, Table 5).

The baseline GI values, were significantly lower in pa-
tients with PD/SD (Med 0.37; IQ range, 0.28–1.75; Table 2)
compared to both, those in patients with pPR (p=0.003) and
those in patients with pCR (p=0.002), Table 5. No differ-
ence in GI values was found between patients with pPR and
those with pCR (p=0.38, Table 5). A very low values of GI
in patients with PD/SD are likely due to very low values of
Ki-67 index in these patients (Table 2).

Effects of Chemotherapy on Biomarkers within Matched
Paired Samples (Patients with pPR)

Changes in Biomarkers after Chemotherapy Changes in
biomarkers after chemotherapy are presented in Table 6. The
percentage changes in biomarker values that represent on-
treatment (residual) value as the proportion of pretreatment
(initial) value (Post-/Pre- value) are presented in Table 7.

   pCR                             pPR                            PD/SD

lo
g 10

 K
i-6

7

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

2,5

pCR  pPR   PD/SD

lo
g 10

 A
I

-1,2

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

a

b

c

pCR  pPR  PD/SD

lo
g 10

 K
i-6

7/
A

I

-2

-1

0

1

2

3

Fig. 1 Scattered plot diagrams of baseline values of biomarkers related
to different response categories. a Ki-67 values related to treatment
outcome, b AI values related to treatment outcome, c Growth index
(GI) values related to treatment outcome

Table 5 Differences in the distribution of baseline values of Ki-67
index, AI and aGI between different response categories

Biomarker Compared response categories p

Ki-67 pPR vs. pCR 0.008

pPR vs. PD/SD 0.010

pCR vs. PD/SD 0.003

AI pPR vs. pCR 0.002

pPR vs. PD/SD 0.025

pCR vs. PD/SD 0.72
aGI pPR vs. pCR 0.38

pPR vs. PD/SD 0.003

pCR vs. PD/SD 0.002

a GI - growth index (Ki-67 index / AI)

Table 6 Change in Ki-67 index, AI and aGI in matched paired breast
samples (patients with pPR) after chemotherapy

Biomarker Pre-th Post-th p

Ki-67

Median 14.68 5.21 p<0,001
bIQ range 5,23–23,86 1,60–13,34

AI

Median 1.207 0.827 0.035
IQ range 0,674–1,736 0,504–1,263
aGI

Median 10.39 8.22 0.008
IQ range 3,90–25,21 2.29–14.94

a GI - growth index (Ki-67 index / AI)
b IQ range - 25–75 % range
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Ki-67 Index The median Ki-67 index in pre-chemotherapy
samples was 14.68 (IQ range 5.23–23.86) and following
chemotherapy it has decreased significantly to 5.21 (IQ
range 1.60–13.34; p<0.001, Table 6). The percentage
change in Ki-67 values (Table 7) showed that there was
reduction in 67 (73 %) cases and that median of decreased
residual values corresponded to 0.28 part of the analogous
basal value (IQ range 0.10–0.50). It means that median of
decreased Ki-67 values was 28 % (IQ range 10–50 %) of the
analogous pretreatment values. A decrease in Ki-67 index
after chemotherapy, greater than 75 % prevailed in 46 % of
these samples (not shown). In contrast, 25 (27 %) patients
showed an increase after chemotherapy, whereby the medi-
an of increased residual Ki-67 index was 2.3 (IQ range
1.50–4.17). In other words, increased residual values of
Ki-67 index were on average 2.3 times higher than the
corresponding values before treatment. Of the 25 tumors
that showed an increase in Ki-67 index after chemotherapy,
half (56 %) of them displayed an increase greater than
100 %.

AI There was a significant decrease in AI after chemother-
apy relative to the pretreatment samples (p=0.035, Table 6).
Median AI pre-chemotherapy was 1.207 (IQ range
0.674–1.736), and after treatment it has decreased to 0.827
(IQ range 0.504–1.263), Table 6. Percentage change in AI
(Table 7) showed decrease in 51 (57 %) cases, wherein the
median of decreased values was 0.52 (IQ range 0.30–0.72),
showing that lowered residual values of AI corresponded to an
average of 0.52 part of the basal values. Reduction of AI that
was greater than 50 % was observed in 48 % of these speci-
mens. Conversely, there was an increase in AI in 38 (43 %)
patients, where the median of increased values was 1.47 (IQ
range 1.20–1.83). The rise in AI greater than 50 % was found
in 17 (45 %) of these samples, related to the analogous initial

values. In addition, a significant, even stronger positive cor-
relation between Ki-67 index and AI was found in residual
tumor specimens after chemotherapy (ρ=0.25, p=0.016).

Growth Index There was significant fall in GI following
chemotherapy, from 10.39 (IQ range 3.90–25.21) to 8.22
(IQ range 2.29–14.94, p=0.008), Table 6. GI decreased in
57 (64 %) cases (Table 7) to the average of quarter of a value
that was detected prior to the therapy (Med 0.25, IQ range
0.05–0.51), while GI increased in 32 (36 %) cases with an
average rise of 2.35 times its initial value (Med 2.35, IQ
range 1.60–5.81).

Correlations of Biomarkers with their Percentage Change
Values Induced by Chemotherapy (Data Not Shown) A
trend of positive correlation was obtained between
pretreatment Ki-67 index and the percentage change in AI
induced by chemotherapy (ρ=0.209, p=0.051, n=88) which
means that higher proliferation at baseline tends to induce
higher increase in the apoptotic activity of residual malig-
nant cell population after the exposure to chemotherapy. A
significant positive correlation was found between pre-
therapy AI and percentage change of Ki-67 index after
chemotherapy (ρ=0.262, p=0.012, n=91), suggesting that
higher apoptosis before therapy was highly associated with
raising proliferation in residual tumor samples. A statistical-
ly significant negative correlation between the pre-therapy
Ki-67 values and percentage change in GI was found
(ρ=−0.260, p=0.015, n=88). This finding implys that
higher Ki-67 at a baseline was associated with profound
reduction of GI after therapy. Furthermore, statistically sig-
nificant positive correlation between pre-therapy AI and
percentage change in GI was found (ρ=0.402, p=0.0001,
n=89) indicating that the higher apoptotic activity in tumors
before treatment was associated with raising value of tumor
GI after treatment.

Discussion

The induction of pathological complete remission (pCR),
have been consistently found to be associated with im-
proved disease outcome [20–22]. For that reason the pCR
may be regarded as a surrogate marker for indetifying the
chemo-sensitive subpopulation in primary breast cancer,
that is an extremely-sensitive tumor [23]. Concerning the
efficiency, the current analysis demonstrates that the pCR
rate (8 %) following neoadjuvant FAC in breast cancer
patients is somewhat lower than that reported in other stud-
ies. One of the plausible reasons for the lower rates of pCR
may be that combination of cytotoxic drugs, doses and
schedule of administration to the patients were different.
Also, numerous published studies for evaluation of the

Table 7 Percentage change (on-treatment value as proportion of pre-
treatment value) in Ki-67 index, AI and aGI in matched paired breast
samples (patients with pPR) after chemotherapy

Biomarker

No. of cases (%) Median bIQ range

Ki-67 index c↑ 25 (27) 2.3 1,50–4,17

d↓ 67 (73) 0.28 0,10–0,50

AI ↑ 38 (43) 1.47 1,20–1,83

↓ 51 (57) 0.52 0,30–0,72
aGI ↑ 32 (36) 2.35 1,60–5,81

↓ 57 (64) 0.25 0,05–0,51

a GI - growth index (Ki-67 / AI)
b IQ range - 25–75 % range
c ↑ - an increase of value in breast residual specimens
d ↓ - a dicrease of value in breast residual specimens
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relevance of biomarkers in neoadjuvant clinical setting,
increasingly include the patients with operable breast can-
cer, meaning that our patients’cohort had selection bias for
biologically aggressive cancers. The patients selected for
this study all had to be candidates for neoadjuvant chemo-
therapy. The high pathological response rates as seen in this
cohort (95 %) were similar to those reported elsewhere for
neoadjuvant chemotherapy, limiting the assessment of
markers for their relationship with tumor response. The
relatively small size of the patient subgroup with opposed
chemosensitivity (pCR vs. PD/SD) would also allow only
very strong predictors of response to be revealed. Our cur-
rent study, although retrospective, is strengthened by the
analysis of a relatively large paired cohort and this was a
single center study in which standardised therapeutic ap-
proaches were employed.

In this analysis, a positive correlation between Ki-67
index and AI was detected in all analyzed specimens prior
to chemotherapy, implying that an elevated proliferation of
malignant cells was associated with their more pronounced
apoptotic activity, which is consistent with previous reports
[14, 24, 25]. Therefore, the malignant cell population of
highly proliferative tumors also disappears very quickly.
The statistical significance was, to some extent weak and
probably, an absence of association between the two in
prevailing patient subgroup (pPR), could contribute to this.
A high and low baseline level of Ki-67 characterized tumors
with a diametrically different chemo-sensitivity i.e., pCR
and PD/SD respectively, both of which were associated with
similar higher values of AI (Fig. 1b) yielding a weak, but
significant positive correlation between proliferation and
apoptosis in the entire group. Nevertheless, in residual ma-
lignant cells which could be considered as resistant to che-
motherapy, an even stronger relationship between these two
variables was found, suggesting that the regulatory control-
ling mechanism common to both apoptosis and proliferation
continues to maintain a delicate balance between the two,
even after treatment [26]. Since predictive factor is a mea-
sure - statistical variable that is associated with a contribu-
tion or lack of benefit to therapy [1], it was expected that
baseline level of Ki-67 but no AI in the pre-treatment
samples was associated with better pathological tumor re-
sponse in our patients’ cohort. Moreover, regarding the
distribution of the Ki-67 values related to treatment outcome
(Fig. 1a), threshold level below 1 % that relates to low
proliferation, highly indicates a lack of tumor response to
chemotherapy. Considered in a similar way, the level of Ki-
67 above 10 % points to the more proliferative tumors with
the possibility of pathological complete remission induced
by chemotherapy. These observations are consistent with
widely reported positive relationship between level of cell
proliferation and response to cytotoxic drugs [27], including
the effect of doxorubicin on breast cancer cell lines [28].

This is consistent with previous neoadjuvant studies, which
have shown the predictive value of baseline Ki-67 in rela-
tion to the pathological [29–37] or clinical response [14,
38–40] of breast cancer to the effects of chemotherapy. Our
findings are also comparable to the reports which have
revealed that Ki-67 index is a valuable marker for the
effectiveness of anthracycline-based chemotherapy shedules
[28–30, 32, 33, 35, 38, 40].

Furthemore, many studies have confirmed that prolifera-
tion is a dominant feature of multigene signatures in breast
cancer. For example, study that was based on gene set
enrichment analysis indicated that higher expression of
proliferation-related genes characterised tumors with com-
plete response among both ER- and ER + breast cancers,
although measuring Ki-67 mRNA expression levels alone
was not sufficient to separate cases with complete remission
from those with residual cancer after chemotherapy [41].
However, taking into account the notable number of studies
which did not confirm a value of Ki-67 antigen as a marker
of breast cancer chemo-responsiveness [42–48], most often
stated reasons for the discrepancy of published results were
different patient’s cohort, definition of response - „patho-
logical versus clinical“, and differences in chemotherapy
regimens that were evaluated in different studies. In partic-
ular, arbitrary chosen „cut-offs” for Ki-67 status in terms of
low versus high proliferation varied (range of 5–40 %), thus
preventing a comparison of results between different stud-
ies. It has been suggested that values of Ki-67 index would
be considered as a continuous variable [25], which was done
in our study.

Although the apoptosis levels (AI) before therapy was
not predictive for chemotherapy response, the initial status
of AI displayed predictive value. However, the fact that
baseline status of AI between the opposed tumors with
respect to chemo-responsiveness i.e., pCR vs. PD/SD, did
not show meaningful difference (Fig. 1b), considerably di-
minished the relevance of AI. Consequently, we found that
treatment resistance was not associated with „absence“ of
apoptosis and that treatment response was not related to the
„presence“ of apoptosis. Therefore it is unlikely, that the
apoptosis pathway of cell death is not the only one determi-
nant of chemotherapy response. Mitotic catastrophe and
senescence have been marked as relevant mechanism of cell
death due to the effects of chemotherapy [49, 50]. Our
findings are consistent with previous studies reporting that
AI before chemotherapy is not related to breast cancer
regression induced by chemotherapy that is assessed clini-
cally [14, 26, 47, 51] or to a lesser extent using pathological
response criteria [46, 52–54]. In this regard, our results
suggest that the very low proliferation which may be ac-
companied with high apoptosis, favors the failure of
anthracycline-based chemotherapy applied on locally ad-
vanced breast cancer in neoadjuvant setting.
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It is important to note that the isolated comparision of the
apoptotic and proliferative indices has some limitations, be-
cause each index reflects both the number of times that each
event takes place in unit time and the proportion of cells in the
population capable of undergoing each event [55]. Thus,
growth index allow us to measure the frequency of occurrence
of proliferation relative to apoptosis. Given that apoptosis
provides the major counterbalancing determinant of tumor
growth, an index based on the Ki-67 – apoptosis ratio (growth
index, GI) has been proposed to approximate the contribution
that these two factors may make in tumor growth. In the
present analysis, a very low values of GI in a situation of
PD/SD compared to higher values for tumors with pCR,
suggest that rather rare occurrence of malignant cell prolifer-
ation relative to apoptosis contributes to the occurence of
tumor resistance to cytotoxic drugs. The negative predictive
value of low proliferation was thus even more convincing,
than the positive predictive value of high proliferation. It is
worthwhile to notice that the scattered plot diagrams of GI and
Ki-67 values that correspond to tumors with opposed chemo-
responsiveness i.e., pCR vs. PD/SD, are of a similar configu-
ration, despite the different configuration of Ki-67 values
between them. This finding suggests that the Ki-67 values
have a more marked influence on values of GI. There was a
significant association of GI and pathologic response of breast
cancer to chemotherapy albeit the lack of relationship between
pretreatment AI values and tumor response. The degree of
correlation with growth index was, however, no greater than
that with Ki-67 alone. Besides, the association between GI
analyzed as a status (positive / negative) and pathological
response showed a trend of significance remaining under
significance level in our patients’ cohort. Archer. et al.
(2003). reported the same results regarding the predictive
relevance of these three parameters in relation to clinical
tumor response [14]. The assessment of predictive value of
growth index with the estimation of relevance of the two main
parameters, Ki-67 index and AI, related to breast cancer
pathologic response induced by chemotherapy in neoadjuvant
setting, has not been published yet.

Contrary to the results from previous studies, there was
no difference in pathological response rate according to the
steroid receptor status [32, 35, 40, 42], although there was
finding similar to ours [48]. Different methodological deter-
mination of steroid receptors in the tumor samples analyzed
in this study (biochemical methods, predominantly), unlike
the IHC method applied in other studies, may be one reason
for the discrepancy of results.

Residual malignant cells can be considered as a relatively
resistant population of cells to the cytotoxic effects of chemo-
therapy, allowing the assessment of possible variations of cell
phenotype elicited by therapy [7, 26]. In our study, we found
that Ki-67 index, AI and GI were significantly reduced after
chemotherapy in a group of the surgical specimens (matched

cohort of 93 patients). In residual malignant cell population at
the cessation of chemotherapy there was a shift of both, the
apoptosis and the proliferation towards lowered levels wherein
the balance between apoptosis and proliferation was evenmore
pronounced and maintained. This raises the questions of
whether the decrease in proliferation is the result of down
regulation in the entire cell population by triggering “switching
off” of proliferative regulators by therapy, or it reflects a
selection of residual, less proliferative cells that are intrinsically
less sensitive to chemotherapy and have been preserved
throughout treatment [13]. The decreased proliferation found
here following chemotherapy compared to its baseline pre-
treatment values confirms previous studies [26, 32, 34, 39,
43, 45, 56]. In view of the fact that apoptosis is one of the main
pathways of malignant cell death undergoing clinically effec-
tive doses of cytotoxic drugs [57], comparing pretherapy with
post-therapy specimens might be useful, because it could
distinguish the endogenous AI in patients’ tumors from their
AI induced by the chemotherapy [60]. Ellis et al. (1998) also
showed decline in AI along with Ki-67 index in the post-
treatment samples, which was particularly significant in those
with partial clinical response, in contrast to the smallest with a
complete clinical remission [26]. In our analysis the overall
statistically significant increase in AI elicited by chemotherapy
in post-therapy samples was not observed, unlike some other
studies that have shown it [51, 58, 59]. This discrepancy could
stem from the fact that in the present study, changes in bio-
markers (AI e.g.) elicited by chemotherapywere analyzed only
in patients with pathological partial response in which malig-
nant tissue samples were available in both cases, before and
after chemotherapy (matched paired breast samples). In con-
trast to our analysis, the previous studies took into consider-
ation a change in apoptotic malignant cell activity elicited by
chemotherapy in regards to breast cancer response assessed by
clinical criteria, allowing access to tumor specimens for eval-
uation in all response categories. Besides, it has been consid-
ered that the timing of sampling after commencing treatment
might be determinative in quantifying the increase in AI [14];
the Ellis pilot study sampled at 24 h after chemotherapy, and
the later published reports corroborated this findings of early
induction of apoptosis within 24–48 h after drug administra-
tion [14, 53] or even later, after several days [47, 51].

Dowsett et al. have suggested that if the response of the
tumor to a particular treatment is being evaluated, then it is
the change between the baseline and on-treatment value that
is relevant [61]. Only a few of the published studies have
assessed the change in the biomarker expression to the effect
of chemotherapy in an approach that was expressed as a
relative / percentage change in biomarkers’ value [26, 34,
44, 62]. This method of calculating the change pattern of
residual (post-therapy) values over their pretherapy ones,
gives an information about the direction of changes (de-
crease / increase) and the contribution of the residual value
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compared to the baseline. Percentage change analysis in
biomarkers of individual patient revealed an apparent in-
crease in residual values in a number of cases, although an
overall statistically significant reduction of a given biomark-
er after chemotherapy was obtained. Thus, in our analysis
Ki-67 was reduced in 73 % of the residual tumor samples
(the median of decreased Ki-67 was 28 % of analogous
pretreatment values), while in 27 % of the cases the Ki-67
was increased after therapy to an average of 2.3 times its
initial values at baseline. Similarly, AI was decreased in
57 % of the samples after chemotherapy, while AI increased
in 43 % patients, yeilding the statistical lowering of apopto-
sis in general. It is possible that the reduction in apoptosis
may represent a selection of apoptotic resistant cells in the
tumor specimens, or it is a reaction to the profound reduc-
tion of proliferation. The „shift pattern“ of both the Ki-67
and AI towards lower values may reflect this. Given the
association of higher AI values with higher Ki-67 after
therapy, the finding of tumor samples with elevated residual
apoptotic activity may be considered as an indirect evidence
of unfavorable clinical course of these tumors [13], although
the prognostic value of AI has not been found as an inde-
pendent prognostic parameter [24]. A higher proliferation at
baseline tends to manifest higher rise in apoptotic activity of
residual malignant cell population after exposure to chemo-
therapy. This might be related to the pronounced effect of
chemotherapy on rapidly proliferative tumors. Given that
tumors with higher proliferation are more sensitive to the
effects of chemotherapy, a higher Ki-67 at baseline indicates
a greater chance of higher residual value of AI as an indi-
cator of apoptosis induction to the effects of cytotoxic drugs.

In addition, higher apoptosis before therapy was highly
associated with raising proliferation in residual tumor sam-
ples. It is possible that regression of the tumors in response
to cytotoxic therapy occurs as a result of markedly reduced
proliferation alongside the largely maintained rate of apo-
ptosis. Given that tumors with a higher proliferation rate
before treatment are associated with generally higher apo-
ptosis rate, on average a decrease from a high Ki-67 level to
a lower value would be associated in the on-treatment sam-
ple with a higher apoptosis level than a tumor that has
decreased to the same low Ki-67 level from a moderate
level [63]. This implies that the tumor growth dynamics of
two tumors with similar Ki-67 levels on-treatment may be
quite different depending on their initial proliferation / apo-
ptosis balance. Considering this finding, together with an
undoubted contribution of apoptosis to tumor growth dy-
namics, analysis of growth index is highly advantageous.

The overall reduction of GI includes the increase in GI in
36 % cases with a median of increased value of 2.35 parts of
the initial values, and lowering of GI in 64 % cases to approx-
imately one quarter of the value that was detected prior to
therapy. Higher proliferation of untreated tumors was

associated with a more pronounced reduction in tumor growth
index after treatment. But, the higher apoptotic activity in
tumors before treatment was associated with raising value of
tumor growth index after treatment. Due to an association of
higher initial apoptosis with raising proliferation in residual
tumor samples, it can be indirectly speculated that the finding
of raising value of growth index after therapy in tumors with a
higher initial apoptotic activity could be due to the simulta-
neous increase in proliferation.

A disadvantage of using only surgical samples to assess
changes in biomarkers’ expression elicited by chemotherapy
is that observed changes cannot be assessed as determinants of
tumor response. It is not known whether the observed changes
and the characteristics of tumor cells after chemotherapy
represent just a variation of the phenotype of cancer cells that
are exposed to the influence of cytotoxic drugs or suggest the
appearance of new neoplastic clones [7, 13]. Patients with
residual disease after primary chemotherapy constituting a
predominant population in other studies (70–90 %), integrate
breast cancers which are heterogeneous with respect to the
degree of regression as well as clinical outcome [20]. A well
known paradoxical feature is that higher Ki-67 at baseline
suggests a high chance of achieving pathological complete
remission of breast cancer as an effect of primary chemother-
apy, whereas in cases where it does not occur and highly
proliferative disease is maintained, the clinical outcome is
unfavorable. There are reports stating that the low post–treat-
ment Ki-67 proliferation index for patients not achieving a
pathological complete response can be a meaningful prognos-
tic marker for better disease outcome [37, 39, 43, 56]. An
increase in median Ki-67 following therapy was observed in
the relapsed subgroup and a decrease in the sugroup that did
not relapse in patients with residual disease after chemother-
apy [63]. Likewise, it has been reported that high apoptosis
increase and proliferation decrease after chemotherapy along
with lower proliferation/apoptosis ratio showed significantly
favourable prognosis [59]. It has been stated that post-
treatment Ki-67 index would presumably represent a com-
bined value of „original prognostic value“ and „therapeutic
prognostic value“, while post-treatment apoptotic status
would represent more „therapeutic prognostic value“ [60, 59].

In view of that, attention should be paid to whether the
value of a given biomarker increases or decreases in individ-
ual cases, since this may have various impact on disease
outcome, pointing to a different patient prognosis. Although
the predictive relevance of biomarkers, in the present study,
should be confirmed in a larger study that could be supported
by the clinical parameters of response, relapse-free disease,
overall survival etc. this pilot study aims to promote a consid-
eration of varied outcome of a given parameter elicited by
chemotherapy in the domain of clinical research. Finally, the
type of modification by neoadjuvant therapy could also assist
in the choice of drugs for adjuvant setting.
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