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Abstract

Background Breast cancer growth is generally expected to differ between tumor subtypes. We aimed to evaluate tumor
doubling time (DT) using ultrasonography and verify whether each tumor subtype has a unique DT.

Methods This retrospective study included 265 patients with invasive breast cancer who received serial ultrasonography
between diagnosis and surgery. Tumor diameters were measured in three directions and DTs were calculated according to an
exponential growth model using the volume change during serial ultrasonography. We investigated the relationships between
DT, tumor subtype, and histopathological factors.

Results Volumes did not change in 95 (36%) of 265 tumors and increased in 170 (64%) tumors during serial ultrasonography
(mean interval, 56.9 days). The mean volume increases of all tumors and volume-increased tumors were 22.1% and 34.5%,
respectively. Triple-negative tumors had greater volume increases (40% vs. 20%, p=0.001) and shorter DT (124 vs. 185
days, p=0.027) than estrogen receptor (ER)+/human epidermal growth factor receptor 2 (HER2)- tumors. Volume-increased
tumors had higher Ki-67 indices than those of volume-stable tumors in ER+/HER2— (p =0.002) and ER+/HER2+ tumors
(»=0.011) and higher histological grades in all tumors except triple-negative tumors (p <0.001). Triple-negative tumors
with DTs <90 days (short-DT) showed higher Ki-67 indices than those with DTs> 90 days (long-DT) (p =0.008). In ER+/
HER?2— tumors, histological grades were higher for short-DT than for long-DT tumors (p =0.022).

Conclusion Differences in tumor DT depending on breast cancer subtype, Ki-67 index, and histological grade were confirmed
using serial ultrasonography even during preoperative short interval.
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Introduction

Institutional or patient’s personal circumstances sometimes
prolong the waiting time between the diagnosis of breast
cancer and subsequent surgery. The waiting time at our insti-
tution is usually > 2 months mostly due to crowded surgical
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schedule, which is longer than the time of a study in the
United States [1]. Several studies have shown that the sur-
vival outcomes in patients with early stage breast cancer
are affected by the length of the interval between diagnosis
and surgery [2, 3]. Waiting for treatment also causes anxiety
because both patients and physicians are uncertain about
the rate of patient-specific tumor progression. Actually, we
sometimes encounter a rapidly progressing tumor during the
waiting time for surgery because breast cancer is a heteroge-
neous disease presenting a wide range of tumor growth rates
and variable clinical courses [4].

Breast cancer growth is generally expected to differ
between tumor subtypes; however, the tumor growth can-
not usually be observed prospectively because patients are
required to be treated as soon as possible after the diagno-
sis. In previous studies, tumor growth rate has been mainly
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evaluated retrospectively by screening mammography [5-8].
However, mammography is not sufficiently reliable for the
measurement of tumor size, particularly in mammographi-
cally dense breasts and small tumors [9-11]. In contrast,
ultrasonography is more accurate in measuring tumor size
even in dense breasts, and repetitive evaluation in a short
interval is feasible because ultrasonography examination is a
non-ionizing and non-invasive method. Recently, two reports
described the breast cancer growth rate between diagnosis
and surgery using ultrasonography [12, 13]; however, the
two reports showed conflicting results with respect to the
differences of tumor growth rate depending on tumor sub-
types. Yoo et al. reported that tumor growth rate did not
significantly differ according to the tumor molecular sub-
types. On the contrary, Lee et al. showed that breast cancers
with aggressive molecular subtypes showed faster tumor
growth rate. If we can predict tumor growth rate at the time
of diagnosis, we can design a more personalized precision
treatment plan allowing an acceptable treatment waiting
time for each patient. The aim of this study was to evaluate
the tumor doubling time (DT) of breast cancers using serial
ultrasonography between diagnosis and surgery and to verify
whether each tumor subtype has a unique DT.

Materials and methods
Study population

This retrospective study was approved by our institutional
review board and the requirement to obtain informed consent
was waived. We reviewed 309 patients with invasive breast
cancer who had preoperatively received serial ultrasono-
graphic examinations between diagnosis and surgery from
April 2014 to September 2016. The second ultrasonographic
examinations immediately before surgery were performed
for marking the tumor position and extent for surgery plan-
ning. Patients who received neoadjuvant chemotherapy or
hormonal therapy were not included from the study objec-
tive. Of 309 patients, 44 patients who received 11-13G vac-
uum-assisted biopsy (VAB) between serial ultrasonographic
examinations were excluded because multiple tissue sam-
pling by VAB might reduce tumor size. Finally, we included
265 patients (mean age, 60.1 years; range, 33-85 years). If
patients had more than two preoperative ultrasonographic
examinations, the initial and final preoperative ultrasonog-
raphy was reviewed.

Ultrasonographic examinations and evaluation
of tumor growth rate

All ultrasonographic examinations were performed using
F75, ARIETTA 70, or ARIETTA 850 instruments (Hitachi

Ltd., Tokyo, Japan) with a 5-18 MHz linear transducer or
an Aplio 500 instrument (Toshiba Medical Systems, Tokyo,
Japan) with a 5-12 MHz linear transducer. One of the four
certified sonographers who had 10-15 years of experience
in breast ultrasonography performed the examinations. The
sonographers prospectively measured the tumor diameters
during the examinations in three directions: the longest axis
and the other two orthogonal axes (Figs. 1, 2). The tumor
volumes were calculated using ellipsoid approximation with
the formula: V=4/3x abc, where a, b, and ¢ were the three
radii of the tumor. The volume increase (%) was defined
as [(V2-V1)/V1] x 100, where V1 and V2 represent lesion
volume on the initial and second preoperative ultrasonog-
raphy, respectively. The tumor that showed even a slight
increase in volume on second ultrasonography was clas-
sified as “volume-increased tumor” and the tumor which
did not show size change was classified as “volume-stable
tumor.” When tumor volume decreased on second ultra-
sonography, the volume increase was assumed to be 0%
and the tumor was classified into “volume-stable tumor.”
A tumor DT was calculated using the Collins method [14,
15], the interval in days (f) between the initial and second
ultrasonographic examinations, and the change in tumor
volume: DT =1 - log 2/(log V2-log VI). We compared these
size factors with the molecular subtype, Ki-67 index, histo-
logical grade, and lymph node status. Surgically evaluated
axillary lymph nodes (263 of 265 cases, 99%) were included
for comparison.

Histopathological evaluation

All lesions were histologically diagnosed by surgery and all
surgical specimens were evaluated by a dedicated patholo-
gist. The histological grade, estrogen receptor (ER), human
epidermal growth factor receptor 2 (HER2), Ki-67 index, and
axillary lymph node status were included in the evaluation.
The histological grade was determined as the summation of
scores for the tubular formation, nuclear pleomorphism, and
mitotic counts according to the Elston—Ellis modification
of the Scarff-Bloom—Richardson grading system [16]. The
expressions of ER, HER2, and Ki-67 index were examined
by immunohistochemical analysis. ER positivity was defined
as detection of > 1% positively stained invasive tumor cells.
HER2-positivity was defined as 3 + staining for HER?2 pro-
tein overexpression or 2 + staining with HER2 gene ampli-
fication by fluorescent in situ hybridization. Ki-67 staining
was evaluated as a percentage of nuclei showing a positive
reaction. The molecular breast cancer subtypes were clas-
sified into four groups on the basis of ER and HER?2 status
as follows: ER-positive and HER2-negative (ER+/HER2-),
ER-positive and HER2-positive (ER+/HER2+), ER-nega-
tive and HER2-positive (ER-/HER2+), and ER-negative and
HER2-negative (triple-negative tumors).
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Fig. 1 Ultrasonographic images of a 52-year-old woman with an
ER-/HER2+ invasive ductal carcinoma. a, b On the first ultrasono-
graphic examination, the diameters were measured in three directions
using the largest plane of the tumor (a, 14X 9 mm) and its orthogo-
nal plane (b, 10 mm). Then, the tumor volume was calculated using

Statistical analysis

All statistical analyses were performed using SPSS v22.0
(IBM Japan, Tokyo). The Kruskal-Wallis test was used to
compare the differences among the four tumor subtypes.
Subsequently, a post hoc test in SPSS was performed to
detect differences between each pair of subtypes. The
Mann—Whitney U test was used to compare the Ki-67 indi-
ces, histological grades, and lymph node status between
the volume-increased and the volume-stable tumors and
between tumors with a DT of <90 days and tumors with a
DT of > 90 days. Two-sided p values < 0.05 were considered
as indicating significant differences.

Results

Patient and tumor characteristics (Table 1)

Of the 265 breast cancers examined, 209 (79%) were
ER+/HER2—, 15 (6%) were ER+/HER2+, 13 (5%) were

ER-/HER2+, and 28 (11%) were triple-negative tumors.
Significant differences in patient ages among tumor subtypes
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ellipsoid approximation (0.7 cm®). ¢, d After 56 days and on the sec-
ond ultrasonographic examination prior to surgery, the tumor volume
increased to 1.2 ¢cm?, and the doubling time was determined to be
61 days

were observed (p =0.006). Subsequent post hoc tests showed
that patients with triple-negative tumors were significantly
older than those with ER+/HER2— tumors (p =0.003).
Histological types were invasive ductal carcinomas of no
special type (n=206), invasive lobular carcinomas (n=28),
and other special types (n=31). Significant differences in
histological grades and Ki-67 indices among tumor subtypes
were observed (p for both <0.001). In post hoc tests, the
ER+/HER2- tumors showed significantly lower histological
grades and Ki-67 indices than those of other tumor subtypes
(p <0.05 and p <0.005, respectively). There were no sig-
nificant differences in axillary lymph node statuses among
tumor subtypes.

Tumor volume changes and DTs (Table 2)

The mean time between the initial and second ultrasono-
graphic examination was 56.9 days. The initial tumor diam-
eters and volumes of ER+/HER2+ (28.4 mm and 7.1 cm?)
and ER—/HER2+ subtypes (34.0 mm and 9.7 cm®) were
significantly greater than those of ER+/HER2— tumors
(17.8 mm and 2.3 cm?) (post hoc tests, p < 0.05 for all com-
parisons). The initial tumor diameters and volumes of ER+/



Breast Cancer (2019) 26:206-214 209

Fig.2 Ultrasonographic images of a 67-year-old woman with an ER—/HER2+ apocrine carcinoma. a, b The tumor volume was 3.4 cm® on the
first ultrasonographic examination. ¢, d The tumor volume increased to 5.8 cm?® after 60 days, and its doubling time was calculated to be 77 days

Table 1 Patient and tumor characteristics

Characteristic Subtype Total (n=265) p value

ER+/HER2— (n=209) ER+/HER2+ (n=15) ER—/HER2+ (n=13) TNBC (n=28)

Age at diagnosis (years)*  59.2+12.2 59.7+12.7 58.6+9.6 67.8+10.9 60.1+12.2 0.006°
Histological type
IDC 168 14 11 13 206
ILC 25 1 0 2 28
Other 16 0 2 13 31
Histological grade
Grade 1 91 3 0 3 97 <0.001°¢
Grade 2 99 5 4 6 114
Grade 3 19 7 9 19 54
Median Ki-67 (%) (IQR) 15 (8-28) 51 (31-60) 51 (28-60) 58 (14-89) 18 (10-35) <0.001°¢
Lymph node involvement
Negative 139 8 10 23 180 0.066
Positive 70 7 3 3 83

ER estrogen receptor, HER2 human epidermal growth factor receptor 2, TNBC triple-negative breast cancer, /DC invasive ductal carcinoma, ILC
invasive lobular carcinoma, /QR interquartile range

“Data are means =+ standard deviations
YA significant difference was observed between ER+/HER2— and TNBC (post hoc test, p=0.003)
“Significant differences were observed between ER+/HER2— and all other subtypes (post hoc tests, p <0.05)
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Table 2 Tumor volume changes and doubling times

Parameter Subtype Total (n=265) p value
ER+/HER2— (n=209) ER+/HER2+ (n=15) ER-/HER2+ (n=13) TNBC (n=28)
US interval (days)* 57.0+20.2 524+14.0 56.2+22.9 58.5+20.1 56.9+19.9 0.762
Tumor diameter (mm)* 17.8+9.0 284+11.2 34.0+£22.3 18.0+8.8 19.2+10.9 <0.001
Tumor volume (cm?)?
Initial US 23+4.1 7.1x8.1 9.7+13.7 23+3.1 3054 <0.001
Second US 25+43 8.4+10.7 10.0+13.7 3.1+45 33+6.0 <0.001
Volume increase (%)° 19.7+30.9 19.5+21.1 25.3+30.3 40.0+35.0 22.1+31.4 0.002
Doubling time (days)*  185.0 (111-398) 165.3 (125-333) 85.4 (77-354) 123.6 (77-177) 174.1 (97-360) 0.035

US ultrasonography, ER estrogen receptor, HER2 human epidermal growth factor receptor 2, TNBC triple-negative breast cancer

?Data are means + standard deviation

®Data are means + standard deviation. A significant difference was observed between ER+/HER2— and TNBC (post hoc test, p=0.001)

‘Data are medians, with interquartile ranges in parentheses. A significant difference was observed between ER+/HER2— and TNBC (post hoc

test, p=0.027)

HER2+ tumors were also greater than those of triple-neg-
ative tumors (18.0 mm and 2.3 cm?) (post hoc tests, p for
both <0.05). The mean volume increase of all 265 breast
cancers was 22.1% (range 0-215.2). In volume-increased
tumors (170 of 265), the mean volume increase was 34.5%.
The triple-negative tumors showed greater volume increases
than the ER+/HER2— tumors (40% vs. 20%, p=0.001).
The median DT of the volume-increased tumors was 174.1
days. The DT was shortest in the ER—/HER2+ tumors (85.4
days), followed in order by triple-negative (123.6 days),
ER+/HER2+ (165.3 days), and ER+/HER2— tumors (185.0
days). There was a significant difference between the triple-
negative and the ER+/HER2— tumors (p =0.027). There
was no significant difference between the ER—/HER2+ and
the ER+/HER2— tumors, probably because of the small
numbers of ER-/HER2+ tumors. The DT of volume-stable
tumors could not be calculated from the Collins method for-
mula because the calculation results became “infinity.”

Comparison between the volume-increased tumors
and volume-stable tumors (Table 3)

The calculated tumor volumes appeared stable between
the initial and second ultrasonography in 95 (36%) of 265
tumors and increased in 170 (64%) of 265 tumors. Volume
increases were more frequent in the triple-negative tumors
than in the ER+/HER2— tumors (86% vs. 60%, p=0.044).

The Ki-67 indices were higher in the volume-increased
tumors than in the volume-stable tumors among all tumors
(median, 20% vs. 12%, p<0.001), ER+/HER2— tumors
(18% vs. 11%, p=0.002), and ER+/HER2+ tumors (59%
vs. 16%, p=0.011). Histological grades were higher in the
volume-increased tumors than in the volume-stable tumors
among all tumors (p <0.001), ER+/HER2— (p =0.002),

@ Springer

ER+/HER2+ tumors (p =0.029), and ER—/HER2+ tumors
(»p=0.027).

There was no significant difference in axillary lymph
node statuses between the volume-increased and volume-
stable tumors.

Comparison between tumors with a DT of <90 days
(short DT) and tumors with a DT of > 90 days (long
DT) (Table 4)

Short DTs were more frequent in the triple-negative tumors
than in the ER+/HER2— tumors [8/28 (29%) and 23/209
(11%), respectively, p=0.037]. The short-DT tumors had
significantly higher Ki-67 indices than those of the long-DT
tumors among all tumors (median, 33% vs. 16%, p=0.001)
and triple-negative tumors (89% vs. 27%, p=0.008). Fur-
thermore, the short-DT tumors had significantly higher his-
tological grades than those of the long-DT tumors among
all tumors (p <0.001) and ER+/HER2— tumors (p =0.022).
There was no significant difference in axillary lymph node
statuses between the short and long DT tumors.

Discussion

The time between the diagnosis of breast cancer and surgery
should be minimized [2, 3], but the waiting time for surgery
is often prolonged for unavoidable reasons, such as patient’s
desire for a second opinion, limitations in the patient’s or
physician’s schedule, additional testing, or crowded sur-
gical schedule. The waiting time at our institution is usu-
ally > 2 months, which is longer than the time of a study in
the United States [1]. If we can predict the tumor growth
rate at diagnosis, we can manage surgical schedules more
effectively according to the patient-specific tumor growth
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rate, which will also result in reducing a patient’s and physi-
cian’s preoperative anxiety.

Several possible growth patterns of human cancer have
been proposed [3, 14, 17, 18]. The exponential growth model
has been classically used since Collins et al. reported that a
specific growth rate quantified as DT was a characteristic of
an individual tumor [14]. The Gompertz model assumes that
a tumor initially grows rapidly but slows with increasing size
[17]. For short observation periods, the exponential model is
commonly used because the Gompertz model lacks neces-
sary parameters [19, 20]. We used the classical exponential
growth model because it is a widely accepted and estab-
lished simple method. Kusama et al. [6] calculated the DT
(median, 3.5 months) for 199 patients with primary or meta-
static breast cancers. They reported associations of rapid
tumor growth with poor prognosis and of slow growth with
relatively favorable prognosis. They estimated the DT as
infinite when the tumors showed no growth during observa-
tion periods and excluded such cases from DT calculations.
Heuser et al. [21] calculated DTs (mean, 325 days) of pri-
mary breast cancers from serial mammograms in a screen-
ing population and excluded no-growth tumors. Fournier
et al. [19] calculated DT (mean, 212 days) by measuring
the growth of the tumor shadow in serial mammograms,
and the results corresponded with the exponential model.
They found no correlation between DT and histological dif-
ferentiation of the tumors. Previous mammographic stud-
ies commonly evaluated tumor shadow on serial screening
mammograms retrospectively. Consequently, slow-growing
tumors tended to be detected, and fast-growing tumors not
detected on previous mammograms, so-called “interval can-
cers,” were excluded. Hence, the growth rate distribution
probably skewed toward slow growth.

Recent molecular characterization of breast cancer has
enabled personalized therapeutic strategies. However, most
previous mammographic studies referring to breast cancer
growth rate were performed > 20 years ago and did not dis-
cuss molecular subtypes. Recently, Ryu et al. [15] evalu-
ated DT by serial ultrasonography. They apparently were the
first to report a significant difference in tumor growth rates
between tumor molecular subtypes. The DT of ER-positive
tumors was 2.4-fold higher than that of the triple-negative
tumors. Most of their patients had been initially assessed
as having benign lesions by ultrasonography. A selection
bias was inevitable because only the tumors with benign-like
appearance that had been initially recommended observation
were included, and the tumors treated without observation
were excluded. However, their study is meaningful for dem-
onstrating the difference in tumor growth rates among tumor
subtypes and providing a clue for breast cancer surveillance.

Ultrasonography can be repeatedly performed to evalu-
ate tumor growth because it is facile, less expensive, non-
invasive, and non-ionizing. There have been only two reports

@ Springer

describing breast cancer growth rate between diagnosis and
surgery using serial ultrasonography [12, 13]. Yoo et al.
[12] analyzed growth rates of 957 patients by performing
two preoperative breast ultrasonography. The initial and
second examination interval (median, 28 days) was remark-
ably shorter than those of previous mammographic stud-
ies. They found that 55% of the patients showed increased
size during the short ultrasonography intervals and tumor
growth rate did not significantly differ according to the
tumor molecular subtypes. On the contrary, Lee et al. [13],
from the same institution with Yoo et al. but using differ-
ent data and method, found that breast cancers with aggres-
sive molecular subtypes showed faster tumor growth during
wait times for surgery. One of the causes of the different
results of the two studies was that Yoo et al. used only single
diameter of tumors based on the medical records assuming
the tumor shape as a sphere. Lee et al. used three perpen-
dicular diameters, which were the same with our method,
assuming the tumor as a spheroid. Breast cancers often
grow to extend in one axis forming an oblate spheroid or
a cylinder [21]. Heuser et al. reported that using a differ-
ent geometric formula such as sphere, spheroid, or cylinder
significantly affected the calculated DT [21]. Moreover, Yoo
et al. reported much shorter DTs (mean, 15 days) than those
of other studies because they incorporated negative DTs of
apparent size-decreased tumors into the calculation without
adjustment [12]. Although Lee et al. also included apparent
size-decrease into calculation, they could reduce the meas-
urement deviation by three radiologists measurement in the
same probe directions on PACS workstations [13]. Spon-
taneous regression of breast cancer without any treatment
is extremely rare and possibly caused by immunological
response [22, 23], so we assumed that tumor size reduc-
tions on ultrasonography during the relatively short interval
were measurement variations and interobserver variabilities.
Hence, we excluded the tumors showing no growth from the
DT calculation, similar to previous mammographic studies
[6, 21]. Although our DT results might skew toward fast-
growing tumors, the median DT in our study (174 days) was
within previously reported ranges assessed by mammog-
raphy or ultrasonography [4, 6, 19, 20, 24, 25]. Our’s and
Lee’s [13] studies showed that it would be possible to show
the difference of tumor growth rate depending on tumor sub-
types even during short preoperative interval. In addition,
we found that triple-negative tumors with short-DT showed
higher Ki-67 indices than those with long-DT (p=0.008).
It suggested that although tumor growth rates of the triple-
negative subgroup were generally fast, very fast tumors with
higher Ki-67 expression and less fast tumors with relatively
lower Ki-67 were mixed. Triple-negative tumors show
genetic, histological, and clinical differences [26—-29]. Such
heterogeneity of triple-negative tumors may explain why
they had longer DTs than those of the ER—/HER2+ tumors.
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Similar to previous studies [12, 25], higher histologi-
cal grade was associated with higher growth rate in our
study. Higher Ki-67 index was also associated with higher
growth rates, which was reasonable because Ki-67 is a
surrogate marker of the cell proliferation rate and histo-
logical grade is strongly correlated with Ki-67 index [30].
Although higher growth rate has reportedly been asso-
ciated with axillary lymph node metastasis [12, 25, 31,
32], the significant association was not found in our study.
Breast cancers with lymph node involvement are subjected
to be candidate for neoadjuvant chemotherapy. Since we
did not include patients who received neoadjuvant chemo-
therapy, the association might be obscured.

Ultrasonography appears to be more accurate than
mammography, at least in dense breasts, because tumor
size is not influenced by density [10, 11]. Although serial
magnetic resonance imaging (MRI) may be more objec-
tive, repetitive contrast-enhanced MRI during a short
period is too expensive and time consuming. Recently
developed automated breast volume scanners may become
standard for objectively monitoring tumor volume changes
[33, 34].

This study had several limitations. First, because we
focused on natural tumor size changes, we excluded
patients who received neoadjuvant chemotherapy. Hence,
the number of HER2-positive and triple-negative tumors
and the tumors with lymph node metastasis decreased. The
exclusion of such aggressive tumors may have caused an
underestimation in the differences in DTs among tumor
subtypes. Second, slight volume increases might be dif-
ficult to identify by ultrasonography over relatively short
intervals, particularly in non-mass lesions. Consequently,
36% of the tumors did not show increases on second
ultrasonography. However, the tumor volume change fre-
quency itself is meaningful. Slight volume increases dur-
ing the preoperative period are not clinically important.
The critical issue is to detect rapidly growing tumors with
very short DTs that affect surgical or chemotherapy out-
comes and planning. Our preoperative serial ultrasonog-
raphy method is practical and applicable to daily clinical
examinations.

In conclusion, differences in tumor DT depending
on breast cancer subtype, Ki-67 index, and histologi-
cal grade were confirmed using serial ultrasonography
even during preoperative short interval. Triple-negative
or ER-/HER+ tumors, high histological grade, and high
Ki-67 index were valid predictors of fast tumor growth,
which possibly indicates the need for immediate treat-
ment and possibly considers surgery more preferential than
other tumors if the surgical waiting time is long.
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