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Abstract
Purpose  It is well established that high mammographic density (MD), when adjusted for age and body mass index, is one of the 
strongest known risk factors for breast cancer (BC), and also associates with higher incidence of interval cancers in screening 
due to the masking of early mammographic abnormalities. Increasing research is being undertaken to determine the underly-
ing histological and biochemical determinants of MD and their consequences for BC pathogenesis, anticipating that improved 
mechanistic insights may lead to novel preventative or treatment interventions. At the same time, technological advances in digital 
and contrast mammography are such that the validity of well-established relationships needs to be re-examined in this context.
Methods  With attention to old versus new technologies, we conducted a literature review to summarise the relationships 
between clinicopathologic features of BC and the density of the surrounding breast tissue on mammography, including the 
associations with BC biological features inclusive of subtype, and implications for the clinical disease course encompassing 
relapse, progression, treatment response and survival.
Results and conclusions  There is reasonable evidence to support positive relationships between high MD (HMD) and tumour 
size, lymph node positivity and local relapse in the absence of radiotherapy, but not between HMD and LVI, regional relapse 
or distant metastasis. Conflicting data exist for associations of HMD with tumour location, grade, intrinsic subtype, receptor 
status, second primary incidence and survival, which need further confirmatory studies. We did not identify any relationships 
that did not hold up when data involving newer imaging techniques were employed in analysis.
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Introduction

Breast cancer (BC) remains the most commonly diagnosed 
cancer and the second most common cause of cancer-related 
mortality in women worldwide. The American Cancer 
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Society estimates that BC will account for 30% of new can-
cer cases and 15% of cancer deaths among females in 2019 
[1]. Mammographic density (MD) has emerged as a major 
factor in clinical BC risk assessment. Currently, mammog-
raphy is the modality used in routine clinical practice for 
screening and diagnosis, with digital mammography (DM) 
largely replacing screen film mammography (SFM) over 
the past decade. Mammography, however, is not ideal for 
breast density measurement due to accumulated low-level 
x-ray exposure. Alternative modalities have been extensively 
explored, most importantly Magnetic Resonance Imaging 
(MRI) and digital breast tomosynthesis [2, 3].

MD refers to the proportion of opaque (white) dense 
breast tissue compared to the radiolucent (dark) areas seen 
on mammography, attributable to the distinct radiographic 
attenuation properties of fibroglandular tissue (FGT) versus 
fat [4], and usually expressed as percent MD (PMD) which 
is calculated by dividing the dense area by the total breast 
area [5]. Interest in MD research started 40 years ago when 
Wolf and Egan et al. noted an increased risk of BC during 
follow-up of women with dense breasts; a finding suggested 
to be due to the masking effect of dense breast tissue on the 
detection of small tumours [6, 7]. Subsequent studies in the 
1990s confirmed that, after adjustment for age and BMI, MD 
was an independent risk factor for BC, with a relative risk 
ranging from 1.8 to 6.0 in women with high MD (HMD) 
when compared to those with low MD (LMD). Published 
data indicate that MD is the most significant risk factor for 
BC after age and BRCA carrier status [8, 9]. Recently, Hop-
per et al. showed that, when adjusted for population charac-
teristics, high PMD carried a higher population-based risk 
of BC than known gene mutations, family history or low 
parity [10, 11].

The MD–BC association is not confined to general popu-
lations but has also been demonstrable among patients with 
previous benign breast disease (BBD) and/or with high risk 
of BC due to other factors. In a study of 2666 patients with 
BBD, Ghosh et al. demonstrated that MD was independently 
associated with BC risk [12]. In a study of 206 BRCA muta-
tion carriers, Mitchell et al. found that HMD was associ-
ated with higher BC risk [13]. Additionally, compared to 
women with no family history of BC, women with affected 
relatives were found to have higher PMD [14]. A recent 
study on 11,478 high-risk Chinese women demonstrated 
positive associations between MD and either later first full-
term delivery or the woman’s height, and inverse associa-
tions between MD, parity and longer breast feeding, factors 
known to modulate BC risk [15].

The higher risk of BC with HMD suggests an underlying 
pathobiological relationship rather than a simple masking 
effect alone, as previously hypothesised. Although it has 
been established beyond doubt that MD confers a degree of 
BC risk, it remains uncertain as to whether this conferred 

risk is stronger for, or confined to, specific clinicopathologi-
cal patterns or subtypes of BC. Our understanding of the 
pathobiology of MD in relation to endogenous and exog-
enous oestrogen exposure, hormonal therapy response, both 
preventative and adjuvant, and the epidemiological aspects 
of MD has been extensively reviewed elsewhere [16–18], 
and suggests the hypothesis that MD could have stronger 
links to hormone-driven cancers.

In the first part of this article, we look in particular at 
developments in technology that may have had bearing on 
this field. We then move on to review current knowledge 
regarding the possible association of MD with the generation 
of specific clinical and pathological features of BC. Our aim 
is to establish the magnitude of any such association, explore 
its potential impact on or guidance for clinical management, 
and highlight controversies for future research.

Methods

Eligibility criteria

Studies eligible for this review included original research 
papers that were published in peer-reviewed journals and 
assessed the association between MD and clinicopathologi-
cal features of BC, rather than the association between MD 
and overall BC risk. “Participants” (P) included female sub-
jects of any age diagnosed with histopathologically proven 
BC, ductal or lobular, invasive or in situ. “Exposure” (E) was 
considered high mammographic density (HMD), while low 
mammographic density (LMD) was considered “compara-
tor”, as evaluated by screen film (SF) or digital mammogra-
phy (DM), either prior to or at BC diagnosis and either in the 
unaffected contralateral or in the ipsilateral diseased breast. 
“Outcomes” (O) were pathologic and clinical tumour fea-
tures. Pathologic features included gross primary pathology 
(size and location), presence of metastases (lymph node and 
distant), basic histopathology (presence of invasion, lympho-
vascular invasion (LVI), grade), molecular features (receptor 
expressions and intrinsic subtypes) and breast cancer events 
(local and distant recurrence, contralateral new tumours). 
Clinical features considered in the analysis that were avail-
able were age, menopausal status, BMI, method of detection 
and treatment.

Search strategy

The Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA) guidelines were followed where 
applicable. An electronic search of Medline (using the Ovid 
interface), and Web of Science databases, last updated on 
31 December 2018, was performed. Titles (field) of journal 
articles, published in English (language), were searched for 
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three elements, with several (keywords) indicative of each 
element combined using the Boolean operators; (i) breast 
cancer (cancer* OR carcinoma* OR tumour* OR tumor* 
OR neoplasm*), AND (ii) mammographic density (mammo-
graph* AND (density OR feature* OR pattern)), AND (iii) 
clinicopathologic feature (clinical OR patholog* OR char-
acteristic* OR phenotype) or (in situ OR size OR site OR 
location) or (subtype OR receptor* OR basal OR luminal 
OR HER OR triple) or (recurren*) or (detection OR (screen 
AND interval)) or (second OR subsequent OR contralateral) 
or (prognos* OR outcome* OR survival). Search for (site 
OR location) was extended to the abstract (field) in Medline 
database, because search in title did not yield any article.

Study selection

All study citations identified from the original search were 
imported to Endnote library. Duplicates from overlapping 
database search, and common key words were removed. 
Titles and abstracts of the remaining articles were screened 
for eligibility, and articles for full-text review were identi-
fied, and eligible articles were selected. Bibliographies of 
selected articles were then screened, which resulted in addi-
tional eligible articles.

Data abstraction

Data selected for extraction are included in Tables 1, 2, 3, 
4. Data common in all tables include author/year, partici-
pant number and age, method of image acquisition and MD 
measurement and whether adjustment for age and BMI were 
done. Outcomes, “gross and histopathology”, “molecular 
pathology, age and menopausal status”, “mode of detec-
tion” and “survival” were included in Tables 1, 2, 3 and 4, 
respectively.

Results and discussion

Study selection

The process of article identification, screening and selection 
are summarised in Fig. 1. The initial search resulted in 415 
articles (200 from Medline, and 215 from Web of Science). 
After removing duplicates (n = 228), titles and abstracts of 
187 articles were screened for eligibility, generating a list 
of 124 appropriate for full-text review, which subsequently 
resulted in 82 papers to be included in this review. The bib-
liographies of these eligible articles were also examined for 
further suitable works, with the subsequent addition of 20 

further publications, making a total of 102 eligible articles 
(Fig. 1).

Overview of study characteristics

Study design

This is a systematic review of observational studies investi-
gating the association between MD and BC characteristics, 
rather than the association between MD and general BC risk. 
“Case only” study was the commonest study design. Con-
trol groups or “no BC subjects” were only considered when 
study subjects were nested from a relevant population-based 
cohort. The use of “case-only” design has been shown to 
minimise the standard error (i.e. the sample better repre-
sents the population) compared to case–control studies [19]. 
The vast majority of these studies have been retrospectively, 
rather than prospectively designed. Retrospective studies 
are at higher risk of confounding factors and bias, therefore 
qualifying as lower level of evidence than prospective stud-
ies. Additionally, two cross-sectional studies were observed.

Image acquisition

Evidence documenting the association between HMD and 
BC risk was largely based on SFM, which has been largely 
replaced by DM. The latter, having improved contrast reso-
lution, results in PMD readings significantly lower than in 
SFM [20], although a study has demonstrated no difference 
in the reported BIRADS MD categories according to acqui-
sition method [21]. Moreover, the more recent tomosynthe-
sis technology, which allows 3-D reconstruction of the mam-
mographic images, results in PMD readings significantly 
lower again than in DM, a difference that does result in a sig-
nificant difference in BIRADS categorisation of cases [22].

Density measurement

Several MD assessment methods have been proposed over 
the last four decades, with moves from area-based to volu-
metric, from qualitative to semiquantitative to quantitative 
and from visual to semi-automated to fully automated meth-
ods. Studies which investigated clinicopathological patterns 
of BC in relation to MD have predominantly assessed area 
methods. Given their consideration of three-dimensional 
structure, volumetric methods can more accurately assess the 
volume of dense breast tissue, compared to area-based meth-
ods, which are inherently limited by their two-dimensional 
nature [23]. Several studies have assessed the agreement 
of these different methods. The dichotomous Danish MD 
classification used by Olsen et al. [24] has been compared 
to BIRADS, and yielded good agreement (K = 0.75) [25]. 
Moshina et al. reported a “moderate” agreement (K = 0.5) 
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between four category BIRADS and volumetric method 
[23]. Similarly, a previous study comparing 992 digital films 
reported “very good” agreement (K = 0.82) between volu-
metric density distribution and BIRADS [26]. Such imper-
fect agreement between automated and visual methods may 
contribute to contradictory results. For example, the Ji et al. 
study of 688 BCs found significant association of MD and 
receptors when MD was visually assessed, but not when MD 
was measured by Quantra (Table 2) [27].

Assessment subjectivity

A substantial number of identified studies relied on “visual” 
assessment of MD which is a subjective method of measure-
ment. Many studies investigated intra- and inter-observer 
variability, particularly with BIRADS classification; this 
being the most commonly used visual assessment, and 
reported highly variable results. Masroor et al. reported 
poor intra-reader agreement of (K = 0.17) among readings 
made 3 months apart, and similar poor inter-reader agree-
ment of (K = 0.13) between two readers assessing 254 mam-
mograms [28]. On the other hand, in a BIRADS assessment 
of 992 mammograms, van der Waal et al. reported a very 
good intra- and inter-observer agreement (K = 0.87 and 0.84, 
respectively) [26]. Such good agreement may be attributed, 
at least partially, to a pre-study pilot followed by a meeting 
in which reporting guidelines were reviewed and discrepan-
cies were resolved. Similarly, Ang et al. reported excellent 
agreement (ICC > 0.80), both within and among eleven read-
ers, assessing 120 mammograms, twice, 3 years apart, using 
visual analogue scales [29].

Important biological confounders

Increasing MD correlates directly and incrementally with 
BC risk. Paradoxically, however, MD correlates inversely 
with age and BMI [30, 31], which are also known to increase 
BC risk. Therefore, studies investigating the relation between 
BC and MD need to be adjusted for the confounding effect of 
these two factors. Such adjustment has been made in some 
but not all studies.

Timing and laterality of the mammogram

Studies evaluating the association between MD and BC 
pathology looked at mammograms at widely variable inter-
vals from time of BC diagnosis. In some studies, time from 
the index mammogram to cancer diagnosis was 17.6 years 
[32]. During these years, MD will most likely have been 
affected by other factors including age, menopausal tran-
sition, body weight change and childbearing, with conse-
quent impact on subsequent BC risk. Hence, the former MD 
may not be accurately representative of the actual MD that Ta
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predisposed to that cancer. On the other hand, other studies 
used the diagnostic mammogram as the index mammogram 
and correlated its MD to the characteristics of the already-
existing BC, which should remove such confounders [33].

Laterality of the used mammogram is another point of 
heterogeneity among studies. In studies employing the ipsi-
lateral mammogram, the cancer field effect could potentially 
have impacted the MD. However, a substantial impact on 
correlative analyses with subsequent BC features beyond this 
effect appears unlikely since excellent correlation between 
MD of both breasts has been demonstrated [34]. Therefore, 
the optimal mammogram to be used depends on the context 
of the research question; mammograms taken many years 
before diagnosis may provide aetiologic insights, while those 
closer to diagnosis may provide a better baseline for subse-
quent longitudinal follow-up of MD in studying changes in 
response to treatment.

Correlation of MD with pathologic features

Histopathology

Invasive versus  in  situ BC  Numerous studies have demon-
strated the increased risk of invasive BC (IBC) with HMD. 
In particular, Boyd et  al. demonstrated that women in the 
highest MD category (i.e. upper quartile or 75% density) 
had a 4- to 6-fold higher relative risk of IBC compared to 
those in the lowest MD category (i.e. lower quartile or 25%) 
[35]. The association between HMD and BC risk is not 
confined to invasive malignancy, but extends to carcinoma 
in situ (CIS, both lobular and ductal), as also demonstrated 
by Boyd et al, who found a 9.7-fold higher risk of develop-
ing CIS or atypical hyperplasia in women with HMD com-
pared to those with LMD [36, 37]. Six studies compared 
the risk of association of HMD with IBC vs. CIS. Yaghjyan 
et al. confirmed the increased risk of both IBC and CIS in 
higher MD categories [38]. In addition, as also suggested 
by indirect comparison of the results of Boyd, Yaghjyan 
found that the positive association between HMD and CIS 
was significantly stronger than the association with invasive 
disease (OR 6.58 and 3, respectively, P < 0.01) [38]. An 
additional five studies found a similar magnitude of associa-
tion between MD and both ductal carcinoma in situ (DCIS) 
and IBC [32, 39–42]. In the aforementioned six studies, 
only Sala et al. included an additional analysis accounting 
also for the mode of detection, in which they reported that 
the ORs of screen-detected BC were similar to those of BC 
detected in any mode, for both CIS and IBC [39]. Bertand 
et al. found that the HMD-conferred risk for CIS was sig-
nificantly stronger among younger women, while the pre-
disposition to invasive BC remained consistent across age 
groups [32]. Taken together, these results suggest that the 
biological effectors underlying HMD may act at an early 

stage in BC pathogenesis, and that both CIS and IBC have a 
common pathobiological driver in MD.

Histopathological type  Although HMD has been reported 
to be associated with ductal epithelial hyperplasia [43], no 
study has demonstrated a differing risk of invasive or in situ 
ductal carcinoma relative to lobular pathology in HMD 
tissue. Twelve studies have investigated the association 
between MD and type of invasive BC pathology (Table 1). 
Ten studies, of which six were adjusted for age and BMI, 
found no association. In the other two studies, invasive lobu-
lar pathology was reported to be significantly more likely 
among cancer patients with HMD compared to those with 
LMD [44, 45]; none of these, however, adjusted for BMI.

Grading and  lymphovascular invasion  To date, 21 studies 
have investigated the relationship between MD and tumour 
grade with mixed results (Table  1). Out of the nine stud-
ies which adjusted their analyses for age and BMI, six did 
not find an association between MD and grade [32, 46–50]. 
Only Yaghjyan et al. [38] reported a significantly positive 
association between higher MD and higher tumour grade. 
On the contrary, Ghosh et al. [51] observed a trend towards a 
stronger association of HMD with lower tumour grade, and 
Masarwah et al. [52] reported a significant inverse relation-
ship between percentile MD categories and tumour grade, 

Fig. 1   Methods: Article identification, screening and selection
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although no relation existed when MD was dichotomised 
into < 25% and > 25%. The latter two studies [51, 52], how-
ever, had the lowest number of cases among the nine, and 
hence were least powered. Out of seven studies reporting on 
lymphovascular invasion (LVI) (Table 1), only Arora et al. 
[45] and Aiello et al. [49] demonstrated LVI presence to be 
positively associated with MD. Taken together, these stud-
ies suggest little or no impact of MD on invasive tumour 
grade or LVI.

Gross pathology

Location  It is not clear whether the link between HMD 
and BC risk is a direct effect of local tissue conditions or 
whether HMD represents a more general reaction to factors 
that also drive BC risk. Compared to LMD tissue, HMD 
tissue has increased proportions of epithelial and stromal 
tissue [16, 53], greater stromal fibrosis and epithelial hyper-
plasia [35] and higher insulin-like growth factor-1 (IGF-1) 
levels [54]. These observations have led to the hypothesis 
that MD-mediated BC risk is secondary to increased local 
cell division, although we and others have not detected 
increased Ki-67 in HMD versus LMD regions of the same 
breasts [55, 56].

Four studies investigated whether BC location may relate 
to HMD. Both Ursin et al. and Pereira et al. [57, 58] showed 
that more tumours arise within dense areas compared 
to regions of fatty breast tissue, supporting a direct local 
effect of HMD. Ursin et al. assessed the mammograms of 
28 patients with DCIS and found that 21 lesions arose from 
areas of HMD. It is worth noting that the mammograms used 
in this study were taken immediately before or at the time of 
cancer diagnosis, hence a potential cancer field effect cannot 
be eliminated [58]. Supporting these findings, Pereira et al. 
obtained similar results in their study of 231 women when 
assessing mammograms taken, on average, 5 years prior 
to BC diagnosis [57]. In contrast, Vachon and colleagues 
assessed mammograms from 372 BC cases and 713 matched 
controls taken at an average of 7 years before the detec-
tion of invasive BC within the Mayo Clinic mammography 
screening program. They confirmed that although HMD was 
a marker for BC risk, it did not relate to tumour site; sug-
gesting that MD was acting as a general risk factor for future 
BC, rather than being location-specific [59]. Finally, in a 
retrospective cross-sectional study of the quadrant MD of 
the normal breast of 110 women who had BC, Chan et al. 
reported that although BC was most frequent in the Upper 
Outer Quadrant (UOQ) (60.9%), which showed the highest 
DA in 77.3% of cases, quadrant MD was not the highest in 
women having BC in other quadrants, refuting therefore the 
association between quadrant MD and BC location [60]. In 
the latter two studies, however, mammograms were assessed 

in quadrants for MD, which may not accurately reflect vari-
ations in MD that can be either focal or diffuse.

Additional imaging modalities, especially MD measure-
ments that can address the volume of the breast in a 3-D 
manner, may add precision to future research findings, which 
are needed to resolve this important issue. However, it is 
important to note that the Mayo study was well powered and 
was unable to detect a difference, suggesting that the risk 
relating to HMD may be mediated to a greater degree via 
genetic predisposition or by general environmental condi-
tions rather than local tissue effects. Such a genetic predispo-
sition is further supported by published data that suggest that 
over 60% of variations in MD are accounted for by genetic 
variations [61], some of which overlap with BC risk [62], 
while only 20–30% of the variations are contributed by age, 
BMI and hormonal influences [63, 64].

Size  Twenty-five studies have examined whether MD is 
positively associated with tumour size (TS) at diagnosis. Of 
these, only 10 adjusted MD for age and BMI. As summarised 
in Table 1, several studies reported that MD was either sig-
nificantly (11 studies) or non-significantly (2 studies) asso-
ciated with larger TS. Out of these 13 studies, seven studies 
adjusted for age and BMI. Eleven studies found that MD 
was not associated with TS, while only one study observed 
a smaller TS in dense breasts, although in this study MD 
in the pre-operative mammogram of the cancerous breast 
was used, such that a confounding field effect of the existing 
tumour on MD cannot be excluded [44]. Of the twelve stud-
ies which did not demonstrate a positive association between 
MD and TS, only three studies [47, 48, 52] were adjusted for 
age and BMI. In the study of Masarwah et al., comparing 
the mean TS between LMD and Mixed (PMD > 25%) rather 
than HMD may at least partially explain the non-significant 
association of MD and TS [52]. Additionally, most of the 
studies demonstrating a positive MD–tumour size associa-
tion were better powered compared to those that found no or 
an inverse association. Overall, it appears likely that HMD, 
when adjusted for age and BMI, is associated with increased 
tumour size at diagnosis.

Metastatic potential

Twenty-one studies looked at the possible association 
between lymph node status and MD. Of these, 16 studies 
found no association, of which the studies by Eriksson et al., 
Maskarinec et al. and Yaghjyan et al. were well powered and 
adjusted for potential confounders [38, 48, 50]. By compari-
son, of the remaining five studies that reported a positive 
association between MD and lymph node involvement, three 
[32, 46, 49] had large numbers of participants and adjusted 
MD for age and BMI, as summarised in Table 1. Overall, 
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current evidence is non-conclusive, and additional studies 
are needed.

Less than 5% of breast cancer patients have distant 
metastasis at presentation [65]. To our knowledge, no clini-
cal study has specifically investigated whether there is an 
association between MD and distant metastasis at presenta-
tion, hence strong data regarding any association between 
MD and risk of de novo metastasis are lacking. As larger 
tumour diameter is associated with a higher risk of lymph 
node and distant metastasis [66, 67], one could hypothesise 
that HMD is associated with an increased risk of both; at 
least partially through the predisposition arising from larger 
tumours. In support of this, we have recently shown that 
HMD, as opposed to LMD, can lead to increased metastasis 
of a human BC cell line grown in mice [68].

Local and distant recurrence

To date, seven studies have looked for associations between 
HMD and risk of local (LR) or distant recurrence (DR) from 
a previously diagnosed tumour. Five of these studies dem-
onstrated a positive association between HMD and higher 
risk of LR [33, 69–72], whereas two studies did not find 
any association with LR risk [73, 74]. No study identified a 
link with DR. Of note, in the study of Cil et al., this positive 
association was only significant in women not treated by 
post-operative radiotherapy [33]. It was unclear why some 
women in the study did not receive adjuvant radiotherapy 
despite this generally being the standard of care after breast-
conserving surgery (BCS), and so unforeseen confounders 
for this association cannot be excluded. This observation 
suggests that women with LMD might safely avoid radia-
tion post-operatively. It is also important to note that, while 
Cil et al. demonstrated this association in women treated 
by BCS [33], both Huang et al. and Eriksson et al. [69, 70] 
have also reproduced the same association between HMD 
and LR in women treated by mastectomy, which indicates 
that the positive association is not merely due to a masking 
effect resulting in unresected residual disease in dense breast 
tissue for women having BCS. Considering mechanisms of 
LR, expression of ROCK1, a protein kinase that aids in cell 
migration was found to be induced in BC cells grown in 
dense collagen matrix and confirmed in solitary tumour-
derived cells surrounding human BC tumours. The presence 
of such cells again associated with LR but not DR, implicat-
ing induction of migration in the association between higher 
LR rate and HMD [75].

Molecular markers and subtypes

The influence of the hormonal milieu on MD [76, 77] has 
prompted many authors to explore whether MD has a rela-
tionship with either hormone receptor status or molecular 

subtype of BC. Forty-two studies, summarised in Table 2, 
have investigated these possible associations. HER-2 
receptor status and Ki-67 expression were also reported 
in some of these studies. Twenty-two studies reported no 
significant association between MD and hormonal receptor 
status, which did not differ by menopausal status.

Nine studies, however, have detected a significant asso-
ciation between MD and ER status with contradicting 
results. Out of the five studies which reported an increased 
association of HMD with ER+ status, only Shaikh et al. 
adjusted for age and BMI [47, 78–81]. Similarly, four stud-
ies reported an increased association of HMD with ER—
status, of which Yaghjyan et al. and Heusinger et al. were 
both better powered and adjusted MD for key confounders 
[38, 82–84].

Given the close associations between MD and oestrogen, 
the reason for these findings is yet to be understood; never-
theless, taken together the results suggest that HMD-con-
ferred BC risk is not directly mediated through parenchymal 
ER-alpha, the ER routinely measured, within the developing 
tumour cells. Interestingly, women with breast cancers that 
were positive for ER-beta staining had high PMD [85]. Para-
doxically, however, declining ER-beta has been reported to 
define the malignant progression of breast neoplasia [86]. 
Therefore, the role of ER-beta in MD-associated BC patho-
genesis remains unclear and warrants further investigations. 
In this regard, it is worth noting that specificity of antibodies 
for ER-beta has been a longstanding and continuing issue 
[87].

A significant association between MD and PR positivity 
has only been reported in three studies [78, 81, 88] of the 
23 examining the association. In the study of Conroy et al. 
[78], PR status assessment may have been affected by ER 
status, since they were assessed as one variable. The latter 
two studies [81, 88] did not adjust for potential confounders. 
Therefore, MD and PR status appear unlikely to be linked, 
based on the current evidence. None of the 18 studies report-
ing HER2 or seven studies reporting Ki-67 observed any 
significant association with MD.

Regarding association with BC subtype, out of 18 stud-
ies exploring a link, four demonstrated significant associa-
tions. Arora et al. [45] found that women in the highest MD 
category had a significantly higher frequency of Luminal 
A cancers, although distribution of the various subtypes 
(Luminal A, Luminal B, HER2 enriched and triple nega-
tive (TN)) was similar across BIRADS categories. Shaikh 
et al. noted that TN BC patients had significantly lower 
PMD compared to non-TN BC [47]. This is in agreement 
with Kim et al. who found that women with HMD were less 
likely to have TN BC [81]. Edwards et al. reported signifi-
cantly higher-volumetric PMD in HER2-positive vs. HER2-
negative phenotypes [89]. However, it is important to note 
that the latter two studies were adjusted only for age, and 
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therefore, possibly confounded by other factors which affect 
both MD and subtype such as BMI and menopausal status. 
Additionally, although adjusted for age and BMI, the study 
of Shaikh et al. was small [47].

Overall, currently available evidence suggests that MD 
increases BC risk irrespective of hormonal receptor status 
or molecular subtype of BC.

Clinical features

Age and menopausal status

It has been demonstrated that MD decreases with advancing 
age; this decrease paralleling the reduction in endogenous 
oestrogen levels after menopause [90]. Nineteen studies 
have investigated the association between MD and the age 
of the BC patient and ten have looked at the same asso-
ciation with menopausal status. BCs occurring in HMD 
breasts have been observed to be significantly associated 
with younger age (all 16 studies), and pre-menopausal sta-
tus (9 of 10 studies; Table 2). Whether age may modify the 
MD–BC risk association has been investigated in three stud-
ies. Brisson et al. and Pollan et al. reported that younger 
age significantly increased the magnitude of this association 
[40, 91]; however, Bertrand et al. demonstrated this positive 
effect modification of younger age only among women with 
in situ as opposed to invasive disease, and node positive as 
opposed to node-negative BC [32]. Additionally, one study 
reported that age may impact the MD–BC mortality asso-
ciation, with nine-year mortality being 3.1 times higher in 
women with mammographically dense compared to those 
with fatty breast among patients in the 35–49 age group, 
while the corresponding relative mortality was 1.2 in the 
50–74 age group.

In view of these findings, the factors driving HMD appear 
more influential on BC risk and outcome in younger or pre-
menopausal women. The relationship between HMD-asso-
ciated risk of BC and oestrogen exposure remains unclear.

Method of detection

Screen-detected BCs (SBC), by definition, are cancers 
detected by mammographic screening, while interval BCs 
(IBC) refer to tumours that are diagnosed in the intervening 
periods between successive screening mammograms, usu-
ally within the first 12 months. Interval tumours are charac-
terised by a higher histologic grade and proliferation index 
and more rapid tumour growth [92].

Frequency of SBC versus IBC based on MD  Twenty studies 
(Table  3) examined the association of BC risk, by mode 
of detection, and MD. Seventeen studies found that more 
IBCs, as compared to SBCs, were classified in HMD cat-

egory. Two studies reported significantly higher mean/
median PMD among IBC as compared to SBC [46, 93]. In 
one study however, the OR of large size SBC detected in 
HMD breasts (6.6) exceeded that of IBC (4.1), although the 
latter exceeded the OR of small SBCs in HMD patients (1.3) 
[94].

Boyd et al. [4] examined data from three nested case–con-
trol studies that were carried out in screening populations 
(total 1112 case-control pairs) to see if MD was associated 
with BC risk. Using logistic regression and results adjusted 
for age, BMI, parity and other key risk factors, HMD 
(≥ 75%) was found to confer an elevated risk of both screen-
detected and interval BCs (both < 12 and > 12 months after 
last screening) with ORs of 3.5, 17.8 and 5.7, respectively. 
Similarly, in a large case–control study (1172 cases: 4688 
matched controls), Pollan et al. showed that IBCs were seven 
times more frequent among women with > 75% dense breasts 
than among those with < 10% PMD, while SBCs were only 
twice as frequent [40]. Boyd et al. suggested that the increase 
in BC risk within 12 months post screening could be due to a 
masking effect of HMD on small tumours [4, 35]. While the 
findings of Pollan et al. partially agree with this proposal, 
they argue that the substantially increased risk of interval 
tumours could not be fully explained by the masking effect 
of HMD, and that HMD may itself also reflect biological 
changes that increase the risk of interval BC [40].

Taken together, MD associates with increased BC risk 
irrespective of means of cancer detection; however, the mag-
nitude of risk is larger for IBCs than for SBCs. Future stud-
ies are needed to explore possible biological mechanisms 
behind HMD-associated IBCs, and to confirm whether a 
stronger pathobiology of interval cancers is driven by HMD, 
or whether masking by HMD indeed fully explains such 
increased risk.

Biological behaviour of  SBC versus  IBC based 
on MD  Although IBCs are known to have more aggressive 
features than SBC overall, their biological behaviour com-
pared to SBC in HMD breasts is more controversial. Five 
studies have compared the biological behaviour of IBC and 
SBC based on MD; one report found significantly higher 
HR of IBC death among women with dense breasts, while 
the HR was not significant for SBC (HRs 3.40 and 2.04, 
respectively) [95]. Two reports did not find HMD to be 
significantly associated with more adverse events in IBCs 
(HR 1.03 for LR, DR or death [74], HR 1.07 for death [96]) 
compared to LMD. Furthermore, in a fourth report that 
looked at their biological behaviour, IBCs in HMD breasts 
were less aggressive than those in LMD breasts in terms 
of a significantly lower frequency of LN involvement and 
HER2-positivity (P = 0.03 and 0.03, respectively) [97]. 
The latter analysis, however, did not adjust for BMI, a fac-
tor associated with both increased tumour proliferation and 
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LMD [98]. Adjusting only for age and BMI, Eriksson et al. 
reported a HR of > 3 for IBC compared to SDC, in both 
non-dense and dense breasts. Although this HR was attenu-
ated after adjusting for tumour size and LN metastasis, it 
remained significant in women with non-dense breasts (HR 
1.76, P = 0.047), but lost significance in the dense breast 
category (HR 1.41, P = 0.649) [99].

These findings suggest that the less favourable progno-
sis of IBC may be attributed more to late detection being 
initially masked by dense breast tissue and more aggres-
sive biology overall allowing tumourigenesis to occur in 
the between-screen interval rather than to a more aggressive 
behaviour driven by HMD biological correlates.

Treatment

Recently, Elsamany et al. documented a significantly better 
pathological complete response rate to neo-adjuvant chemo-
therapy in women who had lower as opposed to higher MD 
in mammograms performed at diagnosis [100], suggesting 
that a degree of chemoresistance associates with HMD, at 
least in the primary tumour. However, no relapse or survival 
results were reported.

The higher local recurrence event rate demonstrated in 
non-irradiated HMD breasts suggests a larger protective 
effect of post-operative radiotherapy in HMD, as previ-
ously discussed. The absence of this excess risk in irradiated 
patients suggests that BCs evolving in a HMD environment 
are relatively radiosensitive.

Three studies have looked at whether mastectomy—as 
opposed to BCS—was more likely to be chosen based on 
MD category. In their retrospective review of 1323 BC 
patients, Arora and colleagues demonstrated that women 
with extremely dense breasts were significantly more likely 
to undergo mastectomy, compared to those with lower MD 
[45]. The authors attributed the latter finding to higher rates 
of multicentricity, multifocality and infiltrating lobular can-
cers in dense breasts, which contraindicate BCS. However, 
mastectomy rate did not differ by MD category in two fur-
ther studies [69, 88].

In the adjuvant setting, six studies have found that MD 
reduction in response to endocrine therapy (ET) was asso-
ciated with significantly improved BC outcomes in terms 
of lower BC-specific mortality [101, 102], reduced recur-
rence [103–105] and reduced second contralateral primary 
BC [106]. It is important to note that these studies included 
both pre- and post-menopausal women mostly treated with 
tamoxifen (tam), hence raising the potential use of MD 
change as a predictive biomarker for tam efficacy, which 
has been proposed.

Second primary breast cancer

To date, eight studies have found an association between 
HMD and increased risk of developing a second BC; five 
of which identified increased risk only in the contralateral 
breast (CBC) [34, 107–111]. One study found that HMD 
increased the risk of subsequent BC only in the ipsilateral 
breast [112]. The National Surgical Breast and Bowel Pro-
ject B-17 trial showed that women with breasts having > 75% 
dense tissue had a threefold increased risk of a second cancer 
for either breast [113]. Higher second primary BC rates were 
reported by Buist et al. in their cohort of 17,286 cases, in 
extremely dense vs. fatty breast (7.7 vs. 1.3/1000), although 
it was not clear whether this higher second primary rate was 
limited to one side or both [73]. Of interest in this context, 
the study of Sandberg et al. demonstrated 55% lower odds of 
CBC in tam-treated women who had ≥ 10% PMD decrease 
relative to those with lesser or no reduction [106].

Overall, HMD appears to be associated with a higher risk 
of second primary BC. Data are somewhat conflicting as to 
whether the increased risk of a second BC is limited to one 
breast or affects both; however, summating the evidence, 
risk appears potentially higher in the contralateral breast. In 
terms of the local effect of HMD on the ipsilateral breast, the 
effect could represent an altered stromal environment that 
remains permissive for cancer initiation and re-growth [114]. 
Alternatively, residual DCIS (for which HMD also confers 
risk as discussed above) in the ipsilateral breast distant from 
the initial surgical site could increase ipsilateral risk relative 
to contralateral. In contrast, ipsilateral radiotherapy could 
substantially reduce ipsilateral risk while leaving contralat-
eral risk elevated, potentially explaining higher contralateral 
cancers. The higher MD reported in association with a fam-
ily history of BC suggests that genetic factors that modulate 
MD may also influence BC risk in both breasts [115]. In sup-
port of this, some of BC-associated single-nucleotide poly-
morphisms (SNPs) have been recently identified as “novel 
MD loci” [62]. MD of both breasts from the same woman 
is similar [34], also explaining why MD estimated in one 
breast could be a strong risk factor for BC of both sides, 
simply representing the higher risk of de novo breast cancer 
associated with higher MD.

Survival

Association between single point MD and BC survival  Four-
teen studies (summarised in Table 4) looked at the possi-
ble associations between MD at a single-time point and BC 
survival. Eight studies found that MD was not associated 
with BC-specific survival [74, 96, 112, 116–120]; four stud-
ies demonstrated better survival in BC patients with denser 
breasts [24, 52, 80, 88] and two studies demonstrated better 
survival with LMD [95, 121].
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Several factors might explain these conflicting findings. 
First is the treatment protocol applied to the study cohort, 
particularly the employment of radiotherapy and chemo-
therapy. Maskarinec et al. [112] found that women with 
BC and dense breasts who did not receive radiotherapy had 
an elevated risk of death (HR = 1.46; P = 0.05), compared 
to women with fatty breasts. In contrast, in women who 
received radiation, high PMD was associated with a reduced 
risk of dying from BC (HR = 0.77; P = 0.04). A protective 
effect of HMD with adjuvant radiotherapy on BC survival 
may indicate that the stroma associated with HMD potenti-
ates the therapeutic effects of radiotherapy, in keeping with 
the previously discussed removal of LR risk by radiotherapy 
in women with HMD. Radenkovic et al. have recently shown 
that higher STAT3 expression was associated with both 
better survival and with HMD as opposed to LMD [122]. 
In contrast, the previously cited study of Elsamany et al. 
showed inferior chemotherapy responses in breast cancers 
arising in breasts with HMD [100]. Supporting this, Raviraj 
et al. showed evidence of epithelial–mesenchymal transition 
in the tumour cells cultured in high-density collagen matrix, 
a surrogate for HMD, changes which rendered cells resist-
ant to chemotherapy treatment in culture [123, 124]. Taken 
together, the treatments applied to studied cohorts could, at 
least in part, explain the discrepancies in outcomes associ-
ated with HMD between cohorts and should be accounted 
for in future studies.

Second, the studies of Hinton et al. [80] and Olsen et al. 
[24] did not compensate for BMI and hence the inferior sur-
vival in women with fatty breasts could relate to a higher 
BMI in this group, an established adverse prognostic fac-
tor. This is also in keeping with the previously cited study 
of Gierach et al., in which BMI was found to significantly 
modify the relationship between MD and BC death such that 
the adverse relationship between low MD and risk of BC 
death was most apparent among obese women (HR 2.02, P 
0.003) [117].

Third, the method of categorising MD may also affect 
the results; Masarwah et al. [52] categorised MD into < 25 
and > 25%, hence survival in the HMD category may have 
been affected by those in the middle categories of density.

At present, no solid conclusions can be reached due to 
lack of well-powered studies to examine the relation between 
MD and BC-specific survival.

Association between longitudinal MD changes and BC sur-
vival  Seven studies investigated BC survival in relation to 
longitudinal changes in MD. Li et al. studied 974 post-men-
opausal women with BC, finding tam-treated women who 
experienced a relative reduction in MD by > 20% between 
baseline and follow-up mammograms had a reduced BC-
specific death risk of 50%, as compared with women who 
experienced minimal change in their MD. In the no-tam 

group, changes in MD were not associated with any BC-
specific survival advantage [101]. Similarly, in a study of 
349 tam-treated pre- and post-menopausal women, Nyante 
et al. found a lower risk of BC death in those with greater 
MD reduction [102]. In 1740 post-menopausal BC patients, 
Andersson et al. found no association between baseline MD 
and survival but reported a better survival among women 
with greater MD reduction, although in contrast to the work 
of Li et  al. this survival advantage did not differ in tam-
treated vs. non-treated women [116]. Further, the additional 
four studies cited earlier have demonstrated a better disease-
free survival in both pre- and post-menopausal women, in 
terms of lower recurrences and CBC primary, in women 
having MD reduction within the adjuvant ET setting [41, 
104–106]. It is worth noting that a tam-induced MD reduc-
tion has also been associated with significant BC risk reduc-
tion in the primary prevention setting [17, 18]. The strength 
and homogeneity of these predictive results suggest that 
MD might have a role in predicting the response of subse-
quent BC to ET although predictive effects appear to only 
apply consistently for patients receiving SERMs rather than 
AIs [125].

Summary and conclusions

Although the association between HMD and higher BC 
risk is beyond doubt, associations with BC clinicopatho-
logical features are less certain. Current evidence suggests 
that HMD predisposes to larger tumours, which are known 
to be associated with higher risk of lymph node and dis-
tant metastasis, but does not correlate with an increase in 
regional or distant metastasis. A consistent adverse impact 
of HMD on local relapse is apparent, which looks to be well 
addressed by breast radiotherapy. In general, the data also 
support an increased risk of second primary breast cancers, 
with likely higher risk on the contralateral side. The sub-
stantially higher risk of interval BC, as opposed to screen-
detected BC, among women with dense breasts adds to the 
existing evidence for the biological relation between MD 
and BC, rather than carrying a masking effect alone. The 
fact that HMD confers a higher BC risk in younger and pre-
menopausal women, which is inhibited by tam, but does 
not demonstrate significant differential association to posi-
tive steroid hormone receptor status, suggests that HMD-
conferred risk is partially but not entirely through oestrogen 
effects on ER-alpha, and that this relationship is complex. 
Other conflicting associations of HMD with pathologic and 
clinical BC features (e.g. location, grading and survival) 
need further confirmatory studies that take account of treat-
ment regimens, eliminate potential confounders and use 
optimally timed mammograms.



272	 Breast Cancer Research and Treatment (2019) 177:251–276

1 3

Acknowledgements  The Translational Research Institute receives 
funding from the Australian Government. Author M.S.S. would like 
to thank the Ministry of Higher Education-Missions sector, Egypt, and 
the British Council for their support through Newton–Mosharafa pro-
gramme via the Egyptian Cultural Bureau in London.

Funding  The authors have received research grants from the Univer-
sity of Melbourne and St Vincent’s Hospital Melbourne Foundation, 
Melbourne, Australia; the Translational Research Institute and Princess 
Alexandra Research Foundation, Brisbane, Australia; however, none 
have any financial relationship with these organisations.

Compliance with ethical standards 

Conflict of interest  Author Redfern is on Advisory Boards for 
Novartis, Roche, Eisai and Pfizer, but has no shares or other invest-
ments. Author Thompson has received consultancy fees from Eisai for 
a different topic but has no shares or other investments. None of these 
companies stand to benefit directly or indirectly from this paper. All 
authors declare that they have no conflict of interest.

Ethical approval/informed consent  This is a review article that does 
not contain any studies with human participants or animals performed 
by any of the authors.

References

	 1.	 American Cancer Society (2019) Cancer Facts & Figures
	 2.	 Sak MA, Littrup PJ, Duric N, Mullooly M, Sherman ME, 

Gierach GL (2015) Current and future methods for measur-
ing breast density: a brief comparative review. Breast Cancer 
Manag 4(4):209–221

	 3.	 Hugo HJ, Tourell MC, O’Gorman PM, et al (2018) Looking 
beyond the mammogram to assess mammographic density: 
A narrative review. Biomedical Spectroscopy and Imaging. 
(Preprint):1–18

	 4.	 Boyd NF, Guo H, Martin LJ et al (2007) Mammographic den-
sity and the risk and detection of breast cancer. N Engl J Med 
356(3):227–236

	 5.	 Rauh C, Hack CC, Häberle L et al (2012) Percent mammo-
graphic density and dense area as risk factors for breast cancer. 
Geburtshilfe Frauenheilkd 72(8):727–733

	 6.	 Wolfe JN (1976) Risk for breast cancer development deter-
mined by mammographic parenchymal pattern. Cancer 
37(5):2486–2492

	 7.	 Egan RL, Mosteller RC (1977) Breast cancer mammography 
patterns. Cancer 40(5):2087–2090

	 8.	 Veronesi U, Boyle P, Goldhirsch A, Orecchia R, Viale G (2005) 
Breast cancer. Lancet 365(9472):1727–1741

	 9.	 McCormack VA, dos Santos Silva I (2006) Breast density and 
parenchymal patterns as markers of breast cancer risk: a meta-
analysis. Cancer Epidemiol Biomark Prev 15(6):1159–1169

	 10.	 Hopper JL (2015) Odds per adjusted standard deviation: com-
paring strengths of associations for risk factors measured on 
different scales and across diseases and populations. Am J Epi-
demiol 182(10):863–867

	 11.	 Krishnan K, Baglietto L, Apicella C et al (2016) Mammo-
graphic density and risk of breast cancer by mode of detection 
and tumor size: a case-control study. Breast Cancer Res 18:63

	 12.	 Ghosh K, Vachon CM, Pankratz VS et al (2010) Independ-
ent association of lobular involution and mammographic 

breast density with breast cancer risk. J Natl Cancer Inst 
102(22):1716–1723

	 13.	 Mitchell G, Antoniou AC, Warren R et al (2006) Mammo-
graphic density and breast cancer risk in BRCA1 and BRCA2 
mutation carriers. Cancer Res 66(3):1866–1872

	 14.	 Martin LJ, Melnichouk O, Guo H et al (2010) Family history, 
mammographic density, and risk of breast cancer. Cancer Epi-
demiol Biomark Prev 19(2):456–463

	 15.	 Sung H, Ren J, Li J et al (2018) Breast cancer risk factors and 
mammographic density among high-risk women in urban China. 
NPJ breast cancer. 4(1):3

	 16.	 Huo CW, Chew GL, Britt KL et al (2014) Mammographic den-
sity-a review on the current understanding of its association with 
breast cancer. Breast Cancer Res Treat 144(3):479–502

	 17.	 Mullooly M, Pfeiffer RM, Nyante SJ et al (2016) Mammographic 
density as a biosensor of tamoxifen effectiveness in adjuvant 
endocrine treatment of breast cancer: opportunities and impli-
cations. J Clin Oncol 34(18):2093–2097

	 18.	 Shawky MS, Martin H, Hugo HJ et al (2017) Mammographic 
density: a potential monitoring biomarker for adjuvant and 
preventative breast cancer endocrine therapies. Oncotarget 
8(3):5578–5591

	 19.	 Hassanzadeh J, Moradzadeh R, Rajaee Fard A, Tahmasebi S, 
Golmohammadi P (2012) A comparison of case-control and 
case-only designs to investigate gene-environment interactions 
using breast cancer data. Iran J Med Sci 37(2):112–118

	 20.	 Harvey JA (2004) Quantitative assessment of percent breast den-
sity: analog versus digital acquisition. Technol Cancer Res Treat 
3(6):611–616

	 21.	 Harvey JA, Gard CC, Miglioretti DL et al (2013) Reported mam-
mographic density: film-screen versus digital acquisition. Radiol-
ogy 266(3):752–758

	 22.	 Tagliafico AS, Tagliafico G, Cavagnetto F, Calabrese M, Hous-
sami N (2013) Estimation of percentage breast tissue density: 
comparison between digital mammography (2D full field digital 
mammography) and digital breast tomosynthesis according to 
different BI-RADS categories. Br J Radiol 86(1031):20130255

	 23.	 Moshina N, Roman M, Sebuodegard S, Waade GG, Ursin G, 
Hofvind S (2018) Comparison of subjective and fully automated 
methods for measuring mammographic density. Acta Radiol 
59(2):154–160

	 24.	 Olsen AH, Bihrmann K, Jensen MB, Vejborg I, Lynge E (2009) 
Breast density and outcome of mammography screening: a 
cohort study. Br J Cancer 100(7):1205–1208

	 25.	 Hodge R, Hellmann SS, von Euler-Chelpin M, Vejborg I, 
Andersen ZJ (2014) Comparison of Danish dichotomous and 
BI-RADS classifications of mammographic density. Acta Radiol 
Short Rep. 3(5):2047981614536558

	 26.	 van der Waal D, den Heeten GJ, Pijnappel RM et al (2015) Com-
paring visually assessed BI-RADS breast density and automated 
volumetric breast density software: a cross-sectional study in a 
breast cancer screening setting. PLoS ONE 10(9):e0136667

	 27.	 Ji Y, Shao ZZ, Liu JJ, Hao YJ, Liu PF (2018) The correlation 
between mammographic densities and molecular pathology in 
breast cancer. Cancer Biomark 22(3):523–531

	 28.	 Masroor I, Rasool M, Saeed SA, Sohail S (2016) To asses inter- 
and intra-observer variability for breast density and BIRADS 
assessment categories in mammographic reporting. J Pak Med 
Assoc 66(2):194–197

	 29.	 Ang T, Harkness EF, Maxwell AJ, et al (2017) Visual assess-
ment of breast density using Visual Analogue Scales: observer 
variability, reader attributes and reading time. Medical Imaging 
2017: Image Perception, Observer Performance, and Technology 
Assessment; 2017: International Society for Optics and Photon-
ics, p. 1013608



273Breast Cancer Research and Treatment (2019) 177:251–276	

1 3

	 30.	 Checka CM, Chun JE, Schnabel FR, Lee J, Toth H (2012) 
The relationship of mammographic density and age: impli-
cations for breast cancer screening. AJR Am J Roentgenol 
198(3):W292–W295

	 31.	 Tseng M, Byrne C (2011) Adiposity, adult weight gain, and 
mammographic breast density in US Chinese women. Inter-
national journal of cancer Journal international du cancer. 
128(2):418–425

	 32.	 Bertrand KA, Tamimi RM, Scott CG et al (2013) Mammo-
graphic density and risk of breast cancer by age and tumor 
characteristics. Breast Cancer Res 15(6):R104

	 33.	 Cil T, Fishell E, Hanna W et al (2009) Mammographic density 
and the risk of breast cancer recurrence after breast-conserving 
surgery. Cancer 115(24):5780–5787

	 34.	 Habel LA, Capra AM, Achacoso NS et  al (2010) Mam-
mographic density and risk of second breast cancer after 
ductal carcinoma in situ. Cancer Epidemiol Biomark Prevent 
19(10):2488–2495

	 35.	 Boyd NF, Byng JW, Jong RA et al (1995) Quantitative classifica-
tion of mammographic densities and breast cancer risk: results 
from the Canadian National Breast Screening Study. J Natl Can-
cer Inst 87(9):670–675

	 36.	 Boyd NF, Jensen HM, Cooke G, Han HL (1992) Relationship 
between mammographic and histological risk factors for breast 
cancer. J Natl Cancer Inst 84(15):1170–1179

	 37.	 Boyd NF, Jensen HM, Cooke G, Han HL, Lockwood GA, Miller 
AB (2000) Mammographic densities and the prevalence and inci-
dence of histological types of benign breast disease. Reference 
Pathologists of the Canadian National Breast Screening Study. 
Eur J Cancer Prev 9(1):15–24

	 38.	 Yaghjyan L, Colditz GA, Collins LC et al (2011) Mammographic 
breast density and subsequent risk of breast cancer in postmeno-
pausal women according to tumor characteristics. J Natl Cancer 
Inst 103(15):1179–1189

	 39.	 Sala E, Solomon L, Warren R et al (2000) Size, node status and 
grade of breast tumours: association with mammographic paren-
chymal patterns. Eur Radiol 10(1):157–161

	 40.	 Pollan M, Ascunce N, Ederra M et al (2013) Mammographic 
density and risk of breast cancer according to tumor character-
istics and mode of detection: a Spanish population-based case-
control study. Breast Cancer Res 15(1):R9

	 41.	 Ko H, Shin J, Lee JE et al (2017) Comparison of the associa-
tion of mammographic density and clinical factors with ductal 
carcinoma in situ versus invasive ductal breast cancer in Korean 
women. BMC cancer. 17(1):821

	 42.	 Gill JK, Maskarinec G, Pagano I, Kolonel LN (2006) The associ-
ation of mammographic density with ductal carcinoma in situ of 
the breast: the Multiethnic Cohort. Breast Cancer Res 8(3):R30

	 43.	 Britt K, Ingman W, Huo C, Chew G, Thompson E (2014) The 
pathobiology of mammographic density. Journal of Cancer Biol-
ogy & Research. 2(1):1021

	 44.	 Fasching PA, Heusinger K, Loehberg CR et al (2006) Influence 
of mammographic density on the diagnostic accuracy of tumor 
size assessment and association with breast cancer tumor char-
acteristics. Eur J Radiol 60(3):398–404

	 45.	 Arora N, King TA, Jacks LM et al (2010) Impact of breast den-
sity on the presenting features of malignancy. Ann Surg Oncol 
17(3):211–218

	 46.	 Krishnan K, Baglietto L, Stone J et al (2017) Mammographic 
density and risk of breast cancer by tumor characteristics: a case-
control study. BMC cancer. 17(1):859

	 47.	 Shaikh AJ, Mullooly M, Sayed S et  al (2018) Mammo-
graphic breast density and breast cancer molecular subtypes: 
the Kenyan-African aspect. Biomed Res Int. https​://doi.
org/10.1155/2018/60263​15

	 48.	 Maskarinec G, Dartois L, Delaloge S, Hopper J, Clavel-Chapelon 
F, Baglietto L (2017) Tumor characteristics and family history in 
relation to mammographic density and breast cancer: the French 
E3N cohort. Cancer Epidemiol 49(101508793):156–160

	 49.	 Aiello EJ, Buist DSM, White E, Porter PL (2005) Association 
between mammographic breast density and breast cancer tumor 
characteristics. Cancer Epidemiol BiomarkPrev 14(3):662–668

	 50.	 Eriksson L, Czene K, Rosenberg L, Humphreys K, Hall P (2012) 
The influence of mammographic density on breast tumor charac-
teristics. Breast Cancer Res Treat 134(2):859–866

	 51.	 Ghosh K, Brandt KR, Sellers TA et al (2008) Association of 
mammographic density with the pathology of subsequent breast 
cancer among postmenopausal women. Cancer Epidemiol Bio-
mark Prev 17(4):872–879

	 52.	 Masarwah A, Auvinen P, Sudah M et al (2015) Very low mam-
mographic breast density predicts poorer outcome in patients 
with invasive breast cancer. Eur Radiol 25(7):1875–1882

	 53.	 Hawes D, Downey S, Pearce CL et al (2006) Dense breast stro-
mal tissue shows greatly increased concentration of breast epi-
thelium but no increase in its proliferative activity. Breast Cancer 
Res 8(2):R24

	 54.	 Guo YP, Martin LJ, Hanna W et al (2001) Growth factors and 
stromal matrix proteins associated with mammographic densi-
ties. Cancer Epidemiol Biomark Prev 10(3):243–248

	 55.	 Huo CW, Huang D, Chew GL et al (2016) Human glandular orga-
noid formation in murine engineering chambers after collagenase 
digestion and flow cytometry isolation of normal human breast 
tissue single cells. Cell Biol Int 40(11):1212–1223

	 56.	 Ghosh K, Brandt KR, Reynolds C et al (2012) Tissue composi-
tion of mammographically dense and non-dense breast tissue. 
Breast Cancer Res Treat 131(1):267–275

	 57.	 Pinto Pereira SM, McCormack VA, Hipwell JH et al (2011) 
Localized fibroglandular tissue as a predictor of future tumor 
location within the breast. Cancer Epidemiol Biomark Prev 
20(8):1718–1725

	 58.	 Ursin G, Hovanessian-Larsen L, Parisky YR, Pike MC, Wu 
AH (2005) Greatly increased occurrence of breast cancers in 
areas of mammographically dense tissue. Breast Cancer Res 
7(5):R605–R608

	 59.	 Vachon CM, Brandt KR, Ghosh K et al (2007) Mammographic 
breast density as a general marker of breast cancer risk. Cancer 
Epidemiol Biomark Prev 16(1):43–49

	 60.	 Chan S, Chen J-H, Li S et al (2017) Evaluation of the association 
between quantitative mammographic density and breast cancer 
occurred in different quadrants. BMC Cancer 17(1):274

	 61.	 Boyd NF, Dite GS, Stone J et al (2002) Heritability of mam-
mographic density, a risk factor for breast cancer. N Engl J Med 
347(12):886–894

	 62.	 Brand JS, Humphreys K, Li J, Karlsson R, Hall P, Czene K 
(2018) Common genetic variation and novel loci associated with 
volumetric mammographic density. Breast Cancer Res 20(1):30

	 63.	 Boyd NF, Lockwood GA, Byng JW, Tritchler DL, Yaffe MJ 
(1998) Mammographic densities and breast cancer risk. Cancer 
Epidemiol Biomark Prev 7(12):1133–1144

	 64.	 Vachon CM, Kuni CC, Anderson K, Anderson VE, Sellers TA 
(2000) Association of mammographically defined percent breast 
density with epidemiologic risk factors for breast cancer (United 
States). Cancer Causes Control 11(7):653–662

	 65.	 Bhoo-Pathy N, Verkooijen HM, Tan E-Y et al (2015) Trends in 
presentation, management and survival of patients with de novo 
metastatic breast cancer in a Southeast Asian setting. Sci Rep 
5:16252

	 66.	 Bozcuk H, Uslu G, Pestereli E et al (2001) Predictors of distant 
metastasis at presentation in breast cancer: a study also evaluat-
ing associations among common biological indicators. Breast 
Cancer Res Treat 68(3):239–248

https://doi.org/10.1155/2018/6026315
https://doi.org/10.1155/2018/6026315


274	 Breast Cancer Research and Treatment (2019) 177:251–276

1 3

	 67.	 Carter CL, Allen C, Henson DE (1989) Relation of tumor size, 
lymph node status, and survival in 24,740 breast cancer cases. 
Cancer 63(1):181–187

	 68.	 Huo CW, Waltham M, Khoo C et al (2016) Mammographically 
dense human breast tissue stimulates MCF10DCIS.com pro-
gression to invasive lesions and metastasis. Breast Cancer Res 
18(1):106

	 69.	 Eriksson L, Czene K, Rosenberg L, Humphreys K, Hall P (2013) 
Possible influence of mammographic density on local and locore-
gional recurrence of breast cancer. Breast Cancer Res 15(4):R56

	 70.	 Huang YS, Chen JLY, Huang CS et al (2016) High mammo-
graphic breast density predicts locoregional recurrence after 
modified radical mastectomy for invasive breast cancer: a case-
control study. Breast Cancer Res 18:120

	 71.	 Park CC, Rembert J, Chew K, Moore D, Kerlikowske K (2009) 
High mammographic breast density is independent predictor 
of local but not distant recurrence after lumpectomy and radio-
therapy for invasive breast cancer. Int J Radiat Oncol Biol Phys 
73(1):75–79

	 72.	 Bae MS, Moon HG, Han W et al (2016) Early stage triple-nega-
tive breast cancer: imaging and clinical-pathologic factors associ-
ated with recurrence. Radiology 278(2):356–364

	 73.	 Buist DS, Abraham LA, Barlow WE et al (2010) Diagnosis of 
second breast cancer events after initial diagnosis of early stage 
breast cancer. Breast Cancer Res Treat 124(3):863–873

	 74.	 Strand F, Humphreys K, Holm J et al (2018) Long-term prognos-
tic implications of risk factors associated with tumor size: a case 
study of women regularly attending screening. Breast Cancer Res 
20(1):31

	 75.	 Raviraj V, Fok S, Zhao J et al (2012) Regulation of ROCK1 via 
Notch1 during breast cancer cell migration into dense matrices. 
BMC Cell Biol 13:12

	 76.	 Boyd NF, Melnichouk O, Martin LJ et al (2011) Mammographic 
density, response to hormones, and breast cancer risk. J Clin 
Oncol 29(22):2985–2992

	 77.	 Sprague BL, Trentham-Dietz A, Gangnon RE et al (2011) Circu-
lating sex hormones and mammographic breast density among 
postmenopausal women. Horm Cancer 2(1):62–72

	 78.	 Conroy SM, Pagano I, Kolonel LN, Maskarinec G (2011) 
Mammographic density and hormone receptor expression in 
breast cancer: the Multiethnic Cohort Study. Cancer Epidemiol 
35(5):448–452

	 79.	 Ding J, Warren R, Girling A, Thompson D, Easton D (2010) 
Mammographic density, estrogen receptor status and other breast 
cancer tumor characteristics. Breast J 16(3):279–289

	 80.	 Hinton CP, Roebuck EJ, Williams MR et al (1985) Mammo-
graphic parenchymal patterns—value as a predictor of hormone 
dependency and survival in breast-canceR. Am J Roentgenol 
144(6):1103–1107

	 81.	 Kim MY, Choi N, Yang JH, Yoo YB, Park KS (2015) Back-
ground parenchymal enhancement on breast MRI and mammo-
graphic breast density: correlation with tumour characteristics. 
Clin Radiol 70(7):706–710

	 82.	 Heusinger K, Jud SM, Haberle L et al (2012) Association of 
mammographic density with hormone receptors in invasive 
breast cancers: results from a case-only study. Int J Cancer 
131(11):2643–2649

	 83.	 Roubidoux MA, Bailey JE, Wray LA, Helvie MA (2004) Invasive 
cancers detected after breast cancer screening yielded a negative 
result: relationship of mammographic density to tumor prognos-
tic factors. Radiology 230(1):42–48

	 84.	 Nielsen NS, Andersen J, Poulsen HS, Mathiessen O (1992) Pre-
diction of hormone responsiveness by mammographic parenchy-
mal pattern in advanced primary breast cancer. Breast Cancer 
Res Treat 23(3):219–222

	 85.	 Verheus M, Maskarinec G, Erber E et al (2009) Mammographic 
density and epithelial histopathologic markers. BMC Cancer 
9:182

	 86.	 Shaaban AM, O’Neill PA, Davies MP et al (2003) Declining 
estrogen receptor-beta expression defines malignant progression 
of human breast neoplasia. Am J Surg Pathol 27(12):1502–1512

	 87.	 Nelson AW, Groen AJ, Miller JL et al (2017) Comprehensive 
assessment of estrogen receptor beta antibodies in cancer cell line 
models and tissue reveals critical limitations in reagent specific-
ity. Mol Cell Endocrinol 440:138–150

	 88.	 Hwang K-T, Chu AJ, Kim J et al (2018) Prognostic influence of 
preoperative mammographic breast density in operable invasive 
female breast cancer. Sci Rep 8(1):16075

	 89.	 Edwards BL, Atkins KA, Stukenborg GJ et al (2017) The asso-
ciation of mammographic density and molecular breast cancer 
subtype. Cancer Epidemiol Biomark Prev 26(10):1487–1492

	 90.	 Krishnan K, Baglietto L, Stone J et al (2017) Longitudinal study 
of mammographic density measures that predict breast cancer 
risk. Cancer Epidemiol Biomark Prev 26(4):651–660

	 91.	 Brisson J, Morrison AS, Khalid N (1988) Mammographic paren-
chymal features and breast-cancer in the breast-cancer detection 
demonstration project. J Natl Cancer Inst 80(19):1534–1540

	 92.	 Gilliland FD, Joste N, Stauber PM et al (2000) Biologic char-
acteristics of interval and screen-detected breast cancers. J Natl 
Cancer Inst 92(9):743–749

	 93.	 Strand F, Humphreys K, Eriksson M et al (2017) Longitudinal 
fluctuation in mammographic percent density differentiates 
between interval and screen-detected breast cancer. Int J Cancer 
140(1):34–40

	 94.	 Nickson C, Arzhaeva Y, Aitken Z et al (2013) AutoDensity: an 
automated method to measure mammographic breast density that 
predicts breast cancer risk and screening outcomes. Breast Can-
cer Res 15(5):R80

	 95.	 Olsson Å, Sartor H, Borgquist S, Zackrisson S, Manjer J (2014) 
Breast density and mode of detection in relation to breast cancer 
specific survival: a cohort study. BMC Cancer 14:229

	 96.	 van der Waal D, Verbeek ALM, Broeders MJM (2018) Breast 
density and breast cancer-specific survival by detection mode. 
BMC Cancer 18(1):386

	 97.	 Holm J, Humphreys K, Li J et al (2015) Risk factors and tumor 
characteristics of interval cancers by mammographic density. J 
Clin Oncol 33(9):1030–1037

	 98.	 Kamineni A, Anderson ML, White E et al (2013) Body mass 
index, tumor characteristics, and prognosis following diagnosis 
of early-stage breast cancer in a mammographically screened 
population. Cancer Causes Control 24(2):305–312

	 99.	 Eriksson L, Czene K, Rosenberg LU, Tornberg S, Humphreys 
K, Hall P (2013) Mammographic density and survival in interval 
breast cancers. Breast Cancer Res 15(3):R48

	100.	 Elsamany S, Alzahrani A, Abozeed WN et al (2015) Mammo-
graphic breast density: predictive value for pathological response 
to neoadjuvant chemotherapy in breast cancer patients. Breast 
24(5):576–581

	101.	 Li J, Humphreys K, Eriksson L, Edgren G, Czene K, Hall P 
(2013) Mammographic density reduction is a prognostic marker 
of response to adjuvant tamoxifen therapy in postmenopausal 
patients with breast cancer. J Clin Oncol 31(18):2249–2256

	102.	 Nyante SJ, Sherman ME, Pfeiffer RM et al (2015) Prognostic 
significance of mammographic density change after initiation 
of tamoxifen for ER-positive breast cancer. J Natl Cancer Inst 
107(3):dju425

	103.	 Ko KL, Shin IS, You JY, Jung SY, Ro J, Lee ES (2013) Adju-
vant tamoxifen-induced mammographic breast density reduc-
tion as a predictor for recurrence in estrogen receptor-positive 
premenopausal breast cancer patients. Breast Cancer Res Treat 
142(3):559–567



275Breast Cancer Research and Treatment (2019) 177:251–276	

1 3

	104.	 Kim J, Han W, Moon HG et al (2012) Breast density change as a 
predictive surrogate for response to adjuvant endocrine therapy 
in hormone receptor positive breast cancer. Breast Cancer Res 
14(4):R102

	105.	 Redfern A, Martin H, Stone J, Davidson J, Yap F, Chung K 
(2016) Mammographic breast density as a predictor of hormone 
receptor positive breast cancer recurrence: a single centre longi-
tudinal analysis. Can Res 76(4 Supplement):PD1-06-PD1

	106.	 Sandberg MEC, Li J, Hall P et al (2013) Change of mammo-
graphic density predicts the risk of contralateral breast cancer–
a case-control study. Breast Cancer Res 15(4):R57

	107.	 Chowdhury M, Euhus D, Onega T, Biswas S, Choudhary PK 
(2017) A model for individualized risk prediction of contralat-
eral breast cancer. Breast Cancer Res Treat 161(1):153–160

	108.	 Hwang ES, Miglioretti DL, Ballard-Barbash R, Weaver 
DL, Kerlikowske K (2007) Association between breast den-
sity and subsequent breast cancer following treatment for 
ductal carcinoma in  situ. Cancer Epidemiol Biomark Prev 
16(12):2587–2593

	109.	 Chowdhury M, Euhus D, O’Donnell M, Onega T, Choudhary 
PK, Biswas S (2018) Dose-dependent effect of mammographic 
breast density on the risk of contralateral breast cancer. Breast 
Cancer Res Treat 170(1):143–148

	110.	 Knight JA, Blackmore KM, Fan J et al (2018) The association of 
mammographic density with risk of contralateral breast cancer 
and change in density with treatment in the WECARE study. 
Breast Cancer Res 20(1):23

	111.	 Raghavendra A, Sinha AK, Le-Petross HT et al (2017) Mam-
mographic breast density is associated with the development of 
contralateral breast cancer. Cancer 123(11):1935–1940

	112.	 Maskarinec G, Pagano IS, Little MA, Conroy SM, Park SY, 
Kolonel LN (2013) Mammographic density as a predictor of 
breast cancer survival: the Multiethnic Cohort. Breast Cancer 
Res 15(1):R7

	113.	 Habel LA, Dignam JJ, Land SR, Salane M, Capra AM, Julian 
TB (2004) Mammographic density and breast cancer after ductal 
carcinoma in situ. J Natl Cancer Inst 96(19):1467–1472

	114.	 Barcellos-Hoff MH, Medina D (2005) New highlights on 
stroma-epithelial interactions in breast cancer. Breast Cancer 
Res 7(1):33–36

	115.	 Ziv E, Shepherd J, Smith-Bindman R, Kerlikowske K (2003) 
Mammographic breast density and family history of breast can-
cer. J Natl Cancer Inst 95(7):556–558

	116.	 Andersson TML, Crowther MJ, Czene K, Hall P, Humphreys 
K (2017) Mammographic density reduction as a prognostic 
marker for postmenopausal breast cancer: results using a joint 
longitudinal-survival modeling approach. Am J Epidemiol 
186(9):1065–1073

	117.	 Gierach GL, Ichikawa L, Kerlikowske K et al (2012) Relation-
ship between mammographic density and breast cancer death in 
the Breast Cancer Surveillance Consortium. J Natl Cancer Inst 
104(16):1218–1227

	118.	 Porter GJR, Evans AJ, Cornford EJ et al (2007) Influence of 
mammographic parenchymal pattern in screening-detected and 
interval invasive breast cancers on pathologic features, mam-
mographic features, and patient survival. Am J Roentgenol 
188(3):676–683

	119.	 Chiu SY, Duffy S, Yen AM, Tabar L, Smith RA, Chen HH (2010) 
Effect of baseline breast density on breast cancer incidence, 
stage, mortality, and screening parameters: 25-year follow-up of 
a Swedish mammographic screening. Cancer Epidemiol Biomark 
Prev 19(5):1219–1228

	120.	 Zhang S, Ivy JS, Diehl KM, Yankaskas BC (2013) The associa-
tion of breast density with breast cancer mortality in African 
American and white women screened in community practice. 
Breast Cancer Res Treat 137(1):273–283

	121.	 Elsamany S, Alzahrani A, Elkhalik SA et al (2014) Prognostic 
value of mammographic breast density in patients with metastatic 
breast cancer. Med Oncol 31(8):96

	122.	 Radenkovic S, Konjevic G, Gavrilovic D et al (2018) pSTAT3 
expression associated with survival and mammographic density 
of breast cancer patients. Pathol Res Pract 215:366–372

	123.	 Raviraj V, Zhang H, Chien HY, Cole L, Thompson EW, Soon 
L (2012) Dormant but migratory tumour cells in desmoplas-
tic stroma of invasive ductal carcinomas. Clin Exp Metastasis 
29(3):273–292

	124.	 Redfern AD, Spalding LJ, Thompson EW (2018) The Kraken 
Wakes: induced EMT as a driver of tumour aggression and 
poor outcome. Clin Exp Metastasis 35(4):285–308

	125.	 Vachon CM, Suman VJ, Brandt KR et  al (2013) Mammo-
graphic breast density response to aromatase inhibition. Clin 
Cancer Res 19(8):2144–2153

	126.	 Boyd NF, Osullivan B, Campbell JE et al (1982) Mammo-
graphic patterns and bias in breast-cancer detection. Radiology 
143(3):671–674

	127.	 Sala E, Warren R, McCann J, Duffy S, Luben R, Day N (2001) 
Mammographic parenchymal patterns and breast cancer natural 
history–a case-control study. Acta Oncol 40(4):461–465

	128.	 Morishita M, Ohtsuru A, Hayashi T et al (2005) Clinical sig-
nificance of categorisation of mammographic density for breast 
cancer prognosis. Int J Oncol 26(5):1307–1312

	129.	 Garnett S, Wallis M, Morgan G (2009) Do screen-detected 
lobular and ductal carcinoma present with different mammo-
graphic features? Br J Radiol 82(973):20–27

	130.	 Nickson C, Kavanagh AM (2009) Tumour size at detection 
according to different measures of mammographic breast den-
sity. J Med Screen 16(3):140–146

	131.	 Pinker K, Perry N, Vinnicombe S, Shiel S, Weber M (2011) 
Conspicuity of breast cancer according to histopathologi-
cal type and breast density when imaged by full-field digital 
mammography compared with screen-film mammography. Eur 
Radiol 21(1):18–25

	132.	 Eriksson L, Hall P, Czene K et  al (2012) Mammographic 
density and molecular subtypes of breast cancer. Br J Cancer 
107(1):18–23

	133.	 Moshina N, Ursin G, Hoff SR et al (2015) Mammographic 
density and histopathologic characteristics of screen-detected 
tumors in the Norwegian Breast Cancer Screening Program. 
Acta Radiol Open 4(9):2058460115604340

	134.	 Ciatto S, Cecchini S, Iossa A et al (1989) Association of estro-
gen receptors with parenchymal pattern at mammography. 
Radiology 170(3 Pt 1):695–697

	135.	 Ferranti C, Coopmans de Yoldi G, Biganzoli E et al (2000) 
Relationships between age, mammographic features and patho-
logical tumour characteristics in non-palpable breast cancer. 
Br J Radiol 73(871):698–705

	136.	 Ziv E, Tice J, Smith-Bindman R, Shepherd J, Cummings S, 
Kerlikowske K (2004) Mammographic density and estrogen 
receptor status of breast cancer. Cancer Epidemiol Biomark 
Prev 13(12):2090–2095

	137.	 Yang WT, Dryden M, Broglio K et al (2008) Mammographic 
features of triple receptor-negative primary breast cancers 
in young premenopausal women. Breast Cancer Res Treat 
111(3):405–410

	138.	 Kavanagh AM, Byrnes GB, Nickson C et al (2008) Using 
mammographic density to improve breast cancer screening 
outcomes. Cancer Epidemiol Biomark Prev 17(10):2818–2824

	139.	 Ma H, Luo J, Press MF, Wang Y, Bernstein L, Ursin G (2009) 
Is there a difference in the association between percent mam-
mographic density and subtypes of breast cancer? Luminal A 
and triple-negative breast cancer. Cancer Epidemiol Biomark 
Prev 18(2):479–485



276	 Breast Cancer Research and Treatment (2019) 177:251–276

1 3

	140.	 Jiang LY, Ma TT, Moran MS et al (2011) Mammographic Fea-
tures Are Associated with Clinicopathological Characteristics 
in Invasive Breast Cancer. Anticancer Res 31(6):2327–2334

	141.	 Phipps AI, Buist DSM, Malone KE et al (2012) Breast density, 
body mass index, and risk of tumor marker-defined subtypes 
of breast cancer. Ann Epidemiol 22(5):340–348

	142.	 Razzaghi H, Troester MA, Gierach GL, Olshan AF, Yankaskas 
BC, Millikan RC (2013) Association between mammographic 
density and basal-like and luminal A breast cancer subtypes. 
Breast Cancer Res 15(5):R76

	143.	 Kim MY, Choi N (2013) Mammographic and ultrasonographic 
features of triple-negative breast cancer: a comparison with 
other breast cancer subtypes. Acta Radiol 54(8):889–894

	144.	 Rauch GM, Kuerer HM, Scoggins ME et  al (2013) Clin-
icopathologic, mammographic, and sonographic features 
in 1,187 patients with pure ductal carcinoma in situ of the 
breast by estrogen receptor status. Breast Cancer Res Treat 
139(3):639–647

	145.	 Gao B, Zhang H, Zhang SD et al (2014) Mammographic and 
clinicopathological features of triple-negative breast cancer. 
Br J Radiol 87(1039):20130496

	146.	 Yaghjyan L, Pettersson A, Colditz GA et al (2015) Postmeno-
pausal mammographic breast density and subsequent breast 
cancer risk according to selected tissue markers. Br J Cancer 
113(7):1104–1113

	147.	 Sartor H, Zackrisson S, Elebro K, Hartman L, Borgquist S 
(2015) Mammographic density in relation to tumor biomarkers, 
molecular subtypes, and mode of detection in breast cancer. 
Cancer Causes Control 26(6):931–939

	148.	 Kim MY, Kim HS, Choi N, Yang JH, Yoo YB, Park KS (2015) 
Screening mammography-detected ductal carcinoma in situ: 
mammographic features based on breast cancer subtypes. Clin 
Imaging 39(6):983–986

	149.	 Jung HK, Han K, Lee YJ, Moon HJ, Kim E-K, Kim MJ (2015) 
Mammographic and sonographic features of triple-negative 
invasive carcinoma of no special type. Ultrasound Med Biol 
41(2):375–383

	150.	 Shin J, Lee JE, Ko HY et  al (2018) Association between 
mammographic density and tumor marker-defined breast 
cancer subtypes: a case-control study. Eur J Cancer Prev 
27(3):239–247

	151.	 van Gils CH, Otten JDM, Hendriks J, Holland R, Straatman H, 
Verbeek ALM (1999) High mammographic breast density and 

its implications for the early detection of breast cancer. J Med 
Screen 6(4):200–204

	152.	 Mandelson MT, Oestreicher N, Porter PL et al (2000) Breast density 
as a predictor of mammographic detection: comparison of interval- 
and screen-detected cancers. J Natl Cancer Inst 92(13):1081–1087

	153.	 Crane CEB, Luke CG, Rogers JM, Playford PE, Roder DM 
(2002) An analysis of factors associated with interval as 
opposed to screen-detected breast cancers, including hormone 
therapy and mammographic density. Breast 11(2):131–136

	154.	 Ciatto S, Visioli C, Paci E, Zappa M (2004) Breast density as 
a determinant of interval cancer at mammographic screening. 
Br J Cancer 90(2):393–396

	155.	 Chiarelli AM, Kirsh VA, Klar NS et al (2006) Influence of pat-
terns of hormone replacement therapy use and mammographic 
density on breast cancer detection. Cancer Epidemiol Biomark 
Prev 15(10):1856–1862

	156.	 Domingo L, Salas D, Zubizarreta R et al (2014) Tumor pheno-
type and breast density in distinct categories of interval cancer: 
results of population-based mammography screening in Spain. 
Breast Cancer Res 16(1):R3

	157.	 Chiarelli AM, Prummel MV, Muradali D et al (2015) Digital 
versus screen-film mammography: impact of mammographic 
density and hormone therapy on breast cancer detection. Breast 
Cancer Res Treat 154(2):377–387

	158.	 Strand F, Humphreys K, Cheddad A et al (2016) Novel mam-
mographic image features differentiate between interval and 
screen-detected breast cancer: a case-case study. Breast Cancer 
Res 18:100

	159.	 Timmermans L, Bleyen L, Bacher K et  al (2017) Screen-
detected versus interval cancers: effect of imaging modality 
and breast density in the Flemish Breast Cancer Screening 
Programme. Eur Radiol 27(9):3810–3819

	160.	 Nguyen TL, Aung YK, Li S et al (2018) Predicting interval and 
screen-detected breast cancers from mammographic density 
defined by different brightness thresholds. Breast Cancer Res 
20:152

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	A review of the influence of mammographic density on breast cancer clinical and pathological phenotype
	Abstract
	Purpose 
	Methods 
	Results and conclusions 

	Introduction
	Methods
	Eligibility criteria
	Search strategy
	Study selection
	Data abstraction

	Results and discussion
	Study selection
	Overview of study characteristics
	Study design
	Image acquisition
	Density measurement
	Assessment subjectivity
	Important biological confounders
	Timing and laterality of the mammogram

	Correlation of MD with pathologic features
	Histopathology
	Invasive versus in situ BC 
	Histopathological type 
	Grading and lymphovascular invasion 

	Gross pathology
	Location 
	Size 

	Metastatic potential
	Local and distant recurrence
	Molecular markers and subtypes

	Clinical features
	Age and menopausal status
	Method of detection
	Frequency of SBC versus IBC based on MD 
	Biological behaviour of SBC versus IBC based on MD 

	Treatment
	Second primary breast cancer
	Survival
	Association between single point MD and BC survival 
	Association between longitudinal MD changes and BC survival 



	Summary and conclusions
	Acknowledgements 
	References




