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Dynamic MR imaging as a predictor of
prognosis in breast cancer
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Abstract. Contrast-enhanced MR imaging (CE-MRI) has become a widely accepted complementary method for diagnos-
ing breast cancer. It has been suggested for evaluating patients with breast implants, patients at risk of tumour multifocality
or recurrence, search for occult primary cancer in presence of axillary metastasis and monitoring the effect of preoperative
chemotherapy. The clinical usefulness of MR imaging in patients with increased genetic risk of breast cancer is still under
investigation. There is scientific evidence to support the hypothesis that CE-MRI may carry the prognostic significance of
angiogenesis, and one of the future indications of this method can be the prognostic evaluation of breast cancer patients by
the functional mapping of the angiogenic activity of tumours. On the basis of the promising results of recent reports, further
large-scale studies are needed to evaluate the impact of MR parameters on long term overall survival of patients with breast
cancer.

1. Clinical applications of MRI in breast cancer

Although, mammography and ultrasound (US) remain the first line imaging methods, additional tech-
niques may help either in the diagnosis or in the clinical management of breast cancer patients. For
diagnosing breast cancer, magnetic resonance imaging (MRI) has emerged as the most sensitive com-
plementary tool [1]. However, in spite of the fact that there are numerous approaches in use at different
institutions, the protocols for contrast-enhanced MRI (CE-MRI) seem to be converging, and agreement
exists on the clinical indications, as well.

Most frequently, MRI is used to examine patients who had breast augmentation or reconstruction
surgery [2,3]. In these cases, breast implant failure or tumour recurrence is hard to or cannot at all be
detected by conventional techniques. Non-contrast MRI is the appropriate method to check the implant
integrity, but in all other indications, the intravenous administration of gadolinium diethylenetriamine
pentaacetic acid (Gd-DTPA) is necessary for the visualization of neoplastic tissue [4]. Due to the very
high sensitivity of CE-MRI in diagnosing breast cancer, initially it was treated as a problem-solving
complementary modality to the routine diagnostic work-up, especially for further evaluation of suspi-
cious lesions found at physical examination or mammography. According to a recent large multi-centre
study, in most cases breast biopsy cannot be avoided with the use of MRI [5]. There is no scientific evi-
dence to support that MRI could reduce the number of unnecessary breast biopsies in this patient group.
CE-MRI is indicated in the following clinical situations:

*Corresponding author: Botond K. Szabó, Department of Radiology, Prince Charles Hospital, Merthyr Tydfil, Mid
Glamorgan CF47 9DT, United Kingdom. Tel.: +44 1685 721721; E-mail: botsza@gmail.com.

0712-4813/06/$17.00  2006 – IOS Press and the authors. All rights reserved



20 B.K. Szabó and M. Kristoffersen-Wiberg / Dynamic MR imaging

1. Clinical staging before breast conservation surgery
Since small or unifocal breast malignancies can be treated with a less radical surgical method, and

mastectomy is the choice for extensive disease, preoperative assessment of multifocality, multicentricity
and accurate report on tumour extent are of great importance in planning breast surgery [6,7]. CE-MRI
is found to be more precise in measuring tumour size and extent compared to conventional methods [8].
The clinical management of breast cancer patients can be changed in 15–20% with the use of MRI [9].

2. Imaging after breast conservation/reconstruction surgery
Although, local recurrence is expected to occur in 1–2% of cases per year [10], post-treatment scarring

may impair the detectability of recurrent or residual tumours. In clinically suspicious cases, CE-MRI can
distinguish enhancing malignant tissue from benign type scarring or fibrosis [11]. The only disadvantage
of CE-MRI is that post-irradiated inflammatory changes also show moderate contrast enhancement,
therefore MRI is not indicated during the first 12 months after surgery, and 18 months after radiation
therapy [12]. Although, according to a recent study, radiation-induced changes occur only in the first
3 months after therapy, and with more refined diagnostic criteria can be differentiated from tumour
recurrence [13]. Patients treated with reconstruction surgery (using breast implants) are also candidates
for CE-MRI during the postoperative follow-up [14].

3. Detection of occult breast carcinoma
Especially in mammographically dense breasts, conventional imaging techniques are unable to detect

the primary focus of a clinically evident metastatic carcinoma. In this carcinoma unknown primary
(CUP) syndrome we can utilize the high sensitivity of CE-MRI for identifying the primary source of the
disease [15,16].

4. Monitoring the effect of neoadjuvant chemotherapy
In advanced stages of breast cancer, there is often a need for preoperative chemotherapy in order

to improve the overall survival of patients. Neoadjuvant therapy has the advantage of providing tumour
shrinkage and it is the earliest treatment against micrometastases. Successful preoperative chemotherapy
can make possible breast conserving surgery, as well [17]. CE-MRI is good at monitoring the angiogenic
activity of tumours, thus is capable of mapping the viable areas of lesions. With this method the response
to the chemotherapeutic agents can be assessed even in the early stage of the therapy [18,19].

5. Screening of patients with the risk of hereditary breast cancer
The group of patients at high-risk of breast cancer includes those women who had a contralateral

breast cancer, factors that indicate genetic predisposition (family history, BRCA1 and BRCA2 genes),
previously treated Hodgkin’s disease or previously diagnosed in situ cancers or atypia in the breast. Other
factors like patient’s age, age at first birth and race are also of importance for the evaluation of risk. In
this patient group (which usually represents a younger population) CE-MRI would be preferable over
mammography because of its higher sensitivity [20–22], and no radiation when repeated examinations
have to be performed in young women.

6. Other indications and considerations
If a non-palpable suspicious lesion is visible at CE-MRI alone, and is not detectable on X-ray or

US, biopsy should be performed by the guidance of MRI. There have been many reports on describing
MR-guided biopsy and localization techniques [23,24], but its acceptance into common clinical use is
limited. Since spatial and temporal resolution of CE-MRI is improved considerably, the group of in situ
carcinomas, is better visualized now with newer techniques [25]. Future application of CE-MRI can
be the assessment of extensive ductal carcinoma in situ (DCIS) [26]. In the past, another limitation of
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CE-MRI was the reported poor detectability of invasive lobular cancers, which has also been improved.
High resolution CE-MRI is indicated for clinical staging, when there is a suspicion of lobular cancer
[25].

CE-MRI is increasingly being used as a complementary modality to conventional diagnostic imag-
ing methods to examine breast cancer patients. However, CE-MRI has very high sensitivity in detecting
breast malignancy, its relatively low specificity still a known limitation. There have been numerous
attempts to improve the diagnostic accuracy of breast MRI. Among these, magnetic resonance spec-
troscopy (MRS) appears to be the most promising approach [27]. Several studies using hydrogen (1H)
MRS showed that malignant lesions could be differentiated from benign and normal breast tissues based
on the production of choline-containing compounds (tCho). However, underlying biochemical mech-
anisms are not fully clarified, according to the working hypothesis, increased tCho concentration is
probably a sign of cell proliferation in malignant tissues. Since benign proliferative lesions can also pro-
duce considerable amount of tCho, 1H-MRS detected tCho is apparently not a fully specific marker of
breast malignancy. Recent reports showed that adding 1H-MRS could improve the diagnostic accuracy
of CE-MRI. In one study, CE-MRI alone had a sensitivity of 100% and specificity of 62.5%. With the
addition of 1H-MRS, specificity increased to 87.5% [28]. According to another study, which was an
observer performance study, after the addition of 1H-MRS, all observers achieved significantly higher
diagnostic accuracy, and there was an increase in inter-observer agreement, as well [29].

2. Prognostic factors in breast cancer

Survival of patients diagnosed with primary breast cancer is largely determined by conventional prog-
nostic factors including the presence of metastatic axillary lymph nodes and size of the tumour. Nodal
status is not only a time-dependent staging variable, but also serves as a marker for tumour aggres-
siveness [30]. Tumour size is another factor that has long been recognized as an important predictor of
disease outcome in breast cancer patients [31], furthermore, the risk of death could accurately be es-
timated with combined information on the size and number of involved nodes [32]. Patients could be
grouped into different prognostic groups according to histological type of the tumour. Tubular, invasive
cribriform and mucinous carcinomas have favourable prognosis. Medullary, papillary and classical lobu-
lar breast cancers represent a group of tumours with good and moderate prognosis, and the worst clinical
outcome is associated with invasive carcinoma of no special type [33]. Histological grading according
to the Elston–Ellis classification taking into consideration the combination of tubular formation, nuclear
pleomorphism and mitotic rate highly correlates with long-term survival; the lower grade is associated
with better prognosis [34]. In the routine clinical practice, the use of stage related as well as biologi-
cal factors is needed for predicting prognosis. The Nottingham prognostic index, which based on the
pathological tumour size, lymph node stage and histological grade is one approach to fulfil this need
[35].

Ki-67 is an excellent molecular marker of cell proliferation and proved to be a powerful and inde-
pendent prognostic factor for node-negative patients. Because of the technical difficulties in measuring
this factor, the ki-67 labelling index is still not widely used in routine clinical work [36]. Estrogen and
progesterone receptor status in breast cancer is currently used to select patients for hormonal therapy, but
can also provide prognostic information [37]. The oncogene c-erbB-2 (HER2/neu) has predictive value
for response to herceptin (a monoclonal antibody against HER2 receptor) [38]. It is unquestionable
that hormone receptor and c-erbB-2 status correlate with clinical outcome, but their role in predicting
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prognosis in node negative patients remains controversial [39]. Other molecular markers are also under
investigation, such as growth factor receptors, p53, DNA ploidy, S-phase fraction, cathepsin-D, and E-
cadherin. Although, these molecular factors have prognostic significance at univariate analyses, the best
prognostic indicators remain the clinically used traditional histomorphological factors [34].

3. Angiogenesis and CE-MRI

The term angiogenesis was introduced by Folkman [40] that describes the process of new formation
of vessels from pre-existing vasculature. Growth, invasion and metastatic activity of different malignant
tumours are highly dependent on angiogenesis. The degree of intratumoral microvessel density (MVD)
was first proposed as a measure of angiogenic activity of breast carcinomas [41]. To date a number
of studies have demonstrated that there is a strong association between increased MVD and decreased
disease free and overall survival and MVD is proved to be an independent prognostic factor in patients
with breast cancer [41–44]. These studies suggest that highly vascularized tumours have higher metasta-
tic capacity and are associated with poorer prognosis. Other studies, however, could not confirm these
findings [45,46]. These contradictory results can partly be explained by the variability in selection of
endothelial antibodies, methods for counting microvessels, and different interpretations of findings [47].
In addition, vascular heterogeneity of tumours may also influence the measurement of vascular density
[48,49].

Although, several factors are involved, endothelial growth factor (VEGF) remains the major regulator
of angiogenesis. This angiogenic factor is the most important marker of endothelial cell proliferation
and vascular permeability. VEGF regulates the neovascularization of physiological processes, such as
wound healing, changes associated to menstrual cycle, but in malignant tissues the expression of this
cytokine becomes uncontrolled. With regard to prognosis, it has also been proved that higher expression
of VEGF is associated to shorter disease free interval and survival in breast cancer patients [50].

Angiogenesis of invasive breast tumours has been shown to be one of the main factors that affect
MR contrast agent uptake. MR contrast enhancement is dependent on certain physiologic properties of
vessels: besides perfusion and blood volume, which is mainly, related to MVD, endothelial permeability
is also of importance. It is apparent that highly permeable blood vessels of malignant tissue allow the
higher diffusion rate of a MR contrast agent through the capillary wall, producing stronger extravasation
and increase in signal intensity. Some studies have pointed out a correlation between tumour enhance-
ment and MVD [51–53], while others have reported no such relationship [54,55]. There is a recent
study that may give an explanation to this controversy. Knopp and colleagues found a strong correlation
between MR contrast kinetics and VEGF expression [56]. According to their results, VEGF-induced
vascular permeability plays a dominant role in MR contrast dynamics, and the effect of vascular density
seems to be inferior.

4. CE-MRI in predicting prognosis

The prognostic significance of angiogenesis in breast cancer has been repeatedly shown [41–44],
while some studies do not support these findings [45,46]. A relationship between angiogenesis and
MR contrast enhancement has also been demonstrated [51–53]. As contrast enhancement patterns (both
morphologic and kinetic) are linked to the vascular properties of tumours, these MR features might be
useful for in vivo tumour grading, assessing metastatic activity and predicting prognosis in breast cancer.
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(a) (b)

Fig. 1. Coronal T1-weighted 3D fast low angle shot (FLASH) subtracted images of a 41-year-old woman with a histopatholog-
ically proved 22 mm high grade invasive ductal carcinoma with associated ductal carcinoma in situ (DCIS) in her left breast
showing rim-enhancement (a) and washout type enhancement curve (b).

(a) (b)

Fig. 2. Typical morphologic and kinetic features of malignancy are demonstrated on coronal T1-weighted FLASH subtracted
MR images: spiculated irregular outlines (a) and washout type time-signal intensity curve (b). The subject was a 55-year-old
woman with a histopathologically proved 2 cm large invasive ductal carcinoma in her left breast.
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A number of studies examined the hypothesis that kinetic MR parameters derived from time–signal
intensity curves are related to established prognostic factors and therefore can also be used for predicting
the outcome of the disease. Boné et al. [57] compared different classical prognostic factors and mole-
cular markers with MR contrast enhancement in a population of 50 patients with breast cancer using
semi-dynamic MR technique, and found that contrast enhancement ratio was associated with histolog-
ical malignancy grade and tumour proliferation. They also reported a correlation between washout and
tumour grade. Our research group confirmed these findings with using standard dynamic MR technique
and multivariate statistical analysis of 61 invasive malignant breast lesions [58], and pointed out that
time-to-peak enhancement was independently associated with histological grade and steroid receptor
status, and there was a correlation between qualitative variable “curve type” and cell proliferation as
reflected by ki-67. Mussurakis et al. [59] also found a relationship between contrast enhancement and
prognostic factors. In their study, increased enhancement ratio was associated with higher histological
grade and presence of metastatic nodes in 53 women. In a more recent study, Komatsu et al. reported
that malignant type time–signal intensity curves were found more frequently in lymphatic invasion and
lymph node metastasis investigating 69 malignant breast lesions and proposed dynamic MR technique
for the prediction of lymph node metastasis [60]. Tuncbilek and colleagues published a study on 55 pa-
tients with invasive breast cancer, and found that MR enhancement parameters significantly associated
with histological grade and lymph node status [61]. In another study, Oshida et al. investigated ductal
carcinomas in situ (DCIS) and compared pharmacokinetic MR parameters to histological findings [62].
They reported on an association between MR parameters and histologic grade using 39 subjects, and
again proposed functional MRI as a prediction tool for breast cancer. Although, the results of the above
mentioned publications appear to be consistent, we have to mention two other studies [63,64], where
no correlation was found between the degree of MR enhancement and prognostic factors. The source of
these contradictory findings remains unknown, however, there are several possible influential factors in-
cluding the method of defining region of interests (ROI), variability in calculating contrast enhancement
parameters, and using different MR techniques [65].

Our research group found that rim enhancement could be one of the morphological MR patterns that
may be of prognostic relevance [58]. The presence of this sign showed strong association with higher
histological grade and negative ER status, and also with ki-67 status, although this was only marginally
significant. Multivariate analysis confirmed these correlations. Peripheral rim enhancement pattern is an
important morphologic sign in the differential diagnosis of breast masses [66]. Presence of this architec-
tural feature has approximately 79–92% predictive value for breast malignancy [67]. It was also reported
to be associated with high degree of angiogenesis in the tumour periphery [52,53], but central tumour
necrosis also accounted for this feature and may even be more pronounced than MVD [68]. One study
showed a correlation between rim enhancement and high DNA S-phase percentage and suggested that
rim enhancement is more often seen among rapidly growing cancers [69]. Although, rim-enhancement
was in the focus of several investigations, other studies showed that other architectural MR features
might also be of importance in prognosis determination. Besides rim enhancement, spicula formation,
serrated borders and linear enhancement patterns were highly associated to different histological sub-
types of invasive breast cancer and it was suggested that CE-MRI may be a useful tool for estimating
breast cancer prognosis [70,71].

Due to the relatively longer median survival time of patients with breast cancer, most of the studies
investigating the prognostic relevance of CE-MRI focused on the correlation of MR features with known
prognostic factors. For a newly proposed prognostic factor it is, however, a key issue whether there is
a direct association with disease free or overall survival of patients during the follow-up period. On the
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other hand, a comparison has to be made with other established prognostic factors to test for statistical
independence. In malignancies other than breast cancer, it has been shown that dynamic MR parameters
are able to provide valuable prognostic information. In one study, pharmacokinetic MR parameters were
found to be independent predictors of disease free survival in paediatric osteosarcoma [72]. It has also
been repeatedly shown that CE-MRI is able to asses tumour aggressiveness and provides information on
the risk of local recurrence and on the prediction of treatment success in cervical cancer [73,74]. A recent
study by Fujimoto et al., involving 94 patients with small peripheral lung cancers, compared dynamic
MR features with tumour vascularity and overall survival [75], and showed a significant association be-
tween the slope of the enhancement curve and disease outcome. In breast cancer, to our best knowledge,
the first survival analysis on kinetic MR parameters was published by our research group [76]. This study
was carried out on a population of 50 patients with breast cancer, and the relation of semi-dynamic MR
parameters to disease free and overall survival was investigated with a median follow-up of 95 months
for surviving patients. MR enhancement was found to be an independent prognostic factor for disease-
free survival after the comparison with other prognostic factors in multivariate analysis. Despite the long
follow-up period, relatively small sample size was a certain limitation of this study.

In summary, there is scientific evidence to support the hypothesis that CE-MRI may carry the prog-
nostic significance of angiogenesis, and one of the future indications of CE-MRI can be the prognostic
evaluation of breast cancer patients by the functional mapping of the angiogenic activity of tumours.
On the basis of the promising results of recent reports, further large-scale studies are needed to evaluate
the impact of MR parameters on long term overall survival of patients with breast cancer. Kinetic and
morphologic MR features should be examined and compared to existing prognostic factors of invasive
and in situ breast cancers.

References

[1] P.J. Kneeshaw, L.W. Turnbull and P.J. Drew, Current applications and future direction of MR mammography, Br. J. Cancer
88(1) (2003), 4–10.

[2] C.U. Herborn, B. Marincek, D. Erfmann, C. Meuli-Simmen, V. Wedler, B. Bode-Lesniewska et al., Breast augmentation
and reconstructive surgery: MR imaging of implant rupture and malignancy, Eur. Radiol. 12(9) (2002), 2198–2206.

[3] E. Azavedo and B. Bone, Imaging breasts with silicone implants, Eur. Radiol. 9(2) (1999), 349–355.
[4] W.A. Kaiser and E. Zeitler, MR imaging of the breast: fast imaging sequences with and without Gd-DTPA. Preliminary

observations, Radiology 170(3 Pt 1) (1989), 681–686.
[5] D.A. Bluemke, C.A. Gatsonis, M.H. Chen, G.A. DeAngelis, N. DeBruhl, S. Harms et al., Magnetic resonance imaging of

the breast prior to biopsy, JAMA 292(22) (2004), 2735–2742.
[6] K. Kinkel and G. Vlastos, MR imaging: breast cancer staging and screening, Semin. Surg. Oncol. 20(3) (2001), 187–196.
[7] S.G. Orel and M.D. Schnall, MR imaging of the breast for the detection, diagnosis, and staging of breast cancer, Radiology

220(1) (2001), 13–30.
[8] C. Boetes, R.D. Mus, R. Holland, J.O. Barentsz, S.P. Strijk, T. Wobbes et al., Breast tumors: comparative accuracy of MR

imaging relative to mammography and US for demonstrating extent, Radiology 197(3) (1995), 743–747.
[9] U. Fischer, L. Kopka and E. Grabbe, Breast carcinoma: effect of preoperative contrast-enhanced MR imaging on the

therapeutic approach, Radiology 213(3) (1999), 881–888.
[10] C.S. Giess, D.M. Keating, M.P. Osborne and R. Rosenblatt, Local tumor recurrence following breast-conservation therapy:

correlation of histopathologic findings with detection method and mammographic findings, Radiology 212(3) (1999), 829–
835.

[11] T.H. Dao, A. Rahmouni, F. Campana, M. Laurent, B. Asselain and A. Fourquet, Tumor recurrence versus fibrosis in the
irradiated breast: differentiation with dynamic gadolinium-enhanced MR imaging, Radiology 187(3) (1993), 751–755.

[12] S.H. Heywang-Kobrunner, A. Schlegel, R. Beck, T. Wendt, W. Kellner, B. Lommatzsch et al., Contrast-enhanced MRI of
the breast after limited surgery and radiation therapy, J. Comput. Assist. Tomogr. 17(6) (1993), 891–900.

[13] N. Morakkabati, C.C. Leutner, A. Schmiedel, H.H. Schild and C.K. Kuhl, Breast MR imaging during or soon after radia-
tion therapy, Radiology 229(3) (2003), 893–901.



26 B.K. Szabó and M. Kristoffersen-Wiberg / Dynamic MR imaging

[14] B. Bone, P. Aspelin, B. Isberg, L. Perbeck and B. Veress, Contrast-enhanced MR imaging of the breast in patients with
breast implants after cancer surgery, Acta Radiol. 36(2) (1995), 111–116.

[15] C. Schorn, U. Fischer, S. Luftner-Nagel, J.P. Westerhof and E. Grabbe, MRI of the breast in patients with metastatic
disease of unknown primary, Eur. Radiol. 9(3) (1999), 470–473.

[16] K. Schelfout, E. Kersschot, M. Van Goethem, L. Thienpont, J. Van den Haute, A. Roelstraete et al., Breast MR imaging
in a patient with unilateral axillary lymphadenopathy and unknown primary malignancy, Eur. Radiol. 13(9) (2003), 2128–
2132.

[17] T.A. Buchholz, K.K. Hunt, G.J. Whitman, A.A. Sahin and G.N. Hortobagyi, Neoadjuvant chemotherapy for breast carci-
noma: multidisciplinary considerations of benefits and risks, Cancer 98(6) (2003), 1150–1160.

[18] A. Rieber, H.J. Brambs, A. Gabelmann, V. Heilmann, R. Kreienberg and T. Kuhn, Breast MRI for monitoring response of
primary breast cancer to neo-adjuvant chemotherapy, Eur. Radiol. 12(7) (2002), 1711–1719.

[19] S.C. Partridge, J.E. Gibbs, Y. Lu, L.J. Esserman, D. Sudilovsky and N.M. Hylton, Accuracy of MR imaging for revealing
residual breast cancer in patients who have undergone neoadjuvant chemotherapy, AJR Am. J. Roentgenol. 179(5) (2002),
1193–1199.

[20] D.M. Ikeda, D.R. Baker and B.L. Daniel, Magnetic resonance imaging of breast cancer: clinical indications and breast
MRI reporting system, J. Magn. Reson. Imaging 12(6) (2000), 975–983.

[21] C. Boetes and M. Stoutjesdijk, MR imaging in screening women at increased risk for breast cancer, Magn. Reson. Imaging
Clin. N. Am. 9(2) (2001), 357–372, vii.

[22] M.O. Leach, C.R. Boggis, A.K. Dixon, D.F. Easton, R.A. Eeles, D.G. Evans et al., Screening with magnetic resonance
imaging and mammography of a UK population at high familial risk of breast cancer: a prospective multicentre cohort
study (MARIBS), Lancet 365(9473) (2005), 1769–1778.

[23] T.H. Helbich, Localization and biopsy of breast lesions by magnetic resonance imaging guidance, J. Magn. Reson. Imaging
13(6) (2001), 903–911.

[24] S.H. Heywang-Kobrunner, A. Heinig, D. Pickuth, T. Alberich and R.P. Spielmann, Interventional MRI of the breast: lesion
localisation and biopsy, Eur. Radiol. 10(1) (2000), 36–45.

[25] L. Esserman, D. Wolverton and N. Hylton, Magnetic resonance imaging for primary breast cancer management: current
role and new applications, Endocr. Relat. Cancer 9(2) (2002), 141–153.

[26] H. Neubauer, M. Li, R. Kuehne-Heid, A. Schneider and W.A. Kaiser, High grade and non-high grade ductal carcinoma in
situ on dynamic MR mammography: characteristic findings for signal increase and morphological pattern of enhancement,
Br. J. Radiol. 76(901) (2003), 3–12.

[27] P.J. Bolan, M.T. Nelson, D. Yee and M. Garwood, Imaging in breast cancer: Magnetic resonance spectroscopy, Breast
Cancer Research 7 (2005), 149–152.

[28] W. Huang, P.R. Fisher, K. Dulaimy, L.A. Tudorica, B. O’Hea and T.M. Button, Detection of breast malignancy: Diagnostic
MR protocol for improved specificity, Radiology 232 (2004), 585–591.

[29] S. Meisamy, P.J. Bolan, E.H. Baker, M.G. Pollema, C.T. Le, F. Kelcz et al., Adding in vivo quantitative 1H MR spec-
troscopy to improve diagnostic accuracy of breast MR imaging: preliminary results of observer performance study at 4.0
T, Radiology 236 (2005), 465–475.

[30] I. Jatoi, S.G. Hilsenbeck, G.M. Clark and C.K. Osborne, Significance of axillary lymph node metastasis in primary breast
cancer, J. Clin. Oncol. 17(8) (1999), 2334–2340.

[31] J.S. Michaelson, M. Silverstein, J. Wyatt, G. Weber, R. Moore, E. Halpern et al., Predicting the survival of patients with
breast carcinoma using tumor size, Cancer 95(4) (2002), 713–723.

[32] J.S. Michaelson, M. Silverstein, D. Sgroi, J.A. Cheongsiatmoy, A. Taghian, S. Powell et al., The effect of tumor size and
lymph node status on breast carcinoma lethality, Cancer 98(10) (2003), 2133–2143.

[33] C.I. Li, R.E. Moe and J.R. Daling, Risk of mortality by histologic type of breast cancer among women aged 50 to 79
years, Arch. Intern. Med. 163(18) (2003), 2149–2153.

[34] C.W. Elston, I.O. Ellis and S.E. Pinder, Pathological prognostic factors in breast cancer, Crit. Rev. Oncol. Hematol. 31(3)
(1999), 209–223.

[35] M.H. Galea, R.W. Blamey, C.E. Elston and I.O. Ellis, The Nottingham Prognostic Index in primary breast cancer, Breast
Cancer Res. Treat. 22(3) (1992), 207–219.

[36] T. Scholzen and J. Gerdes, The Ki-67 protein: from the known and the unknown, J. Cell Physiol. 182(3) (2000), 311–322.
[37] S.M. Thorpe, C. Rose, B.B. Rasmussen, W.J. King, E.R. DeSombre, R.M. Blough et al., Steroid hormone receptors as

prognostic indicators in primary breast cancer, Breast Cancer Res. Treat. 7 (Suppl.) (1986), S91–S97.
[38] C. Lovekin, I.O. Ellis, A. Locker, J.F. Robertson, J. Bell, R. Nicholson, et al., c-erbB-2 oncoprotein expression in primary

and advanced breast cancer, Br. J. Cancer 63(3) (1991), 439–443.
[39] A.N. Mirza, N.Q. Mirza, G. Vlastos and S.E. Singletary, Prognostic factors in node-negative breast cancer: a review of

studies with sample size more than 200 and follow-up more than 5 years, Ann. Surg. 235(1) (2002), 10–26.
[40] J. Folkman, Tumor angiogenesis: therapeutic implications, N. Engl. J. Med. 285(21) (1971), 1182–1186.



B.K. Szabó and M. Kristoffersen-Wiberg / Dynamic MR imaging 27

[41] N. Weidner, J.P. Semple, W.R. Welch and J. Folkman, Tumor angiogenesis and metastasis – correlation in invasive breast
carcinoma, N. Engl. J. Med. 324(1) (1991), 1–8.

[42] S.B. Fox, Tumour angiogenesis and prognosis, Histopathology 30(3) (1997), 294–301.
[43] G. Gasparini and A.L. Harris, Clinical importance of the determination of tumor angiogenesis in breast carcinoma: much

more than a new prognostic tool, J. Clin. Oncol. 13(3) (1995), 765–782.
[44] R. Heimann, D. Ferguson, C. Powers, W.M. Recant, R.R. Weichselbaum and S. Hellman, Angiogenesis as a predictor of

long-term survival for patients with node-negative breast cancer, J. Natl. Cancer Inst. 88(23) (1996), 1764–1769.
[45] K. Axelsson, B.M. Ljung, D.H. Moore, 2nd, A.D. Thor, K.L. Chew, S.M. Edgerton et al., Tumor angiogenesis as a

prognostic assay for invasive ductal breast carcinoma, J. Natl. Cancer Inst. 87(13) (1995), 997–1008.
[46] H. Goulding, N.F. Abdul Rashid, J.F. Robertson, J.A. Bell, C.W. Elston, R.W. Blamey et al., Assessment of angiogenesis

in breast carcinoma: an important factor in prognosis?, Hum. Pathol. 26(11) (1995), 1196–1200.
[47] N. Weidner, Current pathologic methods for measuring intratumoral microvessel density within breast carcinoma and

other solid tumors, Breast Cancer Res. Treat. 36(2) (1995), 169–180.
[48] J.S. de Jong, P.J. van Diest and J.P. Baak, Heterogeneity and reproducibility of microvessel counts in breast cancer, Lab.

Invest. 73(6) (1995), 922–926.
[49] J. Ahlgren, B. Risberg, K. Villman and J. Bergh, Angiogenesis in invasive breast carcinoma – a prospective study of

tumour heterogeneity, Eur. J. Cancer 38(1) (2002), 64–69.
[50] G. Gasparini, M. Toi, M. Gion, P. Verderio, R. Dittadi, M. Hanatani et al., Prognostic significance of vascular endothelial

growth factor protein in node-negative breast carcinoma, J. Natl. Cancer Inst. 89(2) (1997), 139–147.
[51] C. Frouge, J.M. Guinebretiere, G. Contesso, R. Di Paola and M. Blery, Correlation between contrast enhancement in

dynamic magnetic resonance imaging of the breast and tumor angiogenesis, Invest. Radiol. 29(12) (1994), 1043–1049.
[52] L.D. Buadu, J. Murakami, S. Murayama, N. Hashiguchi, S. Sakai, K. Masuda et al., Breast lesions: correlation of contrast

medium enhancement patterns on MR images with histopathologic findings and tumor angiogenesis, Radiology 200(3)
(1996), 639–649.

[53] D.L. Buckley, P.J. Drew, S. Mussurakis, J.R. Monson and A. Horsman, Microvessel density of invasive breast cancer
assessed by dynamic Gd-DTPA enhanced MRI, J. Magn. Reson. Imaging 7(3) (1997), 461–464.

[54] C.A. Hulka, W.B. Edmister, B.L. Smith, L. Tan, D.C. Sgroi, T. Campbell et al., Dynamic echo-planar imaging of the
breast: experience in diagnosing breast carcinoma and correlation with tumor angiogenesis, Radiology 205(3) (1997),
837–842.

[55] T.H. Helbich, T.P. Roberts, A. Gossmann, M.F. Wendland, D.M. Shames, M. Adachi et al., Quantitative gadopentetate-
enhanced MRI of breast tumors: testing of different analytic methods, Magn. Reson. Med. 44(6) (2000), 915–924.

[56] M.V. Knopp, E. Weiss, H.P. Sinn, J. Mattern, H. Junkermann, J. Radeleff et al., Pathophysiologic basis of contrast en-
hancement in breast tumors, J. Magn. Reson. Imaging 10(3) (1999), 260–266.

[57] B. Bone, P. Aspelin, L. Bronge and B. Veress, Contrast-enhanced MR imaging as a prognostic indicator of breast cancer,
Acta Radiol. 39(3) (1998), 279–284.

[58] B.K. Szabo, P. Aspelin, M. Kristoffersen Wiberg, T. Tot and B. Bone, Invasive breast cancer: correlation of dynamic MR
features with prognostic factors, Eur. Radiol. 13(11) (2003), 2425–2435.

[59] S. Mussurakis, D.L. Buckley and A. Horsman, Dynamic MR imaging of invasive breast cancer: correlation with tumour
grade and other histological factors, Br. J. Radiol. 70(833) (1997), 446–451.

[60] S. Komatsu, C.J. Lee, D. Ichikawa, T. Hamashima, N. Morofuji, K. Shirono et al., Predictive value of the time-intensity
curves on dynamic contrast-enhanced magnetic resonance imaging for lymphatic spreading in breast cancer, Surg. Today
35(9) (2005), 720–724.

[61] N. Tuncbilek, H.M. Karakas and O.O. Okten, Dynamic magnetic resonance imaging in determining histopathological
prognostic factors of invasive breast cancers, Eur. J. Radiol. 53(2) (2005), 199–205.

[62] K. Oshida, T. Nagashima, T. Ueda, H. Yagata, N. Tanabe, S. Nakano et al., Pharmacokinetic analysis of ductal carcinoma
in situ of the breast using dynamic MR mammography, Eur. Radiol. 15(7) (2005), 1353–1360.

[63] P.C. Stomper, S. Herman, D.L. Klippenstein, J.S. Winston, S.B. Edge, M.A. Arredondo et al., Suspect breast lesions:
findings at dynamic gadolinium-enhanced MR imaging correlated with mammographic and pathologic features, Radiology
197(2) (1995), 387–395.

[64] U. Fischer, L. Kopka, U. Brinck, M. Korabiowska, A. Schauer and E. Grabbe, Prognostic value of contrast-enhanced MR
mammography in patients with breast cancer, Eur. Radiol. 7(7) (1997), 1002–1005.

[65] C.K. Kuhl and H.H. Schild, Dynamic image interpretation of MRI of the breast, J. Magn. Reson. Imaging 12(6) (2000),
965–974.

[66] M.D. Schnall, An overview of interpretation strategies for breast MR imaging, Magn. Reson. Imaging Clin. N. Am. 9(2)
(2001), 289–294, v–vi.

[67] L.W. Nunes, M.D. Schnall, S.G. Orel, M.G. Hochman, C.P. Langlotz, C.A. Reynolds et al., Breast MR imaging: interpre-
tation model, Radiology 202(3) (1997), 833–841.

[68] R. Matsubayashi, Y. Matsuo, G. Edakuni, T. Satoh, O. Tokunaga and S. Kudo, Breast masses with peripheral rim enhance-



28 B.K. Szabó and M. Kristoffersen-Wiberg / Dynamic MR imaging

ment on dynamic contrast-enhanced MR images: correlation of MR findings with histologic features and expression of
growth factors, Radiology 217(3) (2000), 841–848.

[69] P.C. Stomper, S. Herman, D.L. Klippenstein, J.S. Winston, R.M. Budnick and C.C. Stewart, Invasive breast carcinoma:
analysis of dynamic magnetic resonance imaging enhancement features and cell proliferative activity determined by DNA
S-phase percentage, Cancer 77(9) (1996), 1844–1849.

[70] K. Kitagawa, H. Sakuma, N. Ishida, T. Hirano, A. Ishihara and K. Takeda, Contrast-enhanced high-resolution MRI of
invasive breast cancer: correlation with histopathologic subtypes, AJR Am. J. Roentgenol. 183(6) (2004), 1805–1809.

[71] M. Tozaki, T. Igarashi, S. Matsushima and K. Fukuda, High-spatial-resolution MR imaging of focal breast masses: inter-
pretation model based on kinetic and morphological parameters, Radiat. Med. 23(1) (2005), 43–50.

[72] W.E. Reddick, S. Wang, X. Xiong, J.O. Glass, S. Wu, S.C. Kaste et al., Dynamic magnetic resonance imaging of regional
contrast access as an additional prognostic factor in pediatric osteosarcoma, Cancer 91(12) (2001), 2230–2237.

[73] H. Hawighorst, W. Weikel, P.G. Knapstein, M.V. Knopp, I. Zuna, S.O. Schonberg et al., Angiogenic activity of cervical
carcinoma: assessment by functional magnetic resonance imaging-based parameters and a histomorphological approach
in correlation with disease outcome, Clin. Cancer Res. 4(10) (1998), 2305–2312.

[74] N.A. Mayr, W.T. Yuh, V.A. Magnotta, J.C. Ehrhardt, J.A. Wheeler, J.I. Sorosky et al., Tumor perfusion studies using fast
magnetic resonance imaging technique in advanced cervical cancer: a new noninvasive predictive assay, Int. J. Radiat.
Oncol. Biol. Phys. 36(3) (1996), 623–633.

[75] K. Fujimoto, T. Abe, N.L. Muller, H. Terasaki, S. Kato, J. Sadohara et al., Small peripheral pulmonary carcinomas evalu-
ated with dynamic MR imaging: correlation with tumor vascularity and prognosis, Radiology 227(3) (2003), 786–793.

[76] B. Bone, B.K. Szabo, L.G. Perbeck, B. Veress and P. Aspelin, Can contrast-enhanced MR imaging predict survival in
breast cancer?, Acta Radiol. 44(4) (2003), 373–378.


