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Purpose

Recently, a high-resolution dedicated PET system for hanging breast imaging (MAMMI 

PET) has been developed to improve primary tumor detection and characterization. 

The aim of this pilot study was to assess its feasibility for tumor detection and FDG 

uptake measurements in patients with stage II and III breast cancer.

Methods

Thirty-two patients with invasive breast cancer (26 ductal, 4 lobular, 2 other), prior 

to and/or during neoadjuvant chemotherapy, underwent both conventional PET/CT 

and MAMMI PET in prone position with hanging breasts. Conventional PET/CT and 

MAMMI PET were performed 60 ± 10 min and 110 ± 10 min after injection of 180-240 

MBq of FDG, respectively. Primary tumor detection was assessed and FDG uptake, 

expressed as maximum standardized uptake value (SUVmax), was calculated. 

Results

Both MAMMI PET and conventional PET/CT visualized the primary tumor in 31 patients 

(97%). The mean distance from the tumor to the pectoral muscle was 26.4mm 

(smallest distance 3.3 mm). Agreement in FDG uptake between PET/CT and MAMMI 

PET was high (r=0.86, 95% CI 0.69-0.94). However, SUVmax as assessed with MAMMI 

PET was consistently higher than with PET/CT in all patients with an average ratio of 

2.7. 

Conclusion

The dedicated high-resolution breast PET with hanging breast technique is able to 

visualize approximately all breast tumors in stage II and III breast cancer patients, 

including tumors in the vicinity of the thoracic wall. This may enable its sequential 

use in the assessment of response in breast cancer patients receiving neoadjuvant 

systemic therapy, although SUVmax values are not directly comparable to standard 

PET/CT. 
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INTRODUCTION

Both positron emission tomography (PET) and, later, PET with integrated computed 

tomography (PET/CT) using fluorine-18 (18F) fluorodeoxyglucose (FDG) have been 

evaluated extensively in recent years. Its application as a staging technique in primary 

breast cancer is promising,1-4 but recommendations cannot be made yet due to the small 

size of evaluated patient groups.5-7 Additional value has been shown in the detection of 

(extra-)axillary lymph nodes 8-10 and in the detection of metastatic disease in patients 

with recurrent disease.11,12

Uncertainties remain with regard to visualization of primary breast tumors with FDG PET/

CT. The primary tumor can be visualized with PET and PET/CT in most breast cancer 

patients, but the sensitivity for the detection of smaller tumors (<1 cm) is low.13 A reason 

for this limited sensitivity is the spatial resolution of 5mm or more (full width half 

maximum [FWHM]) of most whole body PET and PET/CT devices. Furthermore, patients 

are usually scanned in standard supine position, resulting in blurring of the breasts due 

to the breathing motion of the thorax.14 Because the path of photons in tissue is long 

and involves structures of the entire thorax, the likelihood of the photons being absorbed 

or scattered is increased, resulting in signal loss due to attenuation and decreased 

contrast. 

Using dedicated breast PET systems with compression of the breast, such as the Positron 

Emission Mammography (PEM) system, may improve visibility of the primary tumor.15-18 

However, due to compression the anatomic shape of the breast is deformed, which may 

limit correlation with magnetic resonance imaging (MRI) and therefore may compromise 

localization of the tumor during surgery.19 Furthermore, tumors close to the pectoral 

muscle are difficult to visualize because of compression of the breast.15,20 

In addition to the detectability of lesions, quantification of metabolic activity in primary 

breast cancer is gaining interest. A correlation has been found between uptake of FDG 

and histologic subtypes, receptor status, and prognosis.21-24 Results regarding the 

incorporation of PET in monitoring tumor response to neoadjuvant chemotherapy (NAC) 

are promising.25-29 Although relative changes in tumor FDG uptake are the strongest 

indicator of response to NAC, baseline primary tumor uptake may provide additional 

information with regard to predicting response to therapy as well.30 

These issues have led to efforts to improve the detection and quantification of primary 

breast tumors with FDG PET. Recently, a high-resolution breast PET (MAMMI PET) for 

hanging breast molecular imaging has been developed. The aim of this pilot study was 

to assess the feasibility of MAMMI PET for tumor detection and FDG uptake measurements, 

expressed as maximum standardized uptake value (SUVmax), in patients with stage II or 

III breast cancer scheduled for or receiving NAC as compared to conventional whole 

body PET/CT.
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PATIENTS AND METHODS

Women with invasive breast cancer larger than 3 cm in diameter (one single tumor or 

multifocal) and/or at least one tumor-positive axillary lymph node were offered to receive 

NAC in our institute in one of several prospective clinical trials.19 Part of these protocols 

is the application of 18F-FDG PET/CT scans prior to and during NAC for response 

monitoring. All patients who participated in these studies and were scheduled to undergo 

conventional PET/CT between May 27th 2009 and July 28th 2010 were asked to undergo 

an additional scan using the MAMMI PET immediately following the conventional PET/

CT. The Institutional Ethics Committee approved this study and informed consent was 

obtained from all patients.

All breast tumors of included patients were initially characterized using mammography 

and ultrasound. A fine needle aspiration (FNA) of the breast lesion had been done for 

rapid diagnosis and a core biopsy was performed to determine the histologic type, 

hormone receptor-status and human epidermal growth factor receptor 2 (HER2)-status, 

and further to obtain tumor tissue for molecular studies. Tumor size was assessed with 

MRI in all patients.19 Axillary staging was primarily performed with ultrasound and 

subsequent FNA of suspect lymph nodes. In case of a negative axilla (either with 

ultrasound or with FNA) but a suspect axillary lymph node on PET/CT, targeted ultrasound 

with FNA was performed based on anatomical localization on PET/CT. If the axilla 

remained without proof of lymph node metastases, a sentinel lymph node biopsy (SLNB) 

was performed prior to treatment with NAC. Patients with HER2-positive tumors were 

treated with a trastuzumab-based regimen consisting of paclitaxel, trastuzumab, and 

carboplatin (PTC), preferably in three courses of 8 weeks. Patients with HER2-negative 

tumors were treated with six cycles of cyclophosphamide and doxorubicin (AC), 

administered in a dose-dense schedule (every two weeks). Response monitoring was 

performed with MRI after 3 (HER2-negative tumors) or 8 courses (HER2-positive tumors) 

of NAC, ensuring the possibility to switch the chemotherapeutic regimen or to perform 

early surgery in case of an unfavorable response. As part of a trial, response monitoring 

was also performed with PET/CT in the majority of patients. NAC was followed by breast-

conserving surgery or a mastectomy. 

FDG PET/CT

Patients undergoing PET/CT were prepared with a 6-hour fasting period and 10 mg of 

diazepam orally ten minutes prior to FDG administration to reduce FDG uptake in brown 

fat. Blood glucose levels were required to be <10 mmol/l. A total dose of 180-240 MBq 

was given intravenously, depending on the body mass index. The PET/CT scan was 

acquired after a resting period of 60 ± 10 min using a whole body PET/CT scanner 

(Gemini TF, Philips, Cleveland, OH, USA). An FDG PET/CT of the thorax (3.00 min per bed 

position) was performed with the patient in prone position with hanging breasts, together 

with a low-dose CT scan (40 mAs, 2 mm slices) without contrast for attenuation 

correction and anatomical localization. At baseline imaging, prior to NAC, an additional 

supine whole body PET/CT (1.30 min per bed position) was performed subsequently, 
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from the base of the skull to the upper half of the femora, for the detection of distant 

metastases. The concomitant low-dose CT scan was performed with 5 mm slices. During 

NAC, only the PET/CT of the thorax with the patient in prone position and with hanging 

breasts was repeated for response monitoring. The activity administered, time of 

administration, and the patient’s height and weight on the day of the scan were recorded 

for calculation of SUVmax in the tumor. Reconstruction of the scan of the thorax was 

performed with a standard Philips reconstruction protocol (‘neck-ctac’), using a 288x288 

matrix, 2 mm pixel size, and normal smoothing parameters.

MAMMI PET

Immediately following PET/CT (110 ± 10 min after injection), without the requirement 

of an additional injection, MAMMI PET acquisition was performed. We used the first 

prototype of the dedicated high-resolution breast PET (MAMMI, Oncovision, Valencia, 

Spain), developed in the context of a European project (MAMMI EU-037555). The scan 

was also performed with the patient in prone position, with hanging breasts, and 

adduction of the arm of the affected side (Figure 1). The dedicated PET uses scintillation 

crystals coupled to position sensitive photomultipliers (PSPMT). The detector ring consists 

of 12 detector modules in dodecagon configuration with a scanner aperture of 186 mm 

and an effective field of view (FOV) diameter of 170 mm. Each detector head contains a 

single monolithic LYSO crystal, a PSPMT, and a proprietary electronic board. 

Figure 1 MAMMI PET ring detector (A) connected to elevator and console. Patient in prone position with arm 
in adduction for image acquisition (B). Hanging breast in protection cylinder (C). Hanging breast in 
detector ring (D).
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The crystal thickness of the prototype is 10 mm with a trapezoidal shape. The axial FOV 

can extend to 170 mm by means of precise motion of the detector arm from which the 

ring extends. The direction of the acquisition was from the chest wall to the nipple. The 

number of ring positions depended on breast size. In patients with large breasts, 3 or 4 

ring positions were used and acquired for 400 seconds each, whereas in patients with 

smaller sized breasts only two ring positions with an acquisition time of 600 seconds 

each were acquired. MAMMI PET images were reconstructed in 3D using a Maximum 

Likelihood Expectation Maximization algorithm including an attenuation correction 

through image segmentation and using 12 iterations.31 This calculation is based on a 

simple model, using the theoretical attenuation of soft tissue and the anatomical 

simplicity of the breast as a homogeneous mass. MAMMI PET is able to acquire images 

with a voxel size of 1 mm3. The spatial resolution (FWHM) ranges from 1.6 mm in the 

center of the FOV to 2.7 mm at the edges of the FOV. 

Image reading

A consensus reading by at least three experienced readers was done at which the extent 

and the intensity of the FDG uptake patterns were assessed. Images of the dedicated 

MAMMI PET were qualitatively compared to the images of the PET/CT of the thorax 

regarding visualization and location of the primary tumor. The uptake of FDG was further 

quantified by measuring the SUVmax on both scans. The distance between the center 

of the tumor and the large pectoral muscle was calculated on conventional PET/CT 

images in prone position.

Statistical analysis

Agreement in SUVmax between both scans was quantified by calculating Pearson’s 

correlation coefficient with 95% confidence interval. Assessment of the difference 

between SUVmax on both scans was done with the Wilcoxon Signed Rank Test. Graphical 

presentation of the differences between the two versions was done by a scatter plot and 

a Bland and Altman plot. The Kruskal Wallis test and Mann-Whitney test have been used 

to calculate differences in SUVmax on MAMMI PET for different subtypes of breast cancer.

RESULTS

Between May 2009 and July 2010, we performed 39 measurements with both 

conventional PET/CT and MAMMI PET in 32 patients (seven patients were scanned both 

prior to and during NAC). All patients had invasive breast cancer (confirmed through 

biopsy) and were (scheduled to be) treated with NAC. Baseline characteristics of included 

patients are shown in Table 1. Figure 2 and Figure 3 show images as obtained with the 

MAMMI PET in comparison with conventional PET/CT and MRI.

Mean FDG dosage was 183.3 MBq (range 167.7-247.6 MBq). In 31 patients (97%) the 

primary tumor was visualized with MAMMI PET as well as with conventional PET/CT. In 

one patient, presenting with palpable axillary lymph nodes and an occult primary tumor, 
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neither conventional PET/CT nor MRI was able to visualize the primary tumor. The mean 

distance from the large pectoral muscle to the center of the tumor on PET/CT was 26.4 

mm (standard deviation [SD] 18.1 mm). The shortest distance between tumor and pectoral 

muscle was 3.3 mm and the MAMMI PET was able to visualize this lesion as well.

Calculation of SUVmax on MAMMI PET was possible in 23 (59%) of 39 scans. The tumor 

was occult on one scan (3%). In 10 scans (26%), at the beginning of the study period, we 

experienced some technical problems with the signal transfer from the detector ring to 

the acquisition computer. After minor adjustment of the cables, these problems were 

no longer encountered. The primary tumor was located against the thoracic wall in 5 

patients (13%), thereby being visible but returning only partial tumor information and 

causing a less reliable calculation of SUVmax. Therefore these patients were excluded 

Table 1  Baseline characteristics of 32 included patients.

Age (years)

  Mean ± SD 47.8 ± 11.4

  Range 28-70

T-stage prior to NAC

  cTx 1 (3%)

  cT1 2 (6%)

  cT2 15 (47%)

  cT3 13 (41%)

  cT4 1 (3%)

N-stage prior to NAC

  cN0 13 (41%)

  cN1 12 (38%)

  cN2 0

  cN3 7 (22%)

Multifocal 14 (44%)

Histology

  Invasive ductal 26 (81%)

  Invasive lobular 4 (13%)

  Other 2 (6%)

Clinical subtype

  HER2-positive 10 (31%)

  Triple negative 8 (25%)

  ER-positive, HER2-negative 13 (41%)

  No determination possible 1 (3%)

Distance to major pectoral muscle (mm)

  Mean ± SD 26.4 ± 18

  Range 3.3-67.9

Data are shown as mean ± standard deviation or as absolute numbers (percentage). Abbreviations: SD, 
standard deviation; T-stage, tumor stage; NAC, neoadjuvant chemotherapy; N-stage, locoregional lymph 
node stage; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor.
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Figure 2 Transversal PET-CT fusion image (A) showing an FDG-avid T2 tumor in the right breast very close to 
the pectoral muscle. Transversal MAMMI PET image (B) showing a similar pattern with intense FDG 
uptake and a hypoactive area of necrosis in the tumor. In another patient with small breast volume, 
PET/CT with maximum intensity projection (MIP) display shows a basally located FDG-avid T2 
carcinoma in the right breast (C, D), which is completely visualized on MAMMI PET image with MIP 
display (E).

Figure 3 Sagittal MRI (A) showing a T1 tumor of 1.5 cm in the left breast. Sagittal dedicated PET (B) shows the 
FDG-avid part of the breast tumor. In another breast cancer patient 3 lesions are seen on MRI (C) and 
MAMMI PET (D). Size of the smallest lesion (arrows) is 6 mm.
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from calculations on the correlation of FDG uptake. SUVmax as assessed with both scans 

and corresponding ratio is shown in Table 2. Mean SUVmax ± SD on 23 scans was 6.21 

± 3.0 and 16.57 ± 9.3 for conventional PET/CT and MAMMI PET, respectively. Correlation 

between both calculations was high (r=0.86, 95% CI 0.69-0.94), but we found a significant 

difference between both calculations of SUVmax (p<0.001), with SUVmax as assessed 

with MAMMI PET being consistently higher (ratio 2.7, min 1.25, max 5.10). A scatterplot 

with trendline showing PET/CT and MAMMI PET SUVmax values is presented in Figure 

4. The Bland and Altman plot, in which the mean SUVmax is plotted against the difference 

in SUVmax between both devices, is presented in Figure 5. 

The latter shows that the difference in SUVmax is less outspoken in tumors with a low 

SUVmax. There was no difference in SUVmax on MAMMI PET for different subtypes 

combined (p=0.317) or when comparing one subtype as a reference to both other 

subtypes (p=0.378 for HER2-positive tumors, p=0.136 for triple negative tumors, and 

p=0.705 for ER-positive, HER2-negative tumors).

Table 2  Maximum standardized uptake values (SUVmax) on conventional PET/CT and MAMMI PET in 23 
evaluable breast tumors. 

No. Histology Multifocal Treatment before scans SUVmax 
PET/CT

SUVmax 
MAMMI

Ratio

1 Ductal No None 4.77 17.80 3.73

2 Ductal No None 9.21 25.40 2.76

3 Ductal No None 7.20 31.00 4.31

4 Lobular Yes None 5.60 10.50 1.88

5 Ductal No None 5.03 6.28 1.25

6 Ductal No None 15.02 37.51 2.50

7 Ductal No None 6.55 17.90 2.73

8 Ductal Yes None 4.63 8.80 1.90

9 Ductal No 3 courses of PTC 3.64 5.23 1.44

10 Ductal No None 9.93 27.42 2.76

11 Ductal No None 5.80 11.30 1.95

12 Ductal No 1 course of AC 3.72 10.90 2.93

13 Ductal No None 6.34 13.30 2.10

14 Ductal No None 6.47 20.50 3.17

15 Ductal Yes None 10.74 34.60 3.22

16 Ductal No None 7.50 16.10 2.15

17 Lobular Yes None 5.02 17.05 3.40

18 Ductal No None 3.51 7.63 2.17

19 Ductal Yes None 5.80 13.91 2.40

20 Ductal Yes None 3.56 18.17 5.10

21 Ductal Yes 3 courses of PTC 2.45 8.41 3.43

22 Ductal Yes 3 courses of PTC 2.38 4.77 2.00

23 Ductal Yes None 7.95 16.52 2.08

Abbreviations: PTC, paclitaxel, trastuzumab and carboplatin; AC, cyclophosphamide and doxorubicin.
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Figure 5 Bland and Altman plot of PET/CT and MAMMI PET SUVmax. In 23 evaluable tumors the mean SUVmax 
of both devices (x-axis) is plotted against the difference in SUVmax between both devices (y-axis).

Figure 4 Scatter plot of PET/CT and MAMMI PET SUVmax. SUVmax of 23 evaluable tumors as assessed with 
PET/CT (x-axis) and MAMMI PET (y-axis) is shown. The trendline, showing the average ratio between 
both SUVmax calculations, has an incline rate of 2.7.
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DISCUSSION

This pilot study shows the feasibility of hanging breast imaging using a small PET detector 

ring. The MAMMI PET is able to visualize nearly all lesions, including those close to the 

pectoral muscle, two hours after an FDG dose of 180-240 MBq. This dose is considerably 

less than the dose used for other dedicated breast PET systems.18 Correlation between 

FDG uptake on this new dedicated breast PET and the conventional PET/CT scan is high 

(r=0.86), but SUVmax as assessed with MAMMI PET is consistently higher than with 

conventional PET/CT (ratio 2.7). 

In all 23 patients SUVmax as assessed with the MAMMI PET was higher than with the 

conventional PET/CT. A possible explanation for this finding is the fact that the MAMMI 

PET was performed approximately 50 minutes after conventional PET/CT, leading to a 

further increase in SUVmax. A recent study by Stahl et al has shown that FDG uptake 

tends to rise over time after administration.32 However, this phenomenon is believed to 

explain only a limited part of the increase, perhaps no more than approximately 10-15%. 

Another possible cause for the dissimilar SUVmax values is the difference in resolution 

and voxel size. The voxel size is not the same, being 2x2x2 mm3 in conventional whole 

body PET/CT and 1x1x1 mm3 in MAMMI PET, and the spatial resolution expressed as 

FWHM is also different.31 Therefore, looking at the maximum value of SUV in a volume 

of interest, MAMMI PET is better able to define the true activity distribution, whereas 

whole body PET/CT ‘averages’ the distribution over its larger voxel volume. This voxel 

size effect on the SUVmax is clearly seen when reconstructing the same patient data 

with both voxel sizes (2x2x2 mm3 and 1x1x1 mm3): the smaller the voxel size, the higher 

the SUVmax value. Finally, the partial volume effect of tumors presumably plays an 

important role regarding differences in SUVmax.33 Because of the higher resolution and 

smaller voxel size of the MAMMI PET and corresponding higher SUVmax, quantifications 

of FDG uptake as performed with MAMMI PET and conventional PET/CT are not 

interchangeable. 

The MAMMI PET is smaller and cheaper than a conventional PET/CT scan, thereby 

allowing hospitals that cannot afford a conventional PET/CT scan to exploit some of the 

advantages of PET imaging in breast cancer. Furthermore, MAMMI PET generates images 

with a higher resolution, allowing smaller tumors to be visualized, which might be of 

benefit as a breast screening tool or complementary to other diagnostic modalities, for 

example in cases of occult tumors or inconclusive mammography or MRI. Finally, MAMMI 

PET could theoretically allow the use of a biopsy system based on metabolic images,34,35 

multifocal tumors, or tumors with a mixed response to neoadjuvant chemotherapy.  

On the other hand, this device is dedicated to breast tumors, making it able to measure 

the therapy response of the primary tumor only.

The advantage of the MAMMI PET is the fact that patients are scanned in prone position 

with hanging breast, which allows for comparison with MRI and PET/CT. Although 

promising results have been described regarding dedicated PET devices for breast 

imaging, current devices require compression of the breast, thereby changing its 

anatomy.15-18 This makes it more difficult to determine the exact size and extent of the 
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primary tumor and to determine which type of surgery is deemed necessary (i.e. breast-

conserving surgery or radical mastectomy). Furthermore, due to breast compression a 

25% false negative rate for index lesions has been reported, principally for tumors located 

near the thoracic wall.18 Finally, compression of the breast for mammography of PEM 

imaging is a painful and unpleasant experience. In contrast, without compression, the 

hanging breast technique used for the MAMMI PET in the present study also visualized 

tumors located close to the thoracic wall. Positioning of the patient in the prone position 

with adduction of the arm on the side of the affected breast results in optimal positioning 

of the breast within the ring detector (Figure 1). 

In this study we used the first prototype of the MAMMI PET. Initial results indicate that 

this dedicated breast PET is able to visualize the primary tumor in 97% of the patients, a 

similar detection rate as with conventional FDG PET/CT in our population. However, we 

discovered certain SUVmax calculation limitations. Some tumors close to the pectoral 

muscle may not be fully visualized, making the SUVmax calculation less evaluable. We 

also experienced a problem with the connection between the detector ring and the 

acquisition software in 10 patients. This occurred only in the beginning and was solved 

by adjusting the cables. 

In conclusion the MAMMI PET for hanging breast images was able to visualize breast 

carcinomas in nearly all stage II-III breast cancer patients including tumors close to the 

thoracic wall. In completely visualized tumors there is a good agreement in FDG uptake 

expressed as SUVmax between conventional PET/CT and MAMMI PET. However, MAMMI 

PET SUVmax was consistently higher than PET/CT SUVmax, rendering a direct comparison 

between both devices impossible. Further studies are necessary to investigate the use 

of MAMMI PET in inconclusive mammography or ultrasound, the detection of carcinoma 

in situ or small invasive carcinomas, its possible role in response monitoring, and use of 

MAMMI PET in radioguided biopsies. 
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